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Abstract
Background R2R3-MYB transcription factors belong to one of the largest gene subfamilies in plants, and they are 
involved in diverse biological processes. However, the role of R2R3-MYB transcription factor subfamily genes in the 
response of rice (Oryza sativa L.) to salt stress has been rarely reported.

Results In this study, we performed a genome-wide characterization and expression identification of rice R2R3-MYB 
transcription factor subfamily genes. We identified a total of 117 R2R3-MYB genes in rice and characterized their gene 
structure, chromosomal location, and cis-regulatory elements. According to the phylogenetic relationships and amino 
acid sequence homologies, the R2R3-MYB genes were divided into four groups. qRT-PCR of the R2R3-MYB genes 
showed that the expression levels of 10 genes significantly increased after 3 days of 0.8% NaCl treatment. We selected 
a high expression gene OsMYB2-115 for further analysis. OsMYB2-115 was highly expressed in the roots, stem, leaf, and 
leaf sheath. OsMYB2-115 was found to be localized in the nucleus, and the yeast hybrid assay showed that OsMYB2-
115 has transcriptional activation activity.

Conclusion This result provides important information for the functional analyses of rice R2R3-MYB transcription 
factor subfamily genes related to the salt stress response and reveals that OsMYB2-115 may be an important gene 
associated with salt tolerance in rice.
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Background
Soil salinization is an important factor that affects the 
growth and development of plants, especially salt-sensi-
tive crops. Currently, more than 6% of the world’s arable 
land is affected by salt damage [1]. Rice is the staple food 
for more than half of the world’s population, and it is sen-
sitive to salt. With continuous urbanization and popula-
tion growth and a decrease in effective cultivated land 
area, development and utilization of saline-alkali land is 
the future development trend for agriculture. Cloning 
salt-tolerant genes and cultivating salt-tolerant rice vari-
eties are important ways to quickly and effectively resist 
salt damage and increase rice planting area and yield.

Plants respond and adapt to salt stress through a series 
of molecular, cellular, physiological and biochemical 
reaction, which involve in the regionalization of Na+ in 
the cytoplasm, the selective absorption, accumulation, or 
excretion of ions, the induction of stress tolerance gene 
expression, etc. [2]. Transcription factors play a central 
roles in signal transduction networks which modulate 
the expression of a number of stress responsive genes 
by binding with cis-elements in the promoter [3]. The 
myeloblastosis (MYB) transcription factor family is large, 
functionally diverse, and represented in all eukaryotes 
[4]. Understanding the regulatory mechanism of MYB 
transcription factors in response to salt stress is of great 
significance in improving plant processes and enhanc-
ing agricultural production. In plants, MYB proteins are 
divided into four subfamilies on the basis of the num-
ber of approximately 52 amino acid sequence repeats 
(R) of a highly conserved DNA-binding domain at the 
N-terminus: 1R-MYBs/MYB-related, 2R/R2R3-MYBs, 
3R/R1R2R3-MYBs, and 4R-MYBs [5]. Each repeat folds 
into three α-helices, and the second and third helices 
with three regularly spaced tryptophan (or hydropho-
bic) residues form a helix–turn–helix structure with a 
hydrophobic core [6, 7]. In contrast, a high variation in 
the C-terminus (activation domain) of MYB transcrip-
tion factors leads to its broad regulatory role [8, 9]. The 
4R-MYB subfamily is the smallest in plants. For example, 
only one or two 4R-MYB genes have been identified in 
Arabidopsis and rice [10]. There is limited information 
on the functions of these proteins in plants. R1R2R3-
MYB is an evolutionarily conserved subfamily in plants, 
and it has been found in most eukaryotic genomes with 
roles in cell cycle regulation [11]. MYB-related proteins 
contain a single or partial MYB repeat, and they belong 
to the second largest subfamily of MYB transcription fac-
tors in plants [4, 5]. The first reported MYB-related tran-
scription factor gene, MybSt1, was identified in potato 
[12]. Subsequently, many MYB-related genes were iso-
lated and found to play an important role in cellular and 
organ morphogenesis, secondary metabolism, circadian 
rhythm, etc. [13, 14]. The most common MYB subfamily 

is R2R3-MYBs, and it is thought to have derived from an 
R1R2R3-MYB gene ancestor and lost R1 repeats during 
evolution [15]. Many plant species encode more than 
100 R2R3-MYB transcription factors and exhibit diverse 
functions during expansion [16]. The first plant MYB 
gene identified was COLORED1 (C1, R2R3-MYB) from 
Zea mays [17]. Recently, numerous R2R3-MYB genes 
have been identified and found to play key regulatory 
roles in metabolism [18–23], plant growth and develop-
ment [24–27], hormone signal transduction [28–31], and 
responses to biotic and abiotic stresses [32–35].

In rice, several R2R3-MYB transcription factor genes 
involved in salt tolerance have been isolated. OsMYB2 
encodes a stress-responsive R2R3-MYB transcription 
factor that plays a positive regulatory role under salt 
stress conditions [36]; Overexpression of OsMYB6 results 
in increased proline content and catalase and superoxide 
dismutase activities and decreased relative electrolyte 
leakage and malondialdehyde content, which improves 
the tolerance of rice to salt stress [37]. Similarly, overex-
pression of OsMYB91 enhances tolerance to salt stress, 
with a significant increase in proline content and capacity 
to scavenge reactive oxygen species as well as increased 
induction of OsP5CS1 and LOC_Os03g44130 under salt 
stress [38]. Although the rice genome was sequenced 
and published years ago, the systematic analysis of R2R3-
MYB transcription factor genes involved in salt stress has 
not yet been conducted. In this study, we identified 117 
R2R3-MYB transcription factor subfamily genes in rice 
and analyzed their basic information, chromosomal dis-
tribution, gene structures, phylogenic relationships, cis-
regulatory elements, and gene expression patterns under 
salt stress. Additionally, a gene highly expressed under 
salt stress was selected for further analysis. Our results 
provide important information for further functional 
characterization of R2R3-MYB transcription factor sub-
family genes involved in salt stress.

Results and discussion
Identification and characterization of R2R3-MYB genes in 
rice
To identify R2R3-MYB genes in rice, we searched and 
integrated data from the Plant Transcription Factor 
Database and a previously published paper [39]. Fur-
ther screening was conducted using the Pfam database 
to confirm the presence of the conserved MYB domain 
(PF00249), and a total of 117 putative R2R3-MYB genes 
in rice were obtained and named OsMYB2-1–Os-
MYB2-117 (Supplementary Table 1). The number of 
R2R3-MYB genes identified in this study was more than 
Kang et al. (2022) reported [40], which provided a more 
updated and comprehensive depiction of R2R3-MYB 
subfamily members in rice. In addition, the number of 
R2R3-MYB genes in rice was less than the number of 



Page 3 of 12Zhang et al. BMC Genomics          (2024) 25:797 

genes identified in Arabidopsis (126) [9], Z. mays (157) 
[41], M. truncatula (155) [42], and S. lycopersicum (127) 
[43] and more than the number of genes identified in P. 
patens (62) [4] and C. reinhardtii (10) [41]. This indicated 
that R2R3-MYB genes in different plants have expanded 
to different degrees during evolution.

The nucleotide lengths, protein lengths, molecular 
weights, and isoelectric points of rice and Arabidop-
sis R2R3-MYB transcription factors all vary greatly. The 
nucleotide lengths of 117 rice and 125 Arabidopsis R2R3-
MYB genes ranged from 402 bp to 4743 bp and 417 bp 
to 2532  bp, with an average of 1022.1  bp and 952.8  bp, 
respectively. The corresponding protein lengths ranged 
from 134 to 1581 and 139 to 844, with an average of 
340.7 and 317.6, respectively. The molecular weights 
ranged from 14780.4 Da to 170922.0 Da and 16006.6 Da 
to 95765.7 Da, with an average of 36896.5 and 36040.0, 
respectively. The isoelectric points of these proteins 
ranged from 4.4 to 10.9 and 4.7 to 10.9, with an average of 
7.0 and 7.1, respectively (Table 1, Supplementary Tables 1 
and 2). Subcellular localization prediction results showed 
that the 117 rice and 125 Arabidopsis R2R3-MYB pro-
teins were all located in the nucleus and corresponded to 
their transcription factor family functions (Supplemen-
tary Tables 1 and 2).

Chromosomal distribution and gene structure of R2R3-
OsMYB
To better understand the genomic distribution of R2R3-
MYB genes, the localization of these genes in rice chro-
mosomes were marked. As shown in Fig.  1, the 117 
R2R3-OsMYB genes were unevenly distributed on 12 
chromosomes. The maximum number of R2R3-OsMYB 
genes was found on chromosome 1 (22; 18.8%), followed 
by chromosome 2 (13; 11.1%), whereas the least number 
of R2R3-OsMYB genes was detected on chromosome 
10 (2; 1.7%). Twelve R2R3-OsMYB genes were found on 
chromosomes 3, 4 and 5, respectively. Similarly, eight 
R2R3-OsMYB genes were detected on chromosomes 
6 and 7, respectively. In addition, 10, 6, 5, and 7 R2R3-
OsMYB genes were anchored on chromosomes 8, 9, 
11, and 12, respectively (Fig. 1). Other than that, R2R3-
OsMYB genes located on chromosome 2, 4, 5, and 8 
accumulate at the lower end of the arms in comparison to 
other chromosomes.

To analyze the conserved motifs, the distributions of 
R2R3-OsMYB protein motifs were checked using MEME. 
A total of eight conserved motifs were identified (Supple-
mentary Fig. 1). Most R2R3-OsMYB proteins contained 
similar types of conserved motifs (Fig. 2A). Motif 3 was 
the most conserved, followed by motif 2; Motif 8 was 
the least conserved. Notably, R2R3-OsMYB genes within 
the same phylogenetic cluster showed similar conserved 
motifs. Ta
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Gene structural diversity may be related to gene fam-
ily evolution [44]. To evaluate the structural diversity of 
R2R3-OsMYB genes, the exon–intron arrangements were 
analyzed to gain insights into the gene structural organi-
zation. The number of exons among R2R3-OsMYB genes 
varied largely, ranging from 1 to 12, and 41.9% of the 
R2R3-OsMYB genes had three exons (Fig. 2B). OsMYB2-
85 had the highest exon number (12), whereas OsMYB2-
7, OsMYB2-9, OsMYB2-11, OsMYB2-21, OsMYB2-22, 
OsMYB2-24, OsMYB2-25, OsMYB2-30, OsMYB2-34, 
OsMYB2-44, OsMYB2-49, OsMYB2-53, OsMYB2-61, 
OsMYB2-63, OsMYB2-78, OsMYB2-81, OsMYB2-82, 
OsMYB2-88, and OsMYB2-95 harbored only one exon 
each. In general, members with close relationships in the 
phylogenetic tree tend to have similar exon-intron struc-
tures [44]. Interestingly, genes in the same phylogenetic 
cluster showed different gene structures in our study.

Phylogenetic analysis of R2R3-OsMYB proteins
To understand the phylogenetic relationships of the 
R2R3-OsMYB proteins, a neighbor-joining phyloge-
netic tree was constructed using the aligned amino 
acid sequences from rice (117) and Arabidopsis (125) in 
MEGA X [45]. The R2R3-OsMYB proteins were clus-
tered into four groups (Fig.  3). Group 4 contained 100 
members, which was the highest among the four groups. 
Group 3 was the second highest, with 15 members. 
Group 1 and Group 2 contained only one member each 
(OsMYB2-91 and OsMYB2-113, respectively). In con-
trast, Arabidopsis R2R3-MYB genes were divided into 
two groups, with 4 and 121 genes (Fig. 3). The result indi-
cated that the R2R3-MYB subfamily was not very con-
served during evolution.

Analysis of cis-regulatory elements in R2R3-MYB promoter 
regions
Cis-regulatory elements (CREs) interact with trans-reg-
ulators to regulating gene expression [46]. To analyze 
the transcriptional regulation of R2R3-OsMYB genes, 
2000-bp sequences upstream of the start codon of R2R3-
OsMYB genes were regarded as promoter sequences 
and submitted to the PlantCARE database to search for 
cis-regulatory elements. A total of 2916 putative cis-
regulatory elements were predicted, including 1269 
growth and biological process responsive cis-regulatory 
elements, 499 stress responsive cis-regulatory elements, 
1065 hormone responsive cis-regulatory elements, and 
83 metabolism responsive cis-regulatory elements (Sup-
plementary Fig.  2). A total of 40 growth and biological 
process responsive cis-regulatory element types were 
predicted; Box 4, GT1-motif, and CAT-box were the 
top three identified cis-regulatory elements (254, 142, 
and 114, respectively), followed by hormone responsive 
and stress responsive cis-regulatory elements (13 and 6, 
respectively). With respect to metabolism responsive 
cis-regulatory elements, only one type (O2-site) of cis-
regulatory element was identified. The number of cis-
regulatory elements for each R2R3-OsMYB gene was 
analyzed (Fig.  4), and it ranged from 12 to 58, with a 
minimum of 12 for OsMYB2-105 and a maximum of 58 
for OsMYB2-78. In addition, the 117 R2R3-OsMYB genes 
contained at least one growth and biological process 
responsive cis-regulatory element and hormone respon-
sive cis-regulatory element, and 2 and 58 genes did not 
contain stress responsive cis-regulatory elements and 
metabolism responsive cis- regulatory elements, respec-
tively. These results suggest that the R2R3-OsMYB genes 

Fig. 1 Distribution of R2R3-MYB transcription factor subfamily genes on rice chromosomes. Chromosome numbers are showed at the top of each chro-
mosome. The name of each R2R3-OsMYB genes are shown on the right side of the chromosome. The scale represents 50 Mb chromosomal distance. The 
bars indicate the positions of the R2R3-OsMYB genes on the chromosomes
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are essential regulators of growth and biological pro-
cesses and hormones.

Expression patterns of R2R3-MYB genes under salt 
treatment
Salt stress, apart from drought and high temperature 
stresses, is a major environmental factor that affects plant 

growth and productivity. Osmotic and ion stresses are 
two main methods of salt damage to plants. Both stress 
signals are transmitted to a secondary messenger through 
membrane-bound cytosolic sensors, which then activate 
the protein phosphorylation cascade that helps plants to 
adapt to salt stress [47]. In Arabidopsis, R2R3-MYB tran-
scription factors are mainly involved in the regulation of 

Fig. 2 Conserved motifs and gene structure analyses of rice R2R3-MYB genes. A. The conserved motif distribution of rice R2R3-MYB proteins; Different 
conserved motifs were represented by seven different colors. B. Exon-intron structures of rice R2R3-MYB genes. The green boxes, yellow boxes and black 
lines indicate untranslated regions, exons, and introns, respectively
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downstream target genes for salt tolerance [48]. In rice, 
five R2R3-MYB genes, OsMYB2 [36], OsMYB6 [37], 
OsMYB48-1 [49], OsMYB91 [38], and OsMPS [50], have 
been shown to play an important role in the response to 
salt stress. However, there is limited information on the 
regulatory functions of other R2R3-MYB genes in rice 
under salt stress conditions. In this study, rice R2R3-MYB 
subfamily genes involved in the salt stress response were 
systematically identified.

Because of differences in gene expression patterns 
after abiotic stress treatments, stress-responsive genes 
have been extensively studied. Zhang et al. (2022) iden-
tified three upregulated genes and seven downregulated 
genes from 12 rice MDH family members under salt 

treatment [51]. Gene expression analysis of 26 BpGRASs 
showed that six BpGRASs were significantly upregulated 
under salt treatment [52]. Wang et al. (2020) analyzed the 
expression of RsCPA family genes in radish under salt 
treatment, and the expression of 9 of 60 RsCPA genes 
increased significantly [53]. In this study, 117 R2R3-MYB 
genes were identified in rice, and the expression levels of 
10 genes were four times higher than the control after 3 
days of 0.8% NaCl treatment (Fig. 5A). Interestingly, the 
expression levels of the five reported rice R2R3-MYB 
genes (OsMYB2, OsMYB6, OsMYB48-1, OsMYB91, and 
OsMPS) involved in the response to salt stress showed 
no significant differences, except for OsMYB48-1. A pos-
sible reason is that the previous studies all focused on salt 

Fig. 3 Phylogenetic analysis of R2R3-MYB proteins in rice and Arabidopsis. The neighbor-joining method were used to constructed phylogenetic tree of 
rice (117) and Arabidopsis (125) MYB proteins by Mega X software with a bootstrap. The MYB proteins were classified into four subfamilies: Group 1, 2, 3 
and 4 depicted by red, green, pink, and blue, respectively
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Fig. 5 Expression patterns of R2R3-MYB subfamily genes after NaCl treatment. A. The expression pattern of R2R3-MYB subfamily genes after 0.8% NaCl 
treatment for 3 days in rice; B. The expression patterns of OsMYB2-115 genes after 0.8% NaCl treatment for 0 h, 6 h, 1 d, 3 d and 5 d in rice. Data are 
means ± SD of three biological replicates

 

Fig. 4 The number of putative regulatory cis-regulatory elements in the promoters of R2R3-MYB genes. The predicted cis-regulatory elements in the 
promoters of R2R3-MYB gene were classified into four broad categories, including hormone responsive elements (orange), stress responsive elements 
(green), metabolism responsive elements (brown), and growth and biological process responsive elements (blue)
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treatment for less than 24 h, whereas salt treatment was 
conducted for 3 days in this study, indicating that these 
genes have different regulatory mechanisms for salt stress 
response.

The expression differences of R2R3-MYB genes under 
salt treatment may be closely related to cis-regulatory ele-
ments of the promoter region. ABA-response elements 
(ABREs) have been functionally identified in the promot-
ers of various genes, and they are involved in regulating 
the expression of ABA-related genes and improving the 
adaptability of plants to environmental stress [54]. For 
example, bZIP transcription factors can bind to ABRE 
cis-regulatory elements and regulate the expression of 
downstream target genes and improve the salt tolerance 
of rice [55, 56]. In this study, ABREs (hormone-respon-
sive elements) accounted for 40% of the R2R3-MYB pro-
moter cis-regulatory elements (Fig.  4; Supplementary 
Fig. 2), which may play important roles in regulating the 
response of R2R3-MYB genes to abiotic stress.

Expression patterns, subcellular localization, and 
transcriptional activity analysis
We randomly selected a gene (OsMYB2-115) to analyze 
its expression levels at 0 h, 6 h, 1 day, 3 days and 5 days 
after salt treatment. The results showed that the expres-
sion levels of OsMYB2-115 increased with the duration 

of salt treatment (Fig.  5B). To analyze the spatial and 
developmental expressions of OsMYB2-115, we isolated 
RNA from different tissues, namely, root and leaf at the 
seedling stage and culm, leaf, sheath, internode, panicle, 
and spikelet at the heading stage, and determined the 
transcript levels of OsMYB2-115 by using qRT-PCR. 
The results showed that OsMYB2-115 transcripts were 
detected in all examined tissues (Fig. 6A), and the expres-
sion levels were high in the spikelet, leaf, sheath, and 
internode at the heading stage and leaf at the seedling 
stage. However, lower expression levels were found in the 
young root, culm, and panicle.

To examine the subcellular localization of OsMYB2-
115, the full-length CDS of OsMYB2-115 was cloned 
upstream of the green fluorescent protein (GFP) gene 
under the control of the cauliflower mosaic virus 35S 
promoter to construct N-terminus OsMYB2-115-GFP 
fusion proteins. We transiently expressed single GFP 
and OsMYB2-115-GFP fusion proteins in rice proto-
plasts; GFP alone was found throughout the cell, whereas 
the OsMYB2-115-GFP fusion proteins were specifically 
localized in the nucleus (Fig. 6B).

We analyzed the transcriptional activation activity of 
OsMYB2-115 by performing the yeast one-hybrid assay. 
The coding regions of OsMYB2-115 were fused to the 
DNA-binding domain of yeast GAL4. Empty pGBKT7, 

Fig. 6 Expression pattern, subcellular localization, and transcriptional activity analyses. A. OsMYB2-115 expression in different tissues was detected by 
qRT-PCR. Data are means ± SD of three biological replicates; B. Subcellular localization of the OsMYB2-115 protein. GFP alone, mCherry and OsMYB2-
115-GFP recombinant vector were transformed into rice protoplasts. The corresponding GFP alone was used as a positive control. mCherry fused with the 
nuclear localization signal as a nuclear localization control; C. Transcriptional activity using yeast-one-hbrid assay. pGBKT7, pGBKT7-53 and pGBKT7-Lam 
as negative, negative and positive controls, respectively
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pGBKT7-Lam, and pGBKT7-53 were regarded as nega-
tive, negative, and positive controls, respectively. The 
vectors OsMYB2-115-BD, pGBKT7, pGBKT7-Lam, and 
pGBKT7-53 were expressed in yeast cells. The yeast cells 
containing OsMYB2-115-BD and pGBKT7-53 were able 
to grow on the SD/-Trp-His-Ade medium, whereas the 
yeast cells containing pGBKT7 and pGBKT7-Lam could 
not grow (Fig. 6C); This suggested that OsMYB2-115-BD 
has transcriptional activation activity.

Materials and methods
Screening and identification of R2R3-OsMYB genes in rice
The whole genome and protein sequences of R2R3-
MYB transcription factor subfamily genes in rice (Oryza 
sativa L.) were obtained from the Rice Genome Annota-
tion Project (http://rice.uga.edu/index.shtml) [57], Rice 
Annotation Project Database (RAP-DB, https://rapdb.
dna.affrc.go.jp/index.html) [58], and Plant Transcrip-
tion Factor Database (http://planttfdb.gao-lab.org/) [59]. 
Protein sequences of the R2R3-MYB transcription factor 
subfamily genes in Arabidopsis were obtained from the 
Arabidopsis Information Resource (https://www.arabi-
dopsis.org/). All proteins were confirmed to contain two 
MYB DNA-binding domains (Pfam number: PF00249) by 
using the Pfam database (http://pfam-legacy.xfam.org/) 
[60].

The nucleotide length, predicted protein length, pre-
dicted molecular weight, predicted isoelectric point, and 
related annotation of R2R3-OsMYB and R2R3-AtMYB 
were obtained from the Rice Genome Annotation Proj-
ect (http://rice.uga.edu/index.shtml) [57] and Arabi-
dopsis Information Resource (https://www.arabidopsis.
org/) [61], respectively. The subcellular localizations of 
R2R3-OsMYB and R2R3-AtMYB were identified using 
Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/Cell-
PLoc-2/) [62]. The names of the rice R2R3-OsMYB genes 
were according to their chromosome locations, and the 
names of Arabidopsis R2R3-AtMYB genes were accord-
ing to Stracke et al. (2001) [9].

Chromosomal distribution and structural analysis of R2R3-
OsMYB genes
The 117 R2R3-OsMYB genes were located in the corre-
sponding chromosomes of rice, according to the chro-
mosomal location information extracted from RAP with 
TBtools software [63]. Gene Structure Display Server 
(GSDS v.2.0) was used to analyze intron and exon struc-
tures of the R2R3-OsMYB genes [64]. The conserved 
motifs of the 117 R2R3-OsMYB proteins were identified 
using Multiple Em for Motif Elicitation (MEME; https://
meme-suite.org/meme/tools/meme) motif search tool 
with default settings [65].

Phylogenetic analysis of R2R3-OsMYB genes
The R2R3-OsMYB protein sequences of rice (117) and 
Arabidopsis (125) were aligned using ClustalW algorithm 
of MEGA X software [45]. A neighbor-joining phyloge-
netic tree was constructed for rice and Arabidopsis thali-
ana on the basis of the amino acid sequence alignment 
results, with 1000 bootstrap replications. Then, a Newick 
file was uploaded on iTOL (https://itol.embl.de) to visu-
alize the circle tree [66].

Identification of putative cis-regulatory elements in the 
promoters
To determine cis-regulatory elements of the predicted 
promoters, 2000-bp sequences upstream from the start 
codon (ATG) of R2R3-OsMYB genes were obtained from 
the Rice Genome Annotation Project Database (http://
rice.uga.edu/index.shtml). Putative cis-regulatory ele-
ments in these sequences were used to search the Plant-
CARE database (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) [67]. Promoter structure and 
motif were visualized with TBtools software [63].

Plant materials and salt treatments
The japonica rice variety Nipponbare used in this study 
were preserved by our laboratory. The planting and 
harvesting of seeds were completed at the experimen-
tal farms of Yangzhou University (119◦42′ E, 32◦39′ 
N). Seeds were soaked in water in the dark at 30  °C for 
2 days and then germinated in water at 37  °C for 1 day. 
The germinated seeds were transferred to 96-well PCR 
plates with the bottoms cut out and placed in trays 
with 5 L ddH2O for 5 days. The uniform seedlings were 
transferred to foam boards and grown hydroponically in 
Yoshida solution [68]; HBD-500DH plant growth cham-
ber (ChangzhouHaibo, China) was used. The parameters 
were set as light for 16 h at 30 °C and dark for 8 h at 28 °C 
during the experiments. Ten-day-old seedlings were 
treated with 0.8% NaCl solution. Seedlings in Yoshida 
solution were used as the control.

RNA extraction and qRT-PCR analyses of R2R3-OsMYB 
genes
To analyze the expression of R2R3-OsMYB genes under 
salt stress, leaf samples of the control and salt treatment 
groups were collected at 0  h, 6  h, 1  day, 3 days, and 5 
days. The expression patterns of OsMYB2-115 in differ-
ent organs and growth stages, namely, the root, seedling, 
stem, leaf, leaf sheath, node, spikelet, and panicle, were 
analyzed. Total RNA was extracted using the RNAprep 
Pure Plant kit (TIANGEN, Germany), and reverse tran-
scription into cDNA was conducted with the Prime-
Script™ RT reagent kit with gDNA Eraser (TaKaRa, 
Japan), according to the manufacturer’s instructions. 
The cDNA (1  µl) was used for real-time RT-PCR with 
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the TB Green® Premix EX Taq™ kit (TaKaRa, Japan) and 
gene-specific primers (Supplementary Table 3) in the 
CFX Connect™ Real-Time System (Bio-Rad Laborato-
ries, USA). The relative expression levels of R2R3-OsMYB 
genes were calculated according to the comparative Ct 
method by using the 2−∆∆Ct formula [69].

Subcellular localization of OsMYB2-115
The coding region of OsMYB2-115 was amplified from 
NPB leaf cDNA, and the fragment was fused into the 
PA7-GFP vector to generate the OsMYB2-115-GFP 
recombinant vector by using the NovoRec® plus One step 
PCR Cloning Kit (Novoprotein, China). Then, plasmids 
of GFP, mCherry-NLS (mCherry fused with the nuclear 
localization signal), and OsMYB2-115-GFP were trans-
formed into rice protoplasts. The protoplasts were incu-
bated for 16 h at 28 °C, and green fluorescent signals were 
observed using a Zeiss LSM 880NLO confocal micro-
scope (Carl Zeiss, Germany). The primer sequences are 
listed in Supplementary Table 4.

Transcriptional activity analysis
Transcription activation was analyzed using the Match-
maker® Gold Yeast Two-Hybrid System (Clontech, Japan). 
The coding sequence of OsMYB2-115 was amplified from 
NPB leaf cDNA and inserted into the vector pGBKT7 to 
fuse with the GAL4 DNA-binding domain by using the 
NovoRec® plus One step PCR Cloning Kit (Novoprotein, 
China). pGBKT7-53 and pGBKT7-Lam were used as 
positive and negative controls, respectively. All vectors 
were transformed into the yeast strain Y2H Gold, and 
the strains were grown on SD/-Trp and SD/-Trp-His-Ade 
culture media.

Conclusions
In this study, we identified a total of 117 R2R3-MYB 
transcription factor subfamily genes in rice. The phylo-
genetic analysis indicated that the rice R2R3-MYB genes 
were divided into four groups, and the genes exhibited 
an exon–intron structure and motif composition similar 
to those of other species. The promoter cis-regulatory 
element analysis indicated that R2R3-MYB genes are 
essential regulators of growth, biological processes, and 
hormones. Ten R2R3-MYB genes showed significant 
upregulation after 0.8% NaCl treatment for 3 days. The 
expression levels of OsMYB2-115 increased with salt 
treatment duration, and OsMYB2-115 was found to be 
localized in the nucleus and displayed transcriptional 
activation activity.
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