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Abstract In this paper, mechanisms of gene editing
technologies including ZFN, TALENS and CRISPR were
briefly discussed with mutual advantages and disadvantages.
Classification criteria of gene edited, site-directed mutagenesis
(SDN) crops for regulatory purpose were also discussed. The
number of studies using CRISPR technology was high and
studies conducted on Arabidopsis thaliana and rice were
highest, followed by tobacco, tomato, wheat, and corn. It has
been applied to a variety of plants such as other grain crops,
flower crops, vegetable crops, and fruit trees. The number of
studies focused on practical application or commercialization
in the future were also increasing yearly, and the scope of
studies also expanded to include research on metabolic
engineering for mass production of useful proteins or
substances, development of disease resistant crops against
viruses, bacteria, and fungi, abiotic environmental stress-
resistant crops, and increased yields. In addition to this, it
was revealed that application range is becoming more
diversified, including the development of parthenocarpic
tomatoes, hybrid rice lines using male sterility and increased
shattering resistance Brassica napus. It was also revealed
that the number of CRISPR gene edited crops permitted by
the USDA(APHIS) increases yearly, to be released in the
international seed market soon.
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1980 o] AP 7| &= v H2 o JASHEE
YA A o2 EuFE(Flavr Savi™)7t Al ol ZA1E 0]
3009 o] At AR -2l = FAAEY B 7H] 714 (gene
T+ genome editing technology)o| 2= M2 7|2 T
ZF50] APl 3} A| T2 gro| 3} Qlth, Ry 4= A J Eof
14101]*15 sAE TS AAH R FA st =713 A
R e L e ot i U R i i R R e R e
oA -8 SAA o7 AT FAA Y SAE S A8t
7] %’43}04 A &2 QI REDFALS BFof Fo; 87| e = vt
HAALHA G Ao A tofl 455t Abel= oA 7 A]
dE LT whdof T m=o A= FARHA 7=
© A A AL “transgene-free’ 0] 7] w2 ol| 719
AAHF A=A o HFE A feur 37FE 5Hglen of
o K TRFE 5] FAARL Aol 57k Q= U
o] th(https://www.aphis.usda.gov/aphis/ourfocus/biotechnology).

dor o

=) r%‘ rln

ik opy el @ S f AP AE O] 429)& v st
o & frH AHEV) 2] 23t7] A2 $19 8] (European Academic

Science Advising Council, EASAC)+= X 120 59t -4 &} H
YA AT AR E, A EE 7HEE 02 A1 85t

2 ATtobra 91314 S WA 4 glolon], o5]e ne}

B2 AH S WES e A7 RIS A ST FA]
of FAA RN &2 e A= 7|EY FAAHE A
EAY A3 FAZ oI5t E A 22 7|2 AP}
st A4E sk T A& 7 218} Sl th(Glover 2013). E3H
FHAA A7) &2 THE 2HEo] 92| DNAS Z8hA] oh=
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‘transgene free’ 22U o= FHAAHAF Y EA A s
FAgens /e U el A2 LE A/t
22519 CHEASAC 2015). £3] 9 AA AR 7|42 e
2552 & AT} A& (trait and product)©] A T Abo] F of
of 5t 7] (technology) “L A 7} 1 A th/do] =l o] A=<t
Hobar FA5E9 ) o= 1bskA ¢l A}Al(evidence-based)o]|
273k0] A7} 5o of ghehis 242 o] 22047 &
AR chaele} 9ol WA A ZH
o & W}sHA Q1 A of| A A o]th(Heap 2013; Swiss
National Science Foundation 2012; Hartung and Schiemann 2014).
g o] SRR 7)1 dol Bak AL AAH L A
ERERE EE BRI ER RO R R RE
A| 32 (Lee et al. 2010a; Lee et al. 2012; Cho et al. 2013a), 5] (Sung
et al. 2014a; Sung et al. 2014b), zebrafish(Sung et al. 2014b),
Caenorhabditis elegans(Cho et al. 2013b) 5 5 &2 A 0 & oF
MzAo] AtAE w7359 2™, Cas-OFFinderg} 1l
™ %] Cas9 RNA-guided A7 1= 53)) & 4~ 0] ZFAY A 9] off-target
sitesE oS5 4= Qe GareE Y Aol Wt A A=
1} 32519 Th(Bae et al. 2014). F0F of U 2} Al EFofof A k2. of
71At o] FLOWERING LOCUS T (FT) 2} SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE 437 A} target= CRISPR-Cas9A|
A8S o] g3t G AAAYL A Eako] A5 7 22 A1)
£ 3013} 9 I (Hyun et al. 2015), off 7] Ao, Thull, AFse, B 9
A AA| A 282 AF8-3]¢] preassembled CRISPR-Cas9 ribo-
nucleoproteinsS ©|-&3te SAAHAY7|E&E YT
(Woo et al. 2015). =3 A 2 6‘447} Ea a9l Cpfle&
O] &3 A E S AR HY 7|4 = S 519 o (Kimet al. 2016),
E T 9] 3712 8 (powdery mildow disease)y} Alto] SHAMH
(fire blight disease)ol| o) gt z}2+o] Zh=A] 8- =FQl MLO-7,
DIPM-1, DIPM-2, DIPM-45-8 E- 3% 2 31 2} 5-9] A 4315 9]
3t 28 A3 AT E ¥ 75} ch(Malnoy et al. 2016). E 3t 1]
M| 2 F(Chlamydomonas reinhardltii )& EH/‘P o 2 3 S XAH
A714= 9] gk 2 zeaxanthin®} w2t F oA A& S EH A
TE gHsto] g5 ol o] &3 8 EH EH A7 Rk
2}2] 5194 t(Shin et al. 2016; Baek et al. 2016).
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upehA] £ = RoA S GAAE S5 Ty
7148 Aol H, AN RIS VAW 7|4 BF P 5L
131312016\ 5 E] 20181 5U7HR] 9] 212 0] & AT A T
TUH =B WE S /|4, HBUE 2ARGT
EG G Fs R 4B Aol B AT RS
A AR, fETU A B B AL T 5O
S S E A2 AR, BRI E A 02 BE el 4
E3hgieh. Ea 0]5 USDAS] 54127 4 H(APHIS) 4
S8 S A4 U A EE WY GF UGS EL A4S
Sk HsE A 02 AR E S 2B S ool 2Ab T

SEREEY|Ee| wH B

2o gAA NP AR A Hoke] A4S B §
Aol 8 A2 9o DNATHRS o] 12

1
ﬂ%ﬂﬁii%%“%%ﬂﬂﬂ*ﬂL‘QMﬂﬂﬂ

pul HA
A W7 BEAEE o] 5 9P DNAZ ESHA] b=
AP A S NS A% AF-E sk giv. L
Z 3} Beetham 5(1999)-2 814 31 oligonucleotides & ©]-&-3} o
Az EA4T fAll A7 A EeAdde T EdH
o] 44 & 4= QlE oligonucleotide- mediated mutagenesis

(OMM) E= oligonucleotide-directed mutagenesis (ODM)7| <=
= Tasto] 2= A AR HY e 7=
AAEFA o, S, v, W, gl 58] A St e = A
A A= AT em gt AddEo] HrE Sl
T}(Beetham et al. 1999; Dong et al. 2006; lida and Terada 2005;
Kochevenko and Willmitzer 2003; Okuzaki and Toriyama 2004;
Zhu et al 1999; Zhu et al 2000). L&} ODM7| &S F2 A%
A 9] & =41 7] ZH(homology-dependent repair, HDR) 7] Z+o]] 9]
&to] DNAGA & = A+, EE, SEY HjorETIAE 5
¥} H| ko] A& 0] Aol = L ag/d o]l A A Wl
Whﬂﬂﬁ%Wﬂﬁqilﬂ%tﬂ%°ﬂW£hﬂ“
A th & A (non-homologous end joining, NHEJ)o]| ] &3}
slov) §AARY AL B 33 HS Bk ohet of
Ao A 1‘/l-(Double strand breaks, DSBs)F=H 2] 4H¢] =
wol7h dlofub 50 BBk el Aoz
= ﬁt}(Puchta and Fauser 2013; Steinert et al. 2016).
uhebA] 4| ] A U] B2 5 54 DNAGHAY 214
sto] HAG 4~ 9= BT &5 o] site-directed nuclease
(SDN)7| =& A &5317] 913t AF-7F EsA %8y = it
o] 7|&L 7| EH o8 BRZ 5} DNA ©H v A5
AA = AL} o] H9E AWste it A
(nuclease) 2 LA & o] Qlt}. SDN7| & 0] ZHEof S8 5]7] A
Z}+5}H A] European Food Safety Authority (EFSA)2] GMO 1 g
AFoA= “AwY 512 st 574 DNATH Y o5
A A2 T $iA] o EARIlE FHstAY S FHE
EMYSe B 71EE"s T5Ho] SDNs7| & ol £3st
712 st o AA7LA] 7k zine finger nuclease (ZFN),
transcription activator-like effector nuclease (TALEN), clustered

1S my ofN ki OHI
i1k
lo
ﬂi}ﬂ

regularly interspaced short palindromic repeat (CRISPR)7| &
wotjehaE e A o® A9 s nE Bon H2 e
71 %E52 238 =2 3¢ CHEFSA, 2012).
FA7IA] 72 e SDN7 | =& B o/ e e = A ) = ZFN
7]4-& 14t TALEN7| &-& 24 of], CRISPR7| <& 34T 7]
S R84 9Tk 14]th o 24 2 ZFNT} TALENY| -2
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232 3} DNATHAR 837 Q1415 22h0) S5
R REREEER R
nuclease) 2 -4 E] o] Qlth ZFNgHH 2 &
5= A1 0 2 DNAZZ T 212 371 9] zine ﬁnger—‘r’-/_’\E 3k
8-51ar Q1o 7F749) zine finger+= 3 bp 2] & 7] & Q1 Al Sttt
1] 31 FoKI endonuclease=27]] 2] ©+&FA| (monomer) 7} 154 ©.
2 A-2-5}m 717F 2] monomer+= 37| o) A 671 2] zinc fingertt
HAZ S5 9~ 18 bp DNAHZ| A E2 43| W&
o] 142] ZFNL oF 18 ~36 bp DNAE ¢14]5}o] 22 THKim
et al. 1996; Laity et al. 2001). o] &3} 7] Z-& 0] &3} 244
O] IPK] - A A ol ol & F =3 A1} J%OIE‘*H o
o| R SppE et AEtte T
857] A28+ th(Shukla et al. 2009).
TALEN7| & o] A& 5= TAL effector= Al&H
Xanthomonas7} A& A 32O 3 0 & Qo] A& &
I 2 E o ZA5E EA oS 014 5}o] 4]
SEalit Was AEgaAEe) UA e 2
2 g A ol o) th(Kay et al. 2007, Romer et al. 2007;
Bogdanove et al. 2010). TAL effector T} 2] ©] DNAZ g =]
Q1337 of| A 3571 &f & B ofn| =4l RHE A F S 23
shar gl om o] & 129 7} 1312 t}3 4] K o] <= repeat-variable
dioresidue (RVD)Z 574 1710l AH517] 913 S0l e 3
o] 5}7] W&o E7 DNAO| Z2Ha & Qe 2 2 A3} RVD
G 2450 5 91 0] WL RVDE 49| 4719 ek o

l

3t 4= Q) =DNAQ] Zo|9} EA A7 A Fo) A% Tt 4= 0113._
= o #}¢l0] 7153}, 5tLke] TALENSS] DNAZ & w9l
212 01%1 3071 9] RVDsE Z3}H31o] 12~30712 &71E ¢
A1g 4= ¢l th(Boch et al. 2009; Moscou and Bogdanove 2009).

ZFNJ_]- ul 27} 2| & TALENS Q] 7 9ol = Flavobacterium
okeanokoites || ] &2 Z Fokl endonuclease S A3 & 7))
o] DNA 2 12-9] 2}o] of o] 7] 2 2§ 3fo] Hrtel =5 o
Adlste] A8k, TALIN/| 61 o] §3io] Aol 84
(bacterial blight)]] T3} 7+4= 40 9 ZH(OsSWRRT 14y o] 3 ~
55bpofl 3iF5t= A719 A = A E =Skl A4
W& skt Ad3shs 5 thge AEel 3-8 5 7] A%
S th(Lietal. 2012). L3 Y ZFNZ} TALENS 7| & 9] 714 2
AL =2 HE Y “offtarget” O 2 Ql5lo] AL EAfo]
dojd o Utk AR o] o] F& Al F& Foto] He
A THCornu et al. 2008; Gabriel et al. 2011; Pattanayak et al.
2011). #7t opu] 2f A 22l ZFN %= TALE T 2 & W4l
5H DNATH S 4] 2ol ¢l ho]of sz T o] A o] 5 2
& DNATH®) 22 & E5Hl o] 2 717 F45H 9] 215
o o] ¢-0} 4124 W) £ o] whulAo] 31wl o
3t A A2 58 Al(gene silencing) 5= FAH LR T
¢l th(Kim et al. 1996; Chen and Gao 2013; Gaj et al. 2013; Pauwels
et al. 2014; Osakabe and Osakabe 2015; Jaganathan 2018).

34|} 7]< 21 CRISPR7| <& A3} 114} 5= DNAY ¢S

single-guide RNA (sgRNA)7} Q1 4] 5tch= o] okA A st
T+ 7HA 7141} Bl L sho] 74 24| ok = o CRISPR2Z = &
0}+= Clustered Regulatory Inter-spaced Short Palindromic Repeat
©] oFof & A] Jansen 5(2002)0] 3 7E = of A3 AHEH A
=l ot & iap- AR} BF] o o of] EA 8t B HEEA
4 t}2of Q-3 S+ tandem repeatE A| A $Fh(Ishino et al.
1987). o] Wb R0l 474 AT AHE A o] L DNATHA

o] Zehzan] B} vhol 2] 2:0] 5hx] DNAG 7|4 A7k 454
o) fThz Ablo] A 1 159 715 & AP s Byl
A Aol 9% DNAS] A& uh7] 9fgh wel x| 2slo]
ofFhehis AbAlo] el X WAl AR A AHo] A45
L L7t LA 51E] 7] A 2HsES) Tt Mojica et al. 2005). 24
LS 4O = CRISPRY| &5 383 229 434 ¢ A+
= Fo] v 5] 9] th(Jinek et al. 2012).

CRISPR 7|42 2% & 3l DNAZ 9l Alate] Adlat
A THE07N O H71A D)9 RNA7}EH_} QA R9E 4
el AR a4 DRt RNAVIE S 252
She A7) AL ko 2 A 2kake B4 74
Cas9} Cpfl 5SS AR
2HE %
Staphylococcus aureus, (Sacas9) (Ran et al., 2015), Streptococcus
thermophilus (st1cas9} st3cas9) (Muller et al. 2016) 50| &
Aom ol 5L $AANYS BRL o 42A 0 57 Y
7 540l e offtargel” v &8 BATA 4L 4 9)
th= B 7kt ) Qi ok E S Streprococcus pyogenes o) A B
213} speas9 TH A Of U FL ofn| 4t A S WP AL -
o= Eol & dAH vt A A= ExE o
(Hu et al. 2018; Jaganathan 2018). Cpfl-2 Prevotella®} Francisella
oA B ¥ ALS R class II, V type?] SHA7}4=E o) G 40|
, T+ 7} RNA(single RNA guided, crRNA)E-3H4] 71 DNA
A O] Ato] I Qs FehHO| cohesive endsE 3 4 5t
o DNARHH 9] 41%l0] Solalrh 50| A& U=t}
(Zetsche et al. 2015; Zetsche et al. 2017). &3] Kim 5(2016)]] 2]
51 Cpfl Thal 2 1} 4| F-9f FAD22} ol o] AOCHH A
targets 2 5o A| Aok orRNAE = 9] 3t A 1} “off-target”™8-0|
2l x1 A ZAsk Tl skl o] 9o & “off-target”& 7F

5 ole) 7b3 B e 42 kR a5 2

3y

-

oH_'Q'_/\
3}, Cas9-2 Streptococcus pyogenes 2
2 B85 o3 Neisseria meningitidis (Nmecas9),

& AL\ o RS MY A AT A
% ol Lo WA of 535-Froll ok FuEo] el
A th(Zaidi et al.. 2017).

CRISPR-Cas9 = CpflA| AB]S S5 EL AR S0 A
B A5 Sistel £ 12 4Y DAG % B2

Sh= A&} U] Protospacer adjacent motif (PAM)& 7] 4 & 3+
o], Tkl 7bek RNA (sgRNA)GHAY, A3t oubag ) 224
P ﬂii«] E?:} /\39414 74}4 Eo] _ﬂg_o]_rjr CRISPR
7)4] 74 2 A2 PAMS ol o] chopat Selio] S,
target RNA S| 914, & WA W) 221 59 vho] 2§ A2}



—_—
(o))
o]

J Plant Biotechnol (2018) 45:155-170

Zo] 42 0 2 e 1 9)o] A|Zo] ol 511 &
Hohr} ehi Holth. wat hobat 2ol Tk
AAHAL S FA o = 4= 9= multiplexing-editing
0] 7159tk Mol . 9L ThE 5% DNA% 7] A
o 2517|913 € 1-DNAZ THo] ohd RNA-DNA
ot AHE-8E7] ol A &2] Q1 =ghe] i Ado] H AL Yl
9]z DNA7} &= ¢] =] A] 9+ DNA-free?} = 2] 7 dho] Hr} §
ofsfeiz ol 714 2 Bl

Y ne 1o ot mo off
ﬁ:loo.)lﬁ
n BN

RGEIIE ?let REA EHY T2 =F €

European Food Safety Authority (EFSA, 2012)= StA A F 715
L0]8}A 817] Y8Fo] ZFN 7] 48 ZFN-1, ZFN-2, ZFN-37] <%
2 BEekT 2248 T} 3} 7o) 2] 59l T). ZFN-1. NHEJ
712bo]| ofsto] T A7) o] M3k A2 A7 A e A
o) ol AL o) FLpAl ) et F AT A 57
7} (repair template) & AH-8-5FA] gFofof ghral 4 o) 5} Gl o}
QAR o] ot A f-ofl AU H A7]= WHEA] ZHAL9] A
1502 3§ 5l Ao]ofof 5.1 o] ol A 4H9) E] %] oFo}
of Sttt ZFN-2+= AH5A] A 28171 2Hhomologous recombination,

2 4 oJaheiet. o u} =) DNATHH €] o] 4 4 7]

A (kilo base pairs, kbps)7}-A] SE3Fatthal 519 cf 18] L Al A|
2= HREE ofY 2F NHE] 7] 2Fof] 9] 5lof & 57 9|2 DNA

SHY YR Dol 4 9louf o] F9F S ZEN
SNHEIZ F25hich EFSAL o] 5 73 AL

nuclease (SDN)7] 42 SDN-1, SDN-2, SDN-32 TL5-3}
] SDN-3¢]| afjig5l= A 5= 2|2 DNATHH S AP o] &
3l = $] X (predefined region)o]] AF U 3trh= A @] o) = 7| & 9]
SRR} BA Ao e B}
14 & Bstojol et 4 sheich

31 Hilscher 5(2017)2 -5 (donor) DNA Q] A& §-FLoj
w}e} SDN-1-& 0] DNAS AF-317] 12 72, SDN-2= 2
OIDNAE AL§5}0] 22 0] £l o] 1 SDN3E 3ol
DNAE AH§3fo] u] 514 Z10]7} 7 o} 2 DNAGHH o] 419) %)
A%z thal Aelsiick Teit oj2lg FRE 71 &
Hol ofu e, St 7L e SHoA WA o2 i S
A&t Ao 7 o5 3E7o AHEol teh A= 719
FAAHF Y EA O F 5 o BA A sH= 1o e &
wol erel 2 S SIThaL shlch. gk SDN-29F SDN-38] 77

A

7w eks kit 9) )4 0.2 |48 A7k chitstel 2l
FAL AT W AT AR Bag FEolt

Hilscher 5(2017)& 2005 58] 2015A7HA] Wi E G482}
HYA o] e B BT A3 ZFNI TALENS7| &
of 3t =2 57 vk 545} 9 21 CRISPR7| <= o]
3 | 0F 2070 712 31 2015 o 1= 2k 50
70 o] 4ol W E Tt STt A=) FRE H 2 of 7]
A7 2k 273 197 o = ek e, 71 o) T, F AL

B E ) afebA] B o) A +=Pubmed database (https:/www.
ncbi.nlm.nih.gov/pubmed/)E ©]-8-3}¢] Plants, ZFN, TALEN,
CRISPR 52 717} 7] Q) E &2 A}g-6}o] 2016 F-E 20184 5
2 B BE RS 2 Aol B4t 1 A3
ol 45) 1} 9} 0] ZFNT} TALEN7| 4 & o] -3 =2 W 7
20169 fe = 2h2E 37 3 147, 2017 I ol = 242 37 3
4710 R E QoY 2018 &= SE7FA = 22 1 37 0
2 3E aEE A5G W o CRISPR7| &2 ©]-8-3t
=F2 2016 =] 654,2017HEo= 100402 AQ =
ujj 7}7ko] 57184l 0. 2018\ &= 5L 7EA] ZAfo] A I 4871
O R GFF AEH O Fold A0 & o4 Qlth(Fig. 1).
E3F CRISPR7| 0] 285 A &9 T/E 2AlSt] &
A 3}E Figure 20 2.0F a}3ith. 71 AatE HH off 7] ol &
W7l 247 46T e R A1 RS A%t wRE g os
Hilscher 5(2017)0] 20053 €] 2015 7FA] 2 & =5 o
K ZASE A3k} AaRAl). ol o] A ehule} EolE s} 2}
ZF1571o] ax E 9l o m (1), 4=43(10), F(6) L2 3L ++
A, B3, EEE, EE} 50| 21757, A2} w27} 7}
2 471, =23}, Chlamydomonas, ¥ 74t 5o] 212} 34,
Citrus, Moss, Camelina, A} 2}, Japanese morning glory 5 ©] Z+-Z¢
24 R} o] ¢Jof Peanut, Silene latifolia, Sugarcane,
Flax, Sorghum, Strawberry, Lettuce, Liver wort, Kiwifruit, Green

120
WZFN WTALEN FICRISPR 100
100

80
65

B0 18

40

20 14

3 - 3 4 1 3
o I

2016 2017 2018.5

Fig. 1 Articles presenting experimental data of ZFN, TALEN
and CRISPR/Cas9 technology in plants 2016-May 2018. Pub-
lications regarding genome edited plants were included in the
PubMed database
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Fig. 2 Crop species successfully gene edited using the CRISPR/
Cas9 system 2016- May 2018. Publications were included in
the PubMed database

algae, Sweet potato, Switch grass, Banana, Cassava, Papaya, Saliva
miltiorrhiza, Orchid, Chrysanthemum, Watermelon, Lotus japonicus,
Physcomitrella patens, Cucumber 50| ZrZ} 174 0 2 WFF ] of,
Jiang 5-(2013)0] CRISPR AR 7| &S S A A A2 F A&

oA HFH O R A AL T o] 5 1Y
21 o 7] 4 )2 1) ted v,

_IZ

9

, 5l o A
o}, A&, B T o & TS EoluaL A
AUk

2 o] 5 WRERE ) ATE A0 ot 8-S
A Figure 30 A et A7 2A £ L2 pro-
tocol -, gene function &1+, QFA A of] T3 A, A 83}
HelE AT 5 AA4IROR BRIl Ar oS A
skl o1 ohA) Alateto] el A i B o] 414l
< 93t thAFEB AT, W A4 2B o] Bt A, 7h
Y BAHAEY A AP AT, rFTHt HHE A
1Al 7)E o' RSkl ARSI L A A=
protocol 2+ = A 5 A 2 A, G857, “off-target” & 7+
4>, PAM ¢ 9 ¥} target RNA g, &RHA f 2 24 59 vt
0] @ F= A & multiplexing-editing= A A4 5-of &3t A
Ag7H1100 o2 71 weron o5 At Folle AlzA
18} 4] 8- A2l 5 -enolpyruvylshikimate—3-phosphate synthase
(EPSPS) (Sauer et al. 2016)2} Acetolactate synthase (ALS) (Sun et
al. 2016; Shimatani et al. 2018; Butler et al. 2016)-3-% 2} - report
SARE AHEato] AF A 2t o7t SHAR &
(homology directed repair, HDR) & SDN-2Z+&- 7| dtof] 3431 7]
Z 92} single-stranded oligonucleotides (ssODNs)2} CRIPSPR-
CasOA| ABS s Alof| A8 A HY 72 7« & &
of It A5 L3 ot

A 2= 5 FAAFe] knock-out & 2 7] 55 Bl sh=
functional genomics®]| 3 Fs}+= oG- A7 @kt o] g st
FAl= 3% CRISPR7| &5 o] &3 A= W, 4L &, AY 4]
T TFE A, AetehE T)sE A ek A A7 =
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Fig. 3 Publication numbers of CRISPR/Cas9 genome edited
plants by their purpose and practical application. Publications
were included in the PubMed database

Ao F7HE A0 2 5T 5 Utk TS HYHO
2489 FUL EYdtel FF AGTEL HYSE B
R FATEA FALOR WYl £ 8T EE 20
AR ST AT A 100, 8 AR 2 A
of T AL 87, 7B 5O BALEH 2 HFA o] 27,
Grepzuel B A7 A%k 27, el S A, %
ot o, w24 o] B1E 7] e 1o W
tholS2 AmH R F7hsHe 412 Lehf sirkFig 3)

Figure 30| A A G2t 44 A goE HEZ T A=
& A= target #A4L NFH A2 w94 B 5

F oM EZ} wol Qltt. CRISPRG-HAHY 7w
A HPAF 2 A H A of) et ATt < A] Z(Abeet al. 2018) Camelina
sativa, Arabidopsis (Jiang et al. 2017), Brassica napus (Okuzaki et
al. 2018) 5 4F7F2] ZH&Eof tisto] FADR-% A} knock-out
A7l Ago] MEHYT. Bk FAH O B Ao
OsFAD2-1-3-74 A= knock-outA] A Wﬁ (rice bran)©] oleic acid
&heko] =11 linoleic acid 3t &Fo| W& A & of I35t A F, of 7]
A et 8- ZAE-91 Camelina satzva%—x}oﬂ oleic acid aFgFo]
160]| A 50%7} A Z7}8} 2L linoleic acid 2} linolenic acid &
o A 0@ Ju 2 7FAs Ao e A, 1818
Y\ (Brassica napus cv. Westar) 2] 73 -$-0l| &= FAD2-- 7 Z}of| t 3k
A7) e-2 551 olecic acid 50| @A 1A 571eE A+
AvEo] W EH
o|&} o1 7t E| ko] E T HotH 0] E 3R 59
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Table 1 Research articles on development of CRISPR gene edited crops for practical application in agriculture

Crop Target gene Trait Reference
Rice FAD? High oleic acid Abe et al. 2018
Camelina FAD2 High oleic acid Jiang et al. 2017
sativa
Brassica napus ~ FAD2a High oleic acid Okuzaki et al. 2018
Chlamydomonas  CpFTSY High Zeaxanthin,
. reinhardtii ZEP photosynthetic activity Back et al. 2016
Metabolic . .
engineering Tomato SIMYBI12 Pink-fruited tomato Deng et al. 2018
Tomato LCY-E High lycopene Li et al. 2018a
Tomato SlySSAD High GABA Li et al. 2018b
Wheat a-gliadin Low gluten Sanchez-Leon et al. 2018
Rice SBEI, EIIb High amylose Sun et al. 2017
Tobacco cell XIT, FucT Biotherapeutic proteins Hanania et al. 2017
Cucumber elF4E Virus resistance Chandrasekaran
et al. 2016
Arabidopsis elF(iso)4E Potyvirus Pyott et al. 2016
Rice elF4G Rice tungro spherical virus ~ Macovei et al. 2018
Nicotiana
Disease benthamiana, 3-UTR of CMV CMV or TMV Zhang et al. 2018
resistance Arabidopsis
Rice OsERF922 Rice blast disease Wang et al. 2016
Citrus CsLOBI Citrus canker Jia et al. 2017
Citrus CsLOBI promoter Citrus canker Peng et al. 2017
MLO-7, Powdery mildew
Grape, apple DIPM fire blight disease Malnoy et al. 2016
Abiotic stress Arabidopsis OST?2 Enhanced stomatal response  Osakabe et al. 2016
resistance Maize ARGOS8 Draught stress resistance Shi et al. 2017
Tomato J2, EJ2, SEP4 Higher yielding hybrids Soyk et al. 2017a
Yield i
Tomato SELF-PRUNING 5G (SpsG) Dty flowering Soyk et al. 2017b
and yield
Tomato SIWUSCArG, SICLV3, S Fruit size, branching, etc Rodriguez-Leal et al. 2017
Tomato SIIAA9 Parthenocarpic Ueta et al. 2017
Tomato SLALC Long-shelf life Yu et al. 2017
Jap anese DFR-B Flower color changes Watanabe et al. 2017
Others morning glory
Japanese EPHEMERALI Delay in petal Shibuya et al. 2018
morning glory senescence
Rice TGMS Breeding hybrids Zhou et al. 2016

Brassica napus ALCATRAZ (ALC)

Shatter resistance

Braatz et al. 2017

24L& G5 3517] 95to] CRISPR7| 48 A &3t oL =%
8H 1 5] 7] A] 24519 o). Baek S542016)-2 1| | 2291 Chlamydo-
monas reinhardtiis AF S 2 CpFTSYS} ZEP-GAAE S A
of| knock-outA] 71 Z ¥} zeaxanthin ©] Z| <2 3 A 2} 917 33
A a=0] Z2 = DNA-free Al ES /sttty 213814
on, 53] o= 7| &Y FAAHF A=A - T Al
A A9 4= Q& Aokl Asi g3 u A 2FE ©|
St AoF, 7| 54 AE, ' AHR T Y A4tel 382 9l

& Aoleha shelrk. E3 Li

5(2018a) = stay green 1(SGRI),
lycopene e-cyclase (LCY-E), beta-lycopene cyclase(BIc), lycopene
b-cyclase 1 (LCY-BI), LCY-B2 5 5%9]
Cas9 multiplex genome editingS &= ] 3+ 2 1 214 o lycopene
o] gFwol th Ao Hsko] S.1uj7bA] SofE EvbE A&
Nl ATt 18]al EutE 9] SlyGABA-TPI, SlyGABA-TP?,
SlyGABA-TP3, SlyCATY, SlySSADH 5 5% ©] 9 A 2kof| o5}
& A] f-AFgt CRISPR/Cas9 multiplex genome editing”] & =

$479] T8l o] CRISPRY
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AR WAL ST AT 452] SHA 0 5 Aol knoekeout
o] ol ErkE o] Qo 4§ GABA®] gl 194 o4t %7}
] A3} 9F 5§35} i et al. 2018b),

E3F Deng 5(2018)2 E2tE o] = o] A/t Aboll
o] 3}= FAFRIAFQI SIMYBI2 {3 AHE target = 3Fof A A 4
& 2ojof o 7 wHe] Adlo] YoGEE Al
CRISPR-CasoA] 2~ 83 1) 5k0] A2 S Al gt A3
27 2o AAlo] dojit A shelskHon 44 7l A
oF $3bp7t AUE AL TS o5 EOlE BAL
SIMYBI2 ZAAFQIAF 7} F e} i e o] = 0] /g of] of Shi= CHSI
T} CHS2-8- A2} 9] wha-S 9] A 3519 yellow-colored flavonoid
©] naringenin chalcone @] &4 o] 744w o] A= EulE 1A
2 pink S LeR| 94T Bhole). ) 24 B ol g of Ao}
53] T dEEo| ATt = AT o2 A o
Ui(Lin ctal. 2014), 1% §57]4 2 54 o] 4] A 7ko]
2 Eo] W o Fo] At & At = AT IAE
o] oJ5te] WM EntE L= L= Q] naringenin chalcone®]
A B 7] b2 A o] o] = Y- A A & R2R3-MYBH ARSI
A5 F T Stz AR knock-out® 2 k= A o] W A

7] W&ol 7He sk A

Sanchez-Leon 5-(2018)> A8 7} §h=0] &2 2] Q]
S FASH = 2R Ao S A E
AES urshelch o) 22U U Uz Aol A=
§H4 45173 of (coeliae disease) 5 £-12-6}7] 1] 2] 0] 52
71 AL melolo} Bk AFAES Ful e
T4+ a-gliadins> oF 10001E-0] - Zof| &5t 43
T o] Q) 0.1 0]== coeliac disease ZA}of| =8 3+ immunodominant
2 2A85t= A0 &2 I X 33-mer PYELO|EE HAER 5}

CRISPR 5 A H & Al =3k 2 3} 217 A of| A et -4
Aboll F A7 E As gelstlon EE N A7
< a-gliadins3Hg o 917 H Y RHE-I= 85%0]8}0] =EO =
A E lokar shl T Rt oby 2t o] 5 I “transgene free” 7]
ololA FAs] 7|2 FAAHG A=l sFHA] Y=
o} &5tk E3F Sun S(2017) CRISPR/Casd7] 4
0]-8-5} 0] W 9] starch branching & 4~ -3- 2 *}¢1 SEBI T} SEBIIb
o Bl Yol L= 2 HAA LS ST A3t oby
Zagkeko] 2o Hlske] 25%7h K] AASHA St 4
W= Bustgieh ofd 22 gheo] S7hHE A2 Wi, A
A% 0] 4917 9 tholo] 2o £go] ek g,
283 A A o) Ter A B RO 245 o
=E3ta(1,3)-fucose2} 3(1,2)-xylose2 F71 4 0 2 H2LA] 7]
N-linked glycans2 A A8} (Tekoah et al. 2015). whehA A&
AES ol 8510] FEI} A1 ehal o] AAHE Slafo]
RNAIZ] & 5 ol 8310] 3712]0] a4 & A7 she o
7} @o] 213 = of ghrh(Matsumura 2010). o] 2% 141552
o] w2} Hanania 5(2017)-> E8 EEA|Z(BY2)9] B(1,2)-
xylosyltranferase (XyIT)2} a(1,3)-fucosyltransferase (FucT) 5731

o

Z}of| o gt gene editing2- A| &= 8t Z 7} N-linked 3(1,2)-xylose 2}
(13- fucose 7] 7 Q1= TR S SFel sk

gred HE g

9 2HE0 W - g %ol 93t gl gt sfubct 718k
Lt mhekA] CRISPR7| &2 o] -85 A4 2H2 7atof|
AT =R A S A 02 MR E I Q)T A d 20161 H-E

URE =755 2ANSEo] B Hpo 2| 234 of ek o
TSk 47, o] = (), BRAPHQ), Tre At
H (powdery mildow disease) 1} AL} SHA}H (fire blight disease)
(1) 5ol Titd Aoz A H ek vlo| g 243 A&
= 7MEst7] 91 et target-R- A AL O] Shup = T A AR 1
o] T+ 3}+= eukaryotic translation initiation factorS & 5}+=
Q0] o] elF4Ef- Ao et R AA AR 7| 2 & 2| 2 2 Hlo
oA 34 Z-Eo] H 115 ¢ th(Chandrasekaran et al. 2016).
CRISPR-Cas9 A| AHI-S 0]8-3}0] e[F4ETHE] A o] N-Hita)
C-oeto] AR AY o] dojue & tjARelste] =3t 4
W22 2719 AN BT A A7 AR d A A o] Yrel
Ow, N-geh} C-2hetof 25 F-dAH 3 o] A o' homo-
zygous T3 At & A&sto] HAPA A4 st & 23
Cucumber vein yellowing virus (Ipomovirus), potyviruses Zucchini
yellow mosaic virus, Papaya ring spot mosaic virus-Wef| tjj s}
immunity &= A 3H/d& H Akl shglch.

IE S} Pyott -5(2016)-2 potyvirus 2] ‘VPg’ (viral protein genome-
linked) Thel 2 o] <332 A| 32 O] Thll 2 A A A |l S 6=
o] hofsh &4 £ 0] A RNAE elF4E E+= elF(iso)4E
A%} % ol shtol Zgkstol Wele A A2 5 Al
potyvirusi= 0] w2k £ 714 Q17 5 o] 1 ahfol vk Akt
t}. 2 Turnip mosaic virus (TuMV) 2] 73 9- VPg Thull & o] off 7]
O elF(iso)4o| Rt SolA o2 Aglsto] T Ao
Aghs AL 2Qlsklo H(Wittmann et al. 1997), ] %
elF(iso)4E & 1 O] A 52 TuMV Hpol 2 2o A Hd5 t
B gHQlsto] ol 2|jt AR S 57 5F tH(Duprat et al.
2002; Lellis et al. 2002; Sato et al. 2005). o] & gt 7] & 2] A 2] s}
4, $A%5EA ATAIE WO Pyot HQ016)S
CRISPR7]4:-& #1-8-3}e] ol 71t} o] elFliso)E §- 4 4
2 4331 TuMVol| &4 st & &4l (complete resistance) |
&= ZHelsk At Macovei 51(2018)%= ©| &} frAF5HA| B 2] Rice
tungro disease (RTD)E -5-9}3}= Rice tungro spherical virus
(RTSV)&} Rice tungro bacilliform viruso]) t 3t A& A=
< W8] flske] RTSVe] Zr=/d o] ofa]opx] o of A
wol Auf =il Sl IRMAETS T2 2 elF4G A
CRSIPR-Cas9 A A H & AlEsto] A Als &dl
SFATE Solgh AR RTSVOl A 1} 2=/ ¢l Al
et G A7tk A Bl sto] YVVolu| Al 27 o A
A = 23 5 9] E ¥ o]7} A o] L homozygous recessive
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o] A& et th= AR o] o] m| ZL o] of] HarE ¢l
6 (Lee et al. 2010b), CRISPR-Cas9 ©. = & A} H 7] -2 o]
e ot A & FolA YVVREZI9F Q1% SVLE-
PNLAGKSZH7]of| Z o] 7F A of i Al ofl gFshof A%
A& ®H Ythal 319 th(Macovei et al. 2018). v}o] 2] A & &}A]
As= NEst7] ek E ok HE i S Hho g 29 Al
W F4AE knock-outA] 7]+= ¥ ol Tt Zhang -5-(2018)-2
cucumber mosaic virus@} tobacco mosaic virus2] open reading
frameo| L} 3-uFgke] w2 9 UTR)S) ZAJ5HE 227)
235 A5ho] A2 CRISPR-Cas9 A 2518 o] §:3}] o
178 eF Fufjol FARAR S A =35k A3t 5 Bpo] 2] A9
el thsto] @A sHA A3 o] T2 = 2= Erlskaith

Aol Lt g ol ol ok A e A o) A 1wt
ekstA UPH Al ek Wang 5(2016)2 B| 2] ethylene
responsive factors (ERF)E & o= 34221 OsERF9229]
Ylsfo] CRISPR 4 A28 A2 A7 419) B 24
o] FAROIAE FHstgl o o] 58 S Wl KFE 5
5}-¢] transgene—free homozygous recessive Al 52 At
Ao AR AR Hole AFES Felskth
Sk 2= 7 < (citrus canker) o] th st A3 AlE S 7ES
7] 918k} Peng 5-(2017) <5+ W 7/ H-AZHCSLBOI)
o] mE e O 181 Jia S(2017)S CsLBOIS-AL0)
coding regiong Z+Z} target= 3} CRISPR - AAHF] 7| <
& Agatol A AFL AUtk ARe] Aol
CsLBOI<- 7 A} 9] 3 & 1 E| K 9] of] &4 5}+= effector binding
clement (EBEnu)oll &A% 0|2 el el7] dizel U
ol Xanthomonas7} A AF5}= effector ™ &H2 5= PthA47} ¢l
A& 517 o] 244 AR CLOBIS A Ao Wl &
A 3}e}A] Jroto] AP Kol Aol sfgetch g
F24] 790 CSLBOIAH9] coding region®] A] ¥
3 o knock-out & 79~ A & UEHH AS S 7
= o A By A SEhE ol Boloh Sue 22 W
Joll- 801 B %= 912 A © = Huath Malnoy S(2016)
Q1 =@} Abakof] CRISPR7 | ©]-8-3F G4 H
Q1A TS WS} ARFE 2 1 9] 517} powdery
mildow disease)S & © 7| += Erysiphe necatorol] 735373 Q1 74
ARl MLO-7 12|l Abake] S-S YCo7]= Erwinia
amylovora®l 7344 A R}FQ1 DIPM-1, DIPM-2, DIPM-4&
target 2 717t 2= 0} AFLO) A AA|E o]-8-5}o] CRISPR
SANUAL AT AT A BHA Y W ALE Bels
Homf 3F A ZE3HA] = A o et ok A AR A T

o) #2 A A7} 7| k.

N

ol

24 rlo o o i ki
>

Y5 BELE A MEY HE Y

-0

Osakabe 5(2016)2 o714 e ol 4 A2 2] stomata-S-o]
% Q 3} OPEN STOMATA 2 (OST2) (AHAI) Q- AAZ target 2

CRISPRA-AAH Y & Al T dlo] 71 59 2Hd AEd A Y
A A=Y N 7 AAI ST o 71 ol = A A 11
2% 9] plasma membrane H'-ATPase(AHA1-AHAL11)7} &2 A]
Nom A iz o] E A5} N-2ek2} C-Uet, transmembrane
9 9, nucleotide-binding® & 0 &2 LA E o] Itk APA A
ol o} OST2 §-47}0] 5 %1907} Aot 4.4 At}
7t ABA| BH-&-& S8HA| sho] 2|42 Q1 FAAHH) ] HE
7} A B =& ghohar & A Q) th(Merlot et al. 2007). Oskabe
5(2016)2 o 71 %o} &) OST2-5- A A}E target= 5}aL, Cas9aH
Wy Eart 24 Soldon SHH LR ORlg
A 28S Aol §HARYL 4 A} 2Enjeo)
SXIE AlFe gelsk it E3F Shi 5(2017) 7=
W et S5 Estr] fiste] o dll ARk ol
ol Sh= ARGOSS+- A A o] W of o] 4] Ho]Ao]al 4
Ko oto] GRS RN HS WE 223 0 E et
A7) o] W ofo] Kt} =0 GOS2-G- A A 0] = 2 1 E| 9} w A
5}7] 915}0] DNA% A& 913 #3712t 2 .0 DNAZ A}
2o homology arm< F11 GOS2 -4 ALo] L2 g o
< 33L& 5lo] HDR7| 2H-5 ©]-§-3F CRISPRA- A AHH 7
= A =itk thoket AR HY S As Y 2HAE
A ANstrlof 7hE2EdAE E Bl oA &S
bushels7} 7] 3k epo] Zohat A1 %52 Shelahaleh. o] A9k
5] DNAE AH&-3Fo] 400 bpell 8ot GOS2 §- 32 9] 2
EE S ARGOSS+ AL E] Z 2 B of] AF 4 8FA U 2| 2hgh
75-ol| s gte.

sz 4250 o7

Soyk 5(2017a)2 Eul ¥ 9| J2 (jointless), EJ2 (enhancer-
of-jointless2), S(compound inflorescence 2) allele S target = 5}
CRISPRS- 2117171 4.& 2 8 510] @& Thofal AE 5 7]
&9 4855 v aLsto 3}4]71HA| (inflorescence branching)
A A el G4 Ejo] 2Ha40] Z7lo] T BA T S
&S SISkt o] AT AT EntE 3 FeHASo|
At @l Al L FqF 7 Aol gkl B A7 A sk Al
= 54517 Y3t SF A ol A UohA] Y= A FA of
ol 2352 ko] Ak g Aol thgk ¢S CRISPR
A7 e 2 s ast #A & 4 Qlok BEvpE e 4
SERA A A E 47 Hold 4 YES ol TR
A et 5 9] (pedicel abscission zone) 7} §) 0] A5 HL. Qo] EE
mofo.2 ok Hjofuhe 27o] 9}, o] 24 o] v}
0] 7] A42to] oY A1 0.7 SFE SFEete A7
WOl 58 7 24 U 4T Hol 4 THAo] £ALE Fof B
A8 g o] = g th(Rick and Butler 1956; Reynard 1961). w2} 4]
A% 1§20 2]5}o] homozygous ;2 (jointless) S 1 o] 4]
2 o] 2%o0| 9= ABS M ath 1o HE WHLE
2R of] 9510 jointless A& thE A ulFoll = U sFarA &



J Plant Biotechnol (2018) 45:155-170

73 20| 24}t 3} A 7} A] (inflorescence branching) 2] A8 A © &
QN3 ke 7 T 9 A A o] 1 = 31 tH(Robinson 1980).

Soyk 5(2017a)2 o] 2] 3t £ 9] AF$]Z+-E-(negative epistasis)
HALS BAA B 02 ¥s]7] Slato] 43 Wof Lol
A g EOLE 5 oMIF 5E F elelo] $18% B
AT} A7) A& B4 ATFS 8] T 2 AV enhancer-of-jointless?
(g/2)9] locusE 81 8F Gl o m] FHAHY 7| 2 29 B2+
MADS-box &4 2} 91 SEPALLATA4 (SEP4) familyo]] Zs3hchi=
AR EE L T ERE of U 2} A3, A|4 2] SEP4 family ]| 835}
L RINT LING A S BH1510] SRR 7148 48
stof 247e] 715-2 Selesin ol 97 $A HE 7
7re) 7} 7t S} 2 Fohof 2H7-0] §70 7 (gene dosage)¥]
o] A5t 2gE o] pFolut Ao 7], FA|, 1
T jointlessS4 & W4 EOLE AT-S 2wk}, o]
St AFA =712 AEHF7Ie 2 dfdo] o & A

-

RS

e HA SANAY7| 62 AAT ASR AELEAE
7hot BAG A RILoLS] FEol o3t EA I A BA
eba & 5 9z,

E0hE o] £ E ThE Skt 9 Y & ARl iE A
8}7] 2ot % A A\ ool whet Ture F] gL

e FE 52 STt @A Stk webA Soyk &
(2017b)-& EulE 9] SELF-PRUNING 5G (SP5G)-3-7Z1A}2] A
H1 7 exon §-9] & target = S}o] F- A AR S Al =gt A3t A
Apo] Zojo] A glo] 2712 sk A 5L S,
RS2 PGS AR E 3] 915kl Al 5 Erke B50)
S5 HEO| ofME = Solanum pimpinellifolium, Solanum
cheesmaniae, Solanum galapagense®] |3t =% & iAo
2 Aol Zolvh Astel v A& AU RIS 25T,
A S, galapagense?t FA LI} 7P kA B A e
stofl 7N 3}7| 7F kgt o v A d A 2] shof A= 7 8F7] 7 ob
=2 A% FAsH . WAl S. galapagense®t A Wl & &}
EoFo] WHi 2 5 Fy ek A 22 ol A Augh - 7]
o] ABsh= AT A87] 7} O 1E MR quantitative trait
locus sequencing (QTL-seq)& 3§ 5lo] G F7 g S B
o DNAZ 3o} v 2 43 A3} 5717} %2 180
X = 250 9 AR}, SINGLE FLOWER TRUSS (SFT, encoding
florigen) 2} ] 2} homolog?l SP5G(Solyc05g053850)5 2+t Th.
AR5 o] 7] Eo| 3t A 7| e A Aoz Kk
SP5G--2H(Cao et al. 2016) ]| T3t CRISPR7| & 2185}
HEAR AT ATE Ao,

7|t d&5t S

Rodriguez-Leal 5(2017)2 BEulEE tjAbo 2 AL} &
d §37-59] promoter target = 44X AH & A £l
cheFgt cis-regulatory 9145 9] E¥lo] 3| 252 A4t afe]
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e = 7HA
UE F5S & =
A olgd Ao & Agteh B3 EnfES
7170 A E7E Hol XA FH o
A7 E AL gt o 2
5(2017)& EntE Y ALCTHAALE target® o] G 5}L}9]
7192 §A 7] 18k NHEI®} HDR7| 242 o] &3 ¥
o2 FAAHY S A esto] 98 5 A A/ o] ofF= -4
et AlEE Akl

o] ool 4§ 3§ AH=E 9] 5ltQl Japanese morning
glory Ipomoea (Pharbitis) nil-S t) A+ © & Watanabe 5-(2017)-2
QFE Aol AR T ALof| ol Sl= dilydroflavonol-4-reductase-B
(DFR-B)+- RS target® sk} HAAHHY & Al=qt At
Z A F Y ol A=A o £ 719 Aol oju] M3tE A&
21 4= Qlglom o5 A B3t Al EAEREH W £2 ¢t
B AJobdl o] gaol R glof Aol matdo] Qojx]
€ £2 2 HoH It RS2 o] f4-2 3= CRISPR#
AR A7 e 2 S HPAI7] 2 29 AFATetal 6
&t} 3t Shibuya 5-(2018)-2 Japanese morning glory & EPHEM-
ERALI (EPHI(NACHAF1 A2 Z19] 1 3fo] oo}z 34)
S target 2 3714 o] thsho] B4 o S A%
A2 e 23 chere v 9719 24 EE Aelo] o
ot A E& Eelstlon 37t AASHA A HEE
Q13k e

$HBYATS HE Bl hybrid) S A5 o} %
83 S gk ey W ol Aol AA7EA g
SREUATO) BA dol HES SFsh=d B olgR
o] Qlt}t. Zhou 5(2016)2 1 2] thermo-sensitive male sterility
(TGMS)of| o stz A o2 dref 7l TMSS A4S target =
sto] FAAHYS skl 1159 AdHez {83
“transgene clean” TGMS A -2
ot L W o2 FT FAHEUA = ol & AE
FE At 24 &8 A= 7| E ). Braatz 5(2017)
< A A FHATAEE S 717 S5kl 259
ALCATRAZ(ALC) homoeologsZ target® - A AH A& 43
SFATE Ty A &2 ol W Hl8-<5© 2 transgene-free homozygous
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A=5549 CRISPRANAIEHEAZS| 59!
Al25|&O}
A8

ot
ol

=)
oot
it

] =2 CRISPR7| % & SDN7|&0] 2449 225 5
of el A E o] EAYSHA] = “transgene free’ A&
FARHG 2= ol ZgtetA Forg b AT
A Al Q] E Tt o] &2 v]= 5 (USDA) 9] - A =4 o4
(APHIS)2] Ed| o] Z] o] 7R % “Am I regulated? process 3 2
a9e Foto] A B S of disto] A2 E A
267 49|12 W3 AE-S Eato] Qb4 AT o A A
ojd 4 gleh o] A 5lod 8 7HE ’EE ol E5-2- USDA]
Animal and Plant Health Inspection Service; recorded under
Regulated Letters of Enquiry (under 7 CFR part 340), https://
www.aphis.usda.gov/aphis/ourfocus/biotechnology/am-i-regulate
dof| g o] E Ht}. Table 2= 20161 HE 20184 5 & A 7}
Ao A= 5 CRISPR7| 0] 2 8-¥ 2E51F 2. 9Fs} it
Z2dudstas BEutE o 24ttt Hil7]s
£ WHE 14 9] 7] A4 :3o] §o] 1 T4 7k o} 14] gho
2% AN AAHIL LA Q=B A G AT L At
&3] % t}. DuPont Pioneer 3] A= Northern leaf blight (NLB)
o HEA G ZEE L5250 NLBIS S AN AL A=

ujrt i

=2 rlo o

>

S ¢S 5)= Drb2a8} Drb2b-3- A A}
H o Az Yy 2 52590 Yield 10 Bio-
science 3| Al= Fatty Acid Desaturase (FAD)G-7Z} H 0 2
2 JAF 11 &5 oful(flax) & 553%™, Donald Danforth
Plant Science Center+= <4<~ ID] 5% 2} 2] homologE- target
& sto] FAARY S Alwste] Wet7& A A ] Setaria
virdisE 55519t} Le] L F AW U o} tf ki ol A = poly-
phenol oxidase genee 53R & FAAH Y] 7| 55§t &
F 41 E ol 2ol B7) e WAL SR 1
Hu S5 AHESof ek Al 9 B9 G A
et AAISE A= RS AR 7| GHE 2 A 2] E o
Aol A A A2 B ol U 7| a5 EHelsk=T ol B
o] Wttt wetA] o] & &0 SDN-1, SDN-2, SDN-3 % o]
= ¥ 5ol $3H7) & wkst )7 of ik chit ool 4
Ap7h <32 ol Eot QUA] ¢ ‘transgene free’ of] =35}
&7k etk A 9ol whef o o] SDN-14 A o] 2far &=
22 b5 A BT AR S 2 A5 Aol TR o
A

gHd Table 20| 558 FAAHEY 2252 vl=olA=

Table 2 Approved gene edited crops with CRISPR technology reported in the databases of USDA since 2016

Crops Characteristics Targeted Applicants Date
locus
Tomato No remained JOINTLESS 2, Univ. of May 2018
portion of the J2) Florida
stem (pedicel)
attached to the
fruit,
Maize Northern leaf NLB 18 DuPont Pioneer Jan. 2018
blight (NLB)
disease
resistance
Soybean Enhanced Double USDA-ARS Oct. 2017
drought stranded
tolerance RNA-binding
protein (Drb2a
and Drb2b)
Flax High oleic acid Fatty acid Yield 10 Aug. 2017
(Camelina content desaturase Bioscience
sativa L. gene
Setaria viridis Delayed Homolog of the Donald April 2017
flowering time Zea mays IDI Danforth Plant
gene Science Center
Maize Waxy corn, Waxy gene DuPont Pioneer April 2016
with the starch Wx 1)
composed
exclusively of
amylopectin
Mushroom Anti-browning Polyphenol Pennsylvania April 2016

oxidase gene

State Univ.




J Plant Biotechnol (2018) 45:155-170

165

WorehShE e T2 S7bol 45 % 51374 & A4S
Biosafety Protocolo]| A 117 3t AL A E X2 Q2 7} 2}=+9]
AAPH G EA St o wheh =)o RE 24
U7 W Zoll AbA Y 4= = o) Qb ] 5 o) w5
B2t A4 H ok A4 EUs7E 52 $4 08 f-guet
stof th & o} g f7t=0] 719 FAAHE A=A
el A Ao Ad Fol FAAHY A2
|29 FAAHG Y ZA ol 3= =A] 9] of Fof tfigh
=o] WA Adefol7] o FF 1L Fo|7t 5

flo

2 Ay 2l 2
i

)

RlP4 O o o ek do 2 ofx
N £

30, IF

SEA U AL 31 917 horet S AAE Y B S| A%
Mo Wy glon AT ANEEE A4 148
T 917] wh Brof) ZRhgkoll ARAI & ERHT Qb B} A
7K SR A B 5] Aot B A5 ATt
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News (20179 62 5)2} Food & Nutrition (2018 3 5)0]| A]
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3(Table 2)0] 4 o] u] Q15 A 5] 901} vhihibol Enpe

R N S P R E e P
AT AT EL =R FAHOR FEE AL e A

O 2 ZolE it

H410] 7 9= o] u] A3t BEe} o] polyphenol oxidase<t
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of S =] A 7] wjZoll ek H7F o] ot k= A&
2 AR ch(Waltz 2016). ‘-2 2==L9] Institute of Genetics &
Developmental Biology, Chinese Academy of Scienceso) 4] 7] 3¢
3+ 2 © & MILDEW-RESISTANCE LOCUS (MLO)9|| 3}|35}=
homeoalleleso]] FATHE 2] 2 2 Ao & 2t 23} 2l
7} (powdery mildew disease)ol] #3}/d 21 A|-§ o] th(Wang
etal. 2014). 2-4=4>+= DuPont Pioneer 3] A}-of| A] 7] 21 U 3t
A AT R odall Aol wholst= ARGOSS+H A9
I ZREHE GOS2F-AAS] T2 R EQF WA A O 2 o]n]
Table 10| 4] A4 4 &} 3 TH(Shi et al. 2017). T3+ ==+ 2] Chinese
Academy of Agricultural Sciences, National Center for Citrus Variety
Improvement, Citrus Research Institute, Southwest University&-
o] FEAFE N = S (citrus canker) A5 =
Table 10 4] o|m] Arg gt upe} o] Zh4=A4] F-AAHCLBOI)
o] 2Ry 9o CRISPRGFHAHY S =Yt Aotk
(Peng et al. 2017).
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L0 ST ATS ALY
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L(Tieman et al. 2017) o} 2] 7}

A f AU 20] A48 R 4REL ol
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