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Abstract 

Background  R2R3-MYB transcription factors regulate secondary metabolism, stress responses and development in vari-
ous plants. Puerarin is a bioactive ingredient and most abundant secondary metabolite isolated from Pueraria lobata. The 
biosynthesis of puerarin proceeds via the phenylpropanoid pathway and isoflavonoids pathway, in which 9 key enzymes 
are involved. The expression of these structural genes is under control of specific PtR2R3-MYB genes in different plant 
tissues. However, how PtR2R3-MYB genes regulates structural genes in puerarin biosynthesis remains elusive. This study 
mined the PtR2R3-MYB genes involved in puerarin biosynthesis and response to hormone in Pueraria lobata var. thomsonii.

Results  A total of 209 PtR2R3-MYB proteins were identified, in which classified into 34 subgroups based on the phyloge-
netic topology and the classification of the R2R3-MYB superfamily in Arabidopsis thaliana. Furtherly physical and chemical 
characteristics, gene structure, and conserved motif analysis were also used to further analyze PtR2R3-MYBs. Combining 
puerarin content and RNA-seq data, speculated on the regulated puerarin biosynthesis of PtR2R3-MYB genes and struc-
tural genes, thus 21 PtR2R3-MYB genes and 25 structural genes were selected for validation gene expression and further 
explore its response to MeJA and GSH treatment by using qRT-PCR analysis technique. Correlation analysis and cis-acting 
element analysis revealed that 6 PtR2R3-MYB genes (PtMYB039, PtMYB057, PtMYB080, PtMYB109, PtMYB115 and PtMYB138) 
and 7 structural genes (PtHID2, PtHID9, PtIFS3, PtUGT069, PtUGT188, PtUGT286 and PtUGT297) were directly or indirectly 
regulation of puerarin biosynthesis in ZG11. It is worth noting that after MeJA and GSH treatment for 12–24 h, the expres-
sion changes of most candidate genes were consistent with the correlation of puerarin biosynthesis, which also shows 
that MeJA and GSH have the potential to mediate puerarin biosynthesis by regulating gene expression in ZG11.

Conclusions  Overall, this study provides a comprehensive understanding of the PtR2R3-MYB and will paves the way 
to reveal the transcriptional regulation of puerarin biosynthesis and response to phytohormone of PtR2R3-MYB genes 
in Pueraria lobata var. thomsonii.
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Background
The genus Pueraria belonging to the Leguminosae fam-
ily was originated in Asia and comprises of more than 20 
species [32]. Pueraria lobata is a well-known traditional 
Chinese medicinal herb and widely grown in China for 
a long time. The roots of both Pueraria lobata (herein-
after abbreviated as P. lobata) and Pueraria lobata var. 
thomsonii (hereinafter abbreviated as P. thomsonii) have 
long been used for treating fever, toxicosis, indigestion, 
and liver damage from alcohol abuse in traditonal Chi-
nese medicine [27, 38, 48, 51]. Puerarin is an important 
bioactive constituent, in which extracted from the dry 
roots of this plant [15, 38]. As the standard to evaluate 
the quality of P. thomsonii, the Chinese Pharmacopoeia 
(2020 edition) specifies that the content of puerarin shall 
not be less than 0.30%. However, the puerarin content of 
the cultivated P. thomsonii hardly reaches the Standard of 
Chinese Pharmacopoeia, which significantly restrains its 
pharmaceutical prospects.

Puerarin are classified as isoflavones and biosynthe-
sized from L-phenylalanine through a set of reaction that 
is catalyzed by phenylalanine ammonialyase (PAL), cin-
namate 4-hydroxylase (C4H), 4-coumarate-CoA ligase 
(4CL), chalcone synthase (CHS), chalcone isomerase 
(CHI), chalcone reductase (CHR) in phenylpropanoid 
pathway and 2-hydroxyisoflavanone (IFS), 2-hydroxyiso-
flavanone dehydratase (HID), UDP-glucosyltransferases 
(UGT) in isoflavonoids pathway [43]. At the transcrip-
tion level, isoflavone biosynthesis is mainly regulated by 
structural genes (SGs) and transcription factors (TFs) 
[12, 15].

MYB is a large transcription factor family in higher 
plants and can be divided into 1R-MYB, R2R3-MYB, 
3R-MYB, and 4R-MYB subfamilies according to the 
number of highly conserved N-terminal MYB DNA-
binding domains repeats [9, 44]. R2R3-MYB TFs 
regulated secondary metabolism and have been dem-
onstrated as key factors for the regulation of flavo-
noid biosynthesis [28, 45]. In Arabidopsis, a total of 
126 R2R3-MYBs have been divided into 25 subfamilies 
based on the conservation of DNA binding domain and 
amino acid motifs, of which subfamily S3, S4, S5, S6, S7 
and S13 were involved the regulation of the phenylpro-
panoid pathway [9]. Among the soybeans with the clos-
est relatives of P. thomsonii, GmMYB176, GmMYBJ3, 
GmMYB29 mediated isoflavone biosynthesis by regu-
lating the expression of SGs [3, 46, 50]. Over-expres-
sion of PlMYB1 in Arabidopsis thaliana significantly 
increased the accumulation of anthocyanins in leaves 
and proanthocyanidins in seeds, by activating AtDFR, 
AtANR, and AtANS genes [39].

MYB participate in the abiotic stress responses 
through mediating biosynthesis and accumulation of 

secondary metabolites [31]. The PcMYB10-PcMYC2 
molecular complex is likely involved in the regula-
tion of methyl jasmonate (MeJA) -induced flavonoid 
biosynthesis at the transcript level in pear calli [34]. 
The puerarin content of P. lobata callus cells suspen-
sion treatment with different concentrations of MeJA 
was also increased significantly, up to 25 times [11]. 
The study by Li et al. [26] also confirmed the puerarin 
content was increased at 24 h and 48 h in P. lobata cell 
suspension cultures after MeJA treatment. Flavonoids 
have strong antioxidant activity, which can help plants 
to eliminate reactive oxygen species [33]. Exogenous 
GSH, an antioxidant molecule that reduces oxidative 
stress, increased the contents of flavonoids related 
metabolites in maize [42]. GSH-induced enhancement 
in Cd tolerance was closely associated with the upreg-
ulation of transcripts of several transcription factors 
such as MYB1 TF- AIM1 and R2R3-MYB TF- AN2 in 
tomato [14].

Although there has been extensively studied about 
the MYB genes in higher plants, almost no MYB genes 
studies have been reported in P. thomsonii. In present 
study, a total of 209 PtR2R3-MYB genes were identified. 
Furthermore, the physical and chemical characteristics, 
subcellular localization, gene structure, conserved motif, 
chromosomal location, phylogenetic relationships were 
performed. To mine out PtR2R3-MYB genes and SGs 
link with puerarin biosynthesis, we analyzed the correla-
tion between puerarin content and expression pattern of 
PtR2R3-MYB genes and SGs of puerarin biosynthesis by 
RNA-seq and qRT-PCR. In order to further explore the 
underlying correlation between the PtR2R3-MYB genes 
and SGs, the analysis of expression patterns under MeJA 
and GSH treatment were performed by qRT-PCR. More-
over, we analyzed the cis-element of genes promoters to 
identify PtR2R3-MYB genes and SGs to determine direct 
or indirect regulatory relationships between them. In 
addition, we also determined the potential of hormones 
to regulate puerarin synthesis in puerarin. These finding 
indicated a feasible role for PtR2R3-MYB genes in puera-
rin biosynthesis and expanded our understanding of cor-
responding molecular mechanisms by PtR2R3-MYB-SGs 
model in modulating hormone response in P. thomsonii.

Results
Identification of R2R3‑MYB genes in P. thomsonii
According to the protein family database, the P. thomsonii 
genome contains 436 CDS sequences encoding MYB pro-
teins and were divided into 4 classes which including 206 
1R-MYB, 220 R2R3-MYB, 8 3R-MYB, 2 4R-MYB (Table 
S1). After redundancy removal, 209 PtR2R3-MYB CDS 
sequences were obtained. By Multiple Sequence Align-
ment, a total 209 PtR2R3-MYB genes were identified and 
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we named them PtMYB001_c1 to PtMYB155 accord-
ing to their chromosomal location (“c” stands for copy, 
Fig.  1a and Table S2). For R2R3-MYB genes in the P. 
thomsonii, we found 67.74% with one copy and 30.32% 
with two copies, only PtMYB028 and PtMYB127 have 3 
copies and PtMYB125 has 4 copies (Fig. 1b and Table S2).

The basic information of PtR2R3-MYB genes was ana-
lyzed and summarized in detail, including their protein 
sequences length, MW, pI, and subcellular localization. 
The lengths of the protein sequences of PtR2R3-MYB 
range from 182 to 1686 amino acids, and molecular 
weight vary from 20.87 kDa (PtMYB119) to 183.21 kDa 
(PtMYB015). Moreover, the theoretical isoelectric point 
(pI) ranged from 4.67 (PtMYB005) to 9.72 (PtMYB121). 
Some other parameters, such as instability index, ali-
phatic index and grand average of hydropathicity, were 
detailed in the Table S2. Subcellular localization predic-
tion showed that all PtR2R3-MYB proteins were local-
ized in the nucleus (Table S3). The results also suggest 
that a few PtR2R3-MYB may be dual-localized.

Chromosomal location and duplication events 
of PtR2R3‑MYB genes
The identified 209 R2R3-MYB genes were unevenly dis-
tributed on 11 chromosomes of P. thomsonii (Fig.  1a), 
indicating the diversification and complexity of the 
PtR2R3-MYB family. Chromosome 4 contained the larg-
est number of PtR2R3-MYB genes (29 genes, ~ 13.88%), 
followed by chromosome 1 and 9 (25 genes, ~ 11.96%), 
and chromosome 3 contained the smallest number of 
PtR2R3-MYB genes (11 genes, ~ 5.26%).

Gene duplication events playing a crucial role in evolu-
tion and speciation of plants. To further investigate the 
evolution and duplication events of PtR2R3-MYB genes, 
we analyzed the types of duplication events. We identi-
fied 251 duplicated gene pairs that were classified into 
five different categories: 108 whole-genome duplicates 
(WGD duplicates, 43.0%), 16 tandem duplicates (TD, 
6.4%), 5 proximal duplicates (PD, 2.0%), 17 transposed 
duplicates (TRD, 6.8%), and 105 dispersed duplicates 
(DSD, 41.8%) (Fig. 1c, Table S4).

To trace duplication time of PtR2R3-MYB duplicated 
gene pairs, we compared the Ka, Ks, Ka/Ks and dupli-
cation time distribution among different modes of gene 
duplication (Fig. 1d, Table S4). Higher Ka/Ks ratios and 
smaller Ks values were found for TD gene pairs, suggest-
ing an ongoing and continuous process for TD and more 
rapid sequence divergence and stronger positive selection 
than genes originated through other duplication modes. 
Lower Ka/Ks ratios and largest Ks values were found for 
PD gene pairs, suggesting slower sequence divergence 
and stronger negative selection than other duplication 
modes.

Phylogenetic trees and group classification of R2R3‑MYB 
genes in P. thomsonii
To understand the phylogenetic relationship and explore 
potential molecular function of the R2R3-MYB genes, 
phylogenetic analysis was performed using all R2R3-
MYB full-length protein sequences from P. thomsonii 
(155 genes, multicopy genes are analyzed using only 
one sequence) and A. thaliana (126 genes). These 155 
PtR2R3-MYB genes were divided into 34 subfamilies 
(S1 ~ S34) according to the topology of the tree and clas-
sification of the AtMYB superfamily (Fig. 2, Table S5). S5 
and S14 had 12 members, which were the largest group, 
while S12 had 0 members, which was the smallest group.

Conserved motif and structural analysis of PtR2R3‑MYBs
To gain more insight into the evolution and structural 
diversity of the PtR2R3-MYBs, we analyzed conserved 
motif in the amino acid sequences using the MEME suit, 
a total of 10 distinct and highly conserved motifs were 
captured (Fig.  3b, Table S6). Motif 1, 2, 3 and 8 were 
identified as MYB domains, while other motifs (4, 5, 6, 
7, 9 and 10) were function unknown (Table S6). Most 
PtR2R3-MYB subfamilies members were highly con-
served in motif distribution pattern and contain motif 
1, motif 2, motif 3, motif 7 (Fig. 3a and b). In contrast, a 
large proportion of motifs displayed specificity to differ-
ent subfamilies, such as motif 6 was only present in S9 
and S31 subfamily. Members of the subfamilies S9 con-
tains 9 motif but lack motif 8, of which motif 9 and motif 
10 are unique to this subfamily. Subfamily S27 contains 
fewer motifs and is generally composed of two motif 
identified as MYB domains and one motif 8 unique to 
this subfamily.

To further explore the structural diversity of PtR2R3-
MYB genes, the intron-exon organization of each PtR2R3-
MYB gene was analyzed (Fig. 3c). As shown in Fig. 3c, the 
exon numbers of PtR2R3-MYB genes varied from 1 to 
19. We found that most of the PtR2R3-MYB genes had 3 
exons (144/209), while those with 12 and 9 exons existed 
just one each. Additionally, we also incorporated PtR2R3-
MYB genes exon-intron information into the phylogenetic 
tree mentioned above, it was noteworthy that there were 9 
genes containing 1 exon and these 9 genes were clustered 
in the same subfamily S22. Members of the subfamily S17 
and S23 contain 2 exons. Some members of the PtR2R3-
MYB subfamily differ in the number of exons, but the 
closer the phylogenetic trees were, the greater the similarity 
of gene structure was.

Puerarin contents and expression pattern of PtR2R3‑MYB 
genes among different tissues and varieties in P. thomsonii
Puerarin is the main active ingredient of P. thomsonii, 
which is highly valuable for its medicinal properties. 



Page 4 of 18Wu et al. BMC Plant Biology          (2023) 23:107 

0 
 M

b
30

60
90

12
0

15
0

18
0

C
h
r1

C
h
r2

C
h
r3

C
h
r4

C
h
r5

C
h
r6

C
h
r7

C
h
r8

C
h
r9

C
h
r1
0

C
h
r1
1

PtMYB017_c1

PtMYB017_c2

PtMYB046_c2
PtMYB046_c1

PtMYB126_c1

PtMYB128

PtMYB087_c1

PtMYB087_c2

PtMYB149_c2
PtMYB149_c1

PtMYB100

PtMYB093_c1
PtMYB093_c2

PtMYB028_c1

PtMYB028_c2

PtMYB028_c3

PtMYB110

PtMYB114_c1

PtMYB057

PtMYB114_c2

PtMYB109

PtMYB029_c1

PtMYB029_c2

PtMYB103
PtMYB104

PtMYB101
PtMYB102

PtMYB107

PtMYB120_c2

PtMYB108

PtMYB120_c1

PtMYB105
PtMYB106

PtMYB125_c4
PtMYB125_c3

PtMYB127_c3

PtMYB125_c1

PtMYB130_c1
PtMYB130_c2

PtMYB001_c2
PtMYB001_c1

PtMYB068_c1
PtMYB068_c2

PtMYB113

PtMYB118
PtMYB119

PtMYB116

PtMYB117

PtMYB122_c1
PtMYB122_c2

PtMYB131

PtMYB012

PtMYB129

PtMYB010

PtMYB051_c1

PtMYB004_c2
PtMYB004_c1

PtMYB051_c2

PtMYB005

PtMYB003

PtMYB124

PtMYB008

PtMYB126_c2

PtMYB009

PtMYB006

PtMYB088
PtMYB007

PtMYB125_c2

PtMYB039_c2
PtMYB039_c1

PtMYB022

PtMYB142

PtMYB023

PtMYB143PtMYB020
PtMYB021

PtMYB141

PtMYB153_c2

PtMYB056_c2
PtMYB056_c1

PtMYB132_c2

PtMYB132_c1

PtMYB153_c1

PtMYB135

PtMYB045

PtMYB127_c1

PtMYB136

PtMYB013

PtMYB127_c2

PtMYB014 PtMYB134

PtMYB019

PtMYB137
PtMYB138

PtMYB030

PtMYB150

PtMYB011_c1

PtMYB033
PtMYB034

PtMYB154

PtMYB031

PtMYB044_c2

PtMYB151

PtMYB072_c1

PtMYB072_c2

PtMYB026 PtMYB146
PtMYB027

PtMYB044_c1

PtMYB147

PtMYB024

PtMYB011_c2

PtMYB025

PtMYB148

PtMYB040
PtMYB041

PtMYB121

PtMYB016_c2

PtMYB016_c1

PtMYB115_c2
PtMYB115_c1

PtMYB037
PtMYB038

PtMYB035

PtMYB155

PtMYB036

PtMYB052

PtMYB050

PtMYB055

PtMYB061_c2

PtMYB061_c1

PtMYB053
PtMYB054

PtMYB112_c1
PtMYB112_c2

PtMYB032_c2
PtMYB032_c1

PtMYB048

PtMYB140_c2

PtMYB049

PtMYB047

PtMYB084_c2

PtMYB140_c1

PtMYB084_c1

PtMYB062

PtMYB063

PtMYB123_c2
PtMYB123_c1

PtMYB066

PtMYB067

PtMYB064
PtMYB065

PtMYB059

PtMYB058

PtMYB073

PtMYB075_c1

PtMYB077
PtMYB078

PtMYB015

PtMYB076

PtMYB152_c2

PtMYB152_c1

PtMYB133_c1

PtMYB133_c2

PtMYB069

PtMYB082
PtMYB083

PtMYB060_c1 PtMYB089

PtMYB043_c1

PtMYB086

PtMYB043_c2

PtMYB060_c2

PtMYB079_c2

PtMYB079_c1

PtMYB111_c1

PtMYB111_c2

PtMYB085_c2
PtMYB085_c1

PtMYB095
PtMYB096

PtMYB144_c1
PtMYB144_c2PtMYB094

PtMYB042_c1

PtMYB099

PtMYB097

PtMYB098

PtMYB042_c2
PtMYB071_c2

PtMYB071_c1

PtMYB091
PtMYB092

PtMYB090

PtMYB080_c2

PtMYB080_c1

PtMYB018_c1
PtMYB018_c2 PtMYB139_c2

PtMYB139_c1

PtMYB002_c1
PtMYB002_c2

PtMYB145

PtMYB070_c2

PtMYB070_c1

PtMYB074

PtMYB075_c2

PtMYB081_c2

PtMYB081_c1

a

b c d

WGD TD PD DSD TRD
0.0

0.5

1.0

1.5

2.0

2.5

K
a/

K
s

R
at

io

WGD TD PD DSD TRD
0

50

100

150

N
u

m
b

er
o

f
g

en
e

p
ai

rs

108 105

16
5

17

1 2 3 4
0

50

100

150

N
u

m
b

er
o

f
g

en
es 105

47

12

Copy number of PtR2R3-MYB
Fig. 1  Chromosomal distribution of R2R3-MYB genes on 11 P. thomsonii chromosomes. a Distribution of PtR2R3-MYB genes in 11 chromosomes. 
Tandemly and proximal duplicated genes are marked with green and yellow lines, respectively. Transposed duplicated genes are marked with 
purple lines, arrow points to transposed genes. b Distribution of genes with different copy of PtR2R3-MYBs. c Distribution of gene pairs with 
different duplication model of PtR2R3-MYBs. d The Ka/Ks ratio distributions of gene pairs derived from different modes of duplication. The center 
line is the median; the lower and upper dotted line correspond to the first and third quartiles (25th and 75th percentiles). WGD, Whole-genome 
duplication; TD, Tandem duplication; PD, Proximal duplication; DSD, Dispersed duplication; TRD, Transposed duplication



Page 5 of 18Wu et al. BMC Plant Biology          (2023) 23:107 	

We therefore determined the puerarin content in fresh 
and dried samples of roots, stems and leaves in ZG11, 
ZG19 and ZG39 by HPLC. As shown in Fig.  4a and b, 
the change trend of puerarin content in fresh samples 
and dried samples were relatively consistent. Among the 
different tissues, the change of puerarin content showed 
the same tendency in ZG11, ZG39 and ZG19, which is 
ZG19 > ZG39 > ZG11. In the same variety, the puerarin 
content in roots was greater than that of leaves and lower 
than that of stems.

The regulation of puerarin biosynthesis at transcription 
level may be operated by a series of transcript factors, 
especially for those R2R3-MYB genes. Transcriptome 
data of roots, stems, leaves in ZG19 and ZG39 was used 
to investigate expression profiles of PtR2R3-MYB genes 
(Fig. 4c). These expression patterns results clearly shown 
that these genes may have different roles at different tis-
sues and varieties. The genes were classified into eight 
expression clusters, based on their distinct transcript 
patterns in various varieties and tissues. The 11 genes 
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in cluster 1 were expressed in ZG19 higher than that in 
ZG39, in contrast to the 17 genes expression levels in 
cluster 7, which were lower expressed in ZG19 than in 
ZG39. Genes in cluster 2 (29) and cluster 8 (58) were 

expressed mainly in roots and stems, respectively. Genes 
in cluster 3 (7), cluster 4 (15) and cluster 5 (18) were pre-
dominately expressed in ZG19 leaf, ZG39 root and ZG39 
leaf, respectively. Forty-two genes in cluster 6 were most 
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highly expressed in leaves, with lower levels observed in 
roots.

Through Spearman correlation coefficient analy-
sis, we found that the puerarin content was negatively 
and positively correlated with the expression levels of 
members of PtR2R3-MYB cluster 5 and 8, respectively 
(Fig. 4c, Table S7), indicating that those members may 
contribute to puerarin biosynthesis. Notably, expres-
sion levels of members of subfamily S5, S6, S7, S8, S23 
and S31 were significantly correlated with puerarin 
content.

Validation of PtR2R3‑MYBs and SGs from RNA‑seq data 
by qRT‑PCR
We also analyzed the expression patterns of 482 SGs 
involved in puerarin biosynthesis which were identified 
according to the genome annotation file (Table S8, [38]). 
We selected PtR2R3-MYB genes and SGs with significant 
correlation (rs

2 > 0.64, Table S8) between gene expression 
level and puerarin content to perform qRT-PCR validated 

transcriptome data in roots, stems and leaves of ZG11, 
ZG19 and ZG39. As shown in Fig. 5a and Table S17, 46 
genes were divided into 7 clusters via Average method 
with Pearson distances. PtMYB022 in cluster A was 
highly expressed in ZG11, in contrast, 3 genes in cluster 
D were low expressed. Genes in cluster B (2) and cluster 
F (8) were not expressed in leaves and highly expression 
in roots, respectively. Twelve genes in cluster C had high 
expression mainly in roots of ZG11. The genes of cluster 
E were mainly expressed in leaves in ZG39 and ZG19, 
but were highly expressed in leaves and roots in ZG11. 
The 13 genes of cluster G were mainly highly expressed 
in stems.

We also further analyzed the correlations of puerarin 
content and expression pattern of PtR2R3-MYB genes 
and SGs (Fig.  5b, Tables S9-S12). Expression pattern 
of PtMYB022 in cluster A was significantly correlated 
with puerarin content in ZG19 (r = − 0.955, Table S12). 
Genes in cluster B and D were positively and negatively 
correlated with puerarin content in ZG11, respectively 
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(Fig.  8, Table S10). The genes of cluster C showed clear 
correlation of expression with puerarin content in ZG39 
and ZG19 (Tables S11 and S12). The expression levels of 
the genes in cluster E were correlated with puerarin con-
tent in roots, stems and leaves of same varieties, but not 
with the puerarin content among varieties. As shown in 
Fig.  5b, the results of correlation analysis showed that 
there was a positively correlations between genes expres-
sion level of cluster G and puerarin content among 9 
samples, indicating that these genes might be involved in 
the regulation of puerarin synthesis among different tis-
sues and varieties.

Moreover, expression of 6 PtR2R3-MYB genes 
(PtMYB039, PtMYB057, PtMYB080, PtMYB109, 
PtMYB115 and PtMYB138) and 7 SGs (PtHID2, 
PtHID9, PtIFS3, PtUGT069, PtUGT188, PtUGT286 and 
PtUGT297) correlated with puerarin content (r > o.8 or 
r < 0.8) in ZG11, indicated that these genes may regu-
lated the accumulated of puerarin in ZG11.

Expression analysis of PtR2R2‑MYBs and SGs 
under exogenous hormone treatments by qRT‑PCR
MYB was involved in abiotic stress responses by medi-
ating the biosynthesis and accumulation of secondary 
metabolites [31]. MeJA and GSH are two effective elicitor 
of flavonoids biosynthesis. To investigate the role of the 
PtR2R3-MYBs and SGs in regulation of puerarin biosyn-
thesis when pueraria adapts to various abiotic stresses, 
qRT-PCR was performed to examine the responses of 44 
genes for exogenously added MeJA and GSH in the roots 
of ZG11. Forty-four genes were divided into 5 and 4 
group after GSH (Fig. 6a) and MeJA (Fig. 6b) induction, 
respectively. It is worth noting that after MeJA and GSH 
treatment for 12–24 h, the expression changes of most 
candidate genes were consistent with the correlation of 
puerarin biosynthesis, that is, the expression of nega-
tively regulated genes was repressed, and the expression 
of positively regulated genes was induced.

The promoter sequence of 13 puerarin biosynthesis sig-
nificantly related genes also contains hormone responsive 
cis-elements in ZG11 (Fig. 7 and Table S13). Cis-elements 
were grouped into 6 classes according to their func-
tion, such as MeJA responsive elements (CGTCA-motif 
and CGTCA-motif ), abscisic acid responsive elements 
(ABRE), ethylene responsive elements (ERE), salicylic 
acid responsive elements (TCA), gibberellin respon-
sive elements (GARE-motif, P-box and TATC-box) and 
auxin responsive elements (AuxRR-core and TGA-ele-
ment). Among the MeJA responsive elements, total of 
11 CGTCA-motif and 15 TGACG-motif were identified 
in the promoter of 13 genes. The results suggested that 
puerarin biosynthesis related genes might have potential 
roles in various hormone signal responsiveness.

Correlation analysis between PtR2R3‑MYBs and SGs 
regulation of puerarin biosynthesis in ZG11
In order to identify downstream targets of PtR2R3-MYBs, 
we analyzed the expression level correlation between 
PtR2R3-MYBs and SGs in various tissues and under 
GSH and MeJA treatment of root in ZG11 (Fig. 8, Tables 
S10, S14 and S15). We found that the most genes corre-
lated with the expression pattern of PtMYB083 (r > 0.75), 
including PtPAL3, PtCHR2, PtHID9, PtUGT138, specu-
lated that these genes were putative downstream targets 
of PtMYB083. PtUGT297 and PtUGT297 were puta-
tive downstream targets of PtMYB139 and PtMYB080, 
PtMYB141, respectively. PtUGT286 was positive-regu-
lated by PtMYB080, but negative-regulated by PtMYB076 
and PtMYB115 based on expression profile.

To further assess whether these genes might be direct 
targets, we analyzed the MYB binding sites of SGs pro-
moter regions (Fig.  7, Table S13). As results shown in 
Fig.  8, the promoter of most structural genes contain 
MYB binding elements except PtUGT286 and PtHID7. 
While the expression level of PtUGT286 was signifi-
cantly correlated with puerarin content (r = 0.994) and 
PtMYB076 (r < − 0.5) and PtMYB080 (r > 0.69), indicting 
that there is an indirect regulation between PtUGT286 
and PtMYB076, PtMYB080.

Discussion
Evolutionary analysis of the PtR2R3‑MYB genes family
The MYB gene family is one of the largest TF families in 
plants, among which R2R3-MYB TFs are the most abun-
dant type [16, 40]. With the genomes of more species 
completely sequenced, numerous R2R3-MYB genes have 
been identified, such as 126 R2R3-MYBs was identified 
in A. thaliana [9], 244 in soybean [6], 157 in maize [5] 
and 88 in Oryza sativa [19]. In this study, we systemati-
cally identified 209 R2R3-MYB members in P. thomsonii 
genome. P. thomsonii has markedly expanded R2R3-MYB 
gene families compared with the Arabidopsis, while the 
number MYB genes in plant did not depend entirely 
on genome size. The number of PtR2R3-MYB genes is 
approximately ~ 1.7 times more than that in Arabidop-
sis, which is close with the rate between the number of 
predicted genes in genome (P. thomsonii:45,270/Arabi-
dopsis:23,498 ≈ 1.8) but not related to the genome size (P. 
thomsonii: 1.37Gb/ Arabidopsis: 125 Mb ≈ 11.2) [38, 47]. 
It indicates that the abundance of R2R3-MYB genes in P. 
thomsonii have expanded, that may be related with multi-
ple gene duplication processes, including WGD, TD, PD, 
DSD and TRD events in P. thomsonii.

Variability in the number of R2R3-MYB genes might 
be attributed to the ploidy level of species and the num-
ber of gene duplication events in the different genomes 
evolution [37]. Lotus, maize, pear, cotton, click pea and 
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potato also experienced duplication events that led to 
the expansion of the MYB gene family in their genomes, 
suggesting that gene duplication have promoted the 
expansion of the MYB gene family in different plants 
during the evolutionary process [4, 5, 10, 16, 37, 40]. The 
high number of genes in P. thomsonii is thought to be 
caused by two WGDs that occurred during P. thomsonii 
genome evolution [38]. The 108 (43% of all PtR2R3-MYB 
duplication events) PtR2R3-MYB duplication events can 

be explained by these two WGD events in this study 
(Table S4), one of which occurred after the divergence 
of P. thomsonii from Glycine max and was dated at 4.8 
million years ago (Mya), another occurred early in the 
evolution of Leguminosae species (Pisum sativum, Pha-
seolus vulgaris, Vigna unguiculate, Vigna angularis, 
Glycine max), at 44.5 Mya. Genes may be duplicated by 
several mechanisms in addition to WGD, which have 
been collectively referred to as small scale duplications 
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or single gene duplications [52]. In this study, 16 (6.4%) 
TD, 5 (2.0%) PD, 105 (41.8%) DSD and 17 (6.8%) TRD 
were identified in the PtR2R3-MYB gene duplication 
events (Fig. 1, Table S4), which contributed to the expan-
sion of PtR2R3-MYB family. Taken together, our results 
suggested that the expansion of the R2R3-MYB gene 
family in P. thomsonii mainly arose from WGD and 
DSD events, accompanied by TRD, TD and PD events. 
Meanwhile, we noticed that TD and TRD gene pairs 
of PtR2R3-MYB exhibits a strong signature of positive 
selection during evolution of P. thomsonii compared 
with other duplication modes, which contributed to 
adaptive phenotypic evolution. The results also indicated 
that, among the duplication events in the PtR2R3-MYB 
gene family, the gene pairs that appeared to be derived 
from TD events occurred later than those that arose 
from other modes of duplication, suggesting slower 
sequence divergence at TD in P. thomsonii.

In this study, the expression levels of the identified 
tandem-duplicated genes were same and varied among 
tissues and variety, respectively (Fig.  4). For instance, 
PtMYB013 and PtMYB014 were a pair of tandem-dupli-
cated genes, PtMYB014 was highest expressed in stems 

of ZG39 and ZG19, but PtMYB013 not expressed. We 
speculate that the reason may be PtMYB013 achiev-
ing non-functionalization through silencing during 
evolution.

PtR2R3‑MYB genes play crucial roles in puerarin 
biosynthesis
Puerarin content is an important medicinal indicator 
that usually low in P. thomsonii. ZG39 had a puerarin 
content greater than ZG11 but less than ZG19 (Fig.  4). 
The large variation in puerarin concentrations among 
different varieties suggested that varieties selection is a 
key parameter for optimizing the puerarin concentra-
tion. Metabolomics studies also have shown that puera-
rin predominantly accumulated in P. lotaba roots and 
stems compared to leaves in young stage and higher in 
mature roots than in young roots [13, 26]. In the present 
study, mature stems and roots contained more puerarin 
than mature leaves, and stems were larger than roots. 
The puerarin was mainly found in the phloem and xylem 
in P. lotaba [7]. Roots and stems are rich in xylem and 
phloem, this may result in the more abundant of puerarin 
in stems and roots relative to leaves.
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The reason for distribution of puerarin in different tis-
sues and varieties is attributed to the enzyme contents 
and activities involved in flavonoids metabolism. There-
fore, a fuller understanding of the molecular mechanisms 
underlying the regulation of SG and TF genes will be of 
great importance to delineate the puerarin biosynthesis 
mediated by these enzymes. TFs participate in flavonoid 
biosynthesis processes by regulating the gene expression 
in plants [17]. It is well known that R2R3-MYB genes 
are extensively involved in a large of biological pro-
cesses, especially involved in the regulation of secondary 

metabolism [28, 31, 45]. The phylogenetic tree including 
PtR2R3-MYB protein and AtR2R3-MYB protein clearly 
demonstrated that these genes could be divided into 34 
subfamilies. This classification was further supported 
by the results of gene motifs and structure analyses. 
The gene expression patterns of S5, S6, and S7 subfam-
ily members of PtR2R3-tMYB were significantly related 
to puerarin synthesis (Fig. 4), which was consistent with 
the function of S5, S6, and S7 subfamily members of 
AtR2R3-MYB in regulating the phenylpropanoid path-
way [9]. AtR2R3-MYB subfamily S7 regulate flavonoid 
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biosynthesis in all tissues and subfamily S6 form com-
plexes with members of the WD40 and bHLH families 
to involved in the biosynthesis of proanthocyanidins and 
anthocyanins [9]. In addition, the AtR2R3-MYB subfam-
ily S4 was transcriptional repressors of different branches 
of the phenylalanine metabolic pathway [18, 35]. In this 
study, PtMYB139 belong to subfamily S4 and was high-
est expressed in leaves, which were contrary to those 
of puerarin accumulation level (Fig.  4). It is suggested 
PtMYB139 is a transcriptional repressors that regu-
lates puerarin biosynthesis. In the future, we can verify 
whether PtMYB139 can regulate puerarin biosynthe-
sis through more in-depth experiments. PtMYB022 and 
PtMYB141, which belong to subfamily S13 that likely reg-
ulates the phenylpropanoid pathway, was negatively and 
positively regulates puerarin biosynthesis in ZG19 and 
ZG11, respectively.

Correlation analyses were conducted in order to 
investigate the association between puerarin content 
and PtR2R3-MYBs, SGs in this study. The different cor-
relation coefficient among puerarin content and expres-
sion level of different genes resulted mainly from the 
different backgrounds of P. thomsonii. Among the 13 
genes in the cluster G, 10 genes were significantly cor-
related with puerarin accumulation patterns in different 
varieties and tissues (Fig.  5b, r > 0.50), indicating that 
members of cluster G may be the essential genes regu-
lating puerarin biosynthesis. These major SGs of cluster 
G were located downstream of flavonoids biosynthesis, 
this phenomenon does not mean that other SGs have no 
role in puerarin biosynthesis. It might be caused by the 
complexity of puerarin biosynthesis through multiple 
enzymatic reactions and the lag of puerarin accumula-
tion in upstream enzymatic reactions. Previous studies 
identified PlUGT43 as an enzyme responsible for the C- 
glucosylation of daidzein to puerarin in P. lobate [43]. 
The amino acid sequence of PtUGT8 was 96.52% identi-
cal to that of PlUGT43, but the encoded protein does 
not have the same function as PlUGT43 in P. thomsonii 
[8]. The amino acid sequence of PtUGT010 (Table S8) 
was 94.7 and 96.5% identical to that of PlUGT43 and 
PtUGT8, respectively. Non-synonymous mutations of 
PlUGT43 and PtUGT8 alter the functions of the cod-
ing genes. The gene expression pattern of PtUGT010 
was significantly associated with puerarin content in 
ZG19 (r = 0.94, Table S12), but not in ZG11 (r = − 0.29, 
Table S10) and ZG39 (r = 0.26, Table S11). Are there 
non-synonymous mutations in the PtUGT010 genes of 
ZG11, ZG19, and ZG39? Whether the non-synonymous 
mutation of PtUGT010 changes its regulation mode of 
puerarin accumulation in different varieties needs fur-
ther studies and verification.

In addition, we determined the relationship between 
PtR2R3-MYBs and SGs by analyzing the correlation 
between the expression levels of their in different tis-
sues and varieties, under MeJA treatment and GSH 
treatment (Fig.  8). And through the analysis of cis-
acting elements to determine its direct or indirect 
regulatory relationship (Fig.  7). Therefore, we pro-
pose a functional model of PtR2R3-MYBs and SGs 
regulating puerarin biosynthesis in ZG11 (Fig.  9). 
PtMYB039, PtMYB039, PtMYB109 indirect regulation 
upstream of puerarin biosynthesis by regulating MYB, 
while PtMYB115 directly regulates the expression 
of PtC4H2. PtMYB138 simultaneously regulates the 
expression of PtC4H1 and PtUGT069. PtUGT188 and 
PtUGT286, two key genes regulating puerarin biosyn-
thesis, was directly regulated and indirectly regulated 
by PtMYB141, PtMYB080 and PtMYB076, PtMYB080, 
respectively. Another key gene that regulates puera-
rin biosynthesis is directly negatively regulated by 
PtMYB139. The predictions of this model could be fur-
ther tested through future experimental work.

PtR2R3‑MYB genes play crucial roles in hormone regulation 
of puerarin biosynthesis
Exogenous hormone promote the production of sec-
ondary metabolites in plants, such as ABA, JA, MeJA, 
MeJA, GSH [1, 25, 29, 42, 49]. Exogenous MeSA could 
increase flavonoid concentration in tea leaves [25]. 
ABA has been reported to promote the biosynthesis of 
flavonols, quercetin and kaempferol in grape [1]. It has 
also been reported that ABA and MeJA promote antho-
cyanin accumulation in Arabidopsis [29]. The identifi-
cation of cis-elements showed that 44 candidate genes 
have at least one of the ABRE, ERE, JAE, CGTCA-
motif, TGACG-motif, GARE-motif, P-box, TATC-box, 
TCA and TGA-elements, which are mainly involved 
in responses to hormone (Fig.  7 and Table S13). All 44 
candidate genes were induced or repressed after MeJA 
and GSH treatment and showed different expression 
patterns, suggesting that they may play diverse roles 
in response to MeJA and GSH. A total of 27 candidate 
genes were found to have MeJA responsiveness ele-
ments, including CGTCA-motif and TGACG-motif. 
Recently, MeJA has been reported to promote the bio-
synthesis of puerarin [11, 26]. This indicates that 27 can-
didate genes maybe involved in regulation of puerarin 
biosynthesis by MeJA. It is worth noting that after MeJA 
and GSH treatment for 12–24 h, the expression changes 
of most candidate genes were consistent with the cor-
relation of puerarin biosynthesis, which indicated that 
MeJA and GSH have the potential to mediate puerarin 
biosynthesis by regulating gene expression in ZG11.
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Conclusions
In present study, a total of 209 PtR2R3-MYB genes were 
identified. Furthermore, the physical and chemical char-
acteristics, subcellular localization, gene structure, 
conserved motif, chromosomal location, phylogenetic 
relationships were performed. We determined the tissue 
expression patterns of PtR2R3-MYBs and SGs in differ-
ent cultivars and expression changes under MEJA and 
GSH treatment by RNA-seq and qRT-PCR. In addition, 
we analyzed promoter cis-acting elements of candidate 
genes regulating puerarin biosynthesis. Overall, this study 
provides a comprehensive understanding of the PtR2R3-
MYB and will paves the way to reveal the transcriptional 
regulation of puerarin biosynthesis and response to hor-
mone of PtR2R3-MYB genes in P. thomsonii.

Materials and methods
Plant growth and stress treatments
Three P. thomsonii varieties with different puerarin prop-
erties (ZG11, ZG39, ZG19) were grown at scientific and 
technological demonstration park, GXAAS, Wuming 
Distract, Nanning, Guangxi, China. Fresh roots, stems, 
leaves were collected 10-month after planting, and were 
minced, mixed separately and divided in two samples; 
one sample was used to quantify puerarin content and 
the other one was immediately frozen in liquid nitrogen 
and used for RNA extraction.

Tissue cultured plantlets of ZG11 were transplanted 
into nutrition soil: coconut bran: perlite: sand (2:2:2:1:, 
v/v/v/v) mixture, then cultivate it at an artificial climate 
box (temperature, 26 °C; light intensity, 30,000 Lx; 14 h 
of light and 10 h of darkness) for 30 days. After wash-
ing away soil mixture, ZG11 were transferred to ddH2O 
containing 100 μmol/L MeJA or GSH. The treated ZG11 
were incubated under continuous white light at 26 °C. 
Root samples were randomly collected from ten pots at 0, 
6, 12, 24 h after treatment. At each time point, three bio-
logical replicates were taken. The collected roots samples 
were immediately frozen in liquid nitrogen and stored at 
− 80 °C until analyzed.

Genime‑wide identification of MYB genes in P. thomsonii
The whole-genome sequencing result data and annota-
tion files of P. thomsonii ZG11 from NCBI (https://​ftp.​ncbi.​
nlm.​nih.​gov/​genom​es/​all/​GCA/​019/​096/​045/​GCA_​01909​
6045.1_​GAAS_​Ptho_1.​0/) were downloaded. The Hidden 
Markov Model (HMM) profiles of MYB domain (PF00249) 
were downloaded from the Pfam database (http://​pfam.​
xfam.​org/). To find putative MYB family member of P. 
thomsonii, we first searched MYB domains from P. thom-
sonii protein database by using TBtools [2]. Then all puta-
tive MYBs of P. thomsonii genes were further verified from 
Pfam database with e-value cut-off at 1.0 by performing a 
Batch search and the incorrect and redundant predicted 

Fig. 9  Illustration of the roles of PtR2R3-MYBs and SGs in regulation of puerarin biosynthesis in ZG11. The direct regulatory potential is connected 
with realization, and the indirect regulatory potential is connected with dotted lines. Circular, PtR2R3-MYB genes; octagon, SGs. The color scale is 
shown on the left, blue represents high correlation, red represents low correlation between puerarin content and gene expression level in ZG11

https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/019/096/045/GCA_019096045.1_GAAS_Ptho_1.0/
https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/019/096/045/GCA_019096045.1_GAAS_Ptho_1.0/
https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/019/096/045/GCA_019096045.1_GAAS_Ptho_1.0/
http://pfam.xfam.org/
http://pfam.xfam.org/
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sequences were manually removed. The sequences contain-
ing two MYB-binding domain repeats were identified as 
R2R3-MYB of P. thomsonii. The copy number of PtR2R3-
MYB genes were verified by multiple sequence alignment 
of full-length CDS sequences of P. thomsonii genome by 
TBtools [2]. Furthermore, BLAST comparison were per-
formed by submitting the identified R2R3-MYB genes into 
the NCBI database (https://​www.​ncbi.​nlm.​nih.​gov/).

The physical and chemical characteristics of PtR2R3-
MYB proteins like amino acids length, molecular weight 
(MW) and isoelectric point (pI) were calculated by Prot-
Param tool in the EcPASy Server (https://​web.​expasy.​org/​
protp​aram/). All the amino acid sequences of PtR2R3-
MYB proteins were submitted to the online tool MEME 
(https://​meme-​suite.​org/​meme/​tools/​meme), where we 
performed motifs analysis with setting the maximum 
number of motifs to 10, other parameters were kept as 
default. The conserved motif and MYB-binding domains 
were visualized by TBtools [2].

Chromosomal location, duplication modes 
and phylogenetic analysis of PtR2R3‑MYB genes
The locations of PtR2R3-MYB loci on the chromosome 
was obtained from the genome annotation files [38]. The 
name of putative R2R3-MYB genes were encoded accord-
ing to the physical location information of chromosomes. 
The distribution of PtR2R3-MYBs on the chromosome 
was mapped and the gene density was calculated and 
outputted by TBtools [2]. In addition, we identified dif-
ferent modes of gene duplication as WGD, TD, PD (less 
than 10 gene distance on the same chromosome), TRD, 
or DSD (other duplicates than WGD, TD, PD and TRD) 
using DupGen_finder with default parameters [36]. The 
Ka (non-synonymous rate), Ks (synonymous rate) and 
Ka/Ks ratios were calculated by using Simple Ka/Ks 
Calculator (NG) program of TBtools according to their 
CDS sequence [2]. The duplication time was calculated 
according to published method by using the following 
formula: Time = Ks/(2 × 5.17 × 10− 3) Million years [38].

The amino acid sequences of 126 R2R3-MYB genes of 
A. thaliana, as described before [9], were downloaded 
from the Plant Transcription Factor Database (http://​
plant​tfdb.​gao-​lab.​org/). All the R2R3-MYB sequences 
were aligned using Clustal X 2.0 [41], and a Maximum 
Likelihood phylogenetic tree was constructed with 1000 
bootstrap replicated utilizing MEGA X [21].

Determination of puerarin content by HPLC method
Fresh roots, stems, leaves of ZG11, ZG19, ZG39 were 
weighed, oven-dried at 75 °C to a constant weight, and 
weighed again. Dried samples (0.1 g) was ground to a fine 

powder and extracted twice with 2.5 ml of pre-cooled 
50% methanol by ultrasonic at 25 °C for 30 min. The solu-
tion was centrifuged at 12,000 × rpm for 10 min at room 
temperature, take the supernatant to volume to 5 mL 
with 50% methanol. The supernatant was filtered through 
a 0.22 μm filter and used for HPLC analysis.

The content of puerarin was measured using HPLC. 
HPLC analysis was performed using a LC-100 instru-
ment (Wufeng, China) equipped with an C18 column 
(250 mm × 4.6 mm, 5 μm). The detection was monitored at 
250 nm. The mobile phase composed of solvent A (100% 
methanol) and solvent B (water) at a volume ratio of 55:45. 
The HPLC injection volume was 10 μL, flow rate was 
0.8 mL/min and total run time was 25 min. Column tem-
perature was maintained at 30 °C. The linear range of puera-
rin was 0.5–10,000 μg/mL, Y = 48.677X-1.9149 (r2 = 0.9990). 
The limits of quantification (LOQ) was 0.5 μg/mL.

RNA library construction and transcriptome sequencing
Total RNAs of roots, stems, leaves of ZG39, ZG19 were 
extracted using HiPure HP Plant RNA Mini Kit (Magen, 
China) according to the manufacturer’s instructions. 
For each sample, an equal amount (1 μg) of total RNA 
was used to generate transcriptome libraries by Illumina 
mRNA-seq Library Preparation kit for RNA sequencing. 
RNA sequencing was performed on the Illumina HiSeq 
2000 platform with 150 bp paired-end reads sequencing.

Adaptor sequences and low quality reads (reads having 
more than 5% unknown nucleotides or with Q20 lower 
than 20%) were filtered. The filtered clean reads can be 
found in the NCBI SRA repository (https://​www.​ncbi.​
nlm.​nih.​gov/​sra), with the accession No. PRJNA723378 
[38]. The clean reads were mapped to P. thomsonii 
genome by HISAT2 [20]. Read mapping and transcript 
abundance quantification (FPKM-normalized expression 
value) were performed using Bowtie2 [22] and RSEM 
[24]. Differential expression analysis of unigenes was 
completed through DEseq2 (version 1.22.2) [30], with 
a threshold of |log2(fold change)| ≥1 and the false dis-
covery rate (FDR) adjusted p-value lower than 0.05. The 
PtR2R3-MYB expression values were calculated by log2 
(FPKM) and displayed as a heat map generated using 
heatmap program of TBtools [2].

Gene expression analysis (RT‑qPCR)
To validate the gene expression profiles identified by 
RNA-seq, total RNA of roots, stems, leaves of ZG11, 
ZG19, ZG39 and roots after MeJA or GSH treatment 0, 
6, 12, 24 h of ZG11 were extracted as above. CDNA was 
synthesized using the HiScript® II Q RT SuperMix for 
qPCR (+gDNA wiper) Kit (Vazyme, China). Gene specific 
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primers were designed using Primer Premier 5 (http://​
www.​premi​erbio​soft.​com/​prime​rdesi​gn/), Geneious Pro 
4.8.5 (http://​www.​genei​ous.​com/) and tested for specific-
ity by using TBtools [2]. Primers were designed to have 
amplicon lengths of 80–250 bp, GC contents of 40–60% 
and Tm values of 55–65 °C (Table S16). PtGAPDH 
(Pmon010G03453) was used as the housekeeping gene. 
Quantitative RT-PCR was performed using TB Green® 
Premix Ex Taq™ II (Tli RNaseH Plus) (TAKARA, China) 
on the LightCycler® 480 instrument (Roche, Germany) 
with the following conditions: 95 °C for 30s and then 
45 cycles of 95 °C for 5 s and 55–65 °C for 20s, followed by 
a melt cycle of 65 °C for 5 s and 95 °C for 15 s. All qRT-PCR 
experiments were taken in three biological replicated and 
each reactions were performed in triplicate. The relative 
expression of each gene was calculated with the 2-△△Ct 
methods and the values were the means± SEMs.

Correlation analysis
The correlation analysis of the puerarin contents and 
PtR2R3-MYB genes, SGs were identified in the “corrplot” 
package of R software (version 4.1.2, https://​www.r-​proje​
ct.​org/). The correlations heatmap of PtR2R3-MYB genes 
and SGs were made using the normalized method by 
heatmap program of TBtools [2].

Analysis of cis‑regulatory elements
A 2 kb region upstream of each gene start codon was 
extracted to predict putative cis-element of PtR2R3-MYB 
genes and SGs by PlantCARE database [23]. The ele-
ments involved in MYB DNA binding site and hormone 
response were summarized.

Abbreviations
P. thomsonii	� Pueraria lobata var. thomsonii
P. lobate	� Pueraria lobate
A. thaliana	� Arabidopsis thaliana
PAL	� Phenylalanine ammonialyase;
C4H	� Cinnamate 4-hydroxylase
4CL	� 4-coumarate-CoA ligase
CHS	� Chalcone synthase
CHI	� Chalcone isomerase
CHR	� Chalcone reductase
IFS	� 2-hydroxyisoflavanone
HID	� 2-hydroxyisoflavanone dehydratase
UGT​	� UDP-glucosyltransferases
SG	� Structural gene
TF	� Transcription factors
WGD	� Whole-genome duplication
TD	� Tandem duplication
PD	� Proximal duplication
DSD	� Dispersed duplication
TRD	� Transposed duplication

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12870-​023-​04115-z.

Additional file 1: Table S1. MYB-binding domain of PtMYBs. Table S2. 
Details information of the identified PtR2R3-MYB genes. Table S3. The 
prediction of subcellular localization in PtR2R3-MYB proteins. Table S4. 
Duplication modes and Ka/Ks ratios of R2R3-MYB gene pairs in P. thomso-
nii. Table S5. Putative functions of the R2R3-MYB proteins in P. thomsonii 
and Arabidopsis. Table S6. Detailed information for the 10 motifs in the 
R2R3-MYB proteins of P. thomsonii. Table S7a. Correlation between puera-
rin contents, SGs, PtR2R3-MYBs by RNA-seq data in P. thomsonii. Table S7b. 
P values between puerarin contents, SGs, PtR2R3-MYBs by RNA-seq 
data in P. thomsonii. Table S8. Structural genes related to puerarin 
biosynthesis. Table S9a. Correlation  between puerarin and 46 genes by 
qRT-PCR data in 9 samples. Table S9b. P values between puerarin and 46 
genes by qRT-PCR data in 9 samples. Table S10a. Correlation between 
puerarin and 46 genes by qRT-PCR data in ZG11. Table S10b. P values 
between puerarin and 46 genes by qRT-PCR data in ZG11. Table S11a. 
Correlation between puerarin and 46 genes by qRT-PCR data in ZG39. 
Table S11b. P values between puerarin and 46 genes by qRT-PCR data in 
ZG39. Table S12a. Correlation between puerarin and 46 genes by qRT-
PCR data in ZG19. Table S12b. P values between puerarin and 46 genes 
by qRT-PCR data in ZG19. Table S13. Prediction of cis-acting elements 
in the promoter regions of 44 genes. Table S14a. Correletion between 
44 genes qRT-PCR data by GSH treatment in ZG11. Table S14b. P values 
between 44 genes qRT-PCR data by GSH treatment in ZG11. Table S15a. 
Correletion between 44 genes qRT-PCR data by MeJA treatment in 
ZG11. Table S15b. P values between 44 genes qRT-PCR data by MeJA 
treatment in ZG11. Table S16. Primer sequence for qRT-PCR. Table S17. 
Puerarin contents and gene expression level by qRT-PCR.

Acknowledgements
The authors would like to thank HOME for Researchers (https://​www.​home-​
for-​resea​rchers.​com/​static/​index.​html#/) for its linguistic assistance during the 
preparation of this manuscript.

Statements
All methods were carried out in accordance with relevant guidelines and 
regulations.

Authors’ contributions
HY designed the experiment and amended the manuscript. ZW, WZ, XS and 
LX performed the experiments. WZ and SC provided the plant material for 
experimentation. ZW, CL, JW, YZ and SX analyzed the data, produced the 
figures and tables and ZW wrote the manuscript. ZW and WZ contributed 
equally. All authors contributed to this article and approved the final version 
of the manuscript.

Funding
This work was supported by the National Natural Science Foundation 
of China (82204563; 31870275; 31170284), China Postdoctoral Science 
Foundation (2022MD723768), Guangxi Natural Science Foundation 
Project (2020GXNSFAA297187, 2021GXNSFBA220026), Guangxi Key R&D 
Program Project (Guike AB22080090), and Special Project for Basic Scien-
tific Research of Guangxi Academy of Agricultural Sciences (Guinongke 
2021YT057).

Availability of data and materials
The transcriptome sequencing data can be found in SRA database of NCBI 
repository under the umbrella of BioProject Accession PRJNA723378.

http://www.premierbiosoft.com/primerdesign/
http://www.premierbiosoft.com/primerdesign/
http://www.geneious.com/
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1186/s12870-023-04115-z
https://doi.org/10.1186/s12870-023-04115-z
https://www.home-for-researchers.com/static/index.html#/
https://www.home-for-researchers.com/static/index.html#/


Page 17 of 18Wu et al. BMC Plant Biology          (2023) 23:107 	

Declarations

Ethics approval and consent to participate
All experimental research and field on plants, including the collection of 
plant material, comply with relevant institutional, national, and international 
guidelines and legislation.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Cash Crops Research Institute, Guangxi Academy of Agricultural Sciences, 
Nanning 530007, China. 2 Shanghai Key Laboratory of Bio‑Energy Crops, 
Research Center for Natural Products, Plant Science Center, School of Life Sci-
ences, Shanghai University, Shanghai 200444, China. 3 Guangdong Provincial 
Key Laboratory of Crops Genetics and Improvement, Crop Research Institute, 
Guangdong Academy of Agriculture Sciences, Guangzhou 510640, China. 

Received: 10 December 2022   Accepted: 13 February 2023

References
	1. 	 Berli FJ, Moreno D, Piccoli P, Hespanhol-Viana L, Silva MF, Bressan-Smith 

R, et al. Abscisic acid is involved in the response of grape (Vitis vinifera 
L.) cv. Malbec leaf tissues to ultraviolet-B radiation by enhancing ultra-
violet-absorbing compounds, antioxidant enzymes and membrane 
sterols. Plant Cell Environ. 2010;33:1–10.

	2. 	 Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, et al. TBtools: an 
integrative toolkit developed for interactive analyses of big biological 
data. Mol Plant. 2020;13:1194–202.

	3. 	 Chu S, Wang J, Zhu Y, Liu S, Zhou X, Zhang H, et al. An R2R3-type MYB 
transcription factor, GmMYB29, regulates isoflavone biosynthesis in 
soybean. PLoS Genet. 2017;13:e1006770.

	4. 	 Deng J, Li M, Huang L, Yang M, Yang P. Genome-wide analysis of the R2R3 
MYB subfamily genes in Lotus (Nelumbo nucifera). Plant Mol Biol Rep. 
2016;34:1016–26.

	5. 	 Du H, Feng B, Yang S, Huang Y, Tang Y. The R2R3-MYB transcription factor 
gene family in maize. PLoS One. 2012a;7:e37463.

	6. 	 Du H, Yang S, Liang Z, Feng B, Liu L, Huang Y, et al. Genome-wide analysis 
of the MYB transcription factor superfamily in soybean. BMC Plant Biol. 
2012b;12:106.

	7. 	 Duan H, Cheng M, Yang J, Lai C, Zha L, Hu Y, et al. Qualitative analysis 
and the profiling of isoflavonoids in various tissues of Pueraria Lobata 
roots by ultra performance liquid chromatography quadrupole/time-
of-flight-mass spectrometry and high performance liquid chroma-
tography separation and ultraviolet-visible detection. Phcog Mag. 
2018;14:418–24.

	8. 	 Duan H, Wang J, Zha L, Peng H, Zhao Y, Yuan Y, et al. Molecular cloning 
and functional characterization of an isoflavone glucoyltransferase from 
Pueraria thomsonii. Chin J Nat Med. 2022;20:133–8.

	9. 	 Dubos C, Stracke R, Grotewold E, Weisshaar B, Martin C, Lepiniec L. MYB 
transcription factors in Arabidopsis. Trends Plant Sci. 2010;15:573–81.

	10. 	 Feng S, Xu Y, Yang L, Sun S, Wang D, Chen X. Genome-wide identification 
and characterization of R2R3-MYB transcription factors in pear. Sci Hortic. 
2015;194:176–82.

	11. 	 Goyal S, Ramawat KG. Increased isoflavonoids accumulation in cell 
suspension culture of Pueraria tuberosa by elicitors. Indian J Biotechnol. 
2008;7:378–82.

	12. 	 Guo K, Yao Y, Yang M, Li Y, Wu B, Lin X. Transcriptome sequencing and 
analysis reveals the molecular response to selenium stimuli in Pueraria 
lobata (willd.) Ohwi. Peer J. 2020;8:e8768.

	13. 	 Han R, Takahashi H, Nakamura M, Yoshimoto N, Suzuki H, Shibata D, et al. 
Transcriptomic landscape of Pueraria lobata demonstrates potential for 
phytochemical study. Front Plant Sci. 2015;6:426.

	14. 	 Hasan MK, Liu C, Wang F, Ahammed GJ, Zhou J, Xu M-X, et al. 
Glutathione-mediated regulation of nitric oxide, S-nitrosothiol and 
redox homeostasis confers cadmium tolerance by inducing transcrip-
tion factors and stress response genes in tomato. Chemosphere. 
2016;161:536–45.

	15. 	 He M, Yao Y, Li Y, Yang M, Li Y, Wu B, et al. Comprehensive transcriptome 
analysis reveals genes potentially involved in isoflavone biosynthesis in 
Pueraria thomsonii Benth. PLoS One. 2019;14:e0217593.

	16. 	 He Q, Jones DC, Li W, Xie F, Ma J, Sun R, et al. Genome-wide identification 
of R2R3-MYB genes and expression analyses during abiotic stress in Gos-
sypium raimondii. Sci Rep. 2016;6:22980.

	17. 	 Jiang T, Guo K, Liu L, Tian W, Xie X, Wen S, et al. Integrated transcriptomic 
and metabolomic data reveal the flavonoid biosynthesis metabolic 
pathway in Perilla frutescens (L.) leaves. Sci Rep. 2020;10:16207.

	18. 	 Jin H, Cominelli E, Bailey P, Parr A, Mehrtens F, Jones J, et al. Transcriptional 
repression by AtMYB4 controls production of UV-protecting sunscreens 
in Arabidopsis. EMBO J. 2000;19:6150–61.

	19. 	 Katiyar A, Smita S, Lenka SK, Rajwanshi R, Chinnusamy V, Bansal KC. 
Genome-wide classification and expression analysis of MYB transcription 
factor families in rice and Arabidopsis. BMC Genomics. 2012;13:544.

	20. 	 Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low 
memory requirements. Nat Methods. 2015;12:357–60.

	21. 	 Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evo-
lutionary genetics analysis across computing platforms. Mol Biol Evol. 
2018;35:1547–9.

	22. 	 Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat 
Methods. 2012;9:357–9.

	23. 	 Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Peer YV, et al. Plant-
CARE, a database of plant cis-acting regulatory elements and a portal 
to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 
2002;30:325–7.

	24. 	 Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq 
data with or without a reference genome. BMC Bioinformatics. 2011;12:323.

	25. 	 Li X, Zhang L, Zhang L, Yan P, Ahammed GJ, Han W. Methyl salicylate 
enhances flavonoid biosynthesis in tea leaves by stimulating the phenyl-
propanoid pathway. Molecules. 2019;24:362.

	26. 	 Li Z, Li C, Li J, Zhang Y. Molecular cloning and functional characterization 
of two divergent 4-coumarate: coenzyme A ligases from Kudzu (Pueraria 
lobata). Biol Pharm Bull. 2014;37:113–22.

	27. 	 Lin Y, Ni X, Zhang J, Ou C, He X, Dai W, et al. Effect of puerarin on action 
potential and sodium channel activation in human hypertrophic cardio-
myocytes. Biosci Rep. 2020;40:BSR20193360.

	28. 	 Liu J, Osbourn A, Ma P. MYB transcription factors as regulators of phenyl-
propanoid metabolism in plants. Mol Plant. 2015;8:689–708.

	29. 	 Loreti E, Povero G, Novi G, Solfanelli C, Alpi A, Perata P. Gibberellins, 
jasmonate and abscisic acid modulate the sucrose-induced expres-
sion of anthocyanin biosynthetic genes in Arabidopsis. New Phytol. 
2008;179:1004–16.

	30. 	 Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

	31. 	 Meraj TA, Fu J, Raza MA, Zhu C, Shen Q, Xu D, et al. Transcriptional factors 
regulate plant stress responses through mediating secondary metabo-
lism. Genes (Basel). 2020;11:346.

	32. 	 Mo C, Wu Z, Shang X, Shi P, Wei M, Wang H, et al. Chromosome-level 
and graphic genomes provide insights into metabolism of bioactive 
metabolites and cold-adaption of Pueraria lobata var. montana. DNA Res. 
2022;29:dsac030.

	33. 	 Pisoschi AM, Pop A, Cimpeanu C, Predoi G. Antioxidant capacity determi-
nation in plants and plant-derived products: a review. Oxidative Med Cell 
Longev. 2016;2016:9130976.

	34. 	 Premathilake AT, Ni J, Shen J, Bai S, Teng Y. Transcriptome analysis provides 
new insights into the transcriptional regulation of methyl jasmonate-
induced flavonoid biosynthesis in pear calli. BMC Plant Biol. 2020;20:388.

	35. 	 Preston J, Wheeler J, Heazlewood J, Li SF, Parish RW. AtMYB32 is 
required for normal pollen development in Arabidopsis thaliana. Plant J. 
2004;40:979–95.

	36. 	 Qiao X, Li Q, Yin H, Qi K, Li L, Wang R, et al. Gene duplication and evolu-
tion in recurring polyploidization–diploidization cycles in plants. Genome 
Biol. 2019;20:38.



Page 18 of 18Wu et al. BMC Plant Biology          (2023) 23:107 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	37. 	 Rajput R, Tyagi S, Naik J, Pucker B, Stracke R, Pandey A. The R2R3-MYB 
gene family in Cicer arietinum: genome-wide identification and expres-
sion analysis leads to functional characterization of proanthocyanidin 
biosynthesis regulators in the seed coat. Planta. 2022;256:67.

	38. 	 Shang X, Yi X, Xiao L, Zhang Y, Huang D, Xia Z, Ou K, Ming R, Zeng W, Wu 
D, Cao S, Lu L,Yan H. Chromosomal-level genome and multi-omics data-
set of Pueraria lobata var. thomsonii provide new insights into legume 
family and the isoflavone and puerarin biosynthesis pathways. Horti Res. 
2022;9:ubab035.

	39. 	 Shen G, Wu R, Xia Y, Pang Y. Identification of transcription factor genes 
and functional characterization of PlMYB1 from Pueraria lobata. Front 
Plant Sci. 2021;12:743518.

	40. 	 Sun W, Ma Z, Chen H, Liu M. MYB gene family in potato (Solanum 
tuberosum L.): genome-wide identification of hormone-responsive 
reveals their potential functions in growth and development. Int J Mol 
Sci. 2019;20:4847.

	41. 	 Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. 
The CLUSTAL_X windows interface: flexible strategies for multiple 
sequence alignment aided by quality analysis tools. Nucleic Acids Res. 
1997;25:4876–82.

	42. 	 Wang R, Lin K, Chen H, Qi Z, Liu B, Cao F, et al. Metabolome analysis 
revealed the mechanism of exogenous glutathione to alleviate cadmium 
stress in maize (Zea mays L.) seedlings. Plants (Basel). 2021;10:105.

	43. 	 Wang X, Li C, Zhou C, Li J, Zhang Y. Molecular characterization of the 
C-glucosylation for puerarin biosynthesis in Pueraria lobata. Plant J. 
2017;90:535–46.

	44. 	 Wei L, Mao W, Jia M, Xing S, Ali U, Zhao Y, et al. FaMYB44.2, a transcrip-
tional repressor, negatively regulates sucrose accumulation in strawberry 
receptacles through interplay with FaMYB10. J Exp Bot. 2018;69:4805–20.

	45. 	 Xing G, Li J, Li W, Lam SM, Yuan H, Shui G, et al. AP2/ERF and R2R3-MYB 
family transcription factors: potential associations between temperature 
stress and lipid metabolism in Auxenochlorella protothecoides. Biotechnol 
Biofuels. 2021;14:22.

	46. 	 Yi J, Derynck MR, Li X, Telmer P, Marsolais F, Dhaubhadel S. A single-
repeat MYB transcription factor, GmMYB176, regulates CHS8 gene 
expression and affects isoflavonoid biosynthesis in soybean. Plant J. 
2010;62:1019–34.

	47. 	 Zapata L, Ding J, Willing E-M, Hartwig B, Bezdan D, Jiao W-B, et al. 
Chromosome-level assembly of Arabidopsis thaliana Ler reveals the 
extent of translocation and inversion polymorphisms. Proc Natl Acad Sci 
U S A. 2016;113:E4052–60.

	48. 	 Zhang D, Li M. Puerarin prevents cataract development and progres-
sion in diabetic rats through Nrf2/HO-1 signaling. Mol Med Rep. 
2019;20:1017–24.

	49. 	 Zhang X, He Y, He W, Su H, Wang Y, Hong G, et al. Structural and func-
tional insights into the LBD family involved in abiotic stress and flavonoid 
synthases in Camellia sinensis. Sci Rep. 2019;9:15651.

	50. 	 Zhao M, Wang T, Wu P, Guo W, Su L, Wang Y, et al. Isolation and charac-
terization of GmMYBJ3, an R2R3-MYB transcription factor that affects 
isoflavonoids biosynthesis in soybean. PLoS One. 2017;12:e0179990.

	51. 	 Zhou Y, Lian H, Liu K, Wang D, Xiu X, Sun Z. Puerarin improves graft bone 
defect through microRNA-155-3p-mediated p53/TNF-α/STAT1 signaling 
pathway. Int J Mol Med. 2020;46:239–51.

	52. 	 Wang Y, Wang X, Tang H, Tan X, Ficklin SP, Feltus FA, Paterson AH. Modes 
of gene duplication contribute differently to genetic novelty and 
redundancy, but show parallels across divergent angiosperms. Plos 
One. 2011;6:e28150.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Genome-wide identification and expression pattern analysis of R2R3-MYB transcription factor gene family involved in puerarin biosynthesis and response to hormone in Pueraria lobata var. thomsonii
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Identification of R2R3-MYB genes in P. thomsonii
	Chromosomal location and duplication events of PtR2R3-MYB genes
	Phylogenetic trees and group classification of R2R3-MYB genes in P. thomsonii
	Conserved motif and structural analysis of PtR2R3-MYBs
	Puerarin contents and expression pattern of PtR2R3-MYB genes among different tissues and varieties in P. thomsonii
	Validation of PtR2R3-MYBs and SGs from RNA-seq data by qRT-PCR
	Expression analysis of PtR2R2-MYBs and SGs under exogenous hormone treatments by qRT-PCR
	Correlation analysis between PtR2R3-MYBs and SGs regulation of puerarin biosynthesis in ZG11

	Discussion
	Evolutionary analysis of the PtR2R3-MYB genes family
	PtR2R3-MYB genes play crucial roles in puerarin biosynthesis
	PtR2R3-MYB genes play crucial roles in hormone regulation of puerarin biosynthesis

	Conclusions
	Materials and methods
	Plant growth and stress treatments
	Genime-wide identification of MYB genes in P. thomsonii
	Chromosomal location, duplication modes and phylogenetic analysis of PtR2R3-MYB genes
	Determination of puerarin content by HPLC method
	RNA library construction and transcriptome sequencing
	Gene expression analysis (RT-qPCR)
	Correlation analysis
	Analysis of cis-regulatory elements

	Acknowledgements
	References


