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Abstract 

Background:  The R2R3-MYB transcription factor is one of the largest gene families in plants and involved in the 
regulation of plant development, hormone signal transduction, biotic and abiotic stresses. Tobacco is one of the most 
important model plants. Therefore, it will be of great significance to investigate the R2R3-MYB gene family and their 
expression patterns under abiotic stress and senescence in tobacco.

Results:  A total of 174 R2R3-MYB genes were identified from tobacco (Nicotiana tabacum L.) genome and were 
divided into 24 subgroups based on phylogenetic analysis. Gene structure (exon/intron) and protein motifs were 
especially conserved among the NtR2R3-MYB genes, especially members within the same subgroup. The NtR2R3-MYB 
genes were distributed on 24 tobacco chromosomes. Analysis of gene duplication events obtained 3 pairs of tandem 
duplication genes and 62 pairs of segmental duplication genes, suggesting that segmental duplications is the major 
pattern for R2R3-MYB gene family expansion in tobacco. Cis-regulatory elements of the NtR2R3-MYB promoters were 
involved in cellular development, phytohormones, environmental stress and photoresponsive. Expression profile 
analysis showed that NtR2R3-MYB genes were widely expressed in different maturity tobacco leaves, and however, the 
expression patterns of different members appeared to be diverse. The qRT-PCR analysis of 15 NtR2R3-MYBs confirmed 
their differential expression under different abiotic stresses (cold, salt and drought), and notably, NtMYB46 was signifi-
cantly up-regulated under three treatments.

Conclusions:  In summary, a genome-wide identification, evolutionary and expression analysis of R2R3-MYB gene 
family in tobacco were conducted. Our results provided a solid foundation for further biological functional study of 
NtR2R3-MYB genes in tobacco.
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Background
MYB transcription factor is one of the largest members 
of the plant transcription factor family [1]. MYB proteins 
share a highly conserved DNA-binding domain (MYB), 
mostly located at the N-terminus of the protein. The 
MYB domains are characterized by one to four incom-
plete tandem repeat (R) structures (termed R1, R2, R3, 
R4). Each repeat is composed of 50 ~ 53 conserved amino 
acid residues and forms three α-helices. The second and 
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third helices can be folded to form a helix-turn-helix 
(HTH) structure, which is involved in DNA binding [2]. 
Three regularly spaced tryptophan residues (or other 
hydrophobic residues) form a hydrophobic core in the 
three-dimensional structure center of HTH, which is 
important for maintaining the configuration of HTH 
[3]. Sometimes, the tryptophan residues are replaced 
by other amino acids, such as aromatic amino acids and 
hydrophobic amino acids, especially in R3 domains. The 
C-terminal of MYB transcription factor usually con-
tains a transcriptional activation region rich in acidic 
amino acids, which is responsible for multiple protein 
regulatory activities. Based on the number and types of 
MYB repeats, the MYB family is subdivided into four 
major groups, namely 4R-MYB, 3R-MYB/R1R2R3-MYB, 
1R-MYB/MYB-related, 2R-MYB/R2R3-MYB [4].

R2R3-MYB transcription factor is predominantly pre-
sent in plants, which contains R2 and R3 domains. It was 
reported that the R2R3-MYB genes probably evolved 
from the loss of the R1 repeat in the R1R2R3-MYB gene 
or from the duplication of the R1 repeat in 1R-MYB 
gene [5, 6]. R2R3-MYB gene family is widely involved in 
the regulation of various biological processes, includ-
ing plant growth and development, hormone signaling, 
primary and secondary metabolism [7–9]. For example, 
AtMYB106, AtMYB16 and AtMYB17 are involved in the 
regulation of trichome branching, petal epidermal cell 
morphogenesis and early inflorescence development, 
respectively [10–12]. The biosynthesis of flavonoids is 
directly or indirectly controlled by three genes (P, C1, 
Pl) encoding R2R3-MYB domain in maize [1, 13, 14]. 
MYB7 gene in Actinidia deliciosa positively regulated 
the biosynthesis of carotenoids and chlorophyll [15]. 
Knockdown the expression of MYB305 of the orna-
mental tobacco which contains a conserved R2R3-MYB 
DNA binding domain resulted in the decrease expres-
sion of related genes in nectarins and flavonoid biosyn-
thetic [16]. In addition, most R2R3-MYB genes have 
also been suggested to regulate plant responses to biotic 
and abiotic stress conditions. For instance, overexpres-
sion of AtMYB75 in Arabidopsis can increase second-
ary metabolites (anthocyanins and flavonols), which 
can protect against pests [17]. OsMYB6 gene of rice as a 
stress-responsive factor which plays the role as a positive 
regulator in response to drought and salt stress resistance 
[18]. Increasing the expression of NtMYB4a may pro-
mote anthocyanin accumulation, and thereby increase 
antioxidant capability and tolerance to low temperature 
of tobacco plant [19]. Tobacco NtMYB12 overexpression 
adapts to low Pi stress environment via regulating the 
contents of flavonol and phosphorus [20].

Tobacco is one of the most important model plants 
[21]. Like other plants, tobacco is often subjected to 

stress such as low temperature, salt, strong light, drought 
and other stresses, which leads to the reduction of pro-
duction. Leaf senescence is an important production 
process with a positive and orderly process accompanied 
by the changes of leaf color, cell structure, biochemical 
metabolism and gene expression level, along with a series 
of degradations, which is related to secondary metabo-
lites, such as flavonoids, carotenoids, chlorophyll, etc. 
[22, 23]. The regulatory role of R2R3-MYB genes in abi-
otic stress response, plant growth and development has 
been assessed in several studies [12, 18, 24]. The investi-
gation of the R2R3-MYB gene family and their expression 
patterns under various stresses including abiotic stress 
and senescence in tobacco is of great significance for the 
study of plant physiology and development.

In this study, a comprehensive investigation of R2R3-
MYB gene family, including gene structures, chromo-
somal localization, phylogenetic relationship, motif 
composition, duplication events and cis-element compo-
sitions was performed using the current tobacco genome 
sequence data. Moreover, the gene expression profile in 
different senescence stages of tobacco leaves and expres-
sion pattern under various abiotic stresses such as cold, 
salt, and drought treatments were analyzed. The objec-
tives of this study were to systematically analyze the 
sequence structures of tobacco R2R3-MYB gene family 
and explore the evolutionary relationship of R2R3-MYB 
gene family in plant, and thereby, reveal the expression 
regulation of the R2R3-MYB gene family members under 
various stresses or adversity condition of senescence. The 
information derived from this study lay a foundation for 
further functional investigation on the R2R3-MYB gene 
family in tobacco.

Results
Characterization and distribution of R2R3‑MYB genes 
in tobacco genome
In this study, a total of 174 NtR2R3-MYB genes were 
identified in tobacco and were renamed from NtMYB1 to 
NtMYB174 (Table 1). The information of these NtR2R3-
MYB genes and their corresponding proteins are showed 
in Table 1 and Additional file 1: Table S1, namely, gene ID, 
location, number of exons, protein length (aa), molecular 
weight (MW), theoretical isoelectric point (pI) and sub-
cellular location. The protein lengths varied greatly from 
192aa (NtMYB37, NtMYB39) to 505aa (NtMYB96). The 
molecular weights ranged from 22,003.55 Da (NtMYB37) 
to 55,710.67 Da (NtMYB96), and the theoretical iso-
electric point (pI) ranged from 4.80 (NtMYB56) to 9.77 
(NtMYB3). Subcellular localization prediction indicated 
that the majority NtR2R3-MYB members were located 
in the nucleus. In addition, the chromosome positions of 
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Table 1  The R2R3-MYB family genes in Nicotiana tabacum L

Gene Name Gene ID Location Exon Protein 
length (aa)

MW (Da) pI Subcellular location

NtMYB1 Nitab4.5_0003163g0090.1 Nitab4.5_0003163 2 279 31,833.62 6.10 Nuclear

NtMYB2 Nitab4.5_0001730g0050.1 Nitab4.5_0001730 2 280 31,950.76 6.08 Nuclear

NtMYB3 Nitab4.5_0000673g0080.1 Nt15 3 231 26,853.27 9.77 Nuclear

NtMYB4 Nitab4.5_0000109g0340.1 Nt04 2 297 34,408.15 9.10 Nuclear

NtMYB5 Nitab4.5_0004437g0020.1 Nitab4.5_0004437 3 270 30,067.05 9.05 Nuclear

NtMYB6 Nitab4.5_0002728g0020.1 Nt23 2 299 34,523.17 8.98 Nuclear

NtMYB7 Nitab4.5_0006880g0040.1 Nitab4.5_0006880 2 298 34,220.92 9.10 Nuclear

NtMYB8 Nitab4.5_0017504g0010.1 Nitab4.5_0017504 3 215 24,922.58 8.99 Nuclear

NtMYB9 Nitab4.5_0000189g0200.1 Nitab4.5_0000189 3 387 43,320.24 6.41 Nuclear

NtMYB10 Nitab4.5_0000303g0330.1 Nt22 3 331 36,890.00 9.04 Nuclear

NtMYB11 Nitab4.5_0012287g0020.1 Nitab4.5_0012287 3 215 24,927.65 8.83 Nuclear

NtMYB12 Nitab4.5_0002222g0050.1 Nt23 4 279 31,844.87 9.46 Nuclear

NtMYB13 Nitab4.5_0004379g0020.1 Nitab4.5_0004379 3 308 35,692.25 6.48 Nuclear

NtMYB14 Nitab4.5_0001007g0040.1 Nt01 3 330 37,561.96 7.10 Nuclear

NtMYB15 Nitab4.5_0016704g0010.1 Nitab4.5_0016704 3 277 32,076.03 5.68 Nuclear

NtMYB16 Nitab4.5_0000044g0310.1 Nt14 3 281 31,984.67 5.08 Nuclear

NtMYB17 Nitab4.5_0000247g0080.1 Nt04 2 264 29,833.73 8.96 Nuclear

NtMYB18 Nitab4.5_0004662g0010.1 Nitab4.5_0004662 3 281 32,028.68 5.08 Nuclear

NtMYB19 Nitab4.5_0000436g0250.1 Nt14 3 256 29,567.10 5.44 Nuclear

NtMYB20 Nitab4.5_0007938g0010.1 Nitab4.5_0007938 3 320 36,739.11 5.75 Nuclear

NtMYB21 Nitab4.5_0008924g0010.1 Nitab4.5_0008924 3 376 42,817.57 5.77 Nuclear

NtMYB22 Nitab4.5_0002250g0030.1 Nt23 2 273 31,206.27 5.48 Nuclear

NtMYB23 Nitab4.5_0003631g0010.1 Nt16 3 348 39,211.35 5.90 Nuclear

NtMYB24 Nitab4.5_0002714g0010.1 Nt21 3 320 36,558.99 5.75 Nuclear

NtMYB25 Nitab4.5_0005304g0030.1 Nitab4.5_0005304 4 270 30,750.81 8.95 Nuclear

NtMYB26 Nitab4.5_0000232g0160.1 Nt12 3 376 42,584.38 7.78 Nuclear

NtMYB27 Nitab4.5_0000021g0690.1 Nt04 2 358 40,501.32 6.37 Nuclear

NtMYB28 Nitab4.5_0000302g0200.1 Nt22 3 278 32,005.06 5.53 Nuclear

NtMYB29 Nitab4.5_0010133g0010.1 Nitab4.5_0010133 2 347 38,694.05 6.02 Nuclear

NtMYB30 Nitab4.5_0000769g0140.1 Nitab4.5_0000769 3 335 38,067.87 5.74 Nuclear

NtMYB31 Nitab4.5_0005512g0020.1 Nitab4.5_0005512 3 412 45,423.31 5.61 Nuclear

NtMYB32 Nitab4.5_0005819g0010.1 Nitab4.5_0005819 2 361 40,247.79 6.11 Nuclear

NtMYB33 Nitab4.5_0000568g0090.1 Nt17 3 406 44,589.22 5.41 Nuclear

NtMYB34 Nitab4.5_0000274g0200.1 Nt17 4 324 36,112.10 5.45 Nuclear

NtMYB35 Nitab4.5_0000649g0090.1 Nt17 3 377 43,062.99 5.74 Nuclear

NtMYB36 Nitab4.5_0002030g0030.1 Nitab4.5_0005819 4 323 35,970.08 5.34 Nuclear

NtMYB37 Nitab4.5_0002529g0070.1 Nt17 3 192 22,003.55 6.60 Nuclear

NtMYB38 Nitab4.5_0000121g0260.1 Nt24 3 346 38,617.93 6.25 Nuclear

NtMYB39 Nitab4.5_0002217g0020.1 Nt03 3 192 22,011.62 6.60 Nuclear

NtMYB40 Nitab4.5_0000634g0210.1 Nt22 2 350 39,115.28 5.94 Nuclear

NtMYB41 Nitab4.5_0004704g0020.1 Nitab4.5_0004704 3 339 37,732.30 5.83 Nuclear

NtMYB42 Nitab4.5_0000842g0120.1 Nt04 3 355 39,487.19 5.85 Nuclear

NtMYB43 Nitab4.5_0000141g0070.1 Nt09 3 358 40,625.05 8.66 Nuclear

NtMYB44 Nitab4.5_0000116g0020.1 Nt19 4 384 43,672.85 5.03 Nuclear

NtMYB45 Nitab4.5_0000906g0090.1 Nitab4.5_0000906 4 415 46,855.05 4.86 Nuclear

NtMYB46 Nitab4.5_0000889g0030.1 Nt20 3 348 38,953.29 6.19 Nuclear

NtMYB47 Nitab4.5_0005586g0010.1 Nt15 3 291 33,336.13 5.99 Nuclear

NtMYB48 Nitab4.5_0010251g0010.1 Nitab4.5_0010251 5 294 33,247.57 8.10 Nuclear

NtMYB49 Nitab4.5_0001186g0080.1 Nt22 2 349 38,905.01 6.00 Nuclear
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Table 1  (continued)

Gene Name Gene ID Location Exon Protein 
length (aa)

MW (Da) pI Subcellular location

NtMYB50 Nitab4.5_0000057g0160.1 Nt12 3 297 34,210.97 6.27 Nuclear

NtMYB51 Nitab4.5_0001019g0020.1 Nitab4.5_0001019 3 335 38,102.89 5.84 Nuclear

NtMYB52 Nitab4.5_0000083g0200.1 Nt13 3 332 37,137.29 6.92 Nuclear

NtMYB53 Nitab4.5_0005842g0010.1 Nitab4.5_0005842 3 322 37,158.58 7.62 Nuclear

NtMYB54 Nitab4.5_0001295g0260.1 Nt04 4 338 38,240.08 6.55 Nuclear

NtMYB55 Nitab4.5_0001041g0130.1 Nt14 3 261 30,652.74 9.44 Nuclear

NtMYB56 Nitab4.5_0018794g0010.1 Nitab4.5_0018794 3 275 31,595.75 4.80 Nuclear

NtMYB57 Nitab4.5_0005224g0050.1 Nitab4.5_0005224 3 294 33,426.74 7.80 Nuclear

NtMYB58 Nitab4.5_0002137g0010.1 Nitab4.5_0002137 3 464 51,655.76 5.77 Nuclear

NtMYB59 Nitab4.5_0008050g0020.1 Nitab4.5_0008050 3 298 33,438.64 6.20 Nuclear

NtMYB60 Nitab4.5_0002906g0080.1 Nt04 3 293 33,161.35 7.01 Nuclear

NtMYB61 Nitab4.5_0001622g0080.1 Nt01 3 322 36,081.65 7.61 Nuclear

NtMYB62 Nitab4.5_0002300g0110.1 Nt22 3 449 48,659.87 5.24 Nuclear

NtMYB63 Nitab4.5_0000387g0040.1 Nt05 3 290 32,869.09 6.79 Nuclear

NtMYB64 Nitab4.5_0006658g0010.1 Nt08 3 274 31,241.42 4.84 Nuclear

NtMYB65 Nitab4.5_0000844g0110.1 Nt17 2 360 40,537.50 6.60 Nuclear

NtMYB66 Nitab4.5_0000428g0150.1 Nt19 3 450 48,565.84 5.26 Nuclear

NtMYB67 Nitab4.5_0000564g0080.1 Nt17 3 304 34,305.37 5.93 Nuclear

NtMYB68 Nitab4.5_0009259g0010.1 Nitab4.5_0009259 3 485 53,842.35 5.44 Nuclear

NtMYB69 Nitab4.5_0000365g0050.1 Nt17 3 257 28,763.40 7.54 Nuclear

NtMYB70 Nitab4.5_0000614g0110.1 Nt03 2 358 40,397.36 6.11 Nuclear

NtMYB71 Nitab4.5_0000081g0200.1 Nt09 3 424 47,599.55 6.47 Nuclear

NtMYB72 Nitab4.5_0000103g0310.1 Nt04 3 276 32,220.78 5.58 Nuclear

NtMYB73 Nitab4.5_0006318g0060.1 Nt03 3 305 34,332.33 6.04 Nuclear

NtMYB74 Nitab4.5_0003511g0010.1 Nt19 3 421 47,609.76 8.01 Nuclear

NtMYB75 Nitab4.5_0001863g0170.1 Nt03 3 267 30,867.70 5.94 Nuclear

NtMYB76 Nitab4.5_0003683g0020.1 Nitab4.5_0003683 4 323 35,789.44 4.97 Nuclear

NtMYB77 Nitab4.5_0001081g0060.1 Nitab4.5_0001081 3 421 47,340.48 6.71 Nuclear

NtMYB78 Nitab4.5_0002714g0060.1 Nt21 3 247 28,371.92 8.91 Nuclear

NtMYB79 Nitab4.5_0001048g0070.1 Nt22 3 364 40,464.90 6.27 Nuclear

NtMYB80 Nitab4.5_0002721g0050.1 Nitab4.5_0002721 3 283 32,031.79 7.63 Nuclear

NtMYB81 Nitab4.5_0008604g0010.1 Nitab4.5_0008604 3 255 29,530.09 9.02 Nuclear

NtMYB82 Nitab4.5_0002352g0080.1 Nt08 3 362 40,166.57 6.27 Nuclear

NtMYB83 Nitab4.5_0000578g0120.1 Nt02 3 314 35,069.22 7.52 Nuclear

NtMYB84 Nitab4.5_0000541g0100.1 Nt07 3 422 47,691.75 8.01 Nuclear

NtMYB85 Nitab4.5_0004051g0020.1 Nitab4.5_0004051 3 335 38,513.93 5.58 Nuclear

NtMYB86 Nitab4.5_0001213g0100.1 Nt21 5 481 53,651.94 5.66 Nuclear

NtMYB87 Nitab4.5_0000769g0210.1 Nitab4.5_0000769 3 327 37,985.21 5.88 Nuclear

NtMYB88 Nitab4.5_0004482g0030.1 Nt23 2 281 31,759.71 5.18 Nuclear

NtMYB89 Nitab4.5_0000041g0400.1 Nt15 3 215 25,017.47 5.89 Nuclear

NtMYB90 Nitab4.5_0007679g0010.1 Nitab4.5_0007679 3 317 35,491.55 6.45 Nuclear

NtMYB91 Nitab4.5_0001318g0060.1 Nt05 3 241 27,878.46 5.54 Nuclear

NtMYB92 Nitab4.5_0004993g0020.1 Nt09 3 336 38,085.43 8.57 Nuclear

NtMYB93 Nitab4.5_0003061g0020.1 Nt08 3 245 28,208.46 8.06 Nuclear

NtMYB94 Nitab4.5_0007042g0010.1 Nt01 2 284 31,955.02 5.17 Nuclear

NtMYB95 Nitab4.5_0004551g0030.1 Nitab4.5_0004551 2 342 39,174.80 6.01 Nuclear

NtMYB96 Nitab4.5_0000271g0230.1 Nitab4.5_0000271 3 505 55,710.67 5.31 Nuclear

NtMYB97 Nitab4.5_0004193g0070.1 Nt06 3 273 31,079.67 6.31 Nuclear

NtMYB98 Nitab4.5_0001334g0020.1 Nt22 3 282 32,969.78 8.54 Nuclear
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Table 1  (continued)

Gene Name Gene ID Location Exon Protein 
length (aa)

MW (Da) pI Subcellular location

NtMYB99 Nitab4.5_0011760g0030.1 Nitab4.5_0011760 3 323 36,003.45 6.38 Nuclear

NtMYB100 Nitab4.5_0003242g0050.1 Nt18 3 285 32,075.69 6.83 Nuclear

NtMYB101 Nitab4.5_0002160g0080.1 Nitab4.5_0002160 3 307 34,335.39 7.11 Nuclear

NtMYB102 Nitab4.5_0000201g0150.1 Nitab4.5_0000201 3 302 34,343.53 5.02 Nuclear

NtMYB103 Nitab4.5_0002560g0010.1 Nitab4.5_0002560 3 235 27,290.34 6.08 Nuclear

NtMYB104 Nitab4.5_0000363g0320.1 Nt17 3 351 39,800.29 4.96 Nuclear

NtMYB105 Nitab4.5_0000225g0010.1 Nt14 3 295 34,323.28 7.23 Nuclear

NtMYB106 Nitab4.5_0001442g0010.1 Nitab4.5_0001442 3 337 38,358.58 8.46 Nuclear

NtMYB107 Nitab4.5_0001074g0040.1 Nitab4.5_0001074 3 371 42,214.45 6.16 Nuclear

NtMYB108 Nitab4.5_0006893g0010.1 Nt13 3 345 39,161.20 5.04 Nuclear

NtMYB109 Nitab4.5_0000747g0030.1 Nt09 3 283 32,046.96 5.95 Nuclear

NtMYB110 Nitab4.5_0006144g0030.1 Nitab4.5_0006144 3 355 40,694.11 4.82 Nuclear

NtMYB111 Nitab4.5_0000205g0020.1 Nt18 2 435 47,856.34 6.60 Nuclear

NtMYB112 Nitab4.5_0000103g0300.1 Nt04 3 267 31,067.60 5.47 Nuclear

NtMYB113 Nitab4.5_0001050g0010.1 Nt08 3 314 35,688.67 7.48 Nuclear

NtMYB114 Nitab4.5_0003781g0060.1 Nitab4.5_0003781 3 270 30,619.96 5.06 Nuclear

NtMYB115 Nitab4.5_0006804g0010.1 Nitab4.5_0006804 3 329 37,315.85 6.53 Nuclear

NtMYB116 Nitab4.5_0008289g0010.1 Nitab4.5_0008289 2 446 49,114.75 6.32 Nuclear

NtMYB117 Nitab4.5_0003478g0050.1 Nitab4.5_0003478 3 328 37,275.75 7.02 Nuclear

NtMYB118 Nitab4.5_0005004g0050.1 Nitab4.5_0005004 3 355 40,635.36 6.47 Nuclear

NtMYB119 Nitab4.5_0012173g0010.1 Nitab4.5_0012173 3 323 36,591.55 8.11 Nuclear

NtMYB120 Nitab4.5_0000610g0290.1 Nt09 3 197 23,319.31 8.98 Nuclear

NtMYB121 Nitab4.5_0006516g0020.1 Nitab4.5_0006516 3 258 29,584.34 8.74 Nuclear

NtMYB122 Nitab4.5_0000958g0010.1 Nitab4.5_0000958 3 240 27,565.39 9.54 Nuclear

NtMYB123 Nitab4.5_0000063g0150.1 Nt24 3 299 33,432.60 8.86 Nuclear

NtMYB124 Nitab4.5_0003212g0030.1 Nt08 3 238 27,567.72 5.79 Nuclear

NtMYB125 Nitab4.5_0003324g0040.1 Nitab4.5_0003324 3 280 32,332.22 5.69 Nuclear

NtMYB126 Nitab4.5_0003179g0030.1 Nitab4.5_0003179 3 221 26,376.80 8.26 Nuclear

NtMYB127 Nitab4.5_0000958g0020.1 Nitab4.5_0000958 3 271 31,650.18 6.34 Nuclear

NtMYB128 Nitab4.5_0002293g0010.1 Nt06 3 268 31,228.87 5.93 Nuclear

NtMYB129 Nitab4.5_0005019g0040.1 Nitab4.5_0005019 5 293 32,724.01 6.10 Plasma Membrane

NtMYB130 Nitab4.5_0000244g0260.1 Nt18 3 376 42,425.45 5.93 Nuclear

NtMYB131 Nitab4.5_0001814g0020.1 Nt11 3 311 35,910.95 6.60 Nuclear

NtMYB132 Nitab4.5_0000070g0110.1 Nt17 3 252 29,568.27 8.52 Nuclear

NtMYB133 Nitab4.5_0001163g0150.1 Nt22 3 309 35,134.18 7.42 Nuclear

NtMYB134 Nitab4.5_0002626g0050.1 Nt05 6 276 31,084.17 6.77 Nuclear

NtMYB135 Nitab4.5_0005769g0040.1 Nitab4.5_0005769 3 294 34,548.53 5.94 Nuclear

NtMYB136 Nitab4.5_0000080g0070.1 Nt13 3 256 29,565.26 9.11 Nuclear

NtMYB137 Nitab4.5_0000895g0130.1 Nt15 3 263 30,829.51 6.13 Nuclear

NtMYB138 Nitab4.5_0000103g0280.1 Nt04 4 224 25,692.46 9.53 Nuclear

NtMYB139 Nitab4.5_0000642g0100.1 Nitab4.5_0000642 3 354 39,785.35 6.10 Nuclear

NtMYB140 Nitab4.5_0000278g0070.1 Nt04 2 400 43,099.14 5.62 Nuclear

NtMYB141 Nitab4.5_0005708g0020.1 Nitab4.5_0005708 2 401 43,138.26 5.65 Nuclear

NtMYB142 Nitab4.5_0001373g0030.1 Nt17 2 301 33,224.05 7.11 Nuclear

NtMYB143 Nitab4.5_0000569g0180.1 Nt15 2 236 25,652.79 7.74 Nuclear

NtMYB144 Nitab4.5_0000210g0060.1 Nt23 3 315 36,121.22 6.12 Nuclear

NtMYB145 Nitab4.5_0006450g0010.1 Nitab4.5_0006450 3 315 36,204.08 5.43 Nuclear

NtMYB146 Nitab4.5_0002578g0010.1 Nt03 1 357 39,264.88 7.12 Nuclear

NtMYB147 Nitab4.5_0008039g0010.1 Nitab4.5_0008039 1 258 28,738.10 9.12 Nuclear
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some NtR2R3-MYB genes could not yet be defined due to 
the incomplete sequencing of tobacco genome.

A total of 107 NtR2R3-MYB genes were unevenly dis-
tributed on 24 chromosomes of tobacco, while 67 genes 
were mapped to unattributed scaffolds (Fig. 1). Chromo-
some 4 contained the biggest number of NtR2R3-MYBs 
(13 genes), while chromosome 17 contained 10 NtR2R3-
MYBs, and chromosome 22 had 8 NtR2R3-MYBs. In 
contrast, chromosome 11 only contained 1 NtR2R3-
MYB gene. In our study, 3 pairs of tandem duplication 
genes on chromosome 4 (NtMYB72/112, NtMYB72/138, 
NtMYB112/138) and 62 pairs of segmental duplication 
genes were identified in tobacco R2R3-MYB gene family 
(Fig. 2, Additional file 2: Table S2).

Phylogenetics and gene structure of the NtR2R3‑MYBs
To investigate the evolutionary relationships among 
NtR2R3-MYB genes, a phylogenetic tree was constructed 
based on the amino acid sequences of 174 NtR2R3-MYB 
genes by using the MEGA-X software (Fig.  3A). The 

NtR2R3-MYBs were classified into 24 subgroups (A to X) 
with at least 50% bootstrap supported on phylogenetic 
trees (Fig.  3A). However, 5 NtR2R3-MYBs (NtMYB139, 
NtMYB9, NtMYB61, NtMYB103 and NtMYB27) could 
not be assigned to any of the 24 subgroups due to the 
low bootstrap values (< 50%). Among these subgroups, 
subgroup A (27 members) and X (21 members) were the 
two largest groups and these two subgroups represented 
more than 27% of the total NtR2R3-MYB members. In 
contrast, subfamilies B, C, F, J, K, N and T only contained 
two members.

Gene structure (Fig.  3B) analysis of NtR2R3-MYBs 
showed that the number of introns was varied from 0 
to 11. The highest number (11) of introns was possessed 
by NtMYB173 and NtMYB174. Notably, a great number 
of R2R3-MYB genes (119 members, 68.39%) had a con-
served gene structure with two introns and three exons, 
while 10 NtR2R3-MYBs completely lacked the introns. 
Similar exon-intron structural patterns were found 
among members within the same subgroup, especially 

Table 1  (continued)

Gene Name Gene ID Location Exon Protein 
length (aa)

MW (Da) pI Subcellular location

NtMYB148 Nitab4.5_0011004g0010.1 Nitab4.5_0011004 3 243 28,553.78 7.25 Nuclear

NtMYB149 Nitab4.5_0000008g0380.1 Nt02 2 364 39,638.73 5.33 Nuclear

NtMYB150 Nitab4.5_0005060g0020.1 Nitab4.5_0005060 1 332 36,533.55 9.17 Nuclear

NtMYB151 Nitab4.5_0001818g0030.1 Nt07 3 311 35,476.48 6.05 Nuclear

NtMYB152 Nitab4.5_0001180g0160.1 Nt04 4 257 29,799.39 9.30 Nuclear

NtMYB153 Nitab4.5_0001984g0040.1 Nt12 1 329 36,163.18 9.07 Nuclear

NtMYB154 Nitab4.5_0000068g0400.1 Nt12 1 258 28,770.10 8.86 Nuclear

NtMYB155 Nitab4.5_0001176g0010.1 Nt02 3 311 35,523.52 8.19 Nuclear

NtMYB156 Nitab4.5_0000683g0060.1 Nt06 1 255 27,976.61 6.76 Nuclear

NtMYB157 Nitab4.5_0000797g0020.1 Nt04 1 258 28,448.05 7.68 Nuclear

NtMYB158 Nitab4.5_0002152g0050.1 Nt10 2 364 39,622.70 5.39 Nuclear

NtMYB159 Nitab4.5_0001966g0010.1 Nitab4.5_0001966 1 290 31,772.73 6.33 Nuclear

NtMYB160 Nitab4.5_0005973g0020.1 Nt06 5 275 32,382.32 9.70 Nuclear

NtMYB161 Nitab4.5_0000514g0130.1 Nt04 3 377 43,759.81 5.91 Nuclear

NtMYB162 Nitab4.5_0002403g0060.1 Nt06 3 373 43,268.20 6.39 Nuclear

NtMYB163 Nitab4.5_0001087g0070.1 Nt16 2 316 36,177.08 9.40 Nuclear

NtMYB164 Nitab4.5_0006037g0010.1 Nt05 3 338 38,823.57 6.98 Nuclear

NtMYB165 Nitab4.5_0000174g0270.1 Nt12 2 320 36,827.87 9.54 Nuclear

NtMYB166 Nitab4.5_0001612g0030.1 Nt02 4 423 47,479.16 5.92 Nuclear

NtMYB167 Nitab4.5_0000325g0020.1 Nt02 3 435 49,747.63 6.15 Nuclear

NtMYB168 Nitab4.5_0000918g0020.1 Nt10 3 445 50,496.34 5.57 Nuclear

NtMYB169 Nitab4.5_0007287g0010.1 Nitab4.5_0007287 1 377 43,129.36 9.36 Nuclear

NtMYB170 Nitab4.5_0000010g0220.1 Nt13 3 442 49,473.52 6.24 Nuclear

NtMYB171 Nitab4.5_0003500g0020.1 Nitab4.5_0003500 3 436 49,151.29 6.90 Nuclear

NtMYB172 Nitab4.5_0007139g0020.1 Nitab4.5_0007139 1 361 41,265.04 9.24 Nuclear

NtMYB173 Nitab4.5_0007777g0020.1 Nt20 12 471 52,750.84 5.87 Nuclear

NtMYB174 Nitab4.5_0003062g0070.1 Nt24 12 459 51,678.72 6.34 Nuclear
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the exon number and exon length were relatively con-
servative (Fig. 3).

Domain and motif analysis of the NtR2R3‑MYBs
A total of 20 conserved motifs were predicted for 174 
NtR2R3-MYB proteins using the online MEME pro-
gram (Fig.  4). The lengths and conserved sequence of 
each motif is listed in Additional file  3: Table  S3. The 
motif composition and distribution were found rela-
tively conservative among members within the same 
subgroup (Fig. 4). The motif1, motif2 and motif3 located 
in the N-terminal of the majority NtR2R3-MYB protein 

sequences. There were conserved tryptophan residues 
in these three motifs, which were related to R2 and R3 
domains. The type and number of motifs were similar 
in same subgroup, which suggested that motif pattern 
might be related to the function of MYB protein. Dif-
ferent subgroups usually possessed specific motifs, most 
of which located in the C-terminal. For example: motif7 
and motif9 were specific to P; motif10 and motif13 only 
appear in A; motif8, motif14, and motif18 was presented 
in G, L, and Q alone, respectively.

To further explore the conservative domain of the 
NtR2R3-MYB proteins, the multiple alignment of the 174 

Fig. 1  The distribution of NtR2R3-MYB genes on 24 chromosomes in tobacco. The scale bar of the left displays the length of tobacco chromosomes
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NtR2R3-MYB protein sequences was performed based 
on DNAMAN software, and the R2 and R3 sequence 
logos of MYB were generated by WebLogo (Fig. 5). As a 
result, NtR2R3-MYB members possess the typical char-
acteristics of MYB conserved domains, and the R2 and 
R3 repeat of NtR2R3-MYB contain about 52 amino acid 
residues. The R2 repeat contains three highly conserved 
tryptophan residues (W), forming a hydrophobic core zin 

HTH structure. The first tryptophan residues (W) of R3 
repeat often was replaced by a phenylalanine (F), isoleu-
cine (I) or leucine (L) residues, whereas the second and 
third tryptophan residues were highly conserved, and 
this result was consistent with A. thaliana [4]. We also 
observed that some amino acid residues showed highly 
conservative, such as G-2, E-8, D-9, L-12, G-20, L-33, 
R-35, K-38, S-39, C-40, R-41, L-42, R-43, N-46, L-48 and 

Fig. 2  Gene duplication of NtR2R3-MYB genes on 24 chromosomes of tobacco genome. The segmental duplicated gene pairs are linked by 
different colored lines, and the tandem duplicated gene pairs of Nt04 are marked with red dashed lines. The corresponding relationships of 
duplicated gene are listed in Additional file 2: Table S2
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Fig. 3  Gene structure and evolution of R2R3-MYB family in Nicotiana tabacum. A Phylogenetic relationships of NtR2R3-MYBs. Different subgroups 
were marked with different colors. B Intron-exon structure of NtR2R3-MYBs. Green boxes: exons; Yellow boxes: UTR; spaces between the boxes: 
introns. The scale bar of bottom demonstrates the length of exons and introns
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Fig. 4  Conserved motifs for NtR2R3-MYB proteins in Nicotiana tabacum. Different motifs are showed with different colored boxes and numbers 
(1–20). The gray lines represent the non-conserved sequences. The lengths of motifs can be estimated using the scale at the bottom
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P-50 in the R2 repeat and E-10, G-22, N-23, I-28, A-29, 
P-33, G-34, R-35, T-36, D-37, N-38, K-41 and N-42 in the 
R3 repeat. These highly conserved amino acid residues 
may be associated with conserved tryptophan residues 
to maintain the helix-turn-helix (HTH) structure of MYB 
transcription factor.

Promoter cis‑elements analysis of NtR2R3‑MYBs
Promoter cis-elements play critical roles in the initia-
tion of gene expression. A total of 37 cis-regulatory were 
identified in the promoter region of NtR2R3-MYB genes, 
which could be classified into four categories elements, 
including cellular development, phytohormones, envi-
ronmental stress and photoresponsive elements (Fig.  6, 
Additional file  4: Table  S4). There were seven cis-acting 
elements related to cell development, such as CAT-box, 
MSA-like, GCN4_motif, CCAAT-box, MBSI, HD-Zip 1, 
and RY-element. Twelve phytohormone-responsive ele-
ments were identified, namely, CGTCA-motif, TGACG-
motif, ABRE, P-box, TGA-element, TCA-element, 
AuxRR-core, TATC-box, GARE-motif, AuxRE, A-box 
and O2-site. These cis-elements are involved in JA/
MeJA, abscisic acid, gibberellin, auxin, salicylic acid 

responsiveness and zein metabolism regulation. Mean-
while, the ABRE responsiveness elements were the most 
common in the NtR2R3-MYB gene promoters. In addi-
tion, ten light responsive elements were calculated, 
including GT1-motif, G-Box, Box  4, MRE, ATC-motif, 
Sp1, ATCT-motif, ACE, 3-AF1 binding site, and AAAC-
motif. Almost all NtR2R3-MYB genes contained at least 
one phytohormone-responsive element in their pro-
moter regions. There were 8 cis-regulatory elements that 
associated with response to external or environmental 
stresses were also present. This category includes low-
temperature responsive element (LTR), anaerobic induc-
tion elements (ARE, GC-motif ), drought-inducibility 
element (MBS), defense and stress responsive element 
(TC-rich repeats), circadian control element (circadian), 
wound-responsive element (WUN-motif ), as well as AT-
rich element. G-Box, Box 4, and ARE elements appear in 
most promoters of NtR2R3-MYB genes. The expression 
of these genes might be regulated by phytohormones, 
diverse light-responsiveness cis-elements, defense sign-
aling transduction, and abiotic stresses during tobacco 
growth.

Fig. 5  Sequence logos of the conserved R2 and R3 repeats of the NtR2R3-MYB domain. A Sequence logo of R2 in NtR2R3-MYBs. B Sequence logo 
of R3 in NtR2R3-MYBs. Asterisks indicate the conserved tryptophan residues (Trp) in the NtR2R3-MYB domain, and helix denote the helical structure 
among NtR2R3-MYBs 
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Phylogenetic analysis of the NtR2R3‑MYB gene family
To investigate the phylogenetic relationships of the 
R2R3-MYB gene family, phylogenetic tree was generated 
based on the 174 tobacco R2R3-MYB protein sequences 
and 126 Arabidopsis R2R3-MYB protein sequences by 
using MEGA-X with maximum likelihood (ML) method 
(Fig. 7). According to the bootstrap values (> 50%) of the 
phylogenetic tree, the R2R3-MYB family were clustered 
into 38 subfamily. Among them, the R2R3-MYB mem-
bers of tobacco were distributed in 34 subgroups (named 
N1-N34). There was no NtR2R3-MYB member distrib-
uted on the subfamily of S3, S6, S12 and S15, while three 
subfamilies (N10, N20, N21) only contain the R2R3-MYB 
members from tobacco. In addition, the NtR2R3-MYB 
members were mainly distributed in N9(9), N11(11), 
N22(13), N25(11), N27(9) and N34(10), and the number 
of R2R3-MYB members of tobacco were about twice to 
triple than that in Arabidopsis in these subfamilies. These 
results indicated that there were some common ances-
tors of R2R3-MYB genes between tobacco and Arabidop-
sis, and specific expansion and divergence also occurred 
after their separation during the evolution process.

Expression changes of NtR2R3‑MYB genes in five 
senescence stages of tobacco leaves
To analyze the expression pattern of NtR2R3-MYBs in 
tobacco leaves, the FPKM values of NtR2R3-MYB genes 
at five senescence stages of tobacco leaves were obtained 
from the transcriptome data (Additional file 5: Table S5), 
and NtR2R3-MYB genes with no expression or low 
expression level (FPKM < 0.5) were excluded. Finally, the 
expression profiles of NtR2R3-MYB genes of 78 NtR2R3-
MYB genes were generated (Fig.  8). The results showed 
that the members of NtR2R3-MYB genes exhibited dif-
ferential expression in tobacco leaves at different senes-
cence stages (Fig.  8) and these 78 NtR2R3-MYB genes 
were classified into three groups (Fig. 8 I to III). A total of 
9 NtR2R3-MYB members were including in group I, and 
these genes had high expression level at the M5 stage. 
In contrast, these genes showed relative low expression 
level at other four senescence stages (M1-M4). In group 
II, most of NtR2R3-MYB genes showed high expression 
level at the M1 stage and decreased regularly with the 
increase of maturity. In terms of group III, the expres-
sion level of NtR2R3-MYB genes showed increase first 
and then decreased with the increasing of the senes-
cence degrees. The results indicated that there may be 

Fig. 6  Predicted cis-elements in NtR2R3-MYBs promoters. Different 
shapes and colors represent the different types of cis-elements. 
Annotations of cis-elements were listed in Additional file 4: Table S4
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functional diversity among NtR2R3-MYB members dur-
ing tobacco growth and development.

Expression of NtR2R3‑MYB genes in response to abiotic 
stress
To analyze the expression pattern of NtR2R3-MYBs 
in response to abiotic stress, gene expression was 
investigated by using the Genevestigator tools based 

on transcriptome data. NtR2R3-MYB genes with 
no expression or low expression level (FPKM < 0.5) 
were excluded (Additional file  6: Table  S6). Finally, 
the expression profiles of 69 NtR2R3-MYB genes 
were generated. The result showed that many genes 
showed significant up-regulated or down-regulated 
compared with the control group under cold and salt 
stress conditions (Fig.  9), and these genes including 

Fig. 7  Phylogenetic tree of Nicotiana tabacum and Arabidopsis thaliana R2R3-MYB genes. The phylogenetic relationships were constructed using 
MEGA-X by the maximum likelihood (ML) method (1000 bootstrap replicates). The amino acid sequences of 174 NtR2R3-MYB and 126 AtR2R3-MYB 
proteins were used. Arabidopsis and tobacco are marked with yellow circles and green circles respectively
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NtMYB34, NtMYB38, NtMYB42, NtMYB44, NtMYB46, 
NtMYB63, NtMYB67, NtMYB73, NtMYB79, NtMYB82 
and NtMYB104 were clustered together with S1 and 
S7 subfamilies of Arabidopsis. In addition, it has been 
reported that the members of Arabidopsis R2R3-MYB 
gene family in S1 and S7 subgroups were related to var-
ious stress responses [25]. It is known that homologous 
genes in the same subgroup may have similar biological 

functions. To further explore the possible function of 
the tobacco R2R3-MYB genes, 15 tobacco R2R3-MYB 
genes that clustered with Arabidopsis R2R3-MYB gene 
members in S1 and S7 subgroups of the phylogenetic 
tree (Fig. 7) were selected for qRT-PCR analysis under 
cold, drought and salt stresses (Fig. 10). Compared with 
the control, the expression of four NtR2R3-MYB genes 
(NtMYB36, NtMYB45, NtMYB46 and NtMYB110) 

Fig. 8  The expression of 78 NtR2R3-MYBs in tobacco leaves at five senescence stages. FPKM values for NtR2R3-MYB genes were transformed by 
log10. Red or blue colors represent the difference in expression levels in each sample (M1-M5), respectively
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showed significantly up-regulated and seven NtR2R3-
MYB genes (NtMYB38/41/42/63/67/79/82) showed 
significantly down-regulated under cold stress. As 
to the salt stress, the expression levels of 13 NtR2R3-
MYB genes showed down-regulated, except MYB38 
and MYB46 genes. In terms of drought stress, eight 
NtR2R3-MYB genes (NtMYB34/36/38/42/46/73/79/82) 

showed significantly up-regulated. Interestingly, the 
expression of NtMYB46 showed significantly up-reg-
ulated in response to all the stresses. In addition, the 
expression patterns of 15 genes in Fig.  9 and Fig.  10 
were not completely consistent, and this phenomenon 
may be due to trial or sampling differences. The result 

Fig. 9  Expression of 69 NtR2R3-MYB genes in response to cold and slat treatments. RNA-seq data was obtained by using Genevestigator software. 
Expression values from RNA-seq data were log10-transformed
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implied the functional dissimilation among the tobacco 
R2R3-MYB genes.

Discussion
R2R3-MYB gene family members are widely distributed 
in eukaryotes [26]. With the development of genome 
sequencing, the whole-genome analysis of R2R3-MYB 
gene family has been identified in numerous species, 
including 126 in Arabidopsis thaliana, 89 in water-
melon, 110 in rice, 157 in maize, 244 in soybean, and so 
on [7, 14, 27–29]. In this study, 174 R2R3-MYB genes of 
tobacco were identified, the number was greater than 
those identified in Arabidopsis, maize, rice, watermelon, 
but less than that in soybean. As an allotetraploid, the 
genome size of Nicotiana tabacum is 4.5Gb, while that of 
Arabidopsis, rice, maize, and soybean is 125 Mb, 430 Mb, 
2300 Mb, and 1.025Gb, respectively [30–34]. In this case, 
it seems that there is no direct correlation between the 
number of R2R3-MYB genes and genome size in these 
plants. It was reported that polyploidization and gene 
region-specific duplication (tandem duplication and seg-
mental duplications) were important mechanisms for the 
generation and expansion of gene families in plant [35]. 
In our study, phylogenetic analysis found that the major-
ity subfamilies contained the R2R3-MYB members both 
from tobacco and Arabidopsis, and however, a few sub-
families possessed only the R2R3-MYB members either 
from tobacco or Arabidopsis, suggesting that they might 
be derived from a common ancestor, and moreover, the 
R2R3-MYB gene family could also be undergone spe-
cies specific differentiation after their separation. A total 
of 3 pairs of tandem duplication genes and 62 pairs of 
segmental duplication genes were identified in tobacco 

R2R3-MYB gene family, implying that the segmental 
duplication events were the main source for the expan-
sion of R2R3-MYB gene family in tobacco, and this result 
was possible due to the allotetraploid of tobacco.

The evolution of gene family largely depends on the 
organization of gene structure. The varied length of 
nucleotide sequence among 174 NtR2R3-MYBs indicated 
the complexity in the Nicotiana tabacum L. genome. The 
molecular weight and isoelectric point values of NtR2R3-
MYB proteins were also different among family mem-
bers, suggesting their functional divergence. In addition, 
NtR2R3-MYB proteins contained 20 conserved motifs 
with different compositions, and their members were 
clustered in the same subfamily containing similar type 
and number of motifs, demonstrating the conservation 
and diversification of R2R3-MYB gene family of tobacco. 
It has been reported that the ancestor MYB gene has no 
intron, but the intron insertion event occurred in the 
MYB domain region under very occasional condition, 
and this intron pattern was kept conserved during the 
long evolution process [5, 36]. In our study, the major-
ity NtR2R3-MYB genes possess typically splicing pattern 
of three exons and two introns, which exists in the con-
served R2 and R3 repeats, and this result was in consist-
ent with the previous reports in other plants [14, 37]. In 
addition, the NtR2R3-MYB proteins are comprised of 
the highly conserved MYB domain (R2 repeat and R3 
repeat), R2 repeat contained a conserved LRPD motif at 
the C-terminal and three highly conserved tryptophan 
residues (W), whereas R3 repeat exist diversity at the first 
tryptophan residues (W), which could be substituted by 
other residues such as phenylalanine (F), isoleucine (I) 
and leucine (L). Meanwhile, substitution of amino acid 

Fig. 10  Relative expression level of 15 NtR2R3-MYBs in response to cold, salt, and drought treatments. Error bars are standard deviations of three 
biological replicates. Asterisks were used to indicate the significant degree of the expression level compared to the value of the control (*P < 0.05, 
**P < 0.01)
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occurred frequently in some sites of the MYB domain, 
and these regions may play important roles for the evolu-
tion and functional differentiation of tobacco R2R3-MYB 
protein. Similar results have been reported in other spe-
cies, including Arabidopsis, Zea mays (Fig. 5) [14, 25].

The cis-elements of promoter play a key role in initi-
ating gene expression. Genes with different cis-regula-
tory elements in the promoter sequences of genes may 
result in different expression patterns in pepper [38]. In 
our study, a total of 37 cis-elements related sequences 
were identified in the promoter region of NtR2R3-MYB 
genes, and among them, 7 were related to cell develop-
ment, 12 engaged in phytohormone-responsive, 10 for 
light responsive elements, and 8 involved in stresses cis-
regulatory elements, suggesting the different function of 
regulatory elements of NtR2R3-MYB genes. These highly 
diverse cis-regulatory elements in the promoter region of 
NtR2R3-MYB genes may also reflect the functional diver-
gence at the transcriptional level.

R2R3-MYB genes have been proved to be related to 
biotic and abiotic stress [8]. For example, TaMYB344-
overexpressing of wheat enhanced the tolerance of trans-
genic tobacco to drought, heat and high salt stress [39]. 
OsMYB2 was induced by cold, salt, and dehydration 
stress in rice [40]. In present study, the profiling data of 
gene expression was used to dissect the functional roles 
of NtR2R3-MYB genes, and different expression pat-
terns were identified among NtR2R3-MYB genes in 
response to various abiotic stresses (Fig.  9). This result 
indicated the functional differentiation of NtR2R3-MYB 
genes. In addition, the expression of 15 NtR2R3-MYB 
genes were analyzed by qRT-PCR in response to three 
abiotic stress conditions, including cold, salinity, and 
drought. A total of 13 NtR2R3-MYB genes could be sig-
nificantly regulated by at least two treatments except 
NtMYB44 and NtMYB104, implied that NtR2R3-MYBs 
may be involved in the cross-talk of different signal-
ing pathways under stress. Generally, genes with simi-
lar structure will be clustered in the same subfamily 
and these genes may have similar biological functions. 
It was reported that two R2R3-MYB genes of Arabidop-
sis (AtMYB60 and AtMYB94) clustered in subfamily 
S1 (Fig. 7) were involved in the physiological regulation 
under salt and drought treatments [41, 42], and therefore, 
the orthologous clustered in S1 may have similar func-
tion. In this study, two NtR2R3-MYB genes (NtMYB38 
and NtMYB46) which clustered with these two R2R3-
MYB genes of Arabidopsis (AtMYB60 and AtMYB94) in 
S1 subfamily showed similar response patterns under 
salt and drought stresses, suggesting that NtMYB38 and 
NtMYB46 may be involved in the response under salt 
and drought stresses, and further experiments showed be 
conducted to validation these functions.

Tobacco leaf senescence is often regarded as a kind 
of adversity, and R2R3-MYB genes were proved to be 
involved in the senescence accompany with secondary 
metabolites, including flavonoids, carotenoids, chloro-
phyll, and so on [23, 43]. In this study, diverse expres-
sion patterns were found among the NtR2R3-MYB genes 
inferring that the functional differentiation of family 
gene members should also be coexisting (Fig.  8). For 
example, NtMYB3/4 and NtMYB3/6 appeared to belong 
to segmental duplication genes pairs (Fig.  2, Additional 
file  2: Table  S2), and our result showed that NtMYB4 
and NtMYB6 expressed in all the five senescence stages, 
with especial high expression level in M5 stage, whereas 
NtMYB3 had no expression in all investigated senes-
cence stages (M1-M5) (Fig. 8). It has been reported that 
there are three outcomes in the evolution of duplicate 
genes theoretically, including nonfunctionalization, neo-
functionalization and subfunctionalization [44]. There-
fore, it was inferred that NtMYB3 degenerated and lost 
its original function during the long evolution process. 
Notably, the expression level of majority members in 
group II including such as NtMYB146, NtMYB108, 
NtMYB90, NtMYB159, NtMYB120, NtMYB17 (Fig.  8) 
were decreased precisely corresponding consistent to 
the increasing of the senescence degrees, and these gene 
may closely relate to leaf senescence and can be further 
developed as the measure of leaf senescence or maturity. 
Whether or not the differential expression of NtR2R3-
MYB genes leads to the changes of secondary metabolites 
such as flavonoids, carotenoids or chlorophyll still needs 
to be investigated. In short, our results provide using 
information for their further functional exploration.

Conclusions
In this study, a total of 174 R2R3-MYB genes were identi-
fied in tobacco (Nicotiana tabacum L.) genome and these 
genes were divided into 24 subfamilies. The NtR2R3-
MYB genes were distributed randomly on 24 tobacco 
chromosomes. A total of 3 pairs of NtR2R3-MYB genes 
were founded to be originated from tandem duplica-
tion and 62 pairs NtR2R3-MYB genes were originated 
from segmental duplication. Cis-regulatory elements 
of the NtR2R3-MYB promoters were involved in cellu-
lar development, phytohormones, environmental stress 
and photoresponsive. The members of NtR2R3-MYB 
genes showed differential expression pattern in differ-
ent maturity tobacco leaves, and differential response 
were also found under different abiotic stresses (cold, 
salt and drought) for 15 NtR2R3-MYBs. Our results pro-
vided valuable information for further functional study of 
NtR2R3-MYB genes in tobacco.
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Methods
Identification of R2R3‑MYB genes in tobacco
A total of 126 known Arabidopsis R2R3-MYB protein 
sequences were downloaded from the Arabidopsis Infor-
mation Resource (TAIR, http://​www.​arabi​dopsis.​org/) 
database [25]. These sequences were used as queries 
using the online tool of BLASTP (E ≤ 1e− 5) for the iden-
tification of R2R3-MYB family members in the tobacco 
genome sequences of Sol Genomics Network database 
(https://​solge​nomics.​net/​organ​ism/​Nicot​iana_​atten​uata/​
genome) [45, 46]. The redundant protein sequences of 
tobacco were removed manually, and then the candi-
date protein sequence which contained complete MYB 
domains (PF000249) were confirmed as the final R2R3-
MYB protein sequence based on the Conserved Domain 
Database (CDD) of NCBI (https://​www.​ncbi.​nlm.​nih.​
gov/​cdd/) [47]. These final tobacco R2R3-MYB genes 
were renamed (NtMYBs). The features and the subcel-
lular localization information of the NtR2R3-MYB pro-
tein sequences were analyzed by the online ExPASY tool 
(http://​Web.​ExPASY.​Org/​protp​aram/) [48] and the Soft-
berry service platform-ProtComp 9.0 (http://​linux1.​softb​
erry.​com/​berry.​phtml), respectively.

Gene structure and conserved motif analysis
The GFF format file of tobacco gene structure was down-
loaded from Solanaceae genome database (https://​sol-​
genom​ics.​net/) [46], and the NtR2R3-MYB gene structure 
(exon-intron) was defined using the online software Gene 
Structure Display Server (GSDS) (http://​gsds.​cbi.​pku.​
edu.​cn/) [49]. The motifs of NtR2R3-MYB protein were 
obtained from the online MEME program (http://​meme-​
suite.​org/, v5.1.1) [50] and following parameters were 
used: the minimum width, maximum width and maxi-
mum number of motifs were set to 6 bp, 100 bp and 20, 
respectively. The conserved NtR2R3-MYB domain was 
visualized using the WebLogo platform (http://​weblo​
go.​berke​ley.​edu/) [51]. The cis-regulatory elements in 
the promoter region (2000 bp upstream of the starting 
codon) of the NtR2R3-MYBs were searched by the online 
program of PlantCARE (http://​bioin​forma​tics.​psb.​ugent.​
be/​webto​ols /​plant​care/​html/) [52].

Chromosome localization and gene duplication
The physical position and chromosomal distribution 
information of NtR2R3-MYB genes were obtained by 
using the MapInspect software (http://​mapin​spect.​softw​
are.​infor​mer.​com/) [53]. The possible segmental duplica-
tion and tandem duplication events were defined based 
on the method reported by Wang et al. (2010) [54]. Both 
chromosomal localization and duplication events of the 
NtR2R3-MYB genes were graphic displayed using the 
TBtools software [55].

Multi‑sequence alignment and phylogenetic classification
To explore the evolutionary relationship of R2R3-MYB 
gene family, the full protein sequences of R2R3-MYB 
from Arabidopsis and tobacco were used for the phylo-
genetic tree construction. Multiple sequence alignment 
was performed using ClustalW program in MEGA-
X software [56], and the phylogenetic tree was con-
structed using the maximum likelihood (ML) with 1000 
bootstraps.

NtR2R3‑MYB genes expression analysis
The tobacco variety of Cuibi 1 (CB-1) was used in this 
study. To analyze the NtR2R3-MYB genes expression pro-
file at different senescence stages, five senescence stages 
(M1, M2, M3, M4 and M5) of middle leaves (8th to 10th) 
judged by the appearance characteristics were collected 
for tests [57]. The FPKM (Fragments Per Kilobase of 
transcript sequence per Millions base pairs sequenced) 
value of the NtR2R3-MYB genes at five senescence stages 
of tobacco leaves were extracted from our recent RNA-
Seq data [58]. The expression profile of NtR2R3-MYB 
genes at different senescence stages were measured by 
their FPKM value, and the heat map was generated using 
the Heatmap function of R gplots package [59]. Addi-
tionally, expression analysis of NtR2R3-MYBs under 
salt (SRP193166) [60] and cold stress (SRP097876) [61] 
of tobacco were performed using Genevestigator soft-
ware. Genes with low expression level (FPKM < 0.5) were 
filtered.

Plant treatments and quantitative real‑time PCR analysis
To further decipher the expression pattern of NtR2R3-
MYB genes in response to various abiotic, tobacco 
seeds were sown in sterilized mixed soil (vermicu-
lite: humus = 1:1) under the condition of 22 °C and 
16 h light/8 h dark photoperiod for 60 days [62]. The 
plantlets of 60 days were transplanted into a tray with 
a nutrient solution for 3 days in growth chamber, and 
then were exposed to the abiotic treatments, including 
cold (4 °C), drought (10% polyethylene glycol) and salt 
(200 mM NaCl), respectively. Untreated plantlets were 
used as control (CK). The samples for gene expression 
analysis were collected 6 h after treatment, and three 
biological replicates per treatment and 3 leaves for each 
sample from different plantlet were gathered and these 
samples were immediately stored at − 80 °C prior to 
RNA extraction.

Total RNA was extracted using the Hipure Plant RNA 
Mini Kit (Magen Biotech, Shanghai, China) and the 
cDNA was synthesized using the SMART kit (Takara) 
according to the manufacturer’s protocol. The qRT-PCR 
primers of NtR2R3-MYB genes were designed by online 
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software primer3 (https://​bioin​fo.​ut.​ee/​prime​r3-0.​4.0/) 
[63] and were shown in Additional file 7: Table S7. Real-
time quantitative RT-PCR (qRT-PCR) was performed 
with SYBR Green qPCR Premix (Low ROX). A total of 
20 μl volume of reaction mixture for each PCR run was 
prepared, containing 1.5 μl cDNA, 1 × Taq SYBR Green 
qPCR Premix (Monad, China) and a primer pair with a 
concentration of 0.2 μM. The two-step thermal cycling 
profile used was 95 °C for 5 min, 40 cycles at 95 °C for 30 s, 
followed by 60 °C for 60 s. Three technical replicates were 
performed for each sample. The relative expression level 
was calculated by the 2-ΔΔCt method [64].
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