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Figure 1 Symptoms of papaya ringspot virus disease. A: papaya
plants infected by PRSV with mosaic symptoms in younger leaves; B:
papaya fruits from PRSV-infected plants with typical ringspots; C:
PRSV-infected leaves with leaf deformity and dark green mottling

B K 95% )7 AT & MPunatth X A 7%. 19924E 15 1K
TEZHIX K IIPRSY, W4EZ JGPRSVKHIAY HE, f#
B Punath [X AN L F- 44770 PRSVIERE &
LW RS T sl ARSI R
17, XA NAE =3 ™ =y, F3F AR N85%

F1RREBEANR TR
Table 1 Major papaya viral diseases
WiTE Iy HAL TR HARIE
R g ZE.OWCE. . R SR K BRI BE
BRI SEEVIREE i ot bk, RETALEEK 19406, %
(Papaya ringspot virus, PRSV) (Potyvirus) VORER R
AT I S0 A Y R TEMRREAL, TOARmT B T 4 . 38T 19452F, 1A

(Papaya leaf-distottion mosaic virus, PLDMV) (Potyvirus)
A RAEM 5 B LA X 2R
(Papaya mosaic virus, PaMV) (Potexvirus)
HAR NG 7 7 ML IR
(Papaya leaf curl virus, PaLCuV) (Geminiviruses)
FAJN N TSR IL BRI 5 I

(Papaya droopy necrosis virus, PDNV) (Rhabdoviruses)

ARG IR AL 7 R 77 )
(Papaya apical necrosis virus, PANV) (Rhabdoviruses)
AR TIATE B IR 25 B 7 SR EAE M 7 R
(Papaya lethal yellowing virus, PLYV) (Sobemovirus)
FA N B .
(Papaya meleira virus, PMeV) AT T
R A B -

(Papaya mild yellow leaf virus, PMYLV)

AR R SRR, AR, BRASIE W AR Kk
"

MR BT, B R B B, 1
RIES

W R ESRTE . HANIH H R AE A
R HIURFA RABAER

FERRTGURB I Jy 170 1 25, A 25 Bk AR A
fiflfE, 4t sRsk

Tt e Ak 1 Y 1R 55, o AL, s
A LGN, 5 v MR TR SR E, S8
BT

TR Ab Iy R AR B B T, RS I
BT HIESOZ M R AT B, P it o 2

ST P T AL GIR T, FL KAtk P A 2 R

RN T R AT SR T A g A0

AR B SR SR T AU A O, SR SEmE, A
R T e

19624, FE!
19304, EppEl™

19814, !

19814, ZEp B

19834, (2!

19874, B pg

MR AN KIS RER 19934, 5Py 34>

1864



I ERE: AaRE 202444 E 4% H10M

~90%

PRSVAFE AN =V iE AR 7 7™ B 520, (AL S5
WA A AP HIRSGEEE . RAGPTR L
K PUI B FERAS Be A 2R R 2 A IR BRI 2599 1] 48
76 H A& B T PRS VS, 285 (8 H i 5 ik dE: SR
R [ B R 22 HE A R 25 ) s i P R K
FEEANEWINE Ry R LU B AR, B AR RS 3k
PR IR, QAR o G5 o B AN i K (1) B 30
FAREA L Hh X (4n g F2) T LA i st 56 7R v K 40
Hil|PRSV AL 4%, (HXF T 7% A Hh PR 25 0 3 X Bl
ZRATHIHX, #AF AR —A KA R I7 =
oA 24 15 ¥ 1 A% R 00 B 0 U vk R A R ORI B v
g% 07 BRI LLREZEPRS VIR L, (H L AELE JLA
B, BIE R A gl P 2, DL SR E AT B
Xt 2 RGP P A, A AR AR AR A
—EICE, E A SR R R R B SR R A AL
{549 H A d e g i A kO, Y R Gk
IR R Tk S 2 B R O TR AR R . wE
R, HTRMERME AR SR BINZER, F
AR AR B RERE R AT A i, ke | 3 i iR A
B R AE 2R AR AL BB B A T o £
YRR, PRI sE SRR 52 I T3 87 A 1) b B X3

Biva R 8 = A ST B B ke, E
AR E R F B TYUR B RO IR K. AR
HIPTm B A A G = B P 3 A AR A, R
B AR NI A BE R X r= A Je A SRR S AT B b 5
X, Bt CABUPE BRI R AR G B 4458 5 7%
B F A AR i Ah e R L PR AR AR 1 e W
A NI BRI B R A HTR B Fh TAESR 9 7 IRIE. 2R
LA B T HGEE B AN Bim g /15 HAph R, R
TREERSHH T R EAPE AR B &
(PRSV)HU M 9 25 B 78 A I it et ) 25 I 9 AT,
BN AL AR ) T R 2 —.

1 BRI B B & R g

L1 BOw R AT ARG

B0 B AT A Bt (Pathogen derived resistance,
PDR)FH L 2 1500 5 BUws 1 (9 75 ) 5 R PP 41 1 e ik R
TR ) B S B0 B AR k. B B R
KT RAEM R EE(CMV) F 4152 B 2 B B 18 X 25 19

FECMVHTIERY, BOWR AT ST R @ 5 5 s 2 A
DUBR(PTGS), 514y 5 B il N2 [RIVR 7 2 AL 5
RV AR R, PR R ek
M /LR, BICP. RNAMKHI I RNA R A
(RdRp). EAWE. B3EA. DEZHEER. BitT
PERNAFIEG G X 25, #R kA FH ok 7= A 507 B AT AE Bt
PERTE bR A, H Bk SK R 2 AR 78 3 e X — SRR
KRB IR EH 2R 1).

1.2 RNAIfL R I

RNATHL(RNAIL)Z R IAEFE 3KF EREERE
BR. RNA S AP0 O IE S0 55 55 548 S 8 o & %
YEH, {HRNANSHIREPIEZ N E 55 A5
PR 22 8] Fe 5 [ PR A5, H ARmRNA R FE 512 e 5E
SIRNA I ) — MR EERK &, FFrTREERISCH
FF R E 7 5] S8y w0 EE/E AP, siRNA
5 RS 2 8] (AR TE L 2 5 i A FRRNA I V) E, 5/b
TR, FEAFSIRNALTE Y, 6 35 B A1 25 2 )
AR BB S HiPEZ UIAHOC: Moreno%5 A (1998) &
B, PR B R (8] [R) R I 2T 9 0% I [X 30t 3145 5
Z it % - E 3P, NomuraZe A (2004)5F 52 4 1 %
B, 7 5 [E) 5 B 4986.6%°; JonesZE A (1998) K I
Sy BIRE 2 18189% K FE A1 RS AL Btk o i 0, X
AN (2009)K B, RNAS SRR EDUER ) 1S — 8
BR T 15 31N (5 R 37 ) 94 40 9.90% s 7 kY.
BRAb, 5 72 32 B /MR X [RIVE N, T AS 2 AN R 1 i)
R, T RS R e g,

RN A5 HU 0 8 5 72 76 $2 w50 4 0 Pows o4 T
HA4XRE. B—, 2atam. BT Birst
KRFIEF=Y), RNAN TR EPUERA £ %4
#, BRI T HEE AR R KGR B, HR
YRS, Z T VEAS R AR SR R E R R IE, X [F YR
dsRNAFImRNAZEAT B fife -4 i) Ho R 3k, 1y H X
O] 2050 A7 AE P TR S B R S . 5 =, Ak
PEARE. RNAGUN AT 4 R ATt fE 45 71X, JF
& iR AL e . 20U, PRep k. SR BRI
RITZAAET AR ZHAZA RS, HAKEERE
HIBAE AR, BIRRNAIN SR B R AR BT
I3 7 T S, AR 7 Rk g, HAEE — e
JRBRYE, AR ST RN R, B AR e
P 8 e T

1865



SUH SR A PRI AR A H AR S e

L3 B g i 75 SR %

Bl & 5L N Y H R ) & 8, CRISPR-Casl13at 4
iIF B RN AT 2 H A & TP 4E I PY. CRISPR/
LshCas13a 2 St {5 A [F] FIFE Y P (A% I AN UL e 5
HRFR R TE H N TE AR R B (TuM V) B A 9% 1 1
FERREY), IBIE S LshCas13a/ S X RNAJK 7% i T3
TEM, REXMEARE. HIPRSVAICRISPR / FnCas9
2[R G B AR R A B A v B R T 020 (1) 24 )
ORI X R R 1A DN AP CRISPRAE 2 7 25 5 #8161
RNAZT-, MR 7 A AT T RN AJH B (188 7] T4 (1
WGP, CRISPR/Cas93t R 44 AR B )2 LR
JEiGE, {H HRTCRISPR/Cas9 F 48— L84 A J7 1 1) 1)
WA fpidt— B 1 52 B AR TS, £ X4 2 DNA T
BRIk 3 B R B RN, . SR SRR BRI
ERANCR DL I W) 2 A A TR

2 EERERBEARINGUHEE R
2.1 HERBEEFFAK

B I R R B R RF - PRSV A KK 77 B
F[H(Coat protein gene, CP), PLE EHEPRSVIK#Fik
HAS-UABR, 765 -3 16/ ki 25 151 17 41 (TR
EBAN AP SE 2R LA BT B ), S i S PR e
N\ Sunset ) i 14 R 14 475 I 3R 45 4% J5 D5 BH 1k 2R 55-1
A63-1. Hrh55-1 (G iRTCP+-)ilid B 22 177 53k
BaliA4ASunUp (B RICP++) Y SunUpitk— 5 fl
B A & FKapoho 2 38, AR kAL i FiRain-
bow A K,

A B DR B AR T A Ao e i 75 22 ek 38 [ B4 )
PAKG 5 JFi(Animal and Plant Health Inspection Ser-
vice, APHIS). & [E3£ 58 {& 42 (Environmental Protec-
tion Agency, EPA)FISEE £ i 24 it i B ¥ 5 (Food
and Drug Administration, FDA)® #t, FH-a & pi kA=
HIVER].

APHIS T B 5GTE 3 [A 2 A IO 40 5 14 78 7 X
W, an: (1)5raetRil: NIRJ 2 A 5 A R IA 1 Ak
FeREBATREAL. R M R R A TR
B, HIERIZHDNA / RNAF A S, Bk 58 A
SRR RETE BB R R, A S RA SR
e FEVa . (iR aEFE A F R H AR AR R

1866

BMEMH. §E ] R 2B AL R AR5 v] DAL
&, JE#EWRTREr AR, HH R EE A R
HCPRI MMM AAAE BTG, (Qi)FEPRIER: It
A] 1] B AR T AR NG, (15 37 2 2 A AR A3 e B
. HTEARCGRMEMP, KA [ B A B R
T 2 5 DR A fy v i 2,

XTTEPAT &, # Al AR 2 — Mk 2y, K
MBI T X PRSVIR R PUm M. E AR 24
b T IR IR e (A B R ) I 2 .l
FE PR A A (A 76 8 19 2k BT AT 3 b A 28 A T (4K
Z B O PRSVIER ) AT L BORIG Bk, R FEA
JRH A e A B RN T HPRSVIER L I A AR,
[F T 22 AT 0 9 9l ) Sk B R A RT Re I A R R
2, 1M HIZA NI E A S IE A A 2 T BUR X
eI 295

FDA F ZEAR ML B FAMNMEH %4, &id—

SEREHIRE ALY J5, FDAWBRIA T 563 R % A K
FFH HAE R e N R R A e, i H L0,
RN AEA R R IR A R

T APHIS. EPA. FDAMWIZ J5, HENTE
ARINTF 199844 A A riMb Ak ], w4k Rl e
FRF 5B AN, (E BB T LA .

22 EEMP HIAFE RN BEARXT-2

il 2 LS N 2t 25 IR 3 R VA X 24 R AR A PRSV
PERHIK, 23 5I{# F CPIE A IE L HE(S-CP). & %
(AS-CP). UL L X CPHEATRMY S AR (TR L IR %Y T ATG
AN IANEIE T, FS-CP). FI7ECPI)FE A 44 25515
FATGJFHES G N =AKIEZFTAG TGA TAA
(SC-CP)ZE U Hh 75 N A M) R IA AR I e N AR
oL RTSA DU R R R A AR IR R, i S-CPER I
FpitE s, SFIE R D ik R A PAE m P
BEX17-2, FFF T4

23 P EGEBRENEA KGR

rh [ 92 R A Y AR FAPRSV-YK K & 1 CP A&
IRl 4 K 12 A ST I8k 800 B (PLDM V) (I PTW-WF
WA AR AR, BRI E R AT A
JRH, B U R R B AR R, X MR RIEAR
AR 2 26 R I R AR i pitE, 78 H (A sEat
tHF B H 4 PRSVAIPLDMV [ 75 37007 444,



I ERE: AaRE 202444 E 4% H10M

24 ot E AR AR A1

Fp N ORI 5T BACKE PRS VT Y sk 2 IR P(Re-
plicase protein) &K ANFEAN A, FH H RIS
“AER1FSRR TR T YstR RRICATE PN, XF HAD
PRSV#k £ (VO Sm) it A B 140

25 o R AR A K 474

T X R A BRI R 2 E 7 X FJPRS VIR R AT
VEAY, MR AR T AR AR, R
RNAiJ5H, PLCP. NIb. He-ProZ55ED A Wi (857 551
P FR 4 1E SURE RN R SUBEE IRNALR e 511 3iqa 4 3
[Kl ¥k %474, i8id Southern Blottingik 4, #ffi 72 Hi Ay 24k
DUsEON, R0 45 R BoR 7 BL R bR R 47450 1 1
PRSV Hainan I. ITFIIIIEE &I H0*(3£2).

3 BRBENEAN LY L 2P
I I AT e A T 42 8 5 o 458 R 1) S M AT 2 2 4

A4 50
WAL

3.1 BTN

MEIRFNSZIG B o, AR A R
EE R, A FEEEAE oA
B R TR, X5 BCS SO 2 R AT SO0
FAR AL K F-35%, BPFES _EAa] REr= A= g i i
AP A K CPER FIRENLETYI N8 N EIE R £ A
Zhk, WASFESCAEBEAMAMMEA. B
R A Fga e M 70 R B, CPAE HIRIRTE LR
35 B R T O R B, AR X} B R RN 5 1 TR 3 R
JREICPEEN B A 1 5 22 )Y,

3.2 ARSI BT

I 3 BT BE TR /A A A DR R TR 5 9%
B MSCE TRy, ORI AR U AN (Unintended
alterations)>). 3 I of 75 A JIN 55 JH Al 8 56 PR o AT
E IR I ECEUR IR, e e DRI AR TCRI AR 2 P 9 R
JRZ A 36 E TRy, EAFEAKI B TLZE 7.
e R DR R I SRAE B A R B B v i B A R
it ) 7K T, B RS S 22 S AN K. e B DR A A TN R
R PRI A TIVAE SR S B A B S B BURR R BB (BITC) &5
FEHAR, BoA A SIX 5

F2o T B LA 1 3 DR 7 ALY

Table 2 The major commercialized GM papayasa)

Ak F FINFEH FRALE 5K A
55.1 prsv_cp(laEsbre R EIEE) R, 19964
nptIIGH 55 = U R R HAk, 20114F

uid A(B-FTE T FR G LA
prsv_cp(iEEAM 5 L)

K, 20034E

npUICHT 85 Z HiPE L R £[H, 19964F
uidA(B-H B R B 5L ()
Huanong No.1 prsv_rep(iiEE S HIRL PR 1 [, 20064
X17-2 prsv_cp(JRTEHP TR FI L) -
opIGH G EHNEIER) P 2009
YK1601*  prsv_cp(i B 7h5e 88 2L [K) i, 20184F

nptlICET & Z Uk SE )

a) B RIRISAAA, www.isaaa.org. *: 2018451 ra P 5 JE K K
AR TR AE R ] 4 B X 7 b A0 S FH

3.3 WHEARAAERL AR A R PP

S ke 5 1 FL A K PRS VKRR R BEAT I 9256, &
S R A HE R B AR i e s T 54 e s A
(I FUARAES ) ok 3 E s IIPRS VL R, BT
BN FEANERIL100% U 1, Xk B 2 BLIK A58
PHEFIPRSV RAE10% 800, 1 HARRIRES, kAT
SEINIPRSY, B 35 5% JE K 35 A TR BN 4E 1R R i)
6], (HE A4, %ok H 22 EPRVS LT3 &
B s st

4GP0 R A R i A % &
i)

PR R =R, BRI 2 % SRR BT
T3 73 2 ik DRV EPTE 7E 10 AUR: 1) R 7 1 IR G, AR
T B IA 9 B 5 RIS & e FE AR A 1), SRS 25 1)
AR B R A o FE A DR ) 4. R T PO R
R 2 AL 5 5 R RN AR 5
TREFIRAR ORI, B YA 2 IR 7 17 41
gL, BT /D BURYGL T pararetroviruses BLPVY (L42
By R ) oh, B T X R, B ek
BERE DN 2H 2ol NG 5 R SR R . VB AE IR AU
oo, HA, MEIEH, FERER, R
PRV R, DL R AR SORSCIE T T ) £ il 22 4 ) R

c[55,58,59]
=7 .

1867


http://www.isaaa.org/

SUH SR A PRI AR A H AR S e

PO B 3 ik R VE P T e B i SR AR A= P o S PR 2t
B ZREVE R LS, (E RS Z AR Ve Bh 75
A Z N EE R AN, TR E R
P F 5 15 SE DR T oA R P AR A, A L
SRAEFE KPR R R E ke B, (HHPRSVIR
B [ 28 31 DR 75 A TN = 358 i (10 T 2 1 1) e D 22 A 1k
A S Y,

PRSP T, AT LA 3 IR 2 DO B i A IR
TP NARAE RS2, B 7E R SE R A h Rk 1
BT, "B A SR E AR, s
AT & AR SR YA r] REgm SR e, B2
&5 RIERA RIS HEING. [FFEFHPRSVI Sk
RN A IR 2 AR HUiE SR AR, 1
B AT A B .

5 HURRHENBAKA LS

5.1 RREENAARINAT BT R AR 2 P 2 A Il
M 2 3RS

FERE R ER, HIHUR I 2k R 2 AN AR 5 /R
AR AR, KKBEAR 1A EPRSVI A
7, DRI A5 57 Puna & Aol 4 e 58 B 28 AR TTU A ]
O, et LR TR A TTCRT AR Ay s LA 78 A T £ 4%
HPRS VI H 2 B (1 “Bhg i1, IFEAEBAR PRSV
BIRREAET, PR AR L AR A R 25 R 2 15 2
TARKHIIRTT.

5.2 ERELNFRAKAE S IR0 28 A A i b

2 R DR 7 A JIAE AT 9 B 1) 33 B P B AT BLAE
K, T e A A i PR 2 A JTCIE 3 75 TRl 1 -3,
B B DR 9 A TTC R 4 B b JF B 1 = )
XA A R AR AU ORI, H i BAL PR 52
i, BUONERGHTLIX, SRR AR, W2
RAFHEE TR

5.3 HRELDIEAINA By 59 i S ARk

PRI DR R AU HE T 35 0 1 528 3R 38 A I i ol )
LR T R RURI L 5% 58 76 AR R “Rainbow”,
FEAGAR 2 /N BRI A e 2 D 3 A U O AT g, 1 0

“Kamiya” “Red lady” “Laie Gold”Z25"%],

1868

6 FTAINEVBABTMRE
6.1 FARJNHCA Bt 14 A 4y & il i SR 4

Fe AR AR T 2PN B L us =, 1 1 4%
FH SV 2 R ARG X . N TR & S8
AR JNE FRAE KA A K R A RS, NER
B A RIS P X 2 PR, AR AR, P25
fBo. BZEESL. AR KEEERZEAEAEY Y. F
ARMEA R A=FE. o mes. BRIk
WL PR 2 S, i BB, FER R
B Y, FAT AR AR R E, AR R S
FAER 3-8 H, 9-15M HEReGRIR L, TEALf%
SE RIS I], R A ] LARIN HEAT 5 FR AR . FFAE
g AR F A KB B, X SRR s A5 R/ A TS
HHAEPITT T HBE A .

6.2 FAH BT R

FTARTNQ2n=18) = MA[F R I (1 HE. PATE)
R AR E R, B AR T B ASR e
B AT/ ARNE P E LT R, EIRE A
PR 2 P L e AR O, {ELR T A T 1 ke 5 JE PRI (Seex
Determination Genes)Ih{% A %€, HEVER A A BE
IEH AR, MEVETR AR TR AR AR IR 45 3L, B2l T
PR AN 51 85z B BRI RE e S BUR LR B A —
B, M tEZE. DR R AR TR M Hh 4 0 R FH R 1
B ARG AR R ol — X =k, R e
HBEAT P W, DR BE — PR AR T AR 73 A AR, X
FEAE 72 A SR 3 8 .

LR 2H FRUI A 5 A TNY G A PR R 5 (X (Male-
specific region of the Y chromosome, MSY)f, T AR
g getatk T B R BIMSY A R R (KL
#B28.1 Mb), BIEEMERES X (Y)RIF R 7 X (Yh). 5 1
SEMSY AR XS (02 RS R X (X, 3.5 Mb) ™. 2
W, FE—/NPRE DXy G o fA m DA il
FROY)BMEREFIFR(Yh) 2R, MEMONXXRTY, T Y Gt
PEFIYhGe A 2H & H R B i, DR R R e A [ ok
RIE TR S A PR (O XY FIX Y R 20) ! (1512).

6.3 EMMBAINC UL LTI
AR RS

S R A ik DR 2 A TR e 22k DR 00 20 1)



I ERE: AaRE 202444 E 4% H10M

Bl 2 AN o iR, AN e B YR,
YW, XOHEVE; 2R TG P (XX Al 1), HEVERT (XY 2
A )RR (XY & 18). YY, YY", Y'Y 740 2 FE  ie
HH

Figure 2 The sex determination of papaya. Three allelic genes: Y, Yh,
and X; Female trees are homozygotes (XX), while male trees (XY) and
hermaphrodite trees (XYh) are heterozygotes. The gametes of YY, YY",
and Y"Y" are lethal

—ANEIIHIN L, AH AR AN RE 2 12 BT R U A A
A AL G AL T 52— B0 MR, 5 80 R 1k B
TR B A K. A TR 7 2 78 AR
AP b g B O HA W S8 =Y. BRI
AR JEE 9 1 3 2295 SR ) AT A% 55 (Phytophthora  palmi-
vora), IRV i, ZEHEE . R
F AR Z B Fh S YR, DR A0y &5 SRR B R
JREERHFPHAER(R gene)fimAEHw o=, S5
TV EE I AR L, T AL R 41372 Mbp) =2 R I+ 1)
(145 Mbp)HifE 2, {Hi& HPUm LR (544 E 2 IT
FURRFE (174 M =4822 i 3545500 5 b 2
HAr AN Fa V) 752, 2SR AE FhE
FI &+ B PP s 25 T 1) B LR

YEREY R FH N EEBRE, BERCEER T
SRR A ORGSR 2R I A
FH R NAEYIR S S ED R BURBE PR M. AR
FKH, TN EIEDahlia merckiili 1 ZDmAMP 1A
CpNPR1BEMH i T A BT,

S5 3k

6.4 TAIREAIE M A H LA W R EE
2

HAFEEAE R SIETTR LA, b
B A IERITTSUM TR R 5545
A 4R, SRR AR LA D
USRI T EHMIE. BRI
Pt UBSHERIE IR TR, JFA
SRRt — 25 B A T B R

S A B (AR B2 )7
T, S MIHE T AP ORI, AT, BN B4 )
FArich . RO BT ER 2,
A7 ST M7 5 27 1 o R
A0 (e R A RO E, IS
R B (1) NN R . P
AT EL DU A U R R R T
KRR IR, KA RO
AT DL IRA LR Bt ice, IR ki
REFFBIMTS e, R TR SR 0 0 R
il YE ST 49080 B B B A T
B DA, AT BB A (AT E A
R PRI . U0, ST DU R
R, HOER L% TR EFRAS, (
U A R TR B I A AR A £ 0B 9%, ()
BT IR, F I 90 X ) TR 1
BTSRRI EART B LIt S AT
TSRO R B 1, B ST
Ry, B S AR
A KSR, SERIMLRE. (iv)TH S ISR (R
AL E R EIE R AR SRR AR
AR, TR AL, KIS AR
VR BEWAE, SKBURMLRIRTRFEE R . R, X E8Hr
SR R SR SIIEAR, (R4 A3 51

G LA, AR A TR A 2
I AR R — AR, B R
hn BILETFRNEL BROBRIT. SR
SR DS TR RO G R LA, 1
LIS RFHBE R A TR, HERDA AL R R,

S Boom

1 Gao Q, Tan Q, Song Z, et al. Calcium chloride postharvest treatment delays the ripening and softening of papayafruit. J Food Proces Pres, 2020,

1869



SUH SR A PRI AR A H AR S e

14

15

16

17

18

19

20

21

22

23

24

25

26

27
28

44: e14604

Wang D, Randhawa M S, Azam M, et al. Exogenous melatonin treatment reduces postharvest senescence and maintains the quality of papaya
fruit during cold storage. Front Plant Sci, 2022, 13: 1039373

Khor B K, Chear N J Y, Azizi J, et al. Chemical composition, antioxidant and cytoprotective potentials of carica papaya leaf extracts: a
comparison of supercritical fluid and conventional extraction methods. Molecules, 2021, 26: 1489

Dotto J M, Abihudi S A. Nutraceutical value of Carica papaya: A review. Sci Afr, 2021, 13: ¢00933

Gonsalves D, Ferreira S, Manshardt R, et al. Transgenic virus resistant papaya: new hope for controlling papaya ringspot virus in hawaii. Plant
Health Prog, 2000, 1: 20

Tripathi S, Suzuki J Y, Ferreira S A, et al. Papaya ringspot virus -P: characteristics, pathogenicity, sequence variability and control. Mol Plant
Pathol, 2008, 9: 269-280

Zhao H, JiaR Z, Zhang Y L, et al. Geographical and genetic divergence among papaya ringspot virus populations within hainan province, China.
Phytopathology, 2016, 106: 937-944

Villanueva-Jiménez J A, Osorio-Acosta F, Hernandez-Castro E, et al. Integrated management of papaya pests in Veracruz: Papaya ringspot virus
, papaya mealybug and mites. Acta Hortic, 2019, 1250: 63—68

Dahunsi S O, Oranusi S, Efeovbokhan V E, et al. Crop performance and soil fertility improvement using organic fertilizer produced from
valorization of Carica papaya fruit peel. Sci Rep, 2021, 11: 4696

Yeh S D, Gonsalves D. Practices and perspective of control of Papaya ringspot virus by cross protection. in Harris K F eds. Advances in Disease
Vector Research. New York: Springer, 1994. 237-257

Westwood J H, Stevens M. Resistance to aphid vectors of virusdisease. Adv Virus Res, 2010, 76: 179-210

Gonsalves D. Control of papaya ringspot virus in papaya: a case study. Annu Rev Phytopathol, 1998, 36: 415-437

Tennant P F. Differential protection against papaya ringspot virus isolates in coat protein gene transgenic papaya and classically cross-protected
papaya. Phytopathology, 1994, 84: 1359-1366

Garcia-Viera M A, Sanchez-Segura L, Chavez-Calvillo G, et al. Changes in leaf tissue of Carica papaya during single and mixed infections with
Papaya ringspot virus and Papaya mosaicvirus. Biol Plant, 2018, 62: 173-180

Fitch M M M, Manshardt R M, Gonsalves D, et al. Virus resistant papaya plants derived from tissues bombarded with the coat protein gene of
papaya ringspot virus. Nat Biotechnol, 1992, 10: 1466-1472

Maoka T, Kawano S, Usugi T. Occurrence of the p strain of papaya ringspot virus in Japan.. Jpn J Phytopathol, 1995, 61: 34-37

Shen W, Wang Y, Tuo D, et al. Agroinoculation of Carica papaya with infectious clones of papaya mosaic virus. av, 2014, 58: 380-382
Soni S K, Mishra M K, Mishra M, et al. Papaya leaf curl virus (palcuv) infection on papaya (carica papaya L.) plants alters anatomical and
physiological properties and reduces bioactive components. Plants, 2022, 11: 579

Wan S, Conover R. A rhabdovirus associated with a new disease of Floridapapayas. Proc Florida State Hortic Soc, 1981, 1: 319-321

Lastra R. Papaya apical necrosis, a new disease associated with a rhabdovirus. Plant Dis, 1981, 65: 439

LimaR C A,LimaJ A A, Souza Jr. M T, et al. Etiologia e estratégias de controle de viroses do mamoeiro no brasil. Fitopatol bras, 2001, 26: 689—
702

Maciel-Zambolim E, Kunieda-Alonso S, Matsuoka K, et al. Purification and some properties of Papaya meleira virus, a novel virus infecting
papayas in Brazil. Plant Pathol, 2003, 52: 389-394

Marys E, Carballo O, Izaguirre-Mayoral M L. Properties of a previously undescribed supercoiled filamentous virus infecting papaya in
Venezuela. Arch Virol, 1995, 140: 891-898

Shigetou N, Kaishu L, Gonsalves C, et al. Expression of the gene encoding the coat protein of cucumber mosaic virus (CMV) strain WL appears
to provide protection to tobacco plants against infection by several different CMV strains. Gene, 1991, 107: 181-188

Lindbo J A, Falk B W. The impact of “coat protein-mediated virus resistance” in applied plant pathology and basic research. Phytopathology,
2017, 107: 624634

Amarzguioui M, Prydz H. An algorithm for selection of functional siRNA sequences. Biochem Biophys Res Commun, 2004, 316: 1050-1058
Hohjoh H. Enhancement of RNAI activity by improved siRNA duplexes. FEBS Lett, 2004, 557: 193-198

Liao J Y, Yin J Q, Chen F, et al. A study on the fundamental factors determining the efficacy of siRNAs with high C/Gcontents. Cell Mol Biol
Lett, 2008, 13: 283-302

1870


https://doi.org/10.3389/fpls.2022.1039373
https://doi.org/10.3390/molecules26051489
https://doi.org/10.1094/PHP-2000-0621-01-RV
https://doi.org/10.1094/PHP-2000-0621-01-RV
https://doi.org/10.1111/j.1364-3703.2008.00467.x
https://doi.org/10.1111/j.1364-3703.2008.00467.x
https://doi.org/10.1094/PHYTO-05-15-0111-R
https://doi.org/10.17660/ActaHortic.2019.1250.10
https://doi.org/10.1038/s41598-021-84206-9
https://doi.org/10.1146/annurev.phyto.36.1.415
https://doi.org/10.1094/Phyto-84-1359
https://doi.org/10.1038/nbt1192-1466
https://doi.org/10.3186/jjphytopath.61.34
https://doi.org/10.4149/av_2014_04_380
https://doi.org/10.3390/plants11050579
https://doi.org/10.1094/PD-65-439
https://doi.org/10.1590/S0100-41582001000400001
https://doi.org/10.1046/j.1365-3059.2003.00855.x
https://doi.org/10.1007/BF01314965
https://doi.org/10.1016/0378-1119(91)90317-5
https://doi.org/10.1094/PHYTO-12-16-0442-RVW
https://doi.org/10.1016/j.bbrc.2004.02.157
https://doi.org/10.1016/S0014-5793(03)01492-3

I ERE: AaRE 202444 E 4% H10M

29

30
31

32

33

34

35

36
37

38

39

40

41

42

43
44

45

46

47

48

49
50

51

52

53

Holen T. Positional effects of short interfering RNAs targeting the human coagulation trigger Tissue Factor. Nucleic Acids Res, 2002, 30: 1757—
1766

Pusch O. Nucleotide sequence homology requirements of HIV-1-specific short hairpin RNA. Nucleic Acids Res, 2003, 31: 6444-6449
Moreno M, Bernal J J, Jiménez I, et al. Resistance in plants transformed with the P1 or P3 gene of tobacco vein mottling potyvirus.. ] Gen Virol,
1998, 79: 2819-2827

Nomura K, Ohshima K, Anai T, et al. RNA Silencing of the Introduced Coat Protein Gene of Turnip mosaic virus Confers Broad-Spectrum
Resistance in Transgenic Arabidopsis. Phytopathology, 2004, 94: 730-736

Maule A J, Bean S J, Jones A L, et al. Specificity of resistance to pea seed-borne mosaic potyvirus in transgenic peas expressing the viral
replicase (NIb) gene.. J Gen Virol, 1998, 79: 3129-3137

Xu L, Song Y Z, Zhu J H, et al. Conserved sequences of replicase gene-mediated resistance to potyvirus through RNA silencing. J Plant Biol,
2009, 52: 550-559

Balmori-Melian E, MacDiarmid R M, Beck D L, et al. Sequence-, tissue-, and delivery-specific targeting of rna during post-transcriptional gene
silencing. Mol Plant Microbe Interact, 2002, 15: 753-763

Lindbo J A, Dougherty W G. Plant pathology and RNA: a brief history. Annu Rev Phytopathol, 2005, 43: 191-204

Wesley SV, Liu Q, Wielopolskal A, et al. Custom knock-outs with hairpin RNA-mediated genesilencing [J]. Methods Mol Biol, 2003, 236: 273—
286

Mahas A, Aman R, Mahfouz M. CRISPR-Cas13d mediates robust RNA virus interference in plants. Genome Biol, 2019, 20: 263

Aman R, Ali Z, Butt H, et al. RNA virus interference via CRISPR/Cas13a system in plants. Genome Biol, 2018, 19: 1

Wang X P, Zhao H, Jia R Z, et al. Construction of CRISPR/FnCas9 plant expression vectors with broad spectrum resistance to Hainan Papaya
ringspot virus by golden gate (in Chinese). Chin J Trop Crops, 2018, 39: 955-962 [ 45, BXHE, Tikhias, %5, Hgolden gatel AR HEHIF A
JICHR BRI 565 1 bk 2R (I CRISPR/FnCasOfH IR L # k. Bl fE I3, 2018, 39: 955-962]

Ferreira S A, Pitz K Y, Manshardt R, et al. Virus coat protein transgenic papaya provides practical control of papaya ringspot virus in Hawaii.
Plant Dis, 2002, 86: 101-105

Lobato-Gomez M, Hewitt S, Capell T, et al. Transgenic and genome-edited fruits: Background, constraints, benefits, and commercial
opportunities. Hortic Res, 2021, 8: 166

Davis M J, Ying Z. Development of Papaya Breeding Lines with Transgenic Resistance to Papaya ringspot virus. Plant Dis, 2004, 88: 352-358
Tripathi S, Bau H, Chen L, et al. The ability of Papaya ringspot virusstrains overcoming the transgenic resistance of papaya conferred by the coat
protein gene is not correlated with higher degrees of sequence divergence from the transgene. Eur J Plant Pathol, 2004, 110: 871-882

Kung Y J, Bau H J, Wu Y L, Z%. Generation of transgenic papaya with double resistance to papaya ringspot virus and papaya leaf-distortion
mosaic virus. Phytopathology, 2009, 99: 1312—1320

Feng L X, Ruan X L, Zhou G H, et al. Evaluation of resistance to PRSV and selection of homogeneous line on the transgenic papaya plants (in
Chinese). J ZhongKai Univ Agric Technol, 2005, 18: 12-15 [{B%2 85, r/INes, Ji B, &5, %3 BRI A B0 PRI 8 A4l & RIERAT. phiddk
Mk T RE 22 B 2441, 2005, 18: 12-15]

Ruan X L, Li P H, Zhou G H. Evaluaiton of PRSV resistance T2 transgenic papaya with replicase gene (in Chinese). J South Chin Agric Univ,
2004, 25: 13-16 [/, 2467, J8 . HPRSV R Bk PR T2 T AT MR (K50 VDI E . A6 B AR R 224417, 2004, 25: 13-16)

Rao X Q, Li P H. Constuction of plant expression vector containing Papaya ringspot virus fusion gene (in Chinese). J Huazhong Agric Univ,
2005, 24: 325-329 [BRE 55, ZEHF. A NIRBENG B3 f & 22 R AR D A I R B A 3. v ARl R 22441, 2005, 24: 325-329]

Jia R, Zhao H, Huang J, et al. Use of RNAI technology to develop a PRSV-resistant transgenic papaya. Sci Rep, 2017, 7: 12636

Fuchs M, Gonsalves D. Safety of virus-resistant transgenic plants two decades after their introduction: lessons from realistic field risk assessment
studies. Annu Rev Phytopathol, 2007, 45: 173-202

Fermin G, Keith R C, Suzuki J Y, et al. Allergenicity assessment of the Papaya ringspot virus coat protein expressed in transgenic rainbowpapaya.
J Agric Food Chem, 2011, 59: 1000610012

Roberts M, Minott D A, Tennant P F, et al. Assessment of compositional changes during ripening of transgenic papaya modified for protection
against papaya ringspot virus. J Sci Food Agric, 2008, 88: 1911-1920

Tennant P F. Differential protection against papaya ringspot virus isolates in coat protein gene transgenic papaya and classically cross-protected

papaya. Phytopathology, 1994, 84: 1359-1366

1871


https://doi.org/10.1093/nar/30.8.1757
https://doi.org/10.1093/nar/gkg876
https://doi.org/10.1099/0022-1317-79-11-2819
https://doi.org/10.1094/PHYTO.2004.94.7.730
https://doi.org/10.1099/0022-1317-79-12-3129
https://doi.org/10.1007/s12374-009-9071-5
https://doi.org/10.1094/MPMI.2002.15.8.753
https://doi.org/10.1146/annurev.phyto.43.040204.140228
https://doi.org/10.1186/s13059-019-1881-2
https://doi.org/10.1186/s13059-017-1381-1
https://doi.org/10.1094/PDIS.2002.86.2.101
https://doi.org/10.1094/PDIS.2004.88.4.352
https://doi.org/10.1007/s10658-004-0607-8
https://doi.org/10.1094/PHYTO-99-11-1312
https://doi.org/10.1038/s41598-017-13049-0
https://doi.org/10.1146/annurev.phyto.45.062806.094434
https://doi.org/10.1002/jsfa.3295
https://doi.org/10.1094/Phyto-84-1359

SUH SR A PRI AR A H AR S e

54

55

56

57

58

59

60

61

62

63

64

65

66
67

68
69

70

71
72

73

74

75

76

De Zoeten G A. Risk assessment: Do we let history repeat itself? Phytopathology, 1991, 81: 585-586

Robinson D J. Environmental risk assessment of releases of transgenic plants containing virus-derived inserts. Transgenic Res, 1996, 5: 359-362
Hansen C N, Harper G, Heslop-Harrison J S. Characterisation of pararetrovirus-like sequences in the genome of potato (Solanum tuberosum).
Cytogenet Genome Res, 2005, 110: 559-565

Tanne E, Sela I. Occurrence of a DNA sequence of a non-retro RNA virus in a host plant genome and its expression: Evidence for recombination
between viral and host RNAs. Virology, 2005, 332: 614-622

Hammond J, Lecoq H, Raccah B. Epidemiological risks from mixed virus infections and transgenic plants expressing viralgenes. Adv Virus Res,
1999, 54: 189-314

Stewart Jr C N, Halfhill M D, Warwick S I. Transgene introgression from genetically modified crops to their wild relatives. Nat Rev Genet, 2003,
4: 806-817

Capote N, Monz¢ ferrer C, Urbaneja A, et al. Risk assessment of the field release of transgenic european plums susceptible and resistant to Plum
pox virus. Inf Tec Econ Agrar, 2007, 103: 156-167

Hsieh Y T, Pan T M. Influence of planting papaya ringspot virus resistant transgenic papaya on soil microbial biodiversity. J Agric Food Chem,
2006, 54: 130-137

Souza M T, Tennant P F, Gonsalves D. Influence of coat protein transgene copy number on resistance in transgenic line 63-1 against papaya
ringspot virus isolates. HortScience, 2005, 40: 20832087

Suzuki J Y, Tripathi S, Fermin G A, et al. Characterization of insertion sites in rainbow papaya, the first commercialized transgenic fruit crop.
Tropical Plant Biol, 2008, 1: 293-309

Dhekney S A, Litz R E, Moraga Amador D A, et al. Potential for introducing cold tolerance into papaya by transformation with C-repeat binding
factor (CBF) genes. In Vitro CellDevBiol-Plant, 2007, 43: 195-202

Chavez-Pesqueira M, Suarez Montes P, Castillo G, et al. Habitat fragmentation threatens wild populations of Carica papaya (Caricaceae) in a
lowlandrainforest. Am J Bot, 2014, 101: 1092-1101

Paterson A H, Felker P, Hubbell S P, et al. The fruits of tropical plant genomics. Tropical Plant Biol, 2008, 1: 3—-19

Ming R, Hou S, Feng Y, et al. The draft genome of the transgenic tropical fruit tree papaya (Carica papaya Linnaeus). Nature, 2008, 452: 991—
996

Ming R, Yu Q, Moore P H. Sex determination in papaya. Semin Cell Dev Biol, 2007, 18: 401-408

Avila-Hernandez J G, Cardenas-Aquino M D R, Camas-Reyes A, et al. Sex determination in papaya: Current status andperspectives. Plant Sci,
2023, 335: 111814

Zhou P, Zhang X, Ma X, et al. Methylation related genes affect sex differentiation in dioecious and gynodioecious papaya. Horticulture Res,
2022, 9: uhab065

Ming R, Moore P H. Genomics of sex chromosomes. Curr Opin Plant Biol, 2007, 10: 123—-130

Porter B W, Zhu Y J, Christopher D A. Carica papaya Genes Regulated by Phytophthora palmivora: A Model System for Genomic Studies of
Compatible Phytophthora-plant Interactions. Tropical Plant Biol, 2009, 2: 84-97

Zhu Y J, Agbayani R, Moore P H. Ectopic expression of Dahlia merckii defensin DmAMP1 improves papaya resistance to Phytophthora
palmivora by reducing pathogen vigor. Planta, 2007, 226: 87-97

Elias M J, Hasley J, Tian M, et al. Development of a mesophyll protoplast-Based system for gene editing of papaya. In Vitro CellDevBiol-Plant,
2023, 59: 517-535

Sandhu H, Scialabba N E H, Warner C, et al. Evaluating the holistic costs and benefits of corn production systems in Minnesota, US. Sci Rep,
2020, 10: 3922

Khaipho-Burch M, Cooper M, Crossa J, et al. Genetic modification can improve crop yields — but stop overselling it. Nature, 2023, 621: 470—
473

1872


https://doi.org/10.1007/BF01968945
https://doi.org/10.1159/000084989
https://doi.org/10.1016/j.virol.2004.11.007
https://doi.org/10.1038/nrg1179
https://doi.org/10.1021/jf051999i
https://doi.org/10.21273/HORTSCI.40.7.2083
https://doi.org/10.1007/s12042-008-9023-0
https://doi.org/10.1007/s11627-006-9020-7
https://doi.org/10.1007/s12042-007-9004-8
https://doi.org/10.1038/nature06856
https://doi.org/10.1016/j.semcdb.2006.11.013
https://doi.org/10.1093/hr/uhab065
https://doi.org/10.1016/j.pbi.2007.01.013
https://doi.org/10.1007/s12042-009-9030-9
https://doi.org/10.1007/s00425-006-0471-1
https://doi.org/10.1007/s11627-023-10373-1
https://doi.org/10.1038/s41598-020-60826-5
https://doi.org/10.1038/d41586-023-02895-w

I ERE: AaRE 202444 E 4% H10M

Transgenic papaya breeding: current status and perspectives
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Transgenic papaya is commercialized in 1998, which is the first commercialized tropical fruit in the world. At present, all transgenic
papaya is generated based on the principle of Pathogen Derived Resistance (PDR), i.e., the antiviral RNA silencing pathway is
initiated by constitutive expression of a portion of the gene that encodes virus coat protein, which prevents the invading virus from
replicating and leads to a decline in the virus population. We reviewed the research progress of genetically modified papaya, and
discussed the antiviral strategies, genetic transformation system, functional gene mining, research and development of papaya
biological breeding technology, and biosafety evaluation of genetically modified papaya. This article also focuses on biosafety issues,
such as heterozygous viruses, recombination, synthesis, gene drifting, impact on non-target organisms, food safety, and various
allergenic issues, which will provide theoretical support for tropical fruit breeding.

genetically modified papaya, biosafety assessment, virus resistance breeding, papaya ringspot virus
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