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ABSTRACT

Floral homeotic genes that control the specification of meristem and organ identity in developing
flowers have been isolated from both Arabidopsis thaliana and Antirrhkinum majus. Most of these genes
belong to a large family of regulatory genes and possess a characteristic DNA binding domain known
as the MADSbox. Members of this gene family display primarily floral-specific expression and are
homologous to transcription factors found in several animal and fungal species. Molecular evolutionary
analyses reveal that there are appreciable differences in the substitution rates between different domains
of these plant MADS-box genes. Phylogenetic analyses also demonstrate that members of the plant
MADS-box gene family are organized into several distinct gene groups: the AGAMOUS, APETALA3/
PISTILLATA and APETALA1/AGL9 groups. The shared evolutionary history of members of a gene
group appear to reflect the distinct functional roles these MADS-box genes play in flower development.
Molecular evolutionary analyses also suggest that these different gene groups were established in a
relatively short span of evolutionary time and that the various floral homeotic loci originated even before

the appearance of the flowering plants.

LTERATIONS in the spatial and temporal progres-
sion of developmental events are believed to un-
derlie the evolutionary diversification of eukaryotic
morphology (GouLp 1977). These developmental
transformations proceed, in part, by variations in the
structure and regulation of genes that control develop-
mental mechanisms ( RAFF and KAUFMANN 1983; DOEB-
LEY 1993). The central relevance of regulatory gene
evolution in the process of organismal diversification
has prompted renewed interest in the molecular evolu-
tion of loci that control pattern formation (DICKINSON
1991; Sitbow 1992; KAPPEN et al. 1993; PURUGGANAN and
WESSLER 1994) .

The development of floral structures provides an ex-
cellent system to investigate the molecular evolution
of morphological differentiation in plants. Flowers are
determinate sporophyll-bearing shoots that serve as re-
productive structures among the angiosperms. Floral
development begins with the transition of the shoot
vegetative meristem to an inflorescence meristem. Flo-
ral primordia or meristems subsequently form at the
flanks of this inflorescence meristem, differentiating to
produce the perianth and reproductive organs of the
flower. In the dicot Arabidopsis thaliana, which has
served as a model system for the study of flower develop-
ment, these organs are arranged in a characteristic four-
whorled pattern. The first floral whorl of the Arabi-
dopsis flower contains sepals followed by a whorl of
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petals. The third and fourth whorls contain the stamens
and carpels, respectively. The precise number, size, and
disposition of these floral organs vary enormously be-
tween plant taxa and are, in many cases, specifically
adapted to particular pollination strategies (RICHARDS
1986) . The broad organization of the flower, however,
remains invariant between species. In all cases, the peri-
anth structures (sepals and petals) are arranged at the
periphery of the flower, while the reproductive organs
(stamens and carpels) are centrally positioned.

Several floral homeotic loci have been identified in
both Arabidopsis and Antirrhinum majus (snapdragon ) ;
mutations in these loci result in alterations in floral
organ development (CoeN 1991; COEN and MEYERO-
wiTz 1991). Genetic and molecular characterization of
these homeotic loci indicate that these genes fall into
two broad classes: meristem identity genes, which spe-
cify inflorescence and floral mersitem identity, and flo-
ral organ identity genes, which define the identities
of the organs in the flower. The APETALA2 (AP2),
APETALA3 (AP3), PISTILLATA (PI) and AGAMOUS
(AG) genes, for example, regulate floral organ identity
in the whorled Arabidopsis flower. The LEAFY ( LFY),
CAULIFLOWER (CAL) and APETALAI (AP1) loci, on
the other hand, are examples of Arabidopsis meristem
identity genes. Some genes appear to be involved in
specifying both meristem and organ identity; the API
locus, for example, participates in regulating both de-
velopmental functions (IRISH ¢t al. 1990; BOWMAN et al.
1993).

Several floral homeotic genes have recently been iso-
lated in Arabidopsis and Antirrhinum (SOMMER et al.
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1990; YANOFSKY ez al. 1990; HUISER et al. 1992; JACK et al.
1992; MANDEL et al. 1992; TROBNER &t al. 1992; WEIGEL et
al. 1992; BRADLEY ef al. 1993; GOTO and MEYEROWITZ
1994). Most of the floral homeotic genes isolated to
date encode proteins of ~260 amino acids that share
regions of sequence similarity to each other, suggesting
that these genes share a common evolutionary ancestor.
Together, these loci are characterized by the presence
of a highly conserved region of ~57 amino acids called
the MADS domain and comprise a regulatory gene fam-
ily referred to as the plant MADS-box gene family (Ma
et al. 1991; DAVIES and SCHWARZ-SOMMER 1994). The
MADS domain was first identified in the AGAMOUS
and Antirrhinum DEFICIENS ( DEF) genes, as well as in
transcription factors found in humans (SRF) and yeast
(MCM1) (PoLLOCK and TREISMANN 1991). Molecular
studies have demonstrated that this domain acts as a
sequence-specific DNA-binding moiety in these regula-
tory proteins.

These floral homeotic MADS-box genes also contain
three other distinct regions of limited similarity outside
of the MADS domain (Ma et al. 1991) (see Figure 1).
One distinctive region is a moderately conserved 70-
amino acid region called the K-domain. Named for its
similarity to regions of the keratin molecule, the struc-
ture of the K-domain appears capable of forming am-
phipathic helices. The K-domain could thus serve as a
dimerization moiety, forming coiled-coil structures that
mediate protein-protein interactions (DAVIES and
SCHWARZ-SOMMER 1994) .

Outside these two conserved domains are two regions
of considerable sequence variability: a short intervening
region (I region) that separates the MADS- and K-do-
mains and the C-terminal region downstream of the K-
domain, which exhibits relatively poor sequence conser-
vation between different genes. An N-terminal sequence
of variable size is also found immediately upstream of
the MADS-domain of several genes, including the Arabi-
dopsis AG and Antirrhinum PLENA loci (SOMMER et al.
1990; YANOFSKY et al. 1990).

Work in both Arabidopsis and Antirrhinum has dem-
onstrated that members of the plant MADS-box gene
family direct several crucial steps in the development
of the flower. In Arabidopsis, for example, two of the
three early acting genes that control floral meristem
identity (API and CAL) are MADS-box genes. In the
later steps of flower development, three overlapping
homeotic functions, referred to as the A, B and C func-
tions (COEN and MEYEROWITZ 1991), regulate the iden-
tity of organs in the different Arabidopsis floral whorls.
Four of the genes necessary for these organ identity
functions (API, AP3, PI and AG) are also MADS-box
genes. Several other MADS-box genes have been shown
to be expressed in the flower between the early acting
meristem identity genes and the late-acting floral organ
identity loci, suggesting that they mediate between the
meristem specification and organ identity functions (A.

MANDEL and M. YANOFSKY, unpublished data; B.
SAVIDGE, S. ROUNSLEY and M. YANOFsKY, unpublished
results) .

Homologs to the Arabidopsis and Antirrhinum
MADS-box floral homeotic genes have been isolated
from several other dicot ( Lycopersicon esculentum, Petu-
nia hybrida, Solanum tuberosum, Nicotiana tabacum) and
monocot (Zea mays, Aranda deborah) species ( GARCIA-
MAROTO et al. 1993; PNUELI et al. 1991; ANGENENT et al.
1992; HANSEN et al. 1993; SCHMIDT et al. 1993; PNUELL
et al. 1994a). The precise functions of many of these
genes remain uncertain, although the structure and
expression patterns of several homologs indicate that
these loci also participate in regulating floral develop-
ment in distant taxa. Although most MADS-box genes
display floral-specific expression patterns, some Arabi-
dopsis genes are also expressed in vegetative tissues,
suggesting that they are involved in other aspects of
plant development as well (Ma et al. 1991; PNUELI et al.
1991; ANGENENT ¢t al. 1992; S. ROUNSLEY, G. DITTA and
M. YANOFSKY, unpublished results).

In this report, we describe the molecular evolution
of the plant MADS-box regulatory gene family. Analyses
reveal that there is substantial heterogeneity in the rates
of evolution of the different domains within these regu-
latory genes. Phylogenetic analyses also demonstrate
that most plant MADS-box genes are organized into
distinct gene groups and each group contains loci that
share similar functions in regulating floral develop-
ment. These floral homeotic gene lineages appear to
have diversified rapidly and may have originated even
before the evolution of the flowering plants.

MATERIALS AND METHODS

The Arabidopsis genes AGLI1-AGLI15 and AGL17 were re-
cently isolated and the sequences deposited in Genbank
(U20182-U20186, U20193) (S. ROUNSLEY, G. DITTA and M.
YANOFSKY, in preparation). Sequences for AGLS and AGL9Y
were provided by A. MANDEL and M. YANOFsKY. The sequence
for the unpublished portion of AGL3 was obtained from H.
Ma (Cold Spring Harbor Laboratory) . All other genes used
in these analyses were obtained from GENBANK. Alignments
of both nucleotide and protein sequences for the plant
MADS-box genes were made using PILEUP of the UWGCG
package, and refined visually taking both amino acid and
nucleotide sequences into consideration.

Most of the distance calculations were done using the Mo-
lecular Evolutionary Genetic Analyses package (KUMAR et al.
1994) . Levels of nucleotide substitutions were calculated us-
ing the Tajima and Nei method (TAjIMA and NE1 1984). For
nonsynonymous and synonymous substitution calculations,
both the NEI and GojoBORI (1986) and and L1 et al. (LWL)
(1985) substitution estimates were used. An unbiased estima-
tion procedure for the LWL method implemented in the LI93
program was utilized (L1 1993). Both the Nei-Gojobori and
LWL nonsynonymous substitution estimates were not signifi-
cantly different from each other.

Phylogenetic analyses using parsimony methods were un-
dertaken using the PAUP program (SWOFFORD 1993). Only
the first and second codon positions were utilized, and transi-
tions and transversions were weighted equally. The transver-
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FIGURE 1.—Different regions within the plant MADS-box
genes. The MADS-box encodes a putative DNA-binding do-
main, and is the most conserved sequence found between
members of this gene family. The K-box and C-terminal re-
gion are more divergent sequences. A short region (the I
region) links the MADS- and K-boxes. In several genes closely
related to the Arabidopsis AGAMOUS gene, a variably sized
N-terminal region is found upstream of the MADS-box. The
bracket delineates the MIK region used in the phylogenetic
analyses.

sion/transition substitution ratio derived from the sequence
data ranges from 1 to 3. The analysis, however, appears rela-
tively insensitive to transversion weights used; utilizing a trans-
version:transition weighting scheme of 3:1 and 10:1 does not
significantly affect the tree topology. The tree construction
was done with the PAUP heuristic search algorithm, with
branch swapping performed using the tree-bisection-recon-
nection procedure. The PAUP MULPARS option was in ef-
fect. The neighbor-joining procedure in the MEGA package
was used in distance-based phylogenetic analyses (SAITOU and
NEr 1987). The Tajima-Nei nucleotide distance was used in
the neighbor-joining reconstruction, with deletions ignored
in pairwise comparisons and only first and second codon posi-
tions considered. The mammalian MEF2C MADS-box gene
was used as an outgroup in both analyses (LEIFER et al. 1993) .

RESULTS

Phylogenetic relationships between plant MADS-box
genes: The phylogenetic relationships between differ-
ent plant MADS-box genes were analysed using both
parsimony and neighbor-joining methods in an effort
to determine the rates and patterns of evolutionary di-
versification within this large gene family. A 507-bp se-
quence encompassing the MADS-box, the intervening
I region and the K-box were utilized in the analyses
(see Figure 1); the sequence of this region can be
aligned reasonably well even between fairly distant plant
MADS-box genes (Figure 2) . Only the first and second
codon positions were used in reconstructing the evolu-
tionary history of this gene family.

Figure 3 shows a weighted parsimony-based phyloge-
netic tree depicting the relationships between the dif-
ferent plant MADS-box genes. Supports are estimated
for different nodes from the results of 100 bootstrap
replicates. The topology of this tree agrees with a phylo-
genetic tree derived using the neighbor-joining proce-
dure, based on sequence distances calculated by the
Tajima and Nei method. Figure 4 shows a bootstrapped
neighbor-joining analysis, with node support estimated
from 500 bootstrap replicates.

Phylogenetic analyses reveal that most of the mem-
bers of the plant MADS-box regulatory gene family are
organized into three major monophyletic groups.
These groups are the AGAMOUS group, composed of

10 genes, including the Arabidopsis AG, the Antirrhi-
num PLENA and the maize ZAGI genes; the APET-
ALA3/PISTILLATA group, also containing 10 genes
and including the Arabidopsis AP3 and PI genes, and
the Antirrhinum GLOBOSA and DEFICIENS genes; and
finally the APETALA1/AGL9 group, composed of 14
genes, including the Arabidopsis API, CAL and AGL9
genes and the Antirrhinum SQUAMOSA locus.

Both the AP3/PI and AP1/AGL9 groups can be fur-
ther subdivided into distinct monophyletic gene clades.
The AP3/PI group includes two subgroups: an AP3
clade containing AP3 and DEFICIENS and a PI clade
containing Pl and GLOBOSA. Both of these subgroups
have very strong bootstrap support—99% in the parsi-
mony analyses and 94% in the neighbor-joining trees.
Genetic and molecular studies in Arabidopsis have
shown that both the AP3 and PI genes are expressed
in the same regions of the flower and participate in
specifying petal and stamen identity (JACK el al. 1992;
GoOTO and MEYEROWITZ 1993). Thus, the close evolu-
tionary relationship between the AP3 and PI gene
clades reflects the parallel regulatory functions these
loci perform in floral development.

Within the AP1/AGL9 group are three distinct lin-
eages. These include the AP1 clade, which contains the
Arabidopsis API, CAL and AGLS8 genes and the Antir-
rhinum SQUAMOSA locus, the AGL9 clade, which con-
tains the Arabidopsis AGL9, Lycopersicon gene TM5
and the Petunia Floral Binding Protein 2 (FBP2) gene,
and the AGL6/AGL13 clade, which contains the two
Arabidopsis AGAMOUSIike genes AGL6 and AGLIS3.
The bootstrap support for these groups are 90% in
the parsimony tree. In the neighbor-joining analysis,
however, the AGL9 and AGL6/AGL13 clades form a
monophyletic subgroup with moderate bootstrap sup-
port (84%).

Many of the plant species analyzed possess more than
one loci from each gene group. The API clade, for
example, contains three distinct Arabidopsis genes:
AP1, CAL and AGLS. The large number of genes found
within each species’ genome suggests that gene diversi-
fication via duplication has accompanied the molecular
evolution of the different lineages of the plant MADS-
box gene family.

The phylogenetic tree also reveals a class of genes,
tentatively designated as “‘orphan genes,”” whose mem-
bers do not belong to any of the three major gene
groups. These include the Arabidopsis genes AGLI12,
AGLI4, AGLI5 and AGLI7, and the Lycopersicon
genes TM3 and TMS8. The AGLI4 and TM3 genes ap-
pear to belong to the same group, and it is likely that
each of the other genes are also members of distinct
MADS-box gene groups whose orthologues in other
species have yet to be isolated. Both the parsimony and
distance-based analyses do reveal that one orphan gene,
the Lycopersicon gene TMS$, represents the basal lin-
eage of the plant MADS-box gene family. The basal
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FIGURE 2.—Alignment of predicted protein sequences of the MIK region from several members of the plant MADS-box gene
family. The conserved MADS-and K-domains are indicated. The variable I region is found between these two domains. Dashes
denote gaps. The nucleotide sequence encoding this region (the MIK region) used in the phylogenetic analyses.

position of TM& has moderate bootstrap support
(63%) in the parsimony analysis, although the support
in the neighbor-joining tree is weak. The early diver-
gence of the TMS lineage was also observed in other
analyses using a smaller data set (DOYLE 1994). Like
other orphan genes, the orthologues to 7M8& have not
yet been characterized from other angiosperm species.

Rates of nucleotide substitutions between MADS-box
genes: To compare the patterns of evolution between
different plant nuclear genes, and between different
gene domains, the rates of nucleotide substitutions for
the plant MADS-box genes were calculated. The rate
calculations are based on the levels of nucleotide substi-
tutions in two independent sets of pairwise compari-
sons: the monocot Zea ZAGI and ZAG2 genes vs. their
dicot orthologues and the monocot orchid Admads
gene with the dicot AGLY, FBP2 and TMS5 loci (see
Figure 4). The calculated substitution levels are shown
on Tables 1 and 2. These pairwise comparisons provide
separate estimates of levels of nucleotide divergence

between monocot and dicot genes. The mean between
the two estimates is an approximate value for the nucle-
otide substitution rate for the plant MADS-box gene
family.

Nucleotide sequence distances were calculated for
the entire gene, as well as separately for the MADS-box,
K-box and C-terminal region. We have also calculated
the nucleotide substitution levels for the region encom-
passing the MADS- and K-boxes (MIK region), which
is the sequence used in reconstructing the evolutionary
history of the MADS-box gene family (see Figure 1).
Because of the relatively small size of the I region, this
sequence was not separately analyzed. The nucleotide
distance estimates were calculated using the Tajima-
Nei method; levels of nonsynonymous substitutions per
nonsynonymous site were also calculated (NEI and GO-
JOBORI 1986; L1 1993) . To estimate the nucleotide sub-
stitution rates, a monocot/dicot divergence date of 135
mya was utilized. This date agrees quite well with angio-
sperm fossil evidence, which places the origins of the
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flowering plants in the early Cretaceous (DOYLE 1973).
However, cpDNA sequence analysis has produced an
estimate for the monocot/dicot divergence date as early
as 200 mya (WOLFE et al. 1989) . In calculating the rates
for the MIK region, we have also used this early diver-
gence date to provide an alternative substitution rate
estimate.

All the rate estimates are shown in Table 3. The sub-
stitution rates for the entire gene using all nucleotide
positions (2.5 X 1077 substitutions/site/year) are
somewhat higher than the rate when only the first two
codon positions are utilized (1.5 X 10~ substitutions/
site/year) . Because changes in the third codon posi-
tions result in synonymous changes and are less likely
to be constrained by purifying selection, higher overall
substitution rates are to be expected when third codon
positions are used in the rate calculations. Indeed, the
Tajima-Nei rate estimates for the first and second co-
dons positions are significantly closer to the nonsynony-
mous substitution rates, because most changes in these
two positions result in alterations in the amino acid
sequence of the encoded protein.

The average DNA substitution rate estimate for the

entire gene (2.5 X 10 ~? substitutions/site/year) is half
the average rate of neutral substitutions (5 X 10~ sub-
stitutions/site/year) determined for plant nuclear
genes (WOLFE ¢t al. 1987) . The rate of nonsynonymous
substitutions/site/year is ~1.4 X 10 ~° nonsynonymous
substitutions/site/year, which is higher than the aver-
age rate of 0.87 X 10 ° nonsynonymous susbtitutions/
site/year calculated for a large number of genes (LI e
al. 1985) . By comparison, the nonsynonymous nucleo-
tide susbtitution rate for another plant regulatory gene,
the R basic-helix-loop-helix protein gene, is 2.6 X 107°
substitutions/site/year (PURUGGANAN and WESSLER
1994). This suggests that while the plant MADS-box
genes are evolving more rapidly than typical eukaryotic
loci, their sequences are changing more slowly than
other regulatory genes that have thus far been analysed
(see also TUCKER and LUNDRIGAN 1993).

Evolution of different domains in a plant regulatory
gene: Differences in the levels of sequence constraint
between various regions of a gene are reflected in dis-
parities in substitution rates (LI et al 1985). Analysis
of the plant MADS-box gene families reveals significant
differences in the rates of nonsynonymous nucleotide
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FIGURE 4.—Phylogenetic tree of the plant MADS-box gene
family using the neighborjoining method. The Tajima-Nei
sequence distance was used to construct the tree. The num-
bers next to the nodes give bootstrap percentages after 500
replicates. Except for minor changes at the tips, the topology
of this tree is concordant with the tree derived from parsi-
mony analysis {Figure 3). The important nodes are labeled
on the tree. Node A represents the earliest divergence event
in the evolution of the plant MADS-box gene family. Nodes
B and C represent the first and last divergence events in the
establishment of the known floral homeotic gene lineages.

substitutions in different regions of the gene. Of the
three large domains within these genes, the MADS-box,
which encodes the putative DNA-binding domain, has
the lowest substitution rate. The nonsynonymous substi-
tution rate for this region is ~3 X 107'% substitutions/
site/year. The rate for the K-box is more than three
times as large, with a rate of 1 X 107° substitutions/
site/year. The rate for the K-box is comparable to the
rate for the conserved region of the plant R regulatory
gene family, whose conserved domain rate is 1.2 X 10 ~°
substitutions/site/year (PURUGGANAN and WESSLER
1994).

The C-terminal domain displays the greatest amount
of protein sequence alterations between genes, with an
estimated nonsynonymous substitution rate of 7.9 X

10~° substitutions/site /year. The error on this estimate,
however, is fairly large because only two pairwise com-
parisons were available for calculating this rate. The
Tajima-Nei substitution rate for the first two codon posi-
tions (3.7 X 107* substitutions/site/year) may more
accurately reflect the nonsynonymous substitution rate
for the C-terminal domain. This rate estimate is 10 times
greater than the rate for the MADS-box and is compara-
ble to the estimated mean evolutionary rate of 4.7 X
107 substitutions/site/year for synonymous substitu-
tions (LI ef al. 1985) . This suggests that the C-terminal
region may be evolving at a near-neutral rate. The ratio
of nonsynonymous to synonymous substitutions for this
region, however, indicates that the C-terminal sequence
is subject to a considerable degree of purifying selection
(see below).

Different domains can experience differing levels of
selection at various times, leading to variations in the
relative rates of nonsynonymous substitutions between
distinct gene regions when homologous loci are com-
pared (HUGHES 1993 ) . Comparing levels of nonsynony-
mous substitutions provides an indication of the func-
tional divergence of specific regions of a locus. For our
analysis of the plant MADS-box genes, the proportion
of nonsynonymous differences (p,) was computed in
pairwise comparisons of different genes between
groups (NEI and GOJOBORI 1986). The p, values were
calculated separately for the MADS-box, K-box and C-
terminal region. The proportion of nonsynonymous
differences was used because the distant comparisons
in the analysis make it difficult to compute nonsynony-
mous substitution levels, particularly for the highly di-
vergent C-terminal domain. The mean p, was computed
between gene groups, and the relative rates of evolution
among the different domains were compared (HUGHES
1993) . In these calculations, the AP3 and PI groups are
considered separately. The data reveal that relatively
little nonsynonymous differences occur between MADS-
boxes (see Table 4) . It appears that some of the amino
acid sequence divergence between these different plant
MADS-box genes occur through the diversification of
the K-box and C-terminal domain between gene groups
(see Table 4). In intergroup comparisons, the K-box
and C-terminal domains show a 2—3 times greater mean
pn than the MADS-box.

The degree of sequence constraint in various regions
can also be evaluated by determining the ratio of non-
synonymous to synonymous substitutions in pairwise
comparisons. Because the synonymous site substitutions
are expected to be neutral (or nearly neutral), this
ratio corrects for possible rate alterations that result
from variations in mutation rate (LI et al. 1985) . Differ-
ences in sequence constraint appear to reflect changes
in the mode and levels of selective forces that act on
sequences. To study levels of sequence constraint across
the MADS-box genes, pairwise comparisons were under-
taken between closely related genes within each of the
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TABLE 1
Tajima-Nei distance estimates for the MIK region used in calculating nucleotide substitution rates

Genes AGL1 AGL5 NAGI TAGI AG FBP6 PLE AGL9 ™S5 FBP2

Entire gene

ZAGl1 0.512 0.490 0.423 0.458 0.517 0.427 0.459 n.a. n.a. n.a.

ZAG2 0.448 0.471 0.448 0.496 0.485 0.485 0.485 n.a. n.a. n.a

AdMads n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.325 0.342 0.335
MADS box

ZAGI 0.089 0.090 0.101 0.132 0.070 0.071 0.101 n.a. n.a. n.a.

ZAG2 0.063 0.075 0.087 0.111 0.52 0.042 0.075 n.a. n.a. n.a.

AdMads n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.072 0.081 0.720
K box

ZAGl1 0.441 0.443 0.339 0.382 0.342 0.385 0.432 n.a. n.a. n.a.

ZAG2 0.319 0.370 0.364 0.416 0.374 0.467 0.473 n.a. n.a. n.a.

AdMads n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.200 0.201 0.213
C-terminal region

ZAGI 1.212 1.280 0.846 0.873 1.017 0.867 1.001 n.a. n.a. n.a.

ZAG2 1.092 1.141 1.115 1.241 1.209 1.199 1.065 n.a. n.a. n.a.

AdMads n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.972 0.996 0.839
MIK region

ZAGI1 0.287 0.279 0.249 0.276 0.228 0.255 0.284 n.a. n.a. n.a.

ZAG2 0.260 0.285 0.266 0.297 0.270 0.300 0.324 n.a. n.a. n.a.

AdMads n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.182 0.186 0.192

Rates are for first and second codon positions only; n.a., not applicable.

three major gene groups (Table 5); more distant com-
parisons could not be made because saturation of syn-
onymous sites occurs even between monocot and dicot
genes.

The results indicate that the different gene groups
have similar levels of sequence constraint, with nonsyn-
onymous/synonymous substitution ratios ranging from
0.119 to 0.185. These values are approximately equiva-

lent to the average value of 0.14 for various monocot
and dicot plant genes (MARTIN et al. 1989; HUANG et
al. 1992) and 0.189 for a collection of 42 mammalian
genes (L1 et al. 1985). The sequence of members of
the PI group, however, appear to be somewhat less con-
strained than other floral homeotic gene groups. More-
over, the various gene regions display significant differ-
ences in their levels of nonsynonymous/synonymous

TABLE 2

Estimates of levels of nonsynonymous substitutions in the MIK region used in calculating nonsynonymous substitution rates

Genes AGL1 AGL5 NAGI TAGI AG FBP6 PILE AGL9 ™5 FBP2

Entire gene

ZAGI 0.451 0.433 0.374 0.399 0.480 0.399 0.431 n.a. n.a. n.a.

ZAG2 0.424 0.436 0.441 0.463 0.464 0.462 0.456 n.a. n.a. na.

AdMads n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.308 0.314 0.312
MADS box

ZAG! 0.075 0.081 0.081 0.099 0.065 0.053 0.089 n.a. n.a. n.a.

ZAG2 0.060 0.065 0.079 0.099 0.050 0.036 0.065 n.a. n.a. n.a.

AdMads n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.064 0.072 0.052
K box

ZAGI 0.376 0.371 0.314 0.322 0.281 0.363 0.417 n.a. n.a. n.a.

ZAG2 0.319 0.346 0.377 0.381 0.331 0.448 0.430 n.a. n.a. n.a.

AdMads n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.150 0.155 0.168
C-terminal region

ZAGI - - - - 2.770 - 1.518 n.a. n.a. n.a.

ZAG2 - - - - - - - ) n.a. n.a. n.a.

AdMads n.a. n.a. n.a. n.a. n.a. n.a. n.a. - - -
MIK region

ZAGI1 0.251 0.244 0.221 0.236 0.203 0.240 0.269 n.a. n.a. n.a.

ZAG2 0.254 0.267 0.268 0.278 0.253 0.295 0.298 n.a. n.a. n.a.

AdMads n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.151 0.154 0.156

n.a., not applicable; —, no substitution level estimate available.
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TABLE 3
Rates of nucleotide substitutions for MADS-box genes in plants

Tajima-Nei substitution rate

Nonsynonymous

Domains All positions st and 2nd positions substitution rate
Entire gene 25+ 0.2 1.5 = 0.2 14+ 02
MADS box 1.1 202 03 =01 0.3 £ 0.1
K box 1.9 +03 1.1x02 1.0x02
C-terminal region 4.6 = 0.7 3.7x07 79 £ 6.0
MIK region 1.6 £ 0.1 09 * 0.1° 08 0.1
MIK region® 1.1 +0.1 0.6 + 0.1 05+ 0.1

Nucleotide substitution rates are given as X10? substitution/site /year, based on a monocot/dicot divergence

time of 135 mya. Values are means + SD.

Substitution rate used to calculate divergence times for major floral homeotic gene groups.
* Alternative substitution rates for MIK region calibrated using a monocot/dicot divergence time estimate

of 200 mya.

substitutions. Among the different gene regions, the
MADS-box displays the highest level of constraint, with
nonsynonymous,/synonymous substitutions ratios rang-
ing from 0.036 to 0.096. The K-box and the C-terminal
region are considerably more variable, with sequence
constraints ranging from 0.109 to 0.399. The constraint
levels in these variable regions, however, are still consid-
erably below the levels seen for some other regulatory
genes. The ratio of nonsynonymous/synonymous sub-
stitutions for the variable domains of the plant R gene
is close to 1.0 (PURUGGANAN and WESSLER 1994).

For both the AP3 and PI groups, the nonsynony-
mous/synonymous substitution ratios for the K-box and
C-terminal regions are roughly equivalent. This indi-
cates that, within these two gene groups, both the K-
box and C-terminal regions are under similar levels of
selective constraint. In the AG and AP1/AGLS9 groups,
however, there appears to be a marked increase in the
nonsynonymous/synonymous substitution ratio for the
C-terminal region when compared to the K-box, al-
though this increase may simply be due to the presence
of several paralogous genes within these groups. Inter-
estingly, the nonsynonymous/synonymous ratios for
the MADS-and K-boxes in the AP1/AGL9 genes are

comparable, indicating that both these domains fix
amino acid-replacing substitutions at about the same
rate.

Estimated divergence times for the different floral
gene groups: The phylogenetic relationships between
the different plant MADS-box genes provide us with
insights into the origins and early diversification of this
regulatory gene family. Both the parsimony and neigh-
bor-joining analysis suggests that the different floral ho-
meotic gene groups were established fairly rapidly and
relatively early in the evolution of land plants. The ra-
pidity of lineage establishment is clearly evident in the
neighbor-joining tree (Figure 4). Node B on the tree
marks the start of diversification of the major gene
groups, while node C represents the point at which the
separate AP3 and PI lineages begin. This internodal
length (node B to C) represents ~11% of the entire
evolutionary history of the plant MADSbox genes
(node A to tree tips), which indicates that the lineages
for each of the floral homeotic gene groups were all
established in a relatively brief evolutionary time span.

When did the evolutionary diversification of the flo-
ral homeotic gene groups occur? The divergence time
for these floral homeotic gene lineages can be approxi-

TABLE 4

Mean proportion of nonsynonymous differences (p,) in different gene regions between major floral
homeotic gene groups

Comparison MADS box K box C region

AG group

vs. AP3 group 0.24 = 0.04 0.50 = 0.04 0.71 = 0.04

vs. P1 group 0.25 + 0.04 0.47 £ 0.04 0.71 = 0.04

vs. AP1/AGL9 group 0.18 = 0.04 0.46 £ 0.04 0.68 = 0.04
AP3 group

vs. PI group 0.19 = 0.03 0.51 = 0.04 0.63 = 0.04

vs. AP1/AGLY group 0.23 = 0.04 0.52 = 0.04 0.68 = 0.04
PI group

vs. AP1/AGL9 group 0.23 = 0.04 0.50 = 0.04 0.71 £ 0.04

Values are means * SD.
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TABLE 5

Ratio of nonsynonymous to synonymous substitutions in different gene regions

within major floral homeotic gene groups

Comparison All MADS box K box C region

AG 0.134 = 0.007 0.036 = 0.003 0.143 + 0.023 0.286 * 0.031
AP3 0.119 * 0.026 0.043 + 0.009 0.172 = 0.047 0.183 = 0.028
PI 0.185 = 0.016 0.096 = 0.014 0.268 = 0.027 0.225 + 0.029
AP1/AGL9 0.149 * 0.022 0.071 * 0.034 0.109 = 0.023 0.399 = 0.070
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Values are means * SD.

mated from the calculated mean substitution rate (Ta-
ble 3) and the mean levels of nucleotide substitution
between the different groups. The MIK region was used
in calculating this divergence time estimate, since this
region can still be reasonably aligned between distant
genes. Furthermore, the MIK sequences between the
monocot and dicot lineages used in these analyses ap-
pear to be evolving at equivalent rates (P> 0.999). To
minimize the effects of synonymous site saturation, only
the substitution rate using the first two codon positions
were considered.

The mean level of nucleotide substitution between
gene groups is 0.6105. Differences in the nucleotide
susbstitution levels between the basal TM8 gene and
the various gene groups are not statistically significant
in a t-test (P > 0.10). Using a substitution rate of 9
X 107! substitutions/ site/year, we estimate that the
approximate time in which the floral homeotic gene
diversification event occurred was 340 mya. This crude
estimate relies on the assumption that the substitution
rate within this sequence has not substantially altered
during the evolutionary history of these genes. This
divergence time does suggest that the last common an-
cestor of the floral homeotic genes existed much earlier
than the monocot/dicot divergence, which is concor-
dant with the observed relationships between the differ-
ent groups (Figures 3 and 4).

DISCUSSION

Morphological development in eukaryotes is con-
trolled by sets of regulatory genes that interact to direct
pattern formation. Genetic studies have shown that
many of these genes are organized into regulatory gene
families that are related to each other by descent from
a common ancestral gene (DICKINSON 1991; KAPPEN et
al. 1993) . The isolation of many of these developmental
loci from evolutionarily distant and morphologically
distinct taxa allows us to study the conservation of devel-
opmental functions and provides us with opportunities
to analyze the underlying genetic architecture of mor-
phological diversification.

The plant MADS-box genes comprise a fairly large
gene family, many of whose members regulate various
aspects of flower development (COEN 1991; DAVIES and
SCHWARZ-SOMMER 1994; M. YANOFsKY, unpublished

data). A total of 40 reported plant MADS-box se-
quences from six dicot and two monocot species were
used in these analyses. The largest species sample comes
from studies with A. thaliana (Brassicaceae), in which
19 MADS-box genes have been sequenced.

Phylogenetic analysis reveals that most of these
MADS-box genes are organized into distinct monophy-
letic gene groups whose members share common func-
tional roles in floral development. These groups are
roughly equivalent to clades identified in a smaller anal-
ysis of this gene family (DoyLE 1994). Three major
MADS-box gene groups were established early during
the evolution of this plant multigene family. The AGA-
MOUS group, members of which include the Arabi-
dopsis AG and Antirrhinum PLENA genes, is one of
these gene clades. Genetic and molecular analysis dem-
onstrates that these two floral homeotic genes are re-
quired for stamen and carpel development in the inner
two whorls (YANOFSKY ef al. 1990; BRADLEY et al. 1993).
Most of the other genes in this group also show expres-
sion in carpels and/or stamens, suggesting that these
genes play related functional roles in different species
(MA et al. 1991; PNUELI et al. 1991; BRADLEY ¢f al. 1993;
SCHMIDT et al. 1993).

The AP3/PI group includes the Arabidopsis APET-
ALA3 and PISTILLATA genes and the Antirrhinum DE-
FICIENS and GLOBOSA loci. These genes are expressed
in whorls 2 and 3 of the Arabidopsis and Antirrhinum
flowers, and are known to be necessary for petal and
stamen development (SOMMER et al. 1990; JACK et al.
1992; TROBNER et al. 1992) . The two major clades within
this lineage define paralogous genes that are both re-
quired for activity. These paralogous loci may interact
with each other to control stamen and petal develop-
ment; the Antirrhinum DEF and GLO (SCHWARZ-SOM-
MER et al. 1992) as well as the Arabidopsis AP3 and PI
(GoTto and MEYEROWITZ 1994 ) proteins, for example,
have been shown to associate with each other to form
heterodimers.

The AP1/AGL9 group is also composed of distinct
gene clades. The AP1 clade includes the Arabidopsis
API and CAL genes as well as the Antirrhinum SQUA-
MOSA locus. These genes have been shown to specify
the identity of the floral meristem and to regulate the
development of the perianth organs (MANDEL et al.
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1992; KEMPIN et al. 1995). The function of the genes
in the AGL9 and AGL6/AGL13 clades remains less
clear. Both TM5 (in the AGL9 clade) and AGL6 show
floral-specific expression (Ma et al. 1991; PNUELI ¢t al.
1991), consistent with possible roles for these genes in
flower development. Interestingly, inactivation of the
Petunia FBP2 and Lycopersicon TM5 genes results in
both meristem and organ identity defects (ANGENENT
et al. 1994; PNUELI et al. 1994), and it has been sug-
gested that these two loci are candidates for genes that
mediate between the meristem and organ identity func-
tions (M. YANOFsKy, unpublished data) . Two additional
Arabidopsis genes, AGL2 and AGL4, also belong to the
AGL9 clade. These genes, like AGLY, are expressed
early in flower development and may also act to mediate
between the early- and late-acting floral regulatory
genes (B. SAVIDGE, S. ROUNSLEY and M. YANOFsKY, un-
published results) .

The rest of the other MADS-box genes do not appear
to belong to any of these three major evolutionarily
distinct groups. Intriguingly, several of these genes, in-
cluding the Lycopersicon TM3 (PNUELI et al. 1991) and
Arabidopsis AGL12, AGLI4, AGL15 and AGLI7 (S.
ROUNSLEY, G. DITTA and M. YANOFSKY, unpublished re-
sults), are expressed in the vegetative tissues of the
plant. The AGL12, AGL14 and AGL17 genes are prefer-
entially expressed in roots, while AGL15 is expressed in
the Arabidopsis embryo. The RNA accumulation pat-
terns of these orphan genes suggest that these loci are
members of gene groups involved in other, extrafloral
aspects of plant development.

Functional divergence between regulatory genes ap-
pears to arise from localized evolution of different gene
domains. This is particularly evident in regulatory
genes, where both rapid and slow evolving sequences
are frequently juxtaposed (TUCKER and LUNDRIGAN
1993; WHITFIELD et al. 1993; PURUGGANAN and WESSLER
1994) . It has been suggested that the heterogeneity in
substitution rates may play a role in the evolution of
novel developmental functions within a regulatory gene
family (PURUGGANAN and WESSLER 1994). Like many
regulatory loci, the plant MADS-box genes display sig-
nificant variation in levels of sequence similarity across
their length. Among the different regions of these floral
regulatory genes, the MADS-box exhibits the highest
level of sequence conservation. The rates of nonsynony-
mous nucleotide substitution within this sequence is
significantly slower than the rate for other regions and
is well below the mean rate of sequence evolution for
other genes. The ratio of nonsynonymous to synony-
mous substitutions in the MADS-box also shows that
this DNA-binding region is under severe sequence con-
straint, with less than one nonsynonymous substitution
occuring for every 10 synonymous ones (see Table 4).
The MADS-box sequence, however, does show several
amino acid replacements, particularly between gene
groups. Despite the high sequence constraint for this

domain within gene groups, it is possible that changes
in this region contribute to the diverse functions of the
different plant MADS-box loci.

Both the K-box and C-terminal regions, however, are
evolving at markedly faster rates. The rates of evolution
of these domains differ among various gene groups.
The ratio of nonsynonymous/synonymous substitutions
for the K-box of the AP1/AGLY genes, for example, is
comparable to that of the MADS-box, suggesting that
the AP1/AGL9 K-box is under greater levels of se-
quence constraint than K-boxes in other gene groups.
The C-terminal domain also appears to be evolving
more rapidly in members of the AGAMOUS and AP1/
AGL9 groups, possibly due to functional divergence be-
tween paralogous MADS-box loci within these gene
groups. Interestingly, the ratios of nonsynonymous to
synonymous substitutions for both the K-box and C-
terminal domains are significantly lower than those ob-
served for the variable regions of other regulatory
genes. Moreover, the relatively high levels of nonsynon-
ymous substitutions in these regions do not appear to
reflect the dispensability of these sequences. In several
floral homeotic loci, mutant phenotypes are associated
with mutational lesions that alter or eliminate these
3’ sequences (JACK et al. 1992; DAVIES and SCHWARZ-
SOMMER 1994; A. MANDEL and M. YANOFSKY, unpub-
lished results). The highly divergent sequences in the
C-terminal regions between floral homeotic gene
groups, and to a lesser extent the K-domains, suggest
that changes in these domains are also responsible for
the functional divergence of these homeotic loci.

The phylogeny of the plant MADS-box loci allows us
to reconstruct the early evolutionary history of those
genes that are known to control pattern formation in
the angiosperm flower. It appears that the major floral
homeotic gene lineages were established fairly rapidly,
in a span of time representing approximately one-ninth
of the entire evolutionary history of the plant MADS-
box gene family. This may indicate that the functions
encoded by genes in the AGAMOUS, AP3, Pl and AP1/
AGL9 groups were also fixed in a relatively short evolu-
tionary period. These lineages were certainly well estab-
lished by the time the monocotyledenous and dicotyled-
enous angiosperms diverged ~135 mya. It is difficult
to estimate with any precision the time of divergence
for the major floral homeotic gene clades, especially
because the nucleotide substitution rates for these
genes may have changed significantly during their evo-
lutionary history. An approximate substitution rate esti-
mates for the MADS- box, I region and K-box, however,
suggests that these floral homeotic gene lineages appar-
ently split from each other sometime in the mid- to
late-Paleozoic 340 mya.

This date represents a particularly dynamic time in
the evolution of the vascular flora. The primitive tri-
merophytes present in the Devonian landscape were
giving way to transitional ancestors of the seed plants,
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including a group known as the progymnosperms
(STEwWART 1983) . The progymnosperms, which exhib-
ited characteristics intermediate between the now ex-
tinct trimerophytes and the spermatophytes, eventually
gave rise to the lineage leading to the cycads, gingkos,
conifers, gnetophytes and, eventually, the angiosperms
(STEWART 1983) . If our estimated divergence time is
correct, then the establishment of these floral homeotic
gene lineages predated the evolution of the flowering
plants, and members of these gene groups should be
present not only in flowering plants but in the cone-
bearing gymnosperms as well.

Could these homeotic genes also exist in other plant
species? The uncertainty surrounding the calculated
rate estimates leaves open the possibility that these ma-
jor MADS-box gene groups may have sprung into exis-
tence even earlier. The mid-Paleozoic era was also the
time when the ferns began to diverge from the line
leading to the seed plants (STEWART 1983); this split
may well have occurred after the diversification of the
plant MADS-box genes. Moreover, if the monocot/di-
cot divergence occurred as far back as 200 mya, as ar-
gued by WOLFE et al. (1989), then the floral homeotic
gene diversification event may have occurred consider-
ably earlier. Indeed, using this alternate date to cali-
brate our rate estimates, we arrive at a date of ca. 500
mya for the divergence of these homeotic gene groups,
predating the time in the Ordovician when the first
land plants began to evolve from their aquatic green
algal ancestors. If this latter, very early date, is correct,
then orthologues to the angiosperm floral homeotic
genes should be present in all land plant species and
perhaps even in the chlorophyte algal groups. Isolation
of MADS-box homologs from various nonvascular plant
and even algal groups may allow us to date the initial
diversification event for the floral homeotic genes more
precisely than the approximate times suggested by our
molecular clock estimates.

Unlike the MADS-box gene family, flowers are a rela-
tively recent evolutionary innovation among the vascu-
lar plants, appearing in the fossil record only in the
Cretaceous period. It is probable that the direct ances-
tors of the floral homeotic genes participated in the
reproductive development of nonflowering plants and
were only later recruited to perform the critical task of
controlling the development of the angiosperm flower.
It is surprising that many of these gene lineages were
not established sequentially over a long period of evolu-
tionary time, but all arose in a relatively brief period.
It is intriguing to think that this rapid diversification
occured during the evolutionary experimentation that
accompanied the rise of the seed plants during the late
Paleozoic, including several gymnosperm groups (STEW-
ART 1983) . Our study on the mode and tempo of molec-
ular evolution of these floral homeotic genes indicates
that these regulatory loci continue to evolve at a rela-
tively rapid pace, paralleling the continued morpholog-

ical elaborations displayed between angiosperm flow-
ers. As we continue the study of the plant MADS-box
regulatory gene family, we should begin to understand
the genetic bases behind the development of floral
structures, and examine more intensively the relation-
ship between molecular evolution and morphological
diversification.
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