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Abstract MYB transcription factor is the largest family of transcription factors in plants, and they are involved in the regulation
of plant growth and development, secondary metabolism, adversity stress and other biological processes. So far, there is no the
study on the MYB transcription factor of Rhododendron lapponicum. In this study, the Rhododendron lapponicum variety ‘Fuli
Jinling’ transcriptome was generated by SMRT sequencing technology. A total of 15.37 Gb data was obtained, and 75 002
transcript sequences were obtained by removing redundancy. 71 155, 33 653 and 30 359 transcripts were assigned to the Nr, GO
and COG databases, respectively. Based on the transcriptome sequencing data, 64 transcription factor gene families were
identified, including 220 MYB genes. According to the structural characteristics, the MYB gene is divided into four categories,
including 1R-MYB, R2R3-MYB, R1R2R3-MYB and 4R-MYB. The amino acid sequence of MYB transcription factor contains
20 conserved elements. Phylogenetic analysis showed that the MYB genes of Rhododendron lapponicum could be divided into 28
subclasses. In this study, we first used SMRT sequencing technology to generate the Rhododendron lapponicum transcriptome. In
this study, single molecule real time (SMRT) technology was used to sequence the transcriptome of the Rhododendron
lapponicum variety 'Fuli Jinling', and the obtained transcript sequences were functionally annotated and classified, and 220 MYB
genes for bioinformatics analysis, these related results have certain reference significance.

Keywords Rhododendron lapponicum; Transcriptome; MYB transcription factor

Rhododendron simsii Planch., also known as Yingshanhong, Shanzhizhu, Shanshiliu etc. in Chinese, is an
evergreen shrub of Rhododendron in Ericaceae. It is a worlds’ famous ornamental flower and one of the ten
traditional famous flowers in China. There are 960 species of Rhododendron in the world, and China is the
country with the most abundant species of Rhododendron, with over 570 species of 6 subgenera, and is the main
distribution center of Rhododendron lapponicum resources in the world (Huang et al., 2005). Rhododendron
lapponicum belongs to the Family Rhododenaceae, which is a Subgen. Hymenanthes plant with brilliant colors
and bright evergreen leaves. It is suitable for potted plants and landscaping with high ornamental value and
economic value (Liu et al., 2011). At present, researches on Rhododendron lapponicum are mainly focused on
morphological classification, adversity stress, cultivation, breeding and reproduction techniques (Li et al., 2018;
Chen et al., 2019).

Transcriptome sequencing can quickly obtain the overall situation of gene expression in a specific cell or tissue of
a species in a certain state, which can be used to study gene structure and function, alternative splicing and
prediction of new transcripts. For species without reference genome information, transcriptome sequencing
provides a new research idea for mining functional genes, alternative splicing events, and molecular marker
development (Xiao et al., 2013; Li et al., 2013; Zhang et al., 2015). Transcription factor is a kind of regulatory
protein with special structure, which combines with cis-acting elements of target genes to regulate RNA
transcription and expression (Hobert, 2008). MYB transcription factors are the largest transcription factor family
in plants and are involved in the regulation of anthocyanin synthesis, hormone signal transduction, stress response,
organ development and other biological processes (Dai et al., 2007; Kranzr et al., 2010). At present, there is no
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report on the MYB transcription factor of Rhododendron lapponicum. In this study, single molecule real time
(SMRT) sequencing was used to sequence the transcriptome of Rhododendron lapponicum 'Fuli Jinling'. The
obtained transcriptome was functionally annotated and classified. MYB transcription factor family was analyzed
by bioinformatics methods. It will provide an important basis for the follow-up study on the function of MYB gene
in Rhododendron simsii.

1 Results and Analysis

1.1 Statistical analysis of transcriptome data of Rhododendron lapponicum

The transcriptome library of Rhododendron lapponicum was sequenced by SMRT sequencing technology, and
15.37 Gb of sequencing data were obtained. 658 338 Reads of Insert (ROI) sequences were extracted from the
original sequence with an average length of 2 216 bp. After removing the cDNA primers and polyA sequences in
ROI sequence, 346 270 full-length non-chimeric sequences were obtained. SMRT Analysis software was used to
cluster FLNC sequences and 105 015 transcripts were obtained. Finally, 75 002 non-redundant full-length
transcripts were obtained from the high-quality transcripts and the corrected transcripts. The total length of the
transcript was 180.45 Mb, with an average length of 2 406 bp. According to the sequence length distribution
statistics of Rhododendron lapponicum transcripts, 971 transcripts <500 bp, accounting for 1.29% of the total.
There were 27 481 transcripts of 500~2 000 bp, accounting for 36.64% of the total. There were 46 550
transcripts>2 000 bp, accounting for 62.07% of the total.

1.2 Functional annotation and classification of Rhododendron lapponicum transcripts

BLAST software was used to compare the full-length transcripts of Rhododendron lapponicum with the NR
protein database, and 71 155 transcripts could be found in the NR database. Among the matched related species,
the grape (Vitis vinifera) (17.71%) had the highest proportion, followed by oak (Quercus suber) (5.59%), walnut
(Juglans regia) (3.47%), coffee (Coffea Linn) (3.42%), and other species. The transcripts were functionally
classified based on GO (Gene Ontology) database, and the functional distribution characteristics of genes
expressed in Rhododendron lapponicums were analyzed. The results showed that 33 653 transcripts of
Rhododendron lapponicum had GO entries, which were divided into 51 subclasses (Table 1). In the cell
component classification, the number of cell parts (13 440) and cells (13 394) was the largest. In the classification
of biological processes, metabolic processes (23 749) accounted for the highest proportion. In molecular
functional classification, catalytic activities (18 900) and protein binding (16 707) were more numerous, while
metallochaperone activity (9) and protein tags (7) were less numerous.

Comparing the transcripts of Rhododendron lapponicum with the Clusters of Orthologous Groups (COG) database,
we found 30359 transcripts with functional information in the COG database, which were divided into 24
functional categories (Figure 1). Among them, the number of general function genes was the most (8 967),
followed by transcription genes (4 862), replication, recombination and repair genes (4 722) and signal
transduction mechanism genes (4 428), while the number of nuclear structure genes (27) and cell movement genes
(7) were relatively small.

1.3 Identification of transcription factor families in Rhododendron lapponicum

Based on transcriptome sequencing data of Rhododendron lapponicum, 3 287 transcription factor genes were
predicted, including 64 transcription factor families. C3H transcription factor family had the largest number of
genes (231), followed by MYB (220), FAR1 (187), bHLH (182), C2H2 (150), GRAS (136), bZIP (130), WRKY
(123), etc. (Table 2).

1.4 Analysis of MYB transcription factor family in Rhododendron lapponicum

According to the DNA binding domain characteristics contained in MYB transcription factors, the MYB genes of
Rhododendron lapponicum were divided into four classes, they are, IR-MYB, R2R3-MYB, R1R2R3-MYB and
4R-MYB, named as SaMYBI~SaMYB220. 157 1R-MYB transcription factors, 60 R2R3-MYB transcription
factors, 1 RIR2R3-MYB transcription factors, and 2 4R-MYB transcription factors (Table 3).
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Table 1 GO functional categories of Rhododendron lapponicum transcripts

GO annotation GO function classification Number
Cellular Component Extracellular region 861
Cell 13 394
Nucleoid 10
Membrane 7904
Virion 6
Cell junction 634
Extracellular matrix 8
Membrane-enclosed lumen 353
Macromolecular complex 3616
Organelle 9 656
Extracellular matrix part 8
extracellular region part 24
Organelle part 4 895
Virion part 6
Membrane part 3 966
Cell part 13 440
Molecular Function Protein binding transcription factor activity 50
Nucleic acid binding transcription factor activity 501
Catalytic activity 18 900
Receptor activity 194
Guanyl-nucleotide exchange factor activity 36
Structural molecule activity 959
Transporter activity 2 405
Binding 16 707
Electron carrier activity 614
Antioxidant activity 220
Metallochaperone activity 8
Enzyme regulator activity 323
Protein tag 10
Nutrient reservoir activity 25
Molecular transducer activity 469
Biological Process Reproduction 382
Cell killing 96
Immune system process 438
Metabolic process 23 749
Cellular process 19 892
Reproductive process 1369
Biological adhesion 160
Signaling 1593
Multicellular organismal process 2084
Developmental process 2827
Growth 553
Locomotion 33
Single-organism process 16 672
Biological phase 136
Rhythmic process 100
Response to stimulus 6515
Localization 5341
Multi-organism process 1 054
Biological regulation 5966
Cellular component organization or biogenesis 3722
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Figure 1 COG function classification of Rhododendron lapponicum transcripts
Note: A: RNA processing and modification; B: Chromatin structure and dynamics; C: Energy production and conversion; D: Cell
cycle control, cell division, chromosome partitioning; E: Amino acid transport and metabolism; F: Nucleotide transport and
metabolism; G: Carbohydrate transport and metabolism; H: Coenzyme transport and metabolism; I: Lipid transport and metabolism;
J: Translation, ribosomal structure and biogenesis; K: Transcription; L: Replication, recombination and repair; M: Cell

T L L L
ACDEFG

wall/membrane/envelope biogenesis; N: Cell motility; O: Posttranslational modification, protein turnover, chaperones; P: Inorganic
ion transport and metabolism; Q: Secondary metabolites biosynthesis, transport and catabolism; R: General function prediction only;
S: Function unknown; T: Signal transduction mechanisms; U: Intracellular trafficking, secretion, and vesicular transport; V: Defense
mechanisms; W: Extracellular structure; Y: Nuclear structure; Z: Cytoskeleton

1.5 Analysis of conserved elements of MYB transcription factor in Rhododendron lapponicum

The amino acid sequences of the MYB transcription factor of Rhododendron lapponicum contained 20 conserved
elements (Figure 2). Different Rhododendron lapponicum MYB transcription factor genes contained different
numbers of conservative elements. SaMYB156 gene contained the least number of conservative elements (1),
while SaMYB39, SaMYB40, SaMYB42, SaMYB43, SaMYB44 and SaMYB45 genes contained the most number of
conservative elements (12). The letters in the figure highly expressed the degree of conserved domain of amino
acid residues at this site, and the smaller the letters were, the smaller the probability of occurrence and conserved
degree of amino acids expressed at the corresponding site was.

1.6 Phylogenetic tree analysis of MYB transcription factor family in Rhododendron lapponicum

The amino acid sequences of 196 Arabidopsis MYB genes were compared with 220 Rhododendron lapponicum
MYB genes by multi-sequence comparison, and phylogenetic tree was constructed by MEGA software. The results
showed that the MYB genes of Rhododendron lapponicum and Arabidopsis thaliana were divided into 28
subgroups (Figure 3).
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Table 2 Transcription factor family classification of Rhododendron lapponicum transcripts

No. Pathway Number INo. Pathway Number
1 C3H 231 33 BES1 30
2 MYB 220 34 NF-YC 28
3 FAR1 187 35 EIL 24
4 bHLH 182 36 NF-YA 22
5 C2H2 150 37 HB-KNOX 21
6 GRAS 136 38 BBR-BPC 21
7 MYB-related 135 39 Alfin-like 19
8 bZIP 130 40 C2C2-LSD 18
9 WRKY 123 41 zf-HD 15
10 RWP-RK 120 42 LOB 14
11 NAC 115 43 AP2/ERF-AP2 14
12 AP2/ERF-ERF 115 44 PLATZ 13
13 B3-ARF 103 45 NF-YB 13
14 B3 96 46 HB-PHD 12
15 HB-HD-ZIP 76 47 DBB 12
16 GARP-G2-like 71 48 vOzZ 10
17 Trihelix 68 49 CPP 9
18 SBP 60 50 C2C2-YABBY 9
19 HB-other 58 51 Whirly 7
20 C2C2-GATA 56 52 STAT 7
21 HB-BELL 53 53 HRT 7
22 MADS-MIKC 50 54 DBP 6
23 Tify 45 55 LIM 5
24 C2C2-Dof 45 56 S1Fa-like 4
25 HSF 44 57 OFP 4
26 GeBP 44 58 NF-X1 4
27 TUB 41 59 CSD 4
28 TCP 37 60 SRS 2
29 C2C2-CO-like 36 61 GRF 2
30 GARP-ARR-B 34 62 E2F-DP 2
31 CAMTA 34 63 BSD 2
32 MADS-M-type 31 64 HB-WOX 1

Table 3 Protein sequence analysis of MYB transcription factor family

Type Number Protein length Relative molecular weight
IR-MYB 157 53-1656 aa 6.13-179.54 kD
R2R3-MYB 60 137~1035 aa 15.89~114.95 kD
R1R2R3-MYB 1 577 aa 64.19 kD

4R-MYB 2 597~650 aa 67.72~73.72 kD

Total 220 53~1656 aa 6.13~179.54 kD

2 Discussion

With the rapid development of molecular biology, a new generation of high-throughput sequencing technology
has been widely used in plant transcriptome research. In recent years, high-throughput sequencing technologies
have been constantly innovated, such as the third-generation sequencing characterized by single-molecule
sequencing-real-time single-molecule sequencing of Pacific Bioscience, Nanopore single-molecule sequencing of
Oxford Nanopore Technologies, which is considered to be an ideal sequencing platform for whole-genome
assembly and full-length transcript sequencing (Branton et al., 2008). The third-generation sequencing technology
does not require PCR amplification, and has the characteristics of fast speed, long read length, and no PCR
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amplification bias and GC bias. In the absence of reference genomes, third-generation sequencing technology has
become an important method for plant gene mining, epigenetic studies, and genetic diversity analysis (Liu et al.,
2017; Ardui et al., 2018; Jia et al., 2020). In this study, the transcriptome of Rhododendron lapponicum alpine was
analyzed by high-throughput SMRT sequencing technology, and 15.37 Gb of sequencing data were obtained, and
75 002 non-redundant full-length transcripts were obtained. The average length of Rhododendron lapponicum
transcripts obtained by SMRT sequencing (2 406 bp) was significantly higher than that of sweet potato (581 bp)
(Wang et al., 2010) and sesame (629 bp) (Wei et al., 2011) and Asplenium nidus (936 bp) (Jia et al., 2016),
indicating that SMRT sequencing technology can directly obtain complete full-length transcripts without splice,
overcomes the disadvantages of short read length of second-generation sequencing technology, and provides basic
data for further research on gene function of Rhododendron lapponicum.
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Figure 2 Conserved elements of mango MYB family proteins
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Figure 3 Phylogenetic tree analysis of MYB proteins in Rhododendron lapponicum and Arabidopsis thaliana

The transcription sequences of 75 002 Rhododendron lapponicum were compared with the NR protein database to
obtain the annotation information of gene function. Among them, 71 155 transcripts had different degrees of
homology with known genes of other species, accounting for 94.87% of the total number, indicating that SMRT
sequencing technology is an effective method to excavate functional genes of Rhododendron lapponicum. In
addition, 3 847 transcripts did not obtain functional annotation information, which may be due to the non-coding
RNA sequence or short transcription sequence length, or the specific genes of Rhododendron lapponicum (Hou et
al., 2011). GO database was used for functional classification of Rhododendron lapponicum transcripts, and 33
653 transcripts obtained specific functional classification entries. Among them, cell part, catalytic activity and cell
process were the most transcripts in cell component, molecular function and biological process, respectively. Due
to defects in the structural design of GO database and the fact that many features of genes have not been
discovered, the functional classification information of GO gene is incomplete, and other bioinformatics methods
are needed to supplement the functional annotations of transcripts (Jia et al., 2014). COG function classification
was performed to further predict the function of genes expressed in Rhododendron lapponicum. Compared with
COG database, 30 359 transcripts of Rhododendron lapponicum were divided into 24 COG function categories,
and the proportion of general function prediction genes was the highest. In this study, the number of functional
genes such as signal transduction mechanism, amino acid transport and metabolism, carbohydrate transport and
metabolism, post-translational modification-protein turnover-molecular chaperone was large, indicating that genes
such as metabolism, signal transduction, transcription and translation were relatively abundant in Rhododendron
lapponicum.
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As one of the largest gene families in plants, MYB transcription factor is involved in plant growth and
development, signal transduction, substance metabolism, stress response, anthocyanin synthesis and other
physiological and biochemical processes, but no relevant studies have been carried out in Rhododendron
lapponicum. Compared with species without reference genome information, transcriptome sequencing data can be
used to mine transcription factor families. For example, 117, 165 and 83 MYB genes can be identified from
Vaccinium Vitis-ldaea, Rehmannia glutinosa (Gaetn.) Libosch. ex Fisch. et Mey., and Lycium ruthenicum Murt.,
etc. (Lietal., 2012; Wang et al., 2015; Yan Li et al., 2017). In this study, 64 transcription factor families, including
220 MYB family genes, were identified from Rhododendron lapponicum transcriptome data. The MYB
transcription factor family can be divided into four categories based on the number of R structures contained in
MYB transcription factors and the different types of repeats (Dubos et al., 2010). Studies have found that
IR-MYB and R2R3-MY B proteins are abundant in plants, while RIR2R3-MYB and 4R-MYB proteins are rare in
plants (Niu et al., 2016). In this study, 157 IR-MYB proteins and 60 R2R3-MYB proteins were identified, while
only 1 and 2 R1R2R3-MYB and 4R-MYB proteins were identified. Phylogenetic tree analysis showed that some
Rhododendron lapponicum MYB subsets did not include Arabidopsis MYB genes, and some Arabidopsis MYB
subsets did not include Rhododendron lapponicum MYB genes, which was similar to the results of Rhododendron
delavayi. In this study, SMRT sequencing technology was used to sequence the transcriptome of Rhododendron
lapponicum. The obtained transcripts were functionally annotated and classified, and 220 MYB transcription
factor genes were identified, which laid a foundation for studying the gene structure and biological function of the
MYB transcription factor family.

3 Materials and Methods

3.1 Test materials

The Rhododendron lapponicum 'Fuli Jinling' was collected from the Germplasm Resource Nursery of
Rhododendron of Jiangsu Academy of Agricultural Sciences. In April 2019, the roots, stems, leaves, flowers and
other tissue samples of "Fufi Jinling" during the flowering period were collected and put into ziplocked bags,
which were immediately frozen with liquid nitrogen and stored in a refrigerator at -70°C for later use.

3.2 Library construction and sequencing

Total RNA was extracted from different tissues (roots, stems, leaves and flowers) by kit, and the integrity, purity
and quality of total RNA were detected by agarose gel electrophoresis, Agilent2100 analyzer and NanoDrop2000
spectrophotometer. RNA samples from 4 different tissues were mixed in equal quantities to construct sequencing
libraries. Transcriptome determination and assembly analysis were entrusted to Biomarker Technologies. The
samples were sequenced on PacBio RS II platform and the library was established to obtain the original
polymerase reading sequence. After reading the sequence and removing the joint, SMRT analysis software was
used to identify, classify, cluster and correct the inserted fragment, finally obtaining high-quality full-length
consistent sequence. The high-quality full-length sequences from the library were merged together, and CD-HIT
was used to remove redundancy from the clustered and error-corrected transcripts.

3.3 Functional annotation and classification of Rhododendron lapponicum genes

BLAST software was used to compare the non-redundant transcripts with the NR database to obtain the functional
annotation information of the transcripts. According to the functional annotation information of NR database,
Blast2GO software was used to obtain GO entries of transcripts, and then WEGO software was used to conduct
GO function classification statistics of transcripts (Hu et al., 2017). The transcripts were compared with COG
database to obtain COG functional annotation and classification.

3.4 Prediction of Rhododendron lapponicum transcription factor family

Transcription sequences from Rhododendron lapponicum transcriptome data were submitted to the online
database CD-HIT Suite to remove redundant sequence fragments, and then the redundant transcription sequences
were submitted to the plant transcription factor database PlantTFDB for transcription factor prediction.
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3.5 Classification and physicochemical properties analysis of MYB transcription factors in Rhododendron
lapponicum

The MYB transcription factor was selected from the predicted transcription factor database of Rhododendron
lapponicum. The ORF Finder online software of NCBI was used to analyze and predict the open reading frame of
each MYB gene, and Smart BLAST was compared with the corresponding protein database for identification.
ExPASy-pROSITE online software was used to predict and classify the number of DNA-binding domains
contained in the N-terminus of MY B transcription factor.

3.6 Conserved elements and phylogenctic tree analysis of MYB transcription factor in Rhododendron
lapponicum

The conserved elements of MYB gene in Rhododendron lapponicum were analyzed by MEME software. The
MYB transcription factor of Arabidopsis thaliana was compared with the predicted MYB transcription factor of
Rhododendron lapponicum by multi-sequence alignment function of MEGA7.0 software Clustal W, and
phylogenetic tree was constructed.
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