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Integrated analysis of
transcriptome, metabolome,
and histochemistry reveals the
response mechanisms of
different ages Panax notoginseng
to root-knot nematode infection
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Huiling Wang1, Shuai Zhang1, Chen Ye1, Liwei Guo1,
Zhaoxia Wei1, Hongping Huang1, Yixiang Liu1, Shusheng Zhu1,
Youyong Zhu1, Yang Wang1* and Xiahong He1,3*

1State Key Laboratory for Conservation and Utilization of Bio-Resources in Yunnan, Yunnan
Agricultural University, Kunming, Yunnan, China, 2Academy of Science and Technology, Chuxiong
Normal University, Chuxiong, Yunnan, China, 3School of Landscape and Horticulture, Southwest
Forestry University, Kunming, Yunnan, China
Panax notoginseng (P. notoginseng) is an invaluable perennial medicinal herb.

However, the roots of P. notoginseng are frequently subjected to severe damage

caused by root-knot nematode (RKN) infestation. Although we have observed

that P. notoginseng possessed adult-plant resistance (APR) against RKN disease,

the defense response mechanisms against RKN disease in different age groups of

P. notoginseng remain unexplored. We aimed to elucidate the response

mechanisms of P. notoginseng at different stages of development to RKN

infection by employing transcriptome, metabolome, and histochemistry

analyses. Our findings indicated that distinct age groups of P. notoginseng may

activate the phenylpropanoid and flavonoid biosynthesis pathways in varying

ways, leading to the synthesis of phenolics, flavonoids, lignin, and anthocyanin

pigments as both the response and defense mechanism against RKN attacks.

Specifically, one-year-old P. notoginseng exhibited resistance to RKN through

the upregulation of 5-O-p-coumaroylquinic acid and key genes involved in

monolignol biosynthesis, such as PAL, CCR, CYP73A, CYP98A, POD, and CAD.

Moreover, two-year-old P. notoginseng enhanced the resistance by depleting

chlorogenic acid and downregulating most genes associated with monolignol

biosynthesis, while concurrently increasing cyanidin and ANR in flavonoid

biosynthesis. Three-year-old P. notoginseng reinforced its resistance by

significantly increasing five phenolic acids related to monolignol biosynthesis,

namely p-coumaric acid, chlorogenic acid, 1-O-sinapoyl-D-glucose, coniferyl

alcohol, and ferulic acid. Notably, P. notoginseng can establish a lignin barrier

that restricted RKN to the infection site. In summary, P. notoginseng exhibited a
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potential ability to impede the further propagation of RKN through the

accumulation or depletion of the compounds relevant to resistance within the

phenylpropanoid and flavonoid pathways, as well as the induction of lignification

in tissue cells.
KEYWORDS

Panax notoginseng, root-knot nematode, phenylpropanoid pathways, lignin,
transcriptome, metabolome
1 Introduction

Root-knot nematode (RKN) is a plant parasitic pest that can

exert significant influence on the growth, quality, yield, and

environmental stress tolerance of host plants (Borah et al., 2018).

This destructive pathogen possesses distinct characteristics

including a short life cycle, facile propagation, rapid reproduction

rates, and an extensive range of hosts, rendering it one of the most

detrimental plant pathogens (Wu et al., 2022). Currently,

approximately 100 species of RKN have been documented

globally, with over 5500 plant species identified as hosts,

encompassing crops, vegetables, flowers, diverse tree species,

spices, and even medicinal plants (Blok et al., 2010; Wang et al.,

2021). Previous investigations have revealed that the medicinal

plant Panax notoginseng frequently suffers severe damage inflicted

by RKN, leading to substantial yield and quality losses (Yang et al.,

2019; Wang et al., 2021).

Panax notoginseng [P. notoginseng (Burk.) F. H. Chen], a

perennial herb of significant economic and medicinal value, has

been cultivated for over 400 years in Yunnan province, Southwest

China (Liu et al., 2019a; Wei et al., 2019). Previous studies have

indicated that P. notoginseng has effects on antioxidative, antiaging,

and anticancer, and can promote blood circulation (Wang et al.,

2016). Recently, due to the escalating demand for P. notoginseng in

the food industry and traditional medicine, extensive large-scale

plantations of P. notoginseng have emerged throughout China

(Yang et al., 2018). However, P. notoginseng remains vulnerable to

pests, particularly RKN which can infect its roots to cause the

formation of numerous root galls and severe damage. This

detrimental infestation results in stunted growth, wilting, and leaf

yellowing in P. notoginseng (Dong et al., 2013; Braun-Kiewnick et al.,

2016). Previous studies have identified Meloidogyne hapla as a

pathogenic nematode that caused RKN disease of P. notoginseng

(Dong et al., 2013; Yang et al., 2019; Wang et al., 2021). Moreover, the

nematode invasion-induced wounds serve as the entry points for

other pathogens. The interactions among bacteria, viruses, fungi

pathogens, and nematodes can substantially increase the damage

inflicted upon P. notoginseng, ultimately resulting in significant yield

losses. Interestingly, our earlier studies have revealed the contrast in

nematode susceptibility between P. notoginseng seedlings which suffer

severe damage and mature plants which exhibit only mild damage,

which indicated the existence of adult-plant resistance (APR) against

RKN disease in P. notoginseng (Wang et al., 2021; Wang et al., 2023).
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However, the molecular mechanisms underlying host pathogenesis

and defense responses against RKN disease in different stages of P.

notoginseng still remain unexplored.

In response to the invasion of various pests and pathogens,

plants have evolved intricate defense mechanisms that involve the

coordination of diverse signaling pathways (Xing et al., 2017;

Andersen et al., 2018). The comprehension of the mechanisms

underlying plant-pathogen interactions holds great potential for

mitigating crop yield and quality losses, thereby benefiting

agricultural production (Andersen et al., 2018). Comparative

transcriptomics has emerged as a powerful tool for investigating

host-pathogen interactions in recent years (Zuluaga et al., 2015).

For instance, the transcriptomic profiling has been successfully

proved to possess the defense mechanisms of chrysanthemum

leaves against Alternaria infection (Liu et al., 2020a). Similarly,

the transcriptome analysis has been effectively employed to unveil

the mechanisms underlying nematode-host interactions during

RKN infection in tobacco, alfalfa, cotton, sweet potato, etc.

(Postnikova et al., 2015; Xing et al., 2017; Kumar et al., 2019).

Moreover, the roles of sweet potato peroxidase genes in protecting

plants against RKN infection have been identified through

transcriptomic approaches (Sung et al., 2019). Notably, a

transcriptome analysis has indicated the potential of jasmonate

and ethylene signaling pathways in conferring increased resistance

to Fusarium solani in P. notoginseng (Liu et al., 2019b). In addition,

a previous study based on the transcriptome analysis uncovered the

role of 2,3-butanediol in activating resistance against leaf disease

infection in P. notoginseng (Li et al., 2022). However, no published

study has delved into the gene expression profiling in P. notoginseng

infected with RKN, leaving this aspect unexplored.

Metabolomics, a rapidly advancing technology, plays a vital role

in elucidating the intricate growth processes of plants and their

complex responses to various abiotic and biotic stresses through the

identification of diverse compounds (Shulaev et al., 2008). It has

exhibited the extensive applications in studying plant stress

responses (Nakabayashi and Saito, 2015). For example,

comparative metabolomics analyses have successfully revealed the

key metabolites involved in alkali or salinity stress responses in

crops such as safflower (Zhao et al., 2015), alfalfa (Song et al., 2017),

peanut (Cui et al., 2018), and barley (Wang et al., 2019). In recent

years, numerous researchers have employed combined

transcriptomics and metabolomics approaches to uncover

mechanisms underlying plant-pathogen and plant-insect pest
frontiersin.org
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interactions (Coppola et al., 2019; Chen et al., 2020). Notably, such

integrated methodologies have been utilized to investigate the

response mechanisms of P. notoginseng to abiotic stress, such as

the decrease in flavonoids and related genes following inflorescence

removal (Bai et al., 2021). However, our current understanding of

the defense mechanisms employed by P. notoginseng plants remains

limited, and the mechanisms underlying P. notoginseng’s response

to RKN stress at different stages of plant development are not yet

fully elucidated.

In this study, we aimed to elucidate the response mechanisms

of P. notoginseng at different stages of development to RKN

infection by employing transcriptome, metabolome, and

histochemical analyses. To achieve this, we identified

differentially expressed genes (DEGs) and differentially

accumulated metabolites (DAMs) between the healthy and

diseased P. notoginseng plants at each age group. Subsequently,

we performed concurrent mapping of the DAMs and DEGs onto

the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway,

allowing to determine the significantly enriched pathways.

Through the detailed investigation of the gene and metabolite

changes within these important pathways, we unveiled the

intricate mechanisms governing the response of P. notoginseng

at different ages to RKN infection. Furthermore, we conducted

histochemical analyses to explore the accumulation of lignin in

fibrous roots of P. notoginseng plants at different ages. The

response mechanisms of P. notoginseng at different ages to RKN

infection were analyzed at morphological, metabolic and

molecular levels. The results may provide new insights into the

transcriptional and metabolic regulation patterns of P.

notoginseng at different ages during RKN infection. Moreover,

these insights would contribute to the development of novel

strategies and resources for sustainable and ecologically sound

management of RKN disease.
2 Materials and methods

2.1 Plant materials

A greenhouse pot experiment was conducted at the

experimental station of Yunnan Agricultural University in

Xundian County, Yunnan, China (103°15′ E, 25°30′ N; altitude of

1,866 m) to investigate the response mechanisms of P. notoginseng

at different ages to RKN damage. On January 1, 2020, healthy P.

notoginseng seeds, seedlings, and two-year-old seedlings were

planted in plastic container pots (15 cm × 12.8 cm × 10 cm)

containing nematode-infested soil. There was an average of 20

second-stage juveniles (J2s) per 100 g of background soil, and each

pot contained 1500 g of soil. As a result, there were approximately

300 J2s per pot. Each replicate consisted of 100 pots, and three

replicates were established for each age group of P. notoginseng. On

September 16, 2020, samples of P. notoginseng from each age group

were collected, and the disease incidence and disease index were

calculated (Yang et al., 2014). Subsequently, the healthy and

diseased samples were separated. Each group consisted of 30

plants, with triplicate samples. The one-year-old, two-year-old,
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and three-year-old P. notoginseng samples were designated as H1-

1, 2, 3 (healthy), D1-1, 2, 3 (diseased), H2-1, 2, 3 (healthy), D2-1, 2,

3 (diseased), H3-1, 2, 3 (healthy), and D3-1, 2, 3 (diseased). The

samples were carefully washed with water and surface disinfected

with 75% alcohol (XinM., 2021). Taproots were removed, and 5 g of

fibrous roots were collected from each group for further analysis.

The samples were immediately positioned in liquid nitrogen, stored

at −80°C for subsequent metabolomics, transcriptomics, and real-

time qPCR analysis.
2.2 RNA extraction, sequencing,
RNA-seq data analysis, annotation,
and analysis of DEGs

RNA extraction, quality and quantity detection, library

construction, and sequencing were performed by Metware

Biotechnology Co. Ltd. (Wuhan, China) through utilizing the

Illumina HiSeq4000 platform (http://www.metware.cn/). The

original sequenced data underwent a series of preprocessing steps,

including adapter sequence trimming, removal of ambiguous bases,

and elimination of low-quality reads, to obtain a set of high-quality

standard reads. All clean reads that passed the filtering criteria were

mapped to the reference genome of P. notoginseng (Yang et al.,

2021) via HISAT2 (http://ccb.jhu.edu/software/hisat2/index.shtml).

This alignment process allowed for the determination of the precise

genomic or gene locations of the reads, as well as the unique

sequence characteristics specific to each sample, which were

essential for the subsequent analysis (Kim et al., 2015). The

expression levels of genes/transcripts in individual reads were

then normalized to FPKM (Trapnell et al., 2010). Pearson’s

correlation coefficient was employed to evaluate the correlation

between biological samples, with a minimum R2 value of 0.8

considered indicative of a strong correlation among biological

replicates. Principal component analysis (PCA) was performed on

the gene/transcript expression values to gain insights into the

overall differences in gene/transcript profiles across samples

(Zhao et al., 2021).

In this study, DEGs were identified between the healthy and

diseased groups based on the selection criteria of |log2 Fold Change|

>= 1 and false discovery rate (FDR) < 0.05 (Liu et al., 2020b; Shi

et al., 2021). The total number of DEGs, as well as the number of

upregulated and downregulated genes, were determined for each

comparison between different samples, and all DEGs were included

in subsequent analyses. The Venn diagram was generated to

visualize the overlap or uniqueness of DEGs among different

comparison combinations. Subsequently, the unigenes were

comprehensively annotated, and pathway enrichment analyses

were conducted through applying the KEGG (Liu et al., 2020a;

Shi et al., 2021).
2.3 RT-qPCR verification

The usability of the RNA-Seq data and the results of the differential

expression analysis were validated through the application of
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quantitative real-time reverse-transcription PCR (qRT-PCR)

technology (Mei et al., 2020; Xin et al., 2021). Twelve disease-

resistant-related DEGs from the phenylpropanoid biosynthesis

pathway were specifically selected for qRT-PCR verification. Gene-

specific primer pairs for these twelve DEGs and 18S rRNA gene were in

Supplementary Table 1. The qRT-PCR was performed through

applying a 2X SG Fast qPCR Master Mix kit (High Rox, B639273,

BBI, ABI) according to the standard protocol. The expression levels of

the genes were measured with a Thermo Fisher QuantStudio 3 and 5

Real-Time PCR system (ABI/Thermo Fisher, USA).
2.4 Metabolite extraction and
LC-MS/MS analysis

Metabolite extraction, identification, and quantitative analysis

were performed using a widely targeted metabolome method by

Wuhan Metware Biotechnology Co., Ltd. (Wuhan, China). After

taproots removal, 18 freeze-dried fibrous root samples of P.

notoginseng were ground to a fine powder (Peng et al., 2022).

Metabolites were then extracted following the reagents and methods

outlined by Chen et al. (2013). All the sample extracts were analyzed

via an ultraperformance liquid chromatography (UPLC) system

(SHIMADZU Nexera X2). The UPLC system was equipped with an

Agilent SB-C18 column (1.8 mm, 2.1 mm × 100 mm) with a flow

rate of 0.35 mL/min. The mobile phase consisted of solvent A, pure

water (0.1% formic acid) and solvent B, acetonitrile (0.1% formic

acid). The elution gradients were as follows: from 0.00 to 9.00 min,

95% A decreased linearly to 5%, simultaneously coupled with a

linear increase from 5% B to 95% B. This composition of 5% A and

95% B was kept for 1 min. Subsequently, within the interval of 10.00

to 11.10 min, 5% A increased linearly to 95%, alongside a linear

decrease from 95% B to 5% B A composition of 95% A and 5% B

was equilibrated to 14 min. The column temperature was

maintained at 40°C, and the injection volume was 4 mL (Peng

et al., 2022).
2.5 Identification and quantitative
analysis of metabolites

Utilizing the self-built database of Wuhan MetWare Biological

Science and Technology Co., Ltd., qualitative analysis of metabolites

was performed based on the primary and secondary MS data

information (Bai et al., 2021). For the quantitative analysis of

metabolites, a scheduled multiple reaction monitoring model was

used (Chen et al., 2013). Pearson’s correlation coefficient was

utilized to evaluate the correlation between biological samples,

with a higher R2 indicating a stronger correlation. The identified

metabolites from the 18 samples of P. notoginseng were subjected to

PCA, and the resulting top two principal components (PC1 and

PC2) were visualized through utilizing two-dimensional scatter

plots (Li et al., 2022).

The criteria of significant DAMs screening were as follows: fold

change ≥ 2 and fold change ≤ 0.5, along with variable importance in

projection (VIP) ≥ 1. The total number of DAMs, as well as the up-
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regulated and down-regulated number of DAMs between the

healthy and diseased groups, were determined, and all DAMs

were included in subsequent analyses. A Venn diagram was

generated to visualize the overlap of DAMs among different

comparison combinations. To facilitate analysis, all significant

DAMs were normalized using unit variance scaling, and a cluster

analysis heatmap of the samples was constructed through utilizing

the R software heatmap package. The identified metabolites were

annotated applying the KEGG compound database (http://

www.kegg.jp/kegg/compound/), followed by the mapping of the

annotated metabolites to their corresponding pathways using the

KEGG pathway database (http://www.kegg.jp/kegg/pathway.html)

(Xia et al., 2021).
2.6 Co-joint analysis of the transcriptome
and metabolome

By combining the results of the metabolomics-related DAMs

analysis and the transcriptomics-related DEG analysis, the DAMs

and DEGs belonging to the same groups were simultaneously

mapped onto the KEGG pathway. The enrichment results of the

DAMs and DEGs were utilized to generate a P-value histogram,

which illustrated the degree of pathway enrichment achieved by

both sets of data simultaneously.
2.7 Histochemistry analysis of lignin
morphology and distribution

The fresh healthy fibrous roots of P. notoginseng were cut into

0.5-1.0 cm lengths, and the diseased root knots were removed.

Subsequently, the samples were vacuum-fixed in FAA solution (90

mL of 70% ethanol, 5 mL of 40% formaldehyde, and 5 mL of

glacial acetic acid) at room temperature for a minimum of 48 h

(Zhou et al., 2021). The tissues were then dehydrated via a series of

graded ethanol concentrations, with each step lasting 2 h.

Following the dehydration, the transparency processing of the

dehydrated tissues was conducted in a mixture of ethanol and

xylene for 30 min with ratios of 2:1, 1:1, and 1:2, followed by two

changes of a 100% xylene solution. Subsequently, the obtained

samples were embedded in wax (Zhou et al., 2021). For sectioning,

a sliding microtome (Leica RM2016, Wetzlar, Germany) was used

to obtain slices measuring 10–12 mm in thickness. The paraffin

slides were dewaxed and stained with phloroglucinol dye for

2 min, and images were captured via an imaging system (Nikon

DS-U3, Nikon) and saved within 3 min. The lignified components

appeared red, the background remained colorless, or the tissue

itself exhibited distinct colors.
2.8 Statistical analysis

All the data analyses were performed using SPSS 19.0 software

(SPSS Inc., Chicago, IL, United States). The statistical analysis was
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conducted using One-way ANOVA followed by the Tukey test, with

a significance level set at p < 0.05 (Liu et al., 2020c).
3 Results

3.1 Disease incidence and disease
index of RKN disease in different ages
P. notoginseng

The field data collected in 2020 revealed varying levels of disease

severity in different age groups of P. notoginseng resulting from

RKN infestation, with the one-year-old P. notoginseng exhibiting

the highest severity (Figure 1). RKN primarily infected the lateral

roots and fibrous roots of P. notoginseng. In addition, RKN formed

numerous evident galls in the roots of one-year-old P. notoginseng,

while sporadic small galls were only observed in the roots of two or

three-year-old P. notoginseng (Figures 1D–F). The disease incidence

of RKN infection in one-year-old P. notoginseng was 97.6%,

significantly higher than that in two-year-old P. notoginseng
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(69.3%) and three-year-old P. notoginseng (49.8%), showing a

significant downward pattern (Figure 1G). Moreover, the disease

index of RKN infection in one-year-old P. notoginseng was 76,

significantly higher than that in two-year-old P. notoginseng (28.2)

and three-year-old P. notoginseng (12.9), also exhibiting a

significant downward trend (Figure 1H).
3.2 Preliminary analysis of transcriptome
data of the healthy/diseased
P. notoginseng

To investigate the transcriptomic alterations and underlying

regulatory mechanisms in the fibrous roots of P. notoginseng at

different ages in response to nematode infestation, RNA sequencing

was conducted on both healthy and diseased samples from each age

group. A total of 18 sample libraries were constructed and subjected

to high-throughput sequencing, resulting in the generation of

120.99 Gb of high-quality clean reads. Each individual sample

yielded approximately 6 Gb of clean reads (Supplementary
A B

D E F

G H

C

FIGURE 1

(A–C) represent healthy samples of one-year-old, two-year-old, and three-year-old P. notoginseng, respectively. (D–F) represent diseased samples
of one-year-old, two-year-old, and three-year-old P. notoginseng, respectively. (G) Disease incidence of RKN disease in different age’s P.
notoginseng. (H) Disease index of RKN disease in different age’s P. notoginseng. The different lowercase letters (a, b) above the error bars indicate
significant differences among different age’s P. notoginseng (Duncan, p < 0.05).
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Table 2). The quality assessment of the P. notoginseng fibrous root

samples indicated Q20 values ranging from 97.46% to 98.21%, and

Q30 values ranging from 92.49% to 94.55% across different age

groups (Supplementary Table 2). The GC contents ranged from

42.96% to 43.29% for each sample (Supplementary Table 2).

Subsequently, the match ratios ranged from 90.37% to 93.85%,

with unique mapped ratios ranging from 82.11% to 85.56%

(Supplementary Table 3).

The Pearson’s correlation coefficient, employed to assess the

relationship among the three biological replicates of both healthy

and diseased P. notoginseng samples across different ages, exhibited

a remarkably high value surpassing 0.998, thereby indicating a

robust correlation (Figure 2A). Specifically, when evaluating the

correlation between the H1 and D1 samples, the Pearson’s

correlation coefficient ranged from 0.968 to 0.97 (Figure 2A).

Similarly, the correlation between the H2 and D2 samples ranged

from 0.935 to 0.938 (Figure 2A), while the correlation between the

H3 and D3 samples ranged from 0.971 to 0.973 (Figure 2A). In stark
Frontiers in Plant Science 06
contrast, different age groups of healthy and diseased P. notoginseng

samples displayed a feeble correlation (Figure 2A). The PCA

indicated a discernible trend of segregation existed between the

diseased samples and the healthy samples within each age group,

indicating substantial differences in the gene expression

profiles (Figure 2B).
3.3 Identification of DEGs in the healthy/
diseased P. notoginseng

To investigate the disparities in gene expression between

healthy and diseased P. notoginseng samples for each age groups,

three pairwise comparisons were established: H1 vs. D1, H2 vs. D2,

and H3 vs. D3. A total of 899 DEGs (428 up-regulated and 471

down-regulated) were identified in the H1 vs. D1 comparison.

Similarly, the H2 vs. D2 comparison revealed 2824 DEGs (1544

up-regulated and 1280 down-regulated), while the H3 vs. D3
A B

DC

FIGURE 2

Preliminary analysis of P. notoginseng transcriptomic data and comparative analysis of DEGs. (A) Pearson’s correlation heat map of different age’s
healthy/diseased P. notoginseng samples. (B) PCA score plot of different age’s healthy/diseased P. notoginseng samples. (C) Total number of up-
regulated and down regulated DEGs. (D) Venn diagram of DEGs among the H1 vs. D1, H2 vs. D2, and H3 vs. D3 comparison groups.
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comparison yielded 1728 DEGs (1199 up-regulated and 529 down-

regulated) (Figure 2C). The Venn diagram distribution

demonstrated that 4669 DEGs were obtained among the three

comparison groups (Figure 2D), with only 71 DEGs overlapping

among the H1 vs. D1, H2 vs. D2, and H3 vs. D3 comparisons

(Figure 2D). Moreover, 522, 2280, and 1156 DEGs exhibited specific

expression patterns in the H1 vs. D1, H2 vs. D2, and H3 vs. D3

comparisons, respectively (Figure 2D). These findings indicated the

differential expression of genes in healthy and diseased P.

notoginseng samples across distinct age groups.
3.4 KEGG enrichment analysis of DEGs of
the healthy/diseased P. notoginseng

The KEGG pathway enrichment analysis revealed the presence

of 113, 126, and 125 enriched terms in the H1 vs. D1, H2 vs. D2, and

H3 vs. D3 comparison groups, respectively. In the H1 vs. D1

comparison, the top five pathways identified were metabolic

pathways (ko01100), phenylpropanoid biosynthesis (ko00940),

biosynthesis of secondary metabolites (ko01110), flavonoid

biosynthesis (ko00941), and biosynthesis of unsaturated fatty

acids (ko01040) (Figure 3A). Similarly, in the H2 vs. D2

comparison, the top five terms comprised phenylpropanoid

biosynthesis (ko00940), metabolic pathways (ko01100),

biosynthesis of secondary metabolites (ko01110), benzoxazinoid

biosynthesis (ko00402), and zeatin biosynthesis (ko00908)

(Figure 3B). Furthermore, in the H3 vs. D3 comparison, the top

five pathways were biosynthesis of secondary metabolites

(ko01110), metabolic pathways (ko01100), glycerophospholipid

metabolism (ko00564), phenylpropanoid biosynthesis (ko00940),

and propanoate metabolism (ko00640) (Figure 3C).
3.5 Verification of RNA-seq data
via qRT-PCR

The qRT-PCR results exhibited a consistent expression pattern with

the RNA-seq results (Figure 4), confirming the credibility and

reproducibility of the RNA-seq data. Further analysis revealed distinct

expression patterns of the selected genes in diseased P. notoginseng at

different ages compared to their healthy counterparts. In one-year-old P.

notoginseng, RKN infection significantly up-regulated the expression of

11 genes, including peroxidase (POD) (Pno04G002061)

(Pno08G001569), 5-O-(4-coumaroyl)-D-quinate 3’-monooxygenase

(Pno01G004096), beta-glucosidase (Pno04G002061) (Pno08G001569),

caffeoyl-CoA O-methyltransferase (Pno12G005303), shikimate O-

hydroxycinnamoyltransferase (Pno02G015376), trans-cinnamate 4-

monooxygenase (Pno10G000194), 4-coumarate–CoA ligase

(Pno02G015950), and cinnamyl-alcohol dehydrogenase (CAD)

(Pno07G003466) (Pno09G000719) (Figure 4). Similarly, in two-year-

old P. notoginseng, RKN infection significantly up-regulate the

expression of POD (Pno04G002061) (Pno08G001569) and CAD

(Pno09G000719) (Figure 4). However, in three-year-old

P. notoginseng, RKN infection significantly down-regulated
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the expression of POD (Pno04G002061) (Pno08G001569) and

CAD (Pno09G000719) when compared to their healthy

counterparts (Figure 4).
3.6 Preliminary analysis of
metabolomics data of the
healthy/diseased P. notoginseng

To investigate the metabolic mechanisms underlying nematode

infection in P. notoginseng fibrous roots at different ages,

comprehensive profiling of metabolites was performed in both

healthy and diseased samples. A total of 687 metabolites were

identified across all samples, encompassing 116 flavonoids, 103

lipids, 91 phenolic acids, 82 amino acids and derivatives, 59 organic

acids, 56 nucleotides and derivatives, 47 terpenoids, 46 alkaloids, 13

lignans and coumarins, 5 tannins, and 69 others (Supplementary

Table 4). The correlation analysis, visualized through a heatmap,

revealed a strong positive correlation among the three biological

replicates of each age’s healthy and diseased P. notoginseng samples

(Figure 5A). This observation indicated excellent repeatability

among the replicates. Furthermore, the PCA diagram

demonstrated clear differences in metabolite profiles between

diseased and healthy P. notoginseng samples at the same age

(Figure 5B). These findings indicated the distinct metabolic

profiles and accumulation patterns between diseased and healthy

P. notoginseng samples of the same age.
3.7 Identification of DAMs in the healthy/
diseased P. notoginseng

To compare the metabolite abundance between healthy and

diseased P. notoginseng samples at each age, three pairwise

comparisons were established: H1 vs. D1, H2 vs. D2, and H3 vs.

D3. In the H1 vs. D1 comparison, a total of 42 DAMs were

identified, with 22 DAMs up-regulated and 20 DAMs down-

regulated (Figure 5C). Similarly, the H2 vs. D2 comparison

revealed 55 DAMs, including 40 up-regulated and 15 down-

regulated DAMs (Figure 5C). Additionally, the H3 vs. D3

comparison yielded 83 DAMs, with 50 up-regulated and 33

down-regulated DAMs (Figure 5C). The Venn diagram analysis

demonstrated the presence of 139 DAMs shared among the three

comparison groups (Figure 5D) with only 5 DAMs overlapping in

the H1 vs. D1, H2 vs. D2, and H3 vs. D3 comparisons (Figure 5D).

Moreover, 23, 24, and 56 metabolites exhibited specific abundance

in the H1 vs. D1, H2 vs. D2, and H3 vs. D3 comparisons,

respectively (Figure 5D).
3.8 Classification and KEGG enrichment
analysis of DAMs of healthy/diseased
P. notoginseng

To gain further insights into the profiles of DAMs, hierarchical

clustering analysis was employed to classify and assess the relative
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abundances of these DAMs among healthy and diseased P.

notoginseng samples at different ages. In the H1 vs. D1

comparison, cluster analysis categorized the 42 DAMs into 11

distinct groups, including 10 phenolic acids, 7 flavonoids, 7

amino acids and derivatives, 4 organic acids, 4 lipids, 3 lignans

and coumarins, 2 tannins, 2 nucleotides and derivatives, 1

terpenoid, 1 alkaloid, and 1 other (Figure 6A, Supplementary
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Table 5). The heatmap revealed that the levels of most phenolic

acids, lipids, and alkaloids were increased in diseased one-year-old

P. notoginseng (D1) compared to healthy P. notoginseng (H1)

(Figure 6B, Supplementary Table 5). Additionally, the KEGG

enrichment analysis indicated that the DAMs identified in the H1

vs. D1 comparison were primarily associated with flavone

and flavonol biosynthesis (ko00944), flavonoid biosynthesis
A

B

C

FIGURE 3

Pathway enrichment analysis of DEGs of H1 vs. D1 (A), H2 vs. D2 (B), and H3 vs. D3 (C). The color of the point represents p-value, and the size of the
point represents the number of differentially enriched metabolites.
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(ko00941), and phenylpropanoid biosynthesis (ko00940)

(Supplementary Figure 1A).

The classification analysis revealed that the 55 DAMs identified

in the H2 vs. D2 comparison was attributed to 10 distinct categories,

including 19 lipids, 8 flavonoids, 8 phenolic acids, 5 nucleotides and

derivatives, 4 organic acids, 4 amino acids and derivatives, 3

alkaloids, 2 terpenoids, 1 tannins, and 1 other (Figure 6C,

Supplementary Table 6). Among these categories, lipids, organic

acids, and amino acids and derivatives indicated significantly higher
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levels in diseased two-year-old P. notoginseng (D2) compared to

healthy P. notoginseng (H2) (Figure 6D, Supplementary Table 6).

However, the abundance of phenolic acids in diseased two-year-old

P. notoginseng (D2) was significantly decreased compared with

healthy P. notoginseng (H2) (Figure 6D, Supplementary Table 6).

Furthermore, the KEGG enrichment analysis indicated that the

DAMs identified in the H2 vs. D2 comparison were primarily

enriched in flavonoid biosynthesis (ko00941), anthocyanin

biosynthesis (ko00942), phenylpropanoid biosynthesis (ko00940),
frontiersin.or
FIGURE 4

qRT-PCR validation of gene expression levels in the transcriptome. The different lowercase letters (a, b) above the error bars indicate significant
differences between the healthy and diseased P. notoginseng plants at each age group (Duncan, p < 0.05).
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and pyrimidine metabolism (ko00240) (Supplementary Figure 1B).

Figure 6E illustrates the clustering of the 83 DAMs identified in

the H3 vs. D3 comparison into 9 distinct categories, namely 24

flavonoids, 17 phenolic acids, 16 lipids, 7 terpenoids, 6 amino acids

and derivatives, 4 alkaloids, 3 organic acids, 2 nucleotides and

derivatives, and 4 others (Figure 6E, Supplementary Table 7). The

heatmap analysis revealed that the levels of most lipids, amino acids

and derivatives, and alkaloids were significantly higher in three-

year-old diseased P. notoginseng (D3) in comparison to healthy P.

notoginseng (H3). Conversely, most terpenoids exhibited significant

down-regulation in D3 compared to H3 (Figure 6F, Supplementary

Table 7). Furthermore, the KEGG pathway analysis indicated that

the main pathways enriched in the H3 vs. D3 comparison included

phenylpropanoid biosynthesis (ko00940), flavonoid biosynthesis

(ko00941), anthocyanin biosynthesis (ko00942), flavone and
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flavonol biosynthesis (ko00944), and phenylalanine metabolism

(ko00360) (Supplementary Figure 1C). Overall, lipids indicated an

increasing trend in each diseased P. notoginseng sample (D1, D2,

D3) compared to each healthy P. notoginseng (H1, H2, H3), while

phenylpropanoid biosynthesis (ko00940) and flavonoid

biosynthesis (ko00941) were prominent pathways shared among

the three comparison groups.
3.9 Co-joint Analysis of the transcriptome
and metabolome

The analysis of DAMs and DEGs in the H1 vs. D1 comparison

revealed that they were associated with 24 metabolic pathways.

However, none of these pathways indicated significant enrichment
A B

DC

FIGURE 5

Preliminary analysis of metabolomics data of P. notoginseng samples. (A) Heatmap of sample-to-sample correlation analysis. (B) PCA score plot of
different age’s healthy/diseased P. notoginseng samples. (C) Total number of up-regulated and down regulated DAMs. (D) Venn diagram of DAMs
among the H1 vs. D1, H2 vs. D2, and H3 vs. D3 comparison groups.
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simultaneously (Supplementary Figure 2A). Among the DEGs in

H1 vs. D1 comparison, the most significantly enriched pathways

included metabolic pathways (189 DEGs) (ko01100), biosynthesis

o f s e c onda r y me t abo l i t e s ( 1 07 DEGs ) ( ko01110 ) ,

phenylpropanoid biosynthesis (31 DEGs) (ko00940), flavonoid

biosynthesis (10 DEGs) (ko00941), and biosynthesis of

unsaturated fatty acids (9 DEGs) (ko01040) (p < 0.01)
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(Supplementary Figure 2A). In the H2 vs. D2 comparison, the

DAMs and DEGs were allocated to 16 metabolic pathways, with

only anthocyanin biosynthesis (ko00942) showing the most

significant co-enrichment involving 3 DAMs and 4 DEGs (p <

0.01) (Supplementary Figure 2B). Among the DEGs in this

comparison, the most significantly enriched pathways included

metabolic pathways (447 DEGs) (ko01100), biosynthesis of
A B
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FIGURE 6

Classification and abundance of the DAMs of healthy/diseased P. notoginseng at different ages. Classification results of the DAMs of H1 vs. D1 (A), H2
vs. D2 (C), and H3 vs. D3 (E). Abundance level of the DAMs of H1 vs. D1 (B), H2 vs. D2 (D), and H3 vs. D3 (F).
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secondary metabolites (255 DEGs) (ko01110), phenylpropanoid

biosynthesis (69 DEGs) (ko00940), flavonoid biosynthesis (16

DEGs) (ko00941), and stilbenoid, diarylheptanoid, and gingerol

biosynthesis (11 DEGs) (ko00945) (p < 0.01) (Supplementary

Figure 2B). In the H3 vs. D3 comparison, the DAMs and DEGs

were assigned to 34 metabolic pathways, with phenylpropanoid

biosynthesis (ko00940) being the most significantly co-enriched

pathway invo lv ing 6 DAMs and 34 DEGs (p<0 .01)

(Supplementary Figure 2C). Furthermore, metabolic pathways

(281 DEGs) (ko01100), biosynthesis of secondary metabolites

(169 DEGs) (ko01110), and ABC transporters (16 DEGs)

(ko02010) were also among the most significantly enriched

p a t h w a y s f o r D EG s i n H 3 v s . D 3 ( p < 0 . 0 1 )

(Supplementary Figure 2C).
3.10 Metabolic profiling of
phenylpropanoid biosynthesis pathway
in the roots of P. notoginseng under
RKN infection

To gain further insights into the regulation of phenylpropanoid

biosynthesis in P. notoginseng roots under RKN infection, we

investigated the changes in both DEGs and detected metabolites

associated with this pathway (ko00940). These components were

simultaneously mapped onto the monolignol biosynthesis pathway

(M00039), a critical branch of phenylpropanoid biosynthesis. The

analysis revealed that a substantial number of DEGs and 12

metabolites in the P. notoginseng roots (H1 vs. D1, H2 vs. D2, H3

vs. D3) were assigned to the monolignol biosynthesis pathway

(Figure 7A). Among the 12 detected metabolites, 5 compounds

exhibited an increasing trend in expression. However, only one

compound, 5-O-p-Coumaroylquinic acid (C12208), demonstrated

significant up-regulation in H1 vs. D1 (Figure 7B). Conversely,

chlorogenic acid (3-O-caffeoylquinic acid)* (C00852) and 1-O-

sinapoyl-D-glucose (C01175) were significantly down-regulated in

D2 compared to H2 (Figure 7B). In addition, in the H3 vs. D3

comparison, five compounds, namely p-coumaric acid (C00811),

chlorogenic acid (3-O-caffeoylquinic acid)* (C00852), 1-O-

sinapoyl-D-glucose (C01175), coniferyl alcohol (C00590), and

ferulic acid (C01494), were significantly up-regulated in D3

relative to H3 (Figure 7B). Additionally, sinapyl alcohol (C02325)

in H3 vs. D3 exhibited a notable increase close to the significant

level (Figure 7B). These results indicated that the compounds

associated with monolignol biosynthesis were predominantly

upregulated in three-year-old P. notoginseng under RKN

infection, suggesting that three-year-old P. notoginseng may

possess a stronger resistance ability against pathogenic

nematode invasion.

In this study, the heatmap analysis revealed that several DEGs

were involved in the regulation of key enzymes within the

monolignol biosynthesis pathway. In the H1 vs. D1 comparison,

these DEGs exhibited significant up-regulation (Figure 7C).

However, in the H2 vs. D2 and H3 vs. D3 comparisons, most

DEGs presented significant downregulation (Figure 7D, E).
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Specifically, the expression levels of phenylalanine ammonia-lyase

(PAL), cinnamoyl-CoA reductase (CCR), trans-cinnamate 4-

monooxygenase (CYP73A), and 5-O-(4-coumaroyl)-D-quinate 3’-

monooxygenase (CYP98A) genes were significantly up-regulated in

one-year-old diseased P. notoginseng compared to one-year-old

healthy P. notoginseng. Conversely, the 4-coumarate-CoA ligase

(4CL), shikimate O-hydroxycinnamoyltransferase (HCT), and

coniferyl-aldehyde dehydrogenase (REF1) genes were significantly

downregulated (Figure 7C). The expression levels of POD and CAD

indicated a general trend for gene upregulation than

downregulation in H1 vs. D1 (Figure 7C). These results suggested

that the defense system, particularly phenylpropanoid metabolism,

was activated in one-year-old P. notoginseng under RKN infection,

potentially enhancing its resistance to pathogenic nematodes.

However, in the H2 vs. D2 comparison, only the REF1 gene

showed significant up-regulation, while the PAL, 4CL, CYP73A,

caffeoyl-CoA O-methyltransferase (CCoAOMT), ferulate-5-

hydroxylase (F5H), and caffeic acid 3-O-methyltransferase

(COMT) genes were significantly down-regulated (Figure 7D).

Moreover, compared to H2, the expression of POD, CAD and

CCR involved in D2 showed a higher number of down-regulated

genes than up-regulated genes (Figure 7D). Interestingly, in the H3

vs. D3 comparison, the expression levels of POD, CAD (except

Pno06G002358), CCR (except Pno03G003582), PAL, 4CL, HCT,

REF1, and F5H were significantly decreased in D3 compared to H3,

which contrasted with the significantly increasing trend of DAMs

involved in monolignol biosynthesis (Figure 7B, E). Overall, these

findings indicated that the monolignol biosynthesis pathway genes

were activated in diseased P. notoginseng at different ages compared

to their respective healthy counterparts. However, the expression

levels of DEGs and DAMs differ among healthy and diseased P.

notoginseng at three ages, suggesting that the response mechanisms

of P. notoginseng to RKN damage vary with age.
3.11 Metabolic profiling of flavonoid
biosynthesis pathway in the roots of P.
notoginseng under RKN infection

Further analysis of the alterations in genetic and metabolic

components implicated in the flavonoid biosynthesis pathway

(ko00941) within the roots of P. notoginseng under infection by

RKN has yielded intriguing findings. Within this pathway, a total of

12 metabolites were identified, with 6 metabolites specifically

associated with the crucial pathway of flavonoid biosynthesis

(M00138) (Figure 8A). Among these metabolites, only one

compound, Afzelechin (C09320), indicated a significant down-

regulation in the comparison between H1 and D1 (Figure 8A).

Notably, Cyanidin (C05905) exhibited a noteworthy up-regulation

in the H2 vs. D2 comparison (Figure 8A). However, both cyanidin

(C05905) and dihydromyricetin (C02906) showed a considerable

down-regulation in the D3 relative to H3 (Figure 8A). Upon

examining the H1 vs. D1 comparison through heatmap analysis,

it was revealed that the expression of naringenin 3-dioxygenase

(F3H) and flavonol synthase (FLS) genes experienced a
frontiersin.org

https://doi.org/10.3389/fpls.2023.1258316
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2023.1258316
significantup-regulation, whereas the expression of bifunctional

dihydroflavonol 4-reductase (DFR) gene exhibited a noteworthy

down-regulation (Figure 8B). Conversely, in the D2 compared to

H2, the F3H and DFR gene expressions demonstrated a

considerable downregulation, while the anthocyanidin reductase

(ANR) gene expression exhibited a significant up-regulation

(Figure 8C). Moreover, in the D3 compared to H3, the DFR gene

expression displayed a notable up-regulation, while the expressions

of flavonoid 3’-monooxygenase (CYP75B1) and ANR genes

experienced a significant down-regulation (Figure 8D). Overall,

these findings indicated the potential significance of cyanidin

(C05905) in the response of two-year-old P. notoginseng to

infestation by RKN.
Frontiers in Plant Science 13
3.12 Effect of RKN on the lignification
extent in the P. notoginseng

To assess the impact of RKN on lignification in P. notoginseng at

various developmental stages, we employed the phloroglucinol

hydrochloric acid (Wiesner) reaction to examine the extent of

lignification in cross sections of fibrous roots and root knots, both

in healthy and diseased P. notoginseng. In healthy P. notoginseng,

the cross-sectional morphology of fibrous roots exhibited regularity

at different ages, with neatly arranged cells and an absence of

extensive cell collapse. No evident red lignified sites were

observed (Figures 9A–C). However, in diseased P. notoginseng,

the cross-sectional morphology of root knots indicated
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FIGURE 7

Metabolic profiling of the phenylpropanoid biosynthesis pathway in the roots of P. notoginseng under RKN infection. (A) The key pathway of
monolignol biosynthesis. (B) Heatmap analysis of the relative abundance of detected metabolite in monolignol biosynthesis. Monolignol
biosynthesis-related DEGs in H1 vs. D1 (C), H2 vs. D2 (D), and H3 vs. D3 (E).
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irregularity at different ages, with cells stacked together and

intercellular tissue collapse resulting in the formation of

numerous fracture cavities (Figure 9D, E, F). Furthermore, the

presence of lignified components was indicated by a red stain, and

the intercellular tissue surrounding the fracture cavities in diseased

P. notoginseng of different ages exhibited a red coloration

(Figures 9G–H). These findings suggested that P. notoginseng

undergoes lignification at various developmental stages in

response to RKN damage.
4 Discussion

4.1 Adult-plant resistance to RKN disease
in P. notoginseng

Plants are vulnerable to pathogen attack during the seedling

stage, but adult plants exhibit the ability to impede the infection,

growth, and reproduction of the pathogen. This phenomenon has

been designated as APR (Bariana and McIntosh, 1995; Wang et al.,

2005). Recent investigations have revealed the existence of APR in

numerous plant species, enabling them to resist various diseases.

For instance, researchers have reported APR to leaf rust (Pathan

and Park, 2006), stripe rust (Hiebert et al., 2010), and powdery

mildew (Li et al., 2014) in different cultivars of wheat. Moreover,

several APR genes have been identified in wheat and utilized in

breeding programs to confer a high level of resistance (Singh et al.,

2011; Agenbag et al., 2012). In our research, we observed a

significant reduction in the incidence and disease index of RKN
Frontiers in Plant Science 14
disease with the increasing age of P. notoginseng (Figure 1G, H).

These findings aligned with our previous field survey, which

indicated severe RKN disease in one-year-old P. notoginseng but

only mild RKN disease in two- or three-year-old P. notoginseng

(Wang et al., 2021). Furthermore, our other study discovered that

the incidence of RKN disease in slightly infected P. notoginseng

(level 1) was notably diminished in the following year, implying

that two-year-old P. notoginseng demonstrated superior resistance

to RKN compared to one-year-old P. notoginseng (Wang et al.,

2023). Consequently, these results provide evidence that P.

notoginseng possessed APR against RKN disease. However, the

underlying mechanism of APR in P. notoginseng warrants

further investigation.
4.2 Transcriptomic changes in healthy/
diseased P. notoginseng at different ages

The plant-pathogen response involves the synthesis of diverse

metabolites and the profound modulation of multiple genes,

ultimately triggering the activation of intricate metabolic

pathways and deterring pathogen infections (Wei et al., 2021;

Yan et al., 2022). Comparative transcriptomics has recently gained

widespread adoption for the identification of DEGs in response to

various abiotic and biotic stresses (Martin et al., 2013; Zuluaga

et al., 2015; Xing et al., 2017), and it has proven successful in

studying the interactions between nematodes and plants such as

alfalfa and rice (Haegeman et al., 2013; Postnikova et al., 2015).

This study explored the impact of RKN infestation on the
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FIGURE 8

Metabolic profiling of the flavonoid biosynthesis pathway in the roots of P. notoginseng under RKN infection. (A) The key pathway of flavonoid
biosynthesis (M00138). Flavonoid biosynthesis-related DEGs in H1 vs. D1 (B), H2 vs. D2 (C), and H3 vs. D3 (D).
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transcriptome and metabolome of P. notoginseng at different

growth stages. Our transcriptome analysis revealed distinct

numbers of DEGs between healthy and diseased P. notoginseng

plants of each age group. Notably, the highest number of DEGs

was observed in the comparison between two-year-old healthy

and diseased plants (H2 vs. D2), with up-regulated DEGs

outnumbering the down-regulated ones (Figure 2). These

findings suggested that RKN infestation induced complex and

contrasting transcriptional regulations in two-year-old P.

notoginseng. In addition, the three comparison groups shared

significant enrichment pathways, including Metabolic pathways

(ko01100), Biosynthesis of secondary metabolites (ko01110), and

Phenylpropanoid biosynthesis (ko00940) (Figure 3). Previous

studies have reported the activation of the phenylpropanoid

pathway or its derived molecules in response to pathogen

infections in soybean or pea (Bauters et al., 2021). Moreover,

luteolin, a compound known to activate the phenylpropanoid

metabolic pathway, has been shown to enhance disease resistance

and maintain the quality of sweet cherry (Liu et al., 2020d).

Furthermore, previous research has demonstrated that the COS-

OGA-induced systemic defense response in rice against RKN

depended on the activation of the phenylpropanoid pathway

(Singh et al., 2019). Overall, the aforementioned analyses

suggested that genes related to phenylpropanoid biosynthesis
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may play pivotal roles in the resistance response to RKN in

P. notoginseng.
4.3 Metabolome changes in healthy/
diseased P. notoginseng at different ages

The invasion of pathogens into host plants can result in a series

of metabolic changes, triggering the production of numerous

secondary metabolites as a defensive response (Piasecka et al.,

2015; Wei et al., 2021; Yan et al., 2022). In this study, we

observed that infection by RKN induces alterations in the

metabolic profile of P. notoginseng at different growth stages,

thereby regulating the resistance of these plants to RKN

infestation (Figure 5, Supplementary Figure 1). Notably, among

the top three categories of DAMs, phenolic acids and flavonoids

were consistently present in all three comparison groups, while

lipids were found in the H2 vs. D2 and H3 vs. D3 comparison

groups (Figure 6). This observation highlighted the pivotal roles of

phenolic acids, flavonoids, and lipids in the response of P.

notoginseng to RKN infection. Further analysis revealed a

significant upregulation of lipids across all three comparison

groups, and a notable up-regulation of amino acids and

derivatives in both the H2 vs. D2 and H3 vs. D3 groups
FIGURE 9

(A–C) represent phloroglucinol dyeing of fibrous roots in healthy one-year-old, two-year-old, and three-year-old P. notoginseng, respectively.
(D–F) represent phloroglucinol dyeing of root knots in diseased one-year-old, two-year-old, and three-year-old P. notoginseng, respectively.
(G–I) represent the local observation of phloroglucinol dyeing in diseased one-year-old, two-year-old, and three-year-old P. notoginseng root
knots, respectively.
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(Figure 6, Supplementary Tables 5, 6, 7). Moreover, an increase in

phenolic acids was predominantly observed in the H1 vs. D1 group,

whereas a significant downregulation of phenolic acids was noted in

the H2 vs. D2 group (Figure 6, Supplementary Tables 5, 7). Previous

studies have shown that phenolic acids exhibit synergistic

antimicrobial activity in maize (Zhang et al., 2020a). Among these

phenolic acid compounds, cinnamic acid or p-coumaric acid have

been identified as potent antimicrobial agents against plant

pathogens (Kim et al., 2004; Hao et al., 2010). Similarly,

flavonoids played significant roles in plant defense mechanisms

because of their antioxidant activities (Ahuja et al., 2012; Yadav

et al., 2020; Bai et al., 2021). The KEGG enrichment analysis

conducted in this investigation revealed that the DAMs in the

three comparison groups were predominantly enriched in the

phenylpropanoid biosynthesis (ko00940) and flavonoid

biosynthesis (ko00941) (Supplementary Figure 1). These results

aligned with previous studies indicating that plants can activate the

phenylpropanoid biosynthesis and flavonoid biosynthesis pathways

in response to pathogen infection. This resulted in the production of

various compounds such as phenolics, flavonoids, lignin, and

anthocyanin pigments (Chen et al., 2019; 2020; Mei et al., 2020;

Sudheeran et al., 2021). However, the specific alterations in genes

and metabolites in the phenylpropanoid biosynthesis and flavonoid

biosynthesis pathways in different age groups of P. notoginseng

under RKN infection remain unclear, and further investigation is

required to identify the key genes and metabolites associated with

the defense against RKN damage.
4.4 RKN resistance in different ages
P. notoginseng is mediated mainly
by phenylpropanoid and flavonoid
biosynthesis pathways and
eliciting lignification

Previous studies have indicated that the phenylpropanoid

biosynthesis pathway plays a pivotal role in plant defense

responses against both abiotic and biotic stresses, which can be

mainly through synthesizing, various compounds, including

flavonoid, lignin, hydroxycinnamic acid, coumarin, and stilbenes,

to enhance the plants’ resistance to stressors (Yu and Jez, 2008; You

et al., 2020; Sun et al., 2021; Zhou et al., 2021). In this study, we

observed that different age groups of P. notoginseng activated the

monolignol and flavonoid biosynthesis pathways in response to

RKN infection (Figures 7 , 8). Specifically, in comparison to one-

year-old healthy P. notoginseng, the content of 5-O-p-

coumaroylquinic acid and the expression levels of PAL, CCR,

CYP73A, CYP98A, F3H, and FLS genes were significantly up-

regulated. Additionally, most genes involved in POD and CAD

exhibited an overall upregulation trend in one-year-old diseased P.

notoginseng (Figures 7 , 8). PAL, a rate-limiting enzyme in the

phenylpropanoid pathway, indirectly contributes to monolignol

biosynthesis (Dixon et al., 2002; Zhang and Liu, 2015; Zhou et al.,

2021). Furthermore, PAL and POD are crucial enzymes involved in
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the resistance of host plants against pest insects and pathogens (Han

et al., 2009). Our results revealed that one-year-old P. notoginseng

responded to RKN infection by inducing higher expression of PAL

(Figure 7C), aligning with certain previous studies (Chaman et al,

2003; Han et al., 2009; Mei et al., 2020). In addition, CAD and CCR

have been recognized as pivotal enzymatic steps in monolignol

biosynthesis (Vogt, 2010). It has been reported that the damage to

the flavedo by oleocellosis led to increased expression of CCR (Zhou

et al., 2021). Similarly, our results revealed higher expression of

CCR in one-year-old diseased P. notoginseng (Figure 7C).

Collectively, these findings suggested that in response to RKN

infection, one-year-old P. notoginseng may up-regulate the

production of 5-O-p-Coumaroylquinic acid and key genes

involved in monolignol biosynthesis, thereby activating the plant

defense system.

Numerous prior studies have provided evidence regarding the

contributions of chlorogenic acid, quercetin, and kaempferol to

plant defense responses against fungal and bacterial infections

(Takahama and Hirota, 2000; Rao et al., 2007; Martinez et al.,

2017). In our study, we observed significant downregulation in the

content of chlorogenic acid and 1-O-sinapoyl-D-glucose, as well as

the expression levels of PAL, 4CL, CYP73A, CCoAOMT, F5H,

COMT, F3H, and DFR genes in two-year-old diseased P.

notoginseng, when compared to two-year-old healthy plants

(Figures 7,8). Previous studies have reported the antifungal

activity of chlorogenic acid and its derivatives (Ma et al., 2007;

Sung and Lee, 2010), with hydrolysis of chlorogenic acid into 4-

hydroxybenzoic acid being implicated in increasing apple resistance

against fungal infection (Fawcett and Spencer, 1968). In addition, a

study revealed a negative correlation between chlorogenic acid and

root gall index in tomato roots, suggesting its role in RKN resistance

(Rani et al., 2008). Thus, we inferred that chlorogenic acid may play

a crucial role in the response of two-year-old P. notoginseng to RKN

attack. Remarkably, the content of cyanidin and the expression

levels of ANR were upregulated in the two-year-old diseased P.

notoginseng compared to healthy plants (Figure 8). Moreover,

cyanidin served as a precursor to epicatechin, ANR was an

essential enzyme specifically responsible for the final step in the

synthesis of epicatechin (Figure 8), which influenced the content of

epicatechin. Previous studies have demonstrated that epicatechin

contributed to pathogen resistance by inhibiting the activities of

pectate lyase (PL), polygalacturonase (PG) (Prusky et al., 1988;

Zhang et al., 2020b). Therefore, we suggested that two-year-old P.

notoginseng may exhibit resistance to nematode attacks by

consuming compounds such as chlorogenic acid in the

phenylpropanoid pathway. Meanwhile, it may significantly

increase the content of cyanidin and the expression of ANR in

the flavonoid pathway to indirectly enhance resistance against

nematode infection.

Recent studies have provided compelling evidence highlighting

the role of lignification in the defense mechanisms against both

biotic and abiotic stresses (Cabane et al., 2012; Cesarino, 2019; Zhou

et al., 2021). In our study, a considerable number of DEGs and

metabolites in P. notoginseng were associated with monolignol
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biosynthesis (Figure 7). Our findings revealed that p-coumaric acid,

chlorogenic acid, 1-O-sinapoyl-D-glucose, coniferyl alcohol, ferulic

acid, and sinapyl alcohol exhibited increased levels in D3 compared

to H3, whereas most DEGs indicated significant down-regulation

(Figures 7B, E). This observation suggested that RKN infection may

stimulate the synthesis of phenolic acids at a faster rate than the

decrease in the activity of many enzymes in P. notoginseng. A

previous study reported an increase in lignin and polyphenols in the

flavedo damaged by oleocellosis (Zhou et al., 2021), as well as the

higher levels of p-coumaric acid and ferulic acid in wheat seeds than

that in control seed when infested by midge larvae (Ding et al.,

2000). Moreover, transgenic tomato plants with increased levels of

chlorogenic acid exhibited enhanced resistance against the bacterial

pathogen Pseudomonas syringae (Niggeweg et al., 2004). Therefore,

our results suggested that three-year-old P. notoginseng enhanced

their resistance to nematode infection by producing significant

amounts of phenolic acids involved in monolignol biosynthesis.

Therefore, we observed lignification in the intercellular tissues

surrounding the fracture cavities in different age groups of

diseased P. notoginseng (Figures 8G–I). These findings aligned

with previous studies demonstrating that lignin-deposited

structures served as physical barriers, and the lignification of cell

walls spatially restricted the spread and growth of invading

pathogens (Lee et al., 2018; Lee et al., 2019; Zhou et al., 2021).

Combining these results with the activation of monolignol and

flavonoid biosynthesis pathways in response to RKN infection in

different age groups of P. notoginseng, we concluded that all age

groups of P. notoginseng employed the accumulation or utilization

of resistance-related compounds and induce tissue cell lignification

to prevent further spread and growth of RKN.
4.5 Metabolites and genes in the
phenylpropane and flavonoid biosynthesis
pathways play a crucial role in APR to
P. notoginseng RKN disease

Previous studies have shown that a combination of APR genes

can improve crop resistance, which is deemed an effective

management strategy (Singh et al., 2011). In this study, we

found that all different age groups of P. notoginseng can activate

the phenylpropanoid biosynthesis and flavonoid biosynthesis

pathways in response to RKN infection. However, it is unclear

which metabolites and genes in the phenylpropane and flavonoid

biosynthesis pathways are involved in APR to P. notoginseng RKN

disease. Hence, we analyzed the correlation between all DAMs/

DEGs in these two pathways and the disease incidence/index of

RKN disease in different ages P. notoginseng. Our findings

revealed that a total of eight compounds in the phenylpropane

and flavonoid biosynthesis pathways, namely, p-coumaric acid,

sinapinaldehyd, 1-O-sinapoyl-D-glucose, sinapyl alcohol, 2-

hydroxycinnamic acid, cyanidin, gallocatechin, and phloretin-2’-

O-glucoside exhibited significantly negatively correlate with the
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disease incidence/index of RKN disease in different ages P.

notoginseng (Supplementary Table 8). In addition, the

phenylpropane and flavonoid biosynthesis pathways, including

CAD (12 genes) and POD (7 genes) are involved in the

biosynthetic pathways of phenylpropane and flavonoids, b-
glucosidase (6 genes), HCT (5 genes), COMT (3 genes), CCR (3

genes), CCoAOMT (2 genes), 4CL (2 genes), CYP73A (1 gene),

CYP98A (1 gene), FLS (1 gene), and chalcone isomerase (CHI) (1

gene) were significantly negatively correlated with the disease

incidence/index of RKN disease in different ages P. notoginseng

(Supplementary Table 9). Previous studies have indicated that

defense genes of PAL, LOX, and PBZ1 are all involved in APR to

rice bacterial blight, and these genes were induced by pathogen

both in seedling and adult plants, and it was stronger in adult

plants than that in seedlings (Sha et al., 2005). Thus, we inferred

that p-coumaric acid, sinapinaldehyd, 1-O-sinapoyl-D-glucose,

s inapy l a l coho l , 2 -hydroxyc innamic ac id , cyan id in ,

gallocatechin, phloretin-2’-O-glucoside compounds and CAD,

POD, b-glucosidase, HCT, COMT, CCR, CCoAOMT, 4CL,

CYP73A, CYP98A, FLS, CHI genes are all involved in APR to

RKN disease in P. notoginseng, these compounds and genes may

play a crucial role in APR to RKN disease. In this study, the results

can provide new resources for the prevention and sustainable

control of RKN disease in P. notoginseng, and provide an

important theoretical basis for further clarifying the mechanism

of different ages P. notoginseng to RKN infection. At present, there

is still very little research on the APR genes and metabolites of P.

notoginseng to RKN disease, the real role and mode of action of the

APR genes and metabolites need to further study.
5 Conclusions

In this study, we employed transcriptome, metabolome, and

histochemistry analyses to explore the DEGs, DAMs, and lignin

accumulation in response to RKN infection across different age

groups of P. notoginseng. Our findings revealed that the various

age groups of P. notoginseng exhibited distinct modes of activation

within the phenylpropanoid and flavonoid biosynthesis pathways

in response to RKN infection. One-year-old P. notoginseng

appeared to resist RKN attack by up-regulating the expression

of key genes involved in monolignol biosynthesis, along with an

increase in 5-O-p-coumaroylquinic acid. Two-year-old P.

notoginseng promoted the resistance by depleting chlorogenic

acid levels and increasing cyanidin content. Three-year-old P.

notoginseng enhanced its resistance through a significant elevation

in the levels of five phenolic acids associated with monolignol

biosynthesis. Notably, we observed that P. notoginseng can

establish a lignin barrier, restricting the spread and growth of

pathogens to the site of infection. In summary, P. notoginseng

employed a multifaceted defense strategy to prevent further

spread and growth of RKN. This included the accumulation or

depletion of resistance-related compounds involved in the
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phenylpropanoid and flavonoid pathways, as well as the induction

of lignification in tissue cells.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: https://www.ncbi.nlm.nih.gov/

,PRJNA983978.
Author contributions

ZHW: Data curation, Investigation, Validation, Writing –

original draft, Writing – review & editing. WPW: Funding

acquisition, Investigation, Writing – original draft. WTW: Data

curation, Investigation, Writing – review & editing. HW: Data

curation, Writing – review & editing. SZ: Data curation,

Investigation, Writing – review & editing. CY: Supervision,

Writing – review & editing. LG: Supervision, Writing – review

& editing. ZXW: Supervision, Writing – review & editing. HH:

Supervision, Writing – review & editing. YL: Supervision, Writing

–review & editing. SSZ: Funding acquisition, Supervision, Writing

–review & editing. YZ: Supervision, Writing – review & editing.

YW: Funding acquisition, Supervision, Writing – review &

editing. XH: Funding acquisition, Supervision, Writing – review

& editing.
Funding

The authors declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by the National Key R&D Program of China
Frontiers in Plant Science 18
(2021YFD1000204), the China Agriculture Research System

(CARS-21), the Major Science and Technology Project of Yunnan

and Kunming (202102AE090042 and 2021JH002), the National

Natural Science Foundation of China (32160618), and the Special

Basic Cooperative Research Programs of Yunnan Provincial

Undergraduate Universities’ Association (202101BA070001-058),

the Natural Science Foundation of Yunnan Province

(202301BD070001-022), and the Scientific Research Fund Project

of Education Department of Yunnan Province (2022J0832).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fpls.2023.1258316/full#supplementary-material
References
Agenbag, G. M., Pretorius, Z. A., Boyd, L. A., Bender, C. M., and Prins, R. (2012).
Identification of adult plant resistance to stripe rust in the wheat cultivar cappelle-
desprez. Theor. Appl. Genet. 25 (1), 109–120. doi: 10.1007/s00122-012-1819-5
Ahuja, I., Kissen, R., and Bones, A. M. (2012). Phytoalexins in defense against

pathogens. Trends Plant Sci. 17, 73–90. doi: 10.1016/j.tplants.2011.11.002

Andersen, E., Ali, S., Byamukama, E., Yen, Y., and Nepal, M. (2018). Disease
resistance mechanisms in plants. Genes. 9 (7), 339. doi: 10.3390/genes9070339

Bai, Y., Liu, H., Pan, J., Zhang, S., Guo, Y., Xian, Y., et al. (2021).
Transcriptomics and metabolomics changes triggered by inflorescence removal
in Panax notoginseng (Burk.). Front. Plant Sci. 12. doi: 10.3389/fpls.2021.761821

Bariana, H. S., and McIntosh, R. A. (1995). Genetics of adult plant stripe rust
resistance in four Australian wheats and the French cultivar ‘Hybride-de-Bersée’.
Plant Breeding. 114 (6), 485–491. doi: 10.1111/j.1439-0523.1995.tb00841.x

Bauters, L., Stojilković, B., and Gheysen, G. (2021). Pathogens pulling the
strings: effectors manipulating salicylic acid and phenylpropanoid biosynthesis
in plants. Mol. Plant Pathol. 22 (11), 1436–1448. doi: 10.1111/mpp.13123

Blok, V. C., Jones, J. T., Phillips, M. S., and Trudgill, D. L. (2010). Parasitism genes
and host range disparities in biotrophic nematodes: the conundrum of polyphagy
versus specialisation. Bioessays. 30 (3), 249–259. doi: 10.1002/bies.20717

Borah, B., Ahmed, R., Hussain, M., Phukon, P., Wann, S. B., Sarmah, D. K., et al. (2018).
Suppression of root-knot disease in Pogostemon cablin caused by Meloidogyne
incognita in a rhizobacteria mediated activation of phenylpropanoid pathway.
Biol. Control. 119, 43–50. doi: 10.1016/j.biocontrol.2018.01.003

Braun-Kiewnick, A., Viaene, N., Folcher, L., Ollivier, F., Anthoine, G., Niere,
B., et al. (2016). Assessment of a new qPCR tool for the detection and
identification of the root-knot nematode Meloidogyne enterolobii by an
international test performance study. Eur. J. Plant Pathol. 144, 97–108.
doi: 10.1007/s10658-015-0754-0

Cabane, M., Afif, D., and Hawkins, S. (2012). “Chapter 7 - lignins and abiotic
stresses,” in Advances in botanical research. Eds. L. Jouanin and C. Lapierre
(Cambridge, MA: Academic Press), 219–262. doi: 10.1016/B978-0-12-416023-
1.00007-0

Cesarino, I. (2019). Structural features and regulation of lignin deposited upon
biotic and abiotic stresses. Curr. Opin. Biotechnol. 56, 209–214. doi: 10.1016/
j.copbio.2018.12.012

Chaman, M. E., Copaja, S. V., and Argando, V. H. (2003). Relationships between salicylic
acid content, phenylalanine ammonia-lyase (PAL) activity, and resistance of barley to aphid
infestation. J. Agric. Food Chem. 51, 2227–2231. doi: 10.1021/jf020953b

Chen, W., Gong, L., Guo, Z. L., Wang, W. S., Zhang, H. Y., Liu, X. Q., et al.
(2013). A novel integrated method for large-scale detection, identification, and
quantification of widely targeted metabolites: application in the study of rice
metabolomics. Mol. Plant 6 (6), 1769–1780. doi: 10.1093/mp/sst080
frontiersin.org

https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fpls.2023.1258316/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1258316/full#supplementary-material
https://doi.org/10.1007/s00122-012-1819-5
https://doi.org/10.1016/j.tplants.2011.11.002
https://doi.org/10.3390/genes9070339
https://doi.org/10.3389/fpls.2021.761821
https://doi.org/10.1111/j.1439-0523.1995.tb00841.x
https://doi.org/10.1111/mpp.13123
https://doi.org/10.1002/bies.20717
https://doi.org/10.1016/j.biocontrol.2018.01.003
https://doi.org/10.1007/s10658-015-0754-0
https://doi.org/10.1016/B978-0-12-416023-1.00007-0
https://doi.org/10.1016/B978-0-12-416023-1.00007-0
https://doi.org/10.1016/j.copbio.2018.12.012
https://doi.org/10.1016/j.copbio.2018.12.012
https://doi.org/10.1021/jf020953b
https://doi.org/10.1093/mp/sst080
https://doi.org/10.3389/fpls.2023.1258316
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2023.1258316
Chen, L. M., Wu, Q. C., He, W. M., He, T. J., Wu, Q. Q., and Miao, Y. M. Z. (2019).
Combined de novo transcriptome and metabolome analysis of common bean response
to Fusarium oxysporum f. sp. phaseoli infection. Int. J. Mol. Sci. 20 (24), 6278.
doi: 10.3390/ijms20246278

Chen, L. M., Wu, Q. C., He, T. J., Lan, J. J., Ding, L., Liu, T. F., et al. (2020).
Transcriptomic and metabolomic changes triggered by Fusarium solani in common
bean (Phaseolus vulgaris L.). Genes. 11 (2), 177. doi: 10.3390/genes11020177

Coppola, M., Diretto, G., Digilio, M. C., Woo, S. L., Giuliano, G., Molisso, D., et al.
(2019). Transcriptome and metabolome reprogramming in tomato plants by
Trichoderma harzianum strain T22 primes and enhances defense responses against
aphids. Front. Plant Sci. 10. doi: 10.3389/fphys.2019.00745

Cui, F., Sui, N., Duan, G., Liu, Y., Han, Y., Liu, S., et al. (2018). Identification of
metabolites and transcripts involved in salt stress and recovery in peanut. Front. Plant
Sci. 9. doi: 10.3389/fpls.2018.00217

Ding, H., Lamb, R. J., and Ames, N. (2000). Inducible production of phenolic acids in
wheat and antibiotic resistance to Sitodiplosis mosellana. J. Chem. Ecol. 26 (4), 969–985.
doi: 10.1023/a:1005412309735

Dixon, R. A., Achnine, L., Kota, P., Liu, C. J., Reddy, M. S. S., and Wang, L. (2002).
The phenylpropanoid pathway and plant defence-a genomics perspective. Mol. Plant
Pathol. 3, 371–390. doi: 10.1046/j.1364-3703.2002.00131.x

Dong, L. L., Yao, H., Li, Q. S., Song, J. Y., Li, Y., Luo, H. M., et al. (2013). Investigation
and integrated molecular diagnosis of root-knot nematodes in Panax notoginseng root
in the field. Eur. J. Plant Pathol. 137 (4), 667–675. doi: 10.1007/s10658-013-0277-5

Fawcett, C. H., and Spencer, D. M. (1968). Sclerotinia fructigena infection and
chlorogenic acid content in relation to antifungal compounds in apple fruits. Ann. Appl.
Biol. 61 (2), 245–253. doi: 10.1111/j.1744-7348.1968.tb04529.x

Haegeman, A., Bauters, L., Kyndt, T., Rahman, M. M., and Gheysen, G. (2013).
Identification of candidate effector genes in the transcriptome of the rice root knot
nematode Meloidogyne graminicola. Mol. Plant Pathol. 14 (4), 379–390. doi: 10.1111/
mpp.12014

Han, Y., Wang, Y., Bi, J. L., Yang, X. Q., Huang, Y., Zhao, X., et al. (2009).
Constitutive and induced activities of defense-related enzymes in aphid-resistant and
aphid-susceptible cultivars of wheat. J. Chem. Ecol. 35 (2), 176–182. doi: 10.1007/
s10886-009-9589-5

Hao, W. Y., Ren, L. X., Ran, W., and Shen, Q. R. (2010). Allelopathic effects of root
exudates from watermelon and rice plants on Fusarium oxysporum f.sp. niveum. Plant
Soil. 336, 485–497. doi: 10.1007/s11104-010-0505-0

Hiebert, C. W., Thomas, J. B., McCallum, B. D., Humphreys, D. G., DePauw, R. M.,
Hayden, M. J., et al. (2010). An introgression on wheat chromosome 4DL in RL6077
(Thatcher*6/PI 250413) confers adult plant resistance to stripe rust and leaf rust (Lr67).
Theor. Appl. Genet. 121 (6), 1083–1091. doi: 10.1007/s00122-010-1373-y

Kim, J. H., Campbell, B. C., Mahoney, N. E., Chan, K. L., and Molyneux, R. J. (2004).
Identification of phenolics for control of Aspergillus flavus using Saccharomyces
cerevisiae in a model target-gene bioassay. J. Agric. Food Chem. 52 (26), 7814–7821.
doi: 10.1021/jf0487093

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with
low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth

Kumar, P., Khanal, S., Silva, M. D., Singh, R., and Chee, P. W. (2019). Transcriptome
analysis of a nematode resistant and susceptible upland cotton line at two critical stages
of meloidogyne incognita infection and development. PloS One 14 (9), e0221328.
doi: 10.1371/journal.pone.0221328

Lee, M. H., Jeon, H. S., Kim, S. H., Chung, J. H., Roppolo, D., Lee, H. J., et al. (2019).
Lignin-based barrier restricts pathogens to the infection site and confers resistance in
plants. EMBO J. 38, e101948. doi: 10.15252/embj.2019101948

Lee, Y., Yoon, T. H., Lee, J., Jeon, S. Y., Lee, J. H., Lee, M. K., et al. (2018). A lignin
molecular brace controls precision processing of cell walls critical for surface integrity
in Arabidopsis. Cell. 173, 1–13. doi: 10.1016/j.cell.2018.03.060

Li, Z. F., Lan, C., He, Z. H., Singh, R. P., Rosewarne, G. M., Chen, X. M., et al.
(2014). Overview and application of QTL for adult plant resistance to leaf rust
and powdery mildew in wheat. Crop Sci. 54 (5), 1907–1925. doi: 10.2135/
cropsci2014.02.0162

Li, T. Y., Ye, C., Zhang, Y. J., Zhang, J. X., Yang, M., He, X. H., et al. (2022). 2,3-
butanediol from the leachates of pine needles induces the resistance of Panax
notoginseng to the leaf pathogen alternaria panax. Plant Divers. 45 (1), 104–116.
doi: 10.1016/j.pld.2022.02.003

Liu, X. Y., Cui, X. M., Ji, D. C., Zhang, Z. Q., Li, B. Q., Xu, Y., et al. (2020d). Luteolin-
induced activation of the phenylpropanoid metabolic pathway contributes to quality
maintenance and disease resistance of sweet cherry. Food Chem. 342, 128309.
doi: 10.1016/j.foodchem.2020.128309

Liu, Y. H., Lv, J. H., Liu, Z. B., Wang, J., Yang, B. Z., Chen, W. C., et al. (2020b).
Integrative analysis of metabolome and transcriptome reveals the mechanism of color
formation in pepper fruit (Capsicum annuum L.). Food Chem. 306, 125629.
doi: 10.1016/j.foodchem.2019.125629

Liu, Y. X., Sun, J. H., Zhang, F. F., and Li, L. (2020c). The plasticity of root distribution and
nitrogen uptake contributes to recovery of maize growth at late growth stages in wheat/maize
intercropping. Plant Soil. 447, 39–53. doi: 10.1007/s11104-019-04034-9

Liu, Y., Xin, J. J., Liu, L. N., Song, A. P., Guan, Z. Y., Fang, W. M., et al. (2020a). A
temporal gene expression map of chrysanthemum leaves infected with Alternaria
Frontiers in Plant Science 19
alternata reveals different stages of defense mechanisms. Hortic. Res. 7 (1), 2407–2417.
doi: 10.1038/s41438-020-0245-0

Liu, H. J., Yang, M., and Zhu, S. S. (2019a). Strategies to solve the problem of soil
sickness of Panax notoginseng (Family: Araliaceae). Allelopathy J. 47 (1), 37–56.
doi: 10.26651/allelo.j/2019-47-1-1218

Liu, D. Q., Zhao, Q., Cui, X. M., Chen, R., Li, X., Qiu, B. L., et al. (2019b). A
transcriptome analysis uncovers panax notoginseng resistance to fusarium solani
induced by methyl jasmonate. Genes Genom. 41 (12), 1383–1396. doi: 10.1007/
s13258-019-00865-z

Ma, C. M., Kully, M., Khan, J. K., Hattori, M., and Daneshtalab, M. (2007). Synthesis
of chlorogenic acid derivatives with promising antifungal activity. Bioorg. Med. Chem.
15 (21), 6830–6833. doi: 10.1016/j.bmc.2007.07.038

Martin, L. B. B., Fei, Z. J., Giovannoni, J. J., and Rose, J. K. C. (2013). Catalyzing plant
science research with RNA-seq. Front. Plant Sci. 4. doi: 10.3389/fpls.2013.00066

Martinez, G., Regente, M., Jacobi, S., Rio, D., Pinedo, M., and Canal, L. D. L. (2017).
Chlorogenic acid is a fungicide active against phytopathogenic fungi. Pestic. Biochem.
Physiol. 140, 30–35. doi: 10.1016/j.pestbp.2017.05.012

Mei, C., Yang, J., Yan, P., Li, N., Ma, K., Mamat, A., et al. (2020). Full-length transcriptome
and targeted metabolome analyses provide insights into defense mechanisms of malus
sieversii against agrilus Mali. Peer J. 8, e8992. doi: 10.7717/peerj.8992

Nakabayashi, R., and Saito, K. (2015). Integrated metabolomics for abiotic stress
responses in plants. Curr. Opin. Plant Biol. 24, 10–16. doi: 10.1016/j.pbi.2015.01.003

Niggeweg, R., Michael, A., and Martin, C. (2004). Engineering plants with increased
levels of the antioxidant chlorogenic acid. Nat. Biotechnol. 22 (6), 746–754.
doi: 10.1038/nbt966

Pathan, A. K., and Park, R. F. (2006). Evaluation of seedling and adult plant
resistance to leaf rust in European wheat cultivars. Euphytica. 149 (3), 327–342.
doi: 10.1007/s10681-005-9081-4

Peng, L., Gao, W. K., Song, M. Y., Li, M. H., He, D. N., and Wang, Z. R. (2022).
Integrated metabolome and transcriptome analysis of fruit flavor and carotenoids
biosynthesis differences between mature-green and tree-ripe of cv. “Golden Phoenix”
mangoes (Mangifera indica L.). Front. Plant Sci. 13. doi: 10.3389/fpls.2022.816492

Piasecka, A., Jedrzejczak-Rey, N., and Bednarek, P. (2015). Secondary metabolites in
plant innate immunity: conserved function of divergent chemicals. New Phytol. 206 (3),
948–964. doi: 10.1111/nph.13325

Postnikova, O. A., Hult, M., Shao, J., and Skantar, A. (2015). and nemchinov, L
Transcriptome analysis of resistant and susceptible alfalfa cultivars infected with root-
knot nematode Meloidogyne incognita. G. PloS One 10 (3), e0123157. doi: 10.1371/
journal.pone.0123157

Prusky, D., Kobiler, I., and Jacoby, B. (1988). Involvement of epicatechin in cultivar
susceptibility of avocado fruits to colletotrichum gloeosporioides after harvest. J.
Phytopathol. 123 (2), 140–146. doi: 10.1111/j.1439-0434.1988.tb04461.x

Rani, C. I., Veeraragavathatham, D., and Sanjutha, S. (2008). Studies on correlation
and path coefficient analysis on yield attributes in root knot nematode resistant F1
hybrids of tomato. J. Appl. Sci. Res. 4 (3), 287–295.

Rao, K. S., Babu, G. V., and Ramnareddy, Y. V. (2007). Acylated flavone glycosides
from the roots of Saussurea lappa and their antifungal activity. Molecules. 12 (3), 328–
344. doi: 10.3390/12030328

Sha, A. H., Liu, X. H., Huang, J. B., and Zhang, D. P. (2005). Roles of defense genes
PAL, LOX and PBZ1 in adult plant resistance to rice bacterial blight. Chin. J. Biochem.
Mol. Biol. 21 (2), 159–163. doi: 10.13865/j.cnki.cjbmb.2005.02.003

Shi, R., Bai, H. D., Li, B., Liu, C., Ying, Z. P., Xiong, Z., et al. (2021). Combined
transcriptome and lipidomic analyses of lipid biosynthesis in Macadamia ternifolia
nuts. Life. 11 (12), 1431. doi: 10.3390/life11121431

Shulaev, V., Cortes, D., Miller, G., and Mittler, R. (2008). Metabolomics for plant
stress response. Physiologia Plantarum. 132, 199–208. doi: 10.1111/j.1399-
3054.2007.01025.x
Singh, R. R., Chinnasri, B., De Smet, L., Haeck, A., Demeestere, K., Van Cutsem, P.,

et al. (2019). Systemic defense activation by COS-OGA in rice against root-knot
nematodes depends on stimulation of the phenylpropanoid pathway. Plant Physiol.
Biochem. 142, 202–210. doi: 10.1016/j.plaphy.2019.07.003

Singh, R. P., Huerta-Espino, J., Bhavani, S., Herrera-Foessel, S. A., Singh, D., Singh, P.
K., et al. (2011). Race non-specific resistance to rust diseases in CIMMYT spring
wheats. Euphytica. 179 (1), 175–186. doi: 10.1007/s10681-010-0322-9
Song, T. T., Xu, H. H., Sun, N., Jiang, L., Tian, P., Yong, Y. Y., et al. (2017).

Metabolomic analysis of alfalfa (Medicago sativa L.) root-symbiotic rhizobia responses
under alkali stress. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01208

Sudheeran, P. K., Sela, N., Carmeli-Weissberg, M., Ovadia, R., Panda, S., Feygenberg,
O., et al. (2021). Induced defense response in red mango fruit against Colletotrichum
gloeosporioides. Hortic. Res. 8, 17. doi: 10.1038/s41438-020-00452-4

Sun, Y. L., Ruan, X. S., Wang, Q., Zhou, Y., Wang, F., Ma, L., et al. (2021). Integrated gene
co-expression analysis and metabolites profiling highlight the important role of ZmHIR3 in
maize resistance to Gibberella stalk rot. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.664733

Sung, W. S., and Lee, D. G. (2010). Antifungal action of chlorogenic acid against
pathogenic fungi, mediated by membrane disruption. Pure Appl. Chem. 82 (1), 219–
226. doi: 10.1351/PAC-CON-09-01-08

Sung, Y. W., Lee, I. H., Shim, D., Lee, K. L., Nam, K. J., Yang, J. W., et al. (2019).
Transcriptomic changes in sweetpotato peroxidases in response to infection with the
frontiersin.org

https://doi.org/10.3390/ijms20246278
https://doi.org/10.3390/genes11020177
https://doi.org/10.3389/fphys.2019.00745
https://doi.org/10.3389/fpls.2018.00217
https://doi.org/10.1023/a:1005412309735
https://doi.org/10.1046/j.1364-3703.2002.00131.x
https://doi.org/10.1007/s10658-013-0277-5
https://doi.org/10.1111/j.1744-7348.1968.tb04529.x
https://doi.org/10.1111/mpp.12014
https://doi.org/10.1111/mpp.12014
https://doi.org/10.1007/s10886-009-9589-5
https://doi.org/10.1007/s10886-009-9589-5
https://doi.org/10.1007/s11104-010-0505-0
https://doi.org/10.1007/s00122-010-1373-y
https://doi.org/10.1021/jf0487093
https://doi.org/10.1038/nmeth
https://doi.org/10.1371/journal.pone.0221328
https://doi.org/10.15252/embj.2019101948
https://doi.org/10.1016/j.cell.2018.03.060
https://doi.org/10.2135/cropsci2014.02.0162
https://doi.org/10.2135/cropsci2014.02.0162
https://doi.org/10.1016/j.pld.2022.02.003
https://doi.org/10.1016/j.foodchem.2020.128309
https://doi.org/10.1016/j.foodchem.2019.125629
https://doi.org/10.1007/s11104-019-04034-9
https://doi.org/10.1038/s41438-020-0245-0
https://doi.org/10.26651/allelo.j/2019-47-1-1218
https://doi.org/10.1007/s13258-019-00865-z
https://doi.org/10.1007/s13258-019-00865-z
https://doi.org/10.1016/j.bmc.2007.07.038
https://doi.org/10.3389/fpls.2013.00066
https://doi.org/10.1016/j.pestbp.2017.05.012
https://doi.org/10.7717/peerj.8992
https://doi.org/10.1016/j.pbi.2015.01.003
https://doi.org/10.1038/nbt966
https://doi.org/10.1007/s10681-005-9081-4
https://doi.org/10.3389/fpls.2022.816492
https://doi.org/10.1111/nph.13325
https://doi.org/10.1371/journal.pone.0123157
https://doi.org/10.1371/journal.pone.0123157
https://doi.org/10.1111/j.1439-0434.1988.tb04461.x
https://doi.org/10.3390/12030328
https://doi.org/10.13865/j.cnki.cjbmb.2005.02.003
https://doi.org/10.3390/life11121431
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1016/j.plaphy.2019.07.003
https://doi.org/10.1007/s10681-010-0322-9
https://doi.org/10.3389/fpls.2017.01208
https://doi.org/10.1038/s41438-020-00452-4
https://doi.org/10.3389/fpls.2021.664733
https://doi.org/10.1351/PAC-CON-09-01-08
https://doi.org/10.3389/fpls.2023.1258316
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2023.1258316
root-knot nematode Meloidogyne incognita. Mol. Biol. Rep. 46, 4555–4564.
doi: 10.1007/s11033-019-04911-7

Takahama, U., and Hirota, S. (2000). Deglucosidation of quercetin glucosides to the
aglycone and formation of antifungal agents by peroxidase-dependent oxidation of
quercetin on browning of onion scales. Plant Cell Physiol. 41 (9), 1021–1029.
doi: 10.1093/pcp/pcd025

Trapnell, C., Williams, B., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M. J., et al.
(2010). Transcript assembly and quantification by RNA-Seq reveals unannotated
transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 28,
511–515. doi: 10.1038/nbt.1621

Vogt, T. (2010). Phenylpropanoid biosynthesis. Mol. Plant 3 (1), 2–20. doi: 10.1093/
mp/ssp106

Wang, T., Guo, R., Zhou, G., Zhou, X., Kou, Z., Sui, F., et al. (2016). Traditional uses,
botany, phytochemistry, pharmacology and toxicology of Panax notoginseng (Burk.) F.
H. Chen: a review. J. Ethnopharmacol. 188, 234–258. doi: 10.1016/j.jep.2016.05.005

Wang, Z. L., Li, L. H., He, Z. H., Duan, X. Y., Zhou, Y. L., Chen, X. M., et al. (2005).
Seedling and adult plant resistance to powdery mildew in Chinese bread wheat cultivars
and lines. Plant Dis. 89 (5), 457–463. doi: 10.1094/pd-89-0457

Wang, Z. H., Wang, W. P., Liu, Y. B., Jiang, C. H., Yang, K., Zhu, Y. Y., et al. (2021).
Investigation and infection source analysis of root knot nematode disease of Panax
notoginseng in Lancang County, Yunnan Province. J. Yunnan Agric. Univ. 36 (1), 60–
68. doi: 10.12101/j.issn.1004-390X(n).202004016

Wang, Z. H., Wang, W. P., Yang, K., Ye, C., Wu, W. T., Wang, C. Y., et al. (2023).
Adult-plant resistance of Panax notoginseng to nematodes and interspecific facilitation
with pine trees. J. Pest Sci. 96, 1271–1286. doi: 10.1007/s10340-023-01601-z

Wang, Y. L., Zeng, X. Q., Xu, Q. J., Mei, X., Yuan, H. J., Jiabu, D. Z., et al. (2019).
Metabolite profiling in two contrasting Tibetan hulless barley cultivars revealed the
core salt-responsive metabolome and key salt-tolerance biomarkers. AoB Plants. 11 (2),
plz021. doi: 10.1093/aobpla/plz021

Wei, W., Ye, C., Huang, H. C., Yang, M., Mei, X. Y., Du, F., et al. (2019).
Appropriate nitrogen application enhances saponin synthesis and growth
mediated by optimizing root nutrient uptake ability. J. Ginseng Res. 44, 627–
636. doi: 10.1016/j.jgr.2019.04.003

Wei, Y. C., Zhang, Y., Meng, J. X., Wang, Y. J., Zhong, C. L., and Ma, H. B. (2021).
Transcriptome and metabolome profiling in naturally infested Casuarina equisetifolia
clones by Ralstonia solanacearum. Genomics. 113 (4), 1906–1918. doi: 10.1016/
j.ygeno.2021.03.022

Wu, W. T., Wang, J. J., Wang, Z. H., Guo, L. W., Zhu, S. S., Zhu, Y. Y., et al. (2022).
Rhizosphere bacteria from Panax notoginseng against Meloidogyne hapla by rapid
colonization and mediated resistance. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.877082

Xia, Z. Q., Huang, D. M., Zhang, S. K., Wang, W. Q., Ma, F. N., Wu, B., et al. (2021).
Chromosome-scale genome assembly provides insights into the evolution and flavor
synthesis of passion fruit (Passiflora edulis Sims). Hortic. Res. 8, 14. doi: 10.1038/
s41438-020-00455-1

Xin, M., Li, C. B., He, X. M., Li, L., Yi, P., Tang, Y. Y., et al. (2021). Integrated
metabolomic and transcriptomic analyses of quality components and associated
molecular regulation mechanisms during passion fruit ripening. Postharvest Biol.
Technol. 180, 111601. doi: 10.1016/j.postharvbio.2021.111601

Xing, X. X., Li, X. H., Zhang, M. Z., Wang, Y., Liu, B. Y., Xi, Q. L., et al. (2017).
Transcriptome analysis of resistant and susceptible tobacco (Nicotiana tabacum) in
response to root-knot nematode Meloidogyne incognita infection. Biochem. Biophys.
Res. Commun. 482 (4), 1114–1121. doi: 10.1016/j.bbrc.2016.11.167
Frontiers in Plant Science 20
Yadav, V., Wang, Z. Y., Wei, C. H., Amo, A., Ahmed, B., Yang, X. Z., et al. (2020).
Phenylpropanoid pathway engineering: an emerging approach towards plant defense.
Pathogens. 9 (4), ,312. doi: 10.3390/pathogens9040312

Yan, Z. C., Wang, H. B., Kou, X. H., Wu, C., Fan, G. J., Li, T. T., et al. (2022).
Metabolomics analysis reveals that MeJA treatment induces postharvest blueberry
resistance to botrytis cinerea. Postharvest Biol. Technol. 194, 112075. doi: 10.1016/
j.postharvbio.2022.112075
Yang, M., Chuan, Y. C., Guo, C. W., Liao, J. J., Xu, Y. G., Mei, X. Y., et al. (2018).

Panax notoginseng root cell death caused by the autotoxic ginsenoside Rg1 is due to
over-accumulation of ROS, as revealed by transcriptomic and cellular approaches.
Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00264
Yang, Z. J., Liu, G. Z., Zhang, G. H., Yan, J., Dong, Y., Lu, Y. C., et al. (2021). The

chromosome-scale high quality genome assembly of Panax notoginseng provides
insight into dencichine biosynthesis. Plant Biotechnol. J. 19 (5), 869–871.
doi: 10.1111/pbi.13558

Yang, X. D., Song, J., Wu, X., Xie, L., Liu, X. W., and Li, G. L. (2019). Identification of
unhealthy Panax notoginseng from different geographical origins by means of multi-
label classification. Spectrochimica Acta Part A: Mol. Biomolecular Spectroscopy. 222,
117243. doi: 10.1016/j.saa.2019.117243

Yang, M., Zhang, Y., Qi, L., Mei, X. Y., Liao, J. J., Ding, X. P., et al. (2014). Plant-
plant-microbe mechanisms involved in soil-borne disease suppression on a maize and
pepper intercropping system. PloS One 9 (12), e115052. doi: 10.1371/
journal.pone.0115052

You, X. M., Fang, H., Wang, R. Y., Wang, G. L., and Ning, Y. (2020). Phenylalanine
ammonia lyases mediate broad-spectrum resistance to pathogens and insect pests in
plants. Sci. Bull. 65 (17), 1425–1427. doi: 10.1016/j.scib.2020.05.014

Yu, O., and Jez, M. J. (2008). Nature’s assembly line: biosynthesis of simple
phenylpropanoids and polyketides. Plant J. 54 (4), 750–762. doi: 10.1111/j.1365-
313X.2008.03436.x

Zhang, X. B., and Liu, C. J. (2015). Multifaceted regulations of gateway enzyme
phenylalanine ammonia-lyase in the biosynthesis of phenylpropanoids. Mol. Plant 8
(1), 17–27. doi: 10.1016/j.molp.2014.11.001

Zhang, M. Y., Wang, D. J., Gao, X. X., Yue, Z. Y., and Zhou, H. L. (2020b). Exogenous
caffeic acid and epicatechin enhance resistance against Botrytis cinerea through
activation of the phenylpropanoid pathway in apples. Sci. Hortic. 268, 109348.
doi: 10.1016/j.scienta.2020.109348

Zhang, H., Yang, Y. X., Mei, X. Y., Li, Y., Wu, J. Q., Li, Y. W., et al. (2020a). Phenolic
acids released in maize rhizosphere during maize-soybean intercropping inhibit
Phytophthora blight of soybean. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00886

Zhao, G. M., Han, Y., Sun, X., Li, S. H., Shi, Q. M., and Wang, C. H. (2015). Salinity
stress increases secondary metabolites and enzyme activity in safflower. Ind. Crops.
Prod. 64 (1), 175–181. doi: 10.1016/j.indcrop.2014.10.058

Zhao, M. L., Ren, Y. J., Wei, W., Yang, J. M., Zhong, Q. W., and Li, Z. (2021).
Metabolite analysis of jerusalem artichoke (Helianthus tuberosus L.) seedlings in
response to polyethylene glycol-simulated drought stress. Int. J. Mol. Sci. 22 (7),
3294. doi: 10.3390/ijms22073294

Zhou, X. Y., Yue, J. Q., Yang, H. B., Zhu, C. H., Zhu, F., Li, J. X., et al. (2021).
Integration of metabolome, histochemistry and transcriptome analysis provides
insights into lignin accumulation in oleocellosis-damaged flavedo of citrus fruit.
Postharvest Biol. Technol. 172, 111362. doi: 10.1016/j.postharvbio.2020.111362
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