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Abstract: The traditional method for detecting the copy numbers of exogenous gene in transgenic plants is Southern
hybridization, which is costly and time-consuming, and is difficult to meet the breeding needs of high-throughput detec-
tion of the copy numbers of exogenous gene. Therefore, this study aims to establish a fast and high-throughput method
for detecting the copy numbers of exogenous gene in transgenic papayas. In this study, two single copy genes,
Cpa03g018830 and Cpa03g018770, were selected from the papaya genome. Using the known exogenous gene as a sin-
gle copy integrated transgenic papaya as a reference, the copy numbers were identified by digital PCR. Further, using
them as reference genes, and the commonly used screening marker gene NPTII in papaya transgenic breeding as an ex-
ogenous target gene, methods for detecting the copy numbers of exogenous gene in transgenic papaya using digital PCR
and fluorescence quantitative PCR were established. The results showed that Cpa03g018830 and Cpa03g018770 were
both single copy genes; the established digital PCR method was accurate and reliable in detecting the copy numbers of
exogenous gene in transgenic papayas, while fluorescence quantitative PCR had a higher accuracy in detecting single or
low copy integration of exogenous genes in transgenic papayas, and a lower accuracy in detecting multiple copy inte-
gration of exogenous genes. Therefore, fluorescence quantitative PCR is suitable for initially screening out single or low
copy integration plants from a large number of transgenic plants. The single copy Cpa03g018830 and Cpa039g018770
identified in this study can be used as reference genes for detecting the copy numbers of exogenous gene in transgenic
papayas. The established methods for detecting the copy numbers of exogenous gene in transgenic papayas using digital
PCR and fluorescence quantitative PCR techniques are simple, fast and suitable for batch detection, providing new
methods for selecting single or low copy lines in transgenic resistance breeding of papayas.
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& (CZ301-01) Wy [ b5 0 B L PR 4 R A KR
Zydl; QuantStudio™ 3D (¥ PCR TR v2.
QuantStudio 3D %{ 5 PCR 20K s i+ v2 .
QuantStudio 3D %% PCR % F & 3% v2 .
QuantStudio 3D ${% PCR FHRETIF . 1S #eds
W RS AR [ PR R R B (D)
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T e YR A BRAE], PCR 3 /\HEE I A
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(1) FAJNELE DUHL R Y 5 1% B2 dPCR 514 5%
#1511 . 7E phytozome ( https://phytozome-next.jgi.
doe.gov/blast-search ) P ()T A RIEH A rpr, $k
e nT e B DL 2 ASJE[H Cpa03g018830 Al
Cpa03g018770 YE Jyf ik NS [N, T X 2 >3k
K] DNA FF41. ffi [ Premier 5.0 #{4% it
W51 (F/R) 544 (P), Cpa03g018830 #i
Cpa03g018770 MHREN 59 ik 4% VIC ZEGHMA], 37
Ui i HE MGB DI KR, i B #OR 216,5¢
oo B A ORRAN IR AL CP Al NPT
( neomycin phosphotransferase ) FJREN 5% 4%
FAM JG3E N, 3314 4% BHQI ZL e KM,
PO R 050 AR HI R BT A7 5 19 &
WEF IR 1,
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Tab. 1 Primer and probe sequences
FL A Gene 5| %) 4 F% Primer name 5|¥)F %) (5'-3") Primer sequence (5'-3") KN Size/bp

Cpa03g018830 830-F TTCGAACGAGTCTGCAGTGG 91
830-R ACCACCTGAACCCAGGCTAA
830-P VIC-ACGTGGCGGAGGGTGGTGAAGCTGATA-MGB

Cpa03g018770 770-F ATCCCAATTGCAGCTGGTGG 90
770-R GTGAACCCTGGTGATGCCAA
770-P VIC-TCCAGTTGAGTTTGGTGGCGGCCACA-MGB

CP CP-F GCCGTAAAGACTGGCGAACA 140
CP-R GCCCTTTGGTCTTCTGAGACTG
CP-P FAM-TCGTCAACATGGTGGAGCACGACACGC-BHQ1
CP-F1 TCACGAGCCCTATCAGGTGTCTTT 544
CP-R1 TCAACGCCGGAACTAGTGGAACTT

NPT 77 NPTII -F GGAGTTCATTCAGGGCACCG 139
NPT -R TGGGTGGAGAGGCTATTCGG
NPTII -P FAM-ACAGCCGAAACACGGCGGCATCAGA-BHQI

(2) %% CP A F AKAY T A BHPEAE K 1) i
i, LI To AR 43d Southern 2228 56 4iF A B 4% U1 (1 &
CP LR AN Ty ACBH AR LI A R NS 3
B DU e 2 IR, B e PCR ik i 4%
CP FAJNA T ACPHMAERR . RAE 21 BREE CP &
HFEARE T ARG, SRECLIERA
DNA, i it 5 ML PCR i e BH )y i o SO AR 2208
Green Master Mix 12.5 pL, CP-F1 (10 umol/L)
1 uL, CP-R1 (10 umol/L ) 1 uL, DNA #4% 1 uL,
Nuclease-free water 9.5 pL, SKFH 25 pL, §1%
FEFF R - 94 ‘CHIZEME 3 min; 94 ‘CAEE 305, 58 C

Bk 30 s, 72 CHEfii 45 s, 335 MEH; 5
72 ‘CHEfH 10 min, 4 CL-AF. PCR ¥ 345 h 45
J&i , B 10 uL PCR F=W7E 2%Biig i eI 1 2E 47 H
TRASI

(3) dPCR % e NS 3L #5015, M
idRFE CP 3L FEAINEY T, AR BH A I H B AL 1E
Bt 8 #k, 4w'5 ly CP1~CP8. i ] QuantStudio™ 3D
AnalysisSuite™ ${"7 PCR 1¥, i dPCR #&il
PENZ L Cpa03g018830 7E 7 A NI K 244 )
P& DLK, WA 2 R 2xdPCR Master Mix 7.3 pL,
CP JL[H . Cpa03g018830 k[l ) 1F [a] 5 | H1 A I ]
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5147 10 pmol/L )45 1.3 uL, %41 ( 10 umol/L ) 0.36
pL, DNA 4z ( 10 ng/uL )1 uL, Nuclease-free water
0.28 pL, BAF14.50 uL, P IEFRRF R 96 CHAE
P 10 min; 60 ‘C 2 min, 98 'C 30s, 39 MEH;
60 'C 2min, RMWAHJE, Fs A dPCR %
BUY 3B FAM #l VIC %6055, 4l TR
AT D CE AR 4T, 5 2RI S DNA
CP J [X F1 Cpa03g018830 3t [H Ay #% Il %%
(copy/uL ), F & H P CP A5
Cpa03g018830 & [A i #% DI AL LU (8, 38 4 LU (i F1
Cpa03g018830 Hk [A 11 7 AN KL PRI 2H v % 45 DAL
PEHLE B B HE DL 5 iR AR CPT AR R
Cpa03g018770 Kk PAI 75 7 A JIN Ak A 20 v 5 D1 %%
SEMZER, T E PCR #:ll Cpa03g018770
S NI\ - S S I S V1 G i N
Cpa03g018830 A [X| Ay F 4% DL Xof R i — 20 4 ik
Cpa03g018770 FE K [+ 11 %1 , Cpa03g018770 HE A
1 Cpa03g018830 KE[K 1) dPCR 5256445 3 N A
1.2.2 dPCR #ml #38 B & AN Ty K a9 R AR
PN H LIEF AR PRSV Ji5E: HC-Pro H:[H )
To fCBH PE & AR K E o F5 ARG, s R
HC-Pro-1~HC-Pro-11, >R 11 BREIH M -, 42
HBUHFE 4] DNA., LI Cpa03g018770 A Fil
Cpa03g018830 HE [y NS A, L7 AL BE A
W B IR NPT 78 AR H B9 3L, i i
dPCR #6141 K 78 5% HC-Pro % PH 35 A I A
g g, Hid, L Cpa03g018770 H:[H Ny
WS, K 6 #kH HC-Pro 3K & AR
( HC-Pro-1~HC-Pro-6 ); 2k Cpa03g018830 L [X Ky
WSELH, I 4E8 11 #iF%E HC-Pro £ 7F AR
Hio FF PCR U Wik R AP TR 1.2.1,
RBLZE R, ¥ B A dPCR 2 A 32 B
FAM Hl VIC G5 5, FFAH FRT LR AF #4790
g, SRKIAERS DNA J NPT /3EH |
Cpa03g018830 JE[X . Cpa03g018770 FE A A% Il
# (copy/uL ), IFHE M H NPT /HKN Y5
Cpa03g018830 FE[X . Cpa03g018770 FLA Ay Il
B, il I ORI NPT 473 R 7E 25 AR INE A
2P DL
123 3% % PCR #oml 44 B & AR Ty KAk
Mg MRARFENZ (1) BIKUE, YOtER
PCR 5|¥RI%F PCR 51—+, HATLEHRE
L 2 45 8 048 DUBUR i S TR 76 A ) 55 (K 4 DNA
FAEA, dEfraetE B PCR LK, BiEHNZ

Cpa03g018830. Cpa03g018770 kX F14h 5 1 [
NPT 7 W51 A %, [ Bi7E LighterCycler® 96
PP AT, RV R R : 2X Q3 SYBR
gPCR Master Mix ( Universal ) 10 uL, 1E[E5|%)
A 154 ( 10 pmol/L )4 0.4 pL, Template DNA
(50 ng/uL )1 pL, ddH,0 8.2 uL, BAAFR A 20 L.
PISRRF A 95 CHIALNE 30s; 95 CATE 105,

58 CiR K 30s, 40 PMEH; IEfiRihZk 95 °C 15,
60 C 60s, 95°C 15s, LK E 3 MEHEE, K
NEZEHE , ARG i Ze S i it 2 A e 51 Wy 2
AR

(2 )gPCR I A5 A it 1) &1 U555 BT 4 DL

PAFE HC-Pro BRI To AR BHM: 7 A by o A
i, W5 4 HC-Pro-12~HC-Pro-55, LA%#% Nib H&[H
(1) To AR PHMEF A Ry R AR 5, 454 Nib-1~
Nib-28, 41l R R AN W A F, $E O3
41 DNA . It 4+, HC-Pro-1~HC-Pro-11 Al
CP1~CP8 WAE N FFINAFE i 1 qPCR PRI S IE L
P ULEL, RRONRES I 91 £, DL Cpa03g018770
[K il Cpa03g018830 F:H NS, L NPT 7/
LR R AR H B FED , DABAHE D 4l A i3 JE N 3
ARINER RAE R XTIR, @it qPCR AN AT F AL
fitr 1) A1 15 35 DR A e R R 3 A T 56 R 41 v g 5 D
$o qPCR WA R K SR 7 [R) 5 | 9 96 iF , B4~
PEA A 3 K RV HUS , i LightCycler” 96
SW 1.1 RGEXEAR AT 087, KA 27 3o Hr
H JE PRRE AR NPT 35 R (0 4 %o T %

2 HREHH

21 BEARRNEENANSERMNFEREE
2.1.1 CP ARk e) PCR 52 PCR Y
ZE B PKKEI S, 5 ER 500 bp 2247 0 H Y 41 )
R LR PRI AR , T RESN CP L4l &k CP 4t
HZG, ATCHBZT NSRS R, 21 Bk
T, fR4E 1) PCR KL ILIE 1, Hr, f 17
A CP L FHPERIFE, X 17 BRF AR AT AE
KNS DUVBUE 2 S IR
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Fig. 1 PCR identification of T, generation seedlings of
transgenic papaya



55 4 3]

W5 BT PCR FIZEGAE /1 PCR KE 4% 3 R 75 A b AR 3k PR 48 D0 880 32 14 s 57 S HL R 667

2.1.2 dPCR %2z AAKXAGHE N HTF
FTANE T AFAAEY), % CP BT A KEREE D]
FRZR T AR RR) CP 3L 5 Cpa03g018830
FEPR ¥ DUECHGAE A 1 87 0.5 B, Cpa03g018830
FLH b UL . HARYE CP JEH 5 HIW LA
(¥E DUECEL A, nI iS5 CP L&A T, 1R
FIvERE AR a5 B A, ¥ VUL 1 I
PE D145 CPAERR, #8 DUEL LU (A R 0.5 B B8 I
Z4 CP fEHMK. 8 MM IECT PCR U LA
2, Hob, WS A CP IENZEOLALE; Atk
MH Cpa03g018830 3k HZEMEALEL; LREHUS N
CP 3 [H Fl Cpa03g018830 HE[HZE L%k, ok
SR TS FLE . dPCR SER A5 DRSS R (3£ 2)
R, 7FESLP) CP SR 5 Cpa03g018830 [
(45 DUEC L (4230 1 8K 0.5, CP8 FEAS 145 D14
efE b 012, 45 R &%, ¥HHARR. Wik,

Cpa03g018830 ik [| 7 7 A JIN K [K] 41 v Ay F 4% D

BN, H CP3 5 CP4 REfh My Bt Dl 44 kitk,
CP1. CP2. CP5. CP6. CP7 i N ofs Il s
FERE

BT CP7 MIpdE DI S Aibk, L CP &5 H
B DR B DLERC U R 0.5 IF, ) H B3 [R 2 g
DIKEH, CP7 1 dPCR SEERIIZER (£ 3) WoR,
CP 3:[H 5 Cpa03g018770 F:[H 1 Cpa03g018830 #
PR A4 DL (B Y453 0.5, R, Cpa03g018770
FERFN Cpa03g018830 ik [H 7k 7 A I FH K 21 v 4%
R EARE DUBER, AT Ry N2 2 A N T 5 R 3
AR I A1 5356 PR 4 DL A
2.2 dPCRZEHMEFEEEFALR ToRERAISH
RS EANE

TR ASAAE Yy, P B DU 5 1 4
JEIER R B 5 NS 3 85 DUECHL(E 290 0.5, WL
5 VA W AME LR B 5 NS 36 R 1 95 DL L
BN 1, = IVEAMINESE B 5N S AL
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Fig. 2 Digital PCR scatter map of Cpa03g018830 and CP gene
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Tab. 2 Digital PCR identification of Cpa03g018830 gene
i S 4 Bk 5 0% F.H (CP/Cpa03g018830) LA
Sample Gene name Copy number/(copy-puL™") Ratio(CP/Cpa03g018830) Genotype
CP1 Cpa03g018830 532.16 0.47 et
CP 252.48
CP2 Cpa03g018830 228.74 0.59 Tt
CcP 134.43
CP3 Cpa03g018830 810.00 0.96 ali &
CP 780.90
CP4 Cpa03g018830 522.80 1.07 ali A
CP 556.82
CP5 Cpa03g018830 257.12 0.51 Tt
CcP 130.79
CP6 Cpa03g018830 226.13 0.49 Tt
CcP 111.10
CP7 Cpa03g018830 441.80 0.49 et
CP 218.34
CP8 Cpa03g018830 626.80 0.12
CP 72.56
% 3 Cpa03g018830 EEF1 Cpa03g018770 EEHJ dPCR 434
Tab. 3 Digital PCR identifications of Cpa039g018830 and Cpa03g018770 gene
FE i FH £ ¥ 1%L I {8 ( CP/Cpa03g018830 or Cpa03g018770) 3[R
Sample Gene name Copy number/(copy-uL™) Ratio(CP/Cpa039g018830 or Cpa03g018770) Genotype
CP 7-1 Cpa03g018830 378.30 0.56 Juts
CP 210.22
CP7-2 Cpa03g018830 391.92 0.53 pooyas
CcP 206.88
CP7-3 Cpa03g018830 393.13 0.56 oy
CcpP 219.44
CP7-4 Cpa03g018770 364.92 0.58 Zuty
CP 209.92
CP7-5 Cpa03g018770 404.51 0.58 Py
CP 235.15
CP7-6 Cpa03g018770 272.35 0.52 ety
CcP 142.88

P2 DURR LA 200 1.5, DOPE DL | Fde D45 L%
DUANIE I R B 4 15 DL AR DA 2R 4

Pk Cpa03g018770 KK NS LN, L NPT
IFEP R ANE H AR, 11 #k%E HC-Pro LAY
To 1CPH M AR A9 dPCR A& 4% SR 1,
HC-Pro-1 ., HC-Pro-2 ., HC-Pro-3 . HC-Pro-4 .
HC-Pro-5 A 8P4 U1, HC-Pro-6 6 > 4% Il
(% 4), DL Cpa03g018830 [ 1N 2 4L K iy %K
% PCR 45 %3], HC-Pro-1 .HC-Pro-2 \HC-Pro-3 .
HC-Pro-4, HC-Pro-5 # il Jy 5145 Il , HC-Pro-6 i

Mk #4501, HC-Pro-7., HC-Pro-8 Fll HC-Pro-10
K1 > PU$% 01, HC-Pro-9 1 HC-Pro-11 ¥l K75
$£01, HH, HC-Pro-1~HC-Pro-6 4 2 PHNZ 4
PRSI () 25 5 — 30 (R 5),

2.3 qPCR#GMNF EFEZF AR TR EBRRIIMNE
HEE

2.3.1 qPCR F148939E 3 XF5|4idd 1 ih &
K ih 220, 3 XI5 | WA B B i d g ih £
il i 1 £ 35 ELAT o — () Wl b, mTAESH qPCR
g (3,
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F 4 L Cpa03g018770 4 NS & [F 4 il S iR £ E ¥ I
Tab. 4 Detection of copy numbers of exogenous gene with Cpa03g018770 as reference gene
i S 24 Bk 51 % FAH (NPT Z7/Cpa03g018770 ) SN [ 7 DL
Sample Gene name Copy number/(copy-uL™") Ratio(NPT ///Cpa03g018770) Copy numbers of exogenous gene

HC-Pro-1 Cpa03g018770 392.73 0.27 1
NPT I/ 107.71

HC-Pro-2 Cpa03g018770 608.19 0.27 1
NPT I/ 163.93

HC-Pro-3 Cpa03g018770 371.22 0.25 1
NPT 77 91.99

HC-Pro-4 Cpa03g018770 434.97 0.27 1
NPT /7 117.75

HC-Pro-5 Cpa03g018770 290.16 0.52 1
NPT // 149.96

HC-Pro-6 Cpa03g018770 348.34 2.37 5
NPT // 823.91

5 1L Cpa03g018830 J S E [F 46 il 40 iR B E ¥ W %1
Tab. 5 Detection of copy numbers of exogenous gene with Cpa03g018830 as reference gene
T FEIN 4 P P L% e fE (NPT //Cpa03g018830 ) HMIRFE D 45 DKL
Sample Gene name Copy number/(copy-uL™") Ratio(NPT I /Cpa03g018830) Copy numbers of exogenous gene

HC-Pro-1 Cpa03g018830 474.90 0.28 1
NPT /7 130.75

HC-Pro-2 Cpa03g018830 347.80 0.24 1
NPT /7 84.87

HC-Pro-3  Cpa03g018830 355.52 0.33 1
NPT // 115.80

HC-Pro-4 Cpa03g018830 387.24 0.27 1
NPT Z/ 105.22

HC-Pro-5 Cpa03g018830 248.03 0.50 1
NPT /7 123.88

HC-Pro-6  Cpa03g018830 294.92 2.22 5
NPT I/ 654.67

HC-Pro-7 Cpa03g018830 1823.70 2.02 4
NPT /7 3679.70

HC-Pro-8 Cpa03g018830 601.45 2.02 4
NPT /7 1214.90

HC-Pro-9 Cpa03g018830 1314.40 2.92 6
NPT // 3840.90

HC-Pro-10 Cpa03g018830 437.93 2.22 4
NPT Z/ 973.12
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