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Abstract
Chinese pepper rust, mainly caused by a living saprophytic fungus Coleosporium zanthoxyli, can
seriously reduce the yield and quality of Chinese pepper. The complex mechanism underlying Chinese
pepper resistance to rust remains largely unknown. In our previous study, we performed a tranomic and
metabolomics analysis of leaves of resistant and susceptible Chinese pepper varieties in response to C.
zanthoxyli, and found a gene related to lignin synthesis in Z. armatum, namely cinnamyl alcohol
dehydrogenase (ZaCAD). RNAi and overexpression vectors were constructed through in vitro
recombination, and silencing and overexpression transformants of both were obtained through
Agrobacterium mediated transformation. The results from Real time fluorescence quantitative PCR (qRT-
PCR) demonstrated that knocking down ZaCAD led to a marked decrease in both lignin and total
flavonoid levels in Z. armatum. Conversely, its overexpression resulted in a heightened accumulation of
these metabolites. This suggests that ZaCAD plays a crucial role in the biosynthesis of secondary
metabolites in plants. In addition, six related genes of secondary metabolic pathways were selected for
expression detection, which showed that the relative expression levels of ZaCAD and the six related
genes were downregulated in silenced transgenic plants and upregulated in overexpressed transgenic
plants. This further indicates that ZaCAD regulates the biosynthesis process of secondary metabolites
by affecting the expression of secondary metabolic pathway genes. In order to verify the disease
resistance level of transformants, after inoculation of pathogen spore suspension, the incidence rate and
disease index of ZaCAD-RNAi transformants increased significantly, while the incidence rate and disease
index of ZaCAD-overexpression transformants decreased. Subcellular localization shows that ZaCAD is
located in the nucleus and cytoplasm. Finally, Y2H technology was used to demonstrate that ZaCAD
interacts with GAPDH and MDH. These results strongly support that ZaCAD activates lignin production
to positively regulate the resistance of plants against C. zanthoxyli.

Background
Classified within the Rutaceae family, Chinese pepper (a deciduous shrub/small tree) is commercially
exploited for four primary purposes: therapeutic applications, human consumption, oil production, and
flavor extraction, as evidenced by numerous studies [1–5]. It has an extremely high economic and
ecological value and is an important economic forest tree species native to China. Currently, China
extensively cultivates two major pepper species, namely Zanthoxylum bungeanum Maxim (red pepper)
and Zanthoxylum armatum DC (green pepper). According to Feng et al. [6], these crops occupy over
1.6 million hectares of farmland and generate annual revenues exceeding $2 billion USD. However,
losses due to disease have been increasing annually with the rapid development of the Chinese pepper
industry [7, 8]. Among them, rust is an important fungal disease endangering Chinese pepper production
[9]. Rust disease can cause the leaves of Chinese pepper to drop early, which greatly affects nutrient
accumulation after the disease occurs. This leads to the consumption of a large amount of nutrients for
leaf regeneration, which directly affects the yield and quality of Chinese pepper in the following year [10–
11]. Today, two pepper species, namely Zanthoxylum bungeanum Maxim (red pepper) and Zanthoxylum
armatum DC (green pepper), are widely cultivated in China, with a planting area of more than 1.6 million
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ha and an economic value of more than USD 2 billion [6]. At present, the main rust control strategies are
the use of chemical pesticides and resistant varieties [12, 13]. While chemical pesticides offer certain
benefits, their excessive application can lead to issues such as pesticide residues, resistance among
pathogens, and a resurgence of pests [14, 15]. A more effective approach to managing plant diseases
involves the cultivation and use of disease-resistant varieties [16]. Nonetheless, there is a notable
absence of comprehensive research on rust resistance in Z. armatum, resulting in a significant gap in
our understanding of rust resistance within this species.

As a phenolic macromolecule, lignin forms a structurally intricate component within the secondary walls
of vascular plant cells. It plays a key role in plant growth and development and is closely combined with
cellulose and hemicellulose to form the secondary cell walls [17, 18], providing mechanical strength for
plants. Lignin serves a dual purpose in plants, aiding in both growth and development as well as in the
plant's response to both biotic and abiotic stresses [19, 20]. Lignin accumulation was significantly
elevated in the basal stem sections of Eucalyptus urograndis and the apical stem regions of Eucalyptus
globulus under water deficit. This modification reduces transpirational water loss from cell walls,
contributing to osmotic equilibrium and membrane defense [21]. Rice plants with upregulated OsAAE3 (a
4CL gene) exhibit reduced lignin content and weakened resistance against blast disease [22]. This gene
is likely involved in the biosynthesis of lignin and other phenylpropanoid metabolites, as well as in
regulating programmed cell death. In cotton, the dirigent-like gene (DIR) is significant for lignin
deposition, and overexpressing GhDIR1 markedly enhances lignification and boosts resistance to
Verticillium dahliae in transgenic plants [23]. When plants face pathogen attacks, the host's lignin
accumulation serves as a primary defense mechanism, hindering the spread of pathogens and limiting
the ability of fungal enzymes and toxins to penetrate the plant cell walls. Compounds related to lignin
can impair fungi's capacity to infect hosts and inhibit the reproduction and dissemination of pathogens
[24]. Lignin is synthesized through the phenylpropanoid metabolic pathway, starting from the
deamination reaction of amino acid phenylalanine, and finally oxidative polymerization into p-
hydroxyphenol (H), guaiacol (G), syringyl (S) three lignin monomers. Plants are rich in flavonoids, which
also originate from the phenylpropanoid pathway. After deamination reaction, O-methylation, and
reduction reaction, 4-coumaroyl-CoA is produced and then catalyzed by intermediate enzymes, including
flavanone-3-hydroxylase (F3H), chalcone isomerase (CHI), and flavonol synthase (FLS). Various
flavonoids are produced under the action of chalcone synthase (CHS) [25, 26]. Flavonoids have
antioxidant properties and may defend against certain diseases [27]. Similar to lignin, flavonoids are
indispensable substances in plant growth and development and are also natural barriers for plants to
cope with biotic and abiotic stresses [28, 29]. The heightened expression of NtHY5 in tobacco leads to
an upsurge in the activity of genes linked to phenylpropanoid pathways, which play a crucial role in
regulating flavonoid biosynthesis and bolstering the plant's resilience against salt stress [30].
Furthermore, treating tangelo Nova fruits with 6-benzylaminopurine results in a notable increase in
isoflavonoid levels, ultimately boosting the fruit's resistance to pathogenic fungal attacks by 60% [31].

In recent years, genetic engineering methods have developed rapidly. Genetic engineering has been
successfully used to silence and overexpress genes involved in lignin and flavonoids biosynthesis,
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affecting the composition and content of lignin and flavonoids in plants [32]. The main enzymes involved
in lignin and flavonoids biosynthesis include PAL, C4H, 4CL, F3H, cinnamoyl-CoA reductase (CCR),
hydroxycinnamoyl (HCT), coumaric acid 3-hydroxylase (C3H), caffeic acid-hydroxyferulic acid O-
methyltransferase (COMT), caffeoyl-CoA O-methyltransferase (CCOAOMT), and cinnamyl alcohol
dehydrogenase (CAD). Reddy obtained transgenic alfalfa by targeting the antisense downregulation of
C4H, C3H, and F5H, and the transgenic line had greatly reduced lignin content [33]. Lignin is rich in p-
hydroxyphenyl (H) units or guaiacol (G) units, and the S unit is reduced. Under the same genetic
background, the downregulation of targeted COMT resulted in a significant decrease in S/G in alfalfa,
while the downregulation of CCOAOMT reduced G lignin but not the S lignin. Nakashima obtained
transgenic alfalfa lines with downregulated 4CL, CCR and CAD [34]. Among them, the overall lignin
content of 4CL transgenic lines decreased by 6.6%, and the S: G ratio decreased by 0.03. Staining of the
S lignin in the CCR and CAD transgenic lines was markedly significantly reduced compared to the control
lines. This suggests that the antisense regulation of genes associated with lignin biosynthesis can lead
to alterations in both the quantity and composition of lignin.

RNA silencing is an evolutionarily conserved sequence-specific mechanism that regulates gene
expression by knocking out (or inhibiting) gene activity at the transcriptional or post-transcriptional level
to verify gene function. To construct an induced silencing transgenic construct, the expression of
specific genes must be inhibited to transform the target organism. The commonly used construct is
composed of inverted repeat sequences homologous to the target gene, which produces double-
stranded RNA that effectively induces silencing. dsRNA is effectively recognized by Dicer and cleaved
into small interfering RNA (siRNA), silencing the target gene [35–38].

The cinnamyl alcohol dehydrogenase (CAD) gene, a key enzyme in lignin biosynthesis and the last
enzyme for the synthesis of H-, G-, and S-lignin units, was first reported in 1992 [39]. The function of this
gene has been studied in a variety of plant species, including Arabidopsis, tobacco, wheat, rice and
poplar [39–43]. CAD belongs to the medium-chain dehydrogenase/reductase (MDR) family, which
catalyzes the direct conversion of cinnamaldehyde to cinnamyl alcohol, and is encoded by a multi-gene
family in higher plants [44]. Some of them are essential for lignin biosynthesis, which affects plant
growth and development, while others function in adaptation to environmental stress [45, 46]. Molecular
genetic studies have identified AtCAD4 and AtCAD5 as key genes responsible for generating G/S lignin
building blocks [47]. AtCAD7 and AtCAD8 are induced by cruciferous bacterial leaf spot [40, 48, 49], and
AtCAD7 results in the loss of lignin biosynthesis activity and is a negative regulator of plant immunity
induced by Phytophthora infection [50]. In addition, CAD transcripts expression differs among organs.
For example, Populus tomentosa CAD1 (PtoCAD1) is highly expressed in buds, roots, xylem and phloem,
with the highest expression in roots. PtoCAD3, PtoCAD6 and PtoCAD9 are differentially expressed
among tissues [51]. EgCAD1 and EgCAD2 show different expression profiles, and the expression level of
EgCAD1 differs organs in the oil palm. The expression level of EgCAD1 is the highest in the primary
roots, followed by the coleoptile and young root tissues. There is low transcription in immature fruit and
young leaves and no expression in peel tissues. By contrast, EgCAD2 is highly expressed in all organs
[52].
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Although CAD has been found to be involved in the regulation of lignin and total flavonoid biosynthesis in
other species, to date, no functional studies of CAD have been reported in Z. armatum. In a previous
experiment, ZaCAD was screened from the transcriptome data during the development of Youkang and
Tengjiao and highly expressed in the stem. Combined with phylogenetic analysis and homologous gene
analysis of this gene and other species regulating lignin and total flavonoid synthesis, ZaCAD was
speculated to be related to lignin and total flavonoid accumulation. Therefore, the hypothesis is
proposed that “ZaCAD can promote the accumulation of lignin and total flavonoids, participate in
regulating secondary metabolic pathways to resist the invasion of C. zanthoxyli”. This research
investigated the traits, subcellular distribution, and expression patterns of ZaCAD, with its functions
being validated through RNA interference and overexpression in both callus and plant tissues.
Additionally, proteins that interact with ZaCAD were identified. These findings will enhance our
comprehension of the transcriptional regulatory mechanisms through which ZaCAD influences lignin and
total flavonoid metabolism in Z. armatum. The aim is to elucidate the transcriptional mechanism of
ZaCAD in regulating lignin and total flavonoid biosynthesis, providing theoretical background and
technical support for the functional research of resistance genes in Z. armatum, and thus providing
practical significance for genetic breeding.

Methods
Plant materials and microbial strains

Z. armatum seedlings (2 years old) from Hongya County, Sichuan (33°59'N, 106°39'E), were grown in
Sichuan Agricultural University’s greenhouse for transient transformation. Newly developed roots, stems,
and leaves were sampled in triplicate. All collected tissues were flash-frozen and maintained at -80°C for
future RNA extraction procedures. Pathogenic urediospores were collected from diseased Z. armatum
leaves with clean surgical blades. After drying for 1 week, they were stored in the forest protection
laboratory at -20°C and − 80°C. For subcellular localization studies, Nicotiana benthamiana plants were
cultivated in potted soil under controlled conditions (25°C, 12 h light/12 h dark). Fresh tender leaves
were collected to induce callus on MS medium for genetic transformation experiments.

CAD cloning

The CDS of ZaCAD was based on the sequence Cluster-20196.18748 in the Z. armatum transcriptome
database (this sequence was screened in our previous transcriptome data analysis), and the gene was
cloned from Z. armatum using specific primers CAD-F/R (Supplementary Table S1). Subsequently, the
amplified product was recovered and cloned into the pEASY-T5 Zero Cloning Vector linearized vector.
The correct recombinant vector extraction plasmid was stored at -20°C, and the bacterial solution was
stored at -80°C.

qPCR (Real-time fluorescence quantitative PCR) analysis
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We employed a standardized molecular biology workflow comprising RNA extraction, cDNA synthesis
using reverse transcriptase, and quantitative PCR analysis for all Z. armatum samples. The β-actin gene
was used as an internal reference gene for relative gene expression. The primers involved are listed in
S1. Each treatment group was subjected to three qPCRs, and the average value was calculated. The
analysis data were calculated using the 2−ΔΔCt method.

The ZaCAD gene silencing in Z. armatum

The forward fragment, reverse fragment and intron fragment of CAD were inserted into the KpnI
restriction site of the plant binary expression vector pCAMBIA1301-35SN. The recombinant plasmid
CAD-pCAMBIA1301-35SN and the blank vector pCAMBIA1301-35SN were transformed into
Agrobacterium strain GV3101, respectively. Then according to Purohit and other methods to induce
callus and co-culture transformation, the Chinese pepper was instantaneously transformed according to
the method of Zhou [53, 54], with each treatment being repeated three times and repeated after 3 days.
After 5 days, the leaves and callus were collected and divided into 2 parts, which were stored at -80°C for
DNA and RNA extraction, and the expression of target genes and related genes was detected.

Overexpression of the ZaCAD gene in Z. armatum

The complete ZaCAD coding sequence was PCR-amplified with gene-specific primers (see
Supplementary Table S1) and subsequently cloned into the multiple cloning site of BG Plant-Express
vector, where its expression was driven by the CaMV 35S promoter. Recombinant plasmids ZaCAD-BG
Plant-Express MCS and BG Plant-Express MCS were transformed into Agrobacterium strain GV3101.
Then, the single colony was selected for propagation, and the bacteria were collected by centrifugation
(6,000×g, 10 min), and the bacteria were resuspended with MS heavy suspension. Finally, the bacteria
were co-cultured with callus for transformation. The instantaneous transformation of Z. armatum was
performed as mentioned above.

Identification of positive callus and positive plants

Primers Hyg501-F/R and Hyg359-F/R (Supplementary Table S1) were used for PCR amplification of the
hygromycin resistance gene. Primers Kan270-F/R and Kan300-F/R were used for PCR amplification of
the Kan gene. Agrobacterium was used as a positive control and sterilized ddH2O was used as a
negative control to screen positive transformed leaves. Each sample had 10 biological replicates, and
the obtained amplification products were sent to the company for sequencing. The successfully
transformed transgenic Z. armatum were used for the next experiment. The positive calli of Z. armatum
were screened with the same primers.

Pathogen inoculation and disease resistance detection

The urediospores were removed from − 20°C and activated on water agar plates to prepare a 1×106

spores/mL spore suspension for use. The leaf surface was washed with water (mixed with Tween 20),
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and the spore suspension was sprayed onto the leaves. The inoculated leaves were maintained under
moist conditions for 12 h, with disease parameters assessed 20 days later.

Disease classification was rated on a 0–4 scale, as follows: 0, leaves without urediniospore (or
teleutospore) heap; 1, urediniospore (or teleutospore) accumulation accounts for about 1/10 of the leaf
area; 2, urediniospore (or teleutospore) accumulation accounts for about 1/10 − 1/3 of the leaf area; 3,
urediniospore (or teleutospore) accumulation accounts for about 1/3 − 1/2 of the leaf area; 4,
urediniospore (or teleutospore) accumulation accounts for more than 1/2 of the leaf area.

Incidence rate I = D/T × 100% (where D represents diseased leaves, T is the total number of surveyed
leaves).

Disease index = ∑ (disease level × the number of diseased plants) / (highest disease level × total number
of investigated plants) × 100.

Total lignin content and total flavonoid content

Lignin was determined by the acetylation method using treated ZaCAD-RNAi and ZaCAD-overexpression
plants and wild-type branches as materials. Tissue samples were oven-dried (80°C) to constant weight,
ground into powder, and sieved (40 mesh) for further use, take 2 mg of sieved powder tissue, add 1.5 mL
of 80% ethanol, vortex and shake well, water bath at 50℃ for 20 min, take out running water for cooling,
centrifuge (12,000×g, 10 min), discard the supernatant, leave the precipitate, dry the precipitate at 95 ℃
for later use. Operate according to the instructions of the Suzhou Gree Bio Lignin Content Extraction Kit.

Lignin (mg / g) = 0.084 × (ΔA + 0.0029) ÷ W × 4, where V1 is the total volume after constant volume; W is
the sample weight; and 4 is the dilution multiple of the supernatant when detected in the cuvette.

Under alkaline conditions containing nitrite, flavonoids undergo complexation with aluminum ions to
generate a red-colored product exhibiting maximum absorbance at 510 nm. This chromogenic reaction
forms the basis for quantifying total flavonoids via the NaNO2-Al(NO3)3-NaOH colorimetric assay. Using
ZaCCoAOMT-RNAi, ZaCAD-RNAi, ZaCCoAOMT-overexpression, ZaCAD-overexpression treated strains,
and wild-type as materials, the samples were incubated at 105°C for 3 min, then dried at 60°C to
constant weight, crushed, and sieved through a 40 mesh sieve to obtain dried samples. Dried samples
(30 mg) were homogenized in 1.5 mL of aqueous ethanol solution (60% concentration) for subsequent
analysis. Following a 120-min thermal shaking extraction at 60°C, the samples were processed by
refrigerated centrifugation (12,000×g, 10 min) to yield the analytical supernatant. Subsequently, the
operation was carried out according to the instructions of the Suzhou Greasy Biological Total Flavonoid
Content Extraction Kit.

Total flavonoid content (mg / g) = 0.4 × (ΔA + 0.0001) ÷ W × V × D, where V1 is the sample volume in the
reaction; W is the sample weight; V is the volume of the extract; and D is the dilution factor.

Analysis of related gene expression
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ZaCAD was analyzed using the STRING functional protein interaction database and then analyzed based
on the annotation information for Z. armatum transcriptome data. Based on the qPCR detection data of
related genes in the early stage, six related proteins were screened out: 4-coumaric acid coenzyme A
ligase, hydroxycinnamoyl transferase, flavanone 3-hydroxylase, flavonoid 3-monooxygenase, coumaric
acid-3-hydroxylase, and cinnamic acid 4-hydroxylase. Wild-type cDNA was used as the control, and the β-
actin plant housekeeping gene was used as the internal reference gene. The qPCR primers
(Supplementary Table S1) of the six interacting proteins were predicted using design software, and
fluorescence quantitative measurements were conducted following the experimental protocol detailed in
2.3 of the Materials and Methods..

ZaCAD Protein Localization Patterns in Plant Cells

The coding sequence (CDS) of ZaCAD was cloned into the pSuper1300-GFP vector between the KpnI and
XbaI sites to obtain the ZaCAD-pSuper1300-GFP construct and transformed into Agrobacterium strain
GV3101. Nicotiana benthamiana was infected with recombinant Agrobacterium, in which GV3101
carried the recombinant vector. The tobacco was observed under a laser confocal microscope 48–72 h
after injection (FV3000, Olympus, Tokyo, Japan).

Yeast two-hybrid experiment

The Y2H (yeast two-hybrid) screening was performed with ZaCAD as bait (pGBKT7-DBD fusion) and
candidate proteins as prey (pGADT7-AD fusions), using the manufacturer's protocol (GAL4 system,
Cloolaber). The successfully constructed bait plasmid and prey plasmid were simultaneously transferred
into yeast cells and plated on X-α-Gal solid medium. Selected single colonies were propagated in SD/-
Trp/-Leu liquid medium until achieving visible cloudiness. A sterile ddH2O was used to serially dilute the

bacterial solution 10− 2,10− 3, and 10− 4 times. The undiluted bacterial solution and the serially diluted
bacterial solution were taken to the second deficiency containing X-α-Gal solid medium, the third
deficiency containing X-α-Gal solid medium, and the fourth deficiency containing X-α-Gal and AbA solid
medium and cultured at 28°C under dark conditions. The growth state of the colony was observed to
determine the interaction between the proteins.

Statistical analysis
The data of gene expression, related gene expression, incidence, disease index, total lignin content and
total flavonoid content were plotted by GraphPad Prism software. The differences among treatments
were statistically evaluated using Pearson's correlation analysis, with all experimental data presented as
mean values ± SE (n = 3).

Results
Cloning and sequence analysis of ZaCAD
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Total RNA was extracted from the leaves of Z. armatum, and full-length cDNA was obtained by reverse
transcription. The full-length ZaCAD was 1074 bp, which encoded a 39.0 kDa protein containing 357
amino acids. ZaCAD genes were clustered with ZaCAD homologous sequences of Rutaceae plants
(Fig. 1A) according to phylogenetic analysis. Multiple sequence alignment revealed 91.78% similarity
between the target protein and its orthologs from related species (Fig. 1B). Conserved domain prediction
showed that the protein contained a structure with a cinnamyl alcohol dehydrogenase function (Fig. 1C,
D). A total of 22 conserved motifs were predicted by MEME, and protein homology modeling showed
that closest match was to Arabidopsis cinnamyl alcohol dehydrogenase with four non-covalent zinc ions,
indicating that the protein is cinnamyl alcohol dehydrogenase (CAD) (Fig. 1E).

ZaCAD Localization Patterns and Tissue-Specific Expression

qPCR was used to detect the expression profile of ZaCAD in different organs. ZaCAD was highly
expressed in the stem, but there was low transcription in the leaves and no expression in the roots
(Fig. 2A). To predict the potential role of genes involved in lignin biosynthesis in the phenylpropanoid
metabolism pathway, we analyzed the differences in genes including 4CL, HCT, F3H, F3M, C3H, C4H,
PAL, F35H, and CCOAOMT in the Youkang and Tengjiao varieties (Fig. 2B). Compared to Tengjiao, HCT,
PAL, C4H, F3M, F3H, and CCOAOMT genes were significantly upregulated. Except for PAL, the other five
genes were highly upregulated, while C3H, 4CL, and F35H genes were not significantly upregulated
compared to the control group. This may be due to sample size, template concentration, and
experimental errors.

CAD localization was assessed using Agrobacterium-mediated transient expression in tobacco
epidermis.CAD-pSuper1300-GFP fluorescence patterns showed significant overlap with nuclear
indicators while remaining separate from membrane markers, indicating simultaneous presence in
nucleus and cytoplasm (Fig. 2C).

Instantaneous ZaCAD overexpression promotes lignin and total flavonoid accumulation in Z. armatum

ZaCAD was transiently overexpressed in Sichuan pepper leaves to investigate their potential functions in
lignin biosynthesis. PCR amplification was performed using the kan fragment on the BG Plant Express
MCS plasmid to screen and identify positive strains (Fig. 3A). Quantitative RT-PCR analysis revealed a
marked upregulation of ZaCAD gene expression in treated leaves compared to untreated controls (**p < 
0.01, Fig. 3B). Lignin and flavonoid content determination showed that transient ZaCAD overexpression
significantly promoted lignin and total flavonoid accumulation in Z. armatum (Fig. 3C, D). qPCR analysis
showed that most structural genes related to the phenylpropanoid pathway (HCT, F3H, F3M, C3H, C4H,
and 4CL) were upregulated compared with the control group (Fig. 3E). These results indicate that ZaCAD
positively regulates lignin and flavonoid accumulation in Z. armatum.

Agrobacterium-mediated CAD silencing reduces the lignin and total flavonoid content in Z. armatum
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To further validate the functional role of ZaCAD, RNAi gene silencing technology was used to inhibit
ZaCAD expression in Z. armatum. PCR amplification was performed using the hygromycin fragment on
the pCAMBIA1301-35SN plasmid to screen and identify positive transformation strains (Fig. 4A).
Spraying the leaves with Agrobacterium strain GV3101 containing ZaCAD-RNAi showed a significant
decrease in ZaCAD expression (Fig. 4B). Compared with the wild type, the total flavonoid and lignin
contents of CAD-silenced plants were significantly reduced (Fig. 4C, D). qPCR results indicated
suppressed expression of critical enzymes in the phenylpropanoid pathway, including HCT, F3H, F3M,
C3H, C4H, and 4CL, which coordinate lignin and flavonoid formation (Fig. 4E). These results confirm that
ZaCAD positively regulates lignin and flavonoid accumulation in Z. armatum.

Stable overexpression and silencing of ZaCAD and related gene expression analysis

The ZaCAD gene was overexpressed and silenced in Z. armatum callus tissue (Fig. 5) to determine
whether it regulated the expression of phenylpropanoid-related genes. Compared with W, the
transcription levels in ZaCAD-silenced plants decreased (Fig. 6A); the relative expression level in plants
overexpressing ZaCAD increased (Fig. 6C). The expression levels of lignin and total flavonoid synthesis
genes (Fig. 6B), including 4CL, HCT, F3M, F3H, C4H, and C3H, were downregulated in the silenced
system but upregulated in overexpression lines (Fig. 6D). The results indicate that ZaCAD is a positive
regulatory factor for lignin and flavonoid accumulation in Z. armatum.

Detection of disease resistance level

After inoculating control and experimental Z. armatum plants with fungal spores, disease progression
was evaluated after 20 days, with the incidence and disease index (Table 1). The CAD-overexpression
treatment group had the lowest incidence rate and disease index (22.7 and 5.7, respectively). The
overexpression lines demonstrated modest improvements in disease resistance parameters, with mean
incidence rates of 22.7 ± 0.01% versus 34.0 ± 0.05% in controls, and disease index of 5.7 ± 0.17 versus
14.2 ± 3.66, respectively (n = 3 biological replicates, p > 0.05). Among all experimental groups, the CAD-
RNAi treatment showed maximal disease susceptibility, demonstrating 67.3% incidence and a disease
index of 57.2.. The incidence rate and disease index were significantly higher in Z. armatum after
expression interference of disease candidate genes than in the control group.Twenty days after
inoculation, the differences in symptoms between the control group and the treatment group were
significant (Fig. 7). After inoculation with the spore suspension, the control group showed five clusters
on the back of the leaves, with a slight expansion of the clusters. In the CAD-overexpression treatment
group, only one cluster appeared, and the symptoms were significantly reduced compared with the
control group. The CAD-RNAi treatment group had the most severe disease symptoms, with seven
clusters appearing and expanding toward the surrounding areas.
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Table 1
Statistics of incidence rate and Disease Index

Varieties Incidence(%) Disease Index

CK 34.0 ± 0.05 20.2 ± 3.66

CAD-RNAi 67.3 ± 0.11* 57.2 ± 13.13*

CAD-overexpression 22.7 ± 0.01 5.7 ± 0.17

Note: The data are the mean value ± standard error of the three biological replicates, * indicates that
the data of the same column are significantly different between different treatments by independent
sample t test (P < 0.05).

ZaCAD can bind to ZaGAPDH and ZaMDH and activate the expression level

The amplified ZaCAD gene fragment was homologous recombined with the linearized vector pGBKT7 to
obtain the recombinant plasmid pGBKT7-ZaCAD. After colony PCR detection, it matched the theoretical
length and was validated by sequencing. Sequencing the PCR product to confirm that it is a positive
clone.

The plasmid pGBKT7 Lam and pGADT7-T control vectors were used as negative controls, while the
plasmid pGBKT7-53 and pGADT7-T control vectors were used as positive controls. The pGBKT7-53 and
pGADT7-T control vectors showed clone growth in DDO (SD/-Trp/-Leu/X-α-Gal), TDO (SD-Trp/-Leu/-
His/X-α-Gal), and QDO (SD-Trp/-Leu/-His/-Ade/X-α-Gal/AbA) media, and the positive control experiment
was successful. The pGBKT7 Lam and pGADT7-T control vectors were grown on DDO medium, but no
clone growth was observed on TDO or QDO medium. The negative control experiment was successful.
The BD gene pGBKT7-CAD + pGADT7 grew on DDO, indicating that the pGBKT7-CAD plasmid was
successfully transferred into the yeast strain, with slight growth on TDO and no growth on QDO medium.
This showed that pGBKT7-CAD had slight self-activation activity in Y2H golden yeast strains and could
be used for screening experiments.

After co-culturing the yeast library with the bait expression vector, the cultured bacterial liquid was
observed microscopically. Under a 40-fold microscope, a Mickey head yeast conjugate with
characteristic morphology was observed, indicating that the bait protein was successfully hybridized
with the protein in the library. About 80 positive clones were grown in the selective TDO medium. The
colonies on the primary screening plate were selected and transferred again to QDO/AbA/X-α-Gal
screening plates. For further screening, 41 clones were obtained, of which 3 did not grow and the rest
grew normally and became blue; thus, 38 positive clones were obtained (Fig. 9). The pGADT7 universal
primer was used to amplify the colony PCR to detect the inserted fragment in the blue clone, and the
PCR product was sequenced. The 38 positive clones interacting with ZaCAD were subjected to BLAST
alignment, and the positive clones that could not be compared were removed. A total of 11 sequences
were screened, and 11 positive clones were screened for gene annotation: AP-4 complex subunit sigma,
50S ribosomal protein L18, cytokinin riboside 5'-monophosphate, tripeptidyl-peptidase 2, auxin efflux
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carrier component 3, glyceraldehyde-3-phosphate dehydrogenase A, chloroplast envelope quinone
oxidoreductase homolog, subtilisin-like protease SBT1.5, malate dehydrogenase, plastid-lipid-associated
protein, and serine/arginine-rich splicing factor SR34A.

The screened plasmids were co-transformed with pGBKT7-ZaCAD into the Y2H Gold yeast strain for one-
to-one hybridization experiments, and spot plate verification was performed. There were negative
control, positive control, and empty plasmid control groups. pGBKT7-ZaCAD + pGADT7-CcGAPDH and
pGBKT7-ZaCAD + pGADT7-CcMDH grew blue clones on QDO/X/A medium. However, pGBKT7-ZaCAD + 
pGADT7-CcAP4S, pGBKT7-ZaCAD + pGADT7-CcRPIR, pGBKT7-ZaCAD + pGADT7-CsCR5-MP, pGBKT7-
ZaCAD + pGADT7-CcTP2, pGBKT7-ZaCAD + pGADT7-CcAECC3, pGBKT7-ZaCAD + pGADT7-CsceQORH,
pGBKT7-ZaCAD + pGADT7-CcSBT1.5, and pGBKT7-ZaCAD + pGADT7-CsPAP did not grow on QDO/X/A
medium (Fig. 10). This indicates that ZaCAD interacted with GAPDH and MDH genes but not with other
genes.

Discussion
Lignin and flavonoids are natural barriers for plants to resist adversity. Understanding the formation and
regulatory mechanisms of lignin and flavonoids in plant species will allow a better understanding of
plant resistance mechanisms. This study identified a novel gene, ZaCAD, and showed that this gene is
involved in regulating lignin and flavonoid formation in Z. armatum. Transgenic studies successfully
validated its function and uncovered potential regulatory mechanisms.

In this experiment, the nucleic acid sequence of the gene of interest was highly similar to the gene
annotated as ZaCAD in the database, and its encoded protein was highly similar to CAD proteins of other
species (Fig. 1A), which is consistent with previous results shown by cloning CAD genes [41, 43]. As the
final step in catalyzing lignin monomer synthesis, CAD plays a core role in regulating lignin biosynthesis
by reducing hydroxycinnamaldehyde to corresponding alcohols [46]. Moreover, different families of CAD
genes exhibit functional division during plant growth and development and are expressed in different
tissues and stages [51, 52]. This study found that ZaCAD is preferentially expressed in the stems and
leaves of Z. armatum but not in the roots (Fig. 2A), and it is significantly correlated with the lignin and
flavonoid content as well as the expression level of biosynthetic genes (Fig. 2B). According to
phylogenetic analysis, ZaCAD is closely clustered with citrus CAD, with a phylogenetic relationship of
99% (Fig. 1A). Multiple sequence alignment analysis showed consistency between this gene and other
protein sequences, which reached 91.78% (Fig. 1B), suggesting that this gene has similar functions.

The use of RNA antisense interference technology to silence the ZaCAD gene in tall fescue resulted in a
30–50% reduction in ZaCAD activity, a 15% reduction in lignin, and a reduction in G- and S-lignin
monomer content in transgenic plants [55]. The effect is similar to that in transgenic tobacco and alfalfa
obtained after silencing CAD [56, 57]. This study also obtained similar results; that is, transient CAD
overexpression increased the expression of this gene in transgenic lines, and the expression levels of
4CL, HCT, C3H, C4H, F3H, and F3M in the phenylpropanoid pathway were also upregulated in
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overexpressing lines (Fig. 3E, Fig. 6D). This result is consistent with that in transgenic macaques [58],
where AcNADS32 regulates the expression of carotenoid biosynthesis-related genes ZEP, VDE, BCH1,
and BCH2 to regulate the fruit ripening process. CAD overexpression promoted the lignin and flavonoid
contents in Z. armatum, which is consistent with the increase in flavonoid content caused by F3H gene
overexpression in tomato [59]. Subsequently, Agrobacterium-mediated CAD-silenced transformed strains
significantly inhibited the lignin and total flavonoid contents and downregulated the 4CL, HCT, C3H, C4H,
F3H, and F3M genes (Fig. 4C, D, E). Similar results have also been found in transgenic tobacco, where
downregulation of C4H expression resulted in lower transcription levels of phenylpropanoid pathway
genes PAL, 4CL, CCOAOMT, and CAD compared with the control group. Following from these
discoveries,, we speculate that CAD acts on the lignin biosynthesis pathway to regulate lignin
accumulation in Z. armatum.

For functional characterization of CAD in lignin and flavonoid metabolism, we developed stable
transgenic Z. armatum callus lines, including three independent overexpression and three knockdown
lines. All genes related to the lignin and flavonoid biosynthesis pathways were downregulated in the
callus tissues of silenced transgenic strains (Fig. 6B), while gene expression was upregulated in
overexpressed strains (Fig. 6D), consistent with the results obtained in previous transient
transformations.

In this study, a cDNA library was preliminarily screened using ZaCAD as a bait protein, and 11 proteins
interacting with ZaCAD were screened by sequencing (Fig. 9). The proteins interacting with ZaCAD,
namely GAPDH and MDH, were verified using a one-to-one plate of bait protein and prey protein (Fig. 10).
Glyceraldehyde 3-phosphate dehydrogenase A (GAPDH) is a highly conserved glycolytic enzyme that
participates in the first energy production reaction in the glycolysis pathway, catalyzing the oxidative
phosphorylation of glyceraldehyde-3-phosphate to produce nicotinamide adenine dinucleotide (NADH)
[60]. Malic acid dehydrogenase (MDH) is a common oxidoreductase that primarily catalyzes the
reversible conversion of (L -) malic acid to oxaloacetate in the C4 photosynthetic pathway of plants,
maintaining a dynamic balance between the two. In this study, it was demonstrated that ZaCAD interacts
with GAPDH and MDH. GAPDH may affect the energy supply and metabolite synthesis of plants by
regulating the activity of the glycolysis pathway, indirectly affecting the synthesis of lignin and
flavonoids. MDH is involved in regulating various metabolic processes, such as the tricarboxylic acid
cycle (TCA) and glyoxylate cycle. By regulating the activity of metabolic processes, it affects carbon
metabolism in plants and accumulates precursor substances for lignin and flavonoid biosynthesis, such
as phenylalanine and cinnamic acid [61]. In addition, GAPDH and MDH both participate in intracellular
redox reactions, helping to maintain the balance of NAD+/NADH. CAD, as a key enzyme in the lignin
synthesis pathway, relies on NADPH as a cofactor. Therefore, the interaction between these enzymes
may affect the activity of CAD and consequently the synthesis of lignin by regulating the supply of
NADPH. The functional studies of most CADs genes have shown that when plants are damaged by
external environments, they synthesize lignin to cope with stress. GAPDH and MDH participate in
regulating the expression of stress-related genes through their interaction with CAD, including genes
encoding lignin and flavonoid biosynthesis pathways. And since GAPDH is mainly located in the
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cytoplasm, while MDH is distributed in both the cytoplasm and mitochondria, the interaction between
CAD and them may promote the exchange of substances and information between different organelles,
which is crucial for coordinating the metabolic activities of the entire cell [62, 63]. These effects indicate
that ZaCAD forms a complex with GAPDH and MDH to synergistically participate in various metabolic
cycles such as glycolysis and TCA in Z. armatum, providing a prerequisite for the normal operation of the
phenylpropane metabolic pathway downstream of Z. armatum and laying the foundation for its
involvement in stress resistant branching pathways. In summary, ZaCAD has more precise and complex
regulatory abilities in the biological functions of Z. armatum. These findings not only contribute to a
deeper understanding of the specific mechanisms of action of ZaCAD, but also provide new directions
for further research on its role in stress response. Future research can continue to explore the
interactions between ZaCAD and key enzymes in other metabolic pathways to reveal its comprehensive
role in plant physiological processes.

The ZaCAD gene was identified as a nuclear-localized transcription factor based on subcellular
localization results (Fig. 2C). Transcription factors typically exert regulatory effects by binding to multiple
genes. Our experiments confirmed interactions between ZaCAD and two proteins, GAPDH and MDH, but
further research is needed to explore additional binding partners. These observations imply that ZaCAD
may function both independently in transcriptional regulation and cooperatively within protein complexes
to fine-tune complex metabolic pathways.

Conclusion
In summary, the present study revealed that lignin and total flavonoid biosynthesis in Z. armatum was
regulated by changing the transcription level of the CAD gene. These results enrich our understanding of
the transcriptional mechanism of lignin and flavonoid biosynthesis.
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Figures

Figure 1
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ZaCAD gene sequence analysis. (A) A target gene development tree based on Neighbor Jiung algorithm,
with red boxes representing ZaCAD. (B) Multi sequence alignment between ZaCAD and other species
ZaCAD. (C) Conservative domain prediction of ZaCAD genes. (D) Conservative motif prediction of
ZaCAD genes. (E) ZaCAD encoded protein tertiary structure homology modeling.

Figure 2

Gene expression analysis and subcellular localization. (A) The expression profile of ZaCAD genes in
roots, stems, and leaves. (B) Relative expression levels of phenylpropanoid pathway genes (mean ± SE;
n=3) were analyzed. Different lowercase letters indicate significant differences at the P<0.05 level in the
t-test. (C) Subcellular localization of ZaCAD in tobacco epidermal cells.
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Figure 3

Instantaneous overexpression of ZaCADin Z. armatum leaves. (A) Positive transformation strain
detection, a total of 3 ZaCAD overexpressing lines were obtained. In the electrophoresis map, M
represents 2000 markers, and below the numbers 1, 2, and 3, there are two lanes corresponding to two
pairs of primer results. P represents the positive control, and N represents the negative control. (B) The
relative representation of ZaCAD in the processing group. (C) The lignin content in the stem tissue after
instantaneous transformation. (D) The total flavonoid content in the stem tissue after instantaneous
transformation. (E) The relative expression of phenylpropanoid genes in leaves. All W in the figure are
wild-type, and ZaCAD represents the processing group. The data is represented as mean ± standard error
(n=3); * indicates a significant difference in P<0.05 level in t-test, and * * indicates a highly significant
difference in P<0.01 level in t-test.
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Figure 4

Transient Silence Expression of ZaCADin Z. armatum Leaves. (A) Positive transformation strain
detection, a total of 4 ZaCAD silenced strains were obtained. In the electrophoresis map, M represents
2000marker, and below the numbers 1, 2, 3, and 4, there are two lanes corresponding to two pairs of
primer results. P (positive control), N (negative control). (B) The relative expression of ZaCAD in blades.
(C) The lignin content in the stem tissue after instantaneous transformation. (D) The total flavonoid
content in the stem tissue after instantaneous transformation. (E) The relative expression of
phenylpropanoid genes in leaves. All W in the figure are wild-type, and ZaCAD represents the processing
group. The data is represented as mean ± standard error (n=3); **** There is a significant difference in
P<0.05 level in the t-test.



Page 24/28

Figure 5

Callus induction and positive screening. (A-D) Group A is the CAD-RNAi treatment group, Group B is the
CAD-overexpression treatment group, Group C is the negative control group, and Group D is the positive
control group.
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Figure 6

Silent expression and overexpression of ZaCAD in Z. armatum callus tissue. (A) Z. armatum callus
induction, A1-A3 is CAD-RNAi, B1-B3 is CAD-overexpression, C1-C3: positive control, D1-D3: negative
control. (B) The relative expression of silent CAD in callus tissue. (C) The relative expression of
phenylpropanoid related genes in silenced callus tissues. (D) The relative expression of overexpression
system ZaCAD in callus tissue. (E) The relative expression of phenylpropanoid related genes in
overexpressed callus tissues. All W in the figure are wild-type, and ZaCAD represents the processing
group. The data is represented as mean ± standard error (n=3). **** There is a significant difference in
P<0.05 level in the t-test.

Figure 7
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Symptom of rust disease in Chinese pepper induced by artificial inoculation. Group A was the control
group, group B was the overexpression treatment group, and group C was the silencing treatment group.
The A1, B1, C1 represent the front of the blade, and the A2, B2, C2 represents the back of the blade
respectively.

Figure 8

Toxicity and self-activation detection of bait carriers. (A) The colony of pGBKT7 after empty load
transformation of yeast. (B) The colony of the recombinant plasmid pGBKT7-CADafter being transferred
to Y2HGold. (C-E) The diagram shows the co transformation of pGBKT7-53 Control Vector and pGADT7-
T Control Vector onto DDO, TDO, and QDO media. (F) The colony shows the co transformation of pGBKT7
Lam Control Vector and pGADT7 T Control Vector into DDO medium. (G) The diagram shows the co
transformation of pGBKT7 Lam Control Vector and pGADT7 T Control Vector into TDO medium. (H) The
diagram shows the co transformation of pGBKT7 Lam Control Vector and pGADT7 T Control Vector into
QDO medium. (I) The colony shows the co transformation of pGBKT7-CAD and pGADT7 into DDO
medium. (J) The diagram shows the co transformation of pGBKT7-CAD and pGADT7 into TDO medium.
(K) The diagram shows the co transformation of pGBKT7-CADand pGADT7 into QDO medium.
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Figure 9

Bait carrier screening library. (A, B) pGBKT7-ZaCAD and pGADT7 libraries were co-transformed onto TDO
medium for initial screening. (C, D) pGBKT7-ZaCAD and pGADT7 libraries co-converted to QDO/AbA/X-
α- Perform re screening on Gal medium. +: Positive control, -: Negative control.
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Figure 10

Candidate positive gene gradient dilution point plate verification. (A) pGBKT7-ZaCAD and pGADT7-
GAPDHco-transformed into QDO medium gradient dilution point plate verification. (B) The diagram is
pGBKT7-ZaCAD and pGADT7-MDH co-transformed into a gradient dilution point plate on QDO medium
for verification; the pGBKT7-53 Control Vector and pGADT7-T Control Vector were used as positive
control. The pGBKT7-Lam Control Vector and pGADT7-T Control Vector were negative controls. The
pGBKT7-ZaCAD and pGADT7 were empty plasmid control groups.
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