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Abstract
SnRK (sucrose non-fermenting protein kinase family), a class of serine/threonine (Ser/Thr) protein kinases, is widely distributed in plants and is
divided into three subfamilies: SnRK1, SnRK2, and SnRK3. The SnRK2 family, in particular, plays a significant role in osmotic stress resistance and
ABA signaling pathways. However, research on the relationship between the SnRK2 gene and iron (Fe) deficiency in apples is limited. Studies have
shown that the SnRK2.4 gene exhibited higher regulation of expression under Fe-deficient conditions compared to other genes. Yet, the mode of
action of this gene in regulating Fe-deficiency stress remains unexplained. Therefore, the MhSnRK2.4 gene (Genbank ID:103411041) was cloned
from Malus halliana in the present study. It was observed that transgenic Arabidopsis plants exhibited more robust growth and reduced chlorosis
under Fe-deficiency stress when compared to the wild-type control. The overexpressed apple calli also exhibited enhanced growth Fe-deficiency
stress.  In  addition,  measurements  of  physiological  indices  showed  that  overexpression  of  the MhSnRK2.4 gene  increased  the  tolerance  of
Arabidopsis thaliana to  Fe-deficiency damage by promoting chlorophyll  synthesis,  Fe-deficiency damage by promoting chlorophyll  synthesis,
increasing  the  activity  of  antioxidant  end  enzymes,  and  promoting  Fe  reduction,  and  apple  calli  to  Fe-deficiency  damage  by  decreasing  pH,
increasing the activity of antioxidant end enzymes, and promoting Fe uptake. In conclusion, the overexpression of the MhSnRK2.4 gene enhanced
the resistance to Fe-deficiency stress in Arabidopsis and apple calli, increasing antioxidant enzyme activity, and promoting Fe reduction.
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Introduction

Fe-deficiency affects plant growth mainly by interfering with
chlorophyll  biosynthesis,  photosynthesis,  and  respiration[1].
When plants are Fe-deficient, they exhibit leaf chlorosis,  which
in  extreme  cases  can  lead  to  complete  plant  death[2,3].  Yello-
wing is caused by the imbalance and breakdown of chlorophyll,
the  synthesis  of  which  is  regulated  by  abscisic  acid.  In  recent
years,  ABA  signaling,  enhanced  by  low  temperatures,  can  be
transcriptionally  activated  by  the  downstream  transcription
factors known as AREBs (ABRE-binding proteins).  These factors
bind to ABRE (ABA response cis-elements) on the promoters of
the  CORs  gene,  leading  to  transcriptional  activation  and
improved  plant  cold  tolerance[4].  Abscisic  acid  (ABA)  plays  an
important  role  in  this  signal  transduction.  In  the  presence  of
ABA, the binding of ABA to the PYR/PYL/RCAR receptor releases
the restriction of  SnRK2 by PP2Cs,  and thus the SnRK2 protein
kinase  is  activated  and  fulfills  its  role.  These  activated  SnRK2s
can  phosphorylate  the  downstream  transcription  factors
AREB/ABF,  which in turn activate the ABRE-dependent expres-
sion of ABA-responsive genes such as RD29A, and CBFs[5,6]. The
SnRK2  family  is  thus  a  key  component  in  the  ABA  signaling
pathway.  The  study  of  key  genes  in  the  Fe  uptake  process  is
therefore crucial for apples to counteract Fe-deficiency stress.

The  protein  kinase  SnRK2  plays  a  crucial  role  in  the  ABA
signaling pathway and is essential for plant resistance to stress,
especially  abiotic  stresses.  Transgenic  plants  of Arabidopsis
thaliana,  wheat,  and  poplar  with  SnRK2  exhibit  enhanced

drought  resistance[7−9].  Although  ABA  does  not  induce Arabi-
dopsis SRK2E/SnRK2.6 at the mRNA level, the protein is still capa-
ble  of  being  activated  in  response  to  ABA  and  drought  stress,
suggesting post-transcriptional regulation mechanisms[10].  The
mutant Arabidopsis SRK2E is significant in ABA signaling during
water stress, preventing stomatal closure under rapid humidity
reduction[11].  Three  SnRK2  protein  kinases,  SnRK2.2,  SnRK2.3,
and  OST/SRK2E/SnRK2.6,  have  been  found  to  positively  regu-
late ABA signaling in Arabidopsis thaliana[12]. Overexpression of
SAPK8,  SAPK9,  and  SAPK10  enhance  ABA  responses[13],  the
SnRK2 protein kinase-mediated processes  such as  seed germi-
nation,  plant  growth,  and  development[14−16]. Arabidopsis
thaliana with AtSnRK2.8 transgene  exhibits  increased  growth
compared  to  the  wild  type,  illustrating  its  growth-promoting
potential[17].  Therefore,  the  SnRK2  family,  which  is  widely
present in higher plants, participates in various plant signaling
pathways and contributes significantly to the plant stress tole-
rance mechanism[18].

Malus halliana Koehen,  an apple rootstock native to the arid,
saline-alkali  areas  of  Gansu  Province  (China),  has  been  the
subject  of  relatively  few  and  sporadic  studies[19].  Despite  this,
the  studies  have  shown  it  has  excellent  stress  tolerance[20].
Moreover, the disadvantages caused by irrational human activi-
ties,  such as irrational  irrigation,  irrational  fertilizer  application,
etc., resulting in soil saline-alkali conditions has become increa-
singly severe, effective Fe use has decreased, and Fe-deficiency
stress  has  become  a  major  constraint  to  apple  industry
development[21].  Screening  for  genes  related  to  Fe-deficient
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stress  should  help  produce  plants  that  are  more  resistant  to
Fe-deficiency.  Based  on  qRT-PCR,  the MhSnRK2.4 gene  was
screened,  which  was  significantly  up-regulated  under  Fe-
deficiency stress, but the mechanism of its regulation under Fe-
deficiency stress is still unknown. For this reason, the gene was
cloned,  and  its  function  was  characterized  in Arabidopsis and
apple calli. 

Experimental materials and methods
 

Materials and methods utilized for treatment
For  gene  expression  analysis, Malus  halliana histoculture

seedlings  were  utilized  as  the  experimental  material.  Initially,
these seedlings were cultivated on a basal medium for 3 weeks.
Subsequently,  they  were  subjected  to  uniform  treatment
conditions  and  maintained  under  regular  control.  In  parallel,
the  wild-type  (WT) Arabidopsis thaliana of  the  Colombian
ecotype  was  employed  as  a  comparative  model.  Additionally,
'Wang  Lin'  apple  calli,  which  were  originally  sourced  from  the
laboratory of  Professor Wang Xiaofei  at  Shandong Agricultural
University (Shandong, China), were also included in the present
study.  These  calli  were  further  grown  in  the  laboratory  under
the conditions specified for the experiment.

For  gene  expression  analysis,  pest  and  disease-free Malus
halliana seedlings with eight leaves were collected and precul-
tivated for 7 d on Fe-supplemented (+Fe) MS medium. After 7 d
of cultivation, Fe-deficiency stress treatments were applied, and
the leaves were collected at 0, 12, 24, 48, and 72 h. In addition,
Fe-deficient  solutions  were  adjusted  to  0 μM  Fe  (−Fe)  accor-
ding to the Fe assays of Han et al.[22]. Each treatment was repli-
cated three times, with each replicate containing five plants. 

Quantitative real-time PCR
Total  RNA  was  extracted  from  the  samples  using  an  RNA

extraction  kit  from  BioTeke  Corporation  (Beijing,  China).  The
RNA  was  then  reverse  transcribed  using  TaKaRa's  Prime-
ScriptTM  RT  reagent  Kit  with  gDNA  Eraser  (Perfect  Real  Time).
The primers for the real-time PCR were designed with the assis-
tance  of  Shanghai  Sangon  Biological  Engineering  Co.,  Ltd
(Shanghai,  China),  and  the  sequences  were  searched  in  the
NCBI database. The primer pairs used for the real-time PCR are
listed  in Table  1.  In  this  study,  cDNA  from Malus  halliana
plantlets  served  as  the  template  and  GAPDH  was  used  as  a
reference for quantitative real-time PCR analysis.  The quantita-
tive  data  obtained  from  the  analysis  was  analyzed  using  the

2−ΔΔCᴛ method[23].  The  reaction  system  for  the  real-time  PCR
included  TB  Green™  Premix  Ex  Taq  II,  10 μmol·L−1 upstream
primers, 10 μmol·L−1 downstream primers, cDNA template, and
dd H2O at specific doses. The reaction conditions involved pre-
denaturation at 95 °C for 3 min, which was followed by subse-
quent denaturation at 95 °C for 5 s, topped off by presoaking at
56 °C for  30 s,  and elongation at  72 °C for  30 s,  repeated for  a
total  of  40  cycles.  Each  sample  was  run  in  triplicate  to  ensure
the accuracy and reliability of the results. 

Bioinformatics analysis of MSnRK2.4
The  protein  physicochemical  data  were  obtained  from

the  Protparam  website  (http://web.expasy.org/protparam).
DNAMAN  software  was  applied  for  the  amino  acid  residue
sequence  comparison  of  the  protein.  The  phylogenetic  tree
was  established  using  MEGAX  and  the  nearest  neighbor  (NJ)
method.  Cis-acting sites  on MhSnRK2.4 promoters  were  coded
using PlantCARE. Subcellular localization of tobacco was carried
out  according  to  the  method  of  Sun  et  al.[24].  (Supplemental
Table S1). 

MhSNRK2.4 and MhSnRK2.4-Anti gene cloning and
vector construction

Primer  design  was  performed  using  DNAMAN  software  to
obtain  the  upstream  primer  of MhRnRK2.4 from  the  gene
sequence  taken  in  the  NCBI  database:  ATGGAAAAGTACGAG
GTTGTCAAGG,  the  downstream  primer:  TCAGCTGACGCTCAC
TTC,  and  the  upstream  primer  of  the  antisense  vector  for  the
gene  (MhRnRK2.4-Anti):  TCATCTACTACAGAAAAGAAAACCCAA,
and the downstream primer: TCAGCTGACGCTCACTTCTCC. Two
genes were amplified using Malus halliana cDNA as a template.
The  PCR  products  were  analyzed  by  1%  agarose  gel  elec-
trophoresis  to  verify  band  size.  Subsequently,  the  gel  was
recovered,  and cloned into the pMD19-T cloning construct  for
use  with  the  enzyme. E.  coli was  next  converted  and  the  gel
analyzed. The correctly sequenced MhSNRK2.4 and MhSNRK2.4-
Anti plasmids were amplified, followed by EcoRI and SalI restric-
tion  digestion,  and  ligated  into  the  pRI101  plasmid.  The  plas-
mid was  then inserted into E.  coli.  The single  positive  colonies
were identified which were used to transform the plasmid into
Agrobacterium  tumefaciens  LBA4404  for  expression  transfor-
mation using the freeze and thaw method. 

Agrobacterium transformation of Arabidopsis
thaliana, and apple calli

Following the method of  Hu et  al.[25],  transgenic MhSNRK2.4
Arabidopsis seeds  were  acquired  by  genetic  transformation,
treated with 75% ethanol  for  5  min,  26% sodium hypochlorite
for 10 min, rinsed three to five times with deionized water, then
they  were  sown  on  MS  medium  containing  30  mg·L−1

Kanamycin  (Kan)  and  screened  for  resistant  plants  by  PCR  to
obtain  heterozygous  transgenic  plants  of  T3  generation  after
three successive generations of screening[26].

The infection of  the apple calli  was carried out according to
the method of Hu et al.[27]. To obtain stable resistant apple calli,
the  overexpressed  calli  were  incubated  in  medium  containing
250  mg·L−1 cephalosporin(cef)  and  30  mg·L−1 Kan.  DNA  was
extracted and detected by qRT-PCR. 

Treatment with Fe-deficiency in transgenic
Arabidopsis, and apple calli

First,  wild-type  and  transgenic Arabidopsis T3  seeds  were
sterilized and placed on MS solid medium and MS + 30 mg·L−1

 

Table  1.    Using the NCBI  database,  the  CDS sequences  associated with
the  gene  family  were  found,  and  real-time  quantitative  PCR  was  per-
formed to analyze the primer list.

Gene
name

Primer sequence (5'-3')

Forward primer Reverse primer

MhSnRK2.1 GAGAACAAACTATGCGTCAGT
GGAG

TGGTGTCCTTGCCTCGTGTATG

MhSnRK2.2 GCAACCAGTTTGAAGAGCCAGATC CATGTACGAGCCCAGACCAAGG

MhSnRK2.3 TGACGGACAAGCAGACCAAAGAG GATGTTCGGGTGCCTCAGAGAC

MhSnRK2.4 ACCACAGATCGCTTCGCCATC CCACCAGCCGCATACTCCATC

MhSnRK2.5 AGCGTGACCAGCCTAAACAGAG ACGGCTTGACCTCCTGCTTTG

MhSnRK2.6 GCCTCGTCCTCGCTGAATCG CTCCGCTGCTGTCAATGTCAATG

MhSnRK2.7 AACCACAGGTCCTTGAAGCATCC GCCTCGTCCTCGCTGAATCG

MhSnRK2.8 ACCCCGAAAAGAGAATAACCA
TCCC

ACTGCCAACTTCCTCCTTCCATC

MhSnRK2.9 ATCGCTTCGCCACCCAAACATC CCACCAGCCGCATACTCCATAAC
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Kan medium, respectively, followed by vernalization at 4 °C for
3 d and cultivation in a  light  source for  10 d.  Seeds were then
grown on MS solid medium with sufficient (+Fe: 40 μM Fe) and
deficient (−Fe: 0 μM Fe) Fe for 20 d, phenotypes were observed
and physiological indices were measured.

Finally,  overexpressed  and  WT  apple  calli  were  cultured  on
MS  solid  medium  for  15  d,  followed  by  20  d  on  Fe-sufficient
(+Fe) and Fe-deficient (−Fe) solid medium. 

Physiological index detection measurement
Chlorophyll measurement followed the method of Cheng et

al.[28].  Diaminobenzidine  (DAB)  staining  involved  soaking  leaf
samples in a 50 mM DAB solution for either 12 or 24 h, followed
by  decolorization  in  95%  ethanol  until  the  color  changed  to
white.  Similarly,  Nitrotetrazolium  Blue  chloride  (NBT)  staining
for root tip or leaf samples required immersion in a 50 mM NBT
solution for 4 h, then decolorization with 95% ethanol until the
color changed to white. Proline was measured according to the
method  of  Júnio  et  al.[29].  The  activities  of  superoxide  dismu-
tase  (SOD),  peroxidase  (POD),  catalase  (CAT),  and  ascorbate
peroxidase  (APX)  were  measured  using  a  spectrophotometer
and  a  kit  from  Suzhou  Kaiming  Biological  Co.,  Ltd  (Suzhou,
China).  FCR  activity  was  determined  based  on  the  method
developed  by  Zhao  &  Ling[30].  The  determination  of  Fe2+

content  was  as  per  the  method  of  Gu[31].  Exocrine  H+ was
performed  using  the  method  of  Zhao  &  Ling[30].  Three  repli-
cates were tested for each strain. In addition, following Sharma
&  Kumar[32],  endogenous  hormones,  including  growth  hor-
mone (IAA) and abscisic acid (ABA), were measured. 

Construction and self-activation detection of
pGBKT7-MhSnRK2.4 bait expression vector

The  pGBKT7-MhSnRK2.4 and  empty  pGADT7  were  trans-
ferred  into  yeast  Y2H  Gold,  coated  on  SD/-Trp/-Leu  solid
medium,  and  incubated  in  inverted  culture  at  30  °C  for  2  d.
Then,  the  yeast  was  cultured  on  SD/-Leu/-Trp/-His/-Ade  solid
medium and incubated at 30 °C for 3−5 d. The growth of yeast
was  observed  as  a  negative  control,  BD  +  AD  was  included  in
the experiment for comparison. 

MhSnRK2.4 interaction protein screening
In  the  next  Y2H  co-transformation,  yeast  two-hybrid  cDNA

constructs  were  prepared  utilizing  the  cDNA  construction  kit
Clone Miner™ II from Invitrogen USA. The pGADT7 library plas-
mid was co-transfected with MhSnRK2.4 bait  plasmid into Y2H
gold-sensitive cells. The cells were first cultured in SD/-Leu/-Trp
solid medium and inverted at 30 °C for 3 to 5 d. Positive clones
in  SD/-Leu/-Trp/-His/-Ade  solid  medium  were  collected  and
returned  to  SD/-Leu/-Trp/-His/-Ade/X-α-Gals  solid  medium  for
re-screening and then rotated at 30 °C for re-screening. Clones
were  replated  on  SD/-Leu/-Trp/-His/-Ade/X-α-Gals  solid
medium and next cultured in an incubated dish at 30 °C for 3 to
5  d.  The  sequencing  outcomes  were  employed  to  synthesize
primers, as listed in Supplemental Table S2. These primers were
incorporated into the AD vector and co-transfected along with
MhSnRK2.4 into  the  Y2H  system  to  verify  the  interaction
through a rotational confirmation method. 

Statistical analysis methods
Analysis of variance was used to test for differences between

treatments, and Duncan's test was used to compare means (p <
0.05). Software (OriginLab, Hampton, MA, USA) was used for sta-
tistical  analysis  and  Origin  8.0  software  (OriginLab,  Hampton,
MA, USA) for manipulation of figures. 

Results
 

Expression patterns of several SnRK2 genes in
response to Fe-deficiency stress

Using  the Malus  halliana transcriptome  database,  eight  Fe-
deficiency  functional  genes,  including MhSnRK2.1, MhSnRK2.2,
MhSnRK2.3, MhSnRK2.4, MhSnRK2.5, MhSnRK2.6, MhSnRK2.7,
MhSnRK2.8 and MhSnRK2.9,  were  selected  for  qRT-PCR.  As
shown in Fig. 1, MhSnRK2.4 expression increased dramatically at
12 h, reaching a peak at 48 h, 15.24 folds greater than at 0 h. In
contrast,  the  changes  in  the  expression  of  other  genes  under
Fe-deficiency  were  not  as  significant  as  those  of MhSnRK2.4 in
Malus  halliana,  indicating  that MhSnRK2.4 may  play  a  critical
role in the answer to Fe- deficiency. 

Analysis of the MhSnRK2.4 gene
The MhSnRK2.4 gene was cloned from Malus halliana,  with a

band  size  of  1,059  bp  (Fig.  2a).  Transgenic MhSnRK2.4-Antiob-
tain (Anti)  apple calli  (Fig.  2b).  The transgenic Arabidopsis,  and
overexpressed apple calli  were characterized at  the DNA level,
and all matched the size of the bands of the gene (Supplemen-
tal  Fig.  S1).  To  investigate  the  expression  site  of MhSnRK2.4,  a
subcellularly localized carrier pART-CAM-EGFP was constructed
by  the  homologous  recombination  method,  and  by  injecting
tobacco,  it  was  observed  that  (Fig.  3),  the  green  fluorescent
fusion  protein  showed  green  fluorescence  mainly  in  the  cell
membrane  and  nucleus,  and  a  small  amount  of  cytoplasmic
distribution was also found. Therefore, it is suggested that this
MhSnRK2.4 gene  may  be  mainly  expressed  in  the  cell  mem-
brane, nucleus, and a small amount in the cytoplasm. The results
presented  in Table  2 revealed  that  the  gene's  open  reading
frame spans 1,059 base pairs, translating into 352 amino acids,
possessing a molecular weight of 40.33 kD. The lipid coefficient
was  determined  to  be  62.48.  Additionally,  the  charges  on  the
protein  were  49  positives  and  55  negatives.  The  isoelectric
point  (PI)  was  calculated  to  be  6.15,  indicating  an  alkaline
nature.  The  protein  was  classified  as  hydrophilic  with  an  ave-
rage hydrophilicity value of −0.487. Furthermore, the instability
coefficient  indicated a  value of  44.47,  suggesting the protein's
lack  of  stability.  Comparison  of  the  protein  sequence  of
MhSnRK2.4 with sequences from other protein families revealed
that both the N-terminal and C-terminal ends of MhSnRK2.4 are
distinct  from  the  corresponding  ends  in  proteins  from  other
families  (Fig.  4).  Furthermore,  phylogenetic  analysis  revealed
that MhSnRK2.4 and MhSnRK2.9 proteins shared high sequence
identity (Fig. 5).

Finally,  the cis-elements in the 2,000 bp sequence upstream
of MhSnRK2.4 were analyzed and a variety of abiotic stress-asso-
ciated  cis-elements  were  found,  including  those  associated
with low temperature and drought stress (Table 3). This implies
that MhSnRK2.4 likely plays a key role in the abiotic stress tole-
rance response. 

Identification of transgenic Arabidopsis thaliana
and overexpressed apple calli

qRT-PCR  was  used  to  determine  expression  levels  of
MhSnRK2.4 in transgenic Arabidopsis,  and overexpressed apple
calli.  Results  showed  higher  expression  levels  of MhSnRK2.4 in
transgenic Arabidopsis and overexpressed apple calli compared
to  wild-type  plants.  Additionally, MhSnRK2.4-Anti  expression
was higher in overexpressed apple calli. Overexpression (OE) of

MhSnRK2.4 responds to Fe-deficiency stress
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Fig. 1    Expression levels of eight Fe-deficiency functional genes on Fe-deficiency at 0, 12, 24, 48, and 72 h in Malus halliana. Different letters
above the bars indicate significant differences (p < 0.05) as assessed by one-way ANOVA and the LSD test (p < 0.05).

 

a b

Fig. 2    PCR amplification of the MhSnRK2.4 gene and the MhSnRK2.4-Anti gene was performed using cDNA from Malus halliana as a template.
(a) Electrophoresis of PCR products for cloning of MhSnRK2.4. (b) Electrophoresis images of MhSnRK2.4-Anti amplifcation.

 

Fig.  3    Subcellular  localization of MhSnRK2.4 genes.  Tobacco transformed with  35S-GFP were used as  the control.  Co-transformed tobacco
with 35S-MhSnRK2.4 -GFP,  and 35S-GFP were used for subcellular  localization.  The nucleus (of  cell)  autofuorescence was also visualized by a
laser scanning confocal microscopy.
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MhSnRK2.4 was  observed  in Arabidopsis and  apple  calli,  while
OE of MhSnRK2.4-Anti was noted in apple calli (Fig. 6). 

Resistance of transgenic MhSnRK2.4 Arabidopsis
thaliana to Fe-deficiency stress

As depicted in Fig.  7,  the transgenic Arabidopsis and the WT
control Arabidopsis plants  typically  exhibited  green  leaves
under  Fe-supplemented  conditions.  In  contrast,  the  WT
Arabidopsis showed  severe  leaf  chlorosis  and  stunted  growth
under  Fe-deficient  conditions.  Furthermore,  the  chlorophyll  a,
chlorophyll b, chlorophyll (chlorophyll a + b), carotenoid levels
(Supplemental  Fig.  S2),  O2

−,  and  H2O2 contents  of  the  three
transgenic  lines  (OE-1,  OE-2,  and  OE-3)  were  not  significantly
different from those of  WT plants from those of  the WT plants

under  Fe-sufficient  conditions.  However,  the  transgenic
Arabidopsis showed  significantly  increased  photosynthetic
pigment  levels  and  reduced  O2

− and  H2O2 contents  under  Fe-
deficient conditions (Fig. 8). The genetically modified Arabidop-
sis plants,  as  depicted  in Fig.  8,  showed  robust  growth  under
Fe-sufficient  conditions.  However,  under  Fe-deficient  condi-
tions, the activities of POD, SOD, CAT, proline content, FCR, and
Fe2+ levels were significantly higher in the transgenic lines OE-
1, 2, and 3 than in the wild type. Additionally, the MDA content
as  shown  in Fig.  8d was  significantly  increased  relative  to  the
WT  control.  These  findings  infer  that  the  increased  expression
of MhSnRK2.4 fortified the Arabidopsis plants against the detri-
mental effects of Fe-deficiency. 

 

Table 2.    The protein sequence of MhSnRK2.4 was extracted, and the physicochemical properties of MhSnRK2.4 were analyzed using Expasy software.

Gene Amino
acids

Molecular weight
(KD)

Theoretical
pI

Positive
residues

Negative
residues

Aliphatic
index

Instability
index

Grand average of
hydropathicity

MhSnRK2.4 352 40.33 6.15 49 55 81.93 44.47 −0.487

 

Fig.  4    The  protein  sequence  of  the Malus  halliana  MhSnRK2.4 gene  was  selected  for  analysis  using  DNAMAN,  comparing  it  with  protein
sequences of other species.

 

NP 001315705.1 Malus domestica

TQE06259.1 Malus baccata

XP 009355252.2 Pyrus × bretschneideri

AVL26010.1 Prunus avium

XP 008218556.1 Prunus mume
XP 034214488.1 Prunus dulcis

XP 062027033.1 Rosa rugosa

XP 050375559.1 Argentina anserina

XP 039060882.1 Hibiscus syriacus

KAH1030746.1 Gossypium stocksii

TYI45479.1 Gossypium mustelinum

CAB4267827.1 Prunus armeniaca

Fig.  5    Phylogenetic  analysis  of  the Malus  halliana MhSnRK2.4 gene was  conducted in  comparison with  other  species.  The numbers  at  the
branches of the evolutionary tree indicate the confidence levels of those branches; the larger the value, the higher the reliability.
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Resistance of overexpressed MhSnRK2.4 apple
calli to Fe-deficiency stress

As  illustrated  in Fig.  9,  the  growth  of  overexpressed
MhSnRK2.4 apple  calli  did  not  differ  significantly  from  that  of
WT  apple  calli  under  Fe-sufficient  treatment,  whereas  under
Fe-deficient  treatment,  overexpressed  apple  calli  grew  more
vigorously  than  WT  apple  calli.  The  viability  of  overexpressed
MhSnRK2.4-Anti was similar to that of overexpressed MhSnRK2.4
apple  calli  under  Fe-sufficient  conditions  but  was  opposite  to
the  viability  of MhSnRK2.4 under  Fe-deficient  conditions.
Bromocresol  violet  staining  indicated  that MhSnRK2.4 overex-
pressed  apple  calli  compared  to  the  WT  control. MhSnRK2.4

overexpression  calli  were  able  to  pump  more  H+ into  the
medium  under  Fe-deficient  conditions  (Fig.  9c, d),  whereas
MhSnRK2.4-Anti  overexpression  calli  pumped  less  H+ into  the
medium under Fe-deficient  conditions (Fig.  8e−h).  In  addition,
the MhSnRK2.4 gene  lines  OE-1,  OE-6,  and  OE-8  (Fig.  10)
showed  higher  enzyme  activities,  including  POD,  SOD,  CAT,
APX,  and  FCR,  compared  to  WT  apple  calli;  and  finally,  apple
calli  that overexpressed the MhSnRK2.4 gene contained higher
levels  of  Fe2+ and  IAA  than  WT  apple  calli.  In  addition,  the
MhSnRK2.4-Anti  gene  lines  OE-3,  OE-7,  and  OE-8  showed  the
opposite effects to those of the MhSnRK2.4 gene line compared
to WT apple calli (Supplemental Fig. S3). 

 

Table 3.    Some important cis-regulatory elements regulated by the 2,000 bp genomic sequence upstream of MhSnRK2.4.

cis-Acting element Sequence Start sites (bp) End sites (bp) Function

TGA-element AACGAC +68 +74 Auxin-responsive element
LTR CCGAAA +1,403 +1,409 cis-Acting element involved in low-temperature responsiveness
ABRE ACGTG −301 −306 cis-Acting element involved in the abscisic acid responsiveness
A-box CCGTCC +1,458 +1,464 cis-Acting regulatory element
G-box CACGTC +301 +307 cis-Acting regulatory element involved in light responsiveness
O2-site GATGA +334 +342.5 cis-Acting regulatory element involved in zein metabolism regulation
P-box CCTTTTG +1,572 +1,579 Gibberellin-responsive element
GT1-motif GGTTAA −1,580 −1,586 Light responsive element
MBS CAACTG +151 +157 MYB binding site involved in drought-inducibility
MRE AACCTAA +1,723 +1,730 MYB binding site involved in light responsiveness

 

a b c

Fig. 6    Expression level of MhSnRK2.4. (a) Expression level of MhSnRK2.4 in Arabidopsis thaliana. (b) Expression level of MhSnRK2.4 in apple calli.
(c)  Expression level of MhSnRK2.4-Anti  in apple calli.  Resistance of transgenic MhSnRK2.4 Arabidopsis  thaliana and apple calli  to Fe-deficiency
stress. Error bars denote the SD of three replicates. Different letters above the bars indicate significant differences (p < 0.05) as assessed by one-
way ANOVA and the least significant difference (LSD) test.

 

a b

c

Fig.  7    The  accumulation  of  reactive  oxygen  species  (ROS)  and  the  resulting  phenotypes  in MhSnRK2.4 transgenic  and  wild-type  (WT)
Arabidopsis  thaliana were  assessed  after  20  d  of  growth  under  both  Fe-sufficient  (+Fe)  and  Fe-deficient  (−Fe)  conditions.  (a)  Phenotypes.
(b) NBT staining. (c) DAB staining.
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Screening of interacting proteins of MhSnRK2.4 by
yeast two-hybrid

The recombinant plasmid MhSnRK2.4-pGBT7 was introduced
into Y2H yeast recipient cultures and plated on SD/-Tp and SD/
-Trp+x-a-gals  plates,  respectively.  Yeast  colonies  grew  within
about  2  d.  The  recombinant  plasmid MhSnRK2.4-pGBT7  was
transferred into Y2H yeast recipient cells and plated on SD/-Tp
and  SD/-Trp+x-a-gals  plates,  respectively.  As  shown  in Fig.  10,
the  recombinant  plasmids MhSnRK2.4-pGBT7  and  pGADT7-
MhSCS,  along  with  the  positive  control  yeast  cells,  resulted  in
blue  strains  on  the  plates,  indicating  a  strong  interaction.  In
contrast, the negative control yeast cells grew on the two-defi-
cient plates and appeared only white and did not grow on the
four-deficient  plates.  This  suggests  that  the MhSnRK2.4-pGBT7
and pGADT7-MhSCS proteins have a strong interaction (Fig. 11). 

Discussion

Iron (Fe) is the most abundant metallic element on earth and
a  key  micronutrient  necessary  for  human  health  and  plant
growth[33]. Its presence is intricately linked primarily to cell pro-
liferation,  DNA  replication,  photosynthesis,  respiration,  chloro-
phyll  synthesis,  and  cellular  oxidation[34].  While  Fe  is  abun-
dantly  available  in  the  earth's  crust,  its  solubility  in  alkaline  or
calcareous soils is  low, which results in limited uptake and use

by  plants[35].  The  plant  senses  the  adversity  signals  and  then
transmits  them  to  different  intracellular  regions,  causing  the
expression  and  regulation  of  adversity  stress  response  genes,
metabolite  changes,  physiological  changes,  and  morphologi-
cal  changes  in  response  to  the  unfavourable  environment[36].
This  process  involves  numerous  phosphodiesterases  and
protein  kinases,  among which  sucrose  non-fermenting-related
protein  kinase  2  (SnRK2)  is  a  relatively  small  family  of  plant-
specific  serine/threonine  protein  kinases[37].  Studies  have
shown that the expression of SnRK2s is differentially regulated
by  ABA,  mannitol,  and  NaCl  in  different  tissues  and  organs  of
Fe,  some  of  which  are  up-regulated,  while  others  are  down-
regulated[38].  High  salt  significantly  induces  SAPK4  expression
in rice[39].  The SnRK2 member PKABA1 (protein kinase induced
by  abscisic  acid1)  first  cloned  from  wheat  (Triticum  aestivum),
and  other  wheat  SnRK2s  members TaSnRK2.4, TaSnRK2.7,
TaSnRK2.8,  and TaSnRK2.3 are  up-regulated  in  response  to
different  stress  treatments  (drought,  low  temperature,  and
salinity)[40].  Expression of maize SnRK2s genes in maize are up-
regulated  in  response  to  NaCl  (ZmSnRK2.3, ZmSnRK2.6,  and
ZmSnRK2.4),  ABA  (ZmSnRK2.2, ZmSnRK2.4, ZmSnRK2.5,
ZmSnRK2.7,  and ZmSnRK2.10)  and  low  temperature  stresses
(ZmSnRK2.3,  and ZmSnRK2.7),  while  some  of  them  are  sup-
pressed  at  high  temperatures[41].  The  expression  of  four

 

a b c

d e f

g h i

Fig.  8    The  photosynthetic  pigment  content  and  enzyme  activities  were  measured  in MhSnRK2.4 transgenic  and  wild-type Arabidopsis
thaliana plants that were grown for 20 d under either Fe-sufficient (+Fe) and Fe-deficient (−Fe) conditions.  (a)  POD activity.  (b)  SOD activity.
(c)  CAT  activity.  (d)  MDA  content.  (e)  Pro  content.  (f)  H2O2.  (g)  O2

−.  (h)  FCR  activity.  (i)  Fe2+ activity.  Different  letters  above  the  bars  indicate
significant differences (p < 0.05) as assessed by one-way ANOVA and the LSD test (p < 0.05).
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a

b

c

d

Fig.  9     The  phenotypes  of  apple  calli  overexpressing MhSnRK2.4 and MhSnRK2.4-Anti  and  the  wild-type  (WT)  control,  cultivated  on  Fe-
sufficient  or  Fe-deficient  media  for  15  d,  were  evaluated  through  acidification  analysis  using  a  medium  containing  the  pH  indicator  dye
bromocresol violet. (a) MhSnRK2.4 lines. (b) MhSnRK2.4-Anti lines. (c) MhSnRK2.4 apple calli. (d) MhSnRK2.4-Anti apple calli.

 

a b c

d e f

g h i

Fig. 10    In apple calli, the activities of antioxidant enzymes, the Fe-reducing capacity, and growth factors were assessed between MhSnRK2.4
overexpressing and wild-type (WT)  samples under  both Fe-sufficient  and Fe-deficient  condition.  (a)  POD.  (b)  SOD.  (c)  CAT.  (d)  MDA content.
(e) Pro content. (f) H2O2 content. (g) O2

−.  (h) FCR. (i) Fe2+ content. Different letters above the bars indicate significant differences (p < 0.05) as
assessed by one-way ANOVA and the LSD test (p < 0.05).
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soybean  (Glycine  max)  SnRK2  genes,  SPK1,  SPK2,  SPK3,  and
SPK4[42,43],  are  up-regulated  by  hyperosmotic  environments
(drought  and  high  salt).  However,  it  is  noteworthy  that  the
expression of at least some of the SnRK2s are also regulated by
photoperiod,  such as SnRK2.4,  and SnRK2.1[44].  This  is  evidence
that  members  of  the  SnRK2  family  have  distinct  functions.
Based  on  previous  transcriptome  data  and  quantitative  real-
time PCR, the Fe-deficiency induced SnRK2.4 was screened and
cloned to investigate its function in Fe-deficiency.

Although  Fe  is  not  part  of  plant  chlorophyll,  Fe-deficiencies
may block the synthesis  of  pyrroles  and porphyrins,  which are
the  building  blocks  of  chlorophyll  synthesis[45].  It  has  been
suggested  that  transgenic  plants  (Arabidopsis)  have  a  lower
chlorosis  rate  in  their  leaves  than  wild-type  plants,  which
suggests  that  transgenic  lines  may  have  several  sophisticated
mechanisms to acclimate to maintain correct levels of Fe from
the  environment[46].  In  contrast,  the  contents  of  chl  a,  chl  b,
chl a+b, carotenoids, O2

− and H2O2 in wild-type Arabidopsis and
transgenic Arabidopsis were analyzed, and it was found that the
contents  of  the  carotenoids  in  transgenic Arabidopsis were
higher than in wild-type Arabidopsis under Fe-deficiency stress,
whereas the contents of O2

− and H2O2 were lower than in wild-
type Arabidopsis.  This  was  also  verified  by  NBT  and  DAB  stai-
ning, where the degree of staining represented the amount of
accumulation  of  reactive  oxygen  species  and  hydrogen  pero-
xide, respectively. At present, we have reported that transgenic
Arabidopsis plants have an increased level of chlorophyll a and
chlorophyll  b  suggesting  that  the  wild-type  photosynthetic
system  is  more  affected  by  Fe-deficiency  stress  and  that  Fe-
deficiency  affects  chlorophyll  synthesis.  In  turn,  under  Fe-defi-
ciency  stress,  reactive  oxygen  species  (ROS),  mainly  monolin-
ear oxygen, are produced in chloroplasts to oxidize carotenoids
and produce a variety of oxidative byproducts that can induce
changes  in  gene activity  and thus  induce adaptations  to  envi-
ronmental stress. Therefore, the experimental results can more
accurately  confirm  that  the  carotenoid  content  of  transgenic
Arabidopsis was  significantly  higher  than  that  of  wild-type
Arabidopsis, and the activity of FCR and the contents of Fe2+ of
transgenic Arabidopsis were  significantly  higher  than  that  of

wild-type,  suggesting  that  transgenic Arabidopsis was  better
adapted to Fe-deficiency stress.

Plants  have  evolved  an  ROS  scavenging  system  not  only  to
protect themselves from ROS toxicity but also to enable ROS to
play  an  active  role  as  signaling  molecules  during  long-term
development. Abiotic stress conditions can disrupt the balance
between  ROS  production  and  removal  in  cells,  resulting  in
increased ROS concentrations and oxidative damage to bioma-
cromolecules, proteins, DNA, RNA, etc.,  which can inhibit plant
growth and development and, in severe cases, lead to death[47].
POD,  SOD,  CAT,  and  APX  are  important  enzymes  in  the  plant
antioxidant  system  and  their  activity  levels  can  reflect  the
processes of plants affected by external stress[48].  In this study,
it  was observed that  the activities  of  overexpressed apple calli
enzymes (SOD, CAT, POD, and APX) were markedly higher than
those  of  the  respective  wild-type  plants  under  Fe-deficiency
stress,  which  indicated  that  these  overexpressed  apple  calli
have  a  stronger  antioxidant  ability  than  the  wild-type  ones,
which can reduce reactive oxygen radical  (ROS) production.  In
this  study,  it  was  found  that  transgenic Arabidopsis stained
lighter  than  wild-type Arabidopsis.  In  conclusion,  through  the
above  experiments,  it  was  found  that  transgenic Arabidopsis
can better maintain the stability of reactive oxygen species and
protect  plants  from  abiotic  stress.  Excessive  accumulation  of
malondialdehyde  caused  cross-linking  and  polymerization  of
vital  macromolecules  such  as  proteins  and  nucleic  acids,
leading  to  changes  in  the  structure  and  function  of  cell
membranes.  In  this  study,  the  MDA  content  of  transgenic
Arabidopsis was much higher than that of wild-type Arabidopsis.
Proline, an osmoregulatory substance that induces the produc-
tion  of  reactive  oxygen  species,  was  also  found  to  be  much
lower  in  transgenic  and  wild-type Arabidopsis.  In  other  words,
Fe3+ was  reduced to  Fe2+ by  the enzyme Fe chelate  reductase
(FCR enzyme) before it can enter various organelles and organs
of  the plant  for  transport  and utilization.  FCR activity  and Fe2+

in Arabidopsis and apple calli were determined, and the present
results  showed  that  FCR  activity  and  Fe2+ in  transgenic
Arabidopsis and  overexpressed  apple  calli  were  significantly
higher than those of  the wild type during Fe-deficiency stress,
whereas for the gene MhSnRK2.4-Anti,  the results showed that

 

a

b

Fig.  11    Yeast  two-hybrid  assay  showing  the  specific  interaction  of MhSnRK2.4 with MhSCS.  (a)  Model  diagram  of  pGBKT7-MhSnRK2.4-BD
vector construct, model diagram of pGADT7-MhSCS AD vector construct. (b) Yeast two-hybrid analysis of MhSnRK2.4 protein.
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FCR activity in overexpressed apple calli was significantly lower
than  that  of  the  wild  type.  It  has  been  shown  that  transgenic
plants  could  promote  Fe3+ reduction  and  improve  Fe  use  by
increasing FCR activity.  In  this  way,  Fe uptake in plants  can be
enhanced by transgenic plants.

Plant  hormones  play  a  crucial  role  in  regulating  plant
responses  to  abiotic  stress.  IAA  and  ABA  are  closely  related  to
the mechanism of Fe-deficiency in plants[49,50]. When Fe is defi-
cient  in  the  environment,  the  ABA  content  in  plants  increases
and  the  IAA  content  decreases.  The  levels  of  ABA  and  IAA  in
apple  calli  overexpressing MhSnRK2.4 and  overexpressing
MhSnRK2.4-Anti  were  determined.  The  ABA  content  in  trans-
genic  apple  calli  overexpressing  MhSnRK2.4  was  significantly
higher than in the wild-type control during Fe-deficiency stress.
Conversely,  the  ABA  content  in  calli  overexpressing  the  anti-
sense  gene  of  MhSnRK2.4  was  significantly  lower  than  in  the
wild-type.  Whereas  the  IAA  content  of  overexpressed  apple
calli  of  transgenic MhSnRK2.4 was significantly  lower than that
of the wild-type control, it was determined that the IAA content
of  overexpressed  apple  calli  of MhSnRK2.4-Anti  was  signifi-
cantly  higher  than  that  of  the  wild  type,  which  demonstrated
that  the  transgenic  plants  acted  as  a  positive  regulator  of  Fe-
deficiency  stress  in  plants,  whereas MhSnRK2.4-Anti  acted as  a
negative regulator of Fe-deficiency stress. To summarize, trans-
genic MhSnRK2.4 improves resistance to Fe-deficiency. 

Conclusions

In conclusion, the transgenic Arabidopsis thaliana MhSnRK2.4
gene  and  its  overexpression  in  apple  calli  could  cope  with  Fe
starvation stress and enhance resistance, and its mechanism of
action under  Fe  starvation stress  was  revealed in  four  aspects;
chlorophyll  synthesis,  ROS,  osmoregulation,  and  Fe  reduction.
Specifically, MhSnRK2.4 enhanced  Fe-deficiency  tolerance  by
increasing  FCR  and  Fe2+ accumulation,  while  improving  ROS
scavenging  efficiency,  protecting  membrane  integrity  and
promoting chlorophyll synthesis. Finally, MhSnRK2.4 was shown
to  interact  with  SCS  proteins.  This  provides  a  direction  for
further research into other functions of MhSnRK2.4 and a theo-
retical  basis  for  breeding  apple  rootstocks  with  effective  Fe-
deficiency resistance. 

Author contributions

The authors confirm contribution to the paper as follows: all
authors  contributed  to  the  study's  conception  and  design;
funding  acquisition:  Wang  X;  writing  original  draft:  Wang  X;
writing-review  &  editing:  Wang  X,  Zhang  Z,  Gao  Y,  Dong  Y;
figure creation and adaptation, Wang X, Dong Y, Zhang Z, Zhao
W,  Zhang  D,  Ma  X.  All  authors  reviewed  the  results  and
approved the final version of the manuscript. 

Data availability

The  datasets  generated  during  and/or  analyzed  during  the
current  study  are  available  from  the  corresponding  author  on
reasonable request.

Acknowledgments

This  work  was  supported  by  the  National  Natural  Science
Foundation of China (Project Number 31960581).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary  Information accompanies  this  paper  at
(https://www.maxapress.com/article/doi/10.48130/frures-0024-
0026)

Dates

Received  23  March  2024; Revised  29  July  2024; Accepted  2
August 2024; Published online 4 September 2024

References 

 Lucena JJ, Hernandez-Apaolaza L. 2017. Iron nutrition in plants: an
overview. Plant and Soil 418:1−4

1.

 Schmidt W, Thomine S, Buckhout TJ. 2019. Iron nutrition and inter-
actions in plants. Frontiers in Plant Science 10:1670

2.

 Rombolà AD, Tagliavini M. 2006. Iron nutrition of fruit tree crops. In
Iron Nutrition in Plants and Rhizospheric Microorganisms, eds Barton
LL,  Abadia  J.  Dordrecht:  Springer  Netherlands.  pp.  61–83.  doi:
10.1007/1-4020-4743-6_3

3.

 Cai DB, Sun XY, Zhang YP, Yang SQ, Zhang J, et al. 2023. Genome-
wide  identification  and  expression  analysis  of  SnRK2  gene  family
in  common  bean  (Phaseolus  vulgaris L.)  in  response  to  abiotic
stress. Biologia 78(8):2013−27

4.

 Wen D, Sun S, Yang W, Zhang L, Liu S, et al. 2019. Overexpression
of S-nitrosoglutathione reductase alleviated iron-deficiency stress
by  regulating  iron  distribution  and  redox  homeostasis. Journal  of
Plant Physiology 237:1−11

5.

 De Nisi P, Vigani G, Dell'Orto M, Zocchi G. 2012. Application of the
split root technique to study iron uptake in cucumber plants. Plant
Physiology and Biochemistry 57:168−74

6.

 Zhang  Q,  Wang  M,  Hu  J,  Wang  W,  Fu  X,  et  al. 2015. PtrABF  of
Poncirus  trifoliata functions  in  dehydration  tolerance  by  reducing
stomatal  density  and maintaining reactive oxygen species  home-
ostasis. Journal of Experimental Botany 66(19):5911−27

7.

 Du  X,  Zhao  X,  Li  X,  Guo  C,  Lu  W,  et  al. 2013. Overexpression  of
TaSRK2C1,  a  wheat  SNF1-related  protein  kinase  2  gene,  increases
tolerance to dehydration, salt,  and low temperature in transgenic
tobacco. Plant Molecular Biology Reporter 31:810−21

8.

 Song  X,  Yu  X,  Hori  C,  Demura  T,  Ohtani  M,  et  al. 2016. Heterolo-
gous  overexpression  of  poplar SnRK2 genes  enhanced  salt  stress
tolerance in Arabidopsis thaliana. Frontiers in Plant Science 7:612

9.

 Mustilli  AC,  Merlot  S,  Vavasseur  A,  Fenzi  F,  Giraudat  J. 2002.
Arabidopsis OST1 protein kinase mediates the regulation of stom-
atal aperture by abscisic acid and acts upstream of reactive oxygen
species production. The Plant Cell 14(12):3089−99

10.

 Yoshida  R,  Hobo  T,  Ichimura  K,  Mizoguchi  T,  Takahashi  F,  et  al.
2002. ABA-activated SnRK2 protein kinase is required for dehydra-
tion  stress  signaling  in Arabidopsis. Plant  and  Cell  Physiology
43(12):1473−83

11.

 Fujii H, Chinnusamy V, Rodrigues A, Rubio S, Antoni R, et al. 2009.
In  vitro reconstitution  of  an  abscisic  acid  signalling  pathway.
Nature 462(7273):660−64

12.

 Kobayashi  Y,  Murata  M,  Minami  H,  Yamamoto  S,  Kagaya  Y,  et  al.
2005. Abscisic  acid-activated  SNRK2  protein  kinases  function  in
the gene-regulation pathway of ABA signal transduction by phos-
phorylating ABA response element-binding factors. The Plant Jour-
nal 44(6):939−49

13.

 Mizoguchi M, Umezawa T, Nakashima K, Kidokoro S, Takasaki H, et
al. 2010. Two  closely  related  subclass  II  SnRK2  protein  kinases
cooperatively  regulate  drought-inducible  gene  expression. Plant
and Cell Physiology 51(5):842−47

14.

 Umezawa  T,  Yoshida  R,  Maruyama  K,  Yamaguchi-Shinozaki  K,
Shinozaki  K. 2004. SRK2C,  a  SNF1-related  protein  kinase  2,
improves drought tolerance by controlling stress-responsive gene
expression  in Arabidopsis  thaliana. Proceedings  of  the  National

15.

 
MhSnRK2.4 responds to Fe-deficiency stress

Page 10 of 11   Wang et al. Fruit Research 2024, 4: e032

https://www.maxapress.com/article/doi/10.48130/frures-0024-0026
https://www.maxapress.com/article/doi/10.48130/frures-0024-0026
https://www.maxapress.com/article/doi/10.48130/frures-0024-0026
https://www.maxapress.com/article/doi/10.48130/frures-0024-0026
https://www.maxapress.com/article/doi/10.48130/frures-0024-0026
https://doi.org/10.1007/s11104-017-3316-8
https://doi.org/10.3389/fpls.2019.01670
https://doi.org/10.1007/1-4020-4743-6_3
https://doi.org/10.1007/1-4020-4743-6_3
https://doi.org/10.1007/1-4020-4743-6_3
https://doi.org/10.1007/1-4020-4743-6_3
https://doi.org/10.1007/1-4020-4743-6_3
https://doi.org/10.1007/1-4020-4743-6_3
https://doi.org/10.1007/1-4020-4743-6_3
https://doi.org/10.1007/s11756-023-01343-4
https://doi.org/10.1016/j.jplph.2019.03.007
https://doi.org/10.1016/j.jplph.2019.03.007
https://doi.org/10.1016/j.plaphy.2012.05.022
https://doi.org/10.1016/j.plaphy.2012.05.022
https://doi.org/10.1093/jxb/erv301
https://doi.org/10.1007/s11105-012-0548-x
https://doi.org/10.3389/fpls.2016.00612
https://doi.org/10.1105/tpc.007906
https://doi.org/10.1093/pcp/pcf188
https://doi.org/10.1038/nature08599
https://doi.org/10.1111/j.1365-313X.2005.02583.x
https://doi.org/10.1111/j.1365-313X.2005.02583.x
https://doi.org/10.1111/j.1365-313X.2005.02583.x
https://doi.org/10.1093/pcp/pcq041
https://doi.org/10.1093/pcp/pcq041
https://doi.org/10.1073/pnas.0407758101


Academy  of  Sciences of  the  United  States  of  America
101(49):17306−11
 McLoughlin  F,  Galvan-Ampudia  CS,  Julkowska  MM,  Caarls  L,  Van
Der  Does D,  et  al. 2012. The Snf1-related protein kinases  SnRK2.4
and  SnRK2.10  are  involved  in  maintenance  of  root  system  archi-
tecture during salt stress. The Plant Journal 72(3):436−49

16.

 Shin  R,  Alvarez  S,  Burch  AY,  Jez  JM,  Schachtman  DP. 2007. Phos-
phoproteomic  identification  of  targets  of  the Arabidopsis sucrose
nonfermenting-like  kinase  SnRK2.8  reveals  a  connection  to
metabolic  processes. Proceedings  of  the  National  Academy  of
Sciences of the United States of America 104(15):6460−65

17.

 Nakashima  K,  Fujita  Y,  Kanamori  N,  Katagiri  T,  Umezawa  T,  et  al.
2009. Three Arabidopsis SnRK2  protein  kinases,  SRK2D/SnRK2.2,
SRK2E/SnRK2.6/OST1  and  SRK2I/SnRK2.3,  involved  in  ABA  signal-
ing  are  essential  for  the  control  of  seed  development  and
dormancy. Plant and Cell Physiology 50(7):1345−63

18.

 Wang Y, Hu Y, Zhu Y, Baloch AW, Jia X, et al. 2018. Transcriptional
and physiological  analyses of short-term Iron deficiency response
in apple seedlings provide insight  into the regulation involved in
photosynthesis. BMC Genomics 19(1):461

19.

 Guo A, Hu Y, Shi M, Wang H, Wu Y, et al. 2020. Effects of iron defi-
ciency  and  exogenous  sucrose  on  the  intermediates  of  chloro-
phyll biosynthesis in Malus halliana. PLoS One 15(5):e0232694

20.

 Le CTT, Brumbarova T, Ivanov R, Stoof C, Weber E, et al. 2016. ZINC
FINGER OF ARABIDOPSIS THALIANA12 (ZAT12) interacts with FER-
LIKE  IRON  DEFICIENCY-INDUCED  TRANSCRIPTION  FACTOR  (FIT)
linking iron deficiency and oxidative stress responses. Plant Physi-
ology 170(1):540−57

21.

 Han ZH, Wang Q, Shen T. 1994. Comparison of some physiological
and  biochemical  characteristics  between  iron-efficient  and  iron-
inefficient  species  in  the  genus  malus. Journal  of  Plant  Nutrition
17:1257−64

22.

 Livak  KJ,  Schmittgen  TD. 2001. Analysis  of  relative  gene  expres-
sion data using real-time quantitative PCR and the 2−ΔΔCᴛ method.
Methods 25(4):402−8

23.

 Sun  B,  Zhang  F,  Xiao  N,  Jiang  M,  Yuan  Q,  et  al. 2018. An  efficient
mesophyll  protoplast  isolation,  purification  and  PEG-mediated
transient  gene  expression  for  subcellular  localization  in  Chinese
kale. Scientia Horticulturae 241:187−93

24.

 Hu DG,  Sun MH,  Sun CH,  Liu  X,  Zhang QY,  et  al. 2015. Conserved
vacuolar  H+-ATPase  subunit  B1  improves  salt  stress  tolerance  in
apple calli and tomato plants. Scientia Horticulturae 197:107−16

25.

 Wang WX,  Zhang ZX,  Wang X,  Han C,  Dong YJ,  et  al. 2023. Func-
tional  identification  of  ANR  genes  in  apple  (Malus  halliana)  that
reduce saline-alkali stress tolerance. Plant Biology 25(6):892−901

26.

 Hu DG, Li M, Luo H, Dong QL, Yao YX, et al. 2012. Molecular cloning
and  functional  characterization  of  MdSOS2  reveals  its  involve-
ment  in  salt  tolerance  in  apple  callus  and Arabidopsis. Plant  Cell
Reports 31:713−22

27.

 Cheng L, Zhao T, Wu YX, Wang H, Zhang ZX, et al. 2020. Identifica-
tion  of AP2/ERF genes  in  apple  (Malus  ×  domestica)  and  demon-
stration  that MdERF017 enhances  iron  deficiency  tolerance. Plant
Cell, Tissue and Organ Culture (PCTOC) 143(2):465−82

28.

 Ferreira Júnior DC,   Gaion LA,   Sousa Júnior GS,   Santos DMM,
Carvalho RF. 2018. Drought-induced proline synthesis depends on
root-to-shoot  communication mediated by  light  perception. Acta
Physiologiae Plantarum 40:15

29.

 Zhao T, Ling HQ. 2007. Effects of pH and nitrogen forms on expres-
sion  profiles  of  genes  involved  in  iron  homeostasis  in  tomato.
Plant, Cell & Environment 30(4):518−27

30.

 Gu  J.  2021. Biological  function  of  blueberry  plasma  membrane  H+-
ATPases  gene  family  in  response  to  non-acidic  inter-root  stress.
Thesis. Zhejiang Normal University, China.

31.

 Sharma  SS,  Kumar  V. 2002. Responses  of  wild  type  and  abscisic
acid mutants of Arabidopsis  thaliana to cadmium. Journal  of  Plant
Physiology 159(12):1323−27

32.

 Curie  C,  Briat  JF. 2003. Iron  transport  and  signaling  in  plants.
Annual Review of Plant Biology 54(1):183−206

33.

 Conte  SS,  Walker  EL. 2011. Transporters  contributing  to  iron  traf-
ficking in plants. Molecular Plant 4(3):464−76

34.

 Guerinot  ML,  Yi  Y. 1994. Iron:  nutritious,  noxious,  and  not  readily
available. Plant Physiology 104(3):815−20

35.

 Qin Y,  Shao Y,  Liang D,  Zou Y. 2016. Research on cloning,  expres-
sion and transformation of rowan SnRK2.4 gene. Journal of North-
west A&F University (Natural Science Edition) 44:105−12,120

36.

 Jia  M,  Li  X,  Wang  W,  Li  T,  Dai  Z,  et  al. 2022. SnRK2  subfamily  I
protein  kinases  regulate  ethylene  biosynthesis  by  phosphorylat-
ing  HB  transcription  factors  to  induce ACO1 expression  in  apple.
New Phytologist 234(4):1262−77

37.

 Kobayashi  Y,  Yamamoto  S,  Minami  H,  Kagaya  Y,  Hattori  T. 2004.
Differential activation of the rice sucrose nonfermenting1–related
protein  kinase2  family  by  hyperosmotic  stress  and  abscisic  acid.
The Plant Cell 16(5):1163−77

38.

 Diédhiou CJ, Popova OV, Dietz KJ, Golldack D. 2008. The SNF1-type
serine-threonine protein kinase SAPK4 regulates stress-responsive
gene expression in rice. BMC Plant Biology 8(1):49

39.

 Zhang H, Mao X, Jing R, Chang X, Xie H. 2011. Characterization of a
common wheat (Triticum aestivum L.) TaSnRK2.7 gene involved in
abiotic  stress  responses. Journal  of  Experimental  Botany
62(3):975−88

40.

 Huai  J,  Wang  M,  He  J,  Zheng  J,  Dong  Z,  et  al. 2008. Cloning  and
characterization  of  the  SnRK2  gene  family  from Zea  mays. Plant
Cell Reports 27:1861−68

41.

 Monks DE, Aghoram K, Courtney PD, DeWald DB, Dewey RE. 2001.
Hyperosmotic  stress  induces  the  rapid  phosphorylation  of  a
soybean  phosphatidylinositol  transfer  protein  homolog  through
activation  of  the  protein  kinases  SPK1  and  SPK2. The  Plant  Cell
13(5):1205−19

42.

 Yoon HW, Kim MC, Shin PG, Kim JS, Kim CY, et al. 1997. Differential
expression  of  two  functional  serine/threonine  protein  kinases
from soyabean that have an unusual acidic domain at the carboxy
terminus. Molecular and General Genetics MGG 255:359−71

43.

 Park YS, Hong SW, Oh SA, Kwak JM, Lee HH, et al. 1993. Two puta-
tive protein kinases from Arabidopsis thaliana contain highly acidic
domains. Plant Molecular Biology 22:615−24

44.

 Suliman  MS,  Alhubaity  AJ. 2020. Effect  of  spraying  zinc  element
fertilizer  on the growth and yield  of  green pea (Pisum  sativum L.)
seeds. Plant Archives 20(Supplement 1):2553−64

45.

 Zhao Q, Ren YR, Wang QJ, Yao YX, You CX, et al. 2016. Overexpres-
sion  of MdbHLH104 gene  enhances  the  tolerance  to  iron  defi-
ciency in apple. Plant Biotechnology Journal 14(7):1633−45

46.

 Lin  Z,  Zhu P,  Gao L,  Chen X,  Li  M,  et  al. 2024. Recent  advances  in
understanding  the  regulatory  mechanism  of  plasma  membrane
H+-ATPase  through  the  brassinosteroid  signaling  pathway. Plant
and Cell Physiology 00:pcae014

47.

 Sperdouli I, Moustakas M. 2012. Interaction of proline, sugars, and
anthocyanins  during  photosynthetic  acclimation  of Arabidopsis
thaliana to  drought  stress. Journal  of  Plant  Physiology
169(6):577−85

48.

 Zhang  Z,  Huang  W,  Zhao  L,  Xiao  L,  Huang  H. 2024. Integrated
metabolome  and  transcriptome  reveals  the  mechanism  of  the
flower  coloration  in  cashew  Anacardium  occidentale. Scientia
Horticulturae 324:112617

49.

 Zhao  M,  Shi  CL,  Li  J. 2024. Abscission  cues  generated  within  the
abscising  organ  and  perceived  by  the  abscission  zone  in  woody
fruit crops. Fruit Research 4:e014

50.

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/.

MhSnRK2.4 responds to Fe-deficiency stress
 

Wang et al. Fruit Research 2024, 4: e032   Page 11 of 11

https://doi.org/10.1073/pnas.0407758101
https://doi.org/10.1111/j.1365-313X.2012.05089.x
https://doi.org/10.1073/pnas.0610208104
https://doi.org/10.1073/pnas.0610208104
https://doi.org/10.1093/pcp/pcp083
https://doi.org/10.1186/s12864-018-4846-z
https://doi.org/10.1371/journal.pone.0232694
https://doi.org/10.1104/pp.15.01589
https://doi.org/10.1104/pp.15.01589
https://doi.org/10.1104/pp.15.01589
https://doi.org/10.1080/01904169409364803
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.scienta.2018.07.001
https://doi.org/10.1016/j.scienta.2015.09.019
https://doi.org/10.1111/plb.13559
https://doi.org/10.1007/s00299-011-1189-5
https://doi.org/10.1007/s00299-011-1189-5
https://doi.org/10.1007/s11240-020-01925-z
https://doi.org/10.1007/s11240-020-01925-z
https://doi.org/10.1007/s11738-017-2591-6
https://doi.org/10.1007/s11738-017-2591-6
https://doi.org/10.1111/j.1365-3040.2007.01638.x
https://doi.org/10.1078/0176-1617-00601
https://doi.org/10.1078/0176-1617-00601
https://doi.org/10.1146/annurev.arplant.54.031902.135018
https://doi.org/10.1093/mp/ssr015
https://doi.org/10.1104/pp.104.3.815
https://doi.org/10.13207/j.cnki.jnwafu.2016.02.015
https://doi.org/10.13207/j.cnki.jnwafu.2016.02.015
https://doi.org/10.13207/j.cnki.jnwafu.2016.02.015
https://doi.org/10.1111/nph.18040
https://doi.org/10.1105/tpc.019943
https://doi.org/10.1186/1471-2229-8-49
https://doi.org/10.1093/jxb/erq328
https://doi.org/10.1007/s00299-008-0608-8
https://doi.org/10.1007/s00299-008-0608-8
https://doi.org/10.1105/tpc.13.5.1205
https://doi.org/10.1007/s004380050507
https://doi.org/10.1007/BF00047402
https://doi.org/10.1111/pbi.12526
https://doi.org/10.1093/pcp/pcae014
https://doi.org/10.1093/pcp/pcae014
https://doi.org/10.1016/j.jplph.2011.12.015
https://doi.org/10.1016/j.scienta.2023.112617
https://doi.org/10.1016/j.scienta.2023.112617
https://doi.org/10.48130/frures-0024-0007
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Experimental materials and methods
	Materials and methods utilized for treatment
	Quantitative real-time PCR
	Bioinformatics analysis of MSnRK2.4
	MhSNRK2.4 and MhSnRK2.4-Anti gene cloning and vector construction
	Agrobacterium transformation of Arabidopsis thaliana, and apple calli
	Treatment with Fe-deficiency in transgenic Arabidopsis, and apple calli
	Physiological index detection measurement
	Construction and self-activation detection of pGBKT7-MhSnRK2.4 bait expression vector
	MhSnRK2.4 interaction protein screening
	Statistical analysis methods

	Results
	Expression patterns of several SnRK2 genes in response to Fe-deficiency stress
	Analysis of the MhSnRK2.4 gene
	Identification of transgenic Arabidopsis thaliana and overexpressed apple calli
	Resistance of transgenic MhSnRK2.4 Arabidopsis thaliana to Fe-deficiency stress
	Resistance of overexpressed MhSnRK2.4 apple calli to Fe-deficiency stress
	Screening of interacting proteins of MhSnRK2.4 by yeast two-hybrid

	Discussion
	Conclusions
	Author contributions
	Data availability
	References

