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Abstract
Tomato brown rugose fruit virus (ToBRFV) represents a significant threat to global tomato production, resulting in decreased yields and compromised fruit

quality  due  to  the  formation  of  brown,  hardened  spots  on  infected  fruit.  This  study  aimed  to  elucidate  the  molecular  mechanisms  for  ToBRFV-induced

lesions  in  tomato  fruit  using  transcriptome  sequencing  and  virus-induced  gene  silencing  (VIGS)  techniques.  Transcriptome  analysis  was  conducted  on

tomato fruit at green-ripe (L), and red-ripe (H) stages, examining three tissue types: brown lesions (B), non-brown areas of infected fruit (BC), and healthy

controls (CK). A total of 34 differentially expressed genes (DEGs) related to phenylpropanoid biosynthesis were identified, with PAL (Solyc05g056170.3), C4H
(Solyc05g047530.3), CAD (Solyc02g069250.3), and POD (Solyc02g094180.3) showing the highest transcript abundances in brown lesion tissues.

Crucially,  silencing POD (Solyc02g094180.3)  increased  tomato  susceptibility  to  ToBRFV,  accompanied  by  increased  accumulation  of  hydrogen  peroxide

(H2O2), and superoxide anions (O2•−). In contrast, silencing PAL (Solyc05g056170.3), C4H (Solyc05g047530.3), or CAD (Solyc02g069250.3) improved resistance

and suppressed viral accumulation. Collectively, these findings indicate that these four genes are crucial regulators of lignin biosynthesis in tomato, and that

the brown hardened lesions induced by ToBRFV are associated with lignin accumulation.  Furthermore,  POD plays a  vital  role in mediating resistance to

ToBRFV by regulating reactive oxygen species. This study provides important insights into the molecular responses of tomato fruit, laying a foundation for

breeding ToBRFV-resistant tomato varieties with improved fruit quality.
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 Introduction
Tomato  (Solanum  lycopersicum L.)  is  one  of  the  most  economi-

cally  important  vegetable  crops  globally,  significantly  contributing
to  dietary  health  and  nutrition[1−3].  According  to  statistics  from  the
Food  and  Agriculture  Organization  (FAO),  global  tomato  produc-
tion  reached  47  million  metric  tons  in  2024,  resulting  in  a  market
size  of  approximately  50  billion  USD,  with  projections  indicating  it
may exceed 70 billion USD by 2028, growing at a compound annual
growth  rate  (CAGR)  of  6%.  As  a  major  tomato-producing  country,
China accounts for over one-third of global output (66 million tons),
and holds 12% of the global trade value in processed tomato prod-
ucts. This underscores the vital role the tomato industry plays in the
national  agricultural  economy  and  global  food  security.  However,
tomato  production  faces  numerous  challenges,  particularly  from
various  biotic  stresses,  with  viral  diseases  being  among  the  most
detrimental  factors,  resulting  in  significant  yield  reductions  and  a
decline  in  fruit  quality[4,5].  The  tomato  brown  rugose  fruit  virus
(ToBRFV),  a  recently  identified  member  of  the Tobamovirus genus,
was  first  detected  in  Israel  in  2014  and  has  since  rapidly  dissemi-
nated across numerous countries and regions, posing a transbound-
ary  agricultural  threat[6−8].  Infection  typically  manifests  through  a
range  of  symptoms,  most  notably  manifesting  in  both  leaves  and
fruit,  leading  to  diminished  crop  vigor,  compromised  fruit  quality,
and  substantial  economic  losses.  Infected  tomato  fruit  frequently
exhibit  abnormal  pigmentation,  characterized  by  brown,  hardened
spots,  which  detract  from  marketability  and  reduce  nutritional
value[5−9].  Due  to  its  high  transmissibility,  broad  host  range,  and

ability to overcome the conventional Tm-2 resistance gene in toma-
toes, ToBRFV has been designated as a regulated quarantine pest in
many regions and is currently viewed as one of the most significant
threats  to  the  global  tomato  industry[5,6,8,9].  Despite  substantial
research efforts focused on transmission pathways, host range, and
strategies  for  resistance  development,  the  underlying  molecular
mechanisms responsible for  the formation of  brown lesions associ-
ated  with  ToBRFV  infection  remain  poorly  understood.  Investiga-
tions  into  the  genetic  and  biochemical  pathways  implicated  in
symptom expression are notably limited[4−10].

Recent advancements in high-throughput transcriptome sequenc-
ing (RNA-seq) have opened new avenues for exploring gene expres-
sion dynamics  within  infected plants[11−13].  Transcriptomic  analyses
can  provide  insights  into  the  intricate  regulatory  networks  that
govern plant defenses during viral infections[14−18]. Previous research
has  underscored  the  importance  of  the  phenylpropanoid  biosyn-
thesis  pathway  in  mediating  plant  immune  responses,  with  key
enzymes  such  as  phenylalanine  ammonia-lyase  (PAL),  cinnamate
4-hydroxylase (C4H), and peroxidase (POD) playing crucial roles[19,20].
This  pathway is  responsible  for  producing a  variety  of  metabolites,
including lignin, flavonoids, and phenolic acids, among which lignin
serves  as  a  major  component  of  the  plant  cell  wall  and  acts  as  a
physical  barrier  against  pathogen  invasion[21−23].  Key  enzymes  in
the  phenylpropanoid  biosynthesis  pathway,  including  PAL,  C4H,
4-coumaroyl  CoA  ligase  (4CL),  cinnamyl-alcohol  dehydrogenase
(CAD), and POD have been closely linked to lignin accumulation and
plant  disease  resistance[20,24,25].  For  instance,  silencing PAL or CAD
genes  in  plants  results  in  reduced  lignin  content  and  heightened
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susceptibility  to  pathogens[12,26],  while  overexpression  of POD pro-
motes  lignin  deposition  and  enhances  disease  resistance[27].  How-
ever, the role of the phenylpropanoid biosynthesis pathway and its
key  enzymes  in  the  development  of  brown  hardened  lesions  and
resistance to ToBRFV in tomato fruit remains to be elucidated.

In  this  study,  we  aimed  to  investigate  the  molecular  responses
of tomato fruit to ToBRFV infection by performing a comprehensive
transcriptomic  analysis  on  different  tissues  (brown  lesions,  non-
brown areas of infected fruits, and healthy controls) at distinct ripen-
ing  stages.  We  specifically  focused  on  genes  associated  with  the
phenylpropanoid  biosynthesis  pathway,  linking  changes  in  expres-
sion  to  lignin  content  and  susceptibility  to  ToBRFV  infection.  Our
findings  highlight  key  genes  involved  in  the  formation  of  brown
necrotic  spots  and  contribute  to  a  broader  understanding  of  the
response mechanisms of tomato fruit to viral pathogens. Ultimately,
this  research  may  provide  essential  insights  for  developing  breed-
ing strategies aimed at producing resistant cultivars against ToBRFV-
induced damage.

 Materials and methods

 Plant material
The  experimental  tomato  plants  used  in  this  study  were  culti-

vated  in  a  controlled-environment  growth  chamber  at  the  Insti-
tute  of  Vegetables  and  Flowers,  Chinese  Academy  of  Agricultural
Sciences (IVF-CAAS),  Beijing,  China.  Throughout the growth period,
the diurnal temperature was regulated between 22 and 30 °C during
the day and 18 to 25 °C at night,  natural light was utilized, and the
relative  humidity  was  maintained  at  60%  ±  10%.  Tomato  plants
were  inoculated  with  ToBRFV  provided  by  the  Plant  Variety  Test-
ing Group at IVF-CAAS. All inoculation experiments were conducted
in  a  sealed  plant  growth  chamber  under  stringent  quarantine
conditions  to  avoid  cross-contamination.  The  experimental  design
included two treatment groups: the inoculated group, where tomato
leaves  were  mechanically  inoculated  with  ToBRFV  using  carborun-
dum-assisted  rubbing,  and  a  control  group,  which  consisted  of
leaves mock-inoculated with sterile water following the same tech-
nique.  Samples  were  collected  from  healthy  green  fruit  (LCK),
infected  fruit  displaying  no  visible  symptoms  (LBC),  and  infected
fruit showing abnormal coloration (LB). At the red fruit stage, corre-
sponding samples were taken from healthy red fruit (HCK), infected
fruit  with  normal  pigmentation  (HBC),  and  infected  fruit  exhibiting
discolored,  necrotic  areas  (HB)  (Fig.  1).  All  samples  were  promptly
separated and immediately frozen in liquid nitrogen. Three biologi-
cal replicates were prepared for each collection time point.

 RNA-seq analysis
RNA  extraction  for  transcriptome  sequencing  was  performed

using TRIzol reagent (Thermo Fisher, Cat. No. 1559601) according to
the  manufacturer's  recommended  protocol.  The  cDNA  library  for
sequencing  was  accomplished  utilizing  a  pair-ended  sequencing
approach,  carried  out  by  LC  Sciences  (Hangzhou,  China)[28].  To
ensure  the  quality  of  sequencing  data,  low-quality  reads  were  fil-
tered using Cutadapt (version 1.9)[29], and FastQC (version 0.11.9)[30]

to ensure data integrity. The transcriptome sequences were aligned
and  statistically  analyzed  against  the  tomato  reference  genome
using  HISAT2[31] and  StringTie[32].  Principal  Component  Analysis
(PCA)  was  performed  to  assess  sample  correlations,  utilizing  the
FactoMineR  package  in  R.  The  fragments  per  kilobase  of  tran-
script  per  million  mapped  reads  (FPKM)  method  was  employed  to

quantify  gene  expression  levels.  Differential  expression  analysis
was conducted with DESeq2 software[33,34], employing thresholds of
|log2FoldChange| > 1, and p-value ≤ 0.05. The transcripts were anno-
tated  utilizing  various  databases,  including  NCBI  NR,  Swiss-Prot,
KEGG,  GO,  Pfam,  and KOG.  Following this,  the DEGs were analyzed
for enrichment in Gene Ontology (GO) functions and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways. All RNA sequencing
experiments  were  performed  with  three  biological  replicates  for
each experimental condition.

 Quantitative real-time PCR (qRT-PCR) analysis
Total RNA was extracted using the Simple Total RNA Extraction Kit

(Tiangen,  Beijing,  China)  in  accordance  with  the  manufacturer's
instructions.  The  concentration  and  purity  of  the  RNA  were  evalu-
ated with a NanoDrop 2000 Spectrophotometer (Molecular Devices,
Santa Clara, CA, USA). Complementary DNA (cDNA) was synthesized
by  reverse  transcription  using  the  PrimeScript™  RT  reagent  kit
(Perfect  Real  Time)  (TaKaRa,  Dalian,  China).  Primer  Premier  5.0  was
employed  for  the  design  of  qRT-PCR  primers,  which  were  subse-
quently  synthesized by  Sangon Biotech Co.,  Ltd.  (Shanghai,  China).
Detailed primer information is provided in Supplementary Table S1.
Only primers with amplification efficiencies between 90% and 110%
were  used,  with  Actin  as  the  internal  reference  gene  (Supplemen-
tary  Table  S1).  qRT-PCR  reactions  were  run  on  an  Applied  Biosys-
tems  7500  thermocycler  (Thermo  Fisher  Scientific,  Waltham,  MA,
USA)  with  TIANGEN  Biotech's  SYBR  Green  PCR  Master  Mix  (Beijing,
China).  Data  analysis  was  conducted  using  QuantStudio  Design  &
Analysis Software to obtain raw quantification cycle (Cq) values. Rela-
tive  expression  levels  were  calculated  using  the  2−∆∆Cᴛ method[35],
with  each  sample  analyzed  in  three  biological  replicates  and  four
technical replicates.
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Fig.  1  Schematic  diagram  of  sample  collection  for  transcriptome
sequencing. Fruit tissues were selected at two key growth stages: green-
ripe (L) and red-ripe (H), and divided into six sample groups: green-ripe
diseased brown areas (LB),  green-ripe diseased non-brown areas (LBC),
green-ripe  healthy  controls  (LCK),  red-ripe  diseased  brown  areas  (HB),
red-ripe diseased non-brown areas (HBC), and red-ripe healthy controls
(HCK).
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 Virus-induced gene silencing (VIGS) in tomato
For VIGS, we utilized the SGN VIGS Tool (https://vigs.solgenomics.

net) to design optimal target-specific sequences[20]. A 300 bp target
fragment  was  digested  using  EcoRI  and  BamHI,  and  subsequently
ligated into the tobacco rattle virus RNA2 (TRV2) vector. The recom-
binant  vectors  were  transformed  into Agrobacterium  tumefaciens
strain  GV3101,  and  the  subsequent  culture  conditions  were  set
according  to  the  established  protocols  described  by  Jiang  et  al.[36]

and Wang et al.[12]. For VIGS assays, a mixed suspension of A. tumefa-
ciens containing  TRV1  and  TRV2  carrying  the  respective  fragments,
was syringe-infiltrated into the leaf tissues of MM tomato seedlings
at the 4–6 leaf growth stage. The tomato phytoene desaturase (PDS)
gene was selected as a positive control  to confirm the efficiency of
gene  silencing[37],  while A.  tumefaciens carrying  an  empty  TRV1
vector acted as a negative control.

After  infiltration,  leaf  samples  from  the  treated  plants  were
collected 14 d post-infiltration (dpi) for RNA extraction. qRT-PCR was
performed  to  evaluate  the  efficacy  of  gene  silencing.  The  VIGS-
treated  plants  were  then  inoculated  with  ToBRFV  14  dpi,  and  leaf
phenotypes were assessed at  20 dpi.  Three independent biological
replicates  were  conducted,  with  more  than  15  plants  analyzed  in
each  treatment.  All  primers  used  for  VIGS  are  listed  in Supplemen-
tary Table S1.

 Extraction and determination of lignin
Fresh  tomato  leaves  from  each  experimental  group  were  col-

lected, and dried in an oven at 80 °C for 48 h until  fully desiccated.
The  dried  leaves  were  then  ground  into  a  fine  powder  and  passed
through  a  40-mesh  sieve.  Approximately  5  mg  of  the  powdered
sample was weighed and transferred into a 1.5 mL centrifuge tube.
Lignin content was assessed using the Lignin Content Detection Kit
(Solarbio#BC4200,  Solarbio  Science  &  Technology  Co.,  Ltd.,  Beijing,
China),  following  the  manufacturer's  protocol.  Briefly,  the  sample
was treated with acetyl  bromide in acetic  acid solution at  80 °C for
40  min.  Following  centrifugation  at  8,000  g  for  10  min,  the  super-
natant  was  collected  and  diluted  with  glacial  acetic  acid  to  create
the  test  solution.  Prior  to  spectrophotometric  measurement,  the
spectrophotometer was preheated for at least 30 min, set to 280 nm,
and  zero-adjusted  using  glacial  acetic  acid.  The  lignin  content  was
quantified for further data analysis.

 ROS content detection
Histochemical  detection  of  reactive  oxygen  species  (ROS)  accu-

mulation  in  tomato  tissues  was  conducted  following  standard

staining  protocols,  with  three  biological  replicates  for  all  assays.
Hydrogen  peroxide  (H2O2)  was  localized  using  Diaminobenzidine
(DAB)  staining.  Leaf  samples  from  ToBRFV -infected  tomato  plants
(treatment  group)  and  healthy,  uninfected  leaves  (control  group)
were excised and immersed in freshly prepared 1 mg/mL DAB work-
ing solution, made by dissolving 100 mg of DAB powder in 100 mL
of deionized water (ddH2O), and kept in the dark. To ensure uniform
penetration,  samples  underwent  vacuum  infiltration  for  2  h.  After
incubation in the dark, samples were decolorized by boiling in anhy-
drous  ethanol,  with  the  ethanol  replaced  every  five  min  until  all
chlorophyll  was  completely  removed,  resulting  in  white  tissue  that
clearly displayed the DAB polymer precipitate[38].  The accumulation
of  superoxide  anion  radical  (O2•−)  was  visualized  using  Nitroblue
Tetrazolium (NBT)  staining.  An NBT stock solution (0.5  mg/mL)  was
prepared  by  dissolving  50  mg  of  NBT  in  100  mL  of  ddH2O,  and
samples  were  immersed  and  subjected  to  vacuum  infiltration  for
8  h.  Following  staining,  the  samples  were  decolorized  using  the
same ethanol boiling method described previously[39].  Final stained
samples  were  mounted  and  documented  using  a  flatbed  scanner.
The methods for detecting H2O2 and O2•− content were carried out
according to the instructions of the H2O2 Content Detection Kit and
the  O2•− Content  Detection  Kit,  respectively,  from  Beijing  Solarbio
Technology Co., Ltd.

 Results

 Evaluation of transcriptome data
Transcriptome sequencing was performed on tomato fruit RNA at

different fruit tissues (HB, HBC, HCK, LB, LBC, and LCK). The value of
Q20 for each group was no less than 99.98%, and the value of Q30
was  generally  above  97.95%.  These  values  were  positively  corre-
lated  with  the  sequencing  quality.  The  percentages  of  GC  content
were  42%,  41.50%,  41.50%,  41.50%,  43%,  and  42%,  respectively
(Supplementary Table S2).

To assess sample correlation and biological repeatability, Pearson's
correlation  coefficient  was  calculated  and  visualized  in Fig.  2.  As
illustrated,  the  data  points  for  LCK,  LBC,  and  LB  were  dispersed
across  different  quadrants,  while  the  points  for  HCK,  HBC,  and  HB
clustered  distinctly  within  the  same  quadrant.  High  inter-replicate
correlations  were  observed  in  each  group,  confirming  the  robust-
ness of the biological replicates utilized in this study.

 

a b

Fig. 2  Correlations among sample replicates from different tissues. (a) Two-dimensional principal component analysis (PCA) plot. (b) Heatmap illustrating
Pearson correlation coefficients.
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 DEGs between different tissues
The DEGs were identified using DESeq2 software across six differ-

ent groups, as well as edgeR for comparisons between two samples.
Genes with a false discovery rate (FDR) of less than 0.05 and an abso-
lute fold change of ≥ 2 were classified as differentially expressed.

During  the  red  fruit  stage  of  tomato  fruit,  in  the  HB  vs.  HCK
comparison,  a  total  of  3,636  DEGs  were  identified  (1,821  upregu-
lated and 1,815 downregulated);  in  the HBC vs.  HCK comparison,  a
total of 3,895 DEGs were identified (2,002 upregulated, 1,893 down-
regulated)  (Fig.  3a−c).  In  the  green  fruit  stage  of  tomato  fruit,  the
number  of  DEGs  between  LB  and  LCK  was  5,345,  the  number  of
DEGs  between  LBC  and  LCK  was  4,926,  and  the  number  of  DEGs
between LB and LBC was 2,427 (Fig. 3d−f). Furthermore, in the green
fruit  stage  of  tomato,  there  were  557  common  DEGs  among  the
three  sample  groups,  while  in  the  red  fruit  stage,  441  DEGs  were
commonly shared across the three sample groups (Fig. 3c, f).

 GO annotation and KEGG enrichment analysis of
DEGs

To investigate the biological significance of DEGs, GO enrichment
analysis  was  implemented  on  DEGs.  In  all  group  comparisons,  the
DEGs  were  predominantly  enriched  in  biological  process  (BP)  and
molecular  function  (MF)  categories.  For  instance,  the  top  20  DEGs
identified  in  the  HB  vs.  HCK  comparison  included  annotations  for
nine  BP-related  terms,  four  cellular  component  (CC)-related  terms,
and seven MF-related terms (Fig. 4a). In the HB vs. HBC comparison,
the top 20 DEGs were associated with six BP-related terms, three CC-
related terms, and 11 MF-related terms (Fig. 4b). Similarly, the top 20
DEGs from the HBC vs. HCK comparison contained seven BP-related
terms, four CC-related terms, and nine MF-related terms (Fig. 4c). For
the  LB  vs.  LCK  comparison,  these  genes  included  seven  BP-related
terms,  five  CC-related  terms,  and  eight  MF-related  terms  (Fig.  4d).
The LB vs. LBC comparison revealed seven BP-related terms, four CC-
related  terms,  and  nine  MF-related  terms  among  the  top  20  DEGs
(Fig. 4e), while the LBC vs. LCK comparison identified nine BP-related
terms,  three  CC-related  terms,  and  eight  MF-related  terms  (Fig.  4f).
Notably,  ten  functional  groups  were  consistently  observed  across
multiple  comparisons,  including:  oxidoreductase  activity,  heme
binding,  chitin  binding,  hydrolase  activity,  hydrolyzing  O-glycosyl
compounds, hydrolase activity acting on glycosyl bonds, metabolic
processes, lipid metabolism, xyloglucan metabolic process, carbohy-
drate  metabolic  process,  and  integral  component  of  membranes
(Fig. 4).

KEGG  serves  as  a  comprehensive  database  that  integrates  gen-
omic,  chemical,  and  functional  information,  allowing  for  the  analy-
sis  of  the  expression  of  differentially  expressed  genes  (DEGs)
involved in  various  biological  pathways.  The top 20 pathways  with
the  most  significant  enrichment  are  presented  in Fig.  5.  Across  all
group comparisons,  the DEGs were primarily  enriched in  pathways
related to plant  hormone signal  transduction,  metabolic  processes,
biosynthesis of secondary metabolites, phenylpropanoid biosynthe-
sis, and flavonoid biosynthesis.

 Gene expression patterns of phenylpropanoid
and flavonoid biosynthesis pathways in different
tomato fruit tissues

In  the  GO  annotation  and  KEGG  enrichment  analysis  of  different
tissues  of  ToBRFV-infected  fruits,  the  secondary  metabolic  process
(phenylpropanoid and flavonoid biosynthesis pathways) was mainly
involved. In this study, 34 DEGs related to phenylpropanoid metab-
olism  in  different  tissues  of  ToBRFV-infected  fruits  were  identified,

including phenylalanine  ammonialyase (PAL), cinnamate  4-hydroxy-
lase (C4H), 4-coumaroyl  CoA  ligase (4CL), cinnamoyl-CoA  reductase
(CCR), cinnamyl-alcohol  dehydrogenase (CAD), peroxidase (POD),
shikimate O-hydroxycinnamoyltransferase (HCT), 5-O-(4-coumaroyl)-d-
quinate3-monooxygenase (C3'H), caffeicacid3-O-methyltransferase
(COMT),  and caffeoyl-CoAO-methyltransferase (CCOAOMT).  Based
on  the  reported  biosynthesis  pathways  of  phenylpropanoids  and
flavonoids  in  model  plants,  we  constructed  a  regulatory  network
diagram of DEGs (Fig. 6).

A comparative analysis demonstrated that PAL (Solyc05g056170.3),
C4H (Solyc05g047530.3), 4CL (Solyc03g111170.3, Solyc03g097030.3),
POD (Solyc05g052280.3, Solyc06g050440.3),  and C3'H (Solyc10g-
078220.2, Solyc01g096670.3)  exhibited  significantly  higher  expres-
sion  levels  in  the  infected  group  (B,  BC)  compared  to  the  control
group  (CK). CAD (Solyc02g069250.3)  and POD (Solyc02g094180.3)
exhibited  significantly  higher  expression  levels  in  the  infected
group  (B),  compared  to  the  other  two  groups  (BC  and  CK). 4CL
(Solyc11g069050.2), POD (Solyc02g080530.3, Solyc08g069040.3 and
Solyc07g047740.3),  and CCoAOMT (Solyc10g050160.2)  showed
downregulated  expression  after  infection  at  both  the  green  fruit
stage  and  the  red  fruit  stage. PAL (Solyc10g086180.2), POD
(Solyc11g010120.2),  and COMT (Solyc01g080180.3)  showed  higher
expression  after  infection  at  the  red  fruit  stage  and  downregu-
lated  expression  after  infection  at  the  green  fruit  stage. POD
(Solyc03g006810.3 and Solyc09g007520.3) showed higher expression
after  infection  at  the  green  fruit  stage  and  downregulated  expres-
sion after infection at the red fruit stage (Fig. 6).

 Identification of candidate genes
We validated the reliability of the RNA-seq results, using qRT-PCR

to  examine  the  expression  levels  of  four  genes  (Solyc10g086180.2,
Solyc01g096670.3, Solyc03g097030.3, and Solyc01g006300.3) involved
in  the  phenylpropanoid  biosynthesis  pathway.  The  expression
patterns in different tomato fruit tissues obtained by RT-qPCR were
similar  to  those  obtained  by  RNAseq,  which  suggested  that  tran-
scriptome  data  was  reliable  and  valid  (Fig.  7).  Moreover, PAL
(Solyc05g056170.3)  and C4H (Solyc05g047530.3) exhibited  signifi-
cantly  higher  expression  levels  in  the  infected  group  (B,  BC)  com-
pared to the control group (CK). In addition, CAD (Solyc02g069250.3)
and POD (Solyc02g094180.3)  showed  significantly  elevated  expres-
sion  levels  in  the  infected  group  (B)  relative  to  both  BC  and  CK
groups.  These  findings  suggest  that  these  four  genes  may  play
crucial roles in tomato defense against ToBRFV infection.

 Effects of silencing candidate genes on the
phenylpropanoid biosynthesis pathway and
resistance in response to ToBRFV

Four  candidate  genes  were  temporarily  silenced  by  VIGS,  to
explore  their  roles  in  lignin  biosynthesis  and  resistance  to  ToBRFV.
Twenty one days following vacuum infestation with pTRV2-PDS, the
plants  displayed  clear  signs  of  chlorosis  and  whitening  symptoms,
demonstrating the effectiveness of virus inoculation in silencing the
plants  (Fig.  8a).  Additionally,  the  transcription  of  these  four  genes
was  significantly  downregulated  in  silenced  plants  compared  with
the  control  (CK,  negative  plant),  with  silencing  efficiencies  ranging
from −41%  to −79%,  indicating  that  the pTRV-VIGS system  was
successfully  established  (Fig.  8b).  Subsequent  analysis  demon-
strated  a  notable  reduction  in  lignin  content  in  the  plants  after
silencing these genes (Fig. 8c).

To further investigate the roles of these genes in tomato response
to viral  infection,  ToBRFV was mechanically inoculated onto the 3rd

and  4th upper  leaves  of  plants  in  each  treatment  group.  Symptom

  Lignin genes mediate ToBRFV resistance in tomato fruit

Page 4 of 13   Cao et al. Vegetable Research 2026, 6: e017



observation revealed that at 7 dpi,  all  groups exhibited mild down-
ward  leaf  curling;  by  14  dpi,  symptoms  had  progressed  to  leaf
narrowing  and  pronounced  crinkling  (Fig.  8d).  Notably,  compared

with  the TRV2-GFP control  group,  the TRV-POD-silenced  plants
displayed more severe leaf curling, whereas plants silenced for CAD,
C4H, or PAL showed milder symptoms.

 

Fig.  3  Transcriptional  response statistics  of  tomato tissues.  (a)  Differentially  expressed gene heatmap on red-ripe (H).  (b)  Differentially  expressed gene
number on red-ripe (H). (c) Venn analysis of differentially expressed genes among the different tissues on red-ripe (H). (d) Differentially expressed gene
heatmap  on  green-ripe  (L).  (e)  Differentially  expressed  gene  number  on  green-ripe  (L).  (f)  Venn  analysis  of  differentially  expressed  genes  among  the
different tissues on green-ripe (L).
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To  validate  viral  infection  efficiency,  quantitative  primers  were
designed  to  measure  viral  accumulation.  As  shown  in Fig.  8e,  viral
load  was  significantly  higher  in  the TRV-POD group  than  in  the

TRV2-GFP control,  while  it  was  significantly  lower  in  the TRV-CAD,
TRV-C4H,  and TRV-PAL groups.  These  results  were  consistent  with
the observed phenotypic differences.

 

a b

c d

e f

Fig. 4  GO annotation of DEGs between sample replicates within each tissue of tomato fruit. (a) HB vs. HCK, (b) HB vs. HBC, (c) HBC vs. HCK, (d) LB vs. LCK,
(e) LB vs. LBC, (f) LBC vs. LCK.
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Collectively,  these  findings  indicate  that  silencing POD enhances
susceptibility to ToBRFV infection in tomato, whereas silencing CAD,
C4H,  or PAL,  confers  increased resistance,  thereby suppressing viral
accumulation.

To  further  investigate  the  mechanisms  underlying  the
observed  differences  in  resistance,  we  assessed  the  accumula-
tion  of  H2O2 and  O2•− in TRV-POD plants  and TRV2-GFP controls,
both prior to, and following ToBRFV infection, using histochemi-
cal  staining and quantitative assays.  The results  revealed signifi-
cant  alterations  in  ROS  levels  in  the TRV-POD group  compared
to  the TRV2-GFP control  (Fig.  9).  Notably,  H2O2 levels  were

consistently  higher  in  the TRV-POD group  than  in  the TRV2-GFP
controls,  both pre- and post-infection (Fig.  9a, c).  This  increased
accumulation  of  H2O2 exhibited  a  positive  correlation  with  the
pathogenic  phenotypes  observed,  suggesting  that  POD  plays  a
critical  role  in  regulating  ROS  balance  and  enhancing  plant
defense  mechanisms.  Furthermore,  the  levels  of  O2•− were  also
significantly higher in the TRV-POD group before and after infec-
tion (Fig. 9b, d), indicating a marked increase in superoxide anion
accumulation in these plants. These findings further support the
notion  that  ROS  plays  a  crucial  role  in  the  response  to  ToBRFV
infection.
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Fig.  5  KEGG enrichment  analysis  of  DEGs between sample  replicates  within  each tissue of  tomato fruit.  (a)  LB  vs.  LCK,  (b)  HB vs.  HCK,  (c)  LBC vs.  LCK,
(d) HBC vs. HCK, (e) LB vs. LBC, (f) HB vs. HBC.
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Overall, these findings underscore the importance of ROS regula-
tion  in  the  context  of  ToBRFV  resistance,  highlighting  the  pivotal
role of POD in the management of reactive oxygen species and the
resultant resistance of tomato plants to ToBRFV infection.

 Discussion
ToBRFV  has  emerged  as  a  significant  threat  to  global  tomato

production,  causing  substantial  losses  in  both  yield  and  fruit
quality[4,6−9].  The  formation  of  localized  brown,  hardened  lesions
on  tomato  fruit  induced  by  ToBRFV  infection  directly  impairs  their
commercial  value,  representing  a  critical  bottleneck  for  tomato
quality  improvement  and  disease-resistant  breeding.  However,  the
molecular regulatory mechanisms underlying this phenotypic alter-
ation  remain  poorly  understood.  In  this  study,  RNA-seq  analysis
combined with VIGS technology was used to systematically investi-
gate  the  role  of  phenylpropanoid  biosynthesis  pathway  genes  in
ToBRFV-infected  tomato  fruit.  Our  finding  reveals  the  dual  regula-
tory  effects  of  these  genes  on  fruit  lesion  formation  and  plant
resistance,  thereby  providing  valuable  theoretical  support  for  the
genetic improvement of tomato disease resistance and quality.

Through  RNA-seq  analysis  of  fruit  tissues  at  different  develop-
mental  stages  (HB,  HBC,  HCK,  LB,  LBC,  and  LCK)  (Fig.  1),  we  identi-
fied 5,345 DEGs in the HB vs HCK comparison, and 4,926 DEGs in the
HBC  vs  HCK  comparison  at  the  red  fruit  stage  (Fig.  3a−c).  At  the
green fruit stage, we detected 3,636 DEGs between LB and LCK, and
3,895 DEGs between LBC and LCK (Fig.  3d−f).  Notably,  the number
of DEGs at the red-ripe stage was higher than that at the green-ripe
stage, suggesting that tomato fruit may undergo a more sensitive or
complex  regulatory  response  to  ToBRFV  infection  during  this  later

developmental stage. This finding aligns with previous studies indi-
cating that host defense responses can vary significantly with devel-
opmental stages due to factors such as hormonal changes, accumu-
lation of secondary metabolites, and differences in gene expression
patterns.

GO  and  KEGG  enrichment  analyses  showed  that  DEGs  across  all
comparison groups were significantly enriched in pathways related
to phenylpropanoid biosynthesis,  flavonoid biosynthesis,  and plant
hormone  signal  transduction.  Among  them,  the  phenylpropanoid
biosynthesis  pathway,  a  core  secondary  metabolic  pathway  in
plants,  plays  a  crucial  role  in  regulating plant  growth and develop-
ment,  and  resisting  biotic  and  abiotic  stresses[18−22,40−42].  Lignin,  a
polymer derived from phenylpropanoids, is a key structural compo-
nent of the plant cell wall and significantly contributes to resistance
against  pathogen  invasion[21−24,26,27,43−48].  In  this  study,  34  DEGs
associated  with  phenylpropanoid  biosynthesis  were  identified  in
different  tissues  of  ToBRFV-infected  tomato  fruit,  and  these  genes
exhibit  highly  diverse  expression  patterns  across  different  fruit
tissues  and  developmental  stages.  For  example,  genes  encoding
PAL  enzymes, Solyc05g056170.3 gene,  had  the  higher  expression
levels  in  the  infected  group  (B,  BC),  while Solyc10g086180.2 exhib-
ited  higher  expression  in  infected  fruit  at  the  red  fruit  stage,  but
downregulated  expression  in  infected  fruit  at  the  green  stage
(Fig.  6).  This  differential  expression  pattern  suggests  that  these
genes  may  play  distinct  roles  in  ToBRFV  infection-induced  fruit
lesion  formation.  Notably,  genes  encoding PAL (Solyc05g056170.3),
C4H (Solyc05g047530.3), CAD (Solyc02g069250.3),  and POD
(Solyc02g094180.3)  exhibited  substantially  higher  expression  levels
in infected tissues than in healthy controls (Fig. 6). These four genes
have  been  reported  to  participate  in  plant  lignin  synthesis.  Thus,
the  phenylpropanoid  pathway,  known  for  its  role  in  structural

 

Fig. 6  Schematic illustration depicting the pathway analysis of DEGs associated with phenylalanine metabolism between sample replicates within each
tissue of tomato fruit. The heatmap shows log2(FC), with red indicating higher expression and blue indicating lower expression, as indicated in the scale
bar  on  the  right.  PAL,  phenylalanine  ammonialyase;  C4H,  cinnamate  4-hydroxylase;  4CL,  4-coumaroyl  CoA  ligase;  CCR,  cinnamoyl-CoA  reductase;  HCT,
shikimate O-hydroxycinnamoyltransferase; CAD, cinnamyl-alcohol dehydrogenase; CCoAOMT, caffeoyl-CoAO-methyltransferase; C3H, 5-O-(4-coumaroyl)-
d-quinate3-monooxygenase; POD, peroxidase; COMT, caffeicacid3-O-methyltransferase.
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reinforcement  and  defense  responses,  is  actively  engaged  during
ToBRFV  infection.  Indeed,  the  accumulation  of  lignin,  a  primary
product of this pathway, serves as a crucial factor in plant resistance
against pathogens[26,27,49−52]. Our findings are consistent with previ-
ous studies highlighting the significant impact of lignin content on
plant  immunity  and  stress  tolerance.  For  example,  in Arabidopsis,
the  lignin  content  of PAL and CAD gene  mutants  was  reduced  by
20%−25% and 50%, respectively, compared with the wild type[48,49].
Ji  et  al.[50] reported  that  PpWRKY70  activated  the  expression  of
PpPAL1,  leading  to  lignin  accumulation  in  peach  fruit.  PpMYB306
was shown to repress PpC4H expression, accompanied by decreased
lignin  content[51].  Li  et  al.[22] demonstrated  that  during Monilinia
fructicola infection,  the  expression  levels  of PAL1 and C4H were
upregulated  in  peach  fruit,  which  was  associated  with  lignin  accu-
mulation.  In  comparison  to  the  AC  tomato  cultivar,  the  SH  cultivar
demonstrates  elevated  expression  levels  of  genes  associated  with
HCT,  CAD,  and  POD  enzymes,  which  may  enhance  the  thickness
of  the  secondary  cell  wall  in  SH  leaves  and  facilitate  the  accumu-
lation  of  H-lignin[12].  Additionally,  T-DNA  insertion  mutants  of
Arabidopsis for AtPOD2 and AtPOD25 exhibited lower lignin content,
with  double  mutations  in  these  genes,  further  aggravating  this
phenotype[52].  In  asparagus, CCR, POD,  and CCoAOMT are  critical
genes  involved  in  lignin  biosynthesis,  and  their  expression  levels
were significantly downregulated under shading conditions,  result-
ing  in  decreased  lignin  content[53].  Collectively,  these  results  indi-
cate  that PAL (Solyc05g056170.3), C4H (Solyc05g047530.3), CAD
(Solyc02g069250.3), and POD (Solyc02g094180.3) are actively involved
in  the  lignin  biosynthesis  process  in  response  to  ToBRFV  infection,
highlighting their significance in plant defense.

To  further  elucidate  the  biological  roles  of  these  key  genes,
VIGS  technology  was  used  to  silence PAL (Solyc05g056170.3),
C4H (Solyc05g047530.3), CAD (Solyc02g069250.3),  and POD
(Solyc02g094180.3)  in  tomato  plants.  Silencing  of  these  four  genes
resulted in a significant reduction in lignin content, confirming their

critical  roles  in  lignin  biosynthesis.  These  observations  are  consis-
tent  with  findings  in  other  species:  for  example,  CsPOD25  in Citrus
sinensis can  maintain  reactive  oxygen  species  (ROS)  homeostasis
and  regulate  cell  wall  lignification,  thereby  conferring  resistance
to  infection by Xanthomonas  citri subsp. citri (Xcc)[54,55]; Arabidopsis
T-DNA  insertion  mutants  of AtPOD2 and AtPOD25 exacerbated
reduced  lignin  content  and  structural  changes  in  the  stem[52];  in
inbred maize lines, the expressions of the CAD gene related to lignin
biosynthesis  and  lignin  content  in  leaves  were  significantly  posi-
tively  correlated  with  drought  tolerance[56].  Subsequently,  these
gene-silenced  plants  were  mechanically  inoculated  with  ToBRFV,
and infection symptoms were observed.  At  7  dpi,  all  groups exhib-
ited mild symptoms, such as slight downward leaf curling. By 14 dpi,
phenotypic observations showed that leaves in the TRV-POD group
had more severe curling,  while the TRV-CAD, TRV-C4H,  and TRV-PAL
groups  displayed  milder  symptoms  (Fig.  8d).  Consistently,  molecu-
lar  detection revealed that the viral  load of ToBRFV in the TRV-POD
group  was  significantly  higher  than  that  in  the TRV2-GFP control
group,  while  the  viral  loads  in  the TRV-CAD, TRV-C4H,  and TRV-PAL
groups  were  significantly  lower  than  those  in  the  control  group
(Fig. 8e). Previous studies have established that ROS serve dual roles
in plants,  functioning both as  signaling molecules  in  defense path-
ways,  and  as  damaging  agents  under  stress  conditions[57,58].  In  our
study, TRV-POD plants exhibited markedly enhanced ROS accumula-
tion, further improving our understanding of the interplay between
oxidative  stress  and  disease  resistance.  Specifically,  elevated  levels
of  hydrogen  peroxide  (H2O2)  and  superoxide  anions  (O2•−)  in  the
TRV-POD group  were  positively  correlated  with  the  severity  of
pathogenic phenotypes,  indicating a critical  role of POD in regulat-
ing  oxidative  stress  and  mediating  defensive  responses  against
ToBRFV.

Collectively, our findings indicate that silencing the POD (Solyc02g
094180.3)  gene  reduced  lignin  content  and  increased  tomato
susceptibility to ToBRFV infection, suggesting a correlation between
elevated lignin levels  and the formation of  brown necrotic spots in
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Fig. 7  RNA-seq results illustrating gene expression levels based on FPKM values and qRT-PCR measurements for the four selected DEGs. The red line chart
displays the variations in qRT-PCR results across the groups, while the black bar chart depicts differences in RNA-seq data represented by FPKM values.
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ToBRFV-infected fruit. Although lignin accumulation can strengthen
structural  barriers  against  pathogens,  it  may  concurrently  compro-
mise  fruit  quality  by  inducing  undesirable  traits  such  as  increased
hardness  and  abnormal  coloration.  Therefore,  it  is  crucial  to  care-
fully  navigate  the  'defense-quality'  trade-off  when  developing
breeding strategies for improving tomato resistance to ToBRFV.

 Conclusions
In  conclusion,  this  study  systematically  explored  the  regulatory

role  of  key  genes  in  the  phenylpropanoid  biosynthesis  pathway
during  ToBRFV  infection  of  tomato  fruit  through  transcriptome
sequencing  and  VIGS  technology.  The  results  confirmed  that  the
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Fig.  8  Infection  status  of  ToBRFV  following  downregulation  of  candidate  genes.  (a)  Symptoms  of  plants  after  silencing  of PDS gene.  (b)  Expression  of
candidate genes in CK and gene silenced plants. (c) Lignin content in CK and different gene-silenced plants. (d) Changes in phenotypes of CK and silenced
plants after inoculation with ToBRFV for 14 d. (e) RT-qPCR analysis of ToBRFV genomic RNA in CK and gene-silenced plants at 14 dpi. Each value indicates
the mean ± standard deviation of three biological replicates. *, **, and *** indicate significant differences between CK and silenced plants with p < 0.05,
p < 0.01, p < 0.001, respectively, as determined by t-test.
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phenylpropanoid  biosynthesis  pathway  is  closely  involved  in
tomato  response  to  ToBRFV  infection,  and  four  key  genes, PAL
(Solyc05g056170.3), C4H (Solyc05g047530.3), CAD (Solyc02g069250.3),
and POD (Solyc02g094180.3),  play  distinct  regulatory  roles  in  this
process. Specifically, POD enhances tomato resistance to ToBRFV by
maintaining ROS homeostasis and promoting lignin synthesis, while
PAL, C4H,  and CAD negatively  regulate  resistance,  and  their  high
expression  contributes  to  the  formation  of  brown  and  hardened
lesions  on  fruit  by  promoting  excessive  lignin  deposition.  These
findings  not  only  clarify  the  molecular  mechanism  underlying  the
formation of ToBRFV-induced tomato fruit lesions from the perspec-
tive  of  secondary  metabolism,  but  also  fill  the  gap  in  the  study  of
genetic  regulation  of  ToBRFV-induced  fruit  quality  deterioration.
More  importantly,  the  key  genes  identified  in  this  study  provide
valuable  target  genes  for  the  genetic  improvement  of  tomato,
laying  a  theoretical  foundation  for  breeding  new  tomato  varieties
with  both  high  resistance  to  ToBRFV,  and  excellent  fruit  quality.
Future  research  focusing  on  the  upstream  regulatory  network  of
these  key  genes  and  their  interaction  mechanisms  with  other
metabolic  pathways  will  further  deepen  the  understanding  of
tomato-ToBRFV  interaction,  and  provide  more  effective  strategies
for the sustainable development of the global tomato industry.
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