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METHODOLOGY

Development of a robust and efficient 
virus-induced gene silencing system for reverse 
genetics in recalcitrant Camellia drupifera 
capsules
Hongjian Shen1†, Huajie Chen1†, Weimeng Li1†, Shan He1, Boyong Liao1, Wanyu Xiong1, Yang Shen1, 
Yongjuan Li1, Yanru Gao1, Yong Quan Li1* and Bipei Zhang1* 

Abstract 

Background Virus-induced gene silencing (VIGS) is a rapid and powerful method for gene functional analysis 
in plants that pose challenges in stable transformation. Numerous VIGS systems based on Agrobacterium infiltration 
has been widely developed for tender tissues of various plant species, yet none is available for recalcitrant perennial 
woody plants with firmly lignified capsules, such as tea oil camellia. Therefore, there is an urgent need for an efficient, 
robust, and cost-effective VIGS system for recalcitrant tissues.

Results Herein, we initiated the Tobacco rattle virus (TRV)-elicited VIGS in Camellia drupifera capsules with an orthog-
onal analysis including three factors: silencing target, virus inoculation approach, and capsule developmental stage. 
To facilitate observation and statistical analysis, two genes predominantly involved in pericarp pigmentation were 
selected for silencing efficiency: CdCRY1 (coding for a key photoreceptor affecting light-responsive perceivable 
anthocyanin accumulation in exocarps) and CdLAC15 (coding for an oxidase catalyzing the oxidative polymeriza-
tion of proanthocyanidins in mesocarps, resulting in unperceivable red-hued mesocarps). The infiltration effi-
ciency achieved for each gene was ~ 93.94% by pericarp cutting immersion. The optimal VIGS effect for each gene 
was observed at early (~ 69.80% for CdCRY1) and mid stages (~ 90.91% for CdLAC15) of capsule development.

Conclusions Using our optimized VIGS system, CdCRY1 and CdLAC15 expression was successfully knocked 
down in Camellia drupifera pericarps, leading to fading phenotypes in exocarps and mesocarps, respectively. The 
established VIGS system may facilitate functional genomic studies in tea oil camellia and other recalcitrant fruits 
of woody plants.
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Introduction
Camellia drupifera is a lesser-known species within 
the Camellia genus, primarily native to Southeast Asia, 
including southern China. Unlike its more famous 
relatives, such as Camellia sinensis (tea) and Camellia 
japonica, C. drupifera is valued not only for its orna-
mental beauty but also for its hardiness and adaptabil-
ity to various soil types [1]. Additionally, its seeds are a 
source of a high-quality edible oils, rich in unsaturated 
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fatty acids, and used for cooking and in cosmetics [2]. 
Currently, multi-omics approaches have identified sev-
eral key candidate genes involved in important agro-
nomic traits. However, the lack of an efficient genetic 
transformation system hinders in  vivo gene function 
analysis in C. drupifera and related species [3, 4].

Virus-induced gene silencing (VIGS) is a widely used 
tool in plant functional genomics that allows for rapid, 
transient knockdown of gene expression. By exploiting 
the plant’s RNA interference (RNAi) machinery, VIGS 
uses recombinant viruses carrying a fragment (200–
500 bp) of the target gene to trigger the degradation of 
homologous mRNA, thereby silencing the gene [5, 6]. 
This technique has been extensively applied to various 
plant species, enabling researchers to study gene func-
tions involved in diverse biological processes [7, 8].

VIGS is particularly advantageous due to its speed, 
cost-effectiveness, and ability to silence genes in spe-
cific tissues without requiring stable transformation. 
Furthermore, recent advances, including the develop-
ment of new viral vectors and delivery methods tailored 
for less amenable species, have improved its efficiency 
and broadened its application [9–11]. Moreover, the 
adaptation of VIGS for high-throughput screens has 
expanded its use in large-scale functional genomics 
studies, accelerating the discovery of genes involved in 
key agronomic traits [12, 13]. Nonetheless, challenges 
remain when optimizing VIGS for certain plant species, 
particularly in achieving consistent gene silencing effi-
ciency in recalcitrant tissues and species. For instance, 
some plant tissues, such as woody, lignified organs, are 
more resistant to viral infection or exhibit lower silenc-
ing levels, complicating the study of gene function [14].

To overcome these limitations, we developed a 
TRV-elicited VIGS procedure in C. drupifera capsules 
through four infiltration approaches, including pedun-
cle injection, direct pericarp injection, pericarp cut-
ting immersion, and fruit-bearing shoot infusion, at 
five capsule developmental stages. To facilitate rapid 
assessment and statistical analysis, here we selected 
two genes predominantly involved in pericarp pigmen-
tation for their silencing efficiency. CdCRY1, encoding 
a key photoreceptor cryptochrome, is speculated to 
affect light-responsive perceivable anthocyanin (ACN) 
accumulation in exocarps of C. drupifera var. ‘Hongpi’ 
[15, 16]; CdLAC15, encoding a laccase belonging to 
the family of multi-copper oxidases, is thought to be 
closely associated with the oxidative polymerization of 
proanthocyanidins (PAs) and lignins, thereby produc-
ing unperceivable red hued mesocarps in C. drupifera 
var. ‘Hongrou’ [17, 18]. Finally, the successful devel-
opment of VIGS system in C. drupifera will signifi-
cantly enhance functional genomic research in tea oil 

camellia, and moreover, in unyielding fruits of other 
recalcitrant ligneous plants.

Methods
Plant material
Camellia drupifera var. ‘Hongpi’ and C. drupifera var. 
‘Hongrou’ were harvested from 20-year-old trees at 
Fengji Oil Tea Base, Boluo County, Huizhou City, Guang-
dong Province, China (E 114° 34′, N 23° 23′). Located 
in the south-central region of Lingnan, this site has a 
subtropical monsoon climate with abundant sunlight 
and rainfall. The average maximum and minimum tem-
peratures are 30.0 °C and 20.0 °C, respectively. The soil is 
predominantly yellow loam, and the surrounding moun-
tainous landscape, with its rich vegetation, provides ideal 
conditions for C. drupifera cultivation (Supplementary 
Fig. S1). Samples were collected in 2024, at 279  days 
post-pollination.

Multiple sequence comparison and phylogenetic analysis
Hidden Markov model profiles for the laccase gene fam-
ily (PF07731) and photolyases/cryptochromes (PF12546) 
were downloaded from the Pfam database (http:// pfam. 
xfam. org/). The HMMER 3.0 program was then used to 
search the transcriptome’s protein sequences for candi-
date CRY  and LAC genes. After the initial screening, gene 
family members were validated using SMART (https:// 
smart. embl- heide lberg. de/) to confirm the presence of 
C. drupifera CRY/LAC family members. The validated 
sequences were aligned using MUSCLE (v5.1, UK) for 
multiple sequence alignment. Finally, a maximum likeli-
hood phylogenetic tree was built with 1000 bootstrap 
replicates using IQ-TREE (v2.2.0, Australia) [19]. The 
confidence threshold for each node was set at > 50%. The 
conserved domain was analyzed through the PfamScan 
online program (https:// www. ebi. ac. uk/ Tools/ pfa/ pfams 
can/) [20].

Total RNA extraction and cDNA synthesis
Total RNA was extracted from C. drupifera at 279 days 
post-pollination (DAP) using the RNAprep Pure Cell/
Bacteria Kit (Tiangen, China). First-strand cDNA was 
synthesized by reverse transcription according to the 
manufacturer’s instructions (Yeasen, China). Full-length 
cDNA was amplified from the C. drupifera cDNA library 
using high-fidelity DNA polymerase (Yeasen, China). 
Silencing vectors included pNC-TRV2, a modified ver-
sion of pTRV2, and its green fluorescent protein vari-
ant, pNC-TRV2-GFP, both provided by Dr. Yan Pu from 
the Chinese Academy of Tropical Agricultural Sciences 
(Supplementary Fig. S2). Based on the CDS sequences 
of CdCRY1 and CdLAC15, we screened for suita-
ble 200–300 bp cleavage sites using the Camellia sinensis 
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shuchazao V2 CDS database and the SGN VIGS Tool 
(https:// vigs. solge nomics. net/) [21]. The selected regions 
were subjected to homologous family analysis to ensure 
specificity, and the sequences were submitted to NCBI 
for comparison. Only sequences with high similarity to 
the target genes and < 40% similarity to other genes were 
selected for constructing VIGS vectors. Specific primers 
were designed using Primer3web (v4.1.0, https:// prime 
r3. ut. ee/; Supplementary Table  S1). The PCR reaction 
was set up using C. drupifera cDNA as a template, with 
the following components: 2  µL cDNA, 2.5  µL forward 
primer (CdCRY1/CdLAC15-VF), 2.5  µL reverse primer 
(CdCRY1/CdLAC15-VR), and 25  µL 2 × Hieff® Robust 
PCR Master Mix (Yeasen, China), to a total volume of 
50  µL. The PCR program included an initial denatura-
tion at 98 °C for 4 min, followed by 30 cycles of 98 °C for 
10 s, 59 °C for 15 s, and 72 °C for 20 s, with a final exten-
sion at 72 °C for 5 min. After recovering the amplification 
products from the gel, we evaluated their purity and con-
centration, ligated them following Nimble Clonig (NC 
Biotech, China) instructions, and transferred them to 
Escherichia coli DH5α competent cells (CAT#: DL1001, 
Shanghai Vidi Biotech Co., Ltd.). Positive colonies were 
sent to Bioengineering (Shanghai) Ltd. for sequencing to 
verify that the sequence matched the target.

Agrobacteria fluids preparation
The correctly sequenced recombinant plasmids, TRV2-
w/o TRV2-CdCRY1, TRV2-CdLAC15, and TRV1, were 
used to transform Agrobacterium. The culture was incu-
bated at 28  °C for 2  days. Single plaques were selected 
and cultured for another two days in 4  mL of YEB 
medium containing 25  μg/mL kanamycin and 50  μg/
mL rifampicin (both from Yeasen, China), at 28  °C with 
shaking at 200–240 rpm. The homogeneous agrobacteria 
solution was then transferred to 50 mL of YEB medium 
containing 25  μL rifampicin (50  mg/mL), 25  μL kana-
mycin (100  mg/mL), 5  mL MES (pH 5.6, 0.2  M), and 
5 μL acetosyringone (0.1 M). The culture was diluted at 
a 1:20 ratio and incubated. The incubation continued at 
28  °C with shaking at 200–240 rpm for 24 h. When the 

 OD600 reached 0.9–1.0, the culture was centrifuged at 
5000  rpm for 15  min to remove the supernatant. The 
control (TRV1 + TRV2-w/o) and experimental groups 
(TRV1 + TRV2-CdCRY1/TRV2-CdLAC15) were pre-
pared by mixing agrobacteria fluids at a 1:1 volume 
ratio. The fluids were re-suspended in infiltration buffer 
(10  mM MES, 10  mM  MgCl2, 200  μM acetosyringone) 
and adjusted  OD600 to 0.8. The fluids were then left to 
stand for 2–3  h at room temperature before the infil-
tration (Fig.  1). At 279 DAP, C. drupifera capsules were 
collected from different experimental groups for further 
analysis.

VIGS assay
C. drupifera capsules require approximately 332 days to 
get fully mature after pollination. During this time, the 
experiment was biologically replicated across three zones 
(labeled X, Y, and Z, Supplementary Fig. S3). In each zone, 
16 uniformly growing trees were selected for infiltration 
(Each gene was infiltrated into a tree using four differ-
ent approaches, producing five time points per approach, 
with 25 to 35 capsules per time point). Four infiltration 
approaches were as follows (Fig.  2): (I) Peduncle injec-
tion: disposable syringes (1  mL with a 0.55  mm needle, 
Shandong Weigao Group Medical Polymer Material Co., 
Ltd., China) were used to inject 2 mL of infiltration liquid 
into the peduncle to a depth of 5–8 mm (As shown in the 
red area of Fig. 2). The penduncles were then immersed 
in the Agrobacterium suspension for 30  s, wrapped by 
gauze, and placed in a light-proof bag (outside yellow 
inside black shading rate 100%; Jingdong Hanli Garden-
ing and Agricultural Specialty Store, China) for 24  h. 
After that, bags were removed for full light condition. (II) 
Direct pericarp injection: 10 mL Agrobacterium suspen-
sion was evenly injected at 5 different positions around 
the middle section of the capsule to a depth of 1–2 cm by 
syringes. The capsules were then immersed in the Agro-
bacterium suspension for 30  s and wrapped in gauze to 
ensure moisture retention. Similarly, the capsules were 
subjected to normal condition after 24 h dark treatment. 
(III) Pericarp cutting immersion: a histoculture knife 

Fig. 1 Simplified flow chart of agrobacteria preparation and infiltration into C. drupifera capsules by four approaches. TRV2-w/o vector was used 
as control
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(Jingdong Cherry Sage Industrial Store, China) was used 
to make 3–5 evenly distributed incisions, each 1 cm long 
and 5  mm deep, on the pericarps. After that, the cap-
sules were also immersed for 30  s, wrapped in gauze, 
and maintained moist through drip irrigation followed 
by 24  h dark treatment. (IV) Fruit-bearing shoot infu-
sion: 500 mL Agrobacterium suspension was transmitted 
through an infusion bag to the mother branch with more 
than 10 capsules. The pipe-puncture needle (0.51  mm, 
Jingdongkanglu Health Care Store, China) was inserted 
about 1 cm deep into the transmission layer of the tree, 
20–30 cm away from the capsules, and the infusion was 
carried out at a rate of 100–150 drops per minute. Dark 
treatment was lifted until liquids drained.

Phenotypic observation and gene expression analysis
To ensure study accuracy, the mesocarp and exocarp of 
C. drupifera were collected based on different classifica-
tions. The collected samples were observed under a laser 
inverted microscope (ECLIPSE Ti2-U, Nikon, Japan), and 
effective infestation was calculated based on the samples 
that emitted a green fluorescence signal (Supplementary 
Fig. S4). Effectively infested samples were divided into 
two groups: one rapidly frozen in liquid nitrogen and 
transferred to the laboratory for storage at − 80  °C and 
the other was retrieved immediately for photographic 
documentation and physiological experiments. Total 

RNA was extracted from each group and reverse tran-
scribed into cDNA. qRT-PCR was conducted using prim-
ers specific to the VIGS silencing region, with CdPPIL as 
the internal reference gene. (Supplementary Table  S1). 
Real-time quantitative PCR was performed using SYBR 
Green Premix ProTaqPCR reagent (Yeasen Biologicals, 
China) and a CFX96 system (BIO RED CFX Connect, 
USA). The PCR reaction mixture was 20 μL, containing 
10 μL TB Green® Premix Ex Taq™ II (Tli RNaseH Plus, 
2x), 0.4 μL of each primer, 1 μL of template cDNA, and 
8.2 μL of double-distilled water  (ddH2O). The PCR pro-
gram began with an initial denaturation at 95 °C for 30 s, 
followed by 30 cycles of 95 °C for 5 s and 60 °C for 30 s. 
Each sample was analyzed in triplicate. The silencing effi-
ciency of pTRV2-CdCRY1/CdLAC15 in injected capsules 
was calculated using the  2−ΔΔCt method [22].

Anthocyanin and proanthocyanidin analysis
The anthocyanin extraction starts by grinding 0.1  g of 
capsules rind into a fine powder using liquid nitrogen. 
The powder was then suspended in a 15  mL polypro-
pylene tube with 5  mL of 80% methanol and 0.2% HCl, 
followed by vortexing for 30  s. Then, the mixture was 
sonicated at 10 °C for 15 min. After sonication, the sam-
ples were incubated for 24 h in the darkness, followed by 
centrifugation at 5000 rpm for 10 min. The supernatant 
was then transferred to a fresh tube. The anthocyanin 

Fig. 2 Different infiltrating approaches to the capsules of C. drupifera at five different developmental stages. (I) Peduncle injection. (II) 
Direct pericarp injection. (III) Pericarp cutting immersion. (IV) Fruit-bearing shoot infusion. Five developmental stages indicated by numbers 
in parentheses: 1. 64 DAP, 2. 95 DAP, 3. 126 DAP, 4. 156 DAP, 5. 187 DAP
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content was assessed by measuring the extract’s absorb-
ance at 530 nm [23].

Total soluble and insoluble PA were analyzed accord-
ing to the protocol outlined by Chen et  al. [24]. Briefly, 
ground mesocarps (0.5  g) were extracted with a 5  mL 
mixture of 70% acetone solution and 0.1% ascorbic acid. 
Thereafter, the mixture was vortexed and sonicated for 
1  h at room temperature. Subsequent extraction with 
chloroform and hexane separated the supernatants from 
the insoluble PA fractions. The soluble PA content was 
determined spectrophotometrically after reacting with 
DMACA reagent (0.2% w/v DMACA [Yeasen, China] 
in methanol-3 N HCI) at 640  nm using a Waters 1525 
Binary HPLC pump equipped with 2998 PDA and 2424 
ELS detectors (Waters Corporation, Milford, MA, USA), 
with (+)-catechin as a standard. The insoluble PA content 
was determined by treating the acetone-free residue with 
butanol-HCl. Then, the absorbance values at 550  nm 
were converted into insoluble PA levels using a standard 
procyanidin B1 curve.

Statistical data analysis
Data analysis and plotting were performed using the R 
software packages tidyverse (v2.0.0), stats (v4.4.1), and 
ggplot2 (v3.5.1) in Excel 2019 (Microsoft Office, USA) 
and RStudio (v2022.02.2, Inc., USA). Significance analy-
ses of differences between treatments were performed 
using two-tailed Student’s t-test, one-way analysis of 
variance (ANOVA), and Tukey’s multiple comparison 
test using SPSS software (v18.0, BM, USA). Image stitch-
ing was performed with Adobe Illustrator 2022 (Adobe 
Systems Incorporated, USA). Statistical significance was 
assessed between the experimental groups, with differ-
ent letter labels indicating significant differences at the 
p < 0.05 level.

Results
Capsule traits of C. drupifera for observation: 
flavonoid‑based pigmentation in pericarps
To facilitate the rapid tracking and assessment of the 
effects of VIGS in C. drupifera capsules, we selected two 
varieties with red-hued pericarps: ‘Hongpi’ with a per-
ceivable red exocarps and ‘Hongrou’ with an unperceiva-
ble red mesocarps (Fig. 3A). In our previous metabolomic 
analyses, ACNs and insoluble PAs stood out among 
other compounds, contributing to the red coloration 
of exocarps and mesocarps, respectively (unpublished 
data). As shown in Fig. 3B, ACNs phototropically accu-
mulated in exocarps early in capsule development (~ 95 
DAP); meanwhile, insoluble PAs only began to deposit 
in the mesocarps at mid-development stage (~ 187 DAP; 
Fig. 3C).

Characteristics of CdCRY1 and CdLAC15 in C. drupifera 
for VIGS targeting
CdCRY1, a member of the cryptochrome gene family, was 
chosen for its consistent upregulation throughout all cap-
sule developmental stages, as indicated by comparative 
transcriptome data (unpublished). Therefore, CdCRY1 is 
a suitable indicator for the light-responsive red exocarp 
trait in C. drupifera. Transcriptomic analysis identified 
six CdCRY  homologs, all of which share three conserved 
domains: PHR, FAD_binding, and CCE (Fig. 4A and B). 
The expression profile of CdCRY1 aligns with ACN con-
tent in the exocarps in ‘Hongpi,’ suggesting its key role in 
the phototropic accumulation of ACNs (Fig. 4C).

In ‘Hongrou,’ 25 CdLACs were detected, including three 
typical Cu_oxidase domain-encoding laccases (Fig.  4A 
and B). CdLAC15, an ortholog of AtTT10 in Arabidop-
sis, significantly correlated with insoluble PA content in 
mesocarps, as evidenced by integrated metabolome and 
transcriptome analyses (unpublished data). CdLAC15 
expression began to increase at the mid-development 
stage and peaked between 250 and 280 DAP, consistent 
with the deposition of insoluble PAs in the mesocarps 
of ‘Hongrou’ (Fig. 4C). A specific fragment of each gene 
(~ 300 bp) was selected to construct a recombinant TRV2 
for precise targeting (Fig. 4B).

Optimization of agro‑infiltrating approaches to C. drupifera 
capsules at different developmental stages
The transformation of recalcitrant capsules remains a 
challenge, either stably or transiently, for their firmly 
lignified pericarps, which greatly hamper in  vivo gene 
functional studies in tea oil camellia. We designed four 
different infiltrating approaches to capsules at five devel-
opmental stages (64–187 DAP). To facilitate detection 
of infiltrating efficiency, we used the GFP fused TRV2 
(see “Methods”). Peduncle injection (I) and fruit-bearing 
shoot infusion (IV) were applied at all five stages, while 
direct pericarp injection (II) and pericarp cutting immer-
sion (III) could not be used at very early stages. Direct 
pericarp injection (II) This method was only feasible 
starting at 95 DAP and later. At earlier stages, the fruits 
were too small and delicate to be effectively infiltrated 
using this technique. (III) This method was applicable 
only from 126 DAP onwards, when the fruits had suffi-
ciently developed to be harvested and subjected to this 
treatment. (Fig.  2). After eight months of follow-up, we 
found none of the above approaches were applicable to 
capsules at very early developmental stages (before 126 
DAP) as they were extremely vulnerable to mechanical 
stress during virus inoculation. In contrast, we achieved 
effective infiltration with pericarp cutting immersion (III) 
and fruit-bearing shoot infusion (IV) at the latter three 
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developmental stages, achieving a maximum of 100% 
efficiency (Supplementary Fig.  1). Remarkably, despite 
achieving up to 100% infiltrating efficiency in the inocu-
lation zone of fruit-bearing shoot (IV), only 3.33% of the 
attached capsules were silenced to some extent. This dis-
crepancy may be attributed to decreased viral-based vec-
tor mobility during distal transmission (Table 1).

Variable silencing efficiency of CdCRY1 and CdLAC15 
in orthogonal combinations
At 279 DAP, we harvested all infiltrated capsules. A 
total of 720 capsules were collected (306 for TRV2-w/o, 
213 for TRV2-CdCRY1 and 201 for TRV2-CdLAC15) 
from three forest zones where the 48 C. drupifera trees 
were subjected to infiltration. To simplify statistical 
analysis for demonstrating VIGS efficiency, capsules 
were classified into three groups per gene based on 
pericarp morphology (i.e., mild, moderate, and severe 
fading; Fig.  5A). Accordingly, the relative expression 
level of each gene was quantified by qRT-PCR using 

TRV2-w/o as reference (see “Methods”). Down to 
21%–33% of regular expression levels were detected in 
the optimum silencing groups presenting severe fading 
exocarps or mesocarps; in contrast, the lowest silenc-
ing effect was found in mild fading pericarps, retaining 
approx. 70%–80% expression for each gene (Fig.  5B). 
In comparison to the effect of CdLAC15 on the insol-
uble PA content of mesocarps, the ACNs content of 
exocarps was more sensitive to variations in CdCRY1 
expression level (Fig. 5B).

To further evaluate VIGS efficiency in each gene, we 
performed an orthogonal analysis. As shown in Fig. 5C, 
the optimum stage to implement VIGS in pericarps, 
correlating with the expression profile of target gene, 
was immediately before and after the initial activation 
of genes; otherwise, we gained the less satisfactory 
efficiency for both CdCRY1 and CdLAC15. Moreover, 
pericarp cutting immersion (III) was the most effective 
agro-infiltrating method for the capsules VIGS in C. 
drupifera (Fig. 5C and Table 1).

Fig. 3 Flavonoid-based pigmentation in C. drupifera ‘Hongpi’ exocarps and ‘Hongrou’ mesocarps throughout capsule development. A Capsule 
phenotype from the day after pollination to maturation (322 days) Scale bar (64 DAP) = 300 µm; Scale bar (other developmental stages) = 1 cm; 
The development of C. drupifera capsules occurs in four stages: Fruitlet, Enlargement, Maturation, and Ripening. The Fruitlet stage spans from 64 
to 126 days after pollination (DAP), followed by the Enlargement stage from 156 to 217 DAP. The Maturation stage spans from 248 to 279 DAP, 
and finally, the Ripening stage occurs between 301 and 332 DAP. B Variations of ACN content at 10 different developmental stages of ‘Hongpi’ 
exocarps. C Variations of insoluble PA content at 10 different developmental stages of ‘Hongrou’ mesocarps
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Fig. 4 Phylogenetic analyses of two target genes (CdCRY1 and CdLAC15) involved in percarp pigmentation and their expression profiles at different 
capsule developmental stages. A Maximum likelihood trees of 6 CdCRY homologs (upper) and 25 CdLAC homologs (lower) bootstrap values > 50% 
are shown on each clade. B Conserved domains shared by CdCRYs (upper) and CdLACs (lower) generated by PfamScan; a specific fragment of each 
gene (indicated by red dashed rectangles) was selected to construct recombinant TRV2. C Expression profiles of CdCRYs (upper) and CdLACs (lower) 
showing the relative expression level of each gene at 10 different developmental stages of capsules
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Table 1 Optimization of VIGS procedure with orthogonal analysis

Gene Infiltration approach capsules developmental 
phase

Infiltration efficiency (%) VIGS efficiency (%)

CdCRY1 I 1 6.67 ± 0.64 6.67 ± 5.77

CdCRY1 I 2 6.11 ± 1.18 6.11 ± 5.36

CdCRY1 I 3 50.34 ± 5.06 21.97 ± 7.50

CdCRY1 I 4 50.00 ± 4.55 22.12 ± 6.82

CdCRY1 I 5 56.67 ± 12.41 18.48 ± 8.64

CdCRY1 II 1 NA NA

CdCRY1 II 2 15.60 ± 3.92 8.10 ± 3.03

CdCRY1 II 3 62.78 ± 6.31 52.78 ± 11.10

CdCRY1 II 4 86.97 ± 15.38 47.31 ± 9.88

CdCRY1 II 5 83.33 ± 11.55 36.67 ± 11.55

CdCRY1 III 1 NA NA

CdCRY1 III 2 NA NA

CdCRY1 III 3 83.57 ± 4.70 69.80 ± 3.04

CdCRY1 III 4 93.64 ± 5.53 43.30 ± 2.90

CdCRY1 III 5 90.00 ± 10.00 36.67 ± 5.77

CdCRY1 IV 1 7.87 ± 6.85 0

CdCRY1 IV 2 8.84 ± 6.96 0

CdCRY1 IV 3 18.61 ± 1.77 7.87 ± 0.98

CdCRY1 IV 4 24.09 ± 3.72 0

CdCRY1 IV 5 22.12 ± 7.71 0

CdLAC15 I 2 7.79 ± 3.67 7.79 ± 7.23

CdLAC15 I 3 26.67 ± 2.89 9.72 ± 8.67

CdLAC15 I 4 38.97 ± 15.44 18.77 ± 8.50

CdLAC15 I 5 44.44 ± 10.64 23.74 ± 6.12

CdLAC15 II 1 NA NA

CdLAC15 II 2 12.96 ± 8.02 5.56 ± 4.81

CdLAC15 II 3 66.28 ± 11.06 33.53 ± 9.13

CdLAC15 II 4 84.63 ± 8.36 72.41 ± 15.42

CdLAC15 II 5 79.80 ± 17.32 76.67 ± 15.28

CdLAC15 III 1 NA NA

CdLAC15 III 2 NA NA

CdLAC15 III 3 69.63 ± 16.68 48.52 ± 7.88

CdLAC15 III 4 90.3 ± 0.52 87.27 ± 4.72

CdLAC15 III 5 93.94 ± 5.25 90.91 ± 5.25

CdLAC15 IV 1 6.55 ± 6.27 0

CdLAC15 IV 2 6.11 ± 5.36 0

CdLAC15 IV 3 9.81 ± 1.40 0

CdLAC15 IV 4 10.83 ± 5.30 6.11 ± 1.18

CdLAC15 IV 5 14.14 ± 7.07 6.73 ± 1.43

‘Hongpi’
TRV2-w/o

I 1 5.81 ± 0.54 0

‘Hongpi’
TRV2-w/o

I 3 54.88 ± 0.58 0

‘Hongpi’
TRV2-w/o

I 4 58.89 ± 8.39 0

‘Hongpi’
TRV2-w/o

I 5 46.63 ± 2.96 0

‘Hongpi’
TRV2-w/o

II 1 NA NA
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Table 1 (continued)

Gene Infiltration approach capsules developmental 
phase

Infiltration efficiency (%) VIGS efficiency (%)

‘Hongpi’
TRV2-w/o

II 2 7.50 ± 1.77 0

‘Hongpi’
TRV2-w/o

II 3 72.96 ± 14.67 0

‘Hongpi’
TRV2-w/o

II 4 63.03 ± 14.70 0

‘Hongpi’
TRV2-w/o

II 5 74.81 ± 7.14 0

‘Hongpi’
TRV2-w/o

III 1 NA NA

‘Hongpi’
TRV2-w/o

III 2 NA NA

‘Hongpi’
TRV2-w/o

III 4 93.33 ± 11.55 0

‘Hongpi’
TRV2-w/o

III 5 84.07 ± 4.49 0

‘Hongpi’
TRV2-w/o

IV 1 5.16 ± 4.51 0

‘Hongpi’
TRV2-w/o

IV 2 5.34 ± 4.64 0

‘Hongpi’
TRV2-w/o

IV 3 10.44 ± 1.17 0

‘Hongpi’
TRV2-w/o

IV 4 13.89 ± 7.35 0

‘Hongpi’
TRV2-w/o

IV 5 15.15 ± 6.43 0

‘Honrou’
TRV2-w/o

I 1 0 ± 0 0

‘Honrou’
TRV2-w/o

I 2 0 ± 0 0

‘Honrou’
TRV2-w/o

I 3 6.94 ± 2.95 0

‘Honrou’
TRV2-w/o

I 4 58.67 ± 7.14 0

‘Honrou’
TRV2-w/o

II 1 NA NA

‘Honrou’
TRV2-w/o

II 2 7.87 ± 6.85 0

‘Honrou’
TRV2-w/o

II 3 73.06 ± 13.79 0

‘Honrou’
TRV2-w/o

II 4 79.29 ± 11.79 0

‘Honrou’
TRV2-w/o

II 5 58.78 ± 4.45 0

‘Honrou’
TRV2-w/o

III 1 NA NA

‘Honrou’
TRV2-w/o

III 2 NA NA

‘Honrou’
TRV2-w/o

III 3 83.64 ± 11.82 0

‘Honrou’
TRV2-w/o

III 4 84.07 ± 4.49 0

‘Honrou’
TRV2-w/o

III 5 85.86 ± 17.23 0

‘Honrou’
TRV2-w/o

IV 1 7.50 ± 6.61 0
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Discussion
In this study, we successfully developed and optimized 
a VIGS system for transient gene silencing in the ligni-
fied pericarps of C. drupifera capsules, a woody perennial 
species recalcitrant to existing gene silencing methods. 
Our results demonstrate that this system is a valuable 
tool for functional genomic studies in recalcitrant tissues 
of woody plants like C. drupifera.

The silencing efficiency observed for the two targeted 
genes, CdCRY1 and CdLAC15, reflects the robustness of 
this VIGS system for studying gene function in capsules. 
The fading phenotypes observed in exocarps and meso-
carps following gene knockdown support that CdCRY1 
is involved in light-responsive ACNs accumulation in the 
exocarp, while CdLAC15 plays a role in PAs polymeriza-
tion in the mesocarp (Fig. 4). These findings not only pro-
vide insights into the molecular mechanisms of pericarp 
pigmentation in C. drupifera, but also highlight the utility 
of this VIGS system for gene functional studies in woody 
plants with firmly lignified tissues.

Comparison with previous VIGS systems
Previous studies have shown that VIGS is an effective 
tool for gene silencing in herbaceous plants and some 
soft tissues of woody plants, but its application in ligni-
fied tissues, especially in perennial woody species like 
tea oil camellia C. drupifera remained limited [25]. Our 
system adapting TRV-based VIGS to C. drupifera over-
comes previous challenges associated with tissue recal-
citrance, achieving high silencing efficiency. Silencing 
efficiencies of up to 69.80% for CdCRY1 and 90.91% for 

CdLAC15 demonstrate the applicability of the system, 
particularly when infiltrating capsules at fruitlet stage 
and enlargement stage (Fig.  4 and Table  1). Moreover, 
our orthogonal analysis revealed that the pericarp cutting 
immersion method (III) was the most effective approach, 
surpassing traditional infiltrating methods in recalcitrant 
tissues (Fig. 3 and Table 1) [26].

Implications for functional genomics in woody plants
This newly optimized VIGS system has broad implica-
tions beyond the study of C. drupifera. Woody plants, 
particularly those with lignified tissues, pose signifi-
cant challenges for stable transformation, limiting the 
functional validation of candidate genes identified by 
multi-omics approaches [27, 28]. The successful silenc-
ing of CdCRY1 and CdLAC15 in C. drupifera supports 
the potential of this TRV-based system for use in other 
woody species that are recalcitrant to transformation 
(Fig. 5 and Table 1). The ability to knock down genes in 
specific tissues and at different developmental stages 
offers a powerful and flexible tool for investigating traits 
such as fruit development, disease resistance, and sec-
ondary metabolism in other ligneous plants [29, 30].

Limitations and future directions
While this VIGS system provides a robust method for 
gene silencing in tea oil Camellia, several limitations 
remain. First, mechanical stress associated with agro-
infiltration, particularly at early capsule developmental 
stages, caused tissue damage that decreased infiltration 
success. Refining delivery methods, such as using milder 
mechanical techniques or improving viral vector stability, 

Table 1 (continued)

Gene Infiltration approach capsules developmental 
phase

Infiltration efficiency (%) VIGS efficiency (%)

‘Honrou’
TRV2-w/o

IV 3 14.54 ± 4.78 0

‘Honrou’
TRV2-w/o

IV 4 17.19 ± 8.99 0

‘Honrou’
TRV2-w/o

IV 5 23.45 ± 3.65 0

Mean 1 3.34 0.00 15.07 12.00

Mean 2 4.74 4.45 36.22 47.04

Mean 3 38.11 22.94 49.92 75.57

Mean 4 28.18 46.14 1.57 2.57

Mean 5 22.96 49.51

Range 34.77 49.51 48.35 73.00

Optimum level III 3/5

Principal order III > II > I > IV CdCRY1:III:3 CdLAC15:III:5

Infiltration efficiency, number of capsules exhibiting a positive fluorescent signal within each group/total number of capsules subjected to infiltration; VlGS efficiency, 
number of capsules exhibiting target gene knockdown/total number of capsules subjected to infiltration; NA, Not available
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Fig. 5 Variable silencing efficiency of CdCRY1 and CdLAC15. A Three main groups of pericarp morphology for TRV2-CdCRY1 (upper) 
and TRV2-CdLAC15 (lower) at 279 DAP. B Boxplot diagram of CdCRY1 (left) and CdLAC15 (right) showing the relative expression level in three 
groups. Histogram analysis of ACNs (left) and insoluble PAs (right) in three groups. C Orthogonal analyses with three factors illustrating the effects 
of TRV2-CdCRY1 (left) and TRV2-CdLAC15 (right) across five different developmental stages through four different infiltrating approaches to capsules
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could enhance efficiency, particularly in vulnerable 
tissues.

Additionally, although our system successfully silenced 
of two key genes involved in pigmentation, it remains 
unclear whether similar results can be achieved for genes 
involved in more complex metabolic pathways or those 
expressed at lower levels. Future research should focus 
on extending this method to a broader range of target 
genes and other organs beyond the pericarp. Moreover, 
combining VIGS with emerging technologies such as 
CRISPR/Cas-based systems could improve the precision 
of gene manipulation strategies for recalcitrant woody 
plants.

Conclusions
This study developed a novel, efficient, and cost-effective 
VIGS system for C. drupifera, offering an invaluable tool 
for functional genomics research in recalcitrant tissues. 
By successfully silencing CdCRY1 and CdLAC15, we 
demonstrated the capacity of this system in addressing 
challenges posed by lignified plant tissues. These findings 
pave the way for broader application of VIGS in woody 
plants, potentially advancing genetic research in other 
economically important species that are difficult to trans-
form. Future research should focus on refining infiltra-
tion methods and extending the system’s application to 
additional genes and tissues, further enhancing its versa-
tility in plant genomics.
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