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Studies of homeotic mutants affecting development in both
animals and plants have shown that families of related genes
interact to specify the identity of different parts of an organ-
ism. In animals, homeotic mutants have been identified in a
limited number of specics, mainly insects. However, a few
comparative genetic and molecular studies of mutants
between species, for example, between the fruit fly
Drosophila and the red flour beetle Tribolium('-3), have
shown a high degree of functional conservation of the home-
obox genes controlling segment identity during evolution. In
contrast, homeotic mutants affecting flower development are
known in many different plant species). This availability of
mutants, coupled to the relative ease with which several plant
species can be genetically transformed, provides an ideal
opportunity to study the degree of conservation in related
developmental processes between diverse species.

Recent genetic analysis of three classes of floral homeotic
mutants affecting organ identity in Antirrhinum and Ara-
bidopsis has led to a combinatorial model to explain the roles
of homeotic genes in controlling the fate of organ primordia
in the flower® (Fig. 1). A typical angiosperm flower is com-
posed of four types of organs, sepals, petals, stamens and
carpels, which are arranged in four concentric whorls with
the carpels in the centre. All three classes of mutations identi-
fied alter the identity of organs in two adjacent whorls. The
first class of mutants includes apetala 2 (ap2) in Arabidopsis
and the semi-dominant ovulata in Antirrhinum in which
carpels and stamens are formed in whorls 1 and 2 respec-
tively, instead of sepals and petals. The second class of the
homeotic mutants, in which petals are changed into sepals
and stamens into carpels, includes pistillata (pi) and apetala
3 (ap3) in Arabidopsis and deficiens (def) and globosa (glo)
in Antirrhinum. The third class of homeotic mutants, which
includes agamous (ag) of Arabidopsis and plena (ple) of
Antirrhinum, have petals in whorl 3 and an indeterminate
proliferation of various types of floral structures in the centre
of the flower. The model proposes that cach of the three
mutant classes corresponds to one of three homeotic tunc-
tions called A, B and C. Each function is encoded by one or
more genes which are active in two adjacent whorls: A in
whorls 1 and 2, B in whorls 2 and 3, and C in whorls 3 and 4.
Genes required for the A and C functions are thought to be
antagonistic. The combination of functions acting in each
whorl has been postulated to specify the organ identity. Thus,
in a wild type flower, the combinations in whorls 1,2, 3 and 4

are A, AB, BC and C, specifying sepals, petals, stamens, and
carpels, respectively. This model successfully predicts the
phenotype of double and triple mutants in Antirrhinum and
Arabidopsis and explains why, when one of the genes
involved in a given function is inactive, effects are seen in the
organ identity of two adjacent whorls.

Molecular analysis of homeotic genes involved in the B
(DEF®, GLOD and AP3®)) and C (AG®) and PLE(1%) func-
tions have identified a gene family sharing a conserved puta-
tive DN A-binding domain, called the MADS box, also found
in the MCM 1D and SRF!'2) transcriptional factors from
yeast and human respectively. This indicates that the plant
genes may function as transcription factors involved in the
regulation of downstream genes that determine the identity
of floral organs. This conclusion has been confirmed by DNA
binding studies}?). Expression studies by RNA in situ
hybridization of the B©-#) und C®-10) function genes in wild
type floral meristems from Antirrhinum and Arabidopsis
have shown that they arc cxpressed in the whorls which the
model predicts. Expression and in vitro DNA binding
studies®7:13) on two B function genes, DEF and GLO, in
Antirrhinum have provided evidence that the two genes bind
as heterodimers resulting in up-regulation and maintenance
of their expression in whorls 2 and 3. There is some evidence
that the two corresponding B function genes, AP3 and P/, in
Arabidopsis may interact in a similar way®®.

The overall conclusion from these genetic and molecular
studies is that a general mechanism of floral organ identity
determination is conserved between the distantly related
Antirrhinum (Scrophulariaceae) and Arabidopsis (Cru-
ciferae) which are estimated to have diverged at least 70 mil-
lion years ago®. However, analysis of floral homeotic
mutants in other plant species, for example, the green petals
(gp) mutant in Petunia hybrida'®), seems to suggest a depar-
ture from this general model. The gp mutant has sepals
instead of petals in whorl 2 but shows no change of organ
identity in the other three whorls of the flower. This is sur-
prising because the taxonomic distance between Petunia and
Antirrhinum is much less than that between Antirrhinum and
Arabidopsis. The estimated divergence time between Petu-
nia and Anrirrhinum is about 42 million years (R. G. Olm-
stead and J. Nugent, pers. comm.). This observation appears
to provide a marked contrast to the situation as it is under-
stood in Antirrhinum and Arabidopsis where homeotic
mutants usually show changes of organ identity in two adja-
cent whorls rather than just one.

In a recent paper'!S), van der Krol et al. show that GREEN
PETALS (GP) corresponds to a Petunia MADS box gene
called pMADS] which is a newly isolated member of MADS
box gene family (pMADSI-pMADS4) from Petunia.
Southern analysis of a gp mutant produced by gamma irradi-
ation mutagenesis revealed that pMADS] is completely
deleted in its genome although all the other isolated Petunia
MADS box genes are present. Confirmation that pMADS]
corresponds to GP was gained by introducing a constitu-
tively expressed pMADS! construct into gp mutant plants,
which resulted in the restoration of petals in whorl 2. Further
support was obtained by introducing the same construct into
wild type plants to produce a phenocopy of the gp mutant
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Fig. 1. Schematic illustration of the 4 whorls (1-4) and 3 overlap-
ping regions of homeotic gene functions (A,B,C) of a floral meris-
tem

through co-suppression, the as yel poorly understood phe-
nomenon in which an introduced gene inhibits the activity of
the endogenous copies.

The DNA sequence of GP is most homologous to the
Antirrhinum B function gene DEF (93% identity at amino
acid level between their MADS boxes and 77% identity out-
side the MADS box)(I3). Expression analysis of GP in wild
type plants{13) shows that it is expressed in whorls 2 and 3,
similar to the B function genes of Antirrhinum and Arabidop-
sis®713)_These results suggest that GP is a DEF-like gene.

However, their mutant phenotypes differ because in def

mutants both whotls 2 and 3 arc affected whereas in the gp
mutant only whorl 2 is changed. In wild-type Antirrhinum
and Arabidopsis plants, expression of the B function genes
increases in whorls 2 and 3 as they develop into mature
organs(©®, The same is true for GP expression in whotl 2 of
wild type Petunia plants. But, GP expression in whorl 3
hardly changes during floral development, suggesting that
GP does not function in the same way as the B function genes
in Antirrhinum and Arabidopsis during whorl 3 develop-
ment. This may explain why the loss of GP has no effect on
stamen development. .

Genes similar to GLO, the gene known to interact with
DEF in whorls 2 and 3 of Antirrhinum, have also been identi-
fied from Petunia. The DNA sequences and expression pat-
terns of pMADS2(>) and the previously isolated FBP] (floral
binding protein 1)1%-17 are both very similar to the Anrir-
rhinum GLO gene. Both pMADS?2 and FBPI are found in
Petunia hybrida and its putative ancestors(!> and this
suggests that there are two GLO-like genes in Petunia. Their
expression is restricted to whorls 2 and 3, and their temporal
expression is similar to that found for GLOU5 17, Further
evidence to indicate that these genes are functionally homol-
ogous to GLO has recently been obtained by Angenet et al.
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who demonstrated that a phenocopy of the loss-of-B-func-
tion mutant was generated by co-suppression using FBPI7.

Studies of the GLO-like gene expression in wild type and
gp mutant plants suggest that GP is required for upregulation
of these gencs in whorl 2 but not in whorl 31516 The
expression of the two GLO-like genes in whorl 2 is greatly
reduced and restricted to early stages of flower development
in the gp mutant. In contrast, their expression in whorl 3 is
slightly enhanced. These results suggest that GP interacts
with the GLO-like genes in whorl 2 of Petunia flower in a
manner similar to that found for Antirrhinum DEF and GLO
genes. However, the expression of the Petunia GLO-like
genes is independent of GP expression in whorl 3. This dif-
fers from the situation in Antirrhinum in which expression of
DEF and GLO both in whorls 2 and 3 are mutually depen-
dent3),

The apparent lack of a function for GP in whorl 3 in Petu-
nia could be explained by the presence of another, as yet
unidentified, MADS box protein in the system, or by postu-
lating that the MADS box proteins in whorls 2 and 3 of Petu-
nia undergo different types of interactions from those seen in
Antirrhinum and Arabidopsis. The presence of multiple
copies of DET-like genes could be due to the hybrid nature of
Petunia hybrida, which provides a clue as to how such a gene
duplication may have arisen. Alternatively, the two GLO-
like genes in Petunia hybridu may not require a DEF-like
gene such as GP and could act as homodimers or interact
with each other to specify stamen development. The genera-
tion and analysis of floral mutants in the wild species of Peru-
nia, thought to have contributed to the genetic background of
Petunia hybrida, could provide useful information to distin-
guish these possibilitics.

Analysis of the gp mutant appears (o provide evidence of
some divergence in the function of MADS box genes
between Antirrhinum and Petunia even though these species
are quite closely related. The further analysis of genes
involved in the floral development of Pefunia and the con-
comitant analysis of homeotic mutants from a wider range of
plant species will no doubt provide additional valuable data
about the evolutionary divergence of gene function in flower
developmenl.
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