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Highlights
●●	 The accumulation of anthocyanins in H18 pepper plants leads to purple leaves, and the anthocyanin content in leaves 

decreases with plant growth and development.
●●	 Anthocyanins produced with dihydromyricetin (DHM) as substrate are the main component of anthocyanins in H18 pepper 

leaves.  
●●	 CaDFR1 plays an important role in the anthocyanin synthesis pathway of pepper leaves.

Abstract
Anthocyanins play a crucial role in plant growth, development, reproduction, and stress response.  Additionally, 
anthocyanins enhance the quality of fruits and vegetables due to their antioxidant properties.  While numerous previous 
studies have been conducted on anthocyanins, limited information exists regarding their composition and the role of the 
anthocyanin pathway gene dihydroflavonol 4-reductase (DFR) in chili pepper leaves.  In this study, we used a purple leaf 
pepper cultivar H18 in which the anthocyanin content in leaves decreases with plant growth and development.  Targeted 
anthocyanin metabolite assays revealed that the contents of delphinidin, malvidin, and petunidin derivatives followed the 
same trend as the overall anthocyanin content, with delphinidin derivatives being the predominant component of H18 
pepper leaves.  Transcriptome sequencing was performed on H18 leaves at four different stages.  The results showed 
that differentially expressed genes (DEGs) at various stages were primarily associated with biological processes and 
flavonoid metabolic pathways.  Through phylogenetic tree and expression analysis, we identified three candidate genes 
involved in DFR function.  Substrate catalysis assays of CaDFRs demonstrated that only CaDFR1 was active, catalyzing 
dihydroquercetin (DHQ), dihydromyricetin (DHM), and dihydrokaempferol (DHK).  VIGS-mediated silencing of CaDFR1 
resulted in a significant decrease in anthocyanin levels in H18 pepper leaves and stems, along with a reduction in the 
expression levels of other candidate functional genes in the anthocyanin metabolic pathway.  This study identifies the 
key anthocyanin components in the leaves of H18 peppers and validates the function of CaDFR1, providing a theoretical 
foundation for modifying anthocyanin content in pepper plants through molecular breeding.
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1. Introduction
In nature, plant organs are colored by various pigments, 

including chlorophyll, anthocyanins, carotenoids, and 

betalains (Cackett et al. 2022; Kapoor et al. 2022; Rodríguez-
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Mena et al. 2023).  Plant pigments play essential roles in 
various plant processes, including photosynthesis, defense, 
and reproduction (Xia et al. 2021; Davies et al. 2022; Li 
et al. 2022).  Among these, anthocyanins are of particular 
significance due to their antioxidant properties, which help 
maintain reactive oxygen species (ROS) homeostasis in plant 
cells (Cerqueira et al. 2023).  Furthermore, anthocyanins 
act as natural “sunscreen,” mitigating damage caused by 
ultraviolet radiation under intense sunlight (Espley and 
Jaakola 2023; Shi et al. 2023).  In addition to their role in 
stress response, anthocyanins have beneficial effects on 
human health (Petroni et al. 2014).  Recent studies also 
suggest that anthocyanins can serve as markers to identify 
male sterile and fertile strains in male sterility breeding (Du 
et al. 2020).

The anthocyanin biosynthet ic pathway has been 
extensively characterized and validated (Saigo et al. 2020).  
Anthocyanins are derived from the phenylpropane metabolic 
pathway, which is involved in flavonoid synthesis.  The 
precursors for anthocyanin biosynthesis include malonyl CoA 
and p-coumaroyl CoA (Zhang et al. 2014).  Malonyl CoA and 
p-coumaroyl CoA are catalyzed by chalcone synthase (CHS) 
and chalcone isomerase (CHI) to form the colorless naringenin 
(Araguirang and Richter 2022).  Naringenin is subsequently 
converted into dihydrokaempferol (DHK) by F3H.  DHK 
can be further catalyzed by F3´H and F3´5´H to form 
dihydroquercetin (DHQ) and dihydromyricetin (DHM) (Katsu 
et al. 2017).  The colorless DHK, DHQ, and DHM are further 
reduced to unstable leucoanthocyanidin by dihydroflavonol 
4-reductase (DFR), which are then synthesized into six major 
anthocyanins: cyanidin, peonidin, delphinidin, petunidin, 
malvidin, and pelargonidin by anthocyanin synthase (ANS) 
and flavonoid 3-O-glucosyltransferase (3GT) (Liu et al. 2020; 
Rodríguez-Mena et al. 2023; Ying et al. 2024).  DFR is the 
first enzyme in this pathway that belongs to the NADPH-
dependent epimerase/dehydratase family and is crucial for 
converting dihydroflavonols to anthocyanosides (Petit et al. 
2007).  The role of DFR in anthocyanin synthesis is regulated 
by the MYB-bHLH-WD40 (MBW) complex (Koes et al. 2005; 
Tian et al. 2017).  Due to the distinct substrate selectivity of 
DFRs across species, plants can produce a diverse range of 
anthocyanins, resulting in a wide spectrum of colors.  Studies 
have shown that DFR is closely linked to the color of petals 
and seed coats.  For instance, the Arabidopsis DFR-deficient 
mutant tt3 exhibits a complete absence of proanthocyanidin 
(PA) accumulation, resulting in a transparent seed coat 
(Kubasek et al. 1992; Bharti and Khurana 2003).  Similarly, 
DFR-deficient gerberas (Gerbera hybrida) display white 
petals (Bashandy et al. 2015).  Additionally, the CsDFRa and 
CsDFRc genes from tea have been shown to be involved in 
anthocyanin and PAs biosynthesis (Ruan et al. 2022).  The 
identification of two anthocyanin-free mutants in eggplant 
(Solanum melongena) was confirmed to be due to a mutation 
in the 50 splice sites of the second intron of the eggplant DFR 
gene (Wang et al. 2022).

Pepper (Capsicum  annuum  L.),  a member of the 
Solanaceae family, is a highly important vegetable crop, 
with its cultivation area ranking first among vegetable crops 
in China.  It also exhibits significant hybrid advantages 

(Baenas et al. 2019; Zhang et al. 2022; Fang et al. 2025).  
Anthocyanin-rich pepper plants are known for their combined 
resistance to heat, drought, and viral diseases (Wang 
et  al. 2018).  To meet the varying demands of pepper 
plants across different regions and under different growing 
conditions, it is essential to breed diverse pepper varieties, 
particularly those rich in anthocyanins and possessing higher 
resistance.  In this study, we developed the purple-leaved 
and colorful-fruited self-stabilized pepper variety H18 through 
variety-directed selection.  We observed that the leaves 
of H18 plants gradually turned green during development.  
We sequenced the transcriptomic and metabolomic of H18 
leaves at four developmental stages, conducting a joint 
analysis to identify functional genes in the DFR gene family 
involved in anthocyanin metabolism.  This research explores 
key functional genes in anthocyanin synthesis and validates 
the role of DFR, providing a theoretical foundation for the 
molecular breeding of anthocyanin-enhanced chili peppers.

2. Materials and methods
2.1. Plant materials
In this study, we developed the purple-leaved and colorful-
fruited self-stabilized pepper variety H18 (C. annuum L.) 
through variety-directed selection at the Vegetable Research 
Institute of the Anhui Academy of Agricultural Sciences, 
China.  The plants were cultivated in a constant temperature 
laboratory incubator (20–25°C in 16 h/8 h light/dark cycles 
with 60% relative humidity).  Leaves were sampled at 
different development stages; the purple of cotyledon stage 
(5 days after germination, S1), the purple of true leaves stage 
(12 days after germination, S2), the fading purple color of the 
true leaves stage (20 days after germination, S3), and the 
green of true leaves stage (30 days after germination, S4).  
Samples from each stage were divided into three replicates, 
rapidly cooled in liquid nitrogen, and then stored at –80°C  
and experimental analysis.

2.2. Detection of anthocyanins
Anthocyanin extraction was performed according to methods 
referenced from previous studies with minor modifications 
(Ruan et al. 2022).  For the extraction of anthocyanins, 
freeze-dried samples of plant leaves and stems from the 
H18 pepper were used.  A 0.5 g sample was weighed and 
cut into small pieces, which a certain amount of quartz sand 
was added along with the pre-cooled extraction solution 
(1% HCl: 99% ethanol, v/v).  The mixture was ground to 
a homogenized state, followed by the addition of 1% HCl-
ethanol solution, and then the volume was adjusted to 25 mL.  
The solution was stored at 4°C for extraction in the shade for 
20 min, with intermittent shaking.  Three biological replicates 
were collected for each stage to minimize errors between 
samples.  The extract was poured into a cuvette, and the 
absorbance was measured at 530 nm.  The anthocyanin 
extract and the extraction solution (as a blank control) were 
poured into a cuvette, and the absorbance was measured at 
a wavelength of 530 nm.  The concentration of total pepper 
anthocyanins was determined from a linear calibration curve 
prepared using the total anthocyanins from blueberry extract 
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(Yuan Ye Bio-Technology Co., Ltd., Shanghai, China).

2.3. Transcriptomic sequencing and analyzing
Three biological replicates of samples from each leaf 
development stage (S1, S2, S3, and S4) were collected 
to minimize errors between samples.  RNA extraction, 
reverse transcription, and cDNA library construction were 
performed by a sequencing company (Personalbio, Nanjing, 
China).  These libraries were subjected to paired-end (PE) 
sequencing using Next-Generation Sequencing (NGS) 
based on the Illumina sequencing platform.  After filtering 
raw data, checking the sequencing error rate and checking 
the GC content distribution, clean reads were obtained by 
subsequent analysis.  The unigene expression was quantified 
as TPM with the software package salmon (Alvarez et al. 
2019).  The raw data have been uploaded to the SRA 
database of NCBI (PRJNA1163342).  The GO (http://www.
geneontology.org/) functional database and KEGG (https://
www.genome.jp/kegg/) pathway database were used to 
perform enrichment analysis on the differential gene set.  
Based on the results of KEGG enrichment analysis of DEGs, 
the top 20 pathways with the smallest P-value, i.e., the most 
significant enrichment, were selected for display (Kanehisa 
and Goto 2000; Burge et al. 2012).

2.4. Phylogenetic tree and expression analysis of 
CaDFRs 
DFR belongs to the NADPH-dependent epimerase/
dehydratase family (Ruan et  al. 2022).  Therefore, we 
performed a genome-wide search for the NADPH-dependent 
epimerase/dehydratase family in chili peppers by using the 
Simple HMM Search function in TBtools-II software (Chen 
et al. 2023).  The specific steps are as follows: on the Simple 
HMM Search page of the TBtools software, input the protein 
sequences from the pepper genome, the profile hidden 
Markov models, and the Pfam number (PF01370) for the 
NADPH-dependent epimerase/dehydratase family to perform 
the search.  Sequence alignment of proteins was performed 
by using the MUSCLE method in MEGA 7.0 software, and the 
phylogenetic tree was constructed with MEGA 7.0 software 
using the neighbor-joining (NJ) (bootstrap=1,000) (Kumar 
et al. 2016).  Finally, TBtools software (Chen et al. 2020) 
was used to normalize the TPM data by using the log2(TPM) 
formula and Row Scale for processing and plotting the 
heatmap showing the expression of the identified genes.

2.5. Targeted anthocyanins metabolomic sequencing 
and analysis
The H18 pepper leaf samples were collected and ground into 
a powder (30 Hz, 1 min, with liquid nitrogen) using a ball mill, 
then extracted with 0.5 mL of hexane/acetone/ethanol mixture 
(1:1:1, v/v) containing 0.01% BHT (g mL–1).  The samples 
were vortexed for 20 min at room temperature, followed by 
centrifuged for 5 min at 4°C at 12,000 r min–1.  The supernatant 
was extracted, and the extraction process was repeated.  The 
supernatant was extracted, and the extraction process was 
repeated once more.  The supernatants were combined, 
concentrated, and redissolved in 100 μL of dichloromethane.  

The solution was passed through a 0.22 μm filter membrane 
and stored in a brown injection bottle for LC-MS/MS analysis.  
The data acquisition instrumentation system consisted of Ultra 
Performance Liquid Chromatography (UPLC) (ExionLC™ 
AD, https://sciex.com.cn/) and Tandem Mass Spectrometry 
(MS/MS) (QTRAP® 6500+, https://sciex.com.cn/).  A MWDB 
(Metware Database) was constructed using standards to 
qualitatively analyze the data detected by mass spectrometry.  
Data quantification was accomplished by using the Multiple 
Reaction Monitoring (MRM) mode of triple quadrupole mass 
spectrometry, and then the precursor ions were induced 
to ionize by collision chambers.  The precursor ions were 
induced to ionize by the collision chamber and broken to form 
multiple fragment ions, which were then filtered through a triple 
four-stage rod to select the required characteristic fragment 
ions, eliminating the interference of non-target ions.  After 
obtaining the mass spectrometry data of different samples, the 
chromatographic peaks of all the targets were integrated and 
analyzed quantitatively by the MWDB (Metware Database) 
calibration curve.

2.6. Transient transformation of H18 pepper
The full-length CDS of DFR1 was cloned from first-strand 
cDNA with 2× TransStart® FastPfu PCR SuperMix (+dye) 
(TransGen Biotech, Beijing, China).  A specific DFR1 
fragment (216–546 bp) and PDS (819–1,179) was cloned into 
a pTRV2-C2b vector (Appendix A) (Zhou et al. 2021).  The 
pTRV1 and the pTRV2-C2b constructs carrying the plasmid 
were transferred into Agrobacterium GV3101.  H18 pepper 
plants with buds and only two cotyledons were used for 
transient transformation of VIGS. Agrobacterium tumefaciens 
containing pTRV1, pTRV2-C2b-PDS, and pTRV2-C2b-DFR1 
were injected into the cotyledons of the H18 pepper plants to 
be transformed, and the culture was resumed as normal after 
48 h of dark incubation.

2.7. RNA extraction and cDNA synthesis 
A total of three biological replicates of leaf samples from 
four different developmental stages and plants after VIGS 
transient transformation were harvested and flash frozen in 
liquid nitrogen until further processing for RNA extraction.  
Each biological replicate consisted of pooled tissue from 
the leaves of pepper.  Samples were hand-ground in liquid 
nitrogen using a mortar and pestle before mRNA extraction.  
Total RNA was extracted using the TIANGEN RNAprep Pure 
Kit (Tiangen, Beijing, China) following the manufacturer’s 
instructions.  Reverse transcription was performed using a 
HiScript III 1st Strand cDNA Synthesis Kit (+gDNA wiper) 
(Vazyme Biotech, Najing, China).  Includes three reaction 
steps: RNA template denaturation, genomic DNA removal 
and first-strand cDNA synthesis reaction.

2.8. RT-qPCR analysis 
All RT-qPCR primers were designed using Beacon Designer 7 
software (Appendix A).  RT-qPCR was performed with a 
CFX96 TouchTM Real-Time PCR Detection System (BIO-
RAD, USA), with three biological replicates for each sample.  
The relative gene expression levels were calculated using 
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the 2−∆∆CT method (Livak and Schmittgen 2001).  CaACT 
(Genebank: AY572427.1) was used as a reference gene for 
H18 pepper qPCR (Wan et al. 2011).

2.9. Construction of the CaDFRs expression vector 
and induced purification of recombinant protein
The full-length coding sequence of CaDFRs was cloned and 
then expressed in the pGEX4T-1 vector (GE Healthcare, 
Chicago, IL, USA).  Recombinant pGEX4T-1-CaDFRs was 
transformed into E. coli BL21 (DE3)-competent cells.  The 
culture was expanded to an OD value of approximately 0.6, 
and isopropyl-β-D-thioacetamide IPTG was added to a final 
concentration of 1 mmol L–1 to induce the fusion expression of 
the target protein and GST binding protein.  Finally, the cells 
were cultured with shaking at 16°C for 24 h, and the cells were 
collected by centrifugation at 4°C.  Affinity chromatography resin 
with GST tag GST·Bind™ resin (TransGen Biotech, Beijing, 
China) was used to purify the protein, and elution buffer (pH 
8.0) was used for GST-SefinoseTM resin (containing reducing 
glutathione reagent at a concentration of 1.538 g L–1) elution.

2.10. Enzyme activity assay 
The enzymatic reaction consisted of 0.1  mol L–1 pH 7.0 
potassium phosphate buffer, 2 mmol L–1 NADPH, 1 mmol L–1 
DHQ, DHM, and DHK, and 0.05 mg total soluble proteins.  
The reaction mixtures were incubated at 30°C for 12 h, and 
the total volume was 200 μL.  Because leucoanthocyanidin 
is unstable in solution and difficult to detect directly using 
HPLC, a 3× volume of butanol-HCl reagent (95:5, v/v) was 
added, and the reaction was split at 95°C for 1 h to form 
anthocyanidin, then centrifuged at 4,000×g for 15 min.

2.11. Data collection and statistical analysis
Data presented are means±SE of at least three independent 
experiments.  The experimental data were analyzed by one-
way ANOVA (P<0.05).  Statistical analyses were performed 
using GraphPad Prism 8.0 software.  

3. Results
3.1. Phenotypic characterization and determination of 
anthocyanin content in H18 pepper leaves
The leaves of the H18 variety are completely purple and 
darker in color during the cotyledon stage (5 days after 
germination, S1).  In the early development stage of the 
plant, the true leaves (12 days after germination, S2) are 
also completely purple, although lighter than those at the 
cotyledon stage.  As the plant continues to grow, a new 
stage emerges (20 days after germination, S3), where the 
leaves exhibit both purple and green colors.  In the true leaf 
green stage (30 days after germination, S4), the leaves are 
completely green (Fig. 1-A).  We measured the anthocyanins 
in the leaves during these four stages and observed a gradual 
decline, which was generally consistent with the changes in 
leaf color (Fig. 1-B).  

3.2. Targeted metabolomic analysis of anthocyanins 
in H18 pepper leaves
We conducted targeted metabolomic assays of anthocyanins 

in leaves at different developmental stages.  A total of 
51 types of anthocyanins modified by glycosylation or 
acylation were detected from cyanidin, peonidin, delphinidin, 
malvidin, petunidin and pelargonidin (Fig. 2; Appendix B). 
Additionally, two types of flavonoids, quercetin-3-O-
glucoside and naringenin, were identified.  Our data analysis 
revealed that cyanidin derivatives are primarily found in the 
cotyledons of H18 chili pepper plants, with lower prevalences 
in the true leaves.  In contrast, pelargonidin derivatives are 
predominantly present in the true leaves of H18 chili pepper 
plants.  A series of anthocyanins, including delphinidin, 
malvidin, and petunidin, which are produced from DHM 
through the catalyze of DFR, ANS, and UGT, constitute the 
main components of anthocyanins in H18 pepper leaves 
(Fig. 2-A; Appendix B).  Furthermore, after normalizing the 
data, we find that the trend of their content aligns with our 
measurements of total anthocyanin levels, showing a gradual 
decline (Fig. 2-A).  The data that has not been normalized 
revealed that delphinidin-3-O-rutinoside, delphinidin-3-(6´´-
O-coumaroyl) rutinoside-5-O-glucoside, delphinidin-3-O-
glucoside and delphinidin-3-O-galactoside significantly higher 
than other types of anthocyanins and the highest content 
among them was delphinidin-3-O-rutinoside (Fig.  2-B).  
Therefore, we conclude that delphinidin, malvidin, and 
petunidin are the primary contributors to the purple coloration 
of H18 pepper leaves, with delphindin playing the most 
significant role.
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Fig.  1  Phenotypic observation and anthocyanin content 
determination of H18 pepper leaves at four developmental 
stages (S1–S4).  A, phenotypes of of leaves at S1, S2, S3, and 
S4.  Scale bar=1 cm.  B, anthocyanin contents in leaves at S1, 
S2, S3, and S4.  Data are presented as mean±SD from three 
replicates (n=3).  Different letters indicate significant differences 
at P<0.05 according to one-way or two-way ANOVA (Duncan’s 
multiple range test).
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3.3. Analysis of transcriptomic of H18 pepper leaves 
with different development stages
We conducted GO and KEGG analyses of differentially 
expressed genes (DEGs) to elucidate the enriched functions 
and pathways of these genes.  The GO analysis results 
indicated significant enrichment of DEGs in biological 
processes and molecular functions, and cellular components 
across the comparisons S1 vs. S4, S2 vs. S4, and S3 vs. S4. 
Furthermore, from S1 to S3, compared to S4, the enrichment 
of DEGs in biological process and molecular function 
gradually decreased, while the enrichment in cellular 
component increased (Fig. 3-A–C).  The KEGG analysis 
results revealed significant enrichment of genes associated 
with flavonoid biosynthesis pathway in S1 vs. S4, S2 vs. S4, 
and S3 vs. S4 comparisons.  Flavonoid biosynthesis 
is closely linked to the synthesis of anthocyanins and 
flavonoids.  Additionally, as leaf developmental stages (S1–
S3), compared to S4, the number of DEGs enriched in the 
flavonoid biosynthesis pathway gradually decreased, while 
the false discovery rate (FDR) increased (Fig. 3-D and E).

3.4. Identification, phylogenetic tree, and expression 
analysis of the DFR gene family
I n  t h e  p r e v i o u s  s e c t i o n ,  w e  c o n c l u d e d  t h r o u g h 
transcriptomic analysis that the variation in H18 leaves 

color is strongly correlated with the flavonoid biosynthesis 
pathway.  DFR, a key enzyme in determining the type of 
anthocyanins, is central to this study, which focuses on 
investigating the functions of the DFR gene family.  As 
the DFR gene family belongs to the NADPH-dependent 
epimerase/dehydratase family, we performed a whole-
genome identification of NADPH-dependent epimerase/
dehydratase genes in chi l i  peppers.  A total of 170 
such genes were identi f ied (Fig.  4-A; Appendix C).  
Subsequently, we constructed a phylogenetic tree by 
analyzing the pepper NADPH-dependent epimerase/
dehydratase genes alongside the functional DFR genes 
from eggplant (Wang et  al. 2022) and tea (Ruan et  al. 
2022).  Transcriptomic expression analysis was conducted 
on these genes (Appendix C; Fig. 4-A).  We found that 
several functional genes clustered with the NADPH-
dependent epimerase/dehydratase genes in chili peppers, 
leading us to believe that all genes in this branch are 
DFR  genes (Fig.  4-A).  Moreover, we identif ied the 
genes Capana02g002763 (CaDFR1), Capana00g003773 
(CaDFR2) and Capana03g000475 (CaDFR3) as being 
consistent with the trend of anthocyanin content in H18 
leaves (S1–S4), which showed a gradual decrease.  These 
three genes were therefore considered as candidates 
DFR genes.  We applied the same method to analyze 
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members of other gene families involved in the H18 
pepper anthocyanin biosynthetic pathway, such as CaCHS, 
CaCHI ,  and CaF3H ,  identifying their corresponding 
candidate functional genes (Fig. 4-B).  

3.5. Substrate catalytic analysis of recombinant pro-
teins of CaDFRs
CaDFRs were cloned into the pGEX-4T-1 vector, and 
the recombinant proteins GST-CaDFR1, GST-CaDFR2, 
GST-CaDFR3 were induced and purified.  SDS-PAGE 
electrophoretogram showing the target bands in the 
supernatant of E. coli carrying the recombinant plasmid 
after IPTG induction, in the precipitate, and after purification 
of the supernatant (Appendix D).  In the process substrate 
catalysis for CaDFRs, leucoanthocyanidins produced by DHQ, 
DHK, and DHM catalyzed by DFR enzyme are extremely 
unstable and difficult to detect directly by HPLC.  Therefore, 
we used the Bate-Smith method (Bate-Smith 1973), in which 
the leucoanthocyanidins produce red anthocyanidins when 
heated under acidic conditions, for detection.  The results of 
the catalytic experiments indicate that when DHQ, DHK, and 
DHM are used as substrates, CaDFR2 and CaDFR3 do not 
produce any red anthocyanins.  However, CaDFR1 was able 
to effectively catalyze the reaction of DHQ, DHK, and DHM, 
resulting in the cleavage and production of red anthocyanins 
(Fig. 5).  This suggests that CaDFR2, CaDFR3 lack catalytic 
activity towards DHQ, DHK, and DHM, whereas CaDFR1 
exhibits strong catalytic activity towards these three substrates.

3.6. Amino acid sequence analysis between DFRs
Previous studies have shown that the DFR in Arabidopsis 
and tea (Camellia sinensis) plants can catalyze three 
substrates: DHQ, DHM, and DHK (Chen et al. 2020; Ruan 
et al. 2022).  In contrast, the PhDFR in petunia (Petunia 
hybrida) can catalyze only two substrates, DHQ and DHM, 
and is unable to catalyze DHK (Forkmann and Ruhnau 1987; 
Johnson et al. 2001).  The DFR in cranberry (Vaccinium 
macrocarpon) is limited to catalyzing only the substrate DHQ 
(Polashock et al. 2002).  Most species have D (aspartic) 
or N (asparagine) at position 134, and E (glutamic) at 
position 145.  In petunia, the amino acid at position 145 
is Q (glutamine acid), while in cranberry, the VmDFR1-1 
contains V (valine) at position 134 (Johnson et al. 2001; 
Polashock et al. 2002).  These characteristics are likely the 
reasons why they cannot catalyze all three substrates (DHQ, 
DHM, and DHK).  Amino acid sequence alignment revealed 
that the catalytically functional CaDFR1 shares strong 
similarity with AtDFR, CsDFRa, PhDFR, and VmDFR1-1, 
particularly in the conserved regions of the amino acid 
sequences including NADPH binding site and the substrate 
binding site (Fig. 6).  Specifically, at position 134, CaDFR1 
contains D (aspartic), and at position 145, it contains E 
(glutamic).  Furthermore, CaDFR2 and CaDFR3 also show 
a strong conservation of amino acid sequences in the 
NADPH binding site, but substrate binding site is different 
from the catalytically functional DFR genes.  Position 134 
of the CaDFR2 amino acid sequence is V (valine), which is 

Fig. 3  Transcriptomics analysis of H18 pepper leaves at four different developmental stages (S1–S4).  A–C, GO enrichment analysis 
of differentially expressed genes (DEGs) from S1 vs. S4, S2 vs. S4, and S3 vs. S4 comparisons, respectively.  D–F, KEGG pathway 
analysis of DEGs from the same comparisons.
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identical to VmDFR1-1 and CaDFR3 is Y (tyrosine).  Position 
145 of the amino acid sequence of both genes is E (glutamic 
acid) (Fig. 6).  However, no catalytic activity was detected 
for these two genes.  Therefore, the inactivity of CaDFR2 
suggests that the activity of DFR is not simply determined 
by the amino acids at positions 134 and 145 of the substrate 
binding region (Fig. 6).  Instead, alterations in each amino 

acid within this binding site may influence DFR activity, and 
the amino acid sites affecting DFR function require further 
investigation.

3.7. Analysis of VIGS-mediated CaDFR1 gene silenc-
ing in H18 pepper leaves
Based on the previous section, we have determined that 

Fig. 4  Identification of dihydroflavonol 4-reductase (DFR) candidate genes and transcriptomics analysis of anthocyanins metabolic 
pathway.  A, phylogenetic tree and expression analysis of the DFR gene family.  B, analysis of gene expression levels in anthocyanin 
metabolism pathways.  
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CaDFR1 can catalyze three substrates (DHQ, DHM and 
DHK), playing a crucial role in anthocyanins synthesis.  
Therefore, we aim to utilize VIGS-mediated gene silencing 
technology to confirm the function of CaDFR1.  In this study, 
we first observed plant traits by silencing the CaPDS gene.  
The results showed that after silencing CaPDS in the H18 
pepper plant led to a reduction in chlorophyll content in the 
newly grown stems and leaves (Fig. 7-A).  After silencing 
CaDFR1, RT-qPCR analysis revealed a significant decrease 
in the expression level of CaDFR1, confirming the success 
of our silencing experiment (Fig. 7-B and C).  Compared to 

the control group, the newly developed stems and leaves of 
the silenced plants predominantly exhibit green traits, with 
a significant reduction of purple on the leaves and stems 
(Fig. 7-A).  This observation is consistent with chlorophyll 
loss in H18 plants following CaPDS silencing.  Subsequently, 
we measured the anthocyanin content in the leaves and 
stems of both the silenced and control plants.  The results 
revealed a significant reduction of anthocyanin in the H18 
leaves and stems following CaDFR1 silencing compared to 
the control group (Fig. 7-D).  This further confirms the crucial 
role of CaDFR1 in anthocyanin biosynthesis in H18 plants.  

HO

OH

OH

OH

R2 R2

R1

R1=OH, R2=H
Dihydroquercetin
R1=OH, R2=OH

R1=H, R2=H
Dihydromyricetin

Dihydrokaempferol

R1=OH, R2=H
Leucocyanidin
R1=OH, R2=OH

R1=H, R2=H
Leucodelphinidin

Leucopelargonidin

R1
CaDFR1 Butanol-HCI

Splitted

DHQ

A

B

C

D

DHM DHK

OH

OH

OHOH

O HO O

O

Fig. 5  Analyses of catalytic reaction products with CaDFR fusion proteins.  A, GST protein.  B, CaDFR1 protein.  C, CaDFR2 protein.  
D, CaDFR3 protein.  DHQ, dihydroquercetin; DHM, dihydromyricetin; DHK, dihydrokaempferol. 

NADPH binding site
AtDFR
CsDFRa
CaDFR1

CaDFR2
CaDFR3
Consensus

PhDFR
VmDFR1-1

AtDFR
CsDFRa
CaDFR1

CaDFR2
CaDFR3
Consensus

PhDFR
VmDFR1-1

AtDFR
CsDFRa
CaDFR1

CaDFR2
CaDFR3
Consensus

PhDFR
VmDFR1-1

AtDFR
CsDFRa
CaDFR1

CaDFR2
CaDFR3
Consensus

PhDFR
VmDFR1-1

108
116
120

105
104

111
112

224
232
236

208
217

227
227

341
347
353

310
334

344
341

383
347
382

310
334

373
341

Substrate binding site

Fig. 6  Multiple sequence alignment of dihydroflavonol 4-reductases (DFRs) from various plant species.  The NADPH-binding region 
and substrate-binding site are boxed in red.  AtDFR (AED94866), CsDFRa (KY615690), PhDFR (X15537.1), and VmDFR1-1 (AF483835).



1957Han Wang et al.  Journal of Integrative Agriculture  2026, 25(5): 1949–1960

Subsequently, we performed an expression analysis of other 
candidate functional genes in the anthocyanin metabolic 
pathway using RT-qPCR.  The results showed that the 
expression levels of these genes in the stems also decreased 
following CaDFR1 silencing (Fig. 7-E and F).  This provides 
further evidence of the pivotal role of CaDFR1 in regulating 
anthocyanin biosynthesis in H18 chili peppers.

4. Discussion
Anthocyanins are a major subclass of flavonoids that play 
various important roles in plants, including UV radiation 
resistance, involvement in hormone regulation, and response 
to biotic and abiotic stress (Zhang et al. 2016; Sun et al. 2021; 
Zhu et al. 2024).  Additionally, anthocyanins are beneficial to 
human health (Mattioli et al. 2020; Mujanović et al. 2024).  In 
the Solanaceae family, the most common anthocyanins are 
found in eggplant fruits, with studies showing that all wild 
eggplant varieties exhibit extensive anthocyanin accumulation 
patterns in their pericarp and petals (Wang et al. 2022).  
Anthocyanin-rich purple tomato fruit varieties have been 
developed through conventional breeding, transgenics, and 
gene editing in tomato research on anthocyanins (Butelli et al. 
2008; Sun et al. 2020).  Research has also explored the use 
of purple anthocyanin markers in male-sterile tomato varieties 
to differentiate between fertile and sterile seeds, thereby 
enhancing the efficiency and convenience of breeding of 
male-sterile tomatoes (Du et al. 2020).  In this study, we 
analyzed the leaves of purple pepper varieties to investigate 
the key genes responsible for the purple coloration, providing 
valuable insights for future breeding of purple peppers.

The orchid genus Cymbidium includes species that 

produce flowers in white, yellow, green, pink, purple, and red 
flowers but notably lacks orange-colored flowers due to only 
the presence of cyanidin and peonidin-based anthocyanins 
as identified in a survey of two species and seven cultivars 
(Nakatsuka et al. 2019).  Similarly, roses (Rosa rugosa) and 
gerberas never produce delphinidin and never carry blue 
flowers (Helariutta et al. 1993; Katsumoto et al. 2007).  In 
purple-fleshed sweet potato (PFSP), a total of 42 anthocyanin 
monomers were identified, with cyanidin and peonidin being 
the major aglycones constituting PFSP anthocyanins (Huang 
et al. 2021).  In this study, we observed a gradual decrease 
in anthocyanin levels in H18 pepper leaves at different 
developmental stages.  Targeted analysis of anthocyanin 
metabolites revealed that delphinidin, malvidin, and petunidin 
are the major components, and their content trends are 
consistent with the overall trend of anthocyanin changes, 
particularly delphinidin.  This study demonstrated that the 
color of H18 chili pepper leaves is primarily influenced by the 
anthocyanin catalytic pathway using DHM as a substrate.

A wealth of research has been conducted on the color 
of plant fruits and leaves, with most studies focusing on 
transcriptomics, metabolomics, and gene functional validation 
analyses.  The conclusions of these studies are generally 
consistent, indicating that changes in plant pigments are 
often related to variations in anthocyanins or carotenoids.  
Transcriptomic analyses reveal that enrichment analysis of 
differentially expressed genes often identifies gene clusters 
involved in flavonoid or carotenoid metabolic pathways 
(Shi et al. 2020; He et al. 2023; Rodríguez-Lorenzo et al. 
2023; Xu et al. 2024).  Our study on the leaves of H18 
pepper exhibits certain similarities to previous research, 
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particularly that the leaf decoloration is linked to changes in 
anthocyanins.  Furthermore, transcriptomic analysis indicates 
that a significant number of differentially expressed genes are 
enriched in flavonoid metabolic pathways, with alterations in 
key genes involved in anthocyanin metabolism, such as the 
DFR gene.

The amino acid sequences of DFR across different species 
exhibit high homology in numerous regions, with the NADP 
binding site of the protein being particularly conserved region 
among various species (Aiguo et al. 2022).  However, different 
species of DFR exhibit varying substrate preferences.  For 
instance, the AtDFR in Arabidopsis, CsDFRa and CsDFRc 
in tea, and MaDFR in Grape hacinth (Muscari spp.) are all 
capable of catalyzing the three substrates DHK, DHQ, and 
DHM (Liu et al. 2019; Chen et al. 2020; Ruan et al. 2022).  
The GDFR1-1, GDFR1-2, and GDFR1-3 in gerbera are only 
active towards the two substrates DHQ and DHK, while the 
DFR in Cymbidium (Cymbidium hybrids) and petunia can only 
catalyze DHQ and DHM.  In contrast, the DFR in cranberry 
(Vaccinium macrocarpon) is capable of catalyzing only the 
substrate DHQ (Forkmann and Ruhnau 1987; Johnson 
et al. 1999; Polashock et al. 2002; Bashandy et al. 2015; 
Nakatsuka et al. 2019).  Research indicates that the substrate 
selectivity of DFR is closely associated with its substrate 
binding site.  The amino acids at positions 134 and 145 in 
the substrate binding site directly influence the substrate 
specificity of the enzyme.  Most species have D (aspartic) 
or N (asparagine) at position 134, whereas cranberry has 
V (valine) at this position, which restricts its DFR enzyme 
activity to only the substrate DHQ (Johnson et al. 1999, 2001; 
Polashock et al. 2002).  Replacing the N (asparagine) at 
position 134 of the gerbera DFR with the nonpolar L (leucine) 
and introducing it into petunia revealed that the N134L mutant 
DFR of gerbera preferentially converts DHK rather than DHQ 
and DHM.  Furthermore, replacing the E (glutamic) at position 
145 of gerbera DFR with L (leucine) results in the E145L 
mutant DFR being unable to reduce DHK (Johnson et al. 
2001).  Therefore, the amino acids at positions 134 and 145 
in gerbera DFR (the substrate binding site) directly influence 
substrate specificity.  In Medicago truncatula, MtDFR2 has 
an aspartic acid (D) at the corresponding position 134 and 
can convert DHK according to in vitro enzyme analysis, 
whereas MDFR1 has N (asparagine) at this position, and the 
efficiency of DHK, as shown by conversion (catalytic activity 
of MtDFR1 for DHK is about 2.5 times that of MtDFR2).  This 
further confirms that the amino acid type at position 145 
directly determines both the ability of DFR to convert DHK 
and the efficiency of the conversion (Xie et al. 2004).  In our 
sequence alignment, we found that the amino acid sequence 
of CaDFR1 in chili pepper has D (aspartic) at site 134 and E 
(glutamic) at site 145.  This characteristic indicates that the 
reason why CaDFR1 is capable of catalyzing three different 
substrates.

The different anthocyanins present in plants lead to a wide 
range of colors.  Delphinidin and its methylated derivatives, 
petunidins, and malvidins are sources of dark bluish and 
purple colors, while cyanidins and pelargonidins are the main 
pigments in bright red colored fruits (Jaakola et al. 2002; 
Jaakola 2013).  In Arabidopsis, the DFR-deficient mutant 

tt3 exhibits a complete lack of PA accumulation and hyaline 
testa, whereas DFR-deficient gerbera has a phenotype with 
white petals (Kubasek et al. 1992; Bashandy et al. 2015).  
The study found that knocking out the DFR1/DFR2 genes in 
tobacco (Nicotiana tabacum) using CRISPR/Cas9 resulted 
in a significant change in flower color: DFR gene knockout 
(DFR-KO) tobacco flowers were white, while the wild type 
(CK) flowers were red (Jiang et al. 2023).  In this study, 
we employed VIGS technology to silence CaDFR1.  The 
results showed that the newly grown stems and leaves of 
silenced CaDFR1 plants exhibited a significant reduction in 
anthocyanin levels compared to the control group, further 
validating the important role of CaDFR1 in anthocyanin 
synthesis in H18 pepper.

In osteospermum (Osteospermum hybrida), DFR cannot 
catalyze DHK, resulting in blue-colored flowers.  By employing 
RNA interference technology to inhibit the expression of the 
F3´5´H gene in osteospermum while overexpressing the DFR 
gene from Gerbera, a large accumulation of Pelargonidin 
occurred, ultimately resulting in red flowers (Seitz et al. 2007).  
Roses (Rosa hybrida) lack purple to blue flower varieties due 
to the absence of anthocyanins based on delphinidin.  In the 
rose purple-flowered cultivar Lavanda, overexpression of 
the F3´5´H gene from viola (Viola spp.) and the DFR gene 
from Iris hollandica (which can effectively catalyze DHM) 
was performed, along with RNAi-mediated downregulation of 
its own DFR gene.  This led to the substantial accumulation 
of delphinidin, ultimately giving the flowers a blue color 
(Katsumoto et  al. 2007; Tanaka et  al. 2009).  Genetic 
modification of DFR and other genes involved in anthocyanin 
pathways to alter the color of plant organs presents broad 
application prospects.  Subsequent research intends to 
conduct experiments on chili pepper plants to produce high-
quality, multi-colored chili pepper varieties.

5. Conclusion
In this study, based on the characteristics of the gradually 
disappearing pigment in the leaves of H18 chili peppers 
during development, we selected leaves from different 
developmental stages (S1–S4) for physiological and 
biochemical tests, targeted anthocyanin metabolite analysis, 
and transcriptomic sequencing.  The results showed that 
as the plants developed, the content of anthocyanins 
in the leaves decreased, and delphinidin, malvidin, and 
petunidin derivatives showed a consistent trend with the 
changes in anthocyanin contents in H18 pepper leaves.  
Among them, delphinidin-3-O-rutinoside, delphinidin-3-
(6´´-O-coumaroyl) rutinoside-5-O-glucoside, delphinidin-
3-O-glucoside, and delphinidin-3-O-galactoside occupy 
a major part of the anthocyanin content.  Analysis of the 
transcriptomic sequencing data also indicates that most 
of the DEGs are concentrated in the flavonoid metabolism 
pathway.  Combined with expression levels and phylogenetic 
tree analysis, we screened Capana02g002763 (CaDFR1), 
Capana00g003773 (CaDFR2), and Capana03g000475 
(CaDFR3), - three DFR candidate genes - and other gene 
family candidates in the anthocyanin metabolism pathway.  
Enzyme activity analysis revealed that only CaDFR1 exhibits 
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substrate catalytic activity, capable of catalyzing the DHQ, 
DHM, and DHK substrates.  VIGS silencing of the CaDFR1 
gene showed that the silenced H18 pepper plants had a 
significant decrease in anthocyanin content in new stems and 
leaves.  In summary, through a series of studies, we have 
elucidated the key anthocyanin metabolism mechanism in the 
leaves of H18 chili pepper and validated the function of the 
key gene CaDFR1 in the anthocyanin metabolism pathway, 
providing a theoretical basis for the selection of chili pepper 
varieties related to anthocyanins through molecular methods.
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