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ABSTRACT: Epimedium is commonly used to treat bone injury and kidney disease, with prenylated flavonol
glycosides (PFGs) as its active ingredients. It has attracted much attention due to prominent healthcare and therapeutic
effects, but faces problems of adulteration with closely related species and confusion about geographical origins.
In this study, multiple technical approaches were employed to identify its genetic characteristics and metabolic
differences. Based on DNA barcoding, 20 batches of samples were analyzed. The genetic distances of matK, ITS and
psbA-trnH within species were all smaller than those between species, and psbA-trnH along with ITS + psbA-trnH
proved most effective in distinguishing botanical sources. With Inter-simple sequence repeat (ISSR) technology,
12 highly polymorphic and reproducible primers were selected from 21, and 189 alleles were detected. Epimedium
sagittatum showed distinct genetic diversity. Samples with similar genetic distance and geographical location also
tended to cluster together. Eight index components were analyzed, and their contents showed significant differences.
The total content ranged from 0.50% to 7.09%, and icariin and epimedin C were identified as potential biomarkers.
Integrative analysis revealed that the differences in index components were jointly driven by genetic diversity and
ecological factors. Additionally, “mean temperature of driest quarter”, “precipitation seasonality”, and “temperature
annual range” were identified as key environmental factors. This study provides a reliable experimental basis for the
authenticity and quality evaluation of Epimedium.
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1 Introduction

Epimedium, commonly known as “Horny Goat Weed” is not only a natural aphrodisiac but also a
popular horticultural plant in Europe. Its leaves have been utilized in traditional Chinese medicine (TCM)
and health supplements. In traditional medicine, it is used to tonify the kidney, enhance yang energy,
and strengthen bones. Modern pharmacological studies have further demonstrated its antitumor [1] and
immunomodulatory activities [2]. Icaritin soft capsules were approved by the National Medical Products
Administration of China in 2022 for treating hepatocellular carcinoma. With the growth of the global
health industry, Epimedium holds great promise for pharmaceutical and functional food applications. The
demand for Epimedium is gradually increasing, but obtaining high-quality Epimedium remains challenging,
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primarily due to its botanical characteristics. Specifically, there are over 60 species in the genus Epimedium,
and some of them have few differences in traits among species, making visual identification challenging [3].

Four species of the Epimedium genus have been included in the Pharmacopoeia of the People’s Republic
of China (PRC Pharmacopoeia) as traditional Chinese medicinal materials for the use of Epimedium,
namely Epimedium brevicornu, E. sagittatum, E. pubescens, and E. koreanum [4]. Epimedium contains
metabolic components such as flavonoids, alkaloids, polysaccharides, and lignins. Among these, prenylated
flavonol glycosides (PFGs), characterized by prenyl group structures, are considered active components of
Epimedium [5], including icariin, icaritin, and baohuoside I. Epimedium plants from different species and
habitats exhibit variations in the types and contents of their components, which affect their clinical efficacy
and commercial value. Therefore, establishing effective strategies to identify plant origins, analyze genetic
and chemical profiles, and guarantee herb quality is essential.

Accurate identification of medicinal plant origins is critical for ensuring herbal quality and efficacy.
DNA barcoding technology can provide stable and reliable species identification by analyzing the specific
DNA fragment sequences of plants [6]. The internal transcribed spacer (ITS) region, with high interspecific
variation and intraspecific conservation, is widely used for species discrimination. By analyzing the ITS
sequence, it is possible to accurately distinguish the counterfeit products that pass off as TCMs, such as the
genus Panax [7] and the genus Dendrobium [8]. The chloroplast matK gene exhibits a high evolutionary
rate, yielding substantial sequence divergence among closely related species. In contrast, the psbA-trnH
intergenic spacer accumulates many nucleotide variations, which can effectively discriminate between
plant species with similar morphologies. For example, the psbA-trnH sequence can accurately identify
specific species of the genus Syringa with highly similar appearances [9]. Given that Epimedium has a
multi-source phenomenon, DNA barcoding is indispensable for resolving taxonomic uncertainties and
ensuring therapeutic consistency in its index components.

The magnitude of genetic diversity indicators of a species is positively correlated with its ability to
adapt to the environment [10]. Inter-simple sequence repeat (ISSR) technology, a molecular labeling method
based on polymerase chain reaction (PCR), uses simple sequence repeat (SSR) as primers to amplify specific
genomic regions [11]. ISSR has demonstrated excellent results in genetic diversity analysis when studying
samples of different varieties and geographical origins, such as in a study on faba bean [12]. Therefore,
ISSR markers can be utilized to screen and evaluate germplasm resources with unique genetic diversity,
providing a foundation for breeding and improvement of new varieties of Epimedium.

Index components refer to specific chemical components in Chinese medicinal materials, TCM
preparations, foods, health products, and other substances, serving as indicators of quality, characteristics,
or efficacy. Different plant species or varieties synthesize and accumulate distinct index components. For
example, Panax ginseng and P. quinquefolius (Araliaceae) differ in the types and proportions of ginsenosides
they produce, despite belonging to the same genus [13]. Additionally, the growth environment can
also influence TCM index components. However, limited research has investigated how species identity
and growth environments shape variations in the index components of Epimedium, particularly the key
environmental variables influencing the characteristics of these index components.

Association analyses between active ingredients and genetic characteristics or the environment have
been reported in other species. Pearson correlation analysis indicated that the metabolites of Gastrodia
elata were influenced by dominant ecological factors, such as moisture influencing phenolic glycoside
content [14]. Chemical and phylogenetic analyses suggested that the metabolite differences of Leonurus
japonicus from different origins were jointly influenced by genetic differences and environmental factors [15].
However, there are no definite reports on how genetics and the environment of Epimedium affect its
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quality at present. Therefore, our research focused on the current challenges of Epimedium research by
performing multi-faceted identification and evaluation of collected Epimedium samples, including plant
origin authentication via DNA barcoding, genetic diversity analysis using ISSR markers, and fingerprinting
combined with index component quantification based on high-performance liquid chromatography (HPLC).
Importantly, the impacts of genetic diversity and environmental factors on the multi-index components
of Epimedium were analyzed. This study enables reliable and objective quality assessment of Epimedium
materials, and provides data-driven insights for screening high-quality germplasm and optimizing breeding
materials and cultivation environments.

2 Materials and Methods

2.1 Sample and Environmental Factor Collection

Twenty batches of Epimedium samples were collected from the major production areas in China based
on accessibility. All samples were numbered (S1 to S20), and the plant name, growth type, and geographic
information of the samples were recorded in Table 1. Fresh samples were shade-dried indoors until the
leaves reached brittleness. Samples were ground into powder, sieved through a 40-mesh sieve, and stored
at 25◦C.

Environmental factors include geographical factors (longitude, latitude, altitude) and ecological factors.
The ecological factors were sourced from the Worldclim (https://worldclim.org/), CliMond (https://climond.
org/), and the geographic information system for global medicinal plants (GMPGIS) database, including
twenty-one ecological factors that affect growth characteristics. Ecological factor data were extracted from
GMPGIS based on the selected Epimedium sampling locations.

Table 1: Information on Epimedium samples.

Serial Number Type Plant Name Place of Origin Longitude (E) Latitude (N) Altitude (m)

S1 Wild E. koreanum Yanbian, Jilin 128.9735 43.0957 736
S2 Cultivated E. koreanum Yanbian, Jilin 128.9659 43.0872 502
S3 Wild E. koreanum Dunhua, Jilin 126.2063 41.3640 1039
S4 Cultivated E. koreanum Baishan, Jilin 126.7701 41.9580 943
S5 Wild Unknown Shangluo, Shaanxi 110.0698 33.6902 1511
S6 Cultivated E. sagittatum Shangluo, Shaanxi 110.3665 33.8294 1541
S7 Wild E. pubescens Shangluo, Shaanxi 110.4038 34.2696 1475
S8 Cultivated Unknown Hanzhong, Shaanxi 106.0135 33.4118 1263
S9 Cultivated E. sagittatum Shennongjia, Hubei 110.6590 31.8290 870
S10 Cultivated E. sagittatum Shennongjia, Hubei 110.4708 31.7732 773
S11 Cultivated E. sagittatum Shennongjia, Hubei 110.5835 31.6838 1116
S12 Cultivated E. sagittatum Shennongjia, Hubei 110.8681 31.6683 1522
S13 Cultivated E. brevicornu Lanzhou, Gansu 103.9260 35.8946 2321
S14 Cultivated E. brevicornu Lanzhou, Gansu 104.0224 36.2252 1774
S15 Cultivated E. brevicornu Linxia, Gansu 103.1238 35.5418 2171
S16 Cultivated E. sagittatum Yichang, Hubei 111.3103 30.2758 483
S17 Cultivated E. sagittatum Yichang, Hubei 111.3118 30.2760 472
S18 Cultivated E. sagittatum Bijie, Guizhou 105.2905 27.1756 1590
S19 Cultivated E. sagittatum Bijie, Guizhou 105.3127 27.1740 1647
S20 Cultivated E. wushanense Dazhou, Sichuan 108.0511 32.0888 981

2.2 Reagents and Instruments

Plant DNA Kit D3485 was purchased from Omega Bio-Tek (Guangzhou, China). The primers used for
PCR were derived from the literature [16–19] and were synthesized by Shenggong Bioengineering Co., Ltd.
(Shanghai, China) (Table S1). KOD OneTM PCR Master Mix was purchased from Toyo Textile Biotechnology
Co., Ltd. (Shanghai, China). TS-GelRed nucleic acid dye solution was acquired from Tsingke Biotechnology
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Co., Ltd. (Beijing, China). Agarose and 50× TAE buffer were purchased from Shenggong Bioengineering
Co., Ltd. (Shanghai, China) and Solarbio Science & Technology Co., Ltd. (Beijing, China), respectively.
DL2000 Plus DNAMarker was purchased from Novizan Biotechnology Co., Ltd. (Nanjing, China). Reference
standards, including epimedin A1, epimedin A, epimedin B, epimedin C, icariin, icariside I, baohuoside I,
and anhydroicaritin, were all purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China). Liquid
chromatography-grade methanol and acetonitrile were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Ultrapure water was purchased from Wahaha Group Co., Ltd. (Hangzhou, China).

A NanoDrop 2000 spectrophotometer was purchased from Thermo Fisher Scientific (Waltham, MA,
USA) for nucleic acid quantification. A T100 Thermal Cycler was purchased from Bio-Rad Laboratories,
Inc. (Hercules, CA, USA) for PCR amplification. The nucleic acid electrophoresis system was purchased
from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). A Gel imaging analysis system was acquired from
Junyi Dongfang Electrophoresis Equipment Co., Ltd. (Beijing, China). A high-throughput tissue grinder
was purchased from Yuming Instrument Co., Ltd. (Shanghai, China) for sample preparation. An ultrasonic
cleaner was purchased from Kunshan Ultrasonic Instrument Co., Ltd. (Suzhou, China). A high-performance
liquid chromatograph equipped with a C18 chromatographic column (4.6 mm × 250 mm, 5 µm) was
purchased from Agilent Technologies (Palo Alto, CA, USA) for component analysis.

2.3 DNA Extraction, PCR Amplification, and Agarose Gel Electrophoresis

Total DNA was extracted from twenty Epimedium samples, and their mass and concentration were
assayed. Each DNA sample was diluted to approximately 40 ng⋅µL−1 and stored at −20◦C.

Sequence alignment and pre-experiments were conducted on the commonly used barcodes of
Epimedium, and rbcL was excluded. Three DNA barcoding regions, namely matK, ITS, and psbA-trnH,
were selected for species identification. The sequences were synthesized to amplify the DNA barcodes of
Epimedium samples. For genetic diversity analysis, ISSR primers were derived from 100 universal primers
published by the University of British Columbia (UBC) in Canada, with twenty-one primers selected from
prior studies to amplify polymorphic loci in Epimedium.

In the DNA barcoding identification experiment, the reaction system had a total volume of 25.0 µL,
including 1.0 µL of DNA template (40 ng⋅µL−1), 1.0 µL each of 10 µmol/L forward and reverse primers,
12.5 µL of 2× Taq PCR Master Mix, and 9.5 µL of ddH2O. The total volume of the PCR amplification reaction
system for the genetic diversity experiment was 25.0 µL, including 1.0 µL of 40 µL−1 DNA template, 1.5 µL
of 10 µmol⋅L−1 primers, 10.0 µL of 2× TaqPCR Master Mix, and 12.5 µL of ddH2O. PCR amplification
synthesized the corresponding target gene fragments, and the amplification products were stored at 4◦C for
future use.

The amplification products were detected by agarose gel electrophoresis using D2500 II DNA marker
as the standard molecular weight and photographed on the ultraviolet gel imaging system.

2.4 DNA Sequencing and Sequence Alignment

DNA barcode fragments with correct amplification bands were sent to Shenggong Bioengineering
Co., Ltd. for sequencing. High-quality sequencing results were processed using ContigExpress software.
This involved stitching the sequences, removing primer regions and low-quality segments, and ultimately
obtaining the complete DNA barcode sequence information. Each sample sequence was then subjected to a
BLAST search using the NCBI BLAST tool. This was done to identify the best-matching Epimedium species
based on the alignment results.
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2.5 Quantification of Multi-Index Components

All reference standards were dissolved in methanol to prepare stock solutions. These were further
diluted to generate standard solutions of varying concentrations, from which linear calibration curves were
constructed by plotting peak area (y) against concentration (x) (Table S2). For sample preparation, a precise
amount of powdered Epimediummaterial was weighed and extracted with methanol via ultrasonic treatment
(300 W, 40 kHz) for 40 min. The extract was centrifuged at 10,000× g for 10 min, and the supernatant was
filtered through a 0.22 µm microporous membrane to obtain a test solution (0.05 g⋅mL−1). Each sample
was analyzed in triplicate (biological replicates), with results reported as mean ± standard deviation (SD).
The chromatographic conditions were queried from the literature [20] and some modifications were made.
The flow rate was 1.0 mL⋅min−1, the column temperature was 30◦C, the injection volume was 5 µL, the
detection wavelength was 270 nm, and the mobile phase was composed of water (A) and acetonitrile (B)
under gradient elution: 0–30 min, 76%–74% A; 30–31 min, 74%–55% A; 31–45 min, 55%–53% A; 45–70 min,
53%–5% A.

2.6 Data Analysis

The individual and combined sequences of the three DNA barcodes were analyzed. Sequence alignment
was performed using the ClustalW algorithm implemented in MEGA X. After alignment, redundant
fragments were trimmed to prepare the sequences for subsequent analysis. Genetic distances for each
barcode were calculated, including total genetic distance across all sequences, average between-group
distances, and average within-group distances. Neighbor-Joining (N-J) phylogenetic trees were constructed,
with bootstrap sampling performed for 1000 replicates to assess branch support. Aligned sequences were
subjected to k-mer counting using the Biostrings package in R (version 4.3.1) for principal component
analysis (PCA).

Genetic diversity analysis was conducted using ISSR markers. Based on the results of the amplification
electrophoresis patterns, for each primer at a specific migration position, the presence of a band was scored
as “1”, and the absence as “0”. By statistically analyzing the amplification bands of each sample, a binary
matrix database consisting of “0” and “1” was constructed. Genetic diversity parameters were calculated
using POPGENE (version 1.32). These parameters included the number of observed alleles, the number of
effective alleles, Nei’s genetic diversity index, Shannon’s information index, genetic similarity coefficient,
and genetic distance. Subsequently, cluster analysis and kinship analysis of Epimedium were performed
using NTSYSpc (version 2.10) following the Unweighted Pair Groups Method with Average (UPGMA).
Additionally, genetic structure analysis was conducted on all samples using STRUCTURE (version 2.3.4).

The metabolite chromatograms of the twenty samples were imported into the Similarity Evaluation
System of Traditional Chinese Medicine Chromatographic Fingerprint (version 2012) for analysis. A
time window of 0.4 was set to generate the control chromatogram (R). Common peak data and similarity
evaluation results were then obtained. PCA analysis, nonmetric multidimensional scaling (NMDS) analysis,
and Orthogonal Partial Least Squares—Discriminant Analysis (OPLS-DA) were performed on the common
peak data. The OPLS-DA analysis was carried out using the ropls package in R (version 4.3.1). Metabolites
with Variable Importance in Projection (VIP) > 1 were identified as differential metabolites and visualized
using the ggplot2 package.

Given the high correlation among certain ecological factors, which may lead to collinearity and affect
the accuracy of the results, the obtained climate and soil factors were clustered using the Hmisc package
in R (version 4.1.0) based on the Spearman correlation coefficient. Among the ecological factors with
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a correlation coefficient greater than 0.7, only one representative value was retained for multivariate
correlation analysis.

Visualization of all detection and analysis data was carried out using ChiPlot (https://www.chiplot.
online/). Histograms, binary figures, clustering heat maps, correlation heat maps, violin plots, PCA plots,
NMDS analysis plots, Redundancy Analysis (RDA) plots, and interactive Mantel test correlation heat maps
were generated.

3 Results and Discussion

3.1 DNA Barcoding Technology Effectively Identified the Plant Sources of Epimedium

Genus Epimedium is difficult to distinguish morphologically, necessitating molecular approaches for
accurate identification [21]. DNA barcoding is a simple and precise choice to identify the actual plant
sources of Epimedium. In this study, three DNA barcodes (matK, ITS, and psbA-trnH ) were evaluated for
their ability to distinguish 20 Epimedium samples.

The psbA-trnH barcode exhibited the highest discriminatory power, correctly assigning 14 samples to
species such as E. brevicornu (S5, S13–S15) and E. sagittatum (S6, S9–S12, S16, S18), while matK resolved
only E. koreanum (S1–S4) and ITS identified E. dewuense (S8) and E. jinchengshanense (S20) (Table 2). The
psbA-trnH barcode has outstanding results in the differentiation of Epimedium, as its higher mutation rates in
spacer regions generate more variable sites (Fig. S1). Upon analyzing the differences among the three DNA
barcodes, a total of 57 variable sites were identified. Specifically, matK had eleven variable sites, ITS had
twelve, and psbA-trnH had thirty-four variable sites. Owing to the presence of numerous variant sites, such
as sites 150 and 151 ofmatK, these three DNA barcodes can effectively differentiate E. koreanum (S1–S4) from
other Epimedium species (Fig. S1). Notably, samples S17 and S20 were initially mislabeled as E. sagittatum
and E. wushanense but were correctly identified as E. stellulatum and E. jinchengshanense via psbA-trnH
and ITS, respectively. Among the 20 samples, 17 were identified as belonging to the Epimedium species
recorded in PRC Pharmacopoeia [4]. This result directly supports the practical value of our barcode system
for the identification of Epimedium in the pharmacopoeia, as the incorporation of non-pharmacopoeia
species often leads to a reduction in clinical efficacy. DNA barcoding has also shown equally good effects
in authenticating the genuineness or detecting adulteration in other cash crops. Adulterants in Myristica
fragrans mace [22], Bunium persicum [23], and black gram flour [24] can be identified using the psbA-trnH
marker, due to its high amplification and sequencing success rates and the presence of polymorphic
sites. Such discrepancies highlight the limitations of traditional morphological taxonomy in resolving
closely related species, emphasizing the value of DNA barcoding for TCM authentication [25]. Our results
demonstrated a higher discriminatory power of the psbA-trnH barcode and the combination of psbA-trnH
and ITS for Epimedium species, which is consistent with previous studies on the identification of Epimedium
using similar DNA barcode methods [26].

An ideal DNA barcode should have an intraspecific genetic distance (intra-GD) smaller than an
interspecific genetic distance (inter-GD) [27]. Otherwise, the barcode is not effective for species
identification. We used MEGA software to analyze the intra-GD and inter-GD of three barcodes and
found that their intra-GDs were all smaller than the corresponding inter-GDs. Among them, compared
with matK (0.003/0.0007) and ITS (0.0086/0.0003), the inter-GD/intra-GD ratio of psbA-trnH (0.0196/0.0025)
is larger, which represents the species identification ability of this DNA barcode. Then, we analyzed the
intraspecific and interspecific genetic distances of other barcodes combined with psbA-trnH and found that
the combination of barcodes could achieve good identification effects. We found that the inter-GD/intra-GD
ratio of matK + ITS + psbA-trnH (0.0091/0.001) was not outstanding, while the ratio of ITS + psbA-trnH
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(0.0135/0.0017) was the highest. This is similar to the DNA barcoding results of orchidaceae plants, that
is, individual barcoding yields better results in intraspecific and interspecific genetic distance analysis
compared to combined barcoding [28]. Therefore, psbA-trnH and ITS + psbA-trnH had the most prominent
identification effect as DNA barcodes because their inter-GD was much larger than the intra-GD, with
psbA-trnH showing the largest inter-GD/intra-GD ratio (Fig. 1A).

Table 2: Species origin identification results of Epimedium samples.

Sample Selected DNA Barcodes Best Matched Species Max Score Per. Ident Gene Accession

S1 matK E. koreanum 1463 98.47% KM207675.1
S2 matK E. koreanum 1561 100% KM207675.1
S3 matK E. koreanum 1545 99.88% KM207675.1
S4 matK E. koreanum 1546 100% KM207675.1
S5 psbA-trnH E. brevicornu 1002 99.46% MN714008.1
S6 psbA-trnH E. sagittatum 973 100.00% MN027267.1
S7 psbA-trnH E. pubescens 977 99.82% MN939633.1
S8 ITS E. dewuense 1190 99.11% MG837288.1
S9 psbA-trnH E. sagittatum 987 100.00% MN027267.1
S10 psbA-trnH E. sagittatum 987 100.00% MN027267.1
S11 psbA-trnH E. sagittatum 987 100.00% MN027267.1
S12 psbA-trnH E. sagittatum 971 100.00% MN027267.1
S13 psbA-trnH E. brevicornu 926 99.61% MN714008.1
S14 psbA-trnH E. brevicornu 942 98.53% MN714008.1
S15 psbA-trnH E. brevicornu 915 99.21% MN714008.1
S16 psbA-trnH E. sagittatum 924 98.48% MN027267.1
S17 psbA-trnH E. stellulatum 944 99.61% NC_065478.1
S18 psbA-trnH E. sagittatum 952 98.53% MN027267.1
S19 psbA-trnH E. sagittatum 989 100.00% MN027267.1
S20 ITS E. jinchengshanense 1204 100.00% MG837295.1

To compare the identification effects of the three DNA barcodes used separately and in combination, we
cut and spliced the obtained sequences and constructed phylogenetic trees, respectively (Figs. 1B,C and S2).
All the clustering trees could separate E. koreanum. matK and ITS could only separate some Epimedium,
while E. sagittatum could not be separated. However, the other four barcode combinations, namely psbA-trnH,
ITS + psbA-trnH, matK + psbA-trnH, and matK + ITS + psbA-trnH, could all distinguish different sources of
Epimedium, with only minor differences in clustering. Most of the key branches in the two phylogenetic
trees, psbA-trnH and ITS + psbA-trnH, have 99% or 100% bootstrap values, supporting effective species
identification and differentiation of Epimedium plants.

Subsequently, we selected the two barcodes with the largest difference between intra-GD and inter-GD
for further analysis, namely psbA-trnH and ITS + psbA-trnH. Phylogenetic trees constructed from psbA-trnH
and the ITS + psbA-trnH combination clearly separated all samples, although subtle clustering differences
emerged between single and combined barcodes. For example, E. stellulatum clustered with E. sagittatum in
the psbA-trnH tree but grouped with E. pubescens in the combined analysis. PCA of k-mer counts further
validated barcode efficacy. The PCA of psbA-trnH showed that PC1 explained 43.51% of the total variance in
the dataset, while PC2 explained 14.88% (Fig. 1D). The PCA of ITS + psbA-trnH showed that PC1 explained
43.09% of the total variance in the dataset, while PC2 explained 15.53% (Fig. 1E). The unique clustering of
E. koreanum likely reflects its geographical isolation within the Epimedium population [29]. These research
results collectively indicate that the combination of psbA-trnH and ITS as DNA barcodes provides a simple
and accurate method for the identification of medicinal Epimedium. Similar results were also reported in
the identification studies of the genus Dalbergia [30] and the Apiaceae family [31], but psbA-trnH is the
core barcode for Epimedium. Future research expanding to rare Epimedium species will further refine the
universality of these barcodes in biodiversity conservation and pharmaceutical resource management [32].
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Figure 1: DNA barcodes analysis of Epimedium. An intraspecific and interspecific genetic distance bar graph (A) was
plotted when the three barcodes matK, psbA-trnH and ITS were used respectively and in combination. The x-axis
represents different barcode combinations, and the y-axis represents the genetic distance values. Phylogenetic
analysis (B) and principal component analysis (D) were conducted on the difference information of the psbA-trnH
barcode sequence. And hylogenetic analysis (C) and principal component analysis (E) were conducted on the
different information of the ITS + psbA-trnH barcode sequence. Abbreviation: intra-GD: intraspecific genetic distance;
inter-GD: interspecific genetic distance.

3.2 ISSR Technology Generated Genetic Profiles of Epimedium

The polymorphism, repeatability, and stability of twenty-one ISSR molecular markers were
meticulously screened and comprehensively evaluated. Nine primers that exhibited poor amplification
efficiency or failed to produce amplification products were excluded from further analysis. Ultimately, twelve
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primers with excellent polymorphism, distinct bands, and high repeatability were selected as core primers
for in-depth genetic analysis (Fig. S3). The presence or absence of bands at each locus in every sample was
represented by “1” and “0”, respectively. The resulting binary graph provided a visual representation of the
data differences (Fig. 2A), facilitating a clear understanding of the genetic profiles among the samples.

After genotyping all samples, the ISSR markers yielded 189 bands, with an average of 15.75 effective
bands per primer and a polymorphic band percentage of 100%. The average number of observed alleles per
primer was 31.50. The effective number of alleles varied from 17.71 to 31.54, with an average of 25.47. Nei’s
gene diversity index ranged from 0.34 to 0.64, with an average of 0.52, while Shannon’s information index
spanned from 0.51 to 0.95, with an average of 0.77 (Table S3). These high values for polymorphism-related
indices indicate a rich genetic diversity within the Epimedium samples examined, which is crucial for
understanding the genetic structure, evolutionary potential, and species diversity of this genus [33].

Genetic distance and genetic identity between samples were calculated based on Nei’s index, providing
insights into their genetic relationships [34]. The results revealed that Nei’s genetic identity ranged from
0.48 to 0.87, with an average of 0.62, while Nei’s genetic distance varied from 0.14 to 0.74, with an average
of 0.48 (Table S4). Notably, samples S1 and S3, both belonging to E. koreanum, exhibited the smallest
genetic distance and the largest genetic identity, suggesting a close genetic relationship within this species.
Conversely, samples S10 (E. sagittatum) and S15 (E. brevicornu) had the largest genetic distance and the
smallest genetic identity, highlighting the genetic divergence between different Epimedium species. This
divergence aligns with the known taxonomic differences and can be used as molecular evidence for species
identification [21]. Similar patterns have been reported in other plant genera, where genetic distance metrics
have successfully differentiated closely related species and provided valuable information for taxonomic
studies [35].

To better visualize the genetic relationships among Epimedium samples, a UPGMA phylogenetic tree
was constructed using NTSYSpc software, and a correlation test was carried out. The correlation test result,
with r = 0.83 and p = 0.002, indicated a good fit of the UPGMA clustering result (Fig. S4A). When the
similarity level was set at 0.58, the UPGMA phylogenetic tree grouped the samples into two major clusters.
The first cluster included E. koreanum, E. brevicornu, E. pubescens, E. dewuense, and E. jinchengshanense,
while the second cluster consisted of E. sagittatum and E. stellulatum (Fig. 2B). When the similarity is 0.7,
wild-type Epimedium S1, S3, S5, and S7 were clustered in a separate small branch, and their genetic diversity
loci are fewer than those of other samples. This suggests that these wild-type samples may have limited
gene exchange with other samples, possibly due to geographical isolation or specific ecological adaptations,
resulting in reduced genetic variation [29]. When the similarity is 0.7, the three samples S13, S14, and S15 of
E. brevicornu from Gansu formed a small cluster but did not cluster with S5 (also E. brevicornu), indicating
that gene exchange within the same species can be influenced by environmental factors [36]. In the second
cluster, when the similarity was 0.65, sample S17 of E. stellulatum and sample S16 of E. sagittatum, both
originating from Hubei with a relatively close geographical proximity, were clustered together, further
supporting the role of geography in shaping genetic relationships [37]. We found that clustering trees
separated distantly related species at a similarity of 0.58 and aggregated geographically close samples at a
similarity of 0.70. However, E. koreanum (S1–S4) individuals did not cluster into a single clade. This may be
attributed to the high complexity of the genus Epimedium, which makes it difficult to define clear species
or geographic boundaries.

PCA analysis was conducted on the ISSR data, and the samples were classified into two groups
according to the previous UPGMA clustering results. The analysis showed that PC1 accounted for 17.2%
of the total variance in the dataset, while PC2 accounted for 9.57%, visually illustrating the degree of
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relatedness among the samples (Fig. 2C). Subsequently, STRUCTURE software was employed for population
structure analysis, and the optimal result was obtained when K = 4 (Fig. S4B). The samples were partitioned
into four gene pools, and a Q-Q plot was generated (Fig. 2D). Gene pool 1 accounted for 0.215, gene pool 2
accounted for 0.208, gene pool 3 accounted for 0.317, and gene pool 4 accounted for 0.260. The average
distances (expected heterozygosity) between samples in clusters 1 to 4 were 0.413, 0.371, 0.220, and 0.316,
respectively (Table S5). Population structure analysis can infer the ancestral origins of individuals within
each sample [38], and the results were largely consistent with the population structure diagram.

To create a genetic fingerprint map of Epimedium samples and identify a single primer for sample
differentiation, primers 808, 811, 842, and 864 were found to exhibit distinct fingerprints. Primer 808 had the
fewest loci. Therefore, the 13-locus information of primer 808 was utilized to generate fingerprints of the
samples on the QR code generation website (https://cli.im/) (Fig. S5). This genetic fingerprinting approach
can serve as a valuable tool for rapid and accurate sample identification, which is of great significance
for quality control in the utilization of Epimedium resources [39]. Similar fingerprinting techniques have
been successfully applied in other medicinal plant species to ensure the authenticity and quality of herbal
products [14].

The ISSR analysis in this study provided a genetic profile of Epimedium and demonstrated the
effectiveness of ISSR technology in investigating the genetic diversity and population structure of Epimedium.
The findings also highlighted the influence of geographical factors on genetic relationships within and
between species. Future studies could further explore the genetic basis of specific traits in Epimedium
and investigate the potential for genetic improvement and conservation of this vital plant genus [40].
For example, by conducting genome-wide association studies (GWAS) on Epimedium, we can identify
the specific genes associated with traits such as high-yield [41] and disease resistance [42], which would
provide a theoretical basis for genetic breeding programs.

 

Figure 2: Genetic diversity analysis of Epimedium. All sample loci of Epimedium were plotted as binary plots (A), and
cluster analysis based on the UPGMA method was conducted (B), principal component analysis (C), and population
structure analysis (D).

https://cli.im/
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3.3 The Multi-Index Composition Exhibited Differences among Different Species of Epimedium

The chromatograms of Epimedium samples were imported into the similarity evaluation system of
traditional Chinese medicine fingerprint. With sample S11 designated as the reference chromatogram and
a time window set at 0.4, the reference chromatogram (R) was generated (Fig. 3A). A total of 79 peaks
were detected across the samples, of which 16 were common peaks. The fingerprint chromatograms of
different samples manifested distinct variations, reflecting notable differences in their metabolic components
and contents [43]. The similarities between the samples and the reference chromatogram ranged from
0.256 to 0.994, averaging 0.7908, indicating a substantial degree of variation among the samples. Sample
S18 showed the highest similarity to the reference chromatogram, while S4 had the lowest. The proportion
of non-common peaks in each sample varied from 3.60% to 42.04%, with an average of 12.81%. S4 exhibited
the highest proportion of non-common peaks, and S18 had the lowest (Table S6).

Chemometric analysis was performed on the 16 common peaks. Through hierarchical clustering, the
samples were grouped. At a distance of 0.8, they were classified into two groups. The first group comprised
E. brevicornu, E. koreanum, E. pubescens, and E. dewuense (Fig. 3B). Within this group, S7 and S8 formed
a separate small branch; all E. koreanum and E. brevicornu samples clustered together, respectively. The
second group included E. sagittatum, E. stellulatum, and E. jinchengshanense. At a distance of 0.3, S17 and
S20 were separated, and all E. sagittatum samples formed a distinct small branch. This clustering pattern is
similar to the genetic relationships revealed by ISSR analysis of Epimedium.

Subsequently, PCA analysis based on this two-group division revealed that the samples in the two
groups could be largely segregated. PC1 accounted for 42.06% and PC2 for 15.81% of the total variance,
with significant content differences between the groups (R2 = 0.7064, p = 0.0010) (Fig. 3C). This indicates
that the metabolic compositions of the two groups are distinctly different, likely due to species-specific
genetic traits and ecological adaptations [44].

Non-Metric Multidimensional Scaling (NMDS) analysis was then carried out. The Stress value of
0.0948 < 0.1 suggested a good model fit. The greater the distance between samples, the more pronounced the
content difference. Moreover, the samples in the first group were relatively dispersed, indicating internal
variations, while those in the second group were more concentrated, implying a more homogeneous
metabolic composition within this group (Fig. 3D). The dispersion and concentration patterns observed in
NMDS analysis further support the findings from PCA and hierarchical clustering.

OPLS-DA was employed to screen out the main differential metabolites (Fig. 3E,F). By comparing the
retention times of the chromatographic peaks with the reference solution, T37 was identified as epimedin B,
T38 as epimedin C, and T40 as icariin (Fig. 3F). These differential metabolites serve as potential biomarkers
for differentiating Epimedium samples and hold significance for species identification [45] and quality
assessment [46].

Content determination based on eight index components was conducted to compare the content
differences among different Epimedium samples. The stacked bar chart (Fig. 4A) and violin plots (Fig. 4B,C)
visually illustrated the content of each component and its dispersion degree among the samples. Overall,
epimedin C and icariin had relatively high content levels, whereas epimedin A1, epimedin A, epimedin B,
icariside I, baohuoside I, and anhydroicaritin had generally low contents. Epimedin C showed the most
significant variation among samples, while icariside I had the least variation. These results are consistent
with previous studies on the chemical variability of Epimedium species, where different metabolites respond
differently to genetic and environmental factors [47].
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Figure 3: Analysis of fingerprint chromatograms to identify differential metabolites of Epimedium. The chemical
fingerprint chromatograms of Epimedium samples were plotted (A), and cluster analysis (B), PCA analysis (C), NMDS
analysis (D), and OPLS-DA analysis (E) were conducted, obtaining the main differential metabolites with VIP > 1 (F).

After normalizing the Epimedium content data, a clustering heatmap was created to show the relative
weight of each component in the samples. The content ratio of epimedin C and icariin in E. sagittatum was
the highest (Fig. 4D). Correlation analysis of the index components revealed strong positive correlations
between epimedin A1 and epimedin B (r = 0.65, p < 0.01), epimedin B and icariside I (CI) (r = 0.48, p < 0.05),
and strong negative correlations between epimedin C and epimedin B (r = −0.61, p < 0.01) (Fig. 4E). These
correlations imply potential synergistic or competitive relationships in the biosynthesis process [48,49].

The content of individual index components in 20 batches of Epimedium samples was presented as a
bar chart (Fig. 4F–M), showing the content of each component among different samples. Regarding the total
component content, samples S1–S4 (E. koreanum) had relatively low levels with a balanced proportion of
components. This detailed analysis of component content provides a comprehensive understanding of the
chemical composition of Epimedium. Linking chemical profiles to variations in species, geographical origin,
and processing methods is essential for evaluating the quality and potential therapeutic effects of Epimedium
products [50]. Future research could focus on exploring the genetic and environmental determinants
of metabolite variation [51] and developing more precise quality control methods (e.g., electrochemical
analysis) for Epimedium products [52].
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Figure 4: Content determination of multi-index components in Epimedium. A stacked bar chart (A) was drawn to
show the contents of eight index components in 20 batches of Epimedium samples. The violin plots (B,C), clustering
heat maps (D) and correlation analysis heat maps (E) of these components were generated. The bar charts of the
contents of each component correspond to epimedin A1 (F), epimedin A (G), epimedin B (H), epimedin C (I), icariin (J),
icariside I (K), baohuoside I (L), and anhydroicaritin (M), respectively. Different lowercase letters above the bars (F–M)
indicate significant differences in component contents among samples (p < 0.05), whereas values with the same letter
are not significantly different.

3.4 Genetic Diversity and Ecological Factors Jointly Drove Variations in Epimedium Components

One of the key elements of Daodi medicinal materials is “Daodi”, that is, the suitability of the
environment [53]. In order to study the environmental factors of quality formation, ecological factors were
retrieved from ArcGIS and combined with three geographical factors (longitude, latitude, and altitude).
A heatmap was then created to explore the diverse environmental conditions of each sample (Fig. S6).
The results revealed that geographically proximate samples, like S18 and S19, often had similar ecological
environments. However, there were exceptions: S10 and S12 fromHubei had similar ecological environments
but did not cluster with S9 and S11 from Hubei. This finding emphasizes the importance of considering
geographical and ecological factors in the cultivation of Epimedium [54]. Previous studies on other plant
species have also shown that ecological factors are crucial for metabolite accumulation [55], which is
consistent with our observations in Epimedium.

Subsequently, a structural equationmodel diagramwas constructed based on theMantel test to illustrate
the relationships among ecological factors, geographical location, ISSR genetic diversity, and multi-index
component content (Fig. 5A). The results indicated that ecological factors had a positive correlation with
geographical location (r = 0.29, p = 0.02) and a strong positive correlation with ISSR genetic diversity
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(r = 0.51, p = 0.001). The content differences of multi-index components of Epimedium were significantly
positively correlated with both ecological factors (r = 0.56, p < 0.001) and ISSR genetic diversity (r = 0.47,
p = 0.001). Overall, these results suggest a complex interplay among these variables. Ecological factors are
influenced by geographical location and have a significant impact on genetic diversity, which is in line
with the view of the interaction between genes and the environment in ecological populations. Ecological
factors are affected by geographical location and will have an important impact on genetic diversity, which
is in line with ecological population theory [56]. Moreover, ecological factors and genetic diversity jointly
contribute to variations in the component content of Epimedium. In the research of Cannabis sativa, climatic
and geographical factors co-drive its phenotypic diversity, and the research on genetic diversity needs to be
supplemented [57].

To validate the association between individual components and genetic diversity as well as ecological
factors, an interactive Mantel test correlation analysis was carried out (Fig. 5B). The findings showed that
multi-index components were significantly associated with both ISSR genetic diversity and ecological
factors. Specifically, epimedin A exhibited a significant positive correlation with genetic diversity (r = 0.20,
p = 0.049). Icariside I (r = 0.38, p = 0.002) and baohuoside I (r = 0.18, p = 0.048) both had strong positive
correlations with ecological factors. Notably, epimedin C demonstrated strong positive correlations with
both genetic diversity (r = 0.47, p = 0.001) and ecological factors (r = 0.50, p = 0.001). Similarly, icariin
had strong positive correlations with genetic diversity (r = 0.57, p = 0.001) and ecological factors (r = 0.37,
p = 0.001). These results imply that different components of Epimedium are influenced by genetic and
ecological factors to varying degree or example, epimedin A appears to be primarily influenced by genetic
diversity, while icariside I and baohuoside I are more strongly affected by ecological factors. In contrast,
epimedin C and icariin are driven by both genetic diversity and ecological factors, suggesting that their
biosynthesis and accumulation are regulated by a combination of genetic and environmental cues [50,54].

To further explore the impact of environmental factors on the differences in the chemical components
of Epimedium, a RDA was performed. The Spearman correlation coefficient was employed to address the
collinearity among ecological factors. For ecological factors with a correlation coefficient greater than 0.7,
only one factor was selected as a variable (Fig. 5C). In total, seven ecological factors were screened out.
These screened ecological factors were used as environmental variables for the RDA. The results of the
RDA showed significant differences in these environmental variables between the two groups of samples
(R2 = 0.7064, p = 0.0010), with RDA1 explaining 32.21% and RDA2 explaining 10.39% of the variation. This
clearly indicated that the two groups of samples were distinctly separated in the environmental variable
space, and the environmental variables had a substantial impact on the distribution of the two groups of
samples. Among the environmental factors, “mean temperature of driest quarter” (TDQ), “precipitation
seasonality” (PS), and “temperature annual range” (TAR) were identified as key factors influencing the
chemical component content of Epimedium (Fig. 5D). Specifically, E. sagittatum, which has a relatively
high content of flavonol glycosides, is positively regulated by TDQ and negatively regulated by PS and
TAR. In contrast, E. koreanum and E. pubescens are mainly positively regulated by PS and TAR. To further
analyze the specific metabolites affected by ecological factors, we conducted a correlation analysis (Fig. S7).
Ecological environment mainly affects three components, namely epimedin B, epimedin C and icariin, which
are precisely the differential metabolites identified in our previous OPLS-DA analysis. The “precipitation
of the wettest quarter” (r = −0.66, p = 0.001) and “precipitation of the coldest quarter” (PCQ) (r = −0.50,
p = 0.03) showed a significant negative correlation with epimedin B, while PCQ exhibited a strong positive
correlation with icariin (r = 0.77, p < 0.001) and epimedin C (r = 0.66, p = 0.001). This suggests that attention
should be paid to the balance between humidity and active components during cultivation. Additionally,
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TDQ was significantly positively correlated with icariin (r = 0.55, p = 0.01) and epimedin C (r = 0.77,
p < 0.001), indicating that a certain degree of temperature increase can promote the accumulation of these
two components in Epimedium. These findings suggest that specific climatic conditions play a crucial role
in shaping the chemical composition of Epimedium, potentially affecting the biosynthesis and accumulation
of various metabolites. Similar results have been reported in studies on other medicinal plants, where
precipitation and temperature-related factors influence the production of bioactive compounds [58]. In
ecological studies on Crocus sativus, it has also been demonstrated that environmental variables can regulate
the nutritional status and biochemical accumulation patterns of the plant [59].

The identified associations between specific components and genetic or ecological factors provide
valuable insights into the underlying mechanisms governing the biosynthesis of these components. By
understanding how genetic diversity and ecological factors influence the chemical composition, it becomes
possible to select superior genetic resources that are more likely to produce desired bioactive components.
Moreover, identifying the key ecological factors that impact the content of these components allows for
the determination of suitable environments for cultivating Epimedium. This can significantly enhance the
quality and yield of Epimedium products, ensuring a more reliable source of raw materials for TCM and
other applications.

 

Figure 5: Genetic diversity and ecological factors jointly affect the component differences of Epimedium. The Mantel
test was used to correlate ecological factors, geographical factors, ISSR genetic diversity and multi-index component
contents (A), and the interactive mantel test correlation analysis of ISSR genetic diversity and ecological factors
with all index components was conducted (B). Screening of representative ecological factors based on the Spearman
coefficient (C). Redundancy analysis was performed on seven representative environmental factors as variables for
Epimedium (D). Abbreviation: Iso: isothermality; PWQ: precipitation of wettest quarter; PCQ: precipitation of coldest
quarter; TWQ: mean temperature of warmest quarter; PS: precipitation seasonality; TAR: temperature annual range;
TDQ: mean temperature of driest quarter.
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4 Conclusion

Both psbA-trnH and ITS + psbA-trnH DNA barcodes demonstrated remarkable effectiveness in
identifying the plant sources of various Epimedium species, predominantly encompassing E. koreanum,
E. sagittatum, and E. brevicornu. Among them, the psbA-trnH barcode exhibited the most superior
identification performance for E. sagittatum, owing to the presence of a substantial number of differentiating
sites, which enabled precise species discrimination.

The application of ISSR markers successfully classified the samples into two major clusters. This not
only revealed significant differences in genetic diversity between E. sagittatum and other Epimedium species
but also underscored the richness of species diversity and regional genetic diversity within the genus. Based
on population structure analysis, the genetic structure of Epimedium is it is reasonably hypothesized that
derived from four distinct gene pools, providing valuable insights into the evolutionary history and genetic
relationships among different Epimedium populations.

Furthermore, notable variations were observed in the content of the index components across different
Epimedium samples. Among these components, icariin, epimedin B, and epimedin C emerged as the primary
differential metabolites, playing crucial roles in distinguishing between various Epimedium species. The
findings of this study clearly indicated that the content differences of multi-index components in Epimedium
were jointly driven by genetic diversity and ecological factors. The key factors identified were “mean
temperature of driest quarter”, “precipitation seasonality”, and “temperature annual range”.

In summary, this study offers robust data support for the selection of high-quality planting materials
and the establishment of suitable ecological environments during the breeding process of Epimedium. By
understanding the complex interplay between genetic and ecological factors, it becomes possible to optimize
cultivation practices, enhance the quality and yield of Epimedium products, and ensure the sustainable
utilization of this valuable medicinal plant resource. These results have important implications for both the
scientific research and practical application of Epimedium in the field of TCM.
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