
Immune  mechanism  of  oligochitosan-induced
resistance  toward  potato  virus  Y  in Nicotiana
benthamiana
Shanxue ZHANG, Chunle WEI, Lu YU (✉), Baoan SONG (✉)

State Key Laboratory of Green Pesticide, Guizhou University, Guiyang 550025, China.

 
  KEYWORDS
MAPK  signaling  pathway, oligochitosan,
potato virus Y, reactive oxygen species

  HIGHLIGHTS
● COS exhibits good anti-PVY activity.
● COS increases the activities of defense-related

enzymes and the accumulation of ROS.
● COS promotes the expression of OXI1,

MAPKKK21, and NDPK4 in the MAPK pathway.

Received June 28, 2025;
Accepted September 9, 2025.

Correspondences: lyu1@gzu.edu.cn,
basong@gzu.edu.cn

  GRAPHICAL ABSTRACT
 

  ABSTRACT
This  study  investigated  the  antiviral  activity  and  molecular  mechanisms  of
oligochitosan  against  potato  virus  Y  (PVY)  in Nicotiana  benthamiana.  The
results  demonstrate  that  oligochitosan  exhibits  significant  anti-PVY  activity,
achieving  a  preventive  efficacy  of  54.7%.  Biochemical  analyses  revealed  that
oligochitosan  treatment  enhances  the  activities  of  defense-related  enzymes
and stimulates hydrogen peroxide accumulation in N. benthamiana. Integrated
transcriptomic  and  proteomic  analyses  identified  key  differentially  expressed
genes  associated  with  reactive  oxygen  species  signaling  and  the  mitogen-
activated  protein  kinase  pathway,  including PYL1, PP2C, OXI1, NDPK4,
MAPKKK21 and POD4.  Functional  characterization  demonstrated  that
oligochitosan  specifically  upregulates OXI1 expression  while  enhancing
MAPKKK21 and NDPK4 transcript  levels,  thereby  conferring  enhanced  PVY
resistance.  These  findings  establish  that  oligochitosan-induced  plant  defense
against  PVY  operates  primarily  through  ROS-mediated  activation  of  the
mitogen-activated  protein  kinase  signaling  cascade.  This  work  provides  novel
insights  into  the  molecular  basis  of  the  antiviral  activity  of  oligochitosan  in
plant protection.
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1    Introduction
 
Through extensive research on the interactions between plants
and  pathogens,  as  well  as  plant  immune  responses,  plant
inducers that trigger disease resistance have become important
new  tools  for  managing  crop  diseases[1].  Studies  show  that
oligochitosan  (COS)  is  an  effective  and  ecofriendly  biological
inducer,  mainly  produced  by  breaking  down  natural  chitosan
(CS) through biological, chemical or physical methods[2]. COS
has  remarkable  bioactivity  against  a  range  of  plant  pathogens,
including  fungi,  viruses  and  bacteria[3].  It  has  been  proved  to
regulate  stomatal  closure  in  tobacco,  induce  reactive  oxygen
species  (ROS)  bursts,  and  influence  plant  signaling  pathways
such  as  salicylic  acid  and  mitogen-activated  protein  kinase
(MAPK),  thereby  enhancing  plant  disease  resistance[4].
Nevertheless,  the  precise  link  between  COS-induced  ROS
signaling  and  intracellular  pathways  like  MAPK  remains
unclear.  Also,  previous  studies  on  COS-induced  disease
resistance  have  largely  focused  on  tobacco  mosaic  virus,  with
limited systematic investigation into the effects of COS and its
mechanisms against potato virus Y (PVY), a highly destructive
virus that causes significant yield losses in potatoes and tobacco
crops  in  developing  countries[5].  This  gap  has  somewhat
restricted the broader application of COS in controlling PVY.

Plant  elicitors  must  be  recognized  through  plant  cell-to-cell
interactions  to  transmit  extracellular  signals  into  the  cells  and
activate  downstream  immune  responses,  thereby  triggering
plant  disease  resistance[6].  Previous  studies  have  identified
specific  COS  binding  sites  on  the  cell  membranes  of
strawberries  and  tobacco  plants,  as  well  as  three  distinct  COS
receptor  proteins,  namely  W5G2U8,  W5HY42  and  W5I0R4,
on the wheat cell  membranes[7].  Once the elicitor binds to the
cell  membrane  receptor,  it  activates  secondary  signaling
molecules, such as H2O2, which convey external signals into the
cell and amplify them via the MAPK signaling pathway[8]. COS
induces  the  outbreak  of  ROS  in  crop  cells,  including  tobacco
and strawberries, and influences MAPK signaling in crops such
as tobacco and rice[9].  However, the exact connection between
COS-induced ROS signaling and the  MAPK pathway remains
unclear.

ROS are essential signaling molecules that allow cells to rapidly
respond  to  various  stimuli,  such  as  hydrogen  peroxide  and
singlet  oxygen  (1O2)[10].  Fluctuations  in  ROS  levels  can  alter
the  structure  and  function  of  numerous  proteins,  thereby
affecting  multiple  signaling  pathways.  This  is  important  in

detecting  stress,  integrating  diverse  stress  response  signaling
networks,  and  triggering  and  regulating  plant  defense
mechanisms[10].  Within  cells,  ROS  primarily  influences
signaling  pathways  through  the  posttranslational  oxidative
modification  of  OXI  kinase[11].  The  oxidative  stress-inducible
kinase  1  (OXI1)  is  a  crucial  plant  protein  that  responds  to
oxidative  signals  and is  essential  for  innate  plant  resistance  to
microbial  pathogens  as  well  as  root  hair  development[12].  The
OXI1 gene,  which  encodes  a  serine/threonine  kinase,  is
necessary for the full activation of MPK3 and MPK6 following
ROS exposure, and studies have shown that H2O2 can stimulate
its expression in Arabidopsis[13].

MAPK is a crucial signal transducer that conveys signals from
the  extracellular  environment  to  the  nucleus  and  can  be
activated  by  external  factors  such  as  hormones  and  cellular
stress[14].  It  is  commonly  found  in  eukaryotic  cells  and
constitutes  a  highly  conserved  signaling  pathway  comprising
MAPK,  MAPK  kinase  (MEK),  and  MEK  kinase  (MEKK)[15].
This  pathway  operates  through  a  sequential  phosphorylation
process,  MEKK  phosphorylates  MEK,  which  then
phosphorylates  MAPK,  thereby  amplifying  and  relaying
external signals in a cascade. The MAPK signaling pathway is a
critical  component in the growth,  development and resistance
of  plants  to  external  stress[16].  In  plants,  NDPKs  are  enzymes
that  are  highly  conserved,  catalyzing  the  transfer  of  terminal
phosphate  groups  from  nucleoside  triphosphates  (NTPs)  to
nucleoside  diphosphates  (NDPs)[17].  They  maintain  the
balance  between  intracellular  NTPs  and  NDPs,  and  provide
NTPs  for  biosynthesis,  in  addition  to  adenosine
triphosphate[17].  Based  on  their  amino  acid  sequences,  plant
NDPKs are classified into four distinct types (I-IV). NDPK I is
mainly  linked  to  plant  growth  and  development,  bacterial
stress  responses,  abiotic  stress  and  hormone  signaling[18].
NDPK  II  is  primarily  involved  in  photosynthesis  and  ROS
scavenging[19].  NDPK  III  is  key  in  plant  energy  metabolism,
programmed cell death and other functions[20]. NDPK IV gene
is  found  only  in  the  genomes  of Arabidopsis and  rice,  and  its
role remains unclear. Of the NDPKs, only NDPK II is involved
in  ROS  signal  transduction  and  the  regulation  of  oxidative
stress[21].

Recent  studies  have  shown  that  plant  pattern-triggered
immunity  (PTI)  and  effector-triggered  immunity  (ETI),
previously  believed  to  be  separate  immune  systems,  actually
collaborate  to  enhance  plant  immune  responses[22].  Research
has  also  demonstrated  that  COS  can  trigger  early  H2O2

https://doi.org/10.15302/J-FASE-2025666 Shanxue ZHANG et al., Front. Agr. Sci. Eng., 2026, 13(3): 25666

 
25666-2 https://journal.hep.com.cn/fase

https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666


production  in  plants  and  influence  the  MAPK  signaling
pathway, although the exact connection between these events is
still not fully understood[9].

This  study  explores  how  COS  improves  tobacco  resistance  to
PVY  by  using  physiologic,  biochemical  and  multi-omics
approaches.  Functional  validation  using  RT-qPCR,  Western
blot and OXI1 mutant assays confirmed its role in ROS-MAPK
signaling.  These  findings  clarify  the  antiviral  mechanisms
triggered by COS and support its application in managing PVY
and enhancing plant immunity.
 

2    Materials and methods
  

2.1    Plant materials and chemicals
The  materials  were  sourced  from  multiple  places:  the  PVY
virus from the Hunan Academy of Agricultural Sciences; PVY-
GFP Agrobacterium from  the  Shandong  Agricultural
University, Nicotiana benthamiana from the Chinese Academy
of  Agricultural  Sciences, OXI1-modified N.  benthamiana
strains  from  Wuhan  Biorun  Biotechnology  (Figs.  S1  and  S2);
and COS/CS from Hainan Zhengye Zhongnong High-tech.
 

2.2    Anti-PVY activity assays
Samples  were  dissolved  in  either  1%  Tween-80  (COS),  or  a
combination of 1% citric acid and 1% Tween-80 (CS) to create
stock solutions at a concentration of 400 μg·mL–1,  which were
then  serially  diluted  to  concentrations  ranging  from  200  to
25  μg·mL–1.  Three  biological  replicates  of N.  benthamiana
plants  at  the  four  to  six  leaf  stage  were  sprayed  with  the
treatment solutions or a negative control (1% aqueous Tween-
80  aqueous  solution)  applying  20  mL  per  treatment,  with
10 plants  per replicate.  After  24 h,  PVY-GFP (OD600 from 0.4
to 0.8)  was infiltrated into the leaves  using an Agrobacterium-
mediated infiltration method. Plant phenotypes were recorded
14  days  postinoculation,  and  PVY  coat  protein  (PVY-CP)
expression  levels  were  measured  by  RT-qPCR  using  the  TB
Green  Premix  Ex TaqII  kit  (TaKaRa)  and  primers  listed  in
Table  S1.  The  cycling  parameters  were  as  follows:  initial
denaturation at  94  °C for  30  s;  40  cycles  of  94  °C for  5  s,  45–
60  °C  for  30  s  (optimized  per  primer),  and  72  °C  for  30  s;
followed  by  a  melt  curve  analysis  of  95  °C  for  15  s,  60  °C  for
1  min,  and  95  °C  for  15  s.  Expression  levels  were  calculated
using  the  2–ΔΔCt method,  and  protective  efficacy  (E)  was

determined as:
 

E = (A−B)/A×100% (1)
where,  A represents PVY-CP expression in PVY-only samples
and  B  represents  PVY-CP  expression  in  PVY  samples  treated
with COS or CS.
 

2.3    Defense-related enzymes and H2O2 level assays
The activities  of  defense-related enzymes and H2O2 level  were
measured  using  previously  established  methods  with  some
modifications[23]. N.  benthamiana plants  at  the  4–6  leaf  stage
were  divided  into  four  treatment  groups:  CK,  PVY,  COS  and
PVY  +  COS.  Each  group  included  three  replicates,  with
10  plants  per  replicate.  All  leaves  were  sprayed  with  either
100  μg·mL–1 COS  or  a  blank  control  solution  for  24  h.  Then,
the  lower  three  leaves  were  inoculated  with  PVY  using  the
friction inoculation method.  After  inoculation,  each plant  was
rinsed  with  deionized  water,  gently  dried  with  blotting  paper,
and  transferred  to  a  greenhouse  for  growth  under  controlled
conditions:  16:8  h  L:D  photoperiod,  26  °C  and  70%  relative
humidity.  Leaf  samples  were  collected  at  1,  3,  5  and  7  days
postinoculation  for  omics  analysis.  The  activities  of  catalase
(CAT),  superoxide  dismutase  (SOD),  peroxidase  (POD),  and
phenylalanine  ammonia-lyase  (PAL)  were  measured  using
commercial  kits  from  Suzhou  Comin  Biotech,  while  H2O2

levels  were  determined  using  the  Amplex  Red  kit  from
Invitrogen (Thermo Fisher, Waltham, MA, USA).
 

2.4    Transcriptome and proteome analysis
 

2.4.1    Treatment of plant samples
N.  benthamiana plants  with  four  to  six  leaves  were  arbitrarily
assigned to two groups: PVY and PVY + COS, each consisting
of  three  replicates  with  20  plants  per  replicate.  PVY  +  COS
groupwas  sprayed  with  a  100  μg·mL–1 solution  of  COS.  After
24 h, plants were mechanically inoculated with PVYand then to
a  greenhouse  maintained  at  26  °C  and  70%  relative  humidity
growth.
 

2.4.2    Transcriptome analysis
Total  RNA  was  extracted  using  a  commercial  kit  (RNeasy,
Qiagen, Inc., Chatsworth, CA, USA), and its concentration and
purity  were  assessed  with  the  Agilent  2100  Bioanalyzer
(criteria:  RNA  concentration ≥ 400  ng·µL–1,  OD260/OD280

Shanxue ZHANG et al., Front. Agr. Sci. Eng., 2026, 13(3): 25666 https://doi.org/10.15302/J-FASE-2025666

 
https://journal.hep.com.cn/fase 25666-3

https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666


ratio from 1.8 to 2.1, rRNA ratio (28S/18S) ≥ 2.0 and RIN ≥
7).  mRNA was enriched using oligo(dT) magnetic  beads from
the  Illumina  Gene  Expression  Sample  Prep  Kit  (Illumina,  San
Diego,  CA,  USA) and then fragmented in  NEB fragmentation
buffer.  cDNA was  synthesized using  the  NEBNext  Ultra  RNA
Library  Prep  Kit  (Illumina).  Double-stranded  cDNA
underwent end repair, addition of 3′ poly(A) tails, and ligation
of  sequencing  adapters,  followed  by  purification  with  the
QiaQuick  PCR  kit  (Qiagen,  Hilden,  Germany).  AMPure  XP
beads  were  used  to  select  cDNA  fragments  about  250–300  bp
in  length,  which  were  then  amplified  by  PCR.  The  resulting
library  was  purified  again  with  AMPure  XP  beads,  diluted  to
1.5  ng·µL–1,  and  initially  quantified  using  a  Qubit  2.0
Fluorometer (Thermo Fisher). Insert sizes were evaluated with
the  Agilent  2100 Bioanalyzer  to  ensure  they met  expectations,
and library concentration was precisely measured by RT-qPCR,
confirming  values  above  2  nmol·L–1.  Sequencing  was
performed  on  a  NovaSeq  6000  platform  (Illumina)  at  Beijing
Nuohe  Zhiyuan  Technology.  The  raw  sequencing  data  are
available  in  the  NCBI  database  under  accession  number
PRJNA1001589.

Raw sequencing data were generated using the CASAVA base-
calling  software,  which  transformed  the  raw  sequences  into
readable sequence data (reads).  The quality of  these raw reads
was  evaluated  with  FastQC,  and  reads  containing  splice  sites,
duplicates,  or  low  sequencing  quality  were  filtered  out
(specifically, reads with an N ratio exceeding 5% or with more
than  20%  of  bases  having  a  quality  score  of  Q ≤ 10).  Clean
reads were then rapidly and accurately aligned to the reference
genome using  HISAT2 (v2.2.1),  a  high-performance  RNA-seq
aligner  developed  by  Kim  Laboratory,  which  provided  their
genomic positions. Differentially expressed genes (DEGs) were
identified using DESeq2, applying criteria of log2 (fold change)
≥ 1.5 and an adjusted p-value ≤ 0.05. Finally, Gene Ontology
(GO) functional analysis and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment were conducted using
the  ClusterProfiler  software  (v4.0;  YuLab  SMU)  obtained
through Bioconductor.
 

2.4.3    Proteome analysis
The  same  batch  of N.  benthamiana used  for  transcriptome
analysis  was  also  used  to  extract  total  plant  proteins[23].  The
leaves were ground into powder using liquid nitrogen and then
extracted  at  25  °C  for  2  h  in  a  sucrose  lysis  buffer  containing
0.7  mol·L–1 sucrose,  10  mmol·L–1 dithiothreitol  (DTT),

0.5  mol·L–1 Tris-HCl  (pH  7),  50  mmol·L–1 disodium  EDTA,
30  mmol·L–1 HCl  and  0.1  mol·L–1 KCl.  An  equal  volume  of
tris-phenol was added, and the mixture was shaken for 30 min,
then  centrifuged  at  12,000 g and  4  °C  for  20  min.  The
supernatant was collected and mixed with five times its volume
of  100%  ammonium  acetate  in  methanol  (0.1  mol·L–1),  then
incubated  at –20  °C overnight.  After  centrifugation  under  the
same  conditions,  the  pellet  was  collected  and  washed  three
times,  first  with  methanol  containing  DTT,  then  with
prechilled  acetone  containing  DTT,  before  being  freeze-dried
for over 3 h to obtain total protein samples. The proteins were
then  ground  and  dissolved  in  8  mol·L–1 urea  containing
10 mmol·L–1 DTT and 0.1 mol·L–1 Tris-HCl (pH 8.5), followed
by  incubation  in  a  metal  bath  at  37  °C  for  1  h.  Protein
concentration  was  determined  using  the  Bradford  assay[23].  A
400 μg aliquot of total protein was mixed with an equal volume
of  50  mmol·L–1 ammonium  bicarbonate  and  55  mmol·L–1

iodoacetamide solution, then incubated in the dark at 25 °C for
1  h.  The  mixture  was  transferred  to  a  3  kDa  ultrafiltration
device  and centrifuged at  12,000 g and 4  °C for  20  min.  After
washing  with  50  mmol·L–1 urea,  the  sample  underwent  three
additional  centrifugation  steps  with  mass  spectrometry-grade
water.  The  resulting  protein  solution,  less  than  25  μL  in
volume,  was  combined with pancreatic  enzyme at  a  1:20 ratio
and  digested  overnight  at  37  °C.  Following  centrifugation  at
12,000 g and 4 °C for 20 min, the supernatant was transferred
to a 10 kDa ultrafiltration device, mixed with 0.1% formic acid,
and  centrifuged  again  under  the  same  conditions.  The  filtrate
was  collected  and  dried  to  yield  the  protein  samples.  Finally,
the  protein  was  reconstituted  in  0.1% formic  acid,  transferred
to  a  200  μL  centrifuge  tube,  and  centrifuged  at  12,000 g and
4  °C  for  20  min.  The  supernatant  was  then  collected  for
subsequent proteomic analysis.

Total  protein  was  quantified  using  a  TripleTOF  5600  mass
spectrometer (SCIEX, Foster City, CA, USA) coupled with the
NanoLC415  system  (Eksigent,  Dublin,  CA,  USA)  and  a
ChromXP  Trap  Column  (SCIEX;  3  μm  C18-CL,  120Å,
350  μm  ×  0.5  mm).  The  procedure  began  with  a  10  min
demineralization  step  using  buffer  A  (0.1%  formic  acid  in
water)  at  a  flow  rate  of  2  μL·min–1,  followed  by  a  120  min
gradient elution with buffer B (0.1% formic acid in acetonitrile
aqueous  solution)  at  0.3  μL·min–1.  The  mass  spectrometer
operated  in  both  positive  and  negative  ion  modes,  scanning
from 350 to 1250 m·z–1 with an accumulation time of 200 ms.
Secondary  mass  spectrometry  had  a  scanning  range  of
100–1500  m·z–1 with  a  50  ms  accumulation  time.  Ion  source

https://doi.org/10.15302/J-FASE-2025666 Shanxue ZHANG et al., Front. Agr. Sci. Eng., 2026, 13(3): 25666

 
25666-4 https://journal.hep.com.cn/fase

https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666
https://doi.org/10.15302/J-FASE-2025666


gas 1 was set to 10, ion source gas 2 to 0, and the curtain gas to
35.  The  ion  spray  voltage  was  maintained  at  2300  V  and  the
interface heater temperature was set at 150 °C. The proteomics
data have been deposited in the ProteomeXchange Consortium
database under the data set identifier PXD047688.

Quantitative  protein  analysis  was  performed using  MaxQuant
software (version 1.6.14) developed by the Max Planck Institute
of  Biochemistry.  MS/MS  spectra  were  identified  using  the
Andromeda search engine, referencing PVY protein sequences
from  UniProt  and  the  tobacco  database  (Sol  Genomics
Network,  2025).  GO  annotations  and  KEGG  pathway
information  were  obtained  from  the  GO  database  and  the
KEGG  pathway  database,  respectively.  Enrichment  analysis  of
differentially  expressed  proteins  (DEPs)  was  conducted  using
hypergeometric  testing,  comparing  proteins  with  expression
changes  greater  than  twofold  and  a  significance  threshold  of
p < 0.05.
 

2.5    Analysis of key genes related to oxidative signal
transduction
N. benthamiana plants were treated according to the previously
described  procedure  to  assess  H2O2 levels  and  defense-related
enzyme  activities.  Leaf  samples  were  collected  from  the  CK,
PVY,  COS and PVY + COS treatment  groups at  1,  3,  5  and 7
days  posttreatment,  respectively.  The  expression  levels  of
MAPKKK21, NDPK4 and MAPK genes involved in the MAPK
signaling  pathway,  as  well  as CAT1, SOD, POD4, GRP1 and
OXI1 genes  associated  with  ROS  signal  transduction,  were
measured  using  RT-qPCR.  Gene  expression  levels  were
calculated  using  the  2−∆∆Ct method.  Primer  sequences  for
MAPKKK21, NDPK4, MAPK, CAT1, SOD, POD4, GRP1
(general  receptor  for  phosphoinositides  1)  and OXI1 used  in
RT-qPCR are listed in Table S1.
 

2.6    Western blot analysis of OXI1 protein
Using  the  aforementioned  transcriptome  analysis  method, N.
benthamiana plants  were  treated  with  PVY  alone  and  with
PVY  combined  with  COS.  Leaf  samples  were  collected  for
Western  blot  analysis  at  3  and  5  days  posttreatment,
respectively.  Total  proteins  were  extracted  following  the
protocol  outlined  in  the  earlier  proteome  analysis.  The
extracted  proteins  were  dissolved  in  a  Tris-HCl  buffer
containing  Tween-20  (TBST),  mixed  with  loading  buffer  at  a
4:1  ratio,  and  denatured  at  100  °C  for  10  min.  The  samples

were then separated on a 12% SDS-PAGE gel using a Bio-Rad
reagent  kit  (Bio-Rad,  Hercules,  CA,  USA)  at  voltages  ranging
from  80  to  150  V.  The  gel  was  imaged  using  a  UV  imaging
system  and  cut  to  isolate  the  target  protein  bands.  Proteins
were  transferred  from  the  gel  onto  a  polyvinylidene  fluoride
membrane via a semidry transfer method, applying a constant
voltage  of  2.5  V  for  7  min  with  rotation.  The  membrane  was
placed in  an antibody incubation box and washed three  times
with TBST at 25 °C. This was then blocked with 5% skimmed
milk  solution  at  25  °C  for  1  h,  followed  by  three  additional
TBST  washes.  Primary  antibodies  against OXI1 (Orizymes,
Shanghai,  China)  and β-actin  (ABclona,  Wuhan,  Hubei,
China) were added separately and incubated overnight at 4 °C.
After washing with TBST, the membrane was incubated with a
secondary antibody (Sangon, Shanghai, China) at 25 °C for 2 h.
Following final washes with TBST, chemiluminescent reagents
A  and  B  (Sangon,  Shanghai,  China)  were  applied  for  imaging
and photography using the UV imaging system.
 

2.7    OXI1 biological function assay
This  experiment  was  conducted  on  wild-type, OXI1-
overexpressing  and OXI1-RNAi N.  benthamiana plants,
divided into nine treatment groups: wild-type control (WCK),
wild-type  with  PVY  (WPVY),  wild-type  with  PVY  and  COS
(WPCOS), OXI1-overexpressing  control  (OCK), OXI1-
overexpressing  with  PVY  (OPVY), OXI1-overexpressing  with
PVY  and  COS  (OPCOS), OXI1-RNAi  control  (ICK), OXI1-
RNAi with PVY (IPVY),  and OXI1-RNAi with PVY and COS
(IPCOS).  Each group included three  replicates,  with  10 plants
per replicate. After 24 h of treatment with a 100 µg·mL–1 COS
solution, the plants were inoculated with PVY using the emery
friction  inoculation  method  and  with  PVY-GFP  via
Agrobacterium infection,  respectively.  All  treated  plants  were
grown  in  a  greenhouse  maintained  at  26  °C  and  70%  relative
humidity. Five days posttreatment, the expression levels of the
MAPKKK21 and NDPK4 genes were assessed using RT-qPCR
(see  Supplementary  Information).  On  day  14  following
treatment,  anti-PVY  phenotypes  were  evaluated,  and  the
relative expression of  the PVY-CP gene was measured by RT-
qPCR.
 

2.8    Data analysis
The data was reported in this study presented as mean values ±
standard  deviation  and  was  analyzed  using  GraphPad  Prism
software (San Diego, CA, USA). 
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3    Results and analysis
  

3.1    Protective effect of COS on PVY
As  illustrated  in Fig. 1,  after  14  days  of  treatment,  the
application  of  100  μg·mL–1 COS  had  strong  protective  effects
against  PVY, achieving 54.7% protection,  which surpassed the
protection  provided  by  CS  (40.7%).  The  resistance  phenotype
to  PVY  (Fig.  S3)  indicates  that  the  leaf  number  and  plant
height in PVY + COS-treated plants were greater than those of
plants  treated  with  PVY  alone  after  14  and  28  days  of
treatment.  This indicates that although COS treatment cannot
completely inhibit PVY invasion, it can significantly reduce the
damage caused by PVY to plants.
 

3.2    Defense-related enzyme activities and COS-
induced H2O2 accumulation
Defense-related  enzymes  are  crucial  for  enabling  plants  to
resist pathogen infections[24]. As shown in Fig. 2(a), on the first
day after treatment, the CAT activity in the PVY + COS group
reached 189 U·mg–1 protein. Although CAT activity decreased
from day 1 to day 7, it remained 1.46 times higher than that in
the  PVY  group  on  day  7. Figure 2(b) shows  that  the  PVY  +
COS  group  also  had  the  highest  SOD  activity  on  day  1,
reaching 15.1  U·mg–1 protein.  This  activity  gradually  declined
over the following 7 days but remained 1.06 times greater than
that of the PVY group on day 7. On day 5, POD activity in the

PVY + COS group peaked  at  2750  U·mg–1 protein  (Fig. 2(c)).
By  day  7,  POD  activity  had  decreased  in  all  treatments;
however,  the  PVY  +  COS  group  still  had  activity  1.47  times
higher than the PVY group. Similarly, on day 5 posttreatment,
PAL  activity  in  the  PVY  +  COS  group  was  the  highest  at
18.0  U·mg–1 protein  (Fig. 2(d)).  Although  PAL  activity
declined  by  day  7,  it  remained  1.15  times  higher  than  in  the
PVY  group.  Overall,  from  day  1  to  day  7,  COS  significantly
enhanced  the  activities  of  defense-related  enzymes,  with  the
highest total activity observed on day 5.

H2O2 is  an  essential  secondary  signaling  molecule  in  plant
responses to both abiotic and biotic environmental stresses[25].
As  shown in Fig. 2(e),  the  highest  H2O2 level  was  detected  on
day  1  in  the  COS  group,  reaching  1.61  times  than  that  of  the
CK group. On day 1, the H2O2 level in the PVY + COS group
peaked  at  2.9  μmol·L–1·g–1 FW,  which  was  1.38  times  higher
than  that  in  the  PVY  group  alone.  These  results  indicate  that
COS  significantly  induces  an  increase  in  H2O2 levels  in
N.  benthamiana.  Also,  Fig.  S4  indicates  that  COS  can  trigger
bursts  of  superoxide  anions  and  NO  in N.  benthamiana,  and
exerts  a  protective  effect  on  tobacco  leaf  cells,  further
supporting the role of COS in inducing ROS bursts.
 

3.3    Transcriptome analysis
As shown in Table S2, the quality of the sequencing data meets
the  requirements  for  transcriptome  analysis.  The  Venn
diagram in Fig. 3(a) shows that 34,398 genes were identified in
the  PVY  +  COS  group,  while  34,072  genes  were  identified  in
the  PVY group.  Of  these,  32,718 genes  were  common to  both
treatments,  with  1680  DEGs  identified  in  the  PVY  +  COS
group and 1354 DEGs in the PVY group.  The volcano plot  in
Fig. 3(b) reveals that, compared to the PVY treatment, a total of
730  genes  (marked  by  red  dots)  were  upregulated  and  436
genes (marked by green dots) downregulated following PVY +
COS  treatment.  All  DEGs  from  the  transcriptome  analysis  of
PVY  and  PVY  +  COS  are  listed  in  Table  S3.  Functional
annotation of DEGs was performed using GO terms with Table
S4 presenting enrichment of 258 biological process (BP) terms,
40 cellular component (CC) terms, and 220 molecular function
(MF) terms. The top 10 terms in each BP, CC, and MF category
are displayed in Fig. 3(c). Notably, seven DEGs are enriched in
the BP category related to defense response and are associated
with  plant  disease  resistance.  To  further  explore  the  role  of
plant immune signal transduction in COS, KEGG analysis was
conducted on DEGs, revealing a total of 91 co-enriched KEGG
pathways  (Table  S5). Figure 3(d) shows  the  top  20  KEGG
pathways,  highlighting  that  five  upregulated  DEGs  are

 

 
Fig. 1    The  protective  activity  against  potato  virus  Y  (PVY)  of
oligochitosan (COS) and chitosan (CS). Error bars represent the
standard error of the mean calculated from three independent
experiments.  Means  with  the different  letters  are  significantly
different  as  determined  by  Student’s t-test  (p <  0.05)  when
compared to the CS group.
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associated with the MAPK signaling pathway (nta04016), seven
DEGs  are  involved  in  the  plant  hormone  signaling  pathway
(nta04075),  and  six  DEGs  are  linked  to  the  plant-pathogen
interaction pathway (nta04626). These GO and KEGG analysis
results  indicate  that  COS  may  stimulate  the  expression  of
disease resistance genes in N. benthamiana.
 

3.4    Proteome analysis
Quantitative  analysis  of  protein  content  in N.  benthamiana
leaves was performed using the iBAQ algorithm. As illustrated
by the Venn diagram (Fig. 4(a)),  a  total  of  1090 proteins  were
identified  across  the  PVY  and  PVY  +  COS  treatment  groups,
with  977  proteins  detected  in  the  PVY  group  and  944  in  the

 

 
Fig. 2    (a)  Aatalase  (CAT),  (b)  superoxide  dismutase  (SOD),  (c)  peroxidase  (POD)  and  (d)  phenylalanine  ammonia-lyase  (PAL)  activity  in
Nicotiana  benthamiana leaves  treated  with  oligochitosan  (COS)  and  potato  virus  Y  (PVY).  (e)  Hydrogen  peroxide  level  in N.  benthamiana
leaves treated with COS and PVY. Error bars represent the standard error of the mean calculated from three independent experiments. Means
with  the  different  letters  are  significantly  different  as  determined  by  Student's t-test  (p <  0.05)  when  compared  to  the  control  group  (CK)
group.
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Fig. 3    Transcriptome analysis of Nicotiana benthamiana in potato virus Y (PVY) plus oligochitosan (COS) vs PVY treatment. (a) Venn diagram
for  genes  identified  in  different  treatments.  (b)  Volcano  plot  of  differentially  expressed  genes  (DEGs)  in  the  two  treatments.  Red  dots
represent upregulated genes,  and green dots represent downregulated genes.  (c)  Gene Ontology (Go) term enrichment analysis  of  DEGs in
two different treatments. (d) Top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment of DEGs in the two treatments.
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Fig. 4    Proteome analysis of Nicotiana benthamiana in potato virus Y (PVY) plus oligochitosan (COS) vs PVY treatment. (a) Venn diagram for
genes  identified  in  the  treatments.  (b)  Volcano  plot  of  differentially  expressed  genes  (DEGs)  in  the  two  treatments.  Red  dots  represent
upregulated  genes,  and  green  dots  represent  downregulated  genes.  (c)  Gene  Ontology  (Go)  enrichment  analysis  of  DEGs  in  the  two
treatments. (d) Top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment of DEGs in the two treatments.
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PVY  +  COS  group.  Of  these  proteins,  13.4%  had  differential
expression  in  response  to  PVY infection,  while  10.4% showed
differential expression following PVY + COS treatment (Table
S6).  The  volcano  plot  (Fig. 4(b))  indicates  that,  compared  to
the  PVY  group,  the  PVY  +  COS  group  displayed  14
upregulated  proteins  (red  dots)  and  106  downregulated
proteins  (blue  dots).  GO  analysis  was  performed  to
characterize  the  functions  of  the  DEPs,  with  77,  232,  and  170
DEPs enriched in CC, MF and BP, respectively (Table S7). The
leading GO terms within each category are shown in Fig. 4(c).
Notably, 14 DEPs within the molecular function category were
associated  with  defense  responses,  implicating  their
involvement  in  plant  disease  resistance.  Concurrently,  KEGG
pathway  analysis  identified  enrichment  of  DEPs  across  226
pathways  (Table  S8).  Pathways  enriched  with  more  than  10
DEPs  are  presented  in Fig. 4(d),  highlighting  the  MAPK
signaling  pathway,  which  contributes  to  plant  immune
responses, and was enriched with 10 DEPs, as well as the plant-
pathogen  interaction  pathway  enriched  with  eight  DEPs.
Collectively,  the  GO  and  KEGG  analyses  indicate  that  COS
induces  the  expression  of  proteins  associated  with  disease
resistance in N. benthamiana.
 

3.5    Combined analysis of the transcriptome and
proteome
 

3.5.1    Analysis of the correlation expression of differentially
expressed genes
Transcriptome  sequencing  data  were  used  to  predict  coding
sequences and derive the corresponding protein sequences for
database  searches.  DEPs  identified  through  proteome  analysis
were considered as proteins involved in both translational and
transcriptional  processes,  with  their  corresponding  genes
designated  as  related  genes.  A  total  of  33  genes  having
expression  at  both  transcriptional  and  translational  levels  are
presented in Table S9. Of these, 13 genes were upregulated, six
genes  were  downregulated,  and  14  genes  displayed  divergent
expression patterns between the two levels. Notably, genes such
as USP, HSP70  and POD4,  which  showed  consistent
upregulation  at  both  transcriptional  and  translational  stages,
are known to be involved in plant stress responses and disease
resistance.  Additionally,  cellulose  synthase-like H1, NDPK4
and NtCaM10 were  also  upregulated  and  are  associated  with
plant  cell  wall  biosynthesis,  activation  of  the  MAPK  signaling
pathway and Ca2+-mediated cellular signaling, respectively. 

3.5.2    Functional correlation analysis of KEGG pathways
Transcriptomic  and  proteomic  data  sets  were  simultaneously
annotated  using  the  KEGG  database.  Sixty-seven  KEGG
pathways  were  identified,  revealing  annotation  overlap
between DEPs and DEGs, resulting in a combined enrichment
of 295 DEGs and 169 DEPs. Figure 5(a) illustrates the principal
KEGG  pathways  jointly  annotated  with  more  than  10  DEGs
and  DEPs.  The  top  three  KEGG  pathways  having  the  highest
enrichment of DEGs and DEPs were oxidative phosphorylation
(ko:00190), biosynthesis of amino acids (ko:01230), and carbon
fixation  in  photosynthetic  organisms  (ko:00710),  all  of  which
are  involved  in  fundamental  material  and  energy  metabolism
in  plants.  Notably,  pathways  related  to  plant  hormone  signal
transduction  (ko:04075),  plant-pathogen  interaction
(ko:04626)  and  the  MAPK  signaling  pathway  in  plants
(ko:04016)  were  also  identified,  each  critical  in  the  signal
transduction mechanisms underlying plant disease resistance.

The  genes  Niben101Scf02085  g21007  (LOC107816664, PYL1)
and  Niben101Scf00611  g08002  (LOC107776835, PP2C)  were
found  to  be  enriched  within  the  plant  hormone  signal
transduction  pathway,  specifically  annotated  to  the  abscisic
acid  (ABA)  signaling  cascade.  The  core  components  of  the
ABA  receptor-mediated  signaling  pathway  include  PYR1,
PYL9,  PP2C  and  SnRK2[26].  Under  external  stress,  plants
synthesize  or  release  ABA,  which  subsequently  binds  to
PYR/PYL receptors  to  form receptor-ligand  complexes.  These
complexes  inhibit  PP2C  phosphatases,  thereby  releasing
SnRK2 from PP2C-mediated repression. Activated SnRK2 then
phosphorylates  downstream  transcription  factors,  leading  to
the  activation  of  the  ABA  signaling  pathway[27].
Transcriptomic  analyses  demonstrated  that  treatment  with
COS  results  in  the  upregulation  of  PYR1  expression  and  the
downregulation of PP2C expression. Based on these findings, it
is  proposed  that  COS  modulates  the  ABA  signaling  pathway,
thereby enhancing plant resistance to PVY.

The  DEGs  and  DEGs  enriched  within  the  plant-pathogen
interaction pathway (ko:04626) were predominantly associated
with  the  calcium  (Ca2+)  signaling  pathway.  Notably,  the
identified  DEPs  include  Q76MF3_TOBAC  (LOC107761764,
NtCaM3), A0A1S3ZDE0_TOBAC (LOC107785602, HSP90-5),
A0A1S4AFF5_TOBAC  (LOC107796888,  CML13),  Q76ME6_
TOBAC  (LOC107779518,  NtCaM10)  and  Q76MF4_TOBAC
(LOC107781984,  NtCaM2).  Correspondingly,  the  DEGs
comprised  Niben101Scf02824  g03017  (LOC107813448,
CML41),  Niben101Scf15327  g00001  (LOC107792571,  CML),
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and  Niben101Scf03049  g00001  (LOC107807848,  HSP82).
Given the extensive enrichment of multiple Ca2+-related genes
within  the  plant-pathogen  interaction  pathway,  which  are
commonly  implicated  in  plant-pathogen  infection  processes,
this  KEGG  pathway  and  its  associated  genes  were  not
prioritized for further investigation.

On binding to the membrane receptor, the downstream protein
GRP1 interacts  with inositol  3-phosphate,  thereby modulating
oxidative  signaling  and  the  MAPK  signal  transduction
pathway[28]. OXI1 functions as a pivotal kinase linking ROS to
multiple downstream signaling cascades and serves as a critical
activator  of  the  MAPK  signaling  pathway[29].  Also,  OXI1  is
essential  for  the  activation  of  MAPK3  and  MAPK6  and
influences  the  expression  of  NDPK2[30].  NDPK  facilitates  the
transfer of phosphate groups between nucleoside diphosphates
and  nucleoside  triphosphates,  thereby  promoting  the
expression  of  genes  involved  in  plant  cell  signal  transduction
and  defense  mechanisms[31].  Integrated  transcriptomic  and
proteomic  analyses  demonstrated  that  COS  induces  the
upregulation of OXI1, MAPKKK21/19 and NDPK4 expression.
Complementary  physiologic  and  biochemical  assessments
revealed  that  COS  triggers  H2O2 bursts  and  requires  Ca2+

influx  to  elicit  resistance  against  PVY  in N.  benthamiana.
Collectively,  these  findings  indicate  that  COS  stimulates  ROS

signaling, which is subsequently transmitted intracellularly via
the MAPK pathway.

The  DEPs  enriched  within  the  MAPK  signaling  pathway
(ko:04016)  included  A0A1S4BFY9_TOBAC  (LOC107807832,
PR-1B),  Q76MF3_TOBAC  (NtCaM3),  A0A1S3Z1Y6_
TOBAC  (LOC107782115, NDPK4),  Q76ME6_TOBAC
(LOC107779518, NtCaM9)  and  Q76MF4_TOBAC
(LOC107781984, NtCaM9).  Correspondingly,  the  DEGs
associated  with  this  pathway  comprised  Niben101Scf05152
g00001  (LOC107789122, OXI1),  Niben101Scf02407  g04002
(LOC107782115, NDPK4),  Niben101Scf06715  g02006
(LOC107776219, MAPKKK21),  Niben101Scf00168  g10008
(LOC107817780, MAPKKK19)  and  Niben101Scf00063  g10026
(LOC107779518, CaM10).  Notably,  these  genes  showed
enrichment  in  the  MAPK  signaling  pathway  in  both
transcriptomic  and  proteomic  data  sets.  Therefore,  this  study
focused  on  elucidating  the  effects  of  COS  on  the  MAPK
signaling  cascade  in  plants,  with  particular  emphasis  on  its
upstream and downstream regulatory components.

POD and APX are critical in plants by scavenging excess H2O2

and  other  peroxides,  thereby  maintaining  ROS  homeostasis
and significantly contributing to the induction of plant disease
resistance[32].  Callose,  a  polysaccharide  integral  to  plant

 

 
Fig. 5    (a)  Kyoto  Encyclopedia  of  Genes  and  Genomes  (KEGG)  pathways  co-annotated  by  transcriptome  and  proteome  of Nicotiana
benthamiana in potato virus Y (PVY) plus oligochitosan (COS) vs PVY treatment. (b) The signaling transduction pathway of COS-induced against
PVY in N. benthamiana. The red module indicates a significant upregulation of related genes and the purple module represents a significant
downregulation. The blue module indicates that the relevant genes were not significantly upregulated or detected.
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defense  against  pathogen  invasion,  is  synthesized  by  the
enzyme  callose  synthase  (Cals),  which  is  essential  for  the
adaptive  response  of  plants  to  external  stressors[33].
Additionally, cell wall thickening represents a primary defense
mechanism  against  plant  diseases,  with  cellulose  synthase
(CesA)  serving  as  a  key  enzyme  in  cellulose  biosynthesis,
thereby  reinforcing  the  cell  wall  structure[34].  Consequently,
the  upregulation  of  functional  proteins  such  as  POD4,  APX,
Cals and CesA by COS, coupled with enhanced defense-related
enzymatic  activities  and  cell  wall  fortification,  constitutes  a
pivotal mechanism through which COS mediates resistance to
PVY.

In summary, COS predominantly modulates MAPK and ABA
signaling  pathways,  leading  to  the  induction  of  callose,
cellulose  and  defense  enzyme  expression  in N.  benthamiana,
thereby mitigating PVY-induced damage. A preliminary model
of  the  underlying  signal  transduction  pathway  is  proposed  in
Fig. 5(b).  It  is  postulated  that  COS  interacts  with  specific
receptors  on  the  cell  membrane,  initiating  a  cascade  in  which
COS  promotes  the  accumulation  of  ROS,  including  H2O2,
which  subsequently  activates  the  expression  of OXI1.  OXI1
then facilitates the phosphorylation of NDPK4 and upregulates
MAPKKK19  and  MAPKKK21,  thereby  propagating  and
amplifying  immune  signaling  via  the  MAPK  cascade.  This
signaling  cascade  ultimately  induces  the  expression  of Cals-5,
POD and APX, orchestrating a defensive response against PVY
infection.
 

3.6    COS-induced expression of key genes in ROS
signaling transduction and MAPK signaling pathways
G  protein-coupled  receptors  are  localized  on  the  plant  cell
membrane  and  are  important  for  recognizing  extracellular
signals[27]. Previous studies have also identified the presence of
COS receptors on cell membranes[7]. As illustrated in Fig. 6(a),
the expression of the GRP1 gene in the PVY + COS treatment
group  peaked  on  the  third  day  posttreatment,  showing
increases of 1.46-fold and 5.3-fold relative to the PVY and CK
treatments,  respectively.  These  findings  indicate  that  COS
induces  the  upregulation  of  the GRP1  gene.  OXI1,  a  key
regulator of ROS bursts and plant PTI, had a similar expression
pattern. As shown in Fig. 6(b), the expression level of the OXI1
gene  in  the  PVY  +  COS  treatment  reached  its  maximum  on
day  3,  with  increases  of  1.55-fold  and  5.84-fold  compared  to
PVY  and  CK  treatments,  respectively,  followed  by  a  gradual
decline on days 5 and 7. This indicates that COS promotes the

upregulation of genes involved in oxidative signal transduction
in N.  benthamiana.  Also,  studies  in Arabidopsis have
confirmed  that  OXI1  positively  regulates  the  expression  of
downstream genes such as MAPKKK and NDPK2.

As  illustrated  in Fig. 6(c),  COS  exerts  the  most  pronounced
effect  on  the  expression  of MAPKKK21.  On  day  3  following
treatment with PVY combined with COS, the expression level
of MAPKKK21 peaked,  reaching  1.9-fold  that  observed  under
PVY  treatment  alone.  Concurrently,  the  expression  of  the
MAPK gene also reached its  maximum level  on the same day,
having  a  1.46-fold  increase  relative  to  PVY  treatment
(Fig. 6(d)). Also, by day 5, as shown in Fig. 6(e), the expression
of the NDPK4 gene reached its highest point under PVY + COS
treatment,  showing  a  1.39-fold  elevation  compared  to  PVY
treatment alone. These findings indicate that COS induces the
upregulation of key genes within the MAPK signaling pathway
in N. benthamiana.

As shown in Fig. 6(f), CAT1 peaked on day 1 after PVY + COS
treatment,  having  a  1.53-fold  increase  compared  to  PVY
treatment  alone,  before  gradually  declining  thereafter.  The
expression level of the POD4 gene progressively increased from
day 1 to day 5, reaching its maximum on day 5, which was 1.34
times  higher  than  that  observed  under  PVY  treatment
(Fig. 6(g)).  Similarly, SOD gene  expression  reached  its  highest
level  3  days  posttreatment,  representing  a  1.36-fold  increase
relative  to  PVY  treatment  (Fig. 6(h)).  These  findings  indicate
that  COS  treatment  significantly  enhances  the  expression  of
peroxisome-related genes in N. benthamiana. This observation
corroborates  previous  analyses  demonstrating  increased
defense  enzyme  activity,  elevated  H2O2 content,  and  the
upregulation  of  the POD4 gene  identified  through
transcriptomic and proteomic studies.
 

3.7    COS-induced OXI1 protein production
OXI1  serves  as  a  pivotal  component  in  plant  ROS  signal
transduction  and  the  activation  of  downstream  immune
pathways[29]. To further investigate the translational expression
of OXI1, Western blot analysis was performed, with the results
presented  in Fig. 7.  After  3  and  5  days  of  treatment,  OXI1
accumulation  was  significantly  higher  in  the  PVY  +  COS
treatment  group  compared  to  the  PVY-only  group.
Additionally,  OXI1  expression  levels  were  greater  in  the
100  μg·mL–1 COS  treatment  than  in  the  50  μg·mL–1 COS
treatment. These findings corroborate the influence of COS on
OXI1 expression at the protein level. 
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Fig. 6    Oligochitosan (COS)-induced the relative expression levels of general receptor for (a) phosphoinositides 1 (GRP1), (b) oxidative stress
inducible  type  1  (OXI1),  (c)  mitogen-activated  protein  kinase  kinase  kinase  21  (MAPKKK21),  (d)  mitogen-activated  protein  kinase  (MAPK),
(e)  nucleoside  diphosphate  kinase  4  (NDPK4),  (f)  catalase  1  (CAT1),  (g)  peroxidase  (POD)  and  (h)  superoxide  dismutase  (SOD)  genes  in
Nicotiana benthamiana. Error bars represent the standard error of the mean calculated from three independent experiments. Means with the
different letters are significantly different as determined by Student’s t-test (p < 0.05) when compared to the control group (CK).
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3.8    Biological function of OXI1-mediated anti-PVY
As  shown  in Fig. 8(a),  after  inoculated  with  PVY  using  the
emery friction method,  the upper stems and petioles  of  plants
treated  with  IPVY  significantly  turned  black  and  withered.

Plants treated with WPVY also withered in the upper regions;
however,  no  stem  withering  was  observed  in  the  petioles,
indicating  a  milder  effect  compared  to  IPVY  treatment.  In
contrast,  plants  treated  with  OPVY  displayed  only  shrinkage
symptoms  in  the  heart  leaves  without  any  evident  wilting.
These findings indicate that OXI1 significantly enhances plant
resistance to PVY infection.

To  further  elucidate  the  role  of  the OXI1 gene  in  conferring
resistance to PVY, an activity assay was conducted using OXI1
mutant  plants  inoculated  with  PVY-GFP  via Agrobacterium-
mediated  infection.  As  shown  in Fig. 8(b),  after  14  days  of
treatment,  plants  subjected  to  the  IPVY  treatment  had
dwarfism,  pronounced  wrinkling  of  the  heart  leaves,  and
widespread  green  fluorescence  under  UV  light,  indicative  of
PVY-GFP  infection,  compared  to  the  WCK.  The  relative
increase  in  PVY-CP  levels  in  IPVY  plants  was  the  highest,
reaching  112%,  whereas  the  IPCOS  treatment  showed  a
comparatively lower increase of 71%. Conversely, plants in the
OPVY  group  displayed  markedly  milder  symptoms,

 

 
Fig. 7    Photo  of  Western  Blot  analysis  of  oxidative  stress
inducible  type  1  (OXI1)  induced  by  oligochitosan  (COS)  in
Nicotiana benthamiana.

 

 

 
Fig. 8    Biological  function  of  Oxidative  stress  inducible  type  1  (OXI1)-mediated  anti  potato  virus  Y  (PVY)  in Nicotiana  benthamiana.
(a)  Phenotype  of  the OXI1 mutants  resistance  to  PVY.  (b)  Expression  level  of  PVY  coat  protein  (PVY-CP)  gene  in  the OXI1 mutants.
(c)  Expression level  of mitogen-activated protein kinase kinase kinase 21 (MAPKKK21)  and Nucleoside Diphosphate Kinase 4 (NDPK4)  in the
OXI1 mutants. Error bars represent the standard error of the mean calculated from three independent experiments. Means with the different
letters are significantly different as determined by Student’s t-test (p < 0.05) when compared to the control group.
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characterized  by  reduced  green  fluorescence  and  a  greater
number  of  leaves.  Correspondingly,  PVY-CP  expression  in
OPVY  plants  was  significantly  decreased  by  40%,  with  the
OPCOS  treatment  having  the  most  substantial  reduction  of
75%. These findings indicate that OXI1 functions as a positive
regulator in COS-induced resistance against PVY infection.

As  demonstrated  in Fig. 8(c),  the  expression  level  of
MAPKKK21 in  the  OPVY  treatment  was  7.2-fold  higher
compared  to  the  WCK  control.  In  the  WPVY  and  IPVY
treatments, MAPKKK21 expression  was  increased  by  3.8-fold
and  1.7-fold  relative  to  WCK,  respectively.  Additionally,
MAPKKK21 expression  in  the  OPCOS  treatment  was  4.29
times greater  than in WPVY, while  in IPCOS it  was 1.2  times
higher  than  in  WPVY.  These  findings  indicate  that OXI1
positively regulates MAPKKK21 expression in N. benthamiana,
and  that  COS  treatment  simultaneously  induces  upregulation
of  both OXI1 and MAPKKK21.  Also,  as  shown  in Fig. 8(c),
among  the  three  CK  treatments,  the  relative  expression  of
NDPK4 was  highest  in  the  OCK  group,  having  a  2.8-fold
increase  compared  to  WCK,  whereas  expression  in  the  ICK
group  was  only  0.8  times  that  of  WCK.  Notably, NDPK4
expression  following  OPCOS  treatment  was  2.5  times  higher
than in WPVY and 2.68 times greater than in IPCOS. The data
indicate that OXI1 positively influences NDPK4 expression, as
evidenced  by  increased NDPK4 levels  in OXI1-overexpressing
plants and decreased levels in OXI1-RNAi lines. COS treatment
concurrently  promotes  the  upregulation  of  both OXI1 and
NDPK4 in N. benthamiana.  Collectively,  these  results  indicate
that  COS-induced OXI1 exerts  a  positive  regulatory  effect  on
plant  resistance  to  PVY  by  modulating  the  expression  of
MAPKKK21 and NDPK4 within the  downstream MAP kinase
signaling  pathway.  Consequently,  this  study  further
substantiates  that  COS  mediates  the  MAPK  pathway  via  ROS
signaling,  thereby  influencing  both  PTI  and  ETI  to  enhance
plant resistance against PVY infection.
 

4    Discussion
 
COS  function  as  biological  inducers  of  plant  immunity,
demonstrating  significant  efficacy  against  a  range  of
phytopathogenic  fungi,  bacteria,  and  viruses[3].  The  present
study  reveals  that  COS  concentrations  between  50  and
100  μg·mL–1 elicit  an  anti-PVY  response  in N.  benthamiana
exceeding  50%.  Also,  treatment  with  100  μg·mL–1 COS
enhances  the  activities  of  defense-related  enzymes,  including

CAT, POD, PAL, and SOD, concomitant with the induction of
ROS  accumulation.  These  findings  indicate  that  COS
effectively  induces  resistance  in N.  benthamiana against  PVY
infection, corroborating prior research outcomes.

Transcriptomic  and  proteomic  analyses  revealed  that  COS
modulate  the  differential  expression  of  critical  genes  in
N.  benthamiana,  including OXI1, NDPK4, MAPKKK21,
MAPKKK19, POD4, APX, CesA, Cals, PYR1 and PP2C.  These
genes  are  involved  in  oxidative  signaling  and  are  significantly
enriched  within  the  MAPK  signaling  pathway.  Notably,
MAPKKK and MAPK serve as pivotal components of the plant
MAPK  signaling  cascade,  while GRP1, OXI1 and NDPK4 are
crucial  for  regulating  oxidative  signaling  processes  in
plants[13,17,31].  Subsequent  RT-qPCR  analyses  demonstrated
that  COS  treatment  upregulated  the  expression  of  MAPK
pathway  genes  (MAPKKK21 and MAPK),  peroxisomal  genes
(CAT1, SOD, POD and PAL1),  and  oxidative  signal
transduction  genes  (GRP1, OXI1 and NDPK4)  in N.
benthamiana.  Concurrently,  Western  blot  assays  confirmed
that  COS  induced  increased  protein  levels  of  OXI1  and
NDPK4.  The  activation  of  the  oxidative  signaling  pathway
represents  an  early  plant  response  to  elicitor-induced  disease
resistance  and  functions  upstream  of  the  MAPK  signaling
pathway[35]. OXI1 is recognized as a central component within
the  plant  oxidative  signaling  network[13].  Functional  assays
involving OXI1 mutants  revealed that  overexpression of OXI1
enhances N. benthamiana resistance to PVY, whereas silencing
of OXI1 reduces this resistance. Also, OXI1 positively regulates
downstream  genes MAPKKK21 and NDPK4,  with  COS
treatment  promoting  upregulation  of OXI1 expression.
Collectively,  these  findings  indicate  that  COS  induce OXI1
expression  in N.  benthamiana,  thereby  modulating  MAPK
signal  transduction.  Consequently,  COS  mediate  MAPK
pathway  activation  through  ROS  signaling  to  confer  antiviral
effects against PVY in N. benthamiana.
 

5    Conclusions
 
This study demonstrates that COS confers resistance to PVY in
N.  benthamiana by  enhancing  the  activity  of  defense-related
enzymes and promoting H2O2 accumulation. Integrative multi-
omics  analyses  identified  that  COS  treatment  upregulates
KEGGs  involved  in  ABA,  MAPK,  and  oxidative  signaling
pathways, specifically PYL1, PP2C, OXI1, NDPK4, MAPKKK21
and POD4.  Subsequent  validations  showed  that  COS  induces
the overexpression of OXI1, MAPKKK21 and NDPK4 through
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ROS-mediated  MAPK  signaling  cascades.  Also,  functional
studies  using OXI1 mutants  confirmed  the  essential  role  of
OXI1 in mediating PVY resistance. Collectively, these findings

identify  ROS-dependent  MAPK  activation  as  the  central
mechanism  underlying  COS-induced  antiviral  defense
responses in N. benthamiana.

Supplementary materials
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