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Construction and Optimization of Transformation system mediated

by Agrobacterium rhizogenes in Apple
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Abstract: [Objective JUsing biotechnology to improve and innovate apple germplasm can further
improve the production efficiency and quality of apple. The transformation method of
Agrobacterium rhizogenes has the advantages of high transformation efficiency and simple
operation steps, especially in the mining and functional verification of soil stress-related resistance
genes. However, A. rhizogenes transformation system for apples is still time-consuming with
complicated steps and low efficiency. Therefore, we established and optimized an efficient and
rapid A. rhizogenes transformation system for apple (Malus domestica) seedlings. [ Methods ]

Using apple seedlings of different ages as materials, 4. rhizogenes K599 carrying GFP and GUS
overexpression plasmids was used to infect the apple rhizome by injection (use a 2 ml sterile
syringe to draw the strain resuspension and inject it at the rhizome of the apple seedlings),

activating bacteria solution infiltration method (cut off the main root system at the rhizome of
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apple seedlings, and then directly invade 30 min in the activated bacteria solution) and strain
smearing method (cut off the main root system at the rhizome of apple seedlings, and then the
strains on the plate were collected by aseptic spreader and applied to the wounds of apple
seedlings) , then the infected seedlings were planted in sterilized nutrient soil and kept in high
humidity environment, co-cultured in dark for 2 days, and hairy root induction was detected one
month later. The lines with successfully induced hairy roots were selected and the DNA was
extracted. In order to identify the effectiveness of hairy roots of apple genetic transformation lines,
the GFP signal of hairy roots was identified by portable fluorescent protein excitation light source
and photographed. To identify whether the target gene was integrated into the apple root genome,
the hairy root DNA was further extracted, the GUS tag gene was cloned by PCR, and the GUS
staining of the roots and leaves of the transformed lines were analyzed. [Results] The hairy root
induction rate of apple seedlings of different ages was induced by injection, in which the rooting
rate of seedlings in eight-leaf stage was 39%, and wilting death occurred in three-leaf stage
seedlings after injection, and the overall hairy root induction rate was 35%. After excluding the
dead lines, the hairy root induction rate was 67.9%, indicating that the hairy root induction ability
of three-leaf stage seedlings was high, but the overall hairy root induction rate was low due to
weak growth. The activating bacteria solution infiltration method was used to infect different ages
of apple seedlings and it was found that there were differences in the hairy roots induction number.
Among them, the hairy roots induction rate of apple seedlings at the three-leaf stage was 84%, and
the induction rates of apple seedlings at the five-leaf stage and eight-leaf stage are 47% and 52.5%
respectively. Therefore, apple seedlings at the three-leaf stage were more suitable as
transformation materials for the activating bacteria solution infiltration method. Different ages of
apple seedlings could successfully induce hairy roots, among which the hairy roots induced by
direct smearing of strains in three-leaf stage and eight-leaf stage were 96% and 60%, respectively.
In addition, after comparing the hairy roots induced by the above ways, the roots induced by strain
smearing method of apple seedlings at the three-leaf stage were evenly distributed at the base of
the stem segment, and the roots were more abundant, so the hairy root distribution and hairy root
induction rate were the best. In order to identify the expression pattern of the target gene in A.
rhizogenes transformed plants, the DNA of roots, stems and leaves of transformed plants were
extracted. Through the PCR cloning of GUS gene, it was found that there were GUS signals in
roots, stems and leaves. The GUS staining analysis of the transformed roots and leaves showed
that there were GUS signals in the petiole and main leaf vein of some lines. The strain with GUS
signal detected in leaves was selected as material, and the expression of GUS in root, stem and
leaf samples was detected. The results showed that weak expression of GUS gene was detected in
stems and leaves. Then the total proteins of roots and leaves were further extracted. Western
blotting showed that the expression of GFP protein was detected in the roots of transformed
positive lines, but no obvious expression of GFP fluorescent protein was detected in leaves. The

above results showed that in the transgenic lines obtained by A4. rhizogenes transformation, A.



rhizogenes migrated randomly to the shoot through vascular tissue. [ Conclusion] A rapid, simple
and efficient apple transformation system mediated by A. rhizogenes K599 was established in this
study. Seedling age is the key factor affecting the transformation efficiency of apple seedlings
infected by A. rhizogenes. Using strain smearing method to infect three-leaf seedlings, the positive
hairy root plants with high uniformity can be obtained in about 45 days, and the induction rate is
as high as 96%. The migration of 4. rhizogenes in transformed plants was explored to provide a
theoretical basis for the further utilization of A. rhizogenes transformation technology.

Key words: Malus domestica; Agrobacterium rhizogenes; transformation efficiency;
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PEAES), AR R OISR R AT 45 R, AR R 7 VAT RARRAT IR Qe BIR AR
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PP E S (ARG AR ST RL . S k7R TR IRET 8] 16 h-d,
FEHEFE 100 pmol- (m?-s) 1, (25+2) °CHITHAEFRE . KRR F B K599 Bz AL
JE SR [ PR FE R R IR A F T BE H AL AL T pCAMBIA1305 #0A B 28 kiE, [
B 465 7 B 76 6] BT FR B L K] (B-glucuronidase, GUS) M &5 8 F LA (green fluorescent
protein, GFP) , PG ILARMBHEK 21 2% B A AE 20 I
12 W HGE
1.2.1 5%

K EREM T M AL, BCE TR T 1d, Kk 5 i1 7 2K B e R
WREGEE T, F/EHCE T 4 cCUKFE, 0 3 d AR, PRRRERT. 15
FF 1 i 1 J5 LA FITER A KB (FR 84 D BERAE=3 111 D Ui, Bk
BREE THARR RS TR mEKE = ORRREERM « I OBk
FEEESGID  J\MHEE ORBUCAREE =D I TR 2R G450 .
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=80 °CUKFEH B AR AT B K599 2 ARk B Tk bbbk, & 100 uL 322500
AN 1 ug BAAETRL, ZBWATIRA G/ ATEVK Ei#E S min, EH 5 min, 37 °C/KiRH 5
min, UK EFFE 5 min. FEEIIA 500 uL TY 3577, BT 28 °CHHIRERHEZEEFE 2h G,
PISRAT & 50 mg L 85 2 50 mg L RIABE R A4 TY £5555, 28 CHIERFE 2d.
PRHCE e BEHERR T 600 pL 7558 2 AR IS 2 1A LB 357756, 28 °C 200 rmin #ik¥;
BRI, T PCR %58 Ja HEAT 50% Hm AR, 17 T80 °CukAt % H .
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¥—80 CUKFATRAT M BEMRAE TY AR FREE B35k GBI B ISk 9% 24, FTCHT)
ML BREER B V5 2 M T 500 uL TY WAAR: 738 H, 28 °C. 200 r'min! #R¥%¥57% 12 h, WRHL
100 pL WS AL B HCE AT T 100 mL TY WA FR B rh 4k 2 i IR % 55 57, 155 B OD600 {8 A
0.8 If, £EWJ5HE & T MES 2, # ik 3 h JEHEATH 54T,
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cm Zity, 1ZGLWf[E] 30 mins
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N TS SRR AR R BRI R, A R 5 05O B R U
(LUYOR-3415, EED %u %S HEBRIR GFP E 550, AT % e HINEREE%EE
R RIER A, #BIRIERR DNA, i PCR 5ol GUS ARZE3ER, HHII%
A TENBRTE (BIRE 1D o REURDIFER RIR R S i T GUS e, RAILRE
P AEVIRM A R AT GUS Yetikil & (CAT: GT0391) , Heta iy Wk & it . 42
BUEAL PR AR AT RNA, S35 35T GUS RERIRIA BT, Mg E 1. El=
R BH P55 A0k R AR I 1y R AT 2 T B 4T, S SRR 2 R R BCR FH 2 2 R )
Western A IP 4B 24 (P0043) $2HL, &5 FIIZEA I —H1~ Biolinkedin@ Anti-GFP &
BATERERUR (L-MADBO6) , —#i N SIGMA-ALDRICH A& Hi/MR 1gG  (Fe £, CAT:
A1418) , R AL HTHE W [ B A 4 B R R A R A ) P R Tl i) 5t (iR & (CAT:
ZD315) AT R0, AMREP R T & U .

= 1 5|99%51%
Table 1 Primer list

H ) Purpose 4% Name J7%1 Sequence
| S il

B bk 52 GUS-F GTTACGTCCTGTAGAAACCCC
Identification of positive
wansformed strains GUS-R GCTGCGGTTTTTCACCGAAG
GUS 5t &Iy B QGUS-F TACCGACGAAAACGGCAAGA
GUS fluorescence
quantitative  analysis QGUS-R CGGTGATATCGTCCACCCAG
GUS 5t E BT Actin-F GGATTTGCTGGTGATGATGCT
GUS fluorescence

Actin-R AGTTGCTCACTATGCCGTGC

quantitative analysis
1.2.6 B st 55t
KH Excel 3T EHRIC%, 18 H prism8.0 HEAT U 43T &% Adobe illustrator 1 .

2 GREH
2.1 FREFELMRITE R R REL

W = .\ SR G e AR, BEATIESHERATIR B (& 1-AD . #5557 30d
JRGEE R, I\ AT EOAM R BRI RN 39% (R 2) , PL=MEgh iR fer R
BRI FHR N 35%, FFEIERAGRAEN G 3 d LA K= ESE R AWEE (&




1-B) , ZWEONEN QIR B O, M sDEERE ST, ERBREEHA)E
HERRERY 67.9% X AMRAKT 3 5 T I BYPMREAT ORI, KITA BRI EA GFP
9o LRE A EEIRRY], FIRIE ST RN B # AL T iR, SR B DL\ 4l oy
FORLEAR T = M- gl v, MERZE R ILT VR R G =4 B V5 3 BIRBE T S 9 BEAh, 7
TESHER AR R BT & TR BIRRIE & A e S L — M (& 1-C~ED

T A RIS BERIES s B. =MHESERGEIRAE 7 d RS C-D. BIEBIIFEAKRA TR E. &
PRAR AL -
Note: A. 4. rhizogenes injection; B. State of apple seedlings at three-leaf stage after one week of injection;
C-D. Cut off the main root of the successfully transformed strain; E. Hairy root fluorescence detection.
1 ERESER U XRLR
Fig. 1 Key steps for transformation of A. rhizogenes
by injection method in apples

R2RAISERRTEHRERYHERRIFSE
Table 2 Hairy root induction rate of apple seedlings of different ages
was infected by injection

il RAAEMRE (FO BRWEFH H B

Seedling age Numbers of infected Hairy root induction Induced efficiency/%
plants number

= 54 19 33

Three-leaf stage
J\i 64 25 39
Eight-leaf stage
22 ARIEEIERERRFFRFA
SR G HESHEAAAE A RCRBARBUR BAE D IRED HI B S m . o LEEREE
FRAAT T BRI AW 7T A B 5 A FH A AE oA 02 90 T Y s BB 1 T R R 5 92T B
SN PRIB . BRI SRAG e R R bk R 28 3030, Oy T RS AL AN ), R AL ERAE AP ER,




R R AR BHR GAE AR PR IR RIS R 3 RO ARANT BB AL Fe A AR R BEAT TRAL S =
MG . USSR B R4 BN ARL, R RBIR B R 97 30 ds XTBARAR
SHREAT G (LK 2) .

B AR 4K (strain smearing method)

2 HRRFESERRIKERESR
Fig. 2 Key steps of bacteria solution infiltration method and strain smearing method

R I3ITRRELFXERYHERRIFESE
Table 3 Hairy Root Induction rate of Apple seedlings with different infection methods

247550 ke SMERE (KR BIRRBESH O e
Infection Seedling age Numbers of Hairy root induction Induced
method infected plants number efficiency/%
=ity 25 21 84
B E g Three-leaf stage
Bacteria TS 30 14 47
solution Five-leaf stage
infiltration A5 40 21 52.5
Eight-leaf stage
e =i 25 24 96
PRIRIR
Three-leaf stage
Strain smearing
I\ 40 26 65

method
Eight-leaf stage

ZERRY, AR EESER M BIRIRITE FEAAAEZE R, =S R I BIARTE 3 R 5
I 84%, Tl \IHEESEIR AN - A AN 47% 52.5%, PRI =i e 3 R T &
EARNERR AL (R 3) o N TP BIRIRE SR, BB =k, )\
kT B RGN ARL A W IR IR IRIE AT IR QY5 THE T ORE TR 97 30 d, I BRIRIE
FRGVEUIRKY], AR EESER BRI B, Hh =i E R IR R B R
WARE 3% 96%, )\ EERIRFE TN 60% (£ 3) o AXTLLL @A ilS H Bk
WG AL, = MRS R R AR IR T IR R S 0 A7 T 22 B AT, HARAR OVFH, H



Al — A g s (13D o Bid GFP %O M KN ERIB R B RN ET. B
Bez Ah, b BRI 5 B A 7125 A B, AR &I v T 0 S SR B AN e AL
WIEE 60~90 d A REARHUEL I RIRR 22, 1) DA = -3 SR &I i i RER F B AR IR PR FT LUK B
SR PR AR RIS [0 4 2 22 45 d, IF BT S B IRIR AR ST I R AR 45k (I 3) o &
B UL A REN], SR =S R AR O ART R, B IR TRIA T S AR Y mT LU PR
[EESNEERVEIEIRGE S0 A2 R

A (40 d) BEALE39%  LEHI(15 d)
3d Eight-leaf stage (40 d) Transformation rate 39% Slow seedling(15 d)

‘ HREIRR R
=M (15 d) AL ZE96% Transgenic lines
Three-leaf stage (15 d) Transformation rate 96%

B 3 FEERYEZRRATHAZLAERITEL
Fig. 3 Comparison of 4. rhizogenes transformation systems
in different apple seedlings

23 EREZ|RITEHEWERNEE

XF 3 SR IBAL AR RTBIRIRBEAT DOCKN , 45 RB WA ) 75 3 1 BIRAR R A 4
BIOLES (B 4-A) o N7 8EHRERE SRS SERIRAREEA S, WA RSP
PUEHL 3 BRI ARk, #E—DIREERME DNA, i#id PCR webE GUS AR 5 K0, Al
AERRIFHEES (K 4-B) .



L Marker 1 2 3 4 5 6 7 &8 9 10 11 12 13 14 15 16 17

3000 bp
1500 bp

T ASERBIRFOCHEIN; B.BRRK DNA 707 55E, 1 N AXE, 2-16 JyBJIRIR DNA 7074600,
17 J9 B
Note: A. Fluorescence detection of apple hairy root; B. The DNA molecular identification of hairy roots
showed that 1 was blank control, 2-16 was DNA molecular detection of hairy roots, and 17 was positive control.
4 FEREARIRTE NI DNA 3 FEE
Fig. 4 Fluorescence Detection and DNA Molecular Identification of Hairy Roots of
Apple

24 RIRRITBEERPIBIFES

N TS RE FAKT AR AR T TR, WAL RAR . 25 A0 4121 DNA th GUS
SERGHAT b J5 R0, AR, ZRI I GUS MBS (B 5-A) o XHEAR Rk AR FIn:
1 GUS Jetuptir, KA PR AR A, Bk A GUS 55 (& 5-B) o #E—xt
MR A R GUS 5 SRR IR 2=, HHAE S GUS B EHEATARI, 25 RRUIEZEBM
R HR ARSI B GUS BRI AR RIE (B 5-C) o Bl JE b EE A0 BH MEAR RARFI B A B
GFP A EPZER I A, ARAR PR IE] GFP R EHRIE, MM F I EREI 2] GFP 5Ot EH
s (B 5-D) o L UL SRR, (R w8 & AL EARG R R, AR
FE A7 AE REA LI I K 20 23 a3 BT I 5



A Marker CR CS CL TR TS TL B Control T-1 T-2
3000bp —
1500bp — 2
C }
12 r % 5k %k %k f |
s —+ \
¥ 3 \ i
K o
® 2 08 —_—
= S
Z 3 D Marker CR CL TR TL
g &
GIR -
© 04 f —+ 35 kDa ~ |-
i T
'g_‘q P Fa—
< i
= GFP wp —
00 . . . 25kDa —{ S
. fRRoot  ZStem  M-Leaf s

e A SRR R ZE (8] DNA 73 7R, CRONREAR R R, CS AR RINZER,
CL ARFARR I, TR AR R R, TS NHAKRRIZER, TL AR . B. KR
AT AR R IRANH GUS etuhiil], Control ARFALKR ZMRAN, T-1. T-2 JEALKR RIRAIM o 0
EBI ROy 1 em, RALLHIRON 0.5 cm. C. EMRRATBFFALK AR Z=HMIH-d GUS SIS R IE & 7 -
wREE, p<0.000 1o D. ERFCHLF bR RMR A E] GFP 8 RN, CR NARFARRIIMRER, CL AR
PRAIIM . TRONEAIR RIR AR, TL NFALRR R .

Note: A. Molecular Detection of DNA between Roots, stems and leaves of transgenic Apple Lines. CR is the
root of the untransformed line, CS is the stem segment of the untransformed line, CL is the leaf of the
untransformed line, TR is the root system of the transformed line, TS is the stem segment of the transformed line,
and TL is the leaf of the transformed line. B. The hairy root of apple was observed by fluorescence, scale 2 cm. B.
GUS staining of roots and leaves of A. rhizogenes transformed strains was detected. Control is the untransformed
plant, while T1 and T2 are the root and leaf of the transformed plant. The leaf scale is 1cm and the root scale is 0.5
cm. C. Analysis of relative expression of GUS gene in roots, stems and leaves of A. rhizogenes transformed lines.
wxak p<<0.000 1. D. GFP Western blotting detection between roots and leaves of transgenic apple lines. CR is the
root of the untransformed plant, CL is the leaf of the untransformed plant, TR is the root of the transformed plant,
and TL is the leaf of the transformed plant.
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Fig. S Analysis of migration of A. rhizogenes in transformed plants
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solani FIHTIED), 1E33% CHS SN T Sl (AR S A6 RIS SR H B A R AR AT
W IR R T, AR EILR 60~90 d A REIRMR A FMY) . IAMEBIRRIFE SRS, gk
S SRR BT BE IR IR = - S8 40y i ATV S I AR 25 5 25 B 2 AT 5 3R 4 B 5 55 0
T2, SR AR AR FE 55 2 1) )\ I8 3 AN B SR A AE BARAR S S R B iR R A A5 5]
S . A R AR AR 1R B AL 7 VR I AN T S0, 33 B IR VO A VR R E A B R R R R
TIEAE B BA T o W S R AU A S 3T 36l AR TN B ELRIR I
EANRR B RRVE X AN R B S R A i AT 1R g, S5 R, DLBIR AL BAIRIR S 3 3 i
1 96%. 8T GFP M A PCR /AT KN, BEMRIRIRIETE T BRI R 1 B A F# A0 M
B9, AR ERAE LT 745 2045 BARA . B 50 8 F B AR IR VB R AR AL
i FERAR = 8 S A BT AT IR G, %of B AR G v SV T S A0 R S 60 d~90 d 4% % 45 d,
ZITVEAT AL A AR Ge e A B B v, H HL IR BIAH [F) 75 2 7E B AR ) (1% Ak 28 K P
B7, - [5] Ip40A SE 47 1 B R AR R AR 5 B AR R 4504

FERTARGE , AN BAERE AR TR — MIE R, i AR AT B Ak R0 2 51
B ISR, EEEEL T RITFMRIY, MG R AR A &R bt R IR B
MAR R B2 R 08, (H H AR AR AT TR R I RS SO A AN BT . D TR ]
FER MR AL RAE R TR, XS BT e (R AR . e il BEAT A I 5 B, 7B R
ARG BENL I IERE IR, RT3 b A 3o ASUAE A B3 43 2 I AL R0, EXT A
J AT KPR R A B BB PEAS 5, AT RE R RS IR AT (R S B R IA B EMREE R
T B AN RS BRAE AT R 23t ik B 2o DA b 45 RT3 B R AR A T 2 A A 2R (R Y e At
HRHEAL, BIAESEEMR . 25 MR B AR B AE S TP AEAE —E R, 7 i Hn
TR AL R R IR R 58 B AL s I & R TS S IS R

4 2 B

AHFFUESL TR 5 R AR AT K599 A SRS RFAR R . AT B MR
WA R Qe =4l a, WIAE 45 d 22 AT 3RS B BB R I FRPE BRI AR, 15 T8 96%.
B T RMRANT WAL AR AR A REAL A3t B EERE LR
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