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Paris species are widely distributed across China, with their rhizomes traditionally
used in Chinese medicine. P. polyphylla var. chinensis (PPC) and P. polyphylla var.
yunnanensis (PPY) are listed in the official pharmacopeia and have been
extensively studied, however, the metabolic diversity of other species within
the genus remains largely unexplored. To address this gap, a comprehensive
UHPLC-Q-TOF/MS-based metabolomic analysis was conducted on rhizomes
from 26 Paris species and varieties, five of which have been published in recent
years. Multivariate statistical analyses, including PCA and HCA, revealed three
distinct metabolic groups. Group 1, dominated by pennogenin saponins,
exhibited the highest overall steroidal saponin content. Group 2 displayed
lower total saponin levels and marked metabolic heterogeneity, whereas
Group 3 was characterized by a predominance of diosgenin saponins.
Comparative analysis of the five newly identified species and the two
pharmacopoeial species identified 24 common metabolites and
43 differentially accumulated metabolites. Notably, P. xuefengshanensis and P.
qiliangiana contained relatively high levels of Polyphyllin I, II, and VII, with P.
xuefengshanensis surpassing PPY and PPC. Additionally, P. tengchongensis
exhibited notably high relative levels of Gracillin and Protogracillin. These
findings highlight the presence of unique metabolites and relatively high
concentrations of bioactive steroidal saponins in the newly identified species,
suggesting their potential medicinal value, particularly for antitumor and
hemostatic applications. This study provides new insights into the metabolic
diversity of Paris species and supports the exploration of these under-researched
resources for pharmacological use.
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1 Introduction

The genus Paris L. (Liliales: Melanthiaceae) comprises ca.
26 species of perennial herbaceous plants widely distributed
across East Asia and Europe, with 22 species found in China (Ji,
2021). Distinguished by a solitary stem, a whorl of typically seven
leaves, and a single terminal flower, Paris plants are commonly
known as “Seven-Leaf One-Flower.” The medicinal use of Paris
species was first documented in Shennong’s Classic of Materia
Medica during the Eastern Han dynasty and has been
traditionally used among ethnic minorities to treat gastric ulcers,
wounds, hemorrhages, and snakebites (Ding et al., 2021; Addi et al.,
2024). In China, the rhizomes of P. polyphylla var. chinensis (PPC)
and P. polyphylla var. yunnanensis (PPY) are officially recorded in
the Chinese Pharmacopoeia as the sources of Rhizoma Paridis
(China, 2020), which has been used in over 106 classic
formulations for treating a wide variety of conditions. For
example, Gongxuening capsules are used to treat uterine bleeding
and chronic pelvic inflammatory disease, and YunnanBaiyao
aerosol/capsules are employed for healing injuries and blood
stasis swelling pain.

To date, more than 430 secondary metabolites have been
isolated and identified from Paris plants, including steroids,
terpenoids, flavonoids, and other compounds. Steroidal saponins
are the primary bioactive constituents, accounting for over 80% of
the identified compounds. Steroidal saponins can be further
classified into spirostanol, isospirostanol, furostanol, and
pseudospirostanol types based on the configuration of C-25
spirosteranes and the cyclic state of the F ring (Ye et al., 2024).
Among them, pennogenin and diosgenin saponins, both subclasses
of isospirostanol saponins, are key contributors to the
pharmacological activity of Rhizoma Paridis, demonstrating anti-
tumor, analgesic, anti-inflammatory, hemostatic, and antibacterial
effects (Chen et al., 2021). Notably, Polyphyllin I, II, and VII are
recognized as quality control markers for Rhizoma Paridis in the
Chinese Pharmacopoeia (2020 edition), with a required combined
content of no less than 0.60%.

Over the past decade, modern analytical techniques, particularly
ultra-performance liquid chromatography coupled with quadrupole
time-of-flight mass spectrometry (UPLC-Q-TOF/MS), have been
widely applied to investigate secondary metabolites in Paris species.
Studies indicated that the metabolite accumulation in five/nine Paris
species, as well as three regions of PPC and PPY, was influenced by
both species variation and geographical factors (Wu et al., 2018;
Wang Y. Z. et al., 2017). Moreover, chemotaxonomic relationships
based on metabolite profiles partially align with morphological
taxonomy (Wang Y. Z. et al., 2017). For example, P. mairei
shares a similar chemical profile with PPY, which could be
treated as a proposed substitute for PPY (Yang et al., 2023).
Further research has found that some species, including P.
delavayi, P. forrestii, and P. fargesii, not only contain high levels
of steroidal saponins but also exhibit promising pharmacological
effects (Liu et al., 2012; Li, 2021; Sun et al., 2024). These findings
suggest that, beyond PPC and PPY, other Paris species may also
possess significant medicinal potential. However, current research
remains largely focused on a few species such as PPC and PPY,
leaving the metabolic profiles and bioactive properties of other
species underexplored.

The pharmacophylogeny theory suggests that medicinal plants
exhibit a correlation between phylogeny, chemical composition, and
therapeutic effects, which has been widely applied to expand
medicinal resources, enhance quality control, and predict
bioactive constituents (Gong et al., 2022). It emphasizes that
closely related species or genera tend to produce similar bioactive
compounds, leading comparable medicinal properties. This
approach is particularly useful for discovering alternative
resources for rare and endangered medicinal plants. To date, the
phylogenetic relationships of more than 24 phytogroups have been
studied, including Salvia, Scutellaria, and Dichocarpum (Xiao et al.,
2021). In the fourth national census of Chinese medicine resources
(2011–2024), over 10 new Paris species and varieties were
discovered, yet their metabolic profiles and medicinal potential
remain largely unexplored. Therefore, based on phylogenetic
relationships, a systematic metabolomics study could provide
valuable insights into the metabolic diversity within the Paris
genus and facilitate the discovery of novel medicinal resources.

In this study, 26 species and varieties of Pariswere selected based
on phylogenetic relationships, geographic distributions, and
medicinal relevance, with the aim of maximize taxonomic
coverage and capturing representative patterns of metabolic
diversity across the genus. To systematically explore this
diversity, the chromatographic retention behavior of steroidal
saponin standards was first analyzed using UHPLC-Q-TOF/MS.
Principal component analysis (PCA), hierarchical clustering
analysis (HCA), and orthogonal partial least squares discriminant
analysis (OPLS-DA) were then employed to characterize the
metabolic profiles of 26 Paris species and varieties, enabling the
identification of metabolite similarities and differences, and
revealing intrinsic metabolic patterns. Additionally, common and
differentially accumulated metabolites were compared between five
newly identified species (P. nitida, P. qiliangiana, P.
xuefengshanensis, P. yanchi, and P. tengchongensis) and two
pharmacopoeial varieties (PPC and PPY), providing a scientific
basis for evaluating the medicinal potential of these newly
identified resources.

2 Materials and methods

2.1 Plant material

In this study, all plant materials were collected from open-field
cultivated populations during the flowering period (April–May) of
2018–2019. These cultivated populations originated from wild
sources, as local farmers initially obtained seedlings or rhizomes
from nearby mountainous regions and subsequently transplanted
and propagated them under open-field conditions without
environmental control. The cultivation environments closely
resembled the species’ native habitats in terms of climate and soil
conditions. A total of 26 Paris species and varieties were sampled
from Hubei, Hunan, Yunnan, Guangxi, Hainan, and Jilin provinces
in China. Detailed information on plant names, growth time,
location, and specimen codes are provided in Supplementary
Table S1. The botanical identification was confirmed by Associate
Professor Zhi Wang (Hunan University of Chinese Medicine) based
on morphological characteristics, and voucher specimens were
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deposited at the Yuelushan Laboratory, Hunan Agricultural
University (Hunan, China), and the Pharmacophylogeny Centre,
Institute of Medicinal Plant Development, Peking Union Medical
College (Beijing, China). The collected samples were cleaned, and
the rhizomes were dried at 60°C, ground into powder, and passed
through a 3-mesh sieve for further analysis.

2.2 Chemical and reagents

HPLC-grade methanol and acetonitrile were obtained from
Merck (Darmstadt, Germany). Reference standards were
purchased from Must Biotechnology Company (Chengdu, China)
with purities exceeding 98%. The compounds and their batch
numbers were as follows: Polyphyllin I (MUST-19121711),
Polyphyllin II (MUST-19071610), Polyphyllin VI (MUST-
20052406), Polyphyllin VII (MUST-20051312), Gracillin (MUST-
20052811), Prosapogenin A (MUST-19121710), Diosgenin-3-O-
Rha (1→2)-[Glc (1→6)]-Glc (MUST-20060101), 17-
Hydroxygracillin (MUST-20060103), Dioscin (MUST-20052201),
and Pennogenin 3-O-β-chacotrioside (MUST-20060102).

2.3 Sample preparation

For standard preparation, 16mg of each reference compound was
accurately weighed and dissolved in methanol in 10 mL volumetric
flasks to obtain a stock solution of 1.6 mg mL−1. The mixed standard
solution was then filtered through a 0.22 μmmicroporous membrane
for subsequent analysis. For sample preparation, approximately 0.1 g
of dried Paris powder was weighed into a 2.0 mL centrifuge tube and
extracted with 1 mL of methanol. The mixture was soaked overnight,
followed by ultrasonic extraction for 30 min. After cooling to room
temperature, the methanol volume was adjusted to the initial level.
The extracts were then centrifuged at 12,000 × g for 10 min, and the
supernatants were filtered through a 0.22 μmmicroporousmembrane
to obtain the test solutions. Quality control (QC) samples were
prepared by pooling equal volumes of all test solutions.

2.4 UHPLC-Q-TOF/MS analysis

Chromatographic analysis was conducted using an Agilent
1290 Infinity II UHPLC system, coupled with an Agilent
6545 quadrupole time-of-flight mass spectrometer (Q-TOF MS)
equipped with a dual AJS electrospray ionization (ESI) source
(Agilent Technologies, Santa Clara, CA, United States). Separation
was performed on an Agilent ZORBAX SB C18 column (2.1 ×
100 mm, 1.8 µm) maintained at 35°C. The mobile phase consisted
of solvent A (water with 0.1% formic acid) and solvent B (acetonitrile
with 0.1% formic acid), with a flow rate of 0.15mL/min and an injection
volume of 1 µL. The gradient elution program was as follows: 0–1 min,
5% B; 1–5 min, 5%–18% B; 5–15 min, 18%–20% B; 15–23 min, 20%–
27% B; 23–35 min, 27%–40% B; 35–42 min, 40%–50% B; 42–45 min,
50%–65% B; 45–46 min, 65%–98% B; 46–60 min, 98% B.

The mass spectrometer was operated in negative ion mode with
full-scan acquisition over a mass range of 100–3000 Da in centroid
mode. The capillary voltage was set at 4 kV, and the fragmentation

voltage at 120 V. The sheath gas temperature and flow rate were
365°C and 11.0 L/min, respectively, while the desolvation gas
temperature and flow rate were 325°C and 9.0 L/min. High-
purity nitrogen was used as both the nebulizer and collision gas.

2.5 Data processing, compound
identification and annotation

The raw LC-MS data were converted to mZML format using MS
Convert. Metabolomics data preprocessing, including retention time
correction, peak detection, peak extraction, peak integration, and peak
alignment, was performed using XCMS Online (https://xcmsonline.
scripps.edu/) (Forsberg et al., 2018). The maximum tolerated m/z
deviation was set to 3 ppm, and peaks with a width of 15–25 s and
a signal-to-noise ratio greater than 100 were retained. To ensure data
reliability, the dataset was normalized using Loess regression, and only
ions with relative standard deviations below 40% in QC samples were
included for further analysis (Chen L. et al., 2023).

An in-house database comprising 435 compounds was established
based on a review of literature related to Paris species. This database
included detailed information such as compound names, chemical
formulas, molecular weights, PubChem IDs, and SMILES codes. LC-
MS data analysis was conducted using Agilent MassHunter
Qualitative Software (Version B.08.00, Agilent Technologies,
United States). Metabolite identification was performed by
comparing chromatographic retention time (RT) and ion
fragmentation patterns with those of reference standards, as well as
utilizing spectral data from databases such as PubChem, MassBank,
and Reaxys. By summarizing the chromatographic retention
behaviors and ion fragmentation rules of various steroidal
saponins, this approach facilitated the comprehensive
characterization of the chemical profile of Paris species.

2.6 Metabolic profile analysis

Multivariate statistical analyses, including HCA, PCA, and OPLS-
DA, were conducted using SIMCA 14.1 (Umetrics AB, Umeå, Sweden).
To prevent overfitting, a permutation test with 200 iterations was
performed. Key variables contributing to group separation were
identified based on p-values and Variable Importance in Projection
(VIP) scores from OPLS-DA. Metabolites with p < 0.05 and
VIP >1.8 were considered statistically significant and classified as
differentially accumulated metabolites (DAMs). Data visualization,
including metabolic profile plots, Pearson correlation analysis, and
bar charts, was carried out using Origin 2021, while clustering
heatmaps were generated with TBtools (Chen C. et al., 2023).

3 Results

3.1 Mass spectral fragmentation and
chromatographic retention behavior of
steroidal saponins in Paris

Steroidal saponins exhibit structural diversity, with a sapogenin
core attached to one or more sugar residues. Based on the aglycone
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structure, these compounds are classified into diosgenin-type,
pennogenin-type, furostanol-type saponins, and polyhydroxy
glycosides. The sugar moieties primarily include D-glucose (Glc),
L-rhamnose (Rha), and L-arabinofuranose (Ara), with minor
contributions from D-xylose (Xyl), fucose, and D-apiose (Api)
(Ding et al., 2021). To enhance compound identification
accuracy, this study summarized characteristic fragmentation
patterns and chromatographic retention behaviors of steroidal
saponins from the literature and further verified them using ten
reference standards, including four pennogenin saponins and six
disogenin saponins (Figure 1A).

The molecular mass and formula can typically be obtained from
the [M+Cl]−, [M+HCOO]− and [M–H]− ions. The classes and
number of sugar units can be inferred from the loss of neutral
fragments such as 162 Da (Glc/Gal), 146 Da (Rha/Fuc), and 132 Da
(Ara/Xyl). Successive sugar losses are observed in negative MS/MS

mode (Liang et al., 2019). From the ESI(−) data, the total ion
chromatogram (TIC) of the 10 reference standards (Figure 1B)
revealed nine distinct peaks, with detailed identification results
provided in Supplementary Table S2. Mass spectra
predominantly exhibited [M+Cl]− and [M+HCOO]− adduct ion
peaks, alongside a weaker [M–H]− quasi-molecular ion peak
(Zhang T. et al., 2010). An unknown [M+93]− adduct ion was
also observed.

Although mass spectrometry provides valuable information,
such as the molecular weight of compounds, it cannot
distinguish between isomers. Chromatographic RT serves as an
additional identifier for distinguishing compound types. Peaks
1–4 corresponded to pennogenin saponins (RT:
37.34–40.38 min), and peaks 5–9 were identified as diosgenin
saponins (RT: 42.79–45.39 min). Notably, Pennogenin 3-O-β-
chacotrioside (4), Gracillin (7a), and Diosgenin-3-O-Rha (1→2)-

FIGURE 1
Chemical structures of steroidal saponin standards and their total ion chromatogram. (A) Chemical structures of 10 steroidal saponin reference
standards, with compounds 4, 7a, and 7b are isomers. (B) Total ion chromatogram of the mixed standard solution obtained via LC-MS analysis. Peaks
1–4 correspond to pennogenin saponins (yellow), with RTs between 37.34 and 40.38min. Peaks 5–9 correspond to diosgenin saponins (green), with RTs
between 42.79 and 45.39 min. 1. Polyphyllin VII; 2. 17-Hydroxygracillin; 3. Polyphyllin VI; 4. Pennogenin 3-O-β-chacotrioside; 5. Polyphyllin II; 6.
Dioscin; 7. Gracillin/Diosgenin-3-O-Rha (1→2)-[Glc (1→6)]-Glc; 8. Polyphyllin I; 9. Prosapogenin A.
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FIGURE 2
Metabolomics-based classification of Paris species using PCA andHCA. (A,B) PCA score plots. Panel A shows a PCA score plot of PC1 (20.6%) vs. PC2
(16.5%), and Panel B shows PC1 (20.6%) vs. PC3 (10.9%). QC samples (red triangles) cluster at the center, confirming data reliability. Samples are classified
into three main metabolic groups. (C,D) HCA dendrograms. Panel C shows the dendrogram based on Ward linkage, while Panel D is based on Single
linkage. Bothmethods largely align with PCA results, though discrepancies exist, such as in the classification of P. qiliangiana and P. tengchongensis.
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[Glc (1→6)]-Glc (7b) were found to be isomers. Based on the
different RTs of pennogenin saponins and diosgenin saponins,
Peak 4 was identified as Pennogenin 3-O-β-chacotrioside, a
pennogenin saponin, while Peak 7 corresponded to Gracillin and
Diosgenin-3-O-Rha (1→2)-[Glc (1→6)]-Glc, two diosgenin
saponins that differ only in the positioning of their sugar
moieties. Therefore, Peak 7 was tentatively assigned as a
common peak for these two compounds.

Based on UHPLC-Q-TOF/MS data and prior studies (Huang,
2019), the chromatographic retention order of steroidal saponins
was summarized as follows: polyhydroxy glycosides < furostanol-
type saponins < pennogenin-type saponins < diosgenin-type
saponins. The RT of steroidal saponins on a reverse-phase
column is influenced by several structural factors:

1. Number and position of hydroxyl groups on the aglycone: A
higher number of hydroxyl groups results in shorter RTs. For
instance, polyhydroxylated spirostanols exhibit shorter RTs
than furostanol-type compounds due to the increased polarity.

2. F-Ring configuration: Furostanol-type saponins with an open
F-ring elute earlier than spirostanol-type saponins
(closed F-ring).

3. C-17 substitution: Pennogenin saponins possessing a hydroxyl
group at C-17 exhibit shorter RTs compared to diosgenin
saponins, which lack this group.

4. Sugar chain length and composition: Among saponins with the
same aglycone, longer sugar chains result in shorter RTs.
Additionally, for sugar chains of equal length, RTs decrease
in the order of Rha < Glc < Ara.

3.2 Metabolic diversity and
chemotaxonomic profiling of Paris species

3.2.1 PCA and HCA analysis
After preprocessing the non-targeted metabolomics data, a total

of 1,110 metabolite characteristic variables were obtained, including
sample name, RT, m/z value, and normalized peak intensity. PCA
and HCA were performed to explore the metabolic patterns across
different samples and assess their correlations (Figure 2). The first
three principal components collectively explained 48% of the total
variance (PC1 = 20.6%, PC2 = 16.5%, and PC3 = 10.9%). Figures
2A,B show the PCA score plots of PC1 versus PC2 and PC1 versus
PC3, respectively, where the proximity of sample points reflects the
similarity of their metabolic profiles. QC samples, marked by red
triangles, clustered tightly at the center of the PCA plots, confirming
the stability of the analytical platform and ensuring that the observed
metabolic differences were attributable to biological variation rather
than instrumental or environmental fluctuations. Figures 2C,D
present HCA dendrograms constructed using the Ward linkage
and single linkage methods, respectively.

Based on the combined results of PCA and HCA, the samples
were classified into three major groups. Group 1, predominantly
located in the second quadrant, mainly comprises P. fargesii (PF)
and its variants. Group 2, which contains the largest number of
samples, spans all four quadrants in Figure 2A. According to the
HCA results using the Ward linkage method (Figure 2C), this group
can be further divided into two subgroups, which is consistent with

the distribution in the PC1 versus PC3 score plot (Figure 2B). Group
3 tends to split into two subsets, as further validated by the
corresponding branches in the HCA dendrograms (Figures 2C,D).

Additionally, the classifications of P. qiliangiana (PQ) and P.
tengchongensis (PTe) differed between the two HCA methods: in
Figure 2C, PQ was assigned to Group 1 and PTe to Group 3-1,
whereas in Figure 2D, both were placed in Group 2. Combined with
the PCA score plot distribution, the clustering results in Figure 2C
are considered more biologically meaningful. Notably, both PCA
and HCA analyses revealed that biological replicates of certain
species did not cluster tightly. For example, replicates of P.
mairei (PMai), P. fargesii var. latipetala (PFL), and P. polyphylla
var. appendiculata (PPA) were relatively dispersed. This variation
may be attributed to environmental influences onmetabolic profiles,
thus posing a challenge to understanding the metabolic diversity of
different species of the genus.

3.2.2 Comparative metabolic profiling of different
Paris groups

Based on UHPLC-Q-TOF/MS non-targeted metabolomics data,
substantial metabolic differences were observed in different Paris
groups (Figure 3). Group 1 displayed a unique metabolic profile,
with prominent peaks in the 15–50 min RT range, indicating the
presence of both pennogenin and diosgenin saponins, along with
spirostanol and furostanol metabolites. Group 2 exhibited the
highest metabolic variability, with two subgroups (Group 2-1 and
Group 2-2) showing distinct differences in steroidal saponin
content. Group 3 was characterized by several prominent peaks
in the 20–30 min RT range, with a higher abundance of diosgenin
saponins than pennogenin saponins. These findings underscore the
metabolic diversity within Paris species, revealing distinct
biochemical compositions that may contribute to their functional
differentiation.

To further elucidate the metabolic diversity of Paris groups, the
distribution patterns of pennogenin and diosgenin saponins—the
main bioactive components of Rhizoma Paridis, were analyzed by
integrating the findings from Section 3.1. The summed peak areas of
these two saponin types were extracted and labeled as S1
(pennogenin saponins) and S2 (diosgenin saponins), revealing
significant variation across groups.

In Group 1, pennogenin saponins were predominant, with a
significantly higher content than diosgenin saponins (S1/S2 = 2.71 ±
0.81, p < 0.05), indicating that the metabolic profile of this group is
biased toward pennogenin saponin enrichment.

Group 2, which contained the largest number of samples,
exhibited subgroup-specific differences in S1 and S2 composition.
Within Group 2-1, the overall abundance of pennogenin saponins
exceeded that of diosgenin saponins (S1/S2 = 2.42 ± 1.50). This
subgroup includes PPY, P. daliensis (PDa), P. fargesii var. petiolate
(PFP), and P. forrestii (PFo), among which PPY, PDa, and PFP were
characterized by a higher accumulation of pennogenin saponins,
whereas PFo was metabolically distinct due to its greater abundance
of diosgenin saponins. Conversely, Group 2-2 exhibited lower
overall steroidal saponin content but remained enriched in
pennogenin saponins (S1/S2 = 2.05 ± 1.12, p < 0.05). Species
such as P. cronquistii (PCr), P. thibetica (PTh), P. dunniana
(PDu), and P. polyphylla (PP) were representatives of this
enrichment pattern.
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In Group 3, diosgenin saponins were more abundant than
pennogenin saponins. Within this group, Group 3-1, consisting
of PTe and PPY, exhibited a similar metabolic profile, characterized
by a higher proportion of other steroidal saponins. Group 3-2, which
included P. xuefengshanensis (PX), P. vietnamensis (PVi), and P.
polyphylla var. pseudothibetica (PPP), was characterized by a
significant enrichment of diosgenin saponins (S1/S2 = 0.88 ±
1.03). PX, in particular, exhibited both a high peak area and a
wide diversity of diosgenin saponins, making it a representative
species within this subgroup. Interestingly, PVi in Group 3-
2 displayed a higher abundance of pennogenin saponins, which
was an unexpected finding, suggesting the presence of metabolic
diversity even within seemingly homogenous groups.

3.3 Metabolic characteristics of newly
identified Paris species

This study investigated five Paris species newly discovered during
the fourth national census of Chinese medicine resources, all published
after 2017: P. nitida (PN) (Wang Z. et al., 2017), P. qiliangiana (PQ)
(Yang et al., 2017), P. xuefengshanensis (PX) (Wang et al., 2024), P.
yanchii (PYa) (Li et al., 2017), and P. tengchongensis (PTe) (Ji et al.,
2017). To assess their metabolic profiles and medicinal potential, a
comparative metabolomic analysis was conducted alongside the official
medicinal species PPC and PPY. This analysis identified both common
metabolites and DAMs across the seven species, providing insights into
their metabolic relationships.

FIGURE 3
Metabolic profiles and relative distribution of steroidal saponins in different Paris groups. (A) Total ion chromatograms of Paris species across
different metabolic groups. The yellow-shaded region (37.34–40.38 min) represents pennogenin saponins (S1), while the green-shaded region
(42.79–45.39 min) indicates diosgenin saponins (S2). Variations in saponin composition among groups are evident. (B) Stacked bar chart comparing the
relative peak areas of S1 and S2. The average S1/S2 ratio ±SD is shown above each bar. Group 1 has the highest S1 content (S1/S2 = 2.71 ± 0.81), while
Group 3 is dominated by S2. Group 1 exhibits the highest S1 content (S1/S2 = 2.71 ± 0.81), whereas Group 3 is predominantly composed of S2. Statistically
significant differences in S1 and S2 levels are observed in Group 1 and Group 2-2 (p < 0.05), while variations in Groups 2-1, 3-1, and 3-2 are not statistically
significant (p ≥ 0.05).
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3.3.1 Identification of common metabolites
Common metabolites play essential roles in metabolic pathways

and pharmacological activities. In this study, pairwise comparisons
were conducted between each of the five newly identified species and
both PPC and PPY, along with an additional comparison between
PPC and PPY. In each comparison group, shared peaks with a relative
peak area ≥10% in the TIC were identified as commonmetabolites (Li
et al., 2024). A total of 24 common metabolites were identified
(Supplementary Table S3). Based on the average peak area within
each species, a three-dimensional bar chart was generated (Figure 4).
Among these metabolites, Polyphyllin VII and β-ecdysone were
present in all seven species. Polyphyllin VII is the only pennogenin
saponin specified in the Chinese Pharmacopoeia for the quantitative
determination of Rhizoma Paridis (Xiang et al., 2023).

The total content of Polyphyllin I, II, and VII followed the order:
PX > PPY > PPC > PQ > PTe > PN > PYa. PX exhibited an
exceptionally high level of these compounds, surpassing even PPY
and PPC, while PQ also showed relatively high concentrations.
Notably, PTe displayed elevated levels of Gracillin (a diosgenin
saponin) and its precursor, Protogracillin, suggesting its potential as
a resource for Rhizoma Paridis. In contrast, PN and PYa contained
relatively low total saponin content, which may not meet
pharmacopoeial standards.

3.3.2 Screening and identification of DAMs
Through supervised OPLS-DA analysis (Supplementary Figure

S1), a total of 43 DAMs (P1-P43) were identified based on
VIP >1.8 and p < 0.05 (Supplementary Table S4). These DAMs
included 12 furostanol-type, 11 spirostanol-type, 18 isospirostanol-
type (comprising 4 pennogenin-type and 7 diosgenin-type), and
2 cholestanol-type saponins.

To further examine the distribution and interrelationships of
DAMs, clustering analysis was performed using ion intensity data,
and the results were visualized in a heatmap (Figure 5A). The
analysis revealed species-specific metabolite profiles, suggesting
potential Q-markers for Rhizoma Paridis quality control (Wang
et al., 2022; Li et al., 2024). For instance, PPC exhibited high levels of
Parpetioside C, Padelaoside B, and Parisyunnanoside A, while PPY
was enriched in Polyphyllin II, Reclinatoside, Smilaxchinoside B,
Parisyunnanoside B, Protodioscin, and Parisaponin I. Among the
newly identified species, PYa was characterized by Parisyunnanoside
G, H, and K/L, all spirostanol-type compounds; PQ exhibited
elevated levels of Parpetioside B, Parisfargoside A, and
Polyphyllin VI; PX showed higher levels of Pariposide A,
Polyphylloside F, and Polyphyllin I; and PTe was distinguished
by significantly higher levels of 17-Hydroxygracillin, Parispolyoside
D, and Saponin Th.

FIGURE 4
Relative abundance of commonmetabolites in seven Paris Species. A three-dimensional bar chart depicting the relative abundance of 24 common
metabolites across seven Paris species (PPC, PPY, PN, PQ, PX, PYa, and PTe). Bar height indicates metabolite abundance variations among species.
Notably, the total contents of Polyphyllin I, II, and VII are relatively high in PX and PQ, with PX exceeding PPC and PPY. Additionally, PTe exhibits
significantly elevated levels of Gracillin and Protogracillin, highlighting its potential medicinal value.
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Steroidal saponins are the primary bioactive compounds in
Paris. In this study, they were categorized into isospirostanol-
type (including diosgenin and pennogenin saponins), spirostanol-
type, and furostanol-type saponins based on their structural
characteristics (Ding et al., 2021). To assess the consistency of
metabolite variation trends, Pearson correlation analysis was
conducted on different types of steroidal saponins (Figure 5B). A
highly significant positive correlation (p < 0.01) was observed
between furostanol-type and isospirostanol-type saponins,
suggesting a coordinated accumulation of these metabolites.
Conversely, spirostanol-type saponins exhibited a negative
correlation with the other steroidal saponin types, though this
relationship was not statistically significant (p > 0.05). Previous
studies have indicated that furostanol-type steroidal saponins are
not entirely retained in plants. Instead, some convert into more
bioactive spirostanol or isospirostanol saponins under specific
conditions, such as enzymatic catalysis, high-temperature
treatment, or storage environment (Guan et al., 2021; Jin et al.,
2023; Yuan et al., 2022). The present result suggests that furostanol
saponins may preferentially convert into isospirostanol saponins
rather than spirostanol saponins. However, this transformation
mechanism remains largely unexplored, necessitating further
investigation.

4 Discussion

This study provides a comprehensive metabolic analysis of Paris
species. PCA and HCA classified 26 Paris species and varieties into
three distinct groups based on their metabolic profiles. Further
characterization revealed significant variations in the composition
and abundance of pennogenin and diosgenin saponins among these
groups. The difference may play a key role in shaping the
phylogenetic relationships within Paris and offer a chemical basis
for understanding its systematics. To further explore the metabolic
characteristics of the recently described species, five newly identified
Paris species were compared with PPC and PPY. The identification
of common metabolites highlighted promising new resources with
high levels of steroidal saponins, which could serve as candidates for
clinical applications and drug development. Clustering and
correlation analyses of DAMs enabled the identification of
species-specific marker metabolites and provided insights into the
metabolic relationships among different types of saponins. These
findings contribute to a deeper understanding of the chemical
diversity within Paris and its potential medicinal value.

While this study revealed major interspecific metabolic
differences in Paris, several limitations remain, including
restricted intraspecific sampling, the lack of absolute

FIGURE 5
Heatmap and correlation analysis of differentially accumulated metabolites in seven Paris species. (A)Heatmap displaying the relative abundance of
DAMs (normalized 0–1) across seven Paris species. Darker red shading indicates higher metabolite expression levels. Hierarchical clustering reveals
distinct groups of metabolites with similar accumulation patterns. (B) Pearson correlation heatmap of steroidal saponins. Red indicates a positive
correlation, while blue represents a negative correlation. Asterisks (*) denote statistical significance (*p < 0.05, **p < 0.01). Notably, furostanol-type
and isospirostanol-type saponins exhibit a strong positive correlation, whereas spirostanol-type saponins show a negative correlation with other types,
though this is not statistically significant.
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quantification, and tentative identification of isomeric compounds.
Future research will broaden geographic sampling to better capture
intraspecific variation, implement targeted quantitative analyses for
key metabolites, and incorporate ion mobility mass spectrometry
(IM-MS), which provides an additional separation dimension based
on gas-phase ion mobility (Giuseppe et al., 2022), to enhance
structural resolution and improve the confident identification
of isomers.

4.1 Metabolic patterns and their implications
for Paris classification

The classification of the genus Paris has long been debated, with
discrepancies between morphological and phylogenetic
classifications (Li, 1998; Ji et al., 2006; 2019; 2020). Li Heng
classified the genus into two subgenera based on placental type,
Subgenus Daiswa H. Li and Subgenus Paris H. Li, further dividing
them into eight groups (Li, 1998). In contrast, Ji et al. proposed that
Paris is a monophyletic genus and classified it into five groups based
on phylogenetic analysis (Ji, 2021). In this study, metabolomic
analysis of 26 Paris species and varieties partially aligned with
existing classification patterns and provided insights into the
taxonomy of controversial species.

Based onmetabolic profiles, all samples were classified into three
major groups. In Group 1, the metabolic similarity among PF and its
variants supports Ji’s classification of PFL and PFB as synonyms of
PF (Ji, 2021). Group 2, the largest cluster, was further divided into
two subgroups. Group 2-1 comprised species from both Sect.
Euthyra (PDa, PPC, PFP) and Sect. Axiparis (PFo). Notably, PFo
exhibited significant metabolic divergence from the other species in
this subgroup, as reflected by its distinct positioning in the first
quadrant of Figure 2B. Group 3 was also divided into two subgroups.
Group 3-1 included PTe and PPY. Although PTe has been classified
in Sect. Axiparis based on morphological (Ji et al., 2017) and
chloroplast phylogenetic evidence (Ji et al., 2019), its close
clustering with PPY in the PCA score plot suggests highly similar
metabolic profiles, warranting further investigation into its
classification. In Group 3-2, PX, PVi, and PPP clustered together.
While PVi and PPP belong to Sect. Euthyra, PX has a distinct
placental structure, further complicating its taxonomic placement
(Wang et al., 2024).

Metabolomic analysis provided valuable insights into the
classification of certain controversial species. First, the taxonomic
status of PFP remains unresolved. Li Heng considered PFP a
synonym of P. delavayi var. petiolata (Baker ex C. H. Wright) Li
(1998), whereas Ji classified it as a synonym of P. delavayi (PDe) (Ji,
2021). Ren et al. reported significant differences in phenology and
saponin content between PFP and PF, suggesting that PFP should be
recognized as a variety of PDe (Ren et al., 2023). In this study, PFP
clustered within Group 2-1, yet its metabolic profile, dominated by
pennogenin saponins, closely resembled that of PF and its variants
in Group 1. In contrast, PDe was placed in Group 2-2, exhibiting
markedly different metabolic traits. These findings challenge the
classification of PFP as a variety of PDe. Second, the taxonomic
status of PP and its varieties has been debated. Takhtajan elevated its
varieties (PPC, PPY) to independent species based onmorphological
distinctions (Takhtajan, 1983), whereas Li Heng argued that these

traits are highly variable and insufficient for species differentiation
(Li, 1998). Phylogenetic analyses have failed to support a
monophyletic PP complex and its varieties, leading Yang to
reclassify its varieties—PPC, PPY, and P. polyphylla var.
stenophylla (PPS) as independent species (Yang, 2020; Ji, 2021).
Metabolomic data partially support this view. PP and PPS displayed
similar metabolic profiles within Group 2-2, while PPC and PPY
were classified into Group 2-1 and Group 3-1, respectively, showing
substantial metabolic differences from PP and PPS. These findings
support the recognition of PPC and PPY as distinct species.

PCA and metabolic profiling indicated that the concentrations
of pennogenin and diosgenin saponins are key factors distinguishing
metabolic traits among Paris species. A clear bifurcation was
observed: species with higher pennogenin saponin content were
primarily positioned in the second and third quadrants of the PCA
score plot, corresponding to Group 1 and Group 2-1 (except PFo). In
contrast, species with higher diosgenin saponin content clustered in
the first and fourth quadrants, including Group 3 and PFo (Figures
2A,B). An exception to this trend was PVi, which belongs to Group
3 but predominantly contains pennogenin saponins. These findings
align with previous studies on steroidal saponin content (Chen,
2021; Yu, 2022). Additionally, species in Group 2-2, such as P.
polyphylla var. nana (PPN), PPS, PDe, PN, and PYa, exhibited
significantly lower total saponin levels and clustered near the center
of the PCA score plot. This further supports the conclusion that
pennogenin and diosgenin saponins are key determinants of the
metabolic classification of Paris species.

4.2 Metabolomic insights into the medicinal
potential of newly identified Paris species

Five newly identified Paris species, PN, PQ, PX, PYa, and PTe,
have not been extensively studied regarding their chemical
composition and pharmacological properties. This study
employed a comprehensive metabolomic analysis to evaluate
their medicinal potential and provide a foundation for future
pharmacological investigations.

PX, a recently published species (Wang et al., 2024), is believed to
contain structurally diverse compounds with strong anticancer and
antimicrobial properties (Yang et al., 2024b). Our metabolomic analysis
and preliminary mass spectrometric identification revealed a high
abundance of steroidal saponins, predominantly of the diosgenin
type, with some potentially novel compounds. Notably, the total
content of Polyphyllin I, II, and VII in PX exceeds that of PPY and
PPC, highlighting its potential as a valuable medicinal resource. PQ has
a relatively wide distribution in western China (Yang et al., 2017),
contains high levels of saponins (Wang et al., 2018; Liu B. et al., 2019),
and demonstrates antibacterial and antioxidant activities (He et al.,
2022; Sun et al., 2022). Our analysis confirmed its enrichment in
pennogenin saponins, with notably high levels of Polyphyllin I, II,
andVII, further underscoring itsmedicinal significance. PTe exhibited a
metabolic profile nearly identical to that of PPY. Previous studies have
identified common components between these two species (Wang et al.,
2020; Sun et al., 2024) and demonstrated notable antifungal activity in
PTe (Yang et al., 2024a). Quantitative analysis indicated that its steroidal
saponin content exceeds pharmacopoeial standards (Liu, 2021).
Furthermore, our study revealed that PTe is particularly enriched in
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Gracillin and its precursor, Protogracillin. Protogracillin undergoes
enzymatic conversion to Gracillin through furostanol glycoside 26-
O-β-glucosidase (F26G) catalysis (Inoue et al., 1996). Gracillin has been
shown to induce apoptosis, thereby inhibiting multiple cancer cell lines
(Min et al., 2019). These findings suggest that PTe possesses strong
antitumor potential, warranting further investigation.

In contrast, research on PN and PYa remains limited. Previous
studies have reported extremely low saponin content in PN (Yin
et al., 2020). Consistently, our analysis revealed that both PN and
PYa contain low levels of steroidal saponins and lack characteristic
metabolites, suggesting that they may not be suitable for medicinal
use. Instead, conservation efforts should be prioritized to preserve
the biodiversity of Paris species.

The biological activities of pennogenin and diosgenin saponins
differ significantly. Diosgenin saponins, such as Polyphyllin I (Yang R.
Y. et al., 2024), Polyphyllin II (Chen et al., 2019), PolyphyllinD (Cheung
et al., 2005), and Dioscin (Zhou et al., 2021), exhibit strong antitumor
activity. In contrast, hydroxylation at the C-17 position reduces the
antitumor efficacy of pennogenin saponins (Zhao et al., 2009; Ding
et al., 2021), which primarily exert hemostatic effects and are considered
key contributors to the hemostatic properties of Paris species (Fu et al.,
2008; Wang et al., 2013). Examples include Polyphyllin VII (Tg) (Cong
et al., 2012) and Paris Saponin H (Wen et al., 2019). Consistent with
previous findings (Wen et al., 2023), our analysis confirmed that PPC is
richer in pennogenin saponins, whereas PPY primarily contains
diosgenin saponins. As a result, PPC may exhibit stronger
hemostatic activity, while PPY shows greater potential for antitumor
effects (Li, 2012; Ding et al., 2017).

The relative proportions of pennogenin and diosgenin saponins
serve as key indicators of pharmacological tendencies, particularly
related to antitumor and hemostatic activities among different Paris
species. In this study, species with an S1/S2 ratio <1 are speculated to
exhibit antitumor activity, whereas those with S1/S2 ≥1 are more
likely to possess pronounced hemostatic effects. Based on this
hypothesis, the findings suggest that PX and PTe, with their high
diosgenin saponin content, are promising candidates for antitumor
drug development. In contrast, PQ, which is enriched in pennogenin
saponins, may be more suitable for hemostatic applications (Liu
et al., 2012). Similarly, PN and PYa exhibit a higher proportion of
pennogenin saponins than diosgenin saponins, indicating potential
hemostatic activity. However, their relatively low overall saponin
content may result in weaker pharmacological potency. Despite
these differences, Traditional Chinese Medicine emphasizes the
holistic efficacy of medicinal herbs and describes their
therapeutic properties using distinct conceptual frameworks
(Zhang A. et al., 2010). In the official pharmacopoeia, PPC and
PPY are both recognized as source plants for Rhizoma Paridis, with
no formal distinction in their efficacy or therapeutic applications,
which is based on the combined pharmacological effects of a
common class of steroidal saponins, despite variations in the
specific proportions of different saponin subtypes. The present
study further reveals that the five newly identified Paris species
contain steroidal saponins to varying degrees. Given that different
Paris species have historically been used interchangeably in
traditional medicine without strict differentiation in efficacy (Liu
Y. Y. et al., 2019), these newly identified species are likely to exhibit
similar therapeutic effects to PPY and PPC. Specifically, they may
possess the ability to clear heat, remove toxins, disperse swelling,

relieve pain, calm the liver, and settle convulsions, and thus be
applicable for the treatment of carbuncles and abscesses, sore throat,
snake and insect bites, traumatic injuries, and convulsions (China,
2020). Overall, the metabolomic analysis conducted in this study
provides valuable insights to guide future pharmacological research
and clinical applications of Paris species. From the perspective of
pharmacophylogeny, closely related species or genera exhibit
correlations between phylogeny, chemical constituents, and
therapeutic effects, the medicinal potential of the five newly
identified species is summarized in Table 1.

4.3 Metabolomics-guided synthetic biology
in Paris species

Synthetic biology through heterologous expression systems presents
a promising strategy for efficient and sustainable production of steroidal
saponins from Paris plants. Cholesterol, synthesized via the cytosolic
mevalonate (MVA) pathway, serves as a common precursor for steroidal
compounds (Yin et al., 2023). Cholesterol undergoes oxidative
modifications catalyzed by cytochrome P450 enzymes (CYPs) to form
two main aglycones, diosgenin and pennogenin. These aglycones
subsequently glycosylated by uridine diphosphate glycosyltransferases
(UGTs), producing a variety of steroidal saponins. To date, several CYPs
and UGTs involved in Polyphyllin biosynthesis have been identified
(Figure 6) (Zhou et al., 2024; Song et al., 2025; Zhao et al., 2025).However,
some key steps remain unclear. In particular, the enzyme introducing the
hydroxyl group is introduced at pennogenin’s C-17 position is still
unknown. It remains to be determined whether this occurs via a
CYP450 enzyme acting on diosgenin or earlier in the pathway before
sterol cyclization (Hua et al., 2025). Additionally, the
arabinofuranosyltransferase responsible for glycosylation at polyphyllin
I’s C-4 position has yet to be identified.

Long-term evolutionary divergence and ecological adaptation
have contributed to the diversification of metabolic networks among
Paris species, resulting in distinct metabolomic profiles (Miao et al.,
2024). In this study, a comprehensive analysis of 26 Paris species and
varieties revealed significant interspecific differences in both the
composition and relative abundance of metabolites. For example,
species in Group 1 mainly accumulated pennogenin saponins, while
Group 3 species exhibited higher levels of diosgenin saponins. These
metabolic variations are likely to reflect variations in the activity or
regulation of key biosynthetic enzymes or the redistribution of
metabolic flux across competing pathways. Further investigation
is needed to determine whether such differences stem from enzyme
specificity, gene expression levels, or pathway branching. Integrating
metabolomic with transcriptomic data may offer valuable insights
into these questions, particularly the enzymatic basis of C-17
hydroxylation in pennogenin biosynthesis, and ultimately shed
light on how metabolic evolution has shaped chemodiversity
within the genus.

Despite the observed metabolic diversity, most existing studies on
polyphyllin biosynthesis have focused on PPY, leaving other species
largely unexplored. It is conceivable that alternative biosynthetic routes
exist in other members of the genus, highlighting the need for future
cross-species comparative studies to reveal alternative biosynthetic
strategies. Notably, PX was found to accumulate significantly higher
total levels of polyphyllin I, II, and VII compared to PPY and PPC,
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TABLE 1 Pharmacophylogenetic relationships of five newly identified Paris species and two official medicinal species.

Plant phylogenetic relationships Chemical
constituents

Efficacy

Source Species Group S1/
S2

Pharmacological activity
tendency

Traditional efficacy

Official medicinal
species

P. polyphylla var.
chinensis (PPC)

2-1 3.54 Hemostatic Clear heat, remove toxins, disperse swelling, relieve pain,
calm the liver, and settle convulsion

P. polyphylla var.
yunnanensis (PPY)

3-1 0.65 Antitumor

Newly identified
Paris species

P. xuefengshanensis (PX) 3-2 0.20 Antitumor Presumed similar pharmacological effects to PPC and PPY,
based on phylogenetic relationships and chemical
constituentsP. tengchongensis (PTe) 3-1 0.62 Antitumor

P. qiliangiana (PQ) 1 2.38 Hemostatic

P. nitida (PN) 2-2 1.29 Hemostatic

P. yanchii (PYa) 2-2 1.00 Hemostatic

Note: The S1/S2 ratio represents the total relative content ratio of pennogenin to diosgenin saponins.

FIGURE 6
Proposed biosynthesis pathway of major steroidal compounds in Paris species. Solid arrows represent elucidated biosynthetic steps, while dashed
arrows indicate hypothetical and unresolved steps. The blue background area marks the precursor Cholesterol. Green and yellow backgrounds denote
the biosynthetic branches leading to diosgenin-type and pennogenin-type saponins, respectively. Heatmaps below each compound reflect the average
relative abundance across three groups (Group1, Group2, and Group3) according to the color scale shown.
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indicating its potential as an alternative model for investigating saponin
biosynthesis. In addition, β-ecdysone was consistently detected across
all seven official medicinal and newly identified Paris species in this
study. As a plant steroid hormone analog, β-ecdysone plays a crucial
role in regulating development and sterolmetabolism (WangY. Z. et al.,
2017). Although CYP90B52 has been identified as catalyzing the
formation of 22S-hydroxycholesterol in the polyphyllin biosynthetic
pathway (Yin et al., 2023), the enzymes responsible for other key
hydroxylation steps, including those at the C-2, C-14, and C-25
positions remain unidentified.

5 Conclusion

This study employed UHPLC-Q-TOF/MS-based metabolomics to
classify 26 Paris species and varieties into three distinct groups. The
analysis revealed significant variations in the composition and
concentration of two key bioactive compound types, pennogenin
and diosgenin saponins, which may serve as chemical markers for
metabolic differentiation and phylogenetic relationships within the
genus. By combining pharmacophylogeny, the metabolomes of
newly identified species were compared with those of
pharmacopoeial species. This analysis identified P. xuefengshanensis
and P. tengchongensis as promising candidates for antitumor drug
development, while P. qiliangiana may exhibit hemostatic properties.
These findings enhance the understanding of metabolic patterns,
inform taxonomic classification, and support the medicinal
evaluation of under-researched Paris species.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Author contributions

KS: Data curation, Writing – review and editing,
Writing – original draft, Formal Analysis. YS: Resources,
Writing – review and editing, Methodology, Investigation. RL:
Data curation, Visualization, Writing – review and editing. ZW:
Resources, Writing – review and editing, Methodology. JW:
Writing – review and editing, Resources, Investigation. XL:
Visualization, Data curation, Writing – review and editing. CW:
Methodology, Writing – review and editing, Investigation. LW:

Resources, Investigation, Writing – review and editing. CH:
Funding acquisition, Writing – review and editing, Supervision,
Validation. QT: Resources, Writing – review and editing,
Conceptualization, Project administration.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was
financially supported by the Science and Technology Fundamental
Resources Investigation Program (No. 2022FY101000), the CAMS
Innovation Fund for Medical Sciences (CIFMS) (ID: 2021-I2M-1-071
and 2022-I2M- 2-001), the Key Scientific Research Fund of Hunan
Provincial Education Department (22C0106, 17A093), and the
Undergraduate Scientific Research Innovation Project of Hunan
Agriculture University (No. XCX2023160).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1605264/
full#supplementary-material

References

Addi, Y. W., Ren, Z. X., Rutherford, S., Ding, X. Y., Guo, C. A., Zhang, X., et al. (2024).
Ethnobotanical study on medicinal plants used by the yi people in xiaoliangshan,
Yunnan province, SW China. J. Ethnopharmacol. 323, 117683. doi:10.1016/j.jep.2023.
117683

Chen, C., Wu, Y., Li, J., Wang, X., Zeng, Z., Xu, J., et al. (2023). TBtools-II: a “one for
all, all for one” bioinformatics platform for biological big-data mining. Mol. Plant 16
(11), 1733–1742. doi:10.1016/j.molp.2023.09.010

Chen, L., Zhang, S., Wang, Y., Sun, H., Wang, S., Wang, D., et al. (2023). Integrative
analysis of transcriptome and metabolome reveals the sesquiterpenoids and

polyacetylenes biosynthesis regulation in Atractylodes lancea (thunb.) DC. Int.
J. Biol. Macromol. 253, 127044. doi:10.1016/j.ijbiomac.2023.127044

Chen, M., Ye, K., Zhang, B., Xin, Q., Li, P., Kong, A. N., et al. (2019). Paris saponin II
inhibits colorectal carcinogenesis by regulating mitochondrial fission and NF-κB
pathway. Pharmacol. Res. 139, 273–285. doi:10.1016/j.phrs.2018.11.029

Chen, Y., Wu, J., Yu, D., and Du, X. (2021). Advances in steroidal saponins
biosynthesis. Planta 254 (5), 91. doi:10.1007/s00425-021-03732-y

Chen, Y. L. (2021). Growth and development of Paris polyphylla and efficacy
evaluation of paridis rhizome. Beijing: Peking Union Med.

Frontiers in Pharmacology frontiersin.org13

Sun et al. 10.3389/fphar.2025.1605264

https://www.frontiersin.org/articles/10.3389/fphar.2025.1605264/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2025.1605264/full#supplementary-material
https://doi.org/10.1016/j.jep.2023.117683
https://doi.org/10.1016/j.jep.2023.117683
https://doi.org/10.1016/j.molp.2023.09.010
https://doi.org/10.1016/j.ijbiomac.2023.127044
https://doi.org/10.1016/j.phrs.2018.11.029
https://doi.org/10.1007/s00425-021-03732-y
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1605264


Cheung, J. Y. N., Ong, R. C. Y., Suen, Y. K., Ooi, V., Wong, H. N. C., Mak, T. C. W.,
et al. (2005). Polyphyllin D is a potent apoptosis inducer in drug-resistant HepG2 cells.
Cancer Lett. 217 (2), 203–211. doi:10.1016/j.canlet.2004.06.042

China, P. C. (2020). Pharmacopoeia of the people’s Republic of China. Beijing: China
Medical Science Press.

China Government Network (2021). National, F. G. A., and ministry, A. R. A.
Available online at: https://www.gov.cn/zhengce/zhengceku/2021-09/09/content_
5636409.htm (Accessed February 27, 2025).

Cong, Y., Liu, X., Kang, L., Yu, Z., Zhao, Z., Li, J., et al. (2012). Pennogenin
tetraglycoside stimulates secretion-dependent activation of rat platelets: evidence for
critical roles of adenosine diphosphate receptor signal pathways. Thromb. Res. 129,
E209–E216. doi:10.1016/j.thromres.2012.02.001

Ding, L. S., Zhao, M., Li, Y. M., Chen, L. M., Wang, Z. J., Gao, H. M., et al. (2017).
Preparation and characterization of Paris polyphylla Var chinensis and P. Polyhoylla
Var. yunnanensis extract and analysis of their hemolysis in vitro. Chin. J. Experimental
traditional med. Formulae. 23(21), 7–12. doi:10.13422/j.cnki.syfjx.2017210007

Ding, Y. G., Zhao, Y. L., Zhang, J., Zuo, Z. T., Zhang, Q. Z., and Wang, Y. Z. (2021).
The traditional uses, phytochemistry, and pharmacological properties of paris L.
(liliaceae): a review. J. Ethnopharmacol. 278, 114293. doi:10.1016/j.jep.2021.114293

Forsberg, E. M., Huan, T., Rinehart, D., Benton, H. P., Warth, B., Hilmers, B., et al.
(2018). Data processing, multi-omic pathway mapping, and metabolite activity analysis
using XCMS online. Nat. Protoc. 13 (4), 633–651. doi:10.1038/nprot.2017.151

Fu, Y. L., Yu, Z. Y., Tang, X. M., Zhao, Y., Yuan, X. L., Wang, S., et al. (2008).
Pennogenin glycosides with a spirostanol structure are strong platelet agonists:
structural requirement for activity and mode of platelet agonist synergism.
J. Thromb. Haemost. 6 (3), 524–533. doi:10.1111/j.1538-7836.2007.02881.x

Giuseppe, P., Andrew, J. S., and Giuseppe, A. (2022). Ion mobility mass spectrometry
in the omics era: challenges and opportunities for metabolomics and lipidomics. Mass
Spectrom. Rev. 41, 722–765. doi:10.1002/mas.21686

Gong, X., Yang, M., He, C. N., Bi, Y. Q., Zhang, C. H., Li, M. H., et al. (2022). Plant
pharmacophylogeny: review and future directions. Chin. J. Integr. Med. 28 (6), 567–574.
doi:10.1007/s11655-020-3270-9

Guan, L., Ju, B., Zhao, M., Zhu, H., Chen, L., Wang, R., et al. (2021). Influence of
drying process on furostanoside and spirostanoside profiles of paridis rhizoma by
combination of HPLC, UPLC and UPLC-QTOF-MS/MS analyses. J. Pharm. Biomed.
Anal. 197, 113932. doi:10.1016/j.jpba.2021.113932

He, Y. S., Qiu, J., Li, Y., Yuan, M. Y., He, M. J., Zhang, M. D., et al. (2022). Study on
volatile components and antibacterial activity of three medicinal paris plants. Chin.
Arch. Tradit. Chin. Med. 40 (8), 80–83. doi:10.13193/j.issn.1673-7717.2022.08.017

Hua, X., Kou, C. X., Wang, F. G., Zhang, J. F., Yuan, J. F., and Xue, Z. Y. (2025).
Steroidal compounds in paris Polyphylla:structure, biological activities, and
biosynthesis. Curr. Opin. Plant Biol. 84, 102695. doi:10.1016/j.pbi.2025.102695

Huang, L. Q., Zhang, B. G., and Qi, H. N. (2022). Red book of Chinese medicinal plants.
Beijing: Beijing Science and Technology Press, 467–469.

Huang, Y. Y. (2019). Analysis on the chemical constituents from the rhizomes of 15.
Paris. Species. Hefei: Anhui Univ. Chin. Med.

Inoue, K., Shimomura, K., Kobayashi, S., Sankawa, U., and Ebizuka, Y. (1996).
Conversion of furostanol glycoside to spirostanol glycoside by β-glucosidase in Costus
speciosus. Phytochemistry 41 (3), 725–727. doi:10.1016/0031-9422(95)00676-1

Ji, Y. (2021). A monograph of paris (melanthiaceae): Morphology, biology, systematics
and taxonomy. Singapore: Springer Singapore. doi:10.1007/978-981-15-7903-5

Ji, Y., Fritsch, P., Li, H., Xiao, T., and Zhou, Z. K. (2006). Phylogeny and classification
of paris (melanthiaceae) inferred from DNA sequence data. Ann. Bot. 98 (1), 245–256.
doi:10.1093/aob/mcl095

Ji, Y., Liu, C., Yang, J., Jin, L., Yang, Z., and Yang, J. B. (2020). Ultra-barcoding
discovers a cryptic species in Paris yunnanensis (melanthiaceae), a medicinally
important plant. Front. Plant Sci. 11, 411. doi:10.3389/fpls.2020.00411

Ji, Y., Yang, C., and Huang, Y. (2017). A new species of paris sect. Axiparis
(melanthiaceae) from Yunnan, China. Phytotaxa 306 (3), 234–236. doi:10.11646/
phytotaxa.306.3.6

Ji, Y., Yang, L., Chase, M. W., Liu, C., Yang, Z., Yang, J., et al. (2019). Plastome
phylogenomics, biogeography, and clade diversification of paris (melanthiaceae). BMC
Plant Biol. 19 (1), 543. doi:10.1186/s12870-019-2147-6

Jin, P. Y., Chen, L. Z., Zhong, J. J., Yuan, T. F., Gan, L., Huang, J. L., et al. (2023).
Screening and identification of lipase inhibitors extracted from Dioscorea nipponica
makino by UV-vis and HPLC coupled to UPLC-Q-TOF-MS/MS. Int. J. Biol. Macromol.
230, 123427. doi:10.1016/j.ijbiomac.2023.123427

Jin, T. T., Liu, F. J., Jiang, Y., Wang, L., Lu, X., Li, P., et al. (2021). Molecular-
networking-guided discovery of species-specific markers for discriminating five
medicinal paris herbs. Phytomedicine 85, 153542. doi:10.1016/j.phymed.2021.153542

Li, H. (1998). The genus paris (trilliaceae). Beijing: Science Press.

Li, H., Lei, L. G., and Yang, M. Y. (2017). Paris yanchii, A new species of Paris linnaeus
(melanthaceae) from Yunnan, China. J. west China for. Sci. 46 (1), 1–5. doi:10.16473/j.
cnki.xblykx1972.2017.01.001

Li, R. S. (2021). Quality evaluation of genus pari and Spectrum-effect relationship of
anti-tumor activity from P forrestii. Dali univ. doi:10.27811/d.cnki.gdixy.2020.000140

Li, T. (2012). Research on the chemical constituents and biological activities of Paris
polyphylla Var. yunnanensis and Paris polyphylla Var. chinensis. Xian: Shaanxi Norm.
Univ.

Li, Y., Wen, R., Yang, W., Xu, H., Xie, Q., Wang, L., et al. (2024). Multimodal
integrated strategy for the discovery and identification of antiplatelet aggregation
Q-markers in Paris polyphylla Var. Yunnanensis. Biomed. Chromatogr. 38 (4),
e5824. doi:10.1002/bmc.5824

Liang, M. Y., Wang, Y. Z., Qiao, X., Lu, Y. W., Chen, M. H., Li, P., et al. (2019).
Structural characterisation and discrimination of the aerial parts of Paris
polyphylla Var. yunnanensis and Paris polyphylla Var. chinensis by UHPLC-
QTOF-MS coupled with multivariate data analysis. Phytochem. Anal. 30,
437–446. doi:10.1002/pca.2826

Liang, S. Y., and Victor, G. S. (2000). “PARIS linnaeus, sp. Pl. 1: 367. 1753,” in Flora of
China 24 (Beijing: Science Press, Saint Louis: Missouri Botanical Garden Press), 88–95.

Liu, B., Huang, L. Y., Ye, F., Sun, L. X., and Yang, G. Y. (2019). Quality control and
evaluation of Paris polyphylla from northwest Hubei. Cent. South Pharm. 17 (2),
226–232. doi:10.7539/j.issn.1672-2981.2019.02.014

Liu, Y. Y. (2021). Research on classification and quality evaluation of Paris linnaeus
(melanthaceae) in Yunnan. Dali Univ. 326 (4), 297. doi:10.27811/d.cnki.gdixy.2019.
000132

Liu, Y. Y., Xu, F. R., Fan, M., and Duan, B. Z. (2019). The application of paris (A genus
of plants) in ethnic minority medicines. WST-MTCM 21 (3), 449–456. doi:10.11842/
wst.2019.03.019

Liu, Z., Li, N., Gao, W., Man, S., Yin, S., and Liu, C. (2012). Comparative study on
hemostatic, cytotoxic and hemolytic activities of different species of paris L.
J. Ethnopharmacol. 142 (3), 789–794. doi:10.1016/j.jep.2012.05.065

Miao, K., Wang, T. L., Tang, L. L., Hou, L. X., and Ji, Y. H. (2024). Establishing the first
reference library for utilizing high-throughput sequencing technologies in identifying
medicinal and endangered paris species (melanthiaceae). Ind. Crop. Prod. 218, 118871.
doi:10.1016/j.indcrop.2024.118871

Min, H. Y., Jang, H. J., Park, K. H., Hyun, S. Y., Park, S. J., Kim, J. H., et al. (2019). The
natural compound gracillin exerts potent antitumor activity by targeting mitochondrial
complex II. Cell Death Dis. 10 (11), 810. doi:10.1038/s41419-019-2041-z

Ren, Z. X., Zhao, L., Zhao, J. W., Wang, Q. H., and Yi, H. X. (2023). Infraspecific taxa
of Paris fargesii franch. Bull. Bot. Res. 43 (4), 505–519. doi:10.7525/j.issn.1673-5102.
2023.04.004

Song, W., Li, T., Yan, S., Zhang, M. Y., Ma, X. J., Kang, L. P., et al. (2025). Two
rhamnosyltransferases for de novo biosynthesis of polyphyllins in Nicotiana
benthamiana. Plant J. 122, e70237. doi:10.1111/tpj.70237

Sun, H. R., Tan, S. Q., Fang, X. Y., He, M. J., He, Y. S., Li, Y., et al. (2022). Study on the
active components and antioxidant activity of three paris plants in enshi. Hubei Agric.
Sci. 61 (12), 67–71. doi:10.14088/j.cnki.issn0439-8114.2022.12.013

Sun, H. Z., Yang, W. Q., Liu, J. H., Jie, Q. F., Xu, H. M., Wang, L., et al. (2024). Quality
evaluation method for dianchonglou (Paris polyphylla Var. yunnanensis) and its related
species based on one measurement multiple evaluation and chemometrics analysis.
Chin. Arch. Tradit. Chin. Med. 42 (3), 160–168. doi:10.13193/j.issn.1673-7717.2024.
03.030

Takhtajan, A. (1983). A revision of daiswa (trilliaceae). Brittonia 35, 255. doi:10.2307/
2806025

Wang, G. B., Yan, M. Y., Hao, R. J., Lv, P. P., Wang, Y., Man, S. L., et al. (2022).
Q-marker identification of Paris polyphylla Var. yunnanensis (franch.) hand. Mazz. In
pulmonary metastasis of liver cancer mice. J. Ethnopharmacol. 293, 115311. doi:10.
1016/j.jep.2022.115311

Wang, J., Li, D., Ni, W., Qin, X. J., Liu, H., Yu, L. L., et al. (2020). Molecular
networking uncovers steroidal saponins of Paris tengchongensis. Fitoterapia 145,
104629. doi:10.1016/j.fitote.2020.104629

Wang, L. N., Hu, P., Yang, G. Y., Sun, L. X., Cao, K. H., and Yu, H. L. (2018).
Comparison of the contents of nine saponins in different parts of six varieties of paris
plants. Lishizhen Med. Mater. Med. Res. 29 (11), 2635–2638. doi:10.3969/j.issn.1008-
0805.2018.11.025

Wang, Q. J. (2014). Molecular cloning of 3-hydroxy-3-methylglutaryl coenzyme A
reductase and its regulation on the biosynthesis 20- hydroxyecdysone in Cyanotis
arachnoidea. Suzhou: Suzhou Univ.

Wang, Y., Hao, J., Gao, W. Y., Liu, Z., W, S. S., and Jing, S. S. (2013). Study on
hemostatic activities of the rhizome of Paris bashanensis. Pharm. Biol. 51 (10),
1321–1325. doi:10.3109/13880209.2013.790065

Wang, Y. Z., Liu, E., and Li, P. (2017). Chemotaxonomic studies of nine paris species
from China based on ultra-high performance liquid chromatography tandem mass
spectrometry and fourier transform infrared spectroscopy. J. Pharm. Biomed. Anal. 140,
20–30. doi:10.1016/j.jpba.2017.03.024

Wang Z., Z., Cai, X. Z., Zhong, Z. X., Xu, Z., Wei, N., Xie, J. F., et al. (2017). Paris
nitida (melanthiaceae), a new species from Hubei and Hunan, China. Phytotaxa 314,
145. doi:10.11646/phytotaxa.314.1.16

Frontiers in Pharmacology frontiersin.org14

Sun et al. 10.3389/fphar.2025.1605264

https://doi.org/10.1016/j.canlet.2004.06.042
https://www.gov.cn/zhengce/zhengceku/2021-09/09/content_5636409.htm
https://www.gov.cn/zhengce/zhengceku/2021-09/09/content_5636409.htm
https://doi.org/10.1016/j.thromres.2012.02.001
https://doi.org/10.13422/j.cnki.syfjx.2017210007
https://doi.org/10.1016/j.jep.2021.114293
https://doi.org/10.1038/nprot.2017.151
https://doi.org/10.1111/j.1538-7836.2007.02881.x
https://doi.org/10.1002/mas.21686
https://doi.org/10.1007/s11655-020-3270-9
https://doi.org/10.1016/j.jpba.2021.113932
https://doi.org/10.13193/j.issn.1673-7717.2022.08.017
https://doi.org/10.1016/j.pbi.2025.102695
https://doi.org/10.1016/0031-9422(95)00676-1
https://doi.org/10.1007/978-981-15-7903-5
https://doi.org/10.1093/aob/mcl095
https://doi.org/10.3389/fpls.2020.00411
https://doi.org/10.11646/phytotaxa.306.3.6
https://doi.org/10.11646/phytotaxa.306.3.6
https://doi.org/10.1186/s12870-019-2147-6
https://doi.org/10.1016/j.ijbiomac.2023.123427
https://doi.org/10.1016/j.phymed.2021.153542
https://doi.org/10.16473/j.cnki.xblykx1972.2017.01.001
https://doi.org/10.16473/j.cnki.xblykx1972.2017.01.001
https://doi.org/10.27811/d.cnki.gdixy.2020.000140
https://doi.org/10.1002/bmc.5824
https://doi.org/10.1002/pca.2826
https://doi.org/10.7539/j.issn.1672-2981.2019.02.014
https://doi.org/10.27811/d.cnki.gdixy.2019.000132
https://doi.org/10.27811/d.cnki.gdixy.2019.000132
https://doi.org/10.11842/wst.2019.03.019
https://doi.org/10.11842/wst.2019.03.019
https://doi.org/10.1016/j.jep.2012.05.065
https://doi.org/10.1016/j.indcrop.2024.118871
https://doi.org/10.1038/s41419-019-2041-z
https://doi.org/10.7525/j.issn.1673-5102.2023.04.004
https://doi.org/10.7525/j.issn.1673-5102.2023.04.004
https://doi.org/10.1111/tpj.70237
https://doi.org/10.14088/j.cnki.issn0439-8114.2022.12.013
https://doi.org/10.13193/j.issn.1673-7717.2024.03.030
https://doi.org/10.13193/j.issn.1673-7717.2024.03.030
https://doi.org/10.2307/2806025
https://doi.org/10.2307/2806025
https://doi.org/10.1016/j.jep.2022.115311
https://doi.org/10.1016/j.jep.2022.115311
https://doi.org/10.1016/j.fitote.2020.104629
https://doi.org/10.3969/j.issn.1008-0805.2018.11.025
https://doi.org/10.3969/j.issn.1008-0805.2018.11.025
https://doi.org/10.3109/13880209.2013.790065
https://doi.org/10.1016/j.jpba.2017.03.024
https://doi.org/10.11646/phytotaxa.314.1.16
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1605264


Wang, Z., Yang, J., Tang, Q., Peng, S., Tian, J., Li, H., et al. (2024). Paris Xuefengshanensis
(melanthiaceae) sp. Nov. from central China with a distinctive phylogenetic placement in
paris. Plant Syst. Evol. 310 (6), 39. doi:10.1007/s00606-024-01916-z

Wen, F., Chen, T., Yin, H., Lin, J., and Zhang, H. (2019). In vitro effects on thrombin
of paris saponins and in vivo hemostatic activity evaluation of Paris fargesii Var.
Brevipetala. Molecules 24 (7), 1420. doi:10.3390/molecules24071420

Wen, J., Jia, T. Y., Wang, X. X., Xu, W. J., Chen, S. Q., Wang, X., et al. (2023). Research
on distinguishing genuine paridis rhizoma and its confused products based on
multivariate statistical analysis of the contents of 9 steroidal saponins. Glob. Tradit.
Chin. Med. 16 (3), 416–423. doi:10.3969/j.issn.1674-1749.2023.03.006

Wu, X. M., Zuo, Z. T., Zhang, Q. Z., and Wang, Y. Z. (2018). Classification of paris
species according to botanical and geographical origins based on spectroscopic,
chromatographic, conventional chemometric analysis and data fusion strategy.
Microchem. J. 143, 367–378. doi:10.1016/j.microc.2018.08.035

Xiang, Y. C., Wan, F., Ren, Y. L., Yang, D., Xiang, K., Zhu, B. X., et al. (2023).
Polyphyllin VII induces autophagy-dependent ferroptosis in human gastric cancer
through targeting T-lymphokine-activated killer cell-originated protein kinase.
Phytother. Res. 37 (12), 5803–5820. doi:10.1002/ptr.7986

Xiao, P. G., Li, M. H., Hao, D. C., He, C. N., and Xu, L. J. (2021). Theoretical
innovation and application practice of pharmacophylogeny. Mod. Chin. Med. 23 (9),
1499–1505. doi:10.13313/j.issn.1673-4890.20210208002

Yang, G. Y., Hu, P., and Ye, F. (2016). Research progress in resources distribution and
sustainable utilization of rhizoma paridis. China Pharm. 19 (1), 159–162.

Yang, J., Wang, Y. H., and Li, H. (2017). Paris qiliangiana (melanthiaceae), a new
species from Hubei, China. Phytotaxa 329 (2), 193. doi:10.11646/phytotaxa.329.2.13

Yang, L. F. (2020). Phylogenomic and biogeographical studies of the chloroplast genome
in the genus paris. Kunming: Yunnan Univ.

Yang, R. Y., Gao, W. H., Wang, Z. B., Jian, H. Y., Peng, L., Yu, X. P., et al. (2024).
Polyphyllin I induced ferroptosis to suppress the progression of hepatocellular
carcinoma through activation of the mitochondrial dysfunction via Nrf2/HO-1/
GPX4 axis. Phytomedicine 122, 155135. doi:10.1016/j.phymed.2023.155135

Yang, Y., Li, F., Xu, H., Tang, Z., andWang, Y. (2023). Discrimination and evaluation
of wild paris using UHPLC-QTOF-MS and FT-IR spectroscopy in combination with
multivariable analysis. Int. J. Anal. Chem. 2023, 8425016. doi:10.1155/2023/8425016

Yang, Y. L., Bai, X., Yang, J., Luo, J. F., Duan, X. F., and Wang, Y. H. (2024a). Studies on
chemical constituents and antimicrobial activities of rhizomes of Paris tengchongensis,
Chin tradit herbal drugs, 55(5), 1466–1476. doi:10.7501/j.issn.0253-2670.2024.05.006

Yang, Y. L., Bai, X., Yang, X. Z., Luo, J. F., Duan, X. Y., Hu, D. B., et al. (2024b).
Chemical constituents from the rhizomes of paris Xuefengshanensis. Fitoterapia 179,
106257. doi:10.1016/j.fitote.2024.106257

Ye, X., Tao, Y., Pu, X. L., Hu, H., Chen, J., Tan, C. L., et al. (2024). The genus paris: a
fascinating resource for medicinal and botanical studies. Hortic. Res. 12 (3), uhae327.
doi:10.1093/hr/uhae327

Yin, H. X., Wang, Q. H., Zhao, L., Gao, C., Rao, W. X., and Jiang, G. H. (2020). Study
on the sorting of varieties of Paris fargesii and the authentication of the main
adulterants. J. Chin. Med. Mater. 43 (10), 2378–2384. doi:10.13863/j.issn1001-4454.
2020.10.007

Yin, X., Liu, J., Kou, C. X., Lu, J. J., Zhang, H., Song, W., et al. (2023).
Deciphering the network of cholesterol biosynthesis in Paris polyphylla laid a
base for efficient diosgenin production in plant chassis. Metab. Eng. 76, 232–246.
doi:10.1016/j.ymben.2023.02.009

Yu, L. L. (2022). Investigation on the plant resources rich in pennogenin saponins from
the genus pars. Beijing: Univ. Chin. Academy Sci.

Yuan, Y. H., Liu, K. L., Wang, S., Wang, S. Y., Sun, X. C., Lv, X. Y., et al.
(2022). The stir-frying can reduce hepatorenal toxicity of fructus tribuli by
inactivating β-glucosidase and inhibiting the conversion of furostanol saponins
to spirostanol saponins. Arab. J. Chem. 15 (7), 103892. doi:10.1016/j.arabjc.
2022.103892

Zhang, A., Sun, H., Wang, Z., Sun, W.,Wang, P., andWang, X. (2010). Metabolomics:
towards understanding traditional Chinese medicine. Planta Med. 76, 2026–2035.
doi:10.1055/s-0030-1250542

Zhang, T., Liu, H., Liu, X. T., Xu, D. R., Chen, X. Q., andWang, Q. (2010). Qualitative
and quantitative analysis of steroidal saponins in crude extracts from Paris polyphylla
Var. yunnanensis and P. polyphylla Var. chinensis by high performance liquid
chromatography coupled with mass spectrometry. J. Pharm. Biomed. Anal. 51 (1),
114–124. doi:10.1016/j.jpba.2009.08.020

Zhao, C. X., Yan, Y. F., Zhao, L. X., Tang, X., Chen, Y. G., Song, W. J., et al. (2025).
Characterization of a 4′-O-rhamnosyltransferase and de novo biosynthesis of bioactive
steroidal triglycosides from Paris polyphylla. Plant Commun. 6, 101257. doi:10.1016/j.
xplc.2025.101257

Zhao, Y., Kang, L. P., Liu, Y. X., Liang, Y. G., Tan, D. W., Yu, Z. Y., et al. (2009).
Steroidal saponins from the rhizome of Paris polyphylla and their cytotoxic activities.
Planta Med. 75 (4), 356–363. doi:10.1055/s-0028-1088380

Zhou, J. J., Wang, Z. L., Zhang, M., Bao, Y. O., Chang, G. W., Tian, Y. G., et al. (2024).
Characterization of two highly specific O-rhamnosyltransferases involved in the
biosynthesis of steroidal saponins from Paris polyphylla Var. Yunnanensis. Chin.
Chem. Lett., 110805. doi:10.1016/j.cclet.2024.110805

Zhou, Y. L., Yang, J. J., Chen, C., Li, Z. Q., Chen, Y. X., Zhang, X., et al. (2021).
Polyphyllin Ⅲ-Induced ferroptosis in MDA-MB-231 triple-negative breast cancer cells
can be protected against by KLF4-Mediated upregulation of xCT. Front. Pharmacol. 12,
670224. doi:10.3389/fphar.2021.670224

Frontiers in Pharmacology frontiersin.org15

Sun et al. 10.3389/fphar.2025.1605264

https://doi.org/10.1007/s00606-024-01916-z
https://doi.org/10.3390/molecules24071420
https://doi.org/10.3969/j.issn.1674-1749.2023.03.006
https://doi.org/10.1016/j.microc.2018.08.035
https://doi.org/10.1002/ptr.7986
https://doi.org/10.13313/j.issn.1673-4890.20210208002
https://doi.org/10.11646/phytotaxa.329.2.13
https://doi.org/10.1016/j.phymed.2023.155135
https://doi.org/10.1155/2023/8425016
https://doi.org/10.7501/j.issn.0253-2670.2024.05.006
https://doi.org/10.1016/j.fitote.2024.106257
https://doi.org/10.1093/hr/uhae327
https://doi.org/10.13863/j.issn1001-4454.2020.10.007
https://doi.org/10.13863/j.issn1001-4454.2020.10.007
https://doi.org/10.1016/j.ymben.2023.02.009
https://doi.org/10.1016/j.arabjc.2022.103892
https://doi.org/10.1016/j.arabjc.2022.103892
https://doi.org/10.1055/s-0030-1250542
https://doi.org/10.1016/j.jpba.2009.08.020
https://doi.org/10.1016/j.xplc.2025.101257
https://doi.org/10.1016/j.xplc.2025.101257
https://doi.org/10.1055/s-0028-1088380
https://doi.org/10.1016/j.cclet.2024.110805
https://doi.org/10.3389/fphar.2021.670224
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1605264

	UHPLC-Q-TOF/MS unveils metabolic diversity in Paris L. and highlights medicinal potential of five newly identified species
	1 Introduction
	2 Materials and methods
	2.1 Plant material
	2.2 Chemical and reagents
	2.3 Sample preparation
	2.4 UHPLC-Q-TOF/MS analysis
	2.5 Data processing, compound identification and annotation
	2.6 Metabolic profile analysis

	3 Results
	3.1 Mass spectral fragmentation and chromatographic retention behavior of steroidal saponins in Paris
	3.2 Metabolic diversity and chemotaxonomic profiling of Paris species
	3.2.1 PCA and HCA analysis
	3.2.2 Comparative metabolic profiling of different Paris groups

	3.3 Metabolic characteristics of newly identified Paris species
	3.3.1 Identification of common metabolites
	3.3.2 Screening and identification of DAMs


	4 Discussion
	4.1 Metabolic patterns and their implications for Paris classification
	4.2 Metabolomic insights into the medicinal potential of newly identified Paris species
	4.3 Metabolomics-guided synthetic biology in Paris species

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


