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Abstract

Background

Safflower (Carthamus tinctorius L.) is a valuable herb known for its flowers, which are
rich in flavonoids and are used for promoting blood circulation and preventing ath-
erosclerosis. However, the molecular regulation of flavonoid biosynthesis in safflower
is still poorly understood. In this study, we identified a AtMYB12 homologous gene,
CtMYB1, in safflower and characterized its sequence. The flower protoplast transient
expression system and virus-induced gene silence (VIGS) technique were estab-
lished in safflower and we tested the role of CtMYB1 in the regulation of flavonoid
biosynthesis. The correlation between CtMYB1 and flavonoid synthesis genes was
analyzed using a molecular interaction assay.

Results

Flower protoplasts transient expression showed that flavonoid biosynthesis genes
CtC4H2, CtF3H4, and CtHCT12 were upregulated after transfection with C{MYB1.
Meanwhile, VIGS showed that the transfected petals were lighter in color, and
there was a decrease in the amount of the major component Hydroxysafflor yel-
low A (HSYA) compared to the control. Yeast one-hybrid experiments demonstrate
that CtMYB1 can bind to the promoters of flavonoid biosynthesis genes (CtC4H2,
CtF3H4). The interaction analysis by the use of Biacore system revealed that
CtMYB1 binds to the CAACCA element of flavonoid biosynthesis genes promoters.

Conclusions

CtMYB1 regulates flavonoid biosynthesis in safflower flower by binding the CAACCA
elements of flavonoid biosynthesis related genes promoters, which sheds light on
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the molecular regulation of flavonoid biosynthesis in safflower. The flower protoplasts
expression system and the VIGS system established in safflower are valuable tools
for studying the function of genes involved in the regulation and biosynthesis of active
compounds in safflower.

Introduction

The dried tubular flowers of safflower (Carthamus tinctorius L.), named HONG HUA,
are widly used in traditional medicine, due to its efficacy in promoting blood circula-
tion, removing blood stasis and relieving pain. Flavonoids, including Hydroxysafflor
yellow A(HSYA), naringenin, kaempferol, and quercetin, are the primary active com-
ponents of safflower flowers. These flavonoids have been demonstrated to enhance
blood circulation and prevent atherosclerosis. The composition and content of flavo-
noids directly influence the quality of safflower [1,2]. In recent years, with the devel-
opment of traditional Chinese medicine, the demand for safflower has risen. Despite
the continuous expansion of the safflower planting area, the issue of the scarcity of
flavonoid compounds in safflower remains unresolved. Thus, increasing the content
of flavonoid compounds in safflower and cultivating and screening new safflower
strains with high flavonoid content are of great importance. Transcription factors play
a crucial regulatory role in the synthesis of plant secondary metabolites. Relevant
literature indicates that transcription factors associated with flavonoid biosynthesis
mainly include MYB, bHLH, WD40, bZIP, etc. Based on our research group’s previ-
ous studies, this research focuses on the MYB transcription factors in safflower [3,4].
The MYB transcription factor family is known to play a key role in the regulation
of flavonoid biosynthesis in plants such as Arabidopsis thaliana, where the sixth
family of MYB transcription factors is primarily involved [5]. The AtIMYB12 gene, as
well as its homologues AtMYB11 and AtMYB111, has been shown to regulate fla-
vonoid biosynthesis in Arabidopsis [6,7]. However, currently, reports regarding MYB
transcription factors involved in flavonoid biosynthesis in safflower mainly focus on
screening and cloning, and there are few research reports on their specific regula-
tory mechanisms. The function of genes can be verified through stable or transient
expression systems [8,9]. The transient expression system, especially the protoplasts
expression system, offers several advantages. It enables rapid, cost-effective, and
high-throughput analysis, along with high transformation efficiency [10]. Protoplasts
expression systems have been established in a wide range of plants, such as Arabi-
dopsis [11], cucumber [12], Rice [13], and other plants. Meanwhile, the Virus-induced
gene silencing (VIGS) technique, which is also a type of transient expression sys-
tem based on the tobacco rattle virus (TRV), is widely used for verifying plant gene
functions, for example, in tobacco [14]. Based on the principle of surface plasmon
resonance, Biacore can detect the interactions of various molecules, like proteins and
nucleic acids, in real-time without labeling. It also provides comprehensive interaction
information, including binding specificity, affinity, kinetics, and competition.

PLOS One | https://doi.org/10.137 1/journal.pone.0337921 December 10, 2025 2/17




PLO\Sﬁ\\.- One

In this study, we cloned and characterized a AtMYB12 orthologue, CtMYB1, in safflower. Using the safflower flower
protoplasts transient expression system and VIGS technique, we investigated the role of CEIMYB1 in the regulation of fla-
vonoid biosynthesis. Our results shed light on the molecular regulation of flavonoid biosynthesis in safflower. The estab-
lishment of flower protoplasts expression system and VIGS technique in safflower are a valuable tool for studying gene
function, particularly those involved in the regulation and biosynthesis of active compounds of safflower.

Materials and methods
Total RNA extraction and the cloning of CtVYB1

Safflower was grown at the Medicinal Botanical Garden of Chengdu University of Traditional Chinese Medicine. Total
RNA was extracted using TRIzol reagent (TIANGEN, China). The purity of the obtained RNA was determined using a
NanoPhotometerTM (N60 Touch) (IMPLEN, Germany). The first-strand cDNA was synthesized from total RNA using a
cDNA Reverse Transcription Kit (Takara, Beijing, China). A mixed cDNA library was created from roots, stems, leaves,
and flowers. We analyzed the conserved domains of MYB transcription factors, and based on the conserved amino acid
sequences, a pair of degenerate primers (5-GRBTDMGRAARGGTKCWTGGA-3’ [Forward], 5-GCWATHARDGACCAY
CTRTT-3’ [Reverse]) was designed and used to amplify the MYB core sequence from safflower using Polymerase Chain
Reaction (PCR) (S1 Table). The PCR protocol consisted of an initial denaturation step at 94°C for 5 minutes, followed by
35 cycles of denaturation at 94°C for 30 seconds, annealing at 42°C for 30 seconds, extension at 72°C for 1 minute, and
a final extension step at 72°C for 7 minutes. The PCR product was cloned into a pMD19-T vector (Takara, Beijing, China)
and sequenced by Tsingke (Chengdu, China). The 3’ and 5’ end sequences of the core sequence were cloned using
Rapid Amplification of cDNA Ends (RACE), and the full-length cDNA of CtMYB1 was finally cloned.

Construction of CtMYB1 recombinant vectors

To express the gene CtMYB1 in safflower flower protoplasts, the plasmid pET-32a (+)-CtMYB1 was constructed. The
PCR product of the gene CtMYB1 was cloned into the plasmid pMD19-T (Takara, Beijing, China) following the manu-
facturer’s instructions. Primers were designed specifically for this purpose: the forward primer 5-GCCATGGCTG
ATATCGGATCCATGATCCAAGATCAAGATC-3’ and the reverse primer 5-ACGGAGCTCGAATTCGGATCCTTAAT
TAGTCACATTATAT-3’ (S2 Table), both of which contain the BamH | site (underlined). The pMD19-T-CtMYB1 plas-
mid and pET-32a (+) were digested with the restriction enzyme BamH | (also from Takara, Beijing, China) and joined
together using T4 DNA ligase(Takara, Beijing, China), resulting in the correct recombinant expression plasmid, which
was named as pET-32a (+)-CtMYB1 (S2 Table).

The CtMYB1 fragment was inserted into pA7-YFP (Yellow Fluorescent Protein), replacing the YFP. High Fidelity PCR
SuperMix Il (manufactured by TransGen Biotech, located in Beijing, China) was used to amplify the plasmid under the
following conditions: 98°C for 3 minutes, followed by 34 cycles of 98°C for 30 seconds, 62°C for 30 seconds, 72°C for 90
seconds, and a final extension of 72°C for 5 minutes. The primers 5-TTCCTGCAGCCCGGGGGATCCATGATCCAAGA
TCAAGATCA-3 (forward) and 5-ACTAGTATGGTGAGCGGATCCATTAGTCACATTATATATAC-3’ (reverse) (S2 Table),
both containing the BamH [ site (underlined), were used to construct the gene pA7-CtMYB1-YFP.To determine the subcel-
lular localization of the CtMYB1 protein in safflower protoplasts, the fluorescence signal from YFP was detected using the
Olympus FV1200 Confocal Laser Scanning Microscope (Olympus, Japan) with an excitation wavelength of 488 nm and
50% laser power.

pTRV1 and pTRV2 are the two RNA strands of the Tobacco rattle virus (TRV) vectors commonly used in virus-induced
gene silencing (VIGS) technology. Moreover, pTRV2 contains multiple cloning sites. To silence the CtMYB1 gene in
safflower petals, the plasmid pTRV2-CtMYB1 was constructed. Primers containing the EcoRI cleavage site (underlined)
(Takara, Beijing, China) and approximately 15bp of the pTRV2 sequence were designed according to the homology arm
cloning method (S2 Table). Using these primers, the CtMYB1 gene was cloned into a 489-base-pair fragment containing
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the pTRV2 homology arm sequence. Then, the CIMYB1 fragment with the homology arm was inserted into the EcoR
I-digested pTRV2 using Exnase Il ligase. High-Fidelity PCR Super Mix Il (TransGen Biotech, Beijing, China) was used

to amplify the plasmid under the following conditions: pre-denaturation at 98°C for 3 minutes, followed by 34 cycles of
denaturation at 98°C for 30 seconds, annealing at 58°C for 30 seconds, and extension at 72°C for 90 seconds, with a final
extension at 72°C for 5 minutes. Finally, the plasmid pTRV2-CtMYB1 was successfully constructed.

The isolation of protoplasts in safflower

The stock solutions were prepared according to the formulas shown in Table 1. Protoplast transfection was performed based
on Jiang Chen’s research on maize protoplasts [15] with some modifications. We carried out the isolation of flower protoplasts
in safflower for the first time. The young flowers of safflower were cut into pieces with a side-length of approximately 0.5mm
using sharp razors and were pretreated for 10 minutes in a dish containing mannitol. The chopped pieces were then trans-
ferred to an enzyme hydrolysis solution [0.6 M mannitol, 10mM MES, 10mM CaCl2, 0.1% bovine serum albumin (BSA), 1.5%
Cellulase RS (from Yakult, Japan) and 0.75% Macerozyme R-10 (from Yakult, Japan)]. The solution was incubated in the dark
at 25°C with shaking at 60 rpm for 3—4 hours. Before adding the CaCl2 and BSA, the enzymes (Cellulase RS and Macero-
zyme R-10) were activated by thermal treatment at 55°C for 10 minutes. The chopped flower pieces were gently shaken three
times during the incubation process to ensure complete enzymolysis. After incubation, an equal volume of precooled W5 solu-
tion (154 mM NaCl, 125mM CaCl2, 5mM KCI, 2mM MES((2-(N-Morpholino) ethanesulfonic acid)), pH 5.8) was added to the
enzyme hydrolysis solution, and the mixture was shaken at 80rpm for 4 minutes to stop the hydrolysis. The mixture was then
filtered through a 40 um nylon sieve, and the residue was washed three times with W5 solution. The filtrate was transferred

to a 50-mL centrifuge tube and horizontally centrifuged at 100g for 3 minutes at room temperature using a Centrifuge Allegra
X-30R (Beckman, USA) to collect the protoplasts. The supernatant was discarded, and the protoplasts were resuspended

in 20mL of precooled MMG solution (15mM MgClI2, 0.4 M mannitol, 4mM MES, pH 5.7). The solution was then horizontally
centrifuged at 100g for 1 minute, and the supernatant was discarded. The protoplasts were resuspended in 3mL of precooled
MMG and kept on ice for 30 minutes. The upper liquid was discarded to obtain high-quality protoplasts.

The transformation of safflower petal protoplasts

The aim of this experiment was to investigate the effects of different centrifugal forces (200g, 150g, 1009), different
extraction sites, and different flowering times on the state of the prepared safflower protoplasts. We selected tubular flowers
with the ovaries removed 2 days and 4 days after flowering. These flowers were divided into three different samples: whole
flowers, corolla lobes, and corolla tubes. Each sample was cut into 0.5-millimeter segments for subsequent processing.

The transfection steps were as follows: First, 10 ug of pA7-CtMYB1-YFP plasmid DNA and positive plasmids(pA7-YFP,
pro9, pro10, pro13, Pro14, pro15, pro16, pro17) were added to a 2-mL sterile centrifuge tube [16]. The plasmid DNA was
evenly distributed at the bottom of the centrifuge tube by gently pipetting. Subsequently, 100 pL of suspended protoplasts

Table 1. Stock solution.

Reagents Formulas

0.2 M MES 3.9g of MES was dissolved in 100mL and the pH
was adjusted to 5.7 with KOH (of water)

0.8 M Mannitol 72.8g Mannitol was dissolved in 500 mL(of water)

1M CaCl, 14.7g CaCl,H,0 was dissolved in 100 mL(of
water)

2 M KCI 14.9g KCl was dissolved in 100 mL(of water)

2 M MgCl, 20.3g MgCl, was dissolved in 50 mL(of water)

10% BSA 19 BSA was dissolved in 10 mL(of water)

https://doi.org/10.1371/journal.pone.0337921.t001
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was slowly added, and then the mixture was gently pipetted up and down several times to ensure thorough mixing. Imme-
diately after that, 120 pL of PEG solution (40% PEG4000(Polyethylene Glycol), 0.8 M mannitol, 100 mM calcium chloride)
was added, and the solution was gently pipetted up and down about 5-8 times again to achieve uniform mixing. The mix-
ture was incubated at room temperature (around 25°C) for 20 minutes. During the incubation process, any shaking was
avoided. After incubation, 460 uL of W5 solution was slowly added along the wall of the centrifuge tube, and the centrifuge
tube was gently rotated to dilute the transfection mixture. Then, the solution was placed in a centrifuge and centrifuged
horizontally at a centrifugal force of 100g for 3 minutes. After centrifugation, the supernatant was carefully aspirated and
discarded, and the protoplasts were resuspended in 1 mL of MMG solution. The protoplasts were also evenly dispersed by
gentle pipetting. The MMG solution containing the protoplasts was incubated in the dark at room temperature for 12 hours.
Finally, the incubated protoplasts were centrifuged horizontally at 200g, 150g, and 1009 for 3 minutes in sequence. The
precipitated protoplasts were collected for subsequent experiments.

Protoplasts RNA extraction and quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis

After transforming pA7-CtMYB1-YFP into safflower protoplasts, RNA was extracted from the protoplasts. Protoplasts
without plasmid transformation were used as a blank control (CK), and RNA was also extracted from the blank control. We
used the MicroElute Total RNA kit (Omega Bio-Tek, USA) to extract protoplast RNA. The purity of the RNA samples was
assessed using a NanoDrop spectrophotometer (IMPLEN, Germany), and the A260/A280 ratios of all samples were found
to be within the range of 1.9-2.1, indicating a pure RNA preparation. cDNA was synthesized from the purified RNA using
the PrimeScriptTM RT reagent Kit with gDNA Eraser (Takara, Beijing, China) following the standard protocol provided by
the manufacturer.

Expression levels of selected genes were determined by qRT-PCR after the over-expression of the CtMYB1 gene,
using a CFX96TM Real-time System (Bio-Rad, Hercules, CA, USA). Three replicate samples were analyzed for each
reaction. Primers for genes related to flavonoid synthesis were designed using Primer Premier 5 software (S3 Table). The
258 rRNA gene of Carthamus tinctorius L. was used as the reference gene to normalize expression levels in each cDNA
sample. The qRT-PCR reaction mixture consisted of 1 uL of each forward and reverse primer, 1 uL of cDNA, 7 yL of
double-distilled water, and 10 uL of SYBR Green Il (Takara, Beijing, China), in a total volume of 20 uL. To detect expres-
sion levels of five genes involved in flavonoid biosynthesis in safflower flowers, gRT-PCR conditions were as follows: an
initial denaturation step at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 58.5°C for
30s, extension at 72°C for 30s, and a final extension step at 72°C for 5min.

Establishment of the VIGS system in safflower flowers

pTRV1, pTRV2 and the recombinant plasmid pTRV2-CtMYB1 were transformed into Agrobacterium C58C1(Tsingke
Biotech Company, Chengdu, China). The transformed Agrobacterium was cultured in 5mL of TY medium containing 100
pg/mL kanamycin and resuspended in infiltration solution (10 mmol/L 2-morpholinoethanesulfonic acid +40 mg/L acetosy-
ringone +10 mmol/L magnesium chloride, pH 5.6) to an OD,, of 1.5~2.0, so that the densities of each group were similar.
The infiltration solution of Agrobacterium containing pTRV1 was mixed with the infiltration solutions of Agrobacterium
containing pTRV2 and pTRV2-CtMYB1 respectively at a volume ratio of 1:1, and incubated at room temperature. Equal
amounts of fresh safflower petals at the early flowering stage were immersed in different infiltration solutions for vacuum
infiltration. The infiltrated petals were placed in sterile Petri dishes containing sterile water for incubation and observation.
They were first incubated in darkness at 5 °C for 3 days, and then counted immediately after removal (recorded as day 0),
and then incubated at 25 °C under light conditions suitable for normal safflower growth for 6 days, with the water changed
daily to maintain the aseptic environment. Among them, the safflower infiltrated with Agrobacterium transformed with
pTRV2-CtMYB1 was the experimental group (pTRV2-CtMYB1), the safflower infiltrated with Agrobacterium transformed
with the empty vector pTRV2 was the control group (CK), and the safflower infiltrated with the sterile infiltration solution
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was the blank group (0). The cultivated safflower petal samples were frozen in liquid nitrogen and stored in a-80 °C
refrigerator for subsequent experiments. GUS(B-Glucuronidase) staining was used to determine the infiltration status, and
trypan blue staining was used to assess the viability of sterile-cultivated safflower.

Determination of HSYA Content by High-Performance Liquid Chromatography (HPLC)

The content of Hydroxysafflor yellow A was determined according to the method in the Chinese Pharmacopoeia. After
the safflower material was cultured, a portion of it was freeze-dried. The freeze-dried material was precisely weighed,
and then the mixture was then ground using a milling machine, and the resulting powder was centrifuged at 9000 rpm
for 5 minutes, causing the powder to settle on the bottom of the tube. Subsequently, about 1.25ml of 25% methanol was
added, maintaining the same concentration as specified in the Pharmacopoeia. The mixture was subjected to ultrasonic
treatment (300W power and 50 kHz frequency) for 40 minutes and then cooled. Afterwards, the powder was centrifuged
once again at 9000 rpm for 5 minutes, and the supernatant was filtered through a 0.45um filter membrane into an injec-
tion vial. The resulting sample was then injected following the aforementioned liquid phase conditions. The injection
column used was the Eclipse XDB-C18, measuring 4.6 x 250 mm with a 5um particle size. The mobile phases used were
as follows: Phase A consisted of a 0.7% phosphoric acid solution, Phase B was composed of methanol, and Phase C

of acetonitrile. The three phases were eluted in an isocratic manner using a ratio of 72:26:2 respectively. The detection
wavelength employed was 403 nm, and the injection temperature was room temperature. A volume of 10 ul was injected
for analysis.

Recombinant protein expression and purification

The recombinant plasmid pET-32a-CtMYB1 was transformed into E. coli BL21 (DE3) (Tsingke Biotech Company,
Chengdu, China). The transformed bacteria were grown in 5mL LB medium containing 100 pg/mL Ampicillin at 37°C with
shaking at 200 rpm until the OD600 reached 0.35-0.45. The expression of the CtMYB1 fusion protein was then induced
with 1 mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) at 200rpm, 16°C, for 12 hours. The bacteria were centrifuged at
4°C and 12,000rpm for 5 minutes, and the supernatant was discarded. The cell pellets were resuspended in 1 mL of water
and centrifuged again at 12,000 rpm for 5 minutes. The pellet was then dissolved in precooled 1 mL of Lysis Buffer (50 mM
HEPES(4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid), 500 mM NaCl, 5mM imidazole, pH 7.0).

The sample was subjected to SDS-PAGE (Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis) analysis by
adding 10 pL of 5% SDS loading buffer (Solarbio, Beijing, China) and boiling for 10 minutes, followed by centrifugation at
12,000 rpm for 5 minutes. The resulting supernatant was loaded onto a Tris-glycine gel in the 4-20% range and visualized
using Coomassie Brilliant Blue G-250 staining.

To purify the soluble form of CtMYB1, BL21 (DE3) cells harboring pET-32a-CtMYB1 were grown in 1L of LB medium
with 100 pug/mL Ampicillin at 16°C and 200rpm for 12 hours. The cells were collected by centrifugation at 4°C and
12,000 rpm for 10 minutes, and the supernatant was discarded. The cells were resuspended in 50 mL of water, centri-
fuged, and resuspended in 30 mL of Lysis Buffer. The cells were lysed using a sonicator (SCIENTZ, Ningbo, China) on ice
for 15 minutes at 30% duty. The soluble and insoluble fractions were separated by centrifugation at 4°C and 12,000 rpm
for 45 minutes. The supernatant was filtered using a 0.45 pm filter, and the cellular debris was resuspended in 10 mL of
water. 1 mL of Ni-NTA(Nickel-Nitrilotriacetic acid) was added to the supernatant and incubated at 4°C and 50rpm for 1
hour. The final processed supernatant was applied to a column and eluted with increasing concentrations of imidazole (40,
80, and 160mM). The eluted fractions were saved in centrifuge tubes for SDS-PAGE analysis.

Analysis of the interaction between transcription factor CtMYB1 and promoter elements

There are often some cis-acting sequences upstream or downstream of the promoter, which can be recognized by tran-
scription factors, thereby regulating the activity of the promoter. The MYB elements in the promoters of 10 genes related
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to flavonoid synthesis were predicted online using the PlantCARE tool (S4 Table). The promoter fragments containing the
MYB elements were synthesized by a company, and biotin was labeled at the 5’-end of one of the single-strands, while
the complementary strand was not labeled, as shown in S5 Table.

The synthesized single-strands were annealed into double-strands. The method is as follows: Dilute the single-strand
and its complementary strand with water to 100 uM respectively, dissolve and mix them thoroughly, then mix equal
volumes of them and mix again thoroughly. Add 1/10 volume of 10-fold DNA oligonucleotide annealing buffer, mix well.
Incubate the mixture at 95°C for 5 minutes, take it out and cool it at room temperature for 2 hours before use, or store the
annealed product at-20°C.

The Surface Plasmon Resonance (SPR) technology used by the Biacore system is capable of detecting real-time
protein-protein and protein-nucleic acid interactions. In this study, the CtMYB1 protein was produced by induction with
1mM IPTG for 12 hours at 16°C. The Biacore system is user-friendly and has various applications, making it a useful
research tool for detecting and measuring protein interactions [17-19].

The core elements (S5 Table) in the promoter that interact with MYB were analyzed online using PlantCARE. In the
Biacore assay, one of the interactants is immobilized on a sensor chip surface while the other is flowed over the surface
in solution. The immobilized interactant is referred to as the ligand and the flowing interactant as the analyte. In this study,
the Biacore T200 was used to measure protein-nucleic acid interactions. The CtMYB1 protein was diluted to 50 ug/mL in
sodium acetate solution (pH 4.0) and immobilized on a CM5 sensor chip via amine coupling to a density of 300 resonance
units (RU). The immobilized CtMYB1 was then used to capture core elements from the flavonoids biosynthesis genes pro-
moter sequences. This study referred to our previous research on the flavonoids biosynthesis genes in safflower [20]. The
data were recorded at 25°C using a running buffer of PBS-T (10mM sodium phosphate, 150 mM NacCl, 0.005% Tween-20,
pH 7.4) and 2% DMSO (Dimethyl sulfoxide).

Six concentrations of synthetic promoters (0, 2, 4, 8, 16, 32nM) were injected at a flow rate of 30 yL/min, with a 4-
minute contact time and 5-minute dissociation time. A blank immobilization was performed on one of the sensor chips to
correct the binding response.

Yeast one-hybrid assay

The yeast one-hybrid assay mainly used the Lac system to detect the binding of CtMYB1 to genes related to flavonoid
synthesis. p778 vector which contains the CYC1 core promoter and a reporter gene, the LacZ gene, was used to ligate
promoters of genes related to flavonoid synthesis. In the experiment, we selected two promoters of flavonoid synthesis
gene (CtF3H4 and CtC4H?2) and ligated them into the p778 vector. The Infusion system was employed in the experiment
to directly clone each gene promoter into the p178 vector digested with Xho |. Meanwhile, CtMYB1 was ligated into the
pPC86 vector. Primers with restriction enzyme sites (Sal | and Sac |) were designed, and after digestion, CtMYB1 was
ligated into the pPC86 vector that had also been digested with the same enzymes. The constructed vectors were co-
transformed into EGY48 yeast cells. The transformed yeast cells were spread on SD/-Ura—Trp medium and cultured at
28°C for 2 days. Positive clones were picked and subjected to expanded culture, and the bacterial solution was spread
on SD/-Ura-Trp + X-a-gal medium. Colonies that appeared blue on the plate indicated the presence of an interaction. The
primer sequences are listed in Table 2.

Results and discussions
Cloning and sequence analysis of CtYB1

In this study, a 1223-bp cDNA of the CtMYB1 gene was cloned from safflower (GenBank KY554784), and sequence
analysis revealed a 489-bp open reading frame (ORF) encoding a 162-amino acid protein with a molecular weight of
17878.15Da and an isoelectric point of 4.82. The hydrophilicity of the CtMYB1 protein was predicted using ProtScale
and the gradient average hydrophobicity was found to be-0.307, indicating that the protein is hydrophilic (S1 Fig). The
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Table 2. Sequences for promoter cloning and yeast one-hybrid.

Name Primer sequences
pCtF3H4 F: GGAACAGTAGCTTCTAGAGAT

R: AGTCACTGCTCTTATGTACTC
pCtC4H?2 F: TTCCGGTTCCGATCTTCGGAAA

R: GGACCAGAGGGTGGTTTCAAT
pPC86-CtMYB1 F: CGCGTCGACATGATCCAAGATCAAGATC
pPC86-CtMYB1 R: GCCGAGCTCTTAATTAGTCACATTATAT
178- pCtF3H4 F: AGTTATTACCCTCGAGGGAACAGTAGCTTCTAGAGAT
178- pCtF3H4 R: GGCGGATCTGCTCGAGAGTCACTGCTCTTATGTACTC
178- pCtC4H2 F: AGTTATTACCCTCGAGTTCCGGTTCCGATCTTCGGAAA
178- pCtC4H2 R: GGCGGATCTGCTCGAGGGACCAGAGGGTGGTTTCAAT

https://doi.org/10.1371/journal.pone.0337921.t002

prediction of the signal peptide cleavage site showed C, S, and Y scores of 0.117, 0.150, and 0.116, respectively. As all
the scores were close to 0.1, it was deduced that the CtMYB1 protein is non-secretory (Fig 1A).

We selected 9 transcription factors that have been reported to regulate flavonoid biosynthesis, including the maize
flavonoid synthesis regulatory genes P71 and P2, and the tomato flavonoid synthesis regulatory gene SIMYB12, for anal-
ysis. Protein sequence alignment analysis showed that all MYB transcription factors that regulate flavonoid biosynthesis
are relatively conserved at the N-terminus, especially in the R2R3 domain, while they differ significantly in structure at the
C-terminus. Despite the large structural differences at the C-terminus, two relatively conserved structural domains, SG7
(GRTXxRSxMK) and SG7-2 ([W/X][L/X]LS), were still present at the C-terminus (Fig 1B). Studies have reported that the
SG7 and SG7-2 domains are characteristic features of MYB-like transcription factors that regulate flavonoids [21,22].
These findings indicate that the cloned CtMYB1 is likely to be involved in regulating flavonoid biosynthesis in safflower.

The establishment of a system for flower protoplasts in safflower

In this experiment, a system for preparation and transformation of safflower protoplasts was successfully established.

The effects of centrifugal force and exosome on the preparation and transformation of protoplasts were explored. We
investigated the effect of centrifugal forces of 200g, 1509, and 100g on the state of protoplasts. The results of the exper-
iment are shown in S5 Fig. It can be seen that some of the protoplasts collected at 200 g centrifugal force were broken,
the protoplasts collected at 150g centrifugal force were in better condition, and the protoplasts collected at 100g had the
highest degree of completeness and were more numerous. We explored the viability of protoplasts prepared by sampling
2 days and 4 days after flowering. The prepared protoplasts were transformed with positive plasmids and cultured. Then,
the transformation rate was explored by observing the cells under a confocal microscope. The results are shown in Fig 2.
It can be seen that the transformation rate of protoplasts prepared by sampling 2 days after flowering was very high and
the transformation rate of protoplasts prepared by sampling 4 days after flowering was very low. Therefore, the protoplasts
used for transformation of positive plasmids Pro9, Pro10, Pro13, Pro14, Pro15, Pro16 and Pro17 were prepared from
safflower at 2 days of flowering. All parts of safflower with ovary removed were cut into 0.5mm segments for enzymatic
digestion. The prepared protoplasts are shown in S5 Fig. It can be seen that the obtained protoplasts contain a lot of pol-
len grains and other impurities, and the purity of protoplasts is very low.We compared the yield and quality of protoplasts
extracted from both the corolla lobes and tubes, and results revealed that a lower number of viable safflower protoplasts
was obtained from the lobes rather than the tubes (S5 Fig.). The optimum explant for safflower protoplasts isolation was
determined to be young corolla tubes, as they produced a high number of transparent protoplasts after 4 hours of enzyme
digestion. Our protoplasts isolation protocol was suitable for subsequent research, yielding approximately 5 x 107 proto-
plasts cells per corolla tube.
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transcription factors, with R2 Repeat and R3 Repeat being typical domains of the R2R3 MYB transcription factor, and SG7 and SG7-2 being special
domains involved in the regulation of flavonoid synthesis.

https://doi.org/10.1371/journal.pone.0337921.9001
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https://doi.org/10.1371/journal.pone.0337921.9002

The viability and concentration of protoplasts are important factors in transfection efficiency. In this study, the transfec-
tion efficiency of safflower protoplasts was measured by detecting the yellow fluorescent protein (YFP) signal. The stability
of the transient expression vectors was verified as the YFP signal could be detected 18 hours after transformation (S6
Fig.). Our results showed that we achieved a high transfection efficiency. The experimental results are consistent with
those of Page et al., who found that protoplasts prepared from rice seedlings within 7 days after seed germination had
better effects [23], and the 100 g centrifugal force commonly used for the preparation of Arabidopsis and maize nucellus
protoplasts [24,25]. The experimental results demonstrated that there were no significant differences in protoplast yield
between different batches or replicate experiments.

Subcellular protein localization of CtMYB1 in safflower flower protoplasts

It should be noted that there have been no previous reports of using safflower protoplasts to characterizing genes. To eval-
uate the suitability of the transient expression system of flower protoplasts for protein subcellular localization, we conducted
an experiment. Our results showed that the fusion protein CtMYB1-YFP was expressed in safflower flower protoplasts and
was localized in the nucleus (Fig 3A). To further demonstrate the versatility of this system, we used YFP markers for plasma
membrane (MEM-MAR) and cytoplasm (CYT-MAR) localization that are reserved in our lab. After 18 hours of transfection,
MEM-MAR was expressed in the plasma membrane, and CYT-MAR was expressed in the cytoplasm (Fig 3B and 3C). As a
control for the subcellular localization studies, we used pA7-YFP, which showed a brilliant green fluorescence throughout the
cell (Fig 3D). The results suggest that safflower flower protoplasts can be used for characterizing genes.

CtMYB1 promotes the expression of flavonoid-related genes in protoplasts

The goal of the study was to investigate the potential association between the CtMYB1 gene and flavonoid biosynthesis
in safflower. Based on the transcriptome sequencing results of the previous research [26], five genes related to flavonoid
biosynthesis were selected for expression analysis, including CtC4H2, CtF3H4, CtHCT12, CtHCT5 and CtOMT6. After we
transforming the CtMYB1 gene into the safflower flower protoplasts, the RNA was isolated and qRT-PCR was performed
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Fig 3. Subcellular localization in safflower flower protoplasts. A CtMYB1-YFP was targeted to the cell nucleus. B A marker for membrane location.
C A marker for cytoplasm location. D pA7-YFP was used as the control, and YFP was expressed throughout the entire cell.

https://doi.org/10.1371/journal.pone.0337921.9003

to measure the expression of the selected genes. The results showed that the expression of the genes CtC4H2,

CtF3H4, and CtHCT12 was upregulated by the CtMYB1, while the expression of CtHCT5 and CtOMT6 remained largely
unchanged (Fig 4). CtC4H2, CtF3H4, and CtHCT12 are important genes in safflower flavonoid biosynthesis. In our previ-
ous report, we found that the increased expression of these genes is associated with the content of flavonoids in safflower
under MeJA (Methyl jasmonate) treatment [26]. The results suggest that overexpression of CtMYB1 in protoplasts upregu-
lates the expression of genes involved in flavonoid biosynthesis.

Flavonoid synthesis was downregulated in the VIGS system of CtMYB1

After safflower was infiltrated with the Agrobacterium infection solution containing the transformed plasmid, GUS stain-
ing proved that the infiltration effect was good(S8 Fig.). Trypan blue staining was used to determine that the safflower
was inactivated after 6 days of cultivation(S8 Fig). gqRT-PCR was carried out to confirm that the expression of CIMYB1
was silenced in the experimental group. The color of safflower at the initial flowering stage changed from yellow to
red. Compared with the control group (CK) and the blank group (0), the color change of safflower in the experimen-

tal group (pTRV2-CtMYB1) was less significant. After 6 days of cultivation, the petal color of the experimental group
(b TRV2-CtMYB1) was significantly lighter than that of the control group (CK, 0) (Fig 5A), which indicated that silencing
CtMYB1 inhibited the color change of safflower. The content of Hydroxysafflor Yellow A (HSYA) was determined, and
the results showed that the HSYA content in the experimental group was significantly lower than that in the con-

trol group (CK) and the blank group (0) (Fig 5B). The results of the VIGS experiment demonstrated that CtMYB1 is
involved in regulating the synthesis of HSYA, a flavonoid component in safflower.

CtMYB1 bind to the CAACCA element of flavonoids biosynthesis genes promoters

First, yeast one-hybrid assay was used to analyze whether CtMYB1 can bind to promoters related to flavonoid biosyn-
thesis genes. We selected the promoters (pCtC4H2, pCtF3H4) of two genes (CtC4H2, CtF3H4) that are upregulated by

PLOS One | https:/doi.org/10.1371/journal.pone.0337921 December 10, 2025 11717



https://doi.org/10.1371/journal.pone.0337921.g003

Relative Nommalized Expression
o

0] oo [} == | ==l ==l

CIC4H2 CIF3H4 CtHCTI2 CtHCTS ClIOMT6
Target
[=mm ck = CtMYBI |
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Fig 5. Analysis of components in safflower after silencing CtMYB1. A Vertical representation records the color change of Agrobacterium infiltration
solution treated safflower after 0d, 3d and 6d. Horizontal representation records the color change of Agrobacterium infiltration solution-treated safflower
transformed with pTRV2-MYB1, CK and (0) aseptic dip solution-treated safflower. Bar=5cm. B Relative content of HYSA in petals after Agrobacterium
infiltration. pTRV2-MYB1, CK, and 0 were grouped as in A. (pPTRV2-MYB1: experimental group, CK: control group, 0: blank group).

https://doi.org/10.1371/journal.pone.0337921.g005

CtMYB1 for verification. The promoters were cloned and ligated into the p778 vector. First, the background expression of
the promoters was detected by transforming only the empty pPC86 vector and the p178 vector with the ligated promoters.
Meanwhile, we transformed the pPC86 vector containing CtMYB1 together with the p778 vector containing the ligated
promoters. The results showed that in the double-deficient medium containing X-a-gal, the yeast cells transformed with
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the CtMYB1-containing pPC86 and the promoter-containing p178 vector developed color (Fig 6), indicating that CtMYB1
binds to the promoters pCtC4H2 and pCtF3HA4.

Then, we analyzed the binding of CtMYB1 to specific elements of the promoters. First, the recombinant expression
vector pET32-CtMYB1 was successfully constructed, and the recombinant vector was transformed into BL21 competent
cells for prokaryotic expression. SDS-PAGE analysis showed that the CtMYB1 fusion protein had a molecular weight
of approximately 35kDa, suggesting that it may function as a dimer (Fig 7A). The core elements interacting with MYB
in 10 flavonoid synthesis gene promoters were predicted. After removing the duplicate elements, a total of 23 elements
were finally obtained. The single-stranded promoters containing the core elements were synthesized. After annealing the
single-strands into double-strands, the interaction between the CtMYB1 protein and the promoter elements was analyzed
using a Biacore T200. First, the coupling results were analyzed. The results showed that 299.3 RU of ligand was coupled.
The multi-cycle measurement results showed that the CtMYB1 protein specifically binds to the MYB element “CAACCA”
on the promoter of the flavonoid synthesis gene, as shown in Fig 6. At this time, the concentration of the analyte was
16nM, and the dissociation constant KD was 1.180x 10™° M. The results showed that the core element of MYB, CAACCA,
could directly bind to the CtMYB1 protein immobilized on the sensor chip surface. The binding concentration was 16 nM

(Fig 7B).

Conclusion

The use of protoplast transient expression systems has been crucial in plant research for studying gene functions, protein
subcellular localization, and interaction assays. For instance, the mesophyll protoplasts transient expression system of
Arabidopsis is a highly efficient and important tool for gene function research [27,28]. Similarly, the versatile and physio-
logical protoplasts system of rice has been demonstrated to be useful for research on light/chloroplast-related processes
[29,30]. However, heterologous systems may result in inaccurate findings due to the presence of a foreign genetic back-
ground. Thus, homologous transient expression systems are much more accurate for gene function research. The suc-
cessful isolation of high-yield and viable protoplasts is critical for the protoplasts transient expression system. Protoplasts
freshly isolated from leaves have been shown to be a significant tool for gene function studies [31,32], and a transient
expression system using root protoplasts has also been established [33]. In contrast, the isolation of protoplasts from

pPC86 pPC86::CtMYB1 pPC86 pPC86::CtMYB1
+ + + +
P178: pCtF3H4 P178::pCtF3H4 pl178::pCtC4H2 pl78::pCtC4H2

Fig 6. Yeast one-hybrid analysis of CtMYB1 with promoters related to flavonoid biosynthesis genes. Two promoters (pCtC4H2, pCtF3H4) were
analyzed. White color indicates that the promoters themselves do not have self-activation properties. Blue color indicates that there is an interaction
between MYB and the promoter.

https://doi.org/10.1371/journal.pone.0337921.9006
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safflower flowers is challenging due to the structure of its corolla. Therefore, the proper selection of the explant is crucial
for obtaining high-quality, viable protoplasts for subsequent experiments.

This study established efficient methods for isolating flower protoplasts, using VIGS, and performing transient
expression. The results showed that the CtMYB1 gene is capable of regulating the expression of genes involved in
flavonoid biosynthesis in safflower. Inhibiting the expression of CtMYB1 inhibits the color change of safflower flow-
ers while significantly reducing the content of HSYA in the flowers. The effect of the transcription factor CtIMYB1
on the expression of flavonoid synthesis genes was analyzed by qRT-PCR. It was found that CtMYB1 upregulated
the expression of the genes CtC4H2, CtF3H4, and CtHCT12. In the flavonoid biosynthesis pathway of safflower,
multiple HCT genes are involved. In the experiment, the CtHCT5 and CtHCT12 genes showed different expression
trends and intensities. Among them, CtHCT12 may play a more significant role [34]. It is speculated that in this
experiment, the CtHCT5 and CtHCT12 genes function in different branches of the flavonoid biosynthesis pathway
of safflower. Combining with the flavonoid biosynthesis and metabolism diagram of safflower (S9 Fig), it is specu-
lated that after overexpressing CtMYB1, the expression of the CtC4H2 gene increases, promoting the accumula-
tion of p-coumaroyl-CoA, leading to the accumulation of naringenin chalcone, naringenin, etc.; the expression of
the CtF3H4 gene increases, promoting the accumulation of dihydrokaempferol, kaempferol, etc.

In addition, the sequences of 10 promoters were analyzed, and finally 23 MYB elements were predicted. After
synthesizing the promoter fragments, the interaction between the CtMYB1 protein and the promoters was analyzed
using a Biacore T200 interaction analyzer. It was found that the CtMYB1 protein interacts with the “CAACCA” ele-
ment. Based on the analysis combined with the qRT-PCR results, it was concluded that the C{MYB1 protein binds
to the MYB element “CAACCA” in the promoters (both the CtC4H2 and CtC3H1 promoters contain this element),
regulating the expression of the CtHCT12, CtC4H2, and CtF3H4 genes, and thus affecting the biosynthesis and
metabolism of flavonoids. This study provides valuable insights into the molecular mechanisms of flavonoid biosyn-
thesis in safflower, and the information gathered here will be valuable for future research in safflower.
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Supporting information

S1 Fig. Bioinformatics analysis of CtMYB1. A The prediction result of CtMYB1 Hydrophobic map. B The prediction
result of transmembrane helical structure of CtMYB1.
(TIF)

S2 Fig. Structural Analysis of CtMYB1. A The prediction result of CtMYB1 secondary structure. B The prediction result
of CtMYB1 tertiary structure.
(TIF)

S3 Fig. Neighbor-Joining phylogenetic tree.
(TIF)

S4 Fig. Overview of the separation and pretreatment of safflower flowers. A The separation of the corolla. B The
gathering of the corolla in 0.6 M mannitol for osmotic treatment. C The enzymatic hydrolysis of the protoplasts. D The
collection of the protoplasts.

(TIF)

S5 Fig. Comparison of the yield and quality of protoplasts extracted from different parts under different cen-
trifugal forces. A Protoplasts isolated from the corolla lobe. B Protoplasts isolated from the corolla tube.C The effect of
different centrifugal force on protoplasts.

(TIF)

S6 Fig. Protoplasts transfected with pA7-YFP. The YFP signal is detected 18 hours after transformation.
(TIF)

S7 Fig. The result of CtMYB1 subcellular localization.
(TIF)

S8 Fig. Establishment of Virus - Induced Gene Silencing (VIGS) System in Safflower. A Agrobacterium-mediated
GUS staining of safflower. B Results of trypan blue staining.
(TIF)

S9 Fig. Pathway of safflower flavonoids synthesis (incomplete).
(TIF)

S1 Table. Primer sequence.
(PDF)

S2 Table. Primers for CtMYB1 Vector Cloning.
(PDF)

S3 Table. The primers for gRT-PCR.
(PDF)

S4 Table. Promoter sequences of 10 genes related to flavonoid synthesis.
(PDF)

S5 Table. MYB element and synthetic sequence.
(PDF)

PLOS One | https:/doi.org/10.1371/journal.pone.0337921 December 10, 2025 15/17



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s009
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s010
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s011
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s012
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s013
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337921.s014

PLO\Sﬁ\\.- One

Acknowledgments

We are very grateful to Dr. Dongfeng Yang of Zhejiang University of Science and Technology for his guidance and advice.

Author contributions

Conceptualization: YanXun Zhou, Jie Wang, Jin Pei, Jiang Chen.

Data curation: YanXun Zhou, YanNi Peng, ZiQing Xi, Jiang Chen.

Formal analysis: YanXun Zhou, Jie Wang, YanNi Peng, ZiQing Xi, Jiang Chen.

Funding acquisition: YanXun Zhou, Jie Wang, YanNi Peng, ZiQing Xi, Jiang Chen.
Investigation: YanXun Zhou, Jie Wang, YanNi Peng, Bin Xian, ZiQing Xi, ChaoXiang Ren, Jiang Chen.
Methodology: YanXun Zhou, Jie Wang, Bin Xian, ZiQing Xi, Jiang Chen.

Project administration: YanXun Zhou, Jie Wang, Bin Xian, Jiang Chen.

Resources: Jie Wang, YanNi Peng, Chao Chen, Bin Xian, ChaoXiang Ren, Jin Pei, Jiang Chen.
Software: YanNi Peng, Chao Chen, Bin Xian, ChaoXiang Ren, Jin Pei, Jiang Chen.
Supervision: YanXun Zhou, Chao Chen, ChaoXiang Ren, Jiang Chen.

Validation: YanXun Zhou, Chao Chen, ChaoXiang Ren, Jin Pei, Jiang Chen.

Visualization: YanXun Zhou, Chao Chen, ChaoXiang Ren, Jiang Chen.

Writing — original draft: YanXun Zhou, Jie Wang, ChaoXiang Ren.

Writing — review & editing: YanXun Zhou, Jie Wang, Jiang Chen.

References

1. Romano C, Price M, Bai HY, Olney JW. Neuroprotectants in Honghua: glucose attenuates retinal ischemic damage. Invest Ophthalmol Vis Sci.
1993;34(1):72-80. PMID: 8425843

2. Suzuki K, Tsubaki S, Fujita M, Koyama N, Takahashi M, Takazawa K. Effects of safflower seed extract on arterial stiffness. Vasc Health Risk
Manag. 2010;6:1007—14. https://doi.org/10.2147/VHRM.S13998 PMID: 21127697

3. Zhang JY. Cloning and functional study of the MYB63 gene related to flavonoid biosynthesis in safflower. Jilin Agricultural University. 2023.

Chen J, Tang XH, Ren CX, Pei J, Wu YY, Wu QH. Cloning and expression analysis of MYB transcription factor genes regulating flavonoid synthe-
sis in safflower. Chinese Traditional and Herbal Drugs. 2017;48(21):4523-9.

5. Dubos C, Stracke R, Grotewold E, Weisshaar B, Martin C, Lepiniec L. MYB transcription factors in Arabidopsis. Trends Plant Sci. 2010;15(10):573—
81. https://doi.org/10.1016/j.tplants.2010.06.005 PMID: 20674465

6. Mehrtens F, Kranz H, Bednarek P, Weisshaar B. The Arabidopsis transcription factor MYB12 is a flavonol-specific regulator of phenylpropanoid
biosynthesis. Plant Physiol. 2005;138(2):1083-96. https://doi.org/10.1104/pp.104.058032 PMID: 15923334

7. Stracke R, Ishihara H, Huep G, Barsch A, Mehrtens F, Niehaus K, et al. Differential regulation of closely related R2R3-MYB transcription factors
controls flavonol accumulation in different parts of the Arabidopsis thaliana seedling. Plant J. 2007;50(4):660—77. https://doi.org/10.1111/j.1365-
313X.2007.03078.x PMID: 17419845

8. ZhangY, Chen M, Siemiatkowska B, Toleco MR, Jing Y, Strotmann V, et al. A highly efficient agrobacterium-mediated method for transient gene
expression and functional studies in multiple plant species. Plant Commun. 2020;1(5):100028. https://doi.org/10.1016/j.xplc.2020.100028 PMID:
33367253

9. Tyurin AA, Suhorukova AV, Kabardaeva KV, Goldenkova-Pavlova IV. Transient Gene Expression is an Effective Experimental Tool for the Research
into the Fine Mechanisms of Plant Gene Function: Advantages, Limitations, and Solutions. Plants (Basel). 2020;9(9):1187. https://doi.org/10.3390/
plants9091187 PMID: 32933006

10. Jurani¢ M, Nagahatenna DSK, Salinas-Gamboa R, Hand ML, Sanchez-Ledén N, Leong WH, et al. A detached leaf assay for testing transient gene

expression and gene editing in cowpea (Vigna unguiculata [L.] Walp.). Plant Methods. 2020;16:88. https://doi.org/10.1186/s13007-020-00630-4
PMID: 32549904

11. Yoo S-D, Cho Y-H, Sheen J. Arabidopsis mesophyll protoplasts: a versatile cell system for transient gene expression analysis. Nat Protoc.
2007;2(7):1565-72. https://doi.org/10.1038/nprot.2007.199 PMID: 17585298

PLOS One | https://doi.org/10.137 1/journal.pone.0337921 December 10, 2025 16 /17



http://www.ncbi.nlm.nih.gov/pubmed/8425843
https://doi.org/10.2147/VHRM.S13998
http://www.ncbi.nlm.nih.gov/pubmed/21127697
https://doi.org/10.1016/j.tplants.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20674465
https://doi.org/10.1104/pp.104.058032
http://www.ncbi.nlm.nih.gov/pubmed/15923334
https://doi.org/10.1111/j.1365-313X.2007.03078.x
https://doi.org/10.1111/j.1365-313X.2007.03078.x
http://www.ncbi.nlm.nih.gov/pubmed/17419845
https://doi.org/10.1016/j.xplc.2020.100028
http://www.ncbi.nlm.nih.gov/pubmed/33367253
https://doi.org/10.3390/plants9091187
https://doi.org/10.3390/plants9091187
http://www.ncbi.nlm.nih.gov/pubmed/32933006
https://doi.org/10.1186/s13007-020-00630-4
http://www.ncbi.nlm.nih.gov/pubmed/32549904
https://doi.org/10.1038/nprot.2007.199
http://www.ncbi.nlm.nih.gov/pubmed/17585298

PLO\S\% One

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Huang H, Wang Z, Cheng J, Zhao W, Li X, Wang H, et al. An efficient cucumber (Cucumis sativus L.) protoplast isolation and transient expression
system. Scientia Horticulturae. 2013;150:206—12. https://doi.org/10.1016/j.scienta.2012.11.011

Zhang Y, Su J, Duan S, Ao Y, Dai J, Liu J, et al. A highly efficient rice green tissue protoplast system for transient gene expression and studying
light/chloroplast-related processes. Plant Methods. 2011;7(1):30. https://doi.org/10.1186/1746-4811-7-30 PMID: 21961694

Senthil-Kumar M, Mysore KS. Tobacco rattle virus-based virus-induced gene silencing in Nicotiana benthamiana. Nat Protoc. 2014;9(7):1549-62.
https://doi.org/10.1038/nprot.2014.092 PMID: 24901739

Chen J,YiQ, Song Q, Gu Y, Zhang J, Hu Y, et al. A highly efficient maize nucellus protoplast system for transient gene expression and studying
programmed cell death-related processes. Plant Cell Rep. 2015;34(7):1239-51. https://doi.org/10.1007/s00299-015-1783-z PMID: 25786591

Ren R, Gao J, Lu C, Wei Y, Jin J, Wong S-M, et al. Highly efficient protoplast isolation and transient expression system for functional characteriza-
tion of flowering related genes in cymbidium orchids. Int J Mol Sci. 2020;21(7):2264. https://doi.org/10.3390/ijms21072264 PMID: 32218171

Murphy M, Jason-Moller L, Bruno J. Using Biacore to measure the binding kinetics of an antibody-antigen interaction. Curr Protoc Protein Sci.
2006;19:14.

Huang Y, Yu S-H, Zhen W-X, Cheng T, Wang D, Lin J-B, et al. Tanshinone |, a new EZH2 inhibitor restricts normal and malignant hematopoiesis
through upregulation of MMP9 and ABCG2. Theranostics. 2021;11(14):6891-904. https://doi.org/10.7150/thno.53170 PMID: 34093860

Rich RL, Myszka DG. BIACORE J: a new platform for routine biomolecular interaction analysis. J Mol Recognit. 2001;14(4):223-8. https://doi.
org/10.1002/jmr.535 PMID: 11500968

Ren C, Tang X, Chen J, Wu Y, Wu Q, Wang L, et al. Cloning and analysis of promoter regions of flavonoid biosynthesis genes in safflower. Plant
Mol Biol Rep. 2018;36(2):239—46. https://doi.org/10.1007/s11105-018-1070-6

Stracke R, Werber M, Weisshaar B. The R2R3-MYB gene family in Arabidopsis thaliana. Curr Opin Plant Biol. 2001;4(5):447-56. https://doi.
org/10.1016/s1369-5266(00)00199-0 PMID: 11597504

Czemmel S, Stracke R, Weisshaar B, Cordon N, Harris NN, Walker AR, et al. The grapevine R2R3-MYB transcription factor VVMYBF1 regulates
flavonol synthesis in developing grape berries. Plant Physiol. 2009;151(3):1513-30. https://doi.org/10.1104/pp.109.142059 PMID: 19741049

Page MT, Parry MAJ, Carmo-Silva E. A high-throughput transient expression system for rice. Plant Cell Environ. 2019;42(7):2057—64. https://doi.
org/10.1111/pce. 13542 PMID: 30938460

Chen J, Yi Q, Song Q, Gu Y, Zhang J, Hu Y, et al. A highly efficient maize nucellus protoplast system for transient gene expression and studying
programmed cell death-related processes. Plant Cell Rep. 2015;34(7):1239-51. htips://doi.org/10.1007/s00299-015-1783-z PMID: 25786591

Yoo S-D, Cho Y-H, Sheen J. Arabidopsis mesophyll protoplasts: a versatile cell system for transient gene expression analysis. Nat Protoc.
2007;2(7):1565—72. https://doi.org/10.1038/nprot.2007.199 PMID: 17585298

Chen J, Wang J, Wang R, Xian B, Ren C, Liu Q, et al. Integrated metabolomics and transcriptome analysis on flavonoid biosynthesis in safflower
(Carthamus tinctorius L.) under MeJA treatment. BMC Plant Biol. 2020;20(1):353. https://doi.org/10.1186/s12870-020-02554-6 PMID: 32727365

Zeng Y, Ji C, Lin Y, Jiang L. Transient expression of fluorescent fusion proteins in arabidopsis protoplasts. Methods Mol Biol. 2021;2200:157-65.
https://doi.org/10.1007/978-1-0716-0880-7_7 PMID: 33175377

Martinho C, Confraria A, Elias CA, Crozet P, Rubio-Somoza I, Weigel D, et al. Dissection of miRNA pathways using arabidopsis mesophyll proto-
plasts. Mol Plant. 2015;8(2):261-75. https://doi.org/10.1016/{.molp.2014.10.003 PMID: 25680775

Yemelyanov VV, Shishova MF, Chirkova TV, Lindberg SM. Anoxia-induced elevation of cytosolic Ca2+ concentration depends on different Ca2+
sources in rice and wheat protoplasts. Planta. 2011;234(2):271-80. https://doi.org/10.1007/s00425-011-1396-x PMID: 21424536

Takai R, Kaneda T, Isogai A, Takayama S, Che F-S. A new method of defense response analysis using a transient expression system in rice proto-
plasts. Biosci Biotechnol Biochem. 2007;71(2):590-3. https://doi.org/10.1271/bbb.60526 PMID: 17284833

Evans PK, Keates AG, Cocking EC. Isolation of protoplasts from cereal leaves. Planta. 1972;104(2):178-81. https://doi.org/10.1007/BF00386994
PMID: 24481701

Rolland V. Determining the subcellular localization of fluorescently tagged proteins using protoplasts extracted from transiently transformed nicoti-
ana benthamiana leaves. Methods Mol Biol. 2018;1770:263-83. https://doi.org/10.1007/978-1-4939-7786-4_16 PMID: 29978408

Lin W, Schmitt MR, Hitz WD, Giaquinta RT. Sugar transport in isolated corn root protoplasts. Plant Physiol. 1984;76(4):894—7. https://doi.
0org/10.1104/pp.76.4.894 PMID: 16663966

Ren C, Wang J, Xian B, Tang X, Liu X, Hu X, et al. Transcriptome analysis of flavonoid biosynthesis in safflower flowers grown under different light
intensities. PeerJ. 2020;8:e8671. https://doi.org/10.7717/peer|.8671 PMID: 32117646

PLOS One | https:/doi.org/10.1371/journal.pone.0337921 December 10, 2025 17117



https://doi.org/10.1016/j.scienta.2012.11.011
https://doi.org/10.1186/1746-4811-7-30
http://www.ncbi.nlm.nih.gov/pubmed/21961694
https://doi.org/10.1038/nprot.2014.092
http://www.ncbi.nlm.nih.gov/pubmed/24901739
https://doi.org/10.1007/s00299-015-1783-z
http://www.ncbi.nlm.nih.gov/pubmed/25786591
https://doi.org/10.3390/ijms21072264
http://www.ncbi.nlm.nih.gov/pubmed/32218171
https://doi.org/10.7150/thno.53170
http://www.ncbi.nlm.nih.gov/pubmed/34093860
https://doi.org/10.1002/jmr.535
https://doi.org/10.1002/jmr.535
http://www.ncbi.nlm.nih.gov/pubmed/11500968
https://doi.org/10.1007/s11105-018-1070-6
https://doi.org/10.1016/s1369-5266(00)00199-0
https://doi.org/10.1016/s1369-5266(00)00199-0
http://www.ncbi.nlm.nih.gov/pubmed/11597504
https://doi.org/10.1104/pp.109.142059
http://www.ncbi.nlm.nih.gov/pubmed/19741049
https://doi.org/10.1111/pce.13542
https://doi.org/10.1111/pce.13542
http://www.ncbi.nlm.nih.gov/pubmed/30938460
https://doi.org/10.1007/s00299-015-1783-z
http://www.ncbi.nlm.nih.gov/pubmed/25786591
https://doi.org/10.1038/nprot.2007.199
http://www.ncbi.nlm.nih.gov/pubmed/17585298
https://doi.org/10.1186/s12870-020-02554-6
http://www.ncbi.nlm.nih.gov/pubmed/32727365
https://doi.org/10.1007/978-1-0716-0880-7_7
http://www.ncbi.nlm.nih.gov/pubmed/33175377
https://doi.org/10.1016/j.molp.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25680775
https://doi.org/10.1007/s00425-011-1396-x
http://www.ncbi.nlm.nih.gov/pubmed/21424536
https://doi.org/10.1271/bbb.60526
http://www.ncbi.nlm.nih.gov/pubmed/17284833
https://doi.org/10.1007/BF00386994
http://www.ncbi.nlm.nih.gov/pubmed/24481701
https://doi.org/10.1007/978-1-4939-7786-4_16
http://www.ncbi.nlm.nih.gov/pubmed/29978408
https://doi.org/10.1104/pp.76.4.894
https://doi.org/10.1104/pp.76.4.894
http://www.ncbi.nlm.nih.gov/pubmed/16663966
https://doi.org/10.7717/peerj.8671
http://www.ncbi.nlm.nih.gov/pubmed/32117646

