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ABSTRACT

Myb proteins are defined by a highly conserved DNA-specific binding domain termed
Myb, which is composed of approximately 50 amino acids with constantly spaced tryptophan
residues. Multiple copies of Myb domains often exist as tandem repeats within a single
protein. There are up to four tandem Myb repeats present in Myb proteins identified to date
(termed ROR1R2R3 hereafter). Each Myb repeat can form three o~helices, the third of which
plays a recognition role in specifically binding to DNA. In contrast to the conservation of
Myb domains, C-terminal coding regions and non-coding regions (promoter, 5’UTR, introns,
and 3’UTR) are dramatically divergent.

In our study, we collected more inclusive Myb genes than previous research by screening
and sequencing Myb clones from sorghum and maize with a targeted approach. Then, we
conducted a series of phylogenetic analyses to explore the evolutionary origin of Myb genes.
The results suggest that the whole Myb gene family originated from an ancient Myb-box
DNA-binding motif. One and two intragenic duplications produced R2R3 and R1R2R3 Myb
genes, respectively, which then co-existed in the primitive eukaryotes and gave rise to the
currently extant Myb genes. Based on our results, we proposed that plant RIR2R3 Myb
genes were derived from R2R3 Myb genes by gain of R1 repeat through an ancient
intragenic duplication; this gain model is more parsimonious than the previous proposal that
R2R3 Myb genes were derived from R1R2R3 Myb genes by loss of R1 repeat. The
phylogenetic analysis of isolated individual Myb repeats indicates that the R2 repeat has
evolved more slowly than the R1 and R3 repeats. However, it is not clear which repeat is the
most ancient one.

Myb proteins are one of the largest transcription factor families critical for the regulation
and control of gene expression. However, little is known about their functions. Here, we
clustered the closely-related Myb genes into subgroups from Arabidopsis and rice on a basis
of sequence similarity and phylogeny. The gene structure analysis revealed that both the
positions and phases of introns are conserved in the same subgroup, but are different between
subgroups. Moreover, there is a significant excess of phase 1&2 introns as well as an excess
of non-symmetric exons in Myb domains. Conserved motifs were detected in C-terminal

coding regions of Myb genes within subgroups. EST blast search shows that the identified C-
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terminal motifs exist specifically in Myb genes, and could serve as an additional identifying
characteristic of Myb genes. We also found that Mybs with similar functions are clustered
together as subgroups. Taken together, the conserved motifs and splicing sites may reflect
functional constraints upon Myb domains. The functional classification table obtained from
this result, could provide a reference to assign putative function to newly identified Mybs. In
contrast, the non-coding regions are too divergent to enable identification of common
regulatory motifs. Finally, the distribution pattern of introns in the phylogenetic tree indicates
that Myb domains originally had a compact size without introns. Non-coding sequences were
inserted and the splicing sites were conserved during evolution. Overall, these results provide
significant new insights into the origin, evolution, and functional roles of Myb-encoding

genes.



CHAPTER 1. GENERAL INTRODUCTION

Introduction

Like all eukaryotes, plants employ complex and highly controlled mechanisms of gene
regulation which are critical for growth, development, and response to environmental
changes. To date, many results from EST and genomic sequencing projects indicate that
differential gene expression plays a major role in determining plant traits (Doebley and
Lukerns 1998), and plants commonly contain multiple copies of genes encoding highly-
similar proteins. Regulation of gene expression at the level of transcription influences many
important biological processes in a cell or organism. Our present knowledge of plant
regulatory sequences is based largely on the analysis of individual genes. However, single
gene analysis is time-consuming, expensive, and provides only fragmentary information. Our
project focused on a gene family named Myb encoding transcription factors with multiple
copies in plant genomes. With the assistance of computational techniques, we attempt to
determine the number of Myb genes in Arabidopsis, and the major cereals: rice, sorghum,
and maize; infer the evolutionary origin of Myb genes; identify the conserved motifs; classify
and predict their functions; and correlate the regulatory elements with the differential gene
expression in transgenic assays. This study should help to elucidate the evolutionary history
patterns and constraints of Myb genes; understand the relationship of Myb gene sequences
and their functional diversity; and improve some agronomic traits involved Myb genes. This

system-wide approach to gene expression represents the next logical step in genome studies.

Dissertation Organization

This dissertation covers the major projects during my Ph.D. study, and comprises seven
chapters. Each chapter is composed of several components such as abstract, introduction,
results and discussion, and so forth. Chapter one addresses the background and significance
of the projects, and states the organization of this dissertation as well. Chapter two describes
screening and sequencing of Myb genes in sorghum and maize. In chapter three, we infer the
evolutionary origin of Myb genes by analyzing the inter- and intra-organismal divergence of
Myb genes. In chapter four, we identify the complement of Myb genes in Arabidopsis and

rice, classify and predict their functions. Chapter five describes the detailed transgenic assays



aimed to identify regulatory elements and correlate them with gene expression patterns. The
intern project in Pioneer Hi-Bred Inc., a DuPont company, in the summer of 2002 is
presented in chapter six. All the member genes of the 37 transcription factor families in
maize, rice and Arabidopsis are identified and classified by type in this transcription factor
project. The general conclusions of the research topics are summarized in chapter seven.
Finally, the dissertation ends with the acknowledgements to all the people who have given

their kind help and support.

Literature Review

1. The discovery and characteristics of Myb

The Myb gene was first identified in the form of the v-Myb oncogene of the avian
myeloblastosis virus (Klempnauer et al. 1982). Subsequently, members of the Myb gene
family were found existing widely in both plants and animals (Rosinski and Atchley 1998).
A small number of Myb genes have also been found in fungi (Lipsick 1996), mycetozoa
(Braun and Grotewold 1999, Kranz et al. 2000), and microsporidia (Jiang et al. 2003). There
are no Myb genes recognized in prokaryotes so far.

A conserved Myb domain of approximately 50 amino acids with constantly spaced
tryptophan residues characterizes the family of Myb proteins. Multiple copies (up to four) of
the Myb domains are frequently present as tandem repeats within a single protein. Most such
Myb proteins contain two or three tandem repeats near their amino terminus. To date, no
two-repeat Myb genes were detected in animals. Only a single four-repeat Myb gene (termed
RO, R1, R2, and R3 hereafter) was reported in Arabidopsis (Stracke et al. 2001).
Interestingly, each of the Myb repeats is more closely related to other members of the same
family than to other repeats within the same protein (Lipsick 1996). Within each repeat form
three o~helices (Ogata et al. 1955). The third a-helix is thought to play a recognition role in
binding to a short DNA sequence (Robinowicz et al. 1999). The previous result suggested
that each repeat folds into a helix-turn-helix (HTH) variant related to that of prokaryotic
repressors (Ogata et al. 1955), and similar to that of the homeodomain-containing proteins
(Gabrielsen et al. 1991, Ogata et al. 1995). The HTH motif has since been reported to bind
directly to the major groove of DNA (Ogata et al. 1992). Furthermore, some homology



between the C-terminal region of R2 repeat and the basic DNA-binding motif of leucine
zipper proteins has been reported (Carr and Mott 1991).

The sixth residue C-terminal to the third tryptophan in R2 repeat is highly conserved in
both animal and plant Myb proteins (Hegvold and Gabrielsen 1996, Williams and Grotewold
1997). Only a conserved proline (P) residue was found in this site in all animal Myb proteins,
and more than 95% in plant, which is sometimes replaced by alanine (A), serine (S), or
arginine (R). The substitution of P to A was reported by Robinowicz (1999). Accordingly,
the Myb proteins are designated as P- and A-type, respectively (Dias et al. 2003, Jiang et al.
2003).

Interestingly, the first tryptophan (with polar side chain) of R3 repeat in three-repeat Myb
proteins is replaced in two-repeat Myb proteins by phenylalanine, isoleucine, and leucine (all
with nonpolar side chains). These RIR2ZR3 Myb proteins in Arabidopsis exhibit structural
features of the vertebrate c-Myb preoncoprotein, and were first designated as pc-Myb (plant-
c-Myb-like genes) to distinguish them from the larger R2R3 Myb genes in plants (Braun and
Grotewold 1999).

It is worth pointing out that some proteins have been identified containing one or partial
Myb repeat in Drosophila (England et al. 1992), plants (da Costa et al. 1993; Baranowskij et
al. 1994; Lugert and Werr 1994; Kirik and Biaumlein 1996; Feldbriigge et al. 1997), and yeast
(Morrow et al. 1993). Additionally, some R2R3 Myb proteins in fungi and plants lack the
typical constantly-spaced tryptophan residues. The completion of more and more genome
sequencing projects, and advances in molecular biology over the past twenty years, have
enabled a more comprehensive understanding of the evolution and function of the whole

Myb gene family in different species.

2. The evolutionary history of Myb

Recent results from EST and genomic sequencing projects indicate that plants commonly
contain multiple copies of gene encoding highly-similar proteins. These multiple gene copies
may have arisen by whole-genome polyploidizations, or regional duplications affecting sub-
genomic segments. Myb proteins are such genes with multiple copies in eukaryotic genomes,

and widely exist in different organisms. An important suggestion is, how was the Myb gene



family expanded through gene duplication and divergence? These latter processes have been
proposed to be major forces in genomic and organismal evolution (Ohno 1970).

The first attractive model for evolution of Myb gene family was presented by Lipsick
(1996). 1t proposed that all current Myb genes arose from a common ancient one Myb repeat
designated R1/2 (mixed R1 and R2). The one or partial repeat Myb proteins were derived
from this ancestor through substitutions. With two successive intragenic duplications, R1/2
evolved into R1/2R3, then R1R2R3 which became the recent ancestor of current Myb genes.
The plant and animal RIR2R3 Myb genes resulted from the subsequent duplications of the
entire gene. In contrast, the ancestral RIR2R3 lost R1 to become the ancestral R2R3, which
gave rise to the currently extant plant R2R3 Myb genes with the duplications.

This loss-of-R1 model received support from other groups’ work. Rosinski and Atchley
(1998) conducted a series of phylogenetic analyses of 42 Myb proteins from both plants and
animals using complete protein sequences, the conserved DNA-binding domain, and the
flanking regions, respectively. Their result suggested that Myb proteins are a polyphyletic
group originated from a “Myb-box” DNA-binding motif, and that the plant Myb ancestors
had three repeats, but first repeat was lost to produce two-repeat Myb genes. Subsequently,
Braun and Grotewold (1999) discovered pc-Myb genes (plant RIR2R3 Myb), and re-
investigated the evolution of the plant Myb gene family. Their analyses indicated that pc-
Myb gene was duplicated into multiple copies in plants after the divergence of plants from
other eukaryotic groups, and also supported the loss-of-R1 model. Similar results follow
analyses of new identified Myb genes, remained consistent with the Lipsick model (Jin and
Martin 1999). With the identification of a number of RIR2R3 Myb genes in all major plant
lineages, plant R2R3 Myb genes were again thought to have evolved from plant RIR2R3
Myb genes by loss of R1 (Kranz et al. 2000).

All the previous researchers agreed on the following conclusions: 1.The Myb domain is
likely to have arisen after the divergence of eubacteria and eukaryotes (Lipsick 1996). 2. The
duplications which generated these tandem repeats occurred prior to the divergence of these
distantly related species based on the fact that each R2 repeat is more homologous to other
R2 repeats than to any R3 repeat; this conclusion holds true for the R3 repeat as well. 3. The
origins of the Myb gene preceded the origins ofithe major plant phyla. 4. The ancestral
R1R2R3 Myb formed prior to the divergence of plants and animals. 5. The duplications that



resulted in the amplification of Myb genes in plants occurred prior to the divergence of
monocots and eudicots. Then, R2R3 Myb genes further evolved during plant speciation.
Recently, Dias et al. (2003) showed that the origin of A-type Myb genes from P-type
Myb genes may precede the divergence of monocots and eudicots. This group of P-to-A Myb
genes recently underwent an expansion in the grasses, involving genome duplication, tandem
gene duplication and a more ancient duplication. Additionally, the evolutionary pattern of
Myb-homologous genes in cotton seems to occur independently in the allopolyploid nucleus,
rather than via concerted evolution (Cedroni et al. 2003). However, the general evolutionary
history, patterns, and constraints of the Myb gene family still remain unclear. Especially, the
relationship (mycetozoa, (animal, plant)) on which the loss model was based, is no longer
compelling (Baldauf et al. 2000). Previous researchers (Braun and Grotewold 1999, Kranz et
al. 2000) supported the loss model in part based on the observation that RIR2R3 Myb genes
were more widely present in different organisms than R2R3 Myb genes. However, with more
and more sequences available, we found this conclusion is no longer tenable. Specifically,
the ancient origin of the plant R2R3 Myb gene is subject to question. With a more inclusive
data set which has become available from recent genome projects, we can discern a more

reliable scenario of the evolution of the Myb gene family.

3. The functional diversity of Myb transcription factors in plants

To date, hundreds of Myb genes have been broadly identified in all kinds of eukaryotes:
microsporidia, insects, slime moulds, fungi, plants and animals. The Myb genes comprise
one of the largest transcription factor families in eukaryotes. In some well-studied examples,
the Myb proteins have been shown to make base-specific contacts target genes by tandem
R2R3 repeats’ binding to the major groove of the DNA double helix (Ogata et al. 1994).

A review by Lipsick (1996) listed the functions of some Myb-related genes. Two Myb
genes have been found in the budding yeast Saccharomyces cerevisiae: BASI cooperates
with BAS2/PHO2 (homeodomain) to regulate HIS4; REBI (partial Myb) regulates rRNA
initiation and termination, and affects pol II transcription by altering chromatin structure.
Only CDCS5 (an ancient paralog of Myb) was identified in fission yeast Schizosaccharomyces

pombe; CDCS5 is involved in control of cell cycle. Another partial Myb gene fIbD in the



fungus Emericella nidulans regulates condiophore initiation. In Drosophila, the Myb gene
stonewall related to Adf-1 affects oocyte differentiation.

Sequence comparisons have shown that v-Myb may have been transduced from the host
vertebrate gene, then evolved into part of the virus. Myb genes closely related to v-Myb have
been detected in many vertebrate genomes (Weston 1998). Although the number of Myb
genes in vertebrates is relatively few (Thompson and Ramsay 1995, Rosinski and Atchley
1998), they are categorized into three forms based on their function: A-Myb, B-Myb and C-
Myb (Lipsick 1996). For example, it has been reported that C-Myb regulates proliferation
and differentiation of hemopoietic cells (Duprey and Boettiher 1985). B-Myb is poorly
understood; it may down-regulate C-Myb (Foos et al. 1972). The function of A-Myb is less
clear, although it is correlated with the proliferation of spermatogonial cells in testis
(Takahashi et al. 1995).

In contrast to animals, a huge number of Myb genes have been recognized in plants. For
example, 125 R2R3 Myb genes have been identified in Arabidopsis (Stracke et al. 2001).
Additional set of plant Myb genes include more than 80 Myb ESTs obtained by RT-PCR
from maize (Rabinowicz et al. 1999), approximately 30 in Petunia hybrida (Avila et al.
1993), 14 different Myb related cDNAs in tomato, Lycopersicon esculentum (Lin et al.
1996), and approximately 200 Myb genes predicted in cotton (Cedroni et al. 2003). When
compared with their counterparts in animals, plant Myb homologues are structural and
functional more variable (Martin and Paz-Ares 1997). Most of their functions are still
unknown, except for some well-studied examples. Research to date indicates that there are
four major roles for plant Myb transcription factors (Martin and Paz-Ares 1997, Meissner et
al. 1999): 1) Controlling secondary metabolism, particularly in phenylpropanoid pathway
(Paz-Ares et al 1987 [maize gene C/], Grotewold et al. 1994 [maize gene pl], Sablowski et
al. 1994, Moyano et al. 1996, Tamagnone et al. 1998, Mol et al. 1998, Quattrocchio et al.
1999 [Petunia hybrida gene AN2], Borevitz et al. 2000 [4Arabidopsis genes PAP1, PAP2],
Zhang et al. 2000 [maize gene p2], Aharoni et al. 2001 [strawberry gene FaMybl], Nesi et al.
2001 [Arabidopsis gene TT2]) and tryptophan biosynthesis (Walker 1993, Bender and Fink
1998 [Arabidopsis gene ATRI]); 2) Regulating cellular morphogenesis, for example,
Arabidopsis genes GLI (Oppenheimer et al 1991) and Wer (Lee and Schiefelbein 1999) are

critical for hair cells of the leaf and in the stem; Antirrhinum majus gene MIXTA controls cell



shape (Noda et al 1994) and PHAN regulates cell differentiation (Waites et al. 1998); 3)
Participating in signal transduction, such as responses to plant growth (Iturriaga et al. 1996

[ Craterostigma plantagineum gene cpm10], Gubler et al. 1995 [barley gene Gaml]); 4)
Communicating with the environment, such as responses to drought, abiotic stress (Urao et
al. 1993, Magaraggia 1997, Hoeren et al. 1998) and resistance to pathogen attack (Yang and
Kleissig 1990). In addition, some plant Myb proteins may play a role as structure factors. A
recent paper showed that the Myb-like domain of plant telomeric protein RTBP1 might play
an important role in plant telomere function in vivo (Yu et al. 2000).

Previous results have shown that there is a strong correlation between functionality of an
amino acid site in Myb proteins and its conservation through evolution (Rosinski and
Atchley 1998). For example, the constantly spaced tryptophan residues in R2R3 domains are
central to the formation of a hydrophobic core of amino acids which in turn is required in the
protein’s sequence-specific DNA binding (Ogata et al. 1992). Additionally, the linker region
that joins R2 and R3 repeats (approximately nine residues) plays a fundamental role in
positioning the DNA-recognition helices on the DNA (Hegvold and Gabrielsen 1996) by
providing flexibility between R2 and R3 repeats (van Aalten et al. 1998). Further insight was
provided by studies of two closely related genes in maize, CI and P. The protein C1
regulates target genes together with either of two bHLH proteins R or B, whereas P does not
interact with R or B. However, when the four predicted solvent-exposed residues in the first
o-helix in R3 repeat of p gene are substituted with corresponding residues from C/, the
mutated P protein is able to physically interact with R (Grotewold et al. 2000).

Another interesting feature of plant R2R3 Myb proteins is that the highly conserved
R2R3 domains are coupled with dramatically divergent C-terminal regions. Does this
divergence difference reflect functional constraints upon the R2R3 domains with the C-
terminal regions? Again, this question has been experimentally tested to some extent. When

the C-terminal regions of the maize genes C/ and p were exchanged, the activation potentials

of both hybridized genes were changed (Grotewold et al. 2000).

To gain insight into Myb genes’ functions, the complement of Myb genes in Arabidopsis
and other plants were clustered into subgroups based on sequence similarity by phylogenetic
tree. The conserved motifs were identified in C-terminal regions in each subgroup. Then,

their functional characteristics were categorized on the basis of representative sequences with



experimentally proved functions (Stracke et al. 2001). A similar approach was applied in two
other gene families, kinesin (Lawrence et al. 2002) and bHLH (Toledo-Ortiz et al. 2003).

Interestingly, the divergent non-coding regions may effect different gene expression
patterns. For example, the maize p/ and p2 Myb genes have highly homologous coding
regions but have divergent promoters, which may be responsible for their distinct expression
patterns (Zhang et al. 2000).

Why are there so many plant Myb proteins? Probably, plants used R2R3 Myb
transcription factors selectively to control their specialized physiological functions (Martin
and Paz-Ares 1997). To assign the biological functions of Myb genes with unknown function
is one of the challenging goals in biology. Unfortunately, many techniques of genetic
analyses, such as targeted gene disruption, are laborious and inefficient in plants. For
example, no knockout alleles for Arabidopsis RIR2R3 Myb genes were detected from the
several available insertion-mutagenesis populations. It was proposed that the disruption of
the 3-repeat Myb genes is lethal because of its essential role in cell cycle (Stracke et al.
2001). In addition, because of the huge number of Myb genes, their redundancy may also
reduce the efficiency of the genetic methods by compensating for the loss of a mutated target
Myb gene. Therefore, a computational method based on conserved motif sequences as
described in this dissertation will facilitate the functional categorization of newly identified

Myb genes.
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CHAPTER 2. SCREENING AND SEQUENCING OF MYB GENES
IN SORGHUM AND MAIZE

Abstract

With the completion of the Arabidopsis genome sequencing, 125 R2R3 Myb genes have
been identified in this simple dicotyledenous plant. In contrast, relatively a few Myb genes
are known in sorghum and maize; these latter monocotyledenous plants have much larger
genomes than that of Arabidopsis, but they have yet to be sequenced. In order to collect more
inclusive Myb gene data sets, we took advantage of available resources to isolate sorghum
and maize Myb genes in a targeted strategy. A cDNA fragment of maize P/-wr gene
spanning the R2R3 Myb domain was radiolabelled and used as probe to screen Myb-
homologous genes from sorghum and maize BAC libraries. These Myb-hybridizing BACs
were sequenced by a primer-walking strategy. Finally, the sequences were assembled,
annotated and deposited into GenBank for public use. Our results indicate that R2R3 Myb
gene family has been greatly expanded in sorghum and maize during evolution. The number

of Myb genes in these two cereals is estimated at >64 and >200, respectively.

Introduction

To this date, a number of crop plant genome projects have been initiated. However, due
to their size, complexity and high proportion of repetitive elements, the genomes of many
crop plants will be difficult to finish than that of Arabidopsis. Therefore, unlike Arabidopsis,
the precise number of Myb genes is still unknown in sorghum and maize. Relatively few
Myb genes of these two species have been identified so far, including sorghum y/ (Chopra et
al. 2002), maize C/ (Paz-Ares et al 1987), p/ (Grotewold et al. 1994), p2 (Zhang et al. 2000),
rs2 (Timmermans et al. 1999, Tsiantis et al. 1999), and so forth. In the present era of high-
throughput data acquisition and information processing, more shared resources and
capabilities are available. It should be possible to infer a rough estimate of the number of
Myb genes in sorghum and maize, although the final answer awaits completion of the
ongoing genome projects.

Libraries that contain large insert DNA carried in a suitable vector are critical for the

analysis of complex genomes. The dominant vectors include cosmids (Collins and Hohn
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1978), yeast artificial chromosomes (YAC) (Burke et al. 1987), bacterial artificial
chromosomes (BAC) (Shizuya et al. 1992), and P1-derived artificial chromosomes (PAC)
(Ioannou et al. 1994). The BAC system has many potential advantages over YAC system,
and has been favored for construction of DNA libraries of plant genomes.

The first plant BAC library published was the sorghum SB_BBa-Library (Woo et al.
1994) and was donated to CUGI by R. Wing. This library was constructed in the HindIII site
of the vector pBeloBAC11. It contains 14,208 clones with an average insert size of 157 kb
covering 3 genome equivalents. A BAC library of the inbred maize line B73 was constructed
by Tomkins et al. (2000). Similarly, this library was constructed in HindlIII site of
pBACindigo536 (vector pCUGI). It contains 247,680 clones covering 13.5 genome
equivalents. The average insert size is 137 kb with a range of 42 to 379 kb.

Most plant Myb genes share highly conserved R2R3 domain into which two small introns
inserted. This conserved Myb domain allows ready access to both promoter sequences and C-
terminal regions using common degenerate sequencing primers through a primer-walking
strategy. Taken together, the BAC libraries can serve as a starting point for the isolation and
characterization of Myb genes.

In this study, we screened public sorghum and maize BAC libraries for clones
hybridizing with a Myb probe. First, BAC library filters were probed with fragments of
cDNAs covering Myb R2R3 domains. Then, the hybridizing BAC clones were identified and
the corresponding BAC templates were prepared for sequencing. Finally, the sequencing -

results were assembled, annotated, and deposited into GenBank.

Materials and Methods

Screening Myb-positive BAC clones from sorghum and maize libraries

BAC libraries, sorghum SB_BBa-Library and maize ZMMBBb-Library were obtained
from Clemson University Genomics Institute (CUGI,
https://www.genome.clemson.edu/orders/). The BAC membrane filters were hybridized with
a Myb-homologous probe, maize gene P/-wr cDNA containing R2R3 domain. The probes
were radiolabeled with an oligo-labeling kit (Amersham Pharmacia Biotech, Inc.), and

membrane hybridizations were performed based on the protocol from CUGI
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(http://www.genome.clemson.edu/protocols/hyb_filter.html). Those clones with intense
hybridization signals were designated as Myb-positive BACs (Fig. 1). Their clone IDs were
identified according to the protocol provided by CUGI
(http://www.genome.clemson.edu/groups/bac/protocols/addressnew.html), and cultures

containing these clones were ordered for the following sequencing.

Sequencing Myb-positive BAC clones from sorghum and maize libraries

Sequencing was performed on BAC DNA prepared using a QiaGen Plasmid Midi Kit. A
degenerate primer close to the beginning of exon IT in Myb genes was designed according to
the 78 maize Myb ESTs from Dr. Grotewold (Rabinowicz et al. 1999) and used to directly
sequence from BAC templates. The degenerate primer sequence is
5’GAKGYCSGGSCGVAGGTAGTTS3’. This sequence reads toward the 5’ direction of Myb
genes. After the first sequencing run, we obtained specific sequences for each clone. Then,
two specific primers (upstream and downstream) were designed to be complementary to the
previous sequences obtained from each BAC clone. This procedure was repeated until
approximately 1.2 kb upstream to the start codon and complete Myb domains were obtained,
respectively. The sequencing was carried out with the Applied Biosystems fluorescent

sequencing system at the Iowa State University Nucleic Acid Facility.

Assembling and Annotating Myb genes

Individual sequences from the same BAC were assembled into contigs based on the
overlap of sequences from the two successive primer-walking sequencing. The features of
each assembled sequence were annotated, such as the number of exons and introns, their
locations, and other comments. Finally, they were submitted to GenBank using the program

sequin (ftp://ftp.ncbi.nih.gov/sequin/).

Results and Discussion

We obtained 85 Myb-positive clones from one sorghum BAC membrane filter containing
12,288 clones (equivalent to 2.6 genomes) (Fig. 1). The sequencing yielded 64 unique
sorghum Myb genes (their GenBank accession numbers: AF474125-AF474133, AF470058-
AF470071, and AY363121-AY363161). In contrast, 143 Myb-hybridizing clones were
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identified in two maize BAC filters containing 36,864 clones (equivalent to 2 genomes), 31
of which were confirmed to represent unique Myb genes by sequencing (their GenBank
accession numbers: AF474115-AF474124, AF470072-AF470092). The redundancy is about
30%. Based on this result, there may be approximately 96 unique Myb genes existing in the
two hybridized filters. The whole maize BAC ZMMBBb-Library has 247,680 clones in total
(equivalent to 13.5 genomes). Taken together, we estimated >200 Myb genes in the maize
genome. This number is consistent with a previous estimate based on RT-PCR detection
result of expressed Myb genes, our results confirmed that the Myb gene family has been
highly amplified in plants (Rabinowicz et al. 1999).

The sequencing strategy employed here produced some sequences for a significant
number of clones. However, in relatively few cases were the complete R2R3 Myb domains
obtained (9 out of 64 sorghum clones, and 10 out of 31 maize clones). Most sequences
extended into the S’UTR region, but stopped in intron 2 before reaching exon 3, which
comprises part of the R3 repeat. The sequencing difficulties could be attributed to several
causes. In some cases, degenerate-sequencing primers did not work on all clones. In other
cases, the high GC content in monocot introns may have caused difficulties in sequencing.
Some secondary structures might also hinder sequencing by failing to completely denature

and thus preventing annealing of the primer to the template.

Conclusion
The Myb gene family has been expanded in sorghum and maize: at least 64 Myb genes

are present in sorghum genome, and more than 200 exist in maize genome.
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Figure 1. Autoradogram of a maize BAC ZMMBBb-Library membrane following

hybridization with a Myb domain probe. The portion shown contains two of the six fields
from one library membrane. Each field contains 384 squares. Within each square there are 16
positions where 8 clones are spotted in duplicate. The spot pattern indicates the plate number.
Once the plate number is determined, the square locations are identified either by using a grid
or counting the rows and columns. Then the specific clone ID can be obtained from the

corresponding filter column in the library plate decoder table.
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CHAPTER 3. ORDERED ORIGIN OF THE TYPICAL TWO- AND
THREE-REPEAT MYB GENES

A paper accepted by Gene

Cizhong Jiang, Jianying Gu, Surinder Chopra, Xun Gu, and Thomas Peterson

Abstract

Myb domain proteins contain a conserved DNA-binding domain composed of one to four
conserved repeat motifs. In animals, Myb proteins are encoded by a small gene family and
commonly contain 3 repeat motifs (R1IR2R3); whereas, plant Myb proteins are encoded by a
very large and diverse gene family in which a motif containing 2 repeats (R2R3) is the most
common. In contrast to the conservation in the Myb domain, other regions of Myb proteins
are highly variable. To explore the evolutionary origin of Myb genes, we cloned and
sequenced Myb domains from maize and sorghum, and conducted a comprehensive
phylogenetic analysis of Myb genes. The results indicate that the origins of individual Myb
repeats are strikingly distinct, and that the R2 repeat has evolved more slowly than the R1
and R3 repeats. However, it is not clear which repeat is the most ancient one. The evidence
also suggests that R2ZR3 and R1R2R3 Myb genes co-existed in eukaryotes before the
divergence of plants and animals. Based on our results, we propose that RIR2R3 Myb genes
were derived from R2R3 Myb genes by gain of the R1 repeat through an ancient intragenic
duplication; this gain model is more parsimonious than the previous proposal that R2ZR3 Myb
genes were derived from R1R2R3 Mybs by loss of the R1 repeat. A separate group of
diverse non-typical Myb proteins exhibits a polyphyletic origin and a complex evolutionary
pattern. Finally, a small group of ancient Myb paralogs prior to the amplification of current

Myb genes are identified. Together, these results support a new model for the ordered

evolution of Myb gene family.

Key word: evolution; phylogeny; gene duplication; gene family; domain
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1. Introduction

The Myb gene super-family comprises a group ofirelated genes found in plant, animal,
and fungal genomes. The archetype is the v-myb oncogene from Avian Myeloblastosis Virus
(Klempnauer et al.1982). Subsequently, members of the Myb gene family were identified in
diverse plants and animals (Rosinski and Atchley 1998). Myb genes encode proteins with
DNA-binding domains composed of one, two or three semi-conserved motifs of
approximately 50 amino acids each. Each motif is capable of forming 3 a—helices; the 3" o—
helix is thought to play a recognition role in binding to a short DNA sequence (Rabinowicz et
al. 1999). Many Myb proteins contain two or three tandem repeats of the motif (referred to
as R1, R2, and R3 repeat, respectively) within a single protein (Lipsick 1996). A 4-repeat
Myb gene was reported in Arabidopsis (Stracke et al. 2001).

Vertebrate genomes are reported to contain relatively few Myb genes (Rosinski and
Atchley 1998); these are classified on a functional basis into three general forms, A-Myb, B-
Myb and C-Myb (Lipsick 1996). In contrast to animals, flowering plants contain large
numbers of Myb genes. For example, 125 R2R3 Myb genes have been identified in
Arabidopsis (Stracke et al. 2001). Surveys based on expressed sequences have detected more
than 80 Myb genes in maize (Rabinowicz et al. 1999), approximately 30 in Petunia hybrida
(Avila et al. 1993), and approximately 200 Myb genes in cotton (Cedroni et al. 2003).
Moreover, plant Myb genes are structurally and functionally very diverse. The functions of
most plant Myb genes are unknown, although analysis of some well-studied examples
indicates three well-defined roles for plant Myb transcription factors to date: 1) Controlling
secondary metabolism, particularly in flavonoid biosynthesis (Grotewold et al. 1994); 2)
Regulating cellular morphogenesis (Oppenheimer et al. 1991); 3) Mediating signal
transduction pathways, such as in response to abiotic stress (Urao et al. 1993) and pathogen
attack (Yang and Klessig 1990). In addition, some plant Myb proteins may serve structural
roles as in the case of RTBP1, a Myb-domain protein implicated in plant telomere function
(Yu et al. 2000). |

It should be noted that a group of Myb proteins containing only one or a partial Myb
repeat was found in Drosophila (England et al. 1992) and in plants (Baranowskij et al. 1994).
Additionally, some Myb proteins with 2 or 3 repeats in fungi and plants lack the typical
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constantly-spaced Trp residues. These proteins with atypical Trp spacing or partial Myb
domains are non-typical Myb proteins.

In this article we focus on the typical R2R3 and R1R2R3 Myb proteins, which have
sufficient sequence divergence to investigate molecular evolution of the Myb gene family.
Recently, Dias et al. (2003) provided evidence for expansion of the maize R2R3 Myb gene
family through genome duplication, tandem gene duplication, and a more ancient
duplication. Additionally, Myb homologous-genes in cotton appear to evolve independently
in the allopolyploid nucleus, rather than via concerted evolution (Cedroni et al. 2003).
However, the general evolutionary scenario of the Myb gene family still remains unclear;
specifically, the ancient origin of the plant R2ZR3 Myb gene family is subject to controversy.
Here, we analyzed new sorghum and maize Myb gene sequences obtained in our laboratory
and available Myb sequence data to explore Myb gene evolutionary history, and to study the

relationship of Myb gene sequences and their functional diversity.

2. Materials and Methods

2.1 Isolation and Sequencing of Myb Genes from Sorghum and Maize
Maize and sorghum Myb genes were isolated from BAC (Bacterial Artificial
Chromosome) clones obtained from CUGI (Clemson University Genomics Institute,

Clemson, South Carolina; www.genome.clemson.edu). Membrane filters containing arrayed

clones of sorghum (SB_BBa) and maize (ZMMBBb) genomic libraries were hybridized with
a radiolabeled fragment of a maize P/-wr gene cDNA containing a typical R2R3 Myb
domain. Radiolabeled probes were prepared using an oligo-labeling kit (Amersham
Pharmacia Biotech, Inc.), and filter hybridizations were done according to a protocol
provided by CUGL. BAC DNA was prepared using a QiaGen Plasmid Midi Kit.

Myb genes were directly sequenced from BAC clone templates using a degenerate primer
(5’-GAKGYCSGGSCGVAGGTAGTT-3’) complementary to sequences within exon 2 of 78
maize Myb EST sequences (Rabinowicz et al. 1999) provided by Dr. Erich Grotewold (Ohio
State University). The degenerate sequencing primer was used to prime sequencing reactions
proceeding in the 5’ direction of Myb genes; sequences obtained were used to design new

primers specific for each clone for further sequencing in the upstream and downstream
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directions. Further rounds of sequencing followed by specific primer design continued until
complete Myb domain sequences were obtained (Figure 1). Sequencing was carried out with
the Applied Biosystems fluorescent sequencing system at the Iowa State University DNA
Sequencing and Synthesis Facility. BAC clone sequences that did not contain two Myb

repeats (e.g. R2R3) were not considered here.

2.2 Myb Proteins Collection

Myb gene nucleotide sequences from various species were obtained from GenBank by
homologous tblastn search using known Myb domains as query sequences. A perl script
program (available from C. Jiang) was used to extract all CDSs (peptide) from the GenBank
files. The unique GI numbers were used as sequence identifiers for each CDS. For O. sativa,
we performed tblastn search on the Monsanto draft sequence of O. sativa cv. Nipponbare

(www.rice-research.org) using as query the sequences of 29 maize Myb genes determined in

this study, plus the maize pI and p2 gene sequences reported previously. Because our main
aim 1s to address the origin of plant R2R3 Myb genes, for clarity only Myb genes with
complete R2R3 domains were included in the analysis; virtually the same results are obtained
when partial R2R3 domains are included (not shown). Due to space limitations, the
phylogenetic trees shown here comprise selected representative Myb genes from Arabidopsis
thaliana and Oryza sativa, plus all available Myb gene sequences from other organisms to
represent the major clades. Nevertheless, during the entire analysis we retained all the
informative of Myb genes to avoid any potential bias. Our final dataset includes 139 Myb
proteins from 38 species, including lower plants (moss and fern), angiosperms (monocots and
dicots), invertebrate (Drosophila) and vertebrate, fungi (Neurospora crassa), Mycetozoa
(Dictyostelium discoideum, i.e., slime mold), Microsporidia (Encephalitozoon cuniculi), and
Alveolata (Plasmodium falciparum). To our knowledge, our analysis is based on a much

more inclusive Myb sequence data set than those of previous studies.

2.3 Sequence Alignment and Phylogenetic Tree Inference
Myb proteins were aligned using Clustal X (version 1.81) with the default settings. No

manual adjustment was found to be necessary. Phylogenetic analyses were conducted using

MEGA version 2.0 (Kumar et al. 2001, http://www.megasoftware.net/). Primarily we use the
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neighbor-joining method with p-distances, which has been suggested for the analysis of large
numbers of genes with relatively short sequences (Nei 1996, Rabinowicz et al. 1999).
Bootstrapping (1000 replicates) was performed to evaluate the statistical reliability of the
inferred topology. The ancient paralog of Myb gene of Plasmodium falciparum was used as

an outgroup for the phylogenetic trees.

3. Results

3.1 Identification of Myb Domains, Conserved Coding Sequences and Variant Non-coding
Sequences in Myb Genes

Currently there are relatively few complete Myb gene sequences available from cereal
grain species. To increase the representation of Myb genes from these important crop plants,
we isolated and sequenced maize and sorghum genes encoding Myb-homologous proteins.
First, we isolated BAC clones that hybridized with a typical R2ZR3 Myb probe; second, we
used a degenerate oligonucleotide primer complementary to a highly conserved region of
Myb genes to sequence directly from each BAC clone. The sequences obtained from the
degenerate primer were then used to design specific oligonucleotide primers for additional
rounds of sequencing reactions (Figure 1). A total of 95 sorghum and maize BAC clones
were analyzed in this way; partial sequences were obtained from 76 clones, and the complete
R2R3 Myb domain sequences were determined for 9 sorghum and 10 maize Myb genes.
Additional Myb gene sequences from diverse plant and animal species were obtained through
database searches. Multiple sequence alignment and comparisons of the R2R3 domains were
performed on a total of 139 Myb proteins from 38 species. A multiple alignment of 77
sequences representing each clade is presented in Figure 2. (The multiple alignment of the
complete sequence set is available at http:/pc21955.zool.iastate.edw/origin/MixR2R3Algn.pdf.).

Our results confirm the highly conserved nature of the Myb R2R3 repeat sequences. For
example, the Myb domains of the human and mouse A, B and C types (sequences 11-12, 14-
15, and 8-9) are identical across their respective Myb types. Likewise, several of the plant
Myb proteins also have identical R2R3 domains, including the p/ and p2 genes of maize and
teosinte (sequences 48-51); sorghum Sb19073330 and Sb19073336 (sequences 37 and 38);

and three pairs of Arabidopsis Myb genes (two pairs are shown in Figure 2: sequences 17
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and 18; and sequences 19 and 20). In general, the Myb domains are not interrupted by
deletions or insertions; an interesting exception to this is the maize Myb gene Zm19072746
(sequence 47) which has a Leucine (L) insertion in the 1** o—helix in the R3 repeat. The B73
inbred line used for BAC library has no C! function, and the lesion in C/ in B73 has not
been identified (Rabinowicz et al. 1999). The sequences of Zm19072746, CI, ZmMYB-IP50
(Rabinowicz et al. 1999) are identical except for this insertion. Therefore, this could be a
non-functional allele of CI. The effect of this insertion on the function of this protein is not
known.

Within each Myb repeat, the third a-helix is more conserved than the other two; this
implies that the sequence of this region is critical for Myb proteins function. Consistent with
this, the third a-helix has been assigned a recognition role in DNA binding (Ogata et al.
1994), and residue changes in this a-helix are known to impair DNA-binding activity.
Specifically, five residue substitutions were introduced in this a-helix in the maize p! gene;
the mutation of Leu to Glu was shown to interfere with the binding of the p1 protein to
DNA (Williams and Grotewold 1997).

The Myb genes present an interesting disparity in which the Myb domain is highly
conserved, whereas the coding sequences downstream of the R2R3 domains are often very
divergent. Because we isolated genomic clones, we could also assess sequence conservation
in non-coding regions. The positions of introns 1 and 2 are most often conserved, whereas
the intronic sequences are highly diverged. Additionally, we found that some genes lacked
intron 1, intron 2, or both. The 5° flanking regions are also highly divergent. Such
divergence in 3’ or 5’ flanking regions could occur through gradual sequence changes, or
alternatively as a direct outcome of a gene duplication event as described for the maize p!
and p2 Myb genes (Zhang et al., 2000). In this example, sequences that were 3’ of the single
ancestral p gene were duplicated and inserted 5° of one of the new gene copies, resulting in
the formation of two genes with highly conserved coding regions, but completely different 5’
regulatory sequences. The distinct promoters of these genes are thought to be responsible for

their distinct expression patterns (Zhang et al. 2000).
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3.2 Phylogenetic Analysis of Myb R2R3 Domains

To assess the phylogenetic relationships of Myb domain proteins, we used the R2R3
sequences to infer a phylogenetic tree using neighbor-joining (NJ) methods. Other
phylogenetic methods (e.g., the parsimony and BIONJ methods in PAUP*) yielded similar
results (data not shown). Apparently, the phylogeny of Myb gene family can be described
best by four major clades: R2R3 clade, R1IR2R3 clade, rs2-like clade, and U (Unusual) clade.
The bootstrap value supporting each clade as monophyletic is very high, from 91% to 100%
(Figure 3, arrows).

Within the R2R3 clade, Mybs from monocot and dicot species are not found in distinct
groups, but instead are interspersed. This suggests that significant expansion of plant R2R3
Myb genes occurred before the divergence of monocots and dicots. This conclusion is in
agreement with previous studies (Lipsick 1996; Rabinowicz et al. 1999). In contrast, we note
that a subgroup of R2R3 Myb genes has a replacement at a conserved proline residue (Figure
2, bottom arrowhead). In this subgroup, the proline residue is replaced by alanine, serine, or
arginine, resulting in a series of Mybs termed the A-, S-, and R-type, respectively. These
distinctive types comprise a subclade within the R2R3 clade; the bootstrap value supporting
this topology is high (96%; Figure 3, upper arrowhead). These results indicate that the A-,
R- and S-type Mybs diverged from the progenitor P-type Mybs after the amplification of
R2R3 Myb genes in plants. Otherwise, they would be likely interspersed within the R2R3
clade. However, their origin may precede the divergence of monocots and eudicots because
of the presence of A-type Mybs in both monocots and eudicots. This result is consistent with
a recent study (Dias et al. 2003).

Within the R1R2R3 clade, there are two distinct subclades that contain Myb genes from
plants and animals (Figure 3, diverged at the arrow). This supports a common ancestor for
R1R2R3 Mybs of both plants and animals. The topology for the animal subclade is highly
ordered and indicates a paralogous pattern of gene divergence to generate the A-, B- and C-
Myb types (paralogous genes result from gene duplication, not speciation.) These three Myb
forms have been found in human, mouse and chicken to date. Evolution of the animal Myb
genes was shaped by two independent duplications: the first duplication gave rise to the B-
Myb lineage and a second lineage; the second lineage underwent a second duplication to

produce the A-Myb and C-Myb genes. We have shown that these two gene duplication
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events occurred in the early stage of vertebrates (Wang and Gu 2000). Interestingly, the
observation that the two v-Myb (viral-Myb) genes are within the C-Myb clade is consistent
with the idea that the retroviral v-Myb gene sequences were acquired from their hosts.

Some R2R3 Mybs from fungi (Nc2253310) or microsporidia (Ec19069694) seem to be
more closely related to the RIR2R3 clade rather than to the R2R3 clade (Figure 3); however,
the low bootstrap value for Nc2253310 renders its phylogenetic position uncertain.
Moreover, the rs2-like clade (purple) is outside of the clade including R2R3 and R1R2R3
Mybs; this result is supported by a fairly high bootstrap value (71%). Finally, Figure 3
suggests that the U (unusual) clade that contains one 4-repeat Arabidopsis Myb and three
CDCS5 orthologs may have been derived from an ancient paralog of current widely-
distributed R2R3 Myb genes.

3.3 Phylogenetic Tree of Isolated Myb Repeats

To address the evolutionary relationship of Myb repeats, we reconstructed a phylogenetic
tree containing 317 individual Myb repeat sequences (Figure 4), based on comparisons of 47
sites. Due to the space limitation, the tree presented here is partially compressed. (The
complete tree is available at
http://pc21955.z00l.1astate.edu/origin/isolatedMybRepeats_uc.emf). The inferred phylogeny
shows that R1, R2 and R3 repeats are monophyletic (Figure 4, solid circles), implying that
the duplications that generated these tandem repeats occurred prior to the separation of the
plant and animal kingdoms. Within the R2 (or R3) clade, repeats from the RIR2R3 genes
are completely separate from repeats from the R2R3 genes, denoted by R2 R1R2R3 and
R2 R2R3, respectively (or R3_R1R2R3 and R3 R2R3). Moreover, within the R1 clade, the
R1 repeats (from R1R2R3 Myb genes) are divided into genes from both plant and animal
species; one may observe the same pattern within the R3_R1R2R3 subclade (Figure 4). In
contrast, the subclade R2 R1R2R3 cannot be divided into exclusively plant- and animal-
subclades. This result may imply that R2 is evolving more slowly, and did not accumulate
any changes that unite the animals to the exclusion of the plants. Besides, the one-repeat
Myb genes (Figure 4, taxa without the prefix R1, R2 or R3) and Myb genes from lower level
organisms (such as Microsporidia, Mycetozoa and Fungi) may have been highly diverged.

Because the bootstrap values are low, partially due to the low number of sites, the detail of
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their evolution cannot be determined with certainty. Additionally, the identity of the most

ancient Myb repeat could not be inferred based on analysis of the individual repeats.

4. Discussion

4.1 Expansion of Myb gene family in monocot

Previous reports have described the expansion of Myb-homologous genes in various
plants including maize and Arabidopsis (e.g., Rabinowicz et al. 1999). For example, 125
R2R3 Myb genes have been identified in Arabidopsis (Stracke et al. 2001). Our results
confirm and extend those studies, with new sequence data from 64 sorghum and 31 maize
Myb genomic clones (accession#: AF474125-AF474133, AF470058-AF470071, AY363121-
AY363161, and AF474115-AF474124, AF470072-AF470092, respectively) which we
isolated in a targeted strategy. By screening 12,288 sorghum genomic BAC clones
(equivalent to 2.6 genomes), we obtained 85 Myb-hybridizing clones, yielding 64 unique
sorghum Myb genes. In addition, we identified 51 unique Myb genes in the Monsanto rice
database (DraftRiceData). One interesting question is, how many Myb genes exist in the
maize genome? Though the final answer awaits the ongoing maize genome projects, we may
infer a rough estimate from our data. We screened 36,864 maize BAC clones (2 genome
equivalents) and isolated 143 Myb-hybridizing clones. We obtained sequences from 44 BAC
clones and detected 31 unique Myb genes among them (redundancy = 30%), suggesting the
presence of approximately 100 unique Myb genes from two screened filters. Based on these
results, we estimate that the maize genome contains >200 Myb genes; this number is
consistent with a previous estimate based on cDNA data (Rabinowicz et al. 1999).

The expansion of the Myb gene family in monocots that is evident from these data
supports the idea that gene duplication and divergence are major forces in genomic and
organismal evolution (Ohno 1970). The newly created genes arising from duplication may
undergo one of several possible fates (Prince and Pickett 2002): 1) Non-functionality. This
fate is most common, and may result from mutation or loss from the genome due to
chromosomal restructuring. 2) Neo-functionality. This may occur when a population
acquires a new advantageous allele under distinct selective constraints. 3) Sub-

functionalization. This is an alternative outcome in which a pair of duplicated genes exhibit
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complementary, independent sub-functions such that both genes together provide the
complete function of the single ancestral gene. For example, the Myb-homologous genes c/
and p// in maize originated from an ancient gene duplication (Cone et al. 1993). Both genes
regulate the expression of anthocyanin structural genes, but in distinct parts of the plant. The
cl gene controls pigmentation in the aleurone layer of the kernel, whereas the pl// gene
regulates pigmentation in the vegetative and floral tissues. It is noteworthy that their Myb

domains differ only at five residues in the R2R3 domains (Figure 2 sequence 45, 46).

4.2 Important Residue Changes In Myb Protein

It has previously been shown that residue substitutions at the A- and P-type determining
site can reduce the DNA binding affinity of Myb proteins (Hegvold and Gabrielsen 1996).
However, the maize p1 protein is an A-type Myb, and it binds DNA with high affinity
(Williams and Grotewold 1997). Another distinctive site is located in the linker between the
third a-helix of the R2 repeat and the first o-helix of the R3 repeat (Figure 2, asterisk). In
animal RIR2R3 Myb domains this site always contains a Trp residue, whereas it contains a
non-Trp hydrophobic residue in plant R2R3 Myb proteins. In plants, presence of a Trp
residue at this site is associated with the occurrence of an additional upstream exon that
encodes an R1 repeat. These plant RIR2R3 Myb proteins have been termed pc-Myb (plant
c-Myb-like; Braun and Grotewold 1999); dozens of pc-Myb proteins were identified in major
land plant lineages: bryophytes (mosses, liverwort), pteridophytes (lycopsid, ferns, horsetail),
monocots (barley, rye) (Kranz et al. 2000), and dicots (Arabidopsis, tobacco, Papaver
rhoeas). Thus, this particular Trp residue appears to be a characteristic feature of RIR2R3
Mybs.

In addition, other important residue changes were identified between R2R3 and R1R2R3
Mybs. The alignment of their protein sequences (Figure 2) shows that both types of Myb
proteins have highly conserved residues at ten sites within their DNA-binding domains. Six
of these sites are in the two DNA recognition a-helices (Figure 2, arrows). At a particular
site within the R2 repeat, plant RIR2R3 Myb proteins have a different residue (proline) from
that of the animal counterparts (Figure 2, upper arrowhead). At the position located two
residues further C-terminal, there is a one amino acid residue insertion/deletion

polymorphism that distinguishes RIR2R3 proteins from nearly all of the R2R3 proteins
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(Figure 2, second arrow). In addition to providing identifying characteristics of the R2R3
and R1R2R3 Myb proteins, these residue differences are expected to affect the Myb domain
structure, and may therefore distinguish the functional properties of the R2R3 and R1R2R3
Myb proteins. For example, these differences would probably impact DNA recognition and
binding of the R2R3- and R1R2R3-type Mybs (Williams and Grotewold 1997). The 3D
structure of mouse C-Myb protein from PDB (protein database bank;
http://www.rcsb.org/pdb) shows that the DNA recognition a-helix interacts with the DNA
major groove. Moreover, five amino acid residues in the helix-turn-helix motif bind directly
to the major groove of DNA (Ogata et al. 1994). These observations suggest a strong
correlation between the functionality of specific amino acid residues and their conservation
through evolution. The functional properties of these sites may be tested by introducing
mutations and analyzing the properties of the resulting proteins.

Moreover, site-specific rate shifts between some Myb clusters have been detected by the
method developed by Gu (1999); using the software DIVERGE (Gu and Vander Velden
2002). For example, the coefficient (0) of functional divergence between R2R3 and R1R2R3
type Myb genes is 0 = 0.24 1 0.06, which is significantly larger than zero. It implies that the
change of conservation through evolution may be correlated with the change in the

functionality of specific amino acid residues (Wang and Gu 2001).

4.3 Conserved amino acid motifs in carboxy-terminal regions

Although the Myb gene superfamily comprises one of the largest families of transcription
factors known to date, the functional roles of most plant Myb genes are largely unknown. It
would be extremely helpful to be able to use phylogenetic and computational methods to
predict the functions of plant Myb genes. Interestingly, plant R2R3 Myb genes possess
highly conserved N-terminal Myb domains, but have dramatically divergent C-terminal
regions. Recently, conserved motifs within the C-terminal regions of paralogous and
orthologous Myb genes have been identified (Stracke et al. 2001). These conserved motifs
may reflect constraints upon the functions of related Myb proteins. To test this idea, we are
currently analyzing the sequences, expression patterns, and functions, where known, of over
250 R2R3 Myb genes from various plants. The preliminary results support the idea that

genes with similar functions are clustered together as subgroups based on their phylogeny
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and similarity. Additionally, many of the individual subgroups contain C-terminal motif
sequences which can be used as distinct markers for Myb gene subgroups. Details and
further results of this analysis will be published elsewhere (Jiang, C. and Peterson, T., in

preparation).

4.4 Origin of Typical Myb Proteins: Gain-of-RI1 Model vs. Loss-of-R1 Model

It is thought that the Myb domain first originated over 1 billion years ago, shortly after
the divergence of eubacteria and eukaryotes (Lipsick 1996). Rosinski and Atchley (1998)
argued that typical Mybs might have a polyphyletic origin, with only the Myb DNA-binding
motif deriving from a common origin. With substantial sequence data available, we are able
to investigate the origin of two major types of Myb genes, RIR2R3 and R2R3. Although the
evolutionary relationship of the non-typical Myb genes (one-repeat and partial Myb genes)
remains unclear, the topology (Figure 3) of our study suggests that the R2R3 and R1R2R3
Myb genes were generated by successive gain of repeat units. This “gain” model is
illustrated schematically in figure 5(B): first, the ancestral R2ZR3 Myb (2R) was produced by
an intragenic domain duplication; subsequently, the ancestral RIR2R3 Myb (3R) was formed
by a further intragenic domain duplication. Both the R2R3 and R1R2R3 Mybs co-existed in
primitive eukaryotes, and gave rise to the currently extant Myb genes.

In contrast, a previous model proposed that R2R3 Myb genes originated from R1R2R3
genes by loss of the R1 repeat (Lipsick 1996; Rosinski and Atchley 1998); this model has
received further support (Braun and Grotewold 1999; Kranz et al. 2000). According to the
loss model, RIR2R3 Mybs were generated by successive intragenic duplication events in the
primitive eukaryotes, and these evolved into today’s RIR2R3 Myb genes in plants and
animals. Whereas, the RZR3 Myb genes commonly found in plants were produced by the
loss of the first repeat (R1) from R1R2R3 Mybs in the plant evolutionary lineage. However,

when these two models were applied to the topology indicated by our results, the gain model
can be accommodated with two changes, whereas the loss model requires five changes
(Figure 5). Thus, the gain model provides a more parsimonious explanation for Myb gene
evolution and hence is favored over the loss model.

The presence of a RIR2R3 Myb gene in the mycetozoan (slime mold) Dictyostelium was

previously cited as evidence in support of the loss model (Lipsick 1996); this conclusion was
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based on the assumption that the mycetozoa are an outgroup to an animal -+ plant clade.
However, recent analyses more strongly support an animal + mycetozoa clade (Baldauf et al.
2000), hence the evidence for the domain loss model is no longer compelling. In subsequent
studies, support for the domain loss model has been inferred based on the observation that
R1R2R3 Mybs are more broadly distributed (in animals, mycetozoa and plants) than typical
R2R3 Mybs (in plants). (Braun and Grotewold 1999; Kranz et al. 2000). However, this
reasoning neglects the phylogeny and is dependent on sample size. For instance, our blast
search found that R2R3 Mybs are also present in microsporidia, mycetozoa and fungi (Figure
3). In summary, the gain model can provide a reasonable explanation for the phylogenetic
distribution of different types of Mybs: the second ancient duplication of 2-repeat Myb genes
produced the 3-repeat Myb genes via gain of R1; subsequently, the 2-repeat Myb genes were
lost in an early ancestor of the animal kingdom. Although our analysis can not rule out other
possibilities completely, taken together, the gain model is favored based on the present

evidence.
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Figure 1. Structure of typical plant R2R3 Myb genes and sequencing strategy.

Start codon (ATG), 3 exons (large rectangle), 2 introns (if present) and stop codon (*) are
shown. Six gray/dark boxes are the 6 o—helices in R2 and R3 repeats. The arrows show the
bi-directional primer walking sequencing strategy. The bottom line indicates the assembled

sequences.

Figure 2. Multiple alignment of 77 representative Myb domains.

The first 25 sequences are R1R2R3 Myb proteins from plants and animals. Sequences 28~74
are plant R2R3 Myb proteins. Sequences 69-74 are rs2-like Myb proteins. Sequence 77 from
Plasmodium falciparum is used as an outgroup for phylogenetic analysis.

Top: The brackets indicate the extent of the R2 and R3 repeats, while the bars indicate the
positions of the 3 a—helices in each repeat (Ogata et al. 1994). The arrowhead and arrows
show the residue changes described in Section 4.2. Bottom: The vertical bars show the
positions of introns I and II if present. The six asterisks indicate the constantly spaced Trp
residues. The arrowhead indicates the A-, P-, R-, and S-type determining site. The sequence
identifiers are composed of initials for genus and species, followed by GI number in
GenBank. The common names of 7 well-known maize genes are also indicated after the GI
number, as well as sorghum y/ gene, and Arabidopsis CDC5 gene. v-Myb indicates viral

Myb proteins.

Figure 3. A NJ tree of the complete R2R3 repeats from 139 Myb proteins of 38 species. The
open arrowhead indicates the divergence of R2R3 and R1IR2R3 Myb genes. The solid
arrowhead shows the A-, R- and S-type clade. The four arrows show the branch values of the
corresponding clades. Bootstraps (1000 replicates) of >50% are shown. The U clade has
CDC:5 orthologs and one 4-repeat Arabidopsis Myb gene. Taxa not from plants and animals

are indicated in parentheses. Pf11595856 from Plasmodium falciparum is used as an

outgroup.

Figure 4. A partially compressed NJ tree of 317 isolated R1, R2 and R3 Myb repeats.
Solid circles show the three monophyletic groups of R1, R2 and R3. Two large triangles
indicate R2 and R3 subclades from plant R2ZR3 Mybs. Within the R1 and R3 subclasses from
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R1R2R3 Mybs, plant and animal taxa are indicated separately. In contrast, R2 subclass
cannot be divided into exclusively plant- and animal- subclades. (Animal taxa are in gray
shading.) Two triangles with vertical lines are from rs2-like Mybs. Outside of the three
monophyletic groups, taxa with the prefix R1, R2 or R3 correspond to the U (Unusual) group
in figure 3. The rest of taxa indicate the previously-reported one-repeat Myb genes. Taxa

from species other than plants and animals are indicated in parentheses.

Figure 5. Loss model (A) vs. gain model (B) for Myb gene evolution.

The arrow at left indicates the origin of R2R3 Mybs from an ancient Myb domain. Thin lines
and thick lines indicate 2-repeat and 3-repeat Mybs, respectively. Each black dot indicates a
subsequent change (gain or loss of Myb repeat, or extinction event). The dashed lines
indicate the proposed extinction of the 2-repeat lineage in animals. The outgroup includes
representatives from plants, Alveolata and Mycetozoa.

A. Loss model: There is one change (gain) from 2R to 3R at the 2" duplication. The
resulting 3R Myb became the common ancestor of current Myb genes (Lipsick 1996), and
underwent 3 subsequent losses of R1: one to generate the rs2-like clade, one to generate the
plant/animal clade, and one additional loss leading to the Microsporidia. (We ignore the
Fungi Myb Nc2253310 because of its low bootstrap value. See figure 3). The 2R Myb died
out in the animal lineage. In total there are 5 changes: one gain, three losses, and one
extinction.

B. Gain model: There is one change (gain) to form the 3R Mybs in plants, mycetozoa and
animals. The ancient 2R and 3R Mybs coexisted in primitive eukaryotes and descended into
present-day organisms. The 2R Myb died out in the animal lineage. In total there are 2 changes:
one gain, and one extinction. Clearly, the gain model is more parsimonious than the loss

model.
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CHAPTER 4. FUNCTIONAL CLASSIFICATION AND
PREDICTION OF MYB GENE FAMILY IN ARABIDOPSIS AND
RICE

A paper to be submitted to Genome Biology

Cizhong Jiang and Thomas Peterson

Abstract

Myb proteins contain a conserved DNA-binding domain composed of one to four repeat
motifs (referred to as ROR1R2R3); each repeat is approximately 50 amino acids, with
constantly spaced Tryptophan residues. It is one of the largest families of diverse
transcription factors in plants. However, with the exception of a few well-studied cases, little
is known about the functions of most Myb genes. Here, we used computational techniques to
classify and predict the functions of Myb genes from Arabidopsis and rice. In our study, 130
Myb genes were identified in Arabidopsis and 85 in rice. The collected Myb proteins were
clustered into subgroups based on sequence similarity and phylogeny. Conserved motifs were
detected in C-terminal coding regions of Myb genes within subgroups. Moreover, EST blast
search confirmed that those motifs only specifically existed in Myb genes. In contrast, no
common regulatory motifs were identified in the non-coding regions due to the high
divergence. Interestingly, Gene structure analysis revealed that there was a significant excess
of phase 1&2 introns as well as an excess of non-symmetric exons in Myb domains. The
exon-intron structure differed between subgroups, but was conserved in the same subgroup.
Additionally, the distribution pattern of introns in the phylogenetic tree suggested that Myb
domains originally had a compact size without introns. Non-coding sequences were inserted
and the splicing sites were conserved during evolution. Taken together, the conserved motifs
and splicing sites may reflect functional constraints upon Myb domains. Based on our
analyses, we have predicted the functions of a large number of previously uncharacterized
Myb genes. The resulting functional classification table may provide a useful starting point

for determination of Myb gene function.
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Introduction

Regulation of gene expression at the level of transcription controls many important
biological processes in a cell or organism. The process of transcription recruits a number of
different transcription factors, which can be activators, repressors, or both (Stracke et al.
2001). Genome-wide comparisons have revealed the diversity in the regulation of
transcription during evolution. With the completion of Arabidopsis genome sequencing, 5%
of its genome was found to encode more than 1500 transcription factors (Riechmann et al.
2000). On the basis of similarities, transcription factors have been classified into families
(Pabo and Sauer 1992). In plants, Myb factors comprise one of the largest of these families
(Romero et al. 1998; Riechmann et al. 2000).

The first Myb gene was found as the v-Myb oncogene from Avian Myeloblastosis Virus
(Klempnauer et al. 1982). Subsequently, members of the Myb gene family were identified in
diverse plants and animals (Thompson and Ramsay 1995; Martin and Paz-Ares 1997,
Rosinski and Atchley 1998). Previous research showed that animal genomes encode
relatively few Myb genes (Thompson and Ramsay 1995; Rosinski and Atchley 1998). In
contrast, flowering plants contain large numbers of Myb genes with very diverse structure
and function (Martin and Paz-Ares 1997). Moreover, most plant Myb genes have unclear
functions, although some well-studied examples imply important roles for plant transcription
factors to date in regulation of secondary metabolism, cellular morphogenesis, and pathogen
resistance, and in responses to growth regulators and stresses (Martin and Paz-Ares 1997;
Meissner et al. 1999). With the completion of rice genome sequencing (Yu et al. 2002; Goff
et al. 2002), the entire complement of Myb genes can be identified and described. However,
a great deal of experimental work is required to determine the specific biological function of
each Myb gene. We have employed phylogenetic and computational methods to classify
Myb genes in subgroups, and we propose that genes within a subgroup will likely share
similar functions. The resulting subgroup classification and functional prediction may be
very useful for research on agronomic traits in rice, which is the most important crop for

human consumption, and an important model for other cereal grains.
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Materials and Methods

Myb proteins used in the analysis

Rice genome sequences (Scaffold data set) were obtained from
http://btn.genomics.org.cn:8080/rice/. FGeneSH (http://www.softberry.com/berry.phtml) has
been used successfully to predict genes in rice (Yu et al. 2002), and GenScan
(http://genes.mit.edu/GENSCAN.html) were used together to predict genes by taking rice
genomic sequences as input. The two prediction results were combined as the complement
of rice proteins. Two programs, blastp (Altschul et al. 1997) and HMMER (Eddy 1996),
were used to identify Myb genes from this rice protein data set. For blastp, we used a set of
Myb R2R3 domains as query sequences. For HMMER, we used Myb profile from Pfam.
We parsed and combined the results of both searches, and obtained the final complement of
rice Myb proteins with manual inspection of each sequences to confirm the identification of
bona fide Myb genes. In the end, 85 typical Mybs with complete R2R3 domains (one
ROR1R2R3 and 84 R2R3) and 28 partial Mybs were detected in the rice genome. The partial
Mybs are those genes that only contain a segment similar to one or a partial Myb repeat. The
sequences of rice Mybs are available at (http://pc21955.zool.iastate.edu/Myb/BGI-Mybs-
113.fas).

The complement of Arabidopsis proteins from GenBank were used to identify Myb
proteins with complete R2R3 domains. The same methods as above were applied. We
obtained 130 typical Myb proteins containing complete R2ZR3 domains (1 ROR1R2R3 Myb,
5 R1R2R3 Mybs, 124 R2R3 Mybs) and 11 partial Mybs. The results are consistent with the
previous findings (Stracke et al. 2001).

To collect reference information on Myb gene functions, we used blastp search against
non-redundant data set in GenBank. The search yielded 43 plant Myb proteins with complete
R2R3 domains; for most of these, some experimental information regarding functions or

expression patterns was deposited by individual researchers.

Construction of phylogeny and motif identification
For phylogenetic analysis, the above 258 Myb proteins (130 Arabidopsis, 85 rice, and 43

from various other plants) with complete R2R3 domains were included. The sequences were
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aligned by ClustalX (version 1.81). The phylogenetic tree was constructed by the neighbor-
joining method (Saitou and Nei 1987 ) using MEGA version 2.0 (Kumar et al. 2001) with the
setting of pairwise gap deletion and Poisson distance. Bootstrapping (1000 replicates) was
performed to evaluate the degree of support for a particular grouping in the neighbor-joining
analysis. To enable the identification of motifs in the C-terminal regions within each
subgroup, we did not employ complete gap deletion as this may tend to exclude the
contribution of C-terminal residues because of their high divergence. P-distance represents
the simplest sort of distance calculation and can be highly biased, so it was not use it, either.
The sequences were classified into subgroups based on their sequence similarity and the
topology of the phylogeny. Within each subgroup, motifs were detected using MEME
(Bailey and Elkan 1994). With the following parameter settings: the distribution of motifs:
ZEro or one per sequence; maximum number of motifs to find: 16; minimum width of motif:
6; maximum width of motif: 117, in order to identify non-breaking R2R3 domains; minimum
number of sites for each motif: the number of sequences, i.e., the motif must be present in all

members within the same subgroup. Other options used the default values.

Motif analysis: similarity scores and ratio of nonsynonymous (dN) to synonymous (dS)
substitution

To confirm the reliability of the 47 motif candidates identified by MEME, we used
PlotSimilarity from GCG package from Genetics Computer Group, Inc.
(http://www.accelrys.com/products/gcg_wisconsin_package/) to calculate the similarity score
of each motif plus its 10-residue flanking fragments (protein sequences). There were 42
motifs with values above the average score in the motif region and below the average score
in the flanking regions, and these were tested further using the dN/dS ratio. The program
YNOO from PAML package (Yang and Nielsen 2000) was applied to analyze the

conservation of each motif plus its flanking regions (coding DNA sequences). There were 35

motifs with dN/dS <1 in the motif region and >1 in flanking regions.

EST search of motifs
To test whether the C-terminal motifs are found exclusively in Myb genes and not in

other non-Myb genes, motif sequences were used to perform tblastn search of the complete
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EST data set from GenBank. Low complexity was turned off for optimal short sequence
search. For motifs less than 15 residues 10 downstream residues were appended and this
elongated sequence was used as query sequence to perform an additional EST search. The
corresponding Myb R2 repeats were used in a tblastn EST search as an internal positive

control.

Results and Discussion

Expansion of Myb genes in Arabidopsis and rice

The Myb gene family has broadly expanded in plants during evolution. The amplification
of Myb gene family occurred prior to the divergence of monocots and dicots (Jiang et al.
2003). In our study, 130 Mybs were found in Arabidopsis genome, 85 in Oryza sativa. The
large size of this gene family was also confirmed in Zea mays (Rabinowicz et al. 1999; Jiang
et al. 2003), sorghum (Jiang et al. 2003), and cotton (Cedroni et al. 2003). Approximately 30
Myb genes have been described to date in Petunia hybrida (Avila et al. 1993). Although
most plant Mybs contain only two repeats, there have been 3-repeat Mybs reported in
Arabidopsis (Stracke et al. 2001), maize (Braun and Grotewold 1999), and other plants (Jiang

et al. 2003). However, no 3-repeat Mybs were detected in rice in our study.

Topology of Myb gene phylogeny

Based on the sequence similarity and the topology of the phylogeny, we clustered the
Myb genes into 42 subgroups ranging in size from 2 to 14 Myb genes (Fig.1). The
phylogenetic topology and subgroup structures are consistent with previous reports (Kranz et
al. 1998; Stracke et al. 2001). The comparison result can be accessible here
(http://pc21955.zool.1astate.edu/Myb/Subgroups.pdf).

Interestingly, AtMyb33, 65, 101, 104 and At3g60460 were complementary, with few
mismatches, to Arabidopsis Myb microRNA (noncoding RNA) miR159 (Rhoades et al.
2002). The sequence is 21 nucleotides in length and located in 3’UTR of all 5 genes.
MicroRNAs are proposed to act as regulators of gene expression through interactions with

complementary mRNA sequences. Importantly, these five Arabidopsis Mybs are located in
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subgroup G17 (Fig. 1). This clustering further provides a line of evidence for the reliability

of the subgroup designation in our analysis.

Conserved gene structure within each subgroup supporting the designation of subgroups

The phylogenetic topology and subgroup structures are based upon sequence
comparisons of the complete predicted Myb genes. To test the reliability of the designation
of subgroups using independent criteria, we investigated the exon-intron structure of Myb
genes subgroup by subgroup. A majority of Arabidopsis (59%) and rice (53%) Myb genes
have a conserved splicing pattern of 3 exons and 2 introns in R2R3 domains (represented by
subgroup G18; Fig. 2A). Either or both of the two introns are absent in 19% of Arabidopsis
Myb genes and 12% of rice Myb genes. Variable splicing patterns different from G18 were
detected in 22% of Arabidopsis, and 35% of rice Myb genes, respectively (Data not shown).
Strikingly, the exon-intron structure is conserved within each subgroup, but varies between
subgroups (Fig. 2B, C). This supports the designation of subgroup from the independent
criterion of splicing pattern.

Interestingly, the Myb gene splicing patterns constitute four major blocks in the Myb
gene phylogeny (Fig. 1). Block A lacks both intron 1 and 2. There are three splicing
patterns in block B: Subgroup G21 lacks both introns, subgroup G24 lacks only intron 2, and
the remaining genes have altered splicing sites when compared to subgroup G18. Myb genes
in block C have the major splicing pattern (81.2%) typified by G18, with some individual
genes lacking intron 1 (9.4%), intron 2 (4.7%), both (1.9%), or having non-major splicing
patterns (2.8%). In contrast 58.2% of Myb genes in block D retain the typical splicing sites,
and the rest lack only intron 1 (G02, GOS5, half of the genes in G25). In addition to splice site
locations, we also examined the position of splicing with respect to the open reading frame
(phase). Splicing can occur between two codons or within a codon: phase 0 intron, occur
after the third nucleotide of the first codon; phase 1 intron, occur after the first nucleotide of
the single codon; phase 2 intron, occur after the second nucleotide. Figure 2A shows not
only the conserved locations in the Myb domain protein sequences but also the conserved
phases of introns within the same subgroup. Moreover, there is a significant excess of phase
1&2 introns as well as an excess of non-symmetric exons in Myb genes. (Symmetric exons

are exons that are flanked by introns of the same phase.) According to the intron-early



51

theory (Gilbert 1987, Souza 2003), with exons multiple of three bases, an excess of phase 0
introns and symmetric exons facilitates exon shuffling by avoiding interruptions of the open
reading frame, and thus could accelerate the rate of recombinational fusion and exchange of
protein domains. In contrast, our results suggest that ancient Myb genes had a compact size
without introns. During evolution, under some unknown mechanisms, introns were inserted
into Myb domains and resulted in the observed splicing patterns. At the same time,
transposition of introns occurs very infrequently during evolution (Fedorova and Fedorov
2003). One splicing pattern remained unchanged in the subsequent gene amplification,
resulting in the major splicing pattern as G18. This intron-gain model consistent with
previous results shows that numerous introns have been inserted into plants and retained in
the genome (Rogozin et al. 2003). Besides, the conserved gene structure within the same
subgroup may be related to their conserved functions in an unknown mechanism. A similar
approach to gene classification using intron/exon structure has been applied in the kinesin
family (Lawrence et al. 2002) and the bHLH family (Toledo-Ortiz et al. 2003), and the
results support a similar evelutionary pattern.

Although the splicing sites are conserved, the sizes of both introns vary greatly for
different Myb genes. Approximately 85% of intron 1 & 2 of Myb genes is shorter than 300
bp in Arabidopsis and rice. Detailed information about the distribution of intron sizes of
Myb genes is available at (http:/pc21955.zool.iastate.edu/Myb/Introns.pdf). It is worth
noting that the size of intron 2 of maize p/ and p2 orthologs is very large, ~ 5 kb. This intron
size information may be helpful for aligning ESTs with genomic sequences. Strikingly, a
743-base fragment was found in intron 2 of maize PI-rr and PI1-wr alleles, but not in PI-rw
and p2 alleles. A 10-base direct repeat (S’TGATTT TGAC3’) flanks this fragment.
Interestingly, no Ac elements were found inserted in its adjacent 3.2-kb intronic region, but
frequent Ac insertion occurred in other regions. This could be due to a particular chromatin
structure refractory to Ac insertion in this region (Athma et al. 1992). Blast search detected
this fragment (94% identity over 723 base pairs) at one other locus in maize genome, but
with a new flanking direct repeat (5’GGATATCCA3’). Its GenBank accession number is
AF466202 (located 84795..85689, 12-MAR-2002 version). These results are consistent with

a previous proposal that some transposable elements could insert into genome as intronic
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sequences, a mechanism which has been proposed for the insertion of nuclear introns
(Menssen et al. 1990, Fridell et al. 1990).

C-terminal motifs

The extent of the Myb R1, R2 and R3 repeats is based on similarity to the previously-
published consensus Myb repeat sequences (Frampton et al. 1991; Ogata et al. 1992). We
used computational methods to identify conserved sequences downstream of the Myb
repeats. A total of 30 motifs were identified in the C-terminal regions, with each motif
ranging in size from 7 to 32 amino acids (Fig. 1, blue and pink boxes). An exceptionable
large (91 residues) domain was found in subgroup G31, gene CDC35, which is a conserved
Myb paralog that originated prior to Myb-family amplification (Jiang et al. 2003). In
addition, Myb genes maize CI, Pl, and AtMyb123 (T72) in subgroup G12 have a nine-amino
acid motif previously reported (Dias et al. 2003, Stracke et al. 2001). This motif is highly
conserved in the above three genes, although it is absent in the rice Myb genes in this
subgroup (Fig. 1 green box 31).

Interestingly, five short fragments directly following the Myb R3 repeat are highly
conserved in some subgroups (Fig. 1, yellow boxes). We designated these extension motifs,
El, E2, etc. Subgroups with an extension motif contain few or zero motifs in their C-
terminal coding regions when compared to those subgroups without extension motifs (Fig.
1). In G04 and G26, two short conserved segments following E1 are termed E2 and E3. The
five extension motifs are relatively small, ranging from 8-13 residues, but they are much
more conserved than other motifs’ (Table 1). In the group of five extension motifs, 47 (of
54) sites are occupied by a single residue in more than 50% of the Myb proteins, and this
value is greater than twice the relative frequency of the second most frequent residue.

To test the reliability of the motif predictions, the similarity scores were calculated over
the motif plus its flanking regions. The similarity plots produced much higher scores in the
motif region than the flanking regions (Fig. 3), thus supporting the identified motifs. Similar
results were observed using the ratio of nonsynonymous (dN) to synonymous (dS)
substitution, which is a typical way to examine the degree of functional constraint upon
proteins using evolutionary comparisons (Dias et al. 2003). The results showed that motif

regions were subject to purifying selection (ratio < 1), whereas the flanking regions were
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subject to positive selection (ration > 1) (Fig. 3). This suggests that the identified motifs

contribute to the conserved function within each subgroup.

Specificity of motifs to Myb genes

We wished to determine whether the detected motifs are specifically present in Myb
genes, but not in non-Myb genes. Therefore, we used motif sequences (cDNA) as query
sequences and performed tblastn search of the EST data set from GenBank. As a positive
control we used the Myb R2 domain in tblastn search, and we always obtained ESTs
identical to the query. No EST hits were returned when we used the intact five extension
motifs in tblastn search. This could be due to the short size of motifs, 8-13 residues, which
diminished the performance of tblastn. Therefore we appended 10 downstream amino acids
to each extension motif, repeated the search, and obtained 21 ESTs with high identity
(>85%). When translated into proteins, all the 21 ESTs from extension motif search also
contain a Myb domain. Interestingly, we detected more ESTs from E1 than from the other
extension motifs (Table 2). Most likely this is due to the presence of E1 in more Myb genes
than other motifs (Fig. 1).

Similarly, 12 (of 30) C-terminal motifs detected homologous ESTs in tblastn search.
Most of these ESTs did not contain Myb domains, however because the C-terminal motifs
are located downstream some distance from the Myb domains, the returned ESTs are very
likely not long enough to reach Myb domains (Table 2). However, the alignment of ESTs
with the known Myb showed high identity not only in motif region but also in flanking and
farther regions. This suggests that such ESTs are in fact from Myb genes. Moreover, both
the extension and C-terminal motifs detected Myb genes specifically from within the same
subgroup, rather than from other subgroups. These motifs seem to be specific characteristics
of each Myb subgroup. In addition, this result suggests that the conserved motifs may

contribute to the same function within each subgroup.

Functional classification and prediction
With the completion of Arabidopsis and rice genome sequencing, more than two hundred
plant Myb genes have been predicted. However, little is known about the function of most

plant R2ZR3-Myb genes. Therefore, it would be very useful to be able to predict their putative
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functions. In principle, the conservation of amino acid motifs should reflect some functional
constraints in the evolutionary history of these proteins. Interestingly, the Myb domains are
highly conserved, whereas the C-terminal regions are usually quite divergent. As shown
here, certain subgroups contain conserved motifs present in carboxy-terminal region (Fig. 1).
This characteristic could be used to classify and predict Myb gene function. The topology of
Myb phylogeny (Fig. 1) confirms that the Myb genes with similar function are located in the
same subgroup. For example, two Myb orthologs, snapdragon PHAN gene and maize rs2
gene, are located in subgroup G30, and both are involved in organ development: PHAN has
been shown to regulate the development of the proximodistal axis and dorsoventral
asymmetry of lateral organs such as leaves, bracts, and petal lobes (Waites et al, 1998), while
the 752 gene controls the development of maize lateral organ primordia by repressing
expression of knox (knottedl-like homeobox) genes that are required for the normal initiation
and development of lateral organs (Tsiantis et al. 1999; Timmermans et al. 1999). In another
example, the Arabidopsis genes GLI and WER located in subgroup GO08 are both involved in
epidermal cell development: GL/ activates the GLABRAZ2 homeobox gene for trichome (hair
cell) development in some parts of the leaf and in the stem (Oppenheimer et al. 1991, Noda
et al. 1994), while WER controls the formation of the root epidermis by regulating expression
of the GLABRA?2 gene (Lee and Schiefelbein 1999). In contrast, another snapdragon Myb
gene MIXTA located in subgroup GO3; controls the formation of conical cells on the petal
increasing flower color intensity (Noda et al. 1994). Although GLI, WER, and MIXTA are all
involved in development, differentiation, and/or fate determination of epidermal cells, their
immediate functions may differ; for example, regulating different target genes, or at different
developmental stages. Therefore, they are located in two distinct subgroups.

Similar results are observed for Myb genes involved in the phenylpropanoid biosynthetic
pathway (Fig. 1, Subgroups 12, 13, 14): CI (Paz-Ares et al. 1986, Paz-Ares et al. 1987), PI,
TT2 (Nesi et al. 2001), AN2 (Quattrocchio et al. 1999), pI (Grotewold et al. 1991), p2 (Zhang
et al. 2000), FaMybl (Aharoni et al. 2001), PAP1 and PAP2 (Borevitz et al. 2000). They all
encode a transcription factor to activate enzymes for the phenylpropanoid synthesis except
that FaMyb1 transcription factor suppresses anthocyanin and flavonol accumulation (Aharoni
et al. 2001). However, they may be expressed in different tissues. For instance, Zm-p! is

expressed in pericarp and silk, whereas Zm-p2 is expressed in anther and silk (Zhang et al.
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2000). Strikingly, the cluster (Fig. 1, red arrow) of Myb genes involved in flavonoid-derived
pigment biosynthesis also includes Craterostigma plantagineum Myb gene cpm10 in
response to ABA. Previous research has revealed that CI gene is also regulated by ABA
during seed development (Kao et al. 1996). Maize genes Cl, pl, and Arabidopsis gene TT2
each control flavonoid biosynthesis in certain tissues of the developing seed (Paz-Ares et al.
1987; Grotewold et al. 1991; Nesi et al. 2001). Thus, members in this cluster may play a role
in pigmentation and /or response to ABA.

Additionally, the functional conservation among some Myb genes during evolution could
be observed in the cell cycle protein CDC5 (Fig. 1, G31), found in yeast (Burns et al. 1995;
Ohi et al. 1994), human (Lei et al. 2000), Arabidopsis (Hirayama and Shinozaki 1996), and
Plasmodium falciparum (GI#: 11595856). The CDCS protein performs an essential function
in cell cycle control at G2/M, and also participates in pre-mRNA splicing (Burns et al. 1999,
McDonald et al. 1999).

Most plant Myb genes are thought to encode transcription factors which activate or
repress target gene expression either independently or together with cofactors. The
conserved motifs described here may identify the recognition and binding sites through
which Myb protein interact with cofactors. Therefore, through the conserved motifs, Myb
genes share similar functions or participate in the same pathway. Therefore, we could assign
a putative function to subgroups based on the ‘marker’ Myb genes with know function. For
example, members in subgroup G08 are predicted to be involved in epidermal cell patterning
and differentiation. Mybs from subgroup G14 are predicted to regulate the accumulation of
anthocyanins or flavonoid-derived pigments. The detailed functional classification and
prediction is in Table 3, which may serve as a reference to predict the functions of newly

identified Myb genes.

Identification of regulatory elements in non-coding regions

In addition to the C-terminal motifs detected in the predicted Myb proteins, we wanted to
test whether any conserved DNA sequence motifs could be identified among the Myb gene
subgroups. We applied motif-searching tools to detect conserved regulatory elements in the
promoter plus S’UTR, and intron regions ofithe Myb genes. In contrast to the C-terminal

coding regions, no conserved DNA sequence motifs were identified in the Myb gene non-
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coding regions except in the subgroup containing the maize p/ and p2 genes, and orthologs
from sorghum and rice (Fig. 1 G14). Within this subgroup, a highly conserved scheme of
TATA-box, Transcription Start Site sequences, and 5° UTR CA-box were found (data not
shown here). Otherwise, no significant regulatory elements were detected in non-coding
regions of other Myb genes. Our results suggest that it will be difficult to directly identify
regulatory motifs in non-coding regions using only existing computational techniques.
Possibly, the identification of co-regulated genes using microarray analysis will assist in the

identification of common regulatory elements.

Conclusion

The expansion of Myb genes in plants makes it one of the largest families of transcription
factors known to date. However, the specific roles of Myb genes in regulating plant traits are
still unclear. Here, we used overall sequence similarity to cluster Myb genes from
Arabidopsis and rice into 42 subgroups. The subgroup designations were well supported by
sequence similarity, exon-intron structure, and microRNA complementarity. Furthermore, we
found that the splicing sites and the phase of introns are conserved in Myb domains within
the same subgroup but different between subgroups. The phylogenetic topology of splicing
patterns suggested that Myb domains may originally have a compact size without introns,
which were inserted and remained during evolution. Computational searches were used to
identify conserved C-terminal motifs present in the different subgroups. These motifs appear
to be specific characteristics of Myb subgroup. In contrast to the C-terminal motifs
specifically present in Myb genes, no conserved regulatory elements were identified in the
non-coding regions. Myb genes with the similar function are clustered in the same subgroup.
The obtained functional classification table could serve as a reference to predict the functions

of newly identified Myb genes.
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Figure 1. Phylogeny, subgroup designations, and C-terminal motifs in Myb proteins from
Arabidopsis and rice. Left: The phylogenetic tree represents 130 Myb genes from
Arabidopsis, 85 from rice, and 43 from other plants, which are clustered into 42 subgroups
(triangles). The checked-triangle subgroups contain conserved C-terminal motifs. The arrow
indicates a large cluster of genes involved in the phenylpropanoid biosynthetic pathway or
ABA response. Some ‘landmark’ Myb proteins are listed in parentheses for functional
references. The uncompressed tree with full taxa names are available at
(http://pc21955.zool.iastate.edu/Myb/UnCom.doc). Comparison of the subgroup designations
used in this study with that in Stracke et al. 2001 can be accessed at
(http://pc21955.zool.iastate.edu/Myb/Subgroups.pdf). Middle: The four blocks (A-D)
indicate the distribution of the splicing patterns in the Myb R2R3 domains; see text for
details. Right: Motifs were detected using MEME and drawn to scale. The gray boxes
indicate the Myb R2 and R3 repeats. The yellow boxes indicate the extension motifs
following the R3 repeat. The pink boxes represent the motifs identified in the previous report
(Stracke et al. 2001), and the blue boxes are the motifs newly discovered here. The thin lines
indicate coding regions lacking a detectable motif, with a polypeptide length indicated by the

number above the diagonal slash marks. The scale bar is equivalent to 50 residues.

Figure 2. A, Locations of intron 1 and 2 splicing sites in R2R3 domains. Left: Six
representative Myb R2R3 domain sequences are shown. The extent of the R2 and R3 repeats
is indicated by the brackets at bottom. The triangles indicate the positions of the splicing
sites, and the numbers above the triangles indicate the phases of introns. Subgroup G18
represents the major splicing pattern, i.e., 77 (of 130) Mybs in Arabidopsis, and 45 (of 85)
Mybs in rice have this splicing pattern. The shaded W residues indicate the constantly
spaced Tryptophan residues. The representative sequences of the six subgroups are, G18:
At15223612; G12: Scaffold479 5; G17: At15225687; G20: At15225582; G22: At15233911;
G23: At15224693. Right: The table lists the number of Myb genes of each splicing pattern
and the total number of Myb genes in Arabidopsis and rice. Note: 22 Arabidopsis and 18 rice
genes have the typical G18 splicing pattern, except that they lack either intron 1 or intron 2.
Additionally, 6 Arabidopsis and 12 rice genes have no introns within the R2R3 domain.


http://pc21955.zool.iastate.edu/Myb/UnCom.doc
http://pc21955.zool.iastate.edu/Myb/Subgroups.pdf
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Finally, 2 Arabidopsis and 4 rice Myb genes have other non-typical splicing patterns. These
splicing patterns are not shown here.

B, C, The conserved exon-intron structure of all member genes in subgroups G18 and G23.
Boxes and lines indicate exons and introns, respectively. Additional examples are available

at (http://pc21955.zool.iastate.edu/Myb/geneStru.pdf).

Figure 3. The similarity scores and dN/dS ratios of motifs plus 10-residue flanking
fragments. The curve indicates the similarity scores along the upstream-flanking, motif
(peak), and downstream-flanking regions. The dashed line shows the average similarity
value for the entire alignment. The vertical axis is the score obtained from scoring matrix
BLOSUMBS62, with scores ranging from —4 to 11. The horizontal axis indicates the position
of the alignment. The three values indicate the ratios of nonsynonymous to synonymous
substitutions in the upstream-flanking, motif (peak), and downstream-flanking regions,
respectively. Diagrams for other motifs are available at
(http://pc21955.zool.iastate.edu/Myb/SimiScores-dNdS.pdf).
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Table 1. Consensus sequences of C-terminal motifs

Motif | Alias Consensus Sequences

El” |24 LxxMGIDPVTH[KR]P

E2 11 RLDLLDJ[IL]SS[IL]L

E3 FSHLMAEI

E4 IHTYRRKYTA

Es" |18 QRAGLPLYPpE[IV]

1 9 Gq[SAJKnAAXLSH[MT]AQWESARLEAEARLARESKL

2 exe[DE]NKNYWNSI[LF]NIV[{ND]SSpSdSs

3 4 cPDLNL[ED]LrISPP

4 12 SSS[ST][AS]RLLN[KR]VA

5 15 WV[HL][ED]D[DE]JFELS[ST]L[TV][MN]M

6 1.1 YASSTENI[SAJ[RKJLLQ[GN]W

7 1.2 QGsLSL{IFJEKWLFd[DE]Q[SG]

8" 3 WFKHLESELGLEEdDNQQQ

9 IDASFWSETL

10° 2 DISNsNKDsatSsEDvIAIIDeSFWSeVy

11 KNEKKIEnWEG

127 2 drNdKgYNhDMEFWFD

13 6 [QLIK[IN][NG]VXKPRPRSF[STJVNNxC[NS]H

14 AIW[DG][SG]LWNLD

15 7 KRRGGRTx[GR]xsxK

16 19 DQ[ST)gENYWg[MV]DD[IL|W[PS]

17 20 LWMPRLVERI

18" 16 PxLfFSEWI1

19 [LV]fRPVARVGAFsx[CY]Npg

20 S[LV]LGPEFVDYE[DE]h

217 [22.1 [ VX[TA]JGLYM

22 PGSP[ST]GSD[VR]SD[SL]S[HT][GI]

23 [ED]DPPTSLSLSLPGaD

24" 1222 | GEFM[AT][VA][VM]QEMI[KR][ATJEVRSYMAe[MV][QG]xx[NA]G[GC]|G

25 |25 L[EQ][ND]YI[KR]S[IL]xIN

26 |21 [PV]pF[FI]DFLGVG

27 Pixx[GS][KR]Y[DE][HW][IL]LExFAEKLVKERP

28 SPSVTLSL[SA][PS][SA][TA]VA[PA]aP[PA]aP

29 YDa[AN]DdPRKLRPGEIDPNPEaKPARPDPVDMDEDEKEMLSEARARLANTIGKKA
KRKAREKQLEeARRLASLQKRRELKAAGIdgrhrKRK

30 IDYNAEIPFEK[KR][AP]paGFYDTaDEDRp[AN]D

E DE[DE]WLRChT

Note: Motifs with * were identified as the alias by Stracke et al. (2001). Consensus

sequences follow the criteria of Joshi et al. 1997: a single capital letter is given if the relative

frequency of a single residue at a certain position is greater than 50% and greater than twice

that of the second most frequent residue. When no single residue satisfied these criteria, a

pair of residues were assigned as capital letters in brackets if the sum of their relative

frequencies exceeded 75%. If neither of these two criteria was fulfilled, a lower case letter

was given if the relative frequency of a residue is greater than 40%. Otherwise, x is given.
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Table 2. Homologous EST hits with >85% identity
Motif GenBank GI No. of ESTs
El 5843677', 213771087, 182571597, 906292", 96096857, 93630047, 87256107, 131199407,
13117218, 9609609', 222610082, 19878767>
E2 4383290', 18257119, 19271091, 14126137', 19865055
E3 16310275
E4 1053668, 19873274
E5 19877001

2 24047454%, 22934063", 9278726™

4 5840751%, 8723410%

6 24067636, 13351242, 13243677, 22011333", 126320867, 18099225°
9 5845671"

16 19798907"

21,22 | 8723927%, 87163947, 58514137 8724987, 26019636, 8726119"", 8723277', 28617714’,
27446064, 18734995", 17021688', 16347988", 22525500", 13480528, 22525278, 15200035',
10232029%' 21285929, 17518756", 10236319', 9899127", 10709579", 8685347, 5820271"

23 8723927%, 87154637, 5843769", 133826217, 8716394" 19805828%, 87021307, 24009285™,
22411885', 8666370"

24 19805828%, 8723927%, 8715463%, 5843769", 8716394", 19824493"" 19836808, 8702130"",
8703249" 8703516™

27 239999377, 240125017, 240096847, 19876981>

Notes: The superscript digits indicate the number of mismatches over C-terminal motifs at
nucleotide level. Those incomplete ESTs without reaching Myb domains are indicated by #.
Motif 29 and 30 detected >100 ESTs not listed here. Underlined ESTs are identical over
length to a Myb gene in the training data. (We assume a few mismatches as sequencing error

if any.)
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Table 3. Characterization of Myb gene family from Arabidopsis and rice

Clade Characterization Myb Genes

GO03 controls the formation of conical cells on the petal increasing | Am-Mixta (Noda et al 1994)
flower color intensity

GO04 induced by light, may have a role in processes like At-M4 (Quaedvlieg et al. 1996)
chioroplast maturation or leaf expansion

GO5 downregulates the target gene to control production of UV- At-Myb4 (Jin et al. 2000)
protecting sunscreens (sinapate esters) in leaves in
Arabidopsis

G06 | activates tryptophan gene expression At-ATRI (Walker 1993)

G07 controls the formation of lateral meristems Le-Blind (Schmitz et al. 2002)

GO08 controls epidermal cell patterning and differentiation by At-WER (Lee and Schiefelbein
regulating expression of the GLABRA2 homeobox gene 1999), At-GLI(Oppenheimer et al

1991)

GO09 | a positive regulator of hypersensitive cell death in response At-Myb30 (Vaillean et al. 2002)
to pathogen attack

Gl1 induced by ABA and IAA At-Mybi14 (Kranz et al. 1998)

G12 | activator of anthocyanin biosynthesis Zm-C| (Paz-Ares et al 1987),

Zm-P]
partially determines proanthocyanidin accumulation in At-TT2 (Nesi et al. 2001)
developing seed by inducing ectopic expression of BAN

G13 regulator of phenylpropanoid, anthocyanins biosynthesis At-PAPI, At-PAP2 (Borevitz et

al 2000); Ph-AN2 (Quattrocchio
et al 1999)

Gl4 activates enzymes for the phenylpropanoid synthesis except | Sb-y/(Chopra et al. 2002); Zm-
that FaMyb |1 suppresses anthocyanin and flavonol p!l (Grotewold et al 1991), Zm-p2
accumulation (Zhang et al 2000),Fa-Myb1

(Aharoni et al. 2001)

G16 | expressed in undifferentiated callus tissue up-modulated by | Cp-cpm 10 (Iturriaga et al. 1996)
ABA

G17 gibberellin-regulated transcriptional activator of alpha- Hv-Gaml (Gubler et al. 1995)
amylase gene promoter

G138 required for mucilage deposition and extrusion in the At-Myb61 (Penfield et al. 2001)
Arabidopsis seed coat

G19 transcription activator for phytochrome A signaling At-LAFI (Ballesteros et al. 2001)

G21 may serve roles in embryo longevity or during seed At-RI, At-R2 (Kirik et al. 1998)
germination

G30 | regulates the development of the proximodistal axis and Am-PHAN (Waites et al. 1998)
dorsoventral asymmetry of lateral organs
controls the development of maize lateral organ primordia by | Zm-rs2 (Tsiantis et al 1999;
repressing expression of knox genes Timmermans et al 1999)

G31 function in cell cycle control at G2/M, and participate in pre- | At-CDC5 (Hirayama and
mRNA splicing Shinozaki 1996); Sp-CDC5

(Burns et al. 1999, Ohi et al.
1994)

Notes: Only those subgroups are listed which contain Myb genes with experimental proof

and published literature. The specific myb genes in each subgroup can be obtained from the

uncompressed tree (http://pc21955.zool.iastate.edu/Myb/UnCom.doc). If Myb genes in the

same subgroup have the same function or expression profile, only one description is given.
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CHAPTER 5. IDENTIFICATION AND ISOLATION OF
REGULATORY ELEMENTS OF CLOSELY RELATED MYB
GENES

Abstract

Non-coding sequences of genes (promoter, 5’UTR, introns and 3’UTR) are thought to
contain elements which regulate and control expression. A collection of Myb genes available
identified in Arabidopsis, rice, and other plants were clustered based on sequence similarity
and phylogeny for identifying orthologs or closely-related candidates. We used
computational methods to search for conserved regulatory motifs in the genes from each
clustered group. No regulatory elements were detected due to the divergence of the non-
coding regions. However, there was one exception, p//p2 alleles from maize, rice, and
sorghum, in which a few conserved regulatory elements were identified including TATA-
box, the transcription start site sequences, CA-box, and another unknown motif. Our analysis
suggested that motif-searching tools alone have difficulties in identifying regulatory elements
in the highly divergent regions. The opportunity could be largely increased in the co-

regulated genes identified from microarray analysis.

Introduction

Temporal and spatial regulations of transcription factor expression are critical to plant
growth, development, and responses to environmental stress (Meisel and Lam 1997). This
sophisticated and accurate biological process is controlled by several kinds of regulatory
elements. TATA-like sequence has been identified in the basal promoter regions of plant
nuclear genes transcribed by RNA pol II. The TATA-binding proteins (TBPs) bind to TATA-
like sequence and interact with other TBP-associated factors (TAFs) which in turn interact

with transcriptional activator proteins that bind to short-sequence motifs in the promoter
(Weaver 2001).

Previous research has shown that changes in regulatory elements could result in variant
expression patterns, and these changes ear important in determining plant traits (Doebley and
Lukens 1998). However, the modes of evolution of eukaryotic regulatory sequences are not

well understood. It is already clear that promoters evolve under different constraints than
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coding sequences. It should be noted that intragenic or intronic sequences may also contain
regulatory sequences, as was demonstrated for expression of the Arabidopsis Agamous gene
(Sieburth and Meyerowitz 1997). However, the non-coding sequences are much more
divergent when compared with the coding regions. Thus, it is difficult to detect any
significant match of long regulatory elements, and hard to distinguish critical short regulatory
elements from fortuitous sequence matches. For example, the motifs that mediate TAF
binding are frequently found in promoter regions. One way to increase the chances of success
chance is to search for sequence motifs within sets of the closely-related genes, such as
orthologs/paralogs, or in coordinately expressed genes. Spellman et al. (1998) identified 800
genes that exhibited cell cycle-specific expression patterns in budding yeast; cell cycle-
specific transcription factor binding sites were then found in the majority of the genes’
promoters. Similarly, 22 PHO-regulated genes were identified in a whole-genome DNA
microarray analysis, and all of their promoter sequences have at least one copy of the Pho4
recognition site (Ogawa et al. 2000).

In addition to studying coordinately-expressed genes, comparison of orthologous Myb
genes from different species should aid the identification of conserved elements important for
regulation, as well as sequence divergences and replacements that may be responsible for
different expression patterns.

Most plant promoters are thought to be relatively compact and generally contained within
approximately 2 kb of the 5’ transcription start site (Brendel et al. 1998). One exception is
the maize p gene, which encodes a Myb large and complex regulatory region (Sidorenko et
al. 1999). Sidorenko et al. (1999) isolated three regulatory fragments from maize Myb gene
P-rr, the basal P-r» promoter fragment (-235 to + 326, termed Pb), the proximal segment (-
1252 to -236, termed P1.0), and the distal segment (-6110 to -4842, termed P1.2). They
designed four expression constructs: P0::GUS contains Adhl-S, GUS coding region, and
Pinll terminator, but without promoter sequences of P-rr; Pb::GUS, P1.0b::GUS, and
P1.2b::GUS contain the corresponding P-rr regulatory fragments fused to P0O::GUS. The
transgenic assays indicated that the fragment Pb is required to drive expression of GUS, and
both the proximal and distal segments enhance expression levels. Further analyses
(Sidorenko et al. 2000) revealed that the P1.0 and Pb fragments have a complex structure

including the 3’ half of a Tourist element, two large inverted repeats containing two pseudo-
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tRNA coding sequences in which A- and B-boxes are embedded, and large palindromes.
Several palindromes were also found in the Pb element. It was thought that the interactions
between these elements may modulate P/-rr expression. Interestingly, the transgenic assays
indicated that the 1.2-kb Sall fragment in P1.2b::GUS construct can induce silencing and a
paramutant state of P1-rr. But, it is still not clear if the same Sa/l sequences in the
endogenous PI-rr allele are crucial for subsequent paramutation effects (Sidorenko et al.
2001). Another well-studied case is two closely-related maize Myb genes p/ and p2 (Zhang
et al. 2000). Sequence comparison showed that p/ and p2 have highly similar coding regions,
and approximately 400 bp of 5’UTR regions including 90 bp short fragment upstream
adjacent to transcription start site. The divergence of promoter regions was thought to cause
the distinct tissue-specific expression of the two genes.

Interspecific comparisons are one of the most powerful ways to identify conserved non-
coding sequences. The functional importance of conserved regions can be tested
experimentally. Sorghum and maize are ideal choices for this purpose. Sorghum is sufficient
distant from maize such that non-functional regions of DNA will have accumulated many
mutations and be recognizably different, whereas functional sequences will still be
identifiable. In our study, we attempted to identify conserved regulatory motifs in non-coding
regions with the assistance of computational tools. First, we constructed a phylogenetic tree
and identified clades of closely-related Myb genes. Then, motif-finding tools were applied to
search for regulatory elements within each clade. In addition, transgenic expression assay in
cultured maize BMS (Black Mexican Sweet) cells were conducted to test the functionality of

the promoter regions of some sorghum and maize Myb genes.

Materials and Methods

Expression constructs

Based on the Myb gene sequences obtained in a related study (Jiang et al. 2003), we
designed two PCR primers to amplify approximately 1-kb segments assumed to contain the
promoter sequences. One primer is complementary in the region of the start codon and
contains Ncol site to enable fusion with a GUS reporter gene. The second primer is

complementary to a region approximately 1 kb upstream of the start codon; a Sall or Xhol
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site was introduced into the upstream primer. The PCR reaction products were purified and
ligated with pGEM T-easy vector, and transformed into DHS« Ecoli. The plasmid was
harvested after incubation in LB medium at 37°C overnight. The amplified Myb gene
promoter was excised from the plasmid with the enzyme pair Sall/Ncol or Xhol/Ncol, and
ligated with the expression vector dp1492 (Pioneer Hi-Bred Inc., a DuPont company), cut
with the same enzyme pair, and transformed into DH5« Ecoli, and incubated as above. The
amplified expression constructs were collected and purified by using a Wizard Mini-Prep kit
(Promega). We designed 9 and 6 expression constructs from sorghum and maize,

respectively (Table 1).

Microprojectile bombardment

Bombardment conditions were as described previously (Klein et al. 1988, Bowen 1992,
Sidorenko et al. 1999). For each bombardment, 10 pl of gold particles (60 mg/ml stock) were
combined with 0.3 pg of construct of interest and the same amount of selection plasmid
35S::CRC containing the maize C/ and R/ coding regions driven by double cauliflower
mosaic virus (CaMV) 35S promoter and eliciting anthocyanin production (Bowen 1992) for
normalization and internal positive control. The mixture was held 5 min on ice followed by
addition of 50 ul of 2.5 M CaCl, and 40 ul of 0.1 M spermidine. The mixture was vortexed
for 20 sec and held on ice for 10 min for precipitation, and centrifuged for 5-10 sec at 10,000
rpm. The supernatant was discarded, and the pellet washed twice with 200 ul of 100%
ethanol. Finally, the pellet was resuspended in 100% ethanol ready for use. Bombardments
were performed with a PDS 1000 Biolistic particle gun (DuPont) using a rupture disk with

pressure of 650 PSI. Bombardments for each construct were performed in triplicate.

Transient assay

Suspension maize BMS cells were obtained from Pioneer Hi-Bred Inc., a DuPont
company, Johnston, Iowa. Cells were incubated in MS medium in darkness at 28°C for 3-4
days, then harvested and treated with 0.25 M mannitol in MS medium (Murashige et al.
1962) for 12 h before bombardment. After bombardment, the cells were kept in MS medium
in darkness at 28°C for 2-3 days. For each plate, the numbers of red spots (anthocyanin-

producing foci) were counted. Then, the cells were stained with 5-bromo-4-chloro-3-indolyl
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glucuronide (x-Gluc) (Jefferson 1987, Schmidt and Willmitzer 1988) in darkness at 28°C for
2-3 days. Finally, the number of blue spots (GUS-positive foci) were counted and the levels

of expression of each plasmid were set as the ratio of #blue spots/#red spots.

Regulatory element identification
Myb genes were clustered into subgroups on a basis of sequence similarity and
phylogeny (Jiang et al. 2003). Within each subgroup, the motif searching tools MEME and

MACAW were applied to detect conserved sequences in the non-coding regions.

Results and Discussion

Components of the expression constructs

Previous research has suggested that most plant promoters are relatively compact and
generally contained within approximately 2 kb of the 5’ transcription start site (Brendel et al.
1998). Sidorenko et al. (1999) has shown that the basal promoter fragment (-235 to + 326) of
the maize Myb gene p/ is capable to drive the expression of GUS in a transient assay.
Therefore, we cloned Myb promoter segments containing at least 900 bp upstream of the
start codon into the expression plasmid dp1492. The size range of the Myb promoter regions
varies from 0.9 to 1.6 kb. Each of the expression constructs contains a Myb basal promoter,

GUS gene and Pinll terminator (Fig. 1).

Weak activity of Myb basal promoters in transient assays

Transient assay techniques have proven useful in functional analysis of promoter
segments of plant regulatory genes and in the identification of cis-regulatory elements
responsible for tissue-specific expression of maize genes (Radicella et al. 1992, Sidorenko et
al. 1999). Previous results have indicated that the 561 bp basal fragment of maize Myb p/
containing the transcription start site (-235 to +326) can drive weak expression of fused GUS
gene in floral organs such as husk, silk, kernel pericarp, cob and male inflorescence
(Sidorenko et al. 2000). Here, we compared the activities of 15 Myb gene promoters in a
transient assay system following microprojectile bombardment of maize BMS cells. No

background CRC or GUS foci were found in BMS cells in the negative control (Fig. 2, A).
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Red spots from CRC plasmid as the internal positive control confirmed the efficiency of the
bombardment (Fig. 2, B-D in panel I). The negative control of intact plasmid dp1492 showed
no expression of GUS (Fig. 2, B in panel II). In contrast, the CaMV 35S promoter used as the
internal positive control gave high expression of GUS as expected (Fig. 2, C in panel II).
However, only weak activities of the Myb basal promoter fragments were detected in this
transient assay system (Fig. 2). For example, the sorghum Myb9 basal promoter gave only
weak GUS expression (Fig. 2, D in panel II). Similar results were obtained from the
remaining of constructs of sorghum and maize Myb basal promoter fragments (data not
shown). The weak activities of these Myb basal promoter fragments could be due to the
absence of the more upstream enhancers as described for maize pI basal promoter regions
(Sidorenko et al. 1999, 2000). It is also possible that other factors regulating the expression

of these Myb genes in a tissue-specific or inducible manner are absent in BMS cells.

Putative regulatory elements identified in maize p1/p2 alleles

A characteristic feature of the Myb gene family is the highly conserved R2R3 Myb
domains followed by divergent C-terminal regions. However, a number of conserved motifs
have been identified in the C-terminal regions of subgroups of Myb genes in Arabidopsis
(Stracke et al. 2001). Members of these gene subgroups may often share a similar function or
expression pattern, this idea is supported by the available information on Myb genes’
functions (Stracke et al. 2001, Lawrence et al. 2002). Sequence comparisons also show a
high divergence in the non-coding regions such as promoter, intronic sequences, and 3’UTR
sequences. It will be interesting to determine whether if there are any conserved sequences
present in these regions may regulate the Myb genes’ expression patterns.

To identify conserved regulatory elements, we clustered Myb genes from plants as
described in chapter 2. Myb genes within the same subgroup are closely-related in function
or expression pattern. However, no conserved sequences were detected among Myb genes in
any subgroup, except the p1/p2 containing subgroup. Within this subgroup, TATA-box, the
transcription start site sequences, CA-box, and a downstream motif were found in all p1/p2
alleles from rice, sorghum, and maize. Although insertions (39-54, and 86-94) and deletion

(107-209) occurred in rice, the scheme of these identified elements is conserved as well. The
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sequence similarities also imply that sorghum is more closely related to maize than rice (Fig.
3) as expected in the Kellogg lab (Mason-Gamer and Kellogg 1996).

Our results suggest that, it will be difficult to identify regulatory elements of large gene
family clustered by sequence similarity and phylogeny. The divergence and complexity of
promoter and intronic sequences could diminish the efficiency of motif-searching tools. One
way to increase the opportunity of finding regulatory motifs is to search among candidate
genes with co-ordinate expression patterns. This approach has been used successfully in
yeast (Spellman et al. 1998, Ogawa et al. 2000) and Arabidopsis (Schaffer et al. 2001).
However, orthologs or paralogs identified by phylogeny may have a greater chance to
contain conserved regulatory elements in non-coding regions, as we have shown for the

plip2 alleles.

Conclusion

Regulatory elements (TATA-box, transcription start site, CA-box) were identified only in
orthologs and paralogs of the maize p//p2 genes. Thus, the efficiency of detecting regulatory
motifs in non-coding regions of related genes is low when using only computational tools.
The chances may be increased by searching within groups of orthologs or paralogs; or by

searching within groups of co-regulated genes identified by global expression studies.
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Table 1. Expression constructs of Myb gene promoters from sorghum and maize

Name Accession Enzymes Insert (kb)
pdSbMyb4 AF470058 Sall/Ncol 1.264
pdSbMyb9 AF470059 Sall/Ncol 1.31
pdSbMyb20 AF474127 Sall/Ncol 0.875
pdSbMyb23 AF470060 Sall/Ncol 1.267
pdSbMyb34 AF474128 Sall/Ncol 1.284
pdSbMyb44 AF470061 Xhol/Ncol 1.184
pdSbMyb53 AF474130 Sall/Ncol 1.071
pdSbMyb54 AF474131 Sall/Ncol 1.17
pdSbMyb67 AF474133 Xhol/Ncol 1.2
pdZmMybl AF474115 Xhol/Ncol 1.572
pdZmMyb18 AF474117 Xhol/Ncol 1.382
pdZmMyb27 AF470081 Xhol/Ncol 1.307
pdZmMyb30 AF474120 Xhol/Ncol 1.119
pdZmMyb41 AF470088 Xhol/Ncol 1.190
pdZmMyb57 AF470092 Sall/Ncol 0.996

Notes: All constructs were inserted into vector dp1492, and transformed into E. coli DH5a

using Ampicillin resistance for selection.
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Figure 1. The expression construct of sorghum Myb9 promoter fragment indicates the
promoter, GUS gene, and PinllI terminator from the plasmid dp1492 backbone. The promoter
is 1310 bp long starting upstream of the start codon. The full size of the construct is 6395 bp.
Fhe marker gene is Ampicillin.
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Figure 2. Results of transient assays in maize BMS cells. Panel I shows CRC red spots (as
normalization control) before staining GUS. Panel I shows GUS blue spots. A,

bombardments without any plasmids (negative control); B-D, CRC co-bombardments with
plasmid dp1492 (negative control), Ubi::GUS (positive control), and pdSbMyb9 (sample),

respectively.
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Figure 3. Conserved regulatory elements in the orthologs and paralogs of maize p1/p2 genes.
Four possible regulatory elements were identified in p/ and p2 alleles from rice
(OSM148052), sorghum (y!), maize (Prr, Pwr, p2), and teosinte (p2-f). presumptive TATA-
box (27-34), transcription start site (74), CA-box (95-102), and an unknown motif (210-221).
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CHAPTER 6. IDENTIFICATION AND CATEGORIZATION OF
TRANSCRIPTION FACTORS IN MAJOR PLANTS

Abstract

Using hmmsearch and BLAST search, we identified and classified all genes of known 37
transcription factor families in maize, rice and Arabidopsis. We compared and combined the
results from the two methods, and resolved the sequences into a non-redundant list. All the
biologically useful information about these transcription factors (TFs) was constructed as a
shared source (Oracle Database). Three search methods were provided for identifying TFs of
interest: 1). Detect all TFs in a given sequence,. 2). Find all sequences containing the given
TF in a specified species. 3). List all sequences and all TFs contained in those sequences
from a given organism(s). An automated method was devised for the identification and

classification of all members of any gene family.

Introduction

Expression of a coding sequence as a functional protein is a long and complex process
involving several levels of regulation and control. Among them, transcriptional regulation is
a key step which may involve the participating of a variety of transcription factors controlling
growth, development, disease-resistance, stress-response, tissue-specificity, and so on. The
term ‘transcription factors’ usually describes a class of proteins that recognize and
specifically bind to DNA sites in the promoter regions, and then regulate the frequency of
transcription initiation of the target gene. These transcription regulators can be either
activators or repressors of transcription (Stracke et al. 2001). Riechmann et al. (2000)
reported that different TF families in the major three eukaryotic lineages (plants, fungi, and
animals) can control similar biological functions. Conversely, similar DNA binding domains
present in these three kingdoms often control different functions in each one. Therefore, the
difference of content, sequence, and structure in TF families may contribute to functional
diversity. In addition, changes in transcriptional regulators were thought to be a major
contributor to functional diversity and evolutionary changes (Carroll 2000).

With the completion of several major eukaryotic genome sequencing projects, the entire

complement of genes coding for transcription factors in these genomes can be identified and
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described. The results indicate that each eukaryotic lineage employs a sizeable fraction of
transcription factors to regulate and control gene expression at the transcription level. For
example, the genes encoding TFs number 1533 (5.9% of the total number of genes in the
genome) in A. thaliana, 209 (3.5%) in S. cerevisiae, 669 (3.5%) in C. elegans, 635 (4.5%) in
D. melanogaster (Riechmann et al. 2000), and 1306 in rice (Goff et al. 2002). These numbers
could still be underestimates because some uncharacterized proteins could be transcriptional
regulators (Schauser et al. 1999, Boggon et al. 1999). Most of these TFs haven’t been
characterized genetically, especially in plants. To date, only approximately 5% of TFs in
Arabidopsis have been analyzed by mutation (Riechmann et al. 2000, web supplemental). In
contrast, ~25% of known TFs in Drasophila and C. elegans (Ruvkun et al. 1998) have been
characterized genetically.

Transcription factors have been classified into families based on their sequence-specific
DNA-binding domains (Pabo et al. 1992). Based on the list of transcriptional regulators in a
previous report (Riechmann et al. 2000), we used their DNA-binding domains as queries and
performed searches over Arabidopsis, maize and rice database to identify the complement of
these transcription factors encoded in each genome. The resulting gene dataset were resolved
into a non-redundant list, and classified by type. The biologically useful information about
these transcription factors was collected into a shared source (Oracle Database). Three query
methods were provided so that biologists can search for particular transcription factor(s) of

interest.

Materials and Methods

Data sets

Transcription factors families comprised two groups: for group 1 [AP2/EREBP, ARID,
bHLH, bZIP, C2C2 (Zn)-GATA, C2H2 (Zn), C3H-type 1 (Zn), CAAT C (CBFB_NFYA),
GRAS, HB, HMG-box, HSF, LFY (FLO_LFY), MADS, Myb, Myb-related (TEA/ATTS),
SBP, TCP, TUB, WRKY (Zn)], we retrieved the profiles of their DNA-binding domain from
pFam database (http://pfam.wustl.edu/index.html). The group 2 [ABI3/VP1, Alfin-like, ARF,
Aux/IAA, C2C2-CO-like, C2C2-Dol, C2C2-YABBY, C3H-type 2 (Zn), CPP (Zn), E2F/DP,
EIL, GARP-ARR-B class, GARP-G2-like, JUMONIJIL, NAC, Nin-like, TriHelix] did not have
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corresponding pFam profiles; in these cases, one representative member of each family was
used as query sequence.

The target sequence databases include arabidopsisNR (A4rabidopsis proteins annotated by
TIGR), BGI rice_transl.fa (proteins translated from rice genome deposited by Beijing
Genomics Institute), ncbi_rice cds.fa (public rice nucleotides in GenBank), and

unicorn4.1_6frame.fa (maize proteins owned by Pioneer Hi-Bred Inc.).

Identification of transcription factors

The pFam profiles from group 1 were used to identify all members of each TF family in
the above four databases using program hmmsearch. To identify TFs which may have been
missed by hmmsearch, the retrieved sequences were in turn used as query sequences for blast
searches of the four databases. Both results were compared and combined, then resolved into
a non-redundant list. In contrast, only blast search was performed for the group 2 TF
families, followed by removal of redundant. Finally, the categorized non-redundant TFs were
collected into an Oracle relational database for biological-based queries. Perl scripts were

implemented to automate and fulfill the tasks.

Results and Discussion

Categorization of transcription factors in Arabidopsis, maize, and rice

We identified 1217 TFs in Arabidopsis, 1173 in rice from Beijing Genomics Institute,
536 in rice from GenBank, and 797 in maize from Pioneer Hi-Bred Inc., a DuPont company.
The complement of TFs in Arabidopsis, maize, and rice are similar to that reported
previously for Arabidopsis (Riechmann et al. 2000), and are similar in number and
representation of specific family types (Table 1). The results show that Myb and
AP2/EREBP are the largest and second largest families in Arabidopsis (181 and 144) and
rice (161, 141), respectively. The smallest family LFY, has only one copy in Arabidopsis and
rice; this is consistent with previous results (Riechmann et al. 2000, Goff et al. 2002).

It has been proposed that each of the major eukaryotic lineages (plants, fungi, and
animals) has a characteristic set of particular transcription factor families (Meyerowitz 1999).

Excepting the lineage-specific families and the families present in all lineages, some
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transcription factors may exist in two of the three kingdoms. For example, the XOX/TCF
(SRY-related HMG box/T cell factor) group exists in fungi and animals, but is absent in
plants (Riechmann et al. 2000, web supplemental). In contrast, there were no cases of
transcriptional regulators present in both plants and fungi, but missing in animals; this is
consistent with the topology (plants, (fungi, animals)) (Riechmann et al. 2000). However, at
least three families (TUBBY-like, CPP-like, and E2F/DP) were found in plants and animals,
but are missing in yeast (Boggon et al. 1999, Cvitanich et al. 2000, Dyson 1998). It is unclear
whether these families were specifically lost from the yeast genome, or were never included
in the fungal lineage. The lineage-specific TF families contain 45% of the total TFs in
Arabidopsis, 47% in C. elegans, and 32% in yeast (Riechmann et al. 2000). There are 20
plant-specific TF families identified (Table 1, asterisks). Some of them such as Myb, and
AP2/EREBP have been greatly amplified. In addition, the function of most of the
transcription factors is unclear. However, sequence comparison with Arabidopsis TFs can

identify the corresponding rice orthologs with considerable similarity.

Relational database of transcription factors in Arabidopsis, maize, and rice

The inclusion of redundant information in databases can lead to a number of problems;
including redundant storage, update anomalies, insertion anomalies, and deletion anomalies
(Ramakrishnan and Gehrke 2000). Therefore, the TFs compiled here were resolved into non-
redundant sequences, and classified by type. Four entities were created: DOMAIN_TF (each
transcription factor stored as a record), DOMAIN_SEQ (each sequence stored as a record),
DOMAIN _HMM (each TF identified by hmmsearch in a sequence and stored as a record),
and DOMAIN BLAST (similar to DOMAIN _HMM but identified by blast). Obviously,
each domain identified by hmmsearch (DOMAIN_HMM) or blast (DOMAIN_BLAST)
uniquely belongs to one of the TF families (DOMAIN_TF), but each TF may have multiple
copies in a source sequence. This indicates one-to-many relationship between DOMAIN_TF
and DOMAIN HMM / DOMAIN BLAST. Similarly, each domain detected in either
method is from one source sequence, and each sequence may contain multiple copies of the
same TFs, or more than one TFs from different families. Therefore, there is also one-to-many
relationship between DOMAIN_SEQ and DOMAIN HMM /DOMAIN_ BLAST. However,
entitiecs DOMAIN TF and DOMAIN_SEQ do not have direct mapping relationship, but are
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associated through DOMAIN _HMM or DOMAIN_BLAST. More detailed structure of the
database is demonstrated in the schema (Fig. 1).

A user-friendly graphical interface was created for biologists to search for any
transcription factors (TFs) of interest (data not shown). Three query methods were provided:
1, given a sequence, find all TFs contained inside; 2 given a TF, find all sequences
containing this TF from the specified organism(s); 3, list all sequences and their
corresponding TFs contained inside from the specified organism(s). There are other options
for each method such as E-Value (the E-value of the domain alignment), Score (the identical
score of the domain alignment), and so forth.

In order to provide the most complete detection of TFs, we used both hmmsearch and
blast. Comparison of results from group 1 indicates that both methods can identify some
transcription factors which are missed by the other method. Hmmsearch is more powerful
than blast in some families, whereas blast perfoms better for other families. In addition, the
perl scripts written for this projects can provide an automated method to identify and classify

all members of a given family.

Conclusion

All the member genes of 37 transcription factor families were identified and classified by
type in Arabidopsis, maize, and rice. The retrieved sequences were resolved into a nun-
redundant list, and collected into an Oracle relational database for biological-based inquery.
An automated method was devised for the identification of all the members of a given gene

family.
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Table 1. Transcription factor classes in Arabidopsis, rice, and maize

Group 1 Arabidopsis Rice (BGI) Rice (GenBank) Maize
AP2/EREBP’ 144 141 33 87
ARID 4 2 0 3
bHLH 93 74 23 9
bZIP 35 50 14 15
C2C2 (Zn)-GATA 29 28 6 19
C2H2 (Zn) 26 32 54 5
C3H-type 1 (Zn) 21 16 4 6
CAAT C (CBFB NFYA) 10 10 1 20
GRAS’ 32 54 10 34
HB 50 44 17 20
HMG-box 15 12 2 15
HSF 23 23 7 22
LFY (FLO_LFY)" 1 1 2 1
MADS 89 67 56 55
Myb 181 161 51 77
Myb-related (TEA/ATTS) 3 2 1 1
SBP” 16 18 2 17
TCP’ 23 19 7 12
TUB 11 13 2 24
WRKY (Zn)" 73 95 168 50

Group 2 Arabidopsis Rice (BGI) Rice (GenBank) Maize
ABI3/VP1 6 5 1 7
Alfin-like” 7 12 6 31
ARF 24 26 3 43
Aux/TAA" 26 28 5 34
C2C2-CO-like” 24 19 16 20
C2C2-Dol’ 36 22 10 13
C2C2-YABBY 4 6 2 13
C3H-type 2 (Zn) 6 6 0 8
CPP (Zn) 8 5 1 9
E2F/DP 5 6 2 4
EIL 6 8 2 4
GARP-ARR-B class™ 31 27 4 10
GARP-G2-like’ 34 32 2 19
JUMONII 7 6 0 2
NAC 87 84 18 57
Nin-like' 17 14 2 25
TriHelix 9 5 2 6
Total 1216 1173 536 797

Notes: The asterisk indicates the plant-specific transcription factor families (Riechmann et al.
2000).
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SEQ_ID, TF_NAME, DOMAIN_NUM, E_VAL,
SCORE, SEQ LOC, SEQ F, SEQ T, HMM_LOC,
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TF_NAME, URL)
HMM, Ref SEQ,
DESCRIPTION

SEQ_ID, ACC,
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TAXON_ID

DOMAIN_SEQ

DOMAIN_TF

DOMAIN_BLAST

SEQ_ID. TF_NAME, DOMAIN_NUM, £ VAL,
SCORE, IDENTITY, POSITIVE, ALN_LEN,
Sbict_B, Sbjct E, Sbjct GAP, QUERY GAP,
QUERY B, QUERY_E, QUERY, DESCRIPTIO

Figure 1. Schema of Oracle database. Rectangle stands for entity, diamond for
relationship, and oval for attributes of each entity. The italic attributes (E_ VAL and
SCORE) are indexed.The primary keys are underlined. It should be noted that two
foreign keys (SEQ _ID and TF_NAME) and another attribute (DOMAIN_NUM)
together comprise a primary key. There are two types of key constraints (arrows).
One states that given a domain identified by hmmsearch ‘DOMAIN HMM’, we
can uniquely determine the transcription factor to which it belongs. The other one

indicates the unique source sequence where the given domain was identified by
hmmsearch or BLAST.
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CHAPTER 7. GENERAL CONCLUSIONS

Summary

Myb genes encode one of the largest transcription factor families in plants. Myb proteins
are defined by a highly conserved DNA-specific binding domain termed Myb, which is
composed of approximately 50 amino acids with constantly spaced tryptophan residues.
Multiple copies of Myb domains often exist as tandem repeats within a single protein. There
are up to four tandem Myb repeats present in Myb proteins identified to date (termed
ROR1R2R3 hereafter). Each Myb repeat can form three o-helices, the third of which plays a
recognition role in specifically binding to DNA. In contrast to the conservation of Myb
domains, C-terminal coding regions and non-coding regions (promoter, 5’UTR, introns, and
3’UTR) are dramatically divergent.

Since the first Myb gene was identified in the avian Myeloblastosis virus (Klempnauer et
al. 1982), other members of the Myb gene family have been found existing widely in major
lineages. However, in contrast to 125 Arabidopsis R2R3 Myb identified after the completion
of its genome sequencing (Stracke et al. 2001), there are only a few known Myb genes in
sorghum and maize. In order to expand the available Myb gene dataset in these two cereals,
we screened Myb-homologous BAC clones from sorghum and maize BAC libraries with a
maize PI-wr cDNA fragment spanning the Myb R2R3 domains. BAC clones hybridizing to
the probe were initially sequenced using a degenerate primer complementary to R2 repeat.
Additional sequencing was carried out using a primer walking strategy. Finally, we obtained
64 and 31 unique Myb genes from sorghum and maize BAC libraries (their GenBank
accession numbers: AF474125-AF474133, AF470058-AF470071, AY363121-AY363161,
and AF474115-AF474124, AF470072-AF470092, respectively). In addition, we identified 51
unique Myb genes in the Monsanto rice database (DraftRiceData) through blast homologous
search. Similarly, 85 unique Myb genes were found in the rice genome from the Beijing
Genomics Institute. Taken together, these numbers suggest that Myb gene family has
undergone significant amplification in the grasses during evolution. It is noteworthy that no
R1R2R3 Myb genes were detected in the above cereals, whereas 5 three-repeat Myb genes
were identified in Arabidopsis (Stracke et al. 2001).
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When and how did the expansion of Myb genes occur during evolution? What processes
generated the multiple copies of Myb domains arranged as tandem repeats within a single
protein? What is the origin of the whole Myb gene family? All these questions are of great
interest from an evolutionary point of view.

In this study, we collected the most inclusive set of Myb genes to date and attempted to
infer the evolutionary origin of the Myb gene super family. Sequence comparison shows that
each of the Myb repeats is more closely related to other members of the same repeat family
from other proteins than to other repeats within the same protein. This implies that the
duplications which generated these tandem repeats occurred before the divergence of these
distantly related species. All plant R2R3 Myb genes were clustered together as a
monophyletic group across species. This topology indicates that the R2ZR3 Myb gene family
was amplified before the divergence of monocots and eudicots. Within this monophyly, a
small clade includes all P-to-A Myb genes which implies that the substitutions of P-to-A
preceded the bulk of the expansion. For RIR2R3 Myb genes, both plant and animal genes
form a monophyly. This indicates that the RIR2R3 Myb genes from these two lineages
shared a common ancestor. Interestingly, rs-like orthologs form another monophyletic group
outside of the above two; this could be due to long-branch attraction. The high bootstrap
values for each clade support the reliability of the topology. (chapter 3, figure 3).

The phylogenetic analysis of isolated Myb repeats produced three monophylies for R1,
R2 and R3, respectively. R2 repeats from plant R2R3 Myb genes clustered separately from
all R1IR2R3 Myb genes. The R1 and R3 repeats from R1R2R3 Myb genes can be divided
into exclusive plant- and animal-subclades, but not R2 (chapter 3, figure 4). This result may
imply that R2 is evolving more slowly, and did not accumulate any changes that unite the
animals to the exclusion of the plants. In summary, we here proposed that the Myb gene
family evolved via a gain model as follows: beginning with a single Myb repeat, the first
intragenic domain duplication produced the ancestral R2ZR3 Myb. A further intragenic
domain duplication formed the ancestral RIR2R3 Myb. The R2R3 and R1R2R3 Myb genes
co-existed in primitive eukaryotes, and gave rise to the currently extant Myb genes.
Interestingly, R2R3 Myb genes died out in animal lineage, whereas they underwent massive
amplification in the plant lineage. In contrast, a previous loss model (Lipsick 1996) proposed

that the ancestral R1IR2R3 Myb genes arose from the original one Myb repeat by two
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intragenic domain duplications. Then R1IR2R3 Myb genes existed in primitive eukaryotes,
and gave rise to today’s R1IR2R3 Myb genes in plants and animals. Within the plant lineage,
however, RZR3 Myb genes resulted from the loss of R1 from a plant RIR2R3 Myb gene.
Since the loss model was proposed, further investigations have shown that some assumptions
and observations on which the loss model was based are no longer compelling or true.
Moreover, the gain-of-R1 model is more parsimonious and hence favored in our analysis.
Unlike animal Myb genes, the functions of most plant Myb genes are not clear except for
a few well-studied cases. Therefore, determination of Myb genes’ functions has become a
challenging topic in this field. Our analysis has shown that ten conserved important residue
sites in R2R3 domains may be correlated with changes in functionality through evolution
(chapter 3, figure 2). However, do the dramatically divergent C-terminal regions reflect
functional constraints upon the R2R3 domains? Can we classify and predict the functions of
Myb genes on the basis of conserved motifs in C-terminal regions? In order to address these
questions, we collected and analyzed 258 Myb genes, 130 from Arabidopsis, 85 from rice,
and 43 from other plants. These genes were clustered into 42 subgroups based on sequence
similarity and phylogeny. The size of the subgroups varies from 2 to 14 genes. Interestingly,
not only the locations but also the phases of introns in the R2ZR3 domains are conserved
within the same subgroup, but may be different between subgroups. Using computational
searches we detected conserved motifs in the C-terminal coding regions. Also by consulting
the published literatures we found that Myb genes sharing similar functions are clustered
within a subgroup. Both the conserved motifs and the exon-intron structures may reflect
functional constraints upon the Myb structure. Further analysis indicates that the identified
C-terminal motifs specifically exist in Myb genes, and could serve as an additional
identifying characteristic of Myb genes. Taken together, these results from the basis for a
functional classification table, which could provide a starting place for characterization of the
newly identified Myb genes. Additionally, our analysis suggests a plausible scenario for the
evolution of introns in Myb genes (chapter 4, figure 1). We suggest that Myb domains
originally contained no introns, and that introns were inserted during evolution. One intron
splicing pattern remained unchanged upon the subsequent gene duplications, and gave rise to

the currently extant major splicing pattern.
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In addition to the conserved motifs found in the coding regions, the non-coding regions
(promoter, 5’UTR, introns, and 3°UTR) are expected to contain some elements that regulate
Myb gene expressions crucial for plant growth, development, and responses to environmental
stress. In our project, we used both transient assays and computational tools to identify the
conserved regulatory elements in the closely-related genes. In transient assays, we tested a
series of expression constructs containing basal promoter fragments ( ~ 1 kb sequence
upstream to the start codon) from different Myb gene from sorghum and maize. Each of the
basal promoter fragments was fused to GUS report gene and bombarded into maize BMS
cells. Unfortunately, the expression of GUS driven by the Myb basal promoter fragment was
low, and showed little distinguishable difference in quantity between different Myb
promoters. This may reflect the weak activity of the basal promoter fragments in the absence
of more upstream enhancer sequences. In the computational approach, first, the closely-
related Myb genes were identified and clustered on the basis of sequence similarity and
phylogeny. Second, motif-searching tools were applied to identify the conserved regulatory
elements in each group of closely-related genes. No regulatory motifs were detected among
groups of closely-related genes except for those related to the maize pI/p2 genes. Four
presumptive regulatory elements were identified in this group of orthologs/paralogs: TATA-
box, the transcription start site, CA-box, and an unknown motif (chapter 5, figure 3). These
results suggest that motif-searching tools alone are inadequate to identify regulatory elements
in non-coding regions due to the high sequence divergence. The chances for successful
identification of regulatory sequences may be increased in groups of orthologs. Finally,
performance may be improved by using global expression analysis to identify co-regulated

genes.

Future Research

How to efficiently characterize the functions of newly identified genes is always a topic
of interest to molecular biologists. Our results suggest that comparison of orthologous genes
with considerable similarity may be one of the most powerful ways to classify and predict the
functions of genes. The most important step is to identify the authentic candidate orthologs.
For example, in subgroup G12, the topology of gene tree is perfectly consistent with that of

species tree (chapter 4, figure 1). This subgroup has four Myb genes (AtMyb123, (riceMyb,
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(maize Cl, PI))). Obviously, the species tree is (Arabidopsis, (rice, maize)). In such a case,
we predict that AtMyb123 likely shares a similar function with maize C!/ and PI. Further
homology search found that AtMyb123 actually is Arabidopsis gene TT2 which has been
experimentally shown to induce ectopic expression of BAN, and thus result in
proanthocyanidin accumulation (Nesi et al. 2001). Therefore, it is reasonable to design
experiments to test whether the rice Myb gene has a similar function. We also observed that
the gene tree was consistent with the species tree in subgroup G30 (chapter 4, figure 1, rs2-
like gene), which includes AtMyb91. The maize rs2 gene controls the development of cells
by repressing expression of knox (knottedl-like homeobox) genes which are required for the
normal initiation and development of lateral organs (Timmermans et al. 1999). Therefore,
AtMyb91 likely shares a similar function. If a mutant line for AtMyb91 were available from
the public insertion-mutagenesis populations, one could observe its phenotype and further
detect its effect on expression of knotted-like homeobox genes.

It has been demonstrated in maize CI, P genes that the divergent C-terminal regions
contain some conserved residues which may reflect constraints on the functions of these
proteins (Grotewold et al. 2000). Based on the identified conserved C-terminal motifs and
their consensus sequences, one could introduce mutations at some sites, or make chimeras by
exchanging C-terminal segments of related genes, and then test the activities of the modified
genes with transient assays. This approach could aid the identification of functionally
conserved residues, and understand how they impact interactions with cofactors.

In addition to the conserved motifs in the C-terminal coding regions, there are conserved
regulatory elements present in non-coding regions important for accurate regulation and
control of gene expression. Global expression approaches may increase the chances to
identify regulatory motifs by clustering genes with co-ordinate expression (Spellman et al.
1998, Ogawa et al. 2000). Correlation can be conducted in several ways, such as tissue
specificity, growth conditions (drought stress, pathogen resistance), and so forth. For
example, a Myb gene that is expressed highly only in root tissue would be a likely candidate
regulator of root-specific genes. Once such co-regulated genes are identified, then motif-
searching tools can be applied on them to find conserved regulatory elements. Finally, the
functions of the candidate regulatory elements can be tested in transient assays or transgenic

plants. It should be noted that traditional microarray examines only steady mRNA level in
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different tissues or under environmental stresses. It does not distinguish between
transcription and stability as the reason for the presence of the mRNA, not does it determine
whether the mRNA is being translated. To distinguish among these levels of control, one can
probe the microarray with RNA transcribed from isolated nuclei to measure transcription,
independent of stability, and polysome-associated mRNA to measure translatable mRNA
levels. Due to the high divergence of non-coding regions, it is often difficult to identify
conserved motifs at sequence level. Therefore, it may be important to compare the secondary
structures, as these may share common structural features.

Intronic sequences may contain regulatory elements, as was demonstrated for expression
of the Arabidopsis Agamous gene (Sieburth and Meyerowitz 1997). Additionally, in plants,
an accurately spliced intron enhances protein expression compared to intronless transcription
units (Callis et al. 1987, Schuler 1998). Our results show that although introns are largely
divergent over their whole length, conservation can be observed in the regions proximal to
exons in some subgroups. Site substitutions may help to identify the nucleotides important
for accurate splicing.

Interestingly, a possible transposon-like 743-bp fragment is inserted in the second intron
of maize P/-1r and PI-wr alleles, but is absent in other p//p2 orthologs. This fragment is
flanked by a direct 10-bp repeat in p1 alleles, but by a distinct 9-bp repeat in another maize
locus. Its GenBank accession number is AF466202 (located 84795..85689, 12-MAR-2002
version). Standard molecular biology approaches may be applied to test whether this
represents a novel transposable element.

Taken together, with the assistance of computational tools, we can acquire data and
process information in a high-throughput approach. The findings may facilitate the discovery
of new problems, and guide us to solve those problems. However, the combination of
bioinformatics findings and molecular biological experiments will provide the most in-depth
understanding of complex biological problems. Through these complementary approaches,
one may interpret bioinformatics data in a biological sense, instead of merely generating lists

of observations or facts from bioinformatics.
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