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Abstract
Key message The bHLH transcription factor, PPLS1, interacts with SiMYB85 to control the color of pulvinus and 
leaf sheath by regulating anthocyanin biosynthesis in foxtail millet (Setaria italica).
Abstract Foxtail millet (Setaria italica), a self-pollinated crop with numerous small florets, is difficult for cross-pollination. 
The color of pulvinus and leaf sheath with purple being dominant to green is an indicative character and often used for 
screening authentic hybrids in foxtail millet crossing. Deciphering molecular mechanism controlling this trait would greatly 
facilitate genetic improvement of cultivars in foxtail millet. Here, using the  F2 bulk specific-locus amplified fragment sequenc-
ing approach, we mapped the putative causal gene for the purple color of pulvinus and leaf sheath (PPLS) trait to a 100 Kb 
region on chromosome 7. Expression analyses of the 15 genes in this region revealed that Seita.7G195400 (renamed here as 
PPLS1) was differentially expressed between purple and green cultivars. PPLS1 encodes a bHLH transcription factor and 
is localized in the nucleus with a transactivation activity. Furthermore, we observed that expression of a MYB transcription 
factor gene, SiMYB85 (Seita.4G086300) involved in anthocyanin biosynthesis, shows a totally positive association with 
that of PPLS1. Heterologous co-expression of both PPLS1 and SiMYB85 in tobacco leaves led to elevated anthocyanin 
accumulation and expression of some anthocyanin-related genes. Furthermore, PPLS1 physically interacts with SiMYB85. 
Taken together, our results suggest that PPLS1 interacts with SiMYB85 to control the color of pulvinus and leaf sheath by 
regulating anthocyanin biosynthesis in foxtail millet.

Keywords Anthocyanin · bHLH transcription factor · Foxtail millet (Setaria italica) · Leaf sheath · PPLS1 · Pulvinus

Introduction

With global warming, scarcity of water resources, foxtail 
millet (Setaria italica), widely cultivated as food in arid 
and semi-arid regions has become increasingly important 

Communicated by Hai-Chun Jing.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0012 2-020-03566 -4) contains 
supplementary material, which is available to authorized users.

 * Zhiping Dong 
 dzping001@163.com

 * Dayong Li 
 lidayong@nercv.org

1 Institute of Millet Crops, Hebei Academy of Agriculture 
and Forestry Sciences, National Foxtail Millet Improvement 
Center, Minor Cereal Crops Laboratory of Hebei Province, 
Shijiazhuang 050035, China

2 College of Life Sciences, Hebei Normal University, 
Shijiazhuang 050024, China

3 College of Life Sciences, Nankai University, Tianjin 300071, 
China

4 Beijing Vegetable Research Center, Beijing Academy 
of Agriculture and Forestry Science, Beijing Key Laboratory 
of Vegetable Germplasms Improvement, National 
Engineering Research Center for Vegetables, Beijing 100097, 
China

5 Rice Research Institute of Sichuan Agricultural University, 
Chengdu 611130, China

6 College of Life Sciences, Shandong Normal University, 
Jinan 250014, China

http://orcid.org/0000-0002-5398-8513
http://crossmark.crossref.org/dialog/?doi=10.1007/s00122-020-03566-4&domain=pdf
https://doi.org/10.1007/s00122-020-03566-4


1912 Theoretical and Applied Genetics (2020) 133:1911–1926

1 3

because of its remarkable characteristics of stress tolerance 
(Doust et al. 2009; Jia et al. 2013; Lata et al. 2013; Muth-
amilarasan and Prasad 2015). In addition, with its smaller 
diploid genome (2n = 2x = 18, genome size ~ 510 Mb) and  C4 
photosynthetic pathways, foxtail millet has been considered 
as another tractable experimental model for the functional 
genomics study in cereal crops and biofuel grasses (Ben-
netzen et al. 2012; Doust et al. 2009; Pant et al. 2016; Zhang 
et al. 2012). However, foxtail millet is a self-pollinated crop 
with numerous small floret. The floret development on 
each spike is not synchronized (Li 1979), making artificial 
hybridization very difficult, and therefore significantly hin-
dering the progress in breeding and genetics research.

Pigmentation is regarded as a visible morphological 
marker in many crops (Karki et al. 2013). As early as in the 
1980s, the natural hybridization rate was calculated and the 
sexual hybrids were obtained by using the seedling color 
(the dominant allele of purple to green) in foxtail millet 
(Zhang 1980). The purple sheath trait was reported to be a 
morphological marker in rice and wheat breeding (Gao et al. 
2011; Khlestkina 2013). In foxtail millet, different colors 
including green, white, red, purple and black appear in many 
parts of an individual, such as leaf, pulvinus, leaf sheath, 
spikelet, anther, glume, bristly and pericarp. The purple pul-
vinus and leaf sheath, which can be easily observed at the 
seedling stage, have often been used in the screening of the 
authentic foxtail millet hybrids. However, the exact genetic 
determinants for purple pulvinus and leaf sheath in foxtail 
millet remain to be unraveled.

Generally, purple color is produced as a result of pigment 
synthesis, such as anthocyanins in many plants (Winkel-
Shirley 2001). Anthocyanins are important pigments for the 
color of seed plants, and they are a class of plant flavonoid 
compounds produced in the flowers, leaves, fruits and seeds 
of many plant species (Jiang et al. 2018). The anthocyanin 
biosynthetic pathway has been well characterized, and the 
corresponding genes have been isolated (Hichri et al. 2011; 
Zhu and Lu 2016). The anthocyanin biosynthesis pathway 
involves structural proteins responsible for the formation 
of a series of metabolites and decoration and transport of 
the anthocyanin products, as well as a regulatory protein 
complex, MBW composed of R2R3-MYB, basic helix-loop-
helix (bHLH), and WD40 proteins (Koes et al. 2005; Sun 
et al. 2018; Xu et al. 2015; Zhang et al. 2014). The MBW 
complex regulates the temporal and spatial expression of 
the above structural genes during plant development (Dixon 
et al. 2013; Hichri et al. 2011; Zhang et al. 2014; Zhu et al. 
2015). The variation of these structural or regulatory genes 
leads to the formation of various colors in different varieties 
(Zhu and Lu 2016).

The bHLH proteins are critical transcriptional regulators 
in the anthocyanin pathway (Heim et al. 2003). They work 
mostly with MYB partners (Heim et al. 2003; Hichri et al. 

2011). The first 200 amino acids on the N-terminal region 
are involved in the interaction with MYB transcription fac-
tors (Feller et al. 2006). The first bHLH transcription factors 
regulating the flavonoid pathway were identified in maize in 
1989 and included B (Booster 1) and R (Red 1) (Chandler 
et al. 1989). The bHLH family (B or R) member and the 
MYB family (C1 or Pl) member are both required for maize 
anthocyanin pigment biosynthesis. In two-hybrid assays in 
yeast and transient assays in maize cells, the amino termi-
nus of the B protein is responsible for interacting with C1 
(Goff et al. 1992). Transgenic tobacco (Nicotiana tabacum) 
overexpressing a combination of either AN1 (R2R3-MYB) 
with StJAF13 or AN1 with StbHLH1 showed deeper purple 
pigmentation with respect to AN1 alone (D’Amelia et al. 
2014; Payyavula et al. 2013). Similarly, RsTT8 and RsMYB1 
from radish (Raphanus sativus L.), when heterologously 
co-expressed in tobacco leaves, dramatically increased 
the expression of endogenous anthocyanin biosynthesis 
genes and anthocyanin accumulation (Lim et al. 2017), 
and TaPpm1 and TaPpb1 in wheat co-regulate anthocyanin 
biosynthesis in purple pericarps (Jiang et al. 2018). Other 
examples include AN1 in petunia (Spelt et al. 2000), TT8 and 
GL3 in Arabidopsis thaliana (Feller et al. 2006; Nesi et al. 
2000), FhTT8 and FhGL3 in freesia (Li et al. 2016) and S1 
in rice (Sun et al. 2018).

Shi-Li-Xiang (SLX) is an elite foxtail millet landrace, and 
its purple color in pulvinus and leaf sheath has been used as 
an indicative phenotype in breeding (Bai et al. 2013). In this 
study, two transcription factor genes, PPLS1 and SiMYB85, 
were identified in SLX and shown to be the positive co-
regulators responsible for anthocyanin biosynthesis in foxtail 
millet.

Materials and methods

Plant materials and nucleotide extraction

The foxtail millet (Setaria italica L.) paternal cultivar Shi-
Li-Xiang (SLX) featured with purple pulvinus and leaf 
sheath was crossed with the maternal cultivar Yugu1 (YG1) 
featured with green pulvinus and leaf sheath. The result-
ing  F1 plants were self-crossed to obtain  F2 population. All 
plants were grown at the Gaocheng Experimental Station 
of the Institute of Millet Crops (East Longitude 114.62, 
North Latitude 37.97), Shijiazhuang, China, in both 2010 
and 2011.

Based on the leaf sheath color, 50 individuals with 
extremely purple leaf sheath and 50 individuals with 
extremely green leaf sheath were selected from the  F2 map-
ping population as two bulks for bulked segregate analysis 
(BSA) (Michelmore et al. 1991). The bulked DNA sam-
ples used for specific-locus amplified fragment sequencing 
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(SLAF-seq) analysis (Sun et al. 2013) were prepared by mix-
ing equal amounts of DNA extracted from the leaf samples 
of the selected plants using a modified CTAB method (Bai 
et al. 2013). DNA from the parents (SLX and YG1) prepared 
using the same method was also included for analysis.

Rice (Oryza sativa L. cv. Nipponbare) and tobacco (Nico-
tiana benthamiana) used in this study were from the Institute 
of Genetics and Developmental Biology, Chinese Academy 
of Sciences.

SLAF‑seq and association analysis

A pre-designed SLAF experiment was performed as previ-
ously described with minor modification (Sun et al. 2013; 
Zhang et al. 2015). In brief, the pooled genomic DNA sam-
ples from the parents and both bulked pools were digested 
with Mse I, and the resulting fragments were ligated to Sol-
exa adapter. DNA fragments of lengths 300–500 bp were 
selected for pair-end sequencing on an Illumina GAIIx 
sequencing platform (Illumina Inc., USA) at the Biomarker 
Technologies Corporation (Beijing, China). The raw data of 
SLAF-seq have been deposited in NCBI SRA database under 
project accession PRJNA604395. The ratio of high-quality 
reads with quality scores greater than Q20 in the raw reads 
and guanine–citosine (GC) content was calculated for qual-
ity control. After sequencing, the raw reads were screened 
via a perl script SLAF_Poly.pl maintained by Biomarker 
Technologies Corporation (Beijing, China) to filter out the 
low-quality data. All SLAF pair-end reads with clear index 
information were clustered based on sequence similarity and 
then assembled on the foxtail millet reference genome (https 
://phyto zome.jgi.doe.gov/pz/porta l.html#!info?alias =Org_
Sital ica) by BLAT (Kent 2002) (-tileSize = 10 -stepSize = 5), 
and sequences with over 90% identity were grouped to a sin-
gle SLAF tag. Each SLAF tag with 2–4 seed tags was identi-
fied as a polymorphic SLAF marker, and both bulked pools 
were then genotyped using a Bayesian approach described 
by Sun et al. (2013). Polymorphic SLAF markers with dif-
ferent genotypes between the two bulked pools were selected 
for further association analysis.

The association analysis were processed similarly to the 
“MutMap” method which uses “SNP index” to detect the 
causal gene. Among the  F2 progeny, the majority of SNPs will 
segregate in a 1:1 mutant/wild type ratio. However, the SNP 
responsible for the change of phenotype is homozygous in 
the progeny showing the mutant phenotype (Abe et al. 2012). 
For the certain sheaths, on the assumption that A represents 
genotype of the purple sheath and a represents genotype of 
the green sheath, the mutant-type SNP index is calculated as 
SNP_index = a/(A + a). In the purple-sheath pool defined as 
Pp, SNP_index (Pp) value in the region near the causal gene 
is most likely around 0–0.5 (When the Pp pool is AA genotype 

extremely, the value is 0; When the pool is Aa genotype com-
pletely, the value is 0.5; For a normal  F2 population, which has 
both AA and Aa genotypes, the mutant-type SNP_index value 
of the Pp pool is 0.33). While in the green-sheath pool defined 
as Pg, SNP_index (Pg) in the region near the causal gene is 
equal 1. We use the △(SNP_index) = SNP_index (Pg)  − SNP_
index (Pp) to detect the causal gene. Since the purple pool 
were composed of only 50 individuals, 0.5 was chosen as the 
loose △(SNP_index) threshold instead of 0.67. To reduce the 
false positives signals, smooth method by 1 Mb sliding win-
dow was used. In the end, top rank values of △(SNP_index) 
with more than three consecutive SNPs were taken as candi-
dates, and whether there are genes in the association region 
was also a consideration.

Gene annotation

Genes in the fine-mapping region by association analysis 
were annotated according to the foxtail millet, YG1, genome 
annotations in the phytozome database (https ://phyto zome.jgi.
doe.gov/pz/porta l.html#!info?alias =Org_Sital ica). All genes 
were selected as putative candidates, of which we specifically 
focused on those related to anthocyanin biosynthesis.

Measurement of total pigment content

The contents of chlorophyll (a and b) and anthocyanin of tis-
sues were measured using commercial chemical assay kits 
(Jiangsu Keming Biotechnology Institute, China) and Synergy 
H1 Hybrid Multi-Mode Microplate Reader (BioTek Instru-
ments, USA).

For the measurement of chlorophyll content of leaf sheath 
from foxtail millet, about 0.1 g of frozen leaf tissues was 
homogenized using 10 mL buffer [absolute ethanol and ace-
tone (1:2)], and then the absorption values of the extraction 
at 663 and 645 nm wavelengths were determined by using 
200 μL extract, which were recorded as  A663 and  A645, respec-
tively. The method of calculations was as follows:

V extraction volume, 10 mL; D dilution times; m sample 
weight, g.

For the measurement of anthocyanin content of leaf 
sheath from foxtail millet or leaf from tobacco, about 0.1 g 

chlorophyll a (mg/g) = (12.7 × A663

− 2.69 × A645) × V × D ÷ m ÷ 1000

chlorophyll b (mg/g) = (22.9 × A645

− 4.68 × A663) × V × D ÷ m ÷ 1000

chlorophyll (a + b) (mg/g) = (20.21 × A645

+ 8.02 × A663) × V × D ÷ m ÷ 1000

https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Sitalica
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Sitalica
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Sitalica
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Sitalica
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Sitalica
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of dried leaf tissues was homogenized in 1 mL 80% ethanol 
solution, followed by lixiviation at 4 °C for 24 h and cen-
trifugation at 8,000 rpm at 4 °C for 10 min. The supernatant 
was used for the anthocyanin content measurement accord-
ing to the manufacturer’s instructions. The absorption values 
at 530 and 700 nm wavelengths were measured by using the 
mixture of 20 μL supernatant and 180 μL reagent 1, which 
were recorded as A1 and A2, respectively. The absorption 
values at 530 and 700 nm wavelengths were also measured 
by using the mixture of 20 μL supernatant and 180 μL rea-
gent 2, which were recorded as A3 and A4, respectively. The 
method of calculations was as follows:

V extraction volume, 1 × 10−3  L; ε molar extinction 
coefficient of anthocyanins, 2.69 × 104 L/mol/cm; d opti-
cal diameter of 96-hole plate, 0.5 cm; M relative molecular 
weight of anthocyanins, 449.2 g/mol; F dilution times,  106: 
1 g = 106 μg; W sample dry weight, g.

Quantitative gene expression analysis

Three kinds of foxtail millet samples were collected and used 
for quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) analysis in this study: (i) six samples from 
leaf, pulvinus and leaf sheath of SLX and YG1, respectively, 
at heading stage; (ii) five samples from the root, stem, purple 
leaf, green leaf and young panicle of SLX at booting stage and 
(iii) twelve leaf sheath samples from five varieties with green 
sheath (Xiaojinsui, YG1, Kuanjiu, Sanlenggu and Xiaokuaigu) 
and seven varieties with purple sheath (Jinxiangyu, Qingru-
angu, Qiannannongjiazhong, Hongmiaoniutougou, Huang-
danzigu, Labahuang and SLX) during the growing period. 
All materials were frozen using liquid nitrogen and stored at 
− 70 °C until use. Total RNA was isolated from the above sam-
ples using TRIzol reagent (Ambion by life technology, USA) 
following the manufacturer’s instructions and digested with 
RNase-free DNase I (Thermo Scientific, USA) for removal of 
contaminated DNA. First-strand cDNA was synthesized using 
the RevertAid First Strand cDNA Synthesis Kit (Thermo Sci-
entific, USA) according to the manufacturer’s instructions.

qRT-PCR was carried out in a total volume of 20 μL con-
taining 10 μL 2 × SYBR Premix Ex Taq II (Takara, Japan), 
0.8 μL each gene-specific primer (10 μM) and 2 μL cDNA 
templates (100 ng/μL) on a Rotor-Gene Q system (QIAGEN, 
Germany). Gene expression was normalized using the Actin 
gene Seita.8G043100.1 in foxtail millet and Tac9 (acces-
sion no. X69885.1) in Nicotiana benthamiana, as internal 
references. Data were from at least three quantitative PCR 

ΔA = (A1 − A2)−(A3 − A4)

anthocyanin (μg/g) = [ΔA × V ÷ (� × d) ×M × F × 106] ÷W

replicates per sample and three biological replicates (Li et al. 
2015; Zhao et al. 2016). Gene-specific primers are shown in 
Supplementary Table S1.

Bioinformatics analysis

The coding sequences (CDSs) of PPLS1 and SiMYB85 were 
amplified using the cDNA samples from foxtail millet, and 
PPLS1 promoter sequence (about 2 Kb upstream of ATG 
code) was amplified using the genome DNA samples. All 
PCR fragments were subcloned into the pMD19-T vector 
(Takara, Japan) to validate DNA sequences. The primers 
used are listed in Supplementary Table S2.

The deduced amino acid sequences of PPLS1 and 
SiMYB85 were subjected to the BLAST server (https ://blast 
.ncbi.nlm.nih.gov/Blast .cgi) against nr database (non-redun-
dant sequences from GenBank translations) searching for 
respective homologous genes on the National Center for Bio-
technology Information (NCBI) website. Domain prediction 
was performed using the Pfam database (https ://pfam.sange 
r.ac.uk) and the NCBI Conserved Domains database (https ://
www.ncbi.nlm.nih.gov/Struc ture/cdd/cdd.shtml ). Alignment 
was performed with ClustalW using default setting (https ://
clust alW.ddbj.nig.ac.jp/). A phylogenetic tree was constructed 
with the neighbor-joining method (Kumar et al. 2001) using 
MEGA version 6 software (Saitou and Nei 1987).

Subcellular localization

For detection of subcellular localization of PPLS1 and 
SiMYB85, the open reading frames (ORFs) of PPLS1 and 
SiMYB85 were amplified and subcloned into the pSAT6-
EYFP-N1 (YFP, yellow fluorescent protein) vector (https ://
abrc.osu.edu/), respectively, using appropriate primer pairs 
listed in Supplementary Table S2. The generated plasmids 
were co-transformed with pSAT6-mCherry-Ghd7 plasmid 
into rice protoplasts by the polyethylene glycol (PEG)-medi-
ated transformation method (Xue et al. 2008). After incuba-
tion in the dark for 14 h, the YFP signals were examined 
and photographed under a confocal microscope at an excita-
tion wavelength 514 nm (Zeiss axioimager.z2 fluorescence 
microscope, Germany).

Transactivation assay in yeast

The transcriptional activities of PPLS1 and SiMYB85 were 
evaluated in yeast cells. Intact and a series of truncated 
CDSs of PPLS1 were amplified and subcloned into pGBKT7 
vector (Takara, Japan) between EcoR I and BamH I sites, 
respectively, so did SiMYB85 and its truncated CDSs. An 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://pfam.sanger.ac.uk
https://pfam.sanger.ac.uk
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
https://clustalW.ddbj.nig.ac.jp/
https://clustalW.ddbj.nig.ac.jp/
https://abrc.osu.edu/
https://abrc.osu.edu/
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empty vector pGBKT7 and GAL4 were used as negative and 
positive controls, respectively. All of these constructs were 
individually transformed into cells of yeast strain Y2HGold 
containing the AUR1-C and MEL1 reporter genes accord-
ing to the manufacturer’s user manual (Clontech, USA). The 
yeast transformants were grown on SD/-Trp (-T) and SD/-
Trp in the presence of Aureobasidin A (Aba) and X-ɑ-gal 
(-T + A + X) plates for 2–4 d at 30 °C to identify transacti-
vation activity. Primers used are listed in Supplementary 
Table S2.

Yeast two‑hybrid (Y2H) assay

Y2H screening was performed to detect PPLS1 and 
SiMYB85 interaction. The pGBKT7 and pGADT7 vec-
tors (Takara, Japan) separately harboring the GAL4 
DNA-binding domain (BD) and GAL4 activation domain 
(AD) were used for Y2H assay (Matchmaker Gold Yeast 
Two-Hybrid System User Manual, Clontech), The trun-
cated PPLS1 (1–201 aa) and a series of different coding 
sequences of SiMYB85 (1–268 aa, 1–64 aa, 65–118 aa, 
119–268 aa, 1–118 aa, 65–268 aa) were amplified and sub-
cloned into the BD vector. Intact or a series of truncated 
coding sequences of PPLS1 (1–571 aa, 1–201 aa, 202–377 
aa, 378–429 aa, 430–571 aa, 1–377 aa, 378–571 aa, 202–429 
aa) and the full-length SiMYB85 were fused into the AD 
vector. The BD and AD recombination constructs were 
co-transformed into Y2HGold Yeast Strain. Transformed 
yeast cells were selected on SD/-Leu-Trp (-LT) plates and 
subsequently grown on SD/-Leu-Trp-His-Ade (-LTHA) or 
SD/-Leu-Trp-His-Ade in the presence of Aba and X-ɑ-gal 
(-LTHA + A + X) plates to test interactions. Experiments 
were biologically repeated at least three times. Primers used 
are summarized in Supplementary Table S2.

Bimolecular fluorescence complementation 
(BIFC) assays

BIFC assays were also carried out to examine PPLS1 and 
SiMYB85 interaction. To construct plasmids for BiFC 
assays, the full-length ORFs of PPLS1 and SiMYB85 were 
cloned into pSAT6-cEYFP-C1 (cYFP) and pSAT6-nEYFP-
C1 (nYFP) vectors (https ://abrc.osu.edu/). The plasmids 
PPLS1-cYFP/SiMYB85-nYFP and SiMYB85-cYFP/
PPLS1-nYFP were transformed into rice protoplasts by 
PEG mediated transformation (Bart et al. 2006), and com-
bination plasmids PPLS1-nYFP/cYFP, nYFP/PPLS1-cYFP, 
SiMYB85-nYFP/cYFP and nYFP/SiMYB85-cYFP were 
used as the controls. After incubation at 28 °C in the dark for 
14–16 h, the YFP signals were examined and photographed 
under a confocal microscope at excitation wave lengths 514 

and 561 nm (Axioimager.z2; Zeiss). At least three biological 
replicates of each sample were performed in the experiment. 
The primers are listed in Supplementary Table S2.

Luciferase complementation imaging (LCI) 
assays

LCI assays were performed to further detect the interac-
tion of PPLS1 and SiMYB85. In order to construct plas-
mids for LCI assays, the full-length ORFs of PPLS1 and 
SiMYB85, and the truncated  PPLS11−201 (1–201 aa) and 
 SiMYB8565−118 (65–118 aa) were amplified and cloned into 
pCAMBIA-cLUC (cLUC) and pCAMBIA-nLUC (nLUC) 
vectors (Chen et al. 2008), respectively. Agrobacterium cells 
harboring the nLUC and cLUC derivative constructs were 
co-infiltrated into Nicotiana benthamiana leaves, and then 
the LUC activities were analyzed as described previously 
(Chen et al. 2008). The experiments were conducted using 
three independent biological replicates. Primers used are 
included in Supplementary Table S2.

Transient expression assay of PPLS1 
and SiMYB85 in tobacco

To confirm the role of PPLS1 and SiMYB85 in anthocyanin 
biosynthesis, the transient expression assay was conducted 
in tobacco. The ORFs of PPLS1 and SiMYB85 were cloned 
into the pZH01 vector (Xiao et al. 2003), respectively. The 
recombinant plasmids were transferred to Agrobacterium 
tumefaciens strain GV3101 and then infiltrated into the 
abaxial leaf surfaces of Nicotiana benthamiana. Leaf color 
was monitored at 5 days post-infiltration (dpi) as described 
by Lim et al. (Lim et al. 2017). Three biological replicates 
of each sample were used for analysis.

Results

Characterization and genetic analysis of the purple 
color of pulvinus and leaf sheath in foxtail millet

The color of foxtail millet pulvinus and leaf sheath is purple 
in the landrace, Shi-Li-Xiang (SLX), but green in Yugu1 
(YG1) during the whole growth period (Fig. 1a). The content 
of chlorophyll (a and b) in the leaf sheath of SLX was similar 
to that in YG1, while the content of anthocyanin was 24.5 
times higher than that of YG1 (Fig. 1b).

In order to identify the causal genes controlling the 
trait, we made a cross combination between SLX and 
YG1. All members of the  F1 generation exhibited purple 
phenotype similar to SLX. The  F2 generation showed that 

https://abrc.osu.edu/
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the segregation ratio of individuals with the purple (pur-
ple and purplish) and green leaf sheath was 3:1 (1040:365, 
 X2 = 0.67, in 2010; 1283:418,  X2 = 0.15 in 2011) (Fig. 2, 
Supplementary Table S3) at the heading stage indicating 
that the purple color is controlled by a single dominant gene.

Association analysis and candidate gene 
identification

DNA samples from the two parents (SLX and YG1) and the 
two separate bulks from the  F2 population were subjected 
to SLAF-Seq. After SLAF construction and high-through-
put sequencing, a total of 3.12 Gb data including 16.68 M 
(16,684,733) useful reads pair were generated with each 
read being 75 nucleotides (nt) and GC content of about 44% 
(Supplementary Table S4).

Of these data, ~ 243 Mb nucleotides were from male 
parent, SLX, with 3,041,826 clean reads, and ~ 249 Mb 
were from female parent, YG1, with 3,110,686 clean 
reads. ~ 412 Mb and ~ 431 Mb nucleotides were from purple-
sheath pool with 5,145,652 clean reads and green-sheath 
pool with 5,386,569 clean reads, respectively (Supplemen-
tary Table S4).

By mapping the clean reads from both parents to the 
foxtail millet reference genome (https ://phyto zome.jgi.doe.
gov/pz/porta l.html#!info?alias =Org_Sital ica), 66,621 SLAF 
tags were identified with an average depth of 144.84 × in 
the whole genome of foxtail millet (including 9 chromo-
somes and many small scaffolds). According to the genome 
mapping results, the number of SLAF tags on each chro-
mosome of foxtail millet was 7,179, 8,259, 8,295, 6,466, 
7,850, 5,603, 5,781, 6,530 and 10,053, respectively (Sup-
plementary Table S5, Supplementary Fig. S1a). According 
to the length of each chromosome, SLAF tags were evenly 
distributed on each chromosome with about 156 ~ 170 SLAF 
tags per 1 Mb. With the reference genome sequence, SLAF 
tags with one genotype deriving from male parent and the 
other from female parent were identified as polymorphic 
SLAF tags. A total of 5,104 high-quality polymorphic SLAF 
tags were selected as SLAF markers for further association 
analysis with a polymorphism rate of 7.74%, and SNPs were 
the main type of SLAF markers accounting for 96.9% of 
the polymorphism. They were distributed unevenly on each 
chromosome caused by germplasm characteristics of parents 
(Supplementary Fig. S1b). The number of SLAF markers on 
each chromosome of foxtail millet was 511, 669, 654, 413, 
576, 422, 509, 558 and 792, respectively (Supplementary 
Table S5).

Fig. 1  Color variation and 
pigments content of the two 
parental lines, Shi-Li-Xiang 
(SLX) and Yugu1 (YG1). a 
Morphology of SLX and YG1 
at seedling stage (21 days 
old). Left, gross morphology 
of SLX. Center-left, enlarged 
purple pulvinus and leaf sheath 
of SLX. Center-right, enlarged 
green pulvinus and leaf sheath 
of YG1. Right, gross morphol-
ogy of YG1. Bars = 4 cm (whole 
plant), 1 mm (pulvinus) or 1 cm 
(leaf sheath). b The contents 
of chlorophyll (a and b) in leaf 
sheath of SLX and YG1. c The 
contents of anthocyanin in leaf 
sheath of SLX and YG1. Error 
bars are ± standard deviation. 
Asterisks indicate a signifi-
cant difference between SLX 
and YG1 by Student’s t test: 
*P < 0.05, ***P < 0.001

https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Sitalica
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Sitalica
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All 5,104 SLAF markers were used for association analy-
sis. In the analysis, △(SNP_index), which was defined as 
the difference of mutant-type SNP_index value between the 
Pg and Pp pool, was calculated and smoothed by 1 Mb slid-
ing window (Supplementary Fig. S2). By selecting top rank 
values of △(SNP_index), two peaks were found that passed 
the threshold of 0.5 (Supplementary Fig. S3, Supplementary 
Table S6). One is on chromosome 5, and the other one is 
on chromosome 7. However, the peak region on chromo-
some 5 was stopped from further analysis due to no enough 
consecutive markers and no gene was found in that region 
(Supplementary Fig. S4a). Through analysis of the associ-
ated SLAF markers, the peak region on chromosome 7 was 
identified as one trait-related candidate, which is 100 Kb 
long spanning the nucleotides 26,830,000 and 26,930,000 
with approximately 15 candidate genes according to the 
gene annotation (Supplementary Fig. S4b, Supplementary 
Table S7).

Seita.7G195400 is the candidate gene 
for PPLS1

The expressions of the 15 candidate genes were analyzed in 
leaves, pulvinus and leaf sheath samples from the parents at 
heading stage by qRT-PCR. The leaves of the male parent, 
SLX, are green and the pulvinus and leaf sheath are pur-
ple, while the leaves, pulvinus and leaf sheath of the female 
parent, YG1, are all green. qRT-PCR analysis revealed that 

of the 15 candidate genes, only Seita.7G195400 showed 
expression patterns related to parental phenotype in pulvinus 
and leaf sheath color. As shown in Fig. 3a, Seita.7G195400 
expression was very low in the samples with green phe-
notype, but very high in the pulvinus and leaf sheath with 
purple phenotype, which was 31× and 64×, respectively, 
higher than the leaves in SLX. The remaining 14 genes all 
showed unrelated expression patterns (Supplementary Fig. 
S5), indicating that Seita.7G195400 might be the causal 
gene that regulates the color of the pulvinus and leaf sheath 
in SLX. Therefore, we renamed Seita.7G195400 as PPLS1 
(Purple Pulvinus and Leaf Sheath 1).

We next examined the expression level of PPLS1 in 
the leaf sheath of 12 foxtail millet varieties. As shown in 
Fig. 3b, with YG1 and SLX as the controls, PPLS1 was not 
expressed or expressed at a very low level in four samples 
with green-sheath phenotype, but was very highly expressed 
in six samples with purple leaf sheath phenotype, attaining 
65 to 128 times higher than the former. We further inves-
tigated the expression level of PPLS1 in various organs of 
SLX, including root, stem, leaf and panicle using qRT-PCR 
method. As shown in Fig. 3c, PPLS1 could be detected in all 
four analyzed organs with the highest expression in purple 
leaf, 8.4 times of that in green leaf, and the lowest in root.

We amplified and sequenced the CDS of PPLS1 gene 
for further characterization. Compared with the predicted 
coding sequence of PPLS1 in YG1 reference genome, 
there are 13 single-nucleotide polymorphisms (SNPs), two 
insertion mutations with 3 bp and 6 bp in the CDS region 

Fig. 2  Color variations of pulvinus and leaf sheath in the two parental 
lines and their  F2 population at heading stage. From left to right: male 
parent SLX with purple pulvinus and leaf sheath,  F2 individuals with 

four kinds of colors of pulvinus and leaf sheath (purple, purplish, 
purplish and green), male parent YG1 with green pulvinus and leaf 
sheath. Bars = 2 cm (color figure online)
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of PPLS1SLX, resulting in 7 amino acid mutations and 3 
amino acid insertions (Supplementary Fig. S6a, b). The 
PPLS1 CDSs in the above six materials with purple leaf 
sheath phenotype were identical to that of SLX, whereas 
there was nothing or only weak target bands amplified from 
the other four materials with green leaf sheath phenotype. 
Furthermore, the putative promoter of the PPLS1 was also 
amplified and sequenced from the above 12 foxtail millet 
genomic DNA. Notably, as shown in Supplementary Fig. 
S6c, the promoter sequences in green and purple leaf sheath 
materials were two distinct types, consistent with those of 
two parents, suggesting that the promoter sequence might 
be one of the key players in regulating the expression level 
of PPLS1 gene.

PPLS1 encodes a bHLH transcription factor

According to the foxtail millet genome annotation, 
PPLS1SLX encodes a basic helix-loop-helix transcription 
factor with a length of 571 amino acids and a molecular 
mass of 62.5 kD. The Pfam database (https ://pfam.xfam.
org/) shows that the deduced protein has a DNA-binding 

HLH domain (PF00010) at the N-terminal region (1–201 
aa) (Supplementary Fig. S6b). Phylogenetic analysis 
reveals that PPLS1 and several reported bHLH transcrip-
tion factors associated with anthocyanin synthesis are 
highly homologous (Supplementary Fig. S6d) (Kang et al. 
2013; Ludwig et al. 1989; Radicella et al. 1991).

Nuclear localization is one of the significant features 
of most transcription factors. To determine its subcellular 
localization, we fused yellow fluorescent protein (YFP) 
to the C-terminus of PPLS1 to produce a PPLS1-YFP 
fusion protein. We monitored the fluorescence of the tran-
siently expressed fusion protein under the control of the 
CaMV35S promoter in rice protoplasts. The fluorescence 
signals of the fusion protein were observed predominantly 
in nuclei (Fig. 4a), indicating that PPLS1 is a nuclear-
localized protein.

Transactivation is another characteristic feature of many 
transcription factors. We therefore further investigated the 
transactivation of PPLS1 from SLX and YG1 in yeast. 
The results indicated that PPLS1 from either SLX or YG1 
has the capacity of transactivation in yeast and the WD/
AD domain with 202–377 amino acids is essential for its 
transactivation (Fig. 4b, Supplementary Fig. S6e).

Fig. 3  Expression analysis of Seita.7G195400 (PPLS1). a Expression 
level of Seita.7G195400 gene in leaves, pulvinus and leaf sheath of 
YG1 and SLX. L leaf, P pulvinus, LS leaf sheath. b Expression level 

of Seita.7G195400 gene in leaf sheath of 12 foxtail millet varieties. c 
Expression level of Seita.7G195400 gene in different organs of SLX. 
R root, S stem, RL red leaf, GL green leaf, P panicle

https://pfam.xfam.org/
https://pfam.xfam.org/
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Expression analysis of the major 
structural and regulatory genes involved 
in anthocyanin biosynthesis in foxtail millet

To examine the difference of anthocyanin biosynthetic 
mechanisms between SLX and YG1, we measured the 
expression of nine structural genes involved in anthocyanin 
biosynthesis, including the upstream gene SiPAL, SiC4H 
and Si4CL, the biosynthetic genes SiCHS, SiCHI, SiF3H, 
SiDFR, SiANS and Si3GT (Fig. 5a), and the two regula-
tory genes, SiMYB85 and SiWD40. The transcript levels of 
SiF3H, SiDFR, SiANS and Si3GT were significantly higher 
in the samples with purple phenotype (the pulvinus and leaf 
sheath in SLX) than in the samples with green phenotype 
of YG1 and SLX (the leaf, pulvinus and leaf sheath in YG1 
and leaf in SLX), similar to the expression pattern of PPLS1. 
Interestingly, the transcript levels of SiMYB85 were higher 
in the samples of SLX than that of YG1. These combined 
results indicate that high expression levels of PPLS1 and 

SiMYB85 are associated with high levels of SiF3H, SiDFR, 
SiANS and Si3GT transcripts (Fig. 5b). We therefore specu-
late that PPLS1 and SiMYB85 may regulate the anthocyanin 
synthesis through interaction with each other.

Analysis of genetic characteristics 
of SiMYB85

Because of its possible regulatory role in the anthocya-
nin biosynthesis pathway, we cloned and sequenced the 
SiMYB85 CDS from leaf sheath cDNA of SLX. By NCBI 
blast and the Setaria italica genome annotation, SiMYB85 
(Seita.4G086300) encodes a MYB family transcription 
factor which is an anthocyanin regulatory C1 protein 
homolog. Compared with the predicted coding sequence of 
Seita.4G086300 in YG1 reference genome, there are 2 SNPs 
and 1 deletion of 3 bp in the CDS region of SiMYB85, result-
ing in 2 amino acid mutations and 1 amino acid deletion 

Fig. 4  Subcellular localization 
and transactivation analysis of 
PPLS1. a PPLS1 is localized 
to the nucleus. PPLS1-YFP 
construct and the empty vec-
tor (YFP, yellow fluorescent 
protein) were co-transformed 
into rice protoplasts with 
the mCherry-Ghd7 vector (a 
nuclear marker). The fluo-
rescent signal of PPLS1-YFP 
(green, pseudo-color) was 
specially detected in the nucleus 
and exclusively co-localized 
with mCherry-Ghd7 (red). The 
free YFP signal was observed 
in nucleus and cytoplasm. b 
Transactivation analysis of 
the PPLS1 protein in yeast. 
The full-length and different 
domains of the PPLS1 protein 
were, respectively, cloned into 
pGBKT7 vector containing 
AUR1-C and MEL1 reporter 
genes and then transformed into 
yeast host strain Y2HGold. The 
pGBKT7 vector (empty) was 
used as a negative control (color 
figure online)



1920 Theoretical and Applied Genetics (2020) 133:1911–1926

1 3

(Supplementary Fig. S7a, b). The phylogenetic analyses 
(Supplementary Fig. S7c) showed that SiMYB85 is highly 
homologous to ZmC1 and ZmPl in maize (Zea mays) and 
OsC1 in rice (Oryza sativa), which were reported to be 
involved in the regulation of anthocyanin synthesis.

The expression patterns of SiMYB85 were similar to 
PPLS1 in the 12 foxtail millet varieties (Fig. 6a), indicating 
that SiMYB85 may also regulate anthocyanin synthesis. Sub-
cellular localization analysis revealed that SiMYB85 protein 
was localized in the nucleus (Fig. 6b). As shown in Fig. 6c, 
three different SiMYB85 regions (full-length SiMYB85 
and partially truncated SiMYB85 fragments designated 
as  SiMYB851−268,  SiMYB851−118 and  SiMYB85119−268) 
were fused in-frame with the GAL4 DNA-binding domain, 
respectively. The yeast colony expressing  SiMYB851−268 or 
 SiMYB85119−268 with the C-terminal region grew on selec-
tion medium (-Leu) containing Aba and X-ɑ-gal.

PPLS1 physically interacts with SiMYB85

To further confirm the physical interaction of PPLS1 and 
SiMYB85 in vivo, we performed yeast two-hybrid (Y2H) 
assay. The full-length ORF of PPLS1  (PPLS11−571) was 
cloned into pGADT7 vector (AD) to generate the construct 

of AD-PPLS11−571, which was then co-transformed into 
Y2HGold yeast strain with BD-SiMYB851−268. As shown 
in Fig. 7a, the Y2H assay suggested that PPLS1 interacts 
with SiMYB85 from SLX in yeast, and their interactions 
also exist in either SLX or YG1 (Supplementary Fig. S8). 
We further analyzed the key domains for interaction between 
PPLS1 and SiMYB85. The Y2H assay indicated that the 
MIR domain (1–201 amino acids) of PPLS1 and the R3 
domain (65–118 amino acids) of SiMYB85 is essential for 
interaction with each other (Supplementary Fig. S9). To 
confirm the Y2H results, BIFC and LCI assays were carried 
out to further investigate the interaction between PPLS1 and 
SiMYB85 in rice protoplasts and tobacco leaves, respec-
tively. We observed strong green fluorescence signals in both 
assays (Fig. 7b, c and Supplementary Fig. S10), indicating a 
physical interaction of PPLS1 and SiMYB85.

Transient co‑expression of PPLS1 
and SiMYB85 in Nicotiana benthamiana

In order to confirm the role of PPLS1 and SiMYB85 in 
anthocyanin biosynthesis, we performed expression assays 
by infiltrating tobacco leaves with Agrobacterium tumefa-
ciens strain GV3101 carrying PPLS1, SiMYB85, PPLS1 

Fig. 5  Expression analysis of the structural and regulatory genes in 
the anthocyanin biosynthesis pathway in YG1 and SLX. a A brief 
sketch map of anthocyanin synthesis pathway. b Expression analysis 

of nine structural and two regulatory genes in the anthocyanin bio-
synthesis pathway in YG1 and SLX. L leaf, P pulvinus, LS leaf sheath
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and SiMYB85, and empty vector (mock control), respec-
tively (Fig. 8a). The result showed that neither PPLS1 nor 
SiMYB85 affected the leaf color of tobacco, similar to the 
mock infiltration control. However, co-expression with 
PPLS1 and SiMYB85 resulted in purple pigmentation of the 
infiltrated tobacco leaves 5 days post-infiltration (dpi). The 
anthocyanin in the above tobacco leaves was detectable in 
all types of the leaves (Fig. 8b) with the highest in those co-
expressing PPLS1 and SiMYB85, two times higher than that 
in the leaves infiltrated with SiMYB85, and four times higher 
than that in the leaves infiltrated with PPLS1 (Fig. 8b).

Furthermore, we analyzed the expression of eight struc-
tural genes involved in anthocyanin biosynthesis in the 
infiltrated tobacco leaves by qRT-PCR and they included 
NtPAL, Nt4CL, NtCHS, NtCHI, NtF3H, NtDFR, NtANS and 
Nt3GT (Fig. 8c). Infiltration of PPLS1 and SiMYB85 alone 
can increase the expression levels of NtCHS and NtCHI at 
the same time. Moreover, infiltration of SiMYB85 alone can 
also increase the expression levels of NtANS and Nt3GT. But 
co-infiltration of PPLS1 and SiMYB85 can only increase the 

expression levels of NtF3H, NtDFR and Nt3GT. These gene 
expression patterns are consistent with both the phenotypes 
of infiltrated tobacco leaves and the measured anthocyanin 
contents, indicating that interaction of PPLS1 and SiMYB85 
regulates the anthocyanin biosynthesis.

Discussion

Conserved regulation patterns of anthocyanin 
biosynthesis in plants

In rice, it was reported that the N-terminal region of S1 
(the homolog of PPLS1) interacts with the R3 repeat 
of C1 (the homolog of SiMYB85) (Sun et  al. 2018). 
The combined complex activates expression of A1 (the 
homolog of SiDFR) by both proteins directly binding 
to the MYB/bHLH recognition element in the A1 pro-
moter sequence (Sun et al. 2018). Moreover, the com-
bined transcript complex activates expression of SiF3H, 

Fig. 6  Expression, subcellular location and transactivation analysis 
of SiMYB85. a Expression analysis of SiMYB85 gene in leaf sheath 
of 12 foxtail millet varieties by qRT-PCR. b SiMYB85 is localized 
to the nucleus. SiMYB85-YFP construct and the empty vector (YFP, 
yellow fluorescent protein) were co-transformed into rice protoplasts 
with the mCherry-Ghd7 vector (a nuclear marker). The fluorescent 
signal of SiMYB85-YFP (green, pseudo-color) was specially detected 
in the nucleus and exclusively co-localized with mCherry-Ghd7 (red). 

The free YFP signal was observed in nucleus and cytoplasm. c Trans-
activation analysis of the SiMYB85 protein in yeast. The full-length 
and different domains of the SiMYB85 protein were, respectively, 
cloned into pGBKT7 vector containing AUR1-C and MEL1 reporter 
genes and then transformed into yeast host strain Y2HGold. The 
pGBKT7 vector (empty) was used as a negative control (color figure 
online)
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SiANS and Si3GT in our study. Similar mechanism has 
also been reported in maize (Goff et al. 1992; Grotewold 
et al. 2000), indicating regulatory pattern of anthocyanin 
biosynthesis may be conserved in the grass family. In 
this study, PPLS1 interacts with SiMYB85 to positively 
control the color of pulvinus and leaf sheath by regulating 
anthocyanin biosynthesis in foxtail millet.

Sequence comparisons of PPLS1 protein with its 
homologs in rice, sorghum, maize and Dichanthelium 
oligosanthes revealed that the PPLS1 transcription fac-
tor had 82.8% consensus sites in the four species with 
higher consensus sites in the MYC N-terminal regions 
(93.4%). Furthermore, there are also high similarity in the 
whole sequence (90.7%) and in the R2 and R3 domains 
(99.2%) by homologous comparisons of SiMYB85 protein 
sequences in the above four species. Therefore, domain 
conservation is essential for PPLS1 and SiMYB85 

proteins to interact and maintain their functions in regu-
lating anthocyanin biosynthesis in foxtail millet.

PPLS1 is a bHLH transcription factor 
that regulates the purple color of pulvinus 
and leaf sheath in foxtail millet

The MBW complex controls anthocyanin synthesis by 
regulating the transcription of structural genes in antho-
cyanin biosynthesis pathway in various plants (Hichri 
et al. 2011; Xu et al. 2015; Zhu et al. 2015). In this study, 
we used the  F2 bulked SLAF-seq approach to map and 
identify the causing gene for the purple color of pulvinus 
and leaf sheath trait, PPLS1. PPLS1 exhibits high expres-
sion in purple pulvinus and leaf sheath of SLX, but lit-
tle expression in green pulvinus and leaf sheath of YG1. 

Fig. 7  PPLS1 interacts with SiMYB85. a Yeast two-hybrid (Y2H) 
assay showing the interaction between PPLS1 and SiMYB85. The 
pGADT7 and pGBKT7 plasmids contain the GAL4 activation 
domain (AD) and GAL4 DNA-binding domains (BD), respectively. 
SiMYB85 protein with an intact domain was fused to the pGBKT7 
plasmid, named BD-SiMYB851−268. PPLS1 protein with an intact 
domain was fused to the pGADT7 plasmid, named AD-PPLS11−571. 
Yeast strains were selected using the SD/-LT medium and were fur-
ther verified on the SD/-LTHA + A + X medium. Empty vectors, 
negative controls. b Luciferase complementation imaging (LCI) 
assay showing the interaction between PPLS1 and SiMYB85 pro-

teins in Nicotiana benthamiana. PPLS1 protein was fused to the 
nLUC vector, and SiMYB85 protein was fused to the cLUC vector. 
Leaves of N. benthamiana were infiltrated with Agrobacterium strains 
containing the indicated construct pairs. PPLS1-nLUC + cLUC 
and nLUC + SiMYB85-cLUC were used as control. c Bimolecu-
lar fluorescence complementation (BiFC) assay showing the inter-
action between PPLS1 and SiMYB85 proteins in rice protoplasts. 
PPLS1 and SiMYB85 proteins were separately constructed to both 
of the YFPn and YFPc vectors. The green fluorescence signals were 
observed under a confocal microscope. YFPc/YFPn-PPLS1 and 
YFPc-PPLS1/YFPn were used as control
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Moreover, the coding sequence of PPLS1 was amplified 
only in samples with purple leaf sheath phenotype consist-
ent with the sequence of SLX, and the promoter sequences 
in green sheath and purple sheath materials were different 
consistent with those of YG1 and SLX. Interestingly, the 
transcript levels of a regulatory gene, SiMYB85, were sig-
nificantly associated with the levels of PPLS1 in pulvinus 
and leaf sheath. Thus, we speculate that PPLS1 interacts 
with SiMYB85 to positively regulate the color of pulvinus 
and leaf sheath in foxtail millet. Jia et al. (2013) identi-
fied the SNP loci and predicted color genes associated 
with pulvinus and leaf sheath color traits by phenotypic 
investigation at five locations, re-sequencing and genome-
wide association analysis of 916 foxtail millet samples. 
Among them, the SNP loci associated with color phe-
notypes of pulvinus and leaf sheath were located near 
Seita.7G195400 (PPLS1) and Seita.4G086300 (SiMYB85) 
genes in the three locations except Chaoyang (only near 
Seita.7G195400) and Changzhi (near Seita.7G195400 
associated with leaf sheath color, and near Seita.7G195400 
and Seita.4G086300 associated with pulvinus color). The 
nearest SNP locus from Seita.7G195400 is 5,657 bp away, 
and the farthest is 40,351 bp, which is 290 Kb and 318 Kb 
away from Seita.4G086300, respectively, indicating that 

the target genes are not included in the location region and 
our positioning results are more precise. Heterologous co-
expression of both PPLS1 and SiMYB85 in tobacco leaves 
turned it into purple through increased anthocyanin accu-
mulation. Furthermore, yeast two-hybrid, BIFC and LUC 
experiments have proved that PPLS1 and SiMYB85 inter-
act with each other, and  PPLS11−201 and  SiMYB8565−118 
are the key domains for interaction. In the future, we 
intend to manipulate PPLS1 and SiMYB85 in SLX using 
CRISPR/CAS9 or RNAi approach to further verify their 
functions.

Possible causes of SLX with purple pulvinus 
and leaf sheath

We examined the expression of nine structural genes 
(SiPAL, Si4CL, SiC4H, SiCHS, SiCHI, SiF3H, SiDFR, 
SiANS and Si3GT) involved in anthocyanin biosynthesis 
by qRT-PCR, of which, the transcript levels of SiF3H, 
SiDFR, SiANS and Si3GT were significantly higher in 
the samples with purple phenotype (the pulvinus and 
leaf sheath in SLX) than in those with green phenotype 
of YG1 and SLX (the leaf, pulvinus and leaf sheath in 

Fig. 8  Transient co-expression of PPLS1 and SiMYB85 in Nicotiana 
benthamiana. a Nicotiana benthamiana leaf transiently expressing (1) 
empty vector, (2) PPLS1, (3) SiMYB85 and (4) PPLS1 + SiMYB85. 
Images were taken at 5  days after agroinfiltration. b Anthocyanin 

contents of the four areas in agroinfiltrated tobacco leaves. c Expres-
sion levels of eight endogenous anthocyanin structural genes by qRT-
PCR analysis
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YG1 and leaf in SLX), similar to the expression pattern of 
PPLS1. Then, in the transient tobacco expression system, 
the expression of NtPAL, Nt4CL, NtCHS, NtCHI, NtF3H, 
NtDFR, NtANS and Nt3GT was also analyzed by qRT-
PCR. We found that the expression of NtF3H, NtDFR and 
Nt3GT increased significantly in the tobacco leaves with 
co-infiltration of PPLS1 and SiMYB85. Therefore, we 
speculate that the causes of SLX with purple pulvinus and 
leaf sheath may be the result of interaction between MIR 
domain (1–201aa) of PPLS1 and R3 domain (65–118aa) of 
SiMYB85, which stimulates the transactivation of PPLS1 
protein (WD/AD domain 202–377aa) or SiMYB85 pro-
tein (119–268aa), thus activating the expression of at least 
three structural genes, namely SiF3H, SiDFR and Si3GT.

Anthocyanin biosynthesis involves a number of struc-
tural and regulatory genes in many plant species. R2R3-
MYB, bHLH and WD40 proteins are known to form a 
‘MBW’ complex to directly regulate the expression of 
anthocyanin biosynthetic structural genes and thus to 
govern anthocyanin production (Broun 2005; Petroni and 
Tonelli 2011). More attention has been paid to R2R3-
MYB and bHLH proteins, especially the former. Some 
reports suggested that R2R3-MYB and bHLH proteins 
jointly regulate anthocyanin synthesis by enhancing the 
expression levels of structural genes. In maize, anthocya-
nin biosynthesis is coordinately regulated by the C1/P1 
(R2R3-MYB) and R/B (bHLH) transcription factors, 
respectively (Dooner et al. 1991). RsTT8 and RsMYB1 
from radish (Raphanus sativus L.), when heterologously 
co-expressed in tobacco leaves, dramatically increased 
the expression of endogenous anthocyanin biosynthesis 
genes (NtCHS, NtCHI, NtF3H, NtF3′H, NtDFR, NtANS 
and Nt3GT) and anthocyanin accumulation (Lim et al. 
2017). In wheat, TaPpm1 and TaPpb1 co-regulate antho-
cyanin biosynthesis in purple pericarps of wheat (Jiang 
et al. 2018). In rice, transactivation assays in Nicotiana 
benthamiana proved that both C1 (R2R3-MYB) and S1 
(bHLH) transcriptional complex rather than the individual 
C1 or S1 factors functioned more efficiently in regulating 
expression of the structural genes for anthocyanin bio-
synthesis (Sun et al. 2018). In our study, heterologous co-
expression of both PPLS1 and SiMYB85 in tobacco leaves 
increased anthocyanin accumulation and the expression of 
some structural genes involved in anthocyanin biosynthe-
sis (NtF3H, NtDFR and Nt3GT), resulting in purple leaves. 
However, many reports focusing on R2R3-MYB proteins 
of the MBW complex suggested that they usually play 
key roles in anthocyanins biosynthesis and accumulation 
(Schwinn et al. 2006), for example, OjMYB1 in Oenanthe 
javanica (Feng et al. 2018), AhTc1 in peanut (Zhao et al. 
2019), DcMYB7 in carrot (Xu et al. 2019), BoMYB2 in 
cauliflower (Yan et al. 2019). These R2R3-MYB proteins 
could activate the expression of their bHLH partners and 

structural genes in the anthocyanin biosynthetic pathway 
and also need to interact with their bHLH partners to func-
tion (Feng et al. 2018; Xu et al. 2019; Yan et al. 2019).
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