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Abstract The MYB proteins constitute one of the largest

transcription factor families in plants. Much research has

been performed to determine their structures, functions,

and evolution, especially in the model plants, Arabidopsis,

and rice. However, this transcription factor family has been

much less studied in wheat (Triticum aestivum), for which

no genome sequence is yet available. Despite this,

expressed sequence tags are an important resource that

permits opportunities for large scale gene identification. In

this study, a total of 218 sequences from wheat were

identified and confirmed to be putative MYB proteins,

including 1RMYB, R2R3-type MYB, 3RMYB, and

4RMYB types. A total of 36 R2R3-type MYB genes with

complete open reading frames were obtained. The putative

orthologs were assigned in rice and Arabidopsis based on

the phylogenetic tree. Tissue-specific expression pattern

analyses confirmed the predicted orthologs, and this meant

that gene information could be inferred from the Arabid-

opsis genes. Moreover, the motifs flanking the MYB

domain were analyzed using the MEME web server. The

distribution of motifs among wheat MYB proteins was

investigated and this facilitated subfamily classification.

Keywords Wheat � MYB transcription factor � ESTs �
Triticum aestivum � Orthologs � Motifs

Introduction

Sessile plants are highly successful terrestrial inhabitants on

earth, probably due to their broad adaptation to environ-

mental challenges. As such, they must possess mechanisms

for responding to their environment, among which tran-

scriptional regulation plays a crucial step in these elaborate

systems [1]. Transcription factors can be categorized into

different families according to conservation in their DNA-

binding domains [2, 3]. Examples include helix–loop–helix,

zinc finger, helix–turn–helix, MADS cassette, and leucine

zipper. The MYB transcription factor family is one of the

largest families in plants and is involved in many biological

processes. The MYB family can be divided into three

subfamilies depending on the number of adjacent repeats of

the MYB domain: 1RMYB, R2R3-type MYB, and 3RMYB

contain one, two, and three repeats, respectively [4, 5]. The

4RMYB sequences which contain four MYB repeats were

also reported, but little is known about their functions [6].

1RMYB genes are quite divergent and these function in the

circadian clock [7], cellular morphogenesis [8], and sec-

ondary metabolism [9]. 3RMYB genes constitute a much

smaller subfamily and they appear to have conserved roles

in animals and plants [10]. In contrast, R2R3-type MYB

genes constitute the largest subfamily of MYB proteins in

plants and these influence various functions, including pri-

mary and secondary metabolism, cell shape and morpho-

genesis, development processes, and responses to biotic and

abiotic stresses [6]. Large scale identification of MYB genes

in plants has been conducted in Arabidopsis thaliana [3],

Populus trichocarpa [11], Vitis vinifera [12], and rice

(Oryza sativa) [13], where 126, 192, 108, and 109 R2R3-

type MYB genes were identified, respectively. This infor-

mation is useful for gene cloning and identification of MYB

genes in other major crops.
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Wheat (Triticum aestivum) is notorious for its large gen-

ome size, and genomic and molecular genetic research in

wheat has lagged behind other major crop species. However,

in plants for which a complete genome is lacking, expressed

sequence tags (ESTs) are a suitable alternative that allow for

gene discovery, genome annotation, the characterization of

single nucleotide polymorphisms, and proteome analyses

[14]. By using EST databases, numerous studies have iden-

tified gene families in silico. Nagaraj et al. identified 4,710

excreted or secreted (ES) proteins from nearly 500,000 ESTs

derived from 39 different species of parasitic nematodes.

Subsequently, it was possible to functionally classify these

sequences according to gene ontology, establish pathway

associations and also identify protein interaction partners

[15]. By using a computational pipeline based on ESTs, Xu

et al. were able to obtain 142 odorant binding proteins (OBPs)

and 177 chemosensory proteins (CSPs) from total 752,841

insect ESTs covering 54 species in eight Orders of insecta.

The complete open reading frames (ORFs) were determined

by electronic elongation for 88 and 123 of the OBPs and

CSPs, respectively [16]. By comparative analysis of the non-

specific lipid transfer protein (nsLtp) genes in rice and the

ESTs indexed in the Unigene database for wheat, Boutrot

et al. [17] identified 156 putative nsLtp genes in wheat.

Despite much progress in the identification and func-

tional analyses of MYB genes in plants, there are few studies

in wheat on this gene family. Chen et al. [18] used degen-

erate primers corresponding to the MYB domain to obtain

23 MYB gene fragments and 6 near-complete ORFs. Based

on the maize rough sheath2 (RS2) sequence which encodes

a MYB transcription factor, Morimoto et al. [19] cloned a

wheat ortholog and showed that it had conserved function

with RS2. With the increase in the availability of nucleotide

sequence data, large scale identification of gene families by

bioinformatic approaches is more promising and necessary.

In the present study, a total of 364 potential MYB genes

(contigs and singlets) were identified from wheat ESTs by a

computational pipeline; among them, 36 MYB genes had

complete ORFs. In order to gain insight into their functions,

orthologs in rice and Arabidopsis were assigned based on the

phylogenetic tree. Tissue-specific expression patterns of six

wheat MYB genes and their orthologs in Arabidopsis were

investigated. Moreover, the motifs flanking the MYB domain

were analyzed by MEME for the whole MYB family from rice

and Arabidopsis and the 36 wheat R2R3-type MYB proteins.

Materials and Methods

Plant Growth

The cv. Yangmai12 of T. aestivum was used in this study.

Seeds were sterilized for 5 min with commercial bleach

(NaOCl, 30% v/v), then rinsed several times with sterile

water, before being immersed in sterile water for germina-

tion. Germinated seeds were transferred to pots and grown in

a chamber operating at 14:10 h day:night photoperiod at

25�C:18�C (day:night) and 60% humidity. At flowering, root,

stem, leaf, and flower tissues were collected separately and

frozen immediately in liquid nitrogen for storage at -70�C.

Data Collection

Wheat ESTs were downloaded from the National Center

for Biotechnology Information (NCBI) dbEST database

(May 2010). The 3RMYB and R2R3-type MYB proteins of

Arabidopsis and rice were used as original sequences to

perform the BLAST searches. A total of 129 Arabidopsis

and 90 rice MYB proteins were extracted from the NCBI

non-redundant protein database.

Computational Pipeline for MYB Gene Identification

The computational pipeline used for MYB gene identifica-

tion is shown in Fig. 1. BLAST (downloaded from NCBI)

searches were performed against the wheat ESTs using the

MYB protein sequences from Arabidopsis and rice. The

E value was set to 10 to ensure that no MYB sequences

were missed. The tblastn method was employed, which

uses a protein query to search the nucleotide database. The

resultant ESTs were dealt with python scripts to remove

any repeated sequences. Subsequently, CAP3 software [20]

was used to assemble the sequences and default parameters

were selected. The resulting contigs from CAP3 were

subjected to six-frame translation and analyzed by PRO-

SITE program (www.expasy.org) to confirm the presence

of the MYB domain. Putative MYB genes were submitted

Fig. 1 The computational pipeline used for identification of wheat

MYB genes from ESTs
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to electronic sequence elongation which collects the

overlapping ESTs to make sequence near to full length

based on the present contigs or ESTs, and the resultants

were examined to identify any full-length ORFs by

DNAMAN software version 6 (Lynnon Biosoft).

Construction of Phylogenetic Trees

Phylogenetic trees were constructed with the MEGA 4.0

software [21] using the amino acid sequences of the con-

served MYB domains of R2R3-MYB proteins from wheat

(36 putative proteins), Arabidopsis (124 proteins), and rice

(85 proteins). The neighbor-joining method with p-distance

was used for the construction of the trees. Bootstrap anal-

ysis was performed with 1,000 replicates, while all other

parameters were default.

Motif Identification

The online MEME program (http://meme.sdsc.edu) [22]

was used for motif predictions. Multiple EM for Motif

Elicitation (MEME) is a widely used tool for searching for

novel motif patterns in the DNA or protein sequences. By

inputting sequences and setting parameters, it is effectively

to find new sequence patterns in biological sequences and

analyze their significance. In this study, the input sequen-

ces were C-terminal regions flanking the MYB domains of

R2R3-type MYB proteins from wheat, Arabidopsis, and

rice. The maximum number of motifs to find was set to 8

and all other parameters were default.

RNA Extraction and First-Strand Synthesis

Total RNA was extracted from samples using TRIzol

reagent and according to the manufacturer’s instructions

(Invitrogen, USA). RNase-free DNase I (Promega, USA)

was added to eliminate DNA contamination. The first-

strand cDNA was synthesized with 2.5 lg RNA using the

Superscript II First-Strand Synthesis kit for reverse tran-

scription (RT)-PCR (Invitrogen, USA).

Semi-Quantitative RT-PCR

Semi-quantitative RT-PCR was conducted using samples

derived from root, stem, leaf, and flower tissues. The

b-actin gene, which is expressed constitutively in wheat,

was used as internal control to normalize the data. The

primers used for validation and expression analyses were

designed using the Primer Premier 5.0 software [23]. All

primers used in this study are listed in Table 1.

Results

Identification of MYB Genes in Wheat

The identification of MYB genes in wheat was performed

according to the computational pipeline detailed in Fig. 1.

A total of 364 fragments, consisting of 158 contigs and 206

singlets, were identified using the MYB protein sequences

from Arabidopsis and rice against the wheat ESTs. Sub-

sequently, all candidate MYB protein sequences from

wheat were surveyed using the PROSITE program to

confirm that they contained the MYB domain. Finally, 125

contigs and 93 singlets were confirmed as putative MYB

genes, including 1RMYB, R2R3-type MYB, 3RMYB, and

4RMYB types. Due to the large number and importance of

R2R3-type MYB proteins in plants, further analyses

focussed on this important MYB subfamily. Electronic

Table 1 Primers used in this

study
Genes Primers Products

size (bp)

Tm (�C)

TaMYB5 50 ATGGTGAGGGCTCCTTGCTG 30 516 62

50 GCAGCGGACGACGTCGAG 30

TaMYB11 50 ATGGGGTGTAAGGCGTGCG 30 876 60

50 CTAGTTGAGGCCGAAGAACTCG 30

TaMYB12 50 ATGGGGAGATCGCCGTGC 30 711 58

50 TCATCCGGAGGCCTCTGA 30

TaMYB16 50 ATGGGGCACCACTCCTGCT 30 879 60

50 GAACCCAGTGGAGCTGC 30

TaMYB18 50 ATGGGACGTCCGTCGTCC 30 890 61

50 AAGTACTGTTCCAAGTTGAACTCAAAA 30

TaMYB32 50 ATGGAGATGAAGGAGAGACAGCG 30 798 58

50 ACGGGCCTTTTTCCGGTG 30

Actin 50 CCTTCGTTTGGACCTTGCTG 30 361 56

50 AGCTGCTCCTAGCCGTTTCC 30
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elongation and complete ORF finding led to the identifi-

cation of 36 R2R3-type MYB genes with complete ORFs.

Functional Annotation of R2R3-Type MYB Proteins

in Wheat

In Arabidopsis, R2R3-type MYB proteins cluster into 25

groups based on the pathways in which they participate [6].

The 36 wheat MYB genes with complete ORFs were

translated into proteins, and then phylogenetic trees were

constructed with MYB proteins from Arabidopsis, rice, and

wheat. All MYB proteins from wheat fell broadly into the

same functional groups seen in Arabidopsis. A further

phylogenetic tree containing only the MYB proteins iden-

tified from wheat was constructed. As shown in Fig. 2,

seven groups were identified and their functions included

responses to abiotic and biotic stresses, light and other

environmental signals, other stress responses, influences on

carbon allocation, and acting as repressors of transcription.

Orthologs of Wheat MYB Proteins in Rice

and Arabidopsis

Orthologs are pairs of homologous genes in different spe-

cies that diverged through speciation events. As gene

duplication occurs in a single species, orthologs are not just

one to one between species. Orthologs exist extensively

between species and they are presumed to perform similar

biological functions. In order to gain insight into the

functions of the MYB proteins identified in wheat, putative

orthologs were assigned based on the phylogenetic tree

constructed using the MYB proteins from wheat, rice, and

Arabidopsis (Table 2). More than one ortholog was found

for certain wheat MYB proteins. Such analyses can provide

some indications for the putative roles of the putative MYB

proteins in wheat.

Shared Expression Patterns Between Orthologs MYB

Genes in Wheat and Arabidopsis

To examine whether wheat MYB transcript levels varied

between different plant tissues, the tissue-specific expres-

sion patterns of phylogenetically related MYB genes of

wheat and Arabidopsis were investigated (Fig. 3). Six pairs

of genes were chosen at random for these expression

studies in root, stem, leaf, and flower tissues. The expres-

sion profiles of wheat MYB genes were analyzed by

RT-PCR, while for their orthologs in Arabidopsis, these

profiles were obtained from microarray data using the

GENEVASTIGATOR software [24]. Tissue expression

patterns of wheat TaMYB5, TaMYB18, and TaMYB32

correlated well with those of their Arabidopsis orthologs

AtMYB15, AtMYB86, and AtMYB91, respectively. TaMYB5

showed relatively high expression in leaf tissue, and tran-

scripts of this gene were also detected in root, flower, and

stem tissue. This was also the case for the AtMYB15

ortholog from the Arabidopsis microarray data. For

TaMYB18 and TaMYB32, most of organs showed highly

Fig. 2 Functional annotation of

wheat MYB proteins. This is

based on unrooted phylogenetic

tree of wheat and Arabidopsis

R2R3-type MYB proteins
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similar expression patterns with their respective putative

orthologs in Arabidopsis. Both TaMYB11 and TaMYB12

genes exhibited an expression pattern that partially corre-

lated with their Arabidopsis ortholog. The TaMYB11 gene

was expressed in root and flower tissues, while its ortholog

AtMYB19 had a high level of transcripts in root (transcript

levels were about twice those seen in stem, leaf and flower

tissues). The TaMYB16 and its ortholog AtMYB26 seemed

to have opposing expression patterns. TaMYB16 had a root-

specific pattern of expression, whereas AtMYB26 was

expressed at high levels in leaves and flowers, less so in

stem, and at lowest levels in the roots. Nevertheless, most

of these pairs of genes have relative consistent tissue-spe-

cific expression patterns, and this suggested that similar

biological functions may be conserved among the pairs.

Motif Discovery of R2R3-Type MYB Proteins From

Wheat, Rice, and Arabidopsis

R2R3-type MYB proteins are found in both monocotyle-

dons and dicotyledons of higher plants, and their functions

are various. Except for the conserved MYB domain, there

are other motifs that flank the MYB domain, which may

determine their specific functional roles. In order to provide

Table 2 The identified wheat

R2R3-type MYB proteins

(complete ORFs) and their

putative orthologs in

Arabidopsis and rice

The proteins emphasized in bold

indicated the already identified

ones in NCBI

Wheat MYB proteins Arabidopsis orthologs Rice orthologs

TaMYB1 AtMYB4 NP_001174439.1

TaMYB2 AtMYB46 NP_001176980.1

TaMYB3 AtMYB7 NP_001062438.1

TaMYB4 AtMYB15 NP_001047474.1

TaMYB5 AtMYB15 NP_001047474.1

TaMYB6 AtMYB70 AtMYB73 NP_001062562.1

TaMYB7 AtMYB70 AtMYB73 NP_001062562.1

TaMYB8 AtMYB15 NP_001047474.1

TaMYB9 AtMYB93 NP_001062095.1

TaMYB10 AtMYB4 NP_001063796.1

TaMYB11 AtMYB19 NP_001045671.1

TaMYB12 AtMYB7 NP_001062438.1

TaMYB13 AtMYB111 NP_001061874.1

TaMYB14 AtMYB15 NP_001047474.1

TaMYB15 AtMYB55 AtMYB86 NP_001043996.1

TaMYB16 AtMYB26 NP_001044031.1

TaMYB17 AtMYB50 AtMYB61 NP_001054597.1 NP_001042773.1

TaMYB18 AtMYB55 AtMYB86 NP_001043996.1

TaMYB19 AtMYB55 AtMYB86 NP_001043996.1

TaMYB20 AtMYB78 AtMYB108 NP_001068466.2

TaMYB21 AtMYB31 NP_001060354.1

TaMYB22 AtMYB19 NP_001053406.1

TaMYB23 AtMYB10 NP_001047809.1

TaMYB24 AtMYB59 NP_001067061.2

TaMYB25 AtMYB4 NP_001174439.1

TaMYB26 AtMYB27 NP_001045561.1

TaMYB27 AtMYB33 AtMYB65 NP_001044592.1

TaMYB28 AtMYB44 AtMYB77 NP_001058148.1

TaMYB29 AtMYB33 AtMYB65 NP_001055902.1

TaMYB30 AtMYB70 AtMYB73 NP_001062562.1

TaMYB31 AtMYB70 NP_001045573.1

TaMYB32 AtMYB91 NP_001067089.1

TaMYB33 AtMYB20 NP_001057322.1

TaMYB34 AtMYB78 AtMYB108 NP_001049937.1 NP_001060700.1

TaMYB35 AtMYB15 NP_001047474.1

TaMYB36 AtMYB59 NP_001068517.1
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further insight on the relationship between structure and

function of MYB proteins, a motif discovery program was

undertaken using the online MEME server. In total, eight

motifs were obtained and their patterns are shown in Fig. 4.

Interestingly, motifs 1 and 2 were found closely adjacent to

the MYB domain, but they never both appeared in the same

sequence. According to MYB protein structure analysis,

this particular location should play a role in activation. The

presence of motif 1 in a variety of sequences (the set of

sequences submitted to MEME server as described in

‘‘Materials and methods’’ section), may suggest its role in

activation, while the role of the less abundant motif 2

requires further study. Another interesting discovery was

that motif 8 was distributed only in rice and wheat MYB

proteins, and no MYB proteins contained this motif in

Arabidopsis, which perhaps indicates that these sequences

are specific for monocotyledons.

In Arabidopsis, a total of 47 insertions among 36

members of the R2R3-type MYB gene family were intro-

duced using a reverse genetic approach, but none of

insertions gave rise to visible morphological phenotypes in

soil-culture conditions [25]. The distributions of the eight

motifs among the identified wheat MYB proteins were

located in their protein sequences (Fig. 5). Those that share

the same motif pattern probably serve overlapping func-

tions, which is especially useful for predicting protein

function.

Discussion

The complete genome sequences of Arabidopsis and rice

not only facilitate bioinformatic and molecular studies of

these model plants, but also aid the exploration of other

important crops, such as wheat. The MYB transcription

factors constitute one of the largest transcription factor

families in Arabidopsis, and over half of these proteins

have been studied in detail [6]. MYB proteins are involved

in a variety of important physiological processes in plants.

In the present study, using information on the MYB pro-

teins in Arabidopsis and rice, a computational pipeline was

designed to identify MYB genes in wheat. Using the ORF

finding and PROSITE programs, a total of 36 wheat R2R3-

type MYB genes with complete ORFs were identified.

The R2R3-type MYB proteins are specific to plants and

they participate in many plant-specific processes. These

proteins have been classified into 25 subgroups according

to the functions with which they are associated [6]. Phy-

logenetic analyses were performed with wheat and Ara-

bidopsis MYB proteins to assign the putative wheat MYB

proteins to appropriate subgroups. This is especially

important for functional annotation of the wheat proteins,

as sufficient other data to this end is lacking.

In order to analyze further the putative functions of the

wheat MYB proteins, orthologs from Arabidopsis and rice

were assigned. Although a variety of methods have been

Fig. 3 Tissue expression profiles of selected wheat MYB genes and

their Arabidopsis orthologs. The transcripts level of wheat MYB genes

were measured by RT-PCR and that of Arabidopsis orthologs were

obtained from microarray data by GENEVESTIGATOR. The Gene

Atlas tool of the microarray database GENEVESTIGATOR was used

to search the expression levels of the MYB genes AtMYB9
(At5g16770), AtMYB15 (At3g23250), AtMYB19 (At5g52260), At-
MYB26 (At3g13890), AtMYB86 (At5g26660), and AtMYB91
(At2g37630) in different plant tissues. For chip type, ‘‘ATH1:22k

array’’ was selected. The bar indicates standard error
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developed for identifying orthologs [26–29], the precision

and their validity need to be investigated, and perhaps the

most useful and simple method for this purpose is phylo-

genetic analysis. Therefore, phylogenetic analyses with

MYB proteins from wheat, Arabidopsis, and rice were

performed to assign orthologs based on evolutionary

distances.

Orthologs are invaluable for the annotation of protein

function, and this information provides a foundation for

further functional analysis. Phylogenetic tree analysis is a

precise method that is especially useful for difficult cases

[30]. Due to the difficulties in validating the ortholog

predictions, tissue expression pattern analyses were also

performed comparing orthologs in wheat and Arabidopsis.

Six pairs of orthologs were selected and tested for their

tissue-specific expression profiles. Although some showed

a little different or contrast expression patterns in the same

organs, the information could help to validate the predic-

tion of orthologs, and is also useful for conferring gene

functions from Arabidopsis to wheat genes. In addition to

this, the results also raise questions in the accuracy of the

orthologs-predicting methods.

Due to the modular nature of proteins, they are usually

constructed by one or a few building blocks, namely the

functional unit motif(s). Motifs are essential elements in

determining the function of proteins. Related sequences

that share the same motif probably perform similar func-

tions. This could explain the functional redundancy seen

among R2R3-type MYB proteins. One motif pattern

determines the special role for the biochemical reaction of

the protein [31]. Many basic processes of life are conserved

across species boundaries, and it is not surprising that

protein motifs can be well conserved. Most genes identified

from other species function in Arabidopsis, and this sug-

gests that at least some proteins are conserved between

species. In the present study, wheat, rice, and Arabidopsis

MYB proteins were submitted to the MEME server. Eight

motifs were formulated and the potential roles of some of

these were proposed, although experimentation is needed

to confirm the assigned biological functions of these novel

sequence signatures. The motif patterns could be adopted

for the classification of MYB gene subfamilies.

The reliability of the computational pipeline for the

identification of wheat MYB genes in this study was con-

firmed by sequencing and by using wheat MYB genes that

have been cloned previously. Ten putative MYB sequences

were selected at random for laboratory confirmation,

although two of these were not obtained by RT-PCR,

which is probably due to the high GC content in the wheat

Fig. 4 Motif patterns flanking the R2R3-type MYB proteins. The

wheat, rice and Arabidopsis R2R3-type MYB proteins were combined

into one set of sequences and then submitted to MEME server. The

number of motif to find was set to 8. E value is the statistical

significance of the motif. The E value is an estimate of the expected

number of motifs with the given log-likelihood ratio (or higher), and

with the same width and site count, that one would find in a similarly

sized set of random sequences. The motifs are displayed as ‘‘sequence

LOGOS,’’ containing stacks of letters at each position in the motif.

The total height of the stack is the ‘‘information content’’ of that

position in the motif in bits. The height of the individual letters in a

stack is the probability of the letter at that position multiplied by the

total information content of the stack

Fig. 5 Distributions of motifs among wheat R2R3-type MYB

proteins identified in this study. Pentagons represent motif patterns

as the number indicated. The locations of each motif on the protein

sequence were scaled
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genome, or were false positives from the computational

methods.

In summary, by a computational pipeline based on EST

database and a series of bioinformatics analyses, the putative

MYB genes in wheat were identified. This will be useful for

the further study of the functions of these genes in wheat, the

signal pathways in which they participate, and the evolution

of this gene family. A very recent research conducted by

Zhang et al. [32] focus on identification of MYB genes from

full-length wheat cDNA libraries. In their study, 60 full-

length MYB genes (containing 1 3RMYB, 22 R2R3-type

MYBs, and 37 1RMYBs) were isolated and their expression

profiles under abiotic stress were measured by RT-PCR

methods. As relative small number of sequences comparing

to EST database located in NCBI was used and a number of

genes exhibited characteristics of low copy numbers and

inducible, the results would miss a handful of genes. Thus,

only with the complete of wheat genome sequencing project,

can we have a sound and comprehensive overview on the

largest gene family in this ‘‘giant genome.’’
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