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Highlights:

* ZaTPS was cloned and functionally characterized from Zanthoxylum armatum for
the first time;

* Overexpression of ZaTPS significantly enhances linalool accumulation and directly
inhibits rust spore germination.

* ZaTPS enhances antioxidant defense capacity, reducing oxidative damage during
rust infection.

» Silencing of ZaTPS increases susceptibility to rust, confirming its role as a positive

regulator of disease resistance.

Abstract

Background

Zanthoxylum armatum is an economically important spice and medicinal plant whose
industry is often severely threatened by rust disease. To investigate the role of the
terpene synthase (TPS) gene in rust resistance, the ZaTPS gene (1206 bp) was cloned

from the resistant cultivar '"Youkang'.
Results

Bioinformatics analysis revealed that it encodes an acidic, hydrophilic protein
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localized to the cytoplasm, lacking a signal peptide and transmembrane domains.
Tissue-specific expression analysis showed that ZaTPS transcript levels were
significantly higher in resistant plants and in leaves compared to susceptible ones.
Transient overexpression and silencing of ZaTPS were successfully achieved in Z.
armatum  via  Agrobacterium-mediated transformation. Functional studies
demonstrated that overexpression of ZaTPS significantly increased the content of a
key terpenoid (linalool) in leaves and effectively inhibited the germination of rust
spores. Concurrently, the expression of pivotal genes in the terpenoid biosynthesis
pathway (e.g., DXP, DXR, IPP) was significantly upregulated in overexpression
plants. Following rust inoculation, plants overexpressing ZaTPS exhibited
significantly lower disease incidence and severity index compared to controls,
indicating enhanced resistance, whereas silenced plants showed increased
susceptibility. Furthermore, ZaTPS expression positively regulated the activities of
antioxidant enzymes (CAT, SOD, POD) and reduced the accumulation of

malondialdehyde (MDA), thereby bolstering cellular defense capacity.
Conclusions

Overall, ZaTPS plays a crucial positive regulatory role in the rust resistance of Z.
armatum by promoting terpenoid (particularly linalool) biosynthesis and enhancing
the antioxidant defense system. This study provides important theoretical foundations
for elucidating the molecular mechanisms of rust resistance in Z. armatum and for

breeding new resistant cultivars.

Keywords:Zanthoxylum armatum ; Rust resistance ; Linalool ; Transient expression

1.Background

Zanthoxylum armatum DC., a plant species within the genus Zanthoxylum of the
Rutaceae family, has a long history of cultivation in China!'.Its unique flavor profile
and applications in medicinal and preservative contexts have led to a flourishing
industry, bringing increasing attention to its economic and ecological

value!* However, the growth and development of Z. armatum are susceptible to pest
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and disease infestations, which can severely impact its economic worth!*.Common
diseases and pests affecting Z. armatum include rust, root rot, anthracnose, aphids,
and spider mites.Among these, rust disease stands out as the most prevalent and
damaging across major cultivation regions®>®. This disease significantly disrupts
normal plant development, drastically reduces fruit set, and consequently leads to
substantial yield losses!).Surveys indicate widespread occurrence of rust disease with
varying severity in most Z. armatum production areas of Sichuan Province, posing a
serious constraint to the sustainable development of the industry!l.

Current research primarily focuses on the epidemiology of rust, the biological
characteristics of the pathogen, and the isolation and identification of hyperparasitic
fungi, while knowledge regarding the function of host resistance genes in Z. armatum
itself remains limited.Therefore, controlling rust disease is essential to ensure the
healthy growth and guaranteed yield of Z. armatum and to support a thriving
market.Studies have revealed significant variation in rust resistance among different Z.

s!!1-13] Presently, control strategies for rust are underdeveloped, with

armatum cultivar
chemical applications remaining the primary method during disease
outbreaks!!'*!%] Although chemical control can suppress the disease, its associated
environmental pollution and hazards to biodiversity are significant concerns in the

16-17] Inspired by the success in

context of green and sustainable pest management!
staple crops like wheat and maize where screening for resistant genotypes has been a
key strategy for combating pathogens!!®2%, and building upon the prior identification
of a resistant cultivar ("Youkang') and a susceptible cultivar ('Tengjiao’) by our
research group, this study aims to investigate and functionally characterize key rust
resistance genes in Z. armatum.

Plant secondary metabolic pathways play crucial roles in coping with adverse
environments, resisting pathogenic microorganisms, and promoting plant
morphological differentiation through the synthesis of diverse compounds!?!-*?]. Based
on their chemical structures, plant secondary metabolites can be categorized into
terpenoids, phenolics, nitrogen-containing compounds, and others.Among these,

23-24

terpenoids constitute the largest and most diverse group!?>-?*. Terpenes are widely
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used in commercial perfumes and food additives and exhibit a broad spectrum of
biological activities as pharmaceuticals, ranging from regulating human physiology
(e.g., steroid hormones, cannabinoids) to treating diseases (e.g., paclitaxel,
artemisinin)!?>. The biosynthesis of terpenes primarily relies on terpene synthases
(TPS), which catalyze the formation of monoterpene, sesquiterpene, diterpene, and
polyterpene backbones?®!. Transcriptional regulation of TPS gene expression is
critical for modulating terpene biosynthesis.For instance, in grape, 22 genes of the
MEP pathway, along with members of multiple transcription factor families,
including bHLH, and several genes related to hormone biosynthesis or signaling,
might participate in regulating terpenoid biosynthesis based on their specific
expression patterns in berries!?”),

Using the Z. armatum genome assembly, a local BLAST database was
constructed.Local BLAST screening was performed using TPS sequences from
Arabidopsis thaliana and Citrus as query sequences.This screening identified the gene
model Zardc21150.t1, which was designated ZaTPS.The gene function of ZaTPS was
investigated using RNA interference (RNA1) and overexpression techniques, aiming
to analyze its role in terpene biosynthesis in Z. armatum.This research seeks to further

elucidate the molecular mechanisms underlying rust resistance in Z. armatum.

2. Materials and Methods

2.1 Plant Materials

Two-year-old seedlings of Zanthoxylum armatum with uniform growth were
selected for the experiment.The susceptible cultivar was 'Tengjiao' and the resistant
line was 'Youkang'.All plants were cultivated in a greenhouse located at the Fifth
Teaching Building of Sichuan Agricultural University in Wenjiang District,
Chengdu.For subcellular localization assays, one-month-old Nicotiana benthamiana
plants were used for transient transformation.

The inoculum source, urediniospores of the rust fungus Coleosporium zanthoxyli

Diet.et Syd., was collected from diseased plants and stored at -80°C.
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Plasmid vectors and microbial strains used included: the RNAi intermediate
vector pHANNIBAL (Miaoling Bio), the plant expression vector
pCAMBIA1300-35SN, the plant overexpression vector BG Plant-Express MCS
(Baoguang Bio), and the transient expression vector pSuper 1300-GFP containing a
GFP tag.Escherichia coli strain DH5a and Agrobacterium tumefaciens strain GV3101

were used for cloning and plant transformation, respectively.
2.2 Instruments and Reagents

Key instruments utilized in this study were: SW-CJ-2FD clean bench (Sujing
Antai), DYY-6D electrophoresis apparatus (Beijing Liuyi Instrument Factory),
pipettes (Gilson and Eppendorf), Vilber 3000 gel imaging system, CFX96Touch
real-time PCR detection system, HZQ-F160 incubator shaker (HDL Apparatus),
HH-6 constant temperature water bath (AHYQ), Mastercycler Gradient thermal cycler
(Eppendorf), NanoPhotometer® N60 microvolume spectrophotometer (Implen),
GZ-380-GSI intelligent artificial climate chamber, LDZX-40BI vertical autoclave,
XW-80A vortex mixer (Vortex), centrifuge 5415R (Eppendorf), high-speed
refrigerated centrifuge, JP-A platform balance (Lineng), JA3003 electronic balance
(Liangping), and CV200 vacuum concentrator (Ningbo SCIENTZ).

Major reagents consisted of: SteadyPure Plant RNA Extraction Kit, SteadyPure
Plant Genomic DNA Extraction Kit, Evo M-MLV Reverse Transcription Premix, and
SYBR® Green Pro Taq HS Premixed qPCR Kit (all from Accurate Biotechnology);
SanPrep Column PCR Product Purification Kit (Sangon Biotech); pEASY®-TS5 Zero
Cloning Kit, 2xEasyTaq® PCR SuperMix, and 2xTransTaq® High Fidelity (HiF1)
PCR SuperMix II (TransGen Biotech); Plasmid Mini Preparation Kit (Biomed);
restriction enzyme BamHI (Thermo Scientific); and Uniclone One Step Seamless

Cloning Kit (Jinsha Biotechnology).
2.3 Total RNA Extraction and cDNA Synthesis

Fresh young leaves from resistant and susceptible plants were collected for total
RNA extraction using the SteadyPure Plant RNA Extraction Kit (Accurate

Biotechnology), following the manufacturer's protocol (available at:
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https://agbio.com.cn/wp-content/uploads/2024/08/UM_AG21040-Version-1.pdf).RN
A integrity was assessed by 1% agarose gel electrophoresis (140 V, 400 mA, 18 min),
visualized under a gel imaging system.RNA concentration and purity were measured
using a microvolume spectrophotometer.

High-quality total RNA was reverse-transcribed into first-strand cDNA using the
5X All-In-One RT MasterMix (abm), according to the manufacturer's instructions.The
resulting ¢cDNA was used for subsequent amplification of ZaTPS genes and

expression analysis.The reaction components are listed in Table 1.

Table 1 cDNA TransScription System

Component Volume
All-In-One 5X RT MasterMix 4 uL

RNA template 2 ulL
Nuclease-Free Water 14 L
Gently mix well; React on a PCR instrument

Enzyme incubation 37°C 30min
Reverse transcription 60°C 10min
Termination reaction 95°C 3min

2.4 Cloning and Bioinformatics Analysis of ZaTPS

The coding sequence (CDS) of ZaTPS was amplified from Z. armatum using
specific primers designed based on the Zardc14604.t1 sequence retrieved from the Z.
armatum genomic database (The chromosome-level genome assembly of Sichuan
pepper).Sequence data were analyzed and aligned using DNAMAN with default
parameters.A phylogenetic tree was constructed using the maximum likelihood (ML)
method in TBtools with 1000 bootstrap replicates to ensure node reliability.

Physicochemical properties of the deduced ZaTPS protein, including theoretical
isoelectric point (pI), molecular weight (MW), and grand average of hydropathicity
(GRAVY), were predicted using the ProtParam tool on the Expasy server
(http://web.expasy.org/protparam/).Signal peptide prediction was performed with
SignalP 6.0 (https://services.healthtech.dtu.dk/services/SignalP-6.0/). Transmembrane
helix prediction was conducted using TMHMM-2.0
(https://services.healthtech.dtu.dk/servicess TMHMM-2.0/).Subcellular ~ localization

was predicted using WoLF PSORT (https://www.genscript.com/wolf-psort.html).
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2.5 Tissue-specific Expression Pattern Analysis

Root, stem, and leaf tissues were collected from healthy, uniformly growing
plants of the resistant "Youkang' line and the susceptible 'Tengjiao' cultivar for ZaTPS
expression analysis.Three biological replicates were performed for each sample.Total
RNA was extracted from all samples, followed by first-strand cDNA synthesis and
quantitative real-time PCR (qRT-PCR) analysis.The Actin gene was used as an

internal reference for normalizing relative gene expression.
2.6 Subcellular Localization

The subcellular localization vector pPCAMBIA1300-EGFP-MCS was linearized
using the Kpnl restriction site.Specific primers containing homologous arms flanking
the linearized vector were designed to amplify the ZaTPS CDS, generating a
ZaTPS-GFP recombinant construct.The recombinant plasmid and the empty vector
control were introduced into Agrobacterium tumefaciens strain GV3101 competent
cells using the liquid nitrogen freeze-thaw method.After 48 hours of culture, single
colonies were selected and screened by colony PCR using specific primers to confirm
successful transformation of the ZaTPS-GFP recombinant plasmid.Primers targeting
the Kanamycin resistance region were used to verify the empty
pCAMBIA1300-EGFP-MCS vector.

Agrobacterium cultures confirmed as positive were transferred to LB liquid
medium containing Kanamycin and incubated overnight at 28°C with shaking at 200
rpm.When the OD600 reached 0.8-1.0, the cells were pelleted by centrifugation at
3000 rpm for 1 min.The pellet was resuspended in infiltration buffer (containing 10
mM MES, 10 mM MgCl., and 100 pM acetosyringone) and adjusted to a final OD600
of 0.8.The suspension was kept at room temperature in the dark for 2-3 hours.Healthy,
approximately one-month-old Nicotiana benthamiana plants were selected, and the
bacterial suspension was infiltrated into the abaxial side of tobacco leaves using a
needleless syringe.After infiltration, plants were kept in darkness for 12 hours at 25°C,
followed by 48-72 hours under light conditions.GFP fluorescence was observed and

imaged using a confocal laser scanning microscope.
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2.7 Virus-Induced Gene Silencing (VIGS) in Z. armatum

A conserved region of the  ZaTPS sequence was selected for VIGS vector
construction. The silencing vector pCAMBIA1301-35SN was linearized using the
BamHI restriction site.Specific primers containing homologous arms to the vector
ends were designed to amplify the target ZaTPS fragment.An intron fragment
containing homologous sequences to the target was amplified using the intermediate
vector pHANNIBAL as a template.The recombinant VIGS vector was constructed in
the order: pCAMBIA1301-35SN - forward target fragment - intron - reverse target
fragment - pCAMBIA1301-35SN, resulting in the ZaTPS-RNAi recombinant
construct.The recombinant plasmid and the empty vector were introduced into
A.tumefaciens GV3101.Bacterial suspensions were resuspended in MS medium to an

0OD600 of 0.6-0.8 and evenly sprayed onto the leaves of Z. armatum plants.
2.8 Transient Overexpression of  ZaTPS in Z. armatum

For transient overexpression, the plant overexpression vector BG Plant-Express
MCS was linearized at the Kpnl site.Specific primers containing homologous arms to
the linearized vector were designed to amplify the ZaTPS CDS.The ZaTPS
fragment was ligated with the overexpression vector to generate the ZaTPS-OE
recombinant construct.This construct was introduced into A.tumefaciens GV3101
using the same method described above.The bacterial suspension was resuspended in

MS medium and evenly sprayed onto the leaves of Z. armatum plants.
2.9 Analysis of ZaTPS Expression Levels

Total RNA was extracted from all treated Z armatum samples,
reverse-transcribed into cDNA, and subjected to qRT-PCR analysis.The Actin gene
served as an internal reference for relative gene expression quantification.Specific
primers for  ZaTPS were designed using NCBI Primer-BLAST, targeting amplicon
sizes of 80-150 bp.

2.10 Measurement of Terpenoids in Zanthoxylum armatum

2.10.1 Extraction of Terpenoid Compounds
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Healthy leaves from differently treated Z. armatum plants were collected,
washed with distilled water, and dried.The leaves from each treatment group were
separately ground into a fine powder and passed through a 40-mesh sieve.The powder
was extracted with 75% ethanol in a conical flask.The ethanol was pre-filtered
through a 0.22 um membrane to remove impurities.The conical flask was placed in a
constant temperature incubator shaker at 37°C and shaken at 200 rpm for 6 hours for
extraction.After extraction, the mixture was filtered through qualitative filter paper to
collect the filtrate.The filtrate was transferred to the evaporation flask of a rotary
evaporator.The water bath temperature was set to 50°C and the vacuum to 0.06
MPa.Rotary evaporation was initiated and stopped when a viscous liquid appeared in
the flask.The obtained crude extract was dissolved in chromatographic-grade

methanol solution, and this solution served as the sample for subsequent analysis.
2.10.2 HPLC Detection

Linalool (Source Leaf, B20387-100mg) was used as the standard.It was
dissolved in chromatographic-grade methanol and diluted to four concentration
gradients: 100 pg/ml, 50 pg/ml, 25 pg/ml, and 10 pg/ml.The terpenoid content in the
leaves of differently treated Z. armatum plants was measured using High-Performance
Liquid Chromatography (HPLC).A 500 ul aliquot of the methanol solution from each
group was transferred to a brown sample vial for injection.The mobile phase consisted
of acetonitrile and deionized water.The flow rate was 1.0 ml/min, the column
temperature was 30°C, the detection wavelength was set at 205 nm, and the injection
volume was 10 pl.The HPLC parameters were as follows: mobile phase A was
acetonitrile, and mobile phase B was deionized water.The following gradient elution
program was employed (percentage of mobile phase A over time): isocratic elution at
10% for 10 minutes, linear gradient from 10% to 55% (10-15 min), isocratic elution at
50% (15-18 min), linear gradient from 50% back to 10% (18-20 min), and
re-equilibration at 10% (20-25 min).

Using linear regression standard curve equation is obtained:

Y=kC+b
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Among them: Y = peak area; C= Concentration (pg/ml); k= slope; b= Intercept.
The content of linalool in the sample is:
Linalool content =(Csample V-D)/m
Among them: Csample= linalool concentration in the machine solution (pug/ml); V=

Sample volume (ml); D= Dilution factor; m= Sample weighing mass (g)
2.11 Expression Analysis of Genes Related to Terpene Synthesis

Plant terpene synthesis occurs via two pathways: the Methylerythritol Phosphate
(MEP) pathway and the Mevalonate (MVA) pathway.To investigate changes in the
terpene synthesis pathway in differently treated plants, the expression levels of six
key genes were analyzed!'®l.These genes represent markers for the initiation of
terpenoid synthesis or encode enzymes involved in pivotal steps: DXP
(1-Deoxy-D-xylulose S-phosphate, the starting metabolite), DXR
(1-deoxy-D-xylulose-5-phosphate reductoisomerase, which catalyzes the conversion
of DXP to MEP (2-C-Methyl-D-erythritol 4-phosphate), IPP (Isopentenyl
pyrophosphate, the universal precursor for terpenoids), and the precursors for
monoterpenes and sesquiterpenes, GPP (Geranyl pyrophosphate) and FPP (Farnesyl
pyrophosphate).Corresponding sequences were screened from the Z. armatum
transcriptome database.Specific qPCR primers were designed using NCBI
Primer-BLAST.The Actin gene was used as the internal reference for normalizing

gene expression.
2.12 Assay of Defense-related Enzyme Activities

Mature leaves from transiently expressed/treated plants and control plants were
selected to determine the activities of defense-related enzymes: peroxidase (POD),
catalase (CAT), superoxide dismutase (SOD), and the content of malondialdehyde
(MDA).After treatments, healthy mature leaves were collected, washed with sterile
water, dried, and ground into a fine powder using a grinder.Enzyme activities were
measured using commercially available assay kits (Boxbio).Precisely 0.1 g of powder
was homogenized in 1 ml of extraction buffer (1:10, w/v) on ice.The homogenate was

centrifuged at 8000 rpm for 10 min at 4°C.The supernatant was collected and kept on
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ice for immediate analysis.Absorbance was measured using a microplate reader, and

enzyme activities were calculated according to the kit protocols.
2.13 Expression Pattern Analysis after Rust Infection and Pathogenicity Assay

To elucidate the expression pattern of the ZaTPS gene in response to rust
infection, one-year-old plants of the susceptible 'Tengjiao' cultivar and the resistant
'"Youkang' line were inoculated with Coleosporium zanthoxyli using a spore
suspension method.Urediniospores, activated on water agar plates, were washed off
with sterile water to prepare a spore suspension at a concentration of 10°
spores/mL.The spore suspension was sprayed onto the leaves of 'Youkang' and
'"Tengjiao' plants.Inoculated plants were maintained at 26°C and 90% relative
humidity in a growth chamber with 24 hours of post-inoculation moisture
retention.Control plants were sprayed with sterile water.Each treatment group
consisted of three biological replicates.

From 0 to 20 days post-inoculation (dpi), leaf samples were collected at 5-day
intervals using a five-point sampling method.Collected leaves were immediately
frozen in liquid nitrogen and stored at -80°C for subsequent RNA extraction and
cDNA synthesis.

Disease assessment was performed at 25 dpi.Disease incidence and disease index

were calculated according to the criteria presented in Table 2.

Table 2 Disease Grading Criteria

Level  Representative value Classification criteria

1

2

0 No summer (or winter) spore piles on the leaves
) The number of spore colonies in summer (or winter) is 1 to 5
(accounting for less than 1/10 of the leaf area).

The number of spore colonies in summer (or winter) is 6 to 10

2 (accounting for about 1/10 to 1/3 of the leaf area)

3 The number of spore colonies in summer (or winter) is 11 to 15
(accounting for about 1/3 to 1/2 of the leaf area)

4 The number of spore colonies in summer (or winter) is greater than

15 (accounting for more than half of the leaf arca)

. Number of disease strains
e Incidence rate (%) = x100

Total volume according to inquiry
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3. Results

3.1 Cloning and Bioinformatics Analysis of ZaTPS
3.1.1 Cloning of ZaTPS

Healthy young leaves from rust-resistant (R) and susceptible (S) Z. armatum
plants were collected and immediately frozen in liquid nitrogen to prevent RNA
degradation.Total RNA was extracted using the SteadyPure Plant RNA Extraction
Kit.The integrity of the RNA was confirmed by agarose gel electrophoresis
(Fig.1).First-strand cDNA was synthesized using total RNA as template.The
amplified product of the target gene was analyzed by agarose gel electrophoresis
(Fig.2).The product size was between 1000 and 1500 bp, consistent with the expected
size of 1206 bp.The amplified product was sent to Tsingke Biotechnology Co.,
Ltd.(Beijing) for sequencing, ultimately obtaining the 1206 bp ZaTPS gene.

2000bp
1500bp

1000bp
750bp =
500bp

250bp :
100bp

Figure 1 Electrophoresis diagram for total RNA integrity detection of Z. armatum
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Figure 2 Electrophoresis diagram of ZaTPS amplification

3.1.2 Bioinformatics Analysis of ZaTPS

The coding sequence (CDS) of ZaTPS is 1206 bp long.Analysis of the deduced
protein sequence revealed that the ZaTPS protein is 402 amino acids in length, with a
theoretical isoelectric point (pI) of 5.38, indicating it is an acidic protein.The
molecular weight is 46612.02 Da.The aliphatic index is 92.69, suggesting relatively
high thermostability.The instability index is 57.33, classifying it as an unstable
protein.The grand average of hydropathicity (GRAVY) is -0.122, classifying ZaTPS
as a hydrophilic protein.Amino acid sequences of TPS genes from 10 different plant
species were aligned using DNAMAN software.Subcellular localization prediction
indicated cytoplasmic localization.Signal peptide and transmembrane domain
analyses showed that ZaTPS lacks a signal peptide and transmembrane helices,
classifying it as a non-secretory protein.Secondary structure prediction showed the
protein is predominantly composed of alpha-helix (72.32%), followed by random coil
(24.69%) and extended strand (2.99%).
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Figure 3 Prediction of ZaTPS Signal peptides
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Figure 6 Prediction of ZaTPS Secondary Structure

Figure 7 Prediction of the tertiary structure of ZaTPS

3.2 Expression Pattern Analysis

The expression patterns of ZaTPS in different tissues were analyzed.Results are
shown in Fig.8.The expression level of ZaTPS was significantly higher in
rust-resistant plants compared to susceptible plants.Within the same plant, the

expression was highest in leaves, while relatively lower levels were detected in stems

and roots.
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Figure 8 Expression levels of ZaTPS in anti-susceptibility plants and their roots, stems and

leaves

Note: Figure a shows the expression level of ZaTPS in healthy plants; Figure b shows the
expression levels of ZaTPS in the roots, stems and leaves of healthy anti-susceptibility plants.R
(Resistance) : Healthy "Youkang" plant; S (Sensation) : Healthy "prickly ash" plant.*** indicates

a significant difference at the P<0.001 level.

3.3 Subcellular Localization of ZaTPS
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The ZaTPS fragment flanked by homologous arms for the GFP vector was
amplified. The pPCAMBIA1300-EGFP-MCS vector was linearized by single digestion
using the Kpnl site.The amplified Za7PS fragment and the linearized vector were
gel-purified.After confirmation, the ZaTPS fragment containing the vector
homologous arms was ligated with the Kpnl-digested linearized vector via
homologous recombination.The recombinant product was transformed into E.coli
DH5a.Single colonies were screened by colony PCR using vector-specific primers
(1300YZ-F/R), and the product size was verified.

The obtained positive fusion plasmid (ZaTPS-GFP) was transformed into
Agrobacterium tumefaciens GV3101 competent cells.Single colonies were again
verified.The amplified ZaTPS fragment, including 16 bp homologous arms at both
ends, had a theoretical length of 1238 bp.The electrophoretic band was located near
1000 bp.Colony PCR with vector-specific primers yielded a theoretical product of
1434 bp, with the band located between 1000-2000 bp.Sequencing of the PCR
products confirmed correct insertion, indicating successful transformation into
Agrobacterium for subsequent experiments.

The culture of Agrobacterium confirmed as positive was scaled up and infiltrated
into the abaxial side of leaves of approximately one-month-old Nicotiana
benthamiana plants.After infiltration, plants were incubated at 25°C in a growth
chamber for 72 hours and then observed and imaged using a confocal laser scanning
microscope.Results showed that GFP protein expressed from the pSuper1300-GFP
positive control accumulated abundantly in cells, exhibiting a diffuse distribution
pattern.Co-localization assays with nuclear and plasma membrane markers showed
that the ZaTPS-GFP fusion protein signal did not overlap with the nuclear marker
signal but partially overlapped with the plasma membrane marker signal,

preliminarily suggesting cytoplasmic localization.
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Figure 9 shows the electrophoresis of vector enzyme digestion, amplification of the

homologous arm fragment of ZaTPS and verification of positive colonies

Note: Figure a shows the pPCAMBIA1300-EGFP-MCS plasmid (Lane 2) and the linearized
pCAMBIA1300-EGFP-MCS vector (Lane 1) after Kpnl digestion, M: 15 K marker; Figure b
shows the amplification of the ZaTPS gene with homologous arms, M: 2 K marker; Figure c

shows the single colony verification of the fusion product ZaTPS-GFP.Lanes 1-6 are positive
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colonies, with M: 2 K marker.
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Figure 10 Subcellular localization of ZaTPS
3.4 Construction of the ZaTPS-RNAi Expression Vector

3.4.1 Amplification of Interference and Intron Fragments

The forward ZaTPS fragment was designed with a 15 bp vector homologous

sequence at the 5' end and an 8 bp intron homologous sequence at the 3' end, resulting
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in a theoretical length of 426 bp.The reverse ZaTPS fragment had a 14 bp intron
homologous sequence at the 5' end and a 21 bp vector homologous sequence at the 3'
end, resulting in a theoretical length of 438 bp.The PDK intron region (769 bp) from
the intermediate vector pHANNIBAL was amplified with 13 bp and 12 bp
homologous arms complementary to the ends of the forward and reverse fragments at
its 5' and 3' ends, respectively, resulting in an "M-intron" fragment with a theoretical
length of 794 bp.Agarose gel electrophoresis showed that lanes 1 and 2 (forward
fragments) and lanes 7 and 8 (reverse fragments) displayed bands near 500 bp.Lanes
3-6 (intron fragment) displayed bands near 750 bp.All bands were of the correct size
with sharp edges.Sequencing confirmed their accuracy, allowing their use for vector

construction.

Bl 1 -2 Bl 6 7 8 B0

500bp
250bp
100bp

Figure 11 Electrophoresis images of forward, intron and reverse fragment amplification
of ZaTPS
Note: 2 K marker; Lanes 1 and 2 are the forward interference fragments of ZaTPS, lanes 3 to

6 are intron fragments, and lanes 7 and 8 are the reverse interference fragments of ZaTPS
3.4.2 Linearization of the pPCAMBIA1301-35SN Vector

The circular pCAMBIA1301-35SN plasmid (13,044 bp) appears as a wide,
diffuse band on a gel. After digestion with BamHI, a single, sharp band was observed,
indicating complete digestion and successful linearization.The linearized vector was

purified and stored.
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Figure 12 Linearization of pCAMBIA1301-35SN
Note: M: 15 K marker; 1: pCAMBIA1301-35SN plasmid 2: Linearized vector processed by

BamHI single-enzyme digestion.
3.4.3 Homologous Recombination

The forward ZaTPS fragment, intron fragment, reverse ZaTPS fragment, and
the linearized pCAMBIA1301-35SN vector were assembled via homologous
recombination.The recombinant product was transformed into E.coli.Due to potential
hairpin structure formation during PCR amplification because of the identical
sequences in the forward and reverse fragments, bidirectional verification using
primers designed at the vector and intron junctions was necessary to confirm
successful assembly.Single colonies were subjected to PCR using primer pairs
01-F/Ph-R (expected product ~608 bp for ZaTPS segment) and Ph-F/01-R (expected
product ~484 bp).Colonies positive for both primer pairs were considered positive
(Fig.13 shows colonies 1-4 were positive).Sequencing confirmed the successful
construction of the ZaTPS-RNAI silencing vector.Positive colonies were cultured for
plasmid extraction, and glycerol stocks were prepared and stored at -80°C.The
confirmed ZaTPS-RNAi recombinant plasmid was transformed into A.tumefaciens

for subsequent experiments.
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Figure 13 Verification of positive colonies

Note: Figure a shows the positive clones of ZaTPS-RNAi detected by 01-F/Ph-R primers;
Figure b shows the positive clone detection of ZaTPS-RNAi detected by Ph-F/01-R primers.

3.5 Construction of the ZaTPS over-expression Vector

3.5.1 Fragment Amplification

The full-length ZaTPS sequence was amplified with a 13 bp homologous arm at
the 5' end and a 20 bp homologous arm at the 3' end.The theoretical length of the
ZaTPS-OE fragment was 1239 bp.Agarose gel electrophoresis showed a band of the
correct size with sharp edges.Sequencing confirmed its accuracy.The fragment was

gel-purified for subsequent steps.
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Figure 14 Amplification of ZaTPS fragments with homologous arms

3.5.2 Linearization of BG Plant-Express MCS
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The circular BG Plant-Express MCS plasmid (9676 bp) appears as a very wide,
diffuse band on a gel.Digestion with Kpnl yielded a single, sharp band, indicating

complete linearization.The linearized vector was purified for subsequent experiments.
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500bp

Figure 15 BG Plant-Express MCS linearization

Note: M: 15 K marker; 1: BG Plant-Express MCS plasmid; 2-5: Expression vectors
single-digested by Kpnl endonuclease.

3.5.3 Homologous Recombination

The gel-purified ZaTPS fragment containing the vector homologous arms and the
gel-purified linearized BG Plant-Express MCS vector were assembled via
homologous recombination.The product was transformed into E.coli.Single colonies
were screened by colony PCR using primers KpNIOE-F/R, yielding a theoretical
product of 1449 bp.Agarose gel electrophoresis (Fig.3-15) showed bright bands of the
correct size for lanes 1, 3, and 4.Sequencing confirmed no errors, indicating the
successful construction of the ZaTPS overexpression vector (ZaTPS-OE).Positive
colonies were cultured for plasmid extraction.Glycerol stocks of E.coli harboring
ZaTPS-OE were prepared and stored at -80°C.The extracted ZaTPS-OE recombinant

plasmid was transformed into A.tumefaciens for the next experiments.
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Figure 16 Colony verification of the ZaTPS-OE recombinant plasmid

3.6 Generation of Transiently Transformed Plants

3.6.1 Validation of Positive Plants

Twenty days after agroinfiltration, three plants each for ZaTPS-RNAI,
ZaTPS-OE, pCAMBIA1301-35SN empty vector control, and BG Plant-Express MCS
empty vector control were obtained.Plants treated with sterile water served as
negative controls.PCR amplification using primers for the Kanamycin resistance gene
was performed to identify and screen positive plants for overexpression and silencing
constructs.The amplified fragment sizes were as expected.Results confirmed
successful transformation of Z. armatum leaves with Agrobacterium carrying

ZaTPS-RNAi and ZaTPS-OE, allowing further functional validation.
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Figure 17 PCR detection of positive transformed strains
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Note: Figure a shows the ZaTPS-RNAI detection, and Figure b shows the ZaTPS-OE detection.All
M are 2-K markers.1-3 represent positive controls, 4-6 represent positive transformed strains, and

7-9 represent negative controls.

3.6.2 Validation of Gene Expression Levels

To wverify whether transient transformation achieved gene silencing or
overexpression, qRT-PCR was performed on transiently transformed plants, using
wild-type plants as control.Results showed that the transcript level of ZaTPS in leaves
of silencing transformants was significantly lower than in wild-type, while it was
significantly higher in overexpression transformants.This indicates that the in vitro
synthesized recombinant vectors effectively mediated gene silencing and

overexpression of the target gene.
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Figure 18 Analysis of the expression level of ZaTPS in transient transformation strains

Note: Figure a shows the analysis of the expression level of the ZaTPS gene in the transient
silenced transformation strain; Figure b shows the analysis of the expression level of the ZaTPS
gene in the transient overexpression transformation strain.*** indicates a significant difference at
the p<0.001 level.

3.7 Determination of Terpene Content

3.7.1 Effect of Linalool on Rust Spore Germination

The germination rate of rust spores was observed microscopically on water agar
plates six hours after applying spore suspensions.In the control group, the spore
germination rate reached 96%, while on water agar plates supplemented with linalool,
the germination rate was 0%.This indicates that linalool, as a terpenoid compound,

can effectively inhibit rust spore germination.
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Figure 19 Inhibitory effect of linalool on the germination of uredospores
Note: Figure a shows the normal germination of uredospores; Figure b shows the germination

status of uredospores when 100 pg/ml linalool is added.

3.7.2 HPLC Measurement of Linalool Content in Differently Treated Plants

After measuring samples of different standard concentrations and different
treatments, a regression analysis was performed using concentration (ug/mL) as the
independent variable (X) and peak area integration value as the dependent variable (Y)
to create a standard curve (Fig.20).The regression equation was Y = 180596X +
2E+06, with a correlation coefficient R? = 0.9697, indicating a good linear
relationship between linalool peak area and injection concentration within the 20—100
pug range.The chromatogram of the standard (Fig.21) showed a peak at 14.467
min.The linalool content in different treatment groups was calculated using the
formula and is presented in Table 3.The results show that compared to the control
plants, transient expression of ZaTPS significantly affected linalool content.It can be
concluded that ZaTPS is involved in the rust resistance process of Z. armatum by

altering its linalool content.
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Figure 21 HPLC Chromatogram of Linalool

Table 3 Content of Linalool in Different Treated Plants (n = 3)

Plants Linalool conten (mg/g) RSD (%)
WT 8.12° 1.92
TPS-OE 9.61* 3.85
TPS-RNAI 6.14¢ 2.46

3.8 Analysis of Related Gene Expression in ZaTPS Transiently Expressed Plants

To investigate the effect of ZaTPS overexpression and silencing on genes related
to terpenoid biosynthesis, six key genes from the plant MEP terpene synthesis
pathway were selected for expression analysis in differently treated plants.These
genes included: DXP (1-Deoxy-D-xylulose 5-phosphate, the marker metabolite for
the initiation of terpenoid synthesis), DXR (1-deoxy-D-xylulose-5-phosphate
reductoisomerase, which catalyzes the conversion of DXP to MEP
(2-C-Methyl-D-erythritol 4-phosphate), IPP (Isopentenyl pyrophosphate, the universal

precursor for terpenoids), and the precursors for monoterpenes and sesquiterpenes,
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GPP (Geranyl pyrophosphate) and FPP (Farnesyl pyrophosphate).Specific qPCR
primers were designed for each gene using NCBI Primer-BLAST to investigate
changes in the terpene synthesis pathway in differently treated plants.

Analysis of expression levels of these related genes in transiently overexpressed
and silenced transformants showed that the expression of some related genes was
significantly upregulated in overexpression transformants, while it was significantly
downregulated in silencing transformants.
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Figure 22 Analysis of the expression levels of terpene synthesis-related genes in wild
anti-susceptibility strains and transient transformation strains

Note: Figure a shows the analysis of the expression levels of related genes in the anti-R (S) strain;
Figure b shows the analysis of the expression levels of related genes in the transient silenced
transformation strain.Figure ¢ shows the analysis of the expression levels of related genes in the
transient overexpression transformation strain.*, * * and * * *, respectively, p < 0.05, p <0.01, p <

0.001 significant level.

3.9 Measurement of Defense-related Enzyme Activities

The activities of catalase (CAT), superoxide dismutase (SOD), peroxidase
(POD), and the content of malondialdehyde (MDA) were measured in treated
plants. CAT primarily catalyzes the decomposition of hydrogen peroxide (H20.),

protecting cells from free radical damage and playing a crucial role in the reactive
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oxygen species (ROS) scavenging system.SOD is a metalloenzyme that catalyzes the
dismutation of superoxide anions into H20. and O:, playing a vital role in the
biological antioxidant system.POD catalyzes various reactions involving H-0O- during
cellular redox metabolism and participates in clearing ROS produced during pathogen
infection to prevent cellular damage.MDA is a final product of lipid peroxidation,
possessing cytotoxicity and capable of cross-linking macromolecules like proteins and
nucleic acids.Measuring MDA content reflects the rate and intensity of lipid
peroxidation and indirectly indicates the degree of oxidative damage in tissues.
Measurement of CAT activity revealed significant differences between ZaTPS
transiently silenced plants, overexpression plants, and control plants.The activities of
SOD and POD followed a trend consistent with CAT activity, showing significant
differences between differently treated plants and controls. MDA activity, reflecting
lipid peroxidation, showed an opposite trend compared to CAT, SOD, and POD
activities.s MDA levels were significantly higher in silenced plants than in
overexpression plants.These results indicate that silencing and overexpression of

ZaTPS differentially alter the activities of defense-related enzymes.
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Figure 23 Partial defense enzyme activity of the treated strain

Note: Figure a shows the CAT enzyme activities of different treatment strains; Figure b shows the
SOD enzyme activities of different treatment strains; Figure ¢ shows the enzymatic activities of
POD in different treatment strains.Figure d shows the MDA enzyme activities of different
treatment strains. T-RNAi: ZaTPS silenced strain; T-OE: Overexpressing strain of ZaTPS; CK:
controlled plant *, * * and * * *, respectively, p < 0.05, p <0.01, p <0.001 significant level.

3.10 Inoculation of Transformed Plants with Rust Spores

3.10.1 Rust Resistance Levels in Transformed Plants

Fresh C.zanthoxyli spores were collected and used to prepare a suspension for
inoculating different transiently transformed plants and controls.Disease symptoms
observed 18 days post-inoculation (dpi) are shown in Fig.25.The control leaves
showed distinct orange-yellow pustules covering approximately half of the abaxial
leaf surface.The silencing treatment group exhibited the most severe symptoms, with
ZaTPS-silenced plants showing stronger symptoms than control plants.In contrast,
ZaTPS-overexpressing plants developed chlorotic spots on the abaxial surface, with a
disease severity lower than the control.

Statistical analysis showed that compared to the control disease incidence of
43.69%, ZaTPS-silenced plants had the highest incidence (57.5%), while
overexpression plants had the lowest (29.18%).The disease index was highest for
ZaTPS-silenced plants (40.83) and lowest for overexpression plants (13.57).Both
values were significantly different from the control disease index (31.39).In summary,
these results indicate that the ZaTPS gene, as a disease resistance gene, participates in

the defense process of Z. armatum against rust.



A W N

O 00 N O Uun

10
11

12

Figure 24 Plant diagrams of different treatments
Note: Figure A shows the silent treatment strain of ZaTPS; Figure B shows the strain treated with

ZaTPS overexpression; Figure C shows the control plant

Figure 25 shows the symptoms of the plants used in the experiment after inoculation

Note: Al and A2 are the leaf backs and leaf surfaces of the ZaTPS silencing treatment plants,
respectively.B1 and B2 were respectively compared with the back and surface of the
leaves of the plants.C1 and C2 are respectively the leaf dorsal and surface of the

ZaTPS overexpression treated plants
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Figure 26 shows the incidence rate and disease index of transient expressed plants
Note: Figure a shows the incidence rate of the treated plants; Figure b for processing plant disease
index of *, * * and * * *, respectively, p <0.05, p <0.01, p <0.001 significant level.

3.10.2 Changes in Defense Enzyme Activities after Rust Inoculation in
Transformed Plants

Leaves from different treated plants were collected 1 dpi to measure CAT, SOD,
POD, and MDA activities, and compared with activities from non-inoculated plants of
the same treatments.One day after rust inoculation, both ZaTPS overexpression and
silencing plants showed a slight increase in enzyme activities compared to their
non-inoculated counterparts.Among inoculated plants, ZaTPS-overexpressing plants
showed the highest CAT activity (26.3 U/g), while ZaTPS-silenced plants showed the
lowest (3.9 U/g).SOD activity also increased significantly in all plants 1 dpi compared
to non-inoculated plants.ZaTPS-overexpressing plants had the highest SOD activity
(593.7 U/g), while silenced plants had the lowest (192.6 U/g).POD activity followed a
similar pattern, with ZaTPS-overexpressing plants showing the highest activity (7258
U/g) and silenced plants the lowest (1832 U/g) 1 dpi.MDA content, reflecting lipid
peroxidation damage, decreased in all treated plants 1 dpi compared to non-inoculated
plants.Among inoculated plants, ZaTPS-overexpressing plants had the lowest MDA
content (2.0 nmol/g), while silenced plants had the highest (4.3 nmol/g).These results
indicate that the activities of CAT, SOD, POD, and MDA in Z. armatum plants
change significantly one day after rust inoculation, and these activities differ among
plants subjected to ZaTPS silencing or overexpression, suggesting the involvement

of ZaTPS§ in rust resistance.
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Figure 27 shows the transient expression of defense enzyme activities in plants and

uninoculated plants one day after inoculation with rust spores

Note: Figure a shows the CAT enzyme activities of different treatment strains without rust spore
inoculation and 1 day after rust spore inoculation.Figure b shows the SOD enzyme activities of
different treatment strains without rust spore inoculation and 1 day after rust spore
inoculation.Figure ¢ shows the POD enzyme activities of different treatment strains without rust
spore inoculation and 1 day after rust spore inoculation.Figure d shows the MDA enzyme
activities of different treated strains without rust spore inoculation and 1 day after rust spore
inoculation. T-RNAi: ZaTPS silenced strain; T-OE: Overexpressing strain of ZaTPS; CK:
controlled plant after inoculated with different lowercase letters mark said different at 0.05 level
between treatment group had significant difference (LSD test)

3.10.3 Changes in ZaTPS Expression after Rust Inoculation in Transformed
Plants

To investigate the expression pattern of ZaTPS during rust resistance, leaves
from susceptible plants were collected at 5-day intervals after spore inoculation.RNA
was extracted, checked for integrity, reverse-transcribed to cDNA, and used for
ZaTPS expression analysis at different time points.Results (Fig.28) showed that
ZaTPS expression followed a trend of initial increase followed by a decrease over
time post-inoculation, peaking at 15 dpi.This indicates that ZaTPS gene expression is

associated with rust resistance in Z. armatum.
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Figure 28 Analysis of ZaTPS expression levels at different times after inoculation with rust

spores
4. Discussion

This study preliminarily reveals the crucial role of the ZaTPS gene in the
response of Zanthoxylum armatum to rust disease stress. The results demonstrate that
the expression level of this gene is significantly higher in resistant cultivars than in
susceptible ones and exhibits leaf-specific high expression, closely aligning with the
primary infection sites of the pathogen. Currently, the application of gene

overexpression and silencing to study gene functions is widespread across various

30] 31]

fields, including plants®®!, animals®®, and medicine! In this experiment, the
successful construction of ZaTPS overexpression and silencing plants via
Agrobacterium-mediated transient transformation confirmed the gene's functional
manipulability.

We found that overexpression of ZaTPS significantly increased the content of the
monoterpenoid linalool in Z. armatum leaves. In vitro antifungal assays further
confirmed that linalool strongly inhibits the germination of Coleosporium zanthoxyli
urediniospores. This aligns with findings in grapevine regarding the inhibition of
Botrytis cinerea by monoterpenoids®?, revealing a direct biochemical mechanism for
ZaTPS-mediated resistance: constructing a chemical barrier during the initial stages of

pathogen infection by catalyzing the synthesis of antimicrobial terpenoid compounds.

Concurrently, ZaTPS overexpression significantly upregulated the expression levels
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of several key genes in the MEP pathway of terpenoid biosynthesis (e.g., DXP, DXR,
IPP), indicating its positive regulatory role over the entire terpenoid metabolic
pathway.

The reactive oxygen species (ROS) burst is an early event in the plant's response
to pathogen infection, but excessive ROS can cause oxidative damagel*>3*. At the
physiological defense level, ZaTPS expression significantly influenced the plant's
antioxidant system. Following rust inoculation, the activities of catalase (CAT),
superoxide dismutase (SOD), and peroxidase (POD) were significantly enhanced in
overexpression plants, while the content of the lipid peroxidation product

[35-38] By improving the efficiency

malondialdehyde (MDA) was significantly reduced
of the antioxidant enzyme system, ZaTPS helps plants more effectively scavenge ROS
and maintain membrane integrity, thereby mitigating oxidative stress damage!*). This
mechanism of enhancing disease resistance by priming the basal defense state is
consistent with reports by Zhang et al.l*”! on the involvement of terpenoids in
systemic acquired resistance. Notably, the expression dynamics of ZaTPS are closely
related to disease progression. During rust infection, ZaTPS expression showed an
initial increase followed by a decrease, peaking at 15 days post-inoculation. This
indicates that its induced expression is an important component of the active defense
response in Z. armatum. This temporal expression pattern of ZaTPS, similar to trends

reported in numerous related studies!*!'*]

, further supports its functional role in
disease resistance.

Although ZaTPS overexpression significantly increased linalool content and
enhanced disease resistance, the causal relationship between expression changes of
other genes in the terpenoid biosynthesis pathway and the final disease resistance
phenotype is not fully elucidated. Furthermore, whether ZaTPS indirectly affects the
defense response by regulating defense hormone signaling pathways such as jasmonic
acid or salicylic acid remains to be investigated. Jasmonate-induced bHLH
transcription factors have been shown to regulate terpene synthesis and influence

resistance to insects and pathogens!*¥, suggesting that ZaTPS may reside within a

more complex regulatory network.
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Based on the silencing and overexpression of the ZaTPS gene and subsequent
inoculation, this study found that the expression levels of some genes in the terpenoid
synthesis pathway in treated Z armatum plants changed differently, and
corresponding changes also occurred upon rust spore infection. Simultaneously, the
activities of the measured defense enzymes showed varying degrees of change. These
results preliminarily demonstrate that ZaTPS plays a multi-layered defensive role in
the rust resistance of Z. armatum: providing direct chemical defense through the
synthesis of antimicrobial terpenoids and indirect physiological defense by enhancing
the antioxidant system. These findings not only provide new insights into the
molecular mechanisms of rust resistance in Zanthoxylum but also offer a potential
target gene for breeding disease-resistant cultivars through genetic engineering.
Future research should focus on deciphering the upstream regulatory mechanisms of
ZaTPS and its interactions with other defense signaling pathways to comprehensively

elucidate its functional positioning within the plant immune network.

5 Conclusion

This study confirms that the terpene synthase gene ZaTPS plays an indispensable
positive regulatory role in the rust resistance of Zanthoxylum armatum. Utilizing
transient overexpression and silencing techniques, it was demonstrated that
high-efficiency expression of ZaTPS significantly enhances the synthesis and
accumulation of the key monoterpenoid component linalool in leaves, directly inhibits
the germination of Coleosporium zanthoxyli spores, and thereby establishes an
effective chemical barrier during the early stages of infection. Concurrently, ZaTPS
systematically reinforces terpenoid biosynthesis by upregulating the expression of key
genes in the MEP pathway. At the physiological defense level, ZaTPS expression
effectively enhances the plant's antioxidant defense capacity, as evidenced by
significantly increased activities of key enzymes, including CAT, SOD, and POD,
along with reduced membrane lipid peroxidation damage. Collectively, these
functions confer a substantially lower disease incidence and severity index in

overexpression plants. The specific temporal expression pattern of ZaTPS during rust



10
11
12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

infection further corroborates its functional role as an integral component of the active
defense response. Through a multidimensional synergistic mechanism encompassing
chemical defense, metabolic regulation, and physiological protection, ZaTPS serves as
a central hub in enabling Z. armatum to withstand rust stress. The findings of this
research provide critical genetic resources and a theoretical foundation for further
elucidating the molecular mechanisms of disease resistance in Zanthoxylum and for

advancing targeted breeding strategies.
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