
1 3

Mol Genet Genomics (2014) 289:1183–1207
DOI 10.1007/s00438-014-0879-4

ORIGINAL PAPER

Genome‑wide identification and characterization of R2R3MYB 
family in Solanum lycopersicum

Panpan Zhao · Qiang Li · Jing Li · Lina Wang · 
Zhonghai Ren 

Received: 27 September 2013 / Accepted: 7 June 2014 / Published online: 10 July 2014 
© Springer-Verlag Berlin Heidelberg 2014

regulation. The transcript abundance level analysis during 
abiotic conditions identified a group of R2R3MYB genes 
that responded to one or more treatments suggesting that 
the SlR2R3MYBs played major roles in the plant response 
to abiotic conditions and involved in signal transduction 
pathways. This study not only provides a solid foundation 
for further functional dissection of tomato R2R3MYB fam-
ily genes, but may also be profitable for, in the future, the 
improvement of tomato stress tolerance and fruit quality.
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Introduction

The MYB family is large, functionally diverse and repre-
sented in all eukaryotes, and most of them function as tran-
scription factors with MYB binding domain conferring the 
ability to bind DNA (Ogata et al. 1994). The MYB domain 
generally consists of up to four imperfect amino acid 
sequence repeats (R) of about 52 amino acids, and each 
repeat encodes three α-helices, with the second and third 
helices forming a helix–turn–helix (HTH) structure which 
intercalates in the major groove of DNA (Ogata et al. 1994; 
Dubos et al. 2010). MYB proteins can be divided into dif-
ferent types according to the number of repeat(s) in the 
MYB domain: 4R-MYB contains four R1/R2-like repeats, 
3R-MYB (R1R2R3MYB) three consecutive repeats, 
R2R3MYB two repeats, and the MYB-related type usually, 
but not always, has a single repeat (Dubos et al. 2010; Li 
et al. 2012a). Among the four classes identified, the R2R3 
subfamily is the most abundant type in plants and play 
important roles in many plant-specific processes (Romero 
et  al. 1998; Jin and Martin 1999; Dubos et  al. 2010). 
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Although many R2R3-MYB genes have been characterized 
in many species (Dubos et  al. 2010), little information is 
available about the R2R3MYB genes and their functions in 
fruit development and abiotic stress tolerance of tomato 
(Solanum lycopersicum L.), a word-wide vegetable.

With the genomes of an ever increasing number of plant 
species being fully sequenced, the genome-wide analysis of 
R2R3MYB genes have soared in recent time. Based on their 
well conserved DNA-binding domains, R2R3MYB family 
has been annotated genome-wide in both monocotyledon-
ous and dicotyledonous genomes, such as Zea mays (more 
than 200 members) (Dias et  al. 2003), Oryza sativa (102 
members) (Chen et al. 2006; Li et al. 2012a), Arabidopsis 
thaliana (126 members) (Stracke et al. 2001), Vitis vinifera 
(117 members) (Matus et  al. 2008), Populus trichocarpa 
(192 members) (Wilkins et  al. 2009), Glycine max (244 
members) (Du et al. 2012), Cucumis sativus (47 members) 
(Li et al. 2012a; Table S2 in this study) and Malus domes-
tica (222 members) (Cao et al. 2013). The members of the 
R2R3MYB family from Arabidopsis have been divided 
into 25 subgroups (Dubos et al. 2010). Comparative phylo-
genetic studies have identified new R2R3MYB subgroups 
in other plant species for which there are no representatives 
in Arabidopsis (e.g. in grape, poplar, rice, soybean, cucum-
ber and apple), which suggested that these proteins might 
have specialized roles which have been either lost in Arabi-
dopsis or were acquired after divergence from the last com-
mon ancestor (Matus et  al. 2008; Wilkins et  al. 2009; Du 
et  al. 2012; Li et  al. 2012a; Cao et  al. 2013). Functional 
diversification in gene families encoding transcription fac-
tors is emerging as a major source of morphological and 
physiological diversity underlying evolution (Carretero-
Paulet et al. 2010; Doebley and Lukens 1998; Riechmann 
et  al. 2000; Tsiantis and Hay 2003; Kellogg 2004). From 
the plant R2R3MYB genes that have been characterized to 
date, the majority have been implicated in diverse path-
ways and appear to play crucial roles in plant-specific pro-
cesses, including secondary metabolism such as flavonoids 
(Mehrtens et  al. 2005; Stracke et  al. 2007) and anthocya-
nin (Teng et al. 2005; Deluc et al. 2006; Li et al. 2012b), 
cell fate and identity such as trichomes (Oppenheimer 
et al. 1991; Higginson et al. 2003), root hairs (Wada et al. 
1997; Tominaga et  al. 2007; Tominaga-Wada et  al. 2012) 
and petal epidermis (Perez-Rodriguez et  al. 2005; Bau-
mann et al. 2007), developmental processes such as anther 
and pollen development (Brownfield et  al. 2009; Millar 
and Gubler 2005) and axillary meristem formation (Müller 
et al. 2006; Keller et al. 2006), plant defense and response 
to biotic and abiotic stresses (Urao et al. 1993; Daniel et al. 
1999; Sugimoto et al. 2000; Hemm et al. 2001; Stockinger 
et al. 2001; Vailleau et al. 2002; Abe et al. 2003; Denekamp 
and Smeekens 2003; Nagaoka and Takano 2003), and so 
on.

Tomato is not only one of the most important veg-
etables all over the world, but is also a model system for 
fruit development (The Tomato Genome Consortium 
2012). Tomato fleshy fruits are unique because they typi-
cally undergo a ripening process after seed maturation that 
involves irreversible changes in color, texture, sugar con-
tent, aroma and flavor to become succulent and appealing 
to seed-dispersal vectors (including humans). Regulation 
of this process ensures accurate and tissue-specific control 
of a developmental transition that would be highly det-
rimental if it were to occur in the wrong tissue or at the 
wrong stage of fruit maturity (Zhong et al. 2013). To date, 
in tomato, only few R2R3MYB genes were cloned and iden-
tified (Lin et al. 1996; Schmitz et al. 2002; Mathews et al. 
2003; Gong and Bewley 2008; Abuqamar et al. 2009; Bal-
lester et al. 2010; Wang et al. 2011; Naz et al. 2013) (Table 
S1). Since numerous R2R3MYB proteins have been found 
to be involved in the control of many plant-specific pro-
cesses (Dubos et al. 2010), it is of interest to determine that 
how many R2R3MYB genes exist in tomato. Moreover, it 
is important to uncover that which R2R3MYBs take part 
in different biological processes in tomato, such as abi-
otic stress tolerance and fruit development. In addition, 
the completion of tomato genome sequence provides an 
opportunity for genome-wide analysis of R2R3MYB genes 
encoding transcription factors (The Tomato Genome Con-
sortium 2012).

In this study, we have systematically examined the puta-
tive R2R3MYB gene subfamily and revealed that the tomato 
genome contained a total of 121 gene members encoding 
R2R3MYB transcription factors. The detailed informa-
tion on the genomic structures, chromosomal locations and 
phylogenetic analysis among R2R3MYB genes in tomato, 
Arabidopsis, grape, rice, poplar, soybean, cucumber and 
apple were presented. In addition, the expression profiles 
during fruit development and in response to abiotic condi-
tions were compared for 51 selected R2R3MYB genes by 
quantitative real-time PCR. Our results may provide the 
first insight, to our knowledge, into the possible mecha-
nisms of R2R3MYB proteins in the diversification of plant 
form and function through analyzing the entire R2R3MYB 
family encoded in the tomato genome.

Materials and methods

Database search and sequence conservation analysis 
of tomato R2R3MYB genes

126 Arabidopsis R2R3MYB protein sequences were down-
loaded from TAIR (Dubos et al. 2010; Matus et al. 2008; 
Stracke et  al. 2001). 117 Vitis vinifera and 197 Populus 
trichocarpa R2R3MYB genes come from Wilkins et  al. 
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(2009), and the corresponding protein sequences were 
downloaded from the International Grape Genome Pro-
gram’s (IGGP) Web site (http://www.genoscope.cns.fr/
externe/English/Projets/Projet_ML/projet.html) and Joint 
Genome Institute P. trichocarpa version 1.1 Web site 
(http://genome.jgi-psf.org/Poptr1_1/Poptr1_1.home.html), 
respectively. 102 Oryza sativa R2R3MYB genes come 
from Chen et  al. (2006) and Li et  al. (2012a, b) and the 
corresponding protein sequences were downloaded from 
the Rice Genome Annotation Project’s Web site (http://
rice.plantbiology.msu.edu). 244 Glycine max R2R3MYB 
genes come from Du et  al. (2012), and the correspond-
ing protein sequences were downloaded from the Joint 
Genome Institute (JGI) Glycine max version 7.0 website 
(http://www.phytozome.net/cgi-bin/gbrowse/soybean/).

It is important to note that, here, the number of R2R3MYB 
proteins from cucumber is different from the previous study 
(Li et  al. 2012a). We identified 46 CsR2R3MYB genes 
from the updated Version 2.0 cucumber genome database 
(http://www.icugi.org/cgi-bin/ICuGI/genome/home.cgi?ve
r=2&organism=cucumer), while (Li et al. 2012a) found 55 
R2R3MYB genes from the Version 1.0 out of date. Of all the 
55 CsR2R3MYB genes, 14 genes were deleted (Csa004708, 
Csa005219, Csa007739, Csa009054, Csa014650, 
Csa015156, Csa017164, Csa017539, Csa018350, Csa022057, 
Csa024079, Csa008474, Csa000156, Csa020800), while 5 
genes were newly added (Csa3M535090.1, Csa1M575180.1, 
Csa3M182040.1, Csa6M046460.1, Csa6M046240.1) and 
named CsMYB55–CsMYB59. In addition, a new cucum-
ber R2R3MYB was discovered by (Li et  al. 2013) and 
named CsMYB60 (Table S2). The tomato annotated (pre-
dicted) genes and proteins were downloaded from Tomato 
Genome Sequencing Project. This annotated data can be 
downloaded from Tomato Genome DataBase (http://mips.
helmholtz-muenchen.de/plant/tomato/searchjsp/blast.jsp).

126 Arabidopsis R2R3MYB proteins were used as 
query sequences and Blastp searches against the predicted 
tomato proteins. In addition, the Hidden Markov Model 
(HMM) profile for the MYB binding domain (PF00249) 
from the Pfam database (http://pfam.janelia.org) was also 
applied as a query to search the tomato genome database 
using BlastP program for identifying all MYB contain-
ing sequences in tomato. To further verify the reliability 
of these candidate sequences, the Pfam database (http://p
fam.sanger.ac.uk/search) and SMART (http://smart.embl-
heidelberg.de/) (Letunic et  al. 2009) were used to con-
firm each candidate SlR2R3MYB protein as a member of 
R2R3MYB family.

To analyze the features of the MYB domain of tomato 
R2R3MYB proteins, the sequences of R2 and R3 MYB 
repeats of 121 SlR2R3MYB proteins were aligned with 
the ClustalX 1.81 and adjusted manually. The sequence 
logos for R2 and R3 MYB repeats were obtained by 

submitting the multiple alignment sequences to the website 
(http://weblogo.berkeley.edu/logo.cgi) (Crooks et al. 2004).

Phylogenetic analysis

Multiple sequence alignments were performed using 
ClustalX 1.81 with default parameters, and the alignments 
were then adjusted manually before phylogenetic tree was 
constructed. A phylogenetic tree was constructed with the 
aligned R2R3MYB binding domain and full predicted pro-
tein sequences of 121 SlR2R3MYB genes using MEGA 4 
(Tamura et  al. 2007), respectively. The neighbor-joining 
(NJ) method was used with the following parameters: Pois-
son correction, pairwise deletion, and bootstrap (1,000 rep-
licates; random seed). The complete amino acid sequences 
of 1175 R2R3MYB proteins, including 126 AtR2R3MYB, 
117 VvR2R3MYB, 102 OsR2R3MYB, 197 PtR2R3MYB, 
244 GmR2R3MYB, 47 CsR2R3MYB and 222 MdR-
2R3MYB, were used to construct NJ tree using MEGA 
4 (Tamura et  al. 2007). Classification of the SlR2R3MYB 
genes was then performed according to their phylogenetic 
relationships with their corresponding Arabidopsis, grape, 
rice, poplar and soybean R2R3MYB genes.

Intron–exon structure analysis

The DNA and cDNA sequences corresponding to each pre-
dicted gene from the tomato genome were downloaded, 
and then the intron distribution pattern and splicing phase 
were analyzed using the web-based bioinformatics tool 
GSDS (http://gsds.cbi.pku.edu.cn/) (Guo et al. 2007).

An intron was designated as occurring in one of three 
phases. In phase 1, splicing occurred after the first nucleo-
tide of the codon; in phase 2, splicing occurred after the sec-
ond nucleotide; and in phase 0, splicing occurred after the 
third nucleotide of the codon (Li et al. 2006; Sharp 1981). 
The numbers above…to phase 0, 1, 2 were corrected.

Genome distribution and gene duplication analysis

Genes were mapped on chromosomes by identifying their 
chromosomal position provided in the Tomato Genome 
Database. The distribution of SlR2R3MYB family members 
throughout the tomato genome was drawn by MapInspect. 
To detect the tandemly duplicated genes, the method of 
Huang et  al. (2012) was used. Software DNAMAN 5.2.2 
was used to analyze the SlR2R3MYB homologs in the phy-
logenetic tree for similarity.

Expression analysis

Tomato (Solanum lycopersicum L. cv. Micro-Tom) 
seeds were germinated on moist filter paper in an 
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incubator at 28 °C for 1 day. The germinated seeds were 
sown into soil mixture in the greenhouse at Shandong 
Agricultural University. After 10  days, batches of ten 
seedlings were transferred to a plastic tank filled with 
an aerated nutrient solution (pH 6.0–6.5) containing: 
Ca(NO3)2: 3.5 mM, KNO3: 7 mM, KH2PO4: 0.78 mM, 
MgSO4: 2 mM, H3BO3: 29.6 μM, MnSO4: 10 μM, Fe-
EDTA: 50  μM, ZnSO4: 1.0  μM, H2MoO4: 0.05  μM 
and CuSO4: 0.95 μM (Li et al. 2012a). The experiment 
was carried out in an illuminated incubator and the air 
temperature (28 °C during the day and 18 °C during the 
night) and light intensity (400 μmol  m−2  s−1) regimes 
were maintained throughout each treatment. When the 
tomato seedlings were at the three-true-leaf stage, three 
treatments were conducted, respectively: 100 mM NaCl, 
100  μM ABA, 4  °C. Leaves for RNA extraction were 
harvested at 0, 1, 3, 6 and 12  h after the three treat-
ments, respectively. The roots, stems, leaves, flowers 
and different developmental stages of fruits were col-
lected separately used for tissue specific expression 
analysis.

Total RNA was prepared from different tissues with 
an RNAprep pure Plant Kit (TIANGEN, China), accord-
ing to the manufacturers’ instructions. First strand cDNA 
was synthesized using 1 μg total RNA and PrimeScript 1st 
Strand cDNA Synthesis Kit (TaKaRa, Japan).

Gene structures of the differently spliced transcripts 
were analyzed using GSDS (http://gsds.cbi.pku.edu.cn/) 
(Guo et  al. 2007). The ORFs were predicted for the tran-
scripts that were cloned using ORF Finder software (http://
www.ncbi.nlm.nih.gov/gorf/gorf.html).

To analyze expression patterns of SlR2R3MYB genes, 
quantitative real-time PCR was carried out using the 
RealMasterMix (SYBR Green) kit (TIANGEN, China) 
and quantified the PCR amplification according to 
the manufacturers’ protocol. β-actin gene (GenBank 
101262163) was used as an internal control. Outside of 
the conserved region, the PCR primers were designed 
to avoid the conserved region and to amplify products 
of ranging from 100 to 450  bp long in length. Primer 
sequences are shown in detail in Table S3. Amplifica-
tion was performed on an iCycler iQ™ multicolor real-
time PCR detection system (Bio-Rad, hercules, USA) 
and the analysis of each type of sample was repeated 
three times. The analysis of relative mRNA expression 
data was performed using the 2−∆∆Ct method (Livak and 
Schmittgen 2001). Each expression profile was inde-
pendently verified in 3 replicate experiments performed 
under identical conditions. Heat map representation was 
performed using centring and normalized ΔCt value, 
with Cluster 3.0 software and JavaTreeview to visualize 
the dendrogram.

Results

Identification and sequence conservation of tomato 
R2R3MYB genes

To identify putative R2R3MYB proteins in tomato, we per-
formed a BLASTP search against tomato genome database 
(http://mips.helmholtzmuenchen.de/plant/tomato/searchjsp/
blast.jsp) using one hundred and twenty-six R2R3MYB 
protein sequences in Arabidopsis and Hidden Markov 
Model (HMM) profile of the MYB-binding domain as que-
ries. By removing the redundant ones, a total of 135 genes 
in the tomato genome were identified as putative members 
of the SlR2R3MYB family. Finally, 121 typical R2R3MYB 
genes were confirmed by Pfam and SMART program. To 
check the reliability of the 121 indentified R2R3MYB genes, 
the coding sequences of the 121 R2R3MYB genes were 
searched against tomato genome (http://blast.ncbi.nlm.nih.
gov) using TBLASTX. Of all the 121 members of the 
R2R3MYB family, 119 were found to have the corre-
sponding full-length cDNA clones, two R2R3MYB genes, 
Solyc06g009410.1.1 and Solyc05g009230.1.1 were found 
to have truncated coding sequences. To better reflect the 
proper orthologous relationship between SlR2R3MYBs and 
AtR2R3MYBs, we named each SlR2R3MYBs based on 
their phylogenies and sequence similarity corresponding to 
individual AtR2R3MYB. Finally, the 121 typical R2R3MYB 
genes (named SlMYB0 to SlMYB120) were subjected to fur-
ther analysis (Table 1).

To investigate the homologous domain sequence fea-
tures, and the frequency of the most prevalent amino 
acids at each position within each repeat of the tomato 
R2R3MYB domain, sequence logos were produced 
through multiple alignment analysis using the 121 
homologous domain amino acid sequences of R2 and R3 
repeats, respectively. As shown in Fig.  1, ten and seven 
conserved amino acid residues were identical among the 
members detected in the R2 and R3 MYB repeat regions, 
respectively. Within the 121 tomato R2R3MYB proteins, 
all the R2 repeat sequences contained three tryptophan 
residues. However, in the R3 repeats, the first tryptophan 
residue was replaced by phenylalanine. The second tryp-
tophan residue was conserved in all the members and the 
third was mainly conserved. These results were consistent 
with those from Arabidopsis (Stracke et al. 2001), poplar 
(Wilkins et  al. 2009), Triticum (Zhang et  al. 2012) and 
cucumber (Li et al. 2012a).

Phylogenetic analysis of the tomato R2R3MYB family

An un-rooted neighbor-joining (NJ) phylogenetic tree was 
generated based on the alignment of the corresponding 
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Table 1   R2R3MYB genes in tomato

Clade SlMYB Gene Synonyms Chr Location Protein length (aa) ORF length (bp)

S1 4 Solyc08g008480.2.1 08 2873624–2871831 320 960

S1 6 Solyc12g096200.1.1 12 63562547–63561525 126 378

S1 8 Solyc08g005870.1.1 08 660681–662383 284 852

S1 9 Solyc08g082890.2.1 08 62712999–62711830 284 852

S2 11 Solyc12g049350.1.1 12 46308055–46305533 294 882

S2 12 Solyc01g079620.2.1 MYB12 01 71255600–71258882 339 1,017

S2 111 Solyc06g009710.2.1 06 3687447–3689516 298 894

S3 3 Solyc06g065100.2.1 06 36996666–36998716 280 840

S3 7 Solyc01g111500.2.1 01 89482050–89480965 253 759

S3 32 Solyc10g055410.1.1 THM27 10 52193521–52192550 274 822

S3 54 Solyc12g049300.1.1 12 46232171–46233950 353 1,059

S3 76 Solyc05g008250.1.1 05 2636547–2634996 179 537

S4 30 Solyc06g069850.2.1 06 39879299–39877429 378 1,134

S4 31 Solyc03g116100.2.1 04 59664351–59662688 334 1,002

S4 60 Solyc10g081490.1.1 10 61866879–61868274 271 813

S4 94 Solyc02g087960.2.1 02 44775431–44776995 293 897

S4 96 Solyc02g067340.2.1 THM6 02 32121578–32118568 336 1,008

S5 0 Solyc03g005570.2.1 03 419020–421333 252 756

S5 10 Solyc05g055030.1.1 05 63951195–63949290 219 657

S5 13 Solyc06g083900.2.1 06 45487260–45486135 256 768

S5 14 Solyc06g053610.2.1 THM18 06 32921611–32918455 266 798

S5 15 Solyc09g090130.2.1 09 65023341–65025440 269 807

S6 51 Solyc03g093940.1.1 03 49081796–49080988 218 654

S6 52 Solyc03g093890.2.1 03 48996204–48994736 254 762

S6 95 Solyc06g034000.1.1 06 20184406–20183438 237 711

S6 105 Solyc06g033870.1.1 06 20017626–20016226 248 744

S7 66 Solyc07g054960.1.1 07 60446521–60445125 217 651

S7 68 Solyc12g005640.1.1 12 339740–338253 234 702

S7 72 Solyc07g055000.1.1 07 60471456–60469352 243 729

S7 81 Solyc07g053240.2.1 07 59033588–59034689 250 750

S7 83 Solyc07g053230.2.1 07 59022880–59023988 252 756

S7 85 Solyc07g054980.1.1 07 60460520–60456645 468 1,404

S8 34 Solyc08g065910.1.1 08 51458883–51457430 214 642

S8 36 Solyc07g006750.2.1 07 1591496–1589096 425 1,275

S8 37 Solyc06g074910.2.1 06 42804036–42806196 303 909

S8 38 Solyc09g008250.2.1 09 1720352–1718596 297 891

S8 48 Solyc06g074920.1.1 06 42812476–42814892 296 888

S8 84 Solyc02g091980.1.1 02 47768960–47770244 331 993

S8 87 Solyc04g077260.2.1 04 59829131–59830896 326 978

S8 89 Solyc11g069030.1.1 blind 11 50686745–50688284 316 948

S8 90 Solyc12g008670.1.1 12 2049011–2050274 283 849

S9 35 Solyc03g059200.1.1 03 25284854–25283881 264 792

S9 80 Solyc10g005760.1.1 10 614054–612159 337 1,011

S10 20 Solyc04g014470.2.1 04 4711600–4708995 297 891

S10 40 Solyc05g014290.2.1 05 8095104–8093800 219 657

S10 42 Solyc08g079270.2.1 08 60045419–60047650 288 864

S10 43 Solyc11g011050.1.1 11 4106566–4108390 310 930

S10 99 Solyc02g093740.2.1 02 49052171–49050918 251 753
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Table 1   continued

Clade SlMYB Gene Synonyms Chr Location Protein length (aa) ORF length (bp)

S11 39 Solyc08g076710.2.1 08 57819545–57817957 326 978

S11 107 Solyc08g076700.1.1 08 57806295–57804655 291 873

S12 41 Solyc07g054840.2.1 07 60342649–60343892 334 1,002

S12 49 Solyc10g008700.1.1 10 2769233–2770973 330 990

S12 74 Solyc10g005460.2.1 10 339411–337760 314 942

S12 102 Solyc02g079280.2.1 02 38467652–38469093 363 1,089

S13 53 Solyc04g056310.2.1 04 53184278–53185968 318 954

S13 92 Solyc05g051550.1.1 05 61076188–61078333 348 1,044

S13 93 Solyc04g074170.1.1 04 57755497–57757061 349 1,047

S14 16 Solyc02g088190.2.1 02 44930481–44932830 418 1,254

S14 17 Solyc05g048830.2.1 05 58668935–58666713 320 960

S14 18 Solyc01g094360.2.1 01 77639294–77641524 310 930

S14 23 Solyc04g005600.1.1 04 395650–396932 332 996

S14 25 Solyc05g007690.1.1 05 2182007–2184191 343 1,029

S14 64 Solyc05g007710.2.1 05 2197614–2195502 339 1,017

S14 106 Solyc01g010910.1.1 01 6437228–6440447 335 1,005

S15 26 Solyc03g121740.1.1 03 63866340–63864556 366 1,098

S15 56 Solyc02g082040.2.1 02 40359966–40361271 325 975

S15 67 Solyc10g005240.2.1 10 191141–189610 346 1,038

S15 103 Solyc08g081500.1.1 THM1 08 61705091–61702255 332 996

S16 19 Solyc03g025870.2.1 03 7639652–7636896 280 840

S16 46 Solyc11g065840.1.1 11 48501558–48498505 354 1,062

S16 47 Solyc01g087130.2.1 01 73815709–73818027 353 1,059

S17 50 Solyc06g071690.2.1 06 40550761–40552362 322 966

S17 55 Solyc10g044680.1.1 10 22879521–22880870 399 1,197

S17 61 Solyc01g102340.2.1 01 82925828–82927937 427 1,281

S17 86 Solyc03g112390.2.1 03 56848344–56846635 326 978

S18 5 Solyc01g005660.1.1 01 460050–461945 309 927

S18 82 Solyc07g008010.2.1 07 2711454–2710099 212 636

S19 75 Solyc10g086250.1.1 10 64459499–64457942 276 828

S19 113 Solyc10g086260.1.1 ANT1 10 64463196–64462185 275 825

S19 114 Solyc10g086290.1.1 10 64491860–64493215 266 798

S20 28 Solyc10g086270.1.1 10 64470142–64469193 260 780

S20 29 Solyc02g089190.1.1 02 45645551–45646453 240 720

S20 71 Solyc05g053150.1.1 05 62427630–62426466 230 690

S20 79 Solyc09g090790.2.1 09 65553197–65552080 252 756

S21 33 Solyc06g073640.2.1 06 41825280–41820787 505 1,515

S21 65 Solyc01g009070.2.1 GAMyb-like1 01 3080069–3075589 538 1,614

S21 97 Solyc11g072060.1.1 11 52421669–52427762 541 1,623

S22 2 Solyc01g057910.2.1 01 57222003–57223704 288 864

S22 21 Solyc02g067760.2.1 02 32457848–32454233 196 588

S22 24 Solyc06g009480.1.1 06 3426294–3427337 248 744

S22 45 Solyc12g099140.1.1 12 64743921–64745580 301 903

S22 57 Solyc06g009410.1.1 06 3336849–3337901 261 783

S22 62 Solyc03g119370.1.1 03 62053490–62052377 281 843

S22 78 Solyc12g099120.1.1 AIM1 12 64732604–64733711 248 744

S22 108 Solyc12g099130.1.1 12 64736566–64737471 236 708

S22 112 Solyc05g053330.2.1 05 62594925–62596759 319 957

S22 116 Solyc05g009230.1.1 05 3373258–3372023 275 825
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tomato R2R3MYB complete protein sequences (Fig.  2). 
For statistical reliability, we conducted bootstrap analysis 
with 1,000 replicates. The 121 members of the SlR2R3MYB 
family were subdivided into 29 subgroups, designated S1–
S29, according to clades with at least 50 % bootstrap sup-
port. In this phylogenetic tree, forty-three gene pairs were 
formed with strong bootstrap (≥70 %) support. Sequence 

alignment and phylogenetic tree analysis on the basis of 
tomato R2R3MYB conserved domain were also produced, 
similar subgroups were obtained, though the classifica-
tions of only a few members varied (Fig. 2, Fig. S1). This 
indicated that the conserved R2R3MYB domain was an 
important unit in SlR2R3MYB protein and the dramatic 
divergence of the C-terminal regions did not appear to have 

Table 1   continued

Clade SlMYB Gene Synonyms Chr Location Protein length (aa) ORF length (bp)

S23 22 Solyc09g008390.1.1 09 1853126–1852311 132 396

S23 27 Solyc10g083900.1.1 10 62943825–62942836 201 603

S24 104 Solyc01g090530.1.1 01 75956882–75959366 320 960

S24 120 Solyc10g019260.1.1 10 12672810–12674303 305 915

S25 98 Solyc06g071520.1.1 06 40426984–40429093 426 1,278

S25 100 Solyc09g055650.1.1 09 38604749–38605951 341 1,023

S25 118 Solyc03g112890.1.1 03 57228454–57226344 346 1,038

S25 119 Solyc06g076840.1.1 06 44123081–44120858 432 1,296

S26 69 Solyc10g081320.1.1 10 61747299–61749497 320 960

S26 115 Solyc04g064540.2.1 04 54815114–54812889 310 930

S26 117 Solyc05g007870.1.1 Tf 05 2312616–2314591 418 1,254

S27 1 Solyc09g011780.2.1 09 5075388–5070696 381 1,143

S27 44 Solyc02g092930.1.1 02 48455763–48454678 362 1,086

S27 70 Solyc04g078420.1.1 04 60756252–60755266 329 987

S27 73 Solyc04g050000.1.1 04 44162204–44161632 191 573

S27 77 Solyc04g079360.1.1 04 61482058–61482816 253 759

S27 109 Solyc05g052850.2.1 05 62186780–62183339 375 1,125

S28 58 Solyc11g073120.1.1 11 53297151–53298385 218 654

S28 59 Solyc06g005330.2.1 06 352825–351706 237 711

S29 88 Solyc04g005710.1.1 04 459866–463173 428 1,284

S29 110 Solyc05g007160.2.1 05 1757049–1752928 489 1,467

63 Solyc10g005550.1.1 10 456290–455329 244 732

101 Solyc07g052300.2.1 07 58120635–58123894 487 1,461

91 Solyc09g010840.1.1 09 4149616–4148534 361 1,083

Fig. 1   The R2 and R3 MYB 
repeats are highly conserved 
across all SlR2R3MYB proteins. 
The sequence logos of the R2 
(top) and R3 (bottom) MYB 
repeats are based on conserved 
alignments of all SlR2R3MYB 
proteins. The overall height 
of each stack indicates the 
conservation of the sequence at 
that position, whereas the height 
of letters within each stack rep-
resents the relative frequency of 
the corresponding amino acid. 
The asterisks indicates the posi-
tion of the conserved amino acid 
that is identical among all the 
121 tomato R2R3MYB proteins
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Fig. 2   Neighbor-joining (NJ) phylogenetic tree and intron–exon 
structures of SlR2R3MYB family genes. The unrooted phylogenetic 
tree (the part of left side) from the complete protein sequence was 
depicted by the MEGA 4.0 program with the NJ method. The tree 
shows the 29 phylogenetic subgroups (S1–S29) with high bootstrap 
value. The bootstrap values lower than 50 are not shown in the phy-

logenetic tree. All of 121 gene’s intron–exon structures are described 
in the middle part. Exons and introns are indicated by green boxes 
and single lines, respectively. Intron phases 0, 1 and 2 are indicated by 
numbers 0, 1 and 2, respectively. The length of each SlR2R3MYB gene 
can be estimated using the scale at the bottom. The exon number and 
length of each gene are listed in the table at right (color figure online)
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Fig. 2   continued

a large influence on the regulatory function of the corre-
sponding proteins (Dias et al. 2003).

To uncover the evolutionary relationship of the 
R2R3MYB genes, an un-rooted NJ phylogenetic tree was 
built from alignments of the R2R3MYB complete pro-
tein sequences from 8 species: tomato (121), Arabidopsis 
(126) (Dubos et al. 2010), grape (117) (Matus et al. 2008), 
rice (102) (Chen et al. 2006; Li et al. 2012a), poplar (197) 

(Wilkins et  al. 2009), soybean (244) (Du et  al. 2012), 
cucumber (47) (Li et  al. 2012a; this study) and apple 
(222) (Cao et al. 2013) (Fig. 3, Fig. S2). The phylogeny 
was very similar to a previously published phylogeny that 
included all known Arabidopsis, grape, poplar, soybean 
and cucumber R2R3MYB proteins (Dubos et  al. 2010; 
Matus et al. 2008; Wilkins et al. 2009; Du et al. 2012; Li 
et al. 2012a).
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Fig. 3   Phylogenetic relationships and subgroup designations in 
R2R3MYB proteins from tomato (Sl), cucumber (Cs), Arabidopsis 
(At), grape (Vv), rice (Os), poplar (Pt) soybean (Gm) and apple (Md). 
The neighbor-joining tree includes 121 R2R3MYB proteins from 
tomato, 47 R2R3MYB proteins from cucumber, 126 from Arabidop-
sis, 117 from Vitis, 102 from rice, 197 from poplar, 244 from soy-
bean and 222 from apple. The bootstrap values lower than 50 are not 
shown in the phylogenetic tree. The proteins are clustered into 130 

subgroups (triangles), designated with a subgroup number (e.g. C1). 
Eighty-six proteins did not fit well into subgroups (lines). The mem-
bership of each subgroup is described in the table at right. Several 
subgroups are highlighted. 9 subgroups (yellow) are shared in all the 
8 species. 10 subgroups (red) are shared only in tomato. The uncom-
pressed tree with full taxa names is available as Figure S2 (color fig-
ure online)
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Fig. 3   continued
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Fig. 3   continued
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The resulting tree generated 130 groupings (trian-
gles), which were designated with a subgroup number 
(C1–C130). However, 86 proteins did not fit well into 
any subgroup (lines) (Fig.  3, Fig. S2). The 86 proteins 
were considered orphans, most likely representing highly 
diverged lineage-specific R2R3MYB protein sequences. 
Phylogenetic analysis of the predicted R2R3MYB protein 
sequences revealed that there was not equal representa-
tion of these 8 species within the given subgroups (Fig. 3, 
Fig. S2). Nine (C1, 2, 7, 28, 34, 39, 63, 122 and 126) were 
shared in all the 8 species. Eighty-four subgroups (C4, 5, 
9, 10, 12–18, 22–24, 26, 27, 29–33, 35, 36, 38, 41, 44–47, 
49–53, 55–60, 64–66, 68, 69, 71, 73–78, 80–85, 87–91, 
95, 96, 99, 100, 103–106, 108–110, 113, 115–118, 120, 
121, 127, 128 and 130) were absent in the tomato genome. 
Meanwhile, some species-specific subgroups were also 
found, For example, 13 subgroups (C29, 35, 45, 51, 60, 
65, 74, 76, 103, 110, 113, 118 and 120) only contained 
Arabidopsis members, 4 subgroups (C5, 27, 68 and 116) 

only grape members, 14 subgroups (C4, 9, 14, 38, 44, 
49, 52, 59, 71, 87, 91, 99, 100, 105) only rice members, 
3 subgroup (C17, 66 and 75) only poplar members, 8 sub-
groups (C30, 36, 50, 55, 69, 73, 83 and 57) only soybean 
members, 5 subgroups (C31, 47, 77, 90 and 96) only apple 
members and 10 subgroups (C19, 21, 54, 61, 67, 79, 93, 
98, 102 and 119) only tomato members. Interestingly, in 4 
subgroups (C94, 97, 107 and 124) only cucumber member 
was absent, and in 2 subgroups (C40 and C111), only rice 
member was absent.

A phylogenetic tree combining tomato, Arabidop-
sis, grape, rice, poplar, soybean, cucumber and apple 
R2R3MYB proteins would not only help to understand the 
phylogenetic relationships among the R2R3MYB proteins 
from these 8 species, but would also allow speculation on 
the putative functions of the tomato R2R3MYB proteins 
based on the functional clades that are identified in Arabi-
dopsis. So, we summarized SlR2R3MYB proteins of known 
function and predicted the possible biological roles of the 

Fig. 3   continued
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Table 2   Tomato R2R3MYB 
gene intron–exon structure

Clade SlMYB Exon 
number

Exon length (bp)

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12

S1 4 2 133 827

S1 6 3 133 57 188

S1 8 3 136 462 254

S1 9 2 133 719

S2 11 3 133 130 619

S2 12 4 133 130 350 404

S2 111 3 133 130 631

S3 3 3 133 130 577

S3 7 2 263 496

S3 32 2 263 559

S3 54 3 133 130 796

S3 76 3 133 130 274

S4 30 3 133 130 871

S4 31 3 133 130 739

S4 60 3 133 130 550

S4 94 3 133 130 616

S4 96 4 133 130 482 263

S5 0 3 133 130 493

S5 10 3 133 130 394

S5 13 3 133 130 505

S5 14 3 133 130 535

S5 15 3 133 130 544

S6 51 3 118 130 406

S6 52 3 151 130 481

S6 95 3 109 130 472

S6 105 3 148 130 466

S7 66 3 133 130 388

S7 68 3 136 130 436

S7 72 3 133 127 469

S7 81 3 133 130 487

S7 83 3 133 130 493

S7 85 3 133 130 449

S8 34 3 136 130 376

S8 36 3 310 130 835

S8 37 3 136 130 643

S8 38 3 136 130 625

S8 48 3 136 130 622

S8 84 3 136 130 727

S8 87 3 136 130 712

S8 89 3 136 130 682

S8 90 3 136 130 583

S9 35 3 133 130 529

S9 80 3 133 130 748

S10 20 3 133 130 628

S10 40 3 133 130 394

S10 42 2 263 601

S10 43 3 133 130 667

S10 99 3 133 130 490
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Table 2   continued Clade SlMYB Exon 
number

Exon length (bp)

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12

S11 39 2 266 712

S11 107 2 266 607

S12 41 3 133 130 739

S12 49 3 133 130 727

S12 74 3 133 130 679

S12 102 3 133 130 826

S13 53 3 133 130 691

S13 92 3 133 130 781

S13 93 3 133 130 784

S14 16 3 133 130 992

S14 17 3 133 130 697

S14 18 3 133 130 667

S14 23 3 133 130 733

S14 25 3 133 130 766

S14 64 3 124 130 763

S14 106 3 133 130 742

S15 26 4 133 130 547 288

S15 56 2 130 845

S15 67 2 130 908

S15 103 3 133 130 733

S16 19 3 139 130 571

S16 46 2 317 745

S16 47 2 302 757

S17 50 3 133 130 703

S17 55 3 130 130 937

S17 61 3 133 130 1,018

S17 86 3 133 130 715

S18 5 2 311 616

S18 82 3 128 130 379

S19 75 3 130 130 568

S19 113 3 130 130 565

S19 114 3 124 130 544

S20 28 3 130 130 520

S20 29 3 148 130 442

S20 71 3 130 130 430

S20 79 3 136 130 490

S21 33 3 360 1,006 149

S21 65 3 351 988 275

S21 97 5 161 36 331 964 131

S22 2 3 172 130 562

S22 21 3 133 130 325

S22 24 3 121 130 493

S22 45 3 202 130 571

S22 57 3 121 130 532

S22 62 3 166 130 547

S22 78 3 151 130 463

S22 108 3 151 130 427

S22 112 3 205 130 622
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SlR2R3MYB proteins of unknown function based on the 
experimentally characterized AtR2R3MYBs (Table S1).

In conclusion, although evolutionary relationship could 
not be clearly deciphered for all families, the analysis did 
yield some interesting results.

Intron–exon structure of the tomato R2R3MYB family

According to the results of intron–exon structure analysis 
(Table  2), within the 121 SlR2R3MYB genes, the number 
of exons ranged from one to twelve and about 95.9 % (116 
out of 121) had more than one exon. As shown in Fig. 4a, 
exon 1 and exon 2 coded for almost the entire R2R3 DNA 
binding domain, although this pattern differ in complex 
multiexonic genes (e.g. SlMYB88 and 110), appeared to be 
more restricted in length, while exon 3 was more variable 
(101–1,407  bp). Exon 3 coded for the last region of the 
R3 repeat and for the C-terminal of the protein. Changes 
both in length and sequence of this exon could have gen-
erated functional divergence between MYB homologues 
within and between species, leading to different functional 
motifs and domains (Dias et al. 2003; Matus et al. 2008). 
The presence of fifth to twelfth exon was unique to some 

specific genes. Despite this variability, the lengths of the 
first two exons were very similar (exon 1,133  bp; exon 
2,130  bp) and highly conserved (exon 1, 40.5  % occur-
rence; exon 2, 68.6  % occurrence). Although exon 3 was 
the most diverse in size, R2R3MYB families from tomato, 
Arabidopsis (Matus et al. 2008), grape (Matus et al. 2008), 
soybean (Du et  al. 2012) and cucumber (Li et  al. 2012a) 
species were similarly distributed when the first three exon 
lengths were considered (Fig. 4b). 

To gain further insights into the SlR2R3MYB gene struc-
tures, the number of introns contained in their R2 and R3 
domains was determined. All 121 genes, according to 20 
relative positions and 3 phases, could be arranged into 14 
(A–N) different splicing patterns (Fig.  5). Patterns A–C, 
composed of one or two intron(s) distributed at two highly 
conserved specific positions (indicated by white inverted 
triangles), accounted for approximately 72.7  % of SlR-
2R3MYB genes. Approximately 5  % of these 121 genes 
(patterns N) had no introns at the MYB binding domain. 
The other patterns had introns at varying positions in the 
R2 or R3 domain. It was interesting that the two genes 
(SlR2R3MYB118 and 119) from pattern L–M had three 
introns at R2 and two introns at R3 domain.

Table 2   continued Clade SlMYB Exon 
number

Exon length (bp)

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12

S22 116 3 151 130 544

S23 22 3 142 130 124

S23 27 4 115 130 101 257

S24 104 3 176 244 540

S24 120 3 230 214 471

S25 98 3 491 127 660

S25 100 3 323 127 573

S25 118 3 500 127 411

S25 119 3 383 127 786

S26 69 3 292 480 188

S26 115 2 157 773

S26 117 3 463 498 293

S27 1 2 370 773

S27 44 1 1,086

S27 70 1 987

S27 73 1 573

S27 77 1 759

S27 109 2 310 815

S28 58 3 118 130 406

S28 59 3 115 180 466

S29 88 12 75 50 57 73 56 144 119 107 140 221 140 102

S29 110 12 108 47 57 73 56 180 170 146 143 221 155 111

63 3 139 130 463

101 3 303 868 290

91 1 1,083
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Figure 5 also show that the introns 1 and 2 in the two 
conserved positions (indicated by white inverted triangles) 
have phases 1 and 2, respectively. The other introns, with 
less conserved positions (black inverted triangles), are in 
phases 0, 1 or 2. Among the 210 introns analyzed here, 
approximately 43.8  % (92 out of 210) had phase 1 and 
49.5 % (104 out 210) had phase 2, whereas only 6.7 % had 
phases 0.

Genome distribution and gene duplication of tomato 
R2R3MYB genes

To determine the genomic distribution of the SlR2R3MYB 
genes, the DNA sequence of each SlR2R3MYB gene 
was used to search the tomato genome database using 
BLASTN. All of 121 R2R3MYB genes could be mapped on 
chromosomes 1–12 (Table 1; Fig. 6). Although each of the 
twelve tomato chromosomes contained some SlR2R3MYB 
genes, the distribution seemed to be uneven and the majori-
ties are clustered at the chromosomal ends (Fig.  6). The 
largest number of R2R3MYB genes was found on chromo-
some 6 (sixteen genes), followed by chromosome 10 (fif-
teen genes), chromosome 5 (thirteen genes), chromosome 
4 (eleven genes), chromosomes 1 and 2 (ten genes). Nine 

genes were distributed on each of chromosomes 3 and 7, 
and eight genes on each of chromosomes 8 and 12. Only 
five genes were located on chromosome 11. Relatively high 
densities of SlR2R3MYB genes were found in some chro-
mosomal regions, such as the top arm of chromosome 5, 
6, 9 and 10, and the bottom arm of chromosome 1, 2, 3, 4. 
In contrast, several large chromosomal regions lacked SlR-
2R3MYB genes, such as the top of chromosome 2 and the 
central sections of chromosome 1, 4, 5, 7, 8 and 11.

We further determined the tandem duplications of SlR-
2R3MYB genes along the 12 tomato chromosomes. Accord-
ing to the description reported by (Huang et al. 2012), the 
tandemly duplicated genes were defined as an array of two 
or more homologous genes within a range of 100-kb dis-
tance. As shown in Fig.  6, 24 SlR2R3MYB gene clusters 
(genes labeled by different color background) containing 
63 tandemly duplicated genes were identified on each chro-
mosome without chromosome 1. Totally, more than 50 % 
SlR2R3MYB genes on chromosome two (7 out of 10), five 
(8 out of 13), six (10 out of 16), seven (7 out of 9), nine (4 
out of 7) and ten (10 out of 15) are tandemly duplicated, 
indicating that the high density of SlR2R3MYB genes on 
these chromosomes are partially due to the tandem gene 
duplication events. Similar results were also found in the 

Fig. 4   Exon length distribution analysis of the tomato R2R3MYB 
genes. a Exon length (Exon 1–Exon 5) values were analyzed using 
Box plot depicted by SigmaPlot 10.0. Each box represents the exon 
size range in which 50  % of the values for a particular exon are 

grouped. The mean value is shown as a dotted line (red) and the 
median as a continuous line. b First, second and third exon lengths 
distribution of tomato R2R3MYB genes using 3D Scatter Plot 
depicted by SigmaPlot 10.0 (color figure online)
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tomato WRKY (Huang et al. 2012), SUN, OFP and YABBY 
(Huang et al. 2013) families.

Expression profiles for tomato R2R3MYB genes in different 
tissues and under different abiotic conditions

According to the Arabidopsis functional clades where SlR-
2R3MYB genes were in the phylogenetic tree (Fig. 3, Fig. S2, 
Table S1), we selected 51 putative tomato R2R3MYB genes 
responding to abiotic stress to gain insights into their role in 
tomato growth and development, and in abiotic stress toler-
ance. Their expression patterns in different tissues and three 
abiotic treatments were detected using real-time quantitative 

RT-PCR. The expression profiles of the 51 tomato R2R3MYB 
genes showed different patterns of tissue-specific expression 
(Fig. 7, Fig. S3). 44 out of 51 SlR2R3MYBs were expressed 
in all tissues tested, including both vegetative and floral tis-
sues, although the transcript abundance of some genes in 
specific tissues was very low. However, some SlR2R3MYBs 
showed organ/tissue-specific expression patterns in tomato 
(Fig. 7; Fig. S3). For example, SlMYB16 showed high levels 
of transcript abundance in stems, leaves, flowers and imma-
ture green fruits but low levels in the roots. The transcript 
abundances of SlMYB2, SlMYB20, SlMYB29, SlMYB43, 
SlMYB45, SlMYB53, SlMYB58, SlMYB73, SlMYB74, 
SlMYB79, SlMYB92, SlMYB93 and SlMYB102 were higher 

Fig. 5   Intron distribution patterns of 121 tomato R2R3MYB genes. 
Red, blue and green rectangles represented the R2 domain, R3 
domain and five amino acids between the R2 and R3 domain, respec-
tively. The intron splicing patterns were designated A–N, according to 
relative positions and phases within the MYB binding domains of the 
SlR2R3MYB proteins. The white triangles are used when the posi-
tion of the intron coincides with the intron 1 and intron 2 in example. 
The black triangles indicate that the location of the intron within the 

MYB binding domain corresponding to the example (line) is differ-
ent from the intron 1 and intron 2. The numbers above the triangles 
indicate the splicing phases, 0, 1, 2 refers to phase 0, 1, 2. The mark-
ers 1–20 beside the triangles show different positions of the introns. 
The number of tomato R2R3MYB proteins with each pattern is given 
at right. Here the position of introns in the variable region has been 
adjusted manually to make them more contracted (color figure online)
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in the roots than any other tissues. The expression of 
SlMYB3, 7, 21, 77, 112, 113, 115 and 116 were higher in the 
flowers than any other tissues. For the expression of other 
genes, two were restricted to vegetative tissues: SlMYB23 
and SlMYB117, two were limited to reproductive tissues: 
SlMYB3 and SlMYB62.

The expression of most SlR2R3MYB genes could also 
be detected in different developmental stages of the tomato 

fruits (Fig.  7, Fig. S3). During tomato fruit development, 
four genes, including SlMYB1, 32, 69 and 70 were down-
regulated, and three genes, including SlMYB49, 71 and 
78 were up-regulated along with the fruit development. In 
addition, three genes (SlMYB16, 30, 44) showed a similar 
expression pattern, with a lower expression at breaker stage.

In this study, the transcript abundances of the 51 SlR-
2R3MYB genes were investigated under NaCl (100  mM), 

Fig. 6   Chromosomal locations and predicted cluster for SlR2R3MYB 
genes. Chromosomal positions of the SlR2R3MYB genes are indi-
cated by SlR2R3MYB number. The scale is in megabases (Mb). The 

numbers below the name of the chromosome show the number of SlR-
2R3MYB genes in this chromosome. Tandemly duplicated gene clus-
ters are indicated in different colors
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low temperature (4  °C) and ABA (100 μM) treatments at 
the three-true-leaves stage, respectively. The results indi-
cated that 19 (~37.3  %) genes responded to at least one 
treatment, which included 10 genes responding to NaCl 
treatment, 9 genes to ABA and 14 genes to low tem-
perature (Fig.  8, Fig. S4, Fig. S5, Fig. S6). Among these 

genes, 6 genes (SlMYB11, 23, 28, 41, 49 and 116) were 
able to respond to two treatments and 3 (SlMYB62, 74 and 
102) genes to all three treatments. The rest 10 genes only 
responded to a single treatment. The expression of 8, 7 and 
10 genes were induced by NaCl, ABA and low tempera-
ture treatment, respectively, whereas 2, 2 and 4 genes were 
repressed, respectively (Fig. 8, Fig. S4, Fig. S5, Fig. S6). 
Interestingly, some genes behaved in an opposite manner 
to their expression profile when subjected to different treat-
ments. For example, SlMYB64 was induced by high salinity 
but was repressed by low temperature, and SlMYB28 was 
induced by high salinity and ABA, respectively, but was 
repressed by low temperature.

Discussion

Characterization of the tomato R2R3MYB family

R2R3MYBs constitute the most abundant group of tran-
scription factors described in plants (Dias et  al. 2003; 
Wilkins et  al. 2009). The MYB transcription factors have 
been implicated in multiple biological processes in plants, 
especially in regulating defense against biotic and abiotic 
stresses (Dubos et al. 2010). However, very little informa-
tion is available about the R2R3MYBs in tomato. Com-
plete and accurate annotation of genes is an essential 
starting point for further evolution and function study in 
gene family. This study identified and characterized 121 
tomato R2R3MYB genes based on the published tomato 
annotated genes in tomato genome through genome-wide 
analysis. Moreover, the genome of the inbred tomato cul-
tivar ‘Heinz 1706’ was sequenced and assembled using a 
combination of Sanger and ‘next generation’ technologies. 
Base accuracy is approximately one substitution error per 
29.4 kilobases (kb) and one indel error per 6.4 kb. The scaf-
folds were linked with two bacterial artificial chromosome 
(BAC)-based physical maps and anchored/oriented using 
a high-density genetic map, introgression line mapping 
and BAC fluorescence in situ hybridization (FISH) (The 
Tomato Genome Consortium 2012). Therefore, the num-
ber of SlR2R3MYB family was not the result of inadequate 
depth of genome coverage and may be complete.

Gene duplication played an important role in evolution 
(Ohno 1970). The plant genomes have experienced com-
prehensive sequence diversification (Bowers et  al. 2005), 
such as small fragment insertions, deletions, inversions, 
translocations, duplication (Navajas-Pérez and Paterson 
2009), chromosomal rearrangement and fusion (Simillion 
et  al. 2004) from an ancient-whole genome duplication 
event. These processes eventually led to species diversifica-
tion (Ohno 1970). The recent gene duplication events were 
the most important for the rapid expansion and evolution of 

Fig. 7   Heatmap showing the expression of SlR2R3MYB genes in dif-
ferent tissues. Quantitative RT-PCR was used to assess SlR2R3MYB 
transcript accumulation in total RNA samples extracted from seed-
ling, roots (R), stem (S), leaf (L), flowers (Fl), different develop-
ment fruits: immature green (IM), mature green (MG), breaker (Br), 
red-ripe (7 days after breaker stage) (RR). Values represent the best 
experiment among three independent biological replicates. Genes 
highly or weakly expressed in the tissues are colored red and green, 
respectively. Genes without expression are colored gray. The heat 
map was generated using cluster 3.0 software (color figure online)
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gene families (Cannon et al. 2004; Ling et al. 2011). Arabi-
dopsis (as well as rice and poplar) underwent the recent 
duplication events, which led to the large-scale expansion 
of the R2R3MYB family in their genome (Cannon et  al. 
2004; Taylor and Raes 2004). Song et  al. (2012) used 
tomato whole genome to detect the WGD (Whole Genome 
Duplication) event during the long evolutionary history of 
Solanaceae and two WGD events had been detected after 
the divergence of rice–Arabidopsis (monocot–dicot). The 
method utilized by (Huang et al. 2012) was used to detect 
whether recent small duplication blocks occurred in the 
SlR2R3MYB family. About 52  % (63/121) SlR2R3MYB 
genes were found to evolve from tandem gene duplica-
tion (Fig. 6), indicating that tandem gene duplication prob-
ably played a pivotal role in R2R3MYB gene expansion in 
tomato genome. Moreover, eight of the R2R3MYB gene 
pairs in tomato were genetically linked to each other on 
their corresponding chromosomal locations, which indi-
cated the existence of recent tandem duplication event in 
SlR2R3MYB genes. In addition, the tomato genome con-
tained the relatively large gene family size compared to 
grape, rice and cucumber. This may explain, in part, to the 
large number of genes found in tomato.

Phylogenetic analysis and evolution of tomato R2R3MYB 
genes

The evolutionary relationship of this gene family within 
and among the different species has been systematically 
studied, which divided the 1175 R2R3MYBs into 130 
clades (Fig. 3) and the 121 SlR2R3MYB members into 29 

clades (Fig. 2). There are quantitative differences in some 
clades among these 8 species, such as the subgroup C126 
which included 4 CsR2R3MYB, 6 AtR2R3MYB, 4 VvR-
2R3MYB, 7 OsR2R3MYB, 8 PtR2R3MYB, 15 GmR-
2R3MYB and 6 MdR2R3MYB proteins. This indicated 
that C126 is an expanded subgroup in tomato compared 
with the cucumber, Arabidopsis, grape, rice, poplar and 
apple R2R3MYB families except soybean. In addition, the 
gene loss and lineage-specific expansions were likely to be 
accounted for by genomic drift (Nozawa et al. 2007), so it 
is possible that some clades could have expanded differ-
ently in the R2R3MYB families of these 8 species.

The phylogenetic analysis and expression studies can 
serve as predictors of possible gene function in tomato. 
Similarities or differences in the expression patterns 
between tomato and Arabidopsis orthologs can point to 
conservation or diversification of gene function. Eighty-
four clades did not include any tomato R2R3MYB, 
which suggested that these clades were either lost in 
tomato or were acquired after divergence from the last 
common ancestor (Fig.  3). For example, three genes in 
subclade C110, AtMYB0 (GL1), AtMYB23, AtMYB66 
(WER), are known to be involved in epidermis cell-fate 
determination in Arabidopsis (Bloomer et al. 2012; Kang 
et  al. 2009; Tominaga-Wada et  al. 2012). In tomato, no 
subgroup C110 genes were observed, which indicated 
that the possible gene loss and/or lineage-specific expan-
sions may reflect species-specific adaptations (Nozawa 
et  al. 2007). The possible reason could be that multi-
cellular trichomes in tomato (as well as Cucumis sativus) 
develop through a transcriptional regulatory network that 

Fig. 8   Heatmap showing the expression patterns of tomato 
R2R3MYB genes under three abiotic stresses. Quantitative RT-PCR 
was used to assess SlR2R3MYB transcript accumulation in total RNA 
samples extracted from three-true-leave seedlings with three abi-
otic stresses. Of 51 selected R2R3MYB genes, 10 genes responded 
to NaCl (100  mM) treatment, 9 genes to ABA (100  μM) and 14 

genes to low temperature (4  °C). Values represent the best experi-
ment among three independent biological replicates. Genes highly 
or weakly expressed in the tissues are colored red and green, respec-
tively. Genes without expression are colored gray. The heat map was 
generated using cluster 3.0 software (color figure online)
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differs from those regulating unicellular trichome for-
mation in Arabidopsis (and perhaps cotton) (Serna and 
Martin 2006; Yang et  al. 2011). The AtMYB75, 90, 113 
and 114 genes in subgroup C65 play a role in the regula-
tion of anthocyanin biosynthesis (Gonzalez et  al. 2007; 
Borevitz et al. 2000), but none of the tomato R2R3MYB 
genes was grouped into C65. So, it would be interesting 
to characterize the anthocyanin-related R2R3MYB genes 
in tomato.

Some tomato R2R3MYB proteins were clustered into 
Arabidopsis functional clades (Fig. S2). This provided an 
excellent reference to explore the functions of the tomato 
R2R3MYB genes. For instance, SlMYB104 and SlMYB120 
shared a high level of sequence similarity with male gam-
ete cell formation protein AtMYB125 (DUO1). This 
implied that the possible functions of SlMYB104 and 
120 were related to male gamete cell division and differ-
entiation (Brownfield et  al. 2009). SlMYB16, 23, 25, 64 
and 106 were grouped into clade 34 with two Arabidop-
sis proteins, AtMYB16 (MIXTA), proposed to control 
the shape of petal epidermal cells (Baumann et  al. 2007) 
and AtMYB106 (NOK), a negative regulator of trichome 
branching (Jakoby et  al. 2008). This represented a func-
tional clade containing proteins responsible for cell devel-
opment or morphogenesis.

Four subgroups (C94, 97, 107 and 124) did not include 
any cucumber R2R3MYB proteins but only members from 
tomato, Arabidopsis, grape, rice, poplar, soybean and apple 
(Fig. 3, Fig. S2), suggesting that the genes in these clades 
may have been lost in cucumber during the evolutionary 
process. This could also explain why two subgroups (C40, 
and 111) were absent in the rice genome but not in tomato, 
cucumber, Arabidopsis, grape, poplar, soybean and apple 
(Fig.  3, Fig. S2). Furthermore, the species-specific sub-
groups were also observed (Fig. 3, Fig. S2), suggesting that 
R2R3MYB genes may have evolved in one species, or been 
lost in other species, following divergence of these 8 spe-
cies from the last common ancestor.

In addition, 9 R2R3MYB genes (SlMYB10, 13, 34, 66, 
76, 82, 84, 90 and 101) did not fit well into any of the 
clades, implying that these MYB genes may have special-
ized roles that were acquired in tomato during the process 
of tomato genome evolution (Fig. 3; Fig. S2). Our expres-
sion analysis revealed that tomato R2R3MYBs had a variety 
of expression patterns in different tissues (Fig. 7; Fig. S3). 
Therefore, we believe that these genes may regulate essen-
tial biological processes during tomato development.

Usually, the pattern of intron positioning provided an 
important evidence for evolutionary relationships. Previ-
ous studies demonstrated that the intron–exon structure 
was conserved within the same subgroup, but differed 
between subgroups in the MYB gene family in Arabidop-
sis, rice (Jiang et  al. 2004) and soybean (Du et  al. 2012). 

Unexpectedly, among the 29 subgroups, SlR2R3MYB 
genes in twelve subgroups (S1, 2, 3, 4, 10, 15, 16, 18, 21, 
22, 23, 26 and 27) did not always show similar intron–
exon structures in the same subgroup. In addition, intron–
exon structure was not conserved, even in the same sister 
pair (SlMYB22 and 27; SlMYB5 and 82; SlMYB94 and 96) 
(Fig.  2). As previously observed in cucumber (Li et  al. 
2012a), Arabidopsis, grape (Matus et al. 2008) and soybean 
(Du et al. 2012) R2R3MYB genes, the modal lengths of the 
first two exons were very similar (exon 1, 133  bp; exon 
2, 130  bp) and highly conserved. The exon length of the 
SlR2R3MYB family was also investigated and the results 
showed that the first two exon lengths were very simi-
lar to Arabidopsis, grape and soybean, which suggested 
that MYB binding domains could be partially conserved 
because exons coding for this domain have all evolved with 
restricted lengths (Fig. 4).

Spatio‑temporal expression of tomato R2R3MYB genes 
and their responses to abiotic conditions

The SlR2R3MYB genes in various tissues and fruit devel-
opmental stages with organ/tissue-specific or same expres-
sion patterns suggested that the encoded proteins may per-
form specific or redundant functions. The high expression 
divergence in different tissues reflected the complexity 
of gene family functions (Audran-Delalande et  al. 2012). 
For example, the eight genes are expressed in flowers with 
high expression levels than the other tissues, indicating that 
these tomato R2R3MYB genes are probably involved in the 
development of reproductive organs. Actually, many SlR-
2R3MYB genes were found to be differentially expressed 
during fruit development, indicating that SlR2R3MYB gene 
family might play an important role in the fruit develop-
ment and/or ripening of tomato. Overall, the tissue-pref-
erential expression displayed by some SlR2R3MYB genes 
could be indicative of their involvement in specific plant 
tissues and various aspects of physiological and develop-
mental processes.

Amounts of R2R3MYB proteins have been character-
ized by genetic analysis and have been found to occur in 
responses to various abiotic stresses (Dubos et  al. 2010; 
Zhang et  al. 2012). However, relatively few R2R3MYB 
family genes have been shown to respond to abiotic con-
ditions in tomato. To date, only one tomato R2R3MYB 
gene, AIM1, has been functionally characterized to 
respond to biotic and abiotic stresses (Abuqamar et  al. 
2009) (Table S1). For this reason, the expression patterns 
of tomato R2R3MYB genes were investigated under NaCl 
(100  mM), low temperature (4  °C) and ABA (100  μM) 
treatment, respectively. Out of 51 candidate genes, we 
identified 19 (~37.3  %) genes responded to at least one 
treatment of NaCl, ABA and low temperature (Fig.  8, 



1205Mol Genet Genomics (2014) 289:1183–1207	

1 3

Fig. S4, Fig. S5, Fig. S6). Interestingly, some genes, such 
as SlMYB28 and SlMYB64, showed opposing expres-
sion patterns under different stress conditions (Fig.  8, 
Fig. S4, Fig. S5, Fig. S6), this also occurred in cucumber 
R2R3MYB genes. These results indicated that they played 
a major role in the plant responses to abiotic conditions 
and involved in communication between different signal 
transduction pathways.

In conclusion, we identified a total of 121 R2R3MYB 
genes grouped into 29 clades in the tomato genome and 
found a number of tandem duplications which contributed 
to the expansion of this superfamily in tomato. The struc-
tural characteristics and the comparison of the phylogenetic 
relationships among SlR2R3MYBs will provide insight into 
the identification and comprehensive functional characteri-
zation of the R2R3MYB gene family from tomato and other 
species. Expression analysis revealed that SlR2R3MYB 
genes in tomato had different expression patterns in various 
tissues, multiple developmental stages of fruits and abiotic 
conditions. A number of SlR2R3MYB genes were discov-
ered to be involved in the development of flowers and fruits 
in tomato. To further explore the functions of these SlR-
2R3MYBs might provide a subset of candidate target genes 
for gene engineering to improve agronomic traits and/or 
stress tolerance in the future.
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