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ABSTRACT
Plum (Prunus salicina Lindl.) is one of the most widely cultivated and important fruit
trees in temperate and cold regions. Fruit color is a significant trait relating to fruit
quality in plum. However, its development mechanism has not been studied from
the aspects of transcriptional regulation and metabolomic progress. To reveal the
mechanism of fruit color developments in plums, we selected the fruits of two plum
cultivars, ‘Changli84’ (Ch84, red fruit) and ‘Dahuangganhe’ (D, yellow fruit) as plant
materials for transcriptome sequencing and metabolomic analysis were performed.
Based on the data of transcriptome and metabolome at three fruit developmental
stages, young fruit stage, color-change stage, and maturation stage, we identified
2,492 differentially expressed genes (DEGs) and 54 differential metabolites (DMs).
The KEGG analysis indicated that ‘‘Flavonoid biosynthesis’’ was significantly enriched
during three fruit development stages. Some DEGs in the ‘‘Flavonoid biosynthesis’’
pathway, had opposite trends between Ch84 and D, including chalcone synthase
(CHS), dihydroflavonol 4-reductase (DFR) and flavonol synthase (FLS). Also, the
genes encoding MYB–bHLH–WD (MBW) protein complexes, especially MYBs and
bHLHs, showed a close relationship with plum fruit color. In the current study, DMs
like procyanidin B1, cyanidin 3-glucoside, and cyanidin-3-O-alpha-arabinopyranoside
were key pigments (or precursors), while the carotene and carotenoids did not show
key relationships with fruit color. In conclusion, the anthocyanins dominate the color
change of plum fruit. Carotenes and carotenoids might be related to the color of plum
fruit, but do not play a dominate role.

Subjects Agricultural Science, Molecular Biology, Plant Science
Keywords Plum, Fruit color, Transcriptome, Metabolome, Anthocyanins

INTRODUCTION
Plum (Prunus salicina Lindl.) is a favorite fruit product of consumers for their delicious
taste. Plum has a wide variety of uses and consumers typically prefer to eat fresh plums
for their characteristic taste and rich nutrient substance (Roussos et al., 2016). There has
been increasing consumer interest in the potential health benefits of dietary-derived

How to cite this article Chen L, Wang X, Cui L, Li Y, Liang Y, Wang S, Chen Y, Zhou L, Zhang Y, Li F. 2022. Transcriptome and
metabolome analyses reveal anthocyanins pathways associated with fruit color changes in plum (Prunus salicina Lindl.). PeerJ 10:e14413
http://doi.org/10.7717/peerj.14413

https://peerj.com
mailto:zybjlgs@126.com
mailto:lifengjlgs@aliyun.com
https://peerj.com/academic-boards/editors/
https://peerj.com/academic-boards/editors/
http://dx.doi.org/10.7717/peerj.14413
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://doi.org/10.7717/peerj.14413


phytochemicals such as anthocyanins (including anthocyanin derivatives), prevalent in
P. salicina. There are many varieties of plums, which have different characteristics, such as
maturity period, different taste, different fruit colors and so on. In this study, two plum
cultivars with different fruit colors were selected to study the molecular mechanism related
to fruit color formation.

The concentration of anthocyanins determines the color of fruits (Dinda et al., 2016;
Kazimierski, Regula & Molska, 2019). Anthocyanins are responsible for the colors of
numerous flowers, fruits, vegetables, and even cereals (Bittar et al., 2014), and can strongly
contribute to food quality and appeal to consumers. Anthocyanins are the most abundant
flavonoid compounds, which possess antioxidant and anti-inflammatory properties
(Hertog et al., 1993; Prior & Wu, 2006). Anthocyanin synthesis is regulated by many
external environmental factors, such as nutrient depletion, drought, pathogen infection,
temperature, light, and genetic factors (Chalker-Scott, 1999). Different factors could cause
content changes in anthocyanin abundance via different pathways. Genetic factors related
to anthocyanin accumulation can be divided into two categories. One category is the
biosynthetic genes that encode enzymes required for anthocyanin biosynthesis, such as
follows: chalcone synthase (CHS), chalcone isomerase (CHI ), flavanone-3-hydroxylase
(F3H ), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), and UDP
glucose flavonoid 3-O-glucosyltransferase (UF3GT ) (An et al., 2015; Patra et al., 2013;
Hichri et al., 2011). Another category is regulatory genes that influence the intensity and
pattern of anthocyanin biosynthetic genes, including two major classes of transcription
factors, the myeloblastosis (MYB) and basic helix–loop–helix (bHLH ) families, which,
along with WD-repeat protein, form an MYB–bHLH–WDR transcription complex to
regulate anthocyanin synthesis (Wu et al., 2019; Feller et al., 2011; Xu, Dubos & Lepiniec,
2015). Structural and regulatory genes had been identified and cloned in model plants
such as Arabidopsis, maize (Zea mays), apple, etc (Holton & Cornish, 1995; Broun, 2005;
Petroni & Tonelli, 2011; Zhai et al., 2014; Feng et al., 2012; Hu et al., 2019). It has been
reported that anthocyanins are closely related to peel color, and pericarp has been reported
to contain many phenolics, including anthocyanins, procyanidins, flavonoids, lignans,
and sesquiterpenes (Ma et al., 2014b; Ma et al., 2014a; Zhang et al., 2004). Dayar et al.
(2020) reported that the concentration of anthocyanins determines the color of fruits. The
relationship between the biosynthesis of plum anthocyanins (including proanthocyanidins)
and fruit color has been reported previously (Chen et al., 2022; Niu et al., 2017). However,
the observed correlation needs careful verification and more evidences.

In this study, we selected two common plum cultivars ‘Changli84’ (Ch84) and
‘Dahuangganhe’(D) in Northeast China. The fruit color of Ch84 is red, while D is
yellow. To reveal the mechanism of the difference in fruit color between the two varieties,
transcriptome sequencing and metabolomic analysis were performed at three different
developmental stages: young fruit stage, color-change stage, and maturation stage. We
hypothesize that anthocyanin synthesis-related genes and anthocyanin metabolites play an
important role in fruit color formation. The present study provided supporting data and
theoretical basis for the study of formation of plum fruit color.
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MATERIAL AND METHODS
Plant materials
All plum fruit pericarp tissues were collected from the experimental farm of Jilin Academy
of Agricultural Sciences, Gongzhuling City, Jilin Province. Two varieties of plum trees,
Changli 84 (Ch84) and ‘Dahuangganhe’ (D), were used in this study. Using conventional
irrigation and fertilization strategies, all plum trees (six years old) grow under natural
conditions. The climate of the experimental area is temperate and monsoonal with a mean
annual temperature of 5.6 ◦C. The average annual precipitation is 594.8 mm, of which
80% falls from May to September. The fruit tissues were collected at the young fruit stage
(abbreviated as Y, 18th May, 30 days after anthesis), color-change stage (abbreviated as
C, 17th Jun, 60 days after anthesis) and maturation stage (abbreviated as D, 17th July, 90
days after anthesis). Three individuals were selected for each variety, and three fruits were
randomly selected from one individual for each sampling stage, and then pooled as a repeat.
18 samples were collected (two varieties, three stages, three repetitions/stage/variety). For
molecular analysis, tissue samples were directly snap-frozen in liquid nitrogen and kept at
−80 ◦C.

Fruit color characteristics
The fruit color characteristics of Ch84 and D were measured using a colorimeter
(Colorimeter Ci7600, MI, DE, USA). L* value represents the lightness (+L: black, −L:
white), a* (+a: red, −a: green), and b* (+b: yellow, −b: blue). The parameters of L*, a*,
and b* were measured following the manufacturing instructions.

RNA isolation and sequencing
The total RNA of these 18 pericarp samples was extracted using the TruSeq RNA Sample
Preparation Kit (Autolab Biotechnology, Beijing) following themanufacturers guide. Then,
the quality and quantity of the purified RNA were evaluated by 1% agarose gel, NanoDrop
ND1000 spectrophotometer (NanoDrop Technologies,Wilmington, DE, USA) and Agilent
2100 Bioanalyzer (Santa Clara, CA, USA). The RNA-seq libraries were prepared using an
Illumina TruSeq Stranded RNA kit (Illumina, San Diego, CA, USA). After enrichment of
eukaryotic mRNAs with Poly A tail by magnetic beads with oligo (DT), then mRNAs was
interrupting by a Ultrasonic Processor. Using the fragmented mRNAs as template, the first
strand of cDNA was synthesized using random oligonucleotides as primers in M-MuLV
reverse transcriptase system. Then, the RNA strand was degraded with RNaseH, and the
second strand of cDNA was synthesized from dNTPs in DNA polymerase I system. The
purified double stranded cDNA was repaired at the end, adding with a tail and connected
to the sequencing connector. The cDNA of about 200 bp was screened with ampure XP
beads, amplified by PCR, and the PCR product was purified again with ampure XP beads,
and finally the library was obtained. Then, the prepared sequence libraries were sequenced
on an Illumina nova 6000 sequencer under the pair-end 150 bp mode by Genedenovo
Biotechnology Corporation (Guangdong, China).
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Transcriptome data analysis
The raw reads from transcriptome sequencing were filtered by FastQ (version 0.18.0) with
the default parameters and the clean reads were assembled using Trinity (version 2.8.4). The
power value of the samples was calculated using RNASeqPower software (V3.14) to evaluate
whether the number of sample repetitions. Assembled contigs were annotated by BLASTx
(Britt, 1992) against seven public databases: Nr, Nt, SwissProt, KOG, Pfam, GO, and KEGG
with >90% identity and an E-value <0.00001. Unigene expression levels were calculated
based on FPKM values. Then, differentially expressed genes (DEGs) among the sample
groups were identified using the DESeq2 software (Love, Huber & Anders, 2014). DEGs
were identified based on a false discovery rate (FDR) <0.05 and |log2 foldchange|≥ 2. DEGs
were then submitted to GO (http://www.geneontology.org/docs/go-enrichment-analysis/)
and KEGG enrichment (http://www.kegg.jp/kegg) analysis to annotate their biological
function and significantly metabolic pathways. The submission of DEGs to GO and KEGG
enrichment was performed using GOseq (Young et al., 2010) and KOBAS 2.0 (Mao et al.,
2005), respectively.

RT-qPCR analysis
To analyze the expression of mRNA, RT-qPCR was performed with SYBR Green RT-qPCR
mastermix (TaKaRa, Japan) on anABI7500RT-qPCR system. The target genes of RT-qPCR
were calculated with relative quantification (2−11Ct) method, which was normalized to
Actin.

LC-MS and LC-MS/MS analysis
In order to study the difference in metabolites between the two cultivars at different
developmental stages, untargeted metabolomics was carried out using LC-ESI-MS/MS
system (Fang et al., 2019). We crushed freeze-dried fruit tissues in a mixer mill (MM
400, Retsch, Germany) to obtain the metabolites. Using 1.0 mL 70% aqueous methanol
containing 0.1 mg/L lidocaine as the extraction solvent, 100 mg of sample powder was
weighed and extracted overnight at 4 ◦C. Then, the mix was centrifugated 10,000 g for 10
min. In order to perform UPLC separation, two liters of sample solution were placed into
an ACQUITY HSS T3 C18 column (100× 2.1 mm, 1.7 µm; Waters) with a flow rate of 0.4
mL/min. The mobile phases were 0.04% acetic acid aqueous solution (A) and acetonitrile
with 0.04% acetic acid (B). We separated the compounds following this gradient: 95:5
Phase A/Phase B at 0 min; 5:95 Phase A/Phase B at 11.0 min; 5:95 Phase A/Phase B at
12.0 min; 95:5 Phase A/Phase B at 12.1 min; 95:5 Phase A/Phase B at 15.0 min; 5:95 Phase
A/Phase B at 12.0 min; 95:5 Phase A/Phase B at 12.1 min; 95:5 Phase A/Phase B at 15.0 min.
An ESI-triple quadrupole-linear ion trap (Q TRAP)-MS was used to analyze the effluent.
The operation parameters were listed in Table S1.

Metabolomic data analysis
To produce a matrix containing fewer biased and redundant data, peaks were filtered to
remove the redundant signals caused by different isotopes, in-source fragmentation,
K+, Na+, and NH4+ adduct, and dimerization. Metabolites were quantified by
comparison to the internal standard values and identified according to the internal
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database and public databases: MassBank (https://massbank.eu/MassBank/), KNApSAcK
(http://www.knapsackfamily.com/KNApSAcK/), HMDB (https://hmdb.ca/), MoTo DB
(Grennan & MoTo, 2009), and METLIN (Zhu et al., 2013). Orthogonal projection to
latent structures-discriminant analysis (OPLS-DA) was applied to highlight significant
biomarkers (Managa, Sultanbawa & Sivakumar, 2020). Variable importance of the
projection (VIP) score of the application (O) PLS model was used to filter the best
differentiatedmetabolites between groups. The threshold of VIP was set to 1. For univariate
analysis, Student’s T -test with the Benjamini–Hochberg-based false discovery rate (FDR)
was used to characterize the differential significances of metabolites among groups.
Metabolites with FDR < 0.05 and VIP ≥ 1 were considered differential metabolites.
Then, metabolites were mapped to KEGG metabolic pathways for pathway analysis and
enrichment analysis.

RESULTS
Phenotypic analysis of the two plum varieties
After 90 days of growth, plums gradually matured. There were obvious differences between
the two varieties. Ch84 had a bigger fruit size than D. The fruit pericarp color of ch84 was
red and D was yellow (Figs. 1A to 1C, Table S2). Also, the fruit color characteristics showed
that D had higher brightness (L) and yellow-blue (b) value than Ch84, but lower red-green
(a) value (Fig. 1D, Table S2). Also, the fruit weight, longitudinal diameter and transverse
diameter of Ch84 were significantly higher than D (Fig. 1E). The most striking difference
is the color of the fruit. As we know, anthocyanins are the pigments that give red, purple,
and blue plants their rich coloring. In three different periods, the content of anthocyanins
in Ch84 was significantly higher than that in D (Fig. 1F).

Sequence data summary
All the libraries of the plum fruits produced 1,089,530,564 raw reads (150 bp length/read)
with an average 60,529,476 reads per library. After filtering out low quality reads,
1,087,632,936 reads (99.83% of the raw data) were obtained. The Q20 and Q30 value
was 97.59% and 93.07%, respectively. The quality of sequencing data was summarlied in
Table S3. Trinity software assembled the high-quality reads into 37,151 transcripts with
an average length of 1,216 bp and an N50 value of 2063. The range of transcripts length
was 201–16,179 bp. The percentages of mapping to transcript were 89.69 and 87.37%,
respectively. Moreover, we also evaluated the correlation between biological repeat samples
by PCA and sample to sample correlation analysis. The results showed that samples in
the same group were clustered together (Fig. S1A) and had high correlation coefficient
(Fig. S1B), indicating that the difference between biological repeat samples was small. The
statistical power, which was calculated by RNASeqPower, is 69.09%, 74.63% and 72.35%
for the comparisons Ch84-Y vs. D-Y, Ch84-C vs. D-C, and Ch84-D vs. D-D, respectively
(Table S4).

Transcript’s annotation
All the assembled transcripts were BLAST-searched against six public databases (Nr, Nt,
SwissProt, KOG, Pfam, GO and KEGG) using search tools. In total, 26,055 transcripts
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A

B

C

D

Figure 1 Fruit performance of the two plum varieties. (A–C) The color and size of the two varieties of
plums at different angles. (D) The results of colorimeter analysis. L, a, and b represented brightness, red-
green coordinates, and blue-yellow coordinates of samples, respectively. (E) The statistical results of trans-
verse and longitudinal diameter and weight of two varieties of plum. (F) The content of anthocyanins in
three different periods. Ch84 represents ‘Changli84’ (the red fruit); D represents ‘Dahuangganhe’ (the yel-
low fruit).

Full-size DOI: 10.7717/peerj.14413/fig-1

were annotated using these databases. The annotation summary was shown in Fig. S2A).
There were 12,271 transcripts were commonly annotated in these databases (Fig. S2B).
The species distribution with the greatest number of plum were Prunus mume (60.61%),
Prunus persica (8.72%), Malus domestica (3.90%), Pyrus x bretschneideri (2.92%), Populus
trichocarpa (2.86%), etc (Fig. S2C).
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Analysis of DEGs between the two plum varieties
According to false discovery rate (FDR) <0.05 and |log2 foldchange| ≥ 2, DEGs were
identified using the DESeq software package. As shown in Fig. 2A, 4,994, 6,696 and 5,322
DEGs were identified in the comparison of Ch84-Y vs. D-Y, Ch84-C vs. D-C, and Ch84-D
vs.D-D, respectively (Table S5). Venn analysis shows that there are 2429 DEGs in common
(Fig. 2B, Table S5). We conducted KEGG and GO functional enrichment analysis for all
DEGs between the two varieties at the three developmental stages. GO enrichment was
performed on all the DEGs to cluster the genes with similar functions.

The GO enrichment results showed that no significant BP terms enriched in Ch84-Y
vs. D-Y and Ch84-D vs. D-D (Fig. 2C). For KEGG enrichment analysis, we found that
the ‘‘Phenylpropanoid biosynthesis’’ (ko00940), ‘‘Flavonoid biosynthesis’’ (ko00941),
‘‘Plant-pathogen interaction’’ (ko04626) and ‘‘Biosynthesis of secondary metabolites’’
(ko01110) were significantly enriched (Fig. 2D). It is worth paying attention to the DEGs
enriched in the ‘‘Flavonoid biosynthesis’’ pathway, including F3H, CYP75A (Flavonoid 3′,
5′-hydroxylase), CHS, CHI, ANS, FLS, HCT, LAR, PGT1 and DFR etc. Also, four DEGs,
CrtB, LCYB, LCY1 and LCYE, were significantly enriched in ‘‘Carotenoid biosynthesis’’
(ko00906) pathway (P > 0.05). Although not significant, this result reflects the enrichment
of known fruit-related genes that interact with carotenoid biosynthesis. Hence, both
‘‘Flavonoid biosynthesis’’ and ‘‘Carotenoid biosynthesis’’ are important pathways that
guiding us to reveal the mechanism of plum fruit color differences.

DEGs in flavonoid biosynthesis process
Figure 3 shows the schematic of anthocyanin synthesis. Most of the key regulators had
higher expression in Ch84 than that in D at the color-change stage and maturation stage,
which corresponded to the color of the two plum fruits. Importantly, the DFR, one of the
key genes in anthocyanin biosynthesis, had the highest level at the young fruit stage than
other developmental stages. Overall, the activity of DEGs in flavonoid biosynthesis process
in Ch84 was much higher than that in D.

In order to further explore the DEGs that related to fruit color, we identified the
gene expression level of MBW protein complexes. We found that MYB and bHLH were
significantly highly and lowly expressed in Ch84, respectively, at all the three stages.
However, WD40 showed significant difference at the young fruit stage, but not at the
color-change and maturation stage.

DEGs in carotenoid biosynthesis
As we know, carotenes and carotenoids are the main substances that control fruit color. In
carotenoid biosynthesis pathway, CrtB, LCYB and LCY1 had higher expression in D than
that in Ch84 at all the three detected stages (Fig. 4). For LCYE, its expression was higher in
Ch84 than in D (Fig. 4).
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Figure 2 DEGs statistics between Ch84 and D and their functional annotation analysis. (A) The num-
ber of DEGs between the two plum varieties at different developmental stage. (B) The Venn analysis re-
sults of different comparisons. (C and D) GO and KEGG enrichment results of all the DEGs, respectivly.
The redder the color, the higher the significance. Ch84 represents ‘Changli84’ (the red fruit); D represents
‘Dahuangganhe’ (the yellow fruit).

Full-size DOI: 10.7717/peerj.14413/fig-2

qRT-PCR validation
The gene expression profiles were validated by qRT-PCR. The results were closely consistent
with the RNA-Seq results with a R2 value 0.9675 (Fig. 5). The discrepancies at different
developmental stages between the qRT-PCR and RNA-Seq results might be caused by a
sensitivity bias between the two methods.
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Figure 3 Expression pattern analysis of DEGs in flavonoid biosynthesis pathway between Ch84 and D.
A simplified model depicting the transcription factors in flavonoid biosynthesis pathway. Red columns in
the heatmap indicate higher gene expression, while blue columns in the heatmap indicate lower gene ex-
pression. Ch84 represents ‘Changli84’ (the red fruit); D represents ‘Dahuangganhe’ (the yellow fruit). The
annotation of the heatmap cells were marked on the upper right corner.

Full-size DOI: 10.7717/peerj.14413/fig-3

Analysis of differential metabolites (DMs) between the two plum
varieties
The unsupervised PCA was performed in both positive and negative spectra to distinguish
the classes and assess the global metabolism variations. The PCA score plot of positive
spectra indicated a clear classification of observations of Ch84 and D (Fig. 6A). To further
distinguish the Ch84 and D and to identify differential variants, a supervised OPLS-DA was
conducted. In Figs. 6B–6D, a remarkable separation of LC-MS data in Ch84 and D groups
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Figure 4 Expression pattern analysis of DEGs in carotenoid biosynthesis pathway. A simplified
schematic depicting the DEGs in carotenoid biosynthesis pathway. The heatmap showed the expression
of these DEGs. The redder the color, the higher the level. Ch84 represents ‘Changli84’ (the red fruit); D
represents ‘Dahuangganhe’ (the yellow fruit). The annotation of the heatmap cells were marked on the
upper right corner.

Full-size DOI: 10.7717/peerj.14413/fig-4

at different developmental stages was observed in the OPLS-DA score plot, indicating that
this OPLS-DA model was non-overfitting (Table S2).

The results of these assessments mentioned above suggested that the LC-MS data
quality was reliable. Fifty-four differential metabolites were identified and the heatmap of
the differential metabolites were shown in Fig. 7A. The KEGG enrichment analysis was
performed to uncover the most relevant biological pathways about fruit color. The KEGG
enrichment and topology analysis demonstrated that main difference of metabolites
between the two varieties was related to ‘‘Cysteine and methionine metabolism’’,
‘‘Biosynthesis of amino acids’’ and ‘‘Aminoacyl-tRNA biosynthesis’’ at the metabolism
level (Fig. 7B). We were further intrigued to see that, specifically with regard to fruit color,
the pigment content was showed in Fig. 7C. In total, six pigment related metabolisms were
detected in the LC-MS analysis. Four of the six showed significant differences between
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Figure 5 Verification analysis of candidate gene expression using qRT-PCR. Correlation analysis of
candidate genes based on RNA-seq and qRT-PCR data. The abscissa indicates the FPKM value of tran-
scriptome sequencing, and the ordinate indicates the fold-change value detected by qRT-PCR.

Full-size DOI: 10.7717/peerj.14413/fig-5

Ch84 and D, but not at each developmental stage. The content of Procyanidin B1, Cyanidin
3-glucoside, Cyanidin-3-O-alpha-arabinopyranoside, Luteolin 7-galactoside and Catechin
were significantly higher in Ch84 than that in D at both color-change stage and fruit
mature stage. Rutin showed significantly difference between Ch84 and D only at the fruit
mature stage. However, there was no significant difference found in the level of Lutein and
Carotenoids.

DISCUSSION
There are obvious differences in fruit color between the two plum varieties. Finding out the
difference can help us understand themechanism of fruit color. As shown in Fig. 1, The fruit
color of Ch84 is dark red, while that of D is yellow. The main reason for this difference may
be caused by different anthocyanin content in the plum fruit. The transcriptome analysis
results showed that ‘‘Flavonoid biosynthesis’’ was significantly enriched in the KEGG
analysis. Flavonoid biosynthesis is one of the most extensively studied secondary metabolic
pathways in plants (Winkel-Shirley, 2001; Grotewold, 2006). Flavonoid biosynthesis is
regulated by a complex network of signals triggered by internal metabolic cues and
external signals, including visible light, pathogen attack, nitrogen, phosphorus, and iron
deficiencies, temperature, etc (Abeynayake et al., 2012). Genetic characteristics are also a
factor that cannot be ignored. The results of flavonoid biosynthesis related gene expression
showed that their expression in the two plum cultivars were quite different. In particular,
the expression trend of some DEGs was opposite between the two cultivars, such as CHS,
DFR and FLS. Anthocyanin synthesis is a process that involves many steps (Lancaster &
Dougall, 1992; Pesch et al., 2015; Gonzalez et al., 2008). PAL, CHI, CHS, F3H, DFR, ANS
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Figure 6 Summary of the metabolomic data. (A) The PCA results of metabolomic data of six sample
groups; the colors represent different groups. (B, C, D) The OPLS-DA analysis results between the two
plum varieties at the young fruit stage, color changing stage and fruit mature stage. Ch84 represents
‘Changli84’ (the red fruit); D represents ‘Dahuangganhe’ (the yellow fruit).

Full-size DOI: 10.7717/peerj.14413/fig-6

and UFGT are closely related with anthocyanin biosynthesis (Grotewold, 2006; Allan,
Hellens & Laing, 2008). CHS is responsible for initiating flavonoid biosynthesis (Austin
& Noel, 2003) and Flavonoid-3-O Glycosyltransferases (F3GT) has been shown to be
responsible for anthocyanin biosynthesis (Montefiori et al., 2011). Peng reported that CHS
and F3GT are crucial for total anthocyanin accumulation (Peng et al., 2019). In this present
study, most of the genes in the flavonoid biosynthesis process had higher expression level
in Ch84 than that in D, especially at the color-change and maturation stage, indicating
that anthocyanins accumulated rapidly in these two periods in Ch84. Meanwhile, the
metabolomic data also support this theory, because Procyanidin B1, Cyanidin 3-glucoside
and Cyanidin-3-O-alpha-arabinopyranoside showed a higher abundance in Ch84 than D
at these two stages. Interestingly, the DFR at the young fruit stage had the highest level,
indicating the accumulation of catechin at the early development stage. The content of
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catechin in metabolome analysis was consistent with DFR level. DFR was identified as the
main regulatory element of the catechin biosynthesis pathway (Kausar et al., 2020). In some
engineered bacteria, the optimal production of anthocyanins required catechin (Zhang
et al., 2022), but we do not know whether it is applicable to plum. Further experiments
are needed to prove this. The expression of CHS increased with the growth of fruit in
Ch84, but decreased in D, indicating that the anthocyanins in Ch84 were accumulated
continuously, while those in D were consumed. Correspondingly, the results of LC-MS
data also confirmed that anthocyanin content changed from procyanidin to cyanidin. In
addition,CHI maintained a high level in Ch84, but decreased in D. In general, the flavonoid
pathway begins with the sequential condensation of one molecule of 4-coumoryl-CoA and
three molecules of malonylCoA byCHS, resulting in the formation of naringenin chalcones
(Dao, Linthorst & Verpoorte, 2011). The chalcone is then stereospecifically isomerised to
the flavanone naringenin by the enzyme CHI (Kimura, Aoki & S-I, 2001). Hence, the
expression of CHI also plays an important role in the accumulation of anthocyanin.
According to our results, the activity of flavonoid biosynthesis is determined by varieties,
and the high expression of key genes leads to the changes of fruit color.

It is usually considered that anthocyanin biosynthesis is regulated by MBW complexes
consisting of different MYBs, bHLHs and WD40 transcription factors (Liu et al., 2018).
But there are exceptions. Myb and bHLH transcription factors can also co-regulate the
expression of anthocyanin biosynthesis genes without depending on WD40 protein (Gao,
2020). The results of this study suggested that the differential expression ofMYB and bHLH
are key factors leading to fruit color change by regulating the activity of MBW, but there
may not be a significant correlation between MYB and bHLH in our results. Combined
withmetabolomics, we further confirmed the role of anthocyanins in the color difference of
plum fruits. We believe that the overall expression levels of genes in flavonoid biosynthesis
process dominate the color change of plum fruit. The role of WD40 is limited.

The metabolomics results also give us a lot of hints about the mechanism of plum
fruit color. Polyphenols including yellow flavonoids, procyanidins (B1 and B2) and
cyanidin-3-O-glucoside in substantial amounts have been characterized in different palm
fruits (Agostini-CostaTDS, 2018). In our results, procyanidin B1 and B2 had the highest
level at young fruit stage in Ch84 and the content of procyanidin B2 decreased sharply at
the color change stage. Conversely, the content of cyanidin increased with the growth of
fruit and reached the peak at the maturation stage. While for D, the metabolites mentioned
above did not change significantly at all developmental stages. As we know, procyanidins
are members of the proanthocyanidin (or condensed tannins) class of flavonoids. They
are oligomeric compounds, formed from catechin and epicatechin molecules. They yield
cyanidin when depolymerized under oxidative conditions (Rue, Rush & van Breemen,
2018). Therefore, we speculated that the content of polyphenols, like procyanidin B1 and
B2, in plums might be the leading factors of the matured fruit color.

For the carotenoid biosynthesis process, we found some genes were differently expressed,
such as CrtB, LCYB, LCY1 and LCYE. But neither carotenes nor carotenoids showed
significant differences between Ch84 and D, indicating that carotene and carotenoids are
not the dominate cause of plum fruit color difference.
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CONCLUSION
The level of genes and metabolites in the ‘‘flavonoid biosynthesis’’ pathway indicated
that anthocyanins content is the dominate factor for the difference of fruit color between
the two varieties. DEGs such as CHS, CHI, DFR, CYPs, MYB and WD40 were the key
regulators. Metabolites such as procyanidin B1, cyanidin 3-glucoside and cyanidin-3-
O-alpha-arabinopyranoside were the key pigment (or precursor). While carotene and
carotenoids were not shown to be key regulations with fruit color.

ACKNOWLEDGEMENTS
We thanks to Ri Gao for his guidance and suggestions on the experimental design and
manuscript writing.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by basic research funding projects of the Jilin Academy of
Agricultural Sciences, KYJF2021ZR018 and Key Scientific and Technological Projects of
the Science and Technology Department of Jilin Province, 20220202113N C. The funders
had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Jilin Academy of Agricultural Sciences: KYJF2021ZR018.
Science and Technology Department of Jilin Province: 20220202113N C.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Lei Chen conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, authored or reviewed drafts of the article, and
approved the final draft.
• Xuesong Wang performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.
• Long Cui performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.
• Yuebo Li performed the experiments, analyzed the data, prepared figures and/or tables,
and approved the final draft.
• Yinghai Liang conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the article, and approved the final draft.
• Shanshan Wang conceived and designed the experiments, analyzed the data, authored
or reviewed drafts of the article, and approved the final draft.

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.14413 15/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.14413


• Yubo Chen analyzed the data, prepared figures and/or tables, and approved the final
draft.
• Lan Zhou analyzed the data, prepared figures and/or tables, authored or reviewed drafts
of the article, and approved the final draft.
• Yanbo Zhang conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the article, and approved the final draft.
• Feng Li conceived and designed the experiments, performed the experiments, analyzed
the data, authored or reviewed drafts of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The original transcriptome sequencing data is available at NCBI: PRJNA726302.
The Prunus salicina transcriptome shotgun assembly (TSA) is available at NCBI:

GJEK00000000.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.14413#supplemental-information.

REFERENCES
Abeynayake SW, Panter S, Chapman R,Webster T, Rochfort S, Mouradov A,

Spangenberg G. 2012. Biosynthesis of proanthocyanidins in white clover flow-
ers: cross talk within the flavonoid pathway. Plant Physiology 158(2):666–678
DOI 10.1104/pp.111.189258.

Agostini-Costa TDS. 2018. Bioactive compounds and health benefits of some palm
species traditionally used in Africa and the Americas - a review. Journal of Ethnophar-
macology 224:202–229 DOI 10.1016/j.jep.2018.05.035.

Allan AC, Hellens RP, LaingWA. 2008.MYB transcription factors that colour our fruit.
Trends in Plant Science 13(3):99–102 DOI 10.1016/j.tplants.2007.11.012.

An XH, Tian Y, Chen KQ, Liu XJ, Liu DD, Xie XB, Cheng CG, Cong PH, Hao YJ. 2015.
MdMYB9 and MdMYB11 are involved in the regulation of the JA-induced biosyn-
thesis of anthocyanin and proanthocyanidin in apples. Plant and Cell Physiology
56(4):650–662 DOI 10.1093/pcp/pcu205.

AustinMB, Noel JP. 2003. The chalcone synthase superfamily of type III polyketide
synthases. Natural Product Reports 20(1):79–110 DOI 10.1039/b100917f.

Bittar SAl, Mora N, Loonis M, Dangles O. 2014. Chemically synthesized glycosides of
hydroxylated flavylium ions as suitable models of anthocyanins: binding to iron
ions and human serum albumin, antioxidant activity in model gastric conditions.
Molecules 19(12):20709–20730 DOI 10.3390/molecules191220709.

Britt J. 1992. Enhancements of the BLASTX code for blast and thermal propagation
in protective structures. In: BLASTX Version 2.0. US Army Engineer Waterways
Experiment Station.

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.14413 16/20

https://peerj.com
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA726302
https://www.ncbi.nlm.nih.gov/nuccore/GJEK00000000.1/
http://dx.doi.org/10.7717/peerj.14413#supplemental-information
http://dx.doi.org/10.7717/peerj.14413#supplemental-information
http://dx.doi.org/10.1104/pp.111.189258
http://dx.doi.org/10.1016/j.jep.2018.05.035
http://dx.doi.org/10.1016/j.tplants.2007.11.012
http://dx.doi.org/10.1093/pcp/pcu205
http://dx.doi.org/10.1039/b100917f
http://dx.doi.org/10.3390/molecules191220709
http://dx.doi.org/10.7717/peerj.14413


Broun P. 2005. Transcriptional control of flavonoid biosynthesis: a complex network of
conserved regulators involved in multiple aspects of differentiation in Arabidopsis.
Current Opinion in Plant Biology 8(3):272–279 DOI 10.1016/j.pbi.2005.03.006.

Chalker-Scott L. 1999. Environmental significance of anthocyanins in plant stress
responses. Photochemistry and Photobiology 70(1):1–9
DOI 10.1111/j.1751-1097.1999.tb01944.x.

Chen C, Chen H, YangW, Li J, TangW, Gong R. 2022. Transcriptomic and metabolomic
analysis of quality changes during sweet cherry fruit development and min-
ing of related genes. International Journal of Molecular Sciences 23(13):7402
DOI 10.3390/ijms23137402.

Dao TTH, Linthorst HJM, Verpoorte R. 2011. Chalcone synthase and its functions in
plant resistance. Phytochemistry Reviews 10(3):397
DOI 10.1007/s11101-011-9211-7.

Dayar E, CebovaM, Lietava J, Panghyova E, Pechanova O. 2020. Beneficial effects
of cornelian cherries on lipid profile and NO/ROS balance in obese Zucker rats:
comparison with CoQ10.Molecules 25(8):1922 DOI 10.3390/molecules25081922.

Dinda B, Kyriakopoulos AM, Dinda S, Zoumpourlis V, Thomaidis NS, Velegraki A,
Markopoulos C, DindaM. 2016. Cornus mas L. (cornelian cherry), an important
European and Asian traditional food and medicine: Ethnomedicine, phytochemistry
and pharmacology for its commercial utilization in drug industry. Journal of
Ethnopharmacology 193:670–690 DOI 10.1016/j.jep.2016.09.042.

FangM, Liu S, Wang Q, Gu X, Ding P,WangW, Ding Y, Liu J, Wang R. 2019. Qualita-
tive and quantitative analysis of 24 components in Jinlianhua decoction by UPLC–
MS/MS. Chromatographia 82(12):1801–1825 DOI 10.1007/s10337-019-03806-w.

Feller A, Machemer K, Braun EL, Grotewold E. 2011. Evolutionary and compara-
tive analysis of MYB and bHLH plant transcription factors. The Plant Journal
66(1):94–116 DOI 10.1111/j.1365-313X.2010.04459.x.

Feng X-M, Zhao Q, Zhao L-L, Qiao Y, Xie X-B, Li H-F, Yao Y-X, You C-X, Hao Y-
J. 2012. The cold-induced basic helix-loop-helix transcription factor gene Md-
CIbHLH1 encodes an ICE-like protein in apple. BMC Plant Biology 12:22–22
DOI 10.1186/1471-2229-12-22.

Gao G-Y. 2020.WUX-fZD-wZD-gZK-xYANM-l: research progress on the MBW
complexes in plant anthocyanin biosynthesis pathway. Biotechnology Bulletin
36(1):126–134.

Gonzalez A, ZhaoM, Leavitt JM, Lloyd AM. 2008. Regulation of the anthocyanin
biosynthetic pathway by the TTG1/bHLH/Myb transcriptional complex in Ara-
bidopsis seedlings. The Plant Journal 53(5):814–827
DOI 10.1111/j.1365-313X.2007.03373.x.

Grennan AK, MoTo DB. 2009. a metabolic database for tomato. Plant Physiology
151(4):1701–1702 DOI 10.1104/pp.109.900308.

Grotewold E. 2006. The genetics and biochemistry of floral pigments. Annual Review of
Plant Biology 57:761–780 DOI 10.1146/annurev.arplant.57.032905.105248.

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.14413 17/20

https://peerj.com
http://dx.doi.org/10.1016/j.pbi.2005.03.006
http://dx.doi.org/10.1111/j.1751-1097.1999.tb01944.x
http://dx.doi.org/10.3390/ijms23137402
http://dx.doi.org/10.1007/s11101-011-9211-7
http://dx.doi.org/10.3390/molecules25081922
http://dx.doi.org/10.1016/j.jep.2016.09.042
http://dx.doi.org/10.1007/s10337-019-03806-w
http://dx.doi.org/10.1111/j.1365-313X.2010.04459.x
http://dx.doi.org/10.1186/1471-2229-12-22
http://dx.doi.org/10.1111/j.1365-313X.2007.03373.x
http://dx.doi.org/10.1104/pp.109.900308
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105248
http://dx.doi.org/10.7717/peerj.14413


HertogMG, Hollman PC, KatanMB, Kromhout D. 1993. Intake of potentially anticar-
cinogenic flavonoids and their determinants in adults in The Netherlands. Nutrition
and Cancer 20(1):21–29 DOI 10.1080/01635589309514267.

Hichri I, Barrieu F, Bogs J, Kappel C, Delrot S, Lauvergeat V. 2011. Recent advances
in the transcriptional regulation of the flavonoid biosynthetic pathway. Journal of
Experimental Botany 62(8):2465–2483 DOI 10.1093/jxb/erq442.

Holton TA, Cornish EC. 1995. Genetics and biochemistry of anthocyanin biosynthesis.
Plant Cell 7(7):1071–1083 DOI 10.2307/3870058.

HuDG, Yu JQ, Han PL, Xie XB, Sun CH, Zhang QY,Wang JH, Hao YJ. 2019. The
regulatory module MdPUB29-MdbHLH3 connects ethylene biosynthesis with fruit
quality in apple. New Phytologist 221(4):1966–1982 DOI 10.1111/nph.15511.

Kausar H, Ambrin G, Okla MK, SoufanW, Al-Ghamdi AA, Ahmad A. 2020.Metabolic
flux analysis of catechin biosynthesis pathways using nanosensor. Antioxidants
9(4):288 DOI 10.3390/antiox9040288.

Kazimierski M, Regula J, MolskaM. 2019. Cornelian cherry (Cornus mas L.) - char-
acteristics, nutritional and pro-health properties. Acta Scientiarum Polonorum,
Technologia Alimentaria 18(1):5–12.

Kimura Y, Aoki T, S-I Ayabe. 2001. Chalcone isomerase isozymes with different
substrate specificities towards 6

′

-hydroxy- and 6
′

-deoxychalcones in cultured cells
of glycyrrhiza echinata, a Leguminous Plant Producing 5-Deoxyflavonoids. Plant and
Cell Physiology 42(10):1169–1173 DOI 10.1093/pcp/pce130.

Lancaster JE, Dougall DK. 1992. Regulation of skin color in apples. Critical Reviews in
Plant Sciences 10(6):487–502 DOI 10.1080/07352689209382324.

Liu Y, Tikunov Y, Schouten RE, Marcelis LFM, Visser RGF, Bovy A. 2018. Anthocyanin
biosynthesis and degradation mechanisms in solanaceous vegetables: a review.
Frontiers in Chemistry 6:52.

LoveMI, HuberW, Anders S. 2014.Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biology 15(12):1–21
DOI 10.1186/gb-2014-15-1-r1.

MaQ, Xie H, Jiang Y,Wei X. 2014a. Phenolics and sesquiterpenes from litchi pericarp.
Journal of Functional Foods 9:156–161 DOI 10.1016/j.jff.2014.04.020.

MaQ, Xie H, Li S, Zhang R, ZhangM,Wei X. 2014b. Flavonoids from the pericarps
of Litchi chinensis. Journal of Agricultural and Food Chemistry 62(5):1073–1078
DOI 10.1021/jf405750p.

ManagaMG, Sultanbawa Y, Sivakumar D. 2020. Effects of different drying methods
on untargeted phenolic metabolites, and antioxidant activity in Chinese Cabbage
(Brassica rapa L. subsp. chinensis) and Nightshade (Solanum retroflexum Dun).
Molecules 25(6):1326 DOI 10.3390/molecules25061326.

Mao X, Cai T, Olyarchuk JG,Wei L. 2005. Automated genome annotation and pathway
identification using the KEGG Orthology (KO) as a controlled vocabulary. Bioinfor-
matics 21(19):3787–3793 DOI 10.1093/bioinformatics/bti430.

Montefiori M, Espley RV, Stevenson D, Cooney J, Datson PM, Saiz A, Atkinson
RG, Hellens RP, Allan AC. 2011. Identification and characterisation of F3GT1

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.14413 18/20

https://peerj.com
http://dx.doi.org/10.1080/01635589309514267
http://dx.doi.org/10.1093/jxb/erq442
http://dx.doi.org/10.2307/3870058
http://dx.doi.org/10.1111/nph.15511
http://dx.doi.org/10.3390/antiox9040288
http://dx.doi.org/10.1093/pcp/pce130
http://dx.doi.org/10.1080/07352689209382324
http://dx.doi.org/10.1186/gb-2014-15-1-r1
http://dx.doi.org/10.1016/j.jff.2014.04.020
http://dx.doi.org/10.1021/jf405750p
http://dx.doi.org/10.3390/molecules25061326
http://dx.doi.org/10.1093/bioinformatics/bti430
http://dx.doi.org/10.7717/peerj.14413


and F3GGT1, two glycosyltransferases responsible for anthocyanin biosynthesis
in red-fleshed kiwifruit (Actinidia chinensis). The Plant Journal 65(1):106–118
DOI 10.1111/j.1365-313X.2010.04409.x.

Niu J, Zhang G, ZhangW, Goltsev V, Sun S,Wang J, Li P, Ma F. 2017. Anthocyanin
concentration depends on the counterbalance between its synthesis and degra-
dation in plum fruit at high temperature. Scientific Reports 7(1):7684–7684
DOI 10.1038/s41598-017-07896-0.

Patra B, Schluttenhofer C,Wu Y, Pattanaik S, Yuan L. 2013. Transcriptional regulation
of secondary metabolite biosynthesis in plants. Biochimica et Biophysica Acta
1829(11):1236–1247 DOI 10.1016/j.bbagrm.2013.09.006.

Peng Y, Lin-Wang K, Cooney JM,Wang T, Espley RV, Allan AC. 2019. Differential
regulation of the anthocyanin profile in purple kiwifruit (Actinidia species).
Horticulture Research 6:3–3 DOI 10.1038/s41438-018-0076-4.

PeschM, Schultheiß I, Klopffleisch K, Uhrig JF, Koegl M, Clemen CS, Simon R,
Weidtkamp-Peters S, HülskampM. 2015. Transparent testa GLABRA1 and
GLABRA1 compete for binding to GLABRA3 in Arabidopsis. Plant Physiology
168(2):584–597 DOI 10.1104/pp.15.00328.

Petroni K, Tonelli C. 2011. Recent advances on the regulation of anthocyanin synthesis
in reproductive organs. Plant Science 181(3):219–229
DOI 10.1016/j.plantsci.2011.05.009.

Prior RL,Wu X. 2006. Anthocyanins: structural characteristics that result in unique
metabolic patterns and biological activities. Free Radical Research 40(10):1014–1028
DOI 10.1080/10715760600758522.

Roussos PA, Efstathios N, Intidhar B, Denaxa N-K, Tsafouros A. 2016. Chapter 26 -
Plum (Prunus domestica L. and P. salicina Lindl.). In: Simmonds MSJ, Preedy VR,
eds. Nutritional composition of fruit cultivars. San Diego: Academic Press, 639–666.

Rue EA, RushMD, van Breemen RB. 2018. Procyanidins: a comprehensive review
encompassing structure elucidation via mass spectrometry. Phytochemistry Reviews
17(1):1–16 DOI 10.1007/s11101-017-9507-3.

Winkel-Shirley B. 2001. Flavonoid biosynthesis, a colorful model for genetics, bio-
chemistry, cell biology, and biotechnology. Plant Physiology 126(2):485–493
DOI 10.1104/pp.126.2.485.

WuM, Si M, Li X, Song L, Liu J, Zhai R, Cong L, Yue R, Yang C, Ma F, Xu L,Wang Z.
2019. PbCOP1.1 contributes to the negative regulation of anthocyanin biosynthesis
in pear. Plants 8(2):39 DOI 10.3390/plants8020039.

XuW, Dubos C, Lepiniec L. 2015. Transcriptional control of flavonoid biosynthe-
sis by MYB-bHLH-WDR complexes. Trends in Plant Science 20(3):176–185
DOI 10.1016/j.tplants.2014.12.001.

YoungMD,Wakefield MJ, Smyth GK, Oshlack A. 2010. Gene ontology analy-
sis for RNA-seq: accounting for selection bias. Genome Biology 11(2):R14
DOI 10.1186/gb-2010-11-2-r14.

Zhai R, Liu XT, FengWT, Chen SS, Xu LF,Wang ZG, Zhang JL, Li PM,Ma FW. 2014.
Different biosynthesis patterns among flavonoid 3-glycosides with distinct effects on

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.14413 19/20

https://peerj.com
http://dx.doi.org/10.1111/j.1365-313X.2010.04409.x
http://dx.doi.org/10.1038/s41598-017-07896-0
http://dx.doi.org/10.1016/j.bbagrm.2013.09.006
http://dx.doi.org/10.1038/s41438-018-0076-4
http://dx.doi.org/10.1104/pp.15.00328
http://dx.doi.org/10.1016/j.plantsci.2011.05.009
http://dx.doi.org/10.1080/10715760600758522
http://dx.doi.org/10.1007/s11101-017-9507-3
http://dx.doi.org/10.1104/pp.126.2.485
http://dx.doi.org/10.3390/plants8020039
http://dx.doi.org/10.1016/j.tplants.2014.12.001
http://dx.doi.org/10.1186/gb-2010-11-2-r14
http://dx.doi.org/10.7717/peerj.14413


accumulation of other flavonoid metabolites in pears (Pyrus bretschneideri Rehd).
PLOS ONE 9(3):e91945 DOI 10.1371/journal.pone.0091945.

Zhang J-R, Trossat-Magnin C, Bathany K, Negroni L, Delrot S, Chaudière J. 2022.
Oxidative transformation of dihydroflavonols and flavan-3-ols by anthocyanidin
synthase from vitis vinifera.Molecules 27(3):1047 DOI 10.3390/molecules27031047.

Zhang Z, Xuequn P, Yang C, Ji Z, Jiang Y. 2004. Purification and structural anal-
ysis of anthocyanins from litchi pericarp. Food Chemistry 84(4):601–604
DOI 10.1016/j.foodchem.2003.05.002.

Zhu ZJ, Schultz AW,Wang J, Johnson CH, Yannone SM, Patti GJ, Siuzdak G. 2013.
Liquid chromatography quadrupole time-of-flight mass spectrometry characteriza-
tion of metabolites guided by the METLIN database. Nature Protocols 8(3):451–460
DOI 10.1038/nprot.2013.004.

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.14413 20/20

https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0091945
http://dx.doi.org/10.3390/molecules27031047
http://dx.doi.org/10.1016/j.foodchem.2003.05.002
http://dx.doi.org/10.1038/nprot.2013.004
http://dx.doi.org/10.7717/peerj.14413

