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Abstract

Background: Cultivation environments impose distinct abiotic and biotic stresses that act
as primary drivers reshaping the metabolic profile and microbiome assembly of medicinal
plants. This study investigates the impact of simulative habitat versus arched greenhouse
cultivation on the synthesis of bioactive ginsenosides and the associated root microbiome
structure in Panax ginseng. Methods: A combined metabolomics and microbiomics ap-
proach was applied to compare ginsenoside accumulation and rhizosphere microbial
community composition under the two cultivation modes. Results: Ginseng from simu-
lative habitat cultivation exhibited significantly higher ginsenoside content, particularly
ginsenoside Re, compared to arched greenhouse cultivation, with this advantage being
more pronounced in long-term cultivation. Microbiome profiling revealed that specific
taxa, including Bradyrhizobium, were strongly enriched in simulative habitats and positively
correlated with enhanced ginsenoside accumulation, suggesting a microbiome-mediated
mechanism for metabolic plasticity. In contrast, arched greenhouse cultivation was as-
sociated with a more complex microbial structure characterized by increased negative
interactions, which may compromise metabolic quality. Conclusions: These findings, utiliz-
ing multi-omics correlations, provide a theoretical basis for optimizing Panax ginseng quality
through ecological cultivation strategies that leverage stress-responsive microbe–metabolite
interactions.

Keywords: Panax ginseng; stress-induced metabolism; microbe-metabolite interaction;
simulative habitat cultivation; rhizosphere microbe

1. Introduction
Panax ginseng, a rare and valuable traditional Chinese medicinal herb, has a long

history of medicinal use and a huge international market. Ginseng has the effects of
tonifying qi, regulating qi, curing deficiency, strengthening the spleen and benefiting the
lungs. It is mainly used for symptoms such as weakness, cold extremities with a faint
pulse, and spleen deficiency with a reduced appetite [1]. Ginsenosides are considered
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to be the main active chemical components for the pharmacological effects of ginseng;
thus, ginsenoside content is considered a standard for evaluating ginseng quality. To
date, more than 50 ginsenosides have been isolated from ginseng roots and rhizomes, and
have a wide range of biological activities [2,3], such as anti-inflammatory, anti-cancer, and
immune-boosting effects [4–6].

Panax ginseng is native to the Far East and North America, with major production
areas in China and Korea [7]. A total of 70% of the world’s ginseng is produced in China,
and mainly cultivated in the northeastern regions of Jilin, Liaoning, and Heilongjiang [8].
There are two primary cultivation methods for ginseng: simulated wild cultivation and
greenhouse cultivation. Simulated wild cultivation refers to a farming method in the process
of growing Chinese medicinal herbs that aims to replicate the wild habitat of medicinal
plants as closely as possible [9], particularly imitating the original ecological environment
of authentic medicinal materials, to complete the entire growth and development cycle of
the plant. In ginseng cultivation, this is also known as forest farming. It involves sowing
ginseng seeds in forests that resemble the natural habitat of wild ginseng, with minimal or
no human intervention, allowing the ginseng to grow under natural conditions [7]. Habitat-
mimicking cultivation of ginseng usually takes more than 15 years for the plants to reach
maturity, resulting in a longer growth cycle. However, forest-produced ginseng is closer in
appearance and quality to wild ginseng and is therefore popular among consumers [10].

Greenhouse cultivation is a method of growing ginseng on farmland, usually using
blue plastic film as a shade canopy over the soil, rather than being placed directly on the
soil. This shading method alters the spectral quality of the light that reaches the ginseng,
increases planting density, and relies heavily on fertilizers and pesticides. As a result,
ginseng grown under greenhouse conditions is prone to soil-borne diseases and needs
to be harvested within approximately 5 years to avoid infections by pathogens such as
Fusarium cerealis and Ilyonectria robusta, which respectively cause root rot [11] and rusty
root disease [12]. These infections will decrease the yield losses and quality.

Various microorganisms exist in soil and are a crucial component of the soil ecosys-
tem [13]. Long-term monoculture of ginseng can easily lead to an imbalance in the soil
microbial community, especially the invasion and establishment of pathogenic microorgan-
isms causing soil-borne diseases, ultimately resulting in outbreaks of these diseases [14].
Fusarium species are the primary pathogens of soil-borne diseases in ginseng [15]. The
severity of soil-borne diseases in ginseng increases with the length of the cultivation period,
leading to reduced survival rates. This situation occurs mainly in arched-greenhouse-
cultivated ginseng, whereas simulative-habitat-cultivated ginseng can grow healthily for
15–20 years or even longer. Studies have shown that the accumulation levels of soil-borne
pathogens such as Ilyonectria, Fusarium, Gibberella, and Cylindrocarpon do not increase with
the extension of the cultivation period of simulative-habitat-cultivated ginseng [10]. In
order to reduce the incidence of disease and improve survival rates and yields in arched-
greenhouse-cultivated ginseng, growers often use large amounts of fertilizers, pesticides,
and growth-promoting agents. This practice leads to increased pesticide residues, insuffi-
cient levels of active medicinal components, and significant differences in appearance from
wild ginseng [16].

In this study, we hypothesize that the cultivation mode dictates ginseng quality
through microbiome-mediated metabolic reprogramming. By selecting P. ginseng samples
grown in simulative habitats and arched greenhouses within geographically comparable
locations, we applied a combined metabolomics and microbiomics approach. This research
aims to characterize the associations between rhizosphere microbial community structure
and ginsenoside accumulation profiles, and to identify microbial taxa that are consistently
associated with ginsenoside-related quality traits. The findings provide a data-driven
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basis for ecological cultivation strategies and for prioritizing candidate microbial taxa for
future validation. However, because this study is observational and correlation-based,
targeted functional experiments will be required before microbial interventions can be
recommended to enhance ginsenoside accumulation and ginseng quality.

2. Materials and Methods
2.1. Sample Collection

In September 2021, samples of well-grown, uniformly sized Panax ginseng were ran-
domly collected from mixed coniferous forests and agricultural fields in Caiyuan Town,
Ji’an City, Jilin Province, China, to investigate 2 distinct cultivation regimes: simulative
habitat cultivation (SH) located in mixed coniferous forests mimicking wild environments,
and arched greenhouse cultivation (AG) situated in agricultural fields. The study de-
sign employed a stratified random sampling strategy, selecting three independent fields
for each cultivation pattern and harvesting four samples per field (n = 12 per group;
Supplementary Table S1). The experimental groups consisted of 5-year and 15-year gin-
seng from the SH regime (designated as SH5 and SH15, respectively) and 5-year ginseng
from the AG regime (designated as AG5). Each biological replicate was fractionated into
three compartments: rhizomes (R), rhizosphere soil (RS, defined as soil adhering within
0–3 mm of the rhizome surface), and bulk soil (BS). Immediately following collection, soil
samples were preserved in sterile bags containing dry ice, while plant tissues were stored
in ice boxes at low temperatures; all samples were transported to the laboratory on ice and
processed subsequently.

2.2. Sample Preparation and DNA Extraction

Bulk soil and rhizosphere samples were transported to the laboratory on dry ice and
immediately stored at −80 ◦C. The P. ginseng rhizomes were first rinsed thoroughly with tap
water. A 1 cm segment was cut 2 cm below the shoot base for endophytic bacteria analysis
(Supplementary Figure S1). The remaining portion was freeze-dried for ginsenoside content
analysis. Under sterile conditions, the 1 cm segments were rinsed three times with sterile
water and soaked in 70% ethanol for 1 min; the ethanol was discarded, and then the sample
was soaked in 12% sodium hypochlorite solution for 3 min, followed by five washes with
sterile water [17]. The FastDNA® Spin Kit for Soil (MP Biomedicals, Solon, OH, USA) was
used to extract total DNA from soil and plant tissues. The DNA extracts were verified on a
1% agarose gel, and DNA concentration and purity were determined using a NanoDrop
2000 UV-vis spectrophotometer (Thermo Scientific, Waltham, MA, USA). The samples
were then sent to Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China)
for sequencing.

2.3. Determination of Ginsenosides Content

The lyophilized P. ginseng samples were pulverized into fine powder using a ball
mill. Precisely 0.15 g of the powder, sieved through a 60-mesh screen, was combined with
1.5 mL of 70% methanol. The mixture was weighed and then extracted ultrasonically for
60 min (250 W, 40 kHz). We allowed it to cool naturally to room temperature; the
weight was compensated with an additional 70% methanol. Following centrifugation at
13,000 rpm for 10 min, the supernatant was passed through a 0.22 µm membrane filter and
diluted fivefold to obtain the final test solution.

Liquid chromatography was carried out on a Waters ACQUITY UPLC HSS T3 column
(2.1 mm × 100 mm, 1.8 µm) (Milford, MA, USA). The mobile phase comprised 0.1% formic
acid in acetonitrile (A) and 0.1% formic acid in water (B), with the following gradient
program: 0–2.5 min, 28–31% A; 2.5–3 min, 31–35% A; 3–4.5 min, 35–36% A; 4.5–6 min,
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36–37% A; 6–7 min, 37–50% A; 7–9 min, 50–98% A; 9–11 min, 98% A; 11–12 min, 98–28% A;
and 12–15 min, 28% A.

Mass spectrometric detection was performed with an Ion source: Turbo V; Ionization
mode: ESI (−); Source temperature: 550 ◦C; Data acquisition: MRM. The contents of
ginsenosides Rb1, Rb2, Rb3, Rc, Rd, Re, Rf, Rg1, Rg2, and Ro were quantified using external
standards. All reference standards (purity ≥ 98%) were supplied by Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China).

2.4. 16S/ITS rRNA Amplification and Sequencing

The V5–V7 hypervariable regions of the 16S rRNA genes from endophytic and rhi-
zospheric bacteria were amplified via a two-step PCR approach. In the initial round,
amplification was performed using primers 779F (5′-AACMGGATTAGATACCCKG-3′)
and 1392R (5′-ACGGGCGGTGTGTRC-3′) [18,19]. A subsequent nested PCR employed the
forward primer 779F and the reverse primer 1193R (5′-ACGTCATCCCCACCTTCC-3′) [20].

Each PCR reaction mixture (25 µL total volume) comprised 0.4 µL of FastPfu DNA
Polymerase (5 U/µL), 0.8 µL of each primer (10 µM), 4 µL of 5 × buffer, 2 µL of dNTPs
(2.5 mM), 1 µL of template DNA, and 17.5 µL of ddH2O. Following purification, the
amplicons were pooled in equimolar amounts and subjected to paired-end sequencing
(2 × 300 bp) on an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, USA). All
library preparation and sequencing procedures were conducted by Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China) following established protocols.

2.5. Data Processing and Statistical Analyses

All data processing was conducted on the Majorbio Cloud Platform. Raw sequencing
reads were quality-filtered and dereplicated. High-quality sequences were clustered into
Operational Taxonomic Units (OTUs) at 97% sequence similarity using UPARSE (v11),
generating an OTU abundance table [21]. Taxonomic assignment was performed against
the SILVA 16S rRNA database (v138) with a confidence threshold of 0.7. OTUs annotated as
chloroplast or mitochondria were removed prior to downstream analyses. For consistency
with this OTU-based workflow, between-group differential abundance and co-occurrence
network analyses were conducted using the OTU table. We note that 97% OTU clustering
has lower resolution than ASV-based denoising approaches and may merge closely related
sequence variants; this limitation is acknowledged in the revised manuscript.

Microbial community composition was visualized at the phylum and genus levels
using bar plots, and Rank-Abundance curves were generated, both with R software (v3.3.1).
Alpha diversity indices (Shannon and Sobs) were computed using mothur (v1.30.2) [22].
Beta diversity was assessed via principal coordinates analysis (PCoA) based on Bray–Curtis
distances in QIIME (v1.9.1), with statistical significance tested by ANOSIM.

For intergroup comparisons, the Kruskal–Wallis rank-sum test was applied using
R (stats package, v3.3.1) and Python (scipy package, v1.0.0), with False Discovery Rate
(FDR) correction for multiple comparisons. Species interaction networks were constructed
through univariate analysis using Networkx (v1.11) [23]. Spearman’s rank correlations and
corresponding q-values were calculated with the R psych package [24], and correlation
heatmaps were visualized using the pheatmap package in R [25].

Statistical analysis was conducted using SPSS 19.0. One-way ANOVA followed by
Tukey’s test (p < 0.05) was applied to compare ginsenoside contents. Figures were prepared
with GraphPad Prism 8.0.1.
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3. Results
3.1. Comparison of Ginsenoside Profiles Across Cultivation Modes and Ages

The Chinese Pharmacopoeia (2020 edition) stipulates that ginsenoside Rb1 in dried
ginseng products shall not be less than 0.20% (2 mg/g), and the sum of ginsenoside Rg1 and
ginsenoside Re shall not be less than 0.30% (3 mg/g) [1]. In this study, all P. ginseng samples
collected under different cultivation modes and ages met the requirements of the Chinese
Pharmacopoeia for Rg1 + Re ≥ 3 mg/g (Supplementary Table S2). However, there were
significant differences in the content of Rb1. A total of 66.7% and 50.0% of the samples in
the AG5 and SH5 groups satisfied Rb1 ≥ 2 mg/g, respectively, while all of the SH15 group
satisfied Rb1 ≥ 2 mg/g. According to the requirements of the Chinese Pharmacopoeia, the
qualification rate of the SH15 samples reached the highest level, followed by AG5, while
the qualification rate of SH5 samples was the lowest level.

In addition, except for ginsenosides Rb3, Rc, Re, Rg2, and Ro, the content of the other
five ginsenosides, Rg1+Re, and the sum of 10 ginsenosides in SH15 were significantly
higher than those in AG5 and SH5 (Figure 1C–N). The content of ginsenoside Re in SH5
and SH15 was significantly higher than that in AG5 (Figure 1H). Although no statistically
significant differences were detected between SH5 and AG5 regarding mean Rb1 and
Rg1+Re concentrations (p > 0.05), the SH5 group displayed numerically higher values
(Figure 1C,M). Collectively, these chemical profiles suggest that SH15 represents the supe-
rior quality phenotype, followed by SH5 and AG5. However, in addition to the planting
pattern, the length of cultivation could also be responsible for such results.

 

Figure 1. Growth environment and ginsenoside content of P. ginseng. Arched greenhouse cultivation
(A) and simulative habitat cultivation (B) of P. ginseng. (C–L): The content of ginsenoside Rb1, Rb2,
Rb3, Rc, Rd, Re, Rf, Rg1, Rg2 and Ro. (M): The sum of the contents of ginsenoside Rg1 and Re.
(N): The sum of the 10 ginsenoside contents mentioned above. AG5: P. ginseng cultivated in an arched
greenhouse for 5 years. SH5: P. ginseng cultivated in the forest for 5 years. SH15: P. ginseng cultivated
in the forest for 15 years. Significance was calculated using ANOVA (n = 12). a and b represent
p < 0.05.
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3.2. Alpha Diversity Analysis of P. ginseng Rhizosphere and Rhizome Endophytic Bacteria

To investigate the link between the microbial communities (both rhizospheric and
endophytic) of P. ginseng and its quality, high-throughput sequencing of bacterial con-
served regions was performed on a total of 108 samples. These comprised 36 bulk soil
samples, 36 rhizosphere soil samples, and 36 rhizomes from P. ginseng. After quality control,
16,413 bacterial effective sequences were normalized to the smallest sample size, yielding a
final dataset of 1,772,604 high-quality sequences from the V5-V7 region of the bacterial 16S
rRNA gene. Rarefaction curves, which approached plateaus, confirmed that the sequenc-
ing depth was sufficient to capture the majority of microbial diversity across all samples
(Supplementary Figure S1A,B).

The α-diversity of the microbial communities was assessed using the Sobs richness
index and the Shannon diversity index at the OTU level (Figure 2). Under arched green-
house cultivation, both the richness and diversity of bacteria in the rhizosphere soil of
P. ginseng were significantly lower than those in the unplanted bulk soil (Figure 2A–D),
suggesting that planting activity exerted the strongest influence on rhizosphere bacterial
community structure. No significant differences were observed in bulk soil bacterial rich-
ness or diversity among the AG5, SH5, and SH15 conditions. In contrast, the rhizosphere
soil bacterial richness and diversity in SH5 and SH15 were markedly higher than those in
AG5 (Figure 2A,B).

Figure 2. Estimation of the microbial community by α-diversity. (A–D): α-diversity of bacterial
communities. AG5: P. ginseng cultivated in an arched greenhouse for 5 years. SH5: P. ginseng
cultivated in the forest for 5 years. SH15: P. ginseng cultivated in the forest for 15 years. BS: Bulk soil.
RS: Rhizosphere soil. R: Endophytic rhizomes. Estimation of α-diversity representing 12 biological
replicates (*** p < 0.001).

3.3. Composition and Structure of the Bacterial Community

At the phylum level, the top five phyla of rhizosphere bacteria in ginseng roots
are mainly composed of Proteobacteria, Actinobacteriota, Firmicutes, Acidobacteriota, and
Myxococcota (Figure 3A). Compared to SH5 and SH15, the rhizosphere bacteria of AG5
had fewer Myxococcota, with Chloroflexi being the fifth most abundant phylum. The
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top five phyla of endophytic bacteria in the roots of AG5 and SH5 treatment groups
were Proteobacteria, Actinobacteriota, Firmicutes, Bacteroidota, and Myxococcota, while
in SH15, the fifth most abundant phylum was Acidobacteriota instead of Myxococcota
(Figure 3A, Supplementary Table S3). At the genus level, there were significant dif-
ferences in rhizosphere and endophytic bacteria among the three groups (Figure 3B,
Supplementary Table S3). The top three genera of rhizosphere soil bacteria in AG5 were
Burkholderia-Caballeronia-Paraburkholderia (21.24%), Rhodanobacter (9.75%), and Mycobac-
terium (8.81%). In SH5, the top three genera were Bacillus (11.56%), Mycobacterium (5.90%),
and unclassified lineages within Xanthobacteraceae (5.32%). In SH15, the top three genera
were unclassified lineages within Xanthobacteraceae (10.44%), Bradyrhizobium (8.79%), and
Mycobacterium (5.24%). The top three genera of endophytic bacteria in the roots of AG5 were
Delftia (21.09%), Amycolatopsis (14.06%), and Mycobacterium (12.51%). In SH5, the top three
genera were Delftia (29.95%), Pseudomonas (10.88%), and Sphingomonas (6.32%). In SH15,
the top three genera were Delftia (18.52%), Sphingomonas (13.25%), and Stenotrophomonas
(5.46%). Delftia was the most abundant genus among the endophytic bacteria in ginseng
roots across all three groups, indicating that Delftia is specifically enriched in ginseng roots
regardless of cultivation mode and age.

 
Figure 3. The composition of bacterial (A,B) communities at the phylum and genus levels. Phyla
making up less than 1% of the total composition were classified as “others”. Genera making up less
than 5% of the total composition were classified as “others”. There were 12 biological replicates per
group. AG5: P. ginseng was cultivated in an arched greenhouse for 5 years. SH5: P. ginseng was
cultivated in the forest for 5 years. SH15: P. ginseng was cultivated in the forest for 15 years. BS: Bulk
soil. RS: Rhizosphere soil. R: Rhizomes endophytic.

To examine the community structures of rhizosphere and endophytic bacteria in gin-
seng roots at the OTU level, principal coordinates analysis (PCoA) based on Bray–Curtis
distances was performed. The results revealed a clear separation in rhizosphere bacterial
communities between ginseng grown under arched greenhouse conditions (AG5) and
those under simulative habitat cultivation (SH5 and SH15), with the first principal com-
ponent (PC1) explaining 41.17% of the variation (Figure 4A). In contrast, the rhizosphere
communities of SH5 and SH15 clustered closely together. This pattern mirrored the dif-
ferences observed among the corresponding bulk soils, supporting the view that the soil
environment plays a key role in shaping the rhizosphere bacterial community of ginseng.
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Figure 4. PCoA plot of ginseng microbial OTUs for BS and RS groups (A), and PCoA plot for R group
(B). The Bray–Curtis distance algorithm was used to calculate the distance matrix between all 72 sam-
ples based on their OTU abundance tables. This distance matrix was then used to perform principal
coordinates analysis (PCoA) to visualize the relationships among samples. Group differences were
assessed using ANOSIM with 999 permutations to evaluate the significance of inter-group differences.
AG5: P. ginseng cultivated in an arched greenhouse for 5 years. SH5: P. ginseng cultivated in the forest
for 5 years. SH15: P. ginseng cultivated in the forest for 15 years. BS: Bulk soil. RS: Rhizosphere soil.
R: Endophytic rhizomes.

Conversely, the endophytic bacterial communities in ginseng roots showed much
greater similarity across the AG5, SH5, and SH15 groups, with PC1 accounting for only
20.59% of the variance (Figure 4B). These findings further indicate that the assembly of the
endophytic bacterial structure in ginseng roots is relatively stable and less influenced by
external growing conditions.

3.4. Differential Microbial Analysis of Arched-Greenhouse-Cultivated Ginseng and
Simulative-Habitat-Cultivated Ginseng

The composition of the rhizosphere bacterial community under simulative habitat cul-
tivation (SH5 and SH15) differed markedly from that under arched greenhouse conditions
(AG5) at the genus level, mirroring the pattern observed in the bulk soil. Specifically, the
relative abundances of the majority of the top 15 bacterial genera were significantly greater
in SH5 and SH15 compared to AG5 (Figure 5A,C). Specifically, the relative abundances of
unclassified lineages within Xanthobacteraceae, Bradyrhizobium, unclassified lineages within
Gaiellales, unclassified lineages within Methyloligellaceae, unclassified lineages within 67–14,
unclassified lineages within MB-A2-108, Gaiella, Pseudomonas, Paenibacillus, and unclassified
lineages within SC-I-84 were significantly higher in SH5 and SH15 compared to AG5. Ad-
ditionally, Bacillus was significantly more abundant in SH5 than in AG5. Only four genera,
Burkholderia-Caballeronia-Paraburkholderia, Mycobacterium, Rhodanobacter, and Microbacterium,
had significantly higher relative abundances in AG5 compared to SH5 and SH15. This is
consistent with the significantly higher Shannon index of rhizosphere bacteria in SH5 and
SH15 compared to AG5.

Among the top 15 bacterial genera with significant differences in the roots of
simulative-habitat-cultivated ginseng (SH5 or SH15), the relative abundances of 10 genera
were higher compared to AG5. These genera include Pseudomonas, Bradyrhizobium, Bacillus,
Sphingobium, unclassified lineages within Xanthobacteraceae, unclassified lineages within En-
terobacteriaceae, unclassified lineages within 67–14, unclassified lineages within Gaiellales,
Vibrio, and Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium. In contrast, the relative
abundances of Mycobacterium, Amycolatopsis, Lechevalieria, Mesorhizobium, and Rhodanobacter
were significantly higher in AG5 than in SH5 and SH15 (Figure 5B).
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Figure 5. Differential average abundance of the top 15 bacterial genera among RS (A), R (B), and BS
(C) groups identified using the Kruskal–Wallis H test. The bar plots illustrate the bacterial genera with
the most significant differences in abundance across the RS, R, and BS groups. Each bar represents
the mean relative abundance of a bacterial genus. AG5: P. ginseng cultivated in an arched greenhouse
for 5 years. SH5: P. ginseng cultivated in the forest for 5 years. SH15: P. ginseng cultivated in the forest
for 15 years. BS: Bulk soil. RS: Rhizosphere soil. R: Endophytic rhizomes. (* p < 0.05, ** p < 0.01,
*** p < 0.001).

3.5. Network Analysis of Rhizosphere and Endophytic Microbes in Greenhouse-Cultivated and
Simulative-Habitat-Cultivated Ginseng

The overall rhizosphere co-occurrence network exhibited higher connectivity than
the root endophyte network. The number of edges in the rhizosphere network (188–391)
was higher than that in the endophyte network (111–159), while the number of nodes
was comparable (48–50), indicating a denser association structure among rhizosphere taxa
(Supplementary Table S4). Within the rhizosphere, AG5 showed the highest number of
edges (391), followed by SH5 (220) and SH15 (188), suggesting the most interconnected
rhizobacterial network under arched greenhouse cultivation (AG5) (Figure 6A–C). In the
endophyte network, SH15 had the highest number of edges (159), followed by SH5 (129)
and AG5 (111), indicating increased network connectivity with cultivation years in the
endophytic compartment (Figure 6D–F).

The proportion of negative edges varied among treatments. In the rhizosphere net-
work, AG5 and SH15 had similar proportions of negative edges (approximately 42.5% and
42.0%, respectively), whereas SH5 showed a lower proportion (20.0%). In the endophyte
network, SH15 exhibited the highest proportion of negative edges (about 22.0%), while
SH5 and AG5 were lower (approximately 12.4–14.5%).
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Figure 6. Network analysis of rhizosphere bacterial genera (A–C) and endophytic bacterial genera
(D–F). The network structures display significant correlations (both positive and negative) among the
top 50 relatively abundant bacterial genera in the AG5 (A,D), SH5 (B,E), and SH15 (C,F) samples.
Red edges indicate positive correlations, whereas green edges indicate negative correlations. AG5: P.
ginseng cultivated in an arched greenhouse for 5 years. SH5: P. ginseng cultivated in the forest for
5 years. SH15: P. ginseng cultivated in the forest for 15 years. BS: Bulk soil. RS: Rhizosphere soil. R:
Rhizome endophyte.

Consistent with the edge patterns, the average degree in the rhizosphere network
(7.83–16.29) was generally higher than that in the endophyte network (4.53–6.63), indicating
that rhizosphere nodes were connected to more neighbors on average. AG5 had the highest
average degree in the rhizosphere network (16.29), exceeding SH5 (8.80) and SH15 (7.83).
Transitivity was higher in the rhizosphere networks than in the endophyte networks,
indicating a greater tendency for nodes to form closed triplets in the rhizosphere. In
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contrast, transitivity in the endophyte networks was lower and showed smaller differences
among treatments (Supplementary Table S4).

3.6. Correlation Between Ginsenoside Content and Microbial Relative Abundance

Spearman’s correlation analysis indicated that numerous bacterial genera in the gin-
seng rhizosphere were significantly associated with ginsenoside content. Several genera—
including unclassified lineages within Subgroup_2, unclassified lineages within Acidobacte-
riales, mle1-7, Bradyrhizobium, unclassified lineages within 0319-6G20, unclassified lineages
within Xanthobacteraceae, and Reyranella—showed a significant positive correlation with all
three ginsenoside indices. These taxa were present at higher, and in some cases significantly
higher, relative abundances in the SH5 and SH15 samples compared to AG5 (Figure 7A;
Supplementary Figure S2A–G).

 

Figure 7. Heatmap of relative abundance of rhizosphere (A) and endophytic (B) bacterial genera
significantly correlated with ginsenoside components. (* p < 0.05, ** p < 0.01, *** p < 0.001).

Conversely, another set of genera—Leifsonia, Afipia, Microbacterium, unclassified
lineages within Microbacteriaceae, unclassified lineages within Alcaligenaceae, Phyl-
lobacterium, Mesorhizobium, and Pseudonocardia—also exhibited significant correlations
with the ginsenoside indices. With the exception of Pseudonocardia, the relative abun-
dances of these genera were markedly lower in SH5 and SH15 than in AG5 (Figure 7A;
Supplementary Figure S2H–O).

In contrast, fewer endophytic bacterial genera in ginseng roots showed a clear relation-
ship with ginsenoside levels. Those displaying a significant positive correlation included
unclassified lineages within 67–14, unclassified lineages within Xanthobacteraceae, Acidibac-
ter, and Burkholderia–Caballeronia–Paraburkholderia, all of which were more abundant
in SH5 and SH15 than in AG5 (Figure 7B; Supplementary Figure S3A–D). Genera with
a significant negative correlation comprised Sphingobium, unclassified lineages within
Xanthomonadaceae, and Afipia; the latter two were notably more prevalent in AG5 relative
to SH5 and SH15 (Figure 7B; Supplementary Figure S3E–G). In summary, the association
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between endophytic bacterial communities and ginsenoside content was less pronounced
than that observed for rhizosphere microbes. This suggests a more subtle role of endophytes
in directly influencing ginsenoside accumulation within the plant.

4. Discussion
4.1. Impact of Cultivation Methods on Ginseng Quality

It is well known that the growth duration is one of the crucial factors determining gin-
seng quality [26]. This point can be supported by the quantitative analysis of ginsenosides.
As can be observed from Figure 1, compared to AG5, SH5 has significantly higher levels
of ginsenoside Re among the 12 ginsenoside indices measured, while the other indices
were not significantly different. This suggests that simulative habitat cultivated ginseng is
only slightly superior to arch greenhouse cultivated ginseng in terms of quality formation
when grown over the same period. However, when the growth period is extended to
15 years, SH15 exhibits significantly higher levels in 9 out of the 12 measured ginsenoside
indices compared to AG5, including the primary pharmacologically active components
ginsenoside Rd, Re, and Rg1. As a consequence, growth duration is indeed a critical
factor in determining ginseng quality. Over time, simulative-habitat-cultivated ginseng
accumulates more active components, leading to a significant improvement in quality.

It is evident that continuous cropping obstacles severely limit the formation of high-
quality ginseng. In the arched greenhouse cultivation environment, the growth period
of ginseng is restricted to within five years. If the cultivation period exceeds five years,
diseases will break out extensively, thereby causing a sharp decline in yield [27]. In contrast,
the soil bacterial Sobs index and Shannon index of simulative-habitat-cultivated ginseng
are more similar to those of bulk soil (Figure 2A,B). This indicates that it is closer to natural
growing conditions with high levels of microbial diversity and can provide a wider range
of ecological functions such as nutrient cycling, disease resistance and environmental
adaptation [28]. This result demonstrated the potential of simulative-habitat-cultivated
ginseng in improving soil health and crop quality. It may help reduce the incidence of
diseases, enhance the resistance of ginseng to stress, and increase survival rates. These
characteristics make simulative habitat cultivation a viable way to achieve long-lived, high-
quality ginseng cultivation [29]. This characteristic makes simulative habitat cultivation a
feasible approach for achieving long-cycle, high-quality ginseng cultivation.

More efforts can be invested into the accumulation mechanisms of ginsenosides and
the complex relationships between environmental factors and their impact. This can
provide scientific guidance for improving ginseng quality and yield. Additionally, the
comprehensive effects of different cultivation methods on ginseng growth and quality
can be investigated to optimize cultivation techniques, enhance the medicinal value, and
increase the economic benefits of ginseng. By integrating modern agricultural technology
with existing cultivation techniques, more efficient cultivation models can be innovated,
promoting the sustainable development of the ginseng industry.

4.2. Differences in Rhizosphere Bacteria Among Various Cultivation Systems

By combining the genus-level relative abundance (Figures 3B and 5) with the
heatmap of the correlation between rhizosphere microorganisms and ginsenoside content
(Figure 7A), it can be observed that Bradyrhizobium, which has a relatively high abundance
in rhizosphere soil, shows a potential promoting trend on the 12 ginsenoside content indi-
cators measured. In accordance with further analysis of its relative abundance in different
groups using a mixed-effects model (Supplementary Table S5), time had a more signif-
icant impact on Bradyrhizobium abundance compared to cultivation mode. The gradual
increase in abundance with time was also observed in another Panax plant [30]. Bradyrhizo-
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bium is well-known for its nitrogen-fixing capabilities and its symbiotic relationship with
legumes [31]. In addition, it has been shown to produce IAA, ACC deaminase, iron carriers
and phosphate solubilizers to promote plant growth [32–34]. This is the first report of a
significant positive correlation between Bradyrhizobium and ginsenoside content. In a study
on ginseng plants, the abundance of Bradyrhizobium was significantly higher in healthy
Panax notoginseng than in root rot-infected plants [35], a trend also observed in previous
studies on Panax ginseng [36]. In this study, Bradyrhizobium, as a beneficial microorganism,
was progressively enriched over the years, aligning with previous discussions highlighting
the importance of growth duration for ginseng quality. This further confirms the critical
role of simulative habitat cultivation in the formation of high-quality ginseng.

However, not all bacteria strongly associated with ginseng quality were affected
by plant age. The mixed-effects model results showed that the abundance of unclas-
sified lineages within Xanthobacteraceae was more influenced by the cultivation mode
(Supplementary Table S5). Xanthobacteraceae, a common family in rhizosphere soils of
plants, belongs to the Proteobacteria phylum. High relative abundance was found in Matri-
caria chamomilla L. and Panax notoginseng [37,38]. The genus exhibits diverse biological
functions, primarily related to nitrogen fixation [39]. Xanthobacteraceae population abun-
dance may be dependent on nitrogen concentration, decreasing at higher nitrogen levels
and increasing when nitrogen is scarce [40]. This explains the phenomenon observed in
current study and the results of the mixed-effects model: the abundance of Xanthobacteraceae
in the bulk soil of arched-greenhouse-cultivated ginseng is lower than in simulative-habitat-
cultivated ginseng. This may be due to the fact that nitrogen fertilizers are frequently
applied to farmland to ensure ginseng yield, and these fertilizers, through leaching and
weathering, increase nitrogen levels in the bulk soil, inhibiting Xanthobacteraceae growth.
However, nitrogen levels in the rhizosphere soil are much higher than in the bulk soil,
further suppressing Xanthobacteraceae abundance. In the simulative-habitat-cultivated
ginseng system, the situation is different. Under natural forest conditions, soil nitrogen
content decreases with depth [41]. The root zone of 5-year-old simulative-habitat-cultivated
ginseng is closer to the surface, which is nitrogen-rich. As the roots grow deeper over time,
they selectively enrich nitrogen-fixing microorganisms to ensure adequate nitrogen supply.
Therefore, simulative-habitat-cultivated ginseng more easily increases the abundance of
unclassified lineages within Xanthobacteraceae, which is strongly positively correlated with
ginsenoside content, improving ginseng quality. This demonstrates the advantage of this
cultivation mode, even without considering growth duration.

Although not ranked highly in relative abundance, some microorganisms exhibit
strong correlations with ginsenoside in the correlation analysis. For example, unclassified
lineages within Subgroup_2 and unclassified lineages within Acidobacteriales. Currently,
there are few reports linking unclassified lineages within Subgroup_2 to plant secondary
metabolites. As for unclassified lineages within Acidobacteriales, studies on Panax gin-
seng [42], Panax quinquefolius [43], and Panax notoginseng [44] have shown that its abundance
increases with cultivation years or as soil acidification intensifies, a common phenomenon
during ginseng cultivation [45]. These findings suggest that the strong correlation between
unclassified lineages within Acidobacteriales and ginsenoside production may be due to
soil pH decrease over time, rather than any direct influence on ginsenoside synthesis. There
is also evidence that Acidobacteriales abundance decreases as pH drops [46]. However, in
this study, the use of phosphate-solubilizing bacteria in ginseng pot experiments might
interact with Acidobacteriales, leading to its reduction, rather than a direct effect from pH.
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4.3. Differences in Endophytic Bacteria in Ginseng Roots Under Different Cultivation Modes

Among endophytic bacteria, the relative abundance of unclassified lineages within
6–14 in ginseng roots showed a clear and consistent positive correlation with multiple
ginsenosides. In contrast, its relative abundance in the rhizosphere exhibited only weak
associations with ginsenoside content. This compartment-specific pattern suggests that the
relationship is more likely linked to successful colonization of internal root tissues, where
direct microbe–host interactions can influence plant specialized metabolism. Once estab-
lished inside roots, endophytes may act as biotic stimuli that activate host defense-related
metabolic programs, shift physiological stress status, and improve nutrient availability,
thereby favoring carbon allocation toward triterpenoid biosynthesis and ultimately pro-
moting ginsenoside accumulation. Previous work reported that unclassified lineages
within 6–14 are also abundant in the roots of Mirabilis himalaica [47], a plant rich in
triterpenoid secondary metabolites structurally similar to ginsenoside aglycones [48]. This
cross-host enrichment in triterpenoid-rich roots supports the idea that this lineage is linked
to triterpenoid-associated root environments. At the same time, the correlation we observed
can be interpreted conservatively in two plausible ways. The lineage may promote gin-
senoside accumulation by stimulating host triterpenoid biosynthesis after colonization, or
roots with higher ginsenoside pools may provide a selective niche that favors this lineage,
leading to its enrichment where ginsenosides are already abundant. These interpretations
are not mutually exclusive and point to the need for follow-up inoculation experiments
combined with host pathway expression and metabolite profiling to clarify directionality.

While Burkholderia–Caballeronia–Paraburkholderia does not represent a dominant taxon
within the endophytic bacterial community, it demonstrated a significant association with
specific ginsenoside levels. This pattern does not necessarily indicate direct stimulation of
de novo biosynthesis. A more conservative interpretation is that this group preferentially
colonizes ginseng roots where ginsenosides and related glycosides are abundant, potentially
utilizing these compounds as substrates or benefiting from the physiological state of high-
ginsenoside plants [49]. Another possibility is that it contributes to shifts in ginsenoside
composition through biotransformation, which would alter particular ginsenoside levels
without increasing total synthesis. Either scenario provides a mechanistic basis for why a
taxon can show strong metabolite associations despite modest relative abundance.

Hyphomicrobium also showed a strong positive correlation with ginsenoside content,
consistent with reports from other studies [50]. Beyond ginseng, Hyphomicrobium has
been identified in the endophytic microbiota of various perennial plants such as Panax
notoginseng [51], Apple Trees [52], Pulsatilla tongkangensis [53], and Dendrobium [54], where
its abundance often increases with plant age. This trend aligns with our observations
(Supplementary Figure S3H), in which the genus was markedly more abundant in
15-year-old simulated-habitat-cultivated ginseng (SH15) compared with the other groups.
Functionally, Hyphomicrobium contributes to the nitrogen cycle as a denitrifying bac-
terium, helping to maintain nitrogen equilibrium in plants and prevent the accumulation
of toxic nitrites [55]. Because nitrogen status and stress regulation are tightly coupled
to carbon allocation and secondary metabolism, improved nitrogen homeostasis and re-
duced nitrosative stress provide a plausible physiological link between Hyphomicrobium
enrichment and sustained ginsenoside accumulation during long-term cultivation.

The unclassified taxon lineages within Xanthobacteraceae were present at high rel-
ative abundance in both the rhizosphere and ginseng root tissues and exhibited signifi-
cant positive correlations with multiple ginsenosides. As noted earlier, known functions
of Xanthobacteraceae are largely related to nitrogen fixation [39]. The recruitment of
nitrogen-fixing bacteria from the rhizosphere into root tissues, establishing a symbiotic
relationship, represents a common mutualistic strategy [56]. In ginseng, enhanced nitrogen
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acquisition and a more stable nutrient environment could indirectly favor ginsenoside
accumulation by supporting long-term growth while maintaining the metabolic capacity
to invest in specialized metabolites. Thus, the strong colonization ability of unclassified
lineages within Xanthobacteraceae in ginseng roots suggests its potential as a microbial
candidate for enhancing ginsenoside accumulation. Moreover, its relative abundance was
significantly greater in simulated-habitat-cultivated ginseng (SH5 and SH15) than in arched
greenhouse-grown ginseng (AG5), pointing to a possible advantage of the simulated-habitat
cultivation method.

5. Conclusions
This study provides a comprehensive comparative analysis of Panax ginseng quality

and its associated microbiome under simulative habitat versus arched greenhouse culti-
vation regimes. The findings demonstrate that simulative habitat cultivation significantly
outperformed arched greenhouse cultivation in terms of ginsenoside content, particularly
ginsenoside Re. The 15-year-old ginseng grown in simulative habitat cultivation had
significantly higher levels of multiple ginsenosides compared to the 5-year-old samples,
highlighting the critical role of growth duration in ginseng quality. Microbiome profiling
revealed that this quality improvement is intrinsically linked to a distinct rhizosphere
configuration: the SH environment maintains high bacterial diversity and specifically
enriches beneficial taxa such as Bradyrhizobium and Xanthobacteraceae. The robust posi-
tive correlations observed between these taxa and key ginsenoside indices suggest that
these microbes are associated with improved plant performance, potentially through nu-
trient cycling (e.g., nitrogen fixation), and may be linked to variation in host secondary
metabolism via microbe–plant signaling. In arched greenhouse cultivation, the rhizosphere
microbial co-occurrence network showed higher connectivity and a higher proportion
of negative edges, indicating a shift in association structure compared with simulative
habitat cultivation. Notably, taxa such as Burkholderia–Caballeronia–Paraburkholderia were
more abundant under arched greenhouse cultivation. Given that members of this group
include both beneficial and potentially pathogenic lineages, their enrichment may reflect
altered rhizosphere conditions associated with greenhouse management; however, the
specific roles of these taxa and their links to soil-borne disease susceptibility require tar-
geted functional validation. Collectively, our results suggest that cultivation mode and
duration are associated with substantial changes in rhizosphere/endophytic community
composition and network topology, which co-vary with ginsenoside-related quality traits.
Future work should prioritize isolation and functional characterization of candidate taxa,
as well as controlled inoculation or microbiome-manipulation experiments, before translat-
ing these associations into microbiome-informed strategies for sustainable production of
high-quality ginseng.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/metabo16020138/s1. Supplementary files, Supplementary Meth-
ods [57–62]. Supplementary Figure S1, Rarefaction curves of bacteria (A and B) and in rhizo-
sphere soil and endophytic of P. ginseng, and bulk soil. AG5: P. ginseng cultivated in arched
greenhouse for 5 years. Supplementary Figure S2, Relative abundance of rhizosphere bacterial
genera significantly correlated with ginsenoside components. Supplementary Figure S3, Relative
abundance of endophytic bacterial genera significantly correlated with ginsenoside components.
Supplementary Figure S4, Redundancy Analysis (RDA) Plot of Ginsenoside Components and Soil
Factors. Supplementary Table S1, Sampling Information. Supplementary Table S2, Ginsenoside
content of P. ginseng. Supplementary Table S3, Composition and Structure of The Bacterial and
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