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Abstract: CRISPR/Cas9 genome-editing technology has been widely used in many species. However, the
prolonged presence of Cas9 nuclease in cells may increase off-target risks and raise concerns about
transgenic safety. Although a visual-assisted system has been developed to screen transgene-free lines,
PCR-based detection remains indispensable. However, there are still some common issues in this process,
such as amplification instability caused by rapid DNA extraction methods and false positives in the ampli-
fication of Cas9 and hygromycin B phosphotransferase-coding gene (Hyg). This study aims to establish a
rapid and reliable PCR-based method for detecting Cas9-free mutants by amplifying Cas9 and Hyg. This
study first evaluated three rapid DNA extraction methods. Among them, the modified sucrose method
demonstrated the best performance in amplifying these two genes. Secondly, the study investigated po-
tential factors contributing to false positives during PCR amplification. Results showed that the amplifica-
tion of these two genes was affected by DNA extraction and storage temperature, the environment of PCR
preparation, number of PCR cycles, and other factors. Based on these findings, this study established a re-
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liable and efficient method for screening transgenic lines and verified its operability in large-scale screen-
ing. In addition, this method is also applicable to the identification of other types of transgenic lines using

Hyg as a selective marker.

Key words: Cas9-free mutant; PCR; Hyg; fast DNA extraction; false positives

5 A7 A0 0] 5] 58 467 1] 5C 2 52 (CRISPR)/CRISPR
FHRE A9 (CasO)FEHImHEAR T Z RH T 24
WyFh H (NishidaZ$2016; Gaudelli%$2017; Adikusuma
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W FEARBLEAE AR, 55— J7 1 Hd R A s
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Fig. 1 Schematic diagram showing CRISPR vector and mutation target
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mmol-L™" EDTA. 0.84 mol-L™' NaCl. 50 mmol-L"
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FR G I &7 S IR (24:1), BRI G,
12 000xg &5 .02 5~10 min, # 200 puL b & 54,
FEIIN200 pLTiA ) 2. FE . —20°CTUE Ja, 12 000
g 5010 min, FEUTHEA IR T-50 pLKEHEKH

SDSV% % H Kasajima5(2004) (K1 7735 . 2 B 22
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T LA o AR BB B0 S DL R B EL
1~2 pLIE R H % T PCRI M.
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1.3 PCRi 1%

G EFE I PCRY HE 20K, 7£20 pL¥JPCR
& 2y BN N 182 uL A DNAKL IR . 5191
W FH K B KB TR BE . 2xTaq Master Mix (3T 75
DR T2 E 915, PCRMFET: 94°C.
2 min; 94°C, 30 s; 57°C. 30's; 72°C. 30 s; 72°C.
5 min; L30MEH . 51950 4: Hyg-F (5'-CGA-
GAGCCTGACCTATTGCAT-3"), Hyg-R (5'-CT-
GCTCCATACAAGCCAACCAC-3"). Cas9-R
(5'-CGAAGTTGCTCTTGAAGTTG-3'). Actin-F
(5-CCAAGGCCAATCGTGAGAAGA-3"). Actin-R
(5-AATCAGTGAGATCACGCCCAG-3'), PUV3-R
(5'-CTGGCGAAAGGGGGATGTGCTGCAA-3"),
gRNA-R5 (5'-ACGACCGGGTCACGCTGCA-
CCT-3").

TE R FEAT A (1 5256, K DNAKH 329 5 il =
24y, I BT B IE(RT). 4°CHI—20°CH] 317 (d),
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DNAHAER )50 o B R 3R AR v E A ] R
51 #2 Hyg fl Cas9F B B B M R % . 3L+, Fresh
DNA R IR A AF NI AU DNA, $2 00K AL
F, DNAHLEEHL A . Old DNAZ 7xFresh DNA7E4°C
NRAHECK, )5 TFPCRx N . Primer™ f1PCR
mix ™" IR E H E I RO B A T R i A AR
55 FH ) 51 I FPCR VR i . Unsterilized tube # 7
K4 K B PCRE . 35 cycles#® 7R PCR = B
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B T Bk , FLLHRRRH RS S 202 &
@iﬂz?:};iﬁ%éﬂw’* ABABYLIE T 8% (40 AR LR LI
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Fig. 2 Comparison of PCR amplification efficiency of the three fast DNA extraction methods

A~H: SDS. SucFeSuc™5 X ESDSi% . FEAg kAo BEM %, NAaP oy A A Mt B& (ZH 1 1) A P8 M5} PG (0snac20/26
MR ER). HNATRIERINAWF T LTI, 35160 E2REPCRIK & F 49DNAKAR/EARFR

uL DN AR B 451 AT 47 R0 4 48 X = AN R (2-G
FH), TAE4E IR A R (1 pl/10 pl), X =ANFEH
(R 19 R AR (S R 2 ).

{61171 5 2, SDSVE & #t 4] § ()DNA R HUJ7 %,
{H I T7 XS Cas 9 Hyg X P AN 32 IR 1 97 38 R 4%
IK(E2-D). 5 AHLL, FEFEVEIZ I DNAKS IX Py
AR 9 38 RO B (BI2-ERIF) . 6 Ak, o R RS
VS 2 7 RE B O A B8 0 T R R D R, X
{EHAE Y AL SR M PCRY™ 38 D8 sk 35, M T3k
13 7 AR SR (K2-H). B, 7EAR R
JE SRR T, O R RERE VL A Ak TV .

AT FERe O R BB BT A DN AV W 43 ) B
T EIE(RT). 4°CHI-20°C, 15 7B AE1R X PCRY™
WPCR 5. 45 R E3 AR, DNAE TRT R
djE, IR B T B fE4°CRICE28 d, § G 4%
RIGAH T . SR, 24DNALL T—20°CH}, £ /b7]
PIREETS dRE RS

2.2 Hyg#nCas9# 15 PR AY El = HERR

HygFE N KBt B8 o B, Cas9 M4 o (3]
2 K B AL R 1 BK B R o B (Gritz Al Davies 1983;
Kleinstiver2%2016; Slaymaker£52016). X L& 4f
AT, BERSER. YRR, K.
WIRE R T LRI S UL R
BE T PCRAK R, X 640 1 1R 25 5 4% 7 APCR
ARG, IWIMAEY 1 Hyg Fll Cas 9 7= A AR PH 1 XU
DRI IEE, ¥ o X A A i AT 477 164 B ) 4 3 2 3k 55 7
BRo /D IX S B 0 5 N . JEH, fEPCRI NI FE
R TR TE B R N K B I PCR4Y, AT DA
PREERIIATEEME . SR, X LERI N T TAE&E. N
T HEINSES I AT AR, FRATT AT T R RE SIS Hyg
M Cas9™ G (1 FH I K 25 . ZEPCRI 2+, DNA
VW PCRTIE W AN 5 ) 7E PCRAF R A2 IR
(KL, PCR& Fh %2>« PCRAS FIPCR 2 37 2 14 0 4
IRBORN 5256 IR B 55 m] e X PCR &S A B 52
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Fig. 3 Effect of different DNA-storage temperature on PCR amplification efficiency
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DNA [ 52 BRI A7 7T B A2 48 B A FH 1 1R AU
2o AHFFUNS O R TR A I DNAGEAT T
R, PAr M el eI 2K . AR I, I
AT FHRIUDNASL I 3E4T Cas 98 Hygd SGIN, ¥
A H IR B 25 H(E4-B), 12 41%ZDNAE T-4°Cfif

A

Control B FreshDNA

FILRIA, BRI 84 HBL 7 B (E4-C). X
A REZ BT LR T BODNASR BUR AE T IR 34
B A 34T Y, SEECRI A IR CR KR, B DNA
WP AR B AU, E A IEIPCRI N 261 T,
AL DAR DR G5 R T SE1E . SRT, DNAKH IR &
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Fig. 4 Exclusion of false positive risk for Cas9 and Hyg amplification
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TACLRAENS, AR T A M AR K M EE. Kk,
TEY 3 Cas 9 Hygltt, ¥4 0 1 4 iRk &, S 2L
BBH = A 45 BRI, 7E9 3 Cas 95 HygiX
AR, B RROKS i e 52 I DNAKH $2 9% F
TPCR/Z ., DNA$ZEHUE FE X 45 5 1) 520 A K o

PCR J5 J37 3 1) e 1) 4 553 65 Hyg Fl Cas 9 1) 47 3
WAELE —E M2 . 5, 768 TAE & F i
PCR R AN 51 M)A 277 AR AR PH 1 45 2R (] 4-A),
1 48 5 E T TSR 358 Hh A6 P ) TURE R0 5| 4 ) 2 7
AR S5 R (E4-DAIE), iIX T EE R TERG S
HH IR R R PR T A0 B SN, T O 85 U3
TSI NP BR T EZFIPCRES 4P, PCR
EREAEON G R B CEHE, WE4-FAR, 18
KK FIPCRE AT PCR I B, Cas9y 3 7= E
TABRBA P S, T AE K B S FIPCRE i/ TPCR
SR U TG AR BH A4 2% 7 7= AR (B14-A) . 35N )
PCR [ 8 7 B Cas 9 Hyg ()9 3 7= A= 1 i BH P (&
4-G), T 301 F [ PCR Sz N 6 A8 BH 1t 7= A= (18]
4-A). IXTIRESE BT I 2 B PR A N T A B A
BRI 3, RN FRATICIE AR 58 A 0 B 1 2 A 1H
RERNZE, YD Z ARG, RS
HUDNA L FF 8 58 b A F (9 51 90 3L [/ T Cas9
FNHy g4 58, 2= 525 58 I BH PR i XU .

I, PCRI M AR R I RC 2 758 i TAE & it
AT, ARAHI 8 R IRAEAR R BN B B8 (e DG FA, 3%
T BN AERT AR 3 AR T AE % I, PCREZS BAT)
AT AR FER R 1 AT S (4-H) . IX R B 45 1 Hyg
I Cas9it, I N 5 AT A 88 3 TAF & i
ITPCRIE ZIACH] . AHE TS &, fEIRIRBIER
BEHCHIPCR S WA 5 580 R 3 7 1, SR AE KR
BT IT, BORH T4 T E] . 2% ERTIR, 7ECas9
M Hygd H L #e vhr, LRFFPCRJ IS AL T FHRE G B IR
A, ARG N AT L5 R RUE S R 5
BN R . FE T, ASHIF 70 45 H B i 2 4
5E 6 Cas 9T AR IIHERAE 7%, IZR2 PR .

2.3 KMIETHIE T Cas IR R {4

N Tk R R R E T R A I A TR
BEIIE 8, FRAT RFEA AT WS H A
RO T FE A 7 TE Cas 91 osnac20/26b 5875 4k . iy
[ 98 CAIE SEAET R, OsNAC20F10sNAC26 2

ANFERI R AERAR . AEARBTCH, BT Cas9
F R AW 5 i 32 T Cas OIIAE R, 15 3385 Hyg DA F
R B DR AR T-DNAJR N B 6. S2
o6 75 B AN’ 5-A T ox, 9 3 M osnac20/26b-7. os-
nac20/26b-18 M osnac20/26b-24 3/ M 7. {1 % ik
Pk 2 58 5 B 158K TE Cas O MR . 7EIX 150k &
W, Hygd 3t 2R, X E—BE S T IX Se ik &R
I ET-DNAJG A (KEI5-B). A T #E—BE 9245 11
A EEE, FRATIET 51 PUV3-RAIgRNA-R5Y™ 18 %
A E ) R — MRS B (B 1 Lufi2017), 455840
ToBAPE SR SR I, X Ui W] Hyg Ml Cas 9R: R4 8 1)
SEME(E5-B). DNA P &5 3 oK, 1X 25T Cas9)
Mkt OsNAC20F1 OsNAC2635 ) 4= 1 58748 . 27
I3 BT BN IX e XAl SR R AR I I LR B (K 6),
X 5osnac20/26b 1) A — F(Wang$2020). UL
SRR K, AW A A VA IE T ORI
()76 Cas 91 FEAZ AR AE IR R i 1
3 g

BT PCRY™ 14 45 58 To Cas 9%k R 1 171241, DNA
FEHUOT L IR Ik 2 R 2 —. CTABIL I HlUDNA
PIRCR BOF, (H TR 2 . FERT K, A AR
HDNASREGE TR HAl, &F £ AP iEDNA
PEHLH 7715, WIROSEVZ (Steiner%F 1995). i #flf V2
(Berendzen%52005). SDS i/ (Kasajima%:2004) Fll
NaOH%(Wang#51993)4% . SR1, IXLLT5 1510 H 4
SHPCRY AT E . XATRES Z R ZA 9%, W
FEHUIDNAJR & 51 R . PCRI MV ART 4
BE, WA BAEHERR R R R S BN AR
SE T ) FEIT RE 7. DAL, PRl HLRSSE I DNA
PEET7 V2 I KRR P J2 PR 2 5 s AR A A0 #
FEAR T, FATRK I R RENE D TR fa 5, 24
&, T HEH T Cas9. HygFlActinFE K {31 .

TE 2T PCR I B (14 25 R 284 % 5 B 3 98 A8 A4k s
W FE AR, SN T 38 G R 2 SURN /B i B2 v
T PCRA I K B 52, 22 Fh 3 5 Y () DNA SR
41, WiPhire Hot Start IT DNA % & /il 8{ K APA3G
DNAK &M NI A Sofl O A R R DNA
PEWE 53X T RE G 45 A 1317 PCR X . (Lapin
£:2019; DhattZ52021; Paul%5$2020), M i U158 4T
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®2 RIEBHEGHIE T Cas IR BBV T4

Table 2 The guideline for fast and effective screening Cas9-free lines

i P £k Bk T I
DNAFHZEL 1 HU10 mght Fr B8 TRA2MAZR2 mLES O BB IR, Bl d F 3R BUR (R
6L KE) AT T HEEUDNA, (H 4R B0 e O
2 BIN250 pL o BL A RE MR SR IO, BREAE . TR, DNAKIRGIUIR I . mE KB
3 7K 10 min. S BRI AT AR 1] (R AR AT
4 B0 AR BRI .
5 H420 pL_ B3R # BT 0 596 LI,
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BEAh, A3 M B 6T FEOGE T S 00 1R v MR R 50
R, EARB T, AT E T X, BIRLE
I B B U MR DNACY B R AT 33
TEMVER IR, BAPERE S ek m, B A i,
T G L BN TR Y5 YR . B R DU A
(75 SR B RGIEAT I 38, P T IE B 3 1o A2
PRSI S . = AS BN AT A, Plaik
PN AT Y 3G, F TR B 3 FE h 1 514,
TR R FIPCRAS S5 T 5 Y .

B2, FEART R, FRATE IS 1 Cas9F Hyg
FEIR, AT MRS U O TE Cas 9%
PR R 5. A7 i3 T DA Hyg/E N ifiik
P 10 J2S R (10 A A 28 (1) 2 B R A 1) 45 5




1054 TP A B 244 www.plant-physiology.com

* %

29 30 31 32 33 34 35 36 37 38 39 40 41 42 N

Pl
(3
Ry

@'
Q\'\»

AN
Ay

1 2 3456 7 8 9101112131415 161718 19 2021 N

A D NP g AN DR
“\‘bv,‘*'@’\%'\

Nl e
eV

0

*

20/26b-24
Cas9

20/26b-18
Cas9

20/26b-7
Cas9

20/26b-8
Cas9

> N o A
A ,\,xvz\,x«»
Q° O

¥ e N

Q’ @é @'
N

&5 FCas9hJosnac20/26bREE (R EIKEILE
Fig. 5 Identification of Cas9-free plants in osnac20/26b mutants

A: Cas9% 3404 i ik T Cas 989 Atidk; B: HygAn BARSE 5| M09 77 38 AN L T-DNAFEA . FTA #k 2 49DNA ) AT 44
AR FRI, N AWt ; P kst B, FE ST RE 49 8L A CRISPREA

&% Hk(References)

Abbas A, Yu P, Sun L, et al (2021). Exploiting genic male
sterility in rice: from molecular dissection to breeding
applications. Front Plant Sci, 12: 629314

Adikusuma F, Piltz S, Corbett M A, et al (2018). Large dele-
tions induced by Cas9 cleavage. Nature, 560: E8—E9

Aliaga-Franco N, Zhang C, Presa S, et al (2019). Identification
of transgene-free CRISPR-edited plants of rice, tomato,
and Arabidopsis by monitoring DsRED fluorescence in
dry seeds. Front Plant Sci, 10: 1150

Andrews OE, Cha DJ, Wei C, et al (2014). RNAi-mediated
gene silencing in zebrafish triggered by convergent tran-
scription. Sci Rep, 4: 5222

Berendzen K, Searle I, Ravenscroft D, et al (2005). A rapid
and versatile combined DNA/RNA extraction protocol
and its application to the analysis of a novel DNA marker
set polymorphic between Arabidopsis thaliana ecotypes
Col-0 and Landsberg erecta. Plant Methods, 1: 4

Chen L, Liu YG (2014). Male sterility and fertility restoration
in crops. Annu Rev Plant Biol, 65: 579-606

Dhatt BK, Paul P, Sandhu J, et al (2021). Allelic variation in




PAESE: —RhIE T PCRYHY 4 € T Cas 9RAAR I PRIE TT i 1055

A OsNAC20
CCGGTTGCTCCTCATCAGGTGCC

ZH11

CCGGTTTTGCTCCTCATCAGGTGCC

20/26b
247

CCGGTTTGCTCCTCATCAGGTGCC

20/26b
-18-27

CCGGTTTCATCAGGTGCC
20/26b
-7-16

B ZH11 20/26b-24-7

OsNAC26
CCGTGTGCAGGATCTTCCACAAG

CCGTGTGGGATCTTCCACAAG

CCGTGTTGCAGGATCTTCCACAAG

oA,

CCGTGTGGGATCTTCCACAAG

20/26b-18-27 20/26b-7-16

[El6 FCas9kJosnac20/26b5 ARSI LRI FNR AU &R
Fig. 6 Mutation type and phenotype observation of Cas9-free osnac20/26b mutants

rice Fertilization Independent Endosperm 1 contributes
to grain width under high night temperature stress. New
Phyto, 229: 335-350

Fu R (2019). Application of molecular marker-assisted selec-
tion in clubroot resistance and high oleic acid breeding in
Brassica napus (dissertation). Wuhan: Huazhong Agri-
cultural University (in Chinese with English abstract) [{
Z2(2019). 43 b vc 5l By £ 75 v =5 B0AR i oo e vl
R B Ao e (A R (AL 18 50). iDL Al R 2]

Gao X, Chen J, Dai X, et al (2016). An effective strategy for
reliably isolating heritable and Cas9-free Arabidopsis
mutants generated by CRISPR/Cas9-mediated genome
editing. Plant Physiol, 171: 1794-1800

Gaudelli NM, Komor AC, Rees HA, et al (2017). Programma-
ble base editing of AT to G+C in genomic DNA without
DNA cleavage. Nature, 551: 464-471

Gritz L, Davies J (1983). Plasmid-encoded hygromycin B
resistance: the sequence of hygromycin B phosphotrans-
ferase gene and its expression in Escherichia coli and
Saccharomyces cerevisiae. Gene, 25: 179—-188

Hendrix B, Hoffer P, Sanders R, et al (2021). Systemic GFP

silencing is associated with high transgene expression in
Nicotiana benthamiana. PLOS One, 16: €0245422

Kasajima I, Ide Y, Ohkama-Ohtsu N, et al (2004). A protocol
for rapid DNA extraction from Arabidopsis thaliana for
PCR analysis. Plant Mol Biol Rep, 22: 49-52

Kleinstiver BP, Pattanayak V, Prew MS, et al (2016). High-fi-
delity CRISPR-Cas9 nucleases with no detectable ge-
nome-wide off-target effects. Nature, 529: 490-495

Lapin D, Kovacova V, Sun X, et al (2019). A coevolved
EDS1-SAG101-NRG1 module mediates cell death sig-
naling by TIR-domain immune receptors. Plant Cell, 31:
2430-2455

Li X (2019). Improvement of male sterile line in Brassica
napus L. by marker-assisted selection (dissertation). Wu-
han: Huazhong Agricultural University (in Chinese with
English abstract) [2/i1(2019). 73 Fbric 4 ik # 25 R
ST RCALRS0). 3l H Rk K]

Lu, Ye X, Guo R, et al (2017). Genome-wide targeted mu-
tagenesis in rice using the CRISPR/Cas9 system. Mol
Plant, 10: 12421245

Murray MG, Thompson WF (1980). Rapid isolation of high




1056 TP A B 244 www.plant-physiology.com

molecular weight plant DNA. Nucleic Acids Res, 8:
4321-4325

Nishida K, Arazoe T, Yachie N, et al (2016). Targeted nucleo-
tide editing using hybrid prokaryotic and vertebrate adap-
tive immune systems. Science, 353: aaf8729

Paul P, Dhatt BK, Miller M, et al (2020). MADS78 and
MADS79 are essential regulators of early seed develop-
ment in rice. Plant Physiol, 182: 933-948

Slaymaker IM, Gao L, Zetsche B, et al (2016). Rationally
engineered Cas9 nucleases with improved specificity.
Science, 351: 84-88

Steiner JJ, Polemba CJ, Fjellstrom RG, et al (1995). A rapid
one-tube genomic DNA extraction process for PCR and
RAPD analyses. Nucleic Acids Res, 23: 2569-2570

Tang T, Yu X, Yang H, et al (2018). Development and valida-
tion of an effective CRISPR/Cas9 vector for efficiently
isolating positive transformants and transgene-free mu-
tants in a wide range of plant species. Front Plant Sci, 9:

1533

Wang H, Qi M, Cutler AJ, et al (1993). A simple method of
preparing plant samples for PCR. Nucleic Acids Res, 21:
4153-4154

Wang J, Chen Z, Zhang Q, et al (2020). The NAC transcrip-
tion factors OsNAC20 and OsNAC26 regulate starch and
storage protein synthesis. Plant Physiol, 184: 1775-1791

Xu CN (2014). Molecular marker-assisted selection and devel-
opment of allele-specific markers for high oleic and low
linolenic acid contents in the seed of Brassica napus (dis-
sertation). Wuhan: Huazhong Agricultural University (in
Chinese with English abstract) [#4:f 55(2014). H ¥ 7H
SRl e o R ARG I R PR 5 67 66 PRV S AR 1 RO T R
Ko T ARG B R (A A 18 30). L el R ]

Zhang H, Zhang J, Wei P, et al (2014). The CRISPR/Cas9
system produces specific and homozygous targeted gene
editing in rice in one generation. Plant Biotechnol J, 12:
797-807




