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Abstract—MYB genes are widely distributed in higher plants and comprise one of the largest transcription factors, which are
characterized by the presence of a highly conserved MYB domain at their N-termini. Over recent decades, biochemical and
molecular characterizations of MYB have been extensively studied and reported to be involved in many physiological and
biochemical processes. This review describes current knowledge of their structure characteristic, classification, multi-functionality, mechanism of combinational control, evolution, and function redundancy. It shows that the MYB transcription
factors play a key role in plant development, such as secondary metabolism, hormone signal transduction, disease resistance, cell shape, organ development, etc. Furthermore, the expression of some members of the MYB family shows tissuespecificity.
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Transcription factors are important regulators of
gene expression that are composed of at least four discrete
domains, DNA binding domain, nuclear localization signal (NLS), transcription activation domain, and
oligomerization site, which operate together to regulate
many physiological and biochemical processes by modulating the rate of transcription initiation of target genes.
In general, it has been categorized into different families
or super-families through its conserved DNA binding
domain. For instance, helix–loop–helix, zinc finger,
helix–turn–helix, leucine zipper, scissors, MADS cassette, etc. And the myb genes form one of the largest families, which have the most numbers and functions in
plants. The first myb gene identified was the v-MYB gene
of avian myeloblastosis virus (AMV) [1]. Subsequently,

three v-MYB-related genes – C-MYB, A-MYB, and BMYB – were found in many vertebrates and are thought to
be involved in the regulation of cell proliferation, differentiation, and apoptosis [2]. The first plant MYB gene C1
was isolated from Zea mays, which encodes a c-MYB-like
transcription factor that is involved in anthocyanin
biosynthesis [3]. The large size of the MYB family in
plants indicates their importance in the control of plantspecific processes. In the past decade, the R2R3-MYB
genes have been extensively studied and members of the
MYB family have been found to be involved in diverse
physiological and biochemical processes including the
regulation of secondary metabolism [4-7], control of cell
morphogenesis [8-10], regulation of meristem formation,
floral and seed development [11-14], and the control of
the cell cycle [15, 16]. Some were also involved in various
defense and stress responses [17-20] and in light and hormone signaling pathways [21-23].

Abbreviations: ABA, abscisic acid; ABRE, ABA responsive element; AMV, avian myeloblastosis virus; ANS, anthocyanidin
synthase; CAD, cinnamyl alcohol dehydrogenase; C4H, cinnamate-4-hydroxylase; CHI, chalcone isomerase; CHS, chalcone synthase; 4CL, p-coumaroyl-4-CoA ligase; DFR, dihydroflavonol reductase; GA, gibberellins; HTH, helix–turn–
helix; NLS, nuclear localization signal; PAL, phenylalanine
ammonium lyase; TF(s), transcription factor(s).
* To whom correspondence should be addressed.

CHARACTERISTIC AND CLASSIFICATION
The MYB transcription factors (TFs) family is one of
the most abundant classes of transcription factors in
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Schematic of functional domains of MYB protein. Shaded boxes represent the most conserved DNA binding domain in MYB proteins; R1,
R2, and R3 are repeats of DNA binding domains; crosshatched/hatched bars indicate three α-helices in MYB R1, R2, and R3, where the first,
second, and third helices form a helix–turn–helix structure when bound to DNA
Scheme 1

plants, and its subfamily containing the two-repeat R2R3
DNA binding domain is the largest in higher plants [24].
A common feature of MYB proteins is the presence of a
functional DNA binding domain that is conserved
amongst animals, plants, and yeasts [25] that typically
consists of one to three imperfect repeats (R1, R2, and
R3). Each repeat is about 50-53 amino acids long and
encodes three a-helices, with the second and third helices
forming a helix–turn–helix (HTH) structure which
intercalates in the major groove of DNA when bound to it
(Scheme 1).
For the special characteristic of its structure, the
MYB gene family has been classified into several groups
on different views. As showing little sequence similarity
outside the MYB domain, the MYB proteins were classified into three major groups based on the number of adjacent repeats in the binding domain: R1R2R3-MYB,
R2R3-MYB, and R1-MYB [24, 26, 27] (Scheme 1).
Furthermore, MYB repeats typically contain regularly
spaced tryptophan residues, which build a central tryptophan cluster in the three-dimensional helix–turn–helix
fold. The tryptophan residues form a cluster in a
hydrophobic core in each repeat and stabilize the structure of the DNA binding domain. Moreover, as flexibility
in recognition, operating through a variety of mechanisms, may mean that proteins varying similarly in their
DNA binding domains control quite different target
genes and therefore have quite distinct physiological
functions. Therefore, the plant R2R3-MYB family is categorized into three major subdivisions on the basis of the
sequence of the DNA binding domain: subgroup A whose
members are most similar to c-MYB and other animal
MYB proteins; subgroup B, which is a relatively small
group (four members in Arabidopsis); and subgroup C,
which encompasses 70 members in Arabidopsis from a

total of 83 defined so far, several members of which have
been shown to recognize the MBSIIG binding site
(T/CACCA/TAC/AC) preferentially [28]. Furthermore,
based on the C-terminal conserved amino acid sequence
motifs, which may facilitate the identification of functional domains, the plant myb genes are divided into 22
subgroups [24], and members of the same subgroups are
suggested to have similar function. Moreover, most myb
genes are reported as positive regulators of transcription.
For example, ODORANT1 as a key regulator regulate
floral scent biosynthesis in Petunia flowers [29]. AtMYB33
and AtMYB65 genes facilitate anther development [30].
The AtMYB103 gene regulates anther development in
Arabidopsis [31]. However, not all MYB-related genes act
as transcriptional activators. For example, AmMYB308
down-regulates cinnamate-4-hydroxylase (C4H), pcoumaroyl-4-CoA ligase (4CL), and cinnamyl alcohol
dehydrogenase (CAD) genes [32]. Antirrhinum AmMyb305
and its Arabidopsis ortholog AtMYB4 regulate the accumulation of UV protective sinapate esters by repressing
the expression of the gene encoding the key enzyme cinnamate-4-hydroxylase (C4H) [5]. Moreover, AtMYB32
was reported to repress the COMT gene in Arabidopsis
[33]. Recently, two R2R3-MYB factors from maize,
ZmMYB31 and ZmMYB42, were proposed to down-regulate both the Arabidopsis and the maize COMT genes as
well [34].
At present, these repressors have only been attributed
to R2R3-MYB factors belonging to subgroup 4. The
common characteristic of these gene are that there exists
a conserved repressing motif pdLNLD/ELxiG/S and a
putative zinc-finger domain in the C-termini of these
MYB proteins. Alternatively, these regions of sequence
conservation might represent repression domains or
domains for interaction with other transcription factors.
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Furthermore, our laboratory also isolated a new myb
gene, GmMYBZ2 (DQ902861), from soybean by RTPCR and RACE methods recently, which has the same
motif and a putative zinc-finger domain in its C-terminus. It represses the expression of some flavonoid biosynthetic genes as well. To determine the role of the motif
and the putative zinc-finger domain of it, we have been
making some knockout mutants on it now. It is obvious
that transcriptional regulation of gene expression is not
mediated solely by activators, but also by the action of
repressors.

MULTIFUNCTION OF PLANT MYB
TRANSCRIPTION FACTORS
In higher plants, the myb-related genes constitute a
rather large family of genes and play a wide variety of roles
in the regulation of gene expression. For instance,
WEREWOLF [35], AtMYB23 [36], and GaMYB2 [37]
control epidermal cell differentiation in different plant
species, whereas the cotton myb gene GhMYB109 plays a
direct role in the initiation and elongation of cotton fiber
cells [38] and the maize ROUGH SHEATH2 [39] gene
exerts an effect on the development of lateral leaf primordia. Similarly, AtMYB21 and AtMYB24 are indicated to be
key regulators of stamen and pollen maturation [40].
Control of cell morphogenesis. One of the clearly
known functions of the plant MYB transcription factors is
the control of cell morphogenesis and pattern formation,
and the enormous improvement in this study is attributed
to abundant researches of Arabidopsis root hair and epidermis.
The plant epidermis is the first point of contact
between the sessile plant and its changing environment.
As such, the epidermis fulfils several distinct roles, and
this multi-functionality makes it an ideal system for the
study of morphological diversity. The plant epidermis primarily provides an impermeable barrier to water, allowing
organisms that evolved in the sea to survive in a dehydrating terrestrial atmosphere. In Arabidopsis, trichome
development is a well-characterized model for the study
of plant cell differentiation. Extensive molecular studies
have revealed that a complex of transcription factors is
involved in the determination of trichome fate. Among
them, several MYB transcription factors play a key role in
trichome initiation. Such as TTG1, GL1, and GL3 [41, 42]
positively regulate Arabidopsis trichome cell-fate determination. The GL1 gene encodes a protein that contains a
MYB domain, which is essential for trichome formation
and is expressed in fields of the initiation of single cellbased trichome [43]. The TTG protein regulates R
homologs the product of which could interact with the
GL1 protein in trichome cells. Furthermore, several
other genes have been implicated in the establishment of
the root epidermal pattern, including GLABRA2 (GL2),
BIOCHEMISTRY (Moscow) Vol. 74 No. 1 2009
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WEREWOLF (WER), and CAPRICE (CPC) as well. The
GL2 gene encodes a homeodomain transcription factor
protein that is required to specify the non-hair cell type
[44]. Accordingly, GL2 is expressed preferentially in the N
cell position during epidermis development, beginning in
the early embryo [8, 9, 45]. The WER gene encodes a
MYB transcription factor required for the specification of
the non-hair cell type, and it is expressed in the non-hair
cells of root. Furthermore, WER is a positive regulator of
GL2 expression [46]. The CPC gene encodes a small MYB
protein without a putative transcriptional activation
domain that is required for hair cell specification [47].
The opposing effects of the WER and CPC genes on root
epidermal cell fate have been proposed to be responsible
for the establishment of the cell-type pattern, perhaps as
a result of competition between these MYB proteins for
access to partner proteins or promoter targets [8].
Furthermore, there are some evidences that there is a
transcriptional feedback loops exist between the WER,
CPC, and GL2 genes, and that they are used as part of a
lateral inhibition pathway to define the cell-type pattern
in the root epidermis as well. All together, it has been proposed that the root and shoot epidermis employ a transcription factor complex that includes a MYB (WER or
GL1), a bHLH (GL3 and/or an unknown bHLH), and a
WD-repeat protein (TTG) to induce GL2 expression and
the non-hair or trichome fate [48].
Responses to environmental stress. Plants respond to
environmental changes with a number of physiological
and developmental changes to tolerate stresses.
Functional analyses of plant R2R3-MYB TFs indicate
that they regulate numerous processes, including
responses to environmental stress. Drought stress is one
such condition, and it affects almost all plant functions
including growth and development. Up to now, a number
of myb genes have been described to respond to drought
stress. For instance, the Arabidopsis R2R3-MYB transcription factor AtMYB2 is transiently induced by dehydration. Further analyses indicate that AtMYB2 functions
as transcriptional activator in ABA (abscisic acid)inducible gene expression during drought [18]. AtMYB68
is modulated by temperature, and loss of AtMYB68
reduces the ability of myb68 plants to compensate their
growth at higher temperatures [49]. Moreover, the
BcMYB1 isolated from Boea crassifolia was strongly
induced by drought stress as well [50]. Furthermore,
AtMYB60 was specifically expressed in guard cells, and its
expression was negatively modulated during drought,
which indicated that it was a transcriptional modulator of
physiological responses in guard cells and opened new
possibilities to engineering stomatal activity to help plants
survive desiccation [51], etc.
Further studies found that light can activate transient
expression in various tissues, including protoplasts, developing and germinating embryos, and root and leaf tissues.
And many MYB proteins have been reported to display
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light-inducible expression. For example, the expression
of C1 was inhibited by far-red light, suggesting a possible
involvement of phytochrome [3]. The ATM4 and
AtMYB21 genes isolated from Arabidopsis were induced
by light [52, 53]. Expression of MYB-p1 increased 10-fold
in the red relative to the green form of Perilla frutescens,
which indicates that this gene also is induced by light
[54]. Recently, several cold-inducible genes were reported as well. For example, the rice OsMYB4 gene encodes a
MYB transcription factor involved in cold acclimation
whose constitutive expression in Arabidopsis resulted in
improved cold and freezing tolerance [55]. And the
Arabidopsis HOS10 gene also is reported to be essential for
cold acclimation and may affect dehydration stress tolerance in plants by controlling stress induced ABA biosynthesis [56]. Further studies indicate that the R2R3-MYB
genes are involved not only in the signal transduction
pathways of drought, low-temperature, and light but also
in the signal transduction pathways of nutritional deficiency [57, 58], UV-B [5, 50, 59], low oxygen [59], etc.
The same myb gene may activate expression of different
functional genes to response to different environmental
factors [50, 55, 59]. Its mechanism may be that the different functional genes have the same cis-elements in their
promoters, which could be bound by the same MYB protein. Hence, over-expression of some MYB TFs could
produce transgenic plants carrying resistance to multiple
environmental stresses [55, 59].
Based on these studies, a large number of transgenic
plants could be produced that could increase the transgenic plants’ resistance to numerous unfavorable environmental factors through plant breeding.
Response to phytohormone. R2R3-MYB genes are
involved in the signal transduction pathways of salicylic
acid [60], abscisic acid [18], gibberellic acid [61, 62], and
jasmonic acid [63] as well. The phytohormone ABA is
produced under water deficit conditions, which cause
stomata closure and play an important role in the adaptation of vegetative tissues to abiotic environmental stresses, such as drought and high salinity [55, 59, 64]. AtMYB2
was the first gene that was induced by water stress and
high-salt conditions and ABA induction [65]. The maize
C1 gene is regulated by ABA during seed development as
well [66]. HOS10 is essential for cold acclimation and
affects dehydration stress tolerance in plants by controlling stress-induced ABA biosynthesis [56]. Further studies support that most of the drought-inducible genes are
induced by the plant hormone ABA [50, 59, 67]. Analyses
of drought-induced genes indicate the existence of ABAindependent as well as ABA-dependent signal transduction cascades between the initial signal of water deficit
and the expression of specific genes [68]. For instance, in
Arabidopsis the induction of a dehydration-responsive
gene, rd22, is mediated by ABA and requires protein
biosynthesis for ABA-dependent gene expression. It
appears that dehydration triggers the production of ABA,

which in turn induces various cis- and trans-acting factors
involved in ABA induced gene expression. A conserved
sequence, PyACGTGGC, has been reported to function
as an ABA-responsive element (ABRE) in the promoters
of many ABA-responsive genes [69, 70]. Recently, several groups have isolated genes for the ABRE binding proteins that interact with ABRE and regulate gene expression [71, 72]. These ABRE binding proteins contain a
similar DNA binding motif of basic domain/Leu zipper
(bZIP) structure and three conserved regions in their N
termini.
Gibberellins (GA) control many aspects of plant
growth and development, such as seed germination,
seedling growth, elongation of leaf and stem, flowering,
anther development, and fruit set. However, only a few
downstream genes have been identified. GAMYB is the
first GA signaling protein to have been identified in barley aleurone cells [73]. Orthologous proteins have since
been identified in other grasses, such as rice, wheat, and
Lolium temulentum [66, 74, 75]. The GAMYB protein
induces the expression of GA-inducible genes by interacting directly with the GA-responsive cis-acting elements of these genes in aleurone tissue [62, 76, 77]. It was
demonstrated that HvGAMyb from barley and OsGAMyb
from rice, which are required for the expression of the αamylase in aleurone, are both regulated by GA signal [74,
78].
Phenylpropanoid biosynthetic pathway. Phenylpropanoid metabolism is one of the three main types of secondary metabolism involving modification of compounds
derived initially from phenylalanine, which is now well
understood. As the first step, phenylalanine is deaminated to yield cinnamic acid by the action of phenylalanine
ammonia lyase (PAL). Cinnamic acid is hydroxylated by
cinnamate-4-hydroxylase (C4H) to 4-coumaric acid,
which is then activated to 4-coumaroyl-coenzyme A
(CoA) by the action of 4-coumarate-CoA ligase (4CL).
Then it is divided into two major pathways—the flavonoid
biosynthesis pathway and the lignin biosynthetic pathway
(Scheme 2). To date, most R2R3-MYB proteins have
been reported to play a major role in the regulation of secondary metabolism, such as the phenylpropanoid biosynthetic pathway [4, 79, 80].
Flavonoid biosynthesis is a branch of the large
phenylpropanoid pathway, and virtually all genes encoding enzymes for the biosynthesis of flavones have been
identified in plants (Scheme 2). The flavonoids, a group
of polyphenolic plant secondary metabolites, are important for plant biology and human nutrition; they form a
large group of polyphenolic compounds that occur naturally in plants. The biological importance of flavonoids
has been implicated in plant growth and developmental
processes, including pollen tube germination, resistance
to insect feeding, formation of pollinator attractant pigments, UV light protection, pathogen resistance, and
acting as signal molecules in plant–microbe interactions.
BIOCHEMISTRY (Moscow) Vol. 74 No. 1 2009
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Scheme 2

To date more than 6000 different flavonoids have been
identified, and the number is still increasing [81, 82].
There is increasing evidence to suggest that flavonoids, in
particular those belonging to the class of flavonols, are
potentially health-protecting components in the human
diet as a result of their high antioxidant capacity [82-84],
and their dietary intake is correlated with a reduced risk
of cardiovascular diseases [85, 86] and osteoporosis [87,
88]. Based on these findings, it is obvious that flavonoids
might offer protection against major diseases such as
coronary heart diseases, certain cancers, and other agerelated diseases.
The first enzyme of the pathway is chalcone synthase
(CHS) that uses malonyl-CoA and 4-coumaroyl-CoA as
substrates to form tetrahydroxy chalcone, which are
derived from carbohydrate metabolism and the phenylpropanoid pathway, respectively. Then the chalcone is
BIOCHEMISTRY (Moscow) Vol. 74 No. 1 2009

isomerized by chalcone isomerase (CHI) to form the
flavonone naringenin, which is converted to dihydrokaempferol by flavonone 3-hydroxylase (F3H).
Subsequently, the dihydrokaempferol is further hydroxylated by flavonoid 3′-hydroxylase (F3′H) or flavonoid
3′,5′-hydroxylase (F3′5′H) to form the dihydroflavonols
DHQ and DHM, which are required for the production
of delphinidin-based anthocyanins [89]. Furthermore,
these colorless molecules are converted into anthocyanins
by at least three steps involving the enzymes dihydroflavonol 4-reductase (DFR), anthocyanidin synthase
(ANS), and UDP-glucose:flavonoid 3-O-glucosyl-transferase (UFGT) [90] (Scheme 2).
The flavonoid biosynthetic pathway has now been
almost completely elucidated. Many R2R3-MYB TFs
have been identified from several model plants, such as
maize, Antirrhinum, tobacco, Petunia, and Arabidopsis,
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which are involved in the regulation of different branches
of flavonoid biosynthesis metabolism. For instance, the
Antirrhinum majus genes AmMYB305 and AmMYB340
both can activate the gene encoding the first enzyme of
phenylpropanoid metabolism, PAL, and also could activate other two enzymes of flavonol synthesis, CHI and
F3H [75]. The sorghum MYB protein y1 gene could regulates the expression of CHS, CHI, and DFR genes that
are required for biosynthesis of 3-deoxyflavonoids [82].
Expression of the maize myb C1 gene in tomato leads to
the induction of all of the genes required for the production of flavonols and anthocyanins, except for CHI and
the two B-ring hydroxylases F3′H and F3′5′H [100]. The
seed-specific R2R3-MYB factor TRANSPARENT
TESTA2 (TT2) regulates proanthocyanidin accumulation in developing seeds in Arabidopsis [6]. Moreover,
Arabidopsis AtMYB12 was recently reported as a flavonolspecific activator of flavonoid biosynthesis. Further study
using mutation showed AtMYB12 to be a transcriptional
regulator of CHS and FLS in plants, the gene products of
which are indispensable for the biosynthesis of flavonols
[92]. Furthermore, we cloned two R2R3-MYB factors
GmMYBJ6 and GmMYBJ7 from soybean, which are
proved to regulate the synthesis of flavonoids as well.
Anthocyanins are pigments derived from a specialized branch of phenylpropanoid metabolism (Scheme 2).
At least three enzymes are required for converting the
dihydroflavonols to anthocyanins. The first of these enzymatic conversions is the reduction of dihydroflavonols to
flavon-3, 4-cis-diols by DFR. These leucoanthocyanidins
are the immediate precursors for the synthesis of anthocyanins. Then the leucoanthocyanidins are converted
into anthocyandins by ANS. The enzyme UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT) was
regarded as an indispensable enzyme of the main biosynthetic pathway to anthocyanins [93]. The first characterized plant R2R3-MYB was C1 from maize, which regulates genes encoding enzymes of the anthocyanin biosynthetic pathway [3]. Similar to C1, some R2R3-MYB family members control anthocyanin biosynthesis, albeit in a
different developmental context [94]. For instance, overexpression the Kyoho grape MYBA gene leads to the
induction of reddish-purple spots and UFGT gene expression in non-colored embryos, which indicated that this
gene was involved in the regulation of anthocyanin
biosynthesis in the grape via expression of the UFGT gene
[95]. The strong correlation between the expression of the
apple MdMYB10 gene and apple anthocyanin levels during fruit development suggests that this transcription factor is responsible for controlling anthocyanin biosynthesis in apple fruit in the red-fleshed cultivar and in the skin
of other varieties. And there is an induction of MdMYB10
expression concurrent with color formation during development [96]. However, biochemical studies have suggested that the involvement of MYB-related transcription
factors may extend beyond the control of flavonoid

metabolism and include other branches of phenylpropanoid metabolism.
Lignin is one of the major components of the secondary walls of xylem cells, allowing mechanical support
and efficient conduction of water and solutes over long
distances within the vascular system (Scheme 2). In
woody plant species, a large proportion of photosynthetically assimilated carbon is channeled to lignin synthesis
and, as a consequence, lignified cell walls represent a
major proportion of plant biomass and a huge reservoir of
carbon stored within the polymers of lignocelluloses [97].
Lignin biosynthesis involves the phenylpropanoid pathway, which converts phenylalanine to p-coumaroyl-CoA,
the precursor of a wide range of phenolic compounds.
The subsequent hydroxylation and methylation steps have
recently been shown to occur at the level of hydroxyl-cinnamic acid esters and their corresponding aldehydes
and/or alcohols [98].
Over the last few years, the regulation of some genes
of the lignin biosynthetic pathway has begun to be elucidated by the isolation and characterization of R2R3MYB factors, whose belonging to different subgroups has
been described as regulators of lignifications. For example, the PAP1 gene from Arabidopsis encodes an R2R3MYB which, when over-expressed in Arabidopsis, alters
lignin biosynthesis. The Pinus taeda R2R3-MYB TFs
PtMYB1 and PtMYB4 that can bind to DNA motifs
known as AC elements, which are ubiquitous in the promoters encoding lignin biosynthetic enzymes, can alter
the accumulation of transcripts corresponding to genes
encoding lignin biosynthetic enzymes in transgenic plants
[99, 100]. And the eucalyptus EgMYB2 is also able to regulate transcription of two lignin biosynthetic genes, CCR
and CAD, in both transient and stable expression assays
[101]. Recently two new maize R2R3-MYB transcription
factors, ZmMYB31 and ZmMYB42, have been reported to
down-regulate both the Arabidopsis and the maize COMT
genes. Furthermore, over-expression of the two genes also
affects the expression of other genes of the lignin pathway
and produces a decrease in lignin content of transgenic
plants [34]. These examples illustrate the potential for the
involvement of R2R3-MYB proteins in the regulation of
lignification in xylem.

TISSUE-SPECIFIC REGULATION
Based on genome sequencing and annotation, more
than 125 members of MYB TFs are present in
Arabidopsis, scattered throughout different chromosomes, and some display gene-specific expression patterns. For example, AtMYB7 and AtMYB44 are expressed
in most tissues, while AtMYB46 was only detected in
siliques and AtMYB21 in flower buds [13]. The C1 gene
regulates the expression of structural genes for enzymes
involved in anthocyanin biosynthesis during seed develBIOCHEMISTRY (Moscow) Vol. 74 No. 1 2009
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opment. Several MYB-related genes expressed in anthers
have been identified, namely AtMYB26 and AtMYB103 in
Arabidopsis [102, 103] and NtMYBAS1 in tobacco [104].
For the Arabidopsis AtMYB103 gene, whose expression is
restricted to the tapetum of developing anthers and to trichomes, down-regulation results in early tapetal degeneration and aberrant pollen, possibly by interfering with
polyploidization. Recently the new MYB gene AtMYB32
was reported, and it is expressed in most tissues, but it is
most strongly expressed in the anther tapetum, stigma
papillae, and lateral root primordia. Mutation of
AtMYB32 leads to aberrant pollen and partial male sterility [33]. In other plants evidence of tissue-specific regulation are reported as well, such as HbMYB1 being
expressed in leaves, bark, and latex of rubber trees, but its
expression is significantly decreased in bark of TPD (tapping panel dryness) trees [105]. GhMYB109 is specifically
expressed in cotton fiber initial cells as well as elongating
fibers [106]. GhMYB7/9 are expressed in flowers and
fibers, and their expression in fibers is developmentally
regulated [107]. Furthermore, some recent studies have
suggested that GAMYB may be involved in floral initiation, stem elongation, anther development, and seed
development [108]. GAMYB is expressed at a high level
in the floral meristem at the double-ridge stage and in stamen primordia of the grass L. temulentum. Moreover, the
two soybean R2R3-MYB genes GmMYBJ6 (DQ902863)
and GmMYBJ7 (DQ902864) are expressed only in leaf
and stem according to our recent study. Taken together, it
may be a common characteristic of the MYB TFs having
different expression patterns in higher plants. But its
detailed molecular mechanism remains largely unknown.

COMBINATIONAL REGULATION
Gene-specific regulation of transcription is of fundamental importance for virtually every aspect of cellular
functions. Specificity is provided by the action of transcription factors, modular proteins typically composed of
a DNA binding domain and effector domains responsible
for activator or repressor activity. In eukaryotes, gene
expression is frequently mediated by multi-protein complexes. The formation of these complexes involves the
combinatorial action of transcription factors that bind
conserved promoter elements in precise spatial orientation and on the basis of both specific protein–DNA and
protein–protein interactions. This type of transcriptional
regulation, termed combinatorial control, is thought to
facilitate the complex regulatory networks found in higher eukaryotes. Both genetic and direct physical interactions suggest an intimate functional relationship between
MYB proteins and bHLH proteins. The cooperative
action of MYB and bHLH proteins has been most extensively studied with respect to the phenylpropanoid
biosynthetic pathways.
BIOCHEMISTRY (Moscow) Vol. 74 No. 1 2009
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The regulation of the phenylpropanoid biosynthetic
pathways by MYB proteins in combination with bHLH
proteins seems to be conserved throughout the plant kingdom, as exemplified by the MYB protein PhAN2 and the
bHLH proteins PhJAF13 and PhAN1 from Petunia hybrida, or strawberry FaMYB1 that is able to interact with the
maize bHLH protein ZmR [109, 110]. The regulation of
flavonoid biosynthetic gene expression by the cooperation of R2R3-MYB and basic helix–loop–helix (bHLH)
transcription factors provides one of the best-described
examples of combinatorial gene regulation in plants. The
interplay between R2R3-MYB TFs and bHLH families
was first described in Zea mays with the interaction of C1
and R for the activation of anthocyanin biosynthesis. In
Zea mays, the transcriptional activation of anthocyanin
biosynthesis genes by the R2R3-MYB proteins ZmC1 or
ZmPl1 was reported to require a member of the R/B gene
family, bHLH. And a direct interaction between the MYB
domain of ZmC1 and the N-terminal domain of the
bHLH protein ZmB has been described as well [111].
Moreover, extensive studies of flavonoid regulation
in different plant species have demonstrated the conservation of MYB–bHLH interactions in the control of
flavonoid biosynthesis [112] as well. Molecular analysis of
the TRANSPARENT TESTA mutants of A. thaliana
revealed that several steps of the flavonoid biosynthetic
pathway are also controlled by the combinatorial action
of MYB and bHLH proteins. For example, the chalcone
synthase (CHS), chalcone isomerase (CHI), flavonone 3hydroxylase (F3H), and flavonol synthase (FLS), which
catalyze successive steps of the flavonol biosynthetic
pathway, are coordinately expressed in response to light
and are spatially co-expressed in siliques, flowers, and
leaves in Arabidopsis. These data suggested that a bHLH
and a R2R3-MYB factor cooperate in directing tissuespecific production of flavonoids, while an ACE binding
factor, potentially a BZIP, and a R2R3-MYB factor work
together in conferring light responsiveness [113].
Analyses of the CHI, F3H, and FLS promoters functionally identified the cis-acting elements involved in conferring light responsiveness in all three promoters. Further
study demonstrated the differential combinatorial interaction of MRE with either ACE or RRE, respectively, in
response to different activating stimuli [113]. Moreover,
in the anthocyanins pathway, the PAP1/MYB75 and
PAP2/MYB90, which regulate genes required for the production of anthocyanins including those of PAL, CHS,
DFR, and glutathione-S-transferase, also depend on a
bHLH partner [4, 114].
Furthermore, the cooperation between bHLH and
R2R3-MYB transcription factors not only control of the
regulation of flavonoid biosynthesis, but also the regulation of epidermal cell differentiation and cell patterning
in root hair and trichome development. For instance, the
GL1 R2R3-MYB protein interacts with the GL3 and
EGL3 bHLH factors to regulate the accumulation of tri-
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chomes in Arabidopsis [115]. Similarly, the bHLH
rd22BP1 and R2R3-MYB AtMYB2 Arabidopsis proteins
cooperate for drought and abscisic acid-regulated gene
expression [116]. Recent results suggest that in
Arabidopsis certain MYB proteins and R/B-like bHLH
proteins work together with the WD40 protein TRANSPARENT TESTA GLABRA1 (TTG1) in a regulatory
network, which underlies not only the control of phenylpropanoid biosynthesis, but also the regulation of epidermal cell differentiation and cell patterning in root hair
and trichome development [79, 116]. These findings suggest a general mechanism of cooperation between R2R3MYB proteins and other factors in transcriptional regulation in the higher plant.

EVOLUTION OF MYB DNA BINDING DOMAINS
Evolutionary studies based on the sequences of MYB
domains from several organisms indicate that plant MYB
ancestors may have had three MYB repeats and that the
first repeat was lost. A model for evolution of MYB proteins has been presented by Lipsick [25]. This mode
reports that the MYB domain first originated over one billion years ago, shortly after the divergence of eubacteria
and eukaryotes. According to this model, R1R2R3MYBs were generated by successive intragenic duplications or triplications in the primitive eukaryotes, and
these evolved into today’s two repeat (R2R3-MYB) and
three repeat (R1R2R3-MYB) genes in plants and animals. Furthermore, duplication of the MYB domain to
give multiple-repeat MYB proteins followed by later
expansion of MYB proteins through duplication of entire
genes. This expansion was considerable in plants, and
there are estimated to be over 125 members of this subfamily in Arabidopsis [24]. However, it is limited for the
three-repeat MYB proteins in animals and epiphytes. So,
there are more R2R3-MYB and R1R2R3-MYB in higher
plants and animal, respectively.
From studies of amino acid homologies, the model
suggested that the R2R3-MYB-related proteins arose
after loss of the sequences encoding R1 in an ancestral
three-repeat MYB gene. It is likely that, upon loss of R1,
several subgroups of genes encoding R2R3-MYB proteins
went through selective amplification and subgroup
expansion during plant evolution [79].
In contrast, some reports [118] argued that typical
MYB proteins might have a polyphyletic origin, with only
the MYB DNA binding motif being derived from a common origin. With substantial sequence data available
[119] we can investigate the origin of two major types of
MYB genes, R1R2R3-MYB and R2R3-MYB. Although the
evolutionary relationship of the atypical myb genes (onerepeat and partial myb genes) remains unclear, the topology of their study suggests that the R2R3 and R1R2R3
MYB genes were generated by successive gain of repeat

units. This “gain” model is illustrated schematically as
first, the ancestral R2R3-MYB was produced by an intragenic domain duplication; subsequently, the ancestral
R1R2R3-MYB was formed by a further intragenic domain
duplication.
Both R2R3 and R1R2R3 MYB co-existed in primitive
eukaryotes, and they gave rise to the currently extant myb
genes. Furthermore, 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. Thus, the gain model provides a more parsimonious explanation for myb gene evolution and hence is favored over the loss model. Both of
the models about the evolution of the MYB family have
their advantage and disadvantage to explain the origin of
MYB TFs family. The discussion of it also means that
evolution needs further studies in the future.

DEGREE OF GENETIC REDUNDANCY
Many R2R3-MYB proteins share an extended degree
of sequence similarity, especially within the highly conserved MYB domain. However, it remains unclear if in
general this apparent structural redundancy also accounts
for functional similarity. For example, the structurally
closely related proteins AtMYB68 and AtMYB84 from
Arabidopsis [49], PhMYBAN2 from Petunia hybrida [120],
and AmMYBROSEA from Antirrhinum majus [121] belong
to a subfamily of R2R3-MYB proteins controlling anthocyanin biosynthesis. Although the loss of function phenotype is the same in all these cases, the factors display
slightly different, though overlapping target gene specificities [122], indicating no complete functional homology
between these closely related MYB proteins. An example
for the existence of true functional homology between
closely related MYB proteins are the two Arabidopsis factors AtMYB66/WER and AtMYB0/GL1, which are
involved in the regulation of trichome and root hair development, respectively. By reciprocal complementation
experiments, it was shown that AtMYB66/WER and
AtMYB0/GL1, although expressed in different tissues,
encode functionally fully equivalent proteins. Hence,
their unique roles in plant development are entirely due to
differences in their expression patterns [9]. Moreover,
AmMYB308 and AmMYB330 are particularly similar in
their DNA binding domains (94% identical), suggesting
that they may bind the same target DNA motifs, whereas
these two proteins show no conservation of sequences in
their C-termini [32]. These structural features suggest that
AmMYB308 and AmMYB330 can recognize the same or
very similar target motifs. However, because of the divergence in their C-termini, they may have distinct functions
in regulating transcription. And AmMYB308 is expressed
throughout Antirrhinum plants, whereas AmMYB330 is
expressed primarily in mature flowers.
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