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Abstract

Evolutionary developmental genetics (evodevotics) is a novel scientific endeavor which assumes that changes
in developmental control genes are a major aspect of evolutionary changes in morphology. Understanding the
phylogeny of developmental control genes may thus help us to understand the evolution of plant and animal form.
The principles of evodevotics are exemplified by outlining the role of MADS-box genes in the evolution of plant
reproductive structures. In extant eudicotyledonous flowering plants, MADS-box genes act as homeotic selector
genes determining floral organ identity and as floral meristem identity genes. By reviewing current knowledge
about MADS-box genes in ferns, gymnosperms and different types of angiosperms, we demonstrate that the phy-
logeny of MADS-box genes was strongly correlated with the origin and evolution of plant reproductive structures
such as ovules and flowers. It seems likely, therefore, that changes in MADS-box gene structure, expression and
function have been a major cause for innovations in reproductive development during land plant evolution, such as
seed, flower and fruit formation.

Introduction: on the origin of novel structures
during evolution

We explain here what evolutionary developmental ge-
netics (evodevotics) is, and how it may help us to
understand the evolution of diversity and complex-
ity in the living world. We present one of the most
important corollaries of evodevotics, that changes in
developmental control genes might be a major cause
of evolutionary changes in morphology.

Higher organisms such as plants and animals im-
press us with their complexity and their diversity. Take
plants as an example. Every tiny weed you can find on
a little walk around the corner is by far more complex
than anything we know from outside the living world,
and the diversity of plants is breath-taking ranging, for
example, from huge oak trees to microscopic green
algae on their bark. Understanding the laws of nature
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that have generated that diversity and complexity is at
the very heart of biology.

Initially, one can try to understand complex organ-
isms from an engineer’s point of view – an attitude
which already has quite some explanatory power. For
example, interpreting leaves as efficient sun-collectors
explains why these are generally flat and oriented to-
wards the sun. However, functional explanations have
serious limitations in the living world. Why, for exam-
ple, do the flowers of some plants have three organs
(sepals, petals or tepals) in each whorl of their peri-
anth (such as Liliaceae), while others have four (e.g.
Brassicaceae) or five (e.g. Rosaceae), if any number
of perianth organs is able to attract pollinators effi-
ciently? Why do mammals usually walk on four limbs,
insects on six and spiders on eight, if any even number
of limbs allows efficient locomotion on land?

The difficulties with explanations that would sat-
isfy engineers in the living world arise from the fact
that all features of living organisms are a product both
of necessity and chance during evolution [77]. Some
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aspects of living creatures merely trace back to chance
events that became fixed during evolution and cannot
be reduced to anything more meaningful. This is one
of the reasons why living beings can be fully under-
stood only from an evolutionary perspective which
takes their unique ‘history’ into account. Unfortu-
nately, it does not mean that evolutionary theory has
already provided us with a complete understanding of
the origin of complex and diverse structures in nature.
On the contrary, understanding the mechanisms that
generated complex organisms, such as oak trees and
green algae, from bacteria-like ancestors is still one of
the greatest intellectual challenges. The origin of novel
structures or complete new body plans during evolu-
tion has been especially difficult to explain. Some of
the problems arise from the fact that the ‘classical’, i.e.
Darwinian evolutionary theory is a gradualistic one,
which assumes that evolution proceeds in a countless
number of very small steps, while, on the other hand,
partial or intermediate structures might not have an
adaptive value.

New ideas are needed to gain a better understand-
ing of the origin of complexity and diversity in the
living world or old ones have to be revitalized. One
of the most promising concepts in that respect is evo-
lutionary developmental biology, which has strong
historical roots reaching back into the 19th century,
but is now fashionable again under the term ‘evo-
devo’ [37, 41, 124]. Evo-devo assumes that there is
a close interrelationship between developmental and
evolutionary processes. One of the reasons for this is
an astonishing feature of higher organisms: that even
the most complex organisms are generated by devel-
opmental processes that generally start with a single
cell – the fertilized egg-cell (or zygote). Diversity and
complexity thus do not only have evolutionary origins
and causes, but also developmental ones [6]. In the
case of multicellular organisms such as animals and
plants, evolution of form is thus the evolution of devel-
opmental processes, and any phylogenetic innovation
has to be compatible with the mode of development in
a given organismic lineage. This is why development
may put serious constraints on evolution, which could
act both as negative forces preventing advantageous
alterations as well as positive channels of preferred
change [41].

From the close interdependence of development
and evolution, one of the most important corollaries
of evo-devo can be derived, namely that changes in
developmental control genes might be a major cause
of evolutionary changes in morphology [124]. Un-

derstanding the phylogeny of developmental control
genes is therefore an important prerequisite for un-
derstanding the evolution of plant and animal form
(note that we use ‘developmental control gene’ here
as a convenient term for genes which significantly
contribute to developmental processes; for a criti-
cal discussion of the term, see [125], and references
therein). One can assume that the combination of
evolutionary developmental biology with molecular
genetics will provide deep insights into the mecha-
nisms behind macroevolution. Since it is the genes that
connect evolutionary and developmental processes,
this novel combination of traditionally separated bi-
ological disciplines deserves a new name: evodevotics
(for evolutionary developmental genetics). A very
strong molecular genetic aspect clearly distinguishes
evodevotics from its historical precursors.

In recent years, it has been discovered that the
key developmental control genes are often members
of a very limited number of multigene families which
encode transcription factors. The paradigm for such
gene families are the homeobox genes [35], which
play a key role in the specification of the animal body
plan in both development and evolution [56, 70, 114].
Many of the homeobox genes act as homeotic selector
genes which are involved in differentiating different
body regions from each other, probably by activat-
ing or repressing different sets of downstream genes
(‘target or realizator genes’) in different parts of the
body. Unfortunately, studying homeobox genes and
animals alone will not allow us to detect all of the fun-
damental laws of macroevolution. All extant animals
probably are relatively closely related members of a
monophyletic group. Their body plans, though very
diverse, were generated in a relatively short period
of time about 540 million years ago (MYA) – hence
that process has been termed the ‘Cambrian explosion’
[93]. In many cases, therefore, to distinguish neces-
sities of macroevolutionary events from mere chance
events that have been fixed in evolution, is impos-
sible from studying only animals. For example, all
animals specify their body plan in a very similar way,
by using a well defined set of homeobox genes (HOX
genes) which are organized in genomic clusters [101,
114]. However, the absence ofHOX clusters in plants
[73] tells us that the presence of such genes is not
an absolute requirement for the evolution of complex
multicellular body plans, a conclusion that could not
have been drawn if only animal evodevotics would
have been studied. Therefore, to understand better
the general rules of the macroevolution of higher or-
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ganisms, evolutionary lineages should be compared
in which multicellular body plans originated indepen-
dently from unicellular ancestors. It seems very likely
that green plants have evolved multicellular develop-
ment independently from that of animals and are thus
a suitable system to compare with animal development
[73].

MADS-box genes and the evodevotics of the flower

We argue that the flower is an ideal model for plant
evodevotics, and that the phylogeny of MADS-box
genes may have played an important role during the
origin and evolution of flower development. We sum-
marize what was known about the role of MADS-box
genes in flower development of some genetic model
systems – all being higher eudicotyledonous plants –
before these genes were studied in a broader series of
phylogenetically informative taxa in order to test their
importance for flower evolution.

We believe that flowers and their phylogenetic pre-
cursors are an ideal model system to study the linkage
between development, genes and evolution. Floral
morphology is the predominant source of characters
for angiosperm taxonomy and phylogeny reconstruc-
tion [26]. Accordingly, the evolution of floral form
has been studied quite extensively, although important
questions concerning the origin and diversification of
flowers have remained unanswered [21]. For the same
reasons, flower development has been studied at high
resolution in quite a number of different species (e.g.
[28]). The most important advantages of flower evode-
votics, however, are provided by genetics. A number
of flowering plant model species, such asArabidopsis
thaliana(mouse-ear cress),Petunia hybrida(petunia),
Nicotiana tabacum(tobacco) andOryza sativa(rice)
can routinely be transformed with genes from other
species, so that the conservation of gene function can
be determined by transgenic technology. Moreover,
flower development is one of the best understood mor-
phogenetic processes of plants on the genetic level.
An impressive number of studies in recent years has
culminated in the insight that inflorescence and flower
development in higher eudicotyledonous flowering
plants are determined by a network of regulatory genes
that is organized in a hierarchical fashion (Figure 1)
([131]; for reviews, see [88, 123–125]). Close to the
top of that hierarchy are ‘late- and early-flowering
genes’ that are triggered by environmental factors such
as day length, light quality and temperature. These

genes mediate the switch from vegetative to repro-
ductive development, perhaps by activating meristem
identity genes. Meristem identity genes ‘control’ the
transition from vegetative to inflorescence and from
inflorescence to floral meristems. Within floral meris-
tems, cadastral genes set the boundaries of floral organ
identity gene functions, thus defining the different
floral whorls. Some intermediate genes possibly medi-
ate between floral meristem and organ identity genes.
Floral organ identity genes (homeotic selector genes;
‘ABC genes’) specify the organ identity within each
whorl of the flower by activating ‘realizator genes’.
In a classical model, three classes of homeotic gene
activities (‘homeotic functions’) have been proposed,
called A, B and C (Figures 1 and 5) [20]. Within
any one of the four flower whorls, expression of A
alone specifies sepal formation. The combination AB
specifies the development of petals, and the combi-
nation BC specifies stamen formation. Expression of
the C function alone determines the development of
carpels. The model also proposed that the A and C
function genes negatively regulate each other (mean-
ing that they also exert ‘cadastral’ functions) and that
the B function is restricted to the second and third
whorls independently of A and C functions. In wild-
type flowers, the A function is expressed in the first
and second floral whorl, the B function in the sec-
ond and third whorl, and the C function in the third
and fourth whorl. Therefore, sepals, petals, stamens
and carpels are specified in whorls one, two, three
and four, respectively (for recent reviews of the ABC
model, see [103, 124, 132]). The ABC model was
largely based on the analysis ofArabidopsismutants,
albeitAntirrhinumwas also considered [20].

Although the ABC model is quite elegant, it fails
to explain some complications. Mutations in B and C
function genes, for example, have effects in addition
to homeotic changes of organ identity. Loss-of-C-
function mutants form flowers with an undetermined
number of floral organs, indicating that C function
genes not only specify organ identity, but are also nec-
essary to confer floral determinacy.Antirrhinum loss-
of-B-function mutants lack the fourth floral whorl,
suggesting that the B function genes not only specify
second and third whorl organ identity, but are also nec-
essary for fourth whorl formation [128]. Aside from
that, the B and C function mutants are usually clear-
cut. On the contrary, there are notorious problems
with the A function. The flowers of strong loss-of-A-
function mutants ofArabidopsis, for example, often
lack the second whorl, while weaker alleles do not
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Figure 1. An extremely simplified and preliminary depiction of the genetic hierarchy that ‘controls’ flower development inArabidopsis
thaliana. Examples of the different types of genes within each hierarchy level are boxed. MADS-box genes are shown as open squares with
thick lines, non-MADS-box genes as circles, and genes whose sequence has not been reported yet as octagons. The position of the genes
was taken from the literature, as cited within this or other reviews [123–125]. Regulatory interactions between the different genes or blocks
of genes are symbolized by arrows (activation), double arrows (synergistic interaction) or barred lines (inhibition, antagonistic interaction).
Information about these interactions has been compiled from the review articles cited above. For a better overview, by far not all of the genes
involved in flower development are shown (for review see [88]), and interactions (activation, repression) between the different hierarchy levels
are depicted only globally (for some interactions between individual genes, see e.g. [124]). Absence of lines or arrows between genes means
that an interaction has not been experimentally demonstrated yet, not that it does not exist. For the downstream genes, just one symbol is
shown for every type of floral organ, though whole cascades of many direct target genes and further downstream genes are probably activated
in each organ. The carpel-specific genes shown (AGLs) are only putative examples. Abbreviations used: AG, AGAMOUS; AGL1, 2, 4, 5, 9,
11, 13, AGAMOUS-LIKE GENE1, 2, 4, 5, 9, 11, 13; AP1, 2, 3, APETALA1, 2, 3; BEL1, BELL1; CAL, CAULIFLOWER; CO, CONSTANS;
ELF1, EARLY FLOWERING1; LD, LUMINIDEPENDENS; LFY, LEAFY; LUG, LEUNIG; NAP, NAC-LIKE, ACTIVATED BY AP3/PI; PI,
PISTILLATA; SIN1, SHORT INTEGUMENTS1; SUP, SUPERMAN; UFO, UNUSUAL FLORAL ORGANS; TFL, TERMINAL FLOWER.
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have a full homeotic conversion of floral organs. Thus,
‘ideal’ mutants, in which the first- and second-whorl
organs are homeotically transformed into carpels or
stamens, respectively, actually do not exist. Mutants
that are primarily caused by a loss of the A function are
only known fromArabidopsis. Antirrhinum mutants
with a similar phenotype are due to ectopic expres-
sion of a C function gene in whorls 1 and 2 of the
flowers [9]. Searches for A function genes in petunia
by a candidate gene approach inspired by results from
Arabidopsisalso remained negative [67], suggesting
that the A function is phylogenetically less well con-
served than the B and C functions. The confusion with
the A function is a good example of problems that
become less enigmatic when considered in an evolu-
tionary perspective. It seems that some of the problems
with defining the A function simply reflect the quite
recent and multiple origin of the floral perianth (sepals
and petals). Compared to the perianth organs, stamens
and carpels (or their homologues from nonflowering
plants), which are specified by B and C function genes,
are evolutionarily more ancient and robust structures
(see below).

Based on studies in petunia, the ABC model was
recently extended by a D function [4]. When ec-
topically expressed, the D function genesFBP7 and
FBP11from petunia induce the formation of ectopic
ovules on the perianth organs of transgenic flowers.
They have, therefore, been defined as master control
genes of ovules.

Arabidopsisgenes providing the three homeotic
activities A, B and C are known. The A function is
contributed by bothAPETALA1(AP1) andAPETALA2
(AP2), the B function byAPETALA3(AP3) andPIS-
TILLATA (PI), and the C function byAGAMOUS
(AG). In Antirrhinum, the B function is provided by
DEFICIENS (DEF) and GLOBOSA(GLO), the C
function by PLENA (PLE). D function genes have
been mutationally defined only in petunia so far, but
sequence similarity suggests that the corresponding
gene inArabidopsisis AGL11(Figure 1) [4].

All these genes have been cloned. Except forAP2,
all of them share a highly conserved, ca. 180 bp long
DNA sequence, called the MADS-box. It encodes
the DNA-binding domain of the respective MADS-
domain transcription factors ([20, 111, 115, 123, 132,
137]; for recent reviews about MADS-box genes, see
[103, 112, 123, 124]). MADS is an acronym for the
four founder proteins MCM1 (from brewer’s yeast,
Saccharomyces cerevisiae), AGAMOUS (from Ara-
bidopsis), DEFICIENS (fromAntirrhinum), and SRF

(a human protein), on which the definition of this gene
family is based [111].

Within the hierarchical gene network contribut-
ing to flower development, MADS-box genes are not
only dominant among the organ identity genes, but
are well represented also at other levels, i.e. the lev-
els of meristem identity genes, intermediate genes,
cadastral genes, and possibly even downstream genes
(Figure 1). In contrast to theHOX genes of animals,
which are organized in genomic clusters, the MADS-
box genes of plants are scattered throughout the entire
plant genomes [31, 63].

MADS-domain proteins, like many other eukary-
otic transcription factors, have a modular structural
organization [112]. In the cases of almost all known
seed plant MADS-domain proteins, it is very similar,
including a MADS (M), intervening (I), keratin-like
(K) and C-terminal (C) domain [66, 97, 123]. Genes
encoding this type of protein hence have been termed
MIKC-type MADS-box genes [85].

The MADS domain is by far the most highly con-
served region of the proteins [97]. In most cases, it
is found at the N-terminus of the putative proteins, al-
though some plant proteins contain additional residues
N-terminal to the MADS domain (NMIKC-type pro-
teins). The MADS domain is the major determinant
of DNA binding, but it also performs dimerization
and accessory factor-binding functions [112]. Part of
it folds into a novel structural motif for DNA inter-
action, an antiparallel coiled coil ofα-helices that
lies flat on the DNA minor groove [91]. In line with
the conserved nature of their DNA-binding domain,
MADS-domain proteins bind to similar DNA sites
based on the consensus sequence CC(A/T)6GG, which
is called a CArG box (CC-A-rich-GG). CArG boxes
are present in the promoter regions of many genes
that are probably regulated by MADS-box genes [112,
127].

The I domain, directly downstream of the MADS
domain, comprises ca. 30 amino acids, but is some-
what variable in length [66, 85]. It is only relatively
weakly conserved among plant MADS-domain pro-
teins [97]. In someArabidopsisMADS-domain pro-
teins, it was shown that the I domain constitutes a
key molecular determinant for the selective forma-
tion of DNA-binding dimers [103]. The K domain,
which is not present in any of the animal and fungal
MADS-domain proteins known so far [123, 124], is
characterized by a conserved, regular spacing of hy-
drophobic residues, which is proposed to allow for
the formation of an amphipathic helix. It is assumed
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that such an amphipathic helix interacts with that
of another K domain-containing protein to promote
dimerization [103, 112]. The most variable region,
both in sequence and length, is the C domain at the C
terminus of the MADS-domain proteins. The function
of this domain is unknown, and it has been shown to be
dispensable for DNA binding and protein dimerization
in at least some floral homeotic MADS-domain pro-
teins (see, for example, [139]). The C domain could be
involved in transcriptional activation or the formation
of multimeric transcription factor complexes.

According to the reasoning of evodevotics, under-
standing the origin and evolution of flower develop-
ment depends on an understanding of the origin and
evolution of the gene network governing flower de-
velopment. Changes in gene number, expression and
interaction thus all could have contributed to the evo-
lution of flowers. Since MADS-box genes play such
an important role in the network of flower devel-
opment, understanding the phylogeny of MADS-box
genes might strongly improve our understanding of
flower evolution.

Phylogeny reconstructions disclosed that the
MADS-box gene family is composed of several de-
fined gene clades [26, 85, 97, 123, 124]. Most clade
members share highly related functions and similar ex-
pression patterns. For example, the MADS-box genes
providing the floral homeotic functions A, B and C
each fall into separate clades, namelySQUAMOSA-
like (A function),DEFICIENS- or GLOBOSA-like (B
function), andAGAMOUS-like genes (C function) [26,
97, 123] (for the rules to name MADS-box gene clades
used here, see [123]). The D function genes deter-
mining ovule identity [4] also belong to the clade of
AGAMOUS-like genes [123]. Therefore, the establish-
ment of the mentioned gene clades was probably an
important event towards the establishment of the flo-
ral homeotic functions [123]. Thus the question arises
as to when these gene clades arose during evolution
and how some of their members were transformed
into floral homeotic genes. To answer this, MADS-box
genes have to be studied in phylogenetically informa-
tive taxa. Initially, plant MADS-box genes had been
investigated only in a very limited taxonomic range,
i.e. the genetic model plants, which are all higher eu-
dicots. Meanwhile, however, the situation has changed
considerably: whileArabidopsisand the like are still
the favorites of hard-core developmental biologists,
quite a number of scientists with evolutionary or agro-
nomic interests have started to take plant diversity
into account. In the following sections, we will out-

line what we have learned recently about MADS-box
genes in non-flowering plants, basal angiosperms, and
monocots. Then we briefly describe some new insights
obtained from the eudicots. We will use these data
to reconstruct the evolution of the MADS-box gene
family and its relationship to floral evolution, i.e. we
will tell a short natural history of MADS-box genes in
plants. First, however, we will briefly speculate about
the origin of plant MADS-box genes.

On the origin and major subdivisions of the
MADS-box gene family

We briefly describe what is known about MADS-box
genes in animals and fungi, and report that homo-
logues of MADS-box genes may even exist in bacteria.
The MADS-box gene family proper of eukaryotes can
be subdivided into three major clades. Representa-
tives of two of these clades (ARG80- and MEF2-like
genes) have only been found in animals and fungi so
far, whereas members of the third group (MIKC-type
genes) seem to be restricted to plants.

The origin of the MADS-box gene family is un-
clear. Some bacterial proteins, such as members of the
UspA family of stress response proteins known from
Escherichia coliandHaemophilus influenzae, contain
short sequence stretches that could be homologous
to a part of the MADS domain [87]. However, se-
quence similarity between the bacterial proteins and
the MADS domains is so low that special strategies
of sequence database search were needed to detect
it. Anyhow, it seems likely that a precursor of the
MADS-type DNA-binding domain evolved before the
separation of bacterial and eukaryotic lineages [87]
about 2–3.5 billion years ago [69]. Interestingly, a
coiled-coil structure is predicted in the downstream
portion of UspA-like proteins [87]. Since the K do-
main of plant MADS-domain proteins is also assumed
to adopt a coiled-coil structure [66, 112], even the K
domain may have bacterial roots.

Since MADS-box genes have been found in extant
plants, animals and fungi, it is quite safe to assume
that the last common ancestor of these eukaryotic taxa,
which existed about one billion years ago, had al-
ready at least one gene with a true MADS box [123].
The MADS-box gene family can be subdivided into
three major clades,ARG80-like genes (also called the
‘SRFgene family’),MEF2-like genes and MIKC-type
genes [45, 85, 123, 124]. WhileARG80- andMEF2-
like genes have been found only in animals and fungi
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so far, MIKC-type genes seem to be restricted to plants
(Figure 2). The presence ofARG80- andMEF2-like
genes could represent a synapomorphy of animals and
fungi, separating these taxa from plants (Figure 2).
However, due to the limited sampling of MADS-box
genes in any taxon one cannot exclude that, for exam-
ple, ARG80- or MEF2-like genes are also present in
plants. Moreover, although the hypothesis that animals
and fungi are more closely related to each other than
both are to plants is supported by quite a number of
molecular data, there is also evidence for alternative
relationships [130]. The picture drawn in Figure 2 is
thus possibly not the last word on this subject.

MADS-box genes in animals and fungi are in-
volved in a diverse range of biological activities (re-
viewed in [112, 123]). A common denominator of
most MADS-domain proteins is that they control as-
pects of development or cell differentiation. Let us
take theARG80-like genes as an example, which in-
cludeARG80andMCM1 from brewer’s yeast and the
SRFgenes from animals. WhileARG80is involved
in regulating genes encoding arginine-metabolizing
enzymes,MCM1 is involved in a broader range of
functions: in cooperation with different associated
factors it represses or activates the transcription of
many genes involved in diverse aspects of the yeast
cell cycle and cell growth, metabolism (including that
of arginine) and specialization. The role ofMCM1
in the determination of yeast cell type is especially
well known [112, 123]. Recently, putative orthologues
of MCM1 have also been reported from distant fun-
gal relatives of brewer’s yeast, i.e. the fission yeast
Schizosaccharomyces pombe(MAP1 gene) and the
smut fungusUstilago maydis(UMC1gene) [61, 136].
The SRF (serum response factor) of vertebrates is in-
volved in immediate-early gene and muscle-specific
gene transcription. Its orthologue fromDrosophila
(DSRF) plays a role in tracheal development (reviewed
in [112, 123]).

Members of the clade ofMEF2-like genes are
key components in muscle-specific gene regulation in
animals [90], but probably also have functions in non-
muscle cells. For more details about animal and fungal
MADS-box genes we refer to other reviews on this
topic and the original work cited therein [45, 112,
123].

Somewhere in the lineage that led to extant green
plants, MADS-box genes appeared in which the
MADS-box was followed by the I-, K- and C-regions,
and the MIKC-type genes were born. The molecular
mechanism that generated them is unknown. It seems

that extant MIKC-type genes are more closely related
to MEF2-like genes than toARG80-like genes, imply-
ing that the last common ancestor of MIKC-type genes
was moreMEF2- thanARG80-like [123]. Molecular
clock analyses and studies on MADS-box genes in
ferns have helped recently to get better estimates about
the time interval in the past when the first MIKC-type
genes appeared, as described below.

MADS-box genes in ferns

We summarize data suggesting that the last common
ancestor of ferns and seed plants about 400 MYA
contained at least two different MIKC-type MADS-
box genes that were homologues, but not orthologues,
of floral homeotic genes. These genes probably had
expression patterns and functions that were more
general than those of the highly specialized floral
homeotic genes from extant flowering plants.

After colonization of land, roughly about 500
MYA, land plants (today comprising liverworts, horn-
worts, mosses and vascular plants) evolved body
structures of increasing complexity [57]. Extant vas-
cular plants, for example, range from relatively
simple clubmosses (lycopsids), horsetails (equisetop-
sids), whisk ferns (Psilotaceae) and ferns (filicopsids)
to complex seed plants (spermatopsids), compris-
ing gymnosperms and angiosperms (flowering plants
sensu stricto) [57]. Although MADS-box gene cDNAs
have already been isolated from a moss (MIKC-type;
our unpublished data) and a clubmoss (see the citation
in [3]), the most basal plants from which MADS-
box gene sequences have been published so far are
ferns [22, 46, 58, 85]. Among the land plants ferns
are of considerable scientific interest because they
are very likely the sister group of the seed plants.
The two groups diverged about 400 MYA [36, 117].
Ferns have several characteristics that are primitive
with respect to vascular plants as a whole [7]. For
example, they produce naked sporangia at the abax-
ial sides of their leaves which lack accessory organs
such as integuments. Ferns thus do not form ovules or
seeds, and generally they also do not aggregate their
sporophylls into flower-like structures. Most ferns are
homosporous, i.e. their sporangia produce only one
type of haploid reproductive spores, starting from
diploid spore mother cells that undergo meiosis. In
contrast to the megaspores of seed plants, the spores
of ferns are shed, and the haploid gametophytes de-
veloping from them are entirely independent of the
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Figure 2. The major clades of MADS-box genes in the evolution of life. A phylogenetic tree of some major taxa of living organisms is shown.
The ages (in BYA, billion years ago) given at some nodes of the tree are very rough estimates. Some aspects of the topology of the tree are
controversial, for example, that fungi are more closely related to animals than to plants (see text). At some internal branches of the tree simplified
domain structures of representative members of the three major clades of MADS-domain proteins are shown (ARG80- and MEF2-like proteins,
MIKC-type proteins); in addition, a representative of a group of putative distant relatives of MADS-domain proteins, i.e. UspA-like proteins,
is shown at the eubacterial branch. ‘MADS’, ‘I’, ‘K’ and ‘C’ denote the MADS-, I-, K- and C-domains, respectively. ‘S’ stands for the SAM
domain, present inSRF,ARG80 andMCM1. ‘AD’ symbolizes the presence of a domain with sequence similarity to a part of the MADS domain
within the UspA-like proteins. The different gene types have been established during the time interval represented by the respective branches of
the phylogenetic tree, at the latest. This could be concluded from the presence of respective clade members in extant taxa. For example,MEF2-
andARG80-like genes have been isolated from animals and fungi so far, but not from plants.

spore-producing plant (the sporophyte). On the game-
tophyte, sexual organs (archegonia and antheridia) are
formed that produce egg and sperm cells, respectively.
Fertilization results in a diploid zygote which develops
into a new sporophytic generation.

The characterization of MADS-box genes in ferns
has focused so far onCeratopterisbecause it has some
features that qualify it as a plant model system.Cer-
atopteris richardii, for example, has a short sexual life
cycle of less than 120 days. Moreover, it behaves like
a diploid species and is well suited for genetic and
developmental analyses [14].

cDNAS representing more than 15 different ge-
nomic loci containing a MADS box have already been
isolated by three different research groups [22, 46, 58,
85]. Unfortunately, these groups used three different
systems of gene nomenclature, which resulted in up
to three different names for the same gene. In the fol-
lowing section, we always use the gene name that has
been published first, but we will also mention synony-

mous names where these exist to facilitate comparison
between the different studies.

In one study, cDNAs of 12 different ge-
nomic loci, designatedCRM1–CRM12 (for Cer-
atopteris MADS1–12) were isolated fromCer-
atopteris richardii, Ceratopteris pteroides, or both
[22, 85]. CRM8, however, had been published ear-
lier under the name ofCERMADS5[58], so we
adopt that name here.CERMADS5was later also
calledCMADS2[46]. Southern blot analysis indicated
that CRM1–CRM10represent single-copy loci in the
genome ofCeratopteris richardii[22, 85]. cDNAs of
three additional genes, termedCMADS1, CMADS4
andCERMADS3, have been isolated in two other stud-
ies [46, 58]. Most cDNAs ofCeratopterisMADS-box
genes isolated so far show high sequence similarity
to typical seed plant MADS-box genes with respect
to MADS-domain sequence and overall domain struc-
ture, i.e. they can be classified as MIKC-type genes.
There is no indication that domain shuffling occurred
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within the genealogy of these genes. The similar-
ity between fern and seed plant MADS-box genes
clearly indicates that these genes share a common
ancestor from which they were derived by gene du-
plications, sequence diversification and fixation [85].
The fern genes identified are thus clearly homologues
of the MADS-type floral homeotic genes known from
angiosperms.

To determine the evolutionary relationships be-
tween the fern genes and the other known MADS-box
genes, phylogeny reconstructions were carried out.
They disclosed that the genes fromCeratopteriscon-
stitute three different gene clades, termedCRM1-,
CRM3- andCRM6-like genes, which are interspersed
among seed plant gene clades [46, 85]. TheCRM6-
like genes can be further subdivided intoCRM6-like
genessensu strictoandCRM7-like genes (Figure 3).
In some phylogenetic trees, monophyly of theCRM6-
like genes is not well supported (Figure 3), in some
others theCRM6-like genessensu strictoeven ap-
pear separated from theCRM7-like genes [58]. In a
few other gene trees, however, even theCRM1- and
CRM6-like genes form sister clades [85]. A conserv-
ative interpretation of all available data thus leads to
the conclusion that at least two different MIKC-type
MADS-box genes existed already in the last common
ancestor of ferns and seed plants [85]. It seems more
likely, however, that at least three or four different
MIKC-type genes were already present in this species.
On the other hand, it is obvious from the analyses
carried out so far that many of the gene duplications
which led to the large number of present-day MIKC-
type genes occurred independently in the lineages that
led to extant ferns and seed plants [85]. Although the
MADS-box genes fromCeratopteriscan be consid-
ered being homologous to the MIKC-type genes from
other plants, including the floral homeotic genes, they
are clearly not orthologues of specific floral homeotic
genes. It seems likely, therefore, that the last common
ancestor of ferns and seed plants contained only a rela-
tively small number of MIKC-type genes compared to
the large number of genes present in extant seed plants
and ferns [85]. Alternative scenarios are conceivable,
but appear far less parsimonious.

Molecular clock estimates suggest that MIKC-type
genes started to diverge about 450–500 MYA, i.e. be-
fore the separation of the ferns and the seed plants
[96]. The presence of at least two different MIKC-type
genes in the last common ancestor of ferns and seed
plants about 400 MYA is in good agreement with this
estimation. Accordingly, it seems likely that the last

common ancestor of MIKC-type genes existed dur-
ing the Ordovician, when plants probably started to
colonize the land [96]. Therefore, MIKC-type MADS-
box genes probably had already been established in
plants more basal than ferns. Cloning of a MIKC-type
cDNA from the mossPhyscomitrella patenssupports
this hypothesis (our unpublished data).

The presence of a short peptide motif at the C-
terminal end of the respective proteins suggests a close
relationship between theCRM3-like genes (compris-
ing CRM3, also calledCMADS6[46], andCRM9up
to now), and theDEF/GLO-like genes [60, and our
unpublished results]. Based on the presence of a N-
terminal extension in the derived proteins, a close
relationship betweenCRM6/7-like genes, including
CRM6 (also calledCERMADS2), CERMADS3and
CMADS1, and the members of theAG clade has also
been postulated [46]. However, we consider the re-
spective evidences as weak, since they are based on
the presence of small peptide sequences of limited
sequence similarities. They thus do not necessar-
ily define synapomorphies, but also could represent
homoplasies (i.e. the recurrences of similarities in
evolution). Using phylogeny reconstructions, clear sis-
ter group relationships between fern and seed plant
MADS-box gene clades have not been established yet.

Since orthologues of floral homeotic genes have
not been isolated so far fromCeratopteris, the ques-
tion arises whether such genes actually exist in
this taxon. MADS-box gene cDNA cloning has in-
volved three independent research groups and differ-
ent cloning techniques. Diverse phases of the fern life
cycle and different plant tissues were used as mRNA
sources. Moreover, probes and primers for cloning
experiments were derived, at least in some cases,
from Arabidopsisand Antirrhinum floral homeotic
genes. However, the three research groups found
only CRM1-, CRM3-, CRM6- and CRM7-like genes
in quite a redundant fashion [22, 46, 58, 85]. Al-
though the possibility remains that orthologues of
floral homeotic genes are present inCeratopteris, this
appears less and less likely.

We wanted to verify that the apparent absence
of floral homeotic gene orthologues is not merely
a specific feature ofCeratopterisor its close rela-
tives. Therefore, we applied cDNA cloning also to
Ophioglossum, another fern which is only very dis-
tantly related toCeratopteris. While Ceratopterisis a
highly derived leptosporangiate fern, the Ophioglos-
sales are eusporangiate ferns which branch off near
the base of the fern tree [95]. cDNAs representing
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four different genes could be isolated so far, termed
OPM1andOPM3–OPM5(Ophioglossum pedunculo-
sumMADS1, 3–5) ([85], and our unpublished data).
However, it turned out again that these genes are not
members of any of the gene clades known from seed
plants. WhileOPM3 and OPM4 do not fit into any
clade defined so far, the otherOPM genes seem to
be CRM6- or CRM7-like genes, respectively (Fig-
ure 3) [85]. Although bootstrap support for this kind
of grouping is often not very high, it suggests that
CRM6- andCRM7-like genes were established at an
early time point in fern evolution (Figure 4). Taken
together, there is no evidence so far that orthologues
of floral homeotic genes (such asSQUA-, DEF-, GLO-
or AG-like genes) are present in extant ferns. The fact
that no genes from ferns have been isolated that are
within the gene clades known from seed plants, might
be correlated to the absence of seed or flowering plant
specific structures, such as ovules, carpels, stamens or
floral perianth organs.

Molecular clock estimates suggested that the last
common ancestor of the clade comprisingAGL2-,
AGL6- andSQUA-like genes (also termed ‘AP1/AGL9
clade’) existed about 370 MYA [96], i.e. after the
lineage that led to extant seed plants had already sep-
arated from the lineage that led to present-day ferns.
This estimation is in agreement with the fact that no
distinctive AGL2-, AGL6- or SQUA-like genes have
been found in ferns so far, while members of theAGL2
and AGL6 clades could be cloned from both gym-
nosperms and angiosperms, two seed plant lineages
which separated about 300 MYA (see below).

Unfortunately, phylogeny reconstructions did not
give specific clues to fern MADS-box gene function,
and mutants or transgenic plants in which the ex-
pression of these genes is changed are also not yet
available. Accordingly, the expression of severalCer-
atopterisgenes was determined by northern andin situ
hybridizations to get some idea about their function. It
turned out that most genes are well expressed in the
gametophytic as well as the sporophytic phase of the
fern life cycle [22, 46, 85]. Exceptions areCRM9and
CMADS1, which are much more strongly expressed
in the sporophyte than in the gametophyte [22, 46].
Exclusive expression in hermaphroditic gametophytes
was reported forCRM3in one study (termedCMADS6
there) [46], but this result is controversial, because in
other studiesCRM3expression was also observed in
sporophytes and male gametophytes [22, 85]. Prelim-
inary data indicate that in male gametophytes expres-
sion of CRM3 is in spermatides that develop within

antheridia. In hermaphroditic gametophytes,CRM3
expression was detected in meristematic cells [22].
Expression analysis in the sporophyte revealed that
quite a number of genes are expressed in many tissues
[22, 46]. An exception isCMADS4, which is predom-
inantly expressed in roots [46]. Expression ofCRM3
andCRM9, for example, was found in the shoot axis as
well as in fronds of juvenile plants. In cross-sections of
fertile fronds, expression ofCRM3, CRM6andCRM9
was observed, withCRM6expression being relatively
strong in sporangia [22].CMADS1expression was ob-
served in the shoot apical meristem, leaf primordia and
the procambium [46]. As the leaves increase in cell
number,CMADS1signals become stronger in all cells
at the top of the leaf. As tissue systems differentiate,
CMADS1expression gradually becomes restricted to
three leaf parts: procambium, sporangium initials, and
the regions that will give rise to the lamina, or pinnae.
Signals are also observed in differentiated vascular
bundles of the petiole, and in the root apical meristems
and their associated provascular cell files.CMADS1
expression can also be observed in developing sporan-
gia, but not in the sporangia containing mature spores
[46]. The expression patterns ofCRM1 (also cal-
ledCerMADS4or CMADS3[46, 58]) andCerMADS5
(for synonymous names, see above) are very similar to
those of CMADS1, albeit weaker [46].

The expression of most fern genes in both major
phases of the life cycle is in remarkable contrast to
the situation in seed plants, where expression of a
MIKC-type gene in the gametophytic phase has been
demonstrated to date only in a single case, theAGL17-
like geneDEFH125fromAntirrhinum[140], although
many MADS-box genes are expressed in stamens,
carpels or ovules. Expression in both sporophytes and
gametophytes suggests a more ubiquitous function of
the fern genes in the control of development or cell
differentiation than the temporally and spatially quite
restricted functions of the homeotic genes determining
floral organ identity of angiosperms.

MADS-box genes with a relatively ubiquitous ex-
pression in the sporophytic phase do also exist in
seed plants. Examples are most members of the clade
of TM3-like genes andAGL3, an AGL2-like gene
(reviewed in [123]). As indicated above, a close
relationship between the fern gene clades and the
TM3- or AGL2-like genes from seed plants cannot
be demonstrated. However, the organs in which the
organ identity genes of seed plants are specifically
expressed were very likely not present in the last
common ancestor of ferns and seed plants. It seems
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plausible, therefore, that the rather ubiquitous ex-
pression of most fern MADS-box genes and of some
MADS genes from seed plants represents the ances-
tral state of MIKC-type gene expression. The highly
organ-specific expression of the floral homeotic genes
of angiosperms is thus very likely a derived condition
that was achieved during the processes in which some
MIKC-type genes were recruited as floral homeotic
genes. If so, spatiotemporal restriction of gene expres-
sion was an important aspect during the co-option of
MADS-box genes as homeotic selector genes of spe-
cialized plant organs. This gene recruitment must have
occurred in the lineage that led to seed plants after the
lineage that led to extant ferns had already branched
off. It has been speculated that the restriction of
MADS-box gene expression may have been caused by
the evolution of other genes that regulate the MADS-
box genes, such as relatives ofLEAFY or CURLY
LEAF [46]. However, these changes in expression pat-
terns could also have been caused by mutations in
cis-regulatory elements controlling MADS-box gene
expression [124]. In some precedent cases, concerning
anthocyanin biosynthesis and growth form in maize,
the molecular basis of evolutionary changes in gene
expression in plants has been clarified recently. In
these cases it turned out thatcis-regulatory elements,
not trans-acting factors, were responsible for changes
in gene expression (examples cited in [6]). It has even
been argued that modifications in thecis-regulatory re-
gions of transcriptional regulators represent a predom-
inant mode for the evolution of novel plant forms [23].
Besidestrans-acting factors, evolutionary changes in
MADS-box gene promoters should therefore be seri-
ously considered as a possible cause for the changes in
MADS-box gene expression during evolution.

Besides the rather ubiquitous spatiotemporal ex-
pression of most genes, severalCeratopterisMADS-
box genes also display some other features that are
atypical of seed plant MADS-box genes. For exam-
ple, there is evidence that the primary transcripts of
a relatively large fraction of genes, includingCRM1,
CRM4 (also calledCerMADS1), CRM6 (also called
CerMADS2) andCRM9are alternatively spliced [22,
58]. For comparison, although more than 150 differ-
ent MIKC-type genes have been reported so far from
seed plants (Figure 3), alternative splicing has been
reported only in a single case [62]. However, alterna-
tive splicing is typical ofMEF2-like MADS-box genes
from animals (for reviews, see [90, 123]) and has also
been documented in cases of some transposon-like
elements containing a MADS box which have been

isolated from the flowering plant, maize (see below)
[31, 78, 79]. Alternative splicing, therefore, may rep-
resent an ancient mechanism to increase the diversity
of protein products from individual MADS-box genes
that has been reduced in seed plants. One should not
be too surprised, however, if alternative splicing plays
a more important role in seed plants than currently
thought.

Another unusual feature of some fern MADS-box
genes concerns their structure. While the majority
of fern cDNAs have the potential to encode perfect
(N)MIKC-type proteins, cDNAs of several other loci,
includingCRM11, CRM12and CMADS5, also show
high sequence similarity to MADS-box gene cDNAs,
but do not contain continuous open reading frames,
due to the presence of in-frame stop codons or nu-
cleotide insertions or deletions [22, 46]. Whether the
respective genomic loci have a function is unclear. In
principle, they could encode truncated proteins that
work as transcriptional modulators. They even may
encode full-length proteins generated by programmed
frameshifting (ribosome hopping). Also a function
apart from the protein level is conceivable. Alterna-
tively, these loci may simply represent nonfunctional
pseudogenes that got into the vicinity of promoters
and are therefore transcribed. In mammalian genomes,
nonfunctional pseudogenes are often created through
reverse transcription of mRNA and integration of the
copy DNA into the genome. A similar mechanism
might work in ferns. This hypothesis is supported by
the fact that, in contrast toCRM1–10, Southern hy-
bridizations revealed severalCRM12-like loci in the
Ceratopterisgenome even under high-stringency hy-
bridization conditions [22]. Analysis of genomic loci
such asCRM11andCRM12might give further clues
to their origin. It is interesting to note that our ob-
servations are not unprecedented. It has been reported
that the majority of genomic clones of homologues to
the chlorophylla/b-binding (CAB) protein that have
been isolated from the homosporous fernPolystichum
munitumare defective. A major cause is, again, the
presence of in-frame stop codons and nucleotide inser-
tions or deletions [94]. Whether the probably defective
CABgenes are transcribed has not been reported. One
of the explanations for theCAB gene defects is gene
silencing upon polyploidization [94]. However, since
we found multiple copies for only a minority ofCer-
atopteris MADS-box genes, this does not seem to
be a likely explanation for the structurally aberrant
MADS-box gene cDNAs reported here.
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Figure 4 (top). MADS-box genes in the evolution of vascular plants. A phylogenetic tree of major taxa of vascular plants is shown. The ages
(in MYA, million years ago) given at some nodes of the tree are rough (and in part controversial) estimates based on different studies. The
topology of the tree is also controversial: that Gnetales are more closely related to conifers than to angiosperms could be concluded from
molecular data [15, 39, 133, 134], but is in contrast to widely accepted interpretations of morphological data. At the left side of the root and
some internal branches of the tree three important stages in the evolution of the megasporangium are schematically depicted. From bottom to
top: a sporangium that is not covered by an integument, a condition still found in extant ferns; a sporangium that is covered by an integument
(ovule); and a sporangium that, in addition, is surrounded by a carpel. The gene names besides the branches denote gene subfamilies, not single
genes. These have been established during the time interval represented by the respective branches of the phylogenetic tree, at the latest. This
could be concluded from the presence of respective subfamily members in extant taxa. For example,AG-, AGL2-, AGL6-, DEF/GLO-, GGM13-,
STMADS11- andTM3-like genes have been isolated from angiosperms and gymnosperms, but not from ferns. At the root of the phylogenetic
tree, the domain structure of a typical MIKC-type MADS-box gene is shown. Our analyses have demonstrated that the last common ancestor
of ferns and seed plants already had at least two genes of that type [85]. Abbreviations of genes or gene subfamilies:AG, AGAMOUS; AGL2,
6, 12, 15, 17, AGAMOUS-like gene 2, 6, 12, 15, 17;CRM1, 3, 6, 7, CeratopterisMADS-box gene 1, 3, 6, 7;DEF, DEFICIENS; DEF/GLO,
a precursor of bothDEF- andGLO-like genes;GGM4-7, 10, 13, Gnetum gnemonMADS-box gene 4–7, 10, 13;GLO, GLOBOSA; OPM3,
4, Ophioglossum pedunculosumMADS-box gene 3, 4;SQUA, SQUAMOSA; STMADS11, Solanum tuberosumMADS-box gene 11;TM3, 8,
tomato MADS-box gene 3, 8.
Figure 5(bottom). How the land plants learned the floral ABC. Different states of the ABCD model (some of them hypothetical) of floral organ
specification are plotted onto a phylogenetic tree of major taxa of vascular plants. The organs specified by the different homeotic functions are
indicated above the models. At the branch leading to the angiosperms (eudicots, monocots and basal angiosperms), different ancestral versions
of the ABCD model that might have been present at the base of the angiosperms are shown. These versions have been suggested (from left to
right) in this work, or in [6] or [3], respectively. The ages (in MYA, i.e. million years ago) given at some nodes of the tree are rough estimates (as
in Figure 4). At the right side of some internal branches of the tree, gene subfamilies, not individual genes, are indicated (e.g., ‘SQUA’ means
the clade ofSQUA-like genes). The relationships between representatives of these gene subfamilies and homeotic functions are symbolized by
arrows. For example, aSQUA-like gene (i.e.AP1) provides the A function inArabidopsis. (Note thatSQUAitself is not an A function gene!).
A DEF- and aGLO-like gene possibly provide the B function in all angiosperms, whileAG-like genes provide both the C and the D function.
The different relationships have been established during the time interval represented by the respective branches of the phylogenetic tree, at the
latest. Abbreviations used: A, B, C, D, the floral homeotic functions;AG, AG-like genes; C/D, a precursor of floral homeotic functions C and D;
DEF, DEF-like genes;DEF/GLO, a precursor of bothDEF- andGLO-like genes; FM, function in the specification of floral meristems;GLO,
GLO-like genes; IM, function in the specification of inflorescence meristems;SQUA, SQUA-like genes.

A third unusual observation was made with the
intracellular localization ofCRM9mRNA. In all tis-
sues whereCRM9 expression was detected,in situ
hybridization studies gave a strong signal in the nu-
cleus, while in the cytoplasm, hybridization signals
were much lower, if present at all [22]. Thus it seems
that the majority ofCRM9 mRNA is retained in the
nucleus and cannot be translated. It could be, there-
fore, that formation of CRM9 protein is not (only)
regulated transcriptionally, but (also) by nuclear ex-
port of CRM9mRNA. It could also be, however, that
CRM9represents a nonfunctional gene, or thatCRM9
does not function at the protein level. Whether nuclear
export is linked to alternative splicing is unknown so
far. It is conceivable, for example, that not all of the
different splice variants can be exported, implying that
alternative splicing would control nuclear export.

Nuclear retention of mRNA is also not unprece-
dented in ferns. It has been reported that phytochrome
(PHY1) mRNA in the fernAdiantum capillus-veneris
is predominantly nuclear in location in light-grown
young leaves (croziers), while the mRNA in dark-
grown tissue appears uniformly in both nucleus and
cytoplasm [89]. These findings support the view that
ferns have included nuclear export of mRNA into their
repertoire of gene regulation.

Finally, let us gather the facts and try to recon-
struct the last common ancestor of extant ferns and
seed plants. Very likely, it had no ovules or floral or-
gans but, like extant ferns, had naked sporangia and an
independent gametophytic generation. It already had
more than one MIKC-type MADS-box gene, but prob-
ably fewer than extant ferns or seed plants. None of
the MIKC-type genes was an orthologue of a specific
floral homeotic gene. These genes probably had quite
a ubiquitous expression during the life cycle of the
plant, possibly involving the gametophytic as well as
the sporophytic phase. It seems likely that these genes
were not organ identity genes, but had more general
roles in the transcriptional control of development or
cell differentiation, i.e. more comparable to the role of
MCM1 in the life of yeast.

MADS-box genes in gymnosperms

We summarize data suggesting that the last common
ancestor of extant gymnosperms and angiosperms,
about 300 MYA, already had at least 7 differ-
ent MADS-box genes, i.e.AG-, AGL2-, AGL6-,
DEF/GLO-, GGM13-, STMADS11- and TM3-like
genes. Probably, most of these genes were already
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involved in specifying reproductive organs, such as
ovules, in the sporophyte. Expression of an ancestral
version of the homeotic C and D functions, provided by
anAG-like gene, was probably used to distinguish re-
productive from non-reproductive (vegetative) organs.
In addition, expression of an ancestral B function, pro-
vided by a basalDEF/GLO-like gene, was possibly
used to distinguish between male and female repro-
ductive organs. Thus, orthologues of floral homeotic
genes and a precursor of the ABCD system of flo-
ral organ specification (BC/D system) had probably
already been established at the evolutionary base of
extant seed plants.

The term ‘gymnosperm’ (meaning ’naked seed’)
indicates that we are now dealing with plants that
develop seeds, but in which these seeds are not en-
closed within a carpel as in angiosperms (see below).
Gymnosperms and angiosperms together constitute
the taxonomic group of seed plants (spermatopsids,
spermatophytes). Seed plants have become the most
successful land plants, probably because of the se-
lective advantage the formation of seeds gives these
plants over all others [117]. Most likely the reason is
that seeds are unrivaled in their capacity to disperse
the next generation. Seeds are just ripened ovules,
and ovules can be defined as integumented indehiscent
megasporangia [117]. They consist of an envelope,
the integument(s), with a micropyle, and a megaspo-
rangium (the nucellus) inside of which a megagame-
tophyte develops. There is evidence that seed plants
evolved from gymnosperm-like plants with a fern-
like mode of reproduction called progymnosperms [7].
Therefore, the pollen sacs and nucelli of seed plants
are probably homologous to fern sporangia. The tran-
sition from the naked dehiscent sporangia of fern-like
ancesters to ovules characterizes one of the most im-
portant steps in land plant evolution (Figure 4). It
involved several key innovations, such as the evolution
of heterospory [117]. According to molecular data,
the last common ancestor of extant seed plants existed
about 300 MYA – recent estimations range from 285
to 348 MYA [40, 108] –, and earliest fossil evidence
of gymnosperms dates back about 350–365 MYA [7,
121]. Gymnosperms are, therefore, phylogenetically
much older than angiosperms (see below).

Extant gymnosperms comprise four groups: coni-
fers, gnetophytes, cycads andGinkgo. Only a few
MADS-box gene cDNAs have been isolated from cy-
cads andGinkgoso far (Figure 3; and our unpublished
data), since the focus of MADS-box gene research in
gymnosperms has been on conifers (due to their eco-

logical and commercial importance) and gnetophytes
(because they are often considered a sister group of the
angiosperms).

Conifer MADS-box gene cDNAs have been re-
ported from spruce (Picea abies, Picea mariana) and
pine species (Pinus radiata, Pinus resinosa) [64, 82–
84, 105, 116, 119]. Phylogeny reconstructions re-
vealed that the genes for which full-length cDNAs
have been obtained so far all fall into gene clades
well known from angiosperms, namelyAG-, AGL2-,
AGL6-, DEF/GLO- andTM3-like genes [81, 84, 116,
119, 123, 124, 134] (see also Figure 3). However, PCR
cloning of a 61 bp segment using degenerate primers
targeted to the MADS box suggested the presence of
over 27 MADS-box genes within black spruce (Picea
mariana), including several for which no orthologous
angiosperm MADS-box gene has been identified yet
[105].

In contrast to many angiosperm flowers, which are
hermaphroditic, the investigated conifers are monoe-
cious species that have truly unisexual reproductive
axes. The female strobili (or seed cones) are com-
pound axes consisting of two-scaled units with a
sterile bract and a seed-bearing (ovuliferous) scale.
In contrast, the male strobili are simple structures
composed only of microsporophylls [119]. Expression
studies indicated that the MADS-box genes identi-
fied so far are transcribed in male and female strobili.
Some are also expressed in vegetative organs, such as
the AGL6-like genePRMADS3from Monterey pine
(Pinus radiata), which is also transcribed in needle
primordia [81]. The transcripts of theTM3-like gene
DAL3 from Norway spruce (Picea abies) were also
found in vegetative shoots, but not in embryos, seeds
or seedlings [119]. TheAGL6-like geneDAL1 is also
expressed in vegetative shoots in their first year of de-
velopment, but not in the epicotyl, including the apical
meristem, of the seedling [118]. Byin situ hybridiza-
tion, PRMADS1–3from Monterey pine were found to
be expressed in groups of cells that form ovuliferous
scale and microsporophyll primordia [81]. Similarly,
expression of theAG-like gene,DAL2, from Norway
spruce was detected in ovuliferous scales, but not in
bracts, the cone axis or the apical meristem [120]. Ex-
pression of its orthologue from black spruce,SAG1,
was found to be very similar in female cones [105].
In male cones,SAG1expression was detected at a
low level in the tissue that makes up the tapetal layer
[105]. These data suggest thatAG-, AGL2- andAGL6-
like genes of conifers are all involved in reproductive
structure formation.
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To test whether the structural similarity and phy-
logenetic relatedness betweenAG from the flowering
plant ArabidopsisandDAL2 from Norway spruce is
coupled to a similarity in function, an analysis of the
effect of DAL2 expression under the control of the
constitutive 35S promoter in transgenicArabidopsis
plants was made [120]. Most transformants showed
phenotypic alterations that seem not very informative
with respect toDAL2 function, such as curled rosette
leaves and early flowering. Some transformants, how-
ever, had homeotic changes of flower organ identity. In
these plants, the sepals had gained female characters
at the margins, such as ovule-like structures and papil-
lary cells characteristic of stigma. Petals had obtained
male characteristics: they appeared to be transformed
into filamentous organs or stamen-like organs with
a filament-like proximal part capped with an anther-
like structure. The third- and fourth-whorl organs
were mainly unaffected by expression of the transgene
[120]. The transformants thus resembleArabidopsis
plants ectopically expressingAGorthologues from an-
giosperms, such asAG itself or BAG1 from Brassica
napus[68, 75]. Since the ABC model predicts that the
C function antagonizes the A function, the observed
phenotype can be expected in case of a loss of the A
function or an ectopic expression of the C function in
the first and second whorl of theArabidopsisflower.
The results obtained withAG andBAG1have demon-
strated thatAG or its close relatives are sufficient to
provide ectopically the homeotic C function. The sim-
plest explanation for the results withDAL2, therefore,
would be thatDAL2 activity in the perianth organs
can functionally substitute forAG activity in ectopic
expression experiments. This functional substitution
would imply several partial functions, i.e. suppressing
A gene activity, directing carpel identity to the outer-
most whorl, and interacting with B class genes (AP3,
PI) in directing stamen identity to the second whorl of
organs in transgenic flowers. However, it could also
be that expression ofDAL2 results in an extension of
AG expression into the perianth whorls, for example,
becauseDAL2 protein is able to activate theAG pro-
moter, or becauseDAL2 turns off theArabidopsisA
function. If so, the homeotic transformation of whorl
1 and whorl 2 organs would be the result of ectopic
AG expression, or of the formation of functional AG-
DAL2 heterodimers rather thanDAL2 alone. In either
case, the data indicate that DAL2 is able to interact
with components of the regulatory context ofAG, and
that thus these kinds of interactions have been con-
served over at least 300 million years (the logic of such

conclusions has also been illustrated elsewhere [124]).
It might be that MADS, I and K domains of DAL2 are
needed for these interactions, explaining why these are
so similar to those of AG. However, complementation
of anAG loss-of-function mutant with theDAL2 gene
could provide a more stringent test for the extent to
whichDAL2 is able to substitute theAGfunction in the
Arabidopsiscontext. Results very similar to the ones
reported here forDAL2 have also been obtained with
its black spruce orthologue,SAG1[105].

By definition, C class genes are involved in spec-
ifying stamen and carpel identity. Since there are
no stamens and carpels in gymnosperms, the ques-
tion arises as to which functionDAL2/SAG1 ful-
fills in the conifer context. Note that even success-
ful heterologous transformation studies, as described
above, may not always answer such questions! Spruce
DAL2/SAG1mutants that could give an answer are
also not available. Expression studies suggest that
DAL2/SAG1is involved in the determination of ovulif-
erous scale or ovule identity, and of male reproductive
organ identity. The ability to convert petals into sta-
mens inArabidopsisis consistent with the notion that
DAL2/SAG1might be able to interact with B class
genes in specifying male reproductive organs. The
presence ofDEF/GLO-like genes in conifers could be
predicted from phylogeny reconstructions [120], but
is now also supported by gene cloning (see below).
ThusDAL2/SAG1might interact with one or several
DEF/GLO-like genes from spruce in order to specify
male reproductive organ identity. Expression studies
and transgenic experiments both suggest, therefore,
that DAL2/SAG1function is more similar to that of
angiosperm C function than D function genes (whose
expression is restricted to ovules, implying that they
are not expressed in male reproductive organs, and
whose function is in specifying ovule identity). At first
glance, this may seem a paradox, since ovules, in con-
trast to carpels, are present in all gymnosperms and
are thus very likely phylogenetically older. Specifying
ovules (i.e. D function), therefore, should be a more
ancient function ofAG-like genes than specifying sta-
mens and carpels (i.e. C function). One has to take
into consideration, however, thatDAL2/SAG1function
might be ancestral to both C and D functions. So how
can the early evolution ofAG-like gene function in
seed plants be conceived? Only one type ofAG-like
gene has been isolated so far from any gymnosperm
species (Figure 3). Phylogeny reconstructions sug-
gest that these genes are basal to both the C- and
D-function genes from angiosperms (Figure 3). We
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suggest, therefore, that it could have been the ancestral
function of these genes to distinguish reproductive or-
gans such as male sporophylls and ovuliferous scales,
including ovules (where expression is on) from vege-
tative organs, including cone bracts (where expression
of these genes is off). Genes such asDAL2/SAG1may
still provide such a function today. Later, at the level
of angiosperms, a gene duplication and diversifica-
tion event might have resulted in the fixation of two
different genes. While one gene type (C class genes;
AG-like genessensu stricto) specialized in specify-
ing stamens and carpels, the other (D class genes;
FBP7/FBP11/AGL11-like genes) became restricted to
specify ovule identity (Figure 5).

Gnetophytes (Gnetales) are an enigmatic group of
seed plants with only three genera,Gnetum, Ephedra
andWelwitschia. Most phylogenetic analyses of mor-
phological data agree that among the groups of extant
seed plants, the gnetophytes are the sister group of
the angiosperms [21, 24, 25]. According to this view,
angiosperms and gnetophytes are members of a clade
called ‘anthophytes’, to emphasize their shared pos-
session of flower-like reproductive structures [21].
Since answers to the still unresolved question of an-
giosperm origin are intimately connected to the identi-
fication of their sister group among extinct and extant
taxa [21, 39], gnetophytes have found much scientific
interest. However, some recent phylogeny reconstruc-
tions based on molecular data do not support an antho-
phyte clade; instead, they favor monophyly of extant
gymnosperms, albeit with low bootstrap support, im-
plying that gnetophytes are more closely related to
conifers than to angiosperms [15, 39].

cDNA sequences of 13 different single-copy
MADS-box genes of the gnetophyteGnetum gnemon
have been published so far ([133, 134]). Phylogeny
reconstructions indicated that seven of them are mem-
bers of novel gene subfamilies, for which members
from dicots have not been published so far (see Fig-
ure 3). In one case (GGM13), however, a highly
related sequence has been isolated recently from a
monocotyledonous flowering plant (our unpublished
results). Due to the limited knowledge about the num-
ber and type of MADS-box genes in any plant species
(includingArabidopsis) it remains to be seen if ortho-
logues of the other genes are also present in flowering
plants. Alternatively, the respective gene clades orig-
inated within the gymnosperms after the lineage that
led to the angiosperms had already branched off. Most
of the genes are expressed in male and/or female
strobili, but not in leaves, suggesting that they have

functions similar to the floral meristem or organ iden-
tity genes of angiosperms ([133], and our unpublished
results).

Phylogeny reconstructions revealed that the other
six genes (GGM1, 2, 3, 9, 11, 12) fall into well de-
fined gene clades known already from angiosperms,
i.e. STMADS11[13], TM3-, DEF/GLO-, AG-, or
AGL6-like genes, respectively ([134], and our unpub-
lished data). They are thus putative orthologues of the
respective genes from angiosperms. Among them is
GGM2, the first DEF/GLO-like gene (B class gene
orthologue) reported from a gymnosperm [133, 134]
(Figure 3). The presence of aDEF/GLO-like gene,
however, is not a synapomorphy uniting flowering
plants and gnetophytes, since genes belonging to that
clade have meanwhile also been found in two conifer
species, Norway spruce and Monterey pine [84, 116]
(Figure 3). Whether these genes are more closely re-
lated toDEF- or GLO-like genes, or are basal to both
(as suggested by Figure 3), could not be clarified un-
equivocally by the construction of phylogenetic gene
trees so far (our unpublished results). Analysis of the
exon-intron structure ofGGM2, however, supports
the latter hypothesis (our unpublished results). At this
time, therefore, we favor the hypothesis that there was
only oneDEF/GLO-like gene in the last common an-
cestor of extant gymnosperms and angiosperms. The
gene duplication that generated distinctDEF andGLO
clades may have happened in the angiosperm lineage
after the lineage that led to extant gymnosperms had
already branched off (Figures 4 and 5). A close rela-
tionship betweenGGM2and the other members of the
DEF/GLO clade is not only supported by phylogeny
reconstruction, but also by the presence of a ‘paleo
AP3 motif’ at the C-terminal end of the GGM2 protein
and a ‘derived PI motif’ in a subterminal position (our
unpublished results; for the definition of the motifs,
see [60]). Moreover, in sequence alignments GGM2
shares a highly specific character state at an indel
(insertion-deletion) position with all other DEF- and
GLO-like proteins (our unpublished data). However,
both features have also been found forGGM13 (our
unpublished results), which according to phylogeny
reconstructions is a slightly more distant relative of
DEF- andGLO-like genes (Figure 3).

Analogous to the observations withDAL2/SAG1,
expression of theAG-like geneGGM3 was found in
male as well as female strobili ofGnetum, but not
in leaves. TheTM3-like geneGGM1 showed, as ex-
pected, a more ubiquitous expression in male and
female strobili and in leaves. However, expression
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of the DEF/GLO-like geneGGM2 was found to be
restricted to male strobili [133, 134]. It could have
been an ancient function of members of that gene
clade, therefore, to distinguish between male (where
gene expression is on) and female reproductive struc-
tures (where expression is off) (see Figure 5). It is
easy to imagine how the floral homeotic B function
of angiosperms evolved from such a gene, since it
also distinguishes male reproductive organs (i.e. sta-
mens, expressing B plus C function) from female
ones (i.e. carpels, expressing only C function). It also
seems plausible that this gene function was recruited
to specify petals (expressing A and B function) when
these were ’derived’ from stamens in some lineages of
angiosperms (see below) [3, 60].

Phylogeny reconstructions indicated that in all
cases where gene subfamily members are available
from angiosperms, gnetophytes and conifers, i.e.
within the AG-, AGL6-, DEF/GLO- and TM3-like
genes, the genes fromGnetumalways form subclades
together with conifer genes, to the exclusion of the
angiosperm genes (Figure 3). This finding provides
molecular evidence for the hypothesis that gneto-
phytes are more closely related to conifers than to an-
giosperms (Figure 4). The conclusion is in contradic-
tion to the anthophyte theory and to widely accepted
interpretations of morphological data for almost a cen-
tury [5, 21, 24]. The sister group relationship between
gnetophytes and conifers makes it likely that many
of the angiosperm-like features of Gnetales, such as
the flower-like appearance of reproductive structures,
reduced female gametophytes, double-integumented
ovules, dicotyledonous seeds, vessels in the secondary
wood, net-veined leaves and the presence of double-
fertilization, are homoplasies rather than homologous
character states. With respect to angiosperm origins,
gnetophytes are thus possibly less informative than of-
ten thought [21, 24, 25]. It could be, however, that
the parallel appearance of the mentioned characters
in angiosperms and gnetophytes was facilitated by
a common developmental potential that was already
present in the last common ancestor of (gnetophytes
+ conifers) and angiosperms (or even of all extant
seed plants, if extant gymnosperms represent a mono-
phyletic group [15]). It seems an exciting hypothesis
that a set of MADS-box genes might have been part
of the developmental potential facilitating convergent
evolution in different seed plant lineages. Therefore,
this last common ancestor is of considerable evolu-
tionary interest, so let us try to reconstruct it with
respect to some morphological features and MADS-

box genes, taking together the data reviewed above. To
simplify things, we assume that extant gymnosperms
are really a monophyletic group, and that gene types
that have been found in angiosperms as well as in
gnetophytes or conifers were thus present in the last
common ancestor of all extant seed plants.

Like ferns, the most recent common ancestor of ex-
tant seed plants probably had an elaborate two-phase
life cycle with a dominating sporophytic generation.
In contrast to most ferns, however, the sporophyte
produced two types of spores, micro- and megas-
pores, and the megagametophytes developing from
the megaspores were not independent, but remained
within the ovules of the sporophyte. After fertiliza-
tion, the ovules developed into seeds. The sporophyte
perhaps had unisexual reproductive axes. Figure 3 and
data published elsewhere [134] show that there are
five different well-defined clades containing MADS-
box gene members from both gymnosperms and an-
giosperms, indicating that at least five different MIKC-
type genes existed in the last common ancestor of
contemporary seed plants, namely at least one repre-
sentative of each of the clades ofAG-, AGL2-, AGL6-,
DEF/GLO- andTM3-like genes. In addition, there was
most likely a sixth gene closely related toGGM13,
and a seventh gene closely related toGGM12, be-
cause putative orthologues for these genes also were
isolated from angiosperm species ([13], and our un-
published data). Probably most of these genes were
already involved in specifying reproductive organs of
the sporophyte. The last common ancestor of extant
seed plants probably used an ancestral version of the
homeotic C and D functions (C/D function), pro-
vided by anAG-like gene, to distinguish reproductive
from non-reproductive organs. In addition, it possibly
used an ancestral B function provided by at least one
DEF/GLO-like gene to distinguish between male and
female reproductive organs. Thus a precursor of the
ABCD system of floral organ specification had proba-
bly been established already as a BC/D system at the
base of extant seed plants, while it was completely
absent in the last common ancestor of ferns and seed
plants (Figure 5). The data on MADS-box genes in
ferns suggest that there was a relatively small pool of
MIKC-type genes in the last common ancestor of ferns
and seed plants. Therefore it is likely that descendants
of that pool of genes were generated by gene duplica-
tion, diversification and fixation, and were recruited in
the lineage leading to seed plants to give rise to floral
homeotic genes. It is conceivable, therefore, that in
the time interval prior to the radiation of extant seed
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plants, but subsequent to their divergence from fern-
like ancestors, i.e. between 300 and 400 MYA, some
if not most clades of MADS-box genes known from
angiosperms had been established (Figure 4). There is
a striking temporal coincidence between the appear-
ance of these genes and the occurrence of seed plants
and the seed habit. For example, the oldest known
seed plant (Elkinsia) has been preserved in the fos-
sil record of that time interval (Late Devonian, about
365 MYA), and different intermediate stages in the
evolution of the ovule have been found in the fossil
record of the Lower Carboniferous, about 350 MYA
[121]. We are not aware that such a clear coincidence
between the appearance of new types (clades) of de-
velopmental control genes (such asAG-like genes)
and the appearance of novel morphological structures
(such as ovules and seeds) has ever been reported for
the macroevolution of a non-plant system. Since the
extant descendants of these genes are expressed in
ovules, ovuliferous scales, or seeds, and thus prob-
ably are involved in controlling the development of
these structures, it seems quite possible that the es-
tablishment of the new clades of MADS-box genes at
the time of ovule and seed ‘invention’ was not just a
coincidence, but an important functional step in the
evolutionary establishment of these structures.

Progymnosperms, i.e. plants that already had
gymnospermous wood but still a pteridophytic, free-
sporing mode of reproduction, also existed in that
critical time interval 300–400 MYA, since their fossils
have been found from Middle Devonian to Early Car-
boniferous (Tournaisian) [7]. It is intriguing to think,
therefore, that during this time the establishment of
AG-like genes in progymnosperms might have been
an important aspect to confer ovules to plants that still
had a pteridophytic mode of reproduction, but other-
wise were already gymnosperm-like [85]. The progen-
itor of extant seed plants, established at this time, was
the starting point for the evolution of the enormous
morphological diversity we see in present-day seed
plants.

Due to the large morphological gaps between the
different seed plant groups (extant and fossil), ho-
mologies between their reproductive structures are
often difficult to assess [24]. This is especially true
for the floral organs of angiosperms compared to the
organs of the reproductive units of the gymnosperms.
It is one of the reasons why definite answers to the
question of what a flower actually is and from which
organs of which gymnosperms its organs were derived
have been lacking (for a review, see [21]). However,

since homologous organs should generally express or-
thologous developmental control genes, we have good
reasons to assume that MADS-box genes are suitable
tools to test assumptions about structural and develop-
mental homologies among the reproductive structures
within the diverse seed plant groups [24]. For example,
some evolutionary models suggest that angiosperm
petals are homologous to the outer integument ofGne-
tum reproductive units [24]. If so, orthologues of B
function genes such asGGM2 should be expressed
in the outer integument ofGnetum, which exists in
male as well as female strobili. However,GGM2is not
expressed in female strobili at all [133, 134].GGM2
expression in male strobili is also not in the integu-
ments surrounding the antherophores, but only in the
antherophore itself [134]. Expression of theAG-like
geneGGM3 in the Gnetumouter integuments [133,
134] makes it also appear unlikely that they are homol-
ogous to perianth organs of angiosperms, but would be
compatible with an alternative model due to which the
outer integument ofGnetumis homologous to the in-
tegument of angiosperm ovules [24] or even to carpels.
In line with this, SAG1, one of the conifer ortho-
logues ofGGM3, is especially strongly expressed in
the integuments of the ovules [105].

For several reasons, however, these conclusions are
still preliminary. For example, orthology between re-
spective genes from gymnosperms and angiosperms
should be tested more rigorously, and independent
co-option (recruitment) of genes into nonhomologous
developmental processes cannot be excluded, so that
more genes should be analyzed (for discussion of that
problem, see [1]). However, we believe that the strong
correlation between MADS-box gene phylogeny and
the evolution of certain morphological structures (e.g.
ovules) promises that studies such as the ones in-
dicated here will help to clarify the origin of the
flower.

It has often been argued that there are insuperable
morphological gaps between angiosperms and gym-
nosperms which are even more difficult to overcome
than the gap between ferns and seed plants. With
respect to MADS-box genes and the system of re-
productive organ specification, we obviously see the
opposite: while there are probably no orthologues of
floral homeotic genes in ferns, there are clearly some
in gymnosperms (Figures 3, 4 and 5). At the level
of molecular developmental control, the reproductive
units of gymnosperms are thus more similar to the
flowers of angiosperms than morphological studies
may have suggested.
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MADS-box genes in basal angiosperms

Basal angiosperms are crucial for our understand-
ing of flower origin. Although we do not know yet
how the ‘first flower’ looked, we are quite sure that
the last common ancestor of extant angiosperms al-
ready had at least 9 different MADS-box genes. These
were distinct representatives of the clades ofDEF- and
GLO-like genes, anAGL15-like gene, and the set of
genes that was already present in the last common an-
cestor of extant seed plants (besides aDEF/GLO-like
gene,AG-, AGL2-, AGL6-, GGM13-, STMADS11-
andTM3-like genes).

Our considerations have now reached the flowering
plants. Since flowers are often defined as short, spe-
cialized axes bearing closely aggregated sporophylls,
gymnosperms and even some pteridophytes (such as
clubmosses) may also produce ‘flowers’. It is neces-
sary to clarify, therefore, that when we use the term
‘flowering plants’ within this review, we mean the an-
giosperms (i.e. flowering plantssensu stricto). The
term angiosperm means ‘vessel seed’. Besides sta-
mens with two pairs of pollen sacs, the most useful
diagnostic morphological feature of angiosperms is a
carpel enclosing the ovule/seed [21]. The carpel is the
morphological basis for fruit development. From the
naked sporangia of ferns via the integumented mega-
sporangia (ovules) of gymnosperms (resulting in
seeds) to the angiosperm ovules enclosed in carpels
(resulting in seeds within fruits) we see a clear
macroevolutionary tendency to cover the megaspo-
rangium and its derivatives (see Figure 4).

The angiosperm mode of reproduction has proven
very succesful, because flowering plants now domi-
nate the vegetation of most ecosystems on land, and
they consist of more species than all other groups of
land plants combined (about 250 000–300 000) [21].
One probable reason for the angiosperms’ success is
that fruits provide additional possibilities for an effec-
tive distribution of seeds, for example by the help of
animals. In many cases animals are also important for
outcrossing during sexual reproduction. The capacity
to outcross effectively is the second major advantage
of the angiosperms. It is facilitated by flower types that
efficiently attract diverse pollinators (bees, beetles,
birds, etc.), depending on the angiosperm species.

The sudden appearance and considerable diversi-
fication of the angiosperms within the fossil record
of the Early Cretaceous, about 130–90 MYA, seems
still almost the same ‘abominable mystery’ as it was
to Charles Darwin more than a century ago. As al-

ready mentioned in the section on gymnosperms, the
origin of the flower has also remained a mystery.
Homologies between organs within gymnosperm and
angiosperm reproductive units are unclear, and the
long-standing question of whether angiosperm flowers
derive from a simple branch or from multiple branches
(euanthial vs. pseudanthial scenario) is still unresolved
[21]. We have noticed, however, that according to
considerations outlined by Doyle [24], the prelimi-
nary expression data of theGnetumgenesGGM2and
GGM3 (see the gymnosperm section) suggest organ
homologies that fit to a pseudanthial rather than an
euanthial model of flower origin [134].

Current hypotheses of angiosperm evolution have
identified two large clades (monocots and eudicots,
see below) embedded within a poorly defined basal
assemblage of magnoliid dicots (Magnoliidae) [21],
which we call ‘basal angiosperms’ here. There is a
great diversity of floral structure and biology among
basal angiosperms. Both large, multiparted bisexual
flowers and small, simple, frequently unisexual flow-
ers are widespread, and variation in the number and
arrangement of floral parts is extreme [21]. This,
and the substantial morphological gap between gym-
nosperms and angiosperms (see above), has prevented
identification of the basic condition of the angiosperm
flower. Did the ‘first flower’ more look like aMagnolia
flower with its numerous elaborate tepals, or like one
of Sarcandra glabrawith a single bract, stamen and
carpel [21]?

Our inability to reconstruct the ‘first flower’ im-
plies that we do not know the succession of steps in
the evolution of the molecular ‘control’ of flower for-
mation. How did the BC/D system of reproductive
organ specification possibly present in gymnosperms
change into the ABCD model of floral organ identity?
However, educated guesses about plausible interme-
diate steps and the implications for MADS-box gene
phylogeny can be made (Figure 5). A most primitive
flower might just have been composed of one or more
stamens and carpels (including ovules) without a peri-
anth, such as the flowers ofSarcandra. We only need
B, C and D function genes expressed in a suitable com-
binatorial way along a single reproductive shoot axis
to specify the respective organs. Perianthless flow-
ers are not prominent among the different suggestions
of what the earliest flower might have looked like.
However, since the identity of the organs of peri-
anthless flowers could be completely specified with
homeotic functions that were possibly present already
in gymnosperms (Figure 5), we argue that such simple
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flowers should be seriously considered as a plausi-
ble model for the ‘first flower’. In fact, such flowers
might help to bridge the enormous gap between gym-
nosperm and angiosperm reproductive structures (see
the gymnosperm section).

The more convential models assume that the most
ancestral flower already had a perianth. One hypothe-
sis suggests that the ancestral condition was a single,
petaloid whorl expressing both A- and B-function
genes (Figure 5) [3]. According to this hypothesis, the
calyx whorl, expressing only the A function, was later
added externally to protect flower buds from preda-
tion. Other ancestral ABCD models assume that the
basal flower had one or more sepaloid perianth whorls
specified by A-function genes. Petals, and thus the dis-
tinction between corolla and calyx, could have evolved
later by the outward extension of B function into the
inner of two perianth whorls (Figure 5) [6].

These models provoke several other questions:
how were sepals or petals generated? Where did the
A function come from? It is widely accepted that,
in contrast to the reproductive organs (stamens and
carpels), which evolved only once, sterile perianth
organs originated several times independently within
the angiosperms, although details are unresolved ([29,
60], and references therein). Similar organs, such as
petals, are thus not necessarily homologous (in the
meaning of ‘derived from a common ancestor’, i.e.
historically orthologous, as defined elsewhere [3]). It
has been concluded from morphological evidence that
petals have been derived many times independently
from stamens, for example, several times within the
lower eudicots and at least once at the base of the
higher eudicots. Such petals are called andropetals.
Among the basal angiosperms, the Nymphaeales prob-
ably have andropetals. A second type of petals,
bracteopetals, may have been derived from sepals or
sterile organs subtending the flowers. Most basal an-
giosperms are assumed to have bracteopetals, such as
the Magnoliales, Piperales and Aristolochiales ([60],
and references therein). As outlined elsewhere, how-
ever, there are severe conceptional problems with
these simple views [3]. For example, historical, po-
sitional and process homology (the latter meaning that
two structures are specified by the same type of genes)
should be distinguished. Moreover, with respect to ho-
mology, it would be more appropriate to distinguish
between orthology and paralogy (for a detailed dis-
cussion of this topic in floral development, see [3]).
If not stated otherwise, we use the terms homology,
orthology and parology here only in their historical

dimension, meaning, for example, that a feature is ho-
mologous in different lineages if it was already present
in the last common ancestor of these lineages.

The origin of the A function is another notorious
problem. It seems that there are different kinds of
genes behind it even within the higher eudicots (see
below), so a simple and general answer might not
be possible. We have noted, however, that in case
of Arabidopsis, the two A-function genes also func-
tion as floral meristem identity genes. Determining
floral meristem identity might be a function that is
needed earlier than the specification of floral organ
identity. This is surely true for ontogeny, but might
also be true in the case of evolution, because the
earliest flowers did not necessarily have a perianth
specified by A-function genes (see above), but very
likely already needed some floral meristem identity
function to distinguish floral from vegetative tissue.
Therefore, we suggest that at least in some cases, the
A function could be a derivative of the function deter-
mining floral meristem identity (Figure 5). In line with
this, A-function genes or their orthologues from other
species (such asSQUAMOSAfrom Antirrhinum) are
often expressed in several whorls of the flower and in
non-floral organs, not just in sepals and petals [50, 52].

It is obvious that studies onSQUA-, DEF-, GLO-
andAG-like MADS-box genes in basal angiosperms
with different floral structures (simple and complex
ones) may help to understand the evolution of the
ABCD model. It will be interesting to examine, for
example, how the independent derivations of petals
during angiosperm evolution are reflected in the use
of organ identity genes. Have independently derived
petals always recruitedDEF- andGLO-like genes to
specify petal identity? Or have other types of genes
taken over that function in lower angiosperms? If
the latter is true,DEF- and GLO-like genes are not
necessarily expressed in the petals of some lower an-
giosperms! Petal specification genes which are not
DEF- or GLO-like genes may seem more likely in the
case of bracteopetals than in the case of andropetals,
because bracts or sepals do not expressDEF- and
GLO-like genes, while stamens do.

The origin of the firstSQUA-like gene is an-
other open question. Did it appear already within
early angiosperms before the lineages that led to ex-
tant monocots and eudicots separated, or even at the
gymnosperm level? How was it derived – by gene du-
plication from anAGL2/AGL6/SQUAancestral gene,
as phylogeny reconstructions may suggest (Figure 3)
[85, 97, 123]? DoSQUA-like genes also specify sepals
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or petals in species other thanArabidopsis(e.g., in
basal angiosperms), or was the A function a role ac-
quired later bySQUA-like genes in the lineage that led
to Arabidopsis?

During the course of a study devoted to the role of
DEF- and GLO-like genes in petal and stamen evo-
lution, Kramer et al. [60] have isolated respective
cDNA clones not only from higher and lower eudi-
cots, but also from the MagnoliaceaeMichelia figo
andLiriodendron tulipifera, and the PiperaceaePeper-
omia hirtaandPiper magnificum, which are all basal
angiosperms. It was during the course of this work
that the already mentioned GLO and DEF specific
motifs were detected (see the fern and gymnosperm
sections). The study by Krameret al. documents a
high frequency of gene duplications within both the
DEF andGLO lineages. The authors assume that at
the base of theDEF/GLO lineage was aCRM3-like
fern gene containing a paleoAP3 motif [60], but sup-
port for this hypothesis by phylogeny reconstructions
is weak at best (see the fern section). There is hardly
any doubt, however, that aDEF/GLO-like gene en-
coding a terminal paleoAP3 motif and a subterminal
PI motif was already established when gymnosperms
started to diverge (see the gymnosperm section). A key
ancestral gene duplication occurred near the base of
the angiosperms, resulting in the distinct lineages of
DEF-like genes (which retained a highly conserved
paleoAP3 motif, while the PI motif diverged more
strongly) andGLO-like genes (which have lost the pa-
leoAP3 motif, but maintained a highly conserved PI
motif). A second major duplication event occurred in
the DEF lineage near the base of the higher eudicot
radiation. It resulted in a euAP3 lineage (including
AP3 and DEF) in which the euAP3 motif replaces
the paleoAP3 motif, and aTM6 lineage, in which the
paleoAP3 motif is maintained. This duplication event
may reflect the origin of a petal-specificDEF function
in the higher eudicot lineage at the time when these
plants recruited petals from stamens [60]. Many other
independent gene duplication events in the different
angiosperm lineages followed the creation of the sep-
arateDEF, GLOandTM6 clades, resulting in pairs of
highly related paralogues within several species such
as lily and rice (see Figure 3).

The functions of the different DEF and GLO spe-
cific motifs have not yet been reported, nor have the
expression patterns of theDEF- andGLO-like genes
from basal angiosperms been published. With these
genes in hand, however, the tools are available now
to test some of the hypotheses outlined above.

AGL15 is an interesting type of MADS-box gene
which is expressed in developing embryos and thus
might be involved in ‘controlling’ embryogenesis [47,
104]. Embryos are formed by all land plants – hence
they are also called embryophytes –, making it con-
ceivable thatAGL15-like genes may even exist in
nonseed plants. However, evidence for that is miss-
ing: AGL15-like genes have been published so far only
from Brassicaceae species (Figure 3). The isolation of
anAGL15-like gene from the basal angiospermMag-
nolia (Hilde Fischer, personal communication) at least
suggests that this type of gene was already present near
the base of the flowering plants (Figure 4).

Summing up, we do not know what the first flower
looked like, but it probably employed a genetic sys-
tem for floral reproductive organ specification that
had already been established at the gymnosperm level
(BC/D system). It is relatively clear that the first flow-
ering plant already had at least nine different MADS-
box genes (seven gene types known already from the
last common ancestor of extant seed plants, plus an
AGL15-like gene and separate lineages ofDEF- and
GLO-like genes; Figure 4). It is very likely that some
of these genes provided part of the molecular basis
for the enormous diversification of the flower structure
during angiosperm evolution.

MADS-box genes in monocots

Monocots comprise taxa with quite different inflores-
cences and flowers, such as grasses and lilies. Some
data suggest that the B and C functions in these flowers
work quite similarly to those of the eudicots. However,
the B function in grasses specifies lodicules rather
than petals in the second whorl of the flower. In lilies
and their close relatives the B function is very likely
not only expressed in the second and third, but also
in the first floral whorl. Therefore, lilies and their rel-
atives have a simple perianth (perigon) composed of
two whorls containing petaloid organs called tepals.
In addition to the MADS-box genes that were already
present in the last common ancestor of extant an-
giosperms, the last common ancestor of monocots and
eudicots about 200 MYA also already had anAGL17-
and aSQUA-like gene. Thus it contained at least 11
different MADS-box genes.

Among the angiosperms, the monocotyledons (Lil-
iopsida) are defined as a monophyletic group by their
single cotyledon and some other features [21]. Ac-
cording to molecular estimates, the monocot lineage
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separated from the other angiosperms about 160–200
MYA [40, 135]. However, the oldest known fossils of
monocots were deposited just about 90 MYA [33].

Monocots are of great interest here for at least two
reasons: the structural diversity of their flowers and in-
florescences, and the commercial importance of their
flowers, seeds and fruits. The importance of mono-
cots for human culture could be one of the reasons
why MADS-box genes have been studied in quite a
number of diverse species, including cereal grasses
such as maize (Zea maysssp. mays), rice (Oryza
sativa), wheat (Triticum aestivum), and sorghum
(Sorghum bicolor), a lily species (Lilium regale), a
tulip species (Tulipa gesneriana), asparagus (Aspara-
gus officinalis), and an orchid species (Aranda× deb-
orah). Compared to our knowledge about MADS-box
genes in nonflowering plants, a great deal is known
about these genes in monocots, so that a comprehen-
sive review is not possible here. Therefore, we just
give an overview of present knowledge, with a focus
on recent progress.

Although the first MADS-box gene cDNA re-
ported from a monocot was from an orchid [65], the
majority of MADS research focuses now on the ce-
reals maize and rice [10–12, 17, 18, 31, 32, 42,
53–55, 71, 72, 110, 126]. These two species not only
feed the world to a large extent, but are also suitable
model systems for plant genetics and molecular biol-
ogy. Comparatively little is known about MADS-box
genes in sorghum [42] and wheat [86].

Like other typical grasses, cereals produce tiny,
wind-pollinated flowers that are distinct from the flow-
ers of other taxa. Although the flowers themselves are
simplified and small, they are generally assembled into
complex higher-order structures (spikelets, inflores-
cences). Let us take maize as an example. In contrast
to rice, which forms hermaphroditic flowers, maize is
a monoecious species, i.e. it generates male and fe-
male inflorescences separately on the same plant. The
male inflorescence (tassel) develops in a terminal po-
sition, whereas the female inflorescences (ears) grow
in the axils of vegetative leaves. The unisexual flower
types of the tassel and ear are both derived from an
initially bisexual state through the abortion of pistil
primordia in the tassel and stamen primordia in the
ear [16]. The three stamens or carpels (pistil) of each
maize flower are surrounded by a pair of bract-like
organs called palea (inner) and lemma (outer), thus
constituting structures called florets. In the flowers of
the tassel lodicules are also formed, two knob-like pe-
rianth organs which are needed to open the florets at

anthesis. Two florets – an upper and a lower one – are
together enclosed by another pair of bract-like organs
called glumes, thus forming spikelets. In the spikelets
of female inflorescences, only the upper floret devel-
ops due to abortion of the lower floret tissues at early
developmental stages. In the spikelets of male inflo-
rescences, both florets develop to maturity. Spikelets
are formed in pairs along the ear and tassel inflores-
cence, with one spikelet being pedicellate, the other
sessile. The inflorescences and flowers of maize and
other grasses are thus in some respect similar, in others
different from the flowers of other taxa (for reviews
about floret, spikelet and inflorescence structures in
cereals, see e.g. [16, 19, 109]). It is an interesting
question, therefore, how these similarities and dissim-
ilarities are reflected in the structure, expression and
function of MADS-box genes.

Since the stamens, carpels and ovules of mono-
cots and eudicots are probably homologous organs,
it seems likely that they are specified by orthologous
B, C and D class homeotic genes, i.e.DEF-, GLO-
and AG-like MADS-box genes. Concerning C class
genes, phylogeny reconstructions suggest an ortholo-
gous relationship betweenZAG1/ZMM2 from maize
on the one hand andAG fromArabidopsison the other
[110, 126]. Employing a reverse genetics approach, a
putative null allele ofZAG1was identified [71]. Sur-
prisingly, the floral phenotype did not show a homeotic
transformation of reproductive organs into nonrepro-
ductive ones, which would have been expected from a
C function gene. Rather, supernumerary carpels were
observed, indicating a loss of floral meristem deter-
minacy. Besides specifying stamen and carpel identity
(C function),AGalso plays a role in establishing floral
meristem determinacy. PossiblyZAG1has only the lat-
ter aspect of theAG function. SinceZAG1is expressed
in stamen and carpel primordia, however, it seems
more likely that there is a redundancy in C function
betweenZAG1 and ZMM2 [71, 109] or otherAG-
like genes (see below). Expression patterns suggest
thatZAG1 is more important for carpel development,
while ZMM2should be more important for stamen de-
velopment.ZMM2 mutants andZAG1/ZMM2 double
mutants will show whether these hypotheses are cor-
rect. However, even this will probably not be the end
of the story. It is well known that, due to the segmental
allotetraploid origin of the maize genome, genes that
are single copy in diploid plant species are represented
by a pair of genes in maize [34, 126]. While most gene
pairs in maize trace back to diversification events that
started either about 11 or 21 MYA, theZAG1/ZMM2
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gene pair is much more ancient (60 MYA) [34]. It
could well be, therefore, thatZAG1andZMM2 have
duplicate loci in the maize genome, and that even
more than two genes are involved in providing the
C function and floral meristem determinacy. A pu-
tative duplicate locus ofZMM2 was cloned recently
(our unpublished results). In phylogeny reconstruc-
tions this gene forms a clade together withZMM2
andOSMADS3from rice, to the exclusion ofZAG1,
suggesting an ancestrally orthologous relationship be-
tween the gene pair constituted byZMM2 and its
duplicate locus, andOSMADS3(our unpublished re-
sults). Interestingly, ectopic expression ofOSMADS3
in tobacco (Nicotiana tabacum) driven by the CaMV
35S promoter resulted in phenotypic alterations mim-
icking the results of ectopic expression ofAG [55],
indicating thatOSMADS3can substitute a C function
gene in transgenic experiments (for a more thorough
interpretation of these kinds of experiments, see the
gymnosperm section). It seems reasonable to hypoth-
esize that not onlyOSMADS3, but alsoZMM2 and its
duplicate locus represent C function genes in grasses.

Thanks to the cloning of theSILKY1gene, con-
siderable progress was also made in understanding the
B function in maize [109]. Thesilky1 mutant has a
phenotype strikingly similar to the B function mu-
tants of eudicots. Loss of B function inArabidopsis
or Antirrhinum leads to a conversion of second-whorl
petals into sepals and third-whorl stamens into carpels.
In the silky1 mutant of maize, the stamens in the
tassel develop as carpel-like structures, and the lod-
icules are replaced by palea-like organs. In the ear of a
silky1mutant, the stamens are converted to carpel-like
structures, and the normal program of stamen abor-
tion is bypassed [109].SILKY1is expressed in organ
primordia which give rise to lodicules and stamens.
According to sequence analysis,SILKY1 is probably
an orthologue of the B class geneDEF [109]. The
data suggest that with respect to the B function, the
ABCD model can be applied to grass species (Fig-
ure 5). Moreover, they also suggest that lodicules
are homologous to eudicot petals and that the palea
is homologous to eudicot sepals (and is not a pro-
phyll, as other interpretations have it). It could also be,
however, that orthologous genes have been recruited
independently for the specification of organs that are
historically not orthologous (in the terminology used
by Albertet al. [3]).

The mutant phenotype ofOSMADS4, a GLO-like
gene from rice, is very similar to that ofsilky1 [54],
suggesting that, as in higher eudicots, both aDEF-

and aGLO-like gene are necessary to provide the floral
homeotic B function in monocots. Whether DEF- and
GLO-like proteins interact in monocots in the same
way as they do in eudicots is unknown so far.

It is not yet known whether MADS-box genes
are involved in providing the A function in monocots
(as theSQUA-like geneAP1 does inArabidopsis).
Clearly, however,SQUA-like genes are present in
maize, sorghum and lily (Figure 3) ([10, 31, 42, 72],
and our unpublished results). Consequently, this gene
clade had already been established in the last com-
mon ancestor of monocots and eudicots (Figure 4).
AncestralSQUA-like genes could have been involved
in specifying inflorescence or floral meristem identity
(see the basal angiosperm section). The relatively large
number of these genes in some extant species suggests
that they later may have been recruited for several dif-
ferent functions (for results supporting that hypothesis
see also the eudicot section). For example, cDNAs
representing 5 differentSQUA-like genes have already
been isolated from maize ([10, 31, 72], and our unpub-
lished results). For some of them, expression patterns
suggest that they are not involved in establishing floral
meristem identity, but function at later stages of floret
development [10].

The large number ofSQUA-like genes in maize
may seem surprising. However, recent increases in
gene number in some clades (by gene duplication, in
maize also by ancient allotetraploidy) are a common
theme in grasses. For example, 8 differentAGL2-
like genes have been isolated from maize so far (our
unpublished results), and for 4 of them putative or-
thologues from rice or sorghum have already been
found (Figure 3). These genes have a broad range
of expression patterns, suggesting also a functional
diversification [10–12, 123]. For example,ZMM6 ex-
pression is initially restricted to just one primordium
out of each pair of developing spikelet primordia, sug-
gesting that this gene is involved in determining the
alternative identity of spikelet primordia (pedicellate
vs. sessile spikelet) [11, 122]. Expression ofZMM8
and ZMM14 is detectable only in the upper, not in
the lower, floret of each developing spikelet, suggest-
ing that these genes determine the alternative identity
of the upper vs. the lower floret within each spikelet
primordium. Alternatively, these genes may be in-
volved in conferring determinacy to the spikelet or
upper floret meristem [12]. The timing ofZMM6 and
ZMM8/ZMM14expression may determine the number
of spikelets at a certain position on the inflorescence
axis, or the number of florets per spikelet, respec-
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tively. These genes could thus have played a role in
regulating spikelet or floret number in grasses during
evolution [10, 12, 122]. It seems reasonable, there-
fore, that in the phylogenetic lineage which led to
grasses, an ancestral member of theAGL2 clade has
been amplified and its descendants have been recruited
for the establishment of novel positional information
(concerning spikelet and floret number and arrange-
ment). These positional values are characteristic of
grass inflorescences and are not found within the sim-
ple inflorescences of some dicotyledonous plants such
asArabidopsis.

cDNAs of more than 30 different MADS-box
genes, belonging to more than 10 different subfami-
lies, have been cloned from maize so far ([10, 31, 32,
72, 110, 126], and our unpublished results). Among
them is anAGL17-like gene, but also several genes for
which orthologues from nonmonocots have not been
reported yet. In these more than 30 different genes an
especially interesting class of sequences is not even
included, the Transposed MADS-box elements ofZea
No. 1 (TMZ1elements; also calledZEM genes;ZAG4
is also a representative of this class of sequence el-
ements) [31, 72, 78, 79]. TheTMZ1 elements have
many features that are typical of transposons, such as
varying copy numbers and genomic locations in differ-
ent maize lines, 13 bp perfect terminal-inverted repeats
(TIRs) at their flanks and 3 bp target sequence dupli-
cations. The last two features are both characteristic
of theEn/Spmtransposon family [31, 79]. TheTMZ1
elements are the only plant sequences containing a
MADS box published so far without a MIKC-type
domain structure. Remarkably, they contain MADS
boxes nearly identical to those of the members of
theAGAMOUSclade, encoding MADS domains that
fall well into the AG clade in phylogeny reconstruc-
tions based on MADS-domain sequences [123]. These
MADS boxes are flanked, however, by sequences
that are absolutely unrelated to sequences ofAG-like
genes. The most plausible scenario for the origin and
evolution of theTMZ1elements thus seems to be that
an En-like transposable element captured a MADS
box of anAG-like gene somewhere in the lineage that
led to maize, and was then distributed in the genomes
of maize and its relatives [31, 79].TMZ1 elements
have not been reported so far from outside the genus
Zea.

The Liliaceae have flowers that superficially look
very different from the flowers of grasses. For exam-
ple, often they are very large and have a simple, yet
showy perianth (perigon) composed of two whorls of

organs, each containing three petaloid tepals. Flow-
ers with a similar perianth structure are also known
from some basal angiosperms (such asCabomba, be-
longing to the Nymphaeales). Floral structures like
these could be easily explained by a modified ABCD
model in which the expression of the B function has
expanded to whorl 1 (Figure 5) [129]. Tulip mutants
are known that strongly support this hypothesis. A
putative loss-of-B-function mutant is called ‘Viridi-
flora’. It has flowers where the tepals in whorls 1
and 2 are homeotically transformed into sepaloid or
leaf-like structures. The 6 stamens of the mutant tulip
flower are transformed into carpel-like structures. A
putative loss-of-C-function mutant is also known. It
has tepal-like structures in whorls 1, 2 and 3, and
from the center of the flower a new flower structure
arises which again has tepal-like structures in all 3
outer whorls [129]. It seems not unlikely that anAG-
like gene is affected in the loss-of-C-function mutant.
Similarly, aDEF- or aGLO-like gene may be mutated
in the loss-of-B-function mutant. However, one should
take into consideration that the perianths of monocots
and eudicots possibly evolved independently (see [60],
and references therein). But even then a recruitment
of DEF- andGLO-like genes for the specification of
perianth organ identity – independently of a very sim-
ilar event in the eudicots – would seem the most likely
scenario to explain the petaloid character of perianth
organs in Liliaceae. However, alternative scenarios
cannot be excluded yet (see also the basal angiosperm
section).

A number of cDNAs representing MADS-box
genes from the lily speciesLilium regale have been
cloned recently (Figure 3), and cloning of the re-
spective orthologues from tulip is well underway (our
unpublished results). Therefore, the hypotheses out-
lined above can be rigorously tested soon. Expression
of a DEF-like gene in both perianth whorls and in the
stamen whorls of lily support the hypothesis that the
petaloid character of all tepals is due to the expression
of B-function genes in perianth whorls 1 and 2 (our
unpublished results; see Figure 5).

MADS-box genes in eudicots

The flowers of eudicots are typically composed of a
bipartite perianth with sepals in the first whorl and
petals in the second whorl, followed by stamen and
carpel whorls. The ABCD system of floral organ spec-
ification seems highly conserved within the higher
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eudicots, except that an A functionsensu strictomay
be provided by different genes in different species or
may even not exist in some species. In lower eudicots,
the temporal and spatial pattern of floral homeotic
gene expression is more diverse. ForArabidopsiswe
now have definite proof, provided by mutant analy-
sis, that MADS-box gene function is not restricted
to flower development, but reaches from root to fruit
development.

Eudicots are defined by the production of triapertu-
rate or triaperturate-derived pollen [21]. They can be
further subdivided into the lower eudicots, compris-
ing the Ranunculidae, basal Hamamelidae and basal
Rosidae, and the higher eudicots, made up of the
bulk (about 75%) of the angiosperm species, including
the major genetic model species such asArabidop-
sis, Antirrhinum, and Petunia ([60], and references
therein).

The structure, function and phylogeny of eudi-
cotyledonous MADS-box genes has already been ex-
tensively reviewed [74, 103, 123, 124]. Therefore,
we rather want to concentrate on addressing some
general evolutionary issues and on describing recent
breakthroughs in understanding.

The gene phylogeny in Figure 3 reveals a complex
but intriguing pattern of lineage-specific increases in
the number of MADS-box genes during flowering-
plant evolution. Most angiosperm subfamilies of
MIKC-type genes characterized to date contain at least
two members (putative recent paralogues) found in a
single eudicotyledonous plant species, documenting
continued diversification and fixation of MIKC-type
genes during eudicot evolution [103, 123]. The evolu-
tion of MADS-box genes obviously did not come to
a standstill, even after the establishment of the ABCD
model within the eudicots. Since the flower ground-
plan is quite fixed in eudicots (e.g. most flowers have
a bipartite perianth with sepals and petals followed by
stamen and carpel whorls) the ABCD functions and
the genes encoding them might also be conserved. A
number of ongoing studies on MADS-box genes in
diverse eudicot species indicates that this is indeed the
case for the BCD functions and the respective genes
of higher eudicots (e.g. [138], and many unpublished
data). In contrast, the A function is less well defined
and seems more flexible (e.g. [138], and many un-
published data; see also the basal angiosperm and
monocot sections). This holds true even in comparison
betweenArabidopsisand the other model plants.

In Antirrhinum, for example, no loss-of-function
phenotype has so far been identified which can sep-

arate the determination of the first floral whorl (as-
sumed to depend on the A function) from the deter-
mination of the flower itself [80]. This suggests that in
Antirrhinum, the A function is not simply a derivative
of the function providing floral meristem identity, as
suggested forArabidopsis(see above). It rather seems
that these two functions are still fully linked inAn-
tirrhinum and thus cannot be separated (which may
be the evolutionarily more ancient condition). As sug-
gested by a precursor of the ABC model [111], the
production of sepals in the first whorl may be inherent
in the establishment of floral meristem identity. Ac-
cordingly, in the rare cases where flowers are formed
in plants that have theSQUAgene mutated –SQUA
is theAntirrhinumorthologue of the A function gene
AP1 from Arabidopsis– organ specification defects
are not apparent.

The A function is also different in petunia from
that inArabidopsis. There is evidence that the petunia
orthologue of the non-MADS geneAP2 from Ara-
bidopsisdoes not perform an A function, although
analysis of the blind mutant indicates that such a func-
tion exists [67]. Expression ofAP2and its homologues
from petunia suggest an ancestral function in ovule
or seed development [52, 67]. Such an origin of the
A function is not contradictory to our suggestion that
it might have been derived from a function in the
specification of floral meristem identity. One possi-
bility is that things could be different forSQUA- and
AP2-like genes. However,AP2also works as a floral
meristem identity gene, and the function in the speci-
fication of floral meristem identity could just represent
an intermediate evolutionary step: since ovules are
evolutionarily older than flowers, and these are proba-
bly older than the eudicot perianth, orthologues ofAP2
may have evolved step by step from genes involved
in seed formation, via genes that are also involved in
specifying floral meristem identity to genes that also
play a role in specifying organ identity in the perianth.

Although the BCD part of the ABCD model can
be considered to be relatively strongly conserved,
some variations are known, especially with respect to
the genes that provide these functions, as has been
reviewed already [103, 123]. Recently it has been re-
ported thatDEF andGLOorthologues (i.e. putative B
function genes) of some species of the lower eudicot
subclass Ranunculidae show expression patterns that
significantly deviate from the ones of higher eudicots
[59]. While expression of these genes in stamens of
the ranunculid species examined is as in higher eudi-
cots, in some species (Dicentra eximiaand Papaver
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nudicaule) transcripts or proteins ofDEF- andGLO-
like genes accumulate in young petal primordia, but
at later stages of develoment expression diminishes,
becomes restricted to petal tips and margins, or even
completely disappears [59]. It has been suggested that
these data indicate that theDEF- andGLO-like genes
of lower eudicots do not function in the same manner
as their orthologues from higher eudicots to specify
petal identity [59]. It has also been pointed out that
these findings may reflect several independent evo-
lutionary derivation events of petals from stamens,
during the courses of whichDEF- andGLO-like genes
were recruited to new tissue- or cell-type-specific roles
in the petals [59]. However, as outlined in the monocot
section,DEF- or GLO-like genes may specify petal or
lodicule identity in monocots, a clade which separated
from the lineage that led to eudicots earlier than the
speciation events that gave rise to lower and higher
eudicots. Moreover, during very early developmental
stages, the petal primordia of all ranunculid species
examined show expression ofDEF- and GLO-like
genes [59]. It thus also could be that the develop-
mental program that specifies the identity of petaloid
organs is a synapomorphy of all extant monocots and
eudicots (or even all extant angiosperms), and that the
loss of requirement ofDEF- andGLO-like genes for
the maintenance of petal identity during late develop-
mental stages reflects a secondary evolutionary event
within some lineages that led to lower eudicots.

Despite the general conservation of the eudicotyle-
donous flower groundplan, some deviations are also
well known here. For example, unisexual flowers
evolved several times independently. Thus dioecious
plants (where male and female flowers are borne on
separate individuals) and monoecious plants (where
male and female flowers are borne on the same indi-
vidual) were established independently in many lin-
eages. Unisexual flowers are usually produced during
ontogeny from potentially hermaphroditic flowers by
suppression of the development of either male or
female organs in a particular whorl. However, the gen-
eral impression now is that during flower development,
organ abortion or suppression events and MADS-box
gene expression (and thus floral organ identity) are
under independent control mechanisms. For example,
in the case of the dioecious plantSilene latifolia it
has been found that the putative B- and C-type floral
homeotic genes are expressed in male flowers (where
the gynoecium does not differentiate) and in female
flowers (where stamen primordia degenerate during
development) in the same whorls with similar timing

[44]. Independence of reproductive organ arrest and
MADS-box gene expression was also reported for the
monoecious plant cucumber (Cucumis sativus) [92],
and holds also true for the putative C class geneZMM2
from the monoecious monocot maize.ZMM2 is ex-
pressed in stamen and carpel primordia throughout
their development, though stamen primordia abort in
the female inflorescences and carpel primordia in the
male ones [10, 12]. The situation is different, how-
ever, in the dioecious dicot sorrel (Rumex acetosa),
because the expression of the putative C function gene
becomes undetectable here as soon as the inappropri-
ate set of organs (stamens in female flowers, carpels in
male flowers) cease to develop [2]. However, absence
of C function gene expression may well be a conse-
quence of the arrest in organ development rather than
its cause.

The perianth ofRumexis another interesting case:
rather than having typical sepals and petals in whorls
1 and 2, respectively, first- and second-whorl organs
are both sepaloid, and the second whorl does not
express the putativeDEF orthologues and functional
equivalentsRAD1andRAD2, so there is probably no
homeotic B function in the second whorl [2]. It is
conceivable, therefore, that elimination of B function
expression in the second whorl caused the sepaloid
phenotype of the petals ofRumex acetosaand per-
haps also of other species, including many that are
wind-pollinated. Note that the situation inRumexthus
is somehow opposite to that in the Liliaceae, where
we have petaloid organs (tepals) in the first and sec-
ond whorl, probably due to ectopic expression of B
function genes in the first whorl of the flower (see the
monocot section).

Moreover, there is evidence that an incomplete
loss of C function can result in an increase in repro-
ductive organs in an otherwise normalArabidopsis
flower [76]. Changes in the strength or spatiotemporal
pattern of floral homeotic gene expression may thus
have played an important role during the phylogenetic
diversification of the eudicotyledonous flower.

To understand better the role of the ABCD genes
during flower development, their upstream regulators
and their target genes must be identified. Recently,
there have been breakthroughs on both topics. One
was cloning of theCURLY LEAF(CLF) gene from
Arabidopsis[38]. Functional defects inCLF lead to
leaf curling, which is also caused by ectopic expres-
sion of the C function geneAGAMOUS. In clf mutants,
AG is indeed ectopically expressed in leaves (and some
other parts of the plant), and the available evidence
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indicates that it may be the normal function ofCLF
to repressAG in inappropriate parts of the plant dur-
ing relatively late stages of development. However,
CLF is obviously not involved in initially establish-
ing the spatial pattern ofAG transcription. It surely
came as a surprise that the CLF protein has exten-
sive sequence similarity to the protein product of the
DrosophilaPolycomb-group geneEnhancer of zeste
(E(z)) [38]. In Drosophila, Polycomb-group genes are
part of the ‘memory system’ that maintains the initial
spatial patterns of inactive or active homeotic selec-
tor genes through many rounds of cell division. The
similarity between CLF and E(Z) suggests that both
proteins share a common ancestor and have been con-
served since the animal and plant lineages split, and
that plants possess Polycomb-group gene functions.
This is very remarkable, because the homeotic target
genes in plants and animals encode different kinds
of transcription factors, i.e. either MADS-domain or
homeodomain proteins [124]. It seems likely, there-
fore, that the use of Polycomb-group proteins as re-
pressors of homeotic genes has evolved independently
in plants and animals.

Although candidate genes had been obtained pre-
viously, the first gene that was experimentally shown
to be a direct target of a floral homeotic gene was
identified just recently [106]. A steroid-regulated ver-
sion of the class B protein AP3 had been expressed
in an ag ap3mutant plant. The differential display
technique was then used to identify an mRNA that was
up-regulated by steroid treatment (i.e. after providing
the B function). To detect only direct target genes,
indirect effects were blocked by a protein synthesis
inhibitor. The identified mRNA corresponds to a gene
that contains a NAC domain, named after the founding
members of this gene family (NO APICAL MERIS-
TEM (NAM) from petunia,ATAF1-2, CUP-SHAPED
COTYLEDONS2(CUC2) from Arabidopsis), hence
it was calledNAP (NAC-LIKE, activated byAP3/PI)
[106]. The expression pattern ofNAPand the pheno-
types caused by its misexpression indicate that it plays
a role in the transition between growth by cell division
and cell expansion in stamens and petals [106].

The first MADS-box genes in plants were detected
by scientists who were mainly interested in flower de-
velopment [115, 137]. It is only natural, therefore,
that during the early days of plant MADS science,
investigations were focused on this topic. However,
several studies that demonstrated the transcription of
a number of MADS-box genes outside floral organs
suggested relatively early that members of this gene

family play regulatory roles beyond flower develop-
ment, i.e. during root, leaf, fruit, seed and embryo de-
velopment (e.g. [49, 66, 104, 124]). The existence of
MADS-box genes in gymnosperms and ferns further
demonstrated that the role of these genes in plants is
not restricted to flower development. Mutant analysis
has provided proof that someArabidopsisMADS-box
genes have nonfloral functions. For example,AGL1
andAGL5are a pair of recently duplicated paralogues
of AG-like genes. These two genes encode function-
ally redundant proteins that are required for the proper
development of the fruit dehiscence zone, because
in agl1 agl5double mutants, the mature siliques fail
to dehisce [63]. Since indehiscent fruits evolved sev-
eral times independently even within the Brassicaceae
(Klaus Mummenhoff, pers. comm.), it will be inter-
esting to find out whether mutations in orthologues
of AGL1/AGL5 are involved in some of these evo-
lutionary changes.AGL8 – now calledFRUITFULL
(FUL) – is anotherArabidopsisgene that is involved in
fruit development. The gene is required for the normal
pattern of cell division, expansion and differentiation
during morphogenesis of the silique [43]. The major
part of the silique is provided by the carpel valves, and
it could well be thatFUL is a valve identity gene [63].

The genes discussed above are interesting exam-
ples of gene duplications and functional diversifica-
tions within gene subfamilies. The class C geneAG,
the putative class D geneAGL11, and theAGL1/5
pair of recent paralogues involved in fruit develop-
ment are all members of the clade ofAG-like genes,
which was established probably 300–400 MYA (see
above). This implies that the gene duplications that
led to these genes occurred within the past 400 mil-
lion years. The place of action (fruits) of some of the
descendants of the gene duplication events (AGL1/5)
were not yet established when the firstAG-like gene
appeared, thus documenting involvement of new genes
in the appearance of new structures and functions.

An even more striking example for functional
change is provided by theFUL gene. Together with
AP1 and CAL, FUL belongs to the clade ofSQUA-
like genes.SQUA-like genes are typically expressed
in inflorescence or floral meristems, and, accordingly,
work as meristem identity genes [123]. Althoughful
single mutants do not have an inflorescence-specific
phenotype, it is also one of the first genes expressed
after the transition to flowering at the inflorescence
apex [63]. And indeed,ap1 cal ful triple mutants
show an extreme enhancement of theap1 calpheno-
type, indicating partial functional redundancy between
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AP1 CALandFUL during flower initiation. It seems
likely, therefore, that the role in meristems reflects the
ancestral function ofSQUA-like genes, and thatFUL
was recruited later for an additional function during
the course of fruit evolution.

SeveralArabidopsisgenes are expressed preferen-
tially or exclusively in roots [104, 141]. One of them,
the AGL17-like geneANR1, could be identified as a
key determinant of developmental plasticity in roots
[141]. Transgenic plants in whichANR1was repressed
no longer responded to NO−3 -rich zones in the soil by
lateral root proliferation, which is in contrast to the
behavior of wild-type roots. Could there be a better ex-
ample than that to demonstrate that MADS-box gene
function, even within eudicots, reaches far beyond
flower development?

Another exciting case is the expression of aDEF-
like (NMH7) and anAGL17-like gene (NMHC5) dur-
ing nodule development of alfalfa (Medicago sativa;
reviewed in [27]). The definition of the exact role of
these genes in nodule development, however, awaits
the isolation of respective loss-of-function mutants.

Outlook for future studies

We briefly mention major gaps in our understanding of
plant MADS-box gene evolution, and discuss some in-
novative directions of future research. We suggest how
cooperation between researchers interested in MADS
evodevotics might be facilitated by a MADS homepage
provided on the worldwide web.

There is still a long way to go until we will under-
stand the role of MADS-box genes in plant evolution
in satisfactory detail. We hope that the previous sec-
tions, however, have indicated that we are moving in
the right direction. Still there are severe gaps in our
knowledge. Concerning the major steps of land plant
evolution, we know very little about MADS-box genes
in mosses, and nothing about these genes in liverworts
and algae, for example. Since liverworts have recently
been identified as the earliest land plants [100], and
the green charophycean algae are the sister group of
all land plants [57], these taxa should be studied with
highest priority. We also know nothing about the func-
tion of MADS-box genes in any nonseed plant, but
generating gene knockouts by homologous recombi-
nation in the mossPhyscomitrella patensmight be one
way to change that soon.

Gene cloning and sequencing, phylogeny recon-
structions, expression studies and mutant analysis

have made it possible to correlate MADS-box gene
phylogeny with the evolution of plant morphology.
For example, the contribution of gene duplications
and gene recruitments to the evolution of the gene
networks controlling plant morphology thus became
obvious. Comparison of mutant phenotypes between
different taxa (e.g. floral homeotic mutants ofAra-
bidopsisand Antirrhinum) which are caused by or-
thologous genes indicated the equivalence of gene
functions in often distantly related species. The ex-
pression of orthologous genes in heterologous back-
grounds (e.g. coniferAG-like genes inArabidopsis)
indicated to what extent genes from other taxa can
substitute for the homologous function within the host
plant. However, the conditions of the experimental
design have to be carefully taken into consideration.
For example, functional substitution in mis- or over-
expression studies might be less demanding than the
complementation of loss-of-function mutants (see the
gymnosperm section). However, experiments using
the DEF gene to complementAP3 mutants have al-
ready been succesful, although the donor and acceptor
species (Antirrhinum and Arabidopsis, respectively)
are relatively distantly related eudicots [51, 107].

The replaceability of gene functions by heterolo-
gous transgenes is a stringent test for the conservation
of gene function. Therefore, more and more of these
kinds of experiments will probably be carried out, in-
volving more and more species. For an optimal use of
such experiments it is essential that the phylogenetic
relationships between the genes of interest are clari-
fied. For example, interspecific comparisons between
orthologous genes are generally more useful than
comparisons between non-orthologous genes, and the
complementation of mutants should also be tried
preferably with orthologous genes. To facilitate the de-
termination of the phylogenetic relationship between
any MADS-box gene of interest and the published set
of genes, a ‘MADS homepage’ has been established
and made accessible via the worldwide web (URL:
http://www.mpiz-koeln.mpg.de/mads/). Among other
things, it contains a list of published MADS-box genes
from which information about these genes can be ac-
cessed. Phylogenetic trees which clarify the evolution-
ary relationship between a new gene of interest and all
published genes will be made on demand. The only
condition for having such an analysis carried out is
that a permission is given to present the phylogenetic
tree including the position of the new gene (and indi-
cating the species it was isolated from) on the MADS
homepage. The gene sequence itself will be kept confi-
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dential if this is requested. (For details, see the MADS
homepage.) The MADS homepage may thus become
an information node at which scientists who have iso-
lated a new MADS-box gene might be able to identify
colleagues who have cloned orthologues from other
species.

Another way to minimize the problem of identify-
ing orthologous genes is to study monophyletic groups
of closely related species. Especially the phylogenetic
surroundings ofArabidopsisandAntirrhinumseem in-
teresting in that respect, not only because so much is
known about the model plants that can be compared
to other species, but also because substantial mor-
phological variation exists among the respective taxa
[28]. Studies in which the role of MADS-box genes
in the variability of floral morphology is investigated
have been initiated for relatives of bothArabidopsis
and Antirrhinum [8, 102]. These studies address an
important issue: that the function of flowering-plant
MADS-box genes is largely known from studying
mutants. It is not yet known whether variability at
the same loci that, upon mutation, change the flower
structure or traits such as time to flowering, also un-
derlies natural variability in these traits. It is essential,
therefore, to determine the amount of natural variabil-
ity at MADS-box gene loci at the molecular level in
natural populations of plants. Such studies have just
begun, using theArabidopsisgenesCAL, AP3andPI
as model systems [98, 99].

During the course of this review, changes in
MADS-box gene function during evolution have be-
come obvious. Changes in gene expression pattern,
often caused by mutations incis-regulatory elements
within promoter regions [23], may be a major reason
for many of these changes. Therefore, comparative
studies of promoters of orthologous genes with differ-
ent expression patterns would be very interesting. Un-
fortunately, we know only very little about promoter
functions of MADS-box genes. However, detailed
studies on the promoters of theAG and AP3 genes
from Arabidopsispublished recently [48, 113, 127]
indicate that the situation is significantly improving.

Other changes in the connections of the MADS-
box genes to other genes within the gene networks
have probably also taken place during evolution. For
example, target genes may have changed (e.g. when
the B function genes started to specify not only re-
productive organs, but also petals), and also protein-
protein interactions may be phylogenetically dynamic
(e.g. while the DEF- and GLO-like proteins of eu-
dicots only form heterodimers, the single ancestor

of both proteins may have formed homodimers, or
heterodimers with other proteins). Thus the biochem-
ical properties of the proteins encoded by MADS-box
genes have probably changed during evolution. In or-
der to work properly, a MADS-domain protein, like
most other transcription factors, generally has to fulfil
several subfunctions: it must form homo- or het-
erodimers, or even higher-order protein complexes;
it must bind to DNA; and it must activate or repress
the basal transcriptional machinery. To study protein-
protein and protein-DNA interactions, a number of
in vitro and in vivo assays are available and have al-
ready been applied to MADS-domain proteins from
the genetic model plants. These techniques include
electrophoretic mobility shift assays (EMSAs), the
yeast two-hybrid system, DNA footprinting assays and
random DNA binding site selection experiments (e.g.
[30, 49]). In order to find out how the interaction with
DNA and proteins changed during MADS-domain
protein evolution, all these techniques should be ap-
plied to series of orthologous proteins from distantly
related species.

There is obviously still a long way to go until we
understand the role of MADS-box genes in plant evo-
lution in satisfactory detail. But every step on the way
will be a great intellectual pleasure.
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Note added in proof

According to Dr Mushigian, one of the authors of
Ref. 87, UspA now appears to be an ATP-binding,
not a DNA-binding protein, so that the homology be-
tween a part of the MADS-domain and a stretch of the
UspA protein discussed above and elsewhere [87] is
doubtful.

We apologize for not citing all of the relevant papers of our col-
leagues because of space constraints. Please note, however, that a
more comprehensive list of publications about MADS-box genes
is provided at the ’MADS homepage’ (URL: http://www.mpiz-
koeln.mpg.de/mads/).
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