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Abstract

Along with wheat and rice, maize has the highest yield and cultivation area in the world. With the development of gene editing
technology, methods are being proposed to easily and quickly breed new varieties by applying new technologies to cultivating
varieties using traditional breeding methods. However, transformation technology to introduce CRISPR/Cas9 constructs for gene
editing into maize (Zea mays) has already been developed and used in the West, but in Korea, there are still no domestic
research institutes or universities that are constructing and carrying out transformation using Hi-1I A/B cultivars for
transformation. This study was performed to establish maize transformation in Korea using Hi-II A/B cultivar. We cloned guide
RNA constructs targeting the promoter region of the maize WUSCHELI (ZmWUSI) gene, a homeobox transcription factor
deeply involved in shoot apical meristem (SAM) maintenance and regulating crop productivity. The confirmed CRISPR/Cas9
construct containing the guide RNA was successfully introduced into maize via Agrobacterium transformation method, and
sequencing analysis confirmed that gene editing occurred in the target region. One of the ZmWUSI promoter mutations by target
edition displays abnormal ear development. This study is expected to contribute greatly to the breeding of new maize varieties
by disseminating maize transformation technology domestically and revitalizing molecular biology and molecular genetics
research on maize.
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Pioneer®t Z2 td FAAME AA] AFAE AA
sto FE3] Jlas FFAZIL AA(Che et al,
2018; Lowe et al., 2018), 3t -9 H|ESH =
T B2 EEe] ojn &4 FEXRE JE Ve R
AHgstal gict.

A AFAES A1887 B73-2 wHlsl A2k
42t Hi-11 ASt Hi-11 B Al'e= At &, o] = Als
WHiRE F, ZRA A o] HiobE HEsto] &44- 3
Zgtol g &85t glet. 1= Hi-11 A% Hi-11 B
2 A A A e FEol Hleh A=A o]
o188, &HHE AH Aol glow Aot
wH 2S5 15 7RRh] dA)et AR s FAsH
¥ HGonzilez et al., 2012). 218U 2F S5
217 o] 84 4= A= A&t AlFN A= Agrobacterium
Aol et AP0 R Qo FEHT F&0] FA3]
Faotn s AHH1 Au) Aol thet FAdTe] g
A7t JHZhao et al., 2002; Huang and Wei, 2005;
Wang et al., 2007; Vega et al., 2008). = A
A9 Bre] Bofdt= F AN IZmBBM and
ZmWUS2E A T @AA LR inbred Als-ellA
T PAATe] fgo] HdEtt BarskthLowe
et al., 2016).
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2.1. HEM=E L AlSAeY
A22he A Hi-11 A% Hi-11 B& 2%
24T} Fatdisty B ol A 2kt A
vkt WA Hi-II A9t Hi-1I BE 784 o2 Afuj
St & Als-& wHiste] Fi& AR & ok AlEe]
Fre& ohgsto] 2471 =5 = F, 70A]2] o™ o] 4tef Q1
£ HiolE o]-&staint. kAol A= AHH 71057t Hat
ok 25°C, 4% 255 mme] oA Aufstla A
& 2AHofMs A 2= 24 A ARS o]gste] 26
+ 2°COllA 16A17F F71, 8AIZE 719 &S A
Asto] Aufiotict, Heh 2AHoA ZE A A tF:
19 He o] 222 o A5 32 cm 3 71
=715 T3 o] EFEof 10 g9 AAH =(H
NK; 7] Ho|)E Bol mHzo] AJH|SHIt. Hi-II
A/BR9 offl o]at2 2 F 12 + 24 A v A& H
A vjoHImmature zygotic embryo)7t 9F 1.5-2
mm% W =5t cHFig. 14). &2 & 10 5H,
ofe] A7E AR Rk, A, dXE L2 %
7 2A& 1oty o|liE 86kA] gl E44 4
29| husk leaf& Fof o} 2715 md <o F4
A% A7) 2RIsknt. of|l o)At 2t of HiR
FAHG | AFEEAY 2% 2 A AE o
(Husk leaf)oll #<¢1 A2 wajdi(Pollination bag)ell
Yol 4°C W] 1-2¢ Bysto] JAzGol| AHg
stk

2.2. Transgene construction

20l S WS WA ZmWUSCHEL]
(ZmWUS1, GRMZM2G047448) +7412+e] HA-& ¢
3l https://www.maizegdb.org/ AFO|EZHH F-H2¢
HHEE 21511 (Gene: Zm00001eb067310, hb67-
Homeobox transcription factor 67), CRISPR
direct software (https://crispr.dbcls.jp/)E ©l-&5t
o] Single guide RNA (sgRNA)E AlZtst3itt. sgRNA
= CRISPR/Cas9 #AZ} U4Sk= PAM (Proto
spacer adjacent motif) < 5'-NGG-3" A&z}
20bp®] #2 |7] AE=R o]Fo]A itk sgRNAT
off-target®] = AE 40-60%2] GC &HE 7111
S Adstyct, T2 R JI2 Azt HdS =
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Table 1. The list of primer for gRNA design

gRNA ID (Target) Spacer/Proto spacer (5'—3') Primer name Sequence (5'—~3')

WUSI gR1-F TA GGTCTCCTCTATCAGTACC gttttagagctagaa
ZmWUS1-gRNA1 CGTATATATCTATCAGTACC

WUSI gR1-R AT GGTCTCA TAGATATATACG tgcaccageegggaa

WUS1 gR2-F TA GGTCTCC GCATAATATTCG gttttagagctagaa
ZmWUS1-gRNA2 GGCAGCCTGCATAATATTCG

WUS1 gR2-R AT GGTCTCA ATGCAGGCTGCC tgcaccagecgggaa

WUSI gR3-F TA GGTCTCCTGTTACGAATTC gttttagagctagaa
ZmWUS1-gRNA3 TGAACATGTGTTACGAATTC

WUS1 gR3-R AT GGTCTCA AACACATGTTCA tgcaccagecgggaa

WUST gR4-F TA GGTCTCC ACGCTTTGACGT gttttagagctagaa
ZmWUS1-gRNA4  ATAGATCTACGCTTTGACGT

WUSI1 gR4-R AT GGTCTCA GCGTAGATCTAT tgcaccagecgggaa

WUSI gR5-F TA GGTCTCCTACGGAGGACTT gttttagagctagaa
ZmWUS1-gRNA5 TTCGCTCCTACGGAGGACTT

WUS1 gR5-R AT GGTCTCA CGTAGGAGCGAA tgcaccagecgggaa

WUS1 gR6-F TA GGTCTCC GCTAGAGCCTTCG gttttagagctagaa
ZmWUS1-gRNA6 GGCCGAAGCTAGAGCCTTCG

WUS1 gR6-R AT GGTCTCATAGCTTCGGCC tgcaccageegggaa

WUS1 gR7-F TA GGTCTCC AGGTTGGCGCC gttttagagctagaa
ZmWUS1-gRNA7  GTGAGATATAGGTTGGCGCC

WUSI gR7-R AT GGTCTCA ACCTATATCTCAC tgcaccagecgggaa

WUSI gR8-F TA GGTCTCCTCACAGGAGCTC gttttagagctagaa
ZmWUS1-gRNAS8 CGGAGAGATCACAGGAGCTC

WUS1 gR8-R AT GGTCTCA GTGATCTCTCCG tgcaccagecgggaa

* For amplicon preparation, PCR primers are designed that contain RNA-guided engineered nuclease, the Type IIS recognition site, an
overhang sequence, and a segment of the scaffold sequence. All parts that will be assembled using Golden gateway reaction should have
a distinct 4-bp overhang (all should be different). The first two letters are randomly added nucleotides. Italic bold sequences indicate the
Bsal sites (5'-GGTCTCN-3’, N indicates any nucleotide), underlined sequences are part of gRNA spacer whereas red-underlined
sequences are overhangs after Bsal digestion. Sequences in lower case are specific for gRNA scaffold (5'-gttttagagctagaa-3’, in forward

primers) or tRNA (5'-tgcaccagceggg-3', in reverse primers.

Aol= 523 Joolnz g7 d9S AL E 74
= Lo ey oz B 55 -tz
ottt 2 Aol A= sgRNAZF Bl U3 promoter®
WAL T 2449 codon optimization ¥ Cas9 &
A7} &%= Ubiquitin promoter2 YA E+= HH
(Vector)& AH&SHETE Ax3E A= ¥4 HEH=
Agrobacterium tumefaciens EHA105% LBA4404
ol ZYzF FAEAS ST FEAAA Q] A2 A
ZA = vHg2EZ A (Bialaphos)E ©]-85t T gRNA
designe I3t Zeto]H 2JAE= Table 19 2/ st
ATk

2.3. YAHA| A2t FH2; =9 Sl
2.3.1. Agrobacterium B
RI=E FEL2 Agrobacteria FEHA105%F LBA4404
strain® 2 FARY. YEASHE Agrobacterias

rifampicin 50 mg/L¥ spectinomycin 50 mg/L°]
-5 YEP A vfz]of] 28°CollA] 2 vieFet & uijQF

B-E rifampicin 50 mg/L¥ spectinomycin 50

mg/Le] 32 YEP XAERA]e] 100 ulS =t
ohA] 28°CollAl 2 vl ot viFE Agrobacteria
clones #°] infection ¥iZ] 5 mLell a1 1A13F 54t
28°CE A== wH7|(Shaker)ol Al Bl derel
o] &s] B =5 sttt FH|H A2 FulS
o]-g5l 23 FLA (Spectrophotometer)2 ODgoo &k
= S5t A =N HF 5E7F ODgoo = 0.5°] =
T % acetosyringone stock 100 mM/mLe] Z3Hd
infection Wi & 845t Ao AR

2.3.2. 0|4t &=, Bijop 221+ 2

L FAAG ) AMRH 222 5 = 2] 9F 12
Q] 2t o] wjot2 7|7} 9F 1.5-2 mm7} At

HMohanty et al., 2009). Hjot 7|7} Azl
Hi-II A/B F, o1& o|4e] 2HAS A|Ast &
OF4=A|(Stainless steel spatula)E ©l4F Fof 2ot
£3o|2 AMgStT) 5 L EekAI0 2 L9
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Fig. 1. Maize Hi-II A/B F1 ear harvest and embryo excision. Young ear 12 days after pollination was used for embryo
excision (A). Agrobacterium infected embryos were cultured in medium. Scale bar, 1 cm.

3 days N 7 days 14 ~20 days 1~2 months 1~2 months 2-3 weeks
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(Dark at 20 °C) Resting medium Plage embryos with every 2 weeks onto incubate until shoots appear  (16/8 light/dark at 25 °C)

Place embryos with Place embryos with scultelium face up fresh medium (16/8 light/dark at 28 °C)
scultellum face up and scultellum face up (Dark at 28 °C} (Dark at 28 °C}

flat side face down (Dark at 28 °C)

Fig. 2. Overview of maize transformation using Agrobacterium.

o] At 32} S/, 718|380 ul Tween 202 419
HHs] 7= ofd o]AS YW 7 308 B A%
gt 308 B9t £5olE 7HEA Ao FI. Bt
H 32t SRFE oA W o4k Hds] FAE Aol
T, i Fof Q= od vijotE HESHATt o 7H-4
01/5.}01 A= 73—‘% olato] 7HE HY|A BH 34 %

= A GAFES ST o)At mo}%f_—ﬂo]ﬂ

Hi 7HEE O]”e a1 QoA oz 154 ‘é“%}—J
2/3°] g Y508 U Fepdch ot
YR Y 0 EX IS E7] Y HE l‘i——‘?—a =
o 1L 717 o} R-E o Q)= vljotE =&t oo of
AREHE ofpA 2 Ao wjoprt AAHE AAY FA
217 FrE Fo3tt 102 ¢ 1 mLY] infection

217 €A 9= 2.0 mLe] micro-centrifuge tube
o F24 ujolE 2t} 10E ¥ infection HIXE T
H(Pipette) 22 AAR F 32 1 mLe M2
acetosyringone stock 100 mM/mLe] X23d
infection HjZ]| = Aojyi 1.5 mL<]
Agrobacterium @ENE A7) 58 53 MA5] F
BE flolg 250l AdAXIt 582 5
S Z 3 HjoHE& co-culture iAo 5T &0l =
o}, o z]of| F2 AEAES 5T A Aot vfjore] vyt
o] 912 sl vjot Zo] vjz|o] BL5 vjX| gt ¥ 30
= ¢ WAE Iy =42 21 uAE Heolm
(Micropore tape)2 555t 20°C & e o] Ao
A 347t Hi st TkFig. 1).
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233 dAHS Y

Fsigo] B vjorE2 resting HiAE HigtO]
=2 oAl &AA 28°Cell & el AE vl A
ofl Al 79 S}t viFSIATH(Fig. 2). AEeiA] 1 FE+=
1.5 mg/mLe vl¢etEA(Bialaphos) AZAE A7t
sho] 28°C & AEiol A 149-20Y B9t vidFstict.
AArt BoE7] AJFehs vijols H|YEREA 3
mg/mL7F A7F AR 12 &AA 28°Coll o 4
gjofl A vieFstact. Awa 232 H7o] 1.5 cm”t
de Agae B gojlio] AES} vl 12 &
green spot¥ A ZE FLESHATE 23} v 2 &3]
AHAREE 28°CollA 16417 71, A1 A7IE
7t = Aol A vkt A1=7F 1.5 cm o1 &}
2hA 23t 8] 112 %A 25°CollAl 16413 F71, 8
AZE A71E 7= A oA B E F 5Tt B
7HA] deH o2 AEstE AT = Fo= &
A A &3-S A F 27 32 cm 3HEO] A4
wo] BAbtfsty ot A oA Zfulstat.
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1ol

234 RUA =Y

J

FAADANA AT A £S5t )
o A2} 5 A0 2] genomic DNAS FE0=

Phosphinothricin N-acetyltransferase (PAT) -+

2t £o| ZE nefo|HE o]§5to] PCR A4S 435t
k. ARERF mefo|m o] AELe PAT-forward
5'-TGAAGTCCAGCTGCCAGAAA-3', PAT-reverse
5'- ACATCGAGACAAGC ACGGTC-3' 2.2 A&tE] o]
2ol AF&-SHSIT

2.4 SUXSA HY| ME =Y

PAT 772} 52 matoln] 14 Atz e g4
A% EAHolA| Q] A7) AES Gotr 7] fla] L4
ZmWUSl 4732 221 e J<io] 2 kbpoll 24 % 3
o] Hx A g o] matolm] NEE AZbslt. 2+t
WUS1-geno-F1 5'-GGCTTTACGTCGATCTCAGG
-3', WUS1-geno-R1 5'-CGGTACCGCTATGTATGT
GTG-3', WUS1-geno-F2 5'-GAAACAGGGAGTTG
CTCGAT-3', WUS1-geno-R2 5'-AGAGAGAGCGC
ATGCAGAGT-3', WUS1-geno-F3 5'-GAGCGAGC
AATGATGCACTA-3', WUSI-geno-R3 5'-CCTTGA
GGATCCTGA TCTGCTC 2 A& =lo] PCR HA

ARESHTE. Hi- 1T A/B @ 2H2te] gt 7iAlE
2 37¢] mefolm] M|ER 77} 1,144 bp, 614 bp, 970
bp® FZ3}I31rk. PCR 422 Exo-CIP Rapid PCR
Cleanup Kit (New England Biolabs-NEB, Ipswich,
MA, USA)E Atgste] AAR & (F)Hlo] Yo w
ww.bioneer.co.kr)2 2JF|5te] H7] LS B4

o,

2.2 A=A

FAARNE  Agrobacteria FHA1053 LBA4404
straing 7FA 1L & 4 WHE o2 S5ttt 41t uj
ofe] 4= H|IZEA(Bialaphos)oll AHH A A0
&, Aeet 58 9 44924 1Y 58 299 72 B4
(Mean) + EF22(Standard error, SE)Z UEFHS)
th EARAL SAS TE TH(SAS9.4, SAS Institute
Inc., USA)S o]&3sto] LYUEAEAN(One-way
ANOVA)L & 7] 7+ B+t2] Zfol& HEsHTt. A
A7 © 2= Duncan’s multiple range testE AH8-5f
aom, FogF2 5% AAoto] A2 o 5
Hog {3t 2to]7} QA FRlstATt
3. 23 Y ng

3.1. B ZmWUST Rt 5242t CRISPR/Cas9

BIE] 1=

of7| el A E7IMZES] IS WUSCHEL
(WUS) I+ CLAVATA Ate19] &4 m=ufo] o5) Ao
HE Aoz &deA IoK(Fletcher, 2018; Schoof et
al., 2000). ¥ 5314 Aoll= 2 wusds 7344
(Ortholog), OsWUS/OsTABI®] ZA5h= HbH 2.4
= FAAE 2709 WUS ol¥Al(Paralog)?! Zm
WUSIE ZmWwUSsZt BaElolx 9lti(Nardmann,
2006). 554 ZmWUS1-2 3hA] wgda) kA 2
2o DA Teo] Qs Ao 2 ASEH t 2A|5
GotH 7] QIel WA ArWUSS 64% 5L82 Z5+= 320
7f o) ieAte] Tl A-S Ao &4 YA T
SRl ZmWUSI (hb6))S 5733t HChen et al.,
2023). ZmWUSIel =2RE dodo] x4 vl
Sto] ZAFS Wtz oigletl, ZEREH JH92
A IS 2 dok= S8 FREOR o7 7t
A= A= Sl ARk T ol AH A F
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k. ERNA[2LE
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RNA2-R
gRNA scaffoldéforward)/ ¥
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RNACreverse)

PRNAZR

(RNA
l[ |A| IBl «B‘ﬂl i Pol ¥l terminsior

SSADS F

$

(o RSN B e T

1

Assemble parts by golden gateway reaction
(using Bsal enzyme and T4 DNA ligase)

TTTTTTT

i) PCR with 85ADS-F and S3AD5-R

i} Gel purification

iii) Assemble pasts are inserted into p©S-sgRNA entry vector
using the Bsal enzyme using the golden gateway method.

P —
S3ADSR

anl.z atiL1
gRNA spacer | gRNAspacer? gRNA spacer 3 gRNA spacerd gRNA spacer5 gRNA spacer6 gRNA spacer?  gRNA spacer §
Kan®

gRNA spaces | gRNA spacer2  gRNA spacer 3

SRNA spaces &

gRNA spacer 5

Assembled parts were inserted info the pMCG1005 destination
vegtor through Gateway recombination using LR Clonase 11

gRNA spacer 6  gRNA spacer ¥ gRNA spacer §

Sp?

Fig. 3. Schematic overview of multiple target CRISPR/Cas9 genome editing in maize utilizing the endogenous t-RNA
processing system cloning process. The fragment that has been ligated into the entry vector using golden gateway
system and is recombined into the expression vector through LR reaction. pU3, rice U3 promoter driven
pOS-sgRNA; TTTTTTTT, Polymerase III terminator; Cas9, maize codon-optimized Cas9; pZMubi, maize ubiquitin
promoter; T35S, CaMV 35S terminator; 2X p35S, CaMV 35S promoter; TNos, Nos terminator; Pat, Basta resistance
gene; LB, left border; RB, right border; attL1, attL2, attR1, attR2, gateway left and right border sequence.

FE F7] f2olth. o], 3hA I gAY A Fx
9] Aol YFE v =A] gobs iz} thgat o] #)
HE 150ttt 32 1y EdWiolE s 24
=& AI°|E €249 (Golden gate cloning) ¥41-= A
|35to] F 879 B MG FAlof BYT = Q=
E] constructE &0ttt 2 Aol st &
B AEES wHok= AR 879 A 8-S HAst] B4

Aol BitA 0w FAER] S A e AES A
g5to] 22 g &= FH2 Yo HEE Frstyict,

o] 248 AdS 27 2ot A B4 Algka
29t DNA 928 4E o] 8ot HAdzk A= 2h¢jol 2
83 Ao}, o] = Ao B34S S7HA71 At
7t o2 @A 2H& 5o E HEHE AfxTofof &

= oJu)gtet. o]t o252 sl astr] flaf 2 Al
e oF E&(Multiple targeting) CRISPR/Cas9
construct® 15 4 = HAA t-RNA A] A&

gl(Endogenous t-RNA processing system)< &

I

F'_"_l

l

l° lo

stAtHXie et al., 2015; Qi et al., 2016; Xie and
Yang, 2019). 8709 =& H7] A gl it ZHzte]
tRNA—ngNA—scaffold fragment= pGTR HEHE
FPo= FAstrt A Ao} npx|et 27k 747}
entry HE e} FHE A Q1 2 Dk (Sticky end)o] A
A% Bsal site?t Fokl siteg 7} "L5AD5-F'}
"L3AD5-R" Zefo|HE ARgsto] FESiir. & W
A %712 Bsal site, A ¥4 €12 spacer?] 3’ @71 A
g BEo| gt 131 scaffold A9 dRES 7=
AueF mato]m el Bsal site, & WA EFA
5 471 A4 _‘drlisq gt 7231 tRNA /\1%—4

spacer?]
%—?HE

o, ol%
o] 7749 5-7—}‘:_1:- 4 0} H}“ o= 7‘1]7‘}5]'@‘3} A1zt
H F oM 27t ZE Al0|E 229 HAlE AT
o stz X o] "S5AD5S-F'et "S3AD5-R"
2 H o SEH ¥, pOS-sgRNA entry HE

ojmZ
o U3 Z=21E] Fof Bsal type IS E4F AHESHE

Z7r6 &



CRISPR/Cas92 ©1-83t ZmWUSI %72 promoter 7 ¥ 44 FAZ3 7/fA 31

= Al°lE 229 PAE o8t sttt

U3-[tRNA -sgRNA1-Scaffold] x 8 fragment
£ Gateway 2249 WA 22 R clonase [IE A&
oto] Cas9 H42et 2X CaMV 35S TR HEE 24
== AlZA Phosphinothricin &3 F+HAXHPAT)7}
Z3tH 2% HE|(Destination vector, pMCG1005)
o d3H g F8Y stth(Fig. 3).

3.2. S+ JAME HiR| =Y i

] A= Agrobacteria®l A &557T oby 7]
B 450X Agrobacteria "W/ @AAS F
ot 9 542 E9l-2 v g5 Hioh, AsE Hlof, F
Hi S, oF, Az, o, ulAds £t o] Aol A A= E Tt
(Torne et al., 1980; Ting et al., 1981; Songstad et
al., 1992; Sidorov et al., 2006; Ahmadabadi et al.,
2007; ZHAO et al., 2008). °] T 7P =2 882 H
HA o2 AREE T Qe U2 nids vl E 55 34
Aoz dEA thKang et al., 2022). 9|45 Y
£ AMSSl & 4 Sl Aelae T 7HR] §30] e
A =, type | A= Aoty dasty 223}
7b & ER]E type 1T Adat REHT O]
ot FAZ]7] 412 FX & o]FolA 1 WEA A&
3tE= E4S 7RIt B84 S48 AT A&
-2 A= type 11 A= AE Aabste A& AES
AMgstE Aol a&Aoletks Hiap HojA Stk
(Armstrong and Green, 1985). 53| A188¥ B73<]
we=RE FAEo R Hi-11 A2 BAIS2 u)Ad<: by
oA AFAQ type 1l A AE P4t 4= A stz
2 AlFS AHgel 43S AL o Hoh o =2
Piels& Hols 2107 HiEo] S0 PHxe
AoNA Fatt FHAEeR deA $HZhao et
al., 2002). Hi-II A%} BASS ZYZ}F o] g3t G4
FAATHE 7]Ee Wol dafA ARE FAHeE
o] o} W L HEAHo=m An|Art P4
green spot= H= A A AejolA] IAlsEAL A
27t 2atE|th a1 WatdAto] Yehts 5 71E9)
WA (Frame et al., 2002)01= L5 A7]+= 2
of ZA17t A tH(Fig. 4A, B).

P F4eaeoh ZH2 Y AEQ1 HolAE 44
oF tp2A HHH o R AR 4= Q= Agrobacteria
uj7) P HHo] 4 A glo] SggolM T theF
o Aol gt A7t K=Y QIt(Hiei et

ofl K

rr

al., 1994; Sahoo et al., 2011; Sahoo and Tuteja,
2012). &4 FAA% JFE vA= 8200+
Agrobacteria w52 A8}t Agrobacteria A& B&
o] ¥l A Falo] FEeh AlE A= o] A}
o HE o] e} 22] vl wljz]o] X235} Fol 11
Eojof FFH(Gelvin, 2003). & ATollA«= A& A=
= A JEolkgo] okl 423 Hi-H 11 A% BAl
&= AFESE7] tilwoll @AAES S1t AlE A=Y
AR H o= 22 v uiz] o] B xdA| 9] gl &
A7F ek weksbgla, 71E0] T2 EZ(Frame et
al., 2002)= 24 7gsto] FAHEE A =5kt

AE PEHR| A EE A5 7] AR AE
ot H ik v ] ol 2,4-D = SARE A Ax
AA| 18|31 Ao EZ|do] ERfsof gy, A8eF Bf
Zof] AR 4 Qe ARlEZIHC] FF= kinetin,
Thidiazuron, zeatin, 6-Benzylaminopurine
hydrochloride (6-BAP) 5°] I tHWerner Tomas,
2001). Bie] FAALE ol A AESHE QAT Aol E
742 F2 kinetin®] AFEHE A2 d#A 91,
Spgo A A E(CuSOnet I 6-BAP7E A
£5)= "l o] H 1 Eoj ] ItK(Cho et al., 2014; Wu
et al., 2014). & Aol B o] FEHg oA 2
gtete]  2,4-D9t  kinetin®] &8°] AHE|e}
6-BAPE M Al&stalS wiAd Ads E3les

FMA1T N2 TS 4 A dohiag 59

FU I A BRI WOl Agrobacterium "N @
ARAFHA AFEEE 2 mg/mLel 2,4-D7F -4
induction¥t A2 = A A 2P} w2 1 245}
Al Lotz A4 bt Selection 9] HiA] %4
oA H7tEE 2,4-D (1 mg/mL stock)®] %S 1.5
mg/mLelA 2 mg/mLE 419 & =Tt
(Muppala et al., 2020). Selection 1I HiA]ofA+=
2,4-D (1 mg/mL stock)®] =3t Z4-& ut7] 99
1.5 mg/mLolA 1 mg/mL=E 2419] 55 thA] ¢
F93, 71 Z2EZ= AR GE Ao EF
d kinetin (1 mg/mL stock)= 2 mg/mL &7t
331, Regeneration 914X 7]&0f §IAE Alo|E
719 kinetin (1 mg/mL stock)e 3 mg/mL H7FHA
H(Table 2). AFZHEA 2] 242 v o] AT AA
HE SRR, £44- vjobs AHEEE B E g
A AEs 23E 57] 980 L-cystein®t silver
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Fig. 4. Modification of medium composition resulted in healthy and embryonic callus. Before the medium composition
was modified, callus differentiated and progressed to chlorosis, non-embryogenic callus, or necrosis (A, B).
Increasing the concentration of auxin and cytokinin in the medium composition enabled successful
redifferentiation of callus and the appearance of green spots (C, D). Scale bar, 0.3 cm.

Table 2. Culture media compositions for maize transformation

Co- Shoot Root
Component Infection . Resting Selection]  Selection II
cultivation Regeneration I Regeneration [

N salt 20¢g 20¢g 40¢g 40¢g 40¢g - -
MS salt - - - - - 43¢ 43¢
MES 05¢g 05g 05g 05g 05g - -
L-proline 078 0.7g 0.7g 0.7g 0.7g - -
Sucrose 68.5¢g 0g 30g 30g 30g 60 g 0g
Glucose 36g - - - - - -
2,4-D (1 mg/mL) 1.5 mL 1.5 mL 1.5mL  15—=*2mL 15—1mL - -
pH 5.2 5.8 5.8 5.8 5.8 5.6 5.6
Agar (washed) - 8 - - - - -
Agar, Plant cell culture tested - - 80¢g 80¢g 80¢g - -
Gelrite - - - - - 30g 30g
Autoclave filtered 20min 20min 20min 20min 20min 20min
Ne vitamin” stock, 1000 x 1mL 1mL 1 mL 1 mL 1 mL
MS vitamin® stock, 1000 x 1mL 1 mL
Silver Nitrate 0.85 mg 0.85 mg 0.85 mg 0.85 mg 0.85 mg - -
L-cysteine - 04g - - - - -
DTT - 0.15g 02¢g 02¢g 02¢g 02¢g 02¢g
Acetosyringone (100 mM/mL) 100 pL 100 pL - - - - -
Carbenicillin (200 mg/mL) - - 1 mL 1 mL 1mD 1ml -
Timentin (150 mg/mL) - - 1 mL 1mL 1mD 1ml -
Bialaphos (3 mg/mL stock) - - - 0.5 mL 1 mL 1mL -
Kinetin (Img/mL) - - - - 0—2mL 0—3mL

N6 vitamin 1000x stock: Glycin 0.2 mg/L, nicotininc acid 0.5 mg/L, pyridopxine HCI 0.5 mg/L, thiamine HCI 1 mg/L
YMS vitamin 1000x stock: Glycine 2 mg/L, myo-inositol 100 mg/L, nicotinic acid 0.5 mg/L, pyridopxine HCI 0.5mg/L, thiamine HCI 1 mg/L
*Arrows indicate modifications in concentration
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Fig. 5. PCR confirmation of TO transformants through PAT gene amplification. The expected size of the PCR product is
422 bp. Size marker, 100 bp DNA ladder.

Fig. 6. Transgenic plants on regeneration I media (A) were transplanted into soil (B, C). Scale bar, 1 cm.

Table 3. Summary of transformation efficiency and CRISPR/Cas9 gene editing efficiency based on Agrobacterium strain
Agrobacte-rium No. of embryo

No. of bialaphos

Total no. of No. of edited ~ Transformation Ratio of
trai infected resistant callus  transgenic TO plants efficiency edited plants
strat ) ® plants ©) (B/Ax100,%)  (C/Ax 100, %)
EHA105 71.0 £ 7.2 43+ 13 0.0 0.0 6.1t£23a 0.0a
LBA4404 53.0 £ 12.8 40+ 1.8 6.0 3.0 79 +4.7b 29+ 14b
Values represented mean + SE

“Different letters indicate significant differences at p < 0.05 according to Duncan’s multiple range test in the same columns
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nitrate (AgNOs)= &7 Z7lste] vjz| 2402 745t
QrHCarvalho et al., 1997; Yassitepe et al., 2021).

3.3. 2 YRS ALt
Agrobacteria #5= @EA% G&¢) 83 JTF
< "A= 8% F steltt. 7|E Aol wWEd,

LBA4404+= oF ~5%2] A B85 Holu, S
o AT KA o= AFEEY FEHA1059 & A
o7t gl Ao 2 B E A (Huang and Wei, 2005;
Ishida et al., 2007). & Aol = 4= iz =24
= ARgote] FAMTE 43 ¥HE Y3 A
Agrobacterium ¥ EHA1055 AM&sto] dAHg
stge o B 71.0 + 7.2709] w4 ol & 4.25
+ 1.3709] A23te v gefa s 29 e A5 g1
stglor, HEst ag2 5.99%= YEETh BHH,
LBA4404E AH8-30= dli= B+t 53.5 £ 12.77709] |
Aol 5 4.0 + 1.8709] HigetEA A9 Ay A
£ gelstaon, PAATE 7.48%= e o
Aute W S8 FEAT Ve FAUSE(S
2%)ETH =11 Hi [l A/B F, ] ul/d< vjotE A-8-5te
FEAHAGE AT IA dolA B JEAASE
(5.5-12%) "5l ZIFHATHCho et al., 2005; Lee
and Zhang, 2016; Hong et al., 2019). o|2gt 23}
= 27| Aes AT oA &4 FEE 1.5 mg/mL
oA 2 mg/mLE 77|12, AF|EZ| )] kinetin
FLE 2-3 mg/mLE 2 Aol A A A E3He}
FAALE el 719P2& AARIH 53], AlolE
71d-& T-RolA] e HiAlelA] FEAE stale
= ARst e As 4] 23] el 22 vl A
SAEGE of gl Alo| B skt A A AE5 9
Az, B E3lo] B4A<0 32193 2116k thFig.
4C, D and Fig. 6).

2HH, EHA1052 55 fojx A4 A=At Type
I A Ae EHE AT BE Ax 237 doju]
%1 1 dH= AN HE HHo], LBA4404E AHE
A = oS ZmWuUs! BE A A (Transgenic
events)E FHT ¢ UL, oo gt A WY &
&2 2.9 £ 1.4%% YL TH(Table 3). o]2fet A=
HI-II A/B F; AI%5-9] A8, pMCG1005 #lEfe]l i3t
FAR} A 84 LBA4404 57, 17|21 2413} Afo]
E7Id Hv&9 HH3E FAA% 2E P 2
CRISPR/Cas9 A28 T gl 7|APS HolE

7] -

- AL

N

tH(shida et al., 1996; Shrawat and Lorz, 2006;
Loyola-Vargas and Ochoa-Alejo, 2016; Horstman
et al., 2017).

3.4. Promoter ZmWUST region2| {2AF T kol
o B 24

EPRAT AHE To MAE=RE 747 B2

B= ZmWUSI 53740 21 e 99 2 kbpe &
Ed}= mafo|HE A% 0] 85t PCRE 4335t
2RE oA A2 Ho] dojd AS &<l
ot Az HE7 2yd Aoz 1 671 FEA
A F 37HAIO A F AR R R E oA EAH
ol& ghelstact. A WA WolA| ZmWUSIF-mutant
12 394 497 BH Ato] AE9l 1 bp (A) 24, F
WA oA ZmWUSIF-mutant 2= SHA| G417
S AE HIE ol 1 bp (A) 24, Al 914 HolA|
ZmWUSIF-mutant 32 7H4] -3742F gRNA A4 &
9] 2 bp (CC) 2A =} 7814 gHA2] 7HA H7] A7} C
2 X8 Aoz gRlsto] F 3 eventsE A5
3719 EddolA BE oY §zte] = g/t
Z Shte] tidfdztell A EA st EAROlE A
tHFig. 7). 370¢] A2 o2 events A OA] ZH249]
T Alth= A2 A-So] Aslisl= A2 AlLlet 58t
BAGL Fopry] AEUCh ST ZmWUSI-
mutant 32| 2070¢] T, 7§44 5 shte] A7}
HIGAFA 0 2 gh2 earsE o] husk leaf el A1=f
UE 23898 RAHFig. 8). stAG A7 HeE-S 55t
TR A AHE 42 4= glol, «=AIB73)l wHl
st Ty Al 2] 22 S=2statt.
2 AT S A Ao A BEX
o] ZA& ZASHE CLV-WUS ASAY 7]2He] £
A QA ZmWwUS! +734% promoters =
CRISPR/Cas F472tnAs FddehS Aastict
CLV-WUSS.Z2 R EE AAHE 28NN ZmWUS]
2 HF A SHE TR AARIALO|, o] = #E 9] AY
ot Wehol] A4l of 7] E7|AE FoA T Aol
He 9% 33719 AEE71AIEZ(Shoot  apical
SAMYE Wt A
(Inflorescence meristem, IM)9] 7] 2E2 &
2r=0] Aol s = guje] 279} 2 A3
st QlAtolt}, FHE AFolME €449 Barren
inflorescence3 (Bif3) EAWOIFoANA ZmWUSI &

ok
% ¥R |H of

-

meristem,

-

S
Qr
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(A) 2k ATG

LI [T T T T T >

Hil ABF;(WT) -1346bp CCTGAATTCCTARCACATGTTC Rrmmmmn 2 10 DD B GCARRRRABBBACT GACATwmmmr 1 34Dpmmmm- ATAGATCTACGCTTTGACCTGEE —9370D
CCTGRATTCGTARCACATGTTCR - 210bp------AGCARRRRRRAR-CTGACAT - 134bp------ATAGATCTACGCTTTGACGTGEGE (1bp deletion)
CCTGAATTCETARCACATGTTC Armmn 2 L0 bp - AGCABARAA A A AR CT GACAT -1 34bp-mmm- ATAGATCTACGCTTTGACGTEEE

(B) -2kb ATG

Hil ABF(WI) -918bp TARCCACGTCCTARRATTCGCTCCTACGGAGGACTTAGGACCTARGAARTGATACATAGATCAR ~955bp
TAACCACGTCCTARA-TTCGCTCCTAC TTAGGACCTARGEARTGATACATAGATCAA(Lbp deletion)

BARCCACGTCCTARRATTCGCTCCTACGEAGGACTTAGCACCTARGRART GATACATAGATCRAR

ZmWUSI*-T-mutant 2

A A AA[TITICIGICITICICITAICIGIGIAGIGACITT A G G A

(c) -2k ATG

LI [ 1 [T T T T >

CATGATCCTTCCTC- - GGCGCCCACCTATATCTCACCATGCACCTA (2bp deletion and 1bp substitution)

ZmWUSI®-T-mutant 3
CATGATCCTTCCTCCCGGCGCCRACCTATATCTCACCATGCACCTA

¢ ¢ c [GIGICIGICICATAICICITATTIAITICITICIAEI c A T G ¢ A

Fig. 7. Schematic diagram of the eight target sites of the ZmWUS!I gene promoter edition and edition confirmation via Sanger
sequencing of Ty plants. The red lines within the white boxes represent the edition target sites and blue boxes indicate
exons of ZmWUSI. Sequences in red indicate the target region. 1 bp deletion in ZmWUSI®*-To-mutant 1 was
identified between the third and fourth target region (A). 1 bp deletion in ZmWUSI®*-To-mutant 2 was identified just

before the fifth target region (B). 2 bp deletion and 1bp substitution in ZmWUSI*-To-mutant 3 was identified in the

seventh target region (C).

Fig. 8. ZmWUSI“®-mutant 3 exhibits multiple ear development in a single shell. One ear of the wild type in a single shell
(A) was compared with multiple ears of ZmWUSI®*-mutant 3 (B). Arrows indicate each ear. Scale bar, 2 cm.
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H

Azt 22 WE NE F ZmWUSI-BS) S5 AHEo]
A7) Hol7t RIS, o] Ho|& Q18 ZmWUS!
o] Wrgdo] 7o, ofd ojatre] W | o] JFS
N2l ZAer HUED SQlty ES| o] Hol:
ZmWUSI®*-mutant 37} AR 28-S ey
ol ZmWUSI 43Ate] 2 e Joo] A7 BH
gRNA A€ 99 2 bp CC ZA3} A7 249 7914 &
7] A7} C2 A3 Zo] ZmWUSI -3#te] wradt
ear Wl oIt Ao 2 Bt} o]} ZmWuUsiTt
promoter regions ¥4 =2 §42 HY-S &8}
&Rt ZmWUST HA QEFEEL A E2 o 23}
7t o EA &4 oY E teosinted} < alternate T
A SEA(ZERH)AA @] maize®] whorl type<]
4 AR BE Q=R B g2 AE EE
Aste] & A Fofl shte] AnteE Aled ZAew
7| it

rE

ATE &55 A 27|19 4 E0 2
SAE XS CLV-WUS A153F 7]129]
290 ZmWUSI At ZEREE BHo 2
CRISPR/Cas9 715te] 447 B A AHE o]-§-5}
At ARAe HA3E L44 JEHE protocol
TEE fIot] A=A S5 ZmWUST 37t
o2 RE g F 871 Fx Ago] Aol HHY
4 %0+ guide RNA constructg +55t9t. 71&
AHH2 e FAAG AL=oA A Al
Aest dAlelA ZdE HoFlony, AgHiz]
(Selection 1, IDet AE3} v z|(Regeneration )4l
LA AP B FEE A5 AT A5 &
a4 PAA}E HoAFUt}. 5] Agrobacteria @5
o] 88 vWsIYE o, LBA4404+= 54 I&
RS HojFEQ ot EHA105 5+ AlxE8) 1H4
oA} Agro] el o] A= At FAHT AL
dof A= A=z et 23} sjz]oA e T=E A
3t Axdo] F83F @xitlo] YepdHth EIE
ZmWUSI 577e] m2RE Edyol: shte]
husk leaf ¢toll HIA A0 2 B2 ears”t st &
FPS BT, ol ZmWUS] Z2RE o] 5hA
e} 2gte] Fagh oS T JeE delsrh
ol AFATE B2 44 A= g4 S5

2ok 41

9
=]
=
2

7%

FAAAAZ BET 5 e WA D Aoz Al
s, gro S S5 @A W] 2 7ol 9

s 7|2 ATA Ao ©f
Ut @H] Aol AATEF UL
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