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Abstract
Background  The ‘Yinhongli’ cultivar of Chinese plum (Prunus salicina Lindl.) is characterized by a distinctive bicolored 
peel phenotype, in which anthocyanins serve as crucial determinants of both its visual characteristics and nutritional 
quality. However, the molecular mechanism of underlying light-dependent anthocyanin biosynthesis of plum, 
especially its regulatory network and pathway, need to be further studied and explored.

Results  Comprehensive physiological analyses demonstrated distinct pigmentation patterns, revealing that dark-
treated (YD) plum peels retained green coloration, whereas light-exposed (YL) and bag-removed samples (YDL) 
exhibited red pigmentation. Utilizing an integrated approach combining metabolomic and transcriptomic analyses, 
we identified 266 differentially accumulated flavonoids (DAFs), among which seven anthocyanin metabolites 
were established as principal determinants of peel coloration. Transcriptomic profiling revealed 6,900 differentially 
expressed genes (DEGs) between YD and YL, demonstrating significant correlations between the phenylpropanoid 
and flavonoid biosynthetic pathways. Through Weighted Gene Co-expression Network Analysis (WGCNA) and 
correlation heatmap analysis, we identified crucial regulatory networks encompassing five structural genes (PAL, 4CL, 
F3’H, CHI, and UFGT) and 15 candidate regulatory genes, including six light signal transduction factor genes (UVR8, 
COP1, PHYBs, PIF3, and HY5) and nine transcription factor genes (MYB1, MYB20, MYB73, MYB111, LHY, DRE2B, ERF5, 
bHLH35, and NAC87). Subsequent RT-qPCR validation demonstrated significant light-mediated up-regulation of key 
structural genes (PAL, F3H, CHI, 4CL, and UFGT) involved in anthocyanin biosynthesis along with positive regulatory 
factors (DRE2B and NAC87). Conversely, a cohort of negative regulators, including HY5, MYB1, MYB20, MYB73, MYB111, 
LHY, ERF5, and bHLH35, showed marked down-regulation in response to light exposure, suggesting their potential 
repressive roles in the light-dependent anthocyanin biosynthesis pathway.

Conclusions  This investigation provides comprehensive insights into the molecular mechanisms of anthocyanin 
biosynthesis in light-dependent anthocyanin biosynthesis in ‘Yinhongli’ plum, identifying critical structural genes and 
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Background
The plum plant is extensively cultivated due to its sub-
stantial ornamental, nutritional, and medicinal prop-
erties [1, 2]. Fruit color is an important indicator for 
evaluating visual quality and has an important impact 
on consumer preferences [3, 4]. The primary pigments in 
plum are anthocyanins, which provide the red and pur-
plish-black coloration [5]. Anthocyanin is an important 
component of flavonoids, and its biosynthesis encom-
passing three main stages (phenylpropanoid metabo-
lism, flavonoid metabolism, and anthocyanin synthesis 
and modification). The process includes structural genes 
that are involved in enzyme reactions, such as phenylala-
nine ammonia-lyase (PAL), cinnamic acid-4-hydroxylase 
(C4H), 4-coumarate: CoA ligase (4CL), chalcone synthase 
(CHS), chalcone isomerase (CHI), flavanone 3-hydroxy-
lase (F3H), flavonoid 3’-hydroxylase (F3’H), dihydrofla-
vonol-4-reductase (DFR), anthocyanidin synthase (ANS) 
and UDP-glucose flavonoid 3-O-glucosyltransferase 
(UFGT) [6, 7]. The accumulation of anthocyanin is regu-
lated by the MBW ternary complex [8]. Within this com-
plex, the R2R3-MYB families act as the primary regulator 
factor, while the bHLH family functions in an auxiliary 
capacity to either enhance or inhibit the process. Addi-
tionally, the WD40 protein plays a supporting role in the 
complex [9, 10]. Recent research had shown that in the 
plum cultivar ‘Akihime’, the R2R3-MYB transcription fac-
tor PsMYB10.1, like the peach PpMYB10.1, interacts with 
PsbHLH3 and PsWD40-1 to enhance gene expression 
during the stage of anthocyanin synthesis and modifica-
tion, ultimately promoting anthocyanin biosynthesis [11, 
12]. In Japanese plum, there are two PsMYB10.1 alleles 
responsible to produce anthocyanin and anthocyanin-
less fruit peel color [13]. Other TFs such as bZIP [14], 
ERF [15], NAC [16], and WRKY [17], primarily influence 
the accumulation of anthocyanins in fruits of the Rosa-
ceae family by directly or indirectly impacting the R2R3-
MYB gene groups.

The accumulation of anthocyanins in plants is influ-
enced by the complex interaction of light and plant 
hormones [18, 19]. In sweet cherry, light stimulated the 
production of anthocyanin and abscisic acid (ABA), 
which further enhances the accumulation of anthocyanin 
[20]. Anthocyanin biosynthesis in various plants, such 
as Arabidopsis [21], apple [22], berry [23], and mango 
[24], has been found to be induced by light. These inves-
tigations have identified phytochromes (PHYs), cryp-
tochromes (CRYs), and UVR8 as the key light receptors 

integral to this signal transduction pathway. Down-
stream factors like PIFs, COP1, and HY5 play essential 
roles in light signal transduction regulation [25, 26]. A 
significant player in light signal transduction, PyHY5 is 
known to directly interact with the G-box elements in 
PyMYB10 promoter in red pear variety ‘Yunhong No.1’. 
This interaction improves the expression of structural 
genes (PyCHS, PyANS, and PyUFGT), which ultimately 
results in a greater accumulation of anthocyanins in the 
peel [27]. In dark condition, COP1 is capable of regulat-
ing HY5 through ubiquitination and subsequent degra-
dation by the 26  S proteasome pathway, establishing its 
role as an inhibitor [28]. In sweet cherry, COP1 nega-
tively regulates the expression of key structural genes, 
such as AtDFR, AtLDOX, and AtUFGT, by inhibiting the 
transcription of PacMYBA, thereby resulting in a subse-
quent reduction in anthocyanin accumulation [29]. Fur-
thermore, the PIFs protein can affect the biosynthesis of 
anthocyanins in plants by directly or indirectly regulating 
the R2R3-MYB gene families [30, 31].

The influence of light on anthocyanin accumulation in 
plants can be categorized into light-dependent and light-
independent processes [10]. Despite the significance of 
light-dependent anthocyanin biosynthesis, research on 
this topic in plum cultivars remains limited. The ‘Yinhon-
gli’ plum, a Chinese plum (Prunus salicina Lindl), serves 
as an exemplary model for investigating the biosyn-
thesis regulatory mechanism underlying light-induced 
anthocyanin accumulation due to its striking red peel 
under direct sunlight and green appearance in partial 
shade. Here we examined the influence of light on both 
the aesthetic quality and anthocyanin accumulation in 
‘Yinhongli’ plums. Light treatment induced anthocyanin 
biosynthesis in the plum peels. Then, we elucidated the 
associated regulatory networks through transcriptomic 
and metabolomic analyses. Our investigation identi-
fied 15 candidate genes responsive to light in fruit peels 
and characterized their expression profiles related to 
the anthocyanin biosynthetic pathway. These findings 
offer insights into enhancing plum fruit quality as well 
as understanding the regulatory mechanisms governing 
light-induced anthocyanin accumulation.

Methods
Plant materials and treatment
Experimental site was in Suining City, Sichuan Province 
(31°10′N,105°3′E). 450 m above sea level, 17.7 °C average 
temperature, 1,129  mm of precipitation, and 1,034  h of 

potential regulatory TFs. The findings offer substantial contributions to the understanding of anthocyanin regulation 
in fruit crops and provide a valuable foundation for molecular breeding initiatives aimed at enhancing quality traits in 
plum cultivars.
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sunshine per year are the characteristics of this region 
[32]. Nine 5-year-old ‘Yinhongli’ plum plants, cultivated 
and managed under identical conditions, were chosen 
as the subjects for the experiment and categorized into 
three groups, each consisting of three plants. On the 65th 
days post-anthesis (DPA), about 90 fruits of each ‘Yin-
hongli’ plant, located in 5 different directions (east, south, 
west, north, and center), were bagged for dark treatment 
(YD). Ten bagged fruits were removed bags (YDL) at 101 
DPA from each plum plant. Unbagged fruits were used 
as light treatment (YL). Double-layered fruit bags with a 
yellow outer layer and black inner layer (Sichuan Luhai 
Agricultural Co., Ltd., Sichuan Province, P.R. China) 
measuring 15 × 18  cm and with a thickness of 0.32  mm 
were used to prevent fruit exposure to light. The fruitlets 
were placed in the intermedium stratum of the fruit bags 
to protect it from damage to the stalk. At least 60 fruits 
were collected for each sample at 66, 73, 80, 87, 94, 101 
and 105 DPA (Mature stage), respectively. After measur-
ing the fruit color, the peels were separated using a scal-
pel, frozen in liquid nitrogen, and preserved at ultra-low 
temperature freezer.

Determination of physiological parameters
Throughout the process of plum fruit development, a 
total of 10 plums for each treatment were chosen at ran-
dom. As previously described, 3 points on the equatorial 
line of bagged fruits and in the sunlit area of unbagged 
fruits were measured using a spectrocolorimeterC164 
(X-Rite, MI, USA) [33].

Anthocyanins and flavonoids were extracted using a 
modified hydrochloric methanol method, based on pre-
vious studies [34]. A 1.0 g frozen sample was weighed and 
mixed with a 5 mL solution of methanol: HCl (99:1, v/v). 
The mixture was thoroughly oscillated and sonicated for 
1 h at 4 ℃. After centrifugation at 8,000 rpm for 15 min 
at 4 °C, the clear supernatant was collected.

As previously described, we determined the total 
anthocyanin content in the peel using the pH difference 
method [35]. Specifically, 1mL of extraction solution was 
added into 4 mL of pH 1.0 buffer and pH 4.5 buffer, and 
mixed, respectively. An ultraviolet-visible spectropho-
tometer (Thermo, MA, USA) was used for measuring 
the liquid mixture at 513 and 700 nm. Total anthocyanin 
content levels were expressed as µg/g fresh weight using 
cyanidin-3-galactoside as standard.

As previously described, we determined the total flavo-
noid content in the plum peel utilizing the sodium nitrite 
aluminum nitrate protocol [36]. A solution was prepared 
by combining 0.1 mL of the extraction solution, 0.9 mL 
of deionized water, and 0.2 mL of 5% Na2NO2. After 
5  min, 0.2 mL of 10% Al (NO3)3 were introduced into 
the mixture. Subsequently, 2 mL of 4% NaOH and 1.6 
mL of deionized water were added after 6 min, followed 

by allowing the reaction mixture to stand for 15 min at 
room temperature. The absorbance of the reaction mix-
ture at 510 nm was measured using an ultraviolet-visible 
spectrophotometer (Thermo, MA, USA). Total flavonoid 
content levels were expressed as mg/g fresh weight using 
rutin as standard.

Determination and analysis of flavonoid metabolites
Flavonoid metabolites were determined by Metware Bio-
technology Inc. (Wuhan, China), following the method 
developed by Xiong [37]. In brief, the samples under-
went freeze-drying followed by grinding in liquid nitro-
gen. From these ground samples, 50 mg was extracted by 
adding 1,200 µL of a 70% aqueous methanol solution. The 
resulting mixtures were centrifuged at 12,000  rpm for 
3  min. Subsequently, the samples were filtered through 
a 0.22  μm microporous membrane and analyzed for 
flavonoid metabolites using Ultra Performance Liquid 
Chromatography (UPLC) coupled with Tandem Mass 
Spectrometry (MS-MS) (ExionLC™ AD, ​h​t​t​p​s​:​/​/​s​c​i​e​x​.​c​
o​m​.​c​n​/​​​​​)​. The UPLC analysis was performed under the 
following specified conditions: an Agilent SB-C18 col-
umn (1.8 μm, 2.1 mm * 100 mm) was utilized; the mobile 
phases consisted of ultrapure water (containing 0.1% 
acetic acid) and acetonitrile (also with 0.1% acetic acid). 
The gradient program initiated with 5% B-phase at 0 min, 
followed by a linear escalation to 95% B-phase from 0 to 
9  min. This 95% proportion was maintained from 9 to 
10  min, after which it was reduced back to 5% from 10 
to 11 min, remaining at 5% from 11 to 14 min. The flow 
rate was set at 0.35 mL/min, the column temperature 
was consistently held at 40 °C, and the injection volume 
was 2 µL. For mass spectrometry, electrospray ioniza-
tion was employed, along with specific ion spray volt-
age conditions. For the analysis of flavonoid metabolites, 
MWDB (Netware database) and multiple reaction moni-
toring modes were utilized for qualitative and relative 
quantification.

Transcriptome analysis
The total RNA from frozen peel samples was isolated 
using an RNA extraction kit (Tiangen Biotech, Beijing, 
China). Subsequently, a cDNA library was established 
and RNA-seq was performed by Metware Biotechnol-
ogy Inc (Wuhan, China), following the method devel-
oped by Li [38]. The resulting RNA sequencing data 
was submitted to the NCBI’s SRA under BioProject ID: 
PRJNA1061745. Clean data was obtained by filtering 
adapters and paired reads using the fastp tool. The tran-
scripts were then aligned to the reference genome psalic-
ina_v2.0.fasta.gz, accessible at https://www.rosaceae.org, 
using the HISAT2 aligner. The FPKM metric was utilized 
to quantify gene expression levels, while DESeq2 soft-
ware was employed to identify differentially expressed 
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genes. The criteria for identification included a fold 
change of at least 2 and a false discovery rate below 0.05 
to ensure robust and significant results in the analysis.

Co-expression network and qRT-PCR analysis
Co-expression Network analysis aimed to identify TFs 
that regulate genes related to anthocyanin accumulation. 
The data analysis was carried out via the Metware Cloud 
online platform. A regulatory network illustrating the 
co-expression of essential genes associated with anthocy-
anin accumulation was rendered using Cytoscape version 
3.9.1. For RNA isolation and cDNA synthesis, the Plant 
RNA Extraction Kit (Tiangen Biotech, Beijing, China) 
and the cDNA Reverse Transcription Kit (Mei5 Biotech-
nology Co. Ltd, Beijing, China) were employed, respec-
tively. The cDNA served as a template for subsequent 
analysis, with SYBR Green fluorescent dye being used 
for the qRT-PCR assessment, which took place on the 
CFX96 Real-Time PCR Detection System (Hercules, CA, 
USA). The design of primers for the 16 selected genes 
(both candidate and structural genes) was performed 
using Primer Premier5 software, with additional details 
provided in Table S1. The Actin(enm.TU.Chr6.1716) 

served as the internal control. The relative gene expres-
sion was determined using the 2− ΔΔCt method, adhering 
to the protocols established by Zhang [39].

Statistical analysis
A one-way ANOVA along with Duncan’s test was con-
ducted at the P < 0.05 significance level using IBM SPSS 
Statistics 27.0 software (IBM, New York, USA).

Results
Changes of physiological parameters in Plum fruit after 
dark treatment
Significant alterations in the peel coloration of ‘Yinhon-
gli’ plum fruits were observed following YL treatment. 
Comparative analysis revealed that, in contrast to fruits 
maintained under dark conditions, the peels of YL exhib-
ited distinct red pigmentation upon light exposure. Fur-
thermore, when fruit bags were removed at 101 days 
post-anthesis, the peel of YDL similarly demonstrated 
red coloration under light conditions, indicating a light-
dependent pigmentation response (Fig.  1A). During the 
early stage of YL (66–73 DPA), all fruits were green, and 
there was no significant difference in the a*/b* (The color 

Fig. 1  Effects of dark or light treatments on peel coloration and total flavonoid levels of ‘Yinhongli’ plums. (A) Fruit was initially bagged at 65 days post-
anthesis (DPA). At 101 DPA, the bags were removed to expose the ‘Yinhongli’ plum fruits to light, and samples were collected after four day period. (B, 
C, D) The a*/b* ratio, total anthocyanin content, and total flavonoid content in the peel of ‘Yinhongli’ plums. Error bars denote the SD derived from three 
biological replicates. Values in each column bearing distinct letters indicated a significant difference at P < 0.05
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ratio of comprehensive chromaticity index was calculated 
according to a and b values) ratio of ‘Yinhongli’ plum 
peels. However, at approximately 80 DPA, the a*/b* ratio 
in certain regions of the YL fruits was significantly higher 
than that of the YD fruits, which began to turn white. 
Subsequently, both the YL and YDL exhibited an increase 
in the a*/b* ratio as their peel color shifted to red, while 
the YD remained negative (Fig. 1B). The changes in fruit 
peel color were consistent with the total anthocyanin 
content observed in YL and YDL, whereas no anthocy-
anin was detected in the peel of YD (Fig. 1C). The trend 
of total flavonoid content accumulation in the peels of 
‘Yinhongli’ plums showed clear variations after the YD. 
The flavonoid content in the peel of YL initially decreased 
and then increased, while for the YD, the content con-
tinued to decline throughout development. The total fla-
vonoid content in the peel of YL decreased to its lowest 
level of 5.28 mg/g, which did not significantly differ from 
that of the YD (Fig.  1D). Based on above physiological 
parameter change profiles, samples from the two treat-
ments at 87, 94, and 105 DPA were selected for metabo-
lome and transcriptome analysis.

Analysis of flavonoid metabolome
A total of 402 flavonoids have been identified in the 
peels of YL and YD, which could be classified into ten 

classes: 21 chalcones, 35 flavanones, 12 flavanonols, 91 
flavones, 164 flavonols, 36 flavanols, 11 isoflavones, 8 
anthocyanins, 13 proanthocyanidins, and 11 other flavo-
noids. Among the ten classes of flavonoids identified, it 
was found that the highest proportion was observed in 
the case of flavonols (40.8%), while the lowest propor-
tion was seen for anthocyanins (2%) (Fig. 2A, Table S2). 
Furthermore, analysis of principal components (PCA), 
performed to analyze the differences in data among the 
samples, showed a high correlation between replicates. 
The reliability of the data was also confirmed by Pearson’s 
correlation coefficient. It was revealed through PCA that 
PC1 (33.83%) and PC2 (17.95%) together explained about 
51.78% of the differences between samples indicating that 
there was a dynamic change pattern during ‘Yinhongli’ 
plum peel development. The specific accumulation of 
certain types of flavonoids observed can be attributed to 
their differential responses to light treatments as indi-
cated by PC1 (Fig. 2B).

By setting the threshold for variable importance in pro-
jection (VIP) to greater than considering a fold change 
difference of either ≥ 2 or ≤ 0.5, we identified a total of 
266 DAFs. When comparing the YD and YL samples at 
different stages, it was observed that the group with the 
highest number of DAFs was YD105 vs. YL105 (a total of 
173 DAFs, with 151down-regulated and 22 up-regulated), 

Fig. 2  Analysis of metabolomic data for peel at three different stages following dark (YD) and light (YL) treatments. (A) The composition and distribution 
of 402 flavonoids in YL and YD peel samples were examined. (B) Principal component analysis (PCA) was performed to assess the metabolites in two 
treatment groups at three time points. (C) The number of DAFs was determined for the overall (red), upper (green), and lower (blue) color tones across the 
four time periods. (D) A heatmap was generated to illustrate the abundance of 10 classes of flavonoids in YL and YD peels over the three developmental 
stages. Regions in red indicate a high content, while those in green signify a lower content
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while the groups with the fewest DAFs were YL87 vs. 
YL94 and YL94 vs. YL105. In general, there was a higher 
number of DAFs that were down-regulated throughout 
the three stages. This consistency was in line with the 
observed variation in total flavonoid content, ultimately 
confirming the precision of physiological parameter 
assessment (Fig. 2C, Table S3).

General heatmap revealed that YL peels had higher 
total flavonoid content compared to YD peels, with flava-
nonols, flavanones, isoflavones, flavones, anthocyanins, 
flavonols, chalcones, and other flavonoids contributing 
to this difference. Conversely, only flavanols and proan-
thocyanidins made significant contributions to the total 
flavonoid content in the YD peels (Fig.  2D). The con-
tent of 7 anthocyanin components (include 4 cyanidins, 
1 delphinidin, and 2 peonidins) in the peel of YL saw a 

significant up-regulation indicating a direct relationship 
between anthocyanin accumulation and red color forma-
tion (Fig.  3A-G). The findings suggested that dark and 
light treatments may alter the original pattern of flavo-
noid biosynthesis in the peel.

Transcriptome analysis
After high-throughput sequencing, we obtained 
40,152,180 to 47,000,500 clear reads, resulting in a total 
of 118.64Gb clean base with Q20 and Q30 statistics 
exceeding 98.07% and 94.3%, respectively. When mapped 
to the reference genome of the ‘Sanyueli’ plum, the align-
ment rate was higher than 94.30%, among them more 
than 87.39% were uniquely mapped (Table S4). 26,880 
expression genes were obtained through transcript 
assembly and removal of non-expressed genes. These 

Fig. 3  Peak areas of 7 different anthocyanin components identified in three different stages following two treatments. Significance was evaluated using 
t-test. Different letters in each column indicate significant differences (P < 0.05)
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genes were then annotated using public databases such as 
GO, KEGG, KOG, NR, Swiss-Prot, Tremble, and Plant-
TFDB (Table S5).

PCA was used to analyze the transcript expression 
of the samples. YL and YD samples exhibited a distinct 
separation on the score plot, indicating that light or dark 
treatment influenced the transcripts of the peel. In con-
trast to flavonoids accumulation, the proximity between 
YL94 and YL105 suggested similarity in gene expression 
during the late stage of fruit ripening (Fig.  4A). 6,900 
DEGs were identified through differential expression 
analysis comparing two treatments (light and dark) and 
three treatment times (87, 94, and 105 DPA). Based on 
the quantitative analysis of DEGs, the difference between 
treatments was slightly smaller than that between treat-
ment times (Fig. 4B, Table S6).

Based on the annotation of the GO database, the top 
50 significantly enriched GO terms were classified into 
several classifications: molecular function (MF), cel-
lular component (CC), and biological process (BP). The 
majority of DEGs were divided into BP and MF, including 
phenylpropanoid metabolic process, phenylpropanoid 
biosynthetic process, glucosyltransferase activity, photo-
synthesis, flavonoid biosynthetic process, photosynthetic 
electron transport chain, and light reaction (P < 0.001, 
Fig.  4C). Subsequently, KEGG enrichment analysis was 
conducted to explore the metabolic pathways in which 
these DEGs were involved during peel coloring. These 
DEGs were mainly associated with flavonoid biosyn-
thesis (51 genes), plant hormone signal transduction 
(232 genes), phenylpropanoid biosynthesis (91 genes), 
photosynthesis (39 genes), glycolysis/gluconeogenesis 

Fig. 4  Analysis of transcriptome data for peel at three different stages following dark (YD) and light (YL) treatments. (A) Principal component analysis 
(PCA) of gene expression in two treatment groups during three stages. (B) Statistical analysis of the number of DEGs across three stages, where green 
indicates down-regulated, blue indicates up-regulated, and red represents the total quantity of DEGs. (C) Column charts showing GO enrichment for 
DEGs in YL and YD, respectively. (D) Circular diagram depicting KEGG enrichment for DEGs in YL and YD, respectively. Bubble sizes denote the DEG count, 
while bubble color corresponds to Q-values
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(55 genes), starch and sucrose metabolism (74 genes) 
(Fig. 4D).

Alteration of the anthocyanin biosynthesis pathway in 
pigmentation of Peel
According to the annotation of public databases and 
flavonoid pathways in some model plants, 33 antho-
cyanin biosynthesis structural genes were identi-
fied. Heatmap analysis revealed that one PAL (evm.
TU.Chr6.2407), one 4CL (evm.TU.Chr2.3181), one CHS 
(evm.TU.Chr1.5839), one CHI (evm.TU.Chr2.2618), two 
F3’Hs (evm.TU.Chr5.440, novel.3206), and two UFGTs 
(evm.TU.Chr7.1822, evm.TU.Chr2.3164) were highly 
expressed in YL peels, with their expression levels pro-
gressively increased over time and peaking at 105 DPA. 
Conversely, one F3H (evm.TU.Chr5.1962), one DFR 
(evm.TU.Chr8.1929), one ANS (evm.TU.Chr3.1923), and 
two UFGTs (evm.TU.Chr1.5084 and evm.TU.Chr1.5086) 
exhibited higher expression levels in YL peels that 
decreased with prolonged light exposure. Addition-
ally, one PAL (evm.TU.Chr2.2113), five 4CLs (evm.
TU.Chr1.2268, evm.TU.Chr1.3516, evm.TU.Chr1.5110, 
evm.TU.Chr6.1049, and evm.TU.Chr3.1099), four 
CHIs (evm.TU.Chr1.1816, evm.TU.Chr1.1817, evm.
TU.Chr2.2237, and evm.TU.Chr8.2485), four F3Hs (evm.
TU.Chr1.1675, evm.TU.Chr1.846, evm.TU.Chr2.2487, 
and evm.TU.Chr7.2860), and one DFR (evm.
TU.Chr1.2057) exhibited elevated expression levels spe-
cifically in YD peels(Fig. 5A). Subsequently, to clarify the 
relationships between the seven differentially accumu-
lated anthocyanin metabolites and 33 structural genes 
involved in anthocyanin biosynthesis, a correlation heat-
map analysis was conducted. The results revealed that 
PAL (evm.TU.Chr6.2407), UFGT (evm.TU.Chr2.3164), 
F3’H (novel.3206), and CHI (evm.TU.Chr2.2618) exhib-
ited highly positive correlations with seven differentially 
accumulated anthocyanin metabolites (r ≥ 0.9, p ≤ 0.001), 
while 4CL (evm.TU.Chr6.1049) showed strong negative 
correlations with these metabolites (r ≤ 0.9, p ≤ 0.001). 
These findings suggest that these five structural genes 
might be involved in the regulation of anthocyanin accu-
mulation (Fig. 5B).

WGCNA of DEGs and anthocyanin biosynthesis genes
To further elucidate the biosynthesis regulation mecha-
nism underlying light-induced anthocyanin accumula-
tion resulting in a color change in the peel, we subjected 
a total of 6,900 DEGs to WGCNA. To create a co-expres-
sion network, a threshold of 20 was chosen, resulting 
in the construction of a gene dendrogram that visually 
represented the unique clusters of interconnected genes 
(Fig.  6A). A total of 6,900 DEGs were categorized into 
11 distinct modules. Among these, the grey module 
had the lowest number of DEGs, totaling 57, while the 

turquoise module comprised the highest number, with 
2,470 DEGs (Fig.  6B). Subsequently, we used the gene 
expression levels of 5 crucial structural genes as trait 
indicators and conducted correlation analysis with 
the 11 modules (Fig.  6C). The turquoise module dem-
onstrated a positive correlation solely with 4CL (evm.
TU.Chr6.1049) (r = 0.87, p < 0.001). In contrast, the yel-
low module exhibited positive correlations with the gene 
expression levels of PAL (evm.TU.Chr6.2407) (r = 0.95, 
p < 0.001), F3’H (novel.3206) (r = 0.91, p < 0.001) and 
UFGT (evm.TU.Chr2.3164) (r = 0.91, p < 0.001). Visualiza-
tion of the gene expression patterns within the modules 
was achieved through column charts and heatmaps. The 
continuous increase in the gene expression level of YL 
within the yellow module was notably higher than that of 
YD. Above finding was in line with the evolving trend of 
7 anthocyanin components and total anthocyanin con-
tent (Fig. S1). Analysis of KEGG enrichment showed that 
the yellow and turquoise modules’ genes were enriched 
in metabolic pathways associated with anthocyanin pro-
duction, such as flavone and flavonol biosynthesis, fla-
vonoid biosynthesis, and phenylpropanoid biosynthesis 
(Fig. S2). Therefore, we identified the yellow and tur-
quoise modules as the key modules for studying crucial 
genes. Taking advantage of the strong positive correlation 
between gene expression levels and structural genes, a 
gene co-expression network was constructed. The net-
work diagram identified six light signal transduction 
factors (UVR8, COP1, PHYBs, PIF3 and HY5) involved 
in the photomorphogenesis. In the interaction network 
diagram, 9 transcription factors (TFs) in the outer layer 
were found to be strongly correlated with 5 structural 
genes. These TF genes included 5 MYBs (MYB1, MYB20, 
MYB73, MYB111 and LHY), 2 ERFs (DRE2B and ERF5), 
1 bHLH (bHLH35) and 1 NAC (NAC87). Therefore, the 
study identified 6 light signal transduction factors and 
9 TFs as candidate genes for light-induced anthocyanin 
accumulation in ‘Yinhongli’ plum peel (Fig. 6D).

Validation of the accuracy of transcriptome data
To verify the transcriptome data’s accuracy, we chosen 
specific genes from both candidate and structural gene 
pools of the DEGs for qRT-PCR validation (Fig.  7). The 
selected genes exhibited varying responses to the two 
treatments across different time points. Light treatment 
significantly induced the expression levels of PAL, F3’H, 
CHI, 4CL, and UFGT genes in ‘Yinhongli’ plum. Com-
pared with dark treatment, the expression levels of the 
above structural genes showed a continuous upward 
trend under light conditions, and their dynamic changes 
were significantly correlated with the anthocyanin accu-
mulation process. We speculated that these genes may be 
involved in the anthocyanin biosynthesis pathway as key 
structural genes. It is worth noting that the expression 
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patterns of DRE2B and NAC87 transcription factors 
were highly similar to those of structural genes, indi-
cating that they may be potential positive regulators in 
anthocyanin biosynthesis. Furthermore, the low expres-
sion of HY5, MYB1, MYB20, MYB73, MYB111, LHY, 
ERF5, and bHLH35 under light treatment indicates that 
they may be potential negative regulators in anthocyanin 
synthesis. The qRT-PCR verification experiment further 
confirmed that the expression patterns of anthocyanin 

biosynthesis-related structural genes and their regula-
tory factors were different under the two treatment con-
ditions. The results showed that the biosynthesis of 
anthocyanin in ‘Yinhongli’ plum was related to the above 
structural genes and transcription factors.

Fig. 5  Assessment of components DEGs in the biosynthesis of anthocyanins. (A) Detection and description of expression patterns for structural genes. 
The rows in the heatmaps correspond to gene identification and the columns represent the samples. The heatmap cell colors reflect the normalized 
FPKM values of gene expression as well as the relative content of anthocyanin compounds. (B) Pearson’s correlation analysis between anthocyanin bio-
synthesis structural gene expression levels and differential accumulation anthocyanin components relative content. Regions in red indicate a positive 
correlation, while those in green signify a negative correlation. The red text represents 5 critical structural genes. Significance levels denoted by: *, P < 0.05, 
**, P < 0.01, and ***, P < 0.001 as determined by t-test
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Fig. 6 (See legend on next page.)
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Discussion
Anthocyanins, a group of compounds responsible for the 
red color in flavonoids, are crucial in determining the 
visual quality and economic value of the ‘Yinhongli’ plum 
[33]. Light is a key factor in the accumulation of anthocy-
anins [20]. The red peel was only observed on unbagged 
and bag-removed fruits, whereas bagged fruits had a con-
trasting appearance, suggesting that the development of 
bi-colored fruits was influenced by light. The rapid red-
dening of the bag removal fruit may be caused by the 
increased sensitivity to re-exposure to light [40], consis-
tent with similar research on other fruits [23, 24, 41]. In 
addition, light also affected the accumulation of other fla-
vonoids [42]. Compared with dark treatment, buckwheat 
sprouts under light can accumulate more flavonoids [43]. 
Solar ultraviolet radiation significantly enhanced the 
accumulation of anthocyanins and flavonols in apples, 
while exhibiting minimal impact on proanthocyanidins 
biosynthesis [44]. Increasing far-red and near-infrared 
light can lead to a buildup of flavonoid methyl deriva-
tives in tobacco plants while simultaneously hindering 
the production of flavonoid glycoside derivatives [45]. In 
this study, we observed that the total flavonoid content 
decreased during bagging, while the level of flavanols and 
proanthocyanidins increased significantly. Consequently, 
our findings indicated that dark treatment modified the 
original biosynthesis patterns during fruit ripening.

Transcriptome sequencing provides an important ref-
erence for examining the expression profiles of plant 
genomes during various developmental stages and envi-
ronmental factors [46]. Recently, the transcriptome 
analyses on berries [23], mango [24], apples [41], and 
kiwifruit [47] have been conducted under dark treat-
ment, all revealing that transcriptional reprogramming 
occurs in response to dark treatment, consistent with 
findings from ‘Yinhongli’ plum peels (Fig.  4A). Analysis 
of enrichment revealed that most of DEGs were associ-
ated with photosynthesis and flavonoid biosynthesis 
(Fig.  4C, D). Previous studies have demonstrated that 
certain signals dependent on chloroplast function also 
play an important role in biosynthesis of flavonoid com-
pounds. For example, sucrose produced by photosynthe-
sis in Arabidopsis can activate anthocyanin biosynthesis, 
while knocking out triose-phosphate/phosphate translo-
cator or using 3-(3,4-dichlorophenyl)-1,1-dimethyl urea 
to block photosynthetic electron transport chains can 
inhibit flavonoid biosynthesis [48–50]. As a result, we 

hypothesized that light exposure is crucial for the synthe-
sis of anthocyanins in the peels of ‘Yinhongli’ plums.

New research indicates that the alteration in color 
change of red-skinned fruits is linked to the quantity of 
structural genes expressed in the process of generating 
anthocyanins [11, 33]. Light exposure has been shown to 
stimulate the expression of key genes MdCHS, MdANS, 
and MdUFGT, leading to the production of anthocyanin 
in apple (Malus domestica) [51]. Our analysis of gene 
expression revealed that light activates genes associated 
with anthocyanin biosynthesis and modification pro-
cesses in the peel, potentially explaining the influence of 
light on peel color (Fig.  5A). Furthermore, through the 
WGCNA analysis, we identified two modules (yellow and 
turquoise) that were linked to anthocyanin biosynthesis 
structural genes (Fig. 6C). Additionally, we identified 15 
potential candidate genes that may affect anthocyanin 
production by directly interacting with specific struc-
tural gene promoters, thereby regulating anthocyanin 
accumulation in response to light exposure (Fig. 6D). We 
selected specific genes from both candidate and struc-
tural gene pools of the DEGs for qRT-PCR validation. 
RT-qPCR results showed that PAL, F3’H, CHI, 4CL, and 
UFGT were highly expressed under light treatment, the 
expression pattern of DRE2B and NAC87 is similar to 
that of the 5 structural genes, indicating that they might 
be key structural genes and potential positive regula-
tors in anthocyanin biosynthesis. Furthermore, the low 
expression of HY5, MYB1, MYB20, MYB73, MYB111, 
LHY, ERF5, and bHLH35 under light treatment indicates 
that they may be potential negative regulators in antho-
cyanin synthesis (Fig. 7).

The R2R3-MYB transcription factor family members 
achieve different functions in the transcriptional regu-
lation of anthocyanins through the C-terminal tran-
scriptional activation and inhibition domains [52]. In 
Arabidopsis, R2R3-MYB members AtMYB75, AtMYB90, 
and AtMYB111 encode transcription factors that act as 
activators by interacting with bHLH members to increase 
anthocyanin accumulation, while those from AtMYB4, 
AtMYB7, and AtMYBL2 reduce anthocyanin and other 
flavonoids production by repressing the expression of 
AtDFR and AtTT8 to maintain pigment balance [53, 
54]. Furthermore, both AtMYB75 in Arabidopsis and 
MdMYB1 in apple are positive regulators of anthocy-
anin production that are stimulated by light [55, 56]. The 
strawberry FaMYB1 has a motif like to that of AtMYB4 

(See figure on previous page.)
Fig. 6  WGCNA of DEGs and anthocyanin biosynthesis genes in YL and YD. (A) The calculation of the soft threshold was conducted as follows. The x-axis 
displays the soft threshold (β), while the y-axis represents the scale-free network model index. The average link degree for each soft threshold is shown 
in the plot. (B) Heatmap plot of the gene network depicting co-expression modules. (C) Heatmap showing the relationship between modules and traits. 
Regions in red indicate a positive correlation, while those in blue signify a negative correlation. (D) Interaction network diagram displaying DEGs in the 
yellow and turquoise modules. Green and yellow nodes denote light signal transduction factors and transcription factors, respectively. These nodes have 
been annotated and identified using public databases
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at the C-terminus. FaMYB1 and AtMYB4 genes encode 
transcription factors that form complexes with the tran-
scription factor encoded by FabHLH3 resulting in inhibi-
tion of flavonoid biosynthesis structural gene expression 
which consequently reduces the biosynthesis of cyanidin 
3-rutinoside and quercetin-glycosides [57]. PsMYB10, a 
member of R2R3-MYB family in plums, is recognized as 
a crucial gene in the regulation process of anthocyanin 
biosynthesis in the peel [13]. In ‘Wushancuili’, it was spec-
ulated that the lack of anthocyanin was due to the loss 
of function of the PsMYB10 sequence [58]. The interac-
tion between PsMYB10.1 and PsMYB10.2 with PsbHLH3 
activates the expression of anthocyanin biosynthesis 
structural genes, resulting in the increase of anthocyanin 
content [11, 59]. Furthermore, the interaction between 
PsERF1B and PsMYB10.1 enhanced the expression level 
of PsUFGT and increased total anthocyanin content [15]. 
In the peel of ‘Yinhongli’ plum, we discovered five MYB 
families that are closely associated with the structural 
genes (Fig. 6D, Table S8). The Arabidopsis homologs were 
AtMYB1 and AtMYB111, which are activated by light and 
regulate the expression of structural genes [56, 60]. By 
comparison, the response of the identified differentially 

expressed MYBs to light was opposite to that of Arabi-
dopsis homologs, suggesting that their roles in the ‘Yin-
hongli’ plum may be at least partially different from their 
functions in Arabidopsis.

In plants, HY5, PIF, and COP1 are essential compo-
nents of light signal transduction and are crucial in pho-
tomorphogenesis [61]. HY5 not only directly binds to the 
promoters of anthocyanin biosynthesis structural genes 
CHS, F3H, and UFGT to regulate anthocyanin accumu-
lation, but also interacts with the promoter of R2R3-
MYB transcription factor family members or other TFs 
to activate the R2R3-MYB family, thereby facilitating 
anthocyanin biosynthesis [23]. The bZIP transcription 
factor HY5 positively regulated biosynthesis of antho-
cyanins by binding to the promoter of MdMYB10 and 
up-regulating the expression level of MdNAC52, which 
in turn promotes anthocyanin accumulation by regu-
lating the transcription of MdMYB9 and MdMYB11 in 
apple [62, 63]. In the model plant Arabidopsis, the regula-
tory effect of PIFs in the regulation of anthocyanin bio-
synthesis were intricated. While AtPIF3 interacts with 
AtHY5 to activate the transcription of structural genes 
and enhance anthocyanin accumulation, AtPIF4 inhibits 

Fig. 7  Analysis of expression levels for genes involved in light-induced anthocyanin accumulation in the ‘Yinhongli’ plum peel under dark (YD) and light 
(YL) treatments. Actin served as the internal control. Error bars denote the SD derived from three biological replicates. The left y-axis displays the RNA-seq 
expression data. The right y-axis illustrates relative gene expression levels assessed by qRT-PCR
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anthocyanin biosynthesis by competing with AtTT8 for 
the binding site of AtMYB75 [31, 64]. Light receptor 
proteins respond to different light wavelengths by inter-
acting with positive transcription factors or inhibiting 
COP1, ultimately regulating downstream gene transcrip-
tion [65]. In the eggplant cultivar ‘Lanshanhexian’, light 
exposure primarily triggers anthocyanin accumulation in 
the peel. This process involves up-regulation of SmCRY1 
and SmHY5 expression, along with down-regulation of 
SmCOP1. SmCRY1 interacts with SmCOP1 to deactivate 
it, allowing SmHY5 to bind to the promoters of SmMYB1, 
SmCHS, and SmDFR, thereby enhancing their expression 
levels and promoting anthocyanin accumulation [66]. 
Here we found that photoreceptors in the ‘Yinhongli’ 
plum peel exhibited distinct responses to light. Specifi-
cally, UVR8 and COP1 displayed opposite gene expres-
sion patterns under light (Table S8). Previous research 
has found that the monomer generated by UVR8 protein 
cleavage under UV-B light may potentially interact with 
COP1 to form UVR8-COP1-SPA complex, consequently 
promoting the stability of HY5 and creating a favorable 
environment for anthocyanin accumulation [10]. Co-
expression network analysis further revealed that these 
genes may ultimately target anthocyanin biosynthesis 
genes. Therefore, we hypothesized that light regulated 
the accumulation of anthocyanin in the peel through the 
HY5-dependent pathway.

Conclusion
In conclusion, metabolomics analysis revealed that light 
exposure was essential for anthocyanin biosynthesis in 
‘Yinhongli’ plum, with dark treatment completely inhibit-
ing pigment accumulation and seven anthocyanin metab-
olites were established as principal determinants of peel 
coloration. Transcriptomic analysis demonstrated signifi-
cant correlations between the phenylpropanoid and fla-
vonoid biosynthetic pathways. WGCNA and qRT-PCR 
analysis suggested that structural genes (PAL, 4CL, F3’H, 
CHI, and UFGT) that might be involved in the light-
regulated anthocyanin synthesis of ‘Yinhongli’ plum. 
The TF genes DRE2B and NAC87 were highly expressed 
under light, suggesting that they might be potential posi-
tive regulators of anthocyanin biosynthesis. Light signal 
transduction factors UVR8, COP1, PHYBs, PIF3 and HY5 
and TF genes MYB1, MYB20, MYB73, MYB111, LHY, 
ERF5, and bHLH35 were lowly expressed in YL, suggest-
ing that they might have played negative regulatory role 
in anthocyanin biosynthesis. However, the specific regu-
latory mechanism between these transcription factors 
and structural genes warrant further investigation.
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