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Introduction: The rust disease caused by the fungus Coleosporium zanthoxyli in
Zanthoxylum armatum leads to significant leaf damage. However, the genetic
regulatory mechanisms underlying disease resistance in this plant remain unclear.

Methods: Through transcriptome analysis and bioinformatics screening, the
candidate gene CCoAOMT was identified as potentially involved in rust
resistance. Genetic engineering techniques were employed to construct
recombinant plasmids for both overexpression and RNAi mediated of
CCoAOMT. Transient transformation and stable transformation methods
successfully generated CCoAOMT-RNAi and CCoAOMT-overexpression
transgenic plants and calli, respectively.

Results: gRT-PCR analysis revealed that the expression levels of CCOAOMT and
six related genes were downregulated in RNAi-silenced plants but upregulated in
overexpression lines. Following inoculation with fungal spore suspensions,
CCoAOMT-RNAI plants exhibited significantly higher disease incidence and
severity indices compared to wild-type controls, whereas overexpression
plants showed the opposite trend with reduced susceptibility. Furthermore,
total lignin and flavonoid contents were markedly decreased in RNAI lines and
increased in overexpression lines relative to wild-type plants. Subcellular
localization assays using GFP fusion constructs confirmed dual localization of
CCoAOMT protein in both the cytoplasm and nucleus.

Conclusion: These findings collectively demonstrate that CCoAOMT enhances rust
resistance in Z armatum by regulating lignin and flavonoid biosynthesis pathways.
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1 Introduction

Z. armatum, a member of the Rutaceae family, is valued as a
multipurpose plant providing spices, essential oils, and traditional
Chinese medicinal materials. Recognized as a “medicinal-food
homologous” species, it has been recorded in Pharmacopoeia of
the People’s Republic of China for nearly two millennia (Zhang and
Ye, 2010; National Pharmacopoeia Commission, 2020). Among the
Zanthoxylum genus, Z. armatum (commonly known as green
pepper) and Z. bungeanum represent two economically significant
species. Cultivated across China with a planting area exceeding 20
million mu, Z. armatum demonstrates remarkable ecological
adaptability while generating an annual economic value
surpassing USD 2 billion (Feng et al.,, 2020; Feng et al., 2021). As
China’s predominant woody spice crop, Z. armatum is recognized
for its critical contributions to ecosystem stabilization, rural
economic development through specialty agriculture, post-
poverty-alleviation sustainability, and culinary innovation.
Sichuan Province, recognized as both the geographical origin and
primary production zone for premium peppercorns in China,
serves as the epicenter of Z. armatum cultivation, with
production spanning 144 counties across 5.7 million mu
(=380,000 hectares). Annual yields exceed 100,000 metric tons of
dried Z. armatum, generating economic returns valued at USD 1.1
billion (Ye, 2020). However, with the rapid development of Z.
armatum industry, the pests and diseases of Z. armatum have
increased year by year (Wu et al,, 2023). One of the most dangerous
of these is rust, which is caused by Coleosporium zanthoxyli (Zheng
and Zhu, 20125 Yuan et al., 2024). This obligate biotrophic fungus
exhibits broad host specificity, with individual Coleosporium
species demonstrating polyphagous behavior while frequently
occurring as multispecies Spore morphology on infected hosts.
The genus comprises 239 documented species and formae
speciales globally (You, 2012; Xi et al, 2018). C. zanthoxyli
infection triggers premature defoliation, photosynthetic
impairment, and fruit quality deterioration, causing yield losses
up to 60% that jeopardize the economic viability of Z. armatum
cultivation systems. While recent investigations have elucidated
aspects of C. zanthoxyli epidemiology and control strategies (Yue,
2010; Mao et al., 2014; Tang et al., 2015; Chen et al., 2022; Wei et al.,
2023; Yang, 2023), critical knowledge gaps persist regarding the
molecular determinants of Z. armatum rust resistance, particularly
the genetic regulation of host-pathogen interactions.

Plant diseases compromise crop productivity, product quality,
and commercial viability. The development of disease-resistant
cultivars has been recognized as an environmentally sustainable
alternative to synthetic agrochemicals while enhancing
phytopathological resilience in perennial woody species. Recent
advances in molecular biology, transgenic breeding, and plant
tissue culture techniques have enabled precision utilization of
resistance (R) genes for cultivar development, offering a cost-
effective strategy for integrated disease management. This
molecular breeding paradigm holds particular promise for
addressing persistent challenges in Z. armatum cultivation
systems, where conventional control methods frequently prove
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inadequate against rapidly evolving rust pathogens (Aktar-uz-
zaman et al., 2017; Li et al., 2020; Luo et al., 2022).

Stress activates the plant phenylpropaniod metabolic pathway
and regulates the expression of related genes, which can accumulate
secondary metabolites, slow down membrane oxidation and
scavenge reactive oxygen species (Gharibi et al., 2019; Sharma
et al, 2019; Wang et al,, 2021). Flavonoids, a predominant class
of plant secondary metabolites, are abundantly synthesized in fruits,
seeds, leaves, and flowers. These phytochemicals regulate critical
physiological processes, including auxin polar transport, pollen
germination, and pollen tube elongation, while functioning as
multifunctional defense compounds against biotic and abiotic
stressors (Wang et al, 2020; Wang et al, 2022; Zhuang et al,
2023). Lignin is a complex compound formed by the synthesis of
lignin monomers via the phenylacetone metabolic pathway
followed by transport and polymerisation (He et al., 2023; Zhu
et al., 2023). The phenylalanine generated by the upstream
glycolysis system and the shikimate pathway is the starting point
for the phenylpropanoid biosynthesis pathway in higher plants. It
serves as the initial substrate for the reaction and supplies a
precursor for the synthesis of the products of the subsequent
pathway. It then undergoes a sequence of enzymatic reactions to
generate intermediate products, lignin and flavonoids, such as
cinnamic acid, ferulic acid, naringenin, and caffeic acid
(Gho et al., 2020). Three core enzymes govern the general
phenylpropanoid pathway: phenylalanine ammonia-lyase (PAL),
cinnamate 4-hydroxylase (C4H), and 4-coumarate-CoA ligase
(4CL). Under the catalytic activity of hydroxycinnamoyl
transferase (HCT), coumaroyl-CoA is directed into the lignin
biosynthesis pathway. The production of lignin monomers
involves sequential biochemical reactions: continuous
hydroxylation of aromatic rings mediated by HCT, caffeoyl
shikimate esterase (CSE), coumarate 3-hydroxylase (C3H), and
ferulate 5-hydroxylase (F5H), followed by O-methylation via
ferulate O-methyltransferase (COMT) and caffeoyl-CoA O-
methyltransferase (CCoAOMT), culminating in the conversion of
hydroxyl groups to methoxyl groups. Subsequent reduction
reactions are catalyzed by cinnamoyl-CoA reductase (CCR) and
coniferyl alcohol dehydrogenase (CAD) (Cao et al., 2023; Cao et al,,
2025). These reactions yield the three primary lignin monomers—
p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol—which
are synthesized in the cytoplasm and subsequently transported to
the cell wall. Finally, lignin is deposited onto the secondary cell wall
through the polymerization of 4-hydroxyphenyl (H-type), guaiacyl
(G-type), and syringyl (S-type) lignin subunits (Alejandro
et al.,, 2012). In the flavonoid biosynthesis pathway, p-
coumaroyl-CoA is channeled into flavonoid-specific pathways by
chalcone synthase (CHS). Subsequent enzymatic modifications,
including hydroxylation by flavanone 3-hydroxylase (F3H),
isomerization by chalcone isomerase (CHI), and oxidation by
flavonol synthase (FLS), ultimately yield diverse flavonoid
compounds. Dynamic regulation of phenylpropanoid pathway
enzymes constitutes a central mechanism underlying plant stress
adaptation throughout ontogeny (Wu et al., 2022). Dynamic
regulation of phenylpropanoid pathway enzymes constitutes a
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central mechanism underlying plant stress adaptation
throughout ontogeny.

Caffeoyl CoA O-methyltransferase, a S-adenosylmethionine
(SAM) utilizing O-methyltransferase, catalyzes the methylation of
caffeoyl-CoA at the 3-hydroxyl position of its aromatic ring,
generating feruloyl-CoA. This metabolic intermediate is
subsequently converted into lignin monomers through
coordinated actions of CCR and COMT (Walker et al., 2016). As
a rate-limiting enzyme in monolignol biosynthesis, CCoAOMT
critically regulates lignin deposition. CCoAOMT expression is
typically suppressed via antisense or RNA interference strategies
to modulate lignification levels. Antisense-mediated CCoAOMT
suppression reduces total lignin content by 8%-15% in Nicotiana
tabacum (Parvathi et al, 2001), 12% in Populus trichocarpa (Shi
et al, 2010), and 8%-44% in Medicago sativa (Nakashima et al,
2008) compared to wild-type counterparts. Conversely, CCOAOMT
overexpression consistently enhances lignification, with transgenic
Arabidopsis thaliana and Populus hybrids exhibiting 26% and 20%
increases in lignin content, respectively (Li et al., 2023). Despite this
well-characterized role in model species, CCOAOMT remains
understudied in Z. armatum, with its functional significance in
rust resistance mechanisms remaining wholly uncharacterized.

In this study, transcriptome analysis was employed to identify
rust resistance-associated candidate genes in Z. armatum. RNAi
and overexpression approaches were subsequently implemented to
suppress or elevate CCoAOMT expression, enabling functional
validation of this key resistance gene and mechanistic exploration
of Z. armatum molecular defenses against rust pathogenesis. These
findings establish a molecular framework for resistance gene-
assisted breeding programs in Z. armatum and inform the design
of targeted, sustainable rust management protocols.

2 Results

2.1 Gene sequence analysis and protein
structure prediction

The NCBI BLAST sequence alignment tool was employed to
analyze the target sequence against the nucleotide database.
Alignment results revealed that the coding sequence (CDS) of
ZaCCoAOMT exhibited 79.58% nucleotide identity with Pistacia
vera (XM_031400822.1). Protein sequence analysis demonstrated
that the CCoAOMT-encoded protein shared 75.80% amino acid
similarity with Citrus sinensis (XP_052287466.1) within the Rutaceae
family. Based on these alignment results, orthologous sequences
encoding conserved methyltransferase domains were selected across
phylogenetically diverse taxa. A phylogenetic tree was reconstructed
using the Neighbor-Joining algorithm in MEGA?7 (v7.0.26) with 1000
bootstrap replicates (Figure 1a). Conserved protein motifs were
subsequently predicted using MEME (v5.5.3) under default
parameters (Figure 1c). Phylogenetic analysis demonstrated strong
conservation of ZaCCoAOMT within the Rutaceae family, with
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MEME identifying 17 conserved motifs (E-values < le-10).
Phylogenetic analysis revealed that ZaCCoAOMT clusters within
the same clade as Citrus clementina and Citrus sinensis (Rutaceae),
demonstrating its closest evolutionary affinity to members of this
family. Multiple sequence alignment of 11 CCoOAOMT homologs was
performed using DNAMAN 8.0, focusing on conserved
methyltransferase domains. The Z. armatum CCoAOMT exhibited
85.98% pairwise identity with Rutaceae CCoAOMT homologs,
confirming strong sequence conservation (Figure 1). Bioinformatic
characterization using ExPASy ProtParam predicted a 246-residue
polypeptide with a theoretical pI of 4.96 and molecular mass of 27.7
kDa. The protein contained 37 acidic residues (Asp + Glu) and 26
basic residues (Arg + Lys), consistent with its predicted pl.
Hydropathy analysis via ProtScale yielded a grand average of
hydropathy (GRAVY) index of -0.169, confirming the hydrophilic
nature of the protein. Signal peptide analysis conducted with SignalP-
5.0 indicated negligible secretion potential (probability score: 0.0008),
suggesting cytoplasmic localization. Transmembrane topology
prediction using TMHMM 2.0 revealed no a-helical
transmembrane helices, supporting its classification as a soluble
protein. The CCoAOMT gene comprises a 741 bp coding sequence
(CDS) encoding a 246-amino acid open reading frame (OREF).
Secondary structure prediction via SOPMA algorithm revealed a
composition of 40.24% o.-helices, 18.29% extended strands, 8.94% [3-
sheets, and 32.52% random coils (Appendix A.2), dominated by
helical and coil conformations. Homology modeling of the
CCoAOMT tertiary structure was performed using SWISS-
MODEL, with template identification based on structural similarity
(Figure 1d). The top structural homolog identified was Sorghum
bicolor caffeoyl-CoA O-methyltransferase (PDB: 5KVA.A), sharing
59.91% sequence identity with CCoAOMT residues 52-278 and
containing conserved SAM-binding motifs. The model exhibited a
GMQE score of 0.85, reflecting high confidence in the predicted
SAM-dependent methyltransferase fold. The tertiary structure model
displayed characteristic o-helix-rich regions, consistent with
canonical SAM-dependent methyltransferase architectures.
These, computational analyses confirmed evolutionary
conservation, of, CCOAOMT methyltransferase function across
Rutaceae, species, supporting its putative role in lignin-related
phenylpropanoid metabolism.

2.2 Tissue-specific expression analysis of
ZaCCoAOMT gene

Relative expression analysis of ZaCCoAOMT transcript
abundance revealed tissue-specific expression, with the highest
level detected in leaves, low levels observed in stems, and almost
no expression in roots (Figure 2). These findings suggest that
ZaCCoAOMT is predominantly accumulated in Z. armatum foliar
tissues, where it likely modulates phenylpropanoid-derived
metabolite biosynthesis, contributing to biochemical defenses
against phytopathogens.
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FIGURE 1

Bioinformatics analysis of the ZaCCoAOMT gene. (a) Phylogenetic tree of the ZaCCoAOMT gene constructed based on the adjacency algorithm,the
red box represents the target gene; (b) Protein multiple sequence alignment; (c) Conservative structural domain prediction of ZaCCoAOMT; (d)
Homologous modeling of the tertiary structure, SAM.1 and SAM.3 are two predicted functional domains of S-adenosylmethionine, respectively.

2.3 Construction of the ZaCCoAOMT-RNAI
plasmid

Z. armatum cDNA served as the template for amplifying the
ZaCCoAOMT fragment, which included flanking sequences
homologous to the pCAMBIA1301-35SN vector. Amplification
products were resolved on 1% agarose gels. The ZaCCoAOMT
coding sequence (741 bp) was flanked by 18 bp homology arms
overlapping the KpnI-digested pCAMBIA1301-35SN vector, with
an additional 6 bp restriction site for directional cloning. This
design yielded predicted insertion fragments of 765 bp.
Electropherogram of the 765 bp fragments aligned with the 750
bp region of the 2 kb Marker, confirming expected sizes (Appendix
A.2.5b). Purified fragments exhibited sharp electrophoretic bands
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without nonspecific products, meeting quality standards for
downstream homologous recombination. The 769 bp intronic
spacer was engineered with 26 bp terminal homology to the
target gene for recombination. The final 795 bp intron-containing
construct migrated at the 750 bp position relative to the 2 kb marker
(Appendix A.2.5d). Kpnl-linearized pCAMBIA1301-35SN was
recombined with sense and antisense ZaCCoAOMT fragments
and the intronic spacer (1:3 molar ratio) via homologous
recombination, followed by transformation into E. coli DH50
competent cells. To prevent hairpin structure formation during
antisense strand synthesis, vector-specific primers spanning the
insertion sites were designed to confirm bidirectional cassette
assembly. Colony PCR and restriction digestion confirmed
successful tripartite recombination in E. coli (Appendix A.2.5¢).
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Tissue-specific expression analysis of ZaCCoAOMT gene. The
abscissa represents the plant tissue site, the ordinate represents the
relative expression of ZaCCoAOMT, and the different lowercase
letters indicate that there are significant differences between
different combinations (P < 0.05).

Transformed colonies were selected on LB agar plates after 48 h
incubation at 28°C. The validated recombinant plasmid was
chemically transformed into A. tumefaciens GV3101. PCR
amplification confirmed successful Agrobacterium transformation.

2.4 Construction of the ZaCCoAOMT-
overexpression plasmid

The cDNA of Z. armatum was used as a template to amplify the
ZaCCoAOMT overexpression gene fragment, and the BG Plant-
Express MCS vector was constructed for high expression of the
disease resistance candidate gene. Positive recombinant clones were
identified using primers yz-F and yz-R (Appendix A.1) following
transformation into E. coli. The verified recombinant plasmid was
subsequently introduced into A. tumefaciens, followed by selection of a
single colony for expansion in liquid culture to generate ZaCCoAOMT-
overexpression Agrobacterium strains (Appendix A.2.6).

2.5 Agrobacterium-mediated
transformation

In this study, gene function verification was performed using two
complementary approaches. First, calli were induced from Z. armatum
leaves using the Purohit method (Purohit et al., 2020), followed by co-
culture with Agrobacterium infection solution. After co-culture, calli
were transferred to screening media to promote stable genetic

Frontiers in Agronomy

10.3389/fagro.2025.1604811

transformation through regeneration of new tissue. Second,
Agrobacterium-mediated transient expression (Xia et al., 2023) was
employed for in planta transformation. Calli cultures are shown in
Figure 3. PCR screening of silencing and overexpression lines was
conducted using primer pairs hyg501-F/R & hyg359-F/R and kan270-
F/R & kan300-F/R (Appendix A.1). Transformants with confirmed
silencing or overexpression were identified using the same primer sets.
Electrophoretic analysis revealed distinct bands at 359 bp and 501 bp in
silenced calli and transformants, whereas overexpression lines
exhibited bands approximately 270 bp and 300 bp, respectively
(Figures 3b, ¢, e, f). All screened calli and transformants tested
positive, confirming their suitability for subsequent experiments.

2.6 Expression analysis of ZaCCoAOMT

2.6.1 Expression of ZaCCoAOMT in stable calli
Total RNA was extracted from calli of wild-type, ZaCCoAOMT-
RNAi groups, and ZaCCoAOMT-overexpression plants, followed
by reverse transcription into cDNA and subsequent qPCR analysis
of target genes. As shown in Figure 4, ZaCCoAOMT expression in
RNAi-treated calli exhibited the lowest levels, with an 8.35-fold
downregulation relative to actin compared to the wild type, whereas
overexpression resulted in a 7.36-fold upregulation. These findings
demonstrate that ZaCCoAOMT expression in Z. armatum
decreased following the transfer of sense and antisense fragments
of CCoAOMT. Conversely, the introduction of the CCoAOMT
coding sequence (CDS) significantly enhanced its expression.

2.6.2 Expression of ZaCCoAOMT in transient
transformants

The results of qPCR analysis showed that compared to the wild
type, ZaCCoAOMT expression in the ZaCCoAOMT-RNAi
transformants were significantly reduced, exhibiting a 16.55-fold
downregulation relative to actin. Conversely, ZaCCoAOMT-
overexpression transformants displayed a 15.54-fold upregulation
(Figure 4). These observations align with the target gene detection
results in positive calli following Agrobacterium coculture,
demonstrating that interference and overexpression of the target
gene can be achieved through in vitro synthesis of recombinant vectors.

2.7 Detection of disease resistance level of
positive transformants

The wild-type plants served as the control, and a spore suspension
(10° spores/mL) was prepared using freshly harvested urediospores.
The control, ZaCCoAOMT-RNAI, and ZaCCoAOMT-overexpression
groups were inoculated with the spore suspension. Disease incidence
and severity index were assessed 20 days post-inoculation (Table 1).
Notably, the ZaCCoAOMT-overexpression groups exhibited the lowest
disease incidence (25.3 + 0.03) and severity index (6.3 + 0.73),
demonstrating that overexpression of the disease resistance candidate
gene significantly reduced susceptibility in Z. armatum compared to
the control. In contrast, the ZaCCoAOMT-RNAI groups displayed the
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FIGURE 3
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——

Detection of positive ZaCCoAOMT-RNAi and ZaCCoAOMT-overexpression transformants and calli. (a) Calli induction and proliferation were
performed under four experimental conditions: positive-control, negative-control, silencing-treatment, and overexpression-treatment groups
(arranged top to bottom). (b) Silencing efficacy in transgenic calli was confirmed through gPCR analysis. (c) Overexpression efficacy in transgenic
calli was confirmed through qPCR analysis. (d) Transient transformation via Agrobacterium-mediated delivery included silencing-treatment,
overexpression-treatment, positive-control, and negative-control groups (left to right). (e) Detection of positive transient silencing transformants; (f)
Detection of positive transient overexpression transformants. In the figure, M represents marker, P represents positive control, N represents negative

control, and the number represents repetition.

highest values (64.7 + 0.07 incidence; 54.7 + 10.59 severity index),
confirming that RNAi-mediated suppression of the candidate gene
markedly increased disease progression relative to the control.
Twenty days post-inoculation, symptom severity between the
control and experimental groups exhibited visually distinct and
statistically significant differences (Figure 5). In the control group,
five sporulation foci developed on the abaxial leaf surface following
spore suspension inoculation, with limited radial expansion. In
contrast, the ZaCCoAOMT-overexpression group displayed only
three sporulation foci, exhibiting markedly attenuated symptom
severity compared to the control. Conversely, ZaCCoAOMT-RNAi
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plants manifested the most severe pathology, characterized by nine
sporulation foci and extensive peripheral spread.

2.8 Analysis of total lignin and total
flavonoid content

2.8.1 Analysis of total lignin content

The lignin content in leaves of wild-type, ZaCCoAOMT-
overexpression, and ZaCCoAOMT-RNAi plants was quantified using
the acetyl bromide method (Table 2). Notably, ZaCCoAOMT-
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Relative expression level of ZaCCoAOMT. (a) Expression level of ZaCCoAOMT-RNAI in calli; (b) Expression level of ZaCCoAOMT-overexpression in
calli; (c) Expression level of ZaCCoAOMT-RNAI in transformants; (d) Expression level of ZaCCoAOMT-overexpression in transformants. "* * * *"
indicates a highly significant difference between the control group and the treatment group, p<0.001.

overexpression Z. armatum exhibited the highest total lignin content (26.5
mg/g), representing a 15% increase compared to wild-type plants.
Conversely, RNAi-mediated suppression of ZaCCoAOMT resulted in

TABLE 1 Statistical analysis of the incidence and disease index of the
three treatment groups.

Varieties Incidence Disease Index
CK 34,0 + 0.05b 14.2 + 3.66b
ZaCCoAOMT-RNAi 64.7 +0.07a 547 +10.5%
ZaCCoAOMT-overexpression 25.3 + 0.03b 6.3 £ 0.73b

The data are presented as the means + standard errors of three biological replicates. Different
lowercase letters in the same column of data indicate that there are significant differences
between different varieties according to the LSD test (P < 0.05).
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the lowest lignin accumulation (11.7 mg/g), corresponding to a 49%
reduction relative to the wild type. Statistical analysis confirmed that lignin
levels in ZaCCoAOMT-RNAI transgenic plants differed significantly from
those in wild-type plants, whereas no significant difference was observed
between ZaCCoAOMT-overexpression and wild-type lines.

2.8.2 Analysis of total flavonoid content

The flavonoid content in leaves of wild-type, ZaCCoAOMT-
overexpression, and ZaCCoAOMT-RNAi plants was quantified via
UV-Vis spectrophotometry (Table 3). ZaCCoAOMT-overexpression
lines exhibited the highest flavonoid accumulation (19.7 mg/g),
representing an 8% increase compared to wild-type plants.
Conversely, RNAi-mediated silencing of ZaCCoAOMT resulted in the
lowest total flavonoid content (9.6 mg/g), corresponding to a 47%
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FIGURE 5

10.3389/fagro.2025.1604811

Symptoms of different treatment groups after spore suspension inoculation. (a) Symptom development on the adaxial leaf surface of control plants
following inoculation with a spore suspension. (b) Symptom development on the abaxial leaf surface of control plants following inoculation with a
spore suspension. (c) Symptom development on the adaxial leaf surface of ZaCCoAOMT-overexpression plants following inoculation with a spore
suspension. (d) Symptom development on the abaxial leaf surface of ZaCCoAOMT-overexpression plants following inoculation with a spore
suspension. (e) Symptom development on the adaxial leaf surface of ZaCCoAOMT-RNAI plants following inoculation with a spore suspension.

(f) Symptom development on the abaxial leaf surface of ZaCCoAOMT-RNAI plants following inoculation with a spore suspension.

reduction relative to the wild type. Statistical analysis revealed a
significant difference in flavonoid levels between RNAi-silenced
transformants and wild-type controls, whereas no significant variation
was observed between overexpression lines and the control group.

2.8.3 Correlation analysis

Pearson correlation analysis was conducted to evaluate relationships
between ZaCCoAOMT expression levels and disease incidence, disease
severity index, lignin content, and flavonoid content, as well as pairwise
interactions among these variables (Table 4). A significant negative
correlation was observed between ZaCCoAOMT expression and both
disease incidence and severity index, whereas positive correlations were
detected with lignin and flavonoid accumulation. In RNAi-silenced
transformants, lignin and flavonoid levels exhibited significant negative
correlations with disease parameters. In contrast, no such correlations
were observed in ZaCCoAOMT-overexpression plants. Notably, lignin
and flavonoid content showed no significant interdependence in
silenced transformants. These findings collectively demonstrate that
ZaCCoAOMT modulates lignin and flavonoid biosynthesis pathways,
which are integral to Z. armatum defense mechanisms against
rust pathogens.

2.9 Gene expression analysis of
transformants

2.9.1 Gene expression analysis in stable
transformation

The STRING vl11 protein-protein interaction database was
utilized to analyze CCoAOMT in Z. armatum. Based on

TABLE 2 Analysis of total lignin in the three treatments.

Varieties Lignin Content(mg/qg)

CK 23.1+2.11a
ZaCCoAOMT-RNAi 11.7 + 0.85b

ZaCCoAOMT-overexpression 26.5 + 1.29a

The data analysis method is the same as above.
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transcriptome annotations and prior qPCR validation of gene
expression, six interacting proteins—HCT, F3H, F3M, 4CL, C3H,
and C4H—were identified. To validate transcriptional expression
levels of these proteins, primers (Appendix A.1) were designed
using Primer 5, followed by qPCR quantification (Figure 6). In
ZaCCoAOMT-RNAI transformants, transcriptional downregulation
was observed in all six genes relative to wild-type plants. Notably,
HCT, F3H, F3M, 4CL, and C4H exhibited significant downregulation,
whereas C3H displayed a comparatively reduced but statistically
significant decrease in expression. In contrast, ZaCCoAOMT-
overexpression lines exhibited distinct transcriptional profiles,
characterized by significant upregulation of HCT and F3H relative
to wild-type plants, whereas F3M and C3H expression remained
statistically unchanged. Notably, 4CL and C4H were markedly
downregulated in overexpression lines, potentially attributable to
lignin and flavonoid accumulation post-overexpression. This
metabolic shift may activate a negative feedback mechanism,
suppressing specific gene expression to limit further metabolite
biosynthesis. Collectively, these findings demonstrate that
ZaCCoAOMT orchestrates transcriptional networks governing
phenylpropanoid biosynthesis—a critical pathway underpinning rust

resistance in Z. armatum.

2.9.2 Gene expression analysis of transient
expression transformants

Changes in the transcriptional expression levels of six associated
proteins following Agrobacterium-mediated transient
transformation in Z. armatum are presented in Figure 6. In
ZaCCoAOMT-RNAI transformants, HCT, F3H, F3M, and C3H
were significantly downregulated relative to wild-type plants,

TABLE 3 Analysis of total flavonoids in the three treatment groups.

Varieties Flavonoids Content(mg/qg)

CK 18.2 + 0.34a
ZaCCoAOMT-RNAi 9.6 + 0.04b
ZaCCoAOMT-overexpression 19.7 £ 0.33a

The data analysis method is the same as above.
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TABLE 4 Correlation analysis of gene expression, incidence, disease index, lignin content and total flavonoid content.

Independent variables Incidence rate

Disease Index

Flavonoids Content

Lignin Content

ZaCCoAOMT-RNAI Gene Expression 0.0029** 0.0228* 0.0067** 0.00017*
ZaCCoAOMT-overexpression Gene Expression 0.0287* 0.0003*** 0.0012** 0.0011**
ZaCCoAOMT-RNAI Lignin Content 0.0021** 0.0155* / 0.0713
ZaCCoAOMT-overexpression Lignin Content 0.7248 0.0002*** / 0.0067**
ZaCCoAOMT-RNAI Flavonoids Content 0.0018** 0.0131* 0.0713 /
ZaCCoAOMT-overexpression Flavonoids Content 0.1252 0.0001°°0¢ 0.0067** /

The data were analyzed by independent sample t test. The numerical value in the table is p value. The value less than 0.05 indicates that there is a correlation at the 0.05 level, and the value less
than 0.01 indicates that there is a correlation at the 0.01 level. More than 0.05 indicates that there is no significant correlation between the two.

e

represents p<0.5; * * "indicates p<0.1; * * * "indicates p<0.01; * * * * "means p<0.001.

whereas no significant differences in 4CL or C4H expression were
observed. Conversely, in ZaCCoAOMT-overexpression lines, 4CL
and C4H exhibited significant upregulation compared to wild-type
controls, with no detectable changes in the remaining four genes.
Comparative analysis of callus tissue and stable transformants
revealed that transcriptional responses among the six genes
diverged following silencing or overexpression treatments. These
disparities could stem from tissue-specific heterogeneity, subtle
variations in regulatory efficiency between experimental systems,
or additional layers of transcriptional regulation that necessitate
further investigation.
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2.10 Subcellular localization of
ZaCCoAOMT

The complete coding sequence of ZaCCoAOMT and
homologous arms of the green fluorescent protein (GFP) vector
were amplified, followed by verification and purification of the
target fragments. The pSuper1300-GFP vector was linearized via
double digestion with KpnI and Xbal, and the target fragment was
ligated into the linearized vector. The ligation product was
introduced into E. coli DH50. competent cells, and individual
colonies were screened for insert size verification. Plasmids were
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The gene expression levels of related proteins. (a) Expression levels of related genes in ZaCCoAOMT-RNAI calli; (b) Expression levels of related genes
in ZaCCoAOMT-overexpresssion calli; (c) Expression levels of related genes in ZaCCoAOMT-RNAI transformants; (d) Expression levels of related
genes in ZaCCoAOMT-overexpression transformants. In the figure, WT represents the relative expression levels of relevant genes in the wild type,
and different colored bars represent the treatment groups. “*" indicates p<0.05, “* *" indicates p<0.01, and “* * *" indicates p<0.001.
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Subcellular localization of ZaCCoAOMT. The first row depicts the localization of green fluorescent protein (GFP) in bright field, green fluorescence,
red fluorescence, and merged channels. The second row illustrates the subcellular distribution of the ZaCCoAOMT-GFP fusion protein and plasma
membrane markers across bright field, green fluorescence, red fluorescence, and merged channels. The third row demonstrates the co-localization
of the ZaCCoAOMT-GFP fusion protein with nuclear markers in bright field, green fluorescence, red fluorescence, and merged channels.

extracted from liquid cultures and subsequently transformed into
Agrobacterium competent cells. The resulting fusion construct was
designated ZaCCoAOMT-GFP. Following 2-3 days of incubation
on LB agar plates, a single colony was isolated and validated. A 15
bp homologous arm and 6 bp restriction site were engineered into
the target fragment, yielding a theoretical product size of 770 bp.
Agarose gel electrophoresis revealed bands within the 750-1000 bp
range, with a prominent band near 750 bp (Appendix A.2.7),
confirming successful transfer of the target fragment into
Agrobacterium and its suitability for subsequent experiments.

The confirmed Agrobacterium tumefaciens strain carrying the
target construct was cultured to logarithmic phase and infiltrated
into the abaxial epidermis of Nicotiana benthamiana leaves grown
for approximately one month. Following a 72 h incubation in a
plant growth chamber at 25°C, cellular fluorescence was visualized
and captured using laser-scanning confocal microscopy. The
pSuper1300-GFP positive control exhibited cytoplasmic GFP
accumulation with a diffuse localization pattern, while
nuclear, and plasma membrane markers displayed expected
compartmentalization. The ZaCCoAOMT-GFP fusion protein
showed partial colocalization with nuclear markers but no overlap
with plasma membrane signals, suggesting dual localization in both
the nucleus and cytoplasm (Figure 7).
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3 Discussions

Plant O-methyltransferases (OMTs) are classified into two
categories based on protein size, substrate specificity, and Mg**
dependence. Class I OMTs, designated as caffeoyl-CoA O-
methyltransferases (CCoAOMTs), require Mg>* for catalytic
activity and exhibit a molecular mass range of 26-29 kDa. The
cloned CCoAOMT sequence in Z. armatum encodes a 27.9 kDa
protein, closely aligned with typical Class I plant OMTs in both
molecular mass and structural features, consistent with reports in
liverworts (Xu et al., 2022). Structural analysis revealed that the
cloned CCoAOMT contains a conserved S-adenosylmethionine
(SAM)-binding domain, indicating its functional capacity as an
O-methyltransferase.This enzyme catalyzes methyl group transfer
from SAM to caffeoyl-CoA substrates, a mechanism previously
documented in Eriobotrya japonica (Liu et al, 2015), Camellia
sinensis (Lin et al.,, 2019), and Sorghum bicolor (Walker et al., 2016).
The structural determinants of CCoAOMT and its mechanistic role
in rust resistance remain poorly characterized. To address this
knowledge gap, the CCoAOMT ortholog from Z. armatum was
cloned and functionally characterized. Mechanistic studies
demonstrated that CCoAOMT modulates rust resistance in Z.
armatum through dual pathways: (1) regulating lignin
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biosynthesis via monolignol methylation, thereby altering cell wall
composition and structural integrity; (2) enhancing flavonoid
stability and protein-binding capacity, collectively inhibiting
progression of Z. armatum infections.

RNA interference (RNAi), an evolutionarily conserved
sequence-specific regulatory mechanism in eukaryotes, mediates
gene silencing at transcriptional or post-transcriptional levels
(Bologna et al., 2018). Sequence-specific hairpin RNA production
necessitates assembly of recombinant plasmid constructs
containing inverted repeats. When regulated by constitutive
promoters, inserted inverted repeat sequences generate long
double-stranded hairpin RNAs that are efficiently processed by
Dicer enzymes into siRNAs, enabling targeted gene suppression
(Dang et al, 2011; Zhao and Guo, 2022).dsRNA recombinant
constructs and overexpression vectors were developed, enabling
successful establishment of both Agrobacterium-mediated transient
transformation in Z. armatum and stable transgenic calli.
Quantitative PCR analysis revealed substantial CCoAOMT
suppression in RNAi lines and marked overexpression in
transgenic systems compared to wild-type controls. These
findings demonstrate the operational siRNA-mediated RNAi
pathway in Z. armatum, where exogenous dsRNA introduction
via recombinant constructs enables sequence-specific gene
silencing.This approach establishes both methodological
framework and mechanistic foundation for functional genomics
studies in Zanthoxylum species, paralleling conserved RNAi
mechanisms characterized in Arabidopsis thaliana (Dare et al,
2013) and Arnebia euchroma (Wang et al., 2005).

Caffeoyl-CoA O-methyltransferase contributes to plant cell wall
fortification during induced disease resistance responses, with the
cell wall serving as the primary structural barrier against pathogen
penetration, thereby establishing ZaCCoAOMT critical role in
phytopathogen defense (Xie et al., 2014). ZaCCoAOMT-RNAi
transformants exhibited significantly higher infection rates
(64.7%) compared to wild-type controls (34%), as quantified
through standardized pathogen challenge assays. Conversely,
ZaCCoAOMT-overexpression transgenic lines demonstrated
markedly reduced infection incidence (25.3%) relative to control
cohorts. Quantitative disease assessments revealed significantly
elevated disease indices in silenced lines compared to control
specimens. This functional validation aligns with conserved
resistance mechanisms reported across plant taxa, confirming
CCoAOMT essential role in mediating Z. armatum resistance
against C. zanthoxyli induced rust pathogenesis (Schmitt
et al., 1991).

Quantitative spectrophotometric assays revealed that RNAi-
mediated suppression of CCoOAOMT in Z. armatum resulted in
significant reductions in both lignin (49% decrease) and total
flavonoids (47% decrease), whereas ectopic overexpression
elevated these metabolites by 15% and 8%, respectively, relative to
wild-type controls. These findings demonstrate CCoOAOMT dual
regulatory role in lignin and flavonoid biosynthesis, corroborating
prior functional studies (Li et al., 2013). A strong inverse correlation
was observed between lignin accumulation and pathogen
susceptibility metrics, with RNAI lines showing elevated disease
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indices (54.7 £ 10.59) and overexpression lines exhibiting enhanced
resistance (disease index: 6.3 + 0.73). Experimental data
demonstrated a direct correlation between ZaCCoAOMT activity
and rust resistance in Z. armatum. Elevation or reduction in lignin
and total flavonoid content corresponded to proportional changes
in the incidence rate and disease index of transformants. These
opposing phenotypic trends established ZaCCoAOMT as a key
regulator of a dual-layered defense strategy against C. zanthoxyli
infection. Upon activation of the disease resistance response, this
gene initiates cell wall fortification via lignin biosynthesis, whereby
the plant cell wall serves as the primary barrier against pathogen
invasion, thereby creating structural impediments to fungal
penetration. Furthermore, ZaCCoAOMT activates chemical
defenses by enhancing the accumulation of antifungal
metabolites. These metabolites, either induced or pre-formed
during pathogen invasion, function as phytotoxins that inhibit
fungal hyphal elongation, thereby protecting plants from
pathogenic colonization. The pivotal role of ZaCCoAOMT
in, coordinating these defense mechanisms underscores its
potential, as a molecular target for developing rust-resistant Z.
armatum cultivars.

Lignin biosynthesis is mediated by a multi-enzyme consortium,
including C3H, HCT, CCoAOMT, CCR, CAD, F5H, and COMT,
working in conjunction with the core phenylpropanoid pathway
enzymes PAL, C4H, and 4CL (Xu et al, 2011). For instance,
transcriptional downregulation of C4H was observed to reduce
mRNA abundance of PAL and 4CL, with PAL exhibiting more
pronounced suppression (42% reduction) compared to C4H (28%
reduction). Transcriptional abundance of key phenylpropanoid
genes CCOAOMT and CAD decreased by 19-29% relative to wild-
type controls (Kumar et al., 2016). RNAi-mediated suppression of
CCoAOMT and CAD induced systemic transcriptional
perturbations across the phenylpropanoid network, including
downstream effects on 4CL, C4H, F3H, HCT, F3M, and C3H.
Consequently, coordinated downregulation of lignin biosynthetic
regulators impaired flux through the phenylpropanoid pathway,
disrupting hydroxylation and reduction reactions essential for
metabolite biosynthesis. This metabolic bottleneck reduced lignin
deposition by 49% and flavonoid accumulation by 47% in silenced
lines, whereas transgenic overexpression elevated these compounds
by 15% and 8%, respectively. Therefore, after the expression of
ZaCCoAOMT gene related to lignin synthesis was interfered, other
genes in the phenylpropanoid metabolic pathway such as 4CL, C4H,
F3H, HCT, F3M, and C3H genes were affected by the down-
regulation of ZaCCoAOMT gene, resulting in the formation
of, phenylpropanoid compounds. This impairs catalytic
activity,, hydroxylation, and reduction processes critical to
phenylpropanoid compound synthesis, thereby reducing lignin
and flavonoid content.Despite the absence of significant
differences in lignin and total flavonoid levels between
ZaCCoAOMT-overexpression strains and controls, a paradoxical
increase in rust resistance was observed, suggesting that resistance
mechanisms extend beyond quantitative phenylpropanoid
accumulation. Potential explanations for this phenomenon
include: (i) localized metabolite deposition at infection sites.
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Inoculation with C. zanthoxyli occurs primarily in leaves, where
ZaCCoAOMT expression is most pronounced. Lignin and flavonoid
measurements were conducted in leaf tissues. Thus, ZaCCoAOMT
overexpression may induce localized changes in secondary
metabolite content within leaf tissues, conferring partial resistance
to C. zanthoxyli; (ii) structural modifications of lignin polymers or
flavonoid derivatives may enhance antifungal activity. These
metabolites may function as defense compounds, either induced
or pre-formed during infection, which inhibit fungal hyphal
elongation to limit pathogenic colonization; (iii) activation of JA/
SA-mediated defense signaling pathways. Following inoculation
with C. zanthoxyli, JA/SA-mediated signaling pathways are
potentially activated, synergizing with secondary metabolites to
confer rust resistance in Z. armatum. These hypotheses
necessitate validation through spatial metabolomics, histological
staining, and transcriptomic profiling, and we intend to investigate
these mechanisms in subsequent studies.

To elucidate CCoAOMT regulatory function in lignin and
flavonoid biosynthesis, stable transgenic systems were generated
through Agrobacterium-mediated transformation of Z. armatum
calli, yielding distinct overexpression and RNAi-silenced lines.
Quantitative analysis revealed systemic downregulation of
lignin/flavonoid biosynthetic genes in silenced calli, whereas
overexpression lines exhibited marked upregulation, mirroring
transcriptional patterns observed in transient transformation assays.
These coordinated transcriptional responses collectively demonstrate
CCoAOMT pivotal role in modulating phenylpropanoid pathway
activity across transformation platforms.

Prior to experimental validation, the subcellular localization of
the CCoAOMT protein was predicted using bioinformatic tools,
which indicated that the protein was most likely localized in the
cytoplasm and nucleus at low probability. However, previous
studies have documented variability in the subcellular localization
of this gene across plant species (Widiez et al., 2011; Lv et al., 2018;
Ma et al, 2021; Guo et al, 2023). To confirm this prediction
experimentally, the complete coding sequence (CDS) of
CCoAOMT was ligated into the pSuper 1300 plasmid fused with
GFP for transient expression. Subcellular localization analysis
demonstrated that CCoAOMT localized to both the nucleus and
cytoplasm, consistent with the predicted subcellular distribution.
Furthermore, analysis using TMHMM confirmed the absence of
transmembrane domains, excluding its localization to the cell
membrane and further corroborating the reliability of the
experimental findings.

Z. armatum rust disease represents the most prevalent and
severe foliar disease affecting this species. Current control strategies
predominantly rely on chemical pesticides, which are associated
with issues such as pathogen resistance and environmental
contamination, underscoring the need for sustainable alternatives.
Consequently, investigations into the resistance mechanisms of Z.
armatum against the rust fungus C. zanthoxyli have been initiated.
Exogenous application of 0.4 mg/mL salicylic acid (SA) was found
to enhance the activities of CAT, POD, and PAL, elevate H,O,,
lignin, and endogenous SA levels, and upregulate the SA signaling
pathway-associated gene ZaPRI, thereby bolstering rust resistance
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in Z. armatum (Ren et al., 2024). Integrated transcriptomic and
metabolomic analyses have suggested that lipid-derived plant
hormone DAMs, particularly methyl jasmonate (MeJA), may
activate rust resistance in Z. armatum by modulating
phenylpropanoid and flavonoid biosynthesis pathways in leaf
tissues (Han et al,, 2023). Additionally, a strain of Ramularia
coleosporii exhibiting potent parasitic activity against C.
zanthoxyli was isolated and screened from Z. armatum
urediospores. Formulated as a wettable powder, the strain
demonstrated growth-inhibitory effects on C. zanthoxyli in both
pot and field trials (Yuan, 2024). In this study, ZaCCoAOMT is
proposed to function as a disease resistance gene, conferring rust
tolerance in Z. armatum. Thus, elucidating plant resistance
regulatory mechanisms, identifying robust rust-resistant genes in
Z. armatum, and deciphering molecular resistance pathways are
essential for achieving targeted rust resistance breeding. These
findings hold significant implications for guiding future disease-
resistant breeding programs in Z. armatum and establishing a
scientific foundation for improved rust disease management.

4 Materials and methods

4.1 Materials

Two-year-old Z. armatum plants averaging 40 cm in height
were selected from a cultivated Z. armatum garden in Hongya
County, Sichuan Province (geographic coordinates: 33°59°'N, 106°
39°E). The plants were transferred to a greenhouse located in the
Fifth Teaching Building of Sichuan Agricultural University,
Wenjiang District, Chengdu. Growth conditions were maintained
at 25-28°C, 70-80% relative humidity, and a 16-hour photoperiod
followed by 8 hours of darkness. Urediospores from Z. armatum
plants were aseptically collected using sterile surgical blades.
Following one week of air-drying, the spores were separately
stored at -20°C and -80°C in the Forest Protection Laboratory.

4.2 Methods

4.2.1 Extraction of total RNA and synthesis of
cDNA from Z. armatum

Total RNA was isolated from young leaves of Z. armatum using
the EASYspin Plus Rapid Plant RNA Extraction Kit. RNA integrity
and concentration were assessed through 1% agarose gel
electrophoresis and an ultra-micro spectrophotometer.
Subsequently, cDNA synthesis was performed via reverse
transcription of the RNA template using the Evo M-MLV Plus
One-Step Kit. The synthesized cDNA was stored at -20°C for
subsequent analyses.

4.2.2 Cloning of candidate genes

Based on the transcriptome-derived candidate gene sequence,
primers for amplifying the full-length coding sequence (CDS) of
CCoAOMT were designed using Primer 5.0 software, with the
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primer pair designated as CCoAOMT-F/R (Appendix A.1). The
target sequence was amplified using Z. armatum cDNA as a
template, followed by ligation of the purified PCR product into
the pEASY®—T5 Zero Cloning Vector via TA cloning. Recombinant
plasmids were confirmed through sequencing, after which the
validated plasmid DNA was stored at —20°C. The corresponding
bacterial glycerol stock was preserved at -80°C for long-
term archival.

4.2.3 Gene sequence analysis and protein
structure prediction

The coding sequence of the CCoOAOMT gene was translated into
amino acid sequences using standard bioinformatic tools.
Corresponding CCoAOMT protein sequences from over 20
representative species, including members of the families
Theaceae, Rutaceae, and Vitaceae, were retrieved from the NCBI
database (https://www.ncbinlm.nih.gov/). A phylogenetic tree of
CCoAOMT homologs was constructed using MEGA 7.0 software
with the neighbor-joining method. Additionally, multiple sequence
alignment of the CCoAOMT amino acid sequences across species
was performed using DNAMAN 8.0 software to identify conserved
domains and functional residues.

The CCoAOMT protein sequence was retrieved, and its
physicochemical properties were analyzed using multiple
bioinformatics tools. Key parameters, including the isoelectric
point (pI), instability index, grand average of hydropathicity
(GRAVY), and molecular weight, were determined using the
ExPASy ProtParam tool (http://web.expasy.org/protparam/).
Conserved motifs within the protein were identified using the
MEME Suite (https://meme-suite.org/meme/tools/meme). Signal
peptide prediction was performed with SignalP-3.0 (https://
services.healthtech.dtu.dk/service/SignalP-3.0), while secondary
structure analysis was conducted using the SOPMA tool via the
NPS@ server (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?
page=npsa_sopma.html). Finally, the tertiary structure of
CCoAOMT was modeled using SWISS-MODEL (http://
swissmodel.expasy.org/), with structural validation based on
global quality estimation scores.

4.2.4 Tissue-specific expression analysis of
CCoAOMT gene

To investigate the tissue-specific expression profile of
CCoAOMT, root (R), stem (S), and leaf (L) tissues were collected
from two-year-old Z. armatum plants, with three biological
replicates per tissue type (nine samples total). Total RNA was
isolated from the tissues, and ¢cDNA was synthesized for
downstream analysis. Gene-specific primers (QCCoAOMT-F/R;
Appendix A.1) were designed using Primer 5.0 software and
commercially synthesized for quantitative PCR (qPCR). The
relative expression of the CCoAOMT gene across tissues was
quantified via qPCR, with B-actin employed as the internal
control gene. All reactions were performed in triplicate using the
CFX96 Touch'™ Real-Time PCR Detection System (Bio-Rad) with
SYBR® Green Pro Taq HS Premix, and relative expression levels
were calculated using the 2788CT method (Zhou et al, 2023).
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Statistical significance (P < 0.05) between tissue types was
determined through Duncan’s multiple range test, and graphical
representations of the data were generated using GraphPad
Prism 5.0.

4.2.5 Construction and transformation of the
CCoAOMT-RNAI expression vector and
CCoAOMT-overexpression vector

Gene-specific primers (T-ZX-F/R, T-FX-F/R, T-PDK-F/R, and
BGT-F/R) were designed using SnapGene software. Amplification
of each fragment was performed following the manufacturer’s
protocol for the 2x TransTaq HiFi PCR SuperMix (TransGen
Biotech). PCR products were subjected to agarose gel
electrophoresis to confirm amplification success, followed by size-
specific purification of the forward, reverse, and overexpression
fragments for CCoOAOMT RNA interference and overexpression
constructs. The intermediate vector pHANNIBAL was linearized
using Xbal restriction enzyme, and the linearized vector was
purified post-digestion. The interference intron fragment was
amplified using the same protocol as the forward and reverse
fragments. The plant binary vectors pCAMBIA1301-35SN and
BG Plant-Express MCS were digested with Kpnl and BamHI,
respectively, followed by purification of the digested vectors.
Homologous recombination was performed using the Uniclone
One-Step Seamless Cloning Kit, with the CCoAOMT forward,
reverse, and intron fragments assembled into the linearized
pHANNIBAL vector at a molar ratio of 1:1-1:10 (vector:insert).
The target fragment was similarly ligated into the BG Plant-Express
MCS vector. Recombinant plasmids were transformed into
chemically competent E. coli DH5a cells, and colony PCR
screening was conducted using primers 0lyz-F/R and yz-F/R
(Appendix A.1) to verify positive clones for both pCAMBIA1301-
35SN and BG Plant-Express MCS constructs. Validated RNAi and
overexpression vectors were preserved in sterile 25% glycerol and
stored at —-80°C for long-term use.

4.2.6 Agrobacterium-mediated transformation
and identification of positive calli and positive
plants

The RNAi recombinant product and overexpression
recombinant product were transformed into DH50, and a
monoclonal expansion culture was selected. The plasmid was
extracted, and the recombinant plasmid was transferred to
Agrobacterium competent GV3101 by the liquid nitrogen freeze-
thaw method. A single colony was selected to verify the positive
Agrobacterium, and the correct positive Agrobacterium liquid
culture was verified. The positive Agrobacterium solution was
shaken to ODggo = 0.8, and centrifuged at 5000 rpm/min for 10
min, after which the supernatant was discarded. The cells were
resuspended in MS (MS + 30 g/L sucrose, pH=5.7-5.9;
acetosyringone was added before resuspension, and the final
concentration was 100 UM) (Zhao et al., 2021).

Twelve Z. armatum plants exhibiting uniform growth were
selected for transformation. Following the protocol described by
Yang (Zhou et al,, 2022), an A. tumefaciens suspension was applied
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to the adaxial and abaxial surfaces of the leaves via foliar spray. Leaf
tissues were harvested three days post-infiltration, and genomic DNA
was isolated using a standardized extraction protocol. To confirm
successful transformation, PCR amplification of the hygromycin
resistance gene (hptIl) was performed using primer pairs hyg501-
F/R and hyg359-F/R (Appendix A.1). Similarly, the kanamycin
resistance gene (kan) was amplified with primers kan270-F/R and
kan300-F/R to screen putative transgenic leaves. The infection
protocol was repeated at three-day intervals for a total duration of
one month to ensure sustained transformation efficiency.

Calli induction in Z. armatum was performed according to the
protocol established by Yang et al (Yang, 2023), and calli exhibiting
vigorous growth were selected for subsequent transformation. Calli
from ZaCCoAOMT-RNAI, ZaCCoAOMT-overexpression, empty
vector control, and sterile water negative control groups were
immersed in an A. tumefaciens suspension for 10 minutes. Post-
infection, calli were blotted dry on sterile filter paper and rinsed five
times with sterile water to remove residual bacterial cells. The calli
were then transferred to Murashige and Skoog (MS) medium
supplemented with 1.5 mg/L 2,4-dichlorophenoxyacetic acid (2,4-
D), 0.5 mg/L 6-benzylaminopurine (6-BA), 0.75 mg/L
naphthaleneacetic acid (NAA), and 0.4 g/L acid-hydrolyzed
casein, followed by incubation in darkness for 3 days. After co-
cultivation, calli were rinsed five times with sterile water containing
500 mg/L cefotaxime and 250 mg/L timentin to eliminate residual
Agrobacterium, blotted dry, and transferred to selection medium
(MS basal salts, 1.5 mg/L 2,4-D, 0.5 mg/L 6-BA, 0.75 mg/L NAA, 0.4
g/L acid-hydrolyzed casein, 50 pg/L kanamycin, and 25 ug/L
timentin) for secondary induction under dark conditions.

4.2.7 Relative expression level analysis of
ZaCCoAOMT in transformants by qPCR

cDNA was isolated from wild-type, ZaCCoAOMT-RNAI, and
ZaCCoAOMT-overexpression lines using the methodology
described in preceding sections. Gene-specific primers
(QCCoAOMT-F/R; Appendix A.1) targeting the RNAi fragment
were designed using Primer 3.0 software, and qPCR amplification
was performed using SYBR Green Pro Taq HS Premix (TransGen
Biotech), with B-actin serving as the internal control. RNA
extracted from wild-type calli and calli transformed with
ZaCCoAOMT-RNAIi or ZaCCoAOMT-overexpression constructs
was reverse-transcribed into cDNA, which was subsequently used
as the template for qPCR with the aforementioned primers. All
reactions were conducted in triplicate, and gene expression levels
were quantified using the 27**“" method, with mean values
calculated for statistical analysis.

4.2.8 Pathogen inoculation and disease
resistance detection

Leaves of Z. armatum exhibiting rust infection symptoms were
collected from field-grown plants, wrapped in sterile filter paper,
and transported to the laboratory. Urediospores were carefully
dislodged from infected leaf surfaces using a sterilized surgical
blade, collected into sterile 1.5 mL microcentrifuge tubes, and
dehydrated in a desiccator containing silica gel for 7 days.
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Dehydrated spores were stored at —20°C until further use. Prior
to inoculation, urediospores were retrieved from storage and
surface-sterilized by suspending them in sterile distilled water. A
spore suspension was prepared by evenly distributing spores onto
1.3% (w/v) water agar medium and incubating at 22°C for 24 hours
to hydrate and activate germination. Activated spores were washed
twice via gentle centrifugation (500 x g, 10 min) and resuspended in
sterile water to a final concentration of 10° spores/mL. For
inoculation, leaf surfaces were pre-treated with 0.1% (v/v) Triton
X-20 detergent solution to enhance spore adhesion. The spore
suspension was uniformly sprayed onto adaxial and abaxial leaf
surfaces using an atomizer. Inoculated plants were maintained at
100% relative humidity for 12 hours in a growth chamber (25°C, 16/
8 h light/dark cycle). Disease incidence and severity indices were
quantified 20 days post-inoculation according to the standardized
protocol described by Zhang et al (Luo et al., 2022).

Disease incidence (DI) was calculated using the following
formula (Equation 1):

DI(%) =D/T x 100 % (1)

where I represents the incidence rate, D represents the number
of leaves exhibiting rust symptoms, and T denotes the total number
of leaves assessed.

Disease severity was classified into five grades based on the
percentage of leaf area covered by uredinia (or teliospore sori):

Grade 0: No visible uredinia/teliospores.

. Grade 1: Uredinia/teliospores occupying <10% of the
leaf area.

Grade 2: 11-33% of the leaf area affected.

Grade 3: 34-50% of the leaf area affected.

e. Grade 4: >50% of the leaf area affected.

The disease severity index (DSI) was calculated as follows
(Equation 2):

DSI=

x 1)/ (' Total number of leaves x 4) x 100

(Number of leaves in grade n

)

4.2.9 Total lignin content and total flavonoid
content

Lignin content in ZaCCoAOMT-RNAi, ZaCCoAOMT-
overexpression, and wild-type Z. armatum leaves was quantified
via the acetyl bromide method following the protocol described by
Moreira-Vilar et al (Wang et al., 2013). Briefly, leaf tissues were
freeze-dried at 80°C until a constant weight was achieved,
homogenized using liquid nitrogen, and sieved through a 40-
mesh screen. A 2 mg aliquot of the resulting powder was
processed according to the manufacturer’s instructions provided
with the GraceBio Lignin Content Assay Kit (Grace Biotechnology
Co., Ltd.). Absorbance measurements were performed at 280 nm
using a UV-Vis spectrophotometer (Model UV-2600, Shimadzu),
and lignin concentration was calculated using the formula
(Equation 3):
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Lignin (mg / g) = 0.084 x (AA + 0.0029)+ W x 4  (3)

where W is the sample weight; and 4 is the dilution multiple of
the supernatant when detected in the cuvette.

In an alkaline nitrite solution, flavonoids form a red complex with
aluminum ions, which exhibits a characteristic absorption peak at 510
nm. Based on this principle, the total flavonoid content in plant
samples was quantified using the NaNO,-Al(NO3);-NaOH
chromogenic method (Cheng et al., 2024). Samples were heat-
inactivated at 105°C for 3 minutes, dried at 60°C to a constant
weight, ground into powder, and sieved through a 40-mesh sieve to
obtain homogenized dry material. A 0.03 g aliquot of the dried sample
was mixed with 1.5 mL of 60% ethanol, incubated at 60°C for 2 h with
shaking, and centrifuged to collect the supernatant for analysis. The
supernatant was subsequently centrifuged and assayed in accordance
with the manufacturer’s protocol for the designated kit (Equation 4).

Total flavonoid content (mg/g) = 0.4 X (AA + 0.0001)

U WxVxD 4)

where W is the sample weight; V is the volume of the extract;
and D is the dilution factor.

4.2.10 Analysis of genes related to
phenylpropanoid metabolic pathway

The ZaCCoAOMT gene was analyzed using STRING (Search Tool
for the Retrieval of Interacting Genes/Proteins), a functional protein
interaction database, and integrated with annotated transcriptomic
data from Z. armatum. Six interacting proteins were identified through
qPCR data analysis of previously identified candidate genes. These
included 4-coumarate-CoA ligase, hydroxycinnamoyltransferase,
flavanone 3-hydroxylase, flavanone 3-monooxygenase, coumarate 3-
hydroxylase, and cinnamate 4-hydroxylase. gPCR primers (Appendix
A.l) for the six interacting proteins were designed using Primer-
BLAST software, with wild-type Z. armatum cDNA (control) and
the B-actin housekeeping gene as an internal reference. Amplification
and analysis were performed via real-time fluorescence quantification,
as outlined in Section 4.2.7.

4.2.11 Subcellular localization of the
ZaCCoAOMT gene

The primers ZaCCoAOMT-EGFP-F/R (Appendix A.l) were
designed according to the coding sequence (CDS) of ZaCCoAOMT.
The ZaCCoAOMT coding sequence, flanked by homologous arms,
was amplified via PCR using Z. armatum ¢cDNA as a template, and the
resulting PCR products were purified. Kpnl and Xbal restriction
enzymes were selected to linearize the green fluorescent protein
vector Super1300. The purified target fragment was ligated into the
linearized Super1300 vector and subsequently transformed into DH50
competent cells. Positive transformants were confirmed by PCR
amplification using the 00yz-F/R primers and validated by Sanger
sequencing. Plasmid DNA was extracted from verified monoclonal
bacterial cultures and introduced into A. tumefaciens GV3101
competent cells via chemical transformation. N. benthamiana leaves
were infiltrated with recombinant Agrobacterium suspension, and
tissue sections were prepared from infiltrated regions 48-72 hours
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post-infiltration. Fluorescence was visualized in leaf tissues using laser
scanning confocal microscopy.

4.2.12 Statistical analysis

Gene expression levels of target genes, disease incidence, disease
index, total lignin content, and total flavonoid content were visualized
using GraphPad Prism software and analyzed for correlations via
Pearson coefficient calculations. Statistical significance was evaluated
using SPSS software (IBM) through appropriate parametric tests.
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