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a b s t r a c t
The R2R3-MYB proteins comprise the largest diverse family of transcription factors in plants and regulate development and secondary metabolism. Although R2R3-MYB TFs have been investigated in some
plant species, no systematic analysis has been conducted in pear. This study identiﬁed 184 R2R3-MYB
TFs in the pear (Pyrus bretschneideri Rehd.) genome. A comprehensive analysis of this gene family was
performed, including phylogeny, gene structure, gene duplication, and conserved motifs. Phylogenetic
analysis indicated that 184R2R3MYB TFs can be divided into 34 subgroups. Evolutionary relationships
within subgroups were supported by exon/intron structures. The phylogenomic comparison of R2R3MYB proteinsamong pear, apple and Arabidopsis suggested that most of R2R3-MYB members have strong
conserved roles, whereas others might exhibit particular functions. Seven anthocyain-related R2R3-MYB
TFs were identiﬁed and their expression proﬁles were also analyzed in different tissues. The function of
an anthocyanin R2R3-MYB TF, PyMYB70 was further veriﬁed by experimental conﬁrmation. Our ﬁndings
represent the ﬁrst step towards understanding the functions of R2R3-MYB transcription factors in pear.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Transcription factors (TFs) are important proteins to regulate
gene expression, modulating the rate of transcription initiation
of target genes. Structurally, most TFs are classiﬁed into different families according to their domain diversity (Pabo and Sauer,
1992; Riechmann et al., 2000). MYB is one of the best-characterized
TF families and is widely distributed in all eukaryotic organisms,
including animals, plants and fungi (Lipsick, 1996; Li et al., 2015).
MYB proteins are characterized by the MYB domain at the Nterminus (Rosinski and Atchley, 1998; Jin and Martin, 1999; Dubos
et al., 2010). The MYB domain encodes approximately 52 amino
acids and forming a helix-helix-turn-helix structure that interacts
with target DNA (Stracke et al., 2001). Generally, the MYB domain
is highly conserved among animals, fungi and plants. In contrast,
the C-terminal region of MYB proteins varies considerably, which
lead to differentregulatory roles for family members (Kranz et al.,
1998; Jiang et al., 2004; Katiyar et al., 2012). Based on the number of MYB repeat, MYB proteins can be classiﬁed into four types:
1R- MYB, R2R3-MYB, R1R2R3- MYB and 4R- MYB (Geethalakshmi
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et al., 2015). Many animals encode a small number of 1R-MYB,
R2R3-MYB, R1R2R3-MYB proteins. However, plants encode all four
major MYB groups, of which the R2R3-MYB group is the largest
transcription factor subfamily (Jiang et al., 2004; Geethalakshmi
et al., 2015).
Whole genome identiﬁcation of R2R3-MYB TFs has been conducted in several sequenced plants. In these studies, 126 R2R3-MYB
TFs were uncovered in Arabidopsis thaliana (Stracke et al., 2001),
108 in grape (Matus et al., 2008), 100 in sweet orange (Liu et al.,
2014) and 222 in apple (Cao et al., 2013). Most R2R3-MYB proteins
are largely conserved and usually divided into the same subgroups
as Arabidopsis R2R3-MYB proteins. However, divergence between
them also exists. Newly identiﬁed R2R3-MYB subgroups that are
not present in Arabidopsis are found in other plant species (Wilkins
et al., 2009). A comparative analysis of R2R3-MYBs from different
plant species revealed that this TF family has undergone extensive
expansion during evolution. The expansion of the R2R3-MYB family
in plants ﬁts well with the observation that many R2R3-MYB members participate in various biological processes and in plant-speciﬁc
processes (Martin and Paz-Ares, 1997).
Numerous R2R3-MYB TFs have been functionally characterized
dating from the ﬁrst identiﬁcation of the plant MYB geneC1 from
Zea mays (Paz-Ares et al., 1987). The known functions are mainly
related to stamen and pollen maturation (Mandaokar et al., 2006),
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trachoma initiation (Oppenheimer et al., 1991), root formation and
development (Wang et al., 2010; Ambawat et al., 2013), hormone
signal transduction (Song et al., 2011), embryogenesis and stress
(Seo and Park, 2010; Seo et al., 2011; Chen et al., 2014). Recent
research has focused on secondary metabolism regulation, particularly regulation that affects agricultural traits. In recent years,
numerous R2R3-MYB TFs have been identiﬁed in the regulation of
anthocyanin in fruits, including apple (Espley et al., 2007), grape
(Deluc et al., 2008), litchi (Lai et al., 2013) and strawberry (Aharoni
et al., 2001). The anthocyanin-regulating R2R3-MYB TFs in different
species typically belong to the same subgroup.
Pear is one of the oldest fruit crops and a popular fruit in
the world market. Pear cultivation has spread to six continents,
and pears have become the third most important temperate fruit
species (Wu et al., 2013). Given the potential roles of R2R3-MYB
TFs in regulating plant-speciﬁc processes, particularly processes
controlling secondary metabolism, it is of interest to characterize R2R3-MYB TFs in this species. However, to our knowledge,
the R2R3-MYB family in pear has not been characterized in detail.
Recently, the pear genome has been sequenced, allowing us to conduct a genome-wide analysis of R2R3-MYB TFs in pear. In this study,
we identiﬁed 184 R2R3-MYB TFs in pear, most of which have not
been functionally characterized. Next we present a comprehensive classiﬁcation, gene duplication and structural analysis of the
R2R3-MYB TFs. Finally, we perform a functional analysis for one
R2R3-MYB TF from the anthocyanin-related subgroup.

2. Materials and methods
2.1. The identiﬁcation of MYB genes in pear
R2R3-MYB proteins from Arabidopsis (https://www.arabidopsis.
org/) and apple (http://www.rosaceae.org/) were used as queries in
Blast searches against the pear genome (http://peargenome.njau.
edu.cn/). Local versions of BLAST (Basic Local Alignment Search Tool
at http://blast.ncbi.nlm.nih.gov), were used with an e-value cutoff
of 1e-003. Next, all of the protein sequences of candidate R2R3MYB genes were examined using the default cutoff parameters of
the domain analysis programs Pfam (Protein family at http://pfam.
sanger.ac.uk/) and SMART (Simple Modular Architecture Research
Tool at http://smart.embl-heidelberg.de/) (Bateman et al., 2002;
Letunic et al., 2012). The isoelectric points and molecular weights
of PyMYBs were obtained using proteomics and sequence analysis
tools on the ExPASy Proteomics Server (http://expasy.org/).
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2.4. Analysis of the R2R3-MYB domain
To analyze the features of the R2R3-MYB domains in PyMYBs,
the amino acid sequence of the R2 and R3 repeats of 184 PyMYBs
were aligned and adjusted manually using BioEdit software (http://
www.mbio.ncsu.edu/BioEdit/bioedit.html). The sequence logos for
R2- and R3- MYB repeats were created using multiple sequences
alignment submissions to the website (http://weblogo.berkeley.
edu/logo.cgi) (Crooks et al., 2004).
2.5. Plant materials
The tissues from ‘Aoguan’ pear were separately sampled. All
the samples were collectedfrom Aoguan Fruit Corp. (Liaocheng,
Shandong, China). The samples were frozen immediately in liquid
nitrogen and stored at −80 ◦ C.
2.6. RNA extraction and qPCR
Total RNA was isolated from different tissues using a procedure
described by Chang et al. (1993). Then RNA was cleanedusing DNase
I (Fermentas, USA). cDNA synthesis was performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientiﬁc, USA). qPCR
was performed on a LightCycler System (Bio-rad, USA). The PCR
mixture (20 L total volume) included 2 L Master Mix (SYBR Premix EXTaqTM , TaKaRa), 0.5 M each primer and 2 L diluted cDNA.
The PCR reaction conditions were as follows: 95 ◦ C for 5 min; 40
cycles of 95 ◦ C for 10 s, 56 ◦ C for 30 s and 72 ◦ C for 30 s; with a ﬁnal
extension at 72 ◦ C for 3 min. Pyrus actin (PyActin, accession number
CN938023) was used as an internal control gene. The primers are
listed in Table S1.
2.7. Tobacco transient expression assay
The tobacco transient expression assay was performed as
described by Yin et al. (2010). ORFs encoding PyMYB70, PybHLH,
AtbHLH2 or MrbHLH1 were inserted into the pGreenII 0029 62-SK
vectors. All the plasmidswere electroporated into Agrobacterium
tumefaciens GV3101 individually and used to transform tobacco (N.
tabacum) abaxial leaves either singly or in pairs. Three days after
transformation, LUC and REN activities were assayed as described
by Liu et al. (2013). Digital photographs of inﬁltration areas were
taken 8 days after inﬁltration. The primers used for full-length TF
ampliﬁcation listed in Table S2.
2.8. Yeast two-hybrid assay

2.2. The scaffold location and intron-exon structure analysis
The scaffold locations and gene sequences were retrieved from
the pear genome database (http://peargenome.njau.edu.cn/). The
genes were mapped to the scaffold by MapDraw. The intron distribution patterns of the PyMYBs were analyzed by GSDS (http://gsds.
cbi.pku.edu.cn/).

2.3. Sequence alignment and phylogenetic analysis
PyMYB protein sequences were aligned using BLOSUM 30. The
MUSCLE 3.52 was furtherapplied to conﬁrm the ClustalW results.
Phylogenetic trees were constructed by the maximum likelihoodmethod of the MEGA6.0 (http://www.megasoftware.net/) with a
p-distance for the complete deletion option parameter. The reliability of the trees was tested using a bootstrapping method with
1000 replicates. The phylogenetic trees were drawn with MEGA6.0
(Tamura et al., 2013).

The yeast two-hybrid assay was performed using
MatchmakerTM Gold Yeast Two-Hybrid (Clontech, USA). The
ORFs encoding PyMYB70 and PybHLH (HM622265) were inserted
into the pGADT7 and pGBKT7 vectors individually (Huang et al.,
2013). The primers for PyMYB70 and PybHLH are listed in Table
S3. PyMYB70 and PybHLH constructs were co-transformed in
AH109 competent cells, and the co-transformants were selected
on synthetic dropout medium lacking Leu and Trp (SD/−Leu/−Trp)
and streaked on quadruple dropout medium deﬁcient for adenine,
histidine, leucine and tryptophan (SD/−Ade/−His/−Leu/−Trp).
Furthermore, X-Gal was used to conﬁrm positive interactions.
3. Results and discussion
3.1. Genome-wide identiﬁcation of the R2R3-MYB TFs in pear
The complete pear genome sequence was used to identify all
R2R3-MYB transcription factors encoded by this species (Wu et al.,
2013). The entire pear genome was examined using apple and
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Arabidopsis R2R3-MYB protein sequences as queries. The candidate TFs obtained was then conﬁrmed using SMART and PROSITE
searches. Finally, we identiﬁed 184 R2R3-MYB TF candidates in the
pear genome. To facilitate global gene analysis, we named them
PyMYB1 to PyMYB184 corresponding to the order of their scaffold
number. Detailed information for the PyMYBs, including unigene
IDs, molecular weight, and isoelectric point (pI) are listed in Table
S4. The amino acid length of PyMYB proteins ranged from 145
(PyMYB161) to1697 (PyMYB103), and the isoelectric point ranged
from 4.83 (PyMYB147) to 10.94 (PyMYB161). The genome of pear
was sequenced using a BAC-by-BAC approach, ensuring the alleles
were accurately assembled in the pear genome (Wu et al., 2013).
Therefore, the number of PyMYBs was not the result of overestimation of genome scaffolds and may be complete.
The number of R2R3-MYB TFs identiﬁed in pear is in a similar
range as in several reported fruitspecies, such as108 in grape (Matus
et al., 2008) and 222 in apple (Cao et al., 2013). It has been shown
that the recent gene duplication events were the most important
for R2R3-MYB rapid expansion. Pear as well as grape and apple
underwent the recent duplication events, which led to the largescale expansion of the R2R3-MYB family in their genome (Matus
et al., 2008; Velasco et al., 2010; Wu et al., 2013). Compared to its
most closely related plant, apple, the number of R2R3-MYB gene is
smaller in pear. It has been reported that the size of pear genome
(∼512 Mb) was much smaller than apple (∼742.3 Mb) (Velasco
et al., 2010; Wu et al., 2013). This may partly explain the small
number of genes found in pear.

tion information of the scaffolds containing PyMYBs is listed in
Table S5.
The MYB TFs were extensively duplicated during the process
of plant evolution, leading to new members of the MYB TF family
controlling speciﬁc functions. Earlier reports in other plants conﬁrmed that the expansion of the MYB multigene family was a result
of region-speciﬁc tandem duplication or genome wide duplication
(Du et al., 2012). The appearance of many MYB genes in the genome
of Arabidopsis (The Arabidopsis Genome Initiative, 2000), rice (Goff
et al., 2002) and apple (Velasco et al., 2010) has been demonstrated
to be results of the recent genome duplication events. Similarly, the
recent whole genome duplication events have also been found in
the pear genome, and cause the rapid expansion and evolution of
PyMYBs (Wu et al., 2013). However, whole genome duplication can
only explain some of the expansion of R2R3-MYB gene family. In
this study, a series of tandem gene duplications were observed in
scaffold 772.0 and scaffold 644.0 (Fig. S2a), which suggested that
recent intrachromosomal tandem duplication events probably play
important roles in the expansion of the large PyMYB family. Moreover, the nucleic acid sequence alignment analysis of PyMYB family
members suggested that gene transposition, insertions and deletions events might have occurred within the evolutionary history
of PyMYBs (Fig. S2b). Transpositions, insertions and deletions are
more likely result in speciﬁc function allels.

3.2. Sequence feature analysis of PyMYBs

To study the evolutionary relationships of the R2R3-MYBs,
we performed a phylogenetic analysis of the pear and Arabidopsis R2R3-MYB proteins using the MEGA6.0 maximum likelihood
method. Finally,the R2R3MYB TFs from pear and Arabidopsis were
divided into 34 subfamilies (Fig. 1). In some clades, the R2R3-MYB
proteins from pear and Arabidopsis were not equally distributed,
such as the subgroup Py11 which contained 14 PyMYBs and 3
AtMYBs. This indicated that Py1 in pear is an expanded subgroup
compared with Arabidopsis R2R3-MYB subgroups. The quantitative
differences probably point to diversiﬁcation of gene function in this
subgroup. Remarkably, the Arabidopsis ‘glucosinolate’ clade did not
contain any pear R2R3-MYBs. It has been shown that this clade
evolved independently in the Brassicales, explaining its absence in
pear (Du et al., 2012). In contrast, Py6 did not contain any Arabidopsis R2R3-MYB proteins but only pear members. The genes
in Py6 may play speciﬁc roles that were either lost in Arabidopsis
or were acquired in pear after divergence from the last common
ancestor. Some pear R2R3-MYB proteins were divided into Arabidopsis functional clades. This provided valuable reference for
function analysis of PyMYBs. For example, PyMYB69/70 shared a
high level of sequence similarity with four Arabidopsis anthocyaninpromoting proteins AtMYB75/90/113/114 (Stracke et al., 2001).
This implied that PyMYB69 and PyMYB70 probably act as activators
in the anthocyanin accumulation. PyMYB23, 91, 92 were divided
into clade Py18 with AtMYB4/7/32. Previously, it has been shown
that the maize and apple homologues in this clade were involved in
the anthocyanin synthesis process (Vimolmangkang et al., 2013).
Thus, Py18 may represent a functional clade containing proteins
responsible for anthocyanin regulation. It is interesting to analyze
the detail functions of these anthocyanin-related genes by experimental assays. Furthermore, the apple R2R3-MYB genes were also
combined into the phylogenetic tree (Fig. S3). Compared to Arabidopsis, apple R2R3-MYB proteins were usually divided into the
same clades with members from pear. The results lend support
to the genetic closed evolutionary relationship between apple and
pear.
Usually, the pattern of gene structures can be used to support
phylogenetic relationships in a gene family. To determine the num-

The alignment of all PyMYBs was performed to analyze pear
R2R3-MYB domains (Fig. S1). In general, the lengths of pear R2R3MYB domains were highly similar, and deletions or insertions were
rare. In contrast, sequences outside the MYB domain were quite
divergent. From the alignment, a series of highly conserved amino
acids were found in the pear MYB repeat, and the distribution of
conserved amino acids was very similar to those of Arabidopsis
(Stracke et al., 2001), sugar beet (Stracke et al., 2014), soybean (Du
et al., 2012) and apple (Cao et al., 2013). Among these conserved
amino acids, the characteristic Trp (W) residues, which have been
shown to act a key role in sequence-speciﬁc DNA binding, were
found evenly distributed among the R2 and R3 MYB repeats. As
reported for orthologs in other plant species (Cao et al., 2013; Du
et al., 2012), the ﬁrst conserved Trp (W) residue of the R3 MYB
repeat was typically replaced with phenylalanine (F). Experiments
in vivo conﬁrmed that phenylalanine can replace the ﬁrst Trp in R3
without signiﬁcant loss of MYB DNA-binding activity (Kanei-Ishii
et al., 1990). Therefore, this change in PyMYB proteins may have little effect on their DNA-binding activities. In contrast to other plants,
the second conserved Trp (W) residue of the R2 or R3 MYB repeat
is not completely conserved in PyMYBs, which warrants further
analysis for theirDNA-binding activities and target sequence speciﬁcities. In addition to the highly conserved Trp (W) residues, Gly-21,
Ser-40 and Arg-48 in the R2 repeat, Pro-Ala-51 in the linker region,
and Ala-86 and Lys-98 in the R3 repeat were also completely conserved in the PyMYBs. These highly conserved amino acid residues
are generally located in the third ␣-helix, which is consistent with
earlier reports (Stracke et al., 2014).
3.3. Scaffold distribution and duplication events for PyMYBs
The evolutionary relationships within a gene family are typically
analyzed according to their chromosomal distributions. Though
the pear chromosomes were not assembled, we determined the
PyMYBs corresponding scaffold information from the pear genomic
database (http://peargenome.njau.edu.cn/). The length and loca-

3.4. Phylogenetic and gene structure analysis of the pear MYB
gene family
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Fig. 1. Phylogenetic relationships of Arabidopsis and pear R2R3 MYB TFs. The phylogenetic tree was generated based on a complete proteins equence alignment of MYB proteins
in Arabidopsis using the neighbor-joining method with bootstrapping analysis (1000 replicates). The subgroups are marked with a colorful background. The annotations are
based on the gene function in Arabidopsis.

bers and positions of exons and introns within each MYB gene in the
pear, we compared full-length cDNA sequences to corresponding
genomic DNA sequences. A detailed illustration of gene structure
is shown in Supplementary Fig. 1. The number of introns in the 184
pear MYB genes ranged from 0 to 11. Most pear MYB TFs contain
two introns, following the rule previously reported in other plants
(Jiang et al., 2004). Remarkably, PyMYB members within the same
subfamily always shared similar exon/intron patterns (Matus et al.,
2008). This supports their close evolutionary relationship, but also
demonstrates the reliability of our phylogenetic analysis.
3.5. Expression analysis of pear anthocyanin-related R2R3-MYB
genes in different tissues
According to the Arabidopsis functional clades, seven
anthocyanin-related R2R3-MYB genes were selected in pear
genome, including PyMYB3, 23, 69, 70, 91, 92 and 124. To further
dissect the functions of anthocyanin-related R2R3-MYB genes,
their expression proﬁles in different tissues were investigated by
qPCR. All seven selected PyMYB genes were expressed in tested

tissues, but their expression patterns showed different (Fig. 2).
PyMYB70 showed high expression levels in all anthocyanin-rich
red tissues. The transcript abundance of PyMYB69 was higher in the
fruit skins than other tissues. PyMYB124 were highly expressed in
ﬂowers. PyMYB91 and PyMYB92, two AtMYB4 orthologues showed
similar organ-expression proﬁles. Both of them were highly
expressed in ﬂowers and colored fruit skins. Unlike PyMYB91 and
PyMYB92, the expression of PyMYB3 and 23 was higher in the
leaves than other tissues.
The R2R3-MYBs play important roles in the control of plant secondary metabolism. Numerous anthocyanin-related R2R3-MYBs
have been identiﬁed in model plants and fruits, including litchi
(Lai et al., 2014), Chinese bayberry (Liu et al., 2013), grape (Deluc
et al., 2008) and apple (Espley et al., 2007). However, relatively few
anthocyanin-related R2R3-MYB genes have been characterized in
pear. In general, the R2R3-MYB gene expression in different tissues is closely related to its function. For example, LhMYB6 and
LhMYB12 control pigment biosynthesis in ﬁlaments and leaves
respectively, and the strong correlations were found between the
expression of two genes and anthocyanin accumulation in these
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Fig. 2. Expression analysis of PyMYB genes in different pear tissues. The PyActin was used as an internal control gene. Error bars indicate the SE from three biological replicates.
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with an anthocyanin-related bHLH TF. However, AtDFR promoter
activity responded differently to PyMYB70-bHLHs complexes. As
shown in Fig. 3a, PyMYB70-AtbHLH2 activated the AtDFR promoter to a greater extent than other combinations. As a result,
PyMYB70-AtbHLH2 triggered more anthocyanin accumulation in
tobacco leaves (Fig. 3b). These data are consistent with observations in apple demonstrating that both MdbHLH3 and MdbHLH33
could signiﬁcantly induce activity of the AtDFR promoter when
MdMYB10 was present, whereas MdbHLH3 had a greater effect
than MdbHLH33 (Espley et al., 2007). As a result, these two combinations lead to different levels of anthocyanin. Similar results have
also been described in Chinese bayberry, in which MrbHLH1, but
not MrbHLH2, induced anthocyanin together with MrMYB1 (Liu
et al., 2013). These results suggest a speciﬁc association between
anthocyanin-related R2R3-MYB TF, bHLH and their target genes.
It has been reported that the anthocyanin-promoting R2R3MYBs can form a complex with bHLH to regulate anthocyanin
accumulation. To further investigate whether PyMYB70 can interact with anthocyanin-related bHLHs, we performed a yeast
two-hybrid assay (Fig. S5). Similar to most anthocyanin-related
R2R3-MYB TFs characterized in subgroup 24, PyMYB70 also physically interacted with PybHLH. Thus, it may combine with a bHLH
cofactor to activate transcription of DFR or other anthocyanin structural genes, promoting anthocyanin accumulation.
4. Conclusion
184 pear R2R3-MYB genes were identiﬁed and comprehensive
analyzed for the ﬁrst time. The function of a pear R2R3-MYB gene
(i.e., anthocyanin regulation) was also characterized from its location in the phylogeny. This study provides signiﬁcant information
for further in-depth molecular investigations into the biological of
these genes.
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