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(Jilin Academy of Agricultural Sciences, Chang Chun, 130000,Chian )

Abstract
Background

In order to reveal the mechanism of fruit color changes in plum, two common plum cultivars
Changli84 (Ch84, red fruit) and Dahuangganhe (D, yellow fruit) in Northeast China were
selected as plant materials. Transcriptome sequencing and metabonomic analyzing were
performed at three different developmental stages: young fruit stage, colour-change stage, and

maturation stage.
Results

“Flavonoid biosynthesis” was significantly enriched in the KEGG analysis. Some DEGs in
“Flavonoid biosynthesis” pathway had an opposite trend between the two cultivars, such as
CHS, DFR and FLS. In the current study, 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.
Conclusion

The content of procyanidin B1 and B2 in plums at young fruit stage might be the leading factors
of the matured fruit color. At the maturation stage, the cyanidin produced by procyanidins keeps
the color of the fruit red. Correspondingly, genes in “flavonoid biosynthesis” pathway play

critical roles in regulating the accumulation of anthocyanin in plum.

Keywords: Plum; Fruit color; Transcriptome; Metabolome

Introduction

Plums (Prunus salicina Lindl.) is a kind of favorite fruit product by consumers for their delicious
tastes. Plum have a wide variety of uses and consumers typically prefer to eat fresh plums for

their characteristic taste and rich nutrient substance [1]. There are many varieties of plums,



which have different characteristics, such as maturity period, different taste, different fruit color
and so on. In this study, two plum cultivars with different fruit color were selected to study the
molecular mechanism that related to fruit color formation.

Concentration of anthocyanins determines the color of fruits [2, 3]. Anthocyanins are
responsible for the colors of numerous flowers, fruits, vegetables and even cereals [4], 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 [5, 6].
Anthocyanin synthesis is regulated by many external environmental factors, such as nutrient
depletion, drought, pathogen infection, temperature, light and genetic factors [7]. Different factors
could cause content changes in anthocyanin abundance via different pathways. Genetic factors that
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 (4NS) and UDP glucose flavonoid 3-
O-glucosyltransferase (UF3GT) [8]. 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 (PHLH) families, which, along with
WD-repeat protein, form a MYB-bHLH-WDR transcription complex to regulate anthocyanin
synthesis [9-11]. Some of these structural and regulatory genes had been identified and cloned in
model plants such as Arabidopsis, maize (Zea mays), etc. [12-15]. It has been reported that
anthocyanins are closely related to peel color, and pericarp has been reported to contain a large
amount of phenolics, including anthocyanins, procyanidins, flavonoids, lignans, and sesquiterpenes
[16-18]. Dayar et al reported that concentration of anthocyanins determines the color of fruits [19].
The molecular mechanism of anthocyanin and proanthocyanidin biosynthesis in plum is inadequate.
Therefore, more research is needed to reveal it.

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. In order to reveal the mechanism
of fruit color changes between the two cultivars, transcriptome sequencing and metabonomic
analyzing were performed at three different developmental stages: young fruit stage, colour-change

stage, and maturation stage. We hypothesize that anthocyanin synthesis related genes and



anthocyanin metabolites play an important role in fruit color formation. This study might provide

evidence for the correlation between anthocyanins and plum fruit color.

Materials and methods

Plant materials

All plum fruit samples were collected from the experimental farm of 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. All plum trees
(six years old) grow under natural conditions, using conventional irrigation and fertilization
strategies. 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 young fruit stage (abbreviated as Y, 18"
May, 30 days after anthesis), colour-change stage (abbreviated as C, 17" Jun, 60 days after
anthesis) and maturation stage (abbreviated as D, 17" 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. A total of 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.

RNA isolation and sequencing

Total RNA extraction, library construction and RNA-Seq were performed by Genedenovo
Biotechnology Corporation (Guangdong, China). RNA samples were extracted using the
TruSeq RNA Sample Preparation Kit (Autolab Biotechnology, Beijing) according to the
manufacture's protocol. RNA quality and quantity were analyzed by 1% agarose gel and
NanoDrop ND1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The
RNA integrity number (RIN) values (>7.0) were assessed using an Agilent 2100 Bioanalyzer
(Santa Clara, CA, USA). The complementary DNA (cDNA) libraries were constructed from
total RNA samples using an Illumina TruSeq Stranded RNA kit with Poly-A tail selection

(Illumina, San Diego, CA). Sequencing was performed on an Illumina nova 6000 sequencer



using a 150bp pair-end multiplexing strategy.

Transcriptome data analysis

The raw reads from transcriptome sequencing were filtered by fastp (version 0.18.0) with the
default parameters. Then the clean reads were assembled by Trinity (version 2.8.4) software
with the default parameters. Assembled sequences Unigenes were annotated by BLASTx
against seven public databases in the case of >90% identity and an E-value of <0.00001,
including Nr, Nt, SwissProt, KOG, Pfam, GO, and KEGG. Unigene expression levels were
calculated based on FPKM values. Then, DEGs among the sample groups were identified using
the DESeq?2 software [69]. Differently expressed genes (DEGs) were identified based on a
false discovery rate (FDR) <0.05 and |log2 foldchange| > 2. DEGs were then submitted to GO
and KEGG enrichment (http://www.genome.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 and KOBAS 2.0, respectively.

LC-MS and LC-MS/MS Analysis

In order to study the difference of metabolomics between the two cultivars at different
developmental stages, untargeted metabolomics was carried out using a previously described
method [20]. The freeze-dried samples were crushed using a mixer mill (MM 400, Retsch) with
a zirconia bead for 1.5 min at 30 Hz. Then 100 mg powder was weighed and extracted overnight
at 4°C with 1.0 ml 70% aqueous methanol containing 0.1 mg/L lidocaine for internal standard.
Following centrifugation at 10000 g for 10min, the supernatant was analyzed using an LC-ESI-
MS/MS system. Briefly, 2 pl of samples were injected onto a Waters ACQUITY UPLC HSS
T3 C18 column (2.1 mm*100 mm, 1.8 um) operating at 40°C and a flow rate of 0.4 mL/min.
The mobile phases used were acidified water (0.04 % acetic acid) (Phase A) and acidified
acetonitrile (0.04 % acetic acid) (Phase B). Compounds were separated using the following
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. The
effluent was connected to an ESI-triple quadrupole-linear ion trap (Q TRAP)-MS. 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. According to the detected peaks, metabolites were identified
by searching internal database and public databases [MassBank
(https://massbank.eu/MassBank/), KNApSAcK (www.knapsackfamily.com/KNApSAcK/),
HMDB (https://hmdb.ca/), MoTo DB [21], and METLIN [22]). Orthogonal projection to latent
structures-discriminant analysis (OPLS-DA) was performed for classification and discriminant
analysis of the samples. OPLS-DA was applied in comparison groups using R software
according to a previous report [23]. A variable importance in projection (VIP) score of (O)PLS
model was applied to rank the metabolites that best distinguished between two groups. The
threshold of VIP was set to 1. In addition, T-test was also used as a univariate analysis for
screening differential metabolites. Those with a P value of T test <0.05 and VIP > 1 were
considered differential metabolites between two groups. Then, metabolites were mapped to

KEGG metabolic pathways for pathway analysis and enrichment analysis.

Results

Fruit performance on two plum varieties at the developmental stage.

After 90 days of growth, plums gradually matured. There were obvious differences between the
two varieties. Ch84 had bigger fruit size than D. The fruit flesh color of ch84 was red and D
was yellow (Figure 1A). The fruit weight, longitudinal diameter and transverse diameter of
Ch84 were significantly higher than those of D (Figure 1B to D). The most striking difference

1s the color of the fruit.
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Figure 1 Fruit performance of the two plum varieties

All the libraries of the plum fruits produced 1,089,530,564 raw reads (150bp 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 summary of sequencing data was listed in Table S2. The high-quality reads
were assembled into 37,151 transcripts with an average length of 1216 bp and an N50 value of 2063
by Trinity software. 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 (Figure S1A) and had
high correlation coefficient (Figure S1B), indicating that the difference between biological

repeat samples was small.

Transcripts annotation

Due to lacking of a reference genome in plum, all the assembled transcripts were blasted against
six public databases (Nr, Nt, SwissProt, KOG, Pfam, GO and KEGG) using search tools. Totally,
26055 transcripts were annotated using these databases. The annotation summary was shown in
Figure 2A. There were 12,271 transcripts were commonly annotated in these databases (Figure 2B).
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 (Figure 2C).
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Figure 2 The transcripts annotation summary

Analysis of differentially expressed genes (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 Figure 3A, 4,994, 6,696 and 5,322 DEGs were
identified in comparison of Ch84-Y vs. D-Y, Ch84-C vs. D-C, and Ch84-D vs. D-D, respectively.
The venn analysis showed that 2,429 DEGs were commonly expressed in the three comparisons
(Figure 3B). 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 (Figure 4A). 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 (Figure 4B). DEGs in “Biosynthesis of secondary metabolites” and
“Flavonoid biosynthesis” were the same, including PKS5, CHS, ACT, CHI3, FLS, CYP, HCT2,
DFR etc. DEGs in “Phenylpropanoid biosynthesis” included CHS, CADI, 4CL2, ACT, GT5,
PER, etc. Also, RPM1, CNGCI1, XA21, RPP13, Hsp90abl, MYB62, etc were significantly
enriched in “Plant-pathogen interaction”. In these pathways, “Flavonoid biosynthesis™ is

closely related to anthocyanins, and the expression levels of related genes are shown in Figure

4C.
A 4000 = Upregu|ated B Ch84-D vs. D-D
& 2000-
w
o
kS
£
g 2000
g -
E
-4000-
< mm Downregulated
-6000 - ——7—
I R
5 ot o
<
AV o
¥ ¥ ¥ Ch84-Y vs. D-Y /" Ch84-C vs. D-C

Figure 3 Statistics of differentially expressed genes (DEGs)
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Figure 4 The GO and KEGG enrichment results of DEGs and the expression of candidate

DEGs

Analysis of differential metabolites (DMs) between the two plum varieties

To distinguish the classes and to assess the global metabolism variations, the unsupervised PCA
was performed in both positive and negative spectra. The PCA score plot of positive spectra
indicated that there was a clear classification of observations of Ch84 and D (Figure SA). To further
distinguish the Ch84 and D and to identify differential variants, a supervised OPLS-DA was

conducted. In Figure 5B, C and D, a remarkable separation of LC-MS data in Ch84 and D groups



at different developmental stages was observed in the OPLS-DA score plot, indicating that this
OPLS-DA model was non-overfitting. 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 Figure 6A. To uncover the most
relevant biological pathways of osimertinib resistance, the KEGG enrichment analysis was
performed. The enrichment and topology analysis demonstrated that main difference of
metabolites between the two varieties was related to “Cysteine and methionine metabolism”
(ko00270), “Biosynthesis of amino acids” (ko01230) and “Aminoacyl-tRNA biosynthesis”
(ko00970) (Figure 6B). Interestingly, we found significant differences in the content of several
anthocyanin related metabolites between the two cultivars, including Cyanidin 3-glucoside,
Cyanidin-3-0O-alpha-arabinopyranoside, Procyanidin B2 and Procyanidin B1. The level of

these mentioned metabolites were shown in Figure 6C.
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Discussion



There are obvious differences in fruit color between the two plum varieties. Finding out the
difference can help us understand the mechanism of fruit color. As shown in Figure 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 [24, 25]. 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 [26]. 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 [27-29]. PAL,
CHI, CHS, F3H, DFR, ANS and UFGT are closely related with anthocyanin biosynthesis [25,
30]. CHS is responsible for initiating flavonoid biosynthesis [31] and F3GT has been shown to
be responsible for anthocyanin biosynthesis [32]. Peng reported that CHS and F3GT are crucial
for total anthocyanin accumulation [33]. In this present study, 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 by CHS, resulting in the formation of naringenin chalcones [34]. The
chalcone is then stereospecifically isomerised to the flavanone naringenin by the enzyme CHI
[35]. 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.

The results of metabolomics also give us a lot of hints about the mechanism of plum fruit color.
Polyphenols including yellow flavonoids, procyanidins (Bl and B2) and cyanidin-3-O-

glucoside in substantial amounts have been characterized in different palm fruits [36]. 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 [37].
Therefore, we speculated that the content of polyphenols, like procyanidin B1 and B2, in plums

at young fruit stage might be the leading factors of the matured fruit color.

Conclusion

Anthocyanins content is the main factor for the difference of fruit color between the two
varieties. The content of procyanidin B1 and B2 in plums at young fruit stage might be the
leading factors of the matured fruit color. At the maturation stage, the cyanidin produced by
procyanidins keeps the color of the fruit red. Correspondingly, genes in “flavonoid biosynthesis”
pathway is active. DEGs like CHS, CHI3, DFR had higher expression level in Ch84 than those

in D, and these genes regulated the accumulation of anthocyanin in plum.

Data Availability Statement

The original transcriptome sequencing data is available in the BIGSUB GSA database

(https://bigd.big.ac.cn/gsa/) with the accession number CRA003152.

Reference

1. Roussos PA, Efstathios N, Intidhar B, Denaxa N-K, Tsafouros A. Chapter 26 - Plum (Prunus
domestica L. and P. salicina Lindl.). In: Simmonds MSJ, Preedy VR, editors. Nutritional Composition
of Fruit Cultivars. San Diego: Academic Press; 2016. p. 639-66.

2. Dinda B, Kyriakopoulos AM, Dinda S, Zoumpourlis V, Thomaidis NS, Velegraki A, et al. 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.
J Ethnopharmacol. 2016;193:670-90. Epub 2016/10/06. doi: 10.1016/j.jep.2016.09.042. PubMed
PMID: 27705748.

3. Kazimierski M, Regula J, Molska M. Cornelian cherry (Cornus mas L.) - characteristics,
nutritional and pro-health properties. Acta Sci Pol Technol Aliment. 2019;18(1):5-12. Epub
2019/04/01. doi: 10.17306/}.Afs.0628. PubMed PMID: 30927747.

4. Al Bittar S, Mora N, Loonis M, Dangles O. 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. 2014;19(12):20709-30. doi:
10.3390/molecules191220709. PubMed PMID: 25514218.

5. Hertog MG, Hollman PC, Katan MB, Kromhout D. Intake of potentially anticarcinogenic
flavonoids and their determinants in adults in The Netherlands. Nutr Cancer. 1993;20(1):21-9.
Epub 1993/01/01. doi: 10.1080/01635589309514267. PubMed PMID: 8415127.

6. Prior RL, Wu X. Anthocyanins: structural characteristics that result in unique metabolic
patterns and biological activities. Free Radic Res. 2006;40(10):1014-28. Epub 2006/10/04. doi:
10.1080/10715760600758522. PubMed PMID: 17015246.

7. Chalker-Scott L. Environmental Significance of Anthocyanins in Plant Stress Responses.
Photochemistry and Photobiology. 1999;70(1):1-9. doi: 10.1111/j.1751-1097.1999.tb01944 x.

8.  An XH, Tian Y, Chen KQ, Liu XJ, Liu DD, Xie XB, et al. MdMYB9 and MdMYB11 are involved in
the regulation of the JA-induced biosynthesis of anthocyanin and proanthocyanidin in apples.
Plant Cell Physiol. 2015;56(4):650-62. Epub 2014/12/21. doi: 10.1093/pcp/pcu205. PubMed PMID:
25527830.

9. WuM,SiM,LiX SongL, Liu J, Zhai R, et al. PbCOP1.1 Contributes to the Negative Regulation
of Anthocyanin Biosynthesis in Pear. Plants (Basel). 2019;8(2):39. doi: 10.3390/plants8020039.
PubMed PMID: 30759746.

10. Feller A, Machemer K, Braun EL, Grotewold E. Evolutionary and comparative analysis of MYB
and bHLH plant transcription factors. Plant J. 2011;66(1):94-116. Epub 2011/03/30. doi:
10.1111/}.1365-313X.2010.04459.x. PubMed PMID: 21443626.

11. Xu W, Dubos C, Lepiniec L. Transcriptional control of flavonoid biosynthesis by MYB-bHLH-
WDR complexes. Trends Plant Sci. 2015;20(3):176-85. Epub 2015/01/13. doi:
10.1016/j.tplants.2014.12.001. PubMed PMID: 25577424,

12. Holton TA, Cornish EC. Genetics and Biochemistry of Anthocyanin Biosynthesis. Plant Cell.
1995;7(7):1071-83. Epub 1995/07/01. doi: 10.1105/tpc.7.7.1071. PubMed PMID: 12242398;
PubMed Central PMCID: PMCPMC160913.

13. Broun P. Transcriptional control of flavonoid biosynthesis: a complex network of conserved
regulators involved in multiple aspects of differentiation in Arabidopsis. Curr Opin Plant Biol.
2005;8(3):272-9. Epub 2005/04/30. doi: 10.1016/}.pbi.2005.03.006. PubMed PMID: 15860424.

14. Petroni K, Tonelli C. Recent advances on the regulation of anthocyanin synthesis in
reproductive  organs.  Plant  Sci.  2011;181(3):219-29. Epub  2011/07/19.  doi:
10.1016/j.plantsci.2011.05.009. PubMed PMID: 21763532.

15. Zhai R, Liu XT, Feng WT, Chen SS, Xu LF, Wang ZG, et al. Different biosynthesis patterns
among flavonoid 3-glycosides with distinct effects on accumulation of other flavonoid metabolites
in pears (Pyrus bretschneideri Rehd.). PLoS One. 2014;9(3):€91945. Epub 2014/03/19. doi:
10.1371/journal.pone.0091945. PubMed PMID: 24637788, PubMed Central PMCID:
PMCPMC3956819.

16. Ma Q, Xie H, Li S, Zhang R, Zhang M, Wei X. Flavonoids from the pericarps of Litchi chinensis.
J Agric Food Chem. 2014,62(5):1073-8. Epub 2014/01/24. doi: 10.1021/jf405750p. PubMed PMID:
24450594,

17. Ma Q, Xie H, Jiang Y, Wei X. Phenolics and sesquiterpenes from litchi pericarp. Journal of
Functional Foods. 2014;9:156-61. doi: https://doi.org/10.1016/}.jff.2014.04.020.

18. Zhang Z, Xuequn P, Yang C, Ji Z, Jiang Y. Purification and structural analysis of anthocyanins



https://doi.org/10.1016/j.jff.2014.04.020

from litchi pericarp. Food Chemistry. 2004;84(4):601-4. doi:
https://doi.org/10.1016/].foodchem.2003.05.002.

19. Dayar E, Cebova M, Lietava ], Panghyova E, Pechanova O. Beneficial Effects of Cornelian
Cherries on Lipid Profile and NO/ROS Balance in Obese Zucker Rats: Comparison with CoQ10.
Molecules. 2020;25(8):1922. doi: 10.3390/molecules25081922. PubMed PMID: 32326295.

20. Fang M, Liu S, Wang Q, Gu X, Ding P, Wang W, et al. Qualitative and Quantitative Analysis of
24 Components in Jinlianhua Decoction by UPLC-MS/MS. Chromatographia. 2019;82(12):1801-
25. doi: 10.1007/510337-019-03806-w.

21. Grennan AK. MoTo DB: a metabolic database for tomato. Plant physiology. 2009;151(4):1701 -
2. doi: 10.1104/pp.109.900308. PubMed PMID: 19965978.

22. Zhu Z], Schultz AW, Wang J, Johnson CH, Yannone SM, Patti GJ, et al. Liquid chromatography
quadrupole time-of-flight mass spectrometry characterization of metabolites guided by the
METLIN database. Nat Protoc. 2013;8(3):451-60. Epub 2013/02/09. doi: 10.1038/nprot.2013.004.
PubMed PMID: 23391889; PubMed Central PMCID: PMCPMC3666335.

23. Managa MG, Sultanbawa Y, Sivakumar D. 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. 2020;25(6):1326. doi:
10.3390/molecules25061326. PubMed PMID: 32183223.

24. Winkel-Shirley B. Flavonoid biosynthesis. A colorful model for genetics, biochemistry, cell
biology, and biotechnology. Plant Physiol. 2001;126(2):485-93. Epub 2001/06/13. doi:
10.1104/pp.126.2.485. PubMed PMID: 11402179; PubMed Central PMCID: PMCPMC1540115.

25. Grotewold E. The genetics and biochemistry of floral pigments. Annu Rev Plant Biol.
2006;,57:761-80. Epub 2006/05/04. doi: 10.1146/annurev.arplant.57.032905.105248. PubMed
PMID: 16669781.

26. Abeynayake SW, Panter S, Chapman R, Webster T, Rochfort S, Mouradov A, et al. Biosynthesis
of proanthocyanidins in white clover flowers: cross talk within the flavonoid pathway. Plant
physiology. 2012;158(2):666-78. Epub 2011/12/13. doi: 10.1104/pp.111.189258. PubMed PMID:
22167119.

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

28. Pesch M, SchultheiB |, Klopffleisch K, Uhrig JF, Koegl M, Clemen CS, et al. TRANSPARENT
TESTA GLABRA1 and GLABRA1 Compete for Binding to GLABRAS in Arabidopsis. Plant Physiol.
2015;168(2):584-97. Epub 2015/05/01. doi: 10.1104/pp.15.00328. PubMed PMID: 25926482;
PubMed Central PMCID: PMCPMC4453790.

29. Gonzalez A, Zhao M, Leavitt JM, Lloyd AM. Regulation of the anthocyanin biosynthetic

pathway by the TTG1/bHLH/Myb transcriptional complex in Arabidopsis seedlings. Plant J.
2008;53(5):814-27. Epub 2007/11/27. doi: 10.1111/}.1365-313X.2007.03373.x. PubMed PMID:
18036197.

30. Allan AC, Hellens RP, Laing WA. MYB transcription factors that colour our fruit. Trends Plant
Sci. 2008;13(3):99-102. Epub 2008/02/19. doi: 10.1016/j.tplants.2007.11.012. PubMed PMID:
18280199.

31. Austin MB, Noel JP. The chalcone synthase superfamily of type Ill polyketide synthases. Nat
Prod Rep. 2003;20(1):79-110. Epub 2003/03/15. doi: 10.1039/b100917f. PubMed PMID: 12636085.
32. Montefiori M, Espley RV, Stevenson D, Cooney J, Datson PM, Saiz A, et al. Identification and


https://doi.org/10.1016/j.foodchem.2003.05.002

characterisation of F3GT1 and F3GGT1, two glycosyltransferases responsible for anthocyanin
biosynthesis in red-fleshed kiwifruit (Actinidia chinensis). Plant J. 2011;65(1):106-18. Epub
2010/12/24. doi: 10.1111/j.1365-313X.2010.04409.x. PubMed PMID: 21175894.

33. Peng, Lin-Wang K, Cooney JM, Wang T, Espley RV, Allan AC. Differential regulation of the
anthocyanin profile in purple kiwifruit (Actinidia species). Hortic Res. 2019;6:3-. doi:
10.1038/541438-018-0076-4. PubMed PMID: 30622721.

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

35. Kimura Y, Aoki T, Ayabe S-i. 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. 2001;42(10):1169-
73. doi: 10.1093/pcp/pcel30.

36. Agostini-Costa TDS. Bioactive compounds and health benefits of some palm species
traditionally used in Africa and the Americas - A review. ] Ethnopharmacol. 2018;224:202-29. Epub
2018/05/31. doi: 10.1016/j.jep.2018.05.035. PubMed PMID: 29842962,

37. Rue EA, Rush MD, van Breemen RB. Procyanidins: a comprehensive review encompassing
structure elucidation via mass spectrometry. Phytochem Rev. 2018;17(1):1-16. Epub 2017/05/09.
doi: 10.1007/511101-017-9507-3. PubMed PMID: 29651231.

Declarations

Ethic approval
Experimental research and field studies on plants (either cultivated or wild), including the
collection of plant material, comply with relevant institutional, national, and international
guidelines and legislation.

Consent to Publication
Not applicable.

- Availability of data and materials
The original transcriptome sequencing data is available in the BIGSUB GSA database
(https://bigd.big.ac.cn/gsa/) with the accession number CRA003152.

- Competing interests
I declare that the authors have no competing interests as defined by BMC, or other interests that
might be perceived to influence the results and/or discussion reported in this paper.

- Funding
This work was supported by Basic research funding projects of Jilin Academy of Agricultural
Sciences, KYJF2021ZR018 and Key scientific and technological projects of science and
Technology Department of Jilin Province, 20190301032N Y.

- Authors' contributions
LC and YBZ conceived and designed the experiment. XSW and LongC prepared sampling and
figures. LC drafted the manuscript with input from all authors. All authors have read and
approved the final version of the manuscript.

- Acknowledgements
We thanks to Dr. YHL and FL for their guidance and suggestions on the experimental design.
Author information
Affiliations



Jilin Academy of Agricultural Sciences, Chang Chun, 130000, China
Lei Chen, Xue-song Wang, Long Cui & Yan-bo Zhang (corresponding author)



Figures

A Dahuangganhe Changlig4

e

h84

Figure 1

Fruit performance of the two plum varieties. A to C shows the color of fruit of the two plum varieties. The
fruit flesh color of Ch84 was red and D was yellow. B shows the longitudinal diameter and transverse
diameter of the fruit of Ch84 and D. Note: Ch84 is short for Changli84; D is short for Dahuangganhe.
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Figure 2

The transcripts annotation summary. A shows the number of transcripts in different annotation
databases. B shows the Venn analysis results of the annotation results. Different color respects different
database. C shows the species annotation information, the more circles there are, the higher the
proportion is. Different colors indicate different species.
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Figure 3

Statistics of differentially expressed genes (DEGs). A shows the number of DEGs between the two plum
varieties at different developmental stage. B shows the Venn analysis results of different comparisons.



G0:0006091 generation of precursor metabolites and energy
G0O:0006733 oxidoreduction coenzyme metabolic process

GO:0006739 NADP metabolic process 0.8
GO:0008767 photosynthetic electron transport chain =
G0:0015698 inorganic anion transport 06
GO:0015979 photosynthesis :
G0:0016072 rRNA metabolic process

GO:0019362 pyridine nucleotide metabolic process 0.4
GO:0019684 photosynthesis, light reaction

G0:0022900 electron transport chain 0.2
GO:0044710 single—organism metabolic process .
G0:0046496 nicotinamide nucleotide metabolic process 865
GO:0055114 oxidation-reduction process -
GO:0072524 pyridine-containing compound metabolic process

Biological Process

A-Q 'SA A-HBUD
-0 'sA D-#8UD
a-a 'sA d-¥84y0

ko00941 Flavonoid biosynthesis Biosynthesis of other secondary metabolites
ko00040 Pentose and glucuronate interconversions Carbohydrate metabolism

ko00195 Photosynthesis i 7 ;

ko00196 Photosynthesis — antenna proteins 0.6 . Ene_rgy IS A .

ko04626 Plant-pathogen interaction : rATSninenil ddanpialion

ko01100 Metabolic pathways Global and overview maps

ko00940 Phenylpropanoid biosynthesis class
0.8

ko01110 Biosynthesis of secondary metabolites 04 Lipid metabolism
koggggl gnoleic aC(ijdbmeTabﬂlism Metabolism of terpenoids and polyketides
0 iterpenoid biosynthesis Trersarsks
ko00905 Brassinosteroid biosynthesis 0.2 . ripti
B .054| k003020 RNA polymerase 865
a 0O O Q =
B3 3 ®»
2 ¥ ¥ %
< O O
» 5 @
P @ ©
< 0O O
C
o Ch84-Y mm D-Y
ggg mm Ch84-C mm D-C
300 5 == Ch84-D mm D-D
g 200

o o & 5 & <
Q 2 & o - ‘\0« W 9&
A’ JH el aqf o o
J &\ & & A o v
& p& o & > 4
@5@ @ @ ﬂ‘e’@ & {\ép ©
; , : @
« s § & «F o ﬁ“‘c’a
Figure 4

The GO and KEGG enrichment results of DEGs and the expression of candidate DEGs. A and B shows the
GO and KEGG enrichment results of all the DEGs, respectivly. The redder the color, the higher the
significance. C shows the expression of candidate DEGs of the two plum at different developmental
stage.
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Summary of the metabolomic data. A shows the PCA results, different colors represent different groups.
B to D shows the OPLS-DA analysis results between the two plum varieties at the young fruit stage, color
changing stage and fruit mature stage.
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Figure 6

Differential metabolites and functional enrichment analysis. A shows the level of differential metabolites.
The redder the color, the higher the level. B shows the KEGG enrichment results based on these
differential metabolites. C shows the level of candidate differential metabolites of the two plum at
different developmental stage.
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