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Abstract
Background  Panax ginseng faces continuous cropping obstacles due to autotoxicity from protopanaxadiol-type 
ginsenosides. Despite studies on individual ginsenosides being reported, the integrated impact of these compounds 
across different growth stages requires further investigation.

Methods  We employed multi-omics approaches to elucidate stage-specific molecular mechanisms in ginseng 
under protopanaxadiol-type ginsenosides stress. Plants were treated with varying concentrations (10–150 mg/L) of 
protopanaxadiol-type ginsenosides across four growth stages, followed by integrated transcriptomics, extensively 
targeted metabolomics, and phytohormone-targeted metabolomics analyses with morphological and physiological 
assessments.

Results  Ginseng plants treated with 100 mg/L protopanaxadiol-type ginsenosides showed stage-specific stress 
responses. Transcriptomics analysis revealed over 20,000 differentially expressed genes across developmental 
stages (P < 0.05). Significant alterations were observed in pathways related to flavonoids biosynthesis, leading to 
the identification of 31 key differentially abundant metabolites and 22 critical enzyme genes. Furthermore, 47 
differentially expressed genes involved in zeatin biosynthesis and phytohormone signal transduction pathways were 
identified, potentially regulating the differential accumulation of 8 phytohormones (abscisic acid, jasmonic acid, 
jasmonoyl-L-isoleucine, salicylic acid, and cytokinins). These molecular responses were putatively associated with 
enhanced resistance and adaptation to protopanaxadiol-type ginsenosides component stress in ginseng plants. 
WGCNA identified co-expression modules associated with flavonoid metabolites and phytohormones, providing 
network-level support for the coordinated regulation between these pathways. Strong correlations were observed 
between differentially expressed genes and differentially abundant metabolites, suggesting stage-dependent 
coordinated regulatory networks.

Conclusion  Protopanaxadiol-type ginsenosides triggered stage-specific regulatory networks in ginseng, especially 
during the flowering period stage. Parallel activation of flavonoid biosynthesis and phytohormone signaling 
pathways contributed to the adaptive response to autotoxicity. These findings provided preliminary insights for 
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Background
Medicinal plants are vital strategic resources for global 
biopharmaceutical innovation, playing an indispens-
able role in addressing major human health challenges. 
However, factors such as climate change, ecological 
degradation, and limitations in cultivation techniques 
present significant challenges to the quality and yield of 
medicinal plants. Ginseng (Panax ginseng C. A. Meyer) 
is a traditional East Asian medicinal plant with over 
2,000 years of therapeutic history, exemplifying a link 
between traditional medicine and modern pharmacology 
[1–3]. Ginseng has a long growth cycle, typically requir-
ing over five years to reach optimal medicinal value, but 
it faces significant challenges from continuous cropping 
obstacles. These continuous cropping obstacles resulted 
from a complex process of ecosystem degradation involv-
ing multiple coordination mechanisms, including biotic 
stress (e.g., pathogen contamination) and abiotic stress 
(e.g., allelopathic autotoxicity) [4–6]. Among the fac-
tors contributing to continuous cropping obstacles, 
protopanaxadiol-type ginsenosides (PPD) have been 
identified as critical autotoxins, exerting negative regula-
tory effects on ginseng plant growth through root exuda-
tion and other pathways [7].

Previous studies on the autotoxicity of ginsenosides 
have revealed several important findings. Ginsenosides 
R1, Rg1, Re, Rg2, and Rd exhibited autotoxicity to seedling 
emergence, growth, and root cell viability [8]. Ginsen-
oside Rb1 could induce decreased proliferation of gin-
seng cells and decreased adventitious root branches, thus 
inhibiting ginseng growth [9]. Ginsenoside Rd showed 
concentration-dependent autotoxic effects on seed ger-
mination and seedling growth of ginseng [10]. Addition-
ally, ginsenosides Rb1 and Rh1 showed synergistic effects 
on promoting pathogen proliferation [11]. Furthermore, 
ginsenoside Ro stress was found to inhibit ginseng hairy 
root growth and alter endogenous hormone accumula-
tion [1]. Beyond individual ginsenoside effects, integrated 
transcriptomics and metabolomics have been applied 
to investigate ginsenoside autotoxicity during ginseng 
decomposition [4], and the correlation between ginsen-
oside polarity and autotoxicity has been explored in hairy 
root cultures using multi-omics approaches [12].

Despite these advances, critical gaps remain. Previous 
studies predominantly examined individual ginsenosides 
rather than ecologically relevant mixtures, relied on in 
vitro systems (hairy roots or cell cultures) rather than 
intact plants, and typically employed single or dual omics 

approaches at single time points. The present study 
addresses these limitations through four innovations: (1) 
using PPD-type ginsenoside components at ecologically 
relevant mass ratios as an integrated stress factor; (2) 
investigating intact, living P. ginseng plants; (3) integrat-
ing three complementary omics layers (transcriptomics, 
extensively targeted metabolomics, and phytohormone-
targeted metabolomics) with morphological and physi-
ological assessments; and (4) systematically comparing 
molecular responses across four critical developmental 
stages to identify stage-specific regulatory mechanisms.

In recent years, multi-omics approaches have provided 
revolutionary breakthroughs in understanding secondary 
metabolic regulatory mechanisms in plants [13, 14]. This 
study aimed to investigate the stage-specific molecular 
mechanisms and regulatory networks of Panax ginseng in 
response to PPD-component stress by integrating tran-
scriptomics, extensively targeted metabolomics, and phy-
tohormone-targeted metabolomics with physiological 
assessments. The findings provide new insights into gin-
seng continuous cropping obstacles and offer a research 
strategy for studying stress response mechanisms in 
plants.

Materials and methods
Reagents
Malondialdehyde (MDA), superoxide dismutase (SOD), 
and peroxidase (POD) assay kits (catalog numbers: 
BC0025, BC0170, and BC0095) were purchased from 
Beijing Solarbio Science & Technology Co., Ltd. (Beijing, 
China). Catalase (CAT), soluble protein, soluble sugar, 
and proline assay kits (catalog numbers: YX-030120P, 
YX-191618P, YX-191512P, and YX-161815P) were 
obtained from Shanghai Preferred Biotechnology Co., 
Ltd. HPLC grade methanol and acetonitrile were pro-
cured from Merck & Co., Inc. (Kenilworth, New Jersey, 
USA), and HPLC grade formic acid was purchased from 
Aldrich Chemical Company, Inc. (Milwaukee, Wiscon-
sin, USA). 2-chlorophenylalanine (purity: 98%) was pur-
chased from J&K Scientific (Beijing, China).

The protopanaxadiol-type ginsenoside components 
were prepared using reference standards based on 
the mass ratios of individual ginsenosides as previ-
ously reported by the authors [12]: Rb1 (1.39 mg/g), Rb2 
(1.29 mg/g), Rc (0.92 mg/g), Rd (0.63 mg/g), Rb3 (0.39 
mg/g), Rg3 (0.0007 mg/g), and F2 (0.00006 mg/g). All 
ginsenosides references were sourced from Chengdu 
Desite Biotechnology Co., Ltd. (Chengdu, China), 
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with the following catalog numbers: Rb1 (DST240702-
035), Rb2 (DSTDR000701), Rc (DSTDR001302), 
Rd (DSTDR001502), Rb3 (DSTDR000804), Rg3 
(DSTDR001102), and F2 (62025-49-4).

Sample preparation
The experiment was conducted in a climate-controlled 
chamber programmed to simulate natural conditions. 
Temperature, humidity, and timing parameters were con-
tinuously monitored and recorded using an automated 
touchscreen control system manufactured by Shenzhen 
Samkoon Technology Co., Ltd. The light environment fol-
lowed a 12-hour light/12-hour dark cycle, with daytime 
temperatures maintained at 22℃ (relative humidity: 75%) 
and nighttime temperatures at 20℃ (relative humidity: 
75%). Two-year-old ginseng seedlings, identified as the 
Fuxing No. 2 variety, were provided by Shenwang Plant 
Protection Co., Ltd. in Fusong County, Baishan City, Jilin 
Province. Professor Lianxue Zhang from Jilin Agricul-
tural University authenticated the seedlings as Panax gin-
seng C. A. Meyer of the Araliaceae family.

Three experimental treatments were established:

Blank control group (CK): Healthy forest soil was 
used as the substrate, with two-year-old ginseng 
plants. Each treatment consisted of 12 pots, with 
three Panax ginseng plants per pot.
Continuous cropping obstacles group (LSD): 
Continuous cropping obstacles soil served as the 
substrate, with other conditions identical to the 
CK group. The LSD group was included as an 
ecologically relevant positive control, as continuous 
cropping soil inherently contains accumulated 
ginsenosides alongside other co-occurring stress 
factors (e.g., soil-borne pathogens and deteriorated 
physicochemical properties), thereby enabling 
comparison of PPD treatment effects with actual 
continuous cropping stress conditions.
Protopanaxadiol-type ginsenosides group (PPD): 
Two-year-old ginseng seedlings were grown in 
healthy forest soil and treated with protopanaxadiol-
type ginsenosides solution via root irrigation on the 
third day after planting. CK and LSD groups received 
the same amount of water supplementation. Four 
different concentrations were applied: 10, 50, 100, 
and 150 mg/L, with 12 pots per concentration. The 
gradient was established based on a preliminary 
systematic survey of PPD-type ginsenoside residues 
in soils from major ginseng-producing areas in Jilin 
Province, including Fusong and Ji’an, across different 
cultivation years (unpublished data). The selected 
range was designed to encompass the ecologically 
relevant levels observed in field soils, with 10 mg/L 
simulating early-stage or mildly affected conditions, 

50 and 100 mg/L reflecting levels commonly 
encountered after multiple years of continuous 
cropping, and 150 mg/L probing the upper boundary 
of the dose–response relationship.
Plant samples were harvested at four critical 
developmental stages: leaf-spreading period (ZYQ, 
15 days after germination), flowering period (KHQ, 
32 days after germination), fruiting period (JGQ, 105 
days after germination), and harvesting period (CSQ, 
140 days after germination). To minimize diurnal 
variation in metabolite content, all samples were 
collected between 8:00 and 11:00 AM. Immediately 
after collection, samples were flash-frozen in liquid 
nitrogen and stored at -80 °C until further analysis.

Detection of physiological resistance indicators
Root morphological indicators were measured at each 
growth stage. For biochemical analyses, ginseng root 
samples were homogenized in appropriate extraction 
solutions. MDA, SOD, POD, CAT, soluble protein (spro-
tein), soluble sugar, and proline levels were measured 
using commercial assay kits according to manufactur-
ers’ protocols. Biological replicates (n = 5) were analyzed 
per treatment at each growth stage, with data processed 
using GraphPad Prism (version 10.4).

Detection of ginseng root transcriptomics
Transcriptomic analysis was performed using RNA 
sequencing (RNA-seq) following standard protocols 
described in previous studies [4, 12]. Total RNA was 
extracted from ginseng roots with three biological rep-
licates per treatment at each developmental stage (CK, 
LSD, and PPD-100 mg/L × four stages = 18 samples in 
total). Each biological replicate consisted of pooled 
root tissue from three independent plants. RNA quality 
was verified by agarose gel electrophoresis, concentra-
tion measurement (Qubit 4.0), and integrity evaluation 
(Qsep400). Libraries were constructed and sequenced 
on the Illumina platform by Wuhan Maiwei Metabolic 
Biotechnology Co., Ltd. Differentially expressed genes 
(DEGs) were identified, with volcano plots generated 
using Python 3.6.6 and K-means clustering performed in 
R 4.2.0. KEGG annotation and enrichment analyses were 
conducted to identify key pathways.

Detection of extensively targeted metabolomics
Freeze-dried and ground ginseng root samples (5 mg) 
were prepared with three biological replicates per treat-
ment (n = 3) and extracted with 1200 µL precooled 70% 
methanol containing 2-chlorophenylalanine as an inter-
nal standard. After centrifugation and filtration, samples 
were analyzed using an ExionLC™ AD system with a 
QTRAP 6500 + mass spectrometer in MRM mode. Mass 
spectrometry data were analyzed using Analyst 1.6.3 
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software. Statistical analyses and visualization were per-
formed in R, including PCA, OPLS-DA, and KEGG path-
way enrichment of differentially abundant metabolites 
(DAMs). DAMs were identified using combined criteria 
of VIP > 1 from OPLS-DA models and fold change ≥ 2 
or ≤ 0.5. VIP ≥ 1 indicates above-average contribution to 
group discrimination [15], and the fold change threshold 
filters biologically meaningful changes [16]. This dual-fil-
tering strategy minimizes false positives from relying on 
a single statistical approach [17].

Detection of metabolomics targeted by endogenous 
phytohormones in plants
50 mg of ground ginseng root samples were prepared 
with three biological replicates per treatment (n = 3) 
and used for the extraction of endogenous phytohor-
mones and quantitative analysis using UPLC-MS/MS as 
described previously [12].

To visualize the overall patterns of phytohormones 
and their metabolites, clustering heatmaps were gener-
ated using the ComplexHeatmap 2.12.0 package in R 
version 4.2.0. Changes in differentially abundant phyto-
hormones (DAPs) and their metabolites were explored 
using mirrored bar charts grouped by condition, created 
with ggplot2 3.4.0 in R version 4.2.2. KEGG enrichment 
analysis of DAPs and their related metabolites was per-
formed to identify key pathways involved. This analy-
sis was conducted using ggplot2 3.3.0 in R version 4.2.0. 
Relationships between DAPs and DEGs in key metabolic 
pathways were analyzed to elucidate the mechanisms 
driving changes in related biological processes. To visu-
alize these interactions, pathway heatmaps were gener-
ated. Correlation plots were created using the corrplot 
0.92 package in R version 4.1.2. Validation of key genes 
identified in the analysis was conducted using qRT-PCR. 
Reference gene GAPDH was selected based on its stable 
expression.

Correlation analysis and data integration
Pearson correlation analyses were performed to inte-
grate physiological, metabolomic, and transcriptomic 
data using R software (version 4.3.1). Data were log2-
transformed prior to analysis. Statistical significance 
was assessed with Benjamini-Hochberg correction for 
multiple testing (P < 0.05). Correlation heatmaps were 
generated using the corrplot 0.92 package. Correlations 
with |r|>0.5 and P < 0.05 were considered biologically 
meaningful.

Weighted gene co-expression network analysis (WGCNA)
WGCNA was performed using the WGCNA pack-
age (v1.72) in R (v4.2.0) with FPKM values from all 18 

transcriptome samples [18]. Genes with low expres-
sion variation (CV < 0.1) were removed. A soft-thresh-
olding power was selected based on scale-free topology 
(R² > 0.85). Modules were detected using the dynamic 
tree-cutting algorithm (minimum module size = 30) 
and merged at eigengene correlation > 0.75. Module–
trait relationships were assessed by Pearson correlation 
between module eigengenes and external traits, including 
seven key differentially abundant metabolites and eight 
differentially abundant phytohormones. Intramodular 
connectivity (kWithin) was used to identify hub genes.

Results
Morphological responses of ginseng to protopanaxadiol-
type ginsenoside stress across developmental stages
Varying concentrations of PPD components significantly 
influenced ginseng growth and development across four 
key growth stages (ZYQ, KHQ, JGQ, and CSQ) (Supple-
mentary Fig. S1). Visual phenotypic assessment revealed 
concentration-dependent morphological changes: plants 
treated with 10 mg/L PPD maintained relatively normal 
morphology with enhanced green coloration, whereas 
the 100  mg/L treatment group displayed stunted aerial 
growth coupled with remarkably proliferated fibrous root 
systems, creating a distinctive “bushy root” phenotype 
most prominent during KHQ and JGQ stages. The LSD 
positive control exhibited similarly extreme morphologi-
cal changes (Supplementary Fig. S1A).

Comprehensive morphometric analyses (12 biological 
replicates per treatment, two-way ANOVA with Duncan’s 
test) confirmed these observations quantitatively (Sup-
plementary Fig. S1B). Among all concentrations tested, 
the 100  mg/L PPD treatment produced the most pro-
nounced effects: fibrous root number increased approxi-
mately 7-fold during KHQ compared to ZYQ (from 
5.667 ± 1.528 to 39.667 ± 2.517, P < 0.05), followed by a 
significant decline during CSQ. The LSD group exhibited 
a closely parallel response pattern (from 5.667 ± 1.528 
to 37.667 ± 2.082, P < 0.05), suggesting shared regulatory 
mechanisms. In the CK group, both fibrous root number 
and stem height showed significant but comparatively 
modest changes during KHQ (P < 0.05), indicating that 
exogenous PPD amplifies natural developmental transi-
tions. Detailed morphometric data for all concentrations 
and stages are provided in Supplementary Fig. S1B.

These findings indicated that PPD components exerted 
stage-specific and concentration-dependent effects on 
ginseng growth, primarily influencing underground 
growth characteristics, with a critical threshold at the 
100  mg/L concentration that triggered dramatic pheno-
typic plasticity during KHQ, followed by adaptive adjust-
ments in later developmental stages.



Page 5 of 19Zhou et al. BMC Plant Biology         (2026) 26:1052 

Physiological responses of ginseng plants to 
protopanaxadiol-type ginsenoside stress
Seven resistance-related physiological indicators (MDA, 
SOD, POD, CAT, soluble protein, soluble sugar, and 
proline) were evaluated across all treatment groups 
and growth stages. All data followed normal distribu-
tions (Shapiro-Wilk test) and were analyzed by one-way 
ANOVA.

The physiological responses displayed a consis-
tent stage-dependent pattern, with the most dramatic 
changes occurring during KHQ (Fig. 1A–G). MDA con-
tent, POD activity, CAT activity, soluble protein, and 

proline all peaked during KHQ in PPD-treated groups 
before declining in subsequent stages. Specifically, MDA 
levels at KHQ in the 10, 50, and 150 mg/L PPD groups 
were 5.20, 4.58, and 4.78 times higher than in CK, respec-
tively, while POD activity in the 100  mg/L PPD group 
reached 18.90 times that of CK (Fig. 1A, C). SOD activ-
ity displayed a distinct pattern, peaking during ZYQ and 
subsequently declining, with a partial recovery by CSQ in 
the 100 mg/L PPD and LSD groups (Fig. 1B). MDA lev-
els in all PPD treatment groups returned to near-normal 
levels by CSQ, whereas CAT activity remained signifi-
cantly different from CK across all stages in the 100 mg/L 

Fig. 1  Changes in resistance physiological indexes of ginseng during different growth stages of different groups: A MDA content. B SOD activity. C POD 
activity. D CAT activity. E Sprotein content. F Soluble sugar content. G Proline content. Ordinary one-way ANOVA analysis was performed for ZYQ vs. KHQ, 
KHQ vs. JGQ, JGQ vs. CSQ, CSQ vs. CK, and CSQ vs. LSD: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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and 150  mg/L groups (P < 0.001), indicating incomplete 
recovery of this defense mechanism (Fig.  1D). Osmotic 
regulatory substances (soluble protein, soluble sugar, 
and proline) similarly peaked during KHQ, with only the 
LSD group maintaining significant differences from CK 
at CSQ for protein content (Fig. 1E–G). CK group values 
remained relatively stable throughout all growth stages 
for all indicators.

Notably, the 100 mg/L PPD treatment group exhibited 
significant differences from CK in all seven physiologi-
cal indicators, with the most pronounced effects dur-
ing KHQ. Moreover, its response patterns most closely 
resembled those of the LSD group across multiple indi-
cators (MDA, SOD, POD, fibrous root dynamics), sug-
gesting that this concentration best approximated the 
autotoxic stress intensity experienced under actual con-
tinuous cropping conditions. Consequently, the 100 mg/L 
PPD stress group, along with CK and LSD groups, were 
selected for subsequent mechanistic studies. Perform-
ing multi-omics analyses across all 4 concentrations and 
four developmental stages would have been prohibitively 
costly; selecting the most biologically representative 
concentration allowed us to focus analytical resources 
on capturing temporal dynamics, which was the central 
objective of this study.

Transcriptomic profiling reveals extensive gene expression 
reprogramming in response to protopanaxadiol-type 
ginsenoside stress
To investigate the molecular mechanisms underlying 
the autotoxic effects of PPD components, transcriptome 
sequencing was performed on ginseng root samples from 
CK, LSD, and 100  mg/L PPD stress groups in different 
growth stages (Supplementary Table S1). RNA quality 
control confirmed that all samples met the requirements 
for subsequent experiments. After filtering raw data, 
inspecting sequencing error rates, and analyzing GC con-
tent distribution, high-quality clean reads were generated 
for downstream analyses. The transcriptome data quality 
was excellent, with Q20 values exceeding 97%, Q30 val-
ues surpassing 92%, and GC content ranging between 
43% and 44%.

FPKM (Fragments Per Kilobase of transcript per Mil-
lion fragments mapped) was used to quantify transcript 
or gene expression levels. DEGs were identified based on 
the criteria |log2(Fold Change)| ≥ 1 and FDR < 0.05.

Comparisons of KHQ vs. ZYQ, JGQ vs. KHQ, CSQ vs. 
JGQ, CSQ vs. CK, and CSQ vs. LSD revealed the follow-
ing: Downregulated genes: 3,361, 15,492, 4,704, 1,481, 
and 26,976, respectively. Upregulated genes: 6,914, 9,967, 
5,484, 2,764, and 17,173, respectively (Supplementary Fig. 
S2A). Notably, over 20,000 genes exhibited differential 

expression in JGQ vs. KHQ, with a higher proportion of 
downregulated genes. The CSQ vs. LSD comparison dis-
played the largest number of DEGs, totaling 44,149. To 
further investigate gene expression patterns, all DEGs 
were subjected to K-means clustering analysis (Supple-
mentary Fig. S2B). These DEGs were grouped into 10 
clusters, with Cluster 1 containing 7,563 genes that 
peaked in expression during KHQ. This pattern was con-
sistent with the accumulation trends of MDA content, 
POD activity, CAT activity, sprotein content, and pro-
line content described inSect.   "Physiological responses 
of ginseng plants to protopanaxadiol-type ginsenoside 
stress" Physiological responses of ginseng plants to pro-
topanaxadiol-type ginsenoside stress.

Functional characterization of the DEGs was per-
formed using KEGG annotation and enrichment analy-
ses. DEGs from the comparisons KHQ vs. ZYQ, JGQ 
vs. KHQ, CSQ vs. JGQ, CSQ vs. CK, and CSQ vs. LSD 
were enriched in four Level 1 KEGG pathway categories: 
metabolism, genetic information processing, environ-
mental information processing and organismal systems. 
Among these, the metabolism category contained the 
most enriched pathways and genes, while organismal sys-
tems had the fewest. The top 20 enriched pathways for 
each comparison group were displayed in Supplementary 
Fig. S2C.

The analysis revealed a significant decrease in DEG 
abundance during ginseng growth from KHQ to JGQ. 
In contrast, DEG abundance in two enriched pathways 
increased substantially in CSQ compared to CK, indi-
cating that protopanaxadiol-type ginsenoside compo-
nents significantly influenced gene expression regulation 
in ginseng plants. Compared to the CK group, DEGs in 
CSQ were significantly enriched in pathways related to 
phenylpropanoid biosynthesis, biosynthesis of secondary 
metabolites, and biosynthesis of various plant second-
ary metabolites. These findings suggested that ginseng 
plants might accumulate secondary metabolites as part 
of a defense mechanism against stress induced by pro-
topanaxadiol-type ginsenoside components. To further 
investigate these metabolic responses, a comprehensive 
targeted metabolomics analysis was performed on ZYQ, 
KHQ, JGQ, CSQ, CK, and LSD groups.

Additionally, DEGs across all groups were signifi-
cantly enriched in pathways related to plant endogenous 
phytohormones, including zeatin biosynthesis, trypto-
phan metabolism, and plant hormone signal transduc-
tion. These results prompted a quantitative analysis of 
endogenous phytohormone metabolism to further elu-
cidate the molecular mechanisms underlying ginseng’s 
response to protopanaxadiol-type ginsenoside compo-
nents stress. 
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Metabolomic analysis reveals significant alterations in 
flavonoid and phenylpropanoid pathways in response to 
protopanaxadiol-type ginsenoside stress
A total of 1,830 metabolites were detected, classified into 
the following categories: amino acids and derivatives 
(16.67%), phenolic acids (14.1%), terpenoids (11.69%), fla-
vonoids (9.84%), lipids (9.07%), alkaloids (8.52%), lignans 
and coumarins (5.74%), organic acids (5.68%), nucleo-
tides and derivatives (4.48%), tannins (0.33%), steroids 
(0.16%), quinones (0.6%), and others (13.11%) (Fig.  2A, 
Supplementary Table S2).

The PCA score plot (Fig. 2B) demonstrated significant 
metabolic differences among groups, with minimal varia-
tion within samples of the same group. To further refine 
the analysis, orthogonal partial least squares discrimi-
nant analysis (OPLS-DA) was employed. This method 
incorporated orthogonal signal correction (OSC) and 
partial least squares discriminant analysis (PLS-DA) 
to decompose the X matrix (quantitative data for 1,830 
metabolites) into Y-related and unrelated information, 
effectively removing irrelevant variations to identify dif-
ferential variables. The Y matrix represented the different 
growth stages of PPD, CK and LSD groups.

The OPLS-DA score plot revealed significant inter-
group differences, and the model validation plot indicated 
excellent predictive power and reliability (Q2 = 0.985, 
R2X = 0.567, R2Y = 0.999, P < 0.005). The robustness of the 
model was further confirmed by the permutation test, 

and the S-plot identified a substantial number of signifi-
cant metabolites with VIP > 1 (Fig. 2C-E).

DAMs were identified among ZYQ, KHQ, JGQ, CSQ, 
CK, and LSD groups by applying the selection criteria: 
VIP > 1, fold change ≥ 2 or fold change ≤ 0.5. The total 
number of DAMs identified in each comparison was as 
follows: KHQ vs. ZYQ: 520, JGQ vs. KHQ: 404, CSQ vs. 
JGQ: 254, CSQ vs. CK: 309, CSQ vs. LSD: 347 (Fig.  2F, 
Supplementary Table S3).

Circular heatmaps were generated to illustrate the 
relative abundance of these metabolites (Fig. 2G). Inter-
estingly, in the JGQ vs. KHQ comparison, the number 
of upregulated metabolites was lower than the num-
ber of downregulated metabolites, a trend opposite to 
that observed in the other comparisons. The differential 
metabolites in each comparison were classified into 13 
categories, including amino acids, lipids, terpenoids, fla-
vonoids, and phenolic acids. Ginseng plants showed sig-
nificant differential accumulation of metabolites under 
protopanaxadiol-type ginsenoside components stress. 
These metabolites may be associated with stress resis-
tance and may also act as signaling molecules, trigger-
ing specific gene expression and initiating related signal 
transduction pathways.

Differential metabolites across all comparisons were 
enriched in three Level 1 KEGG pathway categories: 
metabolism, genetic information processing and environ-
mental information processing. Further enrichment anal-
ysis revealed pathways for KHQ vs. ZYQ, JGQ vs. KHQ, 

Fig. 2  Establishment of the OPLS-DA model and extensively targeted metabolomics data. A PCA score plot. B Circle plot for the first-order classification 
of metabolites. C OPLS-DA model validation diagram. D OPLS-DA replacement test map. E OPLS-DA S-plot. F Multi-group differential volcano plot. G Ring 
heat map: Different colors represent the relative magnitude of expression levels
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Fig. 3 (See legend on next page.)
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CSQ vs. JGQ, CSQ vs. CK, and CSQ vs. LSD were listed 
in Supplementary Table S4. The top 20 pathways ranked 
by P-value were displayed in Supplementary Fig. S3.

Notably, differential metabolites in CSQ were sig-
nificantly enriched in pathways such as flavonoid bio-
synthesis, phenylpropanoid biosynthesis, isoflavonoid 
biosynthesis, and anthocyanin biosynthesis, highlighting 
the role of these compounds in stress adaptation. Similar 
pathways were enriched in the other comparisons, sug-
gesting a potentially important role of flavonoids in gin-
seng’s defense responses.

A combined analysis of metabolomics and transcrip-
tomics revealed common KEGG enrichment pathways, 
including anthocyanin biosynthesis, phenylpropanoid 
biosynthesis, flavone and flavonol biosynthesis and flavo-
noid biosynthesis (Supplementary Fig. S4).

The analysis identified 31 key metabolites, consist-
ing of amino acids and their derivatives, phenolic acids 
and their derivatives, and various flavonoids. Addition-
ally, 22 key enzymes were identified, including PAL, 4CL, 
CYP73A, COMT, CYP84A, HCT, CYP98A, E2.1.1.104, 
K22395, PRDX6, UGT72E, E5.5.1.6, FLS, CYP75B1, DFR, 
C12RT1, ANR, BZ1, 3AT, GT1, FG3 and CCR. Notably, 
the expression trends of these DEGs were broadly consis-
tent with changes in their putative downstream metab-
olites. The specific regulatory patterns of key enzymes 
and key metabolites were described in detail in Fig. 3. A 
correlation analysis of DEGs and DAMs revealed strong 
associations between them (Fig. 4A), and qRT-PCR vali-
dation further supported the transcriptomic data trends 
(Fig. 4B).

Among the key metabolites, L-phenylalanine served as 
the precursor for several phytohormones (e.g., salicylic 
acid) [19], while caffeic acid and ferulic acid were found 
to interact with jasmonic acid signaling pathways. These 
results indicated that protopanaxadiol-type ginsenoside 
components might induce changes in endogenous phyto-
hormones, which was consistent with the findings from 
gene expression analysis, where DEGs were enriched 
in pathways of zeatin biosynthesis and plant hormone 
signal transduction. Therefore, further analysis of phy-
tohormone metabolism was conducted to identify key 
response factors and regulatory mechanisms under pro-
topanaxadiol-type ginsenoside components stress. 

Protopanaxadiol-type ginsenoside components induce 
significant changes in phytohormone metabolism and 
signaling pathways
A total of 44 endogenous phytohormones were identified 
across all groups (Supplementary Table S5). The PCA 
revealed that the first principal component explained 
38.65% of the dataset’s variance, while the second princi-
pal component explained 25.58%. Significant differences 
were observed between groups, with good reproducibil-
ity within each group (Supplementary Fig. S5A).

To identify key response factors in ginseng plants 
under protopanaxadiol-type ginsenoside components 
stress, differential analyses were conducted on the 44 
phytohormones, with fold change ≥ 2 or fold change ≤ 0.5. 
The results, displayed as mirrored bar charts (Supple-
mentary Fig. S5B-C), revealed significantly differentially 
accumulated phytohormones.

KEGG pathway enrichment analysis was performed for 
the DAPs (Supplementary Fig. S5D-H). The significantly 
enriched pathways primarily included biosynthesis of 
secondary metabolites, zeatin biosynthesis and plant hor-
mone signal transduction. These findings indicated that 
protopanaxadiol-type ginsenoside components induced 
changes in endogenous phytohormone accumulation in 
ginseng plants, confirming the conclusions of Section.

To validate the co-enriched pathways of DAPs and 
DEGs, we performed an integrated analysis of targeted 
phytohormone metabolomics and transcriptomics data. 
The common KEGG enrichment pathways were obtained 
(Supplementary Fig. S6), including plant hormone signal 
transduction and zeatin biosynthesis.

Key DAPs and their related metabolites were identi-
fied as DHZR, cZR, tZR, IPR, JA-ILE, JA, ABA, and 
SA. Furthermore, a total of 47 key enzymes were iden-
tified, including: TRIT1, IPT, CYP735A, UGT85A, CKX, 
UGT76C1_2, AUX1, TIR1, IAA, ARF, GH3, SAUR, 
AHK2_3_4, AHP, ARR-B, ARR-A, GID1, DELLA, PIF3, 
PYL, PP2C, SNRK2, ABF, CTR1, ETR, MKK4_5, MPK6, 
EIN2, EBF1_2, EIN3, ERF1, BAK1, BKI1, BRI1, BSK, 
TCH4, CYCD3, BIN2, BZR1_2, JAR1_4_6, COI-1, JAZ, 
MYC2, NPR1, TGA, and PR1. Pathways heatmap was 
constructed to visualize the co-regulatory networks of 
key phytohormones and genes (Fig. 5).

In the zeatin biosynthesis pathway, UGT85A was asso-
ciated with the highest number of genes. Additionally, 
two IPT genes, four CKX genes, and two TRIT1 genes 

(See figure on previous page.)
Fig. 3  Pathway heat map of combined analysis of extensively targeted metabolomics and transcriptomics. Key enzyme gene abbreviations: PAL, phe-
nylalanine ammonia-lyase; 4CL, 4-coumarate-CoA ligase; CYP73A, trans-cinnamate 4-monooxygenase; CMOT, caffeic acid 3-O-methyltransferase; CYP84A, 
ferulate-5-hydroxylase; CCR, cinnamoyl-CoA reductase; HCT, shikimate O-hydroxycinnamoyltransferase; CYP98A, 5-O-(4-coumaroyl)-D-quinate 3’-mono-
oxygenase; E2.1.1.104, caffeoyl-CoA O-methyltransferase; K22395, cinnamyl-alcohol dehydrogenase; PRDX6, peroxiredoxin 6; UGT72E, coniferyl-alcohol 
glucosyltransferase; E5.5.1.6, chalcone isomerase; FLS, flavonol synthase; CYP75B1, flavonoid 3’-monooxygenase; DFR, bifunctional dihydroflavonol 4-re-
ductase; C12RT1, flavanone 7-O-glucoside 2”-O-beta-L-rhamnosyltransferase; ANR, anthocyanidin reductase; BZ1, anthocyanidin 3-O-glucosyltransferase; 
3AT, anthocyanidin 3-O-glucoside 6”-O-acyltransferase; GT1, anthocyanidin 5,3-O-glucosyltransferase; FG3, flavonol-3-O-glucoside/galactoside glucosyl-
transferase; AMOT, flavonoid O-methyltransferase



Page 10 of 19Zhou et al. BMC Plant Biology         (2026) 26:1052 

showed peak expression during KHQ. Comparatively, 
the plant hormone signal transduction pathway exhibited 
broader regulatory changes, with over 600 genes affected. 
Genes such as ARF, ARR-B, DELLA, PP2C, BAK1, BRI1, 
BSK, JAZ, and MYC2 exhibited dozens or even hun-
dreds of differentially expressed members. Notably, 

Cluster-70614.1 of PYL exhibited the highest expression, 
particularly during CSQ. The accumulation trend of JA-
ILE closely corresponded to the expression trends of six 
JAR1_4_6 genes. Three JAZ genes, five TCH4 genes, and 
one GID1 gene were significantly upregulated in ZYQ 
and KHQ, while two PR1 genes exhibited high expression 

Fig. 4  Relationship between DAMs and DEGs. A Correlation corplot of key DAMs and key DEGs. B qPCR verification results and DEGs’ transcript abun-
dance (FPKM, fragments per kilobase of transcript per million mapped reads)
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in KHQ. Additionally, two PYL genes showed signifi-
cantly elevated expression in CSQ and LSD. The heat 
map illustrated the changes in key DEGs of the Ko04075 
pathway (Supplementary Fig. S7).

The correlation analysis revealed that the key DAPs 
showed strong correlations with the key DEGs (Fig. 6A). 
qRT-PCR validation of randomly selected genes 

confirmed that their relative expression levels were con-
sistent with transcriptome data trends (Fig. 6B).

Integration of physiological responses with molecular 
mechanisms
To investigate the intrinsic connections between physio-
logical adaptations and molecular changes, we performed 

Fig. 5  Pathway heat map of the combined analysis of phytohormone-targeted metabolomics and transcriptomics. Key enzyme gene abbreviations: 
TRIT1, tRNA dimethylallyltransferase; IPT, adenylate dimethylallyltransferase (cytokinin synthase); CYP735A, cytokinin trans-hydroxylase; UGT85A, UDP-
glucosyltransferase 85A; CKX, cytokinin dehydrogenase; UGT76C1_2, cytokinin-N-glucosyltransferase; AUX1, auxin influx carrier; TIR1, transport inhibitor 
response 1; IAA, auxin-responsive protein IAA; ARF, auxin response factor; GH3, auxin responsive GH3 gene family; SAUR, SAUR family protein; AHK2_3_4, 
arabidopsis histidine kinase 2/3/4; AHP, histidine-containing phosphotransfer peotein; ARR-A, two-component response regulator ARR-A family; ARR-B, 
two-component response regulator ARR-B family; GID1, gibberellin receptor GID1; DELLA, DELLA protein; PIF3, phytochrome-interacting factor 3; GID2, 
F-box protein GID2; PYL, abscisic acid receptor PYR/PYL family; PP2C, protein phosphatase 2C; SNRK2, serine/threonine-protein kinase SRK2; ABF, ABA re-
sponsive element binding factor; CTR1, rine/threonine-protein kinase CTR1; ETR, ethylene receptor; MKK4_5, mitogen-activated protein kinase kinase 4/5; 
MPK6, mitogen-activated protein kinase 6; EIN2, ethylene-insensitive protein 2; EBF1_2, EIN3-binding F-box protein; EIN3, ethylene-insensitive protein 3; 
ERF1, thylene-responsive transcription factor 1; BAK1, brassinosteroid insensitive 1-associated receptor kinase 1; BKI1, BRI1 kinase inhibitor 1; BRI1, protein 
brassinosteroid insensitive 1; BSK, BR-signaling kinase; TCH4, xyloglucan: xyloglucosyl transferase TCH4; CYCD3, cyclin D3; BIN2, shaggy-related protein ki-
nase (protein brassinosteroid insensitive 2); BZR1_2, brassinosteroid resistant 1/2; JAR1_4_6, jasmonic acid-amino synthetase; COI-1, coronatine-insensitive 
protein 1; JA, jasmonate ZIM domain-containing protein; MYC2, transcription factor MYC2; NPR1, regulatory protein NPR1; TGA, transcription factor TGA; 
PR1, pathogenesis-related protein 1
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comprehensive correlation analyses integrating resis-
tance physiological indices with metabolomic and tran-
scriptomic data across all treatment groups (100  mg/L 
PPD at ZYQ, KHQ, JGQ, CSQ stages, plus CK and LSD 
at CSQ stage).

Correlations between physiological indices and flavonoid 
metabolism
Correlation analysis revealed strong associations between 
physiological stress indicators and flavonoid metabolic 
reprogramming at both metabolite and gene expression 
levels (Supplementary Fig. S8A-B).

At the metabolite level, oxidative stress marker MDA 
showed strong positive correlations with phenylpro-
panoid pathway intermediates, including L-phenylal-
anine (P < 0.05) and coniferin (P < 0.01). Antioxidant 
enzymes (POD and CAT) and osmotic adjustment indi-
cators (sprotein, soluble sugar, proline) exhibited similar 
positive correlation patterns with caffeic acid (P < 0.05), 
chlorogenic acid (P < 0.01), as well as lignin precursors 
such as sinapinaldehyde (P < 0.05). Notably, several fla-
vonoid aglycones (kaempferol-3-O-sophoroside, quer-
cetin-3-O-glucoside) showed either weak or negative 

correlations with stress indicators, suggesting their con-
version to glycosylated forms under stress.

At the transcriptional level, these metabolic patterns 
were supported by corresponding gene expression cor-
relations. Core phenylpropanoid pathway genes showed 
strong responses: DFR exhibited strong positive correla-
tions with oxidative stress markers (P < 0.01). Flavonoid 
glycosylation genes demonstrated distinct patterns: BZ1 
showed positive correlations with most stress param-
eters (P < 0.05), while GT1 displayed mixed correlation 
patterns. Methylation enzyme COMT showed strong 
positive correlations with most physiological indices 
(P < 0.05), supporting enhanced lignification under stress. 
Interestingly, some biosynthetic genes like CCR exhib-
ited negative correlations with certain stress markers, 
suggesting complex metabolic flux regulation within the 
phenylpropanoid-flavonoid network.

Correlations between physiological indices and 
phytohormone signaling
Correlation analyses revealed coordinated relationships 
between hormone signaling and physiological responses 

Fig. 6  Relationship between DAPs and DEGs. A Correlation corplot of key DAPs and key DEGs. B qPCR verification results and DEGs’ FPKM
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at both metabolite and transcriptional levels (Supple-
mentary Fig. S8C-D).

At the hormone level, ABA and JA showed positive 
correlations with CAT activity and proline accumulation 
(P < 0.05), confirming stress hormone activation. Cytoki-
nins (DHZR, cZR, tZR, IPR) consistently correlated with 
POD, CAT, and proline content, suggesting their role in 
stress mitigation. Conversely, SA showed negative corre-
lations with MDA and POD (P < 0.05).

At the transcriptional level, these patterns were rein-
forced by corresponding gene expression. ABA signaling 
components (ABF, PP2C, SNRK2) and downstream tar-
gets (GID1, DELLA) showed strong positive correlations 
with most stress indicators (P < 0.05). JA pathway genes 
(JAR1_4_6) and ethylene signaling components (ERF1, 
CTR1) similarly exhibited positive correlations with 
physiological parameters (P < 0.05). Auxin signaling dis-
played complex regulation, with response factors (ARF, 
SAUR) positively correlating while receptors (TIR1, 
AUX1) negatively correlating with most stress indices. 
Brassinosteroid signaling showed mixed responses, with 
BSK and TCH4 positively but BRI1 and BKI1 negatively 
correlating with stress markers (P < 0.05).

These integrated hormone-physiology correlations sug-
gested that PPD autotoxicity coordinated a multi-layered 
hormonal response network, with ABA and JA putatively 
driving stress adaptation while other hormones poten-
tially modulating specific aspects of the defense response.

WGCNA identified gene modules associated with flavonoid 
metabolism and phytohormone traits
WGCNA yielded 19 co-expression modules (125–9,177 
genes). Module–trait correlation analysis identified five 
modules with simultaneous significant correlations with 
both metabolite and phytohormone traits (Supplemen-
tary Fig. S9; Supplementary Table S6).

The blue and brown modules displayed reciprocal cor-
relation patterns. The blue module was positively corre-
lated with phenylpropanoid intermediates but negatively 
correlated with kaempferol-3-O-sophoroside and SA, 
whereas the brown module showed the opposite pat-
tern. This was consistent with a transition from upstream 
intermediate accumulation to downstream flavonol pro-
duction. The lightcyan module was positively correlated 
with both flavonol glycosides and cytokinins while nega-
tively correlated with SA. The greenyellow module was 
strongly associated with phenylpropanoid intermediates.

The grey60 module (207 genes) showed strong concur-
rent correlations with multiple phytohormones (cZR, JA-
ILE, and ABA; all P < 0.001). The top hub gene was a 60 S 
ribosomal protein L8 (Cluster-77051.3, kWithin = 80.25). 
This module contained cinnamyl-alcohol dehydroge-
nase (K22395) and flavanone 7-O-glucoside 2″-O-beta-
L-rhamnosyltransferase (C12RT1), both of which were 

identified as DEGs in the phenylpropanoid and flavonoid 
biosynthesis pathways (Sect.   "Protopanaxadiol-type 
ginsenoside components induce significant changes in 
phytohormone metabolism and signaling pathways"), as 
well as JA biosynthesis-related genes, antioxidant genes 
(Cu-Zn SOD, glutathione S-transferase), and three tran-
scription factors (WRKY22, HOX11, ZAT11). The co-
expression of these functionally diverse genes within a 
single module suggested potential co-regulation between 
secondary metabolism and hormone signaling pathways.

Discussion
This study investigated the molecular mechanisms by 
which protopanaxadiol (PPD)-type ginsenoside compo-
nents influenced Panax ginseng growth across four devel-
opmental stages (ZYQ, KHQ, JGQ, and CSQ), integrating 
phenotypic, physiological, transcriptomic, metabolomic, 
and phytohormone analyses.

Concentration- and stage-dependent effects on ginseng 
growth
The effects of PPD-type ginsenosides on ginseng growth 
were concentration- and stage-dependent. Low-concen-
tration treatment (10  mg/L) induced a redistribution of 
growth resources that favored aboveground development 
over root expansion, reflecting an adaptive response to 
mild stress. Medium-concentration treatments (50 and 
100 mg/L) caused significant fluctuations in fibrous root 
numbers, while main root growth remained relatively sta-
ble, indicating that ginsenoside stress primarily impacted 
the fibrous root system. This finding may provide new 
insight into root system decline associated with gin-
seng continuous cropping obstacles. High-concentration 
treatment (150  mg/L) produced more pronounced fluc-
tuations in fibrous root development and increased stem 
height, with the most significant effects observed dur-
ing the active growth stages (KHQ–JGQ). The response 
pattern of the LSD group was consistent with that of the 
100 mg/L treatment group.

However, it should be noted that the LSD group inher-
ently encompassed multiple co-occurring stress factors 
beyond ginsenosides, including soil-borne pathogens and 
deteriorated physicochemical properties, and the PPD-
type ginsenoside concentration in the LSD soil was not 
quantified in this study. Therefore, the phenotypic and 
molecular similarities observed between the two groups 
should be interpreted as evidence supporting the promi-
nent role of PPD-type ginsenosides in continuous crop-
ping obstacles, rather than implying equivalent stress 
conditions. The divergence between them likely reflected 
the additive or synergistic effects of other stress com-
ponents present in the LSD soil. Future studies incor-
porating quantitative analysis of ginsenoside residues 
in continuous cropping soil would further clarify the 
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relative contribution of PPD-type ginsenosides to the 
overall continuous cropping obstacle effect.

Activation of multiple physiological defense systems
Plants activated multiple defense systems when exposed 
to abiotic stress. This study observed three primary 
defensive responses of ginseng plants under pro-
topanaxadiol-type ginsenoside components stress.

Firstly, the membrane system protection mechanisms 
were activated. MDA is a major product of lipid peroxi-
dation in membranes, and its accumulation damages cell 
membranes and organelles [12, 20]. The increase in MDA 
levels indicated an increased degree of lipid oxidation 
and more severe cellular damage [21]. In the 100 mg/L 
protopanaxadiol-type ginsenoside treatment group, 
MDA content peaked during the ZYQ stage, while in 
the other three treatment groups, the highest accumula-
tion occurred during the KHQ stage. In contrast, the CK 
group maintained relatively stable MDA levels through-
out all growth stages. This suggested that the 100 mg/L 
treatment triggered an earlier stress response.

Secondly, the antioxidant enzyme system was coordi-
nately activated. The antioxidant enzyme system plays 
a crucial role in mitigating oxidative stress induced by 
ginsenoside components. SOD as the first line of defense 
[22], exhibited peak activity during the ZYQ stage across 
all treatment groups, indicating its rapid scavenging 
of reactive oxygen species (ROS). POD acted as a dou-
ble-edged sword, while it alleviates peroxide-induced 
membrane damage and protects the plant, it can also 
contribute to ROS production, chlorophyll degradation, 
and membrane lipid peroxidation, potentially causing 
damage [23, 24]. CAT activity in the high-concentration 
groups (100 and 150 mg/L) significantly increased dur-
ing the KHQ stage (P < 0.001), reflecting elevated H2O2 
levels [25, 26]. Together, these enzymes appeared to 
form a comprehensive ROS scavenging network: SOD 
responded rapidly during ZYQ, POD activity rose signifi-
cantly during KHQ, and CAT showed sustained enhance-
ment under high concentrations.

Thirdly, targeted accumulation of osmoregulatory sub-
stances. Osmoregulatory substances (soluble sugars, 
proline, and soluble proteins) in all treatment groups fol-
lowed a consistent pattern of initial increase followed by 
decrease, highlighting their role in maintaining cellular 
osmotic balance and stabilizing enzyme activity under 
stress [27, 28].

Dynamic reprogramming of flavonoid metabolic networks
Flavonoids are essential secondary metabolites regulated 
by a complex biosynthetic network involving phenyl-
propanoid, flavonoid, anthocyanin, and flavonol biosyn-
thesis pathways [29]. This study explored the molecular 

responses and functional reprogramming of these path-
ways under PPD-type ginsenoside stress.

Anthocyanins, highly active glycosylated polypheno-
lic compounds, play a key role in plant stress responses 
[30, 31]. These compounds not only exhibit strong anti-
oxidant activities, but also significantly enhance plant 
tolerance to abiotic stress [32, 33]. As a critical branch of 
the flavonoid biosynthesis pathway, anthocyanin biosyn-
thesis involves a sequence of complex enzyme-catalyzed 
reactions. In this study, the differential expression of 
anthocyanidin 3-O-glucosyltransferase, BZ1 was associ-
ated with the accumulation of pelargonidin-3-O-rutin-
oside, which peaked during the KHQ stage. This finding 
suggested that plants may have regulated gene expression 
and adjusted metabolic pathways to establish defense 
responses during the early stages of stress.

In the phenylpropanoid pathway, key enzymes includ-
ing phenylalanine ammonia-lyase (PAL), cinnamate-
4-hydroxylase (C4H), and 4-coumarate-CoA ligase 
(4CL) catalyzed the formation of p-coumaroyl-CoA, an 
essential precursor for downstream branches [34–36]. 
Notably, cinnamoyl-CoA reductase (CCR) may regulate 
flavonoid biosynthesis through substrate competition 
with the lignin pathway [37]. Six key phenolic acid com-
pounds accumulated under stress, contributing antioxi-
dant, free radical scavenging, and antimicrobial activities 
that enabled ginseng plants to resist PPD-type ginsen-
oside-induced stress [38, 39].

Flavonoids are crucial secondary metabolites that play 
an essential role in plant defenses against biotic and abi-
otic stress. Their complex biosynthetic mechanisms rep-
resent a frontier in plant science research [40–42]. In the 
flavonoid biosynthesis pathway, ten key genes and eleven 
metabolites were identified. Flavonol synthase (FLS) 
regulated the accumulation of chrysin and pinobanksin 
while competing with dihydroflavonol-4-reductase (DFR) 
for the same substrate, reflecting fine metabolic balance 
[43–45]. CYP75B1, a cytochrome P450 protein, showed 
steadily increasing expression from ZYQ to CSQ, catalyz-
ing the production of eriodictyol and thereby enhancing 
antioxidant defenses [46].

In the flavone and flavonol pathway, three flavonol 
compounds and three key regulatory genes were identi-
fied. FG3 regulated the accumulation of kaempferol-3-O-
sophoroside, a flavonol glycoside with strong free radical 
scavenging activity [47, 48], further confirming that 
ginseng plants constructed multiple defense systems 
through metabolic reprogramming.

Dynamic reprogramming of phytohormone signaling
Cytokinins exhibited significant dynamic changes under 
PPD-type ginsenoside stress [49, 50]. By precise quantita-
tive analysis, significant dynamic changes in the key cyto-
kinin transport forms, cis-Zeatin (cZR) and trans-Zeatin 
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(tZR) ribosides, across growth stages were presented 
[51]. During the late KHQ stage, concentrations of dihy-
drozeatin riboside (DHZR), tZR, and isopentenyl ribo-
side (IPR) peaked at 11.7 ng/g, 54.9 ng/g, and 1.4 ng/g, 
respectively. These findings suggested that plants con-
structed molecular defense mechanisms against stress 
by coordinating the accumulation of tZR and DHZR 
through IPT and CYP735A enzyme pathways, and regu-
lating IPR metabolism via the TRIT1 gene [52, 53]. These 
coordinated metabolic changes suggested the critical role 
of cytokinin reprogramming in stress adaptation.

Multiple phytohormone signaling pathways were 
dynamically regulated under stress [54]. Salicylic acid 
(SA) increased continuously from ZYQ to a peak of 93.9 
ng/g during CSQ (3.5 times higher than CK), suggest-
ing activation of the systemic acquired resistance (SAR) 
mechanism [55, 56]. Jasmonic acid (JA) peaked dur-
ing JGQ but declined significantly during CSQ, indicat-
ing stage-specific regulation particularly involving root 
growth and reproductive development. Abscisic acid 
(ABA) peaked at 8.4 ng/g during JGQ (six times higher 
than CK), suggesting that defense mechanisms were ini-
tiated through stomatal closure. The activation of the 
negative regulator PP2C further modulated ABA signal 
transduction and stabilized ABA levels during the CSQ 
stage.

Beyond these individual hormone dynamics, the tem-
poral profiles observed in our study provided sugges-
tive evidence for three hormone cross-talk mechanisms 
potentially operating during ginseng’s response to PPD-
type ginsenoside stress. First, ABA and JA exhibited 
concurrent accumulation during the JGQ stage, accom-
panied by significant positive correlations with CAT 
activity and proline content (P < 0.05), and the coordi-
nated upregulation of SnRK2, ABF, and JAR1_4_6. This 
pattern was consistent with the previously reported 
ABA–JA synergy mediated through the MYC2 transcrip-
tion factor, a shared signaling node known to integrate 
both ABA- and JA-dependent defense responses [57, 
58]. The concurrent activation of SnRK2 and JAR1_4_6 
may have reflected a putative MYC2-mediated conver-
gence of these two pathways, although direct validation 
in ginseng remained to be conducted. Second, SA and 
JA displayed an inverse temporal pattern: SA accumu-
lated continuously toward CSQ while JA declined after 
peaking at JGQ. This reciprocal dynamic was reminis-
cent of the well-characterized SA–JA antagonism, in 
which NPR1 suppressed JA-responsive gene expression 
downstream of the SCF COI1-JAZ complex [59, 60]. The 
progressive SA accumulation observed in our study may 
have gradually attenuated JA signaling, implying a possi-
ble shift from JA-mediated defense toward SA-mediated 
systemic acquired resistance. Third, cytokinins peaked 
during KHQ whereas ABA peaked later during JGQ, 

suggesting a temporal transition from growth-promoting 
to stress-adaptive regulation. This sequential pattern was 
in line with the antagonistic relationship between cyto-
kinin and ABA signaling, in which type-B ARRs physi-
cally interacted with SnRK2s and repressed their kinase 
activity in Arabidopsis [61], although whether an analo-
gous mechanism operated in Panax ginseng required 
further investigation. Collectively, while definitive mech-
anistic conclusions awaited further functional validation, 
our integrated data suggested that ginseng plants may 
have orchestrated a temporally coordinated hormonal 
network, with the KHQ–JGQ transition representing 
a putative inflection point from growth promotion to 
stress defense.

Integration of multi-level responses
Correlation analyses provided crucial evidence linking 
physiological adaptations with molecular reprogram-
ming. The strong positive correlations between MDA 
and phenylpropanoid intermediates (L-phenylalanine, 
P < 0.05; coniferin, P < 0.01) suggested that oxidative stress 
may have contributed to secondary metabolic responses. 
This was further supported by the coordinated upregula-
tion of biosynthesis genes, with DFR showing strong pos-
itive correlations with oxidative stress markers (P < 0.01), 
and BZ1, COMT exhibiting significant correlations with 
most stress parameters (P < 0.05).

The positive correlations between stress hormones 
(ABA, JA) and CAT activity as well as proline accumu-
lation (P < 0.05), along with their corresponding signaling 
genes (ABF, PP2C, SNRK2 for ABA pathway; JAR1_4_6 
for JA pathway), demonstrated functional links between 
hormonal regulation and physiological stress responses. 
Notably, cytokinins (DHZR, cZR, tZR, IPR) consistently 
correlated with POD, CAT, and proline content, suggest-
ing their role in stress mitigation beyond growth regula-
tion. Interestingly, SA showed negative correlations with 
MDA and POD (P < 0.05), indicating distinct regulatory 
patterns among different hormones.

These integrated analyses revealed that the physi-
ological, metabolic, and transcriptional changes formed 
a coordinated defense network rather than operating in 
isolation. The complex correlation patterns, including 
both positive and negative associations, reflected sophis-
ticated metabolic flux regulation within the defense net-
work. However, further time-course experiments with 
pathway-specific inhibitors would help establish causal 
relationships and distinguish between parallel indepen-
dent responses and interconnected regulatory cascades. 
WGCNA provided network-level support for the coor-
dinated relationship between flavonoid metabolism and 
phytohormone signaling observed in previous sections. 
The reciprocal patterns of the blue and brown modules 
were consistent with the metabolic flux transition from 
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phenylpropanoid intermediates to flavonol end-products 
discussed in Sect. "Dynamic reprogramming of flavonoid 
metabolic networks". The co-occurrence of K22395 and 
C12RT1, previously identified as DEGs in phenylpro-
panoid and flavonoid pathways (Sect. "Protopanaxadiol-
type ginsenoside components induce significant changes 
in phytohormone metabolism and signaling pathways"), 
within the grey60 module alongside JA biosynthesis-
related genes and stress-responsive transcription fac-
tors (WRKY22, HOX11, ZAT11) suggested that these 
pathways may be co-regulated at the transcriptional 
level. However, the predominance of ribosomal proteins 
among hub genes in this module indicated that trans-
lational regulation may also be involved in coordinat-
ing these responses, a possibility that warrants further 
investigation. Functional validation through genetic 
approaches would be required to establish causal rela-
tionships among the identified hub genes.

Novelty and limitations
Collectively, the present study advanced beyond previ-
ous ginsenoside autotoxicity research, which, despite 
progress in characterizing the effects of individual gin-
senosides and ginsenoside fractions or decomposition 
productshas largely relied on in vitro systems and single-
stage experimental designs. By applying ecologically rel-
evant PPD-type ginsenoside mixtures to intact ginseng 
plants and integrating transcriptomic, metabolomic, 
and phytohormone analyses across four developmen-
tal stages, this work provided several novel biological 
insights that were unlikely to be captured by conventional 
approaches. Specifically, we identified KHQ as a criti-
cal developmental window in which oxidative damage, 
antioxidant enzyme activation, and flavonoid metabolic 
reprogramming converged most intensely, and suggested 
that the coordination between flavonoid biosynthesis and 
phytohormone signaling pathways was stage-dependent 
rather than constitutive. These findings provided a new 
temporal dimension for understanding ginsenoside-
mediated autotoxicity and offered potential targets for 
mitigating continuous cropping obstacles in Panax gin-
seng cultivation.

It should be noted that transcriptome sequencing for 
the CK and LSD groups was only performed at the har-
vest stage (CSQ), rather than across all developmental 
stages. This design prioritized capturing the temporal 
dynamics of molecular responses within the PPD treat-
ment group and assessing the cumulative effects at the 
agronomically relevant endpoint. Although the physi-
ological indices measured across all groups and stages 
confirmed that CK exhibited minimal variation through-
out the growth cycle, supporting the interpretation of 
within-PPD temporal comparisons as primarily reflecting 
stress responses, full temporal transcriptome profiling 

of control groups would enable more precise separation 
of developmental and stress-induced gene expression 
changes. Future studies incorporating such comprehen-
sive designs are warranted.

Conclusions
This study investigated the mechanisms of Panax ginseng 
autotoxicity mediated by protopanaxadiol-type ginsen-
oside components using multi-omics integration. The 
key findings were summarized as follows. The effects of 
protopanaxadiol-type ginsenoside components on Panax 
ginseng growth and development exhibited significant 
concentration dependency and stage specificity, primarily 
manifested as root growth inhibition and marked changes 
in physiological resistance indicators. The protopanaxa-
diol-type ginsenoside components significantly altered 
the accumulation patterns of flavonoid and phenolic acid 
compounds by regulating secondary metabolic pathways, 
and predominantly regulated the gene expression of key 
pathways, including those involved in secondary metabo-
lite biosynthesis and phytohormone signal transduction. 
Endogenous phytohormone analysis revealed significant 
changes in the levels of key phytohormones, including 
cZR, ICAld, tZR, and tZRMP. Furthermore, the temporal 
hormone profiles provided suggestive evidence for coor-
dinated cross-talk among ABA–JA, SA–JA, and cytoki-
nin–ABA signaling axes, with the KHQ–JGQ transition 
representing a putative inflection point from growth pro-
motion to stress defense, although the precise molecular 
mechanisms underlying these interactions in Panax gin-
seng remain to be functionally validated.

Based on these findings, a preliminary growth regu-
lation network induced by protopanaxadiol-type gin-
senosides was proposed, which may provide a useful 
theoretical reference for further understanding the 
mechanism of Panax ginseng autotoxicity and address-
ing the problem of Panax ginseng continuous cropping 
obstacles. From a practical perspective, the results may 
inform strategies for optimizing planting practices, such 
as adjusting planting density and ginsenoside residue 
management, to mitigate autotoxic effects. Additionally, 
the study offered foundational insights for the develop-
ment of Panax ginseng varieties with enhanced tolerance 
to continuous cropping stress, which could potentially 
improve yield and sustainability in Panax ginseng 
agriculture.
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