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Abstract
Hibiscus  hamabo,  an  endangered  semi-mangrove  species  with  critical  ecological  functions  in  coastal  protection  and  biodiversity  maintenance,  faces

research limitations due to unstable genetic transformation systems. Protoplasts, as a transient expression system, have proven crucial in multiple fields of

research  such  as  plant  genomics,  transcriptomics,  genetic  transformation,  physiology,  and  biochemistry.  Establishing  an  efficient  protoplast  separation

system  and  transient  transformation  system  is  the  basis  for  conducting  molecular  biology  and  related  research.  In  particular,  woody  plants  are  highly

valuable because of the difficulty in constructing a stable transgenic system. Here, we establish a robust protoplast isolation and transfection protocol using

stem  tissues,  filling  the  gap  in  protoplast  technology  for Hibiscus  hamabo.  This  approach  includes  tissue  preparation,  protoplast  isolation,  protoplast

transfection, and incubation. The protoplast yield reached ~2.0 × 107 per g, and the protoplast activity reached 93.61% ± 1.09%. The establishment of this

cell  system  can  immediately  trigger  transcriptome  responses  to  gene  expression  to  characterize  and  quantify  genetic  networks  and  gene  functions,

enabling rapid and efficient flux experiments. This study provides a reference for protoplast research on other difficult-to-transform woody plants, and offers

guidance for further analysis of plant growth/development and genetic improvement.
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 Introduction
The  term  'protoplast'  refers  to  a  living  plant  cell  that  has  had  its

cell wall removed through mechanical separation or chemical enzy-
matic hydrolysis. Although mechanical isolation was first achieved in
1892,  its  low  yield  led  to  the  adoption  of  enzymatic  methods,  first
pioneered  by  Cocking  in  1960[1].  This  has  opened  a  new  era  of
preparation of protoplasts by enzymatic hydrolysis, such as Carlson's
1972 creation of the first interspecific tobacco hybrid via protoplast
fusion[2].  Recently,  protoplast  technology  has  been  successfully
applied in multiple fields,  such as in respiration,  plant regeneration
processes, and other vital activities[3,4]. Beyond creating novel germ-
plasms  by  overcoming  hybridization  incompatibility[5],  protoplasts
serve as ideal  biological  systems for investigating protein transport
and  gene  transfer[6].  These  methods  are  particularly  useful  for
systems  studies  in  which  stable  transgenics,  mutation  databases,
and  even  tissue  cultures  are  unavailable.  Therefore,  the  establish-
ment  and  optimization  of  efficient  protoplast  separation  methods
are highly important.

Hibiscus  hamabo (H.  hamabo)  is  a  deciduous  shrub  or  small  tree
belonging  to  the  Malvaceae  family[7].  Characterized  by  ecological
adaptations  typical  of  mangroves  and  distinct  coastal-terrestrial
transitional  traits,  and  fulfilling  an  indispensable  role  in  coastal
ecosystems[8−11]. Functioning as a natural coastal barrier, H. hamabo
is  instrumental  in  constructing  seawall  shelterbelts  and  soil-water
conservation  forests[12].  Beyond  its  conventional  application  in
coastal  windbreaks, H.  hamabo serves  as  an  exceptional  candidate
for  seaside  greenbelts,  parklands,  and  herbaceous  border  designs.

Nevertheless,  anthropogenic  pressures  now  classify  this  species  as
endangered[7,8].  In  recent  years,  with  the  rapid  advancement  of
molecular  biotechnology, H.  hamabo—with  a  rich  genetic  back-
ground—has  emerged  as  a  focus  in  genetic  engineering  research.
However, owing to unstable genetic transformation and the lack of
a mutation database, research on H. hamabo has focused mainly on
the early stages of physiology, biochemistry, and gene cloning, and
the  molecular  mechanism  has  been  difficult  to  elucidate.  Proto-
plasts  contain  complete  genetic  material  and  totipotency  and  are
excellent  recipients  for  genetic  transformation.  Protoplasts,  which
serve  as  excellent  models  for  stable  transgenesis,  enable  instanta-
neous  transcriptome  reactions  to  gene  expression,  high-through-
put verification of gene functions, and establishment of gene regu-
latory networks[13−15]. As early as 1991, a method for isolating proto-
plasts  from  callus  tissues  of Hibiscus  syriacus L.  was  established,
which  laid  the  groundwork  for  genetic  transformation  studies  in
Hibiscus species[16].  However,  this  approach  exhibited  significant
limitations:  (1)  protoplasts  could  only  be  obtained  from  callus
cultures,  with  post-cultivation  development  arrested  at  the  stage
of  cell  clusters  and  callus  formation;  (2)  leaf-derived  protoplasts
proved  impractical  due  to  persistent  epidermal  contamination  and
extremely  low  release  efficiency;  and  (3)  the  exclusive  reliance  on
callus  systems  raised  concerns  about  potential  genetic  instability.
Consequently, establishing optimized protoplast isolation protocols
for H.  hamabo constitutes  a  critical  technological  advancement,
enabling high-throughput genetic enhancement of stress resilience
traits  and  ornamental  phenotypes,  while  accelerating  molecular
dissection  of  developmental  mechanisms—thereby  catalyzing
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transformative  breakthroughs  in  both  endangered  species  conser-
vation and coastal ecosystem restoration initiatives.

In this study, we present a protocol for the isolation and transfec-
tion of protoplasts from the stems of H. hamabo. The establishment
of  this  system  provides  a  new  idea  for  the  study  of H.  hamabo.
This  protoplast-based  technology  enables  applications  such  as
somatic cell  fusion, genetic transformation, and plant regeneration.
This  study  provides  a  versatile  platform  for  fundamental  research,
genetic  improvement,  and  the  development  of  new  cultivars  of H.
hamabo.

 Materials and methods

 Plant materials
The supplied material was 12-month-old H. hamabo grown in the

greenhouse  of  Zhejiang  Subtropical  Crops.  Wild-type  plants  were
cultivated in a walk-in growth chamber at 21–25 °C under a 16-h/8-h
light/dark  cycle.  Supplemental  lighting  (~300 µmol·m−2·s−1)  was
supplied by three-band linear fluorescent lamps (T5, 28 W, 6,400 K),
with relative humidity maintained between 60% and 80%.

 Equipment
High-capacity  refrigerated  centrifuge;  Microcentrifuge;  Optical

microscope; Fluorescence microscope.

 Reagent setup
(1) Enzyme solution.
Composition:  1.5%  (wt/vol)  cellulase  R10;  0.4%  (wt/vol)  macero-

zyme R10; 0.5 M mannitol, 20 mM MES (pH 5.7); 20 mM KCl.
Preparation:  Warm  the  mixture  at  55  °C  for  10  min  to  inactivate

DNAse  and  proteases,  and  increase  enzyme  solubility;  cool  it  to
room  temperature;  add  10  mM  CaCl2  and  0.1%  BSA  immediately
before use.

(2) MMG solution (mannitol-magnesium solution).
Composition: 0.5 M mannitol; 15 mM MgCl2; 4 mM MES (pH 5.7).
(3) WI solution (washing and incubation solution).
Composition: 0.5 M mannitol; 4 mM MES (pH 5.7); 20 mM KCl.
(4) PEG solution (transformation medium).
Composition:  40%  (wt/vol)  PEG4000;  0.2  M  mannitol;

100 mM CaCl2.

 Protoplast isolation
 H. hamabo protoplast isolation from leaf and petiole

(1) Leaf and petiole preparation:
*Select healthy, disease-free young leaves;
*Separate the leaf blade and petiole;
*Using a sharp blade,  excise the middle section of  the leaf  blade

and cut it longitudinally into 1–2 mm wide strips (Fig. 1);
*Cut the petiole transversely into 1–2 mm thick sections (Fig. 1).
(2) Enzymatic digestion:
*Place  the  prepared  leaf  blade  and  petiole  tissues  into  a

6-well  plate  containing  5  ml  of  enzyme  digestion  solution  for
incubation;

*Transfer  the  samples  to  a  vacuum  chamber  and  apply  vacuum
treatment  at  10-min intervals  for  a  total  of  1  h  to  facilitate  enzyme
solution infiltration;

*Transfer  the  samples  along  with  the  enzyme  digestion  solution
to a low-speed horizontal shaker and incubate at room temperature
in the dark for 1 h for enzymatic digestion.

(3) Protoplast release:
*Add  an  equal  volume  of  WI  solution  to  the  enzyme  digestion

mixture  to  dilute  it,  and  filter  through  a  75 μm  nylon  mesh  (to
remove undigested tissue);

*Transfer the filtered solution to a 2.0 ml centrifuge tube;
*Centrifuge at 300 × g for 3 min.
(4) Resuspension and quantification:
*Discard  the  supernatant  and  resuspend  the  pellet  in  3.5  ml  of

MMG solution;
*Allow the protoplasts to settle naturally on ice for 30 min.
(5) Collection of protoplasts:
*Discard  the  supernatant  and  resuspend  the  pellet  in  800 μL  of

MMG solution;
*Check  for  the  release  of  protoplasts  in  the  solution  under  the

microscope;
*Measure the protoplast concentration using a haemocytometer.

 H. hamabo protoplast isolation from stems
(1) Stem preparation:
*Select healthy one-year-old plants;
*Cut stems into several 10 cm-long stem sections.
(2) Enzymatic digestion:
*Incubate the debarked stems in 50 ml of the enzyme mixture;
*Conditions: room temperature, 3 h, darkness.

 

a b

Fig.  1  H.  hamabo protoplast  isolation from leaf  flesh and petiole.  (a)  The separation process  of  protoplasts  of H.  hamabo leaf  flesh.  (b)  The separation
process of protoplasts of the H. hamabo petiole. The procedures for isolating protoplasts from the two tissues are as follows; preparation of tender tissues,
enzymolysis, vacuum-pressure, release protoplasts, cell sedimentation, and microscopic examination.

  H. hamabo protoplast system for transfection
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(3) Protoplast release:
*Transfer  the  digested  stems  to  30  ml  of  MMG  solution  in  a

50-ml tube;
*Shake gently for 30 to 60 s.
(4) Filtration and centrifugation:
*The  released  protoplasts  were  filtered  through  75-µm  nylon

mesh into a new 50-ml tube;
*Centrifuged at 300 × g for 3 min.
(5) Resuspension and quantification:
*Discard  the  supernatant  and  resuspend  it  in  1  ml  of  MMG

solution.
(6) Purification of protoplasts:
*Layer  the  protoplast  suspension  over  5  mL  of  2  M  sucrose

solution;
*Centrifuged  at  300  ×  g  for  2  min  for  density  centrifugation

treatment;
*Critical  step:  transfer  the protoplasts  to  the sucrose pad and be

careful not to shake or mix.
(7) Collection of protoplasts:
*After  centrifugation,  the  precipitate  was  divided  into  upper,

middle,  and  lower  layers.  The  cell  mixture  in  the  middle  layer  was
aspirated;

*Washed with 1 ml of 0.5 M mannitol;
*Centrifuged at 300 × g for 2 min to remove the supernatant;
*1  ml  of  MMG  was  added  along  the  tube  wall  to  resuspend  the

protoplast;
*The cells were observed under a microscope, and the number of

cells was counted.

 Protoplast yield and viability estimation
Protoplast  quantification  and  imaging  were  performed  using  a

Leica DM6 B microscope coupled with a hemocytometer. Protoplast
yield  was  calculated  as  the  total  number  of  viable  protoplasts
released  per  gram  fresh  weight  (FW)  of  initial  plant  tissue.  Proto-
plast viability was assessed using the Trypan Blue exclusion method.
Specifically,  a 0.4% Trypan Blue solution (in PBS buffer,  pH 7.2) was
prepared. A 10 µL aliquot of protoplast suspension was mixed with
40 µL  of  the  dye  solution  (final  concentration  0.32%),  followed  by
incubation  in  the  dark  for  2  min.  Immediate  microscopic  examina-
tion  was  then  performed:  viable  protoplasts  appeared  colorless
and  transparent  due  to  intact  cell  membranes,  while  non-viable  or
damaged  cells  exhibited  dark  blue  staining  from  dye  penetration.
Viability (%) was calculated as the percentage of unstained cells rela-
tive  to  the  total  cell  count  using  a  hemocytometer.  All  counting
procedures  were  completed  within  10  min  post-staining  to  mini-
mize errors.

 Protoplast transfection and incubation
(1) Preparation of the transfection mixture:
*Plasmid,  protoplast,  and PEG solutions  were  mixed at  a  volume

ratio of 1:10:11;
*Incubating for 5–10 min at room temperature;
*Critical step: higher-quality DNA is more likely to result in higher

transfection  efficiencies;  the  plasmid  concentration  for  protoplast
transformation  was  maintained  at  2,000  ng/µl,  and  the  DNA
OD260/OD280 values are 1.8–2.0.

(2) Stop the reaction:
*Add WI solution with 4× volume of PEG solution;
*Gently invert and mix well to terminate the reaction.
(3) Collect transfected protoplasts:
*Centrifuge at 300 × g for 2 min to remove the supernatant.

(4) Resuspend:
*The transfected protoplasts were resuspended in an appropriate

amount of WI solution;
*Critical step: the amount of WI solution used should be adjusted

according to the number of cells required for different experiments.

 Protoplast culture, harvesting, and
determination of transfection efficiency

(1) Cultivation of transfected protoplasts:
*Transfected  protoplasts  were  placed  in  a  9  cm  culture  dish

coated  with  1%  (wt/vol)  BSA  solution  and  incubated  overnight  in
the dark, at room temperature.

(2) Transfection efficiency calculation:
*After incubation, transfer 200 µl of protoplasts and centrifuge at

300 × g for 2 min;
*Resuspend  in  20 µl  of  WI  solution  to  examine  the  transfection

efficiency;
*Under  the  fluorescence  microscope,  the  transfection  efficiency

was calculated using a haemocytometer.
(3) Sample collection and storage:
*Centrifuge the remaining protoplasts from Step 13 at 300 × g for

2 min at room temperature;
*Remove  the  supernatant  and  freeze  the  samples  in  liquid

nitrogen.

 Extract RNA from the protoplasts
According  to  the  manufacturer's  instructions,  total  RNA  from

stem  protoplasts  was  extracted  using  the  Qiagen  RNeasy  Mini  Kit
(Qiagen).  RNA  concentration  was  determined  by  Nanodrop  2000
(Thermo  Scientific),  and  the  quality  was  examined  using  a  Bioana-
lyzer 2100 (Agilent).

 Subcellular localization
Subcellular localization analysis was performed using the pUC19-

35S::GFP and pUC19-35S::HBA-1-MCherry vectors.  The plasmids were
extracted by the CsCl density-gradient ultracentrifugation method[6],
and  were  transfected  into  the  stem-differentiating  xylem  (SDX)
protoplasts.  For  specific  steps,  refer  to  the  sections  of  protoplast
transfection and incubation, and protoplast culture, harvesting, and
determination  of  transfection  efficiency.  The  signal  was  captured
using a Leica DM6 B microscope.

 Statistical analysis
Statistical analysis was carried out using the SPSS software (v19.0).

Data  are  presented  as  the  mean  ±  standard  error  from  three  inde-
pendent experiments.

 Results

 Selection of source materials for H. hamabo
protoplast isolation

To  establish  an  efficient  protoplast  isolation  protocol  for H.
hamabo,  multiple  plant  tissues  including  leaves,  petioles,  and
stems were tested for protoplast isolation (Figs. 1, 2; Supplementary
Table  S1).  Leaf  tissues  are  the  predominant  source  materials.  The
transient  expression  system  in Arabidopsis mesophylla  protoplasts
(TEAMP system) has a high cell yield of 10 × 106 (protoplasm volume
per gram [g] of fresh leaf weight) and a transgene transfection effi-
ciency of ~60%–90%[17]. According to the method described by Yoo

H. hamabo protoplast system for transfection  
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et al.[17], intact protoplasts could not be isolated from the leaves and
petioles of H. hamabo.  On this basis,  we attempted to separate the
protoplasts  of H.  hamabo by  adjusting  the  osmotic  pressure  to
0.5  M,  washing,  balancing  the  osmotic  pressure  to  prevent  cell
rupture,  and  increasing  the  vacuum  infiltration  time  to  1  h  to
enhance  enzyme  penetration  (Supplementary  Table  S1).  However,
the  cells  isolated  from  leaves  exhibited  compromised  integrity,
severe aggregation, and were almost unusable (Fig. 1a; Supplemen-
tary Tables S1, S2). Although intact cells were isolated from the peti-
oles,  they  were  only  sporadically  dispersed  and  insufficient  for
subsequent  experiments  (Fig.  1b; Supplementary  Tables  S1, S2).
This outcome is primarily attributed to severe enzymatic browning,
coupled  with  excessive  accumulation  of  polysaccharides,  polyphe-
nols, and abundant secondary metabolites.

To  further  explore  the  method  for  protoplast  isolation  from H.
hamabo,  we  selected  stem  segment  tissues—which  contain  rela-
tively  low  levels  of  polysaccharides  and  polyphenols—for  subse-
quent  analysis  (Fig.  2; Supplementary  Table  S1).  The Populus
trichocarpa (P.  trichocarpa)  protoplast  system  is  well  known  for  the
high  yield  (~2.5  ×  107 protoplasts  per  g  of  stem-differentiating
xylem), of protoplasts, which shares 96% transcriptome identity with
the intact stem-differentiating xylem[6].  For woody plants, the sepa-
ration  of H.  hamabo protoplasts  on  the  basis  of P.  trichocarpa was
attempted. The good news is that we obtained intact protoplasmic
cells,  albeit  in  very  small  numbers,  and  with  a  lot  of  impurities.  On
this  basis,  we  optimized  and  improved  the  protoplast  separation
and  transfection  system  suitable  for H.  hamabo.  This  systematic
approach is based on xylem protoplasts freshly isolated from stems
of H. hamabo wild-type plants growing in soil (Fig. 2a, b). To balance
protoplast  yield  and  viability,  the  enzymatic  digestion  time  was
extended  (Fig.  2c)  to  promote  sufficient  contact  between  enzymes
and the cell wall, thereby facilitating complete cell wall degradation
and increasing protoplast release. Following enzymatic digestion, a
significant amount of residual debris was generated. To mitigate the
risk  of  clogging  and  reduce  shear  damage  to  protoplasts  during
filtration,  a  75 μm  nylon  mesh  was  employed  (Fig.  2d),  thereby
improving  collection  efficiency.  Furthermore,  based  on  the  density
difference between viable protoplasts and impurities, sucrose gradi-
ent density centrifugation was introduced to achieve precise separa-
tion. This step also removes residual enzymes and metabolic waste,
further  enhancing  protoplast  purity  and  transfection  efficiency.  In
addition, after sucrose gradient centrifugation, the protoplasts were
washed  with  mannitol  to  eliminate  residual  sucrose,  thereby  pre-
venting  cell  rupture  or  shrinkage  due  to  osmotic  pressure  differ-
ences  between  the  sucrose  solution  and  the  subsequent  culture
system.  In  summary,  we  developed  a  highly  efficient  protoplast
system  perfectly  adapted  to H.  hamabo.  Complete  protoplast  cells

were  obtained  through  cell  wall  digestion,  protoplast  separation,
washing,  and  filtration  (Fig.  2c–e),  yielding  ~2.0  ×  107 protoplasts
per g of fresh xylem (Supplementary Table S2).

 PEG-mediated protoplast transformation assay
To validate the practicality  of  the H.  hamabo protoplast  isolation

system,  we  established  a  PEG-mediated  transient  transformation
platform  (see  Methods  2.6  and  2.7  section).  The  balance  between
enzymatic  digestion  efficiency  and  cell  viability  is  crucial  for  the
success  of  protoplast  experiments.  Trypan  blue  staining  revealed
that,  despite  the  enzymatic  treatment,  the  cells  remained  highly
active  (93.61%  ±  1.09%; Fig.  3; Supplementary  Table  S2).  This
demonstrates  that  the  optimized  enzymatic  digestion  conditions
effectively  degrade  the  cell  wall  while  minimizing  damage  to  the
cell  membrane.  Regarding  transformation  efficiency,  the  pUC19-
35s::GFP  plasmid  was  delivered  into  protoplasts  using  PEG-medi-
ated  transfection,  followed  by  overnight  incubation  under  dark
culture conditions to ensure sufficient transcription and translation.
Fluorescence  microscopy  analysis  revealed  the  transfection  effi-
ciency was 26.03% ± 1.07% (Fig. 4; Supplementary Table S2). Consis-
tent  replication  across  multiple  trials  confirms  robust  reproducibil-
ity  and  reliability  of  this  platform,  rendering  it  highly  suitable  for
subsequent  gene  expression  profiling  and  functional  characteriza-
tion studies.

 Application of transient expression in H. hamabo
protoplasts

As a  single-cell  system,  the  quality  of  RNA extracted from proto-
plasts  directly  influences  the  accuracy  of  downstream  molecular
experiments. In this study, total RNA was extracted from PEG-medi-
ated  transfected  protoplasts  of H.  hamabo.  The  RNA  quality  was
comprehensively  assessed  using  a  Nanodrop  spectrophotometer,
1.2%  agarose  gel  electrophoresis,  and  an  Agilent  2100  Bioanalyzer
(Fig. 5). The results showed that the extracted total RNA from proto-
plasts  exhibited  high  purity:  the  A260/A280 ratio  remained  stable  at
around  2.0,  and  the  A260/A230 ratios  were  all  above  1.8,  indicating
minimal  contamination from proteins,  polysaccharides,  or  phenolic
compounds (Fig. 5a). Agarose gel electrophoresis revealed clear and
intact bands of 28S and 18S rRNA, with no apparent degradation or
smearing  (Fig.  5b).  Analysis  using  the  Agilent  2100  Bioanalyzer
further confirmed high RNA integrity, with an RNA Integrity Number
(RIN) is ~8.0, and an 28S/18S rRNA ratio close to 2 (Fig. 5c).

Subcellular  localization  serves  as  a  crucial  prerequisite  for  deci-
phering  gene  function.  Establishing  a  transient  expression  system
using  protoplasts  as  recipients  represents  a  primary  approach  for

 

a b c d e

Fig. 2  H. hamabo protoplast isolation from wood-forming. (a) A healthy H. hamabo plant suitable for protoplast isolation. The dotted line indicates the
optimal  true stem (above the fourth stem segment)  used as  a  xylem protoplast  source.  (b)  Stem segments  were cut  into 10 cm segments  to generate
protoplasts from xylem cells.  (c) The peeled stem segments were loosely submerged into the cell wall digestion solution in a 50 ml conical tube. (d) To
obtain the purified protoplasts, we filtered the released protoplasts through a 75 µm filter membrane. (e) Stem protoplasts.
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studying protein subcellular localization and interactions. Using the
PEG-mediated  method,  we  transfected  stem-derived  protoplasts
with  the  empty  vector  pUC19-35s::GFP  and  the  pUC19-35S::H2A-1-
mCherry  vector  (serving  as  a  nuclear  marker  vector),  respectively.
The results demonstrated that the green fluorescent signal from the
empty vector GFP control was uniformly distributed throughout the
entire  cell.  In  contrast,  the  red  fluorescent  signal  from  the  pUC19-
35S::H2A-1-mCherry  protein  was  specifically  concentrated  at  the
nuclear  envelope  of  the  protoplasts,  displaying  distinct  nuclear-
localized  fluorescent  signals,  and  no  significant  fluorescence  accu-
mulation  was  observed  in  the  cytoplasm  or  plasma  membrane.
These  findings  indicate  that  this  protoplast  transient  expression

system  is  suitable  for  precise  subcellular  localization  analysis  of
target proteins in H. hamabo.

 Discussion
In recent years, protoplasts have been extensively utilized to iden-

tify key regulatory factors and elucidate the molecular mechanisms
of  the  intracellular  signal  transduction  pathways  involved  in  plant
physiology,  immunity,  growth,  and  development.  Using  proto-
plasts  as  a  receptor  system  to  establish  transient  expression  is  a
primary method for subcellular localization studies[17,18]. Specifically,

 

a b

Fig. 3  Viability detection of the protoplasts isolated from H. hamabo by Trypan blue staining. Cell staining under (a) 10×, and (b) 20× microscope.

 

a b c

Fig. 4  Protoplasts expressing the pUC19-35::GFP are shown under fluorescence microscopy. The transfection efficiency was 26.03% ± 1.07%. H. hamabo
protoplasts in the (a) fluorescence field, (b) bright field with DIC, and (c) a and b superimposed field. Bars = 100 μm.

 

a

b

c

Fig.  5  RNA  quality  of  SDX  protoplasts.  (a)  Total  RNA  was  isolated  from  stem  protoplasts  and  the  quality  was  examined  using  the  Nanodrop
spectrophotometer. (b) 1.2% agarose gel electrophoresis, and (c) Agilent 2100 Bioanalyzer.
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protoplasts isolated from multiple plant species—such as Arabidop-
sis  thaliana, Nicotiana  benthamiana,  and Oryza  sativa—have served
as highly effective platforms for determining the subcellular localiza-
tion of diverse protein families[18−25]. For example, RIN13 is localized
in  the  nucleus,  and  its  overexpression  accelerates  leaf  senescence
and programmed cell  death[20]. PtrbHLH186 is  a  transcription factor
located  in  the  nucleus,  and  its  overexpression  affects  the  develop-
ment of poplar xylem cells[22]. Leveraging the established H. hamabo
protoplast system, this study successfully achieved subcellular local-
ization  of  pUC19-35s::GFP  and  pUC19-35S::H2A-1-mCherry  (Fig.  6).
This functionally validates the system's capability to precisely resolve
protein  subcellular  distribution.  Furthermore,  the  developed H.
hamabo protoplast-based  localization  platform  provides  a  critical
foundation for future gene-specific subcellular localization studies in
this  species,  and  serves  as  a  reference  paradigm  for  developing
protoplast technologies in coastal woody plants.

Protoplasts  are  used  to  rapidly  verify  gene  function  and  study
gene  expression  patterns  and  their  biological  functions  through
transient  expression  systems[22,26−29].  In Arabidopsis  thaliana,  the
protoplast  system was used to reveal  the regulatory mechanism of
EIN3  protein  stability,  and  a  significant  crosstalk  effect  between
glucose  and  ethylene  signalling  was  found[26].  Abiotic  and  biotic
stress  signals  can  also  be  studied  in  protoplast  systems.  For  exam-
ple,  the  function  of  mitogen-activated  protein  kinase  cascades
in  oxidative  stress  signalling  was  successfully  demonstrated  in
Arabidopsis mesophyllum protoplasts[27]. Utilizing this system in this
study,  we  consistently  isolated  high-quality  RNA  exhibiting  excel-
lent  purity  and  integrity,  with  A260/A280 ratios  stably  maintained  at
around 2.0 and no detectable degradation (Fig. 5). This RNA quality
fully  meets  the  stringent  technical  requirements  for  downstream
transcriptional  regulation  studies.  The  RNA  extracted  via  this  plat-
form  enables  comprehensive  analysis  of  transcriptional  expression
patterns of key genes under abiotic stresses (e.g., salinity) and facili-
tates  the  validation  of  regulatory  relationships  between  transcrip-
tion  factors  and  their  target  genes.  This  will  provide  precise  data
support for elucidating the molecular mechanism of the stress toler-
ance  traits  of H.  hamabo.  Furthermore,  the  establishment  of  the H.
hamabo protoplast  system  provides  a  vital  tool  for  molecular  biol-
ogy  research  in  this  species,  offering  broad  application  prospects.
For  protein-protein  interaction  studies,  bimolecular  fluorescence
complementation  (BiFC)  serves  as  a  classical  methodology  for
validating  protein  interactions[22,23,30].  Drawing  on  this  technical
approach, the H. hamabo protoplast system established in this study
can  be  used  to  screen  and  verify  the  interaction  networks  of  key
proteins in pathways related to stress resistance.

Protoplast  systems  facilitate  the  mechanistic  dissection  of
epigenetic  regulation by multicomponent complexes.  For  instance,
studies  have utilized this  system to  demonstrate  how transcription

factors  like  PtrAREB1-2  recruit  histone-modifying  complexes  to
activate  drought-responsive  genes[31−33].  Furthermore,  protoplast
assays  have  revealed  how  proteins  such  as  PtrVCS2  dynamically
regulate  the  interaction  intensity  of  histone  acetylase  complexes
to  control  developmental  processes  like  vascular  cambium
formation[34].  Therefore,  the H.  hamabo protoplast  system  estab-
lished  in  this  study  enables  us  to  conduct  in-depth  research  on
the  epigenetic  regulatory  mechanisms  related  to  stress  responses.
Recently,  protoplast  LUC  assays  verified  direct  gene  regulation  by
transcription  factors  and  synergistic  complexes[30,35].  Moreover,
isolating  protoplasts  in  combination  with  fluorescence-assisted
cell  sorting  or  scRNA-seq  enables  genome-wide  elucidation  of  cell
type-specific  transcriptional  profiles  and  high-resolution  single-cell
maps[36,37].

While  this  system  offers  significant  advantages,  several  limita-
tions  warrant  further  refinement  in  subsequent  studies.  The  estab-
lished  platform  constitutes  a  transient  expression  system,  wherein
exogenous genes exhibit  only ephemeral  expression in protoplasts
without  achieving  stable  genetic  transformation.  Consequently,
this  approach  is  unsuitable  for  the  long-term  verification  of  gene
functions or generating transgenic plants. Furthermore, the current
methodology  yields  exclusively  free  protoplasts,  but  has  not
attained  callus  induction  or  plant  regeneration—a  pervasive  chal-
lenge in woody plant protoplast technology that severely constrains
its  utility  in  stable  genetic  manipulations.  To  address  these  con-
straints,  future  research  should  optimize  culture  media  composi-
tion,  hormonal  ratios,  and  incubation  conditions  to  induce  proto-
plast  division  and  callus  formation,  ultimately  pioneering  whole-
plant  regeneration  to  overcome  the  bottleneck  of  stable  genetic
transformation.

 Conclusions
This  study  successfully  established  a  comprehensive  technical

system  for H.  hamabo,  encompassing  highly  efficient  protoplast
isolation,  PEG-mediated  transformation,  and  downstream  molecu-
lar applications. The system consistently achieved protoplast viabil-
ity  93.61%  ±  1.09%,  and  transformation  efficiency  stabilized  at
26.03%  ±  1.07%.  Furthermore,  the  transient  expression  system
established  for H.  hamabo protoplasts  demonstrates  high  viability
and  stability,  while  facilitating  efficient  extraction  of  high-integrity
RNA  for  downstream  molecular  quantification  assays.  Critically,  it
enables precise subcellular localization of target proteins. This multi-
faceted  validation  confirms  its  suitability  as  an  ideal  platform  for
functional characterization of H. hamabo genes, thereby providing a
robust technological  foundation for  subsequent investigations into
gene expression regulation,  protein-protein interactions,  and stress
adaptation mechanisms.
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Fig.  6  Subcellular  localization  of  empty  vectors  in H.  hamabo
protoplasts. (a) Fluorescence signal of pUC19-35S::GFP; (b) fluorescence
signal  of  pUC19-35S::H2A-1-mCherry.  GFP  stands  for  green  fluorescent
protein and RFP stands for red fluorescent protein. Bars = 10 μm.

  H. hamabo protoplast system for transfection

Page 6 of 8   Liu et al. Forestry Research Advances 2026, 1: e007



 Acknowledgments

This work was supported by the Key Scientific and Technological
Grant of Zhejiang for Breeding New Agricultural Varieties (Grant No.
2021C02070-6), the Wenzhou Forestry and Flower Breeding Cooper-
ation  Group  Project  (Grant  No.  ZX2024004-1),  the  Wenzhou  High-
level  Innovation  Team  'Coastal  Characteristic  Plant  Innovation  and
Utilization  Project'  (Grant  No.  NY202401),  and  the  Open  Project  of
the  Engineering  Research  Center  for  Southeast  coastal  characteris-
tic  plants  of  the  National  Forestry  and  Grassland  Administration
(Grant No. LCDNZX2025002).

 Conflicts of interest

The authors declare that they have no conflict of interest.

 Supplementary information accompanies this paper online
at: https://doi.org/10.48130/fra-0026-0004.

Dates

Received  20  November  2025; Revised  27  March  2026; Accepted
30 March 2026; Published online 22 June 2026

References 

 Cocking EC. 1960. A method for the isolation of plant protoplasts and
vacuoles. Nature 187:962−963

[1]

 Carlson PS, Smith HH, Dearing RD. 1972. Parasexual interspecific plant
hybridization. Proceedings  of  the  National  Academy  of  Sciences  of  the
United States of America 69:2292−2294

[2]

 Sheen J. 2001. Signal transduction in maize and Arabidopsis Mesophyll
protoplasts. Plant Physiology 127:1466−1475

[3]

 Davey  MR,  Anthony  P,  Power  JB,  Lowe  KC. 2005. Plant  protoplasts:
status  and  biotechnological  perspectives. Biotechnology  Advances
23:131−171

[4]

 Xia  G,  Xiang  F,  Zhou  A,  Wang  H,  Chen  H. 2003. Asymmetric  somatic
hybridization  between  wheat  (Triticum  aestivum L.)  and  Agropyron
elongatum  (Host)  Nevishi. Theoretical  and  Applied  Genetics
107:299−305

[5]

 Lin  YC,  Li  W,  Chen  H,  Li  Q,  Sun  YH,  et  al. 2014. A  simple  improved-
throughput  xylem  protoplast  system  for  studying  wood  formation.
Nature Protocols 9:2194−2205

[6]

 Sakhanokho  HF,  Islam-Faridi  N,  Babiker  EM,  Nelson  CD,  Stringer  SJ,
et  al. 2020. Determination  of  nuclear  DNA  content,  ploidy,  and  FISH
location  of  ribosomal  DNA  in Hibiscus  hamabo. Scientia  Horticulturae
264:109167

[7]

 Wang Z, Xue JY, Hu SY, Zhang F, Yu R, et al. 2022. The genome of Hibis-
cus  hamabo reveals  its  adaptation  to  saline  and  waterlogged  habitat.
Horticulture Research 9:uhac067

[8]

 Xu  Y,  Ni  L,  Yu  C,  Hua  J,  Yin  Y,  et  al. 2025. Genome-wide  study  of  the
R2R3-MYB  gene  family  and  analysis  of HhMYB111r-induced  salt  toler-
ance in Hibiscus hamabo Sieb. et Zucc. Plant Science 352:112378

[9]

 Liu  D,  Gu  C,  Fu  Z,  Wang  Z. 2023. Genome-wide  identification  and
analysis  of MYB transcription  factor  family  in Hibiscus  hamabo. Plants
12:1429

[10]

 Ni L, Wang Z, Liu X, Wu S, Hua J, et al. 2022. Genome-wide study of the
GRAS  gene  family  in Hibiscus  hamabo Sieb.  et  Zucc  and  analysis  of
HhGRAS14-induced  drought  and  salt  stress  tolerance  in Arabidopsis.
Plant Science 319:111260

[11]

 Wang  Z,  Ni  L,  Liu  D,  Fu  Z,  Hua  J,  et  al. 2022. Genome-wide  identifica-
tion  and  characterization  of  NAC  family  in Hibiscus  hamabo Sieb.  et
Zucc.  under  various  abiotic  stresses. International  Journal  of  Molecular
Sciences 23:3055

[12]

 Chen HC, Li Q, Shuford CM, Liu J, Muddiman DC, et al. 2011. Membrane
protein  complexes  catalyze  both  4- and  3-hydroxylation  of  cinnamic

[13]

acid  derivatives  in  monolignol  biosynthesis. Proceedings  of  the
National  Academy  of  Sciences  of  the  United  States  of  America
108:21253−21258
 Li  Q,  Lin  YC,  Sun  YH,  Song  J,  Chen  H,  et  al. 2012. Splice  variant
of  the  SND1  transcription  factor  is  a  dominant  negative  of  SND1
members and their regulation in Populus trichocarpa. Proceedings of the
National  Academy  of  Sciences  of  the  United  States  of  America
109:14699−14704

[14]

 Lin  YC,  Li  W,  Sun  YH,  Kumari  S,  Wei  H,  et  al. 2013. SND1  transcription
factor–directed  quantitative  functional  hierarchical  genetic  regulatory
network  in  wood  formation  in Populus  trichocarpa. The  Plant  Cell
25:4324−4341

[15]

 Zhao YX, Yao DY, Harris PJC. 1991. Isolation and culture of protoplasts
from  callus  tissue  of Hibiscus  syriacus L. Plant  Cell,  Tissue  and  Organ
Culture 25:17−19

[16]

 Yoo  SD,  Cho  YH,  Sheen  J. 2007. Arabidopsis mesophyll  protoplasts:  a
versatile  cell  system  for  transient  gene  expression  analysis. Nature
Protocols 2:1565−1572

[17]

 Ren  R,  Gao  J,  Yin  D,  Li  K,  Lu  C,  et  al. 2021. Highly  efficient  leaf
base protoplast isolation and transient expression systems for orchids
and  other  important  monocot  crops. Frontiers  in  Plant  Science
12:626015

[18]

 Cho YH, Yoo SD, Sheen J. 2006. Regulatory functions of nuclear hexoki-
nase1 complex in glucose signaling. Cell 127:579−589

[19]

 Liu X,  Liu H, Liu WC, Gao Z. 2020. The nuclear localized RIN13 induces
cell  death  through  interacting  with  ARF1. Biochemical  and  Biophysical
Research Communications 527:124−130

[20]

 Yu J, Zhou C, Li D, Li S, Lin YCJ, et al. 2022. A PtrLBD39-mediated tran-
scriptional  network  regulates  tension  wood  formation  in Populus
trichocarpa. Plant Communications 3:100250

[21]

 Liu H, Gao J, Sun J, Li S, Zhang B, et al. 2022. Dimerization of PtrMYB074
and  PtrWRKY19  mediates  transcriptional  activation  of PtrbHLH186 for
secondary xylem development in Populus trichocarpa. New Phytologist
234:918−933

[22]

 Chen H, Wang JP, Liu H, Li H, Lin YCJ, et al. 2019. Hierarchical transcrip-
tion  factor  and  chromatin  binding  network  for  wood  formation  in
Populus trichocarpa. The Plant Cell 31:602−626

[23]

 Ehlert  A,  Weltmeier  F,  Wang  X,  Mayer  CS,  Smeekens  S,  et  al.
2006. Two-hybrid  protein–protein  interaction  analysis  in  Arabid-
opsis  protoplasts:  establishment  of  a  heterodimerization  map  of
group  C  and  group  S  bZIP  transcription  factors. The  Plant  Journal
46:890−900

[24]

 Chiu  WL,  Niwa  Y,  Zeng  W,  Hirano  T,  Kobayashi  H,  et  al. 1996.
Engineered  GFP  as  a  vital  reporter  in  plants. Current  Biology
6:325−330

[25]

 Yanagisawa  S,  Yoo  SD,  Sheen  J. 2003. Differential  regulation  of  EIN3
stability  by  glucose  and  ethylene  signalling  in  plants. Nature
425:521−525

[26]

 Kovtun Y, Chiu WL, Tena G, Sheen J. 2000. Functional analysis of oxida-
tive  stress-activated  mitogen-activated  protein  kinase  cascade  in
plants. Proceedings  of  the  National  Academy  of  Sciences  of  the  United
States of America 97:2940−2945

[27]

 He  P,  Shan  L,  Lin  NC,  Martin  GB,  Kemmerling  B,  et  al. 2006. Specific
bacterial  suppressors  of  MAMP  signaling  upstream  of  MAPKKK  in
Arabidopsis innate immunity. Cell 125:563−575

[28]

 Wang  Z,  Mao  Y,  Guo  Y,  Gao  J,  Liu  X,  et  al. 2020. MYB  transcription
factor161  mediates  feedback  regulation  of secondary  wall-associated
NAC-domain1 family  genes  for  wood  formation. Plant  Physiology
184:1389−1406

[29]

 Ma  H,  Su  L,  Zhang  W,  Sun  Y,  Li  D,  et  al. 2025. Epigenetic  regula-
tion  of  lignin  biosynthesis  in  wood  formation. New  Phytologist
245:1589−1607

[30]

 Li  S,  Lin  YCJ,  Wang P,  Zhang B,  Li  M,  et  al. 2019. The AREB1 transcrip-
tion  factor  influences  histone  acetylation  to  regulate  drought
responses  and  tolerance  in Populus  trichocarpa. The  Plant  Cell
31:663−686

[31]

 Zhang B, Wang Z, Dai X, Gao J, Zhao J, et al. 2024. A COMPASS histone
H3K4  trimethyltransferase  pentamer  transactivates  drought  tolerance

[32]

H. hamabo protoplast system for transfection  

Liu et al. Forestry Research Advances 2026, 1: e007   Page 7 of 8

https://doi.org/10.48130/fra-0026-0004
https://doi.org/10.48130/fra-0026-0004
https://doi.org/10.48130/fra-0026-0004
https://doi.org/10.48130/fra-0026-0004
https://doi.org/10.48130/fra-0026-0004
https://doi.org/10.1038/187962a0
https://doi.org/10.1073/pnas.69.8.2292
https://doi.org/10.1073/pnas.69.8.2292
https://doi.org/10.1104/pp.010820
https://doi.org/10.1016/j.biotechadv.2004.09.008
https://doi.org/10.1007/s00122-003-1247-7
https://doi.org/10.1038/nprot.2014.147
https://doi.org/10.1016/j.scienta.2019.109167
https://doi.org/10.1093/hr/uhac067
https://doi.org/10.1016/j.plantsci.2024.112378
https://doi.org/10.3390/plants12071429
https://doi.org/10.1016/j.plantsci.2022.111260
https://doi.org/10.3390/ijms23063055
https://doi.org/10.3390/ijms23063055
https://doi.org/10.1073/pnas.1116416109
https://doi.org/10.1073/pnas.1116416109
https://doi.org/10.1073/pnas.1212977109
https://doi.org/10.1073/pnas.1212977109
https://doi.org/10.1105/tpc.113.117697
https://doi.org/10.1007/BF00033907
https://doi.org/10.1007/BF00033907
https://doi.org/10.1038/nprot.2007.199
https://doi.org/10.1038/nprot.2007.199
https://doi.org/10.3389/fpls.2021.626015
https://doi.org/10.1016/j.cell.2006.09.028
https://doi.org/10.1016/j.bbrc.2020.04.082
https://doi.org/10.1016/j.bbrc.2020.04.082
https://doi.org/10.1016/j.xplc.2021.100250
https://doi.org/10.1111/nph.18028
https://doi.org/10.1105/tpc.18.00620
https://doi.org/10.1111/j.1365-313X.2006.02731.x
https://doi.org/10.1016/s0960-9822(02)00483-9
https://doi.org/10.1038/nature01984
https://doi.org/10.1073/pnas.97.6.2940
https://doi.org/10.1073/pnas.97.6.2940
https://doi.org/10.1016/j.cell.2006.02.047
https://doi.org/10.1104/pp.20.01033
https://doi.org/10.1111/nph.20328
https://doi.org/10.1105/tpc.18.00437


and  growth/biomass  production  in Populus  trichocarpa. New  Phytolo-
gist 241:1950−1972
 Gao  J,  Wu  X,  Zhai  R,  Liu  H,  Zhao  J,  et  al. 2025. Coordinated
chromatin  modifications  mediated  by  AREB  and  MYB  transcription
factors  sustain  drought  tolerance  in Populus. Plant  Physiology
198:kiaf271

[33]

 Dai  X,  Zhai  R,  Lin  J,  Wang  Z,  Meng  D,  et  al. 2023. Cell-type-specific
PtrWOX4a and PtrVCS2 form a regulatory nexus with a histone modifi-
cation system for  stem cambium development in Populus  trichocarpa.
Nature Plants 9:96−111

[34]

 Geng  L,  Tan  M,  Deng  Q,  Wang  Y,  Zhang  T,  et  al. 2024. Transcription
factors  WOX11  and  LBD16  function  with  histone  demethylase
JMJ706  to  control  crown  root  development  in  rice. The  Plant  Cell
36:1777−1790

[35]

 Birnbaum  K,  Shasha  DE,  Wang  JY,  Jung  JW,  Lambert  GM,  et  al.

2003. A  gene  expression  map  of  the Arabidopsis root. Science
302:1956−1960

[36]

 Li  H,  Dai  X,  Huang  X,  Xu  M,  Wang  Q,  et  al. 2021. Single-cell  RNA

sequencing  reveals  a  high-resolution  cell  atlas  of  xylem  in Populus.

Journal of Integrative Plant Biology 63:1906−1921

[37]

Copyright:  ©  2026  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://creativecommons.org/
licenses/by/4.0/.

  H. hamabo protoplast system for transfection

Page 8 of 8   Liu et al. Forestry Research Advances 2026, 1: e007

https://doi.org/10.1111/nph.19481
https://doi.org/10.1111/nph.19481
https://doi.org/10.1111/nph.19481
https://doi.org/10.1093/plphys/kiaf271
https://doi.org/10.1038/s41477-022-01315-7
https://doi.org/10.1093/plcell/koad318
https://doi.org/10.1126/science.1090022
https://doi.org/10.1111/jipb.13159
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials
	Equipment
	Reagent setup
	Protoplast isolation
	H. hamabo protoplast isolation from leaf and petiole
	H. hamabo protoplast isolation from stems

	Protoplast yield and viability estimation
	Protoplast transfection and incubation
	Protoplast culture, harvesting, and determination of transfection efficiency
	Extract RNA from the protoplasts
	Subcellular localization
	Statistical analysis

	Results
	Selection of source materials for H. hamabo protoplast isolation
	PEG-mediated protoplast transformation assay
	Application of transient expression in H. hamabo protoplasts

	Discussion
	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflicts of interest
	Supplementary information
	References

