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Combined Transcriptome-Metabolome Analysis of Anthocyanin
Synthesis in 'Zhongyoupan 9' Peach Fruits Under Bagging

Condition

DING Tiyu!, MA Xinxint, YU Xuelil, ZHOU Ruijin', WANG Lirong? ZHAO Yalin*

(*School of Horticulture and Landscape Architecture, Henan Institute of Science and Technology / Henan Engineering Research Center of the Development and
Utilization of Characteristic Horticultural Plants / Xinxiang Key Lab of Germplasm Resources and Genetic Breeding in Pomology, Xinxiang 453003; 2Zhengzhou
Fruit Research Institute, Chinese Academy of Agricultural Sciences, Zhengzhou 450000)

Abstract: Bagging-produced flat peaches are increasingly favored by consumers because of their light fruit
cracking, good appearance and golden or slightly reddish fruit surface. The cultivar‘Zhongyoupan 9’ shows a
reddish color under bagging conditions due to the synthesis of anthocyanins. This type of peach is suitable for
bagging cultivation to meet consumers' pursuit of color and appearance. In this study, the exocarp of bagged fruits
of 'Zhongyoupan 9' was used as the material at 89 and 102 DAFB, and the color formation of bagged fruits of
'Zhongyoupan 9' was analyzed by a combination of transcriptomic, metabolomic, and bi-histological analyses. The
results showed that a total of 2652 significant differential genes were identified by transcriptome analysis, including
16 differentially expressed genes related to anthocyanin biosynthesis, such as PpPAL, PpC4H, Pp4CLs, PpCHSs,
PpCHIs, F3H, F3'H, PpDFR, PpANS, PpUFGT, PpGST, 56 specifically up-regulated transcription factors, and
phytoreceptors PpCRY3, PpUVRA8.3, all of which were up-regulated and expressed in a pattern that correlated with
anthocyanin content. High performance liquid tandem mass spectrometry was used to detect changes in the relative
content of flavonoid metabolites in the exocarp, and a total of 112 significantly different metabolites were detected,

W ARA: 2024-07-05

FE—1EH W ST PR R S Y B LB AR AT, E-mail: dingtiyu@hist.edu.cn

BAEIEF: BEAK, BFFCTT bk A RIR AR S (P TR LS AR AT, E-mail:  zhaoyalin@hist.edu.cn

EETHE: 2022 M E EAHASHT L RS  (222102110440) ; 2023 £ A B AR SHES L1 (BHEH0)
(232102111083, 232102111087)

Foundation projects: Key R&D and Promotion Special Programmes (Technology Tackling Key) of Henan Province Project in 2022 (222102110440); Key

R&D and Promotion Special Programmes (Technology Tackling Key) of Henan Province Project in 2023 (232102111083, 232102111087)



with a significant up-regulation of cyanidin-3,5-O-diglucoside, with the highest multiplicity of difference of 16.8 in
Log2FC. The cyanidin-3,5-O-glucoside was the main metabolite responsible for the red colour of the exocarp after
bagging of 'Zhongyoupan 9'. Combined with Two-omics integrated analysis and transcription factor results, it was
predicted that PpBL and PpNAC1 up-regulated and activated anthocyanin regulatory gene PpMYB10.1, promoted
anthocyanin structural gene to catalyse synthesis of cyanidin-3, 5-O- diglucoside under bagging conditions,which
results in red colouration of ‘Zhongyoupan 9°. The project's progressionwill contribute to analyzingthe mode of
anthocyanin accumulation in peach fruits under bagging, providing a theoretical basis for selecting more suitable
peach varieties for bagging cultivation.

Key words: bagged; ‘Zhongyoupan 9’; anthocyanin; transcriptomics-metabolomics combined analysis; gRT-
PCR
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4§ (CHS, chalcone Synthase) . 7 H-fiil % #J8§ (CHI, chalcone isomerase) &t lHEE 4-i4 J5
(DFR, dihydroflavonol 4-reductase) . f&kilH 3-¥21Lf§ (F3H, flavanone 3-hydroxylase) . et & & HH TG
O 4E 0 = BUINE B (ANS, anthocyanidin synthase ) F1 UDP-7H Zj 4 . 28 35 Wi 3-O- 7 4 ¥ It % 7% il
(UFGT, UDP-glucose: flavonoid 3-O-glucosytransferase) . et EW& i@ MYB. bHLH fil WD40 7
A ) MBW 52 7 A €01 R H A S 35 J A 045 Fc i A2 (0 01 v i 4 5 B 4 P 1D,

H ATAR SRS b R B AL 040 LA AR R e 2 SR AE M, Tsuda 12658 K 8L PpCHS.
PPDFR. PpUFGT k1t ot A4 & Bud F v If G 45 M B (M . Zhao 5 MSIBCHI T SR I,  gmibib tatiitia
wE (BIEHIE SR PpGSTL KD MUS Sk RIAEOH IR, AR 3 M1 ERIHA
Th 6 S A0 R 2k BBk AT . Zhao D4R BLUR PR AL (0 & i #4557 £ EE R /£ MYB.
bHLH 1 WD40 iX =3 A T4 B MBW iR AR Gk B, 25 B0 0O & B B R i1z .

REERP B O X IR ANAER EAE, HAamY e A K. oot % b &3 CoPL
(CONSTITUTIVELY PHOTOMORPHOGENIC 1, COP1) & HICIRTEN ik /e B 34 7 T 4u st
AEENT HYS PRI TERRE P AR, IR B LSS AR AL U], O], AU LS
B, B0, AR, EGPU T E AR AA R T-DNA JfiANEL EMS AR ) FE# b R I K P R AR 122
Bl PRSP E AP A E B E  B A ETF, (O R G G U R a2
EH (PHYB. URVS %5) NDG(E T2 0B sk H 1 (COP1. HY5 45) SFHEATH/K-FHIRIL 74T,
HEA RIEMER . AR, URIT APHYB BHEH 276 NEEEIR 4 2 R A8 N 4H 2
Ja s TR S SR ) AYYHB U5 208 7 it 40 1 BRI A K T IR AR R ORI AR e,

AT, N T RERPCRIIR R OETE IR, DAt 9 S5 ERRINMRL, R B e 2 4
S A TR i 5 B AR RS AN R B AR DG I 22 S AR IR B 2 AR, RIS M gRT-PCR #EAT 46
k. WHFLES RA BT HMER IR O H SR, Dyt 5 2 BB SRS 1 O0 otk bt A4 L 3
Wi, BAEEREE .



1R ER*®

115G AR

SEHS i AR T b RO R} 25 e AN SRR B TE i 2 Bt . AR SS 40 R, SR N BAMEIIRZ
ANFEIAAE (150mm><180mm) S Hiiiik 9 5 ST EAHOL AT, TR SR SR A A
A MR N — B 5 MRSAE IR AR, RE T RE LRI RAI0 % . BN AN SR
R IE R -80°CIRAT, FIT 5 St s 2 2 ARG 2 2= 0 #r o
1.2 5%
1.2.1 REIMNREBIFME EIAE FIAAHF RS, ARSI S SRS, 3L 3R . G ZEHE RS
A EMNEEZEM L (HEE) , af (L8mE) , b* CEFMmE) H™. L a*b*tuE M AfEFE N IEE
FoRR AN (€ R S R AT 2T B i 5 A S, AN RS 6 A X ekt 2 1) A
1.228%REZ 94 Total RNA. SUEMEE R WP TAE R AL SRR A G IR A 725 58 .
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Chttps://www.rosaceae.org/) P47 EE %} . FeatureCounts ety Eb Xt i EAK T 10 (¥ reads J54iit Ebxt F&%
FER A E 1 read count {E . B 5 A4 25 R B SRR B AL FPKME (Fragments Per Kilobase of exon model
per Million mapped fragments) , DeSeq?2 ffiik LL4H & 2 [ ) 2 SF RIS B A, RARIESS p < 0.05 LK
[log2FC1>1 1E Nk & 3% 72 R RIA R 26 4F . i GO 1 KEGG Hiuis e 5 25 5 3Rk J DR 134T Th ey B Al
ARG 56, p <0.05.
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MS/MS  GEE S ROROF (o 5B IR i ) BT R &L . T4 5 2 5dEE MWDB, R4 2tk (5 S dkiT
MR CEME o M BT A AR W %t 4 % HMDB  Chttp - //iwww.hmdb.ca/ ) . MoToDB ( http :
/Iwww.ab.wur.nl/moto/) #1 METLIN Chttp: //metlin.scripps.edu/index.php) i H ot [7] — A 26 AN [F] R A rp
P95 e HEAT AR R IE B2, RS IEJS 1 p < 0.05 {1 BA J2|logafoldchange| > 1 1y &2 3 7 AR (1 07 e
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1.2.5qRT-PCR I&E AIGUFE PR AERTE, XM AL TS A OCH) 9 AN E3E 22 IR JE DR 34T SL i e &
PCRIME. LA Actin E A Z4EHBY, NCBI H Primer blast #1154, 27°°CHL T AN RIL B, 519
m# 1.
xR 1 XL EE PCR 5149
Table 1 Oligo nucleotide sequences for qRT-PCR primers

CIE/E S B[R 44 FR E5190(5-3) S 5I(5°-3)

Primer name Gene ID Forward primer (5°-3°) Reverse primer (5°-3”)

Actin Prupe.8G132000 TGCCATTGAAATCCTGAAAC ACCAATTGGATCATCCTCCT
PAL Prupe.6G235400 CAGAGCAGCACAACCAAGACG CTCCAAATGCCTCAAATCAATG
C4H Prupe.6G040400 GGACGCTCAGCAGAAGGGA TGGATCTCAGGGTGGTTCACA
4CL Prupe.2G326300 AGATGAGGCTGCTGGTGAAGT TTGGAATGGCATGGATGAAGT
CHS Prupe.1G002900 AACAAGGGTGCTCGTGTTCTC GCTGCACCATCACCGAATAAG
CHI Prupe.2G225200 GAGATCGTTACAGGTCCATTTG GTGGGAAGTTTTGATCCTTGA
F3H Prupe.7G168300 GGACTGGACACAGAGGCATT AATTGTGCCTGGGTCAGTGT
F3'H Prupe.5G203600 CTCTCGCTCAAAGAGGATGC CCATTCCACTGTGCTTGATG
DFR Prupe.1G376400 CGCCTCCAAGACTCTAGCTG CCAGTGAGTGGGGAAAGTCC
ANS Prupe.5G086700 AGGAGTTGAAGAAGGCAGCA GCCTGGTCATTGGCATACTT

2ERE T
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A: g 9 5 B RRSIIARIR BT i it. B: hillE 9 5o AN B I TR G S BATRSIANR B DO AR AL, DOBRR e B ARG
H R HR-35- -0 M) REWEHTRENBSA. ZYPI_89 DAFB:  “hililf 95 HE/G 89 KM ZYP9_102 DAFB :  “Hhilikk 9
57 HAESE 89 RS MR AINE 3RS, AR 6 MEBXKIREGERTE: DAFB RIREAE A REL
A: Coloring of bagged fruits of 'Zhongyoupan 9' at different developmental periods. B: Changes in anthocyanin content and fruit color at different developmental
stages of ‘Zhongyoupan 9’; The main anthocyanins of cyanidi n-3,5-O-glucoside in peach peel were used to represent the change trend of anthocyanin
content.ZYP9_89_DAFB: The bagged fruits of 'Zhongyoupan 9' at 89 days after flower bloom; ZYP9_102_DAFB: The bagged fruits of 'Zhongyoupan 9' at 102
days after flower bloom; Values are the means of three fruits with 6 color regions; DAFB: Days after flower bloom
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Fig. 1 Phenotypes of exocarp coloring of 'Zhongyoupan9' under bagging conditions
2.2 FRBF S
221 MFFBTESHT XHEEAE )G 89 RANEEIE/A 102 K hilk O 5 B4R IIMR I RNA FE it 1T cDNA SC#
FIREIEIY, raw data 050 3E 5 3 3K1F 26.51G clean data, #5#F5 clean data #47F 5.88Gb LA I (% 2) . #f
AEFRFE<0.03%, Q20 CNFHEMISELE 99%) ¥IKT 97%. Q30 CIIFFHEMINGE 99.9%) KT 93%. 4
AN clean data 15275 B DR AH KRR 7 EU O 3R 7E 95% /e Ao PRSI I 25 Y 2652 A~ 72 BE 1A
R2ERANFRESH
Table 2 Transcriptome sequencing quality analysis

FEA 1D TP W R W P R A L G 1 C Wi R B 5 LEXT 2R
Sample ID Clean bases 99% (%) 99.9% (%) BRI 4 Error rate Total map Unique map
Q20 Q30 Lt (%) GC (%) (%)
ZYP9_89_DAFB_1 6.83G 98.08 94.12 4556 0.02 97.57 95.41
ZYP9_89 _DAFB_2 6.77G 97.99 93.91 45.39 0.03 97.35 95.17
ZYP9_102_DAFB_1 7.03G 98.00 93.95 45.28 0.03 97.89 95.46
ZYP9_102 DAFB 2 5.88G 98.21 94.34 45.65 0.02 97.85 94,94

222 EFFIEEETEE F I R BN EIEG 89 RAF M AEALG 102 RAFEMAESE —F s A
YR E AR, R ST 89.89% (1K 2A) . Kk, PA| logoFC | > 1 il padj < 0.05 AffigbriE,
ik F 2652 MR EZE RN, AR FIAZERRIEIRE 1153 4>, NRZERRIEIER 1499 > (K 2B) .
X} 2652 A3 2 R REAT R AT, EEORIXEEIEE R N 2 28 (] 2C) o &R, ERHERAET
L H 16 MERBHFEYERMEXER (R 3) , O G RIEEF 4 MR PpPAL
(Prupe.6G235400) , PpC4H (Prupe.6G040400) , Pp4CLs (Prupe.2G326300. Prupe.5G154100) , PpCHSs
( Prupe.1G002900 . Prupe.1G003000 . Prupe.l005800 . Prupe.l005700 > , PpCHIs ( Prupe.2G225200 .
Prupe.2G263900) , PpF3H (Prupe.7G168300) , PpF3’H (Prupe.5G203600) , 1t €t & ii& 1% i A 45 4



#: X PpDFR (Prupe.1G376400) , PpANS (Prupe.5G086700) , PpUFGT (Prupe.2G324700) , PpGST
(Prupe.3G013600) 4 16 MERHY FiffRik, RSSO E S EMS, Hrh PpGST BE/5RE R/
BEMER T &E (FPKM > 7500 , BEm TS 89 K (LogoFC 4 9.38) o FlFEHI R &Rl
PR A B, R hleE 9 5 RSLEREOLF A OH RV G BUH KB IR K IEDIRE, (RFESNR
B,

2 il 9 S AR A BREIERRIERFER N
Fig. 2 Analysis of differential genes of 'Zhongyoupan 9' at different developmental stages under bagging conditions.

ok rER O Y S bR BB EER . 22 R RIKFE K iRk 5 kA6 O A RO O T 5 B
KX f PpMYB10.1 (Prupe.3G163100) , Log; FC #)° 3.51, RIHELFIL PpMYB10.1 #ii S LiARIL,
(% 3) o BRLZAh, JEIEAR SN it 518 (0 & b S B IR IA ) 22 R e sk R 1, RKIALH 56 A
RN FESERRE LRRE, 28T MYB. bHLH. WD40. bZIP. C2H2. COP1l. ERF. NAC.
BL. WRKY # [ 7 X k. & A #ikiE NAC XK &+ PpNACL ( Prupe.4G187100) 5 PpBL
(Prupe.5G006200) # ¥ K& ES PpMYBL0.1 ik, fRbpk S A1k 61 A 2 9 5 Buli sk MR 1)
TR, 5 L AED PpBL Al figilid 5 PPNACL HAE L iff PpMYB10.1 [ RiA (e il 48 I s o e AR (e 2R )
B
R I5EEHEHMBEXREHEREFEREFERKE
Table 3 Transcription levels of structural genes and transcription factors related to anthocyanin biosynthesis

7‘%’&%%9&5 %F_j—' R ZYP9_102_DAFB  ZYP9_89_DAFB Log,FC IR ES
The major DEGs Gene_id Annotation (FPKM) (FPKM) Type
Prupe.6G235400 (PAL) Phenylalanine ammonia-lyase 20.47 0.66 4.98 up
LRI Prupe.6G040400 (C4H) Cinnamic acid 4-hydroxylase 53.81 10.19 242 up
Structural genes Prupe.2G326300 (4CL) 4-Coumarate:coenzyme A ligase 35.38 2.84 3.66 up

Prupe.5G154100 (4CL) 4-Coumarate:coenzyme A ligase 43.91 20.45 1.12 up



Prupe.1G002900 (CHS) Chalcone Synthase 287.41 1.67 7.45 up

Prupe.1G003000 (CHS) Chalcone Synthase 91.15 2.10 5.46 up
Prupe.1005800 (CHS) Chalcone Synthase 248.57 3.07 6.36 up
Prupe.1005700 (CHS) Chalcone Synthase 23.86 0.28 6.43 up

Prupe.2G225200 (CHI) Chalcone isomerase 174.85 85.38 1.06 up

Prupe.2G263900 (CHI) Chalcone isomerase 14.22 2.34 2.62 up

Prupe.7G168300 (F3H) Flavanone 3-hydroxylase gene 174.67 66.19 1.42 up

Prupe.5G203600 (F3°H) Flavonoid 3'-hydroxylase 461.93 144.53 1.70 up

Prupe.1G376400 (DFR) Dihydroflavonol 4-reductase 373.64 8.62 5.46 up

Prupe.5G086700 (ANS) Anthocyanidin synthase 912.98 103.04 3.17 up

(UFGT) UDP-glucose: flavonoid 3-O-

Prupe.2G324700 Qlucosytransferas 337.62 512 6.07 up
Prupe.3G013600 (GST) Glutathione S-transferase 764.23 1.16 9.38 up
P— Prupe.3G163100 MYB10.1 4557 4.07 351 up
Transcription Prupe.5G006200 (BL) BLOOD 643 0.58 351 up
factors Prupe.4G187100 (NAC) NAM. ATAF1/2. CUCL/2 769.33 279.90 148 up

CAEREm R L A A T S . EE NZERRIEIER PG E 4 NS ARFGE 5 AR
(£ 4) , HrhX324k PpPHYE (Phytochrome E, PHYE) £l PpPIF (Phytochrome interacting factor,
PIF) FiAtiy 2 NF%, Mtz PpCRY3 (Cryptochrome, CRY) #l PpUVR8.3 (UV Resistence locuss,
UVR8) Kik&EANFEFEEKIEI, *W] PpCRY3 Al PpUVRS.3 AJ feft ik 9 5 RSB 5 R AL
HHARE RS 7 EEZE.
F A XZ U AEEFERKFE

Table 4 Transcription levels of genes associated with light receptors

X R ZYP9_102_DAFB ZYP9 89 DAFB  log,FC | ik
Gene_id Annotation (FPKM) (FPKM) Type
Prupe.3G179800 PpPIF (Phytochrome interacting factor) 2.11E-01 2.82E+00 -3.40 down
Prupe.4G073900 PpPHYE(Phytochrome E) 5.30E+00 1.94E+01 -1.82 down
Prupe.1G462400 PpCRY3 (Cryptochrome) 7.92E+00 3.45E+00 1.07 up
Prupe.1G239800 PpUVR8.3(UV Resistence locus8) 1.18E+02 5.15E+01 1.15 up

2.2.3 KEGG 1 GO E& 774 xf 2652 2 i Lk F KT KEGG &4, JLE4EF] 108 FKillk, ik
PR A 7 2 E EMBHAT . DR AER KRZEE T (Photosynthesis - antenna proteins) Y& 1E
Jl (Photosynthesis) . #5545 (Plant hormone signal transduction) . MAPK 15 5B (MAPK
signaling pathway—oplant) . 35 %% il 4 #) & & ( Flavonoid biosynthesis ) . & & B2 fX #f ( Tryptophan
metabolism) . ZEFEEEAEY AR (Phenylpropanoid biosynthesis) (& 3A) , FEREMH A 14 4. 24
AL A7 284 15N, 134N 27 A HAR YIS ER (S 5% S % (Plant hormone signal transduction)
BREBIMERRZ .

Nk 2 R RIS IR A ThRE, X 2652 A2 R RIAEF AT GO BHESNT, il Nr iF:R
RE| SO EY G BAE KRR I H L Go Terms AT M. (B 3B) . 45K 5% Go Term E4EH| 5
et F A G A <LK, Hd transferase activity, transferring hexosyl groups ( GO:0016758) .
oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen
(G0:0016705) . coenzyme binding (GO:0050662) & 42| %E FRILERFEKRZ, 7IlN 57 >, 54 4>, 51
Ao RIL 1 A C4H (Prupe.6G040400) , 2 /> CHIs (Prupe.2G225200, Prupe.2G263900) , 1 4~ F3'H
( Prupe.5G203600) , 1 4~ DFR (Prupe.lG376400) , 1 ~ UFGT (Prupe.2G324700) , 1 /> SPL
(Prupe.4G050400) »
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Fig.4 Analysis of differential metabolites of 'Zhongyoupan 9' at different developmental periods under bagging conditions
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Table5 Significant accumulation of metabolites and their up- and down-regulation in 'Zhongyoupan9' at differential periods

KEGG il g R G ZYP9 89 DAFB  ZYP9 102 DAFB Log,FC P-value A
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pathway
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biosynthesis
Delphinidin-3-O- KM &K -3-O- i & b 1.31E+06 2.78E+06 1.09 1.82E-02 up
glucoside (Mirtillin) e
Delphinidin-3-O- KM LR -3-O-ZEEKNE 1.09E+05 4.95E+04 -1.14 2.99E-01 down
rutinoside 1F
Pelargonidin-3-O- RAEFEZR-3-0- i & b 4.20E+06 1.23E+07 1.55 1.71E-02 up
glucoside 1F
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Tetrahydroxychalcone*
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Fig 5 Analysis of differential metabolites of anthocyanin of 'Zhongyoupan 9' at different developmental periods under bagging
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(A) Histogram of enriched pathways for co-analysis. (B) Differentially expressed metabolites and genes in the flavonoid metabolic pathway; Red
indicates up-regulated differential metabolites, blue indicates down-regulated differential metabolites
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Fig.6 Combined analysis of transcriptome and metabolome
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