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Establishment of genetic transformation system mediated by Agrobacteri-
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Abstract: [Objective] The study aimed to establish an efficient, economical and rapid Agrobacterium
rhizogenes-mediated transformation system in strawberry. [Methods] This study used four strains of 4.
rhizogenes, namely Ar.1193, Ar.Qual, C58C1, and K599, and selected octoploid cultivated strawberry
Fenyu and diploid woodland strawberry 7g40 and Ruegen as experimental materials. The study adopted
scratching stolon method, puncturing shortened stem method and hypocotyl infection method and 35S::
RUBY visual reporter gene to systematically evaluate the hairy root transformation efficiency of differ-
ent strains and to screen the strain for optimal transformation. For scratching stolon method, Fenyu sto-
lon-derived plantlets were used as the experimental material. The A. rhizogenes carrying the 35S::RUBY
plasmid was streaked onto YEP solid medium and cultured at 28 °C for 2-3 days. The primary roots of
the stolon-derived plantlets were removed, and the base of the stolon was lightly wounded with a sterile
blade. The solid bacterial cells were then applied to the wounded area. The sterilized vermiculite was
placed into transparent plastic cups. The treated stolon-derived plantlets were inserted into the cups,
which were subsequently wrapped with aluminum foil to simulate a dark environment for root growth.
The remaining bacterial cells on YEP solid medium were resuspended in water to create a bacterial sus-

pension, which was used to irrigate the wounded area. The infected stolon-derived plantlets were cov-
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ered with a transparent cover to maintain high humidity and were wrapped with black cloth for over-
night dark treatment. The next day, the black cloth was removed, and the infected stolon-derived plant-
lets were kept in a high-humidity environment. After 20 days of insertion, the stolon-derived plantlets
were uniformly observed. For puncturing shortened stem method, one-month-old woodland strawberry
rg40 were used as the experimental material. The A. rhizogenes carrying the 35S::RUBY plasmid was
streaked onto YEP solid medium and cultured at 28 °C for 2-3 days. A single colony from the plate was
picked using a syringe needle and used to perform multiple piercings at the short stem region of the
seedling. Subsequently, the bacterial cells were scraped from the YEP solid medium and applied to the
short stem region. The seedlings were then planted in the substrate. Since the diploid seedlings were rel-
atively tender, it was not convenient to pull them up for observation at an early stage. Therefore, obser-
vation was conducted after 45 days. For hypocotyl infection method, the 4. rhizogenes carrying the
35S8::RUBY plasmid was streaked and cultured on YEP solid medium for 2-3 days to obtain single colo-
nies. A positive single colony was selected and inoculated into YEP liquid medium containing 75 mg-L"'
spectinomycin and 50 mg - L' streptomycin, and cultured at 28 °C with shaking at 220 r- min™' for 16
hours. The next day, the culture was inoculated at a 1:100 ratio into 50 mL of YEP liquid medium con-
taining 75 mg - L' spectinomycin and 50 mg - L' streptomycin, and cultured at 28 °C until the ODeo
reached 0.6. The bacterial suspension was collected by centrifugation at 3220 g for 10 minutes and re-
suspended in 1/2MS liquid medium containing 100 pmol - L'" acetosyringone (AS) to achieve an ODsy
of 0.8. The bacterial suspension was activated at 28 °C with shaking at 100 r- min™' for 1 hour. When the
Ruegen seedlings had two cotyledons, the hypocotyl was cut off from the root, and the hypocotyl with
cotyledons was used as experimental material. The explant was immersed in the Agrobacterium suspen-
sion and cultured at 28 °C with shaking at 100 r-min"' for 15 minutes, followed by sonication for 5 sec-
onds (KQ-500DE digital ultrasonic cleaner, power 90%). The infected explant was then transferred to a
filter paper moistened with 1/2MS (containing 2% sucrose and 100 pmol-L" AS) and co-cultured in the
dark at 23 °C for 4 days. After co-cultivation, the infected explant was washed with sterile water and
transferred to 1/2MS medium containing 2% sucrose 250 mg-mL"' cefotaxime sodium (CEF) for decon-
tamination and hairy root induction. The explants were observed uniformly 30 days after infection. [Re-
sults] The results showed that under the three different treatment methods, all four strains of 4. rhizo-
genes could induce the strawberry explants to produce hairy roots. Among the four strains, the strain
Ar.1193 showed the best positive rooting rate. In the scratching stolon method, the induction rate of pos-
itive hairy roots for the octoploid cultivated strawberry Fenyu reached 79.41%. The induction rate of
positive hairy roots for the diploid woodland strawberry rg40 was 73.33% using the puncturing short-
ened stem method, while the induction rate of positive hairy roots for the diploid woodland strawberry
Ruegen was 14.38% via the hypocotyl infection method. [Conclusion] Through three methods, Ar.1193
was identified as the most suitable strain for inducing strawberry hairy roots. This study preliminarily
established a strawberry hairy root culture system using the 35S::RUBY reporter gene for screening.
This system not only would provide a scientific basis for the subsequent genetic transformation of straw-
berries but also would lay the foundation for the rapid validation of strawberry root development and
CRISPR/Cas9 gene editing efficiency.
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Table 1 Resistance of Agrobacterium rhizogenes strains

RS Ptk

Strains Resistance

Ar.1193 RATE R R VHER 2 FI4EF Carb, Strep, Rif
Ar.Qual B VSF 2 Strep, Cam

C58Cl 5K AP Strep, Rif

K599 45 & Strep
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A. Streaking for strain activation; B. Removing the original root and wounding; C-D. Smearing the bacterial suspension; E. Piercing holes in the

bottom of the cup; F. Filling the cup with sterilized vermiculite; G. Inserting; H. Wrapping the cup with aluminum foil; I. Irrigating with bacterial sus-

pension; J. Covering with a transparent dome.
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Fig. 1 Flowchart of transformation for the scratching stolon method
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A, RIZGELTE IR B, ARMRERETT rg40: C. PRIA 5 RIRLLH 2 s D~F. IR IR 145 M
A. Streaking for strain activation; B. Woodland strawberry rg40; C. Picking colonies and puncturing the shortened stem; D-F. Planting after smear-

ing the bacterial suspension.
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Fig.2 Flowchart of transformation for the puncturing shortened stem method
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A UIFHREIEAL B, 244 15 min; C. AL 5 5;D. MBI FILHIR 4 d(1/2MS+AS)E. B 5 7715 5 BRI (1/2MS+CEF)
A. Cutting hypocotyl; B. Infecting for 15 minutes; C. Ultrasonication for 5 seconds; D. Co-cultivating in the dark for 4 days (1/2MS+AS); E. Hairy
root induction on disinfected medium (1/2MS+CEF).
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Fig. 3 Flowchart of transformation for the hypocotyl infection method
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B RUBY-OE

20d

Ar.1193-RUBY Ar.Qual-RUBY C58CI1-RUBY K599-RUBY

ACK: NEHATA ORI 4 Fh B MRALIE :B. RUBY-OE: #5417 35S::RUBY JFURLY) 4 A FRALIE . FRA=1 cm.
A. CK: Treatment with four strains without any plasmids; B. RUBY-OE: Treatment with four strains carrying the 35S::RUBY plasmid. Bar=1 cm.
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Fig. 4 Observation from the cup of the scratching stolon method
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A RUBY-OE
20d
| 1 | | 1 I
Ar.1193 Ar.1193-RUBY
B CK RUBY-OE
20d

Ar.Qual Ar.Qual-RUBY

RUBY-OE

1OANE I I
C58C1 C58C1-RUBY

D RUBY-OE

20d

K599 K599-RUBY
A.Ar.1193 BRI FE I B2 (7)) Hikih 240 (£5) s B. Ar.Qual B FRALFE (K3 R 2H (7)) Hik I 40 (£7) s C. C58C1 B FRALFE (K% B L (7)) Hidk
BG4 (A1) 5D, K599 BARACER A IR D 5B (£ o #rR=1 cm,

A. CK (left) and RUBY-OE (right) treated with Ar.1193 strain; B. CK (left) and RUBY-OE (right) treated with Ar.Qual strain; C. CK (left) and RU-
BY-OE (right) treated with C58C1 strain; D. CK (left) and RUBY-OE (right) treated with K599 strain. Bar=1 cm.
E5 BEZETFHRIIMGERRZREYE
Fig. 5 Phenotype of hairy roots of the scratching stolon method
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FFP= A AR UK 3.7 11415, 48 54 Ar.1193 . Ar.QualC58C1.K599 570 5 Fir b B (1) bR AR : VK i8 4~6.8~10.12~14.16~18. 43 74 Ar.1193.
Ar.Qual .C58C1.K599 435 35S::RUBY JFURi AT [ B B RME s JKIE 19. 35S::RUBY 5k o

A. PCR identification of RUBY gene; B. PCR identification of ACTIN reference gene. M. DL2000 DNA Maker; Line 1. Roots grown without any
treatment; Line 2. Roots grown after only scratching treatment; Lines 3, 7, 11 and 15. Hairy roots grown after treatment with Ar.1193, Ar.Qual,
C58C1 and K599, respectively, all without any plasmids. Lines 4-6, 8-10, 12-14 and 16-18. Positive hairy roots grown after treatment with Ar.1193,
Ar.Qual, C58C1 and K599, respectively, all carrying the 35S::RUBY plasmid; Line 19. 35S::RUBY plasmid.
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Fig. 6 Identification of positive hairy roots of the scratching stolon method
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223 THHZEECGRRAEAEZRANLR LR
PAHET 35S :RUBY JFURL ) 4 Fh 8 ik AE iR 56 2H (RU-
BY-OE) , LAANHE A5 AT A7 SR IR0 182 4 Fh B 2 a4
R REAH (CKO o K7 1 I 1R VA A 0 17 335 9% (%
250 mg-mL" Cef [ 1/2 MS+2% M 1% 77 5 ) 7~12 d
i, AT DA SR B B S A BARIR L. 12
430 d Ja AT Guit , SR R 4H 7= 28 1 AR (J& 9-
A IR HA RO AR =4, I H=4E T Atk
AL 9-B) o W3R4T BIAR 147 Bl L EBCRE I 42 HL
DNA, PCR 45 238 01, 5 B 41 1) (A AR 34 R 3 4 H
RUBY 57 , MR ER 20 T SR 21 (AR B vl 97 3 HH RU-
BY 4k, 3 H At R/NIERR (1 9-C) o IbAk, 4 (1
R BN SR ACTINYIAEE (K 9-D) , i — 4

1E DNA 7KFHf N SR 2T (R A% i IR BH PR AR
2.3 4MEIRRITERREFE T ETHRLE
XF 4 Foft R AR AT BT TR R A 7R 22 AR R A
K4 25 2 L R A AR Gk 3 M7V R AL S
BTG
23.1 A#) & E TR &P LRI
ol R AR AT AR SR 1) 4 Fh R AR R AT B B AR 1R G
10 KI5 ) &) 25 TR AE 0 LA, #5447 35S -RUBY Jii
KL 4 B R AR G i K4 B 25 R AR iR 4L
1620 BT BT EE Sl , fE T8 T, 4 By 35S
RUBY J5i Ki 1 AR AR FF BT TR Bk 114 BH 4 AR 26 35 e ik
58%. HHA A 1193 [P BHMERR 28 f5 i, AT Ik 79.41%
Ar.Qual 5 K599 ¥ BH 14 #4351l 4 67.65% 55 65.71%
(K2, HWILEZITIET  mAEFEMK A AL1193.
232 ABGEFREPTERBRELG TR K
AR AT AT AR SR R 4 P B R 2 ) P A 406 25 A D xed
377 35S::RUBY JFURLIF 4 o B Ik 2 0 1) R 408 =%
E RIS . 7E45 dIF TSR G 1T T,
A 3P T 35S::RUBY 5L I B P BH 12 AR 22 8 1
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A CK RUBY-OE

20d

| { 1
Ar.1193 Ar.1193-RUBY

RUBY-OE

Ar.Qual Ar.Qual-RUBY

CK RUBY-OE

C58C1 C58CI1-RUBY

D CK RUBY-OE

20d

K599 K599-RUBY

AL Ar 1193 BRRAEFL X B (A0 55640 (F5) : B. Ar.Qual B R ALFR )% BFRAL (A 5641 (£5) : C. CS8CT BRMRALFE (1%t B4 (1) 5k
IR CA);D. K599 BARALEEF R IR () HulERH D . FrR=1 cm.
A. CK (left) and RUBY-OE (right) treated with Ar.1193 strain; B. CK (left) and RUBY-OE (right) treated with Ar.Qual strain; C. CK (left) and RU-
BY-OE (right) treated with C58C1 strain; D. CK (left) and RUBY-OE (right) treated with K599 strain. Bar=1 cm.
E7 BEEFRERRRIUUR
Fig. 7 Phenotype of hairy roots of the puncturing shortened stem method
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Ar.1193 Ar.Qual

JFkL Plasmid

C58C1 K599 35S--RUBY

2000 bp

1000 bp
750 bp
500 bp
250 bp
100 bp

Ar.1193 Ar.Qual

14 15 16 17 18 19

JFUKL Plasmid

C58Cl1 K599 35S-RUBY

2000 bp

1000 bp
750 bp
500 bp
250 bp
100 bp

16 17 18 19

—> ACTIN

A.PCR %€ RUBY #[X;B. PCR %5& ACTIN PZ:JE[K. M. DL2000 DNA Maker: ¥l 1. A AT ] b2 BT 2E AR s vl 2. Rk b 2
JI AL AR VKA 3.7.11.15. 43 504 Ar.1193 . Ar.Qual .C58C1.K599 $T0 BRI AL BE (K B ARAR : KIE 4~6.8~10.12~14.16~18. 4374 Ar.1193.
Ar.Qual C58C1.K599 #4577 35S::RUBY JFURLALFE () BHPE BoRAR s 3K IE 19. 35S::RUBY JFiki.

A. PCR identification of RUBY gene; B. PCR identification of ACTIN reference gene. M. DL2000 DNA Maker; Line 1. Roots grown without any
treatment; Line 2. Roots grown after only scratching treatment; Lines 3, 7, 11 and 15. Hairy roots grown after treatment with Ar.1193, Ar.Qual,
C58Cl1 and K599, respectively, all without any plasmids. Lines 4-6, 8-10, 12-14 and 16-18. Positive hairy roots grown after treatment with Ar.1193,
Ar.Qual, C58C1 and K599, respectively, all carrying the 35S::RUBY plasmid; Line 19. 35S::RUBY plasmid.
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Fig. 8 Identification of positive hairy roots of the puncturing shortened stem method

50%. oo, Ar.1193 A #H A0 R B 4F , BHPE AR 2 Tk
73.33% ; HL Ik J& K599, BH 4 AR 2 1% #1] 58.06% ; Ar.
Qual B PR 284 50.00% (£ 3) « IR ILAE 1% 07 1%
AR Ar1193.

233 BETIEEZ J kPt 2R R (E
30 A, Gtk WA . R4 W51, Ar1193 5 Ar.
Qual P B AR AE 45 1 BUANE 7 35S :RUBY Ji R 155
S AR RS, YW 60%. (ERHYEMR R 5,
Ar.1193 B ¥k i& 3] 14.38% , Ar.Qual 1# k i& F
12.50%. LAk, B3 R, 7275 T BARAR (1 R i R
FEREE AR A . Bk Ar1193 5 Ar.Qual /£
B F R L TR ILTE AN 17 UL ) 2 Fh i
WRAR G I A i 180493 28 537 O 90.74%F1 82.69% , 485 7
358::RUBY JFURLIF) 2 ot B ok 1) 0493 2 43 3 M 94.55%
A1 80.54% , 2 M #k 75 5 7 A2 i) A A 4L 2 K B
BRI . K599 BRI 57 AR (0 @ s 4 40 HL
B/ s Ar.Qual B AR5 3 T 77 A 00 40 6 i 45 2H 2L
%, 1A A R T IA 88.59% 5 Ar. 1193 T PR [ 41 (4 /r

15 %353 73.82%
3o #®

TEARHZARE 5 05 V5 2 T, &0 BLE A BARAR
B FEORAAER [, R T R RT R 5
CLHR I8 1 AR VRS 5 BRAR 7 v M T, AR
G5 77 VA R 2220 S 40 d, BARMRAE T R
LI TG K B FETES 5 60 d BRI K & 5 7 .
BT IRRER B K S E BB, X B S b, H 3RS
T 50%H) 3R Bk AR AR, A O
T K599 HEHE, AR H— . NIL, B QT T R
TETREZETHRRGER PR R R 7RI
AL IR R AR, AT ARG R . O RN R IR A
iR R 20 d, RCRIRTF T 2~3 1% M4, 454 RUBY
PR B A, T 75 450 AR R 150 46 BRI AT P RR L%, 1]
AR IR T AR . FEH, 255 4 FlORAR AR AT 1
(Ar.1193. Ar.Qual . C58C1.K599) # 1T R 4t L3, i
JE Ar.1193 AR E M, AR 515 79.41%, &
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A CK B RUBY-OE
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Ar.1193 Ar.Qual *
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C58Cl1 Y K599° K599-RUBY Ar.1193-RUBY
JFURE Plasmid
C CK Ar.1193 Ar.Qual C58Cl1 K599 35S--RUBY
16
2000 bp
1000 bp
750 bp

500 bp
250 bp
100 bp

el 8 —— RUBY

R Plasmid
D CK Ar1193 ArQual C58CI Ksoo VAR Plasmic

2000 bp

1000 bp
750 bp
500 bp
250 bp
100 bp

WD W D - - — m— — — " G e s D - - —> ACTIN

A. CK: AERATATBURLIY 4 FPEEHEIZ G BT =42 1 BRI s B. RUBY-OE: #5715 35S::RUBY JFURLIY 4 FREARIZ Y=L R A il S 4 (il
F54141:C. PCR %5 RUBY 3[R :D. PCR %3E ACTIN Y% 5EH : M. DL2000 DNA Maker: JKi& 1. A AT A b FR B A4 (FAR vk 2. )
Ak FR BT = A AR s BKOE 327411115, 43 514 Ar.1193. Ar.Qual . C58C1.K599 #4370 i R Ab B (1 B AR AR s kI 4~6.8~10.12~14.16~18. 537
Ar.1193.Ar.Qual .C58C1.K599 ¥4 35S::RUBY ALFE P BMRAR 5 ¥ikE 19. 35S::RUBY Jii ki .

A. CK, Infection without any plasmids inducing white hairy roots; B. RUBY-OE : Infection with 35S::RUBY plasmid inducing red roots and red cal-
lus; C. PCR identification of RUBY gene; D. PCR identification of ACTIN reference gene; M. DL2000 DNA Maker; Line 1. Roots grown without any
treatment; Line 2. Roots grown after only cutting treatment; Lines 3, 7, 11 and 15. Hairy roots grown after treatment with Ar.1193, Ar.Qual, C58C1
and K599, respectively, all without any plasmids. Lines 4-6, 8-10, 12-14 and 16-18. Positive hairy roots grown after treatment with Ar.1193, Ar.Qual,
C58C1 and K599, respectively, all carrying the 35S::RUBY plasmid; Line 19. 35S::RUBY plasmid.
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Fig. 9 Phenotype of hairy roots and callus and identification of positive hairy roots of the hypocotyl infection method

EM TG TT%. 2 W48 6 50% UL b B R 1R T 4~5 45, ik

FEH R FRTER M, B E PR ARANTFRZ b, WEFURBLUT IR AR GGE 7T Rl 75 7 AR S S A
QET IR, B TSR E N SRR, 1% BOHR, B ERT RN EHALSIESR T
JERILH BERS TR AR R R mIE 35S RUBYEHERF RNV ES HRIL. HEER
75.74%,30 d BIWTSRAGHCEL R A RL AHEL AR Gt 6 0, ST I A 3 A BE A L, AARARAT B
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Table 2 Effects of four A. rhizogenes strains on hairy root transformation in the scratching stolon method

- HME RS BOIRAR 0 A ME 1A% FHPEAR ) S L1 5L TR 2 PHPEAR 22
7S .
Strain Number of Number of explants Number of explants Regeneration rate Frequency of
ams explants with hairy roots with positive roots of roots/% positive roots/%
Ar.1193' 12 11 0 91.67 0.00
Ar.Qual' 12 12 0 100.00 0.00
C58C1! 12 10 0 83.33 0.00
K599 12 11 0 91.67 0.00
Ar.1193-RUBY* 36 34 27 94.44 79.41
Ar.Qual-RUBY 36 34 23 94.44 67.65
C58C1-RUBY 37 34 20 91.89 58.82
K599-RUBY 38 35 23 92.11 65.71

VE: 1 XTHREE L ANIEAALAT BRI 4 PRI 10 ) &) 25 Ak 2 IRIGA . 34 35S::RUBY JFURLIT) 4 B B ik R 1 4 ) 2514k o
Note: 1 Control groups. Stolon-derived plantlets were scratched by four strains that did not carry any plasmids. 2 Experimental groups. Stolon-de-

rived plantlets were scratched by four strains that carry 35S::RUBY plasmid.

®3 AMRRRITEEREERZFRE P BRRE LT

Table 3 Effects of four A. rhizogenes strains on hairy root transformation in the puncturing shortened stem method

" LANIERES BRI SME 2L PR AR 0 A1 1A 2 PR FRPEAR 2
7S .
Strain Number of Number of explants Number of explants Regeneration rate Frequency of
ams explants with hairy roots with positive roots of roots/% positive roots/%
Ar.1193' 12 10 0 83.33 0.00
Ar.Qual' 12 11 0 91.67 0.00
C58C1' 12 9 0 75.00 0.00
K599 12 10 0 83.33 0.00
Ar.1193-RUBY* 35 30 22 85.71 73.33
Ar.Qual-RUBY* 36 30 15 83.33 50.00
C58C1-RUBY 37 30 9 81.08 30.00
K599-RUBY 37 31 18 83.78 58.06

VE: 1 XHHREE L AL BRI 4 PPE AR S R0 R 40 25 52 WIS . 3575 35S :RUBY JBURLI 4 Bl ik 8 0 ) 40 25
Note: 1 Control groups. Shortened stem punctured by four strains that did not carry any plasmids. 2 Experimental groups. Shortened stem punc-

tured by four strains that carry 35S::RUBY plasmid.

R4 4 MERIRRITEERE TEBREE P ERIREZ LA
Table 4 Effects of four A. rhizogenes strains on hairy root transformation in hypocotyl infection method

K@fi  aedEfin KBIRIRE AEERE
SMERE SMEME SMEME SMEAE SRR

wriE atEfiR JAERE HERE

l H? Number of Number of ~ Number of = Number of  Number of Induction ~ Induction Regeneration Freque‘n.cy
Strains xplant xplants with explants with explants with explants with rate of rate of red - rate of of positive
explants explants explants ¢ p p. . callus/%  callus/% roots/% roots/%
callus red callus hairy roots positive roots
Ar.1193' 54 49 0 44 0 90.74 0.00 81.48 0.00
Ar.Qual' 52 43 0 39 0 82.69 0.00 75.00 0.00
csscCr 51 22 0 21 0 43.14 0.00 41.18 0.00
K599 50 4 0 20 0 8.00 0.00 40.00 0.00
Ar.1193-RUBY* 202 191 141 153 22 94.55 73.82 75.74 14.38
Ar.Qual-RUBY* 185 149 132 112 14 80.54 88.59 60.54 12.50
C58C1-RUBY’ 166 84 18 70 4 50.60 21.43 42.17 5.71
K599-RUBY* 168 21 10 66 8 12.50 47.62 39.29 12.12

W D XA AN AR T JTURIIY) 4 PO AR G0 RIS 2 504 . #5317 35S :RUBY JSURLIY) 4 Rl R RRAZ G (1 T %l
Note: 1 Control groups. Hypocotyl infected by four strains that did not carry any plasmids. 2 Experimental groups. Hypocotyl infected by four
strains that carry 35S::RUBY plasmid.
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