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Abstract: [Objective] High temperature generally induces hermaphrodite-to-male sex reversal in papa-
ya, which leads to yield decline and is one of the main factors restricting the high-efficient production
of papaya. At present, the molecular mechanism of hermaphrodite-to-male sex reversal induced by high
temperature in papaya has not been fully elucidated. In this study, transcriptome analysis was carried

out to collect the differentially expressed genes (DEGs) between the male (gynoecium abortion in in-
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duced by high temperature) and the hermaphroditic (functional gynoecium) flowers, and the contents of
endogenous hormones were measured in both flower types. The study aimed to provide a new perspec-
tive for exploring the molecular regulation mechanism of floral sex reversal in hermaphroditic papaya.
[Methods] The male and hermaphroditic flowers (length<<5 mm) of hermaphroditic plants of GZY3-6
papaya cultivar were collected as the experimental materials at 11:00—13:00 (air temperature was 39—
40 ‘C) on 16" July 2019. Total RNAs were extracted from the flower samples and reverse transcribed in-
to cDNAs for the library construction. The ¢cDNA libraries were sequenced using Illumina Novaseq
6000. Differential gene expression analysis was performed using the DESeq2 R package. StringTie and
Ballgown were used to estimate the expression level of all transcripts and perform gene expression lev-
els in FPKM. Genes with p-value<<0.05 and |log,(fold change)|=1 were considered differentially ex-
pressed. GO and KEGG enrichment analyses of the DEGs were conducted using R package GOseq soft-
ware and KOBAS software, respectively. 17 differently expressed flower development- and hormone-re-
lated genes were selected and their specific primers designed for qRT-PCR verification. PlantCARE
was used to predict cis-acting elements on the promoters of these flower development-related genes,
and TBtools software was used to visualize the results. Endogenous hormone contents in the male and
the hermaphroditic flowers were determined by using high- performance liquid chromatography. [Re-
sults] A total of 27 793 genes were obtained, from which 517 DEGs were identified, of which 214 and
303 DEGs were up- and down-regulated in the male flowers, respectively. These DEGs were mainly en-
riched in GO terms such as transcription and transcriptional regulation, plant hormone response and sig-
nal transduction, cell differentiation and regulation of organ growth, plasma membrane component, oxi-
dative stress, and KEGG pathways such as plant hormone signal transduction, plant pathogen interac-
tion, and MAPK signaling pathway. Through the results of functional annotation, 70 DEGs related to
plant hormone (including abscisic acid, auxin, cytokinin, ethylene, gibberellic acid, jasmonic acid, and
salicylic acid) signaling transduction, response, biosynthesis and metabolism were screened out, of
which 52 genes were down-regulated, and 18 genes up-regulated in the male flowers. Furthermore,
ANT, ANT2, CIB1, HHOS, SAP, and ZIP21, which are involved in flower development, were down-regu-
lated in the male flowers, and SAP gene was specifically expressed in the hermaphroditic flowers. The
promoter sequence of ANT2 was not found in the papaya genome database. The promoters of ANT,
CIB1, HHOS, SAP, and ZIP21 were found to contain abscisic acid-and stress-responsive cis-acting ele-
ments. In addition, the promoters of ANT, CIB1, and ZIP2] contained auxin- and jasmonic acid-respon-
sive cis-acting elements; the promoter of HHOS contained jasmonic acid- and salicylic acid-responsive
cis-acting elements; and the promoter of SAP contains low temperature-responsive cis-acting element.
The expression levels of the 17 selected-DEGs obtained by qRT-PCR matched well with the results of
the transcriptome, which verified the reliability of the results of gene differential expression. The con-
tents of ACC, TAA, tZ, SA, and JA in the hermaphroditic flowers were significantly higher than those in
the male flowers, and the contents of ABA and GA; had no significant difference between the two flow-
er types. [Conclusion] A total of 517 DEGs were identified by transcriptome analysis of the male and
the hermaphroditic flowers in papaya. They were enriched in plant hormone signal transduction, tran-
scription regulation, plasma membrane components and other biological processes. 70 of the DGEs re-
lated to hormones and 6 DGEs related to flower development-related were screened in the male and the
hermaphroditic flowers. In the male flowers, the down- regulation of /LL3, GH3.1, GH3.9, LOG3,
LOGS, LOX2 and OPR3 genes and the up-regulation of SAMTI led to the decrease in the accumulation
of IAA, tZ, SA and JA, and resulted in the decrease in the expression of ANT, CIBI, and HHOS. The
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SAP gene promoter contains low temperature- responsive cis- acting element, and high temperature

might inhibit its expression. These changes in profile of genes induced by high temperature may result

in hermaphrodite-to-male sex reversal in papaya.

Key words: Carica papaya; Hermaphroditic plant; High temperature; Sex reversal; Gene differentially

expression; Plant hormone
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Table 1 Primers used for qRT-PCR

LK 7415 Gene ID VEFE Annotated 1% 7 %1(5” - 37) Primer sequence
evm.TU.supercontig_211.22 SAP iz T F:TCCCAACACCCTCATCG
Transcriptional regulator STERILE APETALA , SAP R:CACCAACGCCCACTACC
evm.TU.supercontig_160.33 INGE VA T)VE SR F:GGAATGGTGGCGTGTT
AP2-like ethylene-responsive transcription factor, ANT R:TTGGCTTCAGGTTGGTC
evm.TU.supercontig_6.397 T F:CCCAGTTCAACCCAGCAA

evm.TU.supercontig_32.14

evm.TU.supercontig _367.3

evm.TU.supercontig 26.218

evm.TU.supercontig_458.2

evm.TU.supercontig 28.58

evm.TU.contig 30480.2

HHOS transcription factor, HHOS

e e R R B R

Basic leucine zipper protein, ZIP21

A KRR R K

IAA-amino acid hydrolase, ILL3

A REFIZTT 57 - IR SR X WK ik i
Cytokinin riboside 5”-monophosphate phosphoribohydrolase , LOG5
g A2

Linoleate lipoxygenase 2,LOX2

12- 5 AU IR RRIE G 3
12-oxophytodienoate reductase 3, OPR3

1 IR - 1R R AL

1-aminocyclopropane- 1-carboxylate oxidase 1, ACO1

R:TGACCAGCACCGCCTCT

F:AACAATCAAACGCCTCC
R:CACCCAACCAAGAACAGA

F:TGGGTCTGGGTCTCCTC
R:CATTCGTTGTTGGTGGG

F:CTGGTGACGAGGAGTT
R:TCAGAGTCTTTGGGATG

F:TGTTCTTGGAGGCACG
R:TCGGCACATACGGAGT

F:GTGACTCAGCCTCGTT
R:CCACCGCTAGACATAA

F:CAGCAGCCATACAGAT
R:TGAAGAAACAAGCCAC

evm.TU.supercontig_6.164 IR ERIR TP R F F: TCCCACAATACACTCCATC
Salicylate carboxymethyltransferase, SAMT1 R:CTCAGCCACAGACCTCAT

evm.TU.supercontig_20.147 AR R B F:AGATGGCGAAGAAGTG
Auxin-responsive protein, SAUR66 R:AGCGGATTGTTGAGAT

evm.TU.supercontig_20.141 AR Y 2 F:AAGTGGCAGAGGGTAG

evm.TU.supercontig_25.146

evm.TU.supercontig_17.12

evm.TU.supercontig_207.10

evm.TU.supercontig_2702.1

evm.TU.supercontig_7.12

Auxin-responsive protein, SAUR67
SR ZIM £5 K385 11 6
Jasmonate-zim-domain protein 6,JAZ6
SRR ZIM S5 /3= 1 8
Jasmonate-zim-domain protein 8,JAZS
FRATEABR S ZIM 25163808 1 10
Jasmonate-zim-domain protein 10,JAZ10

T PR AR T MR R ¢ R T 13
Transcription factor bHLH13,bHLH13

WUSCHEL [} 25 R4l 55 8 -7 9
WUSCHEL-related homeobox 9, WOX9

R:TCAGCGGTGTAAACAA

F:CGAAAGGACAGGGTTGC
R:CGCCTCGTGATGATTGAC

F:GTCTTCTTCCTCCCTCTG
R:GTTTCTCCTCCATTGTTTC

F:GGATTCCTCTGCCAAGT
R:CCATTATCACGGTTCTGC

F:GTGGTCTGGCGTGGAAT
R:GTCTTGGAGCGGGAAAT

F:TACGCCGTTACTGTGCC
R:GAGTGGGTGGAGGGTGA
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Fig.2 The contents of ACC (A) and endogenous hormone (B) between the male and the hermaphroditic flowers in papaya



462 S N #5404
F 2 BARNELFFEMELFERENFERELITER
Table 2 Summary of RNA-seq data between male and hermaphroditic flowers in papaya

Fedh PR BT KLkl I T A 2 T

Sample No. Raw reads/Gb Clean reads/Gb ~ Mapped reads/Gb Unique mapped reads/% Multi mapped reads/%
HELE 1 7.84 7.73 6.93 78.54 11.14 99.97  98.76
lf\ﬁfvlfer 2 662 6.52 5.84 78.48 10.99 99.97  98.77
3 7.98 7.85 6.98 77.34 11.59 99.97 98.74
Pt 1 7.66 7.54 6.73 78.26 11.06 99.98  98.87
flermap- ) 719 7.08 6.32 78.01 1130 99.97 98.85
flower 5 7.66 7.84 6.96 78.55 11.16 99.97  98.89
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between the male and the hermaphroditic flowers in papaya
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Table 3 The top 50 GO terms of the differently expressed genes between the male and the hermaphroditic flowers in papaya

GO 712 GO J¥ %15 BT RE LR
GO classification GO accession GO Term Gene number
sty uwi GO:1903507 3 4147 Negative regulation of transcription 5
Biological process G0:0009611 )47 ;. Response to wounding 14
G0:2000022 FFRAN T K15 51815 11% Regulation of jasmonic acid mediated signaling pathway 5
G0:0009733 K Z I B Response to auxin 14
G0:0006355 #5114 Regulation of transcription 56
G0:0031347 55 I 5. 4% Regulation of defense response 6
GO0:0006855 2595 I 4% 12 Drug transmembrane transport
G0:0046620 FE A K Regulation of organ growth 4
G0:0043161 V2 F M B E T R4 Ubiquitin-dependent protein catabolic process 13
G0:0006351 %55 Transcription 50
GO:0042744 IS A A A AR T #2 Hydrogen peroxide catabolic process 6
G0:0046202 FA AW A A FE Cyanide biosynthetic process 2
G0:0051762 fis 2Pl A0 A5 i B2 Sesquiterpene biosynthetic process 3
G0:0009691 AR AN A KL FE Cytokinin biosynthetic process 3
G0:0046323 i1 % ME%i1 N\ Glucose import 6
G0:0009638 ¢ Phototropism 3
G0:0030162 H /K I4% Regulation of proteolysis 3
G0:0009751 JK A% . Response to salicylic acid 8
G0:0080037 A F AT 55 5 5145 Negative regulation of cytokinin-activated signaling pathway 2
G0:0031408 8 E 4 L A2 Oxylipin biosynthetic process 4
G0:0009753 SR FI T N Response to jasmonic acid 7
G0:0030154 M54k Cell differentiation 12
G0:1905392 )7 B U4 ) 4 Plant organ morphogenesis 3
G0:0071323 JUT R4 iami 52 Cellular response to chitin 2
G0:0006979 SH AL WM B Response to oxidative stress 11
G0:0019760 fine AR 4 AR R Glucosinolate metabolic process
G0:0010500 fR AR K H Transmitting tissue development
G0:0071470 1BIE B 20 i B Cellular response to osmotic stress
2 Pt 2H ok G0:0005887 JIE4H 4> Integral component of plasma membrane 15
Cellular component  G0:0005576 fa4h X Extracellular region 38
G0:0090406 183 % Pollen tube 5
G0:0005886 Jiifi% Plasma membrane 74
Ponmoilil G0:0020037 1141 % 454 Heme binding 12
Molecular function 00044212 1% X 38 DNA 254 Transcription regulatory region DNA binding 21
G0:0003700 DNA 254 5% [R-T-i% P DNA binding transcription factor activity 57
G0:0003714 36 [ ) M Transcription corepressor activity 5
G0:0016799 K A 5 1 Hydrolase activity 3
G0:0043565 DNA $5 5 541454 Sequence-specific DNA binding 37
G0:0016614 A IR RS 1 Oxidoreductase activity 5
G0:0005355 1 W S 32 B 1 M Glucose transmembrane transporter activity 6
GO:0004601 I E ALY B M Peroxidase activity 8
G0:0004103 NERE B M Choline kinase activity 2
G0:0046593 Jin Bk I 2R S 1 Mandelonitrile lyase activity 2
G0:0008061 JUT F 454 Chitin binding 4
G0:0050660 RIS IR S5 & Flavin adenine dinucleotide binding 6
G0:0016832 Fi 247 Bl 15 1 Aldehyde-lyase activity 2
G0:0010334 fis 2= A BEPE Sesquiterpene synthase activity 3
G0:0005351 JR T #1235 PE Proton symporter activity 6
GO0:0019825 454 Oxygen binding 4
GO0:0018685 JEdE 1- BN 4TS 14 Alkane 1-monooxygenase activity 2
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Table 4 The significantly enriched KEGG pathways of differently expressed genes between the male
and the hermaphroditic flowers in papaya

JE %Y Pathway ID JE % 4 FK Pathway name HENEL Gene number p1H p-value
ko04075 TP E (55 ¥ F Plant hormone signal transduction 26 3.42E-07
k000592 o-EJFRIZ AR a-Linolenic acid metabolism 7 0.000 075
k000902 FRRE SR AEN) 4 B Monoterpenoid biosynthesis 3 0.001 422
k000591 P RERAR T Linoleic acid metabolism 4 0.001 568
k002010 ABC #i%# 11 ABC transporters 8 0.001 619
k004626 FE -9 S PR AH ELAE FH Plant-pathogen interaction 13 0.005 467
k000480 B H R4 Glutathione metabolism 6 0.022 351
ko04016 g 22 Z4JEE AL B RS 5 8 % MAPK signaling pathway 10 0.034 762
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Table 6 Differently expressed genes related to flower development between the male and the hermaphroditic flowers in papaya

#1L /K FPKM
RS LI R DR 447 (e PRIE R pfg W
Gene ID Homologous gene name in Arabidopsis Male  Hermaphro- HxT p-value Gene function
flower ditic Log (fold
flower change)
evm.TU.supercontig_ A5 2l MR f i 25 14 260 547 -1.07  0.015315 WHKRKH
32.14 Basic leucine zipper protein, ZIP21 Anther development
evm.TU.supercontig_  #3%[K¥ HHOS 31.56  69.57 -1.14  0.000 037 fELSETEMK
6.397 Transcription factor, HHOS Floral organ formation
evm.TU.supercontig_ SAP #3551 0.00  5.68 -15.79  5.75E-35 {EREHKAT
211.22 Transcriptional regulator STERILE Flower and ovule development
APETALA,SAP
evm.TU.supercontig_ AP2 2 7,475 W |3 45 53¢ [H 1 1507 34.01 -1.17  7.98E-06 MERFIEZEIREKH
160.33 AP2-like ethylene-responsive transcription Ovule and floral organ primordia
factor, ANT development
evm.TU.supercontig  AP2 35 ZLJ i |3 4 55 [A] 1 14.04  29.48 -1.07  0.000 081 JEERFITEH T EILKE
129.70 AP2-like ethylene-responsive transcription Ovule and floral organ primordia
factor, ANT2 development
evm.TU.supercontig_ At a3 AR R IR ISR AT 377 8.27 -1.13  0.001310 #HRH
62.160 Cryptochrome-interacting basic-helix-loop- Flower development
helix, CIB1
5 - OgRT-PCR @RNA-seq
0
Y
25 O F
g%
®Ho
@ g -10 r
)
WS 15 b
-20 ¢
SAP HHOS ILL3 LOX2 ACO1 SAURG6 JAZ6 JAZ10 WOX9
ANT ZIP21 LOGS OPPR3 SAMT1 SAURG7 JAZS8 bHLHI3
FL K 4 FR Gene name
4 ERFTIEEE qRT-PCR Wi
Fig. 4 Verification of differently expressed genes by qRT-PCR
ANT - : = l l = - EKFAIRIA S Salicylic acid induction
TJo% 75T Anaerobic induction
CIB1 = % -Hl = |—H— —"— 0 PEIE L Stress-responsive
% % | o | B 4K E L Auxin-responsive
R H PSR iRy Fs il .
= g HHOS | T T [ Vi 7 2 B2 Abscisic acid-responsive
S [ KB 8 Salicylic acid-responsive
Sap | ' " l | ' = % % SRATR FF 1 N Methyl jasmonate-responsive
L L Y L1 T 1% Drought induction
ZIP2I =11 T - B JRE 2R Gibberellin-responsive
5 IR Y. Low temperature-responsive
0 400 800 1200 1600 2000

JA BT MRAAE R e 20 A

Distribution of cis-acting elements on the promoters

5 ANT.CIBI.HHOS5.SAP 0 ZIP21 A EFIREAE F T 5 4
Fig.5 Cis-acting elements on the promoters of ANT, CIB1, HHOS5, SAP and ZIP21
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