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Abstract
Strawberry propagation through tissue culture enables pathogen removal and stable trait  transmission;  however,  improving culture performance under

environmental  pressures,  including  continuous  monoculture  stress,  remains  a  key  objective.  Carboxylated  carbon  nanotubes  (FCNTs),  characterized  by

distinct  physicochemical  properties  and  favorable  biocompatibility,  have  emerged  as  potential  regulators  of  plant  metabolic  processes.  However,  the

understanding of FCNT-mediated reprogramming of multi-omics networks in strawberry adventitious roots at the systems level remains unclear. This study

aims to analyze the molecular response of strawberry adventitious roots to 500 mg/L FCNTs through integrated proteomic and metabolomic approaches.

Virus-free 'Hongyan' strawberry tissue culture seedlings were used as the biological material, and roots were treated using ultrasonic-assisted adsorption.

Proteomic profiling identified 47 differentially accumulated proteins (DAPs) upon FCNTs exposure, with 45 downregulated and two upregulated, enriched

in  pathways  related  to  photosynthesis,  plant–pathogen  interaction,  and  MAPK  signaling.  Metabolomic  analysis  identified  86  differentially  accumulated

metabolites  (DAMs,  58  downregulated  and  28  upregulated),  associated  with  metabolic  routes  such  as  biosynthesis  of  phenylalanine,  tyrosine,  and

tryptophan,  flavonoid  biosynthesis,  and  the  tricarboxylic  acid  cycle.  The  combined  multi-omics  assessment  indicated  that  FCNT  treatment  modulated

stress-related  signaling  pathways,  central  carbon  and  energy  metabolism,  and  secondary  metabolite  biosynthesis.  In  conclusion,  the  molecular  basis  of

strawberry  root  responses  to  carboxylated  CNTs  offers  a  foundation  for  developing  CNT-based  strategies  to  enhance  tissue  culture  performance  and

strengthen stress resilience in continuous cropping systems.
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 Introduction
The strawberry (Fragaria × ananassa L.) is a perennial herbaceous

species in the Rosaceae family and represents a globally valued fruit
crop recognized for its characteristic flavor, vivid pigmentation, and
nutritional  attributes[1,2].  Increasing  consumer  demand  for  high-
quality fruit  has intensified the need for reliable production of elite
planting  material,  which  has  become  a  central  limitation  for
industry  expansion.  Traditional  propagation  depends  on  stolon-
mediated clonal reproduction, yet this approach often facilitates the
accumulation  and  spread  of  viruses.  Such  pathogen  transmission
contributes  to  cultivar  decline,  reduced  yield,  and  inconsistency  in
fruit quality. In vitro plant tissue culture is recognized as an effective
approach  for  virus  elimination  and  rapid  micropropagation.  This
method supports large-scale production of virus-free plantlets while
maintaining the genetic characteristics of cultivars, making it a core
technique  for  stabilizing  and  advancing  the  strawberry  nursery
sector[3].  Despite  these  benefits,  issues  such  as  soil  sickness
associated  with  consecutive  monoculture  systems  continue  to
hinder  the  post-acclimatization  performance  and  management  of
micropropagated  plantlets.  Therefore,  identifying  innovative
strategies  to  increase  the  environmental  stress  tolerance  of  straw-
berry plantlets holds considerable practical value.

Carbon nanotubes (CNTs), first reported by Iijima & Ichihashi, have
emerged as important one-dimensional  nanomaterials  due to their
outstanding  mechanical,  electrical,  and  thermal  characteristics,
supporting  broad  applicability  across  multiple  disciplines[4].  Their
use in  plant  science and biotechnology has  advanced rapidly,  with

studies  indicating  that  CNTs  can  act  as  effective  molecular  carriers
capable of traversing the plant cell  wall  to promote the internaliza-
tion  and  movement  of  exogenous  molecules,  influencing  plant
physiological  and  metabolic  pathways[5−7].  Carboxylated  multi-
walled  CNTs  (FCNTs)  possess  favorable  water  dispersibility  and
biocompatibility, along with a reduced propensity to trigger intense
immune  activation  in  plants.  These  properties  position  FCNTs  as
promising  candidates  for  applications  in  plant  tissue  culture  and
metabolic regulation[8,9].

Despite  the  emerging  evidence  supporting  the  biological  rele-
vance of FCNTs, the detailed molecular mechanisms through which
they  affect  plant  systems,  particularly  protein  expression  patterns
and  metabolic  network  regulation,  remain  insufficiently  character-
ized.  To  address  this  limitation,  this  study  applied  an  integrated
proteomic  and  metabolomic  strategy.  Adventitious  roots  of  straw-
berry  were  exposed to  500 mg/L FCNTs,  followed by tandem mass
tag  (TMT)-based  quantitative  proteomic  analysis  and  untargeted
global  metabolomic  profiling  to  identify  differentially  accumulated
proteins  (DAPs)  and  differentially  accumulated  metabolites  (DAMs)
between treated and control samples.

This  study aims to  elucidate  the molecular  mechanisms underly-
ing  FCNT-mediated  responses  in  strawberry  adventitious  roots
through  integrated  quantitative  proteomics  and  comprehensive
metabolomics.  The  study  also  characterizes  FCNT-responsive
proteins  and  metabolites,  maps  the  associated  signaling  and
metabolic  pathways,  and  identifies  key  molecular  components
potentially  linked  to  enhanced  stress  tolerance  and  improved
performance under tissue culture conditions.

ARTICLE
 

© The Author(s) www.maxapress.com/tihort

http://orcid.org/0009-0008-7124-0825
mailto:20062001@jaas.ac.cn
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
http://orcid.org/0009-0008-7124-0825
mailto:20062001@jaas.ac.cn
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
http://www.maxapress.com/tihort


 Materials and methods

 Plant material and FCNT treatment
Virus-free  tissue-cultured  plantlets  of  'Hongyan'  strawberry  were

obtained  from  the  Shanghai  Key  Laboratory  of  Protected  Horticul-
tural Technology (Shanghai, China). The plantlets were sub-cultured
on  solid  Murashige  and  Skoog  (MS)  medium  containing  0.1  mg/L
naphthaleneacetic  acid  (NAA)  and  0.1  mg/L  indole-3-butyric  acid
(IBA) to promote adventitious root formation. MS medium, NAA, and
IBA were purchased from Aladdin Biochemical Tech Co., Ltd. (Shang-
hai,  China).  Cultures  were  maintained  at  25  ±  2  °C  under  a  12-h
photoperiod, with illumination at 50 μmol m-2 s-1 provided by cool-
white fluorescent lamps.

Uniform  and  healthy  adventitious  roots  were  selected  for  treat-
ment. A 500 mg/L FCNTs (purity > 95 wt%; inner diameter 5−15 nm;
outer diameter < 50 nm; length < 10 μm; Aladdin, Shanghai, China)
stock  suspension  was  prepared  in  pure  water  and  sonicated  for
30 min before use. Roots were immersed either in the FCNT suspen-
sion (treatment group) or in pure water (control group). To improve
surface contact and potential uptake, both groups were placed in an
ultrasonic  bath  (800  W;  Xianou,  Nanjing,  China)  and  exposed  to
pulsed sonication (on 10 s, off 10 s) for 20 min. Following treatment,
root samples were blotted dry, rapidly frozen in liquid nitrogen, and
stored at –80 °C until analysis. Proteomic and metabolomic analyses
were conducted using three and six biological replicates per group,
respectively.

 Proteomic analysis
 Protein extraction

Frozen  root  samples  were  finely  ground  in  liquid  nitrogen,  and
the resulting powder was transferred to pre-chilled centrifuge tubes
containing  phosphate-buffered  saline  (PBS).  The  sample  was
thoroughly  homogenized  in  ice-cold  lysis  buffer.  The  homogenate
was  centrifuged  at  14,000  ×  g  for  20  min  at  4  °C,  and  the  super-
natant was collected as the total protein extract. Protein concentra-
tion was quantified using the Bradford assay[10].

For  mass  spectrometry  analysis,  100 μg  of  protein  from  each
sample  was  reduced  with  dithiothreitol,  alkylated  with  iodoaceta-
mide,  and digested with  trypsin  at  an  enzyme-to-substrate  ratio  of
1:50 overnight at 37 °C. The resulting peptides were desalted using
C18  solid-phase  extraction  cartridges  and  then  dried  by  vacuum
centrifugation.

 TMT labeling and LC–MS/MS analysis
The dried peptide samples were reconstituted and labeled using

the  TMT  16plex™  Isobaric  Label  Reagent  Set  (Thermo  Fisher
Scientific,  Massachusetts,  USA)  following  the  manufacturer's
protocol.  Briefly,  peptides  from  each  group  were  incubated  with
distinct TMT tags at room temperature for 1 h, after which the label-
ing  reaction  was  quenched  with  hydroxylamine.  The  labeled
peptides were then pooled in equal amounts and desalted.

Liquid  chromatography–tandem  mass  spectrometry  (LC–MS/MS)
analysis  was performed using an Orbitrap Eclipse™ 480 mass spec-
trometer  (Thermo Fisher  Scientific,  Massachusetts,  USA) coupled to
a nanoflow ultra-high-performance liquid chromatography (UHPLC)
system. Peptides were separated on a C18 reversed-phase analytical
column  (75 μm  ×  25  cm,  2 μm)  using  a  linear  gradient  from  5%  to
35% of mobile phase B (0.1% formic acid in 80% acetonitrile) against
mobile  phase  A  (0.1% formic  acid  in  water)  over  120  min  at  a  flow
rate  of  300  nL/min.  The  mass  spectrometer  was  operated  in  data-
dependent acquisition mode, with full MS scans acquired at 120,000

resolution  across  an m/z range  of  350−1,500.  The  most  intense
precursor  ions  were  subjected  to  high-energy  collisional  dissocia-
tion with a normalized collision energy of 30%, and MS/MS spectra
were recorded at a resolution of 60,000.

 Protein identification and bioinformatics analysis
Raw  LC-MS/MS  data  were  processed  and  quantified  using

Proteome  Discoverer  v2.4.1.15  (Thermo  Fisher  Scientific,
Massachusetts,  USA).  Database  searches  applied  a  reversed
sequence  decoy  strategy  to  control  peptide  false  discovery  rates
(FDR),  and  identifications  were  validated  with  Percolator  software,
setting  the  false  discovery  rate  at  0.01  for  both  proteins  and
peptide-spectrum matches (PSMs)[11].

Principal  Component  Analysis  (PCA)  was  performed  to  assess
separation among biological conditions. DAPs were identified using
the t-test.  Enrichment  analysis  of  Gene  Ontology  (GO)  terms  and
Kyoto  Encyclopedia  of  Genes  and  Genomes  (KEGG)  pathways  was
conducted  via  Fisher's  exact  test[12,13].  Protein–protein  interaction
networks  were  analyzed,  and  network  visualizations  were
generated with igraph[14,15].

 Metabolomics analysis
 Metabolite extraction

Frozen  root  powder  (50  mg)  was  weighed  and  extracted  with
600 μL  of  MeOH  containing  2-Amino-3-(2-chloro-phenyl)-propionic
acid  (4 μg/mL),  followed  by  vortexing  for  30  s.  The  mixture  was
homogenized at  55 Hz for  60 s  and then centrifuged at  12,000 × g
for 10 min at 4 °C. The resulting supernatant was filtered through a
0.22 μm  nylon  membrane  and  collected  in  a  vial  for  LC–MS
analysis[16].

 LC–MS analysis
Chromatographic  separation  was  carried  out  on  a  Vanquish

UHPLC system (Thermo Fisher Scientific,  Massachusetts,  USA) fitted
with an ACQUITY UPLC HSS T3 column (1.8 μm, 2.1 mm × 100 mm;
Waters, Milford, MA, USA) at 40 °C. The mobile phase for positive ion
mode consisted of (A) 0.1% formic acid in water and (B) 0.1% formic
acid in  acetonitrile,  while  for  negative ion mode,  it  consisted of  (A)
5  mM  ammonium  formate  in  water  and  (B)  acetonitrile.  A  linear
gradient from 5% to 95% B over 14 min was applied at a flow rate of
0.3 mL/min[17].

Mass  spectrometry  analysis  was  performed  using  an  Orbitrap
Exploris  120  mass  spectrometer  (Thermo  Fisher  Scientific,
Massachusetts,  USA)  equipped  with  an  ESI  ion  source.  Data  were
acquired in  both positive  and negative  ion modes with  the follow-
ing parameters: spray voltage ± 3.50 kV, sheath gas 40 arb, auxiliary
gas  10  arb,  capillary  temperature  325  °C,  Orbitrap  resolution  of
60,000  for  full  MS  and  15,000  for  MS/MS,  and  stepped  normalized
collision energies of 20%, 30%, and 40%[18].

 Data preprocessing and statistical analysis
Raw data files  were converted to mzML format using MSConvert

(ProteoWizard).  Subsequent  preprocessing,  comprising  peak  pick-
ing,  alignment,  and  retention  time  correction,  was  conducted  with
the  XCMS  package  in  R.  Metabolites  showing  an  RSD  greater  than
30% in quality control (QC) samples were excluded.

Multivariate statistical analyses were conducted using the ropls R
package[19].  Unit-variance  scaling  was  applied  before  PCA  and
Orthogonal  Projections  to  Latent  Structures-Discriminant  Analysis
(OPLS-DA).  Model  performance  was  evaluated  using  the  cross-
validated  correlation  coefficient  (Q2).  Metabolites  with  a  Variable
Importance  in  Projection  (VIP)  >  1.0  in  the  OPLS-DA  model  and  a
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p-value  <  0.05  from  a  two-tailed  Student's t-test  were  considered
DAMs.  Metabolite  identification  was  performed  by  matching
accurate  mass  and  MS/MS  spectra  against  the  HMDB,  KEGG,  and
MassBank databases[20−22]. Pathway enrichment analysis was carried
out using MetaboAnalyst 5.0[23].

 Results

 Proteomics analysis
 QC and protein identification

A rigorous QC workflow was applied to ensure data reliability. The
mass error  distribution of  all  identified peptides was centered near
zero,  with  most  values  within  ±  20  ppm,  indicating  high  mass

accuracy  during  acquisition.  The  majority  of  identified  peptides
ranged  from  eight  to  35  amino  acids  in  length,  consistent  with
complete tryptic digestion and confirming effective sample prepara-
tion.  Applying  the  criteria  of  at  least  one  unique  peptide  and
quantifiable  signals  in  over  50%  of  replicates,  a  total  of  206  high-
confidence  proteins  were  consistently  identified  across  all  samples
(Fig. 1a). Among the DAPs, only two were upregulated, whereas the
top 20 most significantly downregulated DAPs are listed in Table 1.

 Protein quantification and differential expression analysis
PCA  of  the  proteomic  data  showed  distinct  clustering  between

the FCNTs-treated (CNTs) and control (CK) groups, with clear separa-
tion  between  groups  and  tight  aggregation  within  groups
(Fig.  1b),  indicating  a  strong  treatment  effect  and  high  reproduci-
bility. Comparative analysis identified 47 DAPs between the groups,
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Fig. 1  Protein quantitative analysis of strawberry adventitious roots treated with FCNTs. (a) Number of identified proteins in each sample in the CK and
CNTs groups; (b) PCA score plot showing the distribution of global proteomic profiles between CK and FCNT-treated groups; (c) Volcano plot of DAPs. The
x-axis  represents  the  log2  fold  change  of  protein  abundance,  while  the  y-axis  represents  statistical  significance  (−log10 p-value).  Red  dots  indicate
significantly downregulated proteins, and blue dots indicate significantly upregulated proteins (p < 0.05, t-test); and (d) Heatmap showing the expression
patterns of all DAPs between the CK and CNTs groups. Proteomic analyses were performed using three biological replicates per group (n = 3).
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of  which  45  were  downregulated,  and  two  were  upregulated
(Fig.  1c).  Hierarchical  clustering  further  highlighted  the  significant
differences in protein expression profiles between the CK and CNTs
groups (Fig. 1d).

 Enrichment analysis and network interaction of DAPs
GO enrichment analysis classified the DAPs into Biological Process

(BP), Cellular Component (CC), and Molecular Function (MF). Within
BP,  DAPs  were  significantly  enriched  in  photosynthesis,  the  amino
acid  biosynthetic  process,  and  the  aromatic  amino  acid  family
biosynthetic  process  (Fig.  2a).  In  CC,  prominent  terms  included
chloroplast  thylakoid  membrane,  membrane  part,  and  proton-
transporting  ATP  synthase  complex  (Fig.  2b).  Enriched  MF  terms
comprised iron ion binding, heme binding, electron transfer activity,
calcium ion binding, and oxidoreductase activity (Fig. 2c).

KEGG pathway analysis identified four significantly enriched path-
ways:  photosynthesis  (map00195),  plant–pathogen  interaction
(map04626),  quorum sensing (map02024),  and the MAPK signaling
pathway in plants (map04016) (Fig. 2d). An interaction network was
constructed  to  depict  the  relationships  between  these  key  path-
ways  and  the  associated  DAPs  (Fig.  2e).  Furthermore,
protein–protein  interaction  (PPI)  network  analysis  showed  that  the
DAPs formed a tightly connected functional module (Fig. 2f).

 Metabolomic analysis
 Data QC

The quality of the metabolomic data was initially evaluated using
base  peak  chromatograms  (BPCs),  which  displayed  normal  peak
shapes and effective separation. Following the removal of metabolic
features with an RSD > 30% in QC samples, 87.9% of the remaining
features  had  an  RSD  below  30%,  confirming  high  reproducibility
and stability of the dataset for downstream analysis.

 Multivariate statistical analysis
PCA  of  data  acquired  in  both  positive  and  negative  ionization

modes revealed clear separation between the CNTs and CK groups,
with samples from the same condition clustering tightly,  indicating
significant  metabolic  profile  changes  induced  by  FCNTs  treatment
(Fig. 3a, e). The model explanatory parameters (R2X) were 0.561 and
0.564 for the positive and negative modes, respectively.

To  enhance  group  discrimination,  supervised  OPLS-DA  was
applied. The OPLS-DA score plots showed clear separation between
the  CNTs  and  CK  groups  (Fig.  3b, f).  High  predictive  ability  values
(Q2 = 0.830 and 0.853 for positive and negative modes, respectively)
confirmed the robustness and reliability of the models.

 Identification of DAMs
Differential  metabolites  were  identified  using  a  combination  of

VIP  >  1.0  from  the  OPLS-DA  model  and  a p-value  <  0.05  from
Student's t-test. In positive ion mode, 4,105 of 18,733 features were
classified  as  differential  metabolites  (1,353  upregulated,  2,752
downregulated).  In  negative  ion  mode,  3,580  of  18,005  features
were  differential  (834  upregulated,  2,746  downregulated).  Volcano
plots  depicted  the  distribution  and  fold  changes  of  these  meta-
bolites (Fig. 3c, g), while clustering heatmaps highlighted extensive
metabolic  reprogramming,  with  a  predominant  downregulation
trend in the CNTs group (Fig. 3d, h).

 Identification and analysis of differential metabolites
By matching MS/MS spectra against public metabolite databases,

421 compounds were confidently identified. Among these, 86 were
classified as DAMs, including 28 upregulated and 58 downregulated
metabolites  (Fig.  4a).  A  heatmap  of  these  DAMs  clearly  differenti-
ated  the  metabolic  profiles  of  the  control  and  treated  groups
(Fig. 4b). The top 20 identified DAMs are listed in Table 2.

 KEGG pathway enrichment analysis
Pathway  analysis  of  the  86  DAMs  indicated  significant  enrich-

ment  in  45  metabolic  pathways.  The  most  affected pathways  were
grouped  into  five  functional  categories:  (1)  Central  Energy
Metabolism  (e.g.,  citrate  cycle,  aminoacyl-tRNA  biosynthesis);
(2)  Amino  Acid  Metabolism  (e.g.,  biosynthesis  of  phenylalanine,
tyrosine  and  tryptophan,  flavonoid  biosynthesis);  (3)  Nucleotide
Metabolism  (e.g.,  pyrimidine  metabolism);  (4)  Lipid  Metabolism
(e.g.,  biosynthesis  of  cutin,  suberine  and  wax,  beta-alanine
metabolism);  and  (5)  Co-factor  and  Transport  Systems  (e.g.,  nicoti-
nate  and  nicotinamide  metabolism,  ABC  transporters)  (Fig.  4c).  An
integrated  pathway  interaction  network  was  constructed  to  illus-
trate  the  interconnections  among  these  altered  metabolic
pathways (Fig. 4d).

 

Table 1.  Top 20 most significantly downregulated DAPs in strawberry adventitious roots following CNT treatment.

Protein_ID Protein_name CK_average CNTs_average log2(FC)

A0A8K1H7Q9 Cytochrome b6 305.03 107.70 1.50
A0A288VIJ2 ATP synthase subunit b, chloroplastic (ATP synthase F[0] sector subunit b) (ATPase subunit I) 589.53 224.20 1.39
J7IKT1 Cytochrome b559 subunit alpha (PSII reaction center subunit V) 2,246.03 877.27 1.36
A0A290U3W5 Coronatine insensitive 1 protein 1,656.00 680.67 1.28
Q6BDH2 Aldo-keto reductase 1,125.93 465.67 1.27
A0A7S7YNU4 Non-specific serine/threonine protein kinase (EC 2.7.11.1) 340.90 142.93 1.25
A0A1J0CL90 Phospho-2-dehydro-3-deoxyheptonate aldolase (EC 2.5.1.54) 4,669.27 2,019.10 1.21
Q949H5 Ethylene receptor 503.33 219.13 1.20
A0A288VIK4 Photosystem II CP43 reaction center protein (PSII 43 kDa protein) (Protein CP-43) 14,642.80 6,581.93 1.15
A0A387IZT7 UDP-glucose glucosyltransferase 363.33 163.60 1.15
A0A1L4A1Q8 Respiratory burst oxidase-like protein C 1,659.03 784.77 1.08
T1SG46 Flavonoid 3'-hydroxylase 1,029.57 496.43 1.05
A0A6B9IJV4 Putative calcium-binding protein 1,202.87 591.10 1.03
A0A8T9IS30 L-galactose-1,4-lactone dehydrogenase 1,716.90 847.00 1.02
A0A288VIB6 30S ribosomal protein S16, chloroplastic 559.57 277.07 1.01
M9R5M8 L-ascorbate peroxidase (EC 1.11.1.11) 1,061.97 536.43 0.99
F2YHU9 Abscisic acid receptor PYR1 1129.13 573.33 0.98
Q5Y381 Aldo/keto reductase 457.13 233.13 0.97
A0A1L4A1N8 Respiratory burst oxidase-like protein B 404.30 210.03 0.94
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Fig. 2  Functional enrichment and interaction network analysis of DAPs in strawberry adventitious roots following FCNT treatment. (a) Bar chart for GO
enrichment  analysis  of  biological  processes  enrichment;  (b)  GO  enrichment  analysis  of  cellular  component  categories;  (c)  GO  enrichment  analysis  of
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 Discussion
The integration of TMT-based quantitative proteomics and global

untargeted  metabolomics  offers  a  systems-level  view  of  the  mole-
cular response of strawberry adventitious roots to FCNTs treatment.
The multi-omics analysis indicates that FCNTs function not only as a
physical stimulus but also as a strong elicitor, initiating a cascade of
molecular  events  involving  stress  defense  activation,  metabolic
resource redistribution, and reprogramming of metabolism[24].

Proteomic analysis revealed that DAPs were significantly enriched
in the plant–pathogen interaction (map04626) and MAPK signaling
(map04016) pathways. The MAPK cascade serves as a central signal-
ing hub, mediating diverse environmental and developmental cues
in  plants  and  regulating  stress-responsive  genes  and  metabolic
processes[25].  Simultaneous  activation  of  the  plant–pathogen  inter-
action pathway, together with the upregulation of proteins involved
in  calcium  ion  binding,  peroxidase,  and  oxidoreductase  activities
(Fig. 2c), indicates that FCNTs are recognized by strawberry roots as
an  exogenous  stress  stimulus.  This  recognition  establishes  a
defense-primed state, consistent with reports that nanoparticles can
function  as  abiotic  elicitors[26,27].  These  proteomic  signals  are
strongly  supported  at  the  metabolic  level,  with  significant  alter-
ations  observed  in  the  phenylpropanoid  pathway  and  flavonoid
biosynthesis  (Fig.  4c).  Flavonoids,  as  key  metabolites  produced  in
response  to  stress,  play  essential  roles  in  antioxidant  defense,  UV
protection,  and  antimicrobial  activity[28,29].  The  altered  levels  of
precursor  aromatic  amino  acids  and  their  derivatives  indicate  a
targeted  metabolic  flux  toward  the  production  of  these  defensive

compounds.  This  coordinated  response,  from  signal  perception
(MAPK activation) to defense signaling (plant–pathogen interaction
pathway)  and  ultimately  to  metabolic  execution  (flavonoid  biosyn-
thesis), demonstrates a systematic strategy employed by strawberry
roots to mitigate FCNTs-induced stress[30].

A  significant  and  apparently  paradoxical  observation  was  the
significant  downregulation  of  proteins  associated  with  photosyn-
thesis  and  the  chloroplast  thylakoid  membrane  in  root  tissues
(Fig.  2a, b).  Although leaves are the primary site  of  photosynthesis,
previous  studies  have  reported  the  presence  of  these  proteins  in
roots,  potentially  reflecting  low-level  expression,  involvement  in
non-photosynthetic  functions,  or  systemic  metabolic  coordination
across  the  plantlet[31−33].  The  downregulation  of  these  proteins
following  FCNTs  treatment  suggests  a  strategic  reallocation  of
resources:  the  plant  appears  to  prioritize  immediate  stress  defense
over  basal  growth,  redirecting  energy  and  carbon  skeletons  away
from  anabolic  processes  such  as  photosynthesis.  This  concept  of
'energy  reallocation'  is  supported  by  metabolomic  evidence.  The
TCA cycle, a central hub for ATP production and a source of carbon
skeletons  for  biosynthesis,  was  significantly  altered  (Fig.  4c).
Remodeling  of  core  energy  metabolism  likely  supports  the
increased demand for ATP and biosynthetic precursors necessary for
the  production  of  defense-related  compounds,  such  as
flavonoids[34].  This  remodeling  also  helps  sustain  cellular  homeo-
stasis  under  stress,  as  indicated  by  the  enrichment  of  pathways
including ABC transporters.

This  coordinated  metabolic  reprogramming  offers  a  plausible
explanation  for  another  apparently  paradoxical  observation  in  this
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study: the concurrent activation of defense responses and enhance-
ment  of  root  growth.  In  most  plant  systems,  defense  activation  is
associated with growth suppression due to competition for limited

metabolic  resources,  a  classical  growth–defense  trade-off.  One
possible  interpretation  is  that  FCNTs  induce  a  mild  stress  response
resembling  a  hormesis-like  effect;  however,  rigorous  validation  of
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this hypothesis would require detailed dose–response analyses and
quantitative growth assessments. Within a hormesis framework, the
500  mg/L  FCNT  treatment  may  function  as  a  low-intensity  stressor
that  elicits  adaptive  responses  without  exceeding  the  plant's
metabolic  buffering  capacity.  This  interpretation  is  consistent  with
the  suppression  of  photosynthesis-related  proteins,  which  may
reduce energetic expenditure, alongside the alteration of TCA cycle
components, which can sustain ATP generation and provide biosyn-
thetic  intermediates.  Such  metabolic  adjustments  could  support
simultaneous  maintenance  of  root  growth  and  establishment  of  a
primed defensive state. Comparable responses have been reported
in  plants  exposed  to  other  nanomaterials,  where  low-dose  treat-
ments  enhance  both  biomass  accumulation  and  stress  resilience
across  different  species[35,36].  Therefore,  FCNTs  may  act  as  a  nano-
elicitor  that  reorganizes  metabolic  priorities,  attenuating  the
conventional  coupling  between  growth  and  defense  programs  in
strawberry roots.

A  consistent  pattern  across  both  omics  layers  was  the  predomi-
nance of downregulated molecules, with 45 of 47 DAPs and 58 of 86
DAMs showing decreased levels. This trend indicates a broad 'slow-
down' or re-prioritization of metabolic processes. Downregulation of
rate-limiting  enzymes  in  key  biosynthetic  pathways,  such  as  3-
deoxy-7-phosphoheptulonate  synthase  in  the  aromatic  amino  acid
pathway,  likely  generates  metabolic  bottlenecks,  resulting  in
reduced  accumulation  of  downstream  metabolites,  including  tyro-
sine  and  tryptophan[37,38].  The  alignment  between  protein  expres-
sion  and  metabolite  levels  at  these  critical  nodes  reinforces  the
biological  significance  of  these  observations  and  highlights  poten-
tial key regulatory targets of FCNTs action.

These results indicate that FCNTs function not as a nutrient but as
a  'metabolic  reprogramming  elicitor'.  The  molecular  alterations
observed reflect a physiological state of 'defense priming', in which
basal  growth  is  temporarily  moderated  to  pre-activate  defense
mechanisms.  This  primed  state  may  increase  plant  resilience  to
subsequent biotic  or  abiotic  stresses,  such as  soil-borne pathogens
encountered  in  consecutive  monoculture  systems[39].  Previous
studies  on CNTs in  plant  tissue culture,  such as  increased prolifera-
tion  in  GF677  rootstock  and  increased  growth  and  secondary

metabolite  production  in  Jojoba,  underscore  the  biological  activity
of  CNTs[40,41].  Thus,  FCNTs'  application  in  tissue  culture  presents  a
promising approach for generating 'primed plantlets' with improved
stress  tolerance,  representing  a  conceptual  advance  toward  nano-
elicitor-based horticultural strategies.

It is also important to consider a methodological limitation associ-
ated with the use of sonication. In the present experimental design,
both  FCNT-treated  and  control  samples  were  exposed  to  identical
pulsed sonication to enhance nanomaterial dispersion and facilitate
uptake.  This  approach  ensures  that  observed  differences  between
treatments  can  be  attributed  specifically  to  FCNT  exposure;
however,  sonication  itself  may  introduce  mechanical  perturbations
that influence root physiology and trigger stress-related responses.
Although the uniform application of sonication across experimental
groups  supports  valid  comparative  analysis,  it  is  possible  that  the
absolute  physiological  state  of  the  tissues  differs  from  that  of
non-sonicated  roots,  particularly  with  respect  to  baseline  stress
levels.  Therefore,  the  inclusion  of  an  additional  non-sonicated
control  (untreated  roots  without  ultrasound  exposure)  would  be
valuable in future work to independently assess the effects of soni-
cation  on  strawberry  root  biology,  including  mechanical  stress
responses,  cellular  integrity,  and  potential  defense  priming[42].
Incorporating  such  a  control  would  allow  clearer  separation  of
ultrasound-induced effects from FCNT-specific responses and would
strengthen the mechanistic interpretation of nano-elicitor activity in
plant tissue culture systems.

Although  this  study  provides  a  comprehensive  multi-omics
overview  of  strawberry  adventitious  root  responses  to  FCNTs,  the
results  remain  largely  correlative.  Future  investigations  should
incorporate  functional  validation  approaches,  including  genetic
manipulation  of  key  candidate  proteins,  such  as  central  compo-
nents of the MAPK signaling cascade, as well as absolute quantifica-
tion of  hub metabolites  (e.g.,  proline)  using targeted LC–MS/MS or
enzymatic  assays.  Furthermore,  the  integration  of  genome-editing
strategies,  such  as  CRISPR–Cas9-mediated  disruption  of  biosyn-
thetic  genes  (for  example,  glutamate  decarboxylase  in γ-aminobu-
tyric  acid  biosynthesis  and  pyrroline-5-carboxylate  synthase  in
proline  biosynthesis),  together  with  detailed  phenotypic  and

 

Table 2.  Top 20 identified DAMs in strawberry adventitious roots after CNTs treatment.

ID Name CK_average CNTs_average CNTs / CK

M119T70 L-2,4-diaminobutyric acid 1,007,703.00 4,401,371.01 4.37
M321T592 11,12-DiHETrE 7,664,427.76 32,035,611.99 4.18
M397T679_1 beta-Sitosterol 10,801,962.03 42,345,514.14 3.92
M337T499 Prostaglandin F2a 1,261,350.64 4,769,852.20 3.78
M321T496 8,9-EET 1,069,183.37 4,029,598.42 3.77
M312T607 Arachidic acid 13,417,653.53 34,554,717.71 2.58
M124T638 Nicotinic acid 519,275,804.12 1,315,273,210.08 2.53
M255T652 Palmitic acid 309,187,712.76 746,766,562.00 2.42
M101T667 N-Nitroso-pyrrolidine 3,144,017.89 7,461,655.43 2.37
M305T576 Arachidonate 9,696,915.33 4,208,295.92 2.30
M273T317 Naringenin 16,287,012.19 4,493,655.45 0.28
M287T247 (-)-Epigallocatechin 12,874,873.03 3,523,501.98 0.27
M371T539_1 Deoxycorticosterone acetate 16,631,141.99 4,303,953.59 0.26
M153T240 Gentisic acid 18,999,244.36 4,846,269.29 0.26
M425T545 Alpha-Tocotrienol 14,465,691.80 3,473,684.87 0.24
M445T342 Glycitin 2,293,867.67 543,753.59 0.24
M150T72_1 L-Methionine 40501046.53 7304786.26 0.18
M331T55 1-O-Galloyl-beta-D-glucose 22159229.12 3042351.85 0.14
M369T258 1-O-Sinapoyl-beta-D-glucose 18050656.08 2413092.93 0.13
M110T31 2-Aminophenol 88731260.23 10892561.07 0.12

Note: The dataset includes both upregulated and downregulated DAMs identified under FCNT treatment compared with the CK, with 10 metabolites showing increased
and 10 showing decreased abundance.
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metabolic  analyses,  will  be  essential  to  establish  causal  relation-
ships.  Such  approaches  will  further  clarify  how  FCNTs  regulate
protein  expression  and  metabolic  reprogramming  to  enhance  root
performance in plant tissue culture systems.

 Conclusions
This  proteomic  and  metabolomic  analysis  demonstrates  that

FCNTs function as a potent metabolic elicitor in strawberry adventi-
tious roots.  FCNTs' treatment systematically reprograms root physi-
ology  by  activating defense-associated signaling  pathways,  specifi-
cally  the  MAPK  cascade,  and  by  redirecting  carbon  and  energy
resources from growth processes toward the biosynthesis of stress-
protective  metabolites,  such  as  flavonoids.  These  coordinated
molecular  responses indicate that  FCNTs induce a state of  'defense
priming', potentially elevating the plant's ability to withstand subse-
quent  environmental  stresses.  The  results  provide  a  mechanistic
basis for the use of functionalized CNTs as nano-elicitors in horticul-
tural  propagation,  offering  a  promising  strategy  to  improve  the
resilience  of  tissue-cultured  strawberry  plantlets.  However,  before
any  translational  or  field-level  application,  further  evaluation  of
potential  risks  is  required,  including  nanomaterial  persistence,
environmental  accumulation,  impacts  on  soil  microbial  communi-
ties, and possible implications for human health.

 Author contributions

The  authors  confirm  their  contribution  to  the  paper  as  follows:
study conception and design: Cao F, Li Y; data collection: Cao F, Jin
Y,  Guo  C,  and  Chen  Y;  analysis  and  interpretation  of  results:  Cao  F,
Huang X, Wu L, and Ke P; draft manuscript preparation: Cao F, Gu Q,
and Ning Y. All authors reviewed the results and approved the final
version of the manuscript.

 Data availability

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

 Acknowledgments

We  are  grateful  to  the  Jiangsu  Academy  of  Agricultural  Sciences
for supporting this work. We would like to express our gratitude to
Shanghai  Key  Laboratory  of  Protected Horticultural  Technology for
providing  'Hongyan'  strawberry  virus-free  seedlings  as  experimen-
tal  materials.  This  research  was  financially  supported  by  the  Youth
Program  of  Nantong  Natural  Science  Foundation  (JC2024017),  the
Discipline Construction Project of Jiangsu Yanjiang Institute of Agri-
cultural  Sciences  (YJXK[2023]103),  and  the  Exploratory  Disruptive
Innovation  Program  of  Jiangsu  Academy  of  Agricultural  Sciences
(ZX[21]1231).

 Conflicts of interest

The authors declare that they have no conflict of interest.

Dates

Received 19 January 2026; Revised 8  June 2026; Accepted 9  July
2026; Published online 29 September 2026

References
 Balasooriya HN, Dassanayake KB, Seneweera S, Ajlouni S. 2019. Impact
of  elevated  carbon  dioxide  and  temperature  on  strawberry  polyphe-
nols. Journal of the Science of Food and Agriculture 99:4659−4669

[1]

 Khammayom N, Maruyama N, Chaichana C. 2022. The effect of climatic
parameters  on  strawberry  production  in  a  small  walk-in  greenhouse.
AgriEngineering 4:104−121

[2]

 Pang  WQ,  Tan  ST,  Mad'  Atari  MF,  Yoong  ICK,  Subramaniam  S. 2023.
Establishment of an efficient micropropagation protocol for Cameron
Highlands  White  Strawberry  (Fragaria x Ananassa)  using a  light  emit-
ting diode (LED) system. South African Journal of Botany 157:189−200

[3]

 Iijima  S,  Ichihashi  T. 1993. Single-shell  carbon  nanotubes  of  1-nm
diameter. Nature 363:603–605

[4]

 Darıcık  F,  Topcu  A,  Aydın  K,  Çelik  S. 2023. Carbon  nanotube  (CNT)
modified  carbon  fiber/epoxy  composite  plates  for  the  PEM  fuel  cell
bipolar  plate  application. International  Journal  of  Hydrogen  Energy
48:1090−1106

[5]

 Kausar  A,  Ahmad  I. 2024. Highpoints  of  carbon  nanotube  nanocom-
posite  sensors—a  review. e-Prime - Advances  in  Electrical  Engineering,
Electronics and Energy 7:100419

[6]

 Samadi S, Saharkhiz MJ, Azizi M, Samiei L, Karami A, et al. 2021. Single-
wall  carbon nano tubes  (SWCNTs)  penetrate Thymus  daenensis Celak.
plant  cells  and  increase  secondary  metabolite  accumulation in  vitro.
Industrial Crops and Products 165:113424

[7]

 Tahermansouri  H,  Biazar  E. 2013. Functionalization  of  carboxylated
multi-wall carbon nanotubes with 3, 5-diphenyl pyrazole and an inves-
tigation of their toxicity. New Carbon Materials 28:199−207

[8]

 Elaheh  R,  Sadaf  S. 2015. Functionalization  of  multi-walled  carbon
nanotubes  by  1-amino-2-naphthol-4-sulfonic  acid  and  study  of  their
antimicrobial  activity  against  the  gram-negative  and  gram-positive
bacterias. Oriental Journal of Chemistry 31:2195−2200

[9]

 Bradford MM. 1976. A rapid and sensitive method for the quantitation
of  microgram  quantities  of  protein  utilizing  the  principle  of  protein-
dye binding. Analytical Biochemistry 72:248−254

[10]

 Subramanian  A,  Tamayo  P,  Mootha  VK,  Mukherjee  S,  Ebert  BL,  et  al.
2005. Gene set enrichment analysis: a knowledge-based approach for
interpreting  genome-wide  expression  profiles. Proceedings  of  the
National  Academy  of  Sciences  of  the  United  States  of  America
102:15545−15550

[11]

 Ashburner M, Ball  CA, Blake JA, Botstein D, Butler H, et al. 2000. Gene
ontology: Tool for the unification of biology. Nature Genetics 25:25−29

[12]

 Kanehisa M, Goto S, Kawashima S, Okuno Y, Hattori M. 2004. The KEGG
resource  for  deciphering  the  genome. Nucleic  Acids  Research
32:D277−D280

[13]

 Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S,  et al. 2019. STRING
v11:  protein-protein  association  networks  with  increased  coverage,
supporting  functional  discovery  in  genome-wide  experimental
datasets. Nucleic Acids Research 47:D607−D613

[14]

 Csardi  G,  Nepusz  T. 2006. The  igraph  software  package  for  complex
network research. Interjournal Complex Systems 1695:1−9

[15]

 Vasilev N, Boccard J, Lang G, Grömping U, Fischer R, et al. 2016. Struc-
tured  plant  metabolomics  for  the  simultaneous  exploration  of  multi-
ple factors. Scientific Reports 6:37390

[16]

 Zelena E, Dunn WB, Broadhurst D, Francis-Mcintyre S, Carroll KM, et al.
2009. Development  of  a  robust  and  repeatable  UPLC-MS  method  for
the  long-term  metabolomic  study  of  human  serum. Analytical  Chem-
istry 81:1357−1364

[17]

 Want  EJ,  Masson  P,  Michopoulos  F,  Wilson  ID,  Theodoridis  G,  et  al.
2013. Global  metabolic  profiling  of  animal  and  human  tissues  via
UPLC-MS. Nature Protocols 8:17−32

[18]

 Thévenot  EA,  Roux  A,  Xu  Y,  Ezan  E,  Junot  C. 2015. Analysis  of  the
human  adult  urinary  metabolome  variations  with  age,  body  mass
index,  and  gender  by  implementing  a  comprehensive  workflow  for
univariate  and  OPLS  statistical  analyses. Journal  of  Proteome  Research
14:3322−3335

[19]

 Horai  H,  Arita  M,  Kanaya  S,  Nihei  Y,  Ikeda  T,  et  al. 2010. MassBank:  a
public repository for sharing mass spectral data for life sciences. Jour-
nal of Mass Spectrometry 45:703−714

[20]

https://doi.org/10.48130/tihort-0026-0013  

Cao et al. Technology in Horticulture 2026, 6: e021   Page 9 of 10

https://doi.org/10.1002/jsfa.9706
https://doi.org/10.3390/agriengineering4010007
https://doi.org/10.1016/j.sajb.2023.03.061
https://doi.org/10.1038/363603a0
https://doi.org/10.1016/j.ijhydene.2022.09.297
https://doi.org/10.1016/j.prime.2024.100419
https://doi.org/10.1016/j.prime.2024.100419
https://doi.org/10.1016/j.prime.2024.100419
https://doi.org/10.1016/j.prime.2024.100419
https://doi.org/10.1016/j.prime.2024.100419
https://doi.org/10.1016/j.prime.2024.100419
https://doi.org/10.1016/j.prime.2024.100419
https://doi.org/10.1016/j.prime.2024.100419
https://doi.org/10.1016/j.indcrop.2021.113424
https://doi.org/10.1016/S1872-5805(13)60077-3
https://doi.org/10.13005/ojc/310442
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/75556
https://doi.org/10.1093/nar/gkh063
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1038/srep37390
https://doi.org/10.1021/ac8019366
https://doi.org/10.1021/ac8019366
https://doi.org/10.1021/ac8019366
https://doi.org/10.1038/nprot.2012.135
https://doi.org/10.1021/acs.jproteome.5b00354
https://doi.org/10.1002/jms.1777
https://doi.org/10.1002/jms.1777
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013


 Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, et al. 1999. KEGG: Kyoto
encyclopedia of genes and genomes. Nucleic Acids Research 27:29−34

[21]

 Manish S,  Eoin F,  Dawn C,  Alex  B,  Dennis  EA,  et  al. 2007. LMSD:  LIPID
MAPS structure database. Nucleic acids research S 1:527−532

[22]

 Xia  J,  Wishart  DS. 2011. Web-based  inference  of  biological  patterns,
functions and pathways from metabolomic data using MetaboAnalyst.
Nature Protocols 6:743−760

[23]

 Chen  X,  Wang  J,  Wang  R,  Zhang  D,  Chu  S,  et  al. 2022. Insights  into
growth-promoting effect of nanomaterials: Using transcriptomics and
metabolomics  to  reveal  the  molecular  mechanisms  of  MWCNTs  in
enhancing hyperaccumulator under heavy metal(loid)s stress. Journal
of Hazardous Materials 439:129640

[24]

 Esmailpourmoghadam E, Esmaeili S, Salehi H, Huang B. 2026. ABA and
MAPK  signaling-mediated  transcriptional  regulation  of  drought  and
salinity responses in grasses. Grass Research 6:e015

[25]

 Lala S. 2021. Nanoparticles as elicitors and harvesters of economically
important  secondary  metabolites  in  higher  plants:  a  review. IET
Nanobiotechnology 15:28−57

[26]

 Yadav  N,  Bora  S,  Devi  B,  Upadhyay  C,  Singh  P. 2024. Nanoparticle-
mediated defense priming: a review of strategies for enhancing plant
resilience  against  biotic  and  abiotic  stresses. Plant  Physiology  and
Biochemistry 213:108796

[27]

 Baskar  V,  Venkatesh R,  Ramalingam S.  2018.  Flavonoids  (Antioxidants
Systems)  in  Higher  Plants  and  Their  Response  to  Stresses.  In Antioxi-
dants  and  Antioxidant  Enzymes  in  Higher  Plants,  eds.  Gupta  DK,  Palma
JM,  Corpas  FJ.  Cham:  Springer.  pp.  253–268  doi: 10.1007/978-3-319-
75088-0_12

[28]

 Shen  N,  Wang  T,  Gan  Q,  Liu  S,  Wang  L,  et  al. 2022. Plant  flavonoids:
Classification, distribution, biosynthesis, and antioxidant activity. Food
Chemistry 383:132531

[29]

 Kurepa J, Shull TE, Smalle JA. 2023. Friends in arms: flavonoids and the
auxin/cytokinin balance in terrestrialization. Plants 12:517

[30]

 Henry  RJ,  Furtado  A,  Rangan  P. 2020. Pathways  of  photosynthesis  in
non-leaf tissues. Biology 9:438

[31]

 Stepanova N, Zhilkina T, Kamionskaya A, Smolikova G. 2024. Non-foliar
photosynthesis in pea (Pisum sativum L. ) plants: beyond the leaves to
inside the seeds. Plants 13:2945

[32]

 Lawson  T,  Milliken  AL. 2023. Photosynthesis-beyond  the  leaf. New
Phytologist 238:55−61

[33]

 Zhao  R,  Ren  W,  Wang  H,  Li  Z,  Teng  Y,  et  al. 2022. Nontargeted
metabolomic  analysis  to  unravel  alleviation  mechanisms  of  carbon
nanotubes on inhibition of alfalfa growth under pyrene stress. Science
of the Total Environment 852:158405

[34]

 Zhao L, Lu L, Wang A, Zhang H, Huang M, et al. 2020. Nano-biotechnol-
ogy in agriculture: use of nanomaterials to promote plant growth and
stress  tolerance. Journal  of  Agricultural  and  Food  Chemistry
68:1935−1947

[35]

 Iavicoli  I,  Leso V,  Fontana L,  Calabrese E. 2018. Nanoparticle exposure
and  hormetic  dose–responses:  an  update. International  Journal  of
Molecular Sciences 19:805

[36]

 Meng X, Liu Z, Dai L, Zhao W, Wang J, et al. 2024. Shikimic acid acceler-
ates phase change and flowering in Chinese jujube. Horticultural Plant
Journal 10:413−424

[37]

 Yan Z, Xu D, Yue X, Yuan S, Shi J, et al. 2023. Whole-transcriptome RNA
sequencing  reveals  changes  in  amino  acid  metabolism  induced  in
harvested broccoli  by red LED irradiation. Food  Research  International
169:112820

[38]

 Mauch-Mani  B,  Baccelli  I,  Luna  E,  Flors  V. 2017. Defense  priming:  an
adaptive  part  of  induced  resistance. Annual  Review  of  Plant  Biology
68:485−512

[39]

 Gaafar  AA,  Taha  RA,  Abou-Baker  NH,  Shaaban  EA,  Salama  ZA. 2018.
Evaluation  of  regeneration,  active  ingredients  and  antioxidant  activi-
ties  in  jojoba  tissue  cultures  as  affected  by  carbon  nanotubes.
Bioscience Research 15:2383−2392

[40]

 Sarikhani  H,  Ghorbanizad  H,  Gholami  M. 2017. Effect  of  carbon
nanotubes in micropropagation of GF677 (Prunus amygdalus × Prunus
persica) rootstock. Acta Horticulturae 1155:245−250

[41]

 Tomas-Grau  RH,  Requena-Serra  FJ,  Hael-Conrad  V,  Martínez-Zamora
MG,  Guerrero-Molina  MF,  et  al. 2018. Soft  mechanical  stimulation
induces  a  defense  response  against  Botrytis  cinerea  in  strawberry.
Plant Cell Reports 37(2):239−250

[42]

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/.

  https://doi.org/10.48130/tihort-0026-0013

Page 10 of 10   Cao et al. Technology in Horticulture 2026, 6: e021

https://doi.org/10.1093/nar/27.1.29
https://doi.org/10.1093/nar/gkl838
https://doi.org/10.1038/nprot.2011.319
https://doi.org/10.1016/j.jhazmat.2022.129640
https://doi.org/10.1016/j.jhazmat.2022.129640
https://doi.org/10.48130/grares-0026-0006
https://doi.org/10.1049/nbt2.12005
https://doi.org/10.1049/nbt2.12005
https://doi.org/10.1016/j.plaphy.2024.108796
https://doi.org/10.1016/j.plaphy.2024.108796
https://doi.org/10.1007/978-3-319-75088-0_12
https://doi.org/10.1007/978-3-319-75088-0_12
https://doi.org/10.1007/978-3-319-75088-0_12
https://doi.org/10.1007/978-3-319-75088-0_12
https://doi.org/10.1007/978-3-319-75088-0_12
https://doi.org/10.1007/978-3-319-75088-0_12
https://doi.org/10.1007/978-3-319-75088-0_12
https://doi.org/10.1007/978-3-319-75088-0_12
https://doi.org/10.1007/978-3-319-75088-0_12
https://doi.org/10.1016/j.foodchem.2022.132531
https://doi.org/10.1016/j.foodchem.2022.132531
https://doi.org/10.3390/plants12030517
https://doi.org/10.3390/biology9120438
https://doi.org/10.3390/plants13202945
https://doi.org/10.1111/nph.18671
https://doi.org/10.1111/nph.18671
https://doi.org/10.1016/j.scitotenv.2022.158405
https://doi.org/10.1016/j.scitotenv.2022.158405
https://doi.org/10.1021/acs.jafc.9b06615
https://doi.org/10.3390/ijms19030805
https://doi.org/10.3390/ijms19030805
https://doi.org/10.1016/j.hpj.2023.02.004
https://doi.org/10.1016/j.hpj.2023.02.004
https://doi.org/10.1016/j.foodres.2023.112820
https://doi.org/10.1146/annurev-arplant-042916-041132
https://doi.org/10.17660/ActaHortic.2017.1155.35
https://doi.org/10.1007/s00299-017-2226-9
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013
https://doi.org/10.48130/tihort-0026-0013

	Introduction
	Materials and methods
	Plant material and FCNT treatment
	Proteomic analysis
	Protein extraction
	TMT labeling and LC–MS/MS analysis
	Protein identification and bioinformatics analysis

	Metabolomics analysis
	Metabolite extraction
	LC–MS analysis
	Data preprocessing and statistical analysis


	Results
	Proteomics analysis
	QC and protein identification
	Protein quantification and differential expression analysis
	Enrichment analysis and network interaction of DAPs

	Metabolomic analysis
	Data QC
	Multivariate statistical analysis
	Identification of DAMs
	Identification and analysis of differential metabolites
	KEGG pathway enrichment analysis


	Discussion
	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflicts of interest
	References

