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ABSTRACT

Plants have developed highly efficient and remarkable mechanisms to survive under frequent and extreme
environmental stress conditions. Exposure of plants to various stress factors is associated with coordinated
changes in gene expression at the transcriptional level and hence transcription factors, such as those
belonging to the MYB family play a central role in triggering the right responses. MYB transcription factors
have been extensively studied in regard of their involvement in the regulation of a number of such stress
responses in plants. Genetic and molecular biological studies, primarily in Arabidopsis, have also begun to
unravel the role of MYB transcription factors in the epigenetic regulation of stress responses in plants. This

ARTICLE HISTORY
Received 28 October 2015
Accepted 2 November 2015

KEYWORDS

Abiotic stress; crop
improvement; epigenetic
regulation; MYB transcription
factor; plant stress response

review focuses on the role of MYB transcription factors in the regulation of various stress responses in
general, highlighting on recent advances in our understanding of the involvement of this class of
transcription factors in epigenetic regulation of stress response in plant genome.

Introduction

Understanding the mechanisms of plant responses, tolerance
and adaptation toward abiotic stress is crucial for the develop-
ment of stress tolerance varieties in crop plants. Therefore, in
depth knowledge on plant stress response mechanisms and
transfer of gained information from the coordinated experi-
mental and additional in silico approaches have received much
attention in plant biology research for last couple of years.
Plants have developed various efficient strategies to respond,
adapt and survive under stress situations. Plant response
toward various stresses, particularly abiotic stress such as UV-B
radiation, high soil salinity, drought and low temperature
involve rapid and coordinated changes at the transcriptional
level of the genome. Several transcription factors, belonging to
diverse families, have been found to play crucial role in stress
signaling, either by acting as positive or negative regulators of
stress responsive genes. Therefore, understanding the transcrip-
tional response of plants under stress has remain the subject of
extensive investigation for better understanding plant growth
and developmental pattern in the context of global climate
change.

Transcription factors (TFs) generally act as key regulators of
gene expression. In general, the transcription factors with 2 dis-
tinct domains, a DNA binding domain and a transcriptional
activation/repression domain, regulate diverse cellular pro-
cesses via governing the transcriptional rates of target genes.
Arabidopsis genome sequence (Arabidopsis Genome Initiative,
2000) have led to the identification of more than 1600 tran-
scription factor genes, contributing approximately up to 6%; of
the total number of genes (Gong et al. 2004). Based on the

DNA binding domains, genes for several transcription factors,
such as MYC, MYB, MADS, bZIP, BHLH etc. have been char-
acterized and assigned into different families and superfamilies.
Previous studies have demonstrated important role of different
families of transcription factors, including AP2/ERF, bZIP, Zn-
finger, NAC, MYB, and WRKY in the regulation of in abiotic
stress tolerance in plants (Fig. 1)."*

MYB domain proteins act as DNA-binding
transcription factors

The MYB family represents one of the large, functionally
diverse classes of proteins, found in all eukaryotes. In general,
most of the MYB proteins function as transcription factors and
are characterized by the presence of variable numbers of N-ter-
minus conserved MYB repeats (R), mainly associated with
DNA-binding and protein-protein interactions. The variable
C-terminal region is responsible for modulating the regulatory
activity of the protein. Several members of this family have
been identified in Arabidopsis, rice, maize, and soybean and
shown to be involved in regulating various cellular processes,
including cell cycle and cell morphogenesis, biotic and abiotic
stress responses'’; Jin and Martin 1999.%®

Since the initial finding of the first MYB-like gene CI from
Zea mays, involved in anthocyanin biosynthesis in kernels,**
plant genome has been found to contain large MYB gene fami-
lies. The classification criterion used for MYB proteins is based
on the number of repeats present in their sequences, varying
from one to 4. Each repeat generally comprises of about 52
amino acid residues, forming 3 a-helices. The second and third
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helices in each repeat are involved in the formation of a helix-
turn-helix (HTH) fold with 3 tryptophan residues spaced regu-
larly, producing a hydrophobic core in the 3-dimensional HTH
structure.”” Therefore, based on the number of MYB domains,
the MYB protein family has been classified into 4 different
groups, such as 1R-, R2R3-, 3R- and 4RMYB proteins,
respectively.'**

In plants, majority of the MYB proteins belong to the R2R3-
MYB subfamily, involved in regulation of multiple responses,
such as biotic and abiotic stresses,”>'® hormone signaling,” phe-
nylpropanoid biosynthesis,” determination of cell shape*' and
regulation of differentiation,*> More than over 100 R2R3-MYB
members have been reported in dicots and monocots.** Based
on the conservation of the DNA binding domain and the
amino acid motifs at the C-terminal domain, the members of
R2R3-type MYB domain proteins have been classified into 23
subgroups.'" In plants, whereas the 3R-MYB class constitutes a
very small group with only 5 members, MYB transcription fac-
tors with 4 R1/R2-like repeats are generally not commonly
found. Only one member of such type has been reported from
different plant species. Furthermore, MYB proteins with a sin-
gle or a partial repeat, known as ‘MYB-related’” have been rec-
ognized and grouped into different subclasses, depending on
the presence of particular repeats. The MYB-related proteins
are involved in various processes, including control of cellular
and organ morphogenesis, secondary metabolism and circadian
rhythm, respectively.’

MYB transcription factors regulate abiotic stress
response in plants

Genetic and molecular approaches have facilitated extensive
functional characterization of MYB domain proteins, particu-
larly the R2R3-type members in various plant species, including
the crop plants like rice, maize, soybean etc. A genome wide
comparative analysis of MYB genes and their expression in
Arabidopsis and rice have indicated potential role of several
MYB domain proteins in plant stress responses.'® Several mem-
bers of R2R3-type MYB transcription factors are involved in
the regulation of phenylpropanoid pathway which produces
various secondary metabolic compounds involved in abiotic
stress response in plants. Among the various secondary metab-
olites produced in plants, the sinapate esters and flavonoids act
as key UV-B absorbing sunscreen compounds to protect plants
against the harmful effects of UV-radiation. Plants produce
higher levels of UV-B absorbing compounds under low doses
of UV-B to compromise the initial damage of the major UV-B
targets like nucleic acids, proteins and lipids. Molecular and
genetic analysis in Arabidopsis mutants impaired in UV-B
response have revealed key role of flavonoids and phenolics in
UV-B absorption, facilitating enhanced UV-B tolerance (Bieza
and Lois 2001). Recent studies in Arabidopsis have indicated
important role of MYB transcription factors in the regulation
of biosynthesis of secondary metabolites involved in UV-B
absorption in plants. Arabidopsis MYB4, a member of R2R3
subgroup, represses the transcription of the gene encoding cin-
namate 4-hydroxylase, involved in hydroxycinnamate ester
biosynthesis. The MYB4 loss-of-function mutant showed UV-
B tolerance due to increased accumulation level of

hydroxycinnamate esters, while MYB4 overexpression caused
reduced level of UV-B absorbing compounds, resulting in UV-
B hypersensitivity.'” Another RZR3 MYB protein in Arabidop-
sis, AAMYB7 has been shown to be involved in regulating accu-
mulation of UV-B absorbing phenylpropanoid compounds.
The atmyb7 mutants showed induction of several flavonoids
biosynthetic genes. Interestingly, under UV-B stress, along with
its own transcriptional repression, AtMYB4 was also found to
inhibit AtMYB7 expression, which was consistent with the
reduced flavonoids contents in atmyb4 mutant, indicating
repression of flavonoids biosynthesis by AtMYB7 and func-
tional involvement of both AtMYB4 and AtMYB7 in maintain-
ing the balance of accumulation of UV-B absorbing
compounds in plants.

In plants, the phytohormone ABA plays the central role in
regulating the drought stress response through integrated coor-
dination of a complicated gene regulatory system, facilitating
plants to adjust under water deficit condition.'® For regulating
stress adaptation, the ABA-dependent signaling pathways have
been shown to be functional via the involvement of MYC and
MYB transcription factors."*® Various MYB transcription fac-
tors, mainly in Arabidopsis and also in some other crop species
have been characterized in recent years for their involvement
in drought response. The expression of several MYB genes has
been found to be drought regulated. Arabidopsis thaliana tran-
scriptomic data analyses have revealed increased expression of
about 51%; of MYB genes in response to drought while 41%;
gene were found to be down-regulated.>'*>* In Arabidopsis,
various MYB transcription factor genes like AtMYB2,
AtMYB74 and AtMYBI102 showed enhanced expression under
drought stress.” Previous studies have revealed involvement of
several MYB genes in drought stress and ABA signaling net-
work, governing various plant specific responses under abiotic
stress. The Arabidopsis R2R3-MYB transcription factor MYB96
has been shown to be involved in regulation of lateral root
growth in response to drought stress via the ABA-auxin signal-
ing network.** Furthermore, overexpression of MYB96 caused
enhanced drought tolerance. BE(MYB1, a member of R2R3-type
MYB protein family has been shown to be strongly induced
under drought stress in Boea crassifolia. BcMYBI message level
was shown to be substantially increased following drought
stress and also in presence of high salinity and polyethylene
glycol (PEG), while marginal induction was observed under
low temperature stress. Interestingly, exogenous application of
ABA and methyl jasmonate showed only negligible effect on
BcMYBI transcript induction, suggesting role of BcMYBI in
regulation of drought-responsive genes via ABA-independent
pathway and also probably do not participate in wound signal-
ing.® Another MYB transcription factor from sugarcane (Sac-
charum officinarum), SCMYBAS1-3 showed induced response
under water-deficit condition and salinity stress.*®

The MYB transcription factors AtMYB60 and AtMYB96 in
Arabidopsis were shown to be functional through the ABA sig-
naling network, regulating many plant specific responses like
drought stress, disease resistance,”> and stomatal movement,’
respectively. AtMYB96, an R2R3-type MYB protein in Arabi-
dopsis, regulates lateral root meristem activation under drought
stress through an ABA-auxin signaling crosstalk pathway.”* In
sugarcane (Saccharum officinarum), the stress-related MYB



transcription factor gene, ScMYBASI-3 showed enhanced
expression in response to water-deficit and salt stress.”* In
soyabean (Glycine max), 156 MYB genes (GmMYB) have been
identified and 43 of such genes showed altered expression level
following treatment with ABA, salt, dehydration and cold
stress.!” More recent studies in rice (Oryza sativa) have estab-
lished role of MYB gene OsMYBS3 in conferring cold tolerance
(Su et al. 2010), while the R2R3-MYB gene, OsMYB2, was
shown to be involved in salt, cold, and dehydration tolerance in
rice.’® ABA, PEG, dehydration and H,O, have been shown to
distinctly induce the expression of a MYB-related transcription
factor gene OsMYB48-1 in rice, while only marginal induction
was detected under high salinity and low temperature stress.
OsMYB48-1 overexpression in rice was found to confer
enhanced tolerance toward drought and salinity stresses.
Enhanced tolerance to abiotic stresses was suggested to be
accomplished via regulation of stress-mediated ABA
biosynthesis.*®

Plants have developed elaborate and complex mechanisms
to survive under abiotic stress conditions. Several line of evi-
dences have implicated role of MYB protein in regulation of
abiotic stress tolerance in plant genome. The MYB genes
OsMYB2, OsMYB3R-2, OsMYB4, OsMYBS3, TaMYB2,
TaMYB32, TaMYB56, TaMYB30 and TaMYB73 from rice and
wheat genome have been identified as important component of
plant abiotic stress response pathways.'******* A wheat R2R3-
MYB transcription factor gene, TaMYBI9, has recently been
characterized and shown to be involved in enhanced tolerance
to abiotic stress in Arabidopsis via regulation of expression
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levels of a number of abiotic stress-related genes.5 1 SbMYB44, a
member of R2R3 class of MYB transcription factor, has recently
been isolated from the succulent halophyte, Salicornia bra-
chiata. SbMYB44 message level showed increased accumulation
in response to salinity, desiccation, high temperature, abscisic
acid and salicylic acid treatments, while recombinant SbMYB44
protein showed binding to dehydration responsive elements
like RD22 and MBS-1, indicating role of SbMYB44 in stress sig-
naling.”® Several salt response genes, including 76 MYB family
genes have been identified using high throughput sequencing
technologies in sheepgrass, a close relative of wheat. Recent
studies have led to the characterization of a MYB-related gene
LcMYBI1 which appeared to be involved in salt stress response
through activation of the pathways independent of the classical
DREB1A- and MYB2-mediated signaling pathway. In addition,
LcMYBI overexpression conferred improved salt tolerance in
Arabidopsis.”

Interestingly, in addition to stress signals, recent studies
have indicated the role of mircoRNA in the regulation of
endogenous message levels of MYB transcription factors. In
Arabidopsis, the MYB transcription factors MYB33 and
MYBI101 act as positive regulators of ABA responses during
seed germination. However, in germinating seeds, ABA induces
the accumulation of the microRNA 159 (miR159) via the activ-
ity of ABI3 (abscisic acid-insensitive 3) transcription factor.
MYB33 and MYBI101 transcripts were found to be cleaved by
miR159. These observations were also supported by the ABA
hypersensitivity in myb33 and mybIl01 null mutant lines and
transgenic plants overexpressing miR159.>
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Figure 1. Abiotic stress response and transcriptional regulation in plants. Schematic representation illustrating exposure of plants toward different abiotic stress factors
and the subsequent signal sensing, perception and transduction through sensors and associated signaling networks which result in the transcriptional activation of stress
response genes through the involvement of various transcription factors including the MYB domain proteins. The epigenetic regulation of abiotic stress response via the

activity of transcription factors has been indicated.
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Epigenetic regulation of stress response and
involvement of MYB transcription factors

In eukaryotes, including plants, epigenetic regulation is accom-
plished through a complex signaling network, involving regula-
tory small RNA species and chromatin remodeling activities.
The chromatin remodeling activities are mainly associated with
DNA methylation and histone modifications.*® Epigenetic con-
trol of stress-induced phenotypic response in plants mainly
involves regulation of gene expression. Multiple evidences have
accumulated to indicate that along with the normal develop-
mental processes and functions, plants have evolved complex
gene regulatory mechanisms for responding to various environ-
mental stresses.

Although several studies have indicated role of MYB tran-
scription factors in regulation of abiotic stress responses in
plant genome, its link with the epigenetic control remains
largely unknown (Fig. 1). The v-myb oncogene of avian mye-
loblastosis virus (AMV) encodes the v-Myb transcription fac-
tor which has been shown to transform myelomonocytic cells
via deregulation of the expression of specific target genes. The
chicken mim-1 gene, a target of c-Myb gene, is not activated
by v-Myb and contains a strong cell type-specific and Myb-
inducible enhancer element in addition to a Myb-responsive
promoter. Recent studies have shown that the Myb-dependent
activation of the mim-1 gene is associated with extensive
remodeling of the nucleosomal architecture at the enhancer
region, indicating direct involvement of Myb induced remod-
eling of the chromatin organization at a pertinent target site.**
Joe Lipsick’s group at the Stanford University has carried out
much of the current work on epigenetic regulation by Myb
protein and its interacting protein partners in Drosophila.
Studies from this group have indicated that in Drosophila,
absence of functional Myb gene causes death of larvae. How-
ever, Drosophila flies lacking a functional Myb gene and a
functional Mip130 gene sometimes were found to survive to
adulthood. Such type of viability was also observed in case of
Myb/Mip120 and Myb/Mip40 double mutants. On the other
hand, abnormal mitosis has been found in Drosophila Myb
null mutant with irregular chromatin condensation, suggest-
ing role of Myb protein in epigenetic regulation. More recent
studies in Drosophila have shown that the Myb transcription
factor, RBF (Retinoblastoma-family protein) and Mip130/
LIN-9 tumor suppressor proteins exist in a conserved Myb-
MuvB (MMB)/dREAM complex. The MYB transcription fac-
tor has been shown to be involved in regulating the in vivo
expression of Polo kinase, a regulator of spindle pole assembly
and function and key component of the spindle assembly
checkpoint (SAC). The absence of both MYB and Mip130, or
of both MYB and E2F2 transcriptional repressor function
resulted in variegated phenotype where high or low levels of
Polo kinase were found to be stably transmitted through suc-
cessive cell divisions in the imaginal wing discs. Interestingly,
restoration of MYB activity caused consistently high level of
Polo expression as like in wild-type tissue. However, restora-
tion of Mip130 or E2F2 compromised Polo expression. These
observations have suggested epigenetic regulation of gene
expression by MYB transcription factor and Mip130 or E2F2
in Drosophila in vivo.*'

Plants have developed various mechanisms to survive
under environmental stresses which are accomplished by
means of alteration of expression level of some genes
through the introduction of epigenetic modifications, such
as DNA methylation. DNA methylation plays an impor-
tant role in gene expression by increasing the RNA-
directed DNA methylation (RADM) of genes and by
inducing some histone modifications.*” In maize, the fla-
vonoid biosynthetic pathway associated genes encoding
the structural enzymes and transcription regulators have
been characterized at the genetic and molecular level.
Multiple natural alleles and epialleles of these genes have
also been identified. An R2R3 Myb transcription factor,
encoded by pericarp colorl (pI) gene has been shown to
control the biosynthesis of phlobaphenes, brick red flavo-
noids which accumulate in floral organs including peri-
carp, tassel and cob glumes, and silk in maize (Styles and
Ceska 1989). The pl comprises of approximately 100 nat-
ural alleles and epialleles and many of them may be iden-
tified based on their expression profiles in the floral
organs. Studies based on expression pattern analysis and
transgenic plants carrying promoter and coding region of
pl alleles have suggested involvement of epigenetic mech-
anism of regulation for the unique expression pattern of
p1.2 However, the nature of such epigenetic mechanism is
not well defined. In maize, gradual loss of DNA methyla-
tion has been shown to reduce epigenetic gene silencing
from a tandemly arranged Myb gene,” indicating epige-
netic regulation of MYB gene function. In Mimulus gutta-
tus ((yellow monkey-flower) differential regulation of a
MYB transcription factor MYB MIXTA-like 8 has been
correlated with the transgenerational epigenetic inheritance
of trichome density.”’ In pines (Pinus pinaster), transcrip-
tional and epigenetic regulation during the zygotic embryo
development was shown to associated with 10-fold and 5-
fold up-regulated expression of MYB3 and MYB4-type
transcription factors.*’

Recent studies in soybean have indicated importance of
epigenetic modification in the regulation of gene expression
and plant development under salinity stress. Microarray
analyses have identified 49 transcription factors in soybean.
These transcription factors were found to be inducible by
salinity stress. Further expression based analyses have dem-
onstrated salinity stress mediated inducibility of 45 out of
49 transcription factors, and 10 of them showed upregu-
lated expression in seedlings in response to the demethyla-
tion agent 5-aza-2-deoxycytidine. Salinity stress was found
to affect the methylation level of 4 of these 10 transcription
factors, including one MYB transcription factor, along with
one b-ZIP and 2 AP2/DREB family members, respectively.
ChIP analysis further revealed that the activation of 3 of
the 4 DNA methylated transcription factors was associated
with a higher level of histone H3K4 trimethylation and
H3K9 acetylation, and a decreased level of H3K9 demethyl-
ation in the various regions of the promoter or coding
regions of the corresponding genes, indicating key role of
epigenetic modification in the activation or suppression of
these transcription factors in the context of salinity stress
tolerance in soybean.”’



In plants, transcription factors and RNA-directed DNA
methylation (RADM) play important role in regulation of gene
expression under abiotic stress. The Arabidopsis R2R3-MYB
gene family member AtMYB74 is primarily regulated by
RADM at the transcriptional level in response to salt stress.
Bisulphite sequencing studies have identified a target site of 24-
nucleotides long siRNAs located in the region about 500 bp
upstream of the transcription initiation site of AtMYB74. This
target site for siRNA has been shown to be heavily methylated.
Whereas the DNA methylation level in this region was found
to be considerably reduced in wild type plants under salt stress,
no change in the methylation level was detected in case of
RADM mutants. Furthermore, promoter deletion studies have
indicated the importance of the siRNA target region for main-
taining AtMYB74 expression patterns and also suggested that
changes in the levels of the 5 24-nucleotides long siRNAs mod-
ulate the expression of AtMYB74 transcription factor through
RADM under salt stress.*”

Plant development involves epigenetic regulation for modifi-
cation of developmental fate. Genomic imprinting is one type
of epigenetic regulation which causes monoallelic gene expres-
sion in a parent-of-origin dependent manner and is established
by the differential epigenetic marking of parental alleles.
Imprinting has been shown to be regulated via genome wide
DNA demethylation in the central cell before fertilization and
intend for repression of individual loci with the polycomb
repressive complex 2 (PRC2). Imprinted loci are involved in
processes associated with the developmental programs. In
maize, among the 5 recently described potentially imprinted
genes, transcripts from only one parental allele have been iden-
tified in the endosperm, encoding the homeodomain and MYB
family of transcription factors. However information is still
limited regarding the function of such imprinted genes in endo-
sperm development.”® Genome-wide analyses have identified
several nuclear proteins, like transcription factors and chroma-
tin-related proteins as imprinted genes, which are commonly
expressed in plant seed endosperms and exhibit preferential
uniparental allelic expression. Several members of the MYB
transcription factor family have also been identified as mater-
nally expressed genes (MEGs), indicating their link with epige-
netic regulation.*>'>%>*

Genome wide sequence analysis in Arabidopsis thaliana,
yeast (Saccharomyces cerevisiae), Caenorhabditis elegans and
Drosophila have indicated the presence of 3 families of histone
deacetylase (HDAC) and 3 families of histone acetyltransferase
(HAT) proteins. Plants, animals and fungi were found to pos-
sess a single member of each of 3 subfamilies of HATs.>* In sil-
ico analyses (http://string-db.org/) have indicated potential
interaction of Arabidopsis Myb4 subgroup of transcription fac-
tor with other regulatory proteins, such as histone acetyltrasfer-
ase (HAC2, ElA/-CREB binding protein), histone
acetyltrasferase CBP family 4 (HAC4) and p300/CBP acetyl-
trasferase-related protein. Active DNA demethylation plays an
important role in epigenetic regulation in plants. Recent studies
have identified a histone H3 acetyltransferase, IDM1 in Arabi-
dopsis. IDMI has been shown to regulate active DNA demeth-
ylation and found to be required for inhibiting DNA
hypermethylation in highly homologous multicopy genes and
other repetitive sequences which are generally targeted by
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Repressor of Silencing 1 and related 5-methylcytosine DNA
glycosylases for active DNA demethylation. IDM1 appears to
bind to methylated DNA at chromatin sites lacking histone
H3K4 di- or trimethylation and acetylates H3, generating a
chromatin environment permissible for 5-methylcytosine DNA
glycosylases to become functional.”” In Arabidopsis, the SWI2/
SNF2 chromatin remodeling ATPase BRAHMA (BRM) protein
has been shown to be involved in regulating gene expression in
plant development processes through interaction with different
transcription factors including MYB,”® suggesting potential
functional involvement of MYB transcription factors in epige-
netic regulation through interaction with other protein
partners.

Conclusions and outlook

Understanding epigenetic mechanisms in response to environ-
mental stress and its probable implication in the genetic man-
agement of plants is one of the most important challenges for
plant scientists. In plants, the MYB transcription factor family
has been expanded, mainly through the large family of R2R3-
MYB. Members of this family are key factors in regulatory net-
works controlling development, metabolism and responses to
biotic and abiotic stresses in plant genome. Although, at pres-
ent information is limited to understand role of MYB proteins
in the epigenetic control of abiotic stress response in plants,
some exciting observations have already started accumulating
to shed new light on this field. Future work will lead to a better
understanding of the epigenetic regulation by MYB genes and
how this important family of transcription factors and their
interacting partners are integrated in the network for epigenetic
regulation of stress response in plants.
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