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Abstract
Main conclusion  Thirty CcMYB were identified to involve in flavonoid and lignin biosynthesis in pigeon pea genome. 
A comprehensive analysis of gene structure, phylogenetic relationships, distribution on chromosomes, gene duplica-
tion, and expression patterns was performed.

Abstract  MYB transcription factor is one of the largest gene families in plants and plays critical roles in plant growth and 
development, as well as resistance to biotic and abiotic stress. However, the function of MYB genes in pigeon pea (Cajanus 
cajan) remains largely unknown. Here, 30 R2R3-MYB which involved flavonoid and lignin biosynthesis were identified in 
the pigeon pea genome and were classified into five groups based on phylogenetic analysis. Simultaneously, another 122 
key enzyme genes from biosynthetic pathways of flavonoid and lignin were identified and all of them were mapped on 11 
chromosomes with the co-linearity relationship. Among these genes, the intron/exon organization and motif compositions 
were conserved and they have undergone a strong purifying selection and tandem duplications during evolution. Expression 
profile analysis demonstrated most of these genes were expressed in different tissues and responded significantly to MeJA, 
RNA-seq analysis revealed clear details of genes varied with time of induction. Ten key genes from the phenylpropanoid 
pathway were selected to further verify whether they responded to induction under different abiotic stress conditions (UV-B, 
cold, heat, salt, drought, and GA3). This study elaborates on potential regulatory relationships between R2R3-MYB genes and 
some key genes involved in flavonoid and lignin biosynthesis under MeJA treatment, as well as adding to the understanding 
of improving abiotic stress tolerance and regulating the secondary metabolism in woody crops. A simplified discussion model 
for the different regulation networks involved with flavonoid and lignin biosynthesis in pigeon pea is proposed.
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Introduction

Cajanus cajan (L.) Millsp. (Family: Fabaceae), also known 
as pigeon pea, is a multipurpose, hardy grain legume crop 
grown in semiarid and subtropical areas of the world. The 
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crop can be described as unique because it is a legume and 
a woody shrub. Among the leguminous crops, pigeon pea 
ranks fifth in the area after soybean, common bean, pea-
nut, and chickpea. In addition to being used as a food crop, 
pigeon pea has been widely utilized as forage, fuel plant, and 
medicinal material with many significant activities. As a folk 
medicine, pigeon pea leaves have been used to treat various 
ailments worldwide such as wound healing, arrest blood, 
pain relief. In recent years, pigeon pea has been widely 
brought to market as a special traditional Chinese medicine 
for the therapy of osteonecrosis of the femoral head. (Fu 
et al. 2008, 2006). In this regard, a large number of phyto-
chemical studies reveal that these important activities are 
attributed to its abundance of secondary metabolites.

Pigeon pea contains several classes of interesting bioac-
tive secondary metabolites including flavonoids, stilbenes, 
isocoumarins, and stilbene carboxylates (Liu et al. 2010; 
Rinthong and Maneechai 2018; Nix et al. 2015). Phytochem-
ical investigations reveal that flavonoids and their derivates 
are the main bioactive compounds presented in pigeon pea. 
Based on the position and the modifications to the benzene 
rings, the main classes of these flavonoid derivatives include 
chalcones, flavanones, flavan 3-ols, flavonols, flavones, iso-
flavones, and anthocyanins (Lepiniec et al. 2006). Nutrient 
and health benefits have been reported for nearly all classes 
of flavonoids from pigeon pea, especially pinostrobin, isovi-
texin, genistin, apigenin, and luteolin (Cui et al. 2015; Duan 
et al. 2013; Zhang et al. 2012). The biosynthetic pathways 
leading to these bioactive compounds originated from the 
general phenylpropanoid pathway (GPP). This GPP mainly 
involves phenylalanine ammonia-lyase (PAL), cinnamate 
4-hydroxylase (C4H), and 4-coumarate: CoA ligase (4CL), 
and redirects carbon flow from primary metabolism to phe-
nylpropanoid metabolism (Fraser and Chapple 2011). The 
end-product of the GPP pathway is catalyzed by a series of 
key enzymes (Koes et al. 1994), including chalcone syn-
thase, chalcone isomerase, flavanone 3-hydroxylase, isofla-
vone synthase, flavone Synthase II, flavonoid B-ring hydrox-
ylases, flavonol synthase, leucoanthocyanidin reductase, 
dihydroflavonol 4-reductase, leucoanthocyanidin dioxyge-
nase, UDP flavonoid glucosyltransferase, which ultimately 
leads to the synthesis of flavonoids. It is known to all that 
lignin also originates from the GPP. The key structural genes 
of the lignin pathway have been identified in many species 
(Voelker et al. 2011), the cooperative regulations of flavo-
noid and lignin biosynthesis have been recognized to be 
broadly correlated (Kang et al. 2019). Among these regula-
tions, TFs play an important role in plant growth, develop-
ment, and stress response (Liu et al. 2015; Li et al. 2020a). 
A large number of TFs have been known to directly regulate 
the key genes involved in flavonoid and lignin biosynthesis 
in plants.

The MYB protein as one of the largest transcription regu-
lators in the plant is highly conserved with the so called 
MYB domain at the N-terminal region, while the C-terminal 
is highly variable containing specific regulatory domains 
for transcriptional activation or repression (Jin and Martin 
1999). (Matus et al. 2008; Karamysheva et al. 2004). The 
MYB protein usually contains 1–4 repeats (R1, R2, R3 and 
R4) and each repeat sequence encodes three α-helices, of 
which the second and third α-helices are further folded into 
a helix-turn-helix structure (HTH) (Ogata et al. 1992). From 
this, MYB proteins are classified into four major types such 
as 1R-MYB, 2R-MYB, 3R-MYB, and 4R-MYB proteins, of 
which the R2R3-MYBs are the most common type in plants.

Since the first MYB transcription factor was isolated and 
identified from plants (Paz‐Ares et al. 1987), a large num-
ber of studies have been conducted on MYB transcription 
factors in plants (Dubos et al. 2010). Many of them were 
confirmed to be involved in the biosynthesis of flavonoids 
and lignin (Ma and Constabel 2019). Some R2R3-MYB 
members were identified as positive regulators involved 
in secondary metabolites biosynthesis in the phenylpropa-
noid pathway. Such as, PtrMYB3, PtrMYB20 (McCarthy 
et al. 2010), EgMYB2 (Goicoechea et al. 2005), AtMYB83 
(McCarthy et al. 2009), and AtMYB85 (Zhou et al. 2009) 
promoted the accumulation of lignin in plants by binding to 
the cis-acting element in the promoter of the structural gene 
from the lignin synthesis pathway. AtMYB11, AtMYB12, 
and AtMYB111 are the star genes regulating the biosyn-
thesis of flavonol by activating transcription level of chal-
cone synthase, chalcone isomerase, flavanone 3-hydroxy-
lase, and flavonol synthase (Mehrtens et al. 2005; Stracke 
et  al. 2007; Luo et  al. 2008; Misra et  al. 2010; Pandey 
et al. 2012, 2014). The expression of both AtMYB14 and 
AtMYB15 can induce the accumulation of stilbenes in the 
phenylpropanoid pathway (Höll et al. 2013). In addition, 
certain R2R3-MYB TFs have been confirmed as repres-
sors to negatively regulate lignin synthesis in plants, such 
as, A. thaliana (AtMYB32) (Preston et al. 2004), Zea mays 
(ZmMYB31, ZmMYB42) (Fornalé et al. 2010) (Sonbol et al. 
2009), Eucalyptus gunnii (EgMYB1) (Legay et al. 2007), 
Panicum virgatum (PvMYB4a) (Shen et al. 2012), Leucaena 
leucocephala (LlMYB1) (Omer et al. 2013), and Chrysanthe-
mum morifolium (CmMYB1) (Zhu et al. 2013) are similarly 
able to repress lignin synthesis. All the R2R3-MYB proteins 
encoded by these genes belong to R2R3-MYB subgroup 4 
(Liu et al. 2015). At present, the function of MYB genes in 
the biosynthesis of flavonoids and lignin has been identified 
and functionally characterized only in Arabidopsis, herba-
ceous species, and fewer woody species, while the research 
of MYB genes was little known in medicinal or commercial 
crops. Up to our knowledge, the function of the MYB fam-
ily in pigeon pea has not been well investigated until now.
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In the present study, 30 CcMYB genes and 122 key 
enzyme genes which are involved in flavonoid and lignin 
biosynthesis were identified from the pigeon pea genome. 
Further, gene structures (intron/exon distribution), cis-acting 
elements, chromosomal locations, motif compositions and 
phylogenetic analysis, duplication events were also investi-
gated. The synteny analysis of CcMYB genes and phenylpro-
panoid pathway-related genes from Cajanus cajan and Gly-
cine max, Oryza sativa, Arabidopsis thaliana were compared 
together. In addition, as MeJA is an important regulator in 
the biosynthesis of flavonoid and lignin (Li et al. 2020b; 
Chen et al. 2020b; Cao et al. 2010), the possible regulation 
of CcMYB genes which are involved in flavonoid and lignin 
biosynthesis were analyzed according to the RNA-seq of 
pigeon pea under MeJA treatment. The expression levels of 
the above-mentioned genes in roots, stems, leaves, flowers, 
pods, beans, and six different abiotic stress conditions were 
measured. Moreover, 16 flavonoids in 6 different tissues of 
pigeon pea were quantitatively analyzed. This is the first 
report on genome-wide and transcriptome identification of 
the CcMYB genes family and their contribution to flavonoid 
and lignin biosynthesis in pigeon pea. This study also serves 
as a valuable reference for further analysis of the regulatory 
mechanisms involving flavonoid and lignin biosynthesis in 
plants.

Materials and methods

Identification and sequence analysis

Genome sequences, gene sequences, and general feature 
format (GFF) files of pigeon pea were downloaded from 
the National Center for Biotechnology Information (NCBI) 
database (https://​www.​ncbi.​nlm.​nih.​gov/​genom​e/?​term=​
Cajan​us+​cajan). The Hidden Markov model (HMM) profile 
of the MYB domain (PF00249) was downloaded from the 
Pfam protein family database (http://​pfam.​xfam.​org/) (Liu 
et al. 2017). All CcMYB protein sequences were searched 
with a default E-value by HMMER software (version 3.0). 
To verify its accuracy, the 126 AtMYB in Arabidopsis were 
selected as query sequences to further identify all members 
of the CcMYB family in the pigeon pea genome. The key 
genes from the phenylpropanoid pathway in pigeon pea 
were obtained from homology searches using the NCBI 
database (https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi?​PROGR​
AM=​blast​p&​PAGE_​TYPE=​Blast​Searc​h&​LINK_​LOC=​
blast​home) and Uniport database (http://​www.​unipr​ot.​org/). 
The MEME (http://​meme-​suite.​org/) (Bailey et al. 2009) and 
Batch CD-search (https://​www.​ncbi.​nlm.​nih.​gov/​Struc​ture/​
bwrpsb/​bwrpsb.​cgi) were used to validate the CcMYB and 
phenylpropanoid pathway-related proteins domains. The 
ExPASy (https://​web.​expasy.​org/​compu​te_​pi/) was used to 

calculate the molecular weight and isoelectric point values 
of the CcMYB and phenylpropanoid pathway-related protein 
sequences (Gasteiger et al. 2005).

Phylogenetic tree and multiple alignment

A neighbor-joining (NJ) phylogenetic tree of CcMYB and 
other MYBs that have been identified as functional in fla-
vonoids and lignin biosynthetic pathway was constructed 
using MEGA 7 software and with 1000 bootstrap replicates 
for reliability (Kumar et al. 2016). The phylogenetic tree was 
displayed and annotated by the iTOL online tool (https://​itol.​
embl.​de/) (Letunic and Bork 2007). The CcMYB proteins 
were aligned by BioEdit software to visualize and analyze 
the sequences of conserved domains in CcMYB proteins. 
For the CcMYB interaction network, MYB interactions 
experiment data in Arabidopsis were constructed through 
the STRING website (http://​strin​gdb.​org/), and the homolog 
proteins were identified by BLASTp analysis in pigeon pea.

Gene structure and promoter analysis

The CcMYB and phenylpropanoid pathway-related gene 
structures were visualized by TBtools software (Chen et al. 
2020a). The 2 kb genomic DNA sequences upstream of the 
initiation codon of the candidate gene were retrieved through 
the Plant CARE database (http://​bioin​forma​tics.​psb.​ugent.​
be/​webto​ols/​plant​care/html/) to identify the cis-acting ele-
ments and functional sites in the promoter regions (Lescot 
et al. 2002).

Chromosomal locations, gene duplication 
and synteny analysis

The chromosomal location information of the genes was 
obtained from the pigeon pea genome. The location images 
of all genes were drawn by MapChart software and gene rep-
lication events were detected by multiple collinear scanning 
toolkits. (Wang et al. 2012). The synteny relationship of all 
genes between pigeon pea, Arabidopsis, soybean, and rice 
were drawn up by the TBtools software (Chen et al. 2020a).

Expression analysis based on high‑throughput 
mRNA sequencing

For RNAseq library construction, we collected three bio-
logical replicates of pigeon pea seedlings from 4-week-
old plants. Each sample was collected at 0, 3, 6, and 12 h 
after MeJA treatment at a concentration of 10 mg/L. Total 
RNA was prepared using the TRIZOL (Takara) following 

https://www.ncbi.nlm.nih.gov/genome/?term=Cajanus+cajan
https://www.ncbi.nlm.nih.gov/genome/?term=Cajanus+cajan
http://pfam.xfam.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
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https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://web.expasy.org/compute_pi/
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https://itol.embl.de/
http://stringdb.org/
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http://bioinformatics.psb.ugent.be/webtools/plantcare
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the manufacturer's instructions. RNA samples were treated 
with RNase-free DNase Set (Takara). Total RNA was sub-
mitted to the BGI Genomics (Shenzhen, China) for library 
construction and sequencing. The libraries were sequenced 
by the 150 bp paired-end reads. The raw data were tested 
by FastQC (Brown et al. 2017). Clean reads were obtained 
by removal of low-quality reads (Q value < 20) by Cutadapt 
(Martin 2011). The clean reads mapped to the pigeon pea 
genome. Paired-end clean reads were aligned to the pigeon 
pea genome using TopHat v2.0.9 (Brueffer et al. 2016). To 
construct transcriptome, the mapped reads were assembled 
de novo using Cufflinks (Trapnell et al. 2012). The transcript 
abundance of all genes was denoted as FPKM (fragments 
per kilobase per million) and the log2 (FPKM) were used 
for hierarchical clustering, and the results were visualized 
by TBtools.

Plant materials and abiotic stress treatments

The seeds of pigeon pea (ICPL87119) were cultivated in 
the growth chamber of Northeast Forestry University. The 
indoor temperature was 25 °C, and the photoperiod con-
sisted of 16 h of light and 8 h of darkness. Tissue material 
of pigeon pea from roots, stems, leaves, flowers, pods, and 
beans were used for tissue specificity experiments. Each tis-
sue was collected from three different plants, and the col-
lected samples were immediately stored at − 80 °C. Plants 
with similar growth performance (4-week-old plants) were 
selected for treatments. The pigeon pea seedlings were trans-
ferred with consistent growth status to aerated hydroponics 
with Hoagland solution for pre-cultivation for 1 week before 
stress treatment. Six stress treatments (including UV-B, 
cold, heat, drought, salt, and hormones) were applied to the 
pigeon pea. The pigeon pea seedlings were transferred to the 
311 nm UV-B radiation plant incubator to simulate UV-B 
treatment. The temperature of the plant incubator was set 
at 40 °C and 4 °C, respectively, to simulate high and low-
temperature conditions. In addition, 150 mM NaCl, 10% 
PEG-6000, and 50 mg/L GA3 were added to the standard 
Hoagland solution for salt, drought, and hormone stresses. 
Plant samples of pigeon pea were collected at 0, 3, 6, and 
12 h after treatment, and the expression levels of flavonoid 
and lignin synthesis-related genes were analyzed after the 
six treatments. Three biological replicates were set for each 
sample and control. All collected samples were frozen and 
stored at − 80 °C.

Total RNA isolation and qPCR analysis

Total RNA was extracted with the TRIZOL reagent (Rio 
et al. 2010). cDNA was prepared using the SuperScript™ 
III Reverse Transcriptase kit (Invitrogen) and used as the 
template for RT-PCR. Quantitative PCR of related genes 

was performed on a Light Cycler 9600 system (Roche, Swit-
zerland) with SYBR Premix Ex Taq Kit (TAKARA). Gene-
specific primers were designed using Primer 5.0 and listed in 
Supplementary Table S7. The relative gene expression levels 
were quantitatively analyzed by the 2−ΔΔCQ method. The 
CcActin (GenBank Accession No. LOC109798310) gene 
from pigeon pea was used as the endogenous reference gene 
(Meng et al. 2019). Three biological and technical replicates 
for each sample were completed based on qRT-PCR.

Plant harvesting and metabolite extraction

Three-month-old pigeon pea plants were subjected to 
metabolite analyses, plant tissues from 12 individual plants 
were collected. Samples were then freeze dried and kept 
at − 80 °C until subjected to solvent extraction. 0.1 g dry 
weight (DW) of roots, stems, leaves, flowers, pods, and 
beans powder of pigeon pea was accurately weighed. Subse-
quently, 80% ethanol aqueous solution (5 mL) was added as 
the extraction solvent of pigeon pea flavonoids, and the ultra-
sonic wave was continuously sonicated at room temperature 
(25 °C) with 100 W power for 30 min. After centrifugation 
at 10,000 for 10 min, the supernatant was collected, filtered 
using a syringe filter with 0.22 μm PVDF membrane, and 
analyzed by UPLC-MS/MS.

UPLC‑MS/MS for accurate quantification

An Agilent ULTIVO triple quadrupole mass spectrometer 
(Agilent, Palo Alto, CA, USA) coupled to an Agilent 1290 
liquid chromatography and autosampler was used for analy-
sis. The ion source was electrospray ionization (ESI) with 
Agilent Jet Stream Technology used in positive or negative 
ion mode for all analytes. The data system was MassHunter 
software version B08 (Agilent). Separations were performed 
using the Agilent SB-C18 (50 × 2.1 mm, 1.8 μm) column 
operated at 30 °C. The flow rate of the mobile phase was 
0.4 mL/min. The mobile phase consisted of a linear gradient 
of acetonitrile (A) and 0.1% (v/v) aqueous formic acid (B): 
0–2.0 min, 25–35% A (v/v); 2.0–3.5 min, 35–90% A (v/v); 
3.5–5.0 min, 90% A (v/v); 5.0–5.1 min, 90–25% A (v/v); 
5.1–6 min, 25% A (v/v). The column was reconditioned 
for 3 min prior to the next injection. A 2 μL sample was 
injected for each run, with a total run time of 6.0 min. The 
optimum operating ESI conditions were: gas temperature 
350 °C, gas flow rate 10 L/min, nebulizer pressure 50 psi, 
cell acceleration voltage 4 V. The capillary voltages were 
optimized to 4000 V in positive mode and 3500 V in nega-
tive mode, with equal nozzle voltages (0 V). All metabolites 
were quantified based on a calibration curve generated by 
authentic standards.
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Statistical analysis

Statistical Product and Service Solutions program (SPSS, 
version 19) was used for all statistical analyses. Student’s t 
test and one-way ANOVA were conducted for group com-
parisons. Data were presented as means of three biological 
replicates ± standard deviation. Three biological and techni-
cal replicates for each sample were completed.

Results

Identification of CcMYB family and key enzyme 
genes from phenylpropanoid pathway in pigeon 
pea

To identify CcMYB genes in pigeon pea, the MYB domain 
(PF00249), 126 AtMYBs were used as probes to screen all 
the members of the CcMYB gene family in pigeon pea, and 
further identify 221CcMYB transcription factors by ana-
lyzing the conserved domains. A near-neighbor (NJ) evo-
lutionary system method was used to construct a phyloge-
netic tree of MYB proteins from pigeon pea (221 CcMYBs), 
Arabidopsis (10 AtMYBs) and, soybeans (10 GmMYBs). 
All selected MYB proteins were divided into nine groups 
based on phylogenetic analysis (Supplementary Fig. S1). 
In addition, 122 genes from the phenylpropanoid pathway 
were identified from the pigeon pea genome, including 19 
general phenylpropanoid pathway genes, 46 genes from the 
flavonoid pathway, and 57 genes involved in lignin synthe-
sis pathways (Supplementary Fig. S2, S3, S4). Detailed 
information of all identified CcMYB genes and phenylpro-
panoid pathway-related genes were provided in Supplemen-
tary Table S1. The number of amino acids encoded by the 
pigeon pea CcMYBs gene from 80 to 1037, and the protein 
molecular weight (MW) and isoelectric point (pI) of pre-
dicted CcMYB proteins ranged from 9.26 to 113.69 kD and 
4.55–11.01, respectively. The length of key enzyme genes 
we focused on in pigeon pea ranged from 160 to 1501 amino 
acid, and the predicted protein MW and pI range were 17.76 
kD to 170.37 kDa, 5.16–9.44 (Supplementary Table S1).

Phylogenetic analysis and classification 
of the CcMYB genes involved in flavonoid and lignin 
biosynthesis in pigeon pea

To investigate the phylogenetic relationship of the pigeon 
pea CcMYB proteins involved in flavonoid and lignin bio-
synthesis, the phylogenetic tree consisting of pigeon pea and 
other plants (28 R2R3 MYB proteins which involved in the 
biosynthesis of flavonoid and lignin has been confirmed) 
was constructed (Fig. 1). 30 CcMYB members of CcMYB 
gene family have high identity with the known R2R3-MYB 

which involved in the biosynthesis of flavonoids and lignin 
in many species (Supplementary Table S2). The selected 58 
MYB genes were classified into five groups by phylogenetic 
analysis, including phenylpropane regulator, monolignol 
activator, monolignol repressor, flavonol activator, and stil-
bene activator (Fig. 1a). Sequence alignment showed that 30 
CcMYB belong to the R2R3-MYB cluster with conserved 
sequence (-W-(X19)-W-(X19)-W-……-F/I-(X18)-W-(X18)-
W-) (Fig. 1b).

Homologous proteins with similar sequences might 
have similar functions (Zhang et al. 2017). In this work, 
the amino acid sequence identity of CcMYB114a and 
AtMYB75, CcMYB5 and AtMYB5 were 60.67% and 
56.82%, respectively. AtMYB75, and AtMYB5 have been 
verified to regulate the biosynthesis of flavonoids and lignin 
(Zuluaga et al. 2008). It suggests that CcMYB114a and 
CcMYB5 may cooperatively regulate multiple branches 
of the phenylpropanoid metabolic pathway. The iden-
tity of CcMYB83b, CcMYB83e, and the lignin synthesis 
pathway activator AtMYB83 (McCarthy et al. 2009) was 
69.23% and 87.69%, respectively (Fig. 1a). EgMYB1 is an 
inhibitor of the lignin biosynthesis pathway and the identity 
between CcMYB308f and EgMYB1 was 69.23% (Fig. 1a) 
(Legay et al. 2007). These results provide evidence that 
CcMYB308f, CcMYB83b, and CcMYB83e may be involved 
in lignin biosynthesis. The identity between CcMYB12 and 
AtMYB12 (flavonol synthesis activator) (Mehrtens et al. 
2005; Stracke et al. 2007; Luo et al. 2008; Misra et al. 2010; 
Pandey et al. 2012, 2014) was 56.10%. So CcMYB12 was 
probably involved in flavonol biosynthesis and promoted the 
accumulation of flavonol in pigeon pea. The results showed 
CcMYB14a and CcMYB14b were close to AtMYB15 and 
AtMYB14 based on multiple sequence alignment, with 
48.83% and 51.20% similarity. AtMYB15 and AtMYB14 
have been verified to regulate stilbene biosynthesis in recent 
studies (Höll et al. 2013) (Fig. 1a) indicated that CcMYB14a 
and CcMYB14b were likely to perform the same function in 
pigeon pea. It is not hard to see from the results, the selected 
30 CcMYB transcription factors might be involved in the 
phenylpropanoid pathway. However, the functions of these 
transcription factors need to be further studied.

Gene structure and motif composition of CcMYB 
genes

The structural composition of 30 CcMYB genes (the num-
ber and distribution of introns and exons) were analyzed to 
understand the evolutionary imprint of MYB proteins. Gene 
structure analysis showed that the number of introns in dif-
ferent CcMYB genes was not the same. Most CcMYB genes 
contain two introns, and the six CcMYB genes (CcMYB46, 
CcMYB83a, CcMYB83b, CcMYB83c, CcMYB83d, and 
CcMYB83e) only contained one intron (Fig. 2a). The length 
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of exons was similar among closely related CcMYBs, but the 
length of the introns was significantly different. The intron 
and exon characteristics of the CcMYB gene are consistent 
with the results of the phylogenetic tree (Fig. 2a). In addi-
tion, ten conserved motifs of CcMYB proteins were identi-
fied by MEME analysis (Fig. 2a, b). The diversity of gene 

structure and motifs compositions of pigeon pea CcMYB 
may lead to the diversification of its functions.

a

b

c

Fig. 1   Phylogenetic analysis and classification of the R2R3-CcMYB 
genes. a Phylogenetic analysis of R2R3-CcMYB protein sequences. 
The developmental evolutionary tree was constructed using the 
neighbour-Joining (NJ) algorithm of MEGA7 software. Bootstrap-
ping with 1,000 replications was performed. R2R3-MYB marked in 

red label represents its higher similarity to MYB that the function has 
been determined in other plants. Detailed information of these MYB 
genes was provided in Supplementary Table S2. b Multiple sequence 
alignment of MYB proteins in pigeon pea plant. Sequences were 
aligned using BioEdit software. c Conserved motif logo of R2 and R3
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Evolutionary patterns and divergence

To investigate the distribution of all genes we focused on in 
the genome of pigeon pea, the genes were plotted on the cor-
responding chromosomes (Fig. 3a). Most CcMYB genes and 
key genes from the phenylpropanoid pathway were located 
on chromosome 11, whereas chromosome 10 contained only 

two genes (Fig. 3a). Ten genes on chromosome 3,4, nine 
genes (Cc4CL5, CcCAD8/9/12, CcCCoAOMT9, CcF5H1, 
CcPAL3, CcMYB(C1), CcLDOX) on chromosome 6, eight 
genes (CcCCoAOMT4/5/6/7/8, CcCHS8, CcCAD7/11) 
on chromosome 5, seven genes (CcCCR11, CcC4H2, 
CcMYB308g, CcLAC1, CcFNSII4, CcMYB14a, CcCAD6) 
on chromosome 2, six genes (CcCHS9/11, CcMYB308c, 

a

b

Fig. 2   Phylogenetic relationships, gene structure and architecture of 
conserved protein motifs in 30 R2R3-MYB genes involved in phenyl-
propanoid pathway from pigeon pea. a Phylogenetic tree, gene struc-
ture and conserved motifs of R2R3-MYB. The neighbor-joining (NJ) 
tree on the left includes 30 R2R3-MYB proteins from pigeon pea. 
According to the function, the 30 R2R3-MYB proteins were divided 

into clustered into fivecategories. The gene structure of R2R3-MYBs 
from pigeon pea are performed in the middle. Schematic representa-
tion on the right of conserved motifs (obtained using MEME) in 30 
R2R3-MYB proteins. Different motifs are represented by boxes of 
different colors. b The logo of ten conserved motifs



	 Planta (2021) 254:64

1 3

64  Page 8 of 21

CcF5H2, CcCCR2/7) on chromosome 1, five genes 
(Cc4CL6, CcMYB13, CcUFGT2/3/4) on chromosome 9 and 
three genes on chromosome 7 and chromosome 8 (Fig. 3a). 
In this study, 28 tandem duplicated genes were identi-
fied. Ten genes were divided into five groups (CcCCR2/7, 

CcCAD7/11, CcCAD8/9, CcMYB114a/b, and CcFBH5/6). 
Six genes were divided into two groups (CcFNSII1/2/3 and 
CcUFGT2/3/4). Twelve genes were divided into three groups 
(CcCCR3/4/5/6, CcCCoAOMT5/6/7/8, and CcABCG1/3/4/5) 
(Fig. 3a). From these results, it could be concluded that some 
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Fig. 3   Chromosomal locations, gene duplication and synteny analy-
sis. a 30 R2R3-MYBs, 122 key enzyme genes from phenylpropane 
pathway distribution across 11 chromosomes of pigeon pea genome. 
Only 78 genes are mapped to the 11 chromosomes. The scale repre-
sents the length of pigeon pea chromosomes. Red lines represent the 
tandem duplication. b–d Gene duplication and synteny analysis of 

related genes involved in phenylpropanoid pathway between pigeon 
pea and three model species. Gray lines in the background indicated 
the collinear blocks, while the red, blue, yellow and brown lines high-
light the R2R3-MYB, general phenylpropanoid pathway, flavonoid 
pathway and lignin pathway-related genes syntenic genes pairs
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CcMYB genes and phenylpropanoid pathway-related genes 
were produced by gene duplication events.

To investigate the evolutionary mechanisms of the 
CcMYB genes and key genes from the phenylpropanoid 
pathway, three synteny analysis of all genes with the other 
three typical plants were constructed, including two dicot-
yledonous plants (Arabidopsis thaliana and Glycine max), 
and a monocotyledonous plant (Oryza sativa) (Fig. 3b–d). 
Finally, 22 collinear gene pairs between pigeon pea and 

Arabidopsis (Fig. 3b), 146 orthologs between pigeon pea 
(Fig. 3c) and soybean, and 15 orthologs between rice and 
pigeon pea were identified (Fig. 3d). The details of the 
gene pairs were shown in Supplementary Table S3, S4, 
S5. The number of orthologous events of pigeon pea-soy-
bean was far greater than that of pigeon pea-Arabidopsis 
and pigeon pea-rice, and the closer evolutionary distance 
between pigeon peas and soybeans was confirmed. Our 
study may indicate that all genes examined in pigeon pea 

a

b

Fig. 4   Various cis-acting elements in 30 R2R3-MYB genes. a The number of cis-acting elements in response to various factors. b The number of 
occurrences of each cis-acting element
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share a similar structure and function with GmMYB genes 
and the key genes from the phenylpropanoid pathway in 
soybean.

The analysis of the cis‑elements in the promoter 
regions of CcMYB genes and the MYB‑binding site 
of key genes from the phenylpropanoid pathway

To explore the regulatory mechanism of CcMYB genes, 2 kb 
upstream sequences from the translation initiation sites of 
CcMYB genes were analyzed using tools at the PlantCARE 
database to identify potential cis-acting elements. Various 
cis-acting elements, including stress, development, and hor-
mone-responsive elements, were detected in the promoter 
regions of CcMYB genes (Fig. 4a, b). These results suggest 
that their expressions are controlled by complex regulatory 
networks.

For stress-related cis-acting elements, defense and stress-
responsive element (TC-rich repeats), low-temperature 
responsive element (LTR), MYB binding sites (MBSs) 
involved in drought inducibility and, wound responsive ele-
ment (WUN-motif) were detected in the promoters of 13, 
4, 8, and 3 CcMYB genes, respectively (Fig. 4a, b). Among 
these stress-related cis-acting elements, TC-rich repeats 
were detected with the highest frequency (a total of 17 TC-
rich repeats located in 13 CcMYB promoters), followed by 
MBSs, LTR, and WUN-motif. Various cis-elements related 
to hormone response elements were found in the CcMYB 
promoters (Fig. 4a, b). An abscisic acid responsive element 
(ABRE) was present in 27 of the CcMYB promoters (a total 
of 80 ABRE located in 27 CcMYB promoters). 16 CcMYB 
promoters contained a MeJA responsive element (CGTCA-
motif, and TGACG-motif) that is involved in response to 
MeJA stress (a total of 57 MeJA responsive elements located 
in 16 CcMYB promoters). These suggested that CcMYB 
genes play important roles in abiotic stress responses. Addi-
tionally, auxin responsive elements (AuxRR-core, TGA-box 
and TGA-element) were found to be present in 13 CcMYB 
promoters, salicylic acid responsive elements (TCA-ele-
ment) were found to be present in 16 CcMYB promoters and 
gibberellin responsive elements (GARE-motif) were found 
to be present in 7 CcMYB promoters (Fig. 4a, b).

To identify if the key genes from the phenylpropanoid 
pathway are regulated by the CcMYB, the cis-acting ele-
ments of the 2 kb promoter upstream of the start codon 
of related genes were analyzed and the genes with the 
MYB binding sites were identified (Supplementary Fig. 
S5). The results showed that 89 genes have MYB binding 
sites, CcPAL2 was detected with the highest frequency of 9 
MYB binding sites, CcC3H promoter has 7 MYB binding 
sites, CcCHS2, CcUFGT3, CcCCR9, and CcCCoAOMT10 
promoters have 6 MYB binding sites, CcPAL3, CcCCR2, 
CcCCR12, and CcCOMT3 promoters have 5 MYB binding 

sites (Supplementary Fig. S5). These genes may be regulated 
by MYB transcription factors and participate in flavonoid 
and lignin biosynthesis.

Deep transcript abundance profiling of genes 
by RNA‑seq

As MeJA is an important regulator in the biosynthesis of 
flavonoid and lignin (Li et al. 2020b; Chen et al. 2020b; 
Cao et al. 2010), the response mechanism under MeJA 
stress and the possible regulatory relationship between 
CcMYB and related genes were analyzed according to the 
RNA-seq of pigeon pea under MeJA treatment. The raw 
data included 18 M 150 bp paired-end reads. Each base 
was assigned a quality score using FastQC. The results 
showed that the data were highly credible with Q20 and 
showed that the quality of the data was very good. A heat-
map of CcMYB and related genes from the phenylpropa-
noid pathway was generated with corresponding FPKM 
values of MeJA treatment using the TBtools (Fig. 5). The 
transcript abundance of 30 CcMYB genes, 19 general 
phenylpropanoid pathway structural genes, 46 flavonoid 
pathway structural genes, and 57 lignin pathway-related 
genes were evaluated. Most CcMYBs and key genes from 
the phenylpropanoid pathway were down-regulated in 
response to MeJA treatment, and the expression levels 
increased slightly as the stress treatment time prolonged. 
However, ten MYB transcription factors (CcMYB4/
CcMYB5/CcMYB12/CcMYB13/CcMYB14b/CcMYB308a/
CcMYB308b/CcMYB308c/CcMYB308d/CcMYB308f/
CcMYB308g) have significantly responded to MeJA treat-
ment. It is reported that genes have co-expression effects 
of the same metabolic pathway.

To further identify the related genes from flavonoid 
and lignin biosynthesis pathways that may be regulated 
by CcMYB, the co-expression trend from the CcMYB gene 
family and related genes were analyzed. The co-expres-
sion similarity ≥ 0.95 was shown in Fig. 6 to retain the 
target genes. It is noteworthy that the expression trend 
of CcMYB12 under MeJA treatment is similar to those 
of CcCCR12, CcCHS3, CcFBH6, CcPAL3, and CcLAC2 
(Fig.  6). The expressions of CcMYB14b, CcLAC1, 
CcCAD6, CcCCoAOMT1, and CcANR1 were slightly 
higher than that of the control group at 3 h after MeJA 
treatment (Fig. 6). However, their expression was down-
regulated with the prolongation of MeJA treatment. In 
pigeon pea, the expressions of CcMYB5 and CcCAD10, 
CcMYB308a, and CcUFGT2, CcMYB308c and CcCAD8 
were consistent with the above. They were up-regulated 
to varying degrees when induced by MeJA at 3 h, 6 h, and 
12 h (Fig. 6). This suggested that there are co-expression 
effects among these ten CcMYB genes and the related 
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genes from the phenylpropanoid pathway in response to 
MeJA treatment.

Prediction of regulatory networks 
between CcMYB12, CcMYB14b, CcMYB5, CcMYB308f 
and related genes from phenylpropanoid pathway

In this study, four CcMYB proteins (CcMYB12, 
CcMYB14b, CcMYB5, and CcMYB308f) from phyloge-
netic trees (Fig. 1) and significantly responded to MeJA, 
were screened in pigeon pea and which shared close 

relationships with their homologs in Arabidopsis. To iden-
tify their functional and regulatory of CcMYBs, STRING 
software was used to draw a regulatory network map in 
pigeon pea and related genes in Arabidopsis (Fig. 7, Supple-
mentary Table S6). The 4 CcMYB proteins exhibited strong 
regulation with many phenylpropanoid pathway-related pro-
teins, such as flavonol synthase protein, basic helix-loop-
helix (bHLH) DNA-binding protein, chalcone flavanone 
isomerase protein, chalcone and stilbene synthase protein, 
leucoanthocyanidin dioxygenase protein, and dihydrofla-
vonol reductase.
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Fig. 6   The co-expression of key genes and CcMYB under MeJA treatment. Hierarchical clustering of expression profiles in response to MeJA 
hormone induction
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Expression profiles of CcMYB12, CcMYB14b, 
CcMYB5, CcMYB308f and six key genes correlate 
with the flavonoid accumulations in pigeon pea

Six different tissues were selected to determine the flavo-
noids accumulation patterns in pigeon pea (Fig. 8a). Fifteen 
representative flavonoids, such as quercetin, naringenin, 
cajanolactone A, pinostrobin, orientin, isovitexin, vitexin, 
genistin, isorhamnetin, luteolin, biochanin A, calycosin, 
genistein, apigenin, and formononetin were quantitatively 
analyzed in different tissues (Fig. 8b). Moreover, cajanin-
stilbene acid, which belongs to stilbene was detected as well 
because it is a specific metabolite in pigeon pea and prob-
ably derived from the phenylpropanoid pathway. The accu-
mulation patterns of flavonoids are significantly different in 
different tissues of pigeon pea. Genistin, luteolin, genistein 
apigenin, and cajanolactone A mainly accumulated in roots, 
whereas naringenin, biochanin A, and formononetin mainly 

accumulated in stems (Fig. 8b). Comparatively, cajaninstil-
bene acid, orientin, pinostrobin, isovitexin, vitexin, calycoin, 
and isorhamnetin were most highly accumulated in leaves in 
contrast to other tissues (Fig. 8b).

To unravel the molecular basis of flavonoids and lignin 
accumulation patterns, ten candidate genes including 
CcMYB12, CcMYB14b, CcMYB5, CcMYB308f, and six 
key enzyme genes from the phenylpropanoid pathway 
were selected, and their expression profiles were com-
pletely discussed (Fig. 9). As shown in Fig. 9, CcMYB12 
and CcMYB308f expression levels were higher in roots 
compared to other tissues, indicating that they might play 
more important roles in genistin, luteolin, genistein, and api-
genin biosynthesis. CcMYB5 expression levels were higher 
in stems compared to other tissues (Fig. 9), indicating that 
CcMYB5 might play more important roles in flavonoids bio-
synthesis from stems. The expression profile is similar to the 
results of the phylogenetic analysis, indicating that CcMYB5 
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may cooperatively regulate the biosynthesis of flavonoids 
and lignin. Similarly, the results from the phylogenetic tree 
show that CcMYB14b may be involved in the biosynthesis 
of stilbene and CcMYB14b was a highly expressed level in 
the leaves (Fig. 9), suggesting that CcMYB14b is poten-
tially involved in the biosynthesis of cajaninstilbene acid. 

From the results, we can find that the 4 R2R3-CcMYB and 6 
key enzyme genes from the phenylpropanoid pathway have 
similar expression trends (Fig. 9). To summarize the above 
results, the biosynthesis of flavonoids and lignin is strictly 
regulated by the corresponding R2R3-MYB transcription 
factor. However, the mechanism of the CcMYB transcription 
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factor regulating the biosynthesis of flavonoids and lignin 
needs more studies.

Expression patterns of CcMYB12, CcMYB14b, 
CcMYB5, CcMYB308f, and six related genes 
in response to different abiotic stress

To characterize the abiotic stress-responsive CcMYB and 
phenylpropanoid pathway key enzyme genes we focused 
on, the expression levels of ten selected genes were deter-
mined by quantitative real-time PCR in different abiotic 
stress (UV-B, cold, heat, salt and drought, and hormone). 
From the results, we can find the expression of CcMYB12, 
CcMYB14b, CcMYB5, CcMYB308f were induced by various 
abiotic stresses (Fig. 10). CcMYB5, CcMYB12, CcMYB14b, 
showed low transcription levels under UV-B treatment and 
poor responses to UV-B. Conversely, CcMYB308f showed 
positive responses to UV-B treatment (Fig. 10). All CcMYB 
genes we focused on were down-regulated under cold stress. 
However, they were up-regulated under heat stress, indi-
cating that the expression of these genes was significantly 
induced by heat stress. CcMYB12 was responsive to GA3 
stress as well, but it was not changed in drought stress and 
salt stress. This suggests that CcMYB12 may not partici-
pate in salt and drought stress, but is sensitive to high tem-
perature (Fig. 10). CcMYB5, CcMYB14b, CcMYB308f were 
up-regulated under drought and salt stress, indicating the 
regulatory role of CcMYB genes has a wide array of abiotic 
stress responses.

CcCHS3, which is the first key enzyme gene from the 
flavonoid synthesis pathway was up-regulated under UV-B, 
heat, cold and GA3 treatments, and showed low transcrip-
tion levels under drought and salt stress. However, the CAD6 
gene of the lignin synthesis pathway was up-regulated 
under drought and salt stress, and other key enzyme genes 
(CcCAD10, CcCAD12, CcCCR12, and CcLAC1) from the 
lignin pathway are more sensitive to drought and salt stress 
(Fig. 10). The expression levels of CcMYB5 and CcMYB308f 
genes were up-regulated as well. Consistent with the results 
of the developmental tree and promoter elements, suggest-
ing that CcMYB5 and CcMYB308f may participate in the 
biosynthesis of lignin in pigeon pea (Fig. 12).

Based on the above results, it is easy to find that the 
selected genes derived from the lignin and flavonoid path-
way have different responses to abiotic stress, which was 
probably due to the specific expression exhibited using the 
same substrate to compete for carbon sources. Our results 
strongly supporting the role of the selected genes in abiotic 
stress tolerance in crop plants.

Discussion

In recent years, the whole genome sequencing of many 
plants has been completed based on the widespread applica-
tion of high-throughput sequencing technology. MYB gene 
family members are known to play important roles in plant 
secondary metabolism such as the phenylpropanoid metab-
olism pathway (Ma and Constabel 2019; Liu et al. 2015; 
Borevitz et al. 2000). MYB gene families were systemati-
cally identified in a variety of plants by genomic analysis 
(Wei et al. 2020; Li et al. 2020a). However, to date, papers 
about the identification and functional role of the MYB genes 
involved in flavonoid and lignin biosynthesis in pigeon pea 
have not been reported yet. In the present investigation, 30 
CcMYB genes involved in flavonoid and lignin biosynthe-
sis and 122 key enzyme genes from the phenylpropanoid 
pathway were first identified in the pigeon pea genome. The 
gene structure, cis-acting elements analysis, chromosomal 
distribution, phylogenetic analysis, gene duplication events, 
synteny analysis, transcript abundance profiling, expression 
profile analysis in various tissues, and flavonoids accumula-
tions characteristics were determined.

The amino acid sequence length differences of the 30 
CcMYB genes were identified, and the complexity was con-
firmed in the pigeon pea genome. The evolution of the gene 
family was determined by the composition of the gene struc-
ture. (Xiao et al. 2017; Xu et al. 2012). Most members of the 
CcMYB genes in pigeon pea have two introns. Our results are 
consistent with the gene structure of identified MYB genes 
family in other plants. (Li et al. 2020a; Sun et al. 2019). 
The physical and chemical properties of CcMYB proteins 
(such as the molecular weight and isoelectric point) are sig-
nificantly different, which may also be the reason for the 
functional diversity of CcMYB proteins. (Feng et al. 2017). 
In addition, the CcMYB gene has tandem duplication events 
and has closer collinearity with soybeans. These findings 
are consistent with the identification results of MYB genes 
in other plants. (Du et al. 2012).

In this work, we identified 122 key enzyme genes that 
may be involved in the biosynthesis of flavonoid and lignin 
in pigeon pea and analyzed the transcription abundance of 
these gene family members through RNA-seq (Fig. 11). As 
shown in Fig. 11, CcPAL3, CcC4H2, Cc4CL9, CcCHS12, 
CcCHI3, CcIFS1, CcFNSII6, CcFBH4, CcDFR2, CcFLS1, 
CcFLS3, CcLDOX, CcUFGT4, CcANR2, CcCCR2, 
CcCAD1, CcHCT1, CcC3H, CcCCoAOMT1, CcCOMT1, 
CcF5H1, CcLAC5, and CcABCG5 have the highest tran-
scription abundance compared to other genes from flavonoid 
and lignin biosynthesis pathway. In addition, 65 genes of 
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them were significantly induced by MeJA (Fig. 11). Pear-
son's correlation coefficient was used to quantitatively ana-
lyze the expression patterns correlation between these 65 

key enzyme genes and the selected 30 CcMYBs under MeJA 
treatment (Fig. 11). From the results, we can find the co-
expression effects of 10 CcMYB genes, and 28 key enzyme 
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genes were identified under MeJA treatment (Fig. 6). Among 
them, the identity in Pearson's correlation coefficient of 
CcMYB12 and CcCCR12, CcCHS3 were 0.998 and 0.995, 
respectively. The correlation coefficients between CcMYB5 
and CcCCR10 were 0.971. Pearson's correlation coefficient 
of CcMYB308f and CcCAD12 was 0.992. CcMYB14b and 
CcLAC1 have a higher correlation coefficient, which was 
0.999. They implied that CcMYB12, CcMYB5, CcMYB308f, 
and CcMYB14b may have co-expression effects with the 
key genes, and are involved in the flavonoid and lignin 
biosynthetic.

The specific expression of the MYB transcription fac-
tor allows it to regulate a variety of plant biological and 
physiological processes. (Ambawat et al. 2013). Study-
ing gene expression profiles is crucial to discovering their 

growth, development, and metabolic processes in plants. In 
pigeon pea, the transcripts abundance of examed CcMYB12, 
CcMYB14b, CcMYB5, CcMYB308f, and six key genes were 
confirmed that associated with different tissues, and the 
regulatory mechanisms of flavonoid and lignin biosynthesis 
in different plant tissues are significantly different. In this 
study, the flavonoids accumulation in six different tissues is 
closely related to the tissue-specific CcMYB.

Recent studies demonstrated that the type and num-
ber of cis-acting elements in the promoter sequence can 
reflect the trend of gene response to different stress. The 
promoters of CcMYBs contain a variety of abiotic stress 
response elements, including drought, temperature, and 
light. (Fig. 4). Our study exhibited that CcMYBs showed 
different responses under UV-B, drought, temperature, and 
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salt stress. This may be related to the number of defense 
and stress-responsive elements. In addition, CcMYB and 
key enzyme genes from the lignin pathway are significantly 
induced by salt and drought stress (Fig. 12). It is consist-
ent with the previous reports that salt stress-induced MYB 
genes in wheat, sunflower, Arabidopsis, and rice (Li et al. 
2020a; Nagaoka and Takano 2003; Hwang et al. 2001; Yu 
et al. 2017), indicating that the accumulation of lignin can 
improve drought resistance of plants. Furthermore, the pro-
moter region of key genes from the lignin pathway contains 
a large number of MYB binding elements which are related 
to drought and temperature (Supplementary Fig. S5). It is 
implied that the significant response to drought induction of 
these genes is closely related to the MYB binding elements 
on the promoter sequences (Fig. 12). Collectively, these 
results indicated there may be many functional diversifica-
tions of CcMYBs and related genes from the phenylpropa-
noid pathway in pigeon pea. These representative CcMYBs 
and the key genes from the phenylpropanoid pathway might 
have ubiquitous functions to resist abiotic stress.

Conclusions

In conclusion, 30 CcMYB genes were identified to involve in 
flavonoid and lignin biosynthesis in pigeon pea genome via 
genome-wide screening. A comprehensive analysis of the 
intron–exon organization, phylogenetic relationships, distri-
bution on chromosomes, gene duplication, conserved motifs, 

and expression levels under abiotic stress conditions was 
performed. RNA-seq analysis revealed ten CcMYB and key 
enzyme genes from the phenylpropane pathway significantly 
respond to the induction of MeJA and have a co-expression 
trend. The specific expression patterns of examined genes 
are closely related to the accumulation of flavonoids in six 
different tissues of pigeon pea. In addition, these candidate 
genes were significantly up-regulated under different abi-
otic stress conditions. Our study provides basic research on 
flavonoid and lignin biosynthesis in pigeon pea. Moreover, 
the R2R3-MYB family and the key enzyme genes from the 
phenylpropanoid pathway in pigeon pea were identified and 
analyzed, they would support a valuable reference for similar 
studies in other plant species.
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