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Abstract. Flower development in angiosperms is con-
trolled in part by floral homeotic genes, many of which
are members of the plant MADS-box regulatory gene
family. The evolutionary history of these developmental
genes was reconstructed using 74 loci from 15 dicot,
three monocot, and one conifer species. Molecular clock
estimates suggest that the different floral homeotic gene
lineages began to diverge from one another about 450—
500 mya, around the time of the origin of land plants
themselves.
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Introduction

In recent years, geneticists have managed to identify and
isolate a series of genes that control flower development
from the model systems Arabidopsis thaliana, Antirrhi-
num majus, or Petunia hybrida (Bowman et al. 1993;
Coen 1991; Coen and Meyerowitz 1991; Weigel 1995;
Yanofsky 1995). These genes, which include the Arabi-
dopsis AGAMOUS, APETALAI and PISTILLATA loci,
are referred to as floral homeotic genes because muta-
tions in these loci result in the transformation of one
floral organ type to another organ. Molecular analysis
has demonstrated that most floral homeotic genes iso-
lated to date belong to the MADS-box regulatory gene
family. Members of this family, which are found in all
eukaryotic groups, are known to encode sequence-
specific DNA-binding transcriptional activators which
carry out a variety of developmental functions (Ma et al.

1991; Pollock and Treismann 1991; Davies and Schwarz-
Sommer 1994). In plants, genes of this family encode a
protein of 240-260 amino acids in length, which includes
the conserved 57-amino acid MADS-box.

Previous molecular evolutionary analyses of this
regulatory gene family revealed that most plant MADS-
box genes are organized into monophyletic gene groups
now referred to as floral homeotic gene groups (Purug-
ganan et al. 1995). The origins of these floral homeotic
gene lineages are of great interest: Were these lineages
established at the time of the origin of flowering plants or
do they predate the arrival of the angiosperms? Prelimi-
nary molecular clock estimates tentatively suggested that
these floral homeotic gene lineages were around prior to
the origin of the angiosperms, although determination of
a more precise date of origin was hampered by uncer-
tainties surrounding the limited calibration time points
previously available (Purugganan et al. 1995).

In an effort to obtain a more precise estimate for the
diversification of floral homeotic gene lineages, a more
thorough molecular clock analysis of the plant MADS-
box regulatory gene family was undertaken. All se-
quences used in this analysis are available from Genbank
and EMBL DNA data bases (accession number list avail-
able from the author). An alignment of plant MADS-box
protein sequences was made using PILEUP of the
UWGCG package with visual refinement. Sequence dis-
tance calculations were carried out using the Molecular
Evolutionary Genetic Analyses package (Kumar et al.
1994). Levels of nucleotide substitutions were estimated
using the method proposed by Tajima and Nei (1984).
For the phylogenetic analyses, a 507-bp region encom-
passing the MADS-box, the I-region, and K-box was uti-
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Fig. 1. Phylogeny of the plant
MADS-box regulatory gene family.
The phylogeny was estimated by
maximum parsimony, with a consis-
tency index of 0.27. The bootstrap
values from 100 replicates are indi-
cated on most major nodes. All nodes
with less than 50% bootstrap support
are collapsed on the tree. The mono-
phyletic floral homeotic gene groups
are delineated, as well as the two or-
phan gene classes.

The phylogenetic history of the plant MADS-box
regulatory gene family was reconstructed using 74 genes
from 15 dicot, three monocot, and one conifer species

(Fig. 1). Of the 74 genes used in this analysis, all but four
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Table 1.
time points

Estimated nucleotide substitution rates at various

Table 2. Estimated nucleotide substitution rates for MADS-box flo-
ral homeotic gene groups

Substitution rate

Substitution rate

Comparison MIK region MADS-Box Group MIK Region MADS-Box
Rice/maize (65 mya) API/AGL9 5.57+1.02 2.87 +1.02
1 534+ 1.16 428 = 1.79 AGAMOUS 7.68 £3.95 2.18£0.56
2 12.12 £ 1.91* 278 + 1.40 GLOBAL MEAN 5.60 £ 1.02 236 +0.61
Monocot/dicot (200 mya)
1 6.23 + 0.56 325 + 0.68 Nucleotide substitution rates are given x 10'° substitutions/site/year at
2 7114027 3.09 £ 0.60 the 1st and 2nd codon positions. The global mean was calculated as
3 4728 +0.34 1.97 £ 0.15 the mean of substitution rates from all the calibration timepoints (see
4 6.35+0.76 2.08 +0.64 Table 1)
Conifer/angiosperm (285 mya)
1 530+ 1.20 1.78 £ 0.65
2 4.56 0.54 1.67£0.35 1989; Savard et al. 1994). Only the first two codon po-

Nucleotide substitution rates are given x 10'® substitutions/site/year at
the 1st and 2nd codon positions. The comparisons are as follows: (i)
rice/maize: 1, RAPI-A versus ZAP1, 2, RAG] versus ZAGI; (ii) mono-
cot/dicot: 1, ZAPI, RAPI-A versus dicot AP orthologues, 2, ZAGS
versus AGL6, AGLI13, 3, OMADSI versus AGL9, TM5, FBP2, 4,
RAGI, ZAGI, ZMOV23, ZAG?2 versus dicot AGAMOUS orthologues;
(iii) conifer/angiosperm: 1, PDALI versus ZAGS, AGL6, AGL13, 2,
PDAL2 versus all angiosperm AGAMOUS group genes

* Significantly different at the p > 0.05 level

are members of a large monophyletic assemblage
that include the major floral homeotic gene groups
(the AGAMOUS, APETALA3, PISTILLATA, and
APETALA1/AGL9 groups) previously identified (Pu-
rugganan et al. 1995; Doyle 1994). The existence of
these floral homeotic gene groups, which contain loci
with genetically defined floral homeotic functions in
Arabidopsis thaliana, Antirrhinum majus, Petunia hyb-
rida, or Zea mays, remains strongly supported in this
analysis.

The topology of the plant MADS-box phylogenetic
tree reveals a late boundary for the diversification of
floral homeotic gene groups at 285 mya, the time of the
last common ancestor of the seed plants (Tandre et al.
1995). The phylogenetic analyses, however, suggests a
protracted period prior to the conifer/angiosperm split, in
which the direct ancestral lineages to the extant floral
homeotic gene groups were in existence. Molecular
clock estimates allows us to further assess the age of
these gene groups and when they began to diverge from
one another, thus delineating important dates in the evo-
lution of this regulatory gene family.

The molecular clock analysis utilized eight different
calibration time points in both the AGAMOUS and AP1/
AGL9 groups (Table 1). These molecular clock calibra-
tions relied on a broad range of time points: the diver-
gence of rice and maize (65 mya) (Crepet and Feldman
1991), monocots and dicots (200 mya) (Wolfe et al.
1989) and conifers and angiosperms (285 mya) (Savard
et al. 1994). The monocot-dicot and conifer-angiosperm
divergence dates are corroborated by independent mo-
lecular clock estimates at multiple loci (Wolfe et al.

sitions were used, as the third position sites are saturated
between distantly related loci.

Local molecular clocks were also calibrated sepa-
rately for the AGAMOUS and AP1/AGL9 groups by
taking the mean of various estimates for pairwise substi-
tution rates of genes within these two clades. A com-
bined substitution rate for the AGAMOUS and AP1/
AGL9 groups (to be referred to from now on as the
global molecular clock) was also estimated by taking a
mean of pairwise substitutions for all genes in these two
groups for which a calibration was possible. The excep-
tion to rate homeogeneity within this regulatory gene
family are the members of the AP3/PI groups; it appears
from maximum likelihood ratio tests that members of
these two groups are evolving at about 20-40% faster
than all other plant MADS-box genes (M.D. Purugganan
and A. Rambaut, unpublished results). Because of this
apparent rate heterogeneity and the lack of an unambigu-
ous local AP3/Pl group calibration, these two clades
were excluded from all subsequent analyses.

From the pairwise sequence divergence data, the es-
timated mean nucleotide substitution rates for the
MADS-box genes are calculated (Table 2). The substi-
tution rate for the MIK region is 5.6 x 107" substitu-
tions/site/year, while the MADS-box alone is evolving at
about one-third this rate. This mean nucleotide substitu-
tion rate presumably reflects the mean substitution rates
throughout the evolutionary time period being consid-
ered. This appears to be a valid assumption, since lin-
eage-specific rate heterogeneity through time, such as
uncorrelated bursts of adaptive nucleotide substitutions,
might be expected to manifest itself in differences in
relative rates between lineages (Gillespie 1991). For the
plant MADS-box gene family, however, most genes ap-
pear to be evolving at about the same rate (Purugganan et
al. 1995). There is also no significant difference in sub-
stitution rates estimated within the AG and AP1/AGL9
groups, indicating that the substitution rate is not depen-
dent on the specific MADS-box gene used. Moreover,
the substitution rates estimated from the grass, monocot/
dicot and conifer/angiosperm divergence dates are, with
one exception (RAG! versus ZAGI), not significantly
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different from one another; this suggests that the rate of
evolution is also homogenous through time.

The mean pairwise substitution values for the AG and
AP1/AGL9 group at the MIK region is 0.543 + 0.05.
This leads to an estimate of 486 mya =+ 45 for the last
common ancestor between these floral homeotic gene
groups. Using only the MADS-box sequence gives a date
of last common ancestry for the floral homeotic gene
groups in agreement with the estimate from the MIK
region (478 mya + 24). The date for the last common
ancestor of the AP1/AGL9 subgroups is estimated, based
on MIK region substitution rates, at 373 mya + 40 mya.

These estimates suggest that the last common ancestor
of the floral homeotic gene lineages apparently existed
sometime during the Ordovician (Figure 2). It is about
this time the first land plants began to appear, as evi-
denced by spore microfossils that date back to the Or-
dovician and early Silurian (Graham 1993; Stewart and
Rothwell 1993). These microfossils precede the appear-
ance of the megafossils of Cooksonia, an early vascular
land plant. If the estimates for the divergence of the floral
homeotic gene group is correct, then the diversification
that led to the establishment of these developmentally
important gene lineages may have occurred sometime
during the first appearance of terrestrial plants them-
selves. Even later diversification events, such as the
elaboration of the AP1/AGL9 group into different sub-
groups, may have transpired at around the time of the
split of the ferns from the seed plants 395 mya (Stewart
and Rothwell 1993), but certainly no later than the di-
vergence of conifers and flowering plants.

If the initial major expansion of the plant MADS-box
gene family leading to the floral homeotic gene groups
did occur at the time of the plant colonization of the
Ordovician landscape, the establishment of these early
lineages could be correlated with the rise of developmen-
tal dependency between sporophyte and gametophyte
generations that may have been the pivotal innovation in
plant evolution during this period (Graham 1993). Sub-
sequent expansions of the family, such as the establish-
ment of the subgroups within the AP1/AGL9 clade, may

groups of land plants is based on Savard et
al. (1994).

have arisen as more elaborate and specific developmen-
tal processes became necessary to sculpt the reproductive
organs of the seed plants, and maybe even vascular
plants in general. Recent characterization of several
MADS-box genes from the ferns Ceratopteris and
Ophioglossum show that multiple MADS-box genes are
also present in these taxa, and some genes are apparently
related to Arabidopsis loci (Munster et al. 1997). Isola-
tion of these genes in bryophyte and other basal plant
species is also ongoing and should shed light on the
origins and early evolution of these key plant regulatory
genes.
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