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Abstract: [Objective]Selection of early or late ripening varieties is an important target of citrus breed-
ing. The regulation mechanism of citrus fruit ripening is of great significance for breeding early or late
ripening varieties. Previous studies regarding ripening mechanism of citrus fruits mainly focused on the
flesh, little attention was paid on the pericarp. Herein, both flesh and pericarp of ‘ Gannanzao’ navel or-
ange (Wild type, WT), and its restorative mutant (Mutant type, MT) were investigatedin order to ex-
plore the regulation mechanism of the ripening of navel orange through comprehensive comparison of
the physiological and transcriptional differences between the WT and the MT. [Methods] The fruit
qualities and physiological properties, including the contents of soluble sugar, organic acid and phyto-
hormones, in both flesh and pericarp of the WT and the MT were determined. Transcriptome data of

both flesh and pericarp of the WT and the MT were obtained and analyzed by high-throughput sequenc-
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ing. [Results] MT featured an obvious and stable late-maturing character. The soluble sugar content
was significantly different only in the pericarp of the WT and the MT, while the organic acid content
was significantly different in both of the flesh and the pericarp. The MT had much lower contents of
both malic acid and citric acid, and higher content of quinic acid compared with those of the WT. At
200DAF, the contents of GA, IAA and JA in the pericarp of the MT were significantly higher than
those of the WT, whereas the content of ABA in the pericarp of the MT was obviously lower. than that
of the WT. Meanwhile, the comparison of transcriptome sequencing between the MT and the WT
showed that the number of differentially expressed genes (DEGs) were 980 and 289 in the pericarp
and the flesh respectively, and 94 DEGs were the common DEGs of the pericarp and the flesh. Inter-
estingly, the significant enrichment (»p < 0.05) of GO terms and KEGG pathways were only found in
the pericarp. A total of 38 GO terms were significantly enriched in the pericarp. Furthermore, a total
of 6 KEGG pathways being involved in photosynthesis, photosynthesis-antenna proteins, peroxisome,
cutin, suberine and wax biosynthesis, protein digestion and absorption, and ubiquinone and other terpe-
noid-quinone biosynthesis were significantly enriched (p < 0.05) in the pericarp. In ABA synthesis sig-
nal transduction pathway, the key limiting gene CsNCEDI of ABA synthesis was downregulated in
both of the pericarp and the flesh in the MT, and the decomposition gene CsCYP707A1 was up-regulat-
ed in the MT pericarp.[ Conclusion] The ripening date of the mutant (MT) was 30 days later than that
of the WT. The delay of both chlorisis and color transition might be related to the increase of GA accu-
mulation and the up-regulated expression of CsCPSI and CsKAO. The down-regulated and up-regulat-
ed expression of CsNCED! and CsCYC707A1 in the MT pericarp might lead to the inhibition of ABA
accumulation. The differences of the physiological and transcriptome levels in the pericarp between
the WT and the MT were greater than those in the flesh, indicating that the pericarp may play an im-
portant role in citrus fruit ripening. It seems that the investigation of the physiology and transcriptome
both in the flesh and the pericarp are essentially necessary for studying the mechanism of the citrus
fruit ripening.
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Table 1 Primer sequences for qRT-PCR
[ ID 5l#)F5)(5’—3") Primer sequences (5" to 3”)
Gene ID 1E[M]J¥%1 Forward sequences J% 171 /7 %1 Reverse sequences
Cs5g14370 GCCGGAATGGTGAACAGAA AGGGCTAAGTACGCGAAACG
Cs2g03270 TGGCTGCTTCTACTAC TTCTTCAAGGCTATGG
Cs8g14150 TCTTGGTGAGTCCGAT AAGTCTCCTTTGTGGT
Cs8g18780 CCAGGAACTCCGTATCAC GACAGCGTCCAGCAGA
Cs8220420 GCGATTGTCGCGCTGTTAT GCCGGTGGTCTGAAGTGAGT
Cs9g18020 CTGCTGGAGGAAGGGTCATA CACCATCACATCTGGCTTTG
orangel.1t00478 CAGGACCGAACTGAACCAATC CTACAAGAAGCAAGCCACTAAAGAA
Cs2g23870 CTGCCCACTACAACTGC GAGCGAGGACCGATAA
Cs9g18030 GGATGCCAGAAGACTATG CCACCCAGAAACAACA
Cs3g16400 CAACTTCATAATCCCTCCG GAAAGCCGTGATAGTCCTG
Cs2g20590 TTTCTATGTGCGTCACCTCCC TTCCTTCATCACCTTCCTGTATTC
Cs4g17960 CTCTCTGGCCGTGATTGGA TGGCAGATCACTCAGGACAAGA
Cs5229870 TGAGCTTCTGTTCAGCCACAA CGTTTCCTCTGAGTCGTTGATG
Cs5g08360 TTATGCGGTGCTGGATTCAGT TCAGTCCAGTCTCCGATTCGT
Cs1g07950 GTCTGGCTCGGCACCTT TCGTTTGGCGTTGGGA
Cs9g16810 CGTGGTGTTGTTGGCGT GACTTCTTGTTCGGCTCCC
Cs5g05240 TGCTATGAGGCGTATT TCTGTTGCCCAATCTA
Cs6g07990 CCATCACTGAAACCCT AAATCCAGCACACATC
Cs7g08080 GAACGAGGAACAGGTGC CAACGCCAGTGGGATA
Cs1g22140 TCGCTCTGCCATCCTG GCCCTTCCCTTTGTCC
Cs3225900 CGCTGCTAGGGTACTTGCTT TGGCCGGGTTAGATTTACTG
orangel.1t03773 TGGAAATCCTTTCTCGAAAAACC TGAAACTGTGCAGGGAAGCA
Csl1gl17210 CGCCTCCAATGTGATG GGTATGGTGCTCTTGC
Cs6g15930 CTGTTGTTATGCCTCCAC TATGCTCCGAAATCCACT
orangel.1t03668 ACTTGGCAGATAGAGGG TCACGGGTGTTACGAG
Cs8g17370 GGAGCAGTTCCCTACCA CCATCTGAGCACCAAAG
Cs1g26330 ACTAATCCGACTCCCGTAC CCAGCCACCTGTAGTTTC
Cs9g02570 GGCTGACGAGGAGCTTGAGA CTGCACCCTGACATGAATCG
Cs2g14920 CGGGCAGCCATACATT CGGCACATCGTCCACT
Cs5g01740 GGGCATGCAATATGCTCTTTAAT TGACACATGATACTGGGCAGTTG
ACTB CCAATTCTCTCTTGAACCTGTCCTT GAAGACCGTCAAGAGTAGTCAGT
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Fig. 1 Phenotypic characterization of fruit development in MT and WT
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Fig. 3 Comparisons of the content of soluble sugar and organics acid in pericarp and flesh between MT and WT
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Fig. 4 Comparisons of phytohormone contents in pericarp and flesh between MT and WT
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#2 REHEEMEEN KEGG B (< 0.05)
Table 2 The significant enrichment of KEGG pathways in pericarp (p < 0.05)

B ID BB RE
Pathway ID  Pathway annotation

ZE SRR SRR
Number of DEGs Background gene number

ko00195 4 1% H Photosynthesis 13 45
ko00196 JEr- R4 1 Photosynthesis - antenna proteins 6 15
ko04146 WA Peroxisome 12 80
k000073 5 KR A 14 22 904 Bk Cutin, suberine and wax biosynthesis 6 21
k004974 B TE AL 5 WU Protein digestion and absorption 38
ko00130 CoQ 5 HAhBEEE S 29 45 i Ubiquinone and other terpenoid-quinone biosynthesis 9 63
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Green boxes indicate DEGs of the pericarp (P) and flesh (F) in MT comparing with WT, the red boxes indicate DEGs that were up-regulated, and
the blue boxes indicate DEGs that were down-regulated. LOX2S. Lipoxygenase; JAZ. Jasmonate ZIM domain-containing protein; ALDH. Aldehyde
dehydrogenase (NAD+); YUCCA. Indole-3-pyruvate monooxygenase; GH3. Indole-3-acetic acid amido synthetase; SAUR. Small auxin upregulated
RNA family protein; PSY. Phytoene synthase; NCED. 9-cis-epoxy-carotenoid dioxygenase; CYP707A. ABA8’ -hydroxylase; PP2C. Protein phospha-
tase 2C; SnRK2. Serine/threonine protein kinase SRK2; cycK. Cysteine synthase; mmuM. Homocysteine S-methyltransferase; TAT. Tyrosine amino-
transferase; SRM. Spermidine synthase; ACO. 1-amino-cyclopropane-1-carboxylate oxidase; EBF. Ein3-binding f-box protein; ERF. Ethylene respon-
sive transcription factor; CPS. Ent- copalyl diphosphate synthase; KAO. Ent- kaurenoic acid hydroxylase; UDGH. UDP- glucose dehydrogenase;
AMY 1. Alpha-amylase 1; SUS. Sucrose synthase; SPS. Sucrose phosphate synthase; INV. Invertase; scrK. Fructokinase.

E6 S5RIBANHRESR-ESHESBRENTEM-EENRHIER DEGs RiEIFR
Fig. 6 Summary of DEGs in the hormone biosynthesis and signal transduction, and
starch-sucrose metabolism pathway involved fruit ripening
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