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ABSTRACT

The development of herbicide-tolerant plants provided a convenient farming method. The
five most popular herbicides are glyphosate, sulfonylureas/imidazolinones, glufosinate,
norflurasone and oxyfluorfen. These herbicides inhibit 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS), acetohydroxyacid synthase (AHAS), glutamine synthetase (GS), Phytoene
desaturase (PDS) and protoporphyrinogen oxidase (PPO), respectively. Inhibition of EPSPS
and AHAS reduces the biosynthesis of phenolic and branched amino acids, respectively, and
inhibition of GS and PDS enhances the production of reactive oxygen species and induces plant
necrosis. Inhibition of PPO decreases chlorophyll biosynthesis and inhibits plant photosynthesis.
These herbicides induce plant death by interacting with their target proteins therefore the
development of herbicide resistant plants is based on the discovery of mutant proteins insensi-
tive to these herbicides. We reviewed the development of herbicide-tolerant plants and derived
target amino acids for the production of herbicide-tolerant proteins using the CRISPR/Cas9

system in tomatoes.
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AlFEAlE A57F st Qe 7P 2 A 5
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Az A9 &84 Fe e A4 =58 4
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FARHBZE Aol ZA A8 gtk 2011do]l=
A AA 297 =004 AP RES Aulietalon,
t52 AAA FAAEPRE AEEEY 43.1%21
6,9005ta s AleRaL, o]o] Beld(19%), ol=3E
LH(15%), V=(6.5%), NHTH6.5%) 52 =02 F-A
AAY S AU AEREE TET%), S5
(32%), H3K(15%), 7H=eH5%) T-2& U] 7HX] AE0]
AA9] 99%= ARSI UTHHAFY et al., 2013; James,
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E35] CRISPR Cas9 AIARIS Z-85k= 34 f4ta
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2018; Ran et al., 2013). A|ZA| AF ZE AFS
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Az, guide RNA HAR1 3PS HQ 2 51, X
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AzAls 248 712 wet ofn Al HgA|sHet
B B 2223 A E= ROS A &1
AzA FR=E vhe & AH(Fig ). 2 AzA 2
st AEA W st whgoll AlxAl= vHeE]
analogue® 28510 H 72| AR ARG Y= &
28] 715 Hehgich

HIRFE o] 1-A1R] tryptophan, tyrosine, phenylalanine
9] M9 HZE shikimate pathway©|™, glyphosate:=
shikimate pathway©l}4] S5-enolpyruvylshikimate-3-phosphate
(EPSP) &4 #}gof "Q3t 5-enolpyruvylshikimate-
3-phosphate synthase(EPSPS)2] &4 &AJ2 Hldfjolo]
WS opn| iAol 33 AdlIgith(Fig. 1A). mEkA],
glyphosate’™= shikimate pathwayS S3f TA == A&
9] e oAl HIREE: ofm|Ate] S Asfst
o] x5 YA’ E3F tryptophand A= 2=
2 X](auxin)Q] ATA, tyrosine2 F|+=(quinones)2] A
T4, phenylalanine2 =9 SIFEC] ALAR AE
o] ALgHrt olE BAYEES T3 4189 g4 SE
B4 AE0] A ASHE et A4 glyphosate
9] 28 7|22 HRS-E & 31?1 phosphoenolpyruvate
(PEP)2} 737g5to] EPSPSO]| Zgslo] aant-g-5 |
BHh(Fig. 2A; QAF et al, 2015).

Acetohydroxyacid synthase(AHAS) TE+= acetolactate
synthase(ALS)+= leucine, valine, isoleucineZ} Z40] branc
hed AR ofm|Ato] qHdofl FA]Ql B Avo]ch(Fig,
1A). AHASE= 27]9] pyruvate £4H2] Aehg Zuiisto]
valine?} leucine®] ATA|Q acetolactates FAJSHC)
IESE pyruvate?} @-ketobutyrate2] A3 isoleucine2)
ARl acetohydroxybutyrateS: AJAJSH(Fig. 2B)
(Endo et al., 2013). AHASO] 2]t A$HA dAR= vali
ne, leucine, isoleucine2] AHASO] thgt allosteric A%}
o] 9Jaf) ZA=EtHEndo et al,, 2013). Sulfonylurea, imida
zolinone, triazolopyrimidines 53 -2 A|ZA|o] ]3]
24do] M <= IUThFig 1A). AHASE Assk= A
ZA] EA= Acetolactate synthase(ALS)-FAD-thiamine
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Fig. 1. A. Glyphosate, glufosinate and AHAS inhibitors inhibit amino acid biosynthsis enzymes. B.

Norflurazone and oxyfluorfen inhibit photosynthesis component biosynthesis.

pyrophosphate-Mg”"-decarboxylatedpyruvate =-3-4| o]
Zgtsto] =94 pyruvate®] ZERAE FiL A= 7
ZY3Hh(Duke, 1990). T THE AHAS A5 A|zA|Q
imidazolinone 3= sulfonylurea S-H+= pyruvate2} H]
737AQ §EgZ i} wEAA 0|7 sl pyruvates=
ol AzAP} 2eel] ol AHASO] 2ot 3ol
J%R] ¢kg A9 aao] thet 2¥o] v =itk

Glutamine synthetase(GS):= A} A 43| o) A]
L-glutamateS L-glutamineC 2 AZsl= 1S 5
o ol B3HE Fuleks W olclFig. 1A)
Glufosinater= GSEAE JAA7|H, o]= AlEo(A
glutamine®] Y 9 YR Yo} H&-& 2T 4= ot
(Fig. 20). o]=3t YHUYote] S22 FRelEs
QA sto] FoHd B5o] WokRA HaL, B/dAtaFEel
Hopdd, 4549 5 59 23E s €

(2%, 2000). Glyfosinateo] It GS 24 Aae T
AH0%. Glutamateo] OIS HOKA ghtamined
R/dsh= oA 2R y-glutamyl phosphate
5 A=, glyfosinaterx y-glutamyl phosphate®}
A T2 71 5L A R0 wldEos
ZAgtoto] a4 ¥H8-S JATHHopfner et al., 1988;
Kishore et al., 1988).

Phytoene desaturase(PDS)= carotenoid A4 =2
Aol YJx]5}o] phytoene lycopene 0 2 HEEH= T4
o|tkFig. 1B). PDSS] &AL U|#2 O & norflurazon,
fluridone 52} Z-2 A|ZA0] 25l A€ thFig. 2D)
(AA1A, 2000). Carotenoid= 3FA|(Photosystem II,
PSINE Hdoh= ol EgAo] 293 QHFgAdole
71o5to] FAN Ao a3t AT Tl YA
QJthDepka et al., 1998). ES} carotenoid= S5 &

HE
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Fig. 2. The five enzymatic reaction for herbicide targeting. EPSPS (A), AHAS (B), GS (C), PDS (D)
and PPO (E) activity can be inhibited by glyphosate, sulfonylureas/imidazolinones, glufosinate,

norflurazon and oxyfluorfen, respectively.

< chlorophyll2 AEslY, ABAE EolE Aot
AEAE HIoskE Zog IXck(Bartels et al.,
1978). PDS A& B3+ AxA 9] 282 A F
7] Wgo s ‘JrEP'h:} AR, AT oAM=
carotenoid 2 Al FF47F TIHo HARIT
(Boger, 1996). €4, oJ=Siol|4] PDS7} A|sf=]H o]
Aok B AEA0 BAE IR FAHEA
55l Wale S Ve, ol E71ee e A
JSHA "k 12ER ofRiQloA= A o
2 QIgh AlslA AEH|A SHMaTR= T34 Ehelo] o
3 49| AL SEap] Bk U A% oy
PDS A2 GEE|= carotenoid $FF9] A= A9
A& 710 tet A=z o2 A As) 275 UER

A Flet

Protoporphyrinogen oxidase(PPO)+= diphenylether
(oxyfluorfen), N-phenylphthalimide(Flumioxazin), oxa-
diazole(Oxadiazon) 57} 22 AzAe] Z-87olct.
PPO+= protogen(protoporphyrinogen 1X)S AISIA|A
protoporphyrin IX& AJAJ3HcKFig. 1B). PPOS] 914
E= 7163 &4 AEA HollA protogens] £8S
7FA2t £HH protogen FEA oA AEAR =
SHIL, oA Ak ofsf ApEE o= AfolEo] A2
ol YAt SAHrt. Proto(oxidized protogen)
£ o}F 7J3t photosensitizer2A] H12] ZA|5}of 110]
YAVgEl7E B, o] ovR|i= Ak P E o] singlet
oxygen AASHHFIRA], 2000; Matringe and Scalla,
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1988; Becerril and Duke, 1989; Sandmann et al., 1990;
Jacobs et al., 1991; Jacobs and Jacobs, 1993; Lee and
Duke, 1994). oJefgt 20| HolAwl A1ZAY 245
proto’s: A4 T3} B A S G5lo] Yol B

AE]HA ARG HAnderson et al., 1998).

1. EOIEMN RUAUES 288 MEH
X

My T A Ty

X e spEste] oyl uls) ArhEel o
o) -8 5L 719AL, FA] RS AHE Mol

A SRzt Ago] doUHEE gRNAE TRl
Al ofg] 7Y w7 ZEolA AzAlel H5del
W2 S AT 4 Qlok ol 8 HAHeE E
utEoA 2+ AzA|Q] Fi HiEE0] opn|iAl AF
= 2ASHItHFig. 3).

EPSPS &4 Al A=xAIQ glyphosate= §H-g-&

E coli
Arabidopsis
EPSPS Tomato |
Tomato Il ALKTLGLQVEDDSGNQQAVVE
Ryegrass  LVSALADALLDSIPMVAITGQ
ALS | Arabidopsis  LVSGLADALLDSVPLVAITGQ
Tomato  LVSGLADALLDSIPIVAITGQ
***_********:*:***********
Hydrilla
PDS | Arabidopsis
Tomato
Amaranth
PPO | Arabidopsis  EKVKRPLEGFGVL | PSKEQKHGFKT
Tomato  RLVDGELKGFGOLHPR-——SQGVET

Kk, KIkKK K K

ALQVLGVSYTLSADRTRCE | | GNGGPLH-———AESALELFLGNAGTAM
ALKRLGLNVETDSENNRAVVEGCGG | FPAS IDSKSD | ELYLGNAGTAM
ALKTLGLHVEDDNENQRA | VEGCGGQFPVGKKSEEE | QLFLGNAGTAM
GCGGLFPAAKESKEE | QLFLGNAGTAM

A D

RRM 444 GMVM
RRM 458 GMVV

N .:****::** :**:*:*..

phosphoenolpyruvate(PEP)2} -F-ARRE 225 7HA| 1L Q)
o] EPSPSo] Agsle] A4 WS Uofighct. EPSPSS]
PEPO] tjeh Xot#s FA3HA glyphosateo] T2t
F5}ES HolEY 4= Qli= EPSPSE WEsh= Zlo] A
7] SAjolet. A 30zt glyphosate A1 EPSPS
=g A% A7 APEAoW, FUHeE HF
3t ofX¥E EPSPSE Zea mays?; Agrobacterium
tumefaciencesOlA| FEI7T 39E0IQITE o] % glyphosate
of] that Xzko] oz, 718 Eol/do) H3tE 7HH e
= S%Ho] EPSPS =o] 3t A7t 2PE|glon,
Echerichia coliS ©]&3}t site directed mutagenesis
(SDM) EHOIE(T42M, G96A, T971 18]l P101S)
o glyphosated] 4L LERHS: 39T Funke
et al., 2009; Kahrizi et al., 2007). ATk o]& S
o5 AdHor BN FEMA A3k

Ochrobactrum anthropioll A £2]5+ EPSPS2] A 71<]
ofH| Ak HPAI(N267S/P31I8R/MA25TYE AT of
7ol A /ol ARt 9] glyphosate A3
< RIS HTian et al., 2011). E3Jt Zea mays2]
EPSPS E1H0|(T102L, P106S) Hd S 4182
o giyphosate A4 2B S 7F5a1 Sich
(Funke et al., 2009). T AFNAE A AFH E
coli G96A/T971/P101S HE EPSPS7} A% &-go]
7R 5:2] giyphosate®] AT ke B}
QJth(Feng et al., 2018). o]t AF-= v O & B}l

LAAALCL-—G 109
LTAAVTAAGG 192
LTAAVTVAGG 192
LTAAVAVAGG 190

ikl kkkkkkkkkkk kK *
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kk ik Kik Kkhkklllkk kikkkk Kkl lkk
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[ YSSSLFPNRAPNGRVLLLNY | GGATNTEIVS 458
* 1l

* ikl

DKVKRPLEGFGVL | PSKEOHNGLKT%LFSSMMFPDRAPSDMCLFTTF\/GGSRNRKLAK 431

Fig. 3. Amino acid sequence alignment of EPSPS, AHAS, PDS and PPO. The target amino acids to generate

herbicide-tolerant mutant proteins are marked with red boxes.
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E EPSPS-1 §AA WAL G177, T178, P182(NP_
001295876.1) of|i=Ake] M-S EHE gRNAE T
Aol 4 QIck(Fig. 3)

A|ZAIE A= acetohydroxyacid synthase(AHAS)
= Fx Lolium rigidumE WABR= 593 98-
StH(Owen et al., 2007). oS L. rigidumw-7Jo 4]
sulfometuron ¥ imidazolinone(IMS) A|ZA| imazapyr
of ool Agae el S]] 54 9
P197A, P197R, P197Q, P197L, P197S ¥ W574L =
ofg Belelgl, PI97, WsT4 917 ofalieAte] W3
BN AzA AR L. rigidume B& 5 Y=
A=K Yu et al., 2008). oF|L=A A F B
AR 9119 ofulAle WO RA Slt
Rl AzA0] et geo] e EnES
=} gIchFig. 3).

PDS:= carotenoid M A2E AAslk= AZA
9] 29 HZo]t}. Phytoene desaturaseS A|3foh= A
ZA fluridone] Thgt X5}Eo] k5t Z<io] PDSO]
et A7} A= o] AlokeHE| 22 Synechococcus
PDSS] ERo7F A 2A| WS Kol nldE as
£ A S H(Chamovitz et al., 1991), FZ 23} GHj
(Nicotiana tabacum) 21204 WD wf A|zA WA
2 HoJ5lth(Wagner et al, 2002). ESF A=
Hydrilla verticillata PDS2] R1000]|4] X}z 02 HkaY
she Sl A2A APAL Holshe How B
1= Michel et al., 2004). I5AEA A=A
Wy faAe] HEE oARAY AAES AR
A8l Hydrilla verticillata PDS2] R100& 19719] o4&
ofpjicito gz thA|Ste] 7oA AR
threonine(Thr), cysteine(Cys), alanine(Ala) 133l
glutamine(Gln) 229 ¥y Thiizo] 2 A x4 A
TS YEHSL, o] F RI00T ¥y whfo]
norflurazon} fluridone©] gt A gAJo] 71 43
THArias et al., 2006). ©|2]3t QG5 HIE O R EulE
PDS f32} A2 R100 opw]ieAte] HES =3t
gRNAE TJRRIE 4= QlthFig. 3).

PPO= 7483t AlxA 22 % SFUtHHao et al,
2011). A=A 27§9] nuclear PPO %A= PPO1
(plastid-targeted, BE4-2} hemeo| T43)Z}+ PPO2(T]
EFZCZo} targeted, hemeo| AJA)E Az slsict
(Lermontova et al., 1997). PPO13} PPO2S HZ O &
diphenylethers, thiadiazoles, oxadiazoles, triazolinones,

zog
r
ASY

o
oz
2 oo o

Lorfo o KU do
ol

o
=

ol

N-phenyl-phthalimides, and pyrimidinediones Z-2 A
ZAE0l thgt Xsko] oigt EARo] PPOo]| 3t
7} XY= it HHll(Vicotiana tabacum)S] PPO2 T
o) 2y Txeyy 29 2] otk BAY
ofu|i- Al Asn67, Arg98, Gly354, Leu356, Leu369,
Gly370, Tyr371, Leu372 & Phe392&= 7|2A% F=
AAA| Zge] Tofsh= SR HRAtKKoch et al,
2004). Amaranthus palmeriol A A|ZA| A 7HA00
A A% PPOY] op|iAl 9]X|= Asn98, Argl2s,
Gly383, Leu385, Leu398, Gly399, Tyr400, Leu401 2
Phe4210]™(Rangani et al., 2019), ©] A= FHflof|A
o] Axet APk F AEAQ] PPO ofm|inAl A
HlaolA 30719] ofmlAl Aol7t YEhbs A
targeting peptide sequence?] &4 F-5-of W xjojo]
THFig. 3).

d 7] AzA A3He Tl de] ofnjial A H]
IE B3 ErFECA g opw]icAlo] & BEE0] 9
w2 & AN (Fig. 3), ol Z-E3 AxA A
Entg 7jdo] 73 A5 & ok f94n
o g e AxA A A2 7189 AlZA
A AaZ AT & lom, LMO AolA H|
A A2 4 o] &840l = o LFEIPHA
9] 71543 A& ol AxA A 382 A-83}
£ 93 71 342 &89 4 Itk

AL Ab

o] HIE= A AITHNRF-2017R 1D1A1B03036
241)9] AYo= 4Ly

o2t
ra

=)

o
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