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ABSTRACT

MADS-box and homeobox genes form two large gene families of transcription
factors that control fundamental processes of eukaryotic development. Therefore, studies
of evolution of these gene families are expected to give some insights into the evolution
of morphological characters. With this in mind, the following four related studies were
conducted. (1) The origin and diversification of MADS-box genes controlling flowering
in plants were studied. The results suggested that the ancestor of floral MADS-box genes
diverged from the group of MADS-box genes controlling development of vegetative
tissues about 650 MY A. The results also suggested that several classes of floral MADS-
box genes already existed around the time of the Cambrian explosion, which is much
earlier than the time of the origin of flowering plants. (2) The patterns of duplication and
loss of MADS-box genes in the genomes of Arabidopsis and rice were studied. It was
shown that type I MADS-box genes which were poorly characterized biochemically and
functionally have experienced a higher rate of birth-and-death evolution than the type II
MADS-box genes. Further analyses suggested that segmental duplication occurred more
frequently in type I genes than in type II genes, indicating a higher rate of birth-and-death
evolution in type I genes than in type II genes. (3) A simple statistical method for
predicting the gene regions that are functionally differentiated between duplicate genes
was developed. This method is to compare the evolutionary rates of two genes using
sliding window analysis and identify the regions (or windows) of significant rate
differences as possible candidates for functional differentiation. This method was applied
to 23 pairs of closely related MIKC-type MADS-box genes from petunia. Of the 23 pairs,

14 pairs showed a significant rate difference. Interestingly, most of the predicted regions
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were within the K-domain, which is important for the dimerization of MADS-box
proteins. These predicted regions may be chosen for further experimental studies. (4) The
pattern of duplication and loss of homeobox genes in the 11 species of bilateral animals
was studied. There are more than 200 homeobox genes in the genome of vertebrates and
about 100 homeobox genes in the genome of invertebrate studied. On the basis of a
phylogenetic analysis, it was estimated that there were at least 88 homeobox genes in the
MRCA of the 11 species. Of the 88 genes, similar numbers (= 50 ~ 60) of homeobox
genes left at least one descendents (or survived) in the genome of each species, and many
genes have been lost in a lineage-specific manner. The genes that survived in each
evolutionary lineage experienced frequent gene duplication events, and some of duplicate
genes were lost much later. Because the gene losses studied here are losses of ancient
duplicate genes, these gene losses are very likely to have caused the evolutionary changes
of morphological and/or physiological characters. These results suggested that gene loss

might also have contributed to phenotypic evolution.
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CHAPTER 1

INTRODUCTION



Every organism has its unique body structure and, at the same time, shares
similar structures with other organisms. The search for the factors that are responsible
for such morphological uniqueness or similarity has been one of fundamental
questions in biology. Recent progress in developmental biology and evolutionary
biology contributed significantly to our understanding on the molecular mechanisms
that are responsible for the uniqueness or similarity (Carroll, Grenier, and Weatherbee
2001; Cronk, Bateman, and Hawkins 2002). General insights based on the progress
may be summarized as follows. (1) Regulatory genes encoding transcription factors
and signaling proteins play major roles in development. (2) Regulatory genes that are
involved in developmental processes are often shared by distantly related organisms,
and these conserved regulatory genes are largely responsible for establishing and
maintaining similar morphological characters among different organisms. (3)
Duplication and subsequent functional differentiation of regulatory genes are often
correlated with the evolution of new morphological characters. Therefore, it is of
great interest to understand the evolution of regulatory genes that control
developmental processes.

For the past 15 ~ 20 years, two large gene families of transcription factors,
MADS-box genes and homeobox genes have been intensively characterized because
of their important and various roles during development. The former in plants was
originally identified as genes controlling the development of floral organs in
Arabidopsis and Antirrhinum (Sommer et al. 1990; Yanofsky et al. 1990). It has later
been shown that other members of MADS-box gene family are involved in various
aspects of developmental processes such as activation of flowering, repression of
flowering, root development, fruit development, etc (reviewed in Theissen et al. 2000).

The latter in animals was identified as genes responsible for controlling the



development of body structure in fruit flies (Garber, Kuroiwa, and Gehring 1983;
Scott et al. 1983). Subsequent studies showed that different members of the
homeobox gene family play important roles during the development of eyes, neurons,
limbs, axis formation, and other processes (reviewed in Duboule 1994). Further
comparative functional analyses of MADS-box genes and homeobox genes showed
that closely related genes often have similar or at least related function. Therefore, the
two gene families are good model systems for studying the evolution of regulatory
genes and the related developmental mechanisms.

In recent years, owing to the advances in sequencing technologies and
genomics, the numbers of MADS-box genes and homeobox genes identified from
various taxa have increased substantially. There are also complete or almost complete
genome sequences of two plants species and more than ten animal species, and
therefore almost complete inventories of genes in these genomes are known. These
advances provided us a good opportunity for studying the evolution of the two gene
families in various aspects.

I have therefore conducted the following four related studies to gain insights
into the evolution of the MADS-box genes and homeobox genes and also to gain
general insights concerned with the evolution of developmental processes. The four
subjects are as follows: (1) Origin and divergence of the MADS-box genes controlling
the development of flowers in plants; (2) The patterns of duplication and loss of
different types of MADS-box genes in the genomes of Arabidopsis and rice; (3)
Development of a method for predicting functionally differentiated regions between
duplicate genes and its application to the MADS-box genes; (4) Repertoire of the
homeobox genes and the pattern of duplication and loss of homeobox genes in

bilateral animals.



Chapter 2 is concerned with the evolution of floral MADS-box genes that are
important for flower development in plants. Although it has been suggested that the
origin of floral MADS-box genes predates the origin of flowers (Purugganan 1997),
the order and time of the divergence of different classes of floral MADS-box genes
that are concerned with different aspects of flower development have not been studied
intensively. The previous work was also needed an update, because we now have
much more data than before. In this study I defined the order of the divergence of
different classes floral MADS-box genes using a rooted tree. The results showed that
the ancestor of floral MADS-box genes diverged from a group of genes controlling
the development of vegetative tissues about 650 MYA. I also estimated the time of
the divergence of different classes of floral MADS-box genes using molecular clock
estimation and found that several classes of floral MADS-box genes was already
existed at the time of the Cambrian explosion which is much earlier than the origin of
flowers.

Chapter 3 is about a comparison of the patterns of duplication and loss of
different types of MADS-box genes in angiosperms. It has been proposed that there
were at least two types of MADS-box genes (type I and type II genes) before the
animal-plant split (Alvarez-Buylla et al. 2000b). It has also been known that there are
about 60 type I genes and about 40 type II genes in the genome Arabidopsis. However,
all functionally characterized MADS-box genes are type II genes, and type I genes
have been poorly characterized. I therefore compared the patterns of duplication and
loss of type I genes and that of type II genes to gain insights into their evolutionary
processes. The results suggested that type I genes have experienced much faster birth-
and-death evolution than type II genes in the lineages leading to Arabidopsis and rice.

Our further study suggested that more frequent segmental duplication and weaker



purifying selection in type I genes than in type Il genes may be related to the high rate
of birth-and-death evolution in type I genes. We also found that a number of type I
genes had evolved under strong purifying selection.

Chapter 4 presents a method for predicting functionally differentiated regions
between duplicate genes. There are many duplicated genes in the genome, and they
have been subject to functional differentiation after the duplication event. If one can
predict the gene region responsible for the differentiation, it will be helpful for the
functional characterization of genes in multigene families. I therefore developed a
simple statistical method for this purpose. This method is based on the assumption
that significant rate differences between duplicate genes are correlated with the
functional differentiation between them. This method was applied to 23 pairs of
closely related MIKC-type MADS-box genes from petunia, and 14 pairs of sequences
showed significant rate differences. A majority of the predicted regions were within
the K-domain which is important for the dimerization of MADS-box proteins. These
predicted regions may be particularly attractive for further experimentation.

Chapter 5 is concerned with the patterns of duplication and loss of homeobox
genes in bilateral animals. [ compiled the entire or almost entire homeobox gene sets
from 11 species of bilateral animals ranging from Caenorhabditis elegans to humans.
Phylogenetic analyses of the 2031 sequences suggested that there were at least 88
homeobox genes in the MRCA of nematodes and vertebrates. This result suggests that
the repertoire of homeobox genes was already diverse in the ancestor of bilateral
animals. Of the 88 ancestral genes only about 50 ~ 60 genes have left at least one
descendent in each genome, and substantial numbers of genes have been lost in each
lineage. While both the vertebrate and the invertebrate lineages lost similar numbers

of ancestral genes, the vertebrate lineages gained many more homeobox genes than



the invertebrate lineages during evolution. In addition, substantial numbers of the
products of fairly old duplication events also have been lost. Considering the
functional importance of homeobox genes, the results suggest that both gene
duplication and gene loss might have been important sources of the morphological

diversity of animals.



CHAPTER 2

ANTIQUITY AND EVOLUTION OF THE MADS-BOX GENE
FAMILY CONTROLLING FLOWER DEVELOPMENT IN

PLANTS



SUMMARY

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 million years ago (MYA), 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 for 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 (figure 2.1; Alvarez-Buylla
et al. 2000b). Most of the well-studied plant genes are type II genes and have three
additional domains compared with 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 2.1). 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
and Saedler 2001). According to this amended model, which is 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 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 2.1). 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
Arabidopsis) plays a pivotal role in flower activation as an integrator of genetic and
environmental flowering pathways (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 paper, 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 a large number 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.
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1999; Alvarez-Buylla et al. 2000a; Hartmann et al. 2000), but the functions of other
genes are unknown.

The primary purpose of this paper is to investigate the evolutionary
relationships and divergence times of floral MADS-box genes. However, since 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
gymnosperms. Previously, Purugganan (1997) studied a similar problem, but this
problem should be reexamined since extensive data on MADS-box genes have
become available 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.
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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, clubmosses, 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 2.1). 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 Eucalyptus grandis at the time of experimentation (G.
Theifen, personal communication). 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-cut.

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
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are as follows: AGL9 (At1g24260), AGL6 (At2g45650), AGL20 (At2g45660),
APETALA1 (AP1) (At1g69120), APETALA3 (AP3) (At3g54340), PISTILLATA
(PI) (At5g20240), AGAMOUS (AG) (At4g18960), SVP (At2g22540), OsMADS3
(S59480), OsMADS4 (T03902), OsMADS8 (AAC49817), OsMADS14 (AAF19047),
OsMADS16 (AAD19872), OsMADS17 (AAF21900), OsMADS50 (BAA81886),
OsMADS54 (BAA81880), DAL (T14846), DAL2 (S51934), DAL3 (T14848),
DAL13 (AAF18377), GGM13 (CAB44459), ZMM17 (CAC81053), ABS
(At5g23260), and LAMB1 (AAG08991). As is shown in table 2.1, the protein
sequence of a class T gene from G. gnemon, GGM12, is available, but this was not
used in our analysis, because it was a fragmentary sequence. In this paper, we have

used simplified gene notations to make this study understandable 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

etal. 2001). (In MEGAZ2, taxon input orders are randomized for all bootstrap
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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. 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) using MEGA2. In addition, we constructed maximum-
likelihood (ML) trees using the PROTML program with the Poisson and JTT models
(Adacchi and Hasegawa 1996) and maximum-parsimony (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 clubmoss 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 Supplemental material at MBE web site:
http://www.molbiolevol.org). Alvarez-Buylla et al. (Alvarez-Buylla et al. 2000b)
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 LAMBI 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
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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). In the LINTREE method, the timescale
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 compared with that of 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 I MADS-box gene, but the number of the genes is generally very small
(Alvarez-Buylla et al. 2000b). All of the well-studied plant MADS-box genes are
type II genes, and there are many other type Il genes in angiosperms and
gymnosperms. The existence of plant type I genes has not been well established
except in Arabidopsis, rice, and clubmoss (Alvarez-Buylla et al. 2000b and our
unpublished data). 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,
clubmoss, and moss) and animals (human, mouse, zebrafish, fruitfly, mosquito, and
nematode) (see Supplemental material at MBE web site: http://www.molbiolevol.org).
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

15



ClustalX, and the evolutionary relationships of the genes were examined by

constructing a NJ tree with p-distance for 55 shared amino acids.
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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 2.2. 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 ML and MP methods (see Supplemental
material at MBE web site: http://www.molbiolevol.org). 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 quite 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, though this is still provisional. 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 2.1) 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 2.2. 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).
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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
methods, particularly the former method, tend to give underestimates of @, 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 so 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 = o) is nearly proportional to the time since species
divergence up to about 500 MY A. Nei (1987) 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), 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
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distances give 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 2.2 and found
that the four B genes (2 AP3 and 2 PI genes) evolved significantly faster than other
genes at the 3 percent level. We therefore eliminated these four genes and
constructed a linearized tree with PC distance for the remaining genes (figure 2.34).
The two-cluster test also showed that the spruce C gene evolved significantly slower
than the Arabidopsis and rice C genes at the 5 percent level, but we retained this gene
because it was important for calibration of the timescale and a relatively small
deviation of a sequence from rate constancy does not affect time estimates seriously
(Nei and Kumar 2000). In addition to the four B genes, we also eliminated all Bs
genes because of the uncertain phylogenetic position of the genes (figure 2.2). 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 used in our study, the
linearized Purugganan tree becomes as given in B of figure 2.3. We therefore
estimated the divergence time for the merged node (a-b-c-d).

To calibrate the timescale of the linearized tree, a calibration point is
necessary. For our dataset, 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 previous authors used various values (131 — 200 MY A) for this
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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 dataset (see
below). By contrast, there seems to be a general consensus about the divergence time
between angiosperms and gymnosperms, which is about 300 MY A. This estimate is
supported by both paleontological data and molecular time estimates (Stewart and
Rothwell 1993; 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 2.34 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 (7) to be r =
d/(2%300) per million years or 7= 6.2x10"° per year. The timescales for trees A and
B in figure 2.3 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 2.2. This table 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 figure 2.4). Table 2.2 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 MY A) again appears to have
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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 2.2 suggest that class A, G, and E gene lineages originated after the
occurrence of land plants. Table 2.2 also includes an estimate (556 MY A) 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 time was estimated by
dividing the distance between the B and Bs genes by 2r, where = 6.2x10" 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 MY A), they might be
overestimates. 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 2.2). 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 (a = 1.06) was used (table 2.2). Sanderson’s penalized likelihood method gave

even greater estimates than other methods (see Supplemental material at MBE web

21



site: http://www.molbiolevol.org). 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
computing the timescale. Actually we tried to do so, but there is no guarantee for the
use of real orthologous genes, partly because no complete genome sequence is
currently available from any gymnosperm species and partly because it is not easy to
determine orthologous genes even in the presence of complete genome sequences
(Theissen 2002). However, if we have 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 mentioned earlier, some authors used the monocot/eudicot divergence (200
MY A) as the calibration point. In our dataset, however, the use of this calibration
point gave a divergence time estimate of 251 MY A between the angiosperms and
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 MY A 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 angiosperms 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 MY A between

monocots and eudicots.
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In figure 2.3B, 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 MY A). This difference has occurred partly because
Purugganan used the monocot/eudicot divergence (200 MY A) as the calibration point
and partly because he used paralogous genes of E genes between monocots and

eudicots.

Phylogenetic tree of 87 MADS-domains from plants and animals

Figure 2.5 shows a NJ tree of type I and type II MADS-domain sequences
from plant and animal species. Type I and type Il 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, though
the bootstrap support is rather weak (51%). Animal type II genes form a well-
supported monophyletic group. Animal type I gene also form a monophyletic group.
By contrast, plant type I genes do not form a monophyletic cluster, though genes from
Arabidopsis and rice form a well-supported cluster. This could be due to the small
number of amino acids used.

Although our results are somewhat ambiguous, they generally support
Alvarez-Buylla et al.’s (2000b) view 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 Sharrocks 1995). The function of

plant type I genes is not well understood, and these genes have only been identified by
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genomic sequencing of Arabidopsis and rice, though the LAMBI gene in the clubmoss
has been suspected to be a type I gene. Many plant type II genes in figure 2.5 belong
to one of the nine classes of MIKC-type MADS-box genes considered in figure 2.2.
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 2.2. Therefore,
the tree in figure 2.5 may reflect the evolutionary history of MADS-box domains to
some extent. The low bootstrap values for these relationships are primarily due to the
fact we used many sequences with only 55 aa and that 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 quite 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 make any attempt to estimate the divergence

times of these genes, because the number of amino acids per sequence is very small.
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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 indicate 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).
Chnidarian 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 diversification is a general phenomenon with gene families
controlling development.

Our conservative estimates suggest that class A and B floral genes diverged
about 612 MY A, which is two times earlier than the paleontological estimates of
divergence time between gymnosperms and angiosperms and 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), which evolved
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earlier than land plants. Note that the oldest fossil record of green algae is 700 — 750
million years old (Chen and Xiao 1991; Butterfield 2000), though 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 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
MYA. 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 completely at present,
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 the fossil remain of a placental
mammal that is about 125 million years 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 million
years old fossils of animal eggs (Xiao, Zhang, and Knoll 1998), 900 - 1,200 million
years old fossils of red algae (Butterfield 2000), and 1,100 - 1,200 million years old
trace fossils of worm (Seilacher, Bose, and Pfluger 1998; Rasmussen et al. 2002),
though the authenticity of these trace fossils have 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 the
study has not been very successful (e.g. Munster et al. 1997; Hasebe et al. 1998; Hohe

2002; Svensson and Engstrom 2002). What are the possible reasons for these
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negative results? There seem to be at least five reasons. 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. Actually, figure 2.5 shows that several genes from nonseed and seed plants form
several clades, although the bootstrap supports are very low. 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 the present time, however, it is difficult to resolve the

current discrepancy between the theoretical and experimental studies.

Long-term evolution of MADS-box genes

As mentioned earlier, MADS-box genes are highly conserved, 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
characters in eukaryotes. Unfortunately, our knowledge about the MADS-box genes
and their function in early eukaryotes is quite limited at present. Nevertheless, it
would be interesting to speculate about the evolution of MADS-box genes in
eukaryotes taking into account both paleontological information and molecular dating.

Such a plausible scenario may give some useful information for future experimental
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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.

In figure 2.5 we have seen 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. (2000Db), this suggests that these two types of genes diverged by a gene
duplication that occurred before the plant/animal divergence (figure 2.6). The oldest
geological evidence of eukaryotes is given by a lipid biomarker, which has been dated
2,700 MY A (Brocks et al. 1999). There are also eukaryotic fossils that have been
dated 2,100 MY A (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 divergence time is about 1,400 MY A (Feng, Cho, and Doolittle 1997; Wang,
Kumar, and Hedges 1999; Nei, Xu, and Glazko 2001). Therefore, if these estimates
are reliable, the gene duplication must have occurred some time between 1,400 MY A
and 2,700 MY A (figure 2.6). Because yeast, Caenorhabditis elegans, and Drosophila
melanogaster have a small number of type I and type II genes (two type I genes and
two type Il genes in yeast, one type I gene and one type II gene in C. elegans and D.
melanogaster), it is probable 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 our conservative estimates of divergence times of MADS-
box genes in table 2.2, a group of green algae which are believed to have evolved 700

— 750 MYA (figure 2.6) is expected to have at most one gene that is ancestral to all
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the floral MADS-box genes currently present in angiosperms 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 2.6 shows several evolutionary events in both animal and plant lineages.
Molecular estimates of divergence 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 Il MADS-box genes in animals have not been studied very well, but zebrafish
has several type I and type I genes (our unpublished results). These findings 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?

29



Figure 2.2 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 becomes 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 2.5 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 unpublished 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 those of
angiosperm genomes and the genes in these plants merely exert different functions
that are required for the different forms of reproduction. Of course, it is also possible
that the phylogenetic tree of current angiosperm genes in figure 2.2 largely reflects the
history of the increase of member genes of the MADS-box gene family in
gymnosperms and angiosperms. At the present time, we cannot distinguish between
the two alternative hypotheses, but this can be done rather easily if the genomic

sequences of gymnosperms and ferns are determined in the future. However, note
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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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Figure 2.1. 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. (2000).
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Figure 2.2. Phylogenetic tree of eight classes of MADS-box genes (A, B, Bs, C, D, E, F,
G, and R) from monocots, dicots, and gymnosperms with a gene from the clubmoss
Lycopodium annotinum, LAMBI, used as the outgroup. The number for each interior
branch is 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
PISTILATA, respectively. Gene names were simplified to make the paper
understandable to a wide audience (see table 2.1). Calibration points used for estimating

divergence times are marked with “*”.
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Figure 2.3. Linearized trees used for estimating divergence times. The timescale is
based on the results with PC distance. (A) Topology from figure 2.2. (B) Topology

when the interior branches between nodes a, b, ¢, and d are collapsed.
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Figure 2.4. Schematic representation of the evolution of floral MADS-box genes.
Divergence time estimates (Ma) are indicated for each node of the tree in figure 2.34.
The divergence time for node g was estimated separately (see text). Several important
events in plant evolution are indicated to the left of the timescale. The time estimates of

these major events are taken from Stewart and Rothwell (1993).
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Figure 2.5. Phylogenetic tree of 88 MADS-domain sequences from Arabidopsis, rice,
gymnosperms, ferns, clubmosses, 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
percent bootstrap value (500 resamplings), and only values greater than 50% are shown.
The names of plant species used are the same as those of figure 2.2 except for ferns and
mosses, and those of the remaining species are as follows: fern, Ceratopteris richardii;
moss, Physcomitrella patens; human, Homo sapiens; mouse, Mus musculus; zebrafish,
Danio rerio; worm, Caenorhabditis elegans; mosquito, Anopheles gambiae; fly,

Drosophila melanogaster.
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Figure 2.6. A scenario of the evolution of MADS-box genes in plant and animal lineages.
Important events of plant and animal evolution (divergence from the lineage leading to
Arabidopsis or human) are presented with their estimated times. The references for these
estimates are as follows: (1) time of the oldest biomarkers of eukaryotes (Brocks et al.
1999), (2) oldest fossil record of eukaryotic algae (Han and Runnegar 1992), (3) fossil
record of some forms of red algae (Butterfield 2000), (4) trace fossil of animals
(Seilacher, Bose, and Pfluger 1998; Rasmussen et al. 2002), (5) molecular time estimates
of the animal/plant split and nematode evolution (Feng, Cho, and Doolittle 1997; Wang,
Kumar, and Hedges 1999; Nei, Xu, and Glazko 2001), (6) fossil record of green algae
(Chen and Xiao 1991), (7) fossil record of jawless fish (Maisey 1996, pp. 52-55), and (8)
fossil record of the bird/mammal split (Benton 1993, pp. 717-771). The number of
circles and squares are not representing the real gene number in each organism. The
estimated numbers of MADS-box genes in the species of available genome sequences are
as follows: Arabidopsis (>70 genes), rice (>70 genes), human (5 genes), fly (2 genes),

nematode (2 genes), and fission yeast (4 genes).
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CHAPTER 3

TYPE I MADS-BOX GENES HAVE EXPERIENCED FASTER

BIRTH-AND-DEATH EVOLUTION THAN TYPE II MADS-BOX

GENES IN ANGIOSPERMS
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SUMMARY

Plant MADS-box genes form a large gene family for transcription factors and are
involved in various aspects of developmental processes including flower development.
They are known to be subject to birth-and-death evolution, but the detailed features of
this mode of evolution remain unclear. To gain a deeper insight into the evolutionary
pattern of this gene family, we enumerated all available functional and nonfunctional
(pseudogene) MADS-box genes from the Arabidopsis and rice genomes. Plant MADS-
box genes can be classified into type I and type II genes on the basis of phylogenetic
analysis. Conducting extensive homology search and phylogenetic analysis, we found 64
presumed functional and 37 nonfunctional type I genes and 43 presumed functional and 4
nonfunctional type II genes in Arabidopsis. We also found 24 presumed functional and 6
nonfunctional type I genes and 47 presumed functional and 1 nonfunctional type II genes
in rice. Our phylogenetic analysis indicated that there were at least about 4 ~ 8 type |
genes and about 15 ~ 20 type II genes in the most recent common ancestor (MRCA) of
Arabidopsis and rice. It has also been suggested that type I genes have experienced a
higher rate of birth-and-death evolution than type II genes in angiosperms. Furthermore,
the higher rate of birth-and-death evolution in type I genes appeared partly due to a
higher frequency of segmental gene duplication and weaker purifying selection in type I

genes than in type II genes.
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INTRODUCTION

Morphological/physiological evolution of organisms has been driven mainly by
the evolution of genetic toolkits for developmental/physiological processes such as
transcription factors and signaling pathways (Carroll, Grenier, and Weatherbee 2001). A
large proportion of genetic toolkits are highly conserved even between distantly related
organisms. In flowering plants (angiosperms), MADS-box genes are one of such toolkits
that control various aspects of developmental processes. MADS-box genes are defined by
the highly conserved 180 base pairs (bp) long motif called the MADS-box and are found
in animals, fungi, and plants (Shore and Sharrocks 1995). The protein region encoded by
the MADS-box is called the MADS-domain (or M-domain) and is part of the DNA-
binding domain. It has been proposed that there are at least two evolutionary lineages
(type I and type II) of MADS-box genes in animals, fungi, and plants (Alvarez-Buylla et
al. 2000b) (figure 3.1).

There are approximately 100 MADS-box genes in Arabidopsis thaliana (hereafter
called Arabidopsis) and more than 70 MADS-box genes in Oryza sativa (hereafter called
rice). There are approximately 40 clearly identifiable type Il MADS-box genes in each of
Arabidopsis (Kofuji et al. 2003; Parenicova et al. 2003) and rice (Lee et al. 2003). Most
of the plant type II genes contain three additional plant-specific domains: intervening (I)
domain (~30 codons), keratin-like coiled-coil (K) domain (~70 codons), and C-terminal
(C) domain (variable length) (Ma, Yanofsky, and Meyerowitz 1991) (figure 3.1). These
genes are called MIKC-type genes. The MIKC-type genes can further be divided into two

types based on the intron-exon structure; MIKC®-type and MIKC*-type genes (Henschel
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et al. 2002). The MIKC*-type genes have been identified in most major evolutionary
lineages of green plants such as angiosperms, gymnosperms, ferns, and mosses (Becker
and Theissen 2003). The MIKC*-type genes were originally found in mosses and
clubmosses (Svensson, Johannesson, and Engstrom 2000; Henschel et al. 2002), but these
genes are also present in Arabidopsis (Kofuji et al. 2003). By contrast, the type | MADS-
box genes in plants do not encode the K-domain and are sometimes called M-type genes
(Kofuji et al. 2003).

It has been shown that at least 11 classes of MADS-box genes are shared between
Arabidopsis and rice/maize (Munster et al. 2002; Becker and Theissen 2003). All of them
are MIKC‘-type genes, and their expression patterns have been studied intensively in
eudicots. Several classes of MIKC -type genes called floral MADS-box genes are
concerned with the development of floral components (organs) such as petals, sepals,
stamens, and carpels and regulation of flowering time (Weigel and Meyerowitz 1994;
Theissen 2001). Other classes of MIKC*-type genes play diverse roles during vegetative
growth (Zhang and Forde 1998; Michaels and Amasino 1999; Alvarez-Buylla et al.
2000a) and fruit development (Liljegren et al. 2000). Some of the floral MADS-box
genes in monocots have functions equivalent to those of their orthologs in eudicots (Kang
et al. 1998; Ma and dePamphilis 2000), suggesting an ancient origin of the machinery of
flower development. There are also a few other genes that are not shared (lineage-
specific) between Arabidopsis and rice (Becker and Theissen 2003). The functions of
MIKC*-type and M-type (or type I) genes are poorly understood.

MADS-box genes are important regulators of development of angiosperms (and

probably nonflowering plants as well), and therefore the study of evolution of MADS-
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box genes is expected to give important clues for understanding the morphological
evolution of plants. In our previous paper (Nam et al. 2003), we indicated that the
MADS-box gene family has been subject to the model of birth-and-death evolution, in
which new genes are generated by gene duplication and some duplicate genes stay in the
genome as differentiated genes whereas others are inactivated into pseudogenes or
deleted from the genome (Nei 1969a; Nei, Gu, and Sitnikova 1997). Although it has been
discussed that type I and type II genes might have experienced different modes of gene
duplication (De Bodt et al. 2003), little is known about the detailed evolutionary process
of MADS-box genes. Here we investigate the pattern of birth-and-death evolution in the
MADS-box gene family using all available MADS-box functional genes and

pseudogenes from Arabidopsis and rice.
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MATERIALS AND METHODS

Identification of MADS-box functional genes and pseudogenes

In this paper, we will assume that the annotated genes that encode a complete
MADS-domain are functional genes and the other genes are pseudogenes. To find
functional proteins with MADS-domain from Arabidopsis, we performed the PSI-
BLAST search (Altschul et al. 1997) with an E-value of <107 against the entire annotated
proteins of Arabidopsis downloaded from the GenBank (as of Dec. 2002). We used 149
MADS-domain sequences from Arabidopsis, rice, animals, and fungi as queries.
Similarly, we searched for functional MADS-box genes from annotated proteins of rice
that are available from TIGR. Because annotation of rice gene was still in progress at the
time of this study, we ourselves conducted gene annotation by using the computer
program FGENESH (http://www.softberry.com) from the genome sequences obtained
from TIGR and Rice Genome Database of China (Yu et al. 2002).

In order to screen for pseudogenes from Arabidopsis, we first masked all
annotated MADS-box gene loci (105 loci) in the genome sequence of Arabidopsis. We
then performed the TBLASTN search with an E-value of <10 against every possible
reading frame of this MADS-masked genome with all MADS-domain protein sequences
(105 sequences) from Arabidopsis as queries.

A similar search as that of Arabidopsis genes was performed to screen for
MADS-box pseudogenes in rice. However, there could be a number of artificially
fragmented genes by assembling errors in BAC/PAC clone sequences, resulting in a high

false positive rate of pseudogenes. For this reason we used only MADS-domains to
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screen for pseudogenes and regarded a gene as a pseudogene if there is at least one stop
codon in the MADS-box. (See File 1, which is published as supporting information on

the PNAS web site for all the sequences described above and their genomic locations.)

Phylogenetic analysis

Type I proteins generally contain both MADS- and K-domains that can be used
for phylogenetic analysis. For this reason, type II genes were analyzed by using the “M-
and K-domains” data set. When we constructed a tree for the entire type I and type 11
genes, we used “M-domains” data set, because type I proteins do not contain the K-
domain. The classification of the MIKC-type proteins was made on the basis of the
Hidden Markov Model (HMM) search using the computer program HMMer (Eddy 2001)
and a K-domain matrix (see File 2, which is published as supporting information on the
PNAS web site).

Protein sequences in each data set were aligned by using the computer program
MAFFT (Katoh et al. 2002) with the FFT-NS-i option. We then constructed neighbor-
joining (NJ) trees (Saitou and Nei 1987) using the computer program MEGA?2 (version
2.1) (Kumar et al. 2001). In addition, we constructed a maximum-parsimony (MP)
consensus tree of the sequences in the “M- and K-domains™ data set using the PAUP*
program with the TBR search with 100 bootstrap resamplings (Swofford 1998). Because
our data set contained a large number of sequences, we did not use maximum-likelihood
method. We also did not use Bayesian phylogenetics, because this method often gives
excessively high posterior probabilities even for wrong topologies (Suzuki, Glazko, and

Nei 2002; Cummings et al. 2003; Misawa and Nei 2003).
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RESULTS
MADS-box functional genes and pseudogenes in Arabidopsis and rice
Our homology search in Arabidopsis initially detected 105 functional MADS-
domain protein sequences and 43 MADS-box pseudogenes. Sixteen of these 43
pseudogenes contained the MADS-box. After correcting two possibly misannotated
pseudogenes, we finally found 107 functional genes and 41 pseudogenes. Seven out of
these 41 pseudogenes were annotated pseudogenes in the GenBank.

In rice, we identified 71 nonredundant functional MADS-box genes. Our
preliminary homology search also identified 7 pseudogenes that contained stop codons in
the MADS-box. Because the complete rice genome sequence is not publicly available at
the present time, the numbers of MADS-box functional genes and pseudogenes may
increase in the future.

Of the 178 functional MADS-domain proteins from Arabidopsis and rice, our
HMM search detected K-domains in 39 and 37 sequences from Arabidopsis and rice,
respectively. These sequences were included in the “M- and K-domains™ data set, and all
MADS-domains of 178 functional MADS-box genes and the MADS-domains of 21

pseudogenes were included in the “M-domains” data set.

Number of ancestral MADS-box genes in the MRCA of Arabidopsis and rice
Because phylogenetic trees of type II genes were more reliable than those of type

I genes, we first inferred the number of ancestral type II genes. Figure 3.2 shows the

evolutionary relationships of 79 type II genes from Arabidopsis, rice, mosses, and

clubmosses. This tree has low bootstrap supports (< 50%) for deep interior branches that
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determine interclade relationships. To infer the number of ancestral type II genes,
however, this phylogenetic tree is quite informative. There are several clades including
Arabidopsis and rice genes that are supported by a bootstrap value of > 50%. We will call
them “shared clades”. The genes in a “shared clade” are likely descendents of an
ancestral MADS-box gene in the MRCA of Arabidopsis and rice. Thus, the number of
“shared clades” is a minimum estimate of the number of MADS-box genes in the MRCA.
Figure 3.2 shows that there are 11 such shared clades, and most type II genes are
members of these shared clades. A clade for so-called Bs genes was supported by a low
bootstrap value (45%). However, we will consider this clade as a shared clade, because in
a previous study they appeared to be monophyletic (Becker et al. 2002). Therefore, 12
shared clades of type II genes were identified. Of these, 11 clades (classes A, B-AP3, B-
PI, Bs, C/D, E or AGL2, F or AGL20, G or AGL6, T or SVP, AGL12, and ANR1) were
previously reported as different shared clades (Munster et al. 2002; Becker and Theissen
2003; Nam et al. 2003) and belong to the MIKC®-type. The simplified class names F, G,
and T are used according to Nam et al. (20). Class S is a novel shared gene class, and the
genes in this class appear to be orthologous to the MIKC*-type genes from the moss.
There are also three groups of genes (member genes of class E, F, and ANR1) that are not
shared but are sister groups for three “shared clades” belonging to class E, class F, and
class ANRI1, respectively. Because these sister relationships are reasonably well
supported (= 65%), it appears that at least two ancestral genes existed in each of classes E,
F, and ANRI in the MRCA of Arabidopsis and rice. Identification of 12 shared clades
and 3 sister clades suggests that there were at least 15 ancestral type Il MADS-box genes

in the MRCA. A similar result was obtained from the MP tree (data not shown).
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There are other type II genes (class FLC genes, AGL15, AGLI8, and OsMADS32)
that are not members of the above 15 clades. Orthologs of each of these genes might have
been lost in either the Arabidopsis or the rice lineage, or our phylogenetic analysis could
not resolve their evolutionary relationships. If the former is the case, the number of
ancestral type II genes can be approximately 20 in the MRCA of Arabidopsis and rice. Of
course, we cannot exclude the possibility that this number is an underestimate because of
the incomplete genome sequencing in rice.

Figure 3.3 shows the phylogenetic tree of all MADS-box genes from Arabidopsis
and rice and some of type I and type Il MADS-box genes from animals (223 sequences).
According to this tree, all MADS-box genes that encode detectable K-domains form a
clade together with animal type II genes, though they are not statistically well supported.
Interestingly, there are also 13 MADS-box genes that do not encode an intact K-domain
(at least in their predicted ORFs, genomic sequences, and adjacent genomic sequences)
but are apparently very similar to MIKC-type (type II) genes. These genes might have
lost the K-box during the evolution, or the absence or fragmentation of the K-box could
be due to assembling error of genome sequences. In this paper these genes will be
included in the type II genes on the basis of their close evolutionary relationships with
other type II genes. The remaining MADS-box genes appear to have diverged from type
IT genes before the animal/plant split, though the bootstrap support is weak. These genes
correspond to the type I genes proposed by Alvarez-Buylla et al. (Alvarez-Buylla et al.
2000b). Figure 3.3 also suggests that at least one type I gene existed in the MRCA of
animals and plants. This observation is consistent with that of other researchers (Alvarez-

Buylla et al. 2000b; Becker and Theissen 2003; De Bodt et al. 2003).
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Most of the shared classes observed in figure 3.2 remain unchanged in the original
tree of figure 3.3 (data not shown). We also identified another novel shared clade (P)
supported by a bootstrap value of 79%. Class P genes from Arabidopsis were previously
classified as type I by Alvarez-Buylla et al. (Alvarez-Buylla et al. 2000b). However, we
also observed that MIKC*-type genes from mosses and class S and class P genes from
Arabidopsis and rice formed a clade, when we used different sets of genes (data not
shown). It is therefore possible that class P genes are also closely related to the MIKC*-
type (type II) genes from mosses as proposed by other researchers (De Bodt et al. 2003;
Kofuji et al. 2003; Parenicova et al. 2003), though they are not orthologous to the latter
genes. On the basis of the tree shown in figure 3.3, the remaining type I genes can further
be subdivided into classes Ma, M, and My in agreement with Parenicova et al.’s
(Parenicova et al. 2003) classification, though bootstrap supports of these classes are very
low and class My genes are not monophyletic. Although our classification of type I genes
is very crude, it suggests that at least about 4 ~ 8 ancestral type I genes existed in the
MRCA of Arabidopsis and rice. The numbers of functional genes and ancestral genes
estimated in this way for each type of MADS-box genes in Arabidopsis and rice are
shown in figure 3.3 (see numbers in parentheses).

Our study of ancestral MADS-box genes therefore leads to the hypothesis that
there were at least about 15 ~ 20 type II genes and at least about 4 ~ 8§ type I genes in the
MRCA of Arabidopsis and rice. Because there are 43 type II genes and 64 type I genes in
Arabidopsis, the results of the present study suggest that type I genes have experienced a
higher birth rate than type II genes in the Arabidopsis lineage. A similar pattern was also

observed in rice, though it is preliminary. In addition, this pattern is quite general across
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most gene classes except class FLC in Arabidopsis and class AGL12 in rice (see numbers
in parentheses in figure 3.2 and figure 3.3). One may argue that if we use more stringent
criteria for estimating the number of ancestral type I genes, the number may change, and
therefore the rate of gene birth would change. However, this does not affect our
conclusion that type I genes have experienced a higher birth rate than type I genes. This
is because many type I genes in each of classes Ma, M, and My from either Arabidopsis
or rice appear to be monophyletic, suggesting that they were duplicated after the

Arabidopsis and rice split.

Classification of MADS-box pseudogenes

Existence of pseudogenes means that functional genes die sometimes in the
evolutionary process. To examine whether there are differences in the death rate among
different types of MADS-box genes, we classified pseudogenes on the basis of sequence
similarity to functional MADS-box genes. In Arabidopsis 4 pseudogenes were most
similar to the type II genes (see Table 3.1, which is published as supporting information
on the PNAS web site), and none of these pseudogenes had the MADS-box. The
remaining 37 pseudogenes were most similar to the type I genes. Fourteen of these 37
pseudogenes had the MADS-box. In the case of rice, only one of the 7 pseudogenes
belonged to the type I, and the remainder were type I genes. These results show that the
proportion of pseudogenes is significantly different between type Il and type I genes in
both Arabidopsis and rice. When we applied the same criterion of pseudogenes as that of
rice pseudogenes (existence of stop codons in the MADS-box), we detected 9 type I

pseudogenes and no type II pseudogenes in Arabidopsis. Our homology search and
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phylogenetic analysis also showed that several pseudogenes belonging to class Ma are
monophyletic (see figure 3.3), suggesting that the number of pseudogenes has increased
recently in this lineage. Even if we exclude such lineage-specific pseudogenes, the
difference in the proportion of pseudogenes between type I and type II genes is still
substantial. Although type I genes are expected to include more pseudogenes than the
type II genes because of their higher birth rate, this factor alone does not explain the
difference in pseudogenes between type I and type II genes. Therefore, type I genes
should have had a higher death rate than type II genes.

It is not easy to have an unambiguous definition of pseudogenes, because even a
fragmentary gene can be functional (Chen et al. 2002; Shin et al. 2002) and young
pseudogenes may not be distinguishable from functional genes. Therefore, different
criteria for pseudogenes may change our conclusion about the death rates of type I and
type II genes. As mentioned above, however, our conclusions about the death rates based
on two different criteria in Arabidopsis are essentially the same. Note also that our
searches for pseudogenes are apparently biased for pseudogenes similar to more
conserved functional genes (type II genes in this study) than for less conserved functional
genes. Therefore, our conclusion about the difference in death rate between type I and

type Il genes is conservative.

Genomic organization of MADS-box genes in Arabidopsis
The genomic locations of all MADS-box genes in Arabidopsis are shown in
figure 3.4. In general, MADS-box genes are scattered all over the chromosomes.

However, we also observed a number of clusters of closely located MADS-box genes in
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Arabidopsis. Most of these genes belonged to type I genes, and in general the genes in
each cluster are evolutionarily closely related. These closely related MADS-box genes
were probably generated by recent segmental duplication. The genomic locations of
pseudogenes are also shown in figure 3.4. Most pseudogenes are closely located to each
other as well as to their closely related functional MADS-box gene, though there are
several exceptions. We also found a genomic cluster of type I pseudogenes without any
functional MADS-box genes (but there are other genes) on chromosome 3 (genes with
vertical bars in figure 3.4). The genomic locations and the phylogenetic tree of MADS-
domain sequences (figure 3.3) suggest that this gene cluster was formed by segmental
duplication of an ancestral pseudogene cluster, which was in turn duplicated from another
pseudogene cluster on chromosome 2 (genes with gray bars in figure 3.4).

Rice MADS-box genes are also scattered all over the chromosomes, and more

clusters of type I genes were found than those of type II genes (our unpublished data).
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DISCUSSION

We have seen that type I genes have experienced faster birth-and-death evolution
than type II genes in the Arabidopsis and rice lineages. The higher birth rate of type I
genes is apparently caused by a higher rate of gene duplication, because duplicate genes
generally do not cause harmful effects. In fact, type I genes are associated with a higher
frequency of segmental duplications than type II genes in Arabidopsis (see figure 3.4).
(We do not think the genome duplication is responsible for the different birth rates of
type I and type II genes, because in this case the birth rate should be the same for all
genes. Therefore, we will not discuss this factor.) By contrast, the death of functional
genes may have harmful effects, and therefore the death rate may be influenced by
functional requirements of duplicate genes as well as genomic events and fixation by
genetic drift. Our estimates of the numbers of nonsynonymous nucleotide substitutions
per nonsynonymous site (dx) and synonymous nucleotide substitutions per synonymous
site (ds) suggested that type I genes have been under weaker purifying selection than type
IT genes (see figure 3.5). This observation may explain why type I genes have
experienced a higher death rate than type II genes, because the death of type I genes
could be less harmful than that of type II genes. It is possible that, after duplication, type
IT genes became functionally differentiated in a relatively short time and therefore have
been maintained as functional genes in the genome. This might be related to the extensive
morphological diversification of angiosperms.

Although type I genes are apparently under weaker purifying selections than type
IT genes, they still might have played some important roles, because most of the recently

duplicated type I gene pairs show significantly lower dy than ds (figure 3.5). Recently, it
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has been proposed that the expression of a type | MADS-box gene, PHERES], in
Arabidopsis is associated with seed abortion in a certain mutant background (Kohler et al.
2003). However, the functions of type I genes are not well understood. If there are
functionally redundant duplicate genes, it would be difficult to study their functions by
mutagenesis experiments. Moreover, if type I genes are involved in a short period of
developmental processes, it may also be difficult to study their functions. At the present
time, gaining insights into the functional constraints of type I genes by evolutionary
analysis may be of some help for future experimentation. Our study suggests that type |
genes may be more variable among different angiosperm species than type II genes
because of faster birth-and-death evolution than that of type II genes. In addition, type I
genes are generally less conserved than type 11 genes.

There are a substantial number of type II duplicate genes, though the birth rate of
type II genes is lower than that of type I genes. Therefore, some extent of functional
redundancy or differentiation is expected to be observed among highly similar type II
genes. For example, three class E genes (AGL2/4/9 or SEP1/2/3) in Arabidopsis are
known to be functionally redundant, because single gene mutations showed only subtle
phenotypic changes, while triple mutants showed significant phenotypic changes in
flowers of Arabidopsis (Pelaz et al. 2000). Nevertheless, our dy and ds analysis suggests
that these genes are generally subject to strong purifying selection (File 3). Therefore,
more careful study of single gene mutations may reveal some unrecognized phenotypic
effects in plants. Moreover, there are substantial conservation or differentiation in gene
expressions (Kofuji et al. 2003; Parenicova et al. 2003) and in protein coding region

(Immink et al. 2003; Lamb and Irish 2003; Vandenbussche et al. 2003) among
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paralogous MADS-box genes. By combining experimental studies with evolutionary

analyses, we may be able to have a better insight into gene functions.
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Table 3.1. Numbers of ancestral genes, functional genes, and pseudogenes for two types

of MADS-box genes in Arabidopsis and rice

Class Functional genes Pseudogenes

Type (# of ancestral
genes)

Arabidopsis Rice Arabidopsis  Rice
Type I 4 6 - -
E (2)
G 2 2 - -
AQ) 4 4 - -
F (2) 6 7 - -
C/D (1) 4 3 - 1
AGL12 (1) 1 5 - -
Bs (1) 1 3 - -
B-PI (1) 1 2 - -
B-AP3 (1) 1 1 - -
ANRI1 (2) 4 6 - -
T() 2 4 1 -
S@) 3 2 - -
FLC (1?) 6 - 1 -
U ((5~77) 5 2 2 -
Subtotal 43 47 4 1
Type 11 20 15 23 2
Ma (1 ~4)
M (1) 17 . 5 1
My (1~2) 21 8 8 3
P (1) 4 1 1 -
Subtotal 64 24 37 6
Total 107 71 41 7

NOTE.—Total number of MADS-box genes in Arabidopsis includes 2
presumably misannotated genes. The class of a pseudogene refers to that of a functional
gene that is most similar to the pseudogenes. The rice genome sequence is still
incomplete, so the number of genes may increase in the future. Note that the criteria of

pseudogene for Arabidopsis and rice genes are different (see materials and methods).
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Figure 3.1. Domain structures of types I and Il MADS-box genes in plants and animals.
Adapted from ref. (Alvarez-Buylla et al. 2000b) about the structures of type I and type 11
genes and from ref. (Henschel et al. 2002) about the structures of MIKC*-type and

MIKC*-type genes.
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Figure. 3.2. Phylogenetic tree of 79 MIKC-type (type II) genes from Arabidopsis, rice,
mosses, and clubmosses. This tree was constructed by the NJ method with PC-distance.
One hundred five amino acids were used after all alignment gaps were eliminated. The
number for each interior branch is the percent bootstrap value (500 resamplings), and
only the values greater than 50% are shown. The scale bar indicates the number of amino
acid substitutions per site. We generally followed ref. (Parenicova et al. 2003) about the
notations of Arabidopsis genes. Simplified class names following reference (Nam et al.
2003) were used except for classes A, B-AP3, B-PI, C/D, E, FLC, and S. The genes
marked with (U) are unassigned genes for any classes. The three numbers in parentheses
below each class name refer to the numbers of ancestral MADS-box genes, MADS-box
genes in Arabidopsis, and MADS-box genes in rice, respectively. Two MIKC*-type
genes (PPM3 and PPM4) from the moss Physcomitrella patens (Svensson, Johannesson,
and Engstrom 2000) and one MIKC*-type gene (LAMBI) from the clubmoss

Lycopodium annotinum (Henschel et al. 2002) were used as reference sequences.
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Figure. 3.3. Phylogenetic tree of 223 MADS-domain sequences from Arabidopsis, rice,
mosses, clubmosses, and animals. This tree was constructed by the NJ method with p-
distance and the pairwise deletion option (Kumar et al. 2001) of about 55 amino acids. p-
distance is known to be more efficient in obtaining the correct topology when the
sequence length is short (Takahashi and Nei 2000). The genes from Arabidopsis and rice

€99
T

are labeled with “a” and “r”, respectively. The reference sequences from the moss
Physcomitrella patens and the clubmoss Lycopodium annotinum are labeled with “m”
and “c”, respectively. Genes labeled with black squares (m) are pseudogenes from
Arabidopsis and those with open squares (0) are pseudogenes from rice. Interior branches
with bootstrap values (500 bootstraps) greater than 50% are indicated by black dots (e).
The portion of the tree corresponding to the MIKC®-type genes is compressed, because it
is essentially the same as that in figure 3.2. The numbers in parentheses below each class

name are the numbers of ancestral MADS-box genes, MADS-box genes in Arabidopsis,

and MADS-box genes in rice in this order.
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Figure. 3.4. Genomic organization of MADS-box genes in Arabidopsis. Genes with black

dots (e) are pseudogenes. For 7 annotated pseudogenes, we used their gene codes from
the Genbank. Unannotated pseudogenes are indicated by “p” in front of the name of the
functional gene that is most similar to the pseudogene. For example, a pseudogene that is
most similar to “SVP” is designated as “pSVP”. The class name of each gene is given in
parentheses at the end of the gene name. Of these class names, “(a)”, “(B)”, “(y)”, and
“(U)” refer to “Ma”, “MB”, “My”, and “Unassigned”, respectively. I, II, III, IV, and V

represent chromosome numbers. The scale bar below chromosome 11 is for 2 megabase

pairs (Mb).
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Figure 3.5. Relationships between dy and ds for about 60 selected pairs. The dy and ds
values were estimated by the Nei-Gojobori method (Nei and Kumar 2000). Type I and
type II genes are marked with diamonds ( ¢) and open circles (o), respectively. A linear
line 1s for dy = ds. A. The entire aligned regions for 59 selected gene pairs. B. Only

MADS-box regions for 63 selected gene pairs. The genes used are available from the
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CHAPTER 4

A SIMPLE METHOD FOR PREDICTING THE FUNCTIONAL

DIFFERENTIATION OF DUPLICATE GENES AND ITS

APPLICATION TO MIKC-TYPE MADS-BOX GENES

69



SUMMARY

A simple statistical method for predicting the functional differentiation of
duplicate genes was developed. This method is based on the premise that the extent of
functional differentiation between duplicate genes is reflected in the difference in
evolutionary rate because the functional change of genes is often caused by relaxation or
intensification of functional constraints. With this idea in mind, we developed a window
analysis of protein sequences to identify the protein regions in which the significant rate
difference exists. We applied this method to MIKC-type MADS-box proteins that control
flower development in plants. We examined 23 pairs of sequences of floral MADS-box
proteins from petunia and found that the rate differences for 14 pairs are significant. The
significant rate differences were observed mostly in the K domain, which is important for
dimerization between MADS-box proteins. These results indicate that our statistical
method may be useful for predicting protein regions that are likely to be functionally

differentiated. These regions may be chosen for further experimental studies.
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INTRODUCTION

The functional differentiation of duplicate genes is thought to be an important
mechanism of evolution of organisms (Lewis 1951; Nei 1969b; Ohno 1970; Zhang 2003).
This differentiation is often associated with the relaxation or intensification of purifying
selection in certain regions of protein sequences. Therefore, comparison of the
evolutionary rates of paralogous protein sequences may give some insights into their
functional differentiation. With this idea a number of authors have developed statistical
methods for predicting functional differentiation by examining the evolutionary rates.
Dermitzakis and Clark (Dermitzakis and Clark 2001) suggested that this functional
differentiation may be revealed by examining the heterogeneity of substitution rate
between two pairs of duplicated genes. Considering two groups of paralogous duplicate
proteins (4 and B in figure 4.1A), Gu (Gu 1999) and Knudsen and Miyamoto (Knudsen
and Miyamoto 2001) respectively proposed a Bayesian and a maximum likelihood
method of detecting amino acid sites that show a significant rate difference between the
two groups. In these methods the number of sequences in each group (4 or B) must be
relatively large to have reliable results. When the groups 4 and B include only one
sequence, their methods are not applicable. This is also true with Dermitzakis and Clark’s
method.

In real experimental studies, it is customary to identify the functional difference
by comparing a sequence with known functional domains with a new sequence by using
domain swapping or site-directed mutagenesis. However, it is time-consuming and
expensive to use this method for a large number of pairs of sequences. It is therefore

useful to develop a statistical method for identifying protein domains that are likely to be
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functionally differentiated. For this reason, we propose a new method in which only two
sequences are compared at a time after construction of a rooted tree. This method will
then be illustrated by an analysis of a number of MIKC-type MADS-box genes that

control the development of flowers in plants.
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METHODS AND RESULTS

Statistical methods

In our method two protein sequences to be compared (4 and B in figure 4.1B) and
an outgroup sequence (C) will be used after sequence alignment (figure 4.1B). A
phylogenetic tree for the sequences is constructed to determine the root of the sequences
A and B. Here we suggest that the p-distance (proportion of different amino acids) (Nei
and Kumar 2000) be used, because the sequences to be compared are usually closely
related and the p-distance has a smaller variance than any other distance measure.
However, if a pair of divergent sequences is to be tested (e.g. p-distance > 0.3), the
Poisson-correction or some other distance may be used (Nei and Kumar 2000). To
identify the protein regions that show a significant rate difference, we use a sliding
window analysis. Let n be the total number of amino acid (codon) sites used and w be the
window size (the number of amino acids considered for one window). This window
analysis may be done by sliding the window by one amino acid position consecutively or
by skipping s amino acid positions each time. The total number of windows to be
considered (7) is then (n — w)/s + 1. Here T should be an integer. For example, if T
happens to be 55.2, it should be reset to 55.

For each window, we now estimate the number of amino acid substitutions a and
b for branch (sequence) 4 and B in figure 4.1B, respectively. The branch lengths a and b
may be estimated by the least squares method and are given by

a = (dag +dac—dsc) /2,

b =(das + dsc —dac) / 2,
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where dag, dac, etc., are the observed distances between sequences 4 and B, 4 and C, etc.,

respectively. We are now interested in testing the significance level of the difference a -

A

b, that is,

D=a - b.

The variance of this D can be obtained by the formula given in (Takezaki, Rzhetsky, and
Nei 1995). We can then consider

Z=D/ \JV(D),
where V(D) is the variance of D. This Z is approximately normally distributed as long as
w is about 30 or greater. Therefore, the significance level can easily be determined. When
w < 30, the above Z is distributed as the ¢ distribution with w — 1 degrees of freedom (Rao
1998). In reality, unless w > 30, the statistical power of the window test is not very high.
We therefore recommend that the window size is equal to or greater than 30.

It should be noted that in this sliding window analysis the Z values obtained for
consecutive windows are highly correlated. Therefore, the significance levels of Z values
for consecutive window analyses may not be accurate. However, if the Z value for one of
the windows is significant, one can take it seriously. Furthermore, our purpose is to
identify protein regions that should be subjected to experimental tests. Therefore, any
consecutive windows showing significant Z values should be considered biologically
important. Actually, for this purpose, even a region showing Z values with a significant
level of 10% may be considered for experimentation.

In the above method we considered the case where each of 4, B, and C contains
only one sequence. However, the above approach can easily be extended to the case

where protein sequences are classified into two groups, 4 and B, and the average rate
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difference between the two groups of proteins is studied. In this case, because the above
test is a special case of Takezaki et al.’s (Takezaki, Rzhetsky, and Nei 1995) two-cluster
method, we can directly apply the two-cluster method to test the rate difference between
the two groups for each window. The outgroup may also contain many sequences. This is
true even when 4 and B contain one sequence each.

Another extension of the above method is to consider the number of
nonsynonymous nucleotide substitutions per nonsynonymous site (dx) (Nei and Gojobori
1986) or the number of radical nucleotide substitutions (substitutions causing the changes
of amino acid charge, hydrophobicity, and size) per site (Hughes, Ota, and Nei 1990;
Zhang 2000). At present, however, it is unclear how useful these quantities are, because

they generate rather large variances.

Application to MADS-box genes controlling flower development in plants

Floral MIKC-type MADS-box genes encode transcription factors that control
flower development in plants. Major floral MADS-box genes can be classified into at
least eight classes (Becker and Theissen 2003) in terms of their function and evolutionary
relationships, that is, 4, B, C, D, E, F, G, and T classes according to the simplified
notation in (Nam et al. 2003). Each of these classes of genes encodes a protein consisting
of the MADS (M) domain (DNA-binding site with about 60 amino acids (aa)),
intervening (I) domain (~ 30 aa), keratin-like (K) domain (~ 70 aa), and C-terminal (C)
domain (variable number of aa) (Ma, Yanofsky, and Meyerowitz 1991) (figure 4.1C).
The M domain is composed of DNA-binding a helices, carries a nuclear localization

signal and is involved in dimerization of proteins together with the I domain (Shore and
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Sharrocks 1995; Riechmann, Wang, and Meyerowitz 1996). The K domain mediates
protein-protein interaction, whereas the C domain possesses transcriptional activation
function in some MADS-box proteins (Shore and Sharrocks 1995; Fan et al. 1997; Cho et
al. 1999; Moon et al. 1999; Honma and Goto 2001) and might also be involved in protein
dimerization (Tzeng, Liu, and Yang 2004) or formation of multimeric complexes (Egea-
Cortines, Saedler, and Sommer 1999). Among these domains, the I and K domains are
most well known for determining the pattern of homodimerization or heterodimerization
of MADS-box proteins. The K domain is involved in protein-protein interaction and is
characterized by three strings of heptad repeats (abcdefg), which are potentially forming
coiled coils, with hydrophobic amino acids predominantly in positions @ and d (Fan et al.
1997; Yang, Fanning, and Jack 2003). The proteins encoded by different classes of floral
MADS-box genes interact with one another or with some other proteins to form a
particular organ. According to the floral Quartet model, the formation of petals is
controlled by a combination of tetramers of class A, B, and E proteins, and that of
stamens is by tetramers of class B, C, and E proteins (Weigel and Meyerowitz 1994; Ma
and dePamphilis 2000; Honma and Goto 2001; Theissen 2001). However, to explain the
development of various forms of flowers in different species, we have to know detailed
aspects of protein-protein interaction within each class of proteins. For this reason, many
experimentalists are now studying protein-protein interaction by using techniques such as
yeast two-hybrid analysis, domain swapping, and site-specific mutagenesis.

Immink et al. (Immink et al. 2003) studied the gene expression and protein-
protein interaction patterns of 23 floral MADS-box genes in petunia using Northern

hybridization and yeast Cytotrap experiments. They identified a number of MADS-box
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proteins interacting with each other (see figure 4.2). Their results showed that even
closely related MADS-box proteins often have different numbers of protein interaction
partners. This suggests that there was some kind of functional differentiation between
these MADS-box proteins. We therefore decided to apply our new statistical method for
predicting protein regions responsible for the functional differentiation using our Perl
script (see http://www.bio.psu.edu/People/Faculty/Nei/Lab/software.htm). We first
constructed a phylogenetic tree for the 23 petunia MADS-box protein sequences together
with 22 rice and 23 Arabidopsis sequences. The rice and Arabidopsis sequences were
used to classify the petunia sequences into the eight classes of genes mentioned above
and to find proper outgroup genes.

Figure 4.2 shows the phylogenetic tree obtained by the neighbor-joining method
(Saitou and Nei 1987) for all 68 genes (see the supplementary material for the sequence
alignment). Parsimony analysis (Swofford 1998) produced essentially the same tree (see
the supplementary material for the maximum-parsimony tree). The topology of this tree
for major gene classes is essentially the same as that of our previous trees for floral
MADS-box genes (Nam et al. 2003; Nam et al. 2004), and the eight gene classes (A, B, C,
D, ..., T) form separate monophyletic clades, though class C and D genes often form a
mixed group and class B genes are decomposed into three classes (Bs, B-AP3, and B-PI)
in figure 4.2. This indicates that petunia also has all classes of genes (figure 4.2). The
number of sequences for classes A, B-AP3, B-AP1,C, D, E, F, G, and T were 3, 2, 2, 2, 2,
5,4, 1, and 2, respectively. We applied our statistical method for all gene pairs within
each gene class, testing 23 pairs of genes (see the supplementary material for the 23 data

sets). In this analysis we considered consecutive windows with s = 1 and w =30. We
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used the p-distance for this analysis. According to this analysis, 14 out of the 23 pairs of
genes studied contained protein regions that showed at least one window with a Z value
exceeding 1.96 (5% level).

The results of our test for a pair of class T genes (FBP25 and FBP13) are given in
figure 4.1C. In this case the rice gene OsMADS47 and OsMADS54 were used as
outgroups. The Z value line in this figure shows three peaks in which Z exceeds the 5%
and 10% (Z = 1.65) significance levels (one each in the I, K, and C domains). As
mentioned earlier, the I and K domains are important for homodimerization and
heterodimerization of MADS-box proteins, whereas the C domain is involved in
transcriptional activation in some proteins. It is possible that all the three domains are
involved in the functional differentiation between FBP25 and FBP13. It is also interesting
to note that protein FBP13 is known to have nine protein interaction partners, whereas
protein FBP25 has no known interacting partners (Immink et al. 2003).

Figure 4.3 shows five more examples of our test in which Z became significant at
the 5% level. The results of this analysis for a pair of class A genes (FBP29 and PFG) are
presented in figure 4.3A. In this case the K domain has two peaks in which Z exceeds the
10% level. These peaks are located in a 30 amino acids region of the K domain.
Therefore, experimentalists may focus on this region if they are interested in finding
functional differentiation. The C domain also has two peaks of Z values which are
significant at the 10% level. Therefore the C domain may also be tested for the possible
functional differentiation. In the other four examples given in figure 4.3, only the K

domain appears to have diverged significantly.
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As mentioned above, there were eight more cases in which our test gave positive
results (see table 4.1). In most of these cases the K domain again showed a Z value
significant at the 5% or 10% level, though the M or I domain occasionally showed a

significant region.

79



DISCUSSION

In our statistical analysis we implicitly assumed that different amino acid sites
have evolved independently. If there are highly conserved regions or hyper-variable
regions in the proteins studied, our test would not give accurate significance levels, and
the test will be too liberal or too conservative depending on the data set. For example, if
conserved protein regions are studied, the test results may be too liberal because some
amino acid sites may not have changed at all and therefore the actual number of degrees
of freedom may be smaller than w - 1. By contrast, if a differentiated protein region is
longer than the window size, the test will be conservative because a test based on the
entire protein region would give a higher Z-value than the regular window test due to the
smaller sampling variance of D. However, since our test is intended to identify
approximate protein regions to be tested biochemically, it does not need to be very
accurate in terms of the statistical significance.

It should be noted that the positive results of our test do not necessarily mean that
the identified regions are functionally differentiated. Therefore, if the biochemical test to
be used is available, it is always recommended that both statistical and biochemical tests
should be conducted. It should also be noted that our functional differentiation test is not
necessarily related to the positive Darwinian selection examined by the ratio of the
number of nonsynonymous nucleotide substitutions per nonsynonymous site (dx) to the
number of synonymous nucleotide substitutions per synonymous site (ds). We are only
interested in the functional differentiation of duplicate genes whether the dn/ds is higher
than 1 or not. Actually the functional change of a gene may have been caused by a few

amino acid changes in the functionally important region or by many substitutions in other
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regions. Here, ds is irrelevant under the assumption that synonymous nucleotide
substitutions are neutral. Strictly speaking, this assumption is incorrect (e.g. Ikemura
1985; Akashi 1995), but for our purpose the violation of this assumption is not important.

When we applied our method to floral MADS-box genes, we found that the extent
of the difference of evolutionary rate is not necessarily correlated with the number of
interacting protein partners. This is different from some of the previous observations that
the extent of evolutionary rate differences is sometimes negatively correlated with the
number of protein partners (Hahn, Conant, and Wagner 2004). This difference could be
due to the fact that we studied a specific protein group or may mean that our test does not
necessarily detect the region where functional differentiation has occurred. These
problems should be studied experimentally in the future.

It is interesting to note that functional specificity of class A, B and C genes in
Arabidopsis is not determined by their DNA binding domain (Riechmann and
Meyerowitz 1997). Therefore, I, K, and C domains may be critical for determining
functional specificity of floral MADS-box genes. In our study the difference of
evolutionary rate was often observed in the K domain, while it was not observed as often
in the I and C domains. It has been proposed that internal repeats of proteins give
favorable conditions for evolutionary change, because their functional constraint may
change with time (Andrade, Perez-Iratxeta, and Ponting 2001). Therefore, the frequent
observation of significant rate differences in the K domain may be related to the presence
of heptad repeats, which can be subdivided into the K1, K2, and K3 regions (Yang,
Fanning, and Jack 2003). Because the M, I, and C domains also showed significant rate

differences in some pairs, it is possible that these domains have also been subject to the
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functional differentiation. If functional differentiation occurs in different domains of a
protein, the effect of such combinatorial differentiation on the regulatory network may be
more significant than the case where only one domain is functionally differentiated. Our

method may be useful for studying this problem as well.
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Table 4.1. Summary of the analysis of 23 pairs of sequences.

Significant region(|Z| > 1.96); 1 =

Class #ofgenes Gene A Gene B detected, 0 = not detected
M | K C
A 3 FBP29 FBP26 0 0 0 1
FBP29 PFG 0 0 1 1
FBP26 PFG 0 0 0 0
B-AP3 2 Not analyzed
B-PI 2 FBP1 PMADS2 0 1 0 0
C 2 PMADS3 FBP6 0 0 0 0
D 2 FBPI11 FBP7 0 0 0 0
E 5 FBP9 FBP23 0 0 0 0
FBP9 FBP4 0 0 0 0
FBP9 FBP2 0 0 0 0
FBP9 FBP5 0 0 1 0
FBP23 FBP4 0 0 1 0
FBP23 FBP2 0 0 1 0
FBP23 FBP5 0 0 1 0
FBP4 FBP2 0 0 0 0
FBP4 FBP5 0 0 1 0
FBP2 FBP5 0 0 1 0
F 4 FBP20-UNS  FBP21 0 0 0 0
FBP20-UNS FBP28 0 0 0 0
FBP21 FBP28 0 0 1 0
FBP20-UNS FBP22 1 0 0 0
FBP21 FBP22 0 0 1 0
FBP28 FBP22 0 0 1 0
G 1 Not analyzed
T 2 FBP13 FBP25 0 1 1
Total 23 genes 23 pairs 1 2 11 3
14 pairs*

*Some pairs showed significant rate differences in more than one domain.
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Figure 4.1. Comparison of Gu and Knudsen and Miyamoto’s methods and our methods.
(a) Gu (Gu 1999) and Knudsen and Miyamoto’s tests (Knudsen and Miyamoto 2001).
Groups 4 and B include many sequences to be compared, and C is the outgroup. (b) 4
and B represent two sequences to be compared, and C is the outgroup. (¢) Comparison of
the protein sequences of 2 class T MADS-box genes from petunia. For the outgroup two
rice sequences were used. If FBP25 (the former) evolved faster than FBP13 (the latter) in
a window, the Z value is positive, and if the former evolved slower than the latter, the Z
value becomes negative. The number in parenthesis for each gene is the number of
interacting protein partners given by Immink et al. (Immink et al. 2003). Horizontal lines
with “5%” or “10%” correspond to the cutoff Z value of 1.96 or 1.65, respectively. The
amino acid positions are given on the Z =0 line. M, I, K, and C represent the M, I, K, and

C domains. Window size (w) and skipping size (s) are 30 aa and one aa, respectively.
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Figure 4.2. Phylogenetic tree of 68 MIKC-type MADS-box genes from petunia,
Arabidopsis, and rice. This tree was constructed by the neighbor-joining method with p-
distance. One hundred fifty one amino acids were used after removing all sites with
alignment gaps. The number for each interior branch is the percent bootstrap value (500
bootstraps). The bootstrap values lower than 50% are not shown. The genes in bold
characters with gray shadows are from petunia, and “At” and “Os” indicate Arabidopsis
and rice genes, respectively. The numbers in parentheses refer to the numbers of
interacting protein partners in the yeast Cytotrap system described in (Immink et al.

2003).
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Figure 4.3. Five more cases in which significant rate differences were observed at the 5%
level. The outgroup sequences used for each analysis are as follows: (a)

OsMADS14/15/18, (b, ¢, and d) OsMADS1/5/19, and (e) AGL20.
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CHAPTER S

EVOLUTIONARY CHANGE OF THE NUMBERS OF HOMEOBOX GENES IN

BILATERAL ANIMALS
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SUMMARY

It has been proposed that the conservation or diversity of homeobox genes is
responsible for the similarity and variability of some of morphological or physiological
characters among different organisms. To gain some insights into the evolutionary pattern
of homeobox genes in bilateral animals, we studied the change of the numbers of these
genes during the evolution of bilateral animals. We analyzed 2031 homeodomain
sequences compiled from 11 species of bilateral animals ranging from Caenorhabditis
elegans to human. Our phylogenetic analysis using a modified reconciled-tree method
suggested that there were at least 88 homeobox genes in the common ancestor of bilateral
animals. About 50 — 60 genes of them have left at least one surviving descendant in each
of the 11 species, suggesting that about 30 — 40 genes were lost in a lineage-specific
manner. Although similar numbers of ancestral genes have survived in each genome,
vertebrate lineages gained many more genes by duplication than invertebrate lineages,
resulting in more than 200 homeobox genes and about 100 in vertebrates and
invertebrates, respectively. After these gene duplications, a substantial number of old
duplicate genes have also been lost in each lineage. Because many old duplicate genes
were lost, it is likely that lost genes had already been differentiated from other groups of
genes at the time of gene loss. We conclude that both gain and loss of homeobox genes

were important for the evolutionary change of phenotypic characters in bilateral animals.
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INTRODUCTION

Homeobox genes that regulate morphogenesis were first discovered by Garber,
Kuroiwa, and Gehring (1983) and Scott et al. (1983) in Drosophila melanogaster
(fruitfly). Subsequent studies of homeobox genes in fruitflies, frogs, and humans revealed
a highly conserved motif of about 180 bp called the homeobox (McGinnis et al. 1984;
Scott and Weiner 1984). The homeobox encodes a DNA-binding domain called the
homeodomain. In the genomes of animals and plants homeobox genes form a large
transcription factor gene family, with more than 200 genes in humans and about 80 genes
in Arabidopsis.

Animal homeobox genes were previously classified into about 30 different groups
or families based on their sequence similarity and protein domain structure (Burglin
1994). Additional groups of homeobox genes were identified later (e.g., PBX, MEIS,
KNOX, TGIF, and IRX; Burglin 1997), and now the homeobox genes in animals can be
classified into at least 49 different gene families. Member genes of the same family are
often functionally related, and different families of homeobox genes are concerned with
different aspects of development (Burglin 1994). For example, the genes of the HOX,
CDX, and EVX families and their cognate genes play important roles in different steps of
pattern formation during early embryogenesis of animals. The PAX6, SIX, VAX, and
EMX gene families are concerned with the development of eyes, whereas the LIM and
HMX gene families are important in the development of neurons (reviewed in Duboule
1994). Because of their important roles in development, homeobox genes have been

studied intensively by both developmental and evolutionary biologists.
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Homeobox genes are generally highly conserved and control similar phenotypic
characters among distantly related organisms (reviewed in De Robertis 1994). However,
they are also responsible for controlling different phenotypic characters among relatively
closerly related species (e.g., Galant and Carroll 2002; Ronshaugen, McGinnis, and
McGinnis 2002). The formation of similar phenotypic characters can be explained by the
conservation of shared homeobox genes. By contrast, different phenotypic characters are
believed to be generated by duplication of homeobox genes and their functional
differentiation. It has also been hypothesized that the loss of some homeobox genes are
responsible for the morphological differentiation (Ruddle et al. 1994). Therefore, it is
interesting to study the pattern of duplication and loss of homeobox genes to have some
insights into the evolutionary change of phenotypic characters. It is likely that the number
of homeobox genes is related to the complexity of organisms.

Although the patterns of gain and loss of some families of homeobox genes have
been studied (e.g., Zhang and Nei 1996; Aparicio et al. 1997; Wada et al. 2003; Amores
et al. 2004; Edvardsen et al. 2005), no one appears to have studied the gain and loss of
the entire set of homeobox genes covering diverse bilateral animals. We have therefore
decided to study the evolutionary change of the homeobox gene superfamily examining
11 completely or nearly completely sequenced genomes from bilateral animals. The

results obtained will be presented in this paper.
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MATERIALS AND METHODS

Identification of homeodomain-containing proteins
To find homeodomain-containing proteins, we performed homology search using
the tool PSI-BLAST (Altschul et al. 1997) for the entire set annotated proteins of

Caenorhabditis elegans, C. briggsae, mosquito (Anopheles gambiae), fruitfly

(Drosophila melanogaster), tunicate (Ciona intestinalis), zebrafish (Danio rerio),
pufferfish (Fugu rubripes), frog (Xenopus tropicalis), rat, mouse, and human. All
sequence data except for the tunicate were downloaded from the ENSEMBL
(ftp://ftp.ensembl.org) as of 21 February 2005. The tunicate data set (version 1) was
downloaded from the Joint Genome Institute (http://genome.jgi-psf.org/). We used 194
homeodomain sequences from animals, plants, and fungi as queries, with an E-value <
107 (see supplementary material). We also searched for homeobox genes from the EST
database of the tunicate from the DNA Data Bank of Japan (http://www.ddbj.nig.ac.jp/),
because Wada et al. (2003) reported several unannotated homeobox genes from the EST

database of this organism.

Phylogenetic analysis

Because the homeodomain is the only alignable region between different groups
of homeodomain-containing proteins, we used only this domain (= 60 aa) for
phylogenetic analysis. The homeodomain sequences were aligned against the alignment
of 194 query sequences (seed alignments) using the profile alignment of the ClustalX

program (Thompson et al. 1997). We then constructed a neighbor-joining tree (Saitou and

93



Nei 1987) using the computer program NJBOOT (Takezaki, Rzhetsky, and Nei 1995)
with the pairwise deletion option, proportional amino acid difference (p-distance), and
1000 bootstrap resamplings (Nei and Kumar 2000). Because of the large number of
sequences used, other tree construction methods such as maximum-parsimony and
maximume-likelihood methods were not used.

Each homeobox gene was assigned to one of the 49 previously defined groups
according to the sequence similarity and protein domain structure. Domain structure was
examined by using the computer program HMMER (Eddy 2001) for each protein domain
profile downloaded from the Pfam (http://pfam.wustl.edu/). A phylogenetic tree for the

49 families of genes was constructed to find their evolutionary relationships.

Estimation of the number of genes in the ancestral species

When there is a rooted tree of m species, the tree has m - 1 ancestral nodes or
species (Nei and Kumar 2000). We are interested in estimating the number of homeobox
genes in each of the ancestral species and how the number has changed in the
evolutionary process. This can be studied by comparing the species tree with the gene
tree for a given set of genes and constructing a reconciled tree (Goodman et al. 1979;
Page and Charleston 1997). In this paper we use a slightly modified version of this
reconciled-tree method, in which multifurcating branching patterns are taken into account.

For simplicity, let us consider the tree of three species a, B, and y in figure 5.1A
and assume that species a, B, and y have 3, 2, and 2 genes, respectively. Suppose that the
gene tree inferred for the 7 genes from the three species is given by figure 5.1B and that

this tree represents the true gene tree. This gene tree can be decomposed into three groups
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of genes (I, II, and III), in which genes a, b, and ¢ come from species a, B, and v,
respectively. Group I genes do not include any ¢ gene but contain two pairs of genes a
and b. Therefore, to reconcile this portion of the gene tree with the species tree under the
principle of parsimony, we must assume that one deletion of gene ¢ and one duplication
of the ancestral gene of genes a and b occurred (figure 5.1C). Similarily, to reconcile the
group II genes with the species tree, we will have to assume that gene b was deleted. In
the case of group III genes we have to consider the deletion of genes a and b. In this case
we assume that one event of deletion occurred in the ancestral lineage of genes a and b.
The reconciled tree in figure 5.1C therefore suggests that the ancestral species 6 had three
genes (ancestral genes of the three groups of genes).

A similar inference indicates that the ancestral species € also contained three
genes, i. €., 2 genes in group I, 1 gene in group II, and 0 gene in group III (figure 5.1C).
Figure 5.1A now shows the change of the number of genes in the evolutionary lineages
for a, B, and y.

In the above estimation of the number of genes we assumed that the gene tree is
correct. In practice, however, some interior branches are often weakly supported in terms
of bootstrap values. For example, one interior branch may have a low bootstrap value (<
50% in the present study). In this case, the existence of this branch is questionable, so
that the length of this branch is reduced to 0, and a condensed tree (Nei and Kumar 2000)
is constructed (figure 5.1D). The real gene tree in this case will be one of the three
possible trees given in figures 5.1E, F, and G. Tree E is identical with tree B, and we
already estimated the number of genes in the ancestral species 8 and &. In the case of tree

F, the reconciled tree is given by figure 5.1H, and the numbers of genes in species 6 and &
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are given in figure 5.11. This tree is more parsimonious than tree A with respect to the
change of gene number. Tree G is different from tree F in that group II genes are closer to
gene ¢, but the number of genes estimated in the ancestral organisms becomes the same
as those for tree B. Therefore, we assume that tree I gives the actual numbers of ancestral
species.

When there are several branches with low bootstrap values, the numbers of genes
in ancestral species are estimated by the same procedure as the above under the principle
of parsimony. Therefore, one can estimate the number of genes for any number of
ancestral species. Obviously, the number of genes estimated would be minimal, but since
homeobox genes evolve very slowly, the present method appears to give reasonably good
estimates (see below). When m is large, the computation can be quite complicated, and
we have developed a computer program (see

http://www.bio.psu.edu/People/Faculty/Nei/Lab/software.htm).
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RESULTS

Number of homeobox genes in the genome

Table 5.1 shows the numbers of non-redundant homeobox genes obtained from
the annotated gene sets of 11 species. The majority of the homeobox genes encode only
one homeodomain (single-homeobox genes), but some encode more than one domains
(multi-homeobox genes). The number of homeodomains encoded by a multi-homeobox
gene was less than ten with some exceptions. All vertebrate species studied (pufferfish,
zebrafish, frog, mouse, rat, and human) had about 200 or more homeobox genes, and all
invertebrate species (C. elegans, C. briggsae, fruitfly, mosquito, and tunicate) had about
100 or fewer homeobox genes. All of the sequences used are presented as supporting

information on the webpage (see file 1).

Evolutionary relationships of different groups of homeobox genes

The majority of the homeobox genes were assigned into the 49 previously defined
groups. The remaining homeobox genes were either highly divergent or multi-homeobox
genes, so that they were not used in this study. The list of the genes in each of the 49
groups is available from the supplementary material. Figure 5.2 shows the evolutionary
relationships of the 49 groups of genes. The homeobox gene superfamily was initially
classified into two groups, the typical and atypical homeobox gene groups (Burglin 1994).
The homeobox of typical genes encodes a 60 amino acid-long homeodomain composed
of three helical regions, and the homeobox of atypical genes encode additional amino

acids either between helices 1 and 2 or between helices 2 and 3 (Burglin 1994). The
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typical and atypical groups of genes are presented in figure 5.2. One group of atypical
homeobox genes encode three additional amino acids between helices 1 and 2 and are
called TALE (Three Amino acids Loop Elongation) class genes. Bharanthan et al. (1997)
and Burglin (1997) proposed that the typical and TALE homeobox genes diverged before
the animal-plant split. Our tree shows the separation of most typical homeobox genes
(except SIX group genes) and TALE homeobox genes and supports their notion.
However, because we do not know the exact position of the root in the tree, it is difficult
to know whether the early evolved groups of typical homeobox genes (e.g., SIX) are
evolutionarily closer to TALE genes than to other typical genes or not.

At least 13 groups of homeobox genes (gene groups with orange boxes in figure
5.2) encode other evolutionarily conserved domains in addition to the homeodomain.
Interestingly, a majority of them appear to be early evolved groups of homeobox genes.
Therefore, our results suggest that there were already many homeobox genes in the most
recent common ancestor (MRCA) of the 11 species, and their domain structures were
already quite complex. Since we did not include the multi-homeodomain proteins and the
proteins that are not assigned to any of the 49 groups, the evolutionary history of the
entire set of homeobox genes should be more complex than that shown in figure 5.2.

Figure 5.2 also shows the numbers of homeobox genes for each of the 49 families
as well as for those of multi-homeobox genes and unassigned genes. In most groups
vertebrates have about two to four times more genes than invertebrates. However, there
are several gene groups that do not show this pattern. For example, the NOT gene, which
is important for the development of notochords in zebrafish (Talbot et al. 1995), has been

found as a single-copy gene in three invertebrate species, fruitflies, mosquitoes, and
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tunicates, and three vertebrate species, zebrafish, pufferfish, and frog. Recently, it has
been claimed that a mouse ortholog of the NOT gene was found (Abdelkhalek et al.
2004; Plouhinec et al. 2004), but a phylogenetic analysis presented actually suggests that
it is at best a paralog of the NOT genes. There are also other families of genes where
vertebrates have fewer or no more genes than those of invertebrates. Because the genome
sequencing or annotation of several species has not been completed, the absence of some
families of genes should be reexamined, though it may not change the general pattern. It
is also possible that the genes have not been lost completely but only their homeoboxes
are missing and other regions of the gene are still functional as in the case of some PAX

genes (Chi and Epstein 2002).

Evolutionary change of the number of homeobox genes in bilateral animals
Knowing that there were already many homeobox genes in the MRCA of all the
11 species (archi-MRCA), we estimated the numbers of homeobox in the ancestral
organisms and their increase and decrease in different stages of the evolution of bilateral
animals. We conducted a phylogenetic tree of 2031 homeodomain sequences compiled
from single- and multi-homeodomain-containing proteins in relation to the species tree
(figure 5.3). The species tree is based on the observation that insects, tunicates, and
vertebrates are coelomates, but nematodes are pseudocoelomates (Coelomata hypothesis)
as well as phylogenetic analyses using more than 100 nuclear proteins from several
species (e.g., Blair et al. 2002; Wolf, Rogozin, and Koonin 2004). (The Ecdysozoa
hypothesis in which insects and nematodes are sister groups will be considered later.)

Because the protein sequences used are generally closely related, we used a bootstrap
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cutoff of 50% for generating a multifurcating node in the gene tree. As mentioned above,
the number of homeoboxes in multi-homeobox genes varies with gene, and therefore it is
difficult to estimate the real number of ancestral genes for these genes. We therefore
decided to regard each homeobox as one gene. However, this will not affect our results
significantly, because the number of multi-homeobox genes included was small.

To check the reliability of our estimates, we first analyzed HOX group genes. The
numbers of ancestral HOX group genes at several evolutionary time points have already
been estimated by several researchers (e.g., Holland and Garcia-Fernandez 1996; Zhang
and Nei 1996; Stellwag 1999; Wada et al. 2003). In the case of HOX genes, estimation of
the numbers of ancestral genes is relatively easy, because information about the
conserved genomic locations of HOX genes can also be used for reconstructing the
ancestral states. We compared our estimates of the numbers of ancestral genes with the
previous estimates, assuming that the previous estimates are correct (figure 5.3A). The
previous estimates for ancestral species a, B, v, 8, and { in figure 5.3A were 5, 6, 9, 43,
and 39, respectively, whereas our estimates for the same ancestral species were 4, 6, 9, 24,
and 26 in this order. This result suggests that our estimates of the numbers of genes in the
ancestral species tend to be smaller than the previous ones. This has happened partly
because some of paralogous homeodomains from different species have identical or
nearly identical sequences, and therefore the interior branches involved became 0 or had
low bootstrap values. In this case, the numbers of genes lost are expected to be
underestimated. However, we note that the number of genes gained at the exterior branch
of each lineage is very likely to have been overestimated in our method, because the

numbers of ancestral genes were likely underestimated. We also note that the incomplete
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annotation of genes will increase the numbers of genes lost in the external branches.
However, this effect should be quite minor for the interior branches, because the
possibility of missing the same genes in two different genomes should be very low.

Keeping in mind this possibility of underestimation, we estimated the numbers of
ancestral genes and the numbers of genes lost and gained during the evolution of the
entire homeobox gene superfamily. Figure 5.3B shows that there were at least 88
ancestral homeobox genes in the archi-MRCA. This archi-MRCA already had several
genes in some homeobox families (e.g., 6 genes in PAX group) (figure 5.2). However,
some families of genes (LBX, VAX/NOT, MEOX, and ZF) were not found in nematodes
(figure 5.2), and separation of these families of genes from other families was not always
clear-cut in the tree of 2031 sequences (data not shown). Therefore, these families of
genes were not considered in the estimation of genes in the archi-MRCA. However,
figure 5.2 shows that these groups of genes already diverged from other groups of genes
before the nematode and mammal split. Therefore, it is possible that the genes from these
four families actually existed in the archi-MRCA. If this is the case, the number of
homeobox genes in the archi-MRCA would increase to about 92.

After the divergence of Coelomates and Pseudocoelomates the number of
homeobox genes increased almost three-fold in the vertebrate lineages. In invertebrates,
however, the increase was small or moderate, and our results suggest that the number of
homeobox genes did not merely increase during the evolutionary process, but the number
sometimes decreased. For example, the MRCA of insects and vertebrates had at least 118
homeobox genes, but fruitflies have 102 at present. Tunicates also have fewer homeobox

genes than the MRCA of tunicates and vertebrates. In the case of vertebrate lineages the

101



number of genes increased primarily in two time periods, that is, the early stages of
Coelomate evolution (between nodes a and P in figure 5.3B) and the early stages of
vertebrate evolution (between nodes y and o in figure 5.3B). The major increase of gene
number in these two time periods are consistent with that of the total number of genes in
the genome by Gu, Wang, and Gu (2002). Note that if a gene is duplicated and one of the
two duplicate genes was lost during the same time interval, our approach cannot detect
them, as mentioned earlier. Therefore, the gene losses estimated here are losses of the
genes of fairly old duplication events.

The Ecdysozoa hypothesis (e.g., Aguinaldo et al. 1997; Dopazo and Dopazo
2005) proposes that two molting animals, nematodes and insects, are more closely related
to each other than to vertebrates. We used the species tree based on this hypothesis to
estimate the numbers of ancestral homeobox genes. The estimated numbers of ancestral
genes and those of gene losses are much higher than those based on the Coelomata
hypothesis (see supplementary material). Therefore, in terms of the numbers of ancestral
genes and gene losses, the species tree based on the Coelomata hypothesis gives us more

conservative estimates than those based on the Ecdysozoa hypothesis.

Retention and loss of ancestral homeobox genes in each species

It is interesting to know how many gene families of the archi-MRCA have left
descendent genes in the 11 species and how many gene families have been lost during
this evolutionary period. Figure 5.2 shows that in nematodes 12 of the 49 gene families in
the archi-MRCA have been lost, whereas 32 of them have been retained, the remaining

five gene families existing in neither archi-MRCA nor in nematodes. In vertebrates,
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however, all the archi-MRCA genes were found. In addition, some new gene families
originated in insects, tunicates, and vertebrates. The HOX gene family has the largest
number of member genes in vertebrates, and the archi-MRCA also had a relatively high
number of member genes (4 genes). The highest number of archi-MRCA genes was
observed in the LIM family, but the number of genes did not increase very much
compared with the HOX gene family. Some gene families such as the BSH and VSX
families had small numbers of genes in all species.

We also studied the numbers of ancestral homeobox genes lost during the time
period from the archi-MRCA to the present species (column 2 in Table 5.2). Let us use
figure 5.1C to illustrate how we counted the numbers of genes lost. This figure shows
three groups of genes (I, II, and IIT) that were derived from the three genes in the
ancestral species 8. In group I genes, gene a and b are retained, but gene ¢ was lost. In
group II genes, gene a and c are retained, but gene b was lost. Similarly, in group III
genes, gene c is retained, but genes a and b were lost. Therefore, in species a two
ancestral genes are retained and one gene was lost. Similarly, the number of genes lost is
2 in species B and is one in species y. The total number of genes lost in each extant
species is given by the sum of these losses for all gene families. Note that this number of
gene losses can be computed for each MRCA.

Table 5.2 shows that the invertebrate lineages lost about 30 ~ 38 genes from the
88 ancestral genes in the archi-MRCA, while the vertebrate lineages lost about 25 ~ 28
genes during this evolutionary period. This suggests that invertebrates lost somewhat
more genes from the archi-MRCA than vertebrates. However, the difference is much

smaller than that observed with full genome analysis, which suggests that about two-fold
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or more gene losses occurred in the lineage leading to C. elegans than the lineage leading
to human (Hughes and Friedman 2004; Koonin et al. 2004; Ogura, Ikeo, and Gojobori
2005). Similarly, the numbers of genes lost from the ancestor B to insects and tunicates
were somewhat higher than those to the vertebrates (see column 3 in Table 5.2). Within
vertebrates, the numbers of lost genes are more or less the same from most ancestral
organisms to each of the descendent species. However, since the major increase of gene
number occurred in the early stage of vertebrate evolution (between y and ), fishes lost
somewhat smaller number of genes than other vertebrates.

These results suggest that the degree of gene loss varies significantly among

different families of homeobox genes, but it was not so different among different species.
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DISCUSSION

In this study we showed that there were at least 88 homeobox genes in the archi-
MRCA of bilateral animals. Previously we mentioned that our statistical method would
give minimum estimates of the numbers of ancestral genes. However, our estimate of the
total number of genes in the archi-MRCA is close to the current number of genes in
nematodes and insects. This is also true with the number in each gene family. These
observations suggest that our estimates may not be too far off from the true numbers.
Furthermore, the similarity of the estimates for the archi-MRCA and those for nematodes
or insects suggest that the archi-MRCA had the same degree of phenotypic complexity as
those of current nematodes or insects. Since vertebrates gained more homeobox genes
than invertebrates, it appears that this increase in the number of homeobox genes is
responsible for the formation of more complex characters in vertebrates than in
invertebrates.

We have also seen that many homeobox genes have been lost in the process of
evolution of phenotypic characters. This loss of homeobox genes might have been either
inactivation of redundant genes after gene duplication or loss of functionally
differentiated genes (Ruddle et al. 1994; Wagner, Amemiya, and Ruddle 2003). The
genes lost in our study are losses of fairly old duplicates, and therefore it is likely that the
genes lost were already functionally differentiated from one another at the time of gene
loss. This raises the question of why these genes could be lost so often. There are at least
three possible reasons. First, without closely related paralogs, functional redundancy can
be achieved by something called distributed robustness (reviewed in Wagner 2005). In

other words, loss (or mutation) of a homeobox gene can be buffered by the rewiring of
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functionally different parts of the regulatory network. If so, it is possible that losses of
homeobox genes might not have caused any noticeable changes of phenotypes. Second, it
is also possible that gene loss occasionally has beneficial effects. For example, loss of
genes may be related to the reduction of unused characters, and in this case loss of genes
controlling the character may have beneficial effects for the development of the entire set
of phenotypic characters. Third, the phenotypic changes caused by the loss of homeobox
genes have been more or less neutral with respect to fitness. In the case of multi-
functional genes, this is possible, if the critical functions are shared by duplicates, but
other functions are not.

It should be noted that the gain and loss of homeobox genes are opportunistic but
these events probably changed the evolutionary courses of different organisms. However,
the possible causes of gene loss mentioned above are all speculative, and more detailed

studies are needed to identify the real reason.
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Table S.2. Estimates of the numbers of genes lost from each MRCA to each species

Ancestral nodes in figure 5.3

Species a B v d £ L
88 118 116 248 209 214

C. elegans 34

C. briggsae 38

Fruitfly 30 53

Mosquito 35 59

Tunicate 35 57 47

Zebrafish 25 40 29 71

Pufferfish 27 43 31 78

Frog 26 43 34 90 42

Mouse 26 43 34 91 41 26

Rat 28 46 38 97 47 36

Human 26 42 33 86 34 17

—Estimates of the numbers of genes lost in each species from the same MRCA are
shown in the same column.
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Figure 5.1. A simple example of the method for estimating the numbers of ancestral,
gained, and lost genes. We assume that there are 3 species (species a, B, and y), and
species a, B, and y have 3, 2, and 2 genes, respectively. A. The species tree and the
numbers of ancestral, gained, and lost genes. The most recent common ancestor (MRCA)
of species a, B, and y and the MRCA of species a and B are labeled 6 and &, respectively.
The numbers within square boxes are the numbers of genes in extant species (species a, j,
and vy) or ancestral species (species 6 and €). The numbers of genes gained and genes lost
in each ancestral branch are shown on the right and left sides of each branch, respectively.
B. The gene tree of the 7 genes. C. The reconciled tree of figure 5.1A and figure 5.1B.
Black and grey dots stand for speciation events (sp.), empty black circles for gene
duplication events, and crosses for gene losses. D. The condensed tree of figure 5.1B. E-
G. Three possible gene trees that can be inferred from the condensed tree in figure 5.1D.
H. the simplest reconciled tree of figure 5.1D. L. The species tree and the numbers of

ancestral, gained, and lost genes counted from figure 5.1H.
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Figure 5.2. The evolutionary relationships of 49 different families of homeobox genes
and their phylogenetic distribution in the 11 species of bilateral animals. The tree is
constructed by the neighbor-joining method using average p-distances between 49 groups
and is a 50% bootstrap consensus tree (100 bootstrap replications). Bootstrap values
higher than 50% are shown. Representative domain organization is shown on the right-
hand side of each family name. Black vertical lines indicate the typical homeobox gene
family, and gray vertical lines the atypical homeobox gene family. Each blue square
indicates a homeodomain, and orange squares indicate the conserved family specific
domains. Gray horizontal lines indicate full-length proteins. Domains of E-value < 0.01
in the HMM search are shown. The numbers of homeobox genes for each family in each
species is also shown. Numbers in parentheses are the numbers of homeoboxes from
multi-homeobox genes. Numbers under “MRCA” are the estimated numbers of
homeobox genes in the MRCA of the 11 species using species trees based on the
Coelomata hypothesis. No SAX family gene was found in the annotated data set of
human genes from the ENSEMBL. However, the annotation data set of human genes
from the GenBank contains one copy of SAX group gene. We therefore included this

sk

gene in this tabulation (number with mark). Note that the SIX family genes are
typical homeobox genes and that the gene numbers for the HOX gene family are slightly
higher than those of the genes in the HOX cluster. This is because other closely related

genes (e.g., IPF) were also included in this family.
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Figure 5.3. The numbers of ancestral, gained, and lost genes during the evolution of
bilateral animals. Species name is given on the right-hand side of each external node.
Ancestral species of our interest are labeled by a to {. The number within a square box is
the number of genes in each extant species or ancestral species. The numbers above and
below each branch are the numbers of gained and lost genes, respectively. The
divergence times for ancestral nodes a, B, 8, €, and { are based on the molecular clock
(Kumar and Hedges 1998; Nei, Xu, and Glazko 2001) and that for node y is based on the
fossil record (Shu et al. 2001). The remaining ancestral nodes are not on the time scale. A.
Evolution of the HOX family genes. For ancestral nodes a, B, vy, 6, and {, the numbers in
italic are the numbers of ancestral HOX genes estimated by other studies, and those
above the italic are the estimated numbers in this study. Other studies are as follows:
node a, Zhang and Nei (1996); node B, Holland and Garcia-Fernandez (1996); node v,
Wada et al. (2003); nodes o and ¢, Stellwag (1999). B. Evolution of the entire homeobox
gene superfamily. The numbers of gained and lost genes for the external branches are not

so reliable (see Results). The notations used are the same as those of figure 5.3A.
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