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Abstract
Dwarfing and close planting have become the general trend of the apple industry, but the rooting difficulty of dwarfing rootstocks has seriously

limited  efficient  breeding. Agrobacterium  rhizogenes can  infect  plants  and  induce  the  formation  of  hairy  roots.  In  this  study,  the  optimal A.
rhizogenes-mediated transformation system was explored for three apple rootstocks: 'M9', 'M26', and Malus xiaojinensis. The results reveal that the

best  transformation  concentration  for  all  three  rootstocks  is  OD600 of  0.5.  'M9'  and  'M26'  exhibited  rooting  rates  of  86.08%  and  89.96%,

respectively, upon transformation with A. rhizogenes strain K599. In contrast, M. xiaojinensis attained a rooting rate of 90.97% when strain MSU440

was introduced. Furthermore, a Cytokinin Oxidation/Dehydrogenase (CKX) gene was demonstrated to significantly increase the root length and

lateral root density of hairy roots. These results have the potential to enhance the rooting ability of dwarfing rootstocks and contribute to the

development of more efficient and productive orchard management strategies.
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Introduction

Apple (Malus domestica Borkh.) breeding presents numerous
challenges, including a protracted breeding cycle and a scarcity
of  germplasm  resources,  impeding  progress  in  the  field.  Fur-
thermore,  the  extended  juvenile  phase,  self-incompatibility,
and  high  genetic  heterozygosity  are  considerable  obstacles
to  the  conventional  breeding  methods  for  dwarfing  apple
rootstocks[1,2].  Recently,  the  advent  of  plant  genetic  enginee-
ring  has  provided  a  promising  avenue  for  advancing  apple
breeding.  Among  the  available  techniques, Agrobacterium-
mediated transformation has  emerged as  the  preeminent  and
well-established approach[3]. This technique involves using two
distinguished  types  of Agrobacterium: Agrobacterium  tumefa-
ciens and Agrobacterium  rhizogenes,  each  harboring  the  Ti
plasmid  and  Ri  plasmid,  respectively[4].  The  Ti/Ri  plasmids  of
Agrobacterium encompass  two primary  functional  regions:  the
T-DNA region and the Vir region. Through interaction between
the Vir gene  and  the  T-DNA  boundary,  the  T-DNA  undergoes
modification and facilitates the formation of a protein complex.
Subsequently,  this  complex  gains  entry  into  the  cell  through
the  cell  membrane.  Ultimately,  the  T-DNA  integrates  into  the
nuclear genome of the recipient plants[5].

Transformation  of  woody  plants  through A.  tumefaciens
remains time-consuming and inefficient[6],  while an alternative
approach  using A.  rhizogenes offers  several  advantages  in  this
context[7].  The T-DNA of A.  rhizogenes consists  of  two noncon-
tiguous  DNA  fragments:  TL-DNA  and  TR-DNA.  Notably,  TR-DNA
encompasses  certain  genes  that  exhibit  homology  to  Ti  plas-
mids, including iaaM, iaaH,  and genes encoding opine synthe-
sis  (Ops),  while  TL-DNA  assumes  an  essential  role  in  hairy  root
formation[8,9].  The  insertion  of  TL-DNA  has  revealed  the

presence of four loci that are closely associated with hairy root
development.  These  loci,  known  as rol  A, B, C,  and D,  exhibit
no homology to Ti plasmids[10,11]. The TL-DNA fragment appears
to  enhance  rooting  ability  by  potentially  modulating  cell
sensitivity  to  auxin  rather  than  directly  promoting  auxin
accumulation[12].  Consequently,  the  genetically  modified  hairy
roots  generated  through  this  transformation  technique
can  thrive  even  in  the  absence  of  external  hormonal
supplementation[13].

Cutting  propagation  is  the  primary  method  for  producing
apple  rootstocks.  The  ability  to  form  adventitious  roots  is
crucial for successful cutting propagation. However, apple root-
stocks  like  'M9'  often  face  challenges  with  rooting  and  gene-
rally  do  not  form  roots  without  the  application  of  exogenous
hormones[14]. Auxin is a crucial plant hormone in the formation
of  adventitious  roots.  High  levels  of  auxin  are  required  during
the  induction  phase  of  adventitious  roots[15,16]. A.  rhizogenes,
which  contains rol genes,  can  increase  the  auxin  content  in
rootstocks,  thereby  enhancing  their  rooting  ability.  Interac-
tions  between  cytokinin  and  auxin  are  known  to  govern  the
development of adventitious roots, with a competitive relation-
ship  observed  between  these  two  hormone  classes.  Elevated
concentrations  of  cytokinin  impede  the  expression  of  genes
associated  with  auxin  synthesis  and  transport,  thereby  redu-
cing  endogenous  auxin  levels  and  inhibiting  the  formation  of
adventitious roots[17]. In the research of rootstocks, Li et al. have
reported  that  modulating  auxin  levels  while  decreasing  cyto-
kinin  concentrations  in  rootstocks  can  confer  beneficial  traits
such  as  enhancing  grafting  success  rates  and  improving  roo-
ting  rate  and  biomass[18].  In  Arabidopsis,  cytokinin  signaling
primarily relies on histidine kinases (AHKs), histidine phosphate
transfer  proteins  (AHPs),  response  regulatory  factors  (ARRs),
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and  Cytokinin  Oxidation/Dehydrogenase  protein  (CKX)[19,20].
The CKX gene  encodes  CKX  enzymes,  and  their  expression  is
characterized  by  tissue-specific  and  developmental
dependencies[21,22].  Introduction  of  the CKX gene  from
Arabidopsis  thaliana (AtCKX)  into  tobacco  has  been  shown  to
increase  the  number  of  differentiated  cells  in  root  meristems
and  primary  roots  of  transgenic  tobacco[23].  Activation  of  the
AtCKX gene in the lateral root primordium has also been found
to promote lateral root formation[24].

In  this  study,  the A.  rhizogenes transformation  system  was
successfully  established  to  facilitate  the  induction  of  adventi-
tious roots in apple dwarf rootstocks. Remarkably, the introduc-
tion of  the AtCKX2 gene into A.  rhizogenes resulted in  the pro-
duction of dense and robust adventitious roots. These findings
hold  significant  promise  in  advancing  our  understanding  of
adventitious  root  formation  and  provide  valuable  insights  to
enhance  the  cultivation  of  dwarf  and  densely  planted  apple
orchards. 

Materials and methods
 

Plant materials
'M9', 'M26', and Malus xiaojinensis plantlets were subjected to

a controlled tissue culture  environment with a  temperature of
25 ± 1  °C and a  16-h light/8-h dark photoperiod.  Subculturing
of  the  plantlets  was  performed  at  regular  intervals  of  30  d,
ensuring the sustained growth and development of the plants
under optimal conditions. 

Preparation of Agrobacterium rhizogenes solution
The 35S::GUS and 35S::AtCKX2[18] sequences  were  inserted

into the pCAMBIA1305.1 plasmid, resulting in the construction
of  a  recombinant  vector.  The  constructed  vector  was  intro-
duced  into  two  strains  of A.  rhizogenes,  namely  K599  and
MSU440.  Before  transformation,  the A.  rhizogenes were  stored
at  a  temperature  of −80  °C.  Subsequently,  they  were  streaked
onto tryptone-yeast extract (TY) solid medium plates and incu-
bated in darkness at 28 °C for 2 d. Single colonies were selected
from  the  plate  and  cultured  overnight  in  2  mL  of  TY  liquid
medium at 28 °C and 180 rpm. Subsequently, 1 mL of the bac-
terial  culture  was  transferred  into  50  mL  of  TY  liquid  medium,
followed by cultivation at 28 °C and 180 rpm until OD600 = 0.6 −
0.8.  After  centrifugation at  5,000 rpm for  10 min,  the resulting
pellet was resuspended to achieve an OD600 value ranging from
0.4 to 0.6. 

A. rhizogenes infected the stem segment of apple
stock

The  terminal  buds  (~1  cm)  from  30-day-old  plants  of  'M9',
'M26', and M. xiaojinensis were selected for infection. These tips
were submerged in a bacterial  culture and exposed to cultiva-
tion  conditions  of  28  °C  and  180  rpm  for  20  min.  After  excess
bacterial  culture  was  removed  using  sterile  filter  paper,  the
shoot  tips  were  transferred  to  a  solid  co-culture  medium  and
maintained  for  three  days  and  moved  to  a  rooting  medium
containing 250 mg/L Cef and 250 mg/L Tim. 

GUS staining of transgenic materials
After successful rooting, plantlets of 'M9', 'M26', and M. xiaoji-

nensis were  subjected  to  GUS  staining  to  visualize  the  expres-
sion  of  the  GUS  reporter  gene.  The  GUS  staining  solution
comprised  10  mM  EDTA,  100  mM  NaH2PO4·H2O,  0.5  mM
K4Fe(CN)6·3H2O, 0.1% Triton X-100,  and 1 mM X-gluc.  Plantlets

were fully immersed in this solution and incubated for 12–16 h
at  37  °C.  Subsequently,  the  plantlets  were  treated  with  95%
ethanol  at  room  temperature  until  complete  decolorization.
Staining results were observed and recorded. 

Determination of hormone content
The  shoots  and  roots  of  transformed  'M26'  plants  were

harvested 80 d after transferring to the rooting media. Untrans-
formed  'M26'  plants  were  employed  as  controls.  Fresh  tissues
(0.5  g)  were  carefully  ground  into  a  fine  powder  using  liquid
nitrogen.  Three  biological  replicates  were  collected  and  used
for  hormone  measurements  for  both  the  transformed  and
control  plants.  Hormone  levels  were  evaluated  using  Enzyme-
linked Immunosorbent Assays (ELISA)[25]. 

Results
 

Optimal transformation system of Agrobacterium
rhizogenes for apple rootstocks

'M9' and 'M26' exhibited poor rooting ability, whereas Malus
xiaojinensis showed  better  rooting  capability[26]. A.  rhizogenes-
mediated transformation of 'M9', 'M26', and M. xiaojinensis was
first  tested  on  hormone-free  1/2  MS  media  and  it  was  found
that  shoot  tips  of  all  three  cultivars  exhibited  the  capacity  to
induce adventitious roots. GUS staining was conducted on the
A.  rhizogenes-induced  roots  of  'M9',  'M26',  and M.  xiaojinensis
plantlets.  The staining results revealed a blue coloration in the
roots,  indicating  successful  integration  and  abundant  expres-
sion of the GUS gene within the plant genomes (Fig. 1).

Compared  with  untransformed  plants  cultured  under
hormone-free conditions, the transformed plant materials exhi-
bited  significantly  higher  rooting  rates.  Specifically,  untrans-
formed  'M9'  plants  displayed  a  modest  rooting  rate  of  3.33%,
while  the  rate  increased  significantly  to  86.08%  with A.  rhizo-
genes strain K599 transformation. Likewise, the rooting rates of
'M26'  and M.  xiaojinensis showed  notable  increases  compared
with untransformed controls (Table 1).

Interestingly, the efficiency of root induction varied between
the  two A.  rhizogenes strains  utilized  in  this  study.  Strain  K599
demonstrated  a  more  robust  capacity  to  induce  adventitious
roots than strain MSU440 for 'M9' and 'M26' rootstocks, with the
induced rooting rate observed in the order of 'M26' > 'M9' > M.
xiaojinensis.  Notably,  upon  exposure  to  K599-mediated
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Fig. 1    GUS staining results of  (a)  'M9',  and (b) Malus xiaojinensis
after Agrobacterium rhizogenes transformation. The seedlings were
grown for 2 months. Scale bar = 1 cm.
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transformation,  'M9'  and  'M26'  displayed  impressive  rooting
rates  of  86.08%  and  89.96%,  respectively.  Conversely,  strain
MSU440  exhibited  superior  performance  for M.  xiaojinensis,
achieving  a  rooting  rate  of  90.97%,  compared  with  a  rate  of
79.15% with strain K599 (Table 1). These findings highlight the
strain-specific  variations  in  the  ability  to  induce  roots.  Specifi-
cally,  K599  appears  better  suited  for  rootstocks  with  challen-
ging  rooting  characteristics  such  as  'M9'  and  'M26',  while
MSU440  is  more  suitable  for M.  xiaojinensis,  a  rootstock
showing relatively easier rooting tendencies.

The efficiency of A.  rhizogenes-mediated transformation was
found to be intricately linked to the concentration of the bacte-
rial growth. At three different concentration levels (0.4, 0.5, and
0.6), the rooting rates of all three rootstock materials exhibited
a  similar  pattern:  an  initial  increase  with  rising  concentrations
of  bacteria,  followed  by  a  subsequent  decline.  The  optimal
concentration  for  achieving  a  higher  rooting  rate  was  deter-
mined to be OD600 = 0.5 (Table 2). 

Root growth after A. rhizogenes transformation
The influence of A. rhizogenes transformation on root growth

was  thoroughly  evaluated  by  quantifying  the  number  and
length  of  roots  under  optimal  transformation  conditions  as
described above.  The control  group comprised untransformed
plants induced by 0.5 mg/L IBA, while the experimental  group
consisted of transformed plants from 'M9', 'M26',  and M. xiaoji-
nensis rootstock materials.  Remarkably, A. rhizogenes-mediated
transformation  increased  the  number  of  lateral  and  adventi-
tious roots across all three rootstock materials (Table 3).

Comparative  analysis  revealed  distinct  disparities  in  the
effects  of  MSU440  and  K599  strains  on  lateral  root  develop-
ment.  'M9'  plants  transformed with  strain  MSU440 exhibited a
significant  increase,  inducing  a  4.43-fold  increase  in  lateral
roots, while plants transformed with strain K599 demonstrated
a  7.82-fold  increase  in  lateral  root  formation  compared  with
untransformed plants (Table 3). These findings suggest that the
two strains possess differential capabilities in promoting lateral
root development for the 'M9' rootstock, with K599 potentially
exhibiting  superior  performance  in  terms  of  lateral  root  initia-
tion and growth.

The  optimal  strain  for  adventitious  root  formation  is  the
same for both 'M26' and M. xiaojinensis. In 'M26', the number of

adventitious  roots  increased  by  1.19-fold  with  MSU440  com-
pared with the untransformed control,  while  in M.  xiaojinensis,
it  increased  by  1.83-fold  with  MSU440.  In  contrast,  K599
resulted  in  a  2.06-fold  increase  in  adventitious  roots  for  'M9'.
Interestingly,  the  transformation  process  exerted  an  inhibitory
effect  on  the  elongation  of  adventitious  roots  in  'M26'  and M.
xiaojinensis.  Additionally,  it  was  observed  that  the  K599  strain
exerted  a  stronger  inhibitory  influence  on  adventitious  root
length than MSU440 (Table 3). 

Overexpression of AtCKX2 gene promotes
adventitious root growth and development

Methods  to  enhance  the  performance  of  adventitious  roots
were  further  investigated  by  introducing  a 35S::AtCKX2 gene
into A.  rhizogenes.  Transgenic  roots  lacking  the 35S::AtCKX2
gene  were  utilized  as  a  control  group  to  assess  the  impact  of
overexpression of AtCKX2.

While  all  three  rootstocks  overexpressing  the AtCKX2 gene
exhibited comparable rooting rates to the control, the adventi-
tious root length of 'M9', 'M26', and M. xiaojinensis plants trans-
formed with 35S::AtCKX2 gene showed a significant increase by
1.44,  1.54,  and  1.24  times,  respectively,  compared  with  the
controls (Table 4). These findings reflect the promoting effect of
the AtCKX2 gene on adventitious root development.

Furthermore,  overexpression  of  the AtCKX2 gene  increases
the number of lateral and adventitious roots in 'M9', 'M26', and
M.  xiaojinensis compared  with  the  controls.  Overexpressing
AtCKX2 in 'M9' resulted in an additional 1.69 adventitious roots
per plant, with increases of 2.56 and 1.08 adventitious roots per
plant  observed  in  'M26'  and M.  xiaojinensis,  respectively,  com-
pared  to  the  control  group.  Specifically,  overexpression  of
AtCKX2 in 'M26' produced 10.65 more lateral roots per plant, an
increment  of  7.04  and  8.32  lateral  roots  per  plant  in M.  xiaoji-
nensis and  'M9',  respectively,  compared  with  the  controls
(Table 4). 

Effect of overexpressing AtCKX2 gene on plant
hormone content

The hormone contents, specifically indole-3-acetic acid (IAA)
and  zeatin  riboside  (ZR),  were  determined  in  the  shoots  and
roots of 'M26' rootstock plants transformed by A. rhizogenes, as
well  as  control  plants  without  transformation.  Noteworthy
observations  were  made  regarding  the  variation  in  auxin  and
cytokinin levels among different treatments.

 

Table  1.    Rooting  rate  of Agrobacterium  rhizogenes-transformed  root-
stocks.  The  rooting  rate  was  calculated  80  d  after  transferring  to  rooting
medium.

Rootstocks Strains Total number of
infected plants Rooting rate (%)

'M9' Untransformed 60 3.33 ± 1.67
K599 134 86.08 ± 5.61**

MSU440 124 56.68 ± 7.91**
'M26' Untransformed 60 11.67 ± 1.67

K599 142 89.96 ± 4.77**
MSU440 146 76.07 ± 2.79**

Malus xiaojinensis Untransformed 60 13.33 ± 1.67
K599 158 79.15 ± 5.58**

MSU440 213 90.97 ± 1.97**

The data  are  means  ±  SEM calculated based on three biological  replicates.
The  total  number  of  infected  plants  represents  the  combined  number  of
plants  from  three  replicates.  Asterisks  denote  significant  difference
determined by using a two-tailed Student's t test (*p < 0.05, **p < 0.01). The
rooting rate (%) = the number of rooted plants/the total number of infected
plants × 100%.

 

Table  2.    Rooting  rate  of  transformation  with  three  levels  of  bacterial
culture.

Rootstocks
Bacterial

concentration
(OD600)

Total number
of infected

plants

Number of
rooted plants

Rooting
rate (%)

'M9' 0.4 150 115 76.67
0.5 162 141 87.04
0.6 104 68 65.38

'M26' 0.4 137 105 76.64
0.5 165 139 84.24
0.6 124 99 79.84

Malus
xiaojinensis

0.4 138 114 82.61
0.5 110 101 91.82
0.6 123 103 83.74

K599 was used to transform 'M9' and 'M26', whereas MSU440 was employed
for the transformation of Malus xiaojinensis. The rooting rate was calculated
80  d  after  transferring  to  rooting  medium.  The  rooting  rate  (%)  =  the
number of rooted plants/the total number of infected plants × 100%.

Agrobacterium rhizogenes transformation for apple
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Substantial differences in auxin content were observed in the
roots across various treatments, with minor variations detected
in shoots. Conversely, significant differences in cytokinin levels
were  found  between  treatments  in  both  the  shoot  and  root
tissues. A remarkable increase in auxin and cytokinin levels was
observed  in  the  roots  following A.  rhizogenes transformation.
However,  when  the AtCKX2 gene  is  overexpressed,  the  auxin
and cytokinin content in the roots decreased to approximately
the  same  level  as  that  observed  in  untransformed  plants
(Fig. 2).

Interestingly,  no  significant  difference  was  observed
between  the  two  strains  regarding  their  capacity  to  promote
auxin  accumulation  in  root  tissues.  However,  a  significant
disparity was noted in terms of their impact on cytokinin accu-
mulation in both root and shoot tissues (Fig. 2). These findings
highlight  the  distinct  effects  of  the  two  strains  on  the  regula-
tion of cytokinin levels. 

Discussion

In  this  study,  an Agrobacterium  rhizogenes transformation
system has been successfully established for apple dwarf root-
stocks, including 'M9', 'M26', and Malus xiaojinensis. This system
has  led  to  significant  enhancements  in  transgenic  root  induc-
tion compared with untransformed plants. A. rhizogenes, renow-
ned  for  its  rapid  transformation  cycle,  demonstrates  excep-
tional  efficiency  in  triggering  adventitious  root  formation[27].
Typically,  these  roots  emerge  at  the  stem  segment's  base
within  1–2  weeks  post-transformation,  attaining  full  develop-
ment  within  2–3  months.  The  successful  generation  of  stable
transgenic  plants  relies  on  two  crucial  processes: Agrobac-
terium-mediated infection of explants and subsequent regene-
ration of transformed materials. Notably, the choice of A. rhizo-
genes strains, their concentration, and the selection of suitable
explant  materials  directly  affect  the  overall  transformation
efficiency[28].

The  ability  of  different Agrobacterium strains  to  infect  the
host plant significantly affects rooting efficiency. In the present
study,  transformation  of  the  'M9'  rootstock  using  the  K599
strain resulted in an impressive rooting rate of 86.08%, whereas
the  MSU440  strain  achieved  a  lower  rate  of  56.68%  (Table  1).
These  findings  align  with  prior  research  that  utilized A.  rhizo-
genes strains  ARA4,  MSU440,  C58C1,  and  K599  for  pigeon  pea
transformation  and  reported  that  the  K599  strain  exhibited  a
rooting  rate  of  30%,  while  the  ARA4  strain  showed  a  rate  of
8%[29].  These  observations  highlight  the  significant  differences
between Agrobacterium strains  in  rooting  efficiency,  emphasi-
zing the importance of strain-specific characteristics in success-
fully inducing adventitious roots.

The infectivity of different Agrobacterium strains may lead to
diverse  responses  in  plants.  The  rooting  capacity  of  the  three
rootstocks in this study follows this hierarchy: M. xiaojinensis >
'M26'  >  'M9'[26].  The  K599  strain  showed  a  superior  rooting
ability  compared  with  the  MSU440  strain  for  'M9'  and  'M26',
which  are  known  for  their  relatively  poor  rooting  capabilities.
Conversely, the MSU440 strain exhibited better efficacy in pro-
moting  rooting  in M.  xiaojinensis.  These  observations  prompt
speculation that the K599 strain may possess a greater ability to
enhance  auxin  levels  or  increase  cellular  sensitivity  to  auxin
in  the  plants  after  transformation.  However,  it  is  important  to
note that  for M.  xiaojinensis,  which inherently  possesses  easier
rooting potential, the K599 strain exhibited a lower rooting rate
than  the  MSU440  strain,  suggesting  that  the  concentration  of
auxin might exceed the optimal threshold for rooting.

Improper  concentrations  of A.  rhizogenes may  impair  the
transformation  efficiency.  Inadequate  bacterial  concentration
leads  to  fewer  interactions  between A.  rhizogenes and  the
wounded  explants,  which  may  result  in  reduced  contact  and
lower  transformation  rates.  Conversely,  excessively  high  bac-
terial  concentration  might  have  negative  effects  on  the
explants[30].  In  this  study,  an  optimal A.  rhizogenes concentra-
tion of OD600 = 0.5 was identified for the three rootstocks. High

 

Table 3.    Effects of Agrobacterium rhizogenes transformation on root growth.

Rootstocks Strains Number of
adventitious roots

Adventitious root
length (cm)

Number of
lateral roots

Lateral root
length (cm)

'M9' Untransformed 2.2 ± 0.26 3.39 ± 0.4 1.73 ± 0.93 0.13 ± 0.05
MSU440 3.67 ± 0.61* 3.67 ± 0.73 7.67 ± 2.37* 0.92 ± 0.22**

K599 4.53 ± 0.71** 2.43 ± 0.29 13.53 ± 2.65** 1.25 ± 0.23**
'M26' Untransformed 5.94 ± 0.73 5.52 ± 0.65 8.88 ± 2.75 0.47 ± 0.12

MSU440 7.06 ± 1.03 3.88 ± 0.45* 10.75 ± 3.73 1.08 ± 0.27*
K599 5.38 ± 0.82 3.74 ± 0.36* 16.38 ± 4.49 1.61 ± 0.27**

Malus xiaojinensis Untransformed 3.22 ± 0.27 3.81 ± 0.34 7.07 ± 0.86 0.75 ± 0.14
MSU440 5.89 ± 0.67** 2.85 ± 0.23* 13.07 ± 3.57 1.02 ± 0.21

K599 2.56 ± 0.35 2.08 ± 0.28** 15.7 ± 4.74 0.5 ± 0.12

The growth of GUS-positive roots was evaluated 80 d after transferring to root medium. The data are means ± SEM, asterisks denote significant difference
determined by using a two-tailed Student's t test (*p < 0.05, **p < 0.01).

 

Table 4.    Effects of overexpressing AtCKX2 gene on root growth. Analyzing the growth of GUS-positive roots.

Rootstocks Genotype Rooting rate
(%)

Number of
adventitious roots

Adventitious root
length (cm)

Number of
lateral roots

Lateral root
length (cm)

M9 Control 72.01 ± 6.21 4.7 ± 0.58 3.17 ± 0.32 11.41 ± 1.93 1.03 ± 0.12
AtCKX2 76.11 ± 5.98 6.39 ± 0.66 4.55 ± 0.47* 19.73 ± 3.48* 1.31 ± 0.11

M26 Control 82.93 ± 2.88 5.74 ± 0.62 4.33 ± 0.34 15.87 ± 2.97 1.71 ± 0.2
AtCKX2 88.68 ± 3.41 8.3 ± 0.83* 6.65 ± 0.63** 26.52 ± 4.08* 3.29 ± 1.65

Malus xiaojinensis Control 86.06 ± 2.90 5.46 ± 0.4 2.97 ± 0.17 12.32 ± 1.96 1.01 ± 0.1
AtCKX2 86.89 ± 2.38 6.54 ± 0.44 3.68 ± 0.2** 19.36 ± 2.96* 1.15 ± 0.1

The data are the means ± SEM, asterisks denote significant difference determined by using a two-tailed Student's t test (*p < 0.05, **p < 0.01). The rooting rate
(%) = the number of rooted plants/the total number of infected plants × 100%.
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rooting rates of 87.04%, 84.24%, and 91.82% were achieved for
'M9', 'M26', and M. xiaojinensis,  respectively, under this optimal
concentration (Table 2). These findings align with earlier inves-
tigations,  which  also  underscored  the  significance  of  maintai-
ning an Agrobacterium concentration of OD600 = 0.5 as optimal
for apple materials such as 'GL-3' and 'Royal Gala'[6,31].

The root phenotype induced by A. rhizogenes transformation
shares  similarities  with  roots  overproducing  auxin,  characte-
rized by shorter length and increased formation of root hairs[32].
The  co-introduction  of iaaM and CKX genes  has  been  demon-
strated  to  enhance  root  length  and  biomass[18].  Wang  et  al.
showed  that  initiating AtCKX3 expression  using  a  root-specific
PYK10 promoter  and  a  constitutive 35S promoter  significantly
improved  the  root  development  of CKX transgenic  tobacco
compared with the control  plants[33].  In  the present  study,  the
introduction  of  the AtCKX2 gene  resulted  in  increased  root
length and number across the three apple rootstock varieties.

Analysis  of  hormone  content  revealed  no  significant  varia-
tion  in  auxin  levels  in  shoots  following  transformation  with
K599  and  MSU440  (Fig.  2).  Auxin  synthesis  primarily  occurs  in
young  leaves,  and  buds,  with  subsequent  transport  from
shoots  to  roots  through  vascular  tissue[34].  Therefore,  an
increase in auxin content in roots after transformation may not
directly  affect  auxin  levels  in  shoots.  In  contrast,  cytokinin
content after the Agrobacterium infection exhibited substantial
changes in shoots, showing a similar trend to that observed in
roots  (Fig.  2).  This  is  likely  attributed  to  the  fact  that  cytokinin
synthesis primarily occurs in the root tip, followed by accumu-
lation and subsequent transport to the shoot[35].

IAA  is  pivotal  in  promoting  adventitious  root  formation
during the induction phase. However,  elevated concentrations
of IAA can impede root formation in later stages. A. rhizogenes
infection  led  to  heightened  auxin  levels  in  transgenic  roots
compared with untransformed roots, thereby enhancing adven-
titious rooting rates,  and inhibiting root elongation.  Moreover,
the  inhibitory  impact  of  root  length  and  increased  cytokinin
contents  in A.  rhizogenes-infected  transgenic  roots  were  dimi-
nished upon overexpressing the AtCKX2 gene. As the cytokinin
level  decreased  and  hormone  interactions  occurred,  the  auxin
level also decreased to a level similar to that of untransformed

roots  (Fig.  2).  This  regulatory  mechanism  helped  to  avoid  the
inhibitory effects of excessive auxin on root length. 

Conclusions

The  present  discoveries  enrich  the  comprehension  of  mole-
cular  mechanisms  governing  root  development  and  propose
the  potential  of  employing  the A.  rhizogenes transformation
system for root-related research. This established system offers
a convenient and swift approach for examining gene functiona-
lity  and  investigating  signal  transmission  between  roots  and
aboveground components. 

Author contributions

The  authors  confirm  contribution  to  the  paper  as  follows:
study  conception  and  design:  Han  Z,  Li  W;  performing  the
experiments  and date analysis:  Guo Y,  Wang Z,  Shu S,  Dong J;
writing and editing the manuscript: Li W, Han Z, Guo Y, Wang Z,
Deng CH, Dong J, Wang Y. All authors reviewed the results and
approved the final version of the manuscript. 

Data availability

All data generated or analyzed during this study are included
in this published article.

Acknowledgments

This  work  was  supported  by  the  National  Natural  Science
Foundation  of  China  (32072529,  32272664,  31801823),  the
earmarked  fund  for  the  China  Agricultural  Research  System
(CARS-27), 2115 Talent Development Program of China Agricul-
tural  University,  the  Construction  of  Beijing  Science  and  Tech-
nology  Innovation  and  Service  Capacity  in  Top  Subjects
(CEFF-PXM2019_014207_000032), and 111 Project (B17043).

Conflict of interest

The authors declare that they have no conflict of interest.

 

Fig. 2    Hormone contents of Agrobacterium rhizogenes-transformed 'M26' plants, 'M26' untransformed plants were employed as controls. The
data  are  the  means  ±  SD  calculated  from  three  biological  replicates.  Different  letters  denote  significant  difference  within  each  tissue  type
determined by one-way ANOVA (Tukey's test; p < 0.05).

Agrobacterium rhizogenes transformation for apple
 

Guo et al. Fruit Research 2024, 4: e033   Page 5 of 6



Dates

Received  11  April  2024; Revised  3  August  2024; Accepted  8
August 2024; Published online 8 October 2024

References 

 Igarashi  M,  Hatsuyama  Y,  Harada  T,  Fukasawa-Akada  T. 2016.
Biotechnology  and  apple  breeding  in  Japan. Breeding  Science
66:18−33

1.

 Wang Y, Li W, Xu X, Qiu C, Wu T, et al. 2019. Progress of apple root-
stock breeding and its use. Horticultural Plant Journal 5:183−91

2.

 Matveeva  TV,  Lutova  LA. 2014. Horizontal  gene  transfer  from
Agrobacterium to plants. Frontiers in Plant Science 5:326

3.

 Tomilov A, Tomilova N, Yoder JI. 2007. Agrobacterium tumefaciens
and Agrobacterium  rhizogenes transformed  roots  of  the  parasitic
plant Triphysaria  versicolor retain  parasitic  competence. Planta
225:1059−71

4.

 Tinland  B. 1996. The  integration  of  T-DNA  into  plant  genomes.
Trends in Plant Science 1:178−84

5.

 Dai  H,  Li  W,  Han  G,  Yang  Y,  Ma  Y,  et  al. 2013. Development  of  a
seedling clone with high regeneration capacity and susceptibility
to Agrobacterium in apple. Scientia Horticulturae 164:202−08

6.

 Gong J,  Chen Y,  Xu Y,  Gu M, Ma H, et al. 2024. Tracking organelle
activities through efficient and stable root genetic transformation
system in woody plants. Horticulture Research 11:uhad262

7.

 Boulanger  F,  Berkaloff  A,  Richaud  F. 1986. Identification  of  hairy
root loci in the T-regions of Agrobacterium rhizogenes Ri plasmids.
Plant Molecular Biology 6:271−79

8.

 Cardarelli  M,  Mariotti  D, Pomponi M, Spanò L, Capone  I,  et  al.
1987. Agrobacterium rhizogenes T-DNA genes capable of inducing
hairy  root  phenotype. Molecular  Genetics  and  Genomics
209:475−80

9.

 Huffman  GA,  White  FF,  Gordon  MP,  Nester  EW. 1984. Hairy-root-
inducing plasmid: physical map and homology to tumor-inducing
plasmids. Journal of Bacteriology 157:269−76

10.

 White  FF,  Taylor  BH,  Huffman  GA,  Gordon  MP,  Nester  EW. 1985.
Molecular  and  genetic  analysis  of  the  transferred  DNA  regions  of
the root-inducing plasmid of Agrobacterium rhizogenes. Journal of
Bacteriology 164:33−44

11.

 Maurel  C,  Leblanc  N,  Barbier-Brygoo  H,  Perrot-Rechenmann  C,
Bouvier-Durand  M,  et  al. 1994. Alterations  of  auxin  perception  in
rolB-transformed  tobacco  protoplasts  (time  course  of  rolB  mRNA
expression and increase in auxin sensitivity reveal multiple control
by auxin). Plant Physiology 105:1209−15

12.

 Chandra  S. 2012. Natural  plant  genetic  engineer Agrobacterium
rhizogenes:  role of T-DNA in plant secondary metabolism. Biotech-
nology Letters 34:407−15

13.

 Akbari  M,  Maejima  T,  Otagaki  S,  Shiratake  K,  Matsumoto  S. 2015.
efficient  rooting system for  apple  "M.9"  rootstock  using rice  seed
coat  and  smocked  rice  seed  coat. International  Journal  of  Agron-
omy 2015:107906

14.

 Pincelli-Souza RP, Tang Q, Miller BM, Cohen JD. 2024. Horticultural
potential  of  chemical  biology  to  improve  adventitious  rooting.
Horticulture Advances 2:12

15.

 Guan  L,  Li  Y,  Huang  K,  Cheng  ZM. 2020. Auxin  regulation  and
MdPIN expression  during  adventitious  root  initiation  in  apple
cuttings. Horticulture Research 7:143

16.

 Mao  J,  Zhang  D,  Meng  Y,  Li  K,  Wang  H,  et  al. 2019. Inhibition  of
adventitious root development in apple rootstocks by cytokinin is
based on its suppression of adventitious root primordia formation.
Physiologia Plantarum 166:663−76

17.

 Li W, Fang C,  Krishnan S,  Chen J,  Yu H, et al. 2017. Elevated auxin
and  reduced  cytokinin  contents  in  rootstocks  improve  their
performance  and  grafting  success. Plant  Biotechnology  Journal
15:1556−65

18.

 Kieber  JJ,  Schaller  GE. 2014. Cytokinins. The  Arabidopsis  Book
12:e0168

19.

 Abdelrahman M, Nishiyama R, Tran CD, Kusano M, Nakabayashi R,
et  al. 2021. Defective  cytokinin  signaling  reprograms  lipid  and
flavonoid gene-to-metabolite networks to mitigate high salinity in
Arabidopsis. Proceedings of the National Academy of Sciences of the
United States of America 118:e2105021118

20.

 Ashikari  M,  Sakakibara  H,  Lin  SY,  Yamamoto  T,  Takashi  T,  et  al.
2005. Cytokinin  oxidase  regulates  rice  grain  production. Science
309:741−45

21.

 Wang X, Ding J, Lin S, Liu D, Gu T, et al. 2020. Evolution and roles of
cytokinin  genes  in  angiosperms  2:  do  ancient CKXs play  house-
keeping roles while non-ancient CKXs play regulatory roles? Horti-
culture Research 7:29

22.

 Werner  T,  Motyka  V,  Strnad  M,  Schmülling  T. 2001. Regulation  of
plant growth by cytokinin. Proceedings of the National Academy of
Sciences of the United States of America 98:10487−92

23.

 Laplaze  L,  Benkova  E,  Casimiro  I,  Maes  L,  Vanneste  S,  et  al. 2007.
Cytokinins act  directly on lateral  root founder cells  to inhibit  root
initiation. The Plant Cell 19:3889−900

24.

 Zhao  J,  Li  G,  Yi  GX,  Wang  BM,  Deng  AX,  et  al. 2006. Comparison
between  conventional  indirect  competitive  enzyme-linked
immunosorbent  assay  (icELISA)  and  simplified  icELISA  for  small
molecules. Analytica Chimica Acta 571:79−85

25.

 Wang D, Wang G, Sun S, Lu X, Liu Z, et al. 2024. Research progress
on  cuttings  of Malus rootstock  resources  in  China. Horticulturae
10:217

26.

 Wang H, Zheng Y, Zhou Q, Li Y, Liu T, et al. 2024. Fast, simple, effi-
cient Agrobacterium  rhizogenes-mediated  transformation  system
to  non-heading  Chinese  cabbage  with  transgenic  roots. Horticul-
tural Plant Journal 10:450−60

27.

 De  Bondt  A,  Eggermont  K, Penninckx I,  Goderis  I, Broekaert WF.
1996. Agrobacterium-mediated  transformation  of  apple  (Malus ×
domestica Borkh.):  an  assessment  of  factors  affecting  gene  trans-
fer  efficiency  during  early  transformation  steps. Plant  Cell  Reports
15:549−554

28.

 Meng D, Yang Q, Dong B, Song Z, Niu L, et al. 2019. Development
of an efficient root transgenic system for pigeon pea and its appli-
cation  to  other  important  economically  plants. Plant  Biotechnol-
ogy Journal 17:1804−13

29.

 Jiao B, Hao X, Liu Z, Liu M, Wang J, et al. 2022. Engineering CRISPR
immune  systems  conferring  GLRaV-3  resistance  in  grapevine.
Horticulture Research 9:uhab023

30.

 Zhang  Z,  Sun  A,  Cong  Y,  Sheng  B,  Yao  Q,  et  al. 2006. Agrobac-
terium-mediated  transformation  of  the  apple  rootstock Malus
micromalus Makino with the RolC gene. In Vitro Cellular & Develop-
mental Biology - Plant 42:491−97

31.

 Ivanchenko  MG,  Napsucialy-Mendivil  S,  Dubrovsky  JG. 2010.
Auxin-induced  inhibition  of  lateral  root  initiation  contributes  to
root  system  shaping  in Arabidopsis  thaliana. The  Plant  Journal
64:740−52

32.

 Wang Y, Dang R, Li J, Han Y, Ding N, et al. 2015. Drought tolerance
evaluation  of  tobacco  plants  transformed  with  different  set  of
genes  under  laboratory  and  field  conditions. Science  Bulletin
60:616−28

33.

 Chen  Q,  Dai  X,  De-Paoli  H,  Cheng  Y,  Takebayashi  Y,  et  al. 2014.
Auxin  overproduction  in  shoots  cannot  rescue  auxin  deficiencies
in Arabidopsis roots. Plant and Cell Physiology 55:1072−79

34.

 Ko  D,  Kang  J,  Kiba  T,  Park  J,  Kojima  M,  et  al. 2014. Arabidopsis
ABCG14  is  essential  for  the  root-to-shoot  translocation  of
cytokinin. Proceedings  of  the  National  Academy  of  Sciences  of  the
United States of America 111:7150−55

35.

Copyright:  © 2024 by the author(s).  Published by
Maximum  Academic  Press,  Fayetteville,  GA.  This

article  is  an  open  access  article  distributed  under  Creative
Commons  Attribution  License  (CC  BY  4.0),  visit https://creative-
commons.org/licenses/by/4.0/.

 
Agrobacterium rhizogenes transformation for apple

Page 6 of 6   Guo et al. Fruit Research 2024, 4: e033

https://doi.org/10.1270/jsbbs.66.18
https://doi.org/10.1016/j.hpj.2019.06.001
https://doi.org/10.3389/fpls.2014.00326
https://doi.org/10.1007/s00425-006-0415-9
https://doi.org/10.1016/1360-1385(96)10020-0
https://doi.org/10.1016/j.scienta.2013.09.033
https://doi.org/10.1093/hr/uhad262
https://doi.org/10.1007/BF00015233
https://doi.org/10.1007/BF00331152
https://doi.org/10.1128/jb.157.1.269-276.1984
https://doi.org/10.1128/jb.164.1.33-44.1985
https://doi.org/10.1128/jb.164.1.33-44.1985
https://doi.org/10.1104/pp.105.4.1209
https://doi.org/10.1007/s10529-011-0785-3
https://doi.org/10.1007/s10529-011-0785-3
https://doi.org/10.1155/2015/107906
https://doi.org/10.1155/2015/107906
https://doi.org/10.1155/2015/107906
https://doi.org/10.1007/s44281-024-00034-7
https://doi.org/10.1038/s41438-020-00364-3
https://doi.org/10.1111/ppl.12817
https://doi.org/10.1111/pbi.12738
https://doi.org/10.1199/tab.0168
https://doi.org/10.1073/pnas.2105021118
https://doi.org/10.1073/pnas.2105021118
https://doi.org/10.1126/science.1113373
https://doi.org/10.1038/s41438-020-0246-z
https://doi.org/10.1038/s41438-020-0246-z
https://doi.org/10.1073/pnas.17130409
https://doi.org/10.1073/pnas.17130409
https://doi.org/10.1105/tpc.107.055863
https://doi.org/10.1016/j.aca.2006.04.060
https://doi.org/10.3390/horticulturae10030217
https://doi.org/10.1016/j.hpj.2023.03.018
https://doi.org/10.1016/j.hpj.2023.03.018
https://doi.org/10.1007/BF00232992
https://doi.org/10.1111/pbi.13101
https://doi.org/10.1111/pbi.13101
https://doi.org/10.1111/pbi.13101
https://doi.org/10.1093/hr/uhab023
https://doi.org/10.1079/IVP2006812
https://doi.org/10.1079/IVP2006812
https://doi.org/10.1079/IVP2006812
https://doi.org/10.1079/IVP2006812
https://doi.org/10.1079/IVP2006812
https://doi.org/10.1079/IVP2006812
https://doi.org/10.1079/IVP2006812
https://doi.org/10.1111/j.1365-313X.2010.04365.x
https://doi.org/10.1007/s11434-015-0748-5
https://doi.org/10.1093/pcp/pcu039
https://doi.org/10.1073/pnas.1321519111
https://doi.org/10.1073/pnas.1321519111
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials
	Preparation of Agrobacterium rhizogenes solution
	A. rhizogenes infected the stem segment of apple stock
	GUS staining of transgenic materials
	Determination of hormone content

	Results
	Optimal transformation system of Agrobacterium rhizogenes for apple rootstocks
	Root growth after A. rhizogenes transformation
	Overexpression of AtCKX2 gene promotes adventitious root growth and development
	Effect of overexpressing AtCKX2 gene on plant hormone content

	Discussion
	Conclusions
	Author contributions
	Data availability
	References

