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Abstract The plant breeding technology was developed
with genetic engineering. Many researchers and breeders
have turned from traditional breeding to molecular breeding.
Genetically modified organisms (GMO) were developed via
molecular breeding technology. Currently, molecular breeding
technologies facilitate efficient plant breeding without intro-
ducing foreign genes, in virtue by of gene editing technology.
Gene targeting (GT) via homologous recombination (HR) is
one of the best gene editing methods available to modify
specific DNA sequences in genomes. GT utilizes DNA
repair pathways. Thus, DNA repair systems are controlled to
enhance HR processing. Engineered sequence specific
endonucleases were applied to improve GT efficiency.
Engineered sequence specific endonucleases like the zinc
finger nuclease (ZFN), TAL effector nuclease (TALEN),
and CRISPR-Cas9 create DNA double-strand breaks (DSB)
that can stimulate HR at a target site. RecQl4, Exol and
Rad51 are effectors that enhance DSB repair via the HR
pathway. This review focuses on recent developments in
engineered sequence specific endonucleases and ways to
improve the efficiency of GT via HR effectors in plants.
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et al. 2007; Puchta and Fauser 2013; Voytas 2013; Endo and
T0ki 2014). 3FAIRE A= A= HRE ©]-&-3FGT7L o] Fof
H=7F FEo Hel mie 27] ggo] REAow
Ol%E] 717} ol ¥ th(Lee et al. 1990; Terada et al. 2002;
Hohn and Puchta 2003; Endo et al. 2006b; Endo et al. 2007).
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Positive-negative selection system= O|&3IGT

Positive-negative selection system2 ©]-8-3HGT-2 5] 2] knockout

AHolE A0 7 Y HhH o 2 7dbE] Q) thMansour
et al. 1988). o] A|AHL HRE &3 A2d EXGH4A
o] &= positive markeryt A =] 31, A9 A o 2 AFQlH 1]

S 3EF A= negative marker™= 3| AFQE T A
A1 2 HA positive markerE ©]-§3dto] |HAATE AFYH

AAE Astal, th2 O 2 negative markerS 0] 83510
negative marker7} A A= DA A HE2FH 02 HR

= ool SEFARN AFYE WMol A & Aste AL
glojt}, 4=+ kanamycin, geneticin (G418)9] A A&
Hol= NPTII 8ZHA¢} hygromycinol] A3}pAL Hol:

HPT 3 A7} positive marker= AF&-E| 0, A& 9] =0
[e]
=

Aq S n A= ARG A AR cytosine deaminaseS W < 5}

= codAS-7ZAQ} diptheia toxin A fragmentE HH Y 3}=
DT-A5-7 A} 7} negative marker= AF8-¥t} (lida and Terada
2005). W of o] A]AHIS #-8-35}0] Waxy (Terada et al. 2002;
lida and Terada 2004; Iida and Terada 2005; Ozawa et al.
2012), Alcohol dehydrogenase2 (ADH2) (Terada et al. 2007),
Methyltransferasela (Metla) (Yamauchi et al. 2009), Repressor
of silencingl (ROS1) (Ono et al. 2012), Domains rearranged
methylasel (DRM2) (Moritoh et al. 2012), 2] 1L 31,2-xylo-
syltransferase (Ozawa et al. 2012) 2] ®HolA|7} A Z+E St
(Table D). 28y A z3e B3 AeAg o A2 s
L positive selection® 7| A 3= F 1.1%W4} negative selection

o A AZE3FATHOno et al. 2012). =, ¥ 9] A 2g 0]
20%ekaL 7H kS W 20% SOl A 1%7F dEetden
2 0.002%7} ZeAg el g-8o|t)
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Fo12 %-f positive marker7} ‘gof 0‘01 HYEH A= 4
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markerE A A 3}7] Y38l Cre/loxP systemi’—} e x| Eo]
A A Z ¢ (site-specific recombination) HH-& 2]-83lo] &
A= AEAlEo A AdE et AbEl7F B ALE 9l o (Wang
et al. 2010), GT7} o|F 0% DNAY X o A & positive marker
£ A A=t A-55}% tHTerada et al. 2010). L& YCre/loxP
system2 positive marker7} A A% zFg]of £ 23 97

Aol d= ZA7F Qlek o] ZAIE sidstr] fls 25
0]-8-E)11 Q&= piggyBac transposon®| Z-8-E| %It} PiggyBac
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Qs 7G9S 7| A F=thCary et al. 1989). <
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E A|AT AH7F E_T’_E]O‘E} Nishizawa-Yokoi et al. 2014).
PiggyBac transposon= £ Q3 G7|AES E7]A] &=
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8- A AHTownsend et al. 2009),
6-pentakisphosphate 2-kinase (IPK1)
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inositol-1,3,4,5,
871 2K Shukla et al. 2009),
o 71t o] ADHII, TT4 37 A}H(Zhang et al. 2010)
o ZINE #g5ko] HFaHgrkTable 1). £ 7191)

oA ek w o] SWEETI4S-
87 A} (Shan et al. 2013a), Bl Q] A& A X o] ALS-G-A A}
TALENS #-&3}o] GT7} A3} th(Zhang et al. 2013)
(Table 1).

ARHLI et al. 2012), BADH2

2 N2 53435 TALENS A EH {2l Xanthomonas ZFNE A 719 7| gL QlAlste BHES Z3to R
o /H S5t gkl 2l o] Transcription Activator-Like Effector =53 Q714 Eo Agtste] ddtstAl HokLiu et al. 1997).
£ o83t Ao EFA7IA DL QA8 TALE domain  ¥FH TALENZ slUto] Mol stube] f7IAES 914
o ZENS} EASA| Fokle AWt EHATIAAS A & 4 Qo] mEY xo] ZN Hr} A2y TheFd
Table 1 List of examples of gene editing in plants
Mod;}f/‘g::non Plant Gene Method Gene delivery Reference
Arabidopsis PPO spontaneously GT  Agrobacterium (intact plants) Hanin et al. 2001
Arabidopsis ALS spontaneously GT  Agrobacterium (intact plants) Endo et al. 2006b
Nzcotzanc'l PDS CRISPR-Cas9 Electroporation (protoplasts) Li et al. 2014
. N benthamiana
Point mutant Rice ALS spontaneously GT  Agrobacterium (callus) Endo et al. 2007
Rice ASA2 spontaneously GT  Agrobacterium (callus) Saika et al. 2011
Rice PDS CRISPR-Cas9 Electroporation (protoplasts) Shan et al. 2013
Tobacco ALS ZFN Electroporation (protoplasts) Townsend et al. 2009
Arabidopsis ADHI11, TT4 ZFN Agrobacterium (intact plants) Zhang et al. 2010
Arabidopsis PDS3 CRISPR-Cas9 Electroporation (protoplasts) Li et al. 2013
Agrobacterium (immature
Maize IPK TALEN, embryos), Liang et al. 2014
CRISPR-Cas9 .
Electroporation (protoplasts)
b o
Knockout Nzcotzanc'l PDS CRISPR-Cas9 Agroinfiltration (leaf) Nekrasov et al. 2013
benthamiana
Rice SWEET14 TALEN Agrobacterium (callus) Li et al. 2012
Rice BADH?2, DEPI, CKX2 TALEN Agrobacterium (callus) Shan et al. 2013
Rice BADH?2, MPK2 CRISPR-Cas9 Bombardment (callus) Shan et al. 2013
Tobacco PDS CRISPR-Cas9 Agrobacterium (leaf discs) Gao et al. 2014
Rice Metla Pos1t1ye-negat1ve Agrobacterium (callus) Yamauchi et al. 2009
selection
I((}qujosil)(-m of Rice ROS1 f;segg;neganve Agrobacterium (callus) Ono et al. 2012
Rice DRM?2 Posmye-negatlve Agrobacterium (callus) Moritoh et al. 2012
selection
Rice Waxy Posmye-negatlve Agrobacterium (callus) Terada et al. 2002
selection
Knock-in of . Positive-negative .
HpT® Rice ADH?2 selection Agrobacterium (callus) Terada et al. 2007
Rice XYL P051t1ye-negat1ve Agrobacterium (callus) Ozawa et al. 2012
selection
Knock-in of . . . . .
NPTIF Arabidopsis ADH1 CRISPR-Cas9 Agrobacterium (intact plants) Schiml et al. 2014
ﬁ%ﬁ}"m of Maize IPK] ZFN Whisker-mediated transformation Shukla et al. 2009
?Fgﬁ)k -in of Tobacco ALS TALEN Electroporation (protoplasts) Zhang et al. 2013

YHR mediated GT. NHEJ mediated indel formation
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DNA @714 %ol 28 & 5 U7 B2 2E 239
ATt Bk 7 @71 NG 4 & 4 Uk Aol 9
th 2y B BE A4S ASHEZINI} TALEN
uth e 272 AR YAATS A4 T 4 9t
£ Aol otk 247 Auze] EAFEE BEGH
Aol wrA A=A ol galok & BaAol ek

Z]Zof| 545 RNA-guided DNA endonuclease Q1CRISP-Cas9
+ %2 non-coding RNA (crRNA)7} H31 G744 ES 24
5} 11 Cas9 nuclease2 =3l A= th(Terns and Terns 2011;
Ran et al. 2013). CRISPR-Cas9 A A= RNAo| 7|Hl5}o] &=
£ 740 AT wAoR dud Yo S
7)1 G| Agtel= ZFN, TALEN©| v]3) 7|7} &c},
= CRISPR-Cas9= ZFN9} TALENS] AL m% zh2 7
U= FEjolth il QIZHA|Z o A CRISPR-CasdE A
& 5l9S ol vjERE AR ol J3F-E = Thoff-target)
© W17} 9ITHFu et al. 2013). A= CRISPR-Cas9 S o]
£-5}F0] ¥ 9] phytoene desaturase gene (PDS)7} A3 %3S
™ (Shan et al. 2013b), o 7| At @ Nicotiana benthamiana )
PDS3-9- A1} A QITHLI et al. 2013). TE8} o} 12 ube]a] S
21 A 3HH O g CRISPR-Cas9S UA|Z 0 2 W& A A Nicotiana
benthamiana®] PDS3-G-AA} o= A58} tHNekrasov et
al. 2013). CRISPR-Cas9-2 o] £5}0] ¥ PDSGA Ao A =
o o](indel FA) &o] 15% S Hgon FAHsE
FAA 29 F2Y F 2 FEYo|A GT7} 458+ th(Shan
et al. 2013b). & Lol =Nicotiana tabacum (Gao et al. 2014)
T}, 24 (Liang et al. 2014)o| A = A 33t A 7F Rl
Q1o off 7)Aol (Schiml et al. 2014)o] 4] HRS ©]-&3t &
AR = A58k th(Table 1). o 7] ollA LT &
TG AR At §80] CRISPR-Cas97} TALENH T} =0
o off-target A= Arh= A4 2= 235 i th(Johnson
et al. 2014). 7} o] CRISPR-Cas9 7] 2 @ A2 9 77}
A3 Ao T3t 2|57} T Qth(Bortesi and Fischer
2015; Belhaj et al. 2015). o] 2 #}&-2 CRISPR-Cas97} A&
of gARAY ] QoA WS 1Y Q= E7E o]gH

& 9ee AT

HR=S O|&3k= GT

HRS ]
t}. 1) RecQl4 hehcaseg} Exol nuclease7} 3w o
DNA 7}e& whEal, 2) vh5oi% ©d DNA 7hdof
Rad510] Z3l%)o] Rad510] €A% DNAQ} AFEAlo] 9l

L DNAZ S5 the, 3) Radsie] Faeololi )
7?‘%‘01 SEDNAS H7IH & FAIst] HA4E DNA ¢
7| EE o]&sto] £AE DNAS H-15hA Eth(Heyer
et al. 2010; Symington and Gautier 2011) (Fig. 1B). ZL&1}

0T 48 uﬂ;% DNAS ¥t 38 0|3
0]-83t D

Engineered endonucleases
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(indel formation) HR (replacement)

Fig. 1 Model of the NHEJ/HR-mediated DNA double stranded
break (DSB) repair (A. The NHEJ-mediated DNA DSB repair is:
1) binding Ku70/80 on the DNA broken ends; 2) ligating via
Lig4; 3) simply joining each other. B. The steps of HR-mediated
DNA DSB repair are: 1) processing of DSBs to create a 3’-single-
strand overhang via resection of 5’-ssDNA; 2) polymerized Rad51
on this ssDNA directed homology search; 3) strand invasion into
undamaged homologous template duplex DNA (blue lines) and
finally, the DNA broken lesion is repaired)

EATE DNARSIE 7hes] Heshs
NHEI 7 2(Fig. 102 dj 3-8 275 o] 3t

B3 e g W] o] HRS ol g T 4
£o FAATA O 10704 10°0] 23 rhLee et al.
1990; Terada et al. 2002; Hohn and Puchta 2003; Endo et al.
2007).

=
2l o4 DNARTO Polale SHAE o|8alo
NHEJO.2 9] B AR 2 2}chsli HRO B0 B A=
& Frrshe WHlolth(Fig. 1). = AHY= o)A KuTo,
Ku80, Ligd= NHEJo| Q314 Fojstrial B ixo] 9]
T}(Singh et al. 2010; Symington and Gautier 2011). o} 7] &t}
o Al AtLigd?] A2 0 & AGL4 SRR GT HlE7} 27}
%] 1.0 ™ (Tanaka et al. 2010), ¥ o]l A= Ku70/802} Ligs 2]
oA 2 HRQ) Y%7} Z7}=| ¢ thNishizawa-Yokoi et al. 2012).
HRO|= t}oFst GAAE©] o5l (Schuermann et al.
2005), 1 & AAR HR 5&5 =°]7] 98 Al=" 2
7HA AHEIE 7Rk AFEDNA 2E7]of #hof st Rads1C
7]- 0H7]?<1-1:Hoﬂ/\1 7]&& /K]—/RT 01_1:5 HRO] oF 4HH Zj}_/l\_g}



158

J Plant Biotechnol (2015) 42:154-160

Table 2 List of modified DNA repair genes for improve HR

Relative pathway Species Gene Method Frequency of HR Reference
NHEJ Arabidopsis Lig4 Knockout x 2 Tanaka et al. 2010
Rice Ku70/80, Lig4  Knockdown x 3 Nishizawa-Yokoi et al. 2012
HR Arabidopsis Rad51C Knockout x 0.25 Abe et al. 2005
Arabidopsis CAF1 Knockout x 40 Endo et al. 2006a
Chicken DT40 cell BLM, Exol Overexpression x 20 Kikuchi et al. 2008
Rice RecQl4, Exol Overexpression x 30 Kwon et al. 2012

o] HRoj| £ 83t 948kl B 1% ¢ S H(Abe et al. 2005),
DNABA|S} Bpo] Bolshe 4Hg] $47 % shiel
Chromosome Assembly Factor-1 (CAF-1) & Ho| o) 7]%F
ol A= HR RI=7} oF 408 7}A] F7bE| Qlrkal HalE
¢ tHEndo et al. 2006a). E3F TE o] A= BLM (RecQ2} =
U3t 7]%5)¥ Exolo] DNA oA AeS FxIghchar
B 1% ¢] ©(Nimonkar et al. 2008), ®DT40 B lymphocytes
Al zo] Al BLM¥} Exol& ¥ AJZS o= GT Rl=
7} oF 208 27} 9l tH(Kikuchi et al. 2009). B o] A BLM
I} TYU3 715 2= OsRecQl47F H 1% Q1 © 1 (Kwon
et al. 2013), DNAo|& AL At 3192 o OsRecQl42}
OsExol & Y A4 k@ o] HRO| RIS oF 30 F7HA|
Z th(Kwon et al. 2012) (Table 2). HR& £33 GTS
o2 HFAV] AL S84 A9AE ol gl
$475 Asio] DNA £48 $E8h3, 1

A AHHRNHEIS] Prolshe §47)E o] 3}
o HIEg ol Azo] Basi.

FAFR7IER AE A4 750l Bol dF-E %l

Ut} L2y GMOY
o ZAZ GMOo]| 3t
A7} o] Fo] A ol & ¢3tsty] ffal MAA Aoz A4
=2-%7]%(New plant Breeding Techniques: NBT)of &

o
StaL Qlth NBT&= 8-S W@ A24W fls ax
WS AAste] A O R HF AES Ut Ao
2 fAA Jy7ed HRxAAE ddsts AR
Q& o] &3t 7]&o] 2FE o tH(Lusser et al. 2012).
A 7H9 R BE §RAE Arkele] NHEJ A2 4
H AT B s oA Hx AR indel S ¥
A F& Aol F4E)stolknockoutHol & = & 5
QUTHFig. 1). 13y 4% 7Hvte 2 Rxfate] o
et HolE W= A2 A7) Atk HRE o] &3 GT

2 BRfAAe 2" A7 ER ute] ¥& 5 9l
ouf b2 §AA ARl Thsete] ERFAAY ) E
& A7l BAlC e fARE I AV
knock-ino] 7Hssheh. o] A thFd WA o2 HAE
71 EE vHre] ¥ 4 e 71EA oldo] ol FE
AA= GTE o83t 7l5o] e FAAE B3
T AR R A3 A7F A EIL 3l eh(Kaufmann

et al. 2013). B2 AL 3}
2 4 2N & FUoh Y 502 1 580l %

(Rémy et al. 2010). Leju} Al=2] FAXS a8 10-20%
We7t sdolm, Sl et A ago] e W
2 AEE gon 0TS §84 71912 B Q74
(donor-vector)& FAlo FAXLS FadfoF ot 7|&
2 ZA W& HR a8 5 sfdsor & o] itk &
F A9 AL o AR Ao WHs
werel RS v Jbsdol Qo8 $HAL o
ANAo R AT = s FPAHSS AU B-estradiol
induction system} 7+ S =X g W E|E o]-8(Kwon et al.
201281 WekE Tejslof Feh §714 242 54 )
HE A E(GMO)E Adstelr] fsiAe FAAHEEA
=AY Aol wE Y B B st FHAF 7t
912 ol galo] NHEIAZE ZRGAA ) B 4714
& APAAIIE Slo] dold ATHET HRS o] §ohk
GTO| A& AAE oA folxl Moo}t T U5}
A 214 B 7bsgo] ool slaB S W 5 ol o)
A9k GTS o] &ato] M2 A A (positive-negative
selection system®] positive marker7} A4 )= 7}sst7] uf
2o] BEGAA Wo] R0 TGMOR #5317}
/3% EAst, NBTo| AFH 7|sol #stole A%
20 g =9 Zo|ti(Hartung and Schiemann 2014; Araki
and Tshii 2015). 1o % B3} T Al Eo| A BEO A}
2 ARA0 Rk Aol Asstel ZEGAR 715
W} 9 7)%o] AHAE AR Brshe SAAA R
g 715 HRS ol &34 GTS S 4A71919} 3] A

&0z WA & Aolth
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AL AL

At FEAEH A Hho] & TR21IAG (THAI W
5 PJ011280012015), %ag, AFAE R A M 1110743)
o] Y3} 2015 & A ( S50 QU2 =AY

wo] A UL wop 4:a)E 7] 2 AT A 21(2009-0094059).

#Ae =

= 2R z
Masaki Endo®} & AEES =& 7]
A 2e A

2o e 2 =82 FAl Seiichi Toki,
o
o
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