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MADS-box genes in plants control various aspects of development and reproductive processes including flower
formation. To obtain some insight into the roles of these genes in morphological evolution, we investigated the origin and
diversification of floral MADS-box genes by conducting molecular evolutionary genetics analyses. Our results suggest
that the most recent common ancestor of today’s floral MADS-box genes evolved roughly 650 MY A, much earlier than
the Cambrian explosion. They also suggest that the functional classes T (SVP), B (and Bs), C, F (AGL20 or TM3), A,
and G (AGL6) of floral MADS-box genes diverged sequentially in this order from the class E gene lineage. The
divergence between the class G and E genes apparently occurred around the time of the angiosperm/gymnosperm split.
Furthermore, the ancestors of three classes of genes (class T genes, class B/Bs genes, and the common ancestor of the
other classes of genes) might have existed at the time of the Cambrian explosion. We also conducted a phylogenetic
analysis of MADS-domain sequences from various species of plants and animals and presented a hypothetical scenario of
the evolution of MADS-box genes in plants and animals, taking into account paleontological information. Our study
supports the idea that there are two main evolutionary lineages (type I and type II) of MADS-box genes in plants and

animals.

Introduction

MADS-box genes encode transcription factors and
have been found in three eukaryotic kingdoms, plants,
animals, and fungi. In plants, MADS-box genes include
developmental regulatory genes comparable to homeobox
genes in animals. The protein region encoded by the
highly conserved MADS-box is called the MADS-domain
and is part of the DNA-binding domain. It is composed of
approximately 55 amino acids (aa). It has been proposed
that there are at least 2 lineages (type I and type II) of
MADS-box genes in plants, animals, and fungi (fig. 1;
Alvarez-Buylla et al. 20000). Most of the well-studied
plant genes are type II genes and have three more domains
than type I genes: intervening (I) domain (~30 codons),
keratin-like coiled-coil (K) domain (~70 codons), and C-
terminal (C) domain (variable length). These genes are
called the MIKC-type and are specific to plants.

The plant-specific MIKC-type MADS-box genes
were first discovered in flowering plants (angiosperms).
They can be divided into at least nine classes on the basis
of their functions and expression patterns (table 1). In
angiosperms, several classes of MADS-box genes control
flower formation and are often referred to as floral MADS-
box genes. In particular, the “ABC” model of flower
formation proposes that the four floral components
(organs) are controlled by the interactions of three classes
of floral MADS-box genes, A, B, and C (Weigel and
Meyerowitz 1994; Ma and dePamphilis 2000). More
recently, this ABC model was amended to include an
interaction with an additional class of genes, called class E
genes (Theissen 2001). According to this amended model,
called the ‘“‘quartet model,” the combinatorial tetramers of
four classes of floral MADS-domain proteins regulate the
development of the four floral components (Honma and
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Goto 2001; Theissen 2001): sepals by class A genes, petals
by class A, B, and E genes, stamens by class B, C, and E
genes, and carpels by class C and E genes (table 1). Class
A, C, and E genes are also involved in floral meristem
development.

Other classes include the class D genes, which are the
close relatives of class C genes and control ovule
development (Theissen 2001). The recently proposed class
B-sister (Bs) genes also appear to control the development
of ovule and seed coat, though their protein sequences are
quite different from those of D genes (Becker et al. 2002;
Nesi et al. 2002). In addition, another group of MADS-box
genes that includes AGL20 (AGAMOUS-LIKE 20) in
Arabidopsis thaliana (thale cress; hereafter called Arabi-
dopsis) plays a pivotal role in flower activation as an
integrator of genetic and environmental flowering path-
ways (Lee et al. 2000). This group of genes will be called
‘““class F genes” instead of the TM3 or orphan group as
previously named (Purugganan 1997; Becker et al. 2000).
Several genes such as AGL6 in Arabidopsis seem to be
involved in the development of both flowers and vegetative
organs (Alvarez-Buylla et al. 2000a). We call these genes
“class G genes.” Furthermore, there is a group of genes
that trigger flowering as an initiator or a repressor. Loss of
function of some of these genes resulted in late flowering
or early flowering (Hartmann et al. 2000; Michaels et al.
2003). We call these genes ‘““class T genes.”

All the above genes are directly involved in flower
formation of angiosperms. We therefore call them *‘floral
MADS-box genes’’ in this article, though this terminology
is usually used for the class A, B, C, and E genes. Note
that our classification of MADS-box genes is for
simplifying the explanation of our study rather than for
proposing new terminologies. There are large numbers of
other MADS-box genes in angiosperms. Some of them
appear to control flowering time or formation of leaves,
fruits, roots, etc. (Zhang and Forde 1998; Michaels and
Amasino 1999; Sheldon et al. 1999; Alvarez-Buylla et al.
2000a; Hartmann et al. 2000), but the functions of other
genes are unknown.
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F1G. 1.—Schematic diagram of two types (types I and II) of MADS-
box genes in plants and animals. The plant-specific MIKC-type MADS-
domain proteins are presented with the name and function of each
conserved domain. A broken line indicates the DNA-binding region, and
a dotted line the protein-protein interaction region. This figure has been
modified from Alvarez-Buylla et al. (20005).

The primary purpose of this article is to investigate
the evolutionary relationships and divergence times of
floral MADS-box genes. However, because most floral
MADS-box genes are known to exist in gymnosperms as
well (e.g., Winter et al. 1999; Becker et al. 2000), we
consider the genes from both angiosperms and gymno-
sperms. Previously, Purugganan (1997) studied a similar
problem, but this problem should be reexamined because
extensive data on MADS-box genes have become avail-
able in recent years. Furthermore, to understand the long-
term evolution of MADS-box genes, we will also
investigate the evolutionary relationships of MADS-
domain sequences from plants and animals.

Materials and Methods
Floral MADS-Box Genes Used

At present, MIKC-type MADS-box gene sequences
are available from various species of angiosperms,
gymnosperms, ferns, club mosses, and mosses (GenBank,
TIGR). There are more than 70 MADS-box genes
annotated in Arabidopsis (The Arabidopsis Genome
Initiative 2000 and our unpublished study). Similarly, we
have identified about 70 genes from rice by conducting
a TBLASTN search in the Rice Genome Database of
China (Yu et al. 2002) and the TIGR Rice Genome
Database. From these databases, we compiled 293 full-
length MIKC-type MADS-box genes. In the phylogenetic
study of floral MADS-box genes, we used 23 reproductive
genes, covering all classes of genes shared by angiosperms
and gymnosperm species (class B, Bs, C, F, G, and T
genes). These genes were chosen from the well-studied
eudicot species Arabidopsis, monocot species Oryza sativa
(rice) and Zea mays (maize), and gymnosperm species
Pinus radiata (Monterey pine), Picea abies (Norway
spruce), and Gnetum gnemon (table 1). We did not include
the gymnosperm class E gene (PrMADSI) reported from
the pine Pinus radiata, because this appears to be
a contaminated gene from Fucalyptus grandis at the time
of experimentation (G. Theissen, personal communica-
tion). Class A and E genes from angiosperms were also
included from our analysis because of their importance

during flower development, though these genes have not
been found in gymnosperms. Class D genes were excluded
from the analysis, because their protein sequences were
close to C gene sequences and the distinction between C
and D genes was not always clear.

Protein sequences of these genes were obtained from
GenBank or TIGR. The names of the proteins and their
GenBank accession numbers or TIGR locus numbers are
as follows: AGL9 (Atlg24260), AGL6 (At2g45650),
AGL20 (At2g45660), APETALA1 (AP1) (Atl1g69120),
APETALA3 (AP3) (At3g54340), PISTILLATA (PI)

(At5g20240), AGAMOUS (AG) (At4gl18960), SVP
(A2g22540), OsMADS3  (S59480), OsMADS4
(T03902), OsMADSS (AAC49817), OsMADSI14

(AAF19047), OsMADS16 (AAD19872), OsMADS17
(AAF21900), OsMADS50 (BAAS81886), OsMADS54
(BAA81880), DAL1 (T14846), DAL2 (S51934), DAL3
(T14848), DAL13 (AAF18377), GGM13 (CAB44459),
ZMM17 (CAC81053), ABS (At5g23260), and LAMBI1
(AAGO08991). As is shown in table 1, the protein sequence
of a class T gene from G. gnemon, GGM12, is available,
but it was not used in our analysis because it was
a fragmentary sequence. In this article we have used
simplified gene notations to make the study understand-
able for a wide audience.

Phylogenetic Analysis of MIKC-Type Genes

We used protein sequences for our phylogenetic
analysis, because the evolutionary pattern of protein
sequences appears to be simpler than that of DNA
sequences (Nei and Kumar 2000, chapter 2) and protein
sequences often give more satisfactory results than DNA
sequences in the study of long-term evolution (Hashimoto
et al. 1994; Russo, Takezaki, and Nei 1996; Glazko and
Nei 2003). In the present case, we could minimize the
effect of variation in the GC content at third codon position
by using protein sequences.

We aligned 293 protein sequences using the computer
program ClustalX (Thompson et al. 1997) with default
parameters except the gap opening parameter of 2.0. We
then constructed a preliminary Neighbor-Joining (NJ) tree
with Poisson-correction (PC) distance using the computer
program MEGA?2 (version 2.1) (Kumar et al. 2001). (In
MEGA?2, taxon input orders are randomized for all
bootstrap replications.) According to this tree, we divided
293 protein sequences into 18 groups and aligned them
separately with the same parameters using ClustalX. These
aligned groups were again aligned to each other using the
profile alignment option in this program. After elimination
of gaps in this alignment, we constructed an initial NJ tree
using PC distance. As mentioned above, we selected 24
representative sequences of 142 amino acid sites without
gaps, including the MADS-domain, the K-domain, and the
conserved region of the I-domain. Using MEGA?2, we then
constructed NJ trees with p-distance (proportion of
different amino acids), PC distance, and PC gamma
distance (Nei and Kumar 2000, chapter 2). In addition, we
constructed maximum-likelihood (ML) trees using the
PROTML program with the Poisson and JTT models
(Adachi and Hasegawa 1996) and maximum-parsimony
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Representatives of Different Classes of MADS-Box Genes Considered in This Study

Gene and Source

Norway Spruce, Monterey

Arabidopsis Rice or Maize Pine, or Gnetum

Class (Eudicots) (Monocots) (Gymnosperms) Function in Arabidopsis

Class A Arabi A Rice A Unknown Sepal and petal development, floral
(AP1 or SQUA) (APETALAL or AP1) (OsMADS14) meristem development (Weigel

and Meyerowitz 1994)

Class B Arabi B-AP3 Rice B-AP3 Spruce B (DEFICIENS- Petal and stamen development
AP3/PI or (AP3) (OsMADS16) AGAMOUS-LIKE 13 (Weigel and Meyerowitz 1994)
DEF/GLO Arabi B-PI Rice B-PI or DAL13)

(PISTILLATA or PI) (OsMADS4)
Class Bs Arabi Bs (ABS) Maize Bs (ZMM17) Gnetum Bs (GGM13) Ovule and seed coat development
(Nesi et al. 2002)
Class C Arabi C Rice C (OsMADS3)  Spruce C (DAL2) Stamen and carpel development,

(AG or PLENA) (AGAMOUS or AG)

floral meristem development
(Weigel and Meyerowitz 1994)

Class D Arabi D (AGL11) Rice D (OsMADS13) Unknown Ovule development (Theissen 2001)
(not used in this study)
Class E Arabi E (AGL9) Rice E (OsMADSS) Unknown Petal, stamen, carpel and floral
(AGL2/4/9) meristem development (Theissen
2001)
Class F Arabi F (AGL20) Rice F (OsMADS50) Spruce F (DAL3) Flowering activation (integrator of

(AGL20 or TM3)

Class G Arabi G (AGL6) Rice G (OsMADS17)
(AGL6)
Class T Arabi T (SVP) Rice T (OsMADS54)

(SVP or STMADSI11)

genetic and environmental
flowering pathways) (Lee et al.
2000)

Expressed in both vegetative and
reproductive tissues (Alvarez-
Buylla et al 2000a)

Flowering repression (Hartmann
et al. 2000)

Spruce G (DALI)

Gnetum T (GGM12, partial
sequence—not used in
this study)

Note.—We used simplified gene names. Commonly used names and their abbreviations are given in parentheses. The function of each class of genes is based on the
studies in Arabidopsis. ‘‘Arabi” indicates Arabidopsis. All classes of genes are members of floral MADS-box genes.

(MP) trees using the PAUP* program with the stepwise
addition and tree-bisection-reconnection (TBR) algorithm
with 500 bootstrap resamplings (Swofford 1998). A
distantly related MADS-box gene, LAMBI, from the club
moss Lycopodium annotinum, was used as the outgroup in
this study. According to our phylogenetic analysis, this
gene was closely related to type I genes (see Supplemen-
tary Material online at the journal’s Web site: http://
www.molbiolevol.org). Alvarez-Buylla et al. (20000) have
suggested that type I proteins do not have the K-domain
(putative coiled-coil structure). However, the LAMBI
protein has a domain similar to the K-domain, including
regularly spaced hydrophobic amino acids (e.g., leucine,
isoleucine, and valine), which are known to be important
for protein-protein interaction (Moon et al. 1999).
Therefore, we could align the LAMB1 protein sequence
with other MADS-domain protein sequences. Moreover,
LAMBI has been suggested to be a new MIKC-type
MADS-box gene designated as MIKC*-type, whereas the
other 23 genes were classical MIKC genes (MIKC*-type;
Henschel et al. 2002). There are two more MIKC*-type
genes (PPM3 and PPM4) reported from the moss
Physcomitrella patens (Henschel et al. 2002). Use of
these genes as the outgroups produced essentially the same
topology for the floral MADS-box genes.

Once the topology of the phylogenetic tree was
determined, we estimated the times of divergence between
various types of genes using the linearized tree method

(Takezaki, Rzhetsky, and Nei 1995; see program LIN-
TREE in http://mep.bio.psu.edu). With the LINTREE
method, the time scale constructed does not apply to the
outgroup. We also used Yoder and Yang’s (2000)
likelihood method implemented in the computer program
PAML (Yang 2002) with a different evolutionary rate for
class B genes of angiosperms from the rate used with the
remaining genes. Sanderson’s (2003) penalized likelihood
method was also used.

Phylogenetic Analysis of MADS-Domains from
Plants and Animals

The animal species studied so far seem to have at
least one type I gene and one type Il MADS-box gene, but
the number of the genes is generally very small (Alvarez-
Buylla et al. 20005). All of the well-studied plant MADS-
box genes are type II genes, and there are many other type
II genes in angiosperms and gymnosperms. The existence
of plant type I genes has not been well established, except
in Arabidopsis, rice, and club moss (Alvarez-Buylla et al.
20005 and our unpublished study).

To study the evolutionary relationships of type I and
type II MADS-box genes, we used the MADS-domain
sequences (~55 aa) of 87 representative genes from plants
(Arabidopsis, rice, spruce, pine, gnetum, fern, club moss,
and moss) and animals (human, mouse, zebrafish, fruitfly,
mosquito, and nematode) (see Supplementary Material
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online). In this study we used only MADS-domain
sequences, because animal genes do not have the IKC
domain. The 87 MADS-domain sequences were aligned
by using ClustalX, and the evolutionary relationships of
the genes were examined by constructing a NJ tree with p-
distance for 55 shared amino acids.

Results
Phylogenetic Tree of MIKC-Type Genes

The phylogenetic tree of 24 representative MADS-
box genes from eudicots, monocots, and gymnosperms is
presented in figure 2. This tree was obtained by the NJ
method with PC distance, but very similar trees were
obtained by NJ with p-distance and PC gamma distance,
and by ML and MP methods (see Supplementary Material
online). Although the bootstrap values for interior branch
a-b, as well as for the B or Bs gene clades of this tree, are
very low, the other clades involving class E, G, A, F, and
C genes are supported with reasonably high bootstrap
values (> 70%). Similar patterns were observed in trees
obtained by other tree-building methods. Therefore, the
portion of the tree containing the class E, G, A, F, and C
genes appears to be reliable.

This tree suggests that after separation of the class T
genes from the non-T floral MADS-box genes, class B/Bs
genes were the first to diverge from the rest of non-T floral
MADS-box genes, although this finding is still pro-
visional. Class C genes then separated from the genes
belonging to class F, A, G, and E genes. The next group of
genes to diverge was class F genes. Moreover, the
taxonomic distribution of functional classes of floral
MADS-box genes (table 1) suggests that class E and G
genes, which diverged most recently, diverged around the
time of angiosperm/gymnosperm split. Several class-
specific or taxon-specific amino acids have been reported
(e.g., Huang et al. 1995; Kramer, Dorit, and Irish 1998),
but we did not find any key features of conserved amino
acids supporting any clade of the tree in figure 2. We also
compared the positions of introns among all classes of
genes, but the positions were too conserved to be
informative for inferring the phylogenetic relationships
of MADS-box genes (data not shown).

Estimates of Divergence Times

Although molecular estimates of divergence times
between genes or species depend on a number of
assumptions and are generally very crude (Nei, Xu, and
Glazko 2001; Glazko and Nei 2003), they are still useful
for obtaining a rough idea of the evolutionary history of
genes or species. With this caveat in mind, we estimated
the times of divergence between different classes of genes.
In the estimation of divergence times, the hypothesis of
constant evolutionary rate should first be tested, and then
the sequences whose evolutionary rate significantly
deviates from constancy should be eliminated (Takezaki,
Rzhetsky, and Nei 1995). In this case a number of authors
have used Yang’s (2002) or Gu and Zhang’s (1997)
likelihood method for estimating gamma parameter a.
However, for the purpose of time estimation, these
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Fi6. 2.—Phylogenetic tree of nine classes of MADS-box genes (A,
B, Bs, C, D, E, F, G, and T) from monocots, dicots, and gymnosperms
with a gene from the club moss Lycopodium annotinum, LAMBI, used as
the outgroup. The number for each interior branch is a percent bootstrap
value (500 resamplings). The scale bar indicates the estimated number of
amino acid substitutions per site. The number of amino acids used was
142 without gaps per sequence. AP3 and PI are abbreviations of
APETALA3 and PISTILLATA, respectively. Gene names were simpli-
fied to make the paper understandable to a wide audience (see table 1).
Calibration points used for estimating divergence times are marked with
an asterisk.

methods, particularly the former method, tend to give
underestimates of a, and this often leads to overestimation
of divergence times when ancient divergence times are
estimated (Nei, Xu, and Glazko 2001; Glazko and Nei
2003). This seems to be particularly true for slowly
evolving genes such as cytochrome c. Dickerson (1971)
showed that in cytochrome ¢ and hemoglobin the number
of amino acid substitutions estimated by PC distance (a =
®) is nearly proportional to the time since species
divergence up to about 500 MYA. Nei (1987, pp. 47—
50) also showed that variation in evolutionary rate among
amino acid sites has a relatively small effect on time
estimates unless the sequence divergence is very high. We
have therefore decided to use primarily PC distance for
estimating divergence times. However, we also used
Dayhoff’s distance to take into account backward and
parallel mutations. According to Nei and Kumar (2000,
chapter 2), Dayhoff’s distance can be computed by a PC
gamma distance with a = 2.25. We therefore used this
method. Note that the use of these distances gives
conservative estimates of divergence times compared with
those obtained by the PC gamma distance with a likelihood
estimate of a (see below).

We used the two-cluster test of Takezaki, Rzhetsky,
and Nei (1995) to examine the applicability of the
molecular clock for the tree in figure 2 and found that
the four B genes (2 AP3 genes and 2 PI genes) evolved
significantly faster than other genes at the 3% level. We
therefore eliminated these four genes and constructed
a linearized tree with PC distance for the remaining genes
(fig. 3A). The two-cluster test also showed that the spruce
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FiG. 3.—Linearized trees used for estimating divergence times. The time scale is based on the results with PC distance. A. Topology from figure 2.
B. Topology when the interior branches between nodes a, b, ¢, and d are collapsed.

C gene evolved significantly more slowly than the
Arabidopsis and rice C genes at the 5% level, but we
retained this gene because it was important for calibration
of the time scale, and because a relatively small deviation
of a sequence from rate constancy does not affect time
estimates seriously (Nei and Kumar 2000, pp. 200-202).
In addition to the four B genes, we also eliminated all Bs
genes because of the uncertain phylogenetic position of the
genes (fig. 2). To compare our results with previous
estimates of divergence times for floral MADS-box genes
by Purugganan (1997), we constructed a linearized tree for
a simplified Purugganan tree topology. Purugganan
studied the phylogenetic tree of many floral MADS-box
genes, but the bootstrap values of the interior branches
were so low that he merged several interior nodes. If we
use only 24 genes, as in our study, the linearized
Purugganan tree becomes as given in part B of figure 3.
We therefore estimated the divergence time for the merged
node (a-b-c-d).

To calibrate the time scale of the linearized tree,
a calibration point is necessary. For our data set, the
divergence times between ‘‘eudicots’’ and ‘‘monocots’’
and between ‘‘gymnosperms’’ and ‘‘angiosperms’’ may be
used as the calibration point. However, there is no good
fossil record for the divergence of eudicots and monocots,
and other authors have used various values (131-200
MYA) for this divergence (Wolfe et al. 1989; Laroche, Li,
and Bousquet 1995; Soltis et al. 2002). This calibration
point also gives some unreasonable time estimates for our
data set (see below). By contrast, there seems to be
a consensus about the divergence time between angio-
sperms and gymnosperms, which is about 300 MYA. This
estimate is supported by both paleontological data and
molecular time estimates (Stewart and Rothwell 1993,
pp- 505-512; Savard et al. 1994; Goremykin, Hansmann,
and Martin 1997; Soltis et al. 2002). In addition, the
angiosperm/gymnosperm split calibration will produce
smaller standard errors of time estimates than the monocot/
eudicot split calibration, because the former is a more

ancient evolutionary event than the latter (Glazko and Nei
2003). We have therefore decided to use this time as the
calibration point.

Figure 3A shows that each of class G, F, and C genes
included one gymnosperm gene and two angiosperm
genes. We therefore computed the average PC distance (d)
between the gymnosperm and angiosperm genes and
obtained d = 0.372. This gives an estimate of the rate of
amino acid substitution (r) to be r = d/(2 X 300) per
million years or r = 6.2 X 10'° per year. The timescales
for trees A and B in figure 3 were obtained by using this
rate of amino acid substitution. The times of divergence
between different classes of genes can then be estimated
from these linearized trees. The results obtained are
presented in table 2, which also includes time estimates
obtained by using Dayhoff and PC gamma distances.
When PC distance is used, the time of divergence between
the T and the non-T floral MADS-box genes is estimated
to be about 652 MYA. This is well before the time of the
Cambrian explosion (about 545 MYA,; see fig. 4). Table 2
also suggests that the divergence between class B genes
and other non-T floral MADS-box genes (612 MYA)
occurred before the Cambrian explosion. The divergence
between class C genes and the remaining non-T floral
genes (537 MYA) again appears to have occurred around
the Cambrian explosion. This might sound strange,
because most animal and plant phyla are believed to have
evolved no earlier than the time of the Cambrian
explosion. However, recent paleontological data (Xiao,
Zhang, and Knoll 1998) suggest that, by this time, green
algae had already evolved. The fossil record suggests that
the first land plants such as bryophytes appeared around
450 MYA. Our estimates in table 2 suggest that class A, G,
and E gene lineages originated after the occurrence of land
plants. Table 2 also includes an estimate (556 MYA) of the
divergence time between B and Bs genes. In the estimation
of this divergence time, the class B genes from
angiosperms were excluded because of their faster rate
of evolution compared to other genes, and the divergence
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Table 2

Estimates of Divergence Times (= SE) of Floral MADS-Box Genes

Linearized Tree Method

Maximum-Likelihood Method

Dayhoff PC Gamma Poisson
PC Distance Distance Model Dayhoff Poisson + Gamma
Node Distance (a = 2.25) (a = 1.06) (a = ») Model Model (a = 1.06)
(a) T/(others) 652 = 72 721 = 91 816 = 120 816 813 836
(b) B/(C/D-F-A-G-E) 612 = 62 668 + 77 743 = 99 749 775 772
(c) (C/D)/ (F-A-G-E) 537 = 44 573 = 54 612 = 68 630 647 631
(d) F/(A-G-E) 502 * 42 531 = 50 566 + 62 564 569 586
(e) A/(G-E) 374 £ 39 380 = 45 388 = 51 428 406 422
(f) GIE 289 = 29 286 = 31 282 = 35 341 327 340
(g) B/Bs 556 * 65 598 + 78 646 + 94 656 662 714
Node a-b-c-d
(Purugganan tree) 575 = 49 623 = 59 684 = 75 689 701 706

Note.—Unit of time estimates is MYA. The gymnosperm/angiosperm split (ca. 300 MYA) in classes C, F, and G was used for calibrating the time scale. Dayhoff
distance was computed by using PC gamma distance with @ =2.25 (Nei and Kumar 2000, chapter 2). In the linearized tree method, time estimates for nodes (a) ~ (f') were
computed by using 16 genes. (Three Bs genes and 4 angiosperm B genes were excluded.) The time of divergence between the B and Bs genes was estimated separately (see
text). Because the ML method does not give proper standard errors (Yoder and Yang 2000), those values are not presented.

time was estimated by dividing the distance between the B
and Bs genes by 2r, where r = 6.2 X 107'? per year. This
estimate suggests that the gymnosperm B and Bs genes
diverged a long time ago, if they are clearly definable
separate gene groups.

Because many of the above estimates of divergence
times far exceed the times of first appearance of land plants
in the fossil record (450 MYA), they might be over-
estimates. However, if we use Dayhoff distance or PC
gamma distance with an ML estimate (1.06) of a obtained
by Gu and Zhang’s method, the divergence time estimates
become even greater (table 2). This was especially so
when PC gamma distance was used. In this case branch
points a and b were estimated to be 816 and 743 MYA,
respectively. We also used Yoder and Yang’s method
without eliminating B genes but with the assumption that
these genes evolved faster than the other genes (two rates
model). This method also gave greater estimates than those
obtained by PC distance even when the Poisson model
(a = ), Dayhoff model, or Poisson gamma model (¢ =
1.06) was used (table 2). Sanderson’s penalized likelihood
method gave even greater estimates than other methods
(see Supplementary Material online). Therefore, our
estimates obtained from the linearized tree method with
PC distance are most conservative.

One might wonder whether we used most closely
related copies (orthologous genes) of the class G, F, and C
genes between angiosperms and gymnosperms for com-
puting the time scale. Actually we tried to do so, but there
is no guarantee for the use of real orthologous genes, in
part because no complete genome sequence is yet available
from any gymnosperm species and in part because it is not
easy to determine orthologous genes even in the presence
of complete genome sequences (Theissen 2002). However,
if we had used nonorthologous genes for any of these gene
classes, our estimates would have been lower than
unbiased estimates, because the rate of amino acid
substitution should have been overestimated. This factor
also tends to make our estimates conservative.

As already mentioned, some authors have used the
monocot/eudicot divergence (200 MYA) as the calibration
point. In our data set, however, the use of this calibration

point gave a divergence time estimate of 251 MYA
between the angiosperms and the gymnosperms. (The
average distance of the angiosperm and gymnosperm
genes from class C, F, and G genes was used.) When we
used a calibration point of 150 MYA for the monocot/
eudicot divergence, we obtained an estimate of divergence
of 188 MYA for the angiosperm and gymnosperm split.
These estimates are clearly unreasonable, because angio-
sperms and gymnosperms are believed to have diverged
about 300 MYA. We therefore decided not to use the
monocot/eudicot calibration point. Incidentally, if we use
the angiosperm/gymnosperm divergence (300 MYA) as
the calibration point, we obtain an expected divergence
time of 239 MYA between monocots and eudicots.

In figure 3B, we have Purugganan’s topology. If we
estimate the branch point (a-b-c-d) of this topology, we
obtain 575 MYA. This is considerably greater than
Purugganan’s estimate (476 MYA). This difference has
occurred in part because Purugganan used the monocot/
eudicot divergence (200 MY A) as the calibration point and
in part because he used paralogous genes of E genes
between monocots and eudicots.

Phylogenetic Tree of 87 MADS-Domains from
Plants and Animals

Figure 5 shows a NIJ tree of type I and type Il MADS-
domain sequences from plant and animal species. Type I
and type II genes form their own clades, and these clades
are quite well supported by the bootstrap test. Type II
genes are further divided into plant and animal genes. The
monophyletic cluster of animal type II genes is well
supported. Plant type II genes also form a monophyletic
cluster, although the bootstrap support is rather weak
(51%). Animal type I genes form a monophyletic group. In
contrast, plant type I genes do not form a monophyletic
cluster, although genes from Arabidopsis and rice form
a well-supported cluster. This failure of plant type I genes
to form a monophyletic cluster could be due to the small
number of amino acids used.

Although our results are somewhat ambiguous, they
generally support the view put forth by Alvarez-Buylla
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et al. (2000b), that the type I and type II genes were
generated by a gene duplication that occurred before the
plant/animal divergence. Animal type I genes control
very basic transcription processes concerned with
various aspects of cell growth and differentiation and
neuronal transmission, etc., whereas type II genes are
responsible for muscle development (Shore and Shar-
rocks 1995). The function of plant type I genes is not
well understood, and these genes have only been
identified by genomic sequencing of Arabidopsis and
rice, although the LAMBI gene in the club moss has
been suspected to be a type I gene. Many plant type II
genes in figure 5 belong to one of the nine classes of
MIKC-type MADS-box genes considered in figure 2.
However, there are additional MADS-box genes that
control various developmental processes such as root
formation.

Plant type II genes form many clades of a few genes,
and many of these clades are statistically supported
relatively well. However, their inter-clade relationships
are poorly supported. In particular, B/Bs genes are no
longer monophyletic. Nevertheless, the relationships of
the genes belonging to floral MADS-box gene classes A,
C,E, F, G, and T are virtually the same as those in figure
2. Therefore, the tree in figure 5 may reflect the
evolutionary history of MADS-box domains to some
extent. The low bootstrap values for these relationships
occurred primarily because we used many sequences with
only 55 aa, and because there are many other MADS-box
genes which are closely related to but are distinct from
floral MADS-box genes in plant genomes. It is possible
that the nine classes of floral MADS-box genes were
derived from some of these distinct MADS-box genes
nearly independently. In the present case it is not
meaningful to try to estimate the divergence times of
these genes, because the number of amino acids per
sequence is very small.

Discussion
Reliability of Estimates of Divergence Times

The fact that nonflowering gymnosperms have most
classes (B, Bs, C, G, and T) of floral MADS-box genes
indicates that the gene duplications that generated these
genes occurred long before their angiosperm-specific
functions were established. It is not clear what kinds of
function these floral MADS-box genes had before their
functional diversification, but they were probably involved
in the regulation of broad developmental and reproductive
processes, as was suggested by Becker et al. (2000). This
evolutionary pattern is similar to that of homeobox genes
that control segmentation of animal body structure (Zhang
and Nei 1996; Purugganan 1998). Cnidarian species such
as jellyfish do not have a segmented body structure, yet
they have hox genes (Ferrier and Holland 2001). Actually,
similar evolutionary patterns are observed with several
other gene families controlling development (e.g., Burglin
1997; Meyerowitz 2002), and it appears that the
occurrence of gene duplication before functional diversi-
fication is a generalized phenomenon with gene families
controlling development.

Our conservative estimates suggest that class A and B
floral genes diverged about 612 MYA, which is two times
earlier than the paleontological estimates of divergence
time between gymnosperms and angiosperms. It also far
exceeds the paleontological estimate of the time of first
land plants (mosses) (ca. 450 MYA). However, mosses are
known to have at least two genes that are homologous to
classical MIKC-type genes (Henschel et al. 2002). It
should also be noted that classical MIKC-type genes have
been identified even in green algae such as Chara,
Coleochaete, and Closterium (M. Hasebe, personal
communication), all of which evolved earlier than land
plants. Note that the oldest fossil record of green algae is
700-750 Myr old (Chen and Xiao 1991; Butterfield 2000),



1442 Nam et al.

. E—TT R

84 , Arabi-AGL9
Rice-Os8 )
Arabi-AGL3

Arabi-AGL6

Rice-Os17

Spruce PaDAL1

95 | Gnetum GGM9
Rice-Os5

Rice-Os1
Rice-Os19
Arabi-AGL13
Arabi-AP1 l A

| F

Pine PrMADS6
Rice-Os51
Rice-Os37
Arabi-AGL12

Rice-0s35
Rice-0s33
Arabi-AGL21
Arabi-ANR1

Rice-Os27
Rice-Os26
Fern-CrC1

| E

G

Arabi-AGL20
Rice-Os50
Spruce PaDAL3

98 [ Rice-Os3 C
Spruce PaDAL2
Gnetum GGM10
Fern-CpCRM3

sjue[d

75, Arabi-AG l

— 76 1 Fern-CrC3
. 38 Fern-CrC2
Fern-Cerl

90 , Fern-CrCRM1

1 Fern-CrC4
Arabi-SVP T

Rice-Os54

Rice-Os2
Rice-Osd4

Rice-0s29

Arabi-AP3

Rice-Os16

99  Moss-PPM2
Moss-PPM1
Clubmoss-La6
Clubmoss-La2
Fern-Cer2
Gnetum GGM13 | Bs
Clubmoss-La3
Clubmoss-La4 .
Arabi-ABS | Bs

———— Arabi-FLF

99 Arabi-AGL31
Spruce-PaDAL13

Moss-PPM3

88

59

—
100 —— Moss-PPM4
Zebra-MEF2A
Human-MEF2A
Mouse-MEF2A
Mouse-MEF2C
Human-MEF2C
Zebra-MEF2C
WornrMEF2
Mouse-MEF2D
ZebraMEF2D
94 | Human-MEF2D
Mouse-MEF2B

56

s[ewnuy

p—
L_ Human-MEF2B

100 * Fly-MEF2

99 | Mosquito-MEF2

sjewuy

8911 ouse-SRF
Human-SRF
61 Zebra-SRF
100 Fly-SRF
36 | Mosquito-SRF

Worm-SRF
68 Arabi-AGL36
Arabi-AGL54
Arabi-AGL38

96

Rice-Os88

100 L——— Rice-Os89
Clubmoss-LAMBI

———
0.1

I 2dAL

19dAy

syuelq

Fic. 5.—Phylogenetic tree of 87 MADS-domain sequences from Arabidopsis, rice, gymnosperms, ferns, club mosses, mosses, and animals. This
tree was constructed by the NJ method with p-distance for a 55-aa domain. The number for each interior branch is the percent bootstrap value (500
resamplings), and only values greater than 50% are shown. The names of plant species used are the same as those in figure 2, except for ferns and
mosses. Those of the remaining species are as follows: fern, Ceratopteris richardii; moss, Physcomitrella patens; human, Homo sapiens; mouse, Mus
musculus; zebrafish, Danio rerio; nematode, Caenorhabditis elegans; mosquito, Anopheles gambiae; fly, Drosophila melanogaster.



although green algae do not appear to be monophyletic.
These observations suggest that our estimate of the time of
origin of floral MADS-box genes may not be too early.

In this discussion we have used the most conservative
estimates of divergence times obtained by PC distance. If
we use PC gamma distance or Yoder and Yang’s method,
estimates of the time of origin of floral MADS-box genes
become greater than 800 MY A. These estimates appear to
be too early if we consider the fossil record of land plants
and green algae, but we cannot rule out this possibility
because the fossil record is notoriously incomplete. It is
worth noting that, until recently, all or most orders of
placental mammals were believed to have diverged only
about 65 MYA. At present, however, we know of the
fossil remains of a placental mammal that is about 125
Myr old (Ji et al. 2002). The notion of the Cambrian
explosion, in which most visible eukaryotic organisms are
believed to have been absent before 545 MYA, is also
slowly changing. We now know 570 Myr-old fossils of
animal eggs (Xiao, Zhang, and Knoll 1998), 900-1,200
Myr-old fossils of red algae (Butterfield 2000), and 1,100-
1,200 Myr-old trace fossils of worm (Seilacher, Bose, and
Pfluger 1998; Rasmussen et al. 2002), although the
authenticity of these trace fossils has been questioned
(Conway Morris 2002).

Nevertheless, it is not clear what kind of function the
MIKC-type genes had in ancestral non-seed plants. In
recent years an intensive study has been made to identify
genes orthologous to floral MADS-box genes in non-seed
plants, but that study has not been very successful (e.g.,
Miinster et al. 1997; Hasebe et al. 1998; Hohe et al. 2002;
Svensson and Engstrom 2002). What are the possible
reasons for these negative results? There seem to be at
least five: First, the orthologs of floral MADS-box genes in
non-seed plants so far studied might have been lost in the
course of evolution. Second, the orthologs of floral
MADS-box genes in non-seed plants are so different from
the floral MADS-box gene that it is difficult to identify
orthologs now. Third, our molecular time estimates are too
old, even though we used the most conservative method.
This may happen if the rate of amino acid substitution was
faster in the early stage of evolution of floral MADS-box
genes than in the later stage. Fourth, the current fossil
record is incomplete and land plants might have evolved
earlier than currently believed. Fifth, the genes so far
studied may be incomplete, and a complete genome search
may find the genes. At present, however, it is difficult to
resolve the discrepancy between the theoretical and
experimental studies.

Long-term Evolution of MADS-Box Genes

As mentioned, MADS-box genes are highly con-
served, and the MADS-domain sequences are shared by
plants, animals, and fungi, indicating that MADS-box
genes have an ancient history. Therefore, studying the
history of MADS-box genes, we should be able to obtain
some insight into the evolution of morphological charac-
ters in eukaryotes. Unfortunately, our knowledge about the
MADS-box genes and their function in early eukaryotes is
quite limited. Nevertheless, it would be interesting to
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speculate about the evolution of MADS-box genes in
eukaryotes, taking into account both paleontological
information and molecular dating. Having a plausible
scenario may give some useful information for future
experimental studies. Here we consider only the evolution
of plant and animal genes, because MADS-box genes in
fungi other than the budding yeast are not well studied.

We can see from figure 5 that both plants and animals
have two different types of MADS-box genes, type I and
type II genes. As indicated by Alvarez-Buylla et al.
(2000b), this suggests that these two types of genes
diverged by a gene duplication that occurred before the
plant/animal divergence (fig. 6). The oldest geological
evidence of eukaryotes is given by a lipid biomarker,
which has been dated 2,700 MYA (Brocks et al. 1999).
There are also eukaryotic fossils that have been dated
2,100 MYA (Han and Runnegar 1992). There is no fossil
record that indicates the time of divergence between plants
and animals, but molecular data suggest that the di-
vergence time is about 1,400 MYA (Feng, Cho, and
Doolittle 1997; Wang, Kumar, and Hedges 1999; Nei, Xu,
and Glazko 2001). If these estimates are reliable, the gene
duplication must have occurred some time between 1,400
MYA and 2,700 MYA (fig. 6). Because yeast, Caeno-
rhabditis elegans, and Drosophila melanogaster all have
a small number of type I and type II genes (two type I
genes and two type II genes in yeast; one type I gene and
one type II gene in C. elegans and D. melanogaster), it is
likely that the early plants (possibly red and brown algae,
Cavalier-Smith 2002; note that the monophyly of plants
and these algae is still controversial) also had a small
number of type I and type II genes. This hypothesis may
be tested by examining the genomes of extant red and
brown algae. Because these early plants have quite
complex morphological characters and life cycles, this
would help us to understand the ancient function of
MADS-box genes during plant evolution. According to the
conservative estimates of divergence times of MADS-box
genes we present in table 2, a group of green algae which
are believed to have evolved 700-750 MYA (fig. 6) is
expected to have at most one gene that is ancestral to all
the floral MADS-box genes currently present in angio-
sperms and gymnosperms. However, if our estimates from
gamma distance are correct, green algae may have three
genes that are ancestral to the current T, B (and Bs), and E
(or A, C, F, G) classes of genes.

Figure 6 shows several evolutionary events in both
animal and plant lineages. Molecular estimates of di-
vergence times of early metazoan animals are almost
always considerably earlier than paleontological estimates.
For example, molecular data have suggested that the
nematode lineage diverged from the vertebrate lineage
800-1,100 MYA (e.g., Feng, Cho, and Doolittle 1997;
Wang, Kumar, and Hedges 1999; Nei, Xu, and Glazko
2001), which is about two times earlier than the times of the
Cambrian explosion. The nematode C. elegans is known to
have one type I gene and one type II MADS-box gene
(Alvarez-Buylla et al. 2000b; our unpublished data). The
type I and type II MADS-box genes in animals have not
been studied very well, but the zebrafish has several type I
and type II genes (our unpublished results). These findings
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suggest that MADS-box genes are very ancient and
evolved gradually in the long history of plants and animals.

Previously we indicated that the MADS-box gene
family is an important gene family comparable to the
animal homeobox gene family. In this regard, it is
interesting to note that the homeobox gene family also
exists in plants, animals, and fungi (Burglin 1997; Kappen
2000), and that there are at least two lineages of homeobox
genes that diverged before the plant/animal/fungal split. It

would be interesting to investigate how these two different
multigene families controlling development coevolved.

Gene Family Expansion or Birth-and-Death Evolution?

Figure 2 shows a pattern of functional diversification
of major groups of MADS-box genes. This figure suggests
that the number of genes of this multigene family has
steadily increased as the reproductive system became more



complex. However, although the gene number must have
increased from the time of early plants, this tree does not
give the entire picture of evolution of MADS-box genes,
because we did not include many genes that are not
directly related to flower formation. Our tree in figure 5 is
not very reliable, but if it represents a general pattern of
evolution of MADS-box genes, it is possible that different
floral MADS-box genes were derived from other floral
MADS-box genes, which have already been lost, or even
from other reproductive MADS-box genes. Furthermore,
the Arabidopsis genome is known to contain several
MADS-box pseudogenes or truncated genes (our un-
published data), indicating that some MADS-box genes
died out in the evolutionary process. These observations
suggest that the MADS-box gene family might have been
subjected to the birth-and-death model of evolution, in
which some genes generate duplicate genes with new
functions but others become nonfunctional or are deleted
from the genome (Nei, Gu, and Sitnikova 1997). If this is
the case, it is possible that the genome of gymnosperms or
ferns contains nearly as many MADS-box genes as the
angiosperm genomes and that the genes in these plants
merely exert the different functions required for the
different forms of reproduction. Of course, it is also
possible that the phylogenetic tree of current angiosperm
genes in figure 2 in large part reflects the history of the
increase of member genes of the MADS-box gene family
in gymnosperms and angiosperms. At present, we cannot
distinguish between the two alternative hypotheses, but
this could be done rather easily if the genomic sequences
of gymnosperms and ferns were determined. It is also
important to note that the two hypotheses are not mutually
exclusive and we are interested only in the relative
importance of the two possibilities.
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