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Abstract: [ObjectivelCarica papaya is a typical climacteric fruit, and exogenous ethylene (ETH) appli-
cations can induce premature and quicker ripening. 1-methylcyclopropene (1-MCP) is one of ethylene
perception inhibitors, which is used commercially to slow down the ripening of fruits. In previous stud-
ies, a lot of genes were found playing important roles in the process of papaya fruit ripening. However,
the regulation mechanism of these genes is not clear. MicroRNAs (miRNAs) are a class of small non-
coding RNAs that regulate the expression of target messenger RNAs (mRNAs), which are widely in-
volved in the regulation of a variety of biological processes in plant, such as cell development and dif-
ferentiation, biological and abiotic stress, maturation and senescence, etc. Isolation of fruit ripening-re-
lated miRNAs will lay a foundation for further understanding the fruit ripening regulation mechanism.
[Methods]Papaya fruits (C. papaya L. ‘Daqing No.7’) at the green-mature stage were harvested from
a local commercial plantation in Zhangzhou, China. Thirty-six fruits were incubated with 1 uL-L" of 1-
methylcyclopropene (1-MCP) gas for 18 h in a sealed box; thirty-six fruits were dipped into 0.5 g- L™ of
ethephon solution for 3 min, then dried and put in a sealed box for 2 h; thirty-six fruits (Control Group,

CG) were dipped into water for 3 min, then dried and put in a sealed box for 2 h. After treatments, all
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fruits were stored at 25 “C and allowed to ripen. Fruits were taken randomly at 24 h after treatments.
Three fruits were peeled, seeds were removed, and the flesh was cut into some pieces. The pieces of pa-
paya flesh were mixed, frozen in liquid nitrogen, and stored at —80 °C. The flesh samples of different
treatments (ETH, 1-MCP and CG) were sent to Genedenovo Biotechnology Co., Ltd (Guangzhou, Chi-
na) for miRNA sequencing and RNA-seq using Illumina Hiseq2500. The raw reads were filtered to re-
move the low quality reads, including the adaptor sequences, the sequences of shorter than 18 nt or lon-
ger than 30 nt. Then, the sequences of rRNA, scRNA, snoRNA, snRNA, tRNA, and degradation frag-
ments were also removed. Through miRNA sequences searching, the structure prediction was undertak-
en to identify the known miRNA and new miRNA. Patmatch was used to conduct the target gene pre-
diction. Then all of the target genes were annotated using the papaya reference genome database, NCBI
non-redundant (Nr) database, Gene Ontology (GO) database, and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway database. Based on the differential miRNAs expression and the KEGG
pathway enrichment of their target genes, fruit ripening-related miRNAs were selected. [Results]A to-
tal of 18 421 155(1-MCP), 17 669 301(CG) and 13178734(ETH) raw reads, and 16 486 803(1-MCP),
16 067 290(CG) and 10 734 196(ETH) clean reads were obtained, respectively. Bioinformatics analysis
identified 523 conserved miRNAs. Among them, the numbers of known miRNAs were 1-MCP (303),
CG (214) and ETH (239), and the numbers of new miRNAs were 1-MCP (184), CG (188) and ETH
(114). Compared with the untreated papaya, 123 miRNAs were up-regulated and 72 miRNAs were
down-regulated with ETH-treatment; however, 29 miRNAs were up-regulated and 15 miRNAs were
down-regulated with 1-MCP-treatment. Target gene prediction showed that a total of 5 053 target genes
were predicted. The target genes were annotated using the GO database and genes were classed into
three categories: molecular function, cellular component and biological process. The terms of binding
and catalytic activity were observed to occur most frequently in the ontology of molecular function;
while the terms of cell and cell part were observed to occur most frequently in the ontology of cellular
component; and the terms of metabolic process and cellular process were observed to occur most fre-
quently in the ontology of biological process. KEGG analysis revealed that these genes may be in-
volved in pentose and glucuronate interconversions, starch and sucrose metabolism, porphyrin and chlo-
rophyll metabolism, carotenoid biosynthesis pathway, etc. A total of eleven fruit ripening-related miR-
NAs were selected: four fruit softening regulation-related miRNAs including miR167-y, miR4993-x,
miR3946-x and miR5059-x, with their corresponding target genes being UDP-glucuronate 4-epimerase
(6GAE6), cellulose synthase 6 (CESA6), cellulose synthase-like protein G3 isoform X1 (CSLG3) and ex-
pansin-A8-like (EXPS); three fruit coloring regulation-related miRNAs containing miR4993-x, miR815-
y and miR7810-x, with their corresponding target genes being magnesium-protoporphyrin IX methyl-
transferase (CHLM), protoporphyrinogen oxidase 2 (HEMG2) and lycopene e-cyclase (LCYE); three
hormone related miRNAs including miR4993-x, miR8004-x and miR9722-x, with their corresponding
target genes being ethylene-responsive transcription factor RAP2-3-like(EBP), ERF domain protein 12
(ERF12), gibberellin 2-f-dioxygenase 8 (GA20X8) and growth-regulating factor 7 (GRF7); and four
transcription factors regulation- related miRNAs including miR5641-y, miR9722- x, miR838-y and
miR319-y, with their corresponding target genes being zinc finger (CCCH- type) family protein
(C3H53), WRKY DNA-binding protein 23 (WRKY23) and MYB domain protein 65 (MYB). The expres-
sion of selected miRNAs was negatively correlated with their target genes’ expression, indicating that
these miRNAs may negatively regulate the expression of their target genes.[ Conclusion]High through-

put sequencing is a sound approach to isolating miRNAs. Based on the correlation analysis between the
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miRNA sequencing and RNA-seq of ETH/1-MCP-treated papaya, eleven fruit ripening-related miRNAs

were selected. These miRNAs provide a useful resource for further elucidation of the regulatory roles of

miRNAs that participate in papaya fruit ripening.
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Table 1 Statistics of sequencing reads in the fruit of papaya

1-MCP X CG 2% ETH
KA » : " : " :
Category Ko Eb 451 K EL 41 K Lt 451

Reads No. Percentage/% Reads No. Percentage/% Reads No. Percentage/%
S F %) Total reads 18 421 155 100.00 17 669 301 100.00 13 178 734 100.00
5 7 = 1P 51 High quality reads 17 100 760 92.83 16 556 969 93.70 12367 188 93.84
TG 3723k 75137 adapter null 37362 0.22 18 949 0.11 34112 0.28
JoHE AR BRIP4 Insert null 305 493 1.79 256 246 1.55 383 892 3.10
S kIS YR H S dapter contaminants 24 650 0.14 18 754 0.11 29033 0.23
/INF 18 nt [f1/77 %1 Smaller than 18 nt 244115 1.43 193 260 1.17 1184 762 9.58
HZEZEANTS PolyA 2337 0.01 2470 0.01 1193 0.01
4135 75 Clean reads 16 486 803 96.41 16 067 290 97.04 10 734 196 86.80
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Table 2 Identification of miRNAs in the fruit of papaya fruit

1-MCP R CG 4% ETH
F5 Category Ko L4 K Le 4 Ko Ealll

No. Percentage/% No. Percentage/%  No. Percentage/%
Lt 2 Rfam f¥] snRNA Total sSRNAs mapping to Rfam 7035 0.22 7 826 0.23 5994 0.51
L6 2 Rfam (1) tRNA Total tRNAs mapping to Rfam 14 122 0.43 12 465 0.37 9856 0.84
L3t # Rfam [ rRNA Total rRNAs mapping to Rfam 87 639 2.70 88 707 2.65 76 945 6.57
L6 2 Rfam [1] snoRNA Total snoRNAs mapping to Rfam 2455 0.08 2712 0.08 2185 0.19
Lbx 21 Rfam (1) HAth tags Other tags mapping to Rfam 3137115 96.58 3232469  96.66 1076397  91.89
L6 2 Rfam [1) &4 tags Total tags mapping to Rfam 3248366  100.00 3344179 100.00 1171377 100.00
Lbxsf 24 5 (R 43 (1) tags Total tags mapping to genome 1491 884 45.93 1584735 47.39 488 923 41.74
%52 B1f) C A7/ miRNA Exist miRNAs 71 13.58 70 1338 68  13.00
%58 B (1 E 41 miRNA Known miRNAs 303 57.93 214 4092 239 45.70
45 F 1% miRNA New miRNAs 184  35.18 188 3595 114 21.80
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Fig. 3 GO annotation of the predicted target genes of differentially expressed miRNAs in the fruit of papaya
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Table 3 Selected fruit ripening-related miRNAs in C. papaya

.
%3 72 mrna  BE ) HEBHID R mam
Category No. ID Length/ Sequence (57-3") Gene ID “ik Description
’ nt Symbol
RSB 1 miRI6T-y 18 CTTGCTG - evm.TU.super- GAE6 UDP- 1 4l [ B2 72 ) 5 1)
% FH % miR- CAGCTTCCTTT contig_157.50 UDP-D-glucuronate ~ 4-epimerase 6 (XM_
NA 022033270.1)

Fruitsoffen = iR4903.x 18
ing regula-

GGCGGCGGTG - evm.TU.super- CESA6

Y G

tion- related GAGGCGGA contig_36.82 Cellulose synthase 66 (XM_022044953.1)
miRNAs 3 miR3946-x 18 AGAGAGAGAGA - evm.TU.super- CSLG3  #F4ER GBS A3 H LA X1

ACAGAGC contig_15.5 Cellulose synthase - like protein G3 isoform X1

(XM_022049442.1)
4 miR5059-x 18 TCCTGGGCAG - evm.TU.super- EXPS I REHAS

CAACACCA contig_2.303 Expansin-A8-like (XM_022054114.1)
REFEW 1 miR4993-x 18 GGCGGCGGTG - evm.TU.super- CHLM B SRR X FH 55 B il Magnesium-protoporphy-
# 2% miR- GAGGCGGA contig_13.164 rin IX methyltransferase (XM_022049998.1)
NA

Fruit color- 2  MiR815-y 13
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Fig. 4 Heat map diagram of expression levels for targeted
genes in the flesh and peel of different ripening papaya
fruits
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Fig. 5 Expression analysis of miRNAs and their target genes in different treated papaya fruits
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