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ABSTRACT

Agrobacterium-mediated transformation (AMT) is a method that allows for the stable
integration of DNA fragments into the plant genome. Transgenic plants generated through
AMT typically exhibit a lower copy number of the transgene compared to those induced
by particle bombardment. Furthermore, AMT offers a straightforward and efficient
approach for generating transgenic plants. While the transformation efficiency of wheat
is comparatively lower than that of other monocot plants such as Rice (Oryza sativa L.)
and Maize (Zea mays L.), the cultivars 'Bobwhites' and 'Fielder' are commonly employed
for wheat transformation. To date, there have been no reported instances of successful
development of transgenic plants using Korean wheat varieties through AMT. This study
aims to assess the transformation efficiency of 43 Korean wheat cultivars using the
GUS assay, with the goal of identifying suitable Korean wheat cultivars for AMT. The
pCAMBIA1301 vector, carrying the 8-glucuronidase (GUS) gene, was incorporated into
Agrobacterium strain EH105. Following the inoculation of Agrobacterium into immature
embryos, GUS assays were conducted 'Saeol’, 'Jopum', and 'Jonong' showed 100% (the
number of embryos showing GUS spots/the number of embryos used for AMT) among
43 cultivars. In addition, cultivars with more than 70% were 'Saekeumgang', 'Jojung’,
'"Tapdong’, 'Anbaek’, 'Dabun’, 'Sugang’', 'Keumgang', 'Jeokjung', 'Seodun’, 'Joeun',
'Dajung’, and 'Baekjung'. It seems that the 15 cultivars above showed the possibility of
using AMT. On the other hand, 'Yeonbaek', 'Goso', 'Baekgang', and 'Johan' showed
less than 20% and GUS spots were not observed in 'Gru', 'Gobun', 'Milseong', and
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cultivars demonstrating elevated transient transformation efficiency could serve as
promising candidates for the development of stable transgenic wheat.
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D2 o, S350t 3 AlA 3t FRAEE AAARH L
2 7P} 585 ZE 5 shuolw HAIA Q17 4ok
AFLAED Y oF 20%2}F DA HHF 25%F A5t
(Howell et al., 1995; Shewry 2009). AN A o= X<
Q1 O] Akt T2 ARG} AFREE O] S A
F 8ot Ut AE A4Ee] Hakel T4 U 47t
A&H 0 &2 F7hstal .

9.2 o]AGH|A|(Allohexaploid, AABBDD) Z&& &4
A F27F B6taL 1 2717 166G A=E AT A= 5
v, B Almo] 35810 @sto] vje- F Holl £ITHZimin
et al., 2017). o|&gt F-4A| ++29] B35} 37]= wHj
|52 % B4 NEFE oEA ®tE= 890l o]& =
E3517] 918) ofF §A4 =75 ANEs) itk (Uauy 2017).
AEA YR RS EYsty] 91t 71&Q] FAAS
2 1990 2719 wigry A A(embryogenic callus)
o f-AA=(particle bombardment)2 ©]&3slo] DNAE
A ZYste WA o2 oA ALEJ o (Vasil et al.,
1992), ot 1=8te| 5= o] &3t FAMES 199740l A
2 HIEAHCheng et al., 1997). Agrobacterium
radiobacter (Y¥YY: Agrobacterium tumefaciens)~
J1#%/dvH(gram-negative)? EF HE|2ot2 ALY 4]
=9 A A LFYF(crown gall tumon)E ¥
07)& HYdolthWinans et al., 1988). o] B¥uto] 4
=9 A FR= o] Esto] AEA et HESHH At &
AR E F IREZ AEARE &7]H o|gt 71 o] &
sto] Yot YRS AEARE EYste BEAS 7]
&o] 20| et

A AAHCE g AFHolA o128 2 g5 ol-§5
of o] theket FAof et FAHATE Al=steltt. d7t
24 =1 5 HAFABliffeld et al., 1999; Mamun et
al., 2018), WA, W4 5 abiotic stress A4(Gao
et al., 2018; Wang et al., 2020) 92} Wo] S=yfoo]
t-gsto] A S 2Eske FAA ] ek FE A
£ AFsl= 5 o8 A7 A= Pt B SFH G
A B F skl dejetsE fE5hs e-2Totd o
< AaAX A AEAE AFst it (Sanchez-
Leon et al.,, 2018). =FHolAE X9 Fd &5 7|& &
23} CRISPR/Cas9 & 41 7]&2] H&0= U9
FaAgo] ARl V&R 350 o]&E A Aot 1Y
o124 H| P F FEAAL o] §H= FFL UFE =

Z29] Bobwhite®} Fielder® o]& &%0] old =] &=
o]-&ot= HAS+= Wl =8 Aoltk(Altpeter et al.,
1996).

2 A= g AR AA" S 95t S 55
9 EF 43710f diste] FHATES Alwsto] E5 ¥ P4
A% a&3 =Y §HA9] e v HAstA} gt
o] A5 Bt FUEFol U FEHgho| o] 8d 7
< E0|1 o] B ¥ EASE 2O &8E A

ftfo

AN

2 AYNA AHH Ame 5208 S4BT
A 2 T2 3 8 4371 E52 ARgSkITh ARSE &
22 TEAUAT 214681), 14AE, 22T 014297), &
SIU(IT 014436), 28T 227094), ths=HUAT
227076), THU(T 014465), DALAT 246568), HEL
(IT 227093), AELAT 213098), ¢, +74LAT
247762), MEUAT 213244), HU(T 341962), &=+
(IT 175574), QWDAT 227127), €1FD(AT 175570),
ZU(IT 014564), 232 (T 014308), ASHUAT
246750), 2739(T 213249), 54T 332394), ZoF
g, 22T 213101), 2FYUAT 215856), AEEAT
213099), HERAT 159613), PHLUT 311644), 572
(IT 213100), S-=ILAT 172221), MSFHLAT 332202),
FADAT 014371), FFLAT 014337), 2FLDUAT
014340), AlWZHIAT 215851), AW 1E(T 329347),
239, NZd, 2FEAT 301315), WZEAT 332201),
1S (T 330409), ZSHU(T 326898), F=dolct. £
- A= 2097 AR A F dokE frstkith F
2ol "hot= Zof A Al 30.48cm X 45.72cm9] seed
germination crepe paper (Saran Hand Made Paper
Industry, Damdama, India)& ©]-8-5}o] 4CoflA] A2 gt
oFF fEstloH, E IR &3A S fIsto] 65 1t
4T 9] A2 Holg f-AI5t ). Wole Y seedling= 274
11em®] 9§ E2tAg ZEO| HA H3loH AE= ¢
-84 E(Cham Grow, Chungcheongnam province,
Korea)& A&t £8]H ZEE 253949 HY7|E A
& 2974 S5 o AF2Fo R FZloH 5¢
of )< Hi7E 42 Wi7bA] 2ol Bt
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ZAuiero] dast 9 njdsales 24t F5E st & 1Y
7ol sFoke oAt A &I &1 %9 2
717} A7 1.0~1.5 mm7t H= MES 7|20 o] La}o]
Fysr9om 712X S Hold S A AT T4 &
£ 9L Hayta et al. (2019)9] W< wa} 70% o2 Y
FE&3} APotA M EFL NS AREolo] AESIor &
=8 A= TFFE 3~4 3] washingsto] 9 g¢F-&3}
[otA AP EE-S A AT & o] 8519t w|/Ad<% vl £

FHL Lee et al. (2020)2] HHE o} APkt

(

FAHS HEE pCAMBIA1301S EgRTot ARE-513
. A HA(transient) FEAHAE] ArL&H
pCAMBIA13019] +4-2 AelZ ul#(selective marker)
= hygromycin B phosphotransferase (HygR) F4AS
ARR59 o™ HygRE enhanced”} E3HE CaMV 358 &
EHES CaMV poly(A)el 2Jsto] &do] 2H= Ut
GUS |AA= CaMV 35S T2 2 EQ} Nos terminator©]
osto] o] A= QI ARG LAIARI FEXS A
+ Fig. 1°] 7HEF4 Q] RA =5 HA|SIQIH

lac promoter| (lac operator]

CaMV 35S promoter (enhanced)
[CaMV poly(A) signal
LB T-DNA repeat

||

|I I'

1 i

T S
I

| lacza)

CaMV 355 promoter| NOS terminator

;;; 6xHis RB T-DNA repeat
|

Fig. 1. Schematic diagram of binary vector for wheat transformation. The hygromycin B
phosphotransferase (HygR) gene is under the control of enhanced 35S promoter with
CaMV35S and polyA. The GUS gene is under the control of CaMV35S promoter and Nos
terminator. LB and RB indicate left border and right border, respectively

o2 L=
FAAZo| AFREH A, tumefaciens #5F= EH1052 4]

S o R W AFHA Egtol ARSI
Agrobacterium competent cell2 @< colonyE LB Hi
Z19] rifampicin 50mg/Lo] Z&F 5ml & vjx]o] HF
Sto] 28T ollAl 16A17t 200rpm o2 IRl ahict. &
g wi¥E Agrobacterium< 81 200ul2t 11 A
21 15% SEAIE &H(v/v) 200pl2} 40f 42004 6A]
ZhvieRet § FAXS AES & Wj7hA] 80T oA Hatst
Aot Agrobacterium®©l ZAAZ HH | 42 Wise et
al. (2006)°l A&H freeze/thaw methodS AHE5FILt.
HE o] Aol F= PCR= &oto] ERIstion AREH
gtolr= ¥4 vpARl HygR 4] st sense
primer(5'-GACAATGGCCGCATAACAGC-3),
antisense primer(5’-GCTGCTCCATACAAGCCAAC-3")
£ AR&SEAITE PCR screenings &3l #E 2] 44<¢jo] &
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o1l Agrobacterium colony= #& JEH0 g2 ARE3519
th. Agrobacterium RE JEHY AR+ Tingay et al.
(1997)9] ¥#HZ o]-&st3irt.

9 FAHS A, £E AT 40012t FAA7E A7
A &2 MG/L (Garfinkel and Nester, 1980) BiA &
10ml H7Ist § 28TollA 16A17F 200rpm .2 ek
gt 5 RS 204 3,100rpmoE 1027 YAlEE
sto] HEHY] OD600 #te] 0.57F H =& 2dste] A
2ol ARE-sHRITt.

Mot & 119 © =W 4370 FF9 oAk =3dsto] vl
% Hijo] 2 A5 Aoty oA (Hyundai micro,
seoul, Korea)E o Z-2 petri disho X]AFgtct.
Agrobacterium EE HAITHE HFTHOE 4TA
14,000rpm o2 1081t A4Ee|sto] F5de AAT F
FF AZH(noculum)E 1mlZ A Zslo] A2 4~6
AlZF 8iFAIZ] 5 petri dish$]9] n]Ad<ulo] St} n]4

<ol JEH Agrobacterium HEHo] nl/d&Hio] F&
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5] Fd F ®HO| Holdle AEdE AASHL 1004M
acetosyringone®| X35 co-cultivation BjZ](Wheat
co-cultivation medium, Hayta et al., 2021)= A A
25CoA AR 0E AL otk Co-cultivation

2 & 7} u]id=u 9] HiS(embryonic axis)g HIAF ©l

Table 1. Medium recipes used in this study

83to] A AL, Agrobacterium< AAT F vl E
5U7F 25CoA Fx o0& wigFstelet. AR HjAlof o
24L& Table 19] Z&s L.

rsh

Wheat Inoculation Medium (WIM)

0.44 g/liter Murashigeand Skoog (MS) medium

10 g/liter glucose

0.5 g/liter 2-(N-morpholino)ethanesulfonicacid (MES)

Wheat co—cultivation medium

0.44 g/liter Murashigeand Skoog (MS) medium

10 g/liter glucose

0.5 g/liter MES

100 uM Acetosyringone

5 uMAgNO3

1.25 mg/liter CuS04-5H20

8 g/liter agarose

Wheat callus induction (WCI)

4.3 g/liter MS medium

30 g/liter maltose

1.0 g/liter casein hydrolysate

10 ml 100x vitamin stock

2 mg/liter picloram

0.5 mg/liter 2,4-D

1.25 mg/liter CuSO4-5H20

160 mg/liter timentin

5 g/liter agarose

MG/L

5.0 g/liter tryptone

2.5 g/liter yeast

100 mg/liter

5 g/liter mannitol

1 g/liter glutamic acid

250 mg/liter KH2PO4

100 mg/liter MgSO4

1 ug/liter biotin

_l.

M
2

HI

GUS assay ¥ &

GUS F4Ae] &4 7] 918l Luo et al. (2004 &
vt} AAEHY T 0.5mM K3Fe(CN)6 1mlL, 0.5mM
K4Fe(CN)6 1mL, pH 7.0 sodium phosphate buffer
5mL, 0.5M sodium EDTA 20ul, 10% Triton-X 1mL%}
D.W.& 780ul o] & %37} 10mLel GUS |4 &4
WHEAY. AHA &2 1.5mL tubed] 5-Bromo-4-
Chloro-3-Indoyl-Beta-D-Glucuronide(X-Gluc) 480ul
o} GUS 94 &N 3.52mLE 412 84S A A7 vt
F 22 F 25TNA 24417t 59t HHEAIF T A E A0 A

%‘@f'*i Table 2°ﬂ SR

FAA dpdde] Agd 57929 vdsHie S
st o] AnESE BSAolA At v dsHE ol8st
@E}. Ul"éwﬂﬂoﬂ et Z1‘311% A2 Lee et al. (2020)

dolA AR v
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Table 1. The ratio of the number of showing at least a GUS spot in total
EXPRESSION
CULTIVAR Seed coat color TOTAL EXPRESSION /TOTAL
1 Gru Red 19 0 0.0%
2 Tapdong Red 21 17 81.0%
3 Namhae Red 21 10 47.6%
4 Olgru Red 18 10 55.6%
5 Uri Red 15 6 40.0%
6 Alchan Red 15 8 53.3%
7 Kobun Red 5 0 0.0%
8 Seodun Red 22 16 72.7%
9 Keumgang White 26 20 76.9%
10 Saeol Red 27 27 100.0%
11 Jinpum Red 20 13 65.0%
12 Millseong Red 10 0 0.0%
13 Joeun Red 7 5 71.4%
14 Jopum Red 25 25 100.0%
15 Anbaek Red 25 21 84.0%
16 Jonong Red 25 25 100.0%
17 Jokyeong Red 20 8 40.0%
18 Yeonbaek White 30 2 6.7%
19 Dabun Red 31 26 83.9%
20 Sinmichal-1 Red 16 0 0.0%
21 Baekjung White 27 19 70.4%
22 Jeokjung White 16 12 75.0%
23 Sugang Red 25 20 80.0%
24 Hanbaek White 26 12 46.2%
25 Suan Red 33 18 54.5%
26 Dajung Red 31 22 71.0%
27 Koso Red 24 1 4.2%
28 Joa Red 30 20 66.7%
29 Hojung Red 24 11 45.8%
30 Baekchal White 27 10 37.0%
31 Jojung Red 26 24 92.3%
32 Baekgang Red 30 2 6.7%
33 Saekeumgang Red 25 23 92.0%
34 Johan Red 24 3 12.5%
35 Hwang-geum Red 23 16 69.6%
36 Jogwang Red 24 13 54.2%
&= Agrobacterium-mediated 3AAE 53519 Slol iz npA 2 o] -85l A A FAAe] Id
tHFig. 2). Agrobacterium™ HE&E v AZl v/ £ EAANA Ao TS F= F0E gHA o
£ acetosyringone©] EH B Z &A co-cultivation 2 Ao A= nlids)el Qg ARl Aol A= g AL
2 AYP3}F S co-cultivation 29 F Agrobacterium 2 At=HH(Dong and Qu, 2005; Hiei and Komari,

o] #&5HA A overgrowth) A5 E skl U
A o]/l Hjobe] WolE AsHY] s =i
(embryonic axis) A7 ¥ resting I3 o] XY= Act.
Resting 42 Agrobacterium® A3& AA5te] F7}
Zo] ZruFAL uty co—cultivationoﬂ 9]t v Ad <o
AEHAE JEAATE PoA 4JE T-DNAS] o+
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2008; Zhao et al., 2002).
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Fig. 2 Selection of wheat spikes and immature embryos. And isolation, inoculation, and co-culti-
vation of embryos. (A) Spikes of Baekgang 15 days after flowering. Immature embryos
(1.0 ~ 2.0 mm in diameter) were rescued 13 to 15 days after anthesis. (B) Seeds collected
from the spikes of Baekgang 15 days after flowering. After harvesting the seeds from the
spikes, seeds were sterilized in sodium hypochlorite for 5 minutes and then rinsed with
distilled water more than 3 times. (C) Immature embryos in seeds. (D) Immature embryos
(1.0 - 2.0 mm in diameter) from seeds were isolated. (E) The collected immature embryos
were placed in wheat inoculation medium (WIM) and centrifuged at 14000 rpm at 4°C for
10 minutes. The WIM was discarded after centrifugation, and 1 mL of the inoculum was
added and incubated for at least 20 minutes. Inmature embryos after inoculation were
placed on a medium supplemented with acetosyringone. Inoculated embryos were
co-cultivated for 2 days, then transferred to Wheat callus induction (WCl) medium. The
immature embryos were incubated for 5 days and performed GUS assay for 24 hours.

£ ol&

=

9 A%
tumefaciens® &5 é]%g] Ao T-DNA A= %
sto] Al FAAI B aeT AEAES] AEst 5

T 7HA 239 95 2 JFE w=rHManfori et al
2015). ol&jgt 24 % T-DNA A2 582 B71817] 95t
of o]Hof ¥ E U EIN o7 AE FEAS Ao
Al GUS A= QIgE 94X A5 & ol-&sto] sttt
(Bartlett et al., 2008: Lui et al., 2017; Thiyagarajan et
al., 2022). T3t T-DNA AZ2 vj4d&uie] 7], co-
cultivation 7]7F, acetosyringone &&= X HjZ|9] pHe}
22 S oFet 20 9fsto] JFE 27 diwol AR
o 2Ao}7t BastAgt o]l 4 FEAS Aol FL
?l cv. Bobwhite, cv. Canon¥t A&3<l cv. Florida ¥
cv. Cadenza 47YA 359 A. tumefaciens 7Y 27|
gt A5 23S Jalsto] BE F50 Yt 2Ho=E
oI HWu et al., 2003). =W g F59 GUS &4
23, 32719 FFNA 171 o9 Ao 4AH Aot
wEEon, 4719 F5(LFY, &Y, Y8y, Al

hOP
r]o
>
ru{n
l-N
;
oy
2
i)
N

13)0f] A= AME AS7F =] hgkrh(Fig. 3).
E]E A 437}14 5 5 o9 F5EE, 2, 34
g, 2o, AuEy, Yo s Bt A
tumefaciens®] /7ol W=, FFLof o= vl
‘d&H9] 270l 1.0 mm v ® ¥HAEo F 79 &

Zoll HsiAl= GUS staining 4] 0] o] F0] x| 4] F5}F31th.
-E-—&i o] YA X3t 77F Table 2914 Aottt
d5¢ dFEE ¥ FAASE A4+ cv.
Bobwhite(Altpeter et al., 1996)%2} -2 LF-9] EF0
=erEo] Ao, =l H U 5 FEH &) JF
< PA= 270 digt Aol sttt S=olAE =
A E E30] i3t particle bombardment S &
& A4 916l 10719 9 E5ol tisiAl GUS £4=
B8 Wil GUS FARe g EAsoH, A
tumefaciens AL disir= 17719 A& S 2
50l tigh YAIA GUS HES o]-8ste] T-DNA AE &
£ tiste] AASIAHWang et al., 2017: Zhang et
al., 2015).
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8 FFE A umefaciens GG HA LEE T g o gz Gus walo] vlaLIol BT B
3= 03] = ﬂ .u. Z n] e} J|

s e %2%2714 el EE - 287”f 4 zEam omstel vgLue) v 22 ARH GUSS)

d 988 v|wsk A1 oﬂ‘i’ﬂ/ﬂ w2 A5 7} TR o] ufo 78t wrdo] 9l Ao = 3

SRt Aol @STHIIg, 4). SR, 258, £FE AT g0 3). terd, 259 9 SR LR
g, 259, S8 APA F5°14 90% o1/F<] v

e
H—|
E

Fig. 3. The number of embryos showing at least one GUS spot was counted. GUS assay was
performed 7 days after AMT. Starting from the top right, Tapdong, Namhae, Olgru, Uri,
Alchan, Seodun, Keumgang, Saeol, Jinpum, Joeun, Jopum, Anbaek, Jonong, Jogyeong,
Yeonbaek, Dabun, Baekjung, Jeokjung, Sugang, Hanbaek, Suan, Dajung, Koso, Joa,
Hojung, Baekchal, Jojung, Baekgang, Saekeumgang, Johan, Hwang—geum, and Jogwang.

olgsh] U5 g BFOR vebyeh kAW 25U 7 < ¥
9 AeUe EUkt 2ol W BEL qE AgAz  d4etl 3 U 55 99 %ﬂ 288 o7l 9
z =

3 Q) 3
e AR, Sl e Al E50 AHE Y 22 WY 478 5 Aol 0] 88 4= UL ACE AlmET £
AlE AH8tH(Kang et al., 2008). 33 Aol A AHA F9] Aike FAATE o]get Y BAEF | 37 Egol
EF5MA4 & GUS HEE Hole EZO] FAFE YA, g Aoz 7|t}
WA 5 5 WS, A%, 342 44 70.4%, 75.0%,
76.8%% H|1A ¥ UdS Hol: 20 YEidt o o Q
o]

2hd, S 2 Ay 2

ZxH]of] @o

—_

AEEE 3 F52

< 0|83t AL Hst FEFo 2 & = =
A tumelaciens OT§ LU AU FE O 2 7 20 U 43 B30 e A, rumefaciens 3
A=At 218y ofF A5 EWE 5 AL A4S s

i o A3t 888 AAH] Y8 GUS staining 42 533t
A= 2 FE59 2AS B FFoto] BHA F

HH o] o &% =X X 5

= 7]2_]_—0“ rq._‘g__ 0]’7(1;(40] GUS 1:%_]—0:] .Q.Eg S ]_f-é]_ %37} 7/i /q EH‘T-IL‘—’] = chEX%_?_]_- %:}7]' 5% Oﬂ '—"11- ]'-E"]
Q= Aoz WorE 2 AT Adod gaag gz O Wl = R W E30 o 9AdR aE]
HHjok 7|7+e HAABIsl7] Y5kl co-cultivation, &= mA= 2100 bt 4ol 2osith =54 2 5
resting ¥ selection 7]7tol tjst FF A Q0 T-DNA Z 3270004 171 o]/de] 2o FAH 457} TR o
integration? &% GUS ‘?t_}ﬁ%k_‘li ARSI o 47 EFolA= dAE AS7F JEE A Aok o7 &
(Hayta et al., 2019). wtebA], = ¥ £52 ¢ JE4 Zo) A I3t A, tumefaciens 7o) WAEJA, 7T =
ghof| o]&3517] oAM= MY E&E A0 Aol Z2 n|Ad5u19] 37] 59 o]f&E GUS staining £40]

9% Z0= webEr) o] A4 W FAAY] Hax E755}0] 27} B4 oA ATt
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Fig. 4. Comparison of A. tumefaciens inoculation efficiency between Korean wheat varieties
according to seed coat color. There was no significant difference in average inoculation
efficiency between 8 white—grained wheats and 28 red—grained wheats.
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