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Abstract

Recent progress in genome editing methods has opened new opportunities for reverse genetics-
based studies in plants. The clustered regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated 9 endonuclease (CRISPR/Cas9) system is a novel strategy used to induce
mutations in a specific genomic region of a variety of organisms including plants. Here, we
described a high-frequency targeted mutagenesis utilizing Agrobacterium-delivered CRISPR/Cas9
in tomato. This system consists of an Agrobacterium binary vector and three guide RNAs for single
gene targeting. We evaluated the system for its mutagenesis frequency and heritability using LeMADS-
RIN gene of tomato. Ty transgenic events carrying mutations in the LeMADS-RIN gene occurred at
rates over 10.6% mutants per transgenic event in both ‘Mamirio’ and ‘Golden Bell’ tomato
genotypes. Three independent T; transgenic lines and wild-type (WT) tomato plants were used for
ethylene analysis. Compared with WT plants, edited mutants exhibited more incompletely-ripening
fruits and lower ethylene contents. Following genetic combination through segregation, null segre-
gants carrying only the desired mutant alleles without the CRISPR transgene could be retrieved among
the T progeny. These Cas9/gRNA transgenic lines, therefore, can be used to convey the CRISPR-
based mutagenesis by genetic cross to tomato lines that are not amenable to genetic transformation.

Additional key words: Agrobacterium, fruits ripening, gene editing, golden bell, mamirio, single-guide
RNA
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HAHAYZS, AlzE 2 o] A, olgdl A e 9 SRS Foll thell A 2097 2 AT NS Bt
(Giovannoni, 2001). A1&-2 916l th7] el H L5ol= g S 2221 of|dll(ethylene) A& 9] B4 23}, 23-39 &
23 A2 "L itk EntE, AR, v, H 5 = =
“d(climacteric fruit)o]e}l Lo, o 52 ofd & A/ o] M Ad<7l1A] 217 0f) Alatsto] w2 Alofst, Yoyt 229
o) U Wl Yt 2R o] HhAl Sk ke AE] A Q oo iodslal Qlth(Hiwasa et al., 2003). TESH o2l vl A<sof T
A 9 o] A &Sl ool A 5 TRt fARRE S ' E-S Alofskal Itk (Oeller et al., 1991). #H
‘g0l FHtsto] A g_t o A&l chlorophyll o[ 74, 7hz Bl ke o] & 9 84 -5 Al dofl T e H7d 4}, I
SE 4 o7 = Az Baj e AR 59 92 -G W SAISHAZITkal B 115 17 It Trebitsh et al., 1993; Alexander
and Grierson, 2002; Hiwasa et al., 2003; Marty et al., 2005).
TP S FHto] EE 0] WBkE AT, 44 o]0 S0l 408 5Fo| 44l EFE W climacteric) T} 5
2120 A o] 4455k 9 2581 E5Bmon climacteric) © 2 A Ick oDl AEHY 2 o 9 oIS o} §3t 5
2 3

H
[e] hi
Ho @ Pl 24(Yang and Hoffiman, 1984), o2l A T 7] T =9 24
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S, ¥ Ao oo 2-go] D=9l 0 2 SRIF|QIL) 8353 TS YR i TiA o] el nl&gt o
Al Sl Al7to] ZTshH Q1521 0 & o Hell 42} & 5F2] pote A4 E of =
/<5 /-2 maturation FHES}H] ripening©|2Hal 9ITh 085 ML A5 @ 28 Aol AAIR o' 5
Tooto] Aok ol A= Al o] ofgt As), 2, 7] AJRo) A, o] o= Fofl E A7 lh A4 5o vhakst
/2 HBtR o] Folxl I 0] A4 /e Zlsgol| ARG-HTh 32| 11 gl

18] 49,2 A AHEHE0] 2 Gag o7t 240l Ol ek 1] B0 el do 7} glxJat Ak
0.2 AE]0] 28] 7% 9 ZA4o] Makshi HEe|A] Ao 20] Aglo] £ :
24571 412 AFEl7F Bk Seymour et al., 1993). T A4 0] AJghA] ¥i5} Wl 24 F= ttof] PHAH S2v] 3]k Wk=
IR0 £V} -5 & WSyt dojutial 51t Rhodes, 1980; Seymour et al., 1993).

% EntE = M s g Aol iRt St w2 ;257 -olsto] REAAER wol ARGE L Ith(Yen
etal., 1995; Chung et al., 2010). £5] ERFES] A<of YA 2FA EAHO rin D nor EFFEE S 8F653AH FHAT &
g0 F310] ojubz] ¢t o F&ll I e dojuhx] ehth o] WA E of-sto] o el 22 7, ol vl
O] ¥ 55 (Tigchelaar et al., 1978; Yen et al., 1995) & rinZ} nor EOFE(A] Asfel] tish 5150 2 ofesl gH4do] &
(Lincoln and Fischer, 1988) Httal & At 2 5] rin @ nor EFFE 0] A4 E]Z] O= 101 A4 22| =it EntE
rin EAHO|=MADS-box HARIZ] £5H= LeMADS-RIN-F-2212] exon F-2o] A& 0] Q1= 71 © = UEHdTH Vrebalov
et al., 2002; Giovannoni, 2004). nor S0 | Ao A= nor locus W0l 51e] AAL 1A} H120] EAILS- 7171 H] MADS-box
2]l AARIA T EASHL Q= A 0 2 A th(Alvarez-Buylla et al., 2000; Vrebalov et al., 2002).

EntE o] ZAHOAIE o8- A= <ol TAH ko] o] Alojelo] P m A tehd 21 0 =R e AT
HAAE FAHL Aol A4 7] o] ARt 7|6 5Fal Qlth(Vrebalov et al., 2002; Manning et al., 2006 ; Giovannoni
2007; Matas et al., 2009; Wang et al., 2009; Chung et al., 2010; Nashilevitz et al., 2010; Karlova et al., 2011). =5t 2|20 &
OtE A2 = AARA| 24 (Alba et al., 2005; Lemaire-Chamley et al., 2005; Carrari et al., 2006; Vriezen et al., 2008; Wang
et al., 2009), =2 B2 E4(Saravanan and Rose, 2004; Faurobert et al., 2007; Page et al., 2010), & tHAEA] E-4(Roessner-
Tunali et al., 2003; Carrari and Fernie, 2006; Fraser et al., 2007; Moco et al., 2007) 5ol w2} EntE o] A2] 2] dAMEo] =2
291 BAo] o]Fofx the] tlole)7t SA %1 9loH, EntE 542} Axe 7149 2]sfl ACC(1-aminocyclopropane-
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1-carboxylic acid) $d84-9F ACC Atela4-0] TS ARt = o dell AYitgo] Zlske YIS {75t &<l
SFCHChung et al., 2010; Ma et al., 2014; Wang et al., 2017). T2hA] ERTE O] A4:A 2] o[ @ dlo] WA Q] 7.8 HEr5iR]
ok A A T ke o] o el 213 FAISHAY 1A Q1 Alofefl ofgt ARIA = 2 EskA] etk
EntE s 7 =A0] rinTnor 2] E40)lA] LeMADS-RIN 2 NOR - o€l

] QTH(Wang et al., 2017). Th=0] /g4 ¥ 227} o =l RIN B NOR 419 Sh

543 QLAIE, L A1 A8 oFA71A] Rak) Gl theb B b oAl Enb 914 44 712 LeMADS-RIN 8412
CRSPR/Cas9(Clustered Regularly-Interspaced Short Palindromic Repeats/CRISPR associated protein 9) A| A 8-S 21-8-5104
ASPA.0.2 A Bl o Fe AYkat] 1AS T A shsich, oh g2l ErEolA § A BV 1S A e

AT 4 Gl L WA Agst st

@
i

2
=
1o

Ng Y=

E0tE(Solanum lycopersicum L.) =352 TYLCV(Tomato Yellow Leaf Curl Virus)7| ‘0H]2] @ (Mamirio)’ 2} 3 -carotene
o] 52 *BEWGolden Belly B4 AT, EBHE F7H= 0% cthanol 2% A ALANFER 02 25572
2 3] M| Af5Ho] MSR3H|Z|of] mhg5}aL, 23+2°C MG A] 10- 1447 Fatallof § 2 G& HebA] ddgto] AR8skal
t}. A BokE AlEA = ZE 2 o]Al5le] TS 8415191, ERFE 98- ZabA] FavorPrep™ Plant Genomic DNA Extraction

Mini kit(Favorgen Biotech Corp., Taiwan)E ©]- &5} genomic DNA S F&3514tt.

RGEN(RNA-guided engineered nuclease)2| MA

EntE 7} A<= e LeMADS-RIN(accession no. AF448522) -3+ H2]-S- 9Io}oq http://ensembl.gramene.org/Sola
num_lycopersicunvInfo/IndexAt0|EZRE EUlE F4210] 75 ARHE SQ1511(Gene: Solyc05g012020.2), CRISPR
RGEN tools(http://www.rgenome.net/cas-designer/)2 ©]-851%] sgRNA(single guide RNA)E TJA15}{tHPark et al.,
2015). RGEN-2 CRISPR/Cas9 @47} Q145H=PAM(Proto-Spacer Adjacent Motif) %91 5>-NGG-3* A F-& A 2]5t 20bp
A7]9] g7]2 FAEICt o]EA P07 sgRNAE-S mis-match 1, 2014 off-targeto] A7 H list 1-0-0.2.2 L} Z37}, 30-70%
Ato]9] GC §HFo 2 AT 11, out-of-frame score”} 52 71 20 & RGEN-Z A&}t Table 1).

Table 1. Mutation frequencies at on-target and potential off-target sites among selected RGEN target of the LeMADS- RIN gene in
tomato genome using RGEN tools (http://mwwv.rgenome.net/cas-designer/)
v o Mismatches
sgRNA” RGENY target Direction ~ GC contents (%) Out-of-frame score™
0bp 1bp 2bp
RGENI1 ACAATTGGGCACAAAAGACTTGG + 40 62.0 1 0 0
RGEN2 GTGTTACCTTTCAAACATCATGG + 35 62.5 1 0 0
RGEN3 AAAAATCCCTCATGATGAGAAGG - 35 39.6 1 0 0
“Single guide RNA.

YRNA-guided engineered nuclease.
*To avoid unwanted in-frame deletions in a protein-coding sequence as much as possible, one should choose target sites with high out-of-frame scores

http://www.rgenome.net/mich-calculator/ (Bae et al., 2014).
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CRISPR/Cas9 0|8 Hig| 1=

EntE AT 913 Ti-plasmid HE], pBAtCE CRISPR/Cas9 & 47+ CaMV 358 I & R E]9]| 0] 4|o]&]H, sgRNAE=
AtU6 T2 R E| 0] 9J5}0] ZFEE| & =6t 7| E B & o|- 851 th(Kim et al., 2016). CRISPR RGEN toolsZ-FE A4
37119 RGEN2 FHAME od et 3 At A darl-& AH8-510] pBALC HlE o] 4F}lsto] 2Hdatit(Jung et al., 2017). 755
Ti-plasmid HlE}= Z+2F Adgrobacterium tumefaciens LBA4404 w=0f| FAZSs}0] 0] 8515}, EnpEo| FRASTA|A A

ol A2 0] At u} Bar §7A1E o} glgick

HuHE E0IE 54 U o8l

=B A 70% ethanolh 2% A AANHE B0 2 455 W2 58] A|4510] MSR3 Hof THE8H, 2342°C
B oA 10-14 47 Sl ofet 2, o8 TS e =l ZFg-8 MS 2,4-D AA|R]of] 30-60:7t A stint. 22| Mi
JAEfR] o] %A 24 A7 v STt Ti-plasmid vector?F =QH A. tumefaciens cell-2 ODgpp=1.8-2.02 43 5, 24A|7F
M1 EfR] oA BRFE AR 1547 4 § M1 ElR]of] A 247 575 Bl sttt Agrobacterium®]] ©Jsl 2B AH92
M13 Hjz]o]| &7 A7 A wh7iz] vioFet 3 M4 82| 2 &7 A 25 FAAZ I, M16 i R]of| A A7) & 61
S 714 EE | o] A5 th(Frary and Earle, 1996; Jung, 2013)(Table 2).

pBALC HIE| 9] & 15 2l5}7] loto] Ahae 7HA419] 1.0 =K E genomic DNAE +2]56}%] nos-bar 1412} £o] 5
& primer setE ©]-8-5F] PCR 412 535t3iet. ofuff AR8RE 742} Zeto]m = bar-forward 5-CGTCAACCACTACAT
CGAGA-3', nos-reverse 5-TTGCGCGCTATATTTTGTTT-3' & |25} 95°Cof| 4] 5571 pre-denaturationA| ] 3, 94°Co]|
A1 307} denaturation, 58°Co| 4 3027t annealing, 72°Col|A] 1427} extension 7132 30 cyclesZ 49§51, 0 1, upx]ato
2 72°Cof| A 587t extensionS A A 5] EA519cE

Single Copy A1 2 217|M2 S412 £t wo|) 2ol

PCR B8 E5f| gholE A AT (T 25 single copy 2 EE 741E Adtsl7] 915 TagMan PCR 5442 4=3619]
THJung et al., 2017). X0 & single copy =0 EQ1%H B A T, homo 7HA|2} T, hetero 7H4| 2] DNAE 0-851%.2
™, TagMan probe PCR §Fg- 2712 95°CoJ|A] 10427} predenaturationA| ] -, 95°COJlA] 20% denuaturation, 56°COlA] 12
annealingS 403] HH2 AA5F 1, annealing W& 50l Quencher25-€ £2]4H fluorescein FAM©] 415} wfjujct
fluorescence S HAI5}1L A2 HA|H cycle 4%(ct)+= amplification plots 2 E &5} t}. TagMan probe real-time PCR AR
EAE ZSZAFEL nos terminator2] £0]2] 2] [abeling$t probe primerE ©]-&5to] B4} AT AR single copy NAIER

3] 2070 7] o0] 2118 §71740] A R9]e] sgRNA S-Ho] HRHel, 2121 3626p2 571bp] PCR AHES 9 4

Table 2. Culture media compositions for tomato transformation in this study

Media name Ingredients

MSR3 4.4 gL' MS salts, 30 g'L! sucrose, 1 mL-L™" R3 vitamins (1 gL' thiamine, 0.5 gL nicotinic acid, 0.5 gL' pyridoxine),
10 g-L"" bacteriological ager, pH 5.9

MS 2,4-D 4.4 gL' MS salts, 30 g'L" sucrose, 0.2 g-L' KH,PO,, 1 mL-L"' R3 vitamins, 0.1 mgL" kinetin, 0.2 mg-L"' 2,4-D, pH 5.7

3C5ZR plates (M1)  MSR3, 10 g-L! bacteriological agar, 1.75 mg-L" zeatin riboside, 0.87 mg' L™ TAA, pH 5.8

Mi3 MSR3 media, 1.75 mg-L™" of zeatin and 0.87 mg:L™" of IAA, 4 pg-mL™" PPT and 400 pg-mL" carbenicillin, pH 5.8

M4 MSR3 media, 1.75 mg-L" of zeatin and 0.87 mg-L"' of TAA with 3 pg'mL"' PPT and 400 pug-mL" carbenicillin, pH 5.8

Mi6 MSR3 with 3 pg-mL" PPT and 400 pug-mL™" carbenicillin, no IAA and zeatin, pH 5.8
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A== ZH7ko| FA R 9Iatt o] S-E-8- primer setE 240t 910 =HE 253 DNAE -850 PCR 415 35131
th. A2 RGENI primer set A= forward 5-TTGAAGCTTAAAACAAGAGTGGAA-3', reverse 5'-TGCCTCAATGAT-
GAATCCAA-3'2 AJAS5IH. 0™, RGEN22} RGEN3 primer set = forward 5-CTGAAATGAACAAATCTTTGAG-
AA-3', reverse 5'-GGCCCTACTTGTGAGGTTACAC-3'2 A5}t Wild typed} 212}2] § A4S /A E2] PCR AFE-
EHIe] 2 U oKwww.bioneer.co.kr) = 2|Z|5te] H7| A F FAE 435kt

O.IIEIE-II AHAR

A
2L OL-0O

o

ke

i)

CRISPR/Casd 4] @418 E0HE T, 416 04 RIN 8271 B TG4, TG12 2 TG26 AAle] o2l Batepe =
g5t7] Slote] EntEE 1L2] B o]l |al 25°C /=20l 3AI7F 53¢ iRt §, ALUMINA F-1 column(Alltech
Associates, Deerfield, IL, USA)} FID7} 214 gas chromatography(Model 3800, Varian Inc, Palo Alto, CA, USA)E ©]-%
oto] o Dl AFES S45HTH Chung et al., 2010).

27t 2 o2t

sgRNA C|Z[2l & CRISPR-Cas9 HE| 1=

EntE 7H4 A< T LeMADS-RIN -3-321= 51 GAA o]l 2120t 87]2] exonZ 7FA]H, open reading frame(ORF)->
729bpo| 1, 242712] o] Ato & JLA E|o] It Vrebalov et al., 2002). & @ A4S LeMADS, LeACS 2 LeAOC 5
B AL T 2o ofsf A Ad<sof] FhofRittal defA QltkGiovannoni, 2004)(Fig. 1A). Zl 501 LeMADS-
RIN 732H9] exon o] AA 0] Q= S0 (rin)7 | EZAE o] Ad<sof] et G2 =] o] 171 Wo] g it
(Vrebalov et al., 2002; Giovannoni, 2004). T2F4 LeMADS-RIN 5722} £.2]2] CRISPR/Cas9 47} QA1 4~ Ql=
sgRNAS X174517] $13f] ZF exon F<-& CRISPR RGEN toolsol] 4151 sgRNA(single guide RNA) 3715 43519

i5)

B CATACAAATGEGTAGAGGGAAAGTAGAATTGAAGAGAATTGAGAACAAAATAAATAGAC
AAGTTACCTTTGCAAAGAGAAGAAATGGACTCCTAAAGAAAGCTTATGAACTTTCTATAC
CNR TTTGTGATGCTGAAATTGCTCTTATTATTTTCTCTAGTCGTGGCAAGCTTTATGAATTTT
LeACSTA l LeACSA GCAGCAATTCAAG----— TATGTCCAAGACATTGGAGAGATACCACAGATACAATTATGG
TACACTTGAAGGAACCCAAACTTCATCAGATTCACAG- - - - - AACAACTACCAAGAGTAT
. LeACOT, LeACO3, TTGAAGCTTAABACARGAGTGGAAATGTTACAACAGTCTCARAG- -~~~ - GCATTTGCTAG
LeACS?2 GTGAGGATTTGGGACAATTGGGCACAAAAGACTTGGAACAGCTTGAACGTCAATTGGATT
CATCATTGAGGCAAATTAGGTCAACAAAG--——— ACACAACACATTCTTGATCAACTTGC
NR, PG, E7, l |_ Signal transduction; TGAACTTCAACAAAAG-——--— %}AACAATCTCTTACTGAAATGAACAAATCTTTGAGAATA
NR LeETRA AAG----- TTGGAAGAACTTGGTGTTACCTTTCAAACATCATGGCATTGTGGTGAGCAAA
Ethylene receptors ' GTGTACAATATAGACATGAACAGCCTTCTCATCATGAGGGATTTTTTCAACATGTAAATT
i v GCAATAATACATTGCCTATRRENS  _ TTACGGATACGATAATGTACAACCCGAAAATGC
LeCTR1 AGCACCATCAACACATGATGCTACTGGAGTTGTACCTGGATGGATGCTTGARTTTGGAG
Ethylene response
P : Aarl, Xhol, Aarl
[ Trzgsgg%'glgﬁ TaCCXI){S LeEINs C L Ll 2 B
ERFs, MBFT, TDRa '["?""' H Cas9hc:NLS } 355-P HAtU6-P SORNA HNos-P4 Bar | Ter
'
v

Fruit ripening

Fig. 1. Ethylene biosynthesis for fruit ripening, selection of sgRNA for gene editing and construction of Ti-plasmid vector. A: Model for the
mechanism of fruit ripening in tomato. B: Three target sites for CRISPR/Cas9-mediated mutagenesis in the LeMADS-RIN gene. C:
Ti-plasmid vector (pBAtC) construction of RGEN (sgRNA region) for gene editing in tomato. Cas9, human codon-optimized Cas9
expressing cassette; 35S, CaMV 35S promoter; AtU6, Arabidopsis U6-26 promoter driven single-guide RNA (sgRNA) cassette; Nos, Nos
promoter; Bar, Basta resistance gene; Ter, Nos terminator; LB, left border; RB, right border; RGEN, RNA-guided engineered nuclease.
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(Table 1, Fig. 1B). A4 sgRNA+= Cas9 24| oJofl Q141 5]=3bp 2] Eg} 22 L E|E(5°-NGG-3°) G -2 A|<]gH20bp2]
7|2 A EH, GC T2 35-40%= H9ITH RGEN1Y}FRGEN22] out-of-frame score= 62.0 & RGEN3+=39.60]9].0 ™,
AlsA mismatches % <J0] 1-0-00] 22 off-target ZHE0] WA LFEFATE sgRNAE -GAAS 4SS, darlo] Q)5) As)et
T, Cas9 G475 412 3 WE Q pBAICY] 2259tk Fig. 10). °15 ZYH=Kim et al.(2016)2] H110]| 4 mis-
matches G 0] 0bp+= 1, 1bpL}2bp= 021 7370l =24 {42 T G 2] 9] off-target FH 2] Flo|7} e Shgo] Wil
SHATE E2tsgRNA G99 GC o] 30-70%©]H, out-of-frame score” 7] U2 & A175H= Zo] indelo] Aoiiha
frame-shift7} dol'd 7Fs & A&sto] §A2 B O] 865 SHAE & Qlokal B skl wheba] 2 Ao A AAgh3
7H2] sgRNA= 7]&0f]| AIARE 2705 H5F =513 Kim et al. 2016).

Y2Mskxlo| 843t T-DNA =9 &0l U Single Copy M

A2 I W5 o] sgRNAL-3E 242t 758 HE] (pBAIC-RGEN1-3)8 0183} ‘miue| o o 558 F5of 9270%ks}
A}, EotE F42 WolA] 5 1498 FRo A& 219 AHO) A, tumefaciens LBA4404S o] 810] FAARA|
(Fig. 2A). 4 9E 2142 M13 BR[| BFAS FAAIZ|AL THA] M4 BA 2 5A 4125 AR T M16 Bl A &
A Fofl T2 02 Lol da A A LEC] o453tk (Fig. 2B). SRR Aol Aot A2A4E o=
FAAEE] RS ER15H] 180 nos-bar #5121 50] TF8- primer 0185194 PCR 4= et 23} & 85712 94

3t AEAE AJthFig. 2, Table 3). FAHSEA| A single copy IFE &7] 95l TagMan PCR H-4-& AA|SH A}

D 2 CRISPR Cas9, Ty single copy
& 15
g
I e e e & e & B f R
[}
2
B 05-Ht M- -z = - S § g - o T R e M-
* ﬂﬂﬂﬂﬂﬂ ﬂﬂﬂﬂﬂ IR
0
o 9 = — o~ m <t ['a] X} ~ [ee} o — o~ <t mn o ~ (oo} ()] bt o~ m <t mn [t} ~
Ep PR RPELB o opopopepBBBEER
+ o+ o+ 4+ + o+ o+ 4+ + 0+ + 4+ 4+ o+ o+ + +
B
1 day 14 days 21 days 42~80 days 60~100 days
! ! ! ! ! ”
a,b ¢, d e f g, h i
Seed sowing  Cut of cotyledons  Inoculation The calli were Shoots formed from calli
on MSR3 and culture and culture for incubated on fresh M4~ were excised, placed onto M16

on2,4-DMS, M1 7~20dayson M13  and were transferred to
fresh selective media plates every 3 weeks

Fig. 2. Development of transgenic tomato and confirmation of transgene. A: Introduction of pBAtC-RGEN vector through
Agrobacterium-mediated transformation in tomato plants. B: Schematic of tomato plant transformation for 100 days. C: PCR analysis of
bar and nos terminator region. D: Selection of transgenic single copy plants using TagMan PCR analysis. Lane 1, T2 Homo; Lane 2, T2
Hetero; Lane 3, Negative control and transgenic lines, TG1-10 for RGEN1; TG11-20 for RGEN2; TG21-27 for RGEN3. Each levels
generated from the DNA template of independent TO transgenic lines (target gene probe; 3'NOS, reference probe; tubulin1).
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o

Table 3. Frequency of transgenic plants, single copy, gene editing plants by using CRISPR/Cas9 vector in tomato
. No. of No. of No. of No. of No. of Ratio of
Target region . . . . . . .
embryogenic calli  regenerated shoots  transgenic plants single copies edited plants edited plants”

RGEN‘1 120 62 32 6 4 12.5
RGEN2 122 40 34 6 3 8.8
RGEN3 119 38 19 5 2 10.5
Total 361 140 85 17 9 10.6

“RNA-guided engineered nuclease.

*The ratio of number of gene-edited plants divided by number of transgenic plants.

RGENI =] 2732k 327040 - 67114, RGEN2 I=¢) 2724 34704 - 6711 2 RGEN3 =9 2732k 19704 &5
WA 5 & 1770 To A2 single copy = BHRISIAL Ty FARE AF5H] As=istlth(Fig. 2C, D).

0l of|El2il ABARZE LA

2t OL-0O

& A2 7 single copy = AFUE To WAIS=HE f702F HAY o1 5-9] Q12 LeMADS-RIN -f-73124-2] 4 5-5o] g}
5] &% A2 primerE 018619 PCR 522 4346 A7| A D-2 Ao A= ' WE of 27t Q)% 37]2] sgRNA
(RGEN1, RGEN2, RGEN3) % RGEN10] =QH 67]12] @A AsA] 3 2741 wol7} 9191t} TG2 HWoldl= T/AR 5=
9131, TG4 Ho|A1= 17bp7}, TGS o A= 4bp7}, 121 TG10 BlolAl= 1bp7t 2H2E AAE|9lct. RGEN27F E 9 H 679
FAHA 5 3714 HlolE HolA] ¥8Eo ™, TG12 WO Al=28bp7t, TG16 Ho A= 2bp7}, 12|11 TG17 HHo|Al= 1bp
74 Y7y AAEQITE RGEN37F Y 5719] A 5 37041 o7t o™, TG23 BloAdl= T/AR 22|11,
TG26 Flo|Al=2bp7t AAH A 0 2 SRIst F 9415 A5t irhFig. 3A).

/\ RGEN1 AGGATTTGGGACAATTGGGCACAAAAGACTTGGAACAGCTTGAACGTCAATTGGATT WT
AGGATTTGGGACAATTGGGCACAAAAGACATGGAACAGCTTGAACGTCAATTGGATT ml TG2
AGGATTTGGGACAATTGGG----—--—-=--—-—-———-—— AGCTTGAACGTCAATTGGATT -17 TG4
AGGATTTGGGACAATTGGGCACAAAAGA----GAACAGCTTGAACGTCAATTGGATT -4 TGS

AGGATTTGGGACAATTGGGCACAAAAGAC-TGGAACAGCTTGAACGTCAATTGGATT -1 TG10

RGEN2 TTGGAAGAACTTGGTGTTACCTTTCAAACATCATGGCATTGTGGTGAGCAAAGTGTA WT
TTGGAAGAACTTGGT — =~ === === ——————m——m——————— — GTGAGCAAAGTGTA -28 TG12
TTGGAAGAACTTGGTGTTACCTTTCAAACAT --TGGCATTGTGGTGAGCAAAGTGTA -2 TG16
TTGGAAGAACTTGGTGTTACCTTTCAAACA-CATGGCATTGTGGTGAGCAAAGTGTA -1  TGL17

RGEN3 ATAGACATGAACAGCCTTCTCATCATGAGGGATTTTTTCAACATGTAAATTGCAATA wWT
ATAGACATGAACAGCCTTCTCATCATGAGGGAATTTTTCAACATGTAAATTGCAATA ml TG23
ATAGACATGAACAGCCTTCTCATCATGAGGG--TTTTTCAACATGTAAATTGCAATA -2 TG26

QEYLKLKTRVEMLQQSQRHLLGEDLGQLGTKDLEQLERQLDSSLRQIRSTK WT
RGEN1 QEYLKLKTRVEMLQQSQRHLLGEDLGQLGA*Stop TG4

MNKSLRIKLEELGVTFQTSWHCGEQSVQYRHEQPSHHEGFFQHVNCNNTLP WT
RGEN2 MNKSLRIKLEELGVSKVYNIDMNSLLIMRDFFNM*Stop TG12
RGEN3 MNKSLRIKLEELGVTFQTSWHCGEQSVQYRHEQPSHHEGFSTCKLQ*stop TG26

Fig. 3. CRISPR/Cas9-induced LeMADS-RIN gene modification in tomato. A: Nucleotide sequences of the target site inthe 9
To edited tomato lines. The indel sequences of target locus are ranked as hyphens with deletion (-) and mismatched (m).
B: Alteration of amino acid sequences with early stop codon after CRISPR/Cas9 cleavage in LeMADS-RIN gene.
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Fig. 4. Production of ethylene in transgenic tomato fruits at 36 and 42 days post-anthesis (dpa). WT: wild type, TG:
transgenic plants. The values are shown as the means £SD. Asterisks indicate significant differences (t-test < 0.05). TG4:
RGENT1 transgenic ‘Mamirio’, TG12: RGEN2 transgenic ‘Golden Bell', TG26: RGEN3 transgenic ‘Golden Bell’.

ol5 Hlo|A| =& o] At 91 o 52 FARE Aih= Fig. 3Bo go] ‘mhn|2] @ FFO0 R A2 TG4 B &= &
FORHE P2 TGI29FTG26 7NA|oA 4 F=o] G/ E o] Tl el gl opn| At A o] B/ ekH Zla Seld
AL o]t Zo] A TG4, TG122H TG26.2] A of| A of| el A Aee] HSHE w2 A} v z~tof| vl sl of el
o] @xI5] AAaskrhFig. 4). o|2Rt A= M 4/ Aol LeMADS-RIN 573217 knockout = ] RIN T2 o]
A E)2] kot o E] AAto]| HSIE HQl 71 0 72 AZEe Tt XL Ito et al.(2015)- “Ailsa Craig® 0] Agrobacterium
3 -2 M-S AJE51e] RIN T Ao] 224572 oF= knockout ENFES 849 At E<Pdeh 7S H olckT 519t}
Teu S T AEA A o2l BATES S75kA] ottt 2 Aol ARESE a2 @ B = B2 A AA
S5 FretAAA FF0 & RIN 2} | of] SJ5f] ThRt w4 Hol & Hoj5=¢] o v ofa o Adll Aitdo] Ax]s] A
She AYHE HAAthFig. 4). TepA o5 BHAEES IH ] 2178730 mike- F= 2 o= 7]digith

2|27k B a1E o[ &(ethylene) A 714-2 methionine © 25 E] S-adenosyl-L-Met(SAM)©]|A4] 1-aminocyclopropa
ne-1-carboxylic acid(ACC)=, ACC7} o2&l 0 & e = T TAof| A o el AYb/do] 2 H T 6191 0 ™, LeMADS-
RIN -F72 85 F3f 2 WA DAl A= ACC synthase(ACS)9l| ©J3f, A GA o A= ACC oxidase(ACO)] 2Jsf ]
2 o]ZItKGiovannoni, 2004). EfFEOA ACSEE ACO+= multigene family S ©]F11 9loH, thEA S 2 ACSOl= LE-
ACSIA, LE-ACSIB2} LE-ACS2-7 50| 9121, ACOO|li= LE-ACO1-47} EAgtct. o[ gl o] 2 H2hg A ARL T 7 A2
T, o] T A S/ ot A A AR AF A LE-ACS29F LE-ACS47 ol 27l 94 of Phofet th3 LE-ACO3,
Le-ACO4 A7} -5 & A signal transduction} transcription factors-2] 2-8-0 2 of|& =l AJeHdo] 2w 7H4] 44
o] o]20jZth 1l & A tHGiovannoni, 2004; Ito, 2016) (Fig. 1A).

whepA] 2 Aol A EREE 1H 4J 4 7 LeMADS-RIN {7425 CRSPR/Cas9 A| 26l 2850 AR g A 7deh|
o]r] Adams-Phillips et al.(2004)°] H 13t rin ERFE S HO| Al F-GAR A7ME HolF=gle) whehh o5 844155 ©]
-Boto] H Aol TR A WIAYS, Al B AR S, o 2l ARHd A= W SRS Soll tiet A A= e &8
7Fs/4 = AAFETE o]eF o] A -FAMHA 7]5¢] CRISPR/Cas9 system=r 0851 534 B 715427 B =
TWAE gt sto] AlselotH A4 S50 Z8F 4 e A 0= AfrErh

F

N
e
o

)

AsEd o7 FL 52 7h11 Q1= CRISPR/CRISPR-associated 9 endonuclease(CRISPR/Cas9) A~ ElLS- AlEo| 4]

o788t 7] A7E Sl 7187} FIglom, B4 Al Aol S8l S GusH) A g S e Hzko e 4
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231 Qlrt. B Aol K= Agrobacterium™-& ©]-8510] CRISPR/Cas9 §4 W sgRNAZ} ESH AL E HE & BEOtE 7o
E2J5le] LeMADS-RIN $-74212] Al HH-S G5kt & 17719] single copy”} 4T FAATH|(T)E Ads
sgRNA F 0] PAM F < FLofl A T/AE 2| Hol A, 1bpoflA] 2|t 28bp o] A4 Ho|AlE ATdste] Als2lstsitt. 15
TG4, TG129F TG262] M)A o 2ell Aol Hols Awld A} o 2] Bs AI5] A%l om, Thefet vhAo ¥
o2 Bt} A o5 o)A Sojel 4] CRISPR/Cas9-2 E 35 T-DNA % Ho] $1= null segregants-& A1H6to] 274 o]
Fo BolE S0 0l8 8 5

27}220{: ol Leule)g, T4, 407 B, <22, ohle) @7, B7jol= RNA
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