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Abstract: Cordyceps sinensis is a precious medicinal and edible fungus, which is widely used in body
health care and disease prevention. The current research focuses on the comparison of metabolite
characteristics between a small number of samples and lacks a comprehensive evaluation of the
quality of C. sinensis in a large-scale space. In this study, LC-MS/MS, principal component analysis
(PCA), hierarchical cluster analysis (HCA), and the membership function method were used to
comprehensively evaluate the characteristics and quality of metabolites in 15 main producing areas
of C. sinensis in China. The results showed that a total of 130 categories, 14 supercategories, and
1718 metabolites were identified. Carboxylic acids and derivatives, fatty acyls, organo-oxygen
compounds, benzene and substituted derivatives, prenol lipids, and glycerophospholipids were
the main components of C. sinensis. The HCA analysis and KEGG pathway enrichment analysis
of 559 differentially accumulated metabolites (DAMs) showed that the accumulation models of
fatty acids and conjugates and carbohydrates and carbohydrate conjugates in glycerophospholipid
metabolism and arginine and proline metabolism may be one of the reasons for the quality differences
in C. sinensis in different producing areas. In addition, a total of 18 biomarkers were identified and
validated, which had a significant discrimination effect on the samples (p < 0.05). Overall, YS, BR,
and ZD, with the highest membership function values, are rich and balanced in nutrients. They are
excellent raw materials for the development of functional foods and provide scientific guidance for
consumers to nourish health care.

Keywords: Cordyceps sinensis; metabolomics; biomarkers; quality evaluation

1. Introduction

Cordyceps sinensis is an insect—fungal complex formed by Ophiocordyceps sinensis after
infecting the larvae of the bat moth and causing the death of the host. It is a precious
biological resource [1]. As a famous Chinese herbal medicine widely used in medical
treatment, it has a history of more than 300 years [2]. In the world, the species of C. sinensis
are mainly distributed in North America, East Asia, and Southeast Asian countries, and
most species are from the Qinghai-Tibet Plateau and its surrounding areas in China [3]. C.
sinensis is distributed in a stepwise manner, with the increase in altitude in China. It has
not been or has rarely been in the low-altitude area (3500 m). The main producing areas are
Qinghai and Tibet [4]. The great altitude difference leads to different growth environments
of C. sinensis in different producing areas [5], which is finally manifested as the difference
in its metabolic spectrum.
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C. sinensis is rich in a variety of bioactive components, such as amino acids, sphin-
golipids, adenosine, carbohydrates, polysaccharides, mannitol, and nucleosides, which
exhibit different medicinal functions [6-8]. The in vitro antioxidant capacity test of C.
sinensis water extract showed that it had a strong ability to scavenge hydroxyl radicals
and DPPH radicals and also had a strong reducing ability, which was attributed to its rich
variety in amino acids, among which glutamic acid and arginine were excellent [9]. Nucle-
oside compounds are considered to be involved in the treatment of cancer. Mannitol can
inhibit the formation of superoxide anions and the release of elastase, and it shows strong
cytotoxicity towards cancer cells A549, PANC-1, and McF-7 [10,11]. When polysaccharides
were used as additives (200 uM) to feed nematodes, researchers found that the average
lifespan of the nematodes was prolonged by 11.3% [12]. This ingredient is rich in a variety
of proteins that have been reported to have multiple biological effects, including anti-fungal
and anti-virus properties and a role in regulating immune function [13]. Therefore, C. sinen-
sis is also widely regarded by nutritionists and professional health care workers. The tannin
and dihydromyricetin extracted from the aqueous extract of C. sinensis exhibited strong
1,1-Diphenyl-2-picrylhydrazyl radical 2,2-Diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl and
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging activities
and reducing power [14]. Encouragingly, the hot-water extract of C. sinensis can promote
the secretion of paclitaxel and significantly inhibit taxol-induced cytotoxicity in mice [15].
Finally, C. sinensis showed specific anti-fatigue effects in clinical trials of sub-health status
and the treatment of fatigue status [16].

In the past 20 years, C. sinensis, as a good functional food and drug development
raw material, has been the subject of published studies, with a lot of good comments,
but its edible value and medicinal value depend on its origin [17]. Different sources
of C. sinensis have different sensory qualities, metabolite compositions, and flavors [18].
In particular, C. sinensis in high-altitude areas such as the Yushu Tibetan Autonomous
Prefecture, the Qinghai province, Naqu city, and the Tibet Autonomous Region (TAR) is
rich in metabolite species [19,20]. These factors make the comprehensive evaluation of the
quality of C. sinensis in many producing areas around the Qinghai-Tibet Plateau one of
the current academic hotspots. In this study, LC-MS/MS liquid chromatography-tandem
mass spectrometry was used to qualitatively and quantitatively analyze the metabolites of
C. sinensis from 15 producing areas. According to the screened and identified biomarkers,
the comprehensive evaluation of the quality of C. sinensis from 15 producing areas was
completed, which provided a scientific basis for its edible and medicinal use.

2. Materials and Methods
2.1. Sample and Data Collection

From the 7 May 2023 to the 11 June 2023, the research group purchased C. sinensis
from 15 producing areas (biological repeats = 6) in the Qinghai province, Sichuan province,
Yunnan province, Gansu province, and TAR in China as experimental materials to study
the nutritional components of C. sinensis in different producing areas (Figure 1). Samples
of C. sinensis at the same maturity stage were selected from each producing area, and
6 biological replicates were set. This study does not involve special plant or animal reserves
nor does it require special permits. All the collected materials were frozen at —80 °C. We
downloaded climate data (https://data.cma.cn/, accessed on 16 November 2023), collated
as background data (Table S1), from the National Meteorological Science Data Center of
China Climate Science Data Center.
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Figure 1. Sample distribution of C. sinensis from 15 producing areas. BR is Biru County in the
TAR; DQ is Dingqing County in the TAR; LZ is Linzhi County in the TAR; ZD is Zaduo County
in the Qinghai province; YS is the Yushu Tibetan Autonomous Prefecture in the Qinghai province;
HK is Xinghai Country in the Qinghai province; MQ is Maqin County in the Qinghai province;
XH is Xunhua County in the Qinghai province; GD is Guide County in the Qinghai province; MY
is Menyuan County in the Qinghai province; QL is Qilian County in the Qinghai province; TZ is
Tianzhu County in the Gansu province; MQ is Maqu County in the Gansu province; X] is Xiaojin
County in the Sichuan province; and SL is Shangri-La city in the Yunnan province.

2.2. Sample Pretreatment and Metabolite Extraction

The stroma and sclerotia of C. sinensis were rinsed with distilled water three times,
then 100 mg of the sample was weighed into a 2 mL centrifuge tube, and a grinding bead
with a diameter of 6 mm was added to assist with grinding. A total of 100 mg samples was
added to 400 pL extractant (80% methanol + 20% water) and ground for 6 min (—10 °C,
50 Hz). After low-temperature extraction for 30 min at 5 °C and 40 KHz, the samples were
centrifuged at 4 °C and 13,000 rpm for 15 min. Then, the supernatant was weighed and
injected into an injection bottle with a 0.22 um filter membrane for detection. A total of
10 uL of the extract of all the samples was taken to prepare a quality control (QC) sample
to investigate the stability of the entire detection process. The reagents used in this study
were all analytically pure purchased from Merck S.A. (Merch, Beijing, China).

2.3. LC-MS/MS

The extraction and detection of the metabolites were based on the existing research re-
sults of the Cordyceps sinensis Research Laboratory and modified the reported references [21].
The samples were detected by the ultra-high-performance liquid chromatography—tandem
Fourier-transform mass spectrometry UHPLC-Q Exactive HF-X system. The chromato-
graphic conditions were as follows: chromatographic column ACQUITY UPLC HSS T3
(100 mm x 2.1 mm i.d., 1.8 um; Waters, Milford, CT, USA); the mobile phase A was 95%
water + 5% acetonitrile (containing 0.1% formic acid); and the mobile phase B was 47.5%
acetonitrile + 47.5% isopropanol + 5% water (containing 0.1% formic acid). The injection
volume was 3 pL, and the column temperature was 40 °C. The samples were ionized by
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electrospray ionization, and the mass spectrometry signals were collected by ESI+ and
ESI-scanning modes, respectively. The mass spectrometry conditions were the following:
scan type (70-1050 m/z); sheath gas flow rate (50 arb); aux gas flow rate (13 arb); heater
temp (425 °C); capillary temp (325 °C); spray voltage (£3500 V); s-Lens RF level (50);
resolution (Full MS60,000); and resolution (7500 MS2).

2.4. Metabolite Identification and Quantitative Analysis

Both positive (POS)- and negative (NEG)-mode data were used in this study. The
measured raw data were imported into Progenesis QI (Waters Corporation, Milford, CT,
USA) for line filtering, peak identification, integral, retention time correction, and peak
pair. Finally, the data matrix of the retention time, mass-to-charge ratio, and peak intensity
was obtained. The MS and MS/MS mass spectrometry information was matched with the
metabolic database (HMDB, Metlin and KEGG). The MS mass error was set to be less than
10 ppm, and the metabolites were identified according to the secondary mass spectrometry
matching annotation. To facilitate the subsequent data analysis, the data matrix was
normalized, and a log transformation was performed to correct the heteroscedasticity of the
dataset, reduce the asymmetry in the data structure, and improve the normality of the data.

2.5. Acquisition of the Integrated Membership Function

The integrated membership function values of 15 samples from different producing
areas were calculated using the 18 verified biochemical markers, which were calculated
with the following equation [22,23]:

X;E;(n) = (Xah - Xbmin)/(xbmax - Xbmin)X,;,(n) =1- X;;(”)

Among them, X!, (n) represents the integrated membership function value that is pos-
itively correlated with the sample, X, (1) represents the integrated membership function
value that is negatively correlated with the sample (Table S2), X, is the mean value of the
measured value of the b index of the sample, X,,;, is the minimum value of the b index of
all the samples, and X,y is the maximum value opposite to it.

3. Results
3.1. Overview of C. sinensis Metabolites

QC samples were obtained by merging all the samples to test the stability and reliability
of the system. In the obtained total ion current chromatogram, it was observed that the QC
control sample ran stably before 8 min, and the retention time and peak intensity of POS and
NEG had good repeatability, indicating that data determination was reliable (Figure S1A).
The relative standard deviation of POS and NEG was less than 30%, and the proportion of
peak accumulation was more than 70%, indicating that the test method and determination
data were reliable (Figure S1B). A total of 1826 metabolites (Table S2) were detected in
this study, and 1718 metabolites (POS: 800 metabolites; NEG: 918 metabolites) could be
identified. They were divided into 14 superclasses, 130 classes, and 266 subclasses (Table S3)
(Figure 2A). C. sinensis was rich in organic acids and derivatives (553 metabolites, 26.57%),
lipids and lipid-like molecules (505 metabolites, 24.27%), organoheterocyclic compounds
(315 metabolites, 15.14%), organic oxygen compounds (235 metabolites,11.29%), benzenoids
(172 metabolites, 8.27%), and phenylpropanoids and polyketides (98 metabolites, 4.71%)
(Figure 2B). It was rich in carboxylic acids and derivatives (489 metabolites, 23.50%), fatty
acyls (273 metabolites, 13.12%), organo-oxygen compounds (235 metabolites, 11.29%),
benzene and substituted derivatives (101 metabolites, 4.85%), prenol lipids (83 metabolites,
3.99%), and glycerophospholipids (73 metabolites, 3.51%) (Figure 2C).
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Figure 2. Composition of metabolites of C. sinensis from 15 producing areas: (A) the percentage
histogram of the top 6 superclasses; (B) the pie chart of the superclasses; and (C) the pie chart of
the classes.

The carboxylic acids and derivatives (88.43%) were the main metabolites of organic
acids and derivatives, and the content of fatty acyls (54.06%) in the lipids and lipid-like
molecules was the highest. The benzenoids had the highest content of benzene and
substituted derivatives (58.72%). The organoheterocyclic compounds had the most class
diversity (64 classes), while the organic oxygen compounds were all composed of organo-
oxygen compounds. The composition of the various metabolites in the phenylpropanoids
and polyketides was similar. These conclusions provided valuable data for the medicinal
value of C. sinensis and the mining of potential biomarkers.

3.2. Multivariate Statistical Analysis of Metabolites

Multivariate statistical analysis was used to analyze the differences in metabolites
between C. sinensis from 15 producing areas. The results of the PCA showed that the first
two principal components accounted for 74.67% (PC1 = 44.91%; PC2 = 29.76%), indicating
that the metabolites could effectively distinguish the samples. The distribution of the
samples was highly dispersed, indicating that the metabolites of C. sinensis from different
habitats were quite different (Figure 3A). To accurately find the DAMs between the samples,
the partial least-squares discriminant analysis (PLS-DA) model was used in this study, and
all the samples were distinguished without overlapping (Figure 3B). A permutation test of
200 times was used to test the validity and fitting effect of the model. The results showed
that R2 = 0.84 and Q? = 0.77, and the model had good fitting effect and predictability
(Figure 3C,D). According to the types of metabolites, Venn analysis was performed on the
samples, and it was observed that samples YS and TZ had the most metabolite diversity
(Figure 4A). The abundance of metabolites was used for sample clustering and a correlation
analysis. The results showed that C. sinensis specimens from 15 producing areas were
divided into four categories. Group A was X] and SL; group B included GD, MQ, XH, HK,
and LZ; group C included ZD, DQ, BR, and YS; and group D included MU, TZ, MY, and QL
(Figure 4B,C). The similarity between the three groups of samples A, B, and C was higher,
showing the distribution pattern in and around the Qinghai-Tibet Plateau.
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3.3. Identification of DAMs and Enrichment Pathway Analysis

Based on the score of each metabolite in the PLS-DA model, its variable importance in
projection (VIP) value was calculated. Differentially accumulated metabolites (DAMs) were
screened by VIP > 2 and FDR < 0.5, and a KEGG metabolic pathway enrichment analysis
(Table S4) was performed. A total of 559 metabolites were annotated into 76 metabolic
pathways, the top 20 of which are visualized by KEGG in Figure 5A. The alanine, aspartate,
and glutamate metabolism, the sphingolipid metabolism, the «-Linolenic acid metabolism,
and arginine biosynthesis were significant enrichment pathways for DAMs (Figure 5A).

The HCA of the top 50 DAMs showed that the samples clustered into the same class
showed similar metabolite compositions, and the metabolites clustered into the same class
showed similar or complementary physiological functions. This study found that the
samples were clustered into three categories: cluster 1 included BR, YS, HK, ZD, XH, LZ,
and DQ; cluster 2 included MQ, QL, MY, and GD; and cluster 3 included SL, MU, XJ, and
TZ (Figure 5B). Among them, the relationship between cluster 1 and cluster 2 was closer,
which indicated that the metabolic spectrum characteristics of the samples in cluster 1
and cluster 2 were more similar. The 15 samples were also divided into two categories:
BR, YS, HK, ZD, XH, LZ, DQ, MQ, QL, MY, and GD were located in the Qinghai-Tibet
Plateau, including the Qinghai province and the TAR; SL, MU, X]J, and TZ were around
the Qinghai-Tibet Plateau, including the Gansu province, the Sichuan province, and the
Yunnan province.

The top 50 DAMs were clustered into 10 categories, with the most abundant being
fatty acids and conjugates (20 metabolites, 40%), followed by fatty acid esters (6 metabolites,
12%), carbohydrates and carbohydrate conjugates (5 metabolites, 10%), and glycerophos-
phocholines (4 metabolites, 8%). Among them, C. sinensis specimens belonging to the
Qinghai-Tibet Plateau were mostly rich in fatty acids, their conjugates, and glycerophos-
phocholines; most of the C. sinensis samples produced around the Qinghai-Tibet Plateau
were rich in fatty acid esters, carbohydrates, and carbohydrate conjugates. Our study also
showed that these four types of substances were the most different metabolites of C. sinensis
in the 15 producing areas and potential biomarkers. In addition, fatty acids and conjugates
could qualitatively distinguish all the samples, and the identification effect of other DAMs
on the samples cannot be observed from the figure above. Therefore, a quantitative analysis
of the 50 DAM: s is still needed to determine their identification effect on the samples.

3.4. Validation of Biomarkers

To determine whether these DAMs could be used as effective biomarkers and verify
their identification effect on the samples, the abundance of these DAMs in C. sinensis from
15 producing areas was analyzed by a single-factor analysis. In this study, the following
DAMs showed excellent performance in the identification of the samples (Figure S2): 12-
oxo-PDA, 1-Hexanol, cichorioside K, lysopa(20:2(11z,14z)/0:0), lysopg(18:2(9z,12z) / 0:0), 6-
n-octylaminouracil, trans-piceid, riboflavin, lumiflavin, n, n-dimethylguanonine, trehalose
6-phosphate, pc(16:1(9z)/20:1(11z)), pa(18:2(9z,12z) / 18:2(9z,12z)), pe(16:0/18:2(9z,12z)),
glucotropaeolin, cabergoline, pg(18:1(12z)-20h(9,10)/i-12:0), and 12-hydroxyhexadecano
ylcarnitine (Figure 6). The abundance of these 18 metabolites was significantly different
among the samples (p < 0.05), and they were excellent biomarkers for the C. sinensis samples
from 15 different regions. This provides a scientific basis for the quality evaluation, grade
identification, and traceability analysis of C. sinensis.
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3.5. Comprehensive Quality Evaluation of C. sinensis from 15 Producing Areas Based
on Biomarkers

To further measure the quality of C. sinensis in 15 producing areas, it was comprehen-
sively evaluated by 18 biomarkers screened by the membership function method (Table
56). The results showed that the composition of these biomarkers in C. sinensis samples
from 15 habitats was quite different, indicating that these C. sinensis specimens may have
different medicinal functions and health care values (Figure 7A). For example, because YS,
ZD, and DQ were rich in 12-methyltridecanoic acid, 12-oxo-pda, lysopa (20:2(11z,14z)/0:0),
etc., they were ideal raw materials for the functional study of lipids and lipid-like molecules.
MU, BR, and MQ were rich in glucotropaeolin, cichorioside K, and trehalose 6-phosphate,
which are ideal raw materials for studying the function of organic oxygen compounds. In
our comprehensive analysis, YS (0.8060), BR (0.7566), and ZD (0.7358) had the highest mean
value of integrated membership function (Figure 7B), which indicated that YS, BR, and
ZD had the most balanced and abundant nutrients, and their comprehensive nutritional
quality was the best. These specimens are ideal raw materials for the development of
medicinal functions. This study also found that YS, BR, ZD, MQ, GD, etc., with higher
comprehensive evaluations were more distributed in the Qinghai-Tibet Plateau, while C.
sinensis specimens around the Qinghai-Tibet Plateau ranked lower. This suggests that the
climate, climatic conditions, and other natural environments in the Qinghai-Tibet Plateau
have prompted C. sinensis to produce more diverse metabolites and improve their quality.
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Figure 7. Comprehensive analysis of C. sinensis quality in 15 producing areas: (A) radar map of

membership scores for 18 biomarkers from 15 producing areas; and (B) average radar chart of
integrated membership function of C. sinensis in 15 producing areas.

4. Discussion

The metabolites of C. sinensis are not only participants in their own physiological and
biochemical processes, but they also play an important role in the individual’s resistance to
biotic and abiotic stresses and have a variety of biological activities, which are beneficial to
human health [24]. Although many studies have reported the composition and content of
metabolites in C. sinensis, there is still a lack of comprehensive evaluation of the quality
system of C. sinensis in the main producing areas of C. sinensis in China, which limits
the edible value of C. sinensis as a functional food and the development of its medicinal
value as a raw material for Chinese herbal medicine. To comprehensively evaluate the
quality of C. sinensis from different producing areas, LC-MS/MS was used to qualitatively
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and quantitatively analyze the metabolites of C. sinensis from 15 producing areas. A total
of 1718 metabolites were detected and annotated in all the samples, mainly carboxylic
acids and derivatives, fatty acyls, organo-oxygen compounds, benzene and substituted
derivatives, prenol lipids, glycerophospholipids, etc., which were the main nutrients of
C. sinensis (Table S3), which was similar to the reported metabolites of C. sinensis in the
literature [25,26]. Our multivariate statistical analysis showed that the metabolic spectrum
characteristics of C. sinensis from different habitats were significantly different, which indi-
cated that C. sinensis from different habitats had different metabolic accumulation patterns.
The HCA analysis showed that the DAMs of C. sinensis from different habitats were mainly
fatty acids and conjugates, fatty acid esters, glycerophosphocholines, carbohydrates, and
carbohydrate conjugates. They also divided the 15 producing areas of C. sinensis into
areas around the Qinghai-Tibet Plateau and in the Qinghai-Tibet Plateau, and the samples
collected from the same producing area had a high similarity in metabolites, indicating that
climatic conditions and a growth environment in the same range may be the main factors
affecting the quality of C. sinensis. In general, the comprehensive quality of C. sinensis in
the surrounding production region was relatively low, and the comprehensive quality of C.
sinensis in the Qinghai-Tibet Plateau region was relatively high.

Fatty acids and conjugates, fatty acid esters, and glycerophosphocholines are lipids
and lipid-like molecules, which not only have similar biological activities but also unique
pharmacological effects. Glycerophosphocholines have been reported to inhibit adipocyte
differentiation and pancreatic lipase activity at 100 uM, reducing fat accumulation and
short-chain fatty acids in the mouse intestine [27]. The unsaturated fatty acids that it is rich
in not only show anti-inflammatory effects by assisting in the scavenging of hydroxyl radi-
cals but also promote the secretion of CAT, GSP-Px, and SOD, showing a strong antioxidant
effect [28]. Fatty acids have a wide range of protective effects in cardiovascular diseases,
digestive diseases, and autoimmune diseases, among which w3FAs and docosahexaenoic
acid (DHA) are considered to play an important role [29-33]. Carbohydrates and carbo-
hydrate conjugates are one of the most common and abundant nutrients in edible fungi,
providing energy to organisms through glycolysis and tricarboxylic acid (TCA) cycles, and
they perform similar functions in C. sinensis [34]. In the anti-tumor activity test, D-mannitol
is considered to enhance the phagocytosis of mouse macrophages and promote the release
of immune active substances’ tumor necrosis factor-a (TNF-«) and interleukin-6 (IL-6)
and improve the immune function of mice [35,36]. More animal experiments have also
shown that AESP-II, composed of mannitol, glucuronic acid, rhamnose, galactose acid, and
glucose, significantly increases the proliferation of T lymphocytes and B lymphocytes in a
dose-dependent manner [37,38]. These studies have shown that C. sinensis provides a large
amount of energy for organisms, and its secondary metabolites have a variety of medicinal
functions. This study provides valuable data resources for the mining and exploration of
the medicinal functions of C. sinensis.

Previous studies have shown that metabolites of C. sinensis grown in different envi-
ronments change significantly [39,40]. This study found that the comprehensive quality
of C. sinensis in the Qinghai-Tibet Plateau was higher than that around the Qinghai-Tibet
Plateau, which may have been closely related to local climatic factors. The average altitude
of BR, DQ, ZD, and YS in the western region was 4234 m, while the average altitude of X]J,
SL, MU, and TZ in the eastern region was 3100 m. Even in the same producing areas, such as
DQ, ZD, and BR, they were geographically close and had similar meteorological conditions.
However, soil factors such as soil type and vegetation type could also lead to the accumula-
tion of their metabolites (Table S1). According to the comprehensive ranking results of the
quality of C. sinensis from different producing areas, the quality of C. sinensis in the western
producing areas was generally higher than that in the eastern producing areas, indicating
that the plateau climate in the west was more conducive to the accumulation of metabolites
of C. sinensis. With the increase in altitude, this region shows a typical plateau climate such
as low temperatures, low oxygen levels, large temperature differences between day and
night, and reduced precipitations [41]. In this low-temperature environment, C. sinensis has
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a greater energy demand, accelerates carbon metabolism and carbohydrate synthesis, and
accumulates more carbohydrates and their derivatives to adapt [35]. D-mannitol, as a high-
quality reserve carbon source, is involved in multiple stress resistance processes of fungal
cells [25]. At the same time, low temperature is also an important factor in inducing fatty
acid accumulation [42,43], and fungal cell membranes resist temperature stress by forming
interwoven membrane lipid structures [44]. Hypoxia leads to the inhibition of glycolysis
and the TCA cycle. To obtain more energy, C. sinensis undergoes anaerobic respiration and
accumulates more fatty acid compounds, which are involved in the fatty acid metabolism
and synthesis [45,46]. At the same time, it leads to the accumulation of superoxide anions
and oxygen-free radicals in C. sinensis. Lipids and lipid-like molecules rich in C. sinensis
have a strong scavenging ability for these compounds. More animal experiments have
shown that it has a strong antioxidant capacity [47]. Among the 18 biomarkers screened in
this study, eight compounds, including 12-oxo-PDA, 1-Hexanol, and 12-methyltridecanoic
acid, were derived from lipids and lipid-like molecules, and the content of these biomarkers
was significantly different between the samples.

Meteorological conditions and environmental factors induce C. sinensis to produce
different metabolites, resulting in differences in the quality of C. sinensis from different
habitats. In this study, the comprehensive quality of C. sinensis from different producing
areas was analyzed in detail. While explaining the price difference caused by different
producing areas, it provided a scientific basis for consumers to choose C. sinensis for
physical health care and valuable data for the exploration of more pharmacological effects
of C. sinensis.

5. Conclusions

A total of 1718 metabolites were identified, which were divided into 14 superclasses
and 130 classes in 15 producing areas. Among them, carboxylic acids and derivatives, fatty
acids, organo-oxygen compounds, benzene and substituted derivatives, prenol lipids, and
glycerophospholipids were the main components of C. sinensis. The HCA analysis of the
top 50 metabolites of VIP value showed that the DAMs of C. sinensis from different habitats
were mainly derived from fatty acids and their conjugates, fatty acid esters, carbohydrates
and carbohydrate conjugates, and glycerophosphocholines. This study found and verified
18 biomarkers, which had a significant effect on the identification of the samples. The
integrated membership function method was used to evaluate the nutritional quality of
the 15 samples. The results showed that YS, BR, and ZD were nutritious, excellent raw
materials for the development of functional foods, and good choices for health care. YS, ZD,
and DQ were rich in 12-methyltridecanoic acid, 12-oxo-pda, lysopa (20:2 (11z,14z)/0:0), and
so on, which made them ideal raw materials for the functional study of lipids and lipid-like
molecules. MU, BR, and MQ were rich in glucotropaeolin, cichorioside K, and trehalose
6-Phosphate, which made them ideal materials for studying the function of organic oxygen
compounds. In summary, this study provided a basis for the edible value, medicinal value,
and grading identification of C. sinensis.
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www.mdpi.com/article/10.3390/jof10050356 /s1, Figure S1: Total ion chromatograms of samples in
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analysis of top 50 DAMs. The capital letters in the figure indicate significant differences in metabolite
abundance at the p < 0.05 level; Table S1: Meteorological data of sampling sites; Table S2: Correlation
analysis between 18 biomarkers and sampling sites; Table S3: Details of the compounds obtained
by KEGG annotation; Table S4: Classification information for all the compounds (those which
cannot be classified have been deleted); Table S5: Enrichment analysis of KEGG pathways; Table S6:
Comprehensive membership function values and ranking of 15 groups samples.

Author Contributions: Conceptualization, methodology, writing—original draft, and data curation,
T.W.; conceptualization and methodology, C.T.; methodology, Z.C. and H.H.; formal analysis and
investigation, M.X. and M.H.; formal analysis, ].Q.; and funding acquisition and writing—review and
editing, Y.L. and X.L. All authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/jof10050356/s1
https://www.mdpi.com/article/10.3390/jof10050356/s1

J. Fungi 2024, 10, 356 13 of 15

Funding: This study was funded by the major science and technology projects of the Qinghai province
(2021-SF-A4) and the Chinese Academy of Sciences—People’s Government of Qinghai Province on
Sanjiangyuan National Park (LHZX-2022-01).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Liang, J.; Li, X.Z.; Chen, ].B.; Tang, C.Y.; Wang, T.; Li, Y.L. Suitability and regionalization of Chinese cordyceps in Qinghai Province
Northwest China. Mycosystema 2022, 41, 1772-1785. [CrossRef]

2. Li, S.P; Yang, F.Q.; Tsim, K.W.K. Quality control of Cordyceps sinensis, a valued traditional Chinese medicine. |. Pharm. Biomed.
2006, 41, 1571-1584. [CrossRef] [PubMed]

3. Zhou, X.W.; Gong, Z.H; Su, Y,; Lin, J.; Tang, K.X. Cordyceps fungi: Natural products, pharmacological functions and develop-
mental products. J. Pharm. Pharmacol. 2009, 61, 279-291. [CrossRef] [PubMed]

4. Jie, Y; Cao, G.C; Rong, Z.L.; Li, H.F. Global prediction of potential distribution of Ophiocordyceps sinensis in Chain based on
Maxent model. Ecol. Sci. 2023, 42, 202-210. [CrossRef] [PubMed]

5. Yan, Y.J.; Yi, L.; Wang, W.J.; He, ].S.; Yang, R H.; Wu, H.].; Wang, X.L,; Jiao, L.; Tang, Z.Y.; Yao, Y.J. Range shifts in response to
climate change of Ophiocordyceps sinensis, a fungus endemic to the Tibetan Plateau. Biol. Conserv. 2017, 206, 143-150. [CrossRef]

6. Zhang, Y.; Zeng, Y,; Cui, Y,; Liu, H,; Dong, C.; Sun, Y. Structural characterization, antioxidant and immunomodulatory activities
of a neutral polysaccharide from Cordyceps militaris cultivated on hull-less barley. Carbohydr. Polym 2020, 235, 115969. [CrossRef]
[PubMed]

7. Lin, M.T,; Shan, G,; Dj, X,; Li, S.; Hu, HK. Lipidomic profiling of wild cordyceps and its substituents by liquid chromatography-
electrospray ionization-tandem mass spectrometry. LWT 2022, 163, 113497. [CrossRef]

8. Zhou, ].; Hou, D.; Zou, W.; Wang, J.; Luo, R.; Wang, M.; Yu, H. Comparison of Widely Targeted Metabolomics and Untargeted
Metabolomics of Wild Ophiocordyceps sinensis. Molecules 2022, 27, 3645. [CrossRef] [PubMed]

9.  Wang, ].Q,; Kan, L].; Nie, S.P.; Chen, H.; Steve, W.C; Aled, O.P,; Glyn, O.P;; Li, YJ.; Xie, M.Y. A comparison of chemical
composition, bioactive components and antioxidant activity of natural and cultured Cordyceps sinensis. LWT-Food Sci. Technol.
2015, 63, 2-7. [CrossRef]

10. Yang, M.L.; Kuo, P.C,; Hwang, T.L.; Wu, T.S. Anti-inflammatory principles from Cordyceps sinensis. ]. Nat. Prod 2011, 74, 1996-2000.
[CrossRef]

11. Qiu, W.; Wu, J.; Choi, J.; Hirai, H.; Nishida, H.; Kawagishi, H. Cytotoxic compounds against cancer cells from Bombyx
moriinoculated with Cordyceps militaris. Biosci. Biotechnol. Biochem. 2017, 81, 1224-1226. [CrossRef] [PubMed]

12.  Choi, J.N,; Kim, J.; Lee, M.Y.; Park, D.K.; Hong, Y.S.; Lee, C.H. Metabolomics revealed novel isoflavones and optimal cultivation
time of Cordyceps militaris fermentation. J. Agric. Food Chem. 2010, 58, 4258-4267. [CrossRef] [PubMed]

13. Yang, Q. Yin, Y,; Yu, G, Jin, Y.; Ye, X,; Shrestha, A.; Liu, W.; Yu, W.; Sun, H. A novel protein with anti-metastasis activity on 4T1
carcinoma from medicinal fungus Cordyceps militaris. Int. J. Biol. Macromol. 2015, 80, 385-391. [CrossRef] [PubMed]

14. Geng, S.; Chen, Y.; Abbasi, A.M.; Ma, H.; Mo, H.; Liu, B. Tannin fraction from Ampelopsis grossedentata leaves tea (Tengcha) as
an antioxidant and x-glucosidase inhibitory nutraceutical. Int. |. Food Sci. Technol. 2016, 51, 2692-2700. [CrossRef]

15. Liu, W.C.; Chuang, W.L.; Tsai, M.L.; Hong, ].H.; McBride, W.H.; Chiang, C.S. Cordyceps sinensis Health supplement enhances
recovery from taxol-induced leukopenia. Exp. Biol. Med. 2008, 233, 447—-455. [CrossRef] [PubMed]

16. Luo, C.H,; Xu, X.R.; Wei, X.C.; Feng, WW.; Huang, H.Z,; Liu, H.Y,; Xu, R.C,; Lin, ].Z.; Han, L.; Zhang, D.K. Natural medicines for
the treatment of fatigue: Bioactive components, pharmacology, and mechanisms. Pharmacol. Res. 2019, 148, 104409. [CrossRef]
[PubMed]

17.  Zhao,]; Shi, T.; Zhu, W.; Chen, L.; Guan, Y;; Jin, C. Quality control method of sterols in fermented Cordyceps sinensis based on
combined fingerprint and quantitative analysis of multicomponents by single marker. J. Food Sci. 2022, 85, 2994-3002. [CrossRef]
[PubMed]

18. Zhang, M,; Sun, X.; Miao, YJ.; Li, M.H.; Huang, L.F. Cordyceps cicadae and Cordyceps gunnii have closer species correlation with
Cordyceps sinensis: From the perspective of metabonomic and MaxEnt models. Sci. Rep. 2022, 12, 20469. [CrossRef]

19. Guo, LX; Xu, X.M,; Liang, ER,; Yuan, ].P.; Peng, J.; Wu, C.F,; Wang, ] H. Morphological Observations and Fatty Acid Composition
of Indoor-Cultivated Cordyceps sinensis at a High-Altitude Laboratory on Sejila Mountain, Tibet. PLoS ONE 2015, 10, e0126095.
[CrossRef]

20. Zhang,].S.; Wang, N.; Chen, W.X,; Zhang, W.P,; Zhang, H.S.; Yu, H.; Yi, Y. Integrated metabolomics and transcriptomics reveal
metabolites difference between wild and cultivated Ophiocordyceps sinensis. Food Res. Int. 2023, 163, 112275. [CrossRef]

21. Yao, C.L.; Qian, Z.M,; Tian, W.S.; Xu, X.Q.; Yan, Y.; Shen, Y.; Lu, SM.; Li, W].; Guo, D.A. Profiling and identification of aqueous

extract of Cordyceps sinensis by ultra-high performance liquid chromatography tandem quadrupole-orbitrap mass spectrometry.
Chin. . Nat. Med. 2019, 17, 631-640. [CrossRef] [PubMed]


https://doi.org/10.13346/j.mycosystema.220304
https://doi.org/10.1016/j.jpba.2006.01.046
https://www.ncbi.nlm.nih.gov/pubmed/16504449
https://doi.org/10.1211/jpp.61.03.0002
https://www.ncbi.nlm.nih.gov/pubmed/19222900
https://doi.org/10.1038/s41598-021-96041-z
https://www.ncbi.nlm.nih.gov/pubmed/34400696
https://doi.org/10.1016/j.biocon.2016.12.023
https://doi.org/10.1016/j.carbpol.2020.115969
https://www.ncbi.nlm.nih.gov/pubmed/32122503
https://doi.org/10.1016/j.lwt.2022.113497
https://doi.org/10.3390/molecules27113645
https://www.ncbi.nlm.nih.gov/pubmed/35684580
https://doi.org/10.1016/j.lwt.2015.03.109
https://doi.org/10.1021/np100902f
https://doi.org/10.1080/09168451.2017.1289075
https://www.ncbi.nlm.nih.gov/pubmed/28485210
https://doi.org/10.1021/jf903822e
https://www.ncbi.nlm.nih.gov/pubmed/20225861
https://doi.org/10.1016/j.ijbiomac.2015.06.050
https://www.ncbi.nlm.nih.gov/pubmed/26136144
https://doi.org/10.1111/ijfs.13259
https://doi.org/10.3181/0708-rm-230
https://www.ncbi.nlm.nih.gov/pubmed/18367634
https://doi.org/10.1016/j.phrs.2019.104409
https://www.ncbi.nlm.nih.gov/pubmed/31446039
https://doi.org/10.1111/1750-3841.15412
https://www.ncbi.nlm.nih.gov/pubmed/32918296
https://doi.org/10.1038/s41598-022-24309-z
https://doi.org/10.1371/journal.pone.0126095
https://doi.org/10.1016/j.foodres.2022.112275
https://doi.org/10.1016/S1875-5364(19)30066-4
https://www.ncbi.nlm.nih.gov/pubmed/31472901

J. Fungi 2024, 10, 356 14 of 15

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Lu, ZK,; Li, ].Y,; Yuan, C.; Xi, B.; Yang, B.H.; Meng, X.Y.; Guo, T.T; Yue, Y.J.; Guo, Y.Q,; Liu, ].B.; et al. Evaluation of Mutton
Quality Characteristics of Dongxiang Tribute Sheep Based on Membership Function and Gas Chromatography and Ion Mobility
Spectrometry. Front. Nutr. 2022, 9, €852399. [CrossRef] [PubMed]

Zou, ZW.; Guo, BJ.; Guo, Y;; Ma, X.L.; Luo, S.S.; Feng, L.L.; Pan, Z.P; Deng, L].; Pan, S.H.; Wei, ].B.; et al. A comprehen-
sive “quality-quantity-activity” approach based on portable near-infrared spectrometer and membership function analysis to
systematically evaluate spice quality: Cinnamomum cassia as an example. Food Chem. 2024, 439, 138142. [CrossRef] [PubMed]
Keller, N.P. Fungal secondary metabolism: Regulation, function and drug discovery. Nat. Rev. Microbiol. 2019, 17, 167-180.
[CrossRef] [PubMed]

Xu, C.H.; Wu, EF; Zou, Z.C.; Mao, L.Y.; Shan, L. Discovery of the chemical constituents, structural characteristics, and
pharmacological functions of Chinese caterpillar fungus. Open Chem. 2023, 21, 20220337. [CrossRef]

Wang, T.; Tang, C.Y.; Xiao, M.].; Cao, Z.F.; He, M,; Qi, ].Z.; Li, Y.L.; Li, X.Z. Effect of Air Drying on the Metabolic Profile of Fresh
Wild and Artificial Cordyceps sinensis. Foods 2024, 13, 48. [CrossRef] [PubMed]

Kim, S.B.; Ahn, B.; Kim, M.; Ji, H.].; Shin, S.K.; Hong, I.P.; Kim, C.Y.; Hwang, B.Y.; Lee, M.K. Effect of Cordyceps militaris extract
and active constituents on metabolic parameters of obesity induced by high-fat diet in C58BL/6] mice. J. Ethnopharmacol. 2014,
151, 478-484. [CrossRef] [PubMed]

Tang, H.; Chen, C.; Zou, Y.; Lou, H.; Zheng, Q.; Guo, L,; Lin, J.; Ye, Z.; Yun, F. Purification and structural characterization of a
novel natural pigment: Cordycepene from edible and medicinal mushroom Cordyceps militaris. Appl. Microbiol. Biotechnol. 2019,
103, 7943-7952. [CrossRef] [PubMed]

Simopoulos, A.P. Omega-3 fatty acids in inflammation and autoimmune diseases. J. Am. Coll. Nutr. 2002, 21, 495-505. [CrossRef]
Young, G.; Conquer, J. The emerging role of omega-3 fatty acids and neuropsychiatric disorders. Reprod. Nutr. Dev. 2005, 45, 1-28.
[CrossRef]

Lee, K.H.; Seong, H.J.; Kim, G.; Jeong, G.H.; Kim, ].Y,; Park, H.; Jung, E.Y.; Kronbichler, A.; Eisenhut, M.; Stubbs, B.; et al.
Consumption of fish and w-3 fatty acids and cancer risk: An umbrella review of meta-analyses of observational studies. Adv.
Nutr. 2020, 11, 1134-1149. [CrossRef] [PubMed]

Elagizi, A.; Lavie, C.J.; O'Keefe, E.; Marshall, K.; O'Keefe, ]. H.; Milani, R.V. An update on omega-3 polyunsaturated fatty acids
and cardiovascular health. Nutrients 2021, 13, 204. [CrossRef] [PubMed]

Astore, C.; Gibson, G. Integrative polygenic analysis of the protective effects of fatty acid metabolism on disease as modified by
obesity. Front. Nutr 2024, 10, 1308622. [CrossRef] [PubMed]

Chen, H.; Chen, H.; Lu, H.; Tang, X.; Zhang, H.; Chen, Y.Q.; Chen, W. Carbohydrate analysis of Mortierella alpina by colorimetry
and HPLC-ELSD to reveal accumulation differences of sugar and lipid. Biotechnol. Lett. 2021, 43, 1289-1301. [CrossRef] [PubMed]
Zhang, Y.; Xu, ].; Fei, Z.; Dai, H.; Fan, Q.; Yang, Q.; Chen, Y.; Wang, B.; Wang, C. 3D Printing Scaffold Vaccine for Antitumor
Immunity. Adv. Mater. 2021, 33, 2106768. [CrossRef] [PubMed]

Li, X.; Guo, X.M,; Huang, ] X;; Lin, Q.; Qin, B.; Jiang, M.S.; Shan, X.Y.; Luo, Z.Y.; Zhang, ].L.; Shi, Y.Y.; et al. Recruiting T cells and
sensitizing tumors to NKG2D immune surveillance for robust antitumor immune response. J. Control. Release 2023, 353, 943-955.
[CrossRef]

Yu, Y;; Wen, Q.; Song, A.; Liu, Y.; Wang, E; Jiang, B. Isolation and immune activity of a new acidic Cordyceps militaris exopolysac-
charide. Int. J. Biol. Macromol. 2022, 194, 706-714. [CrossRef] [PubMed]

Chen, S.; Siu, K.C.; Wang, W.Q.; Liu, X.X.; Wu, J.Y. Structure and antioxidant activity of a novel poly-N-acetylhexosamine
produced by a medicinal fungus. Carbohydr. Polym. 2013, 94, 332-338. [CrossRef]

Li, M\M.; Meng, Q.; Zhang, H.; Shu, R.H.; Zhao, Y.N.; Wu, PP; Zhang, ].H. Changes in transcriptomic and metabolomic profiles
of morphotypes of Ophiocordyceps sinensis within the hemocoel of its host larvae, Thitarodes xiaojinensis. BMC Genom. 2020, 21, 789.
[CrossRef]

Tang, R.; Qiu, X.H.; Cao, L.; Long, H.L.; Han, R.C. Stage- and rearing dependent metabolomics profiling of Ophiocordyceps sinensis
and its pipeline products. Insects 2021, 12, 666. [CrossRef]

Carturan, L.; De, B.F,; Dinale, R.; Draga, G.; Gabrielli, P.; Mair, V.; Seppi, R.; Tonidandel, D.; Zanoner, T.; Zendrini, T.L.; et al.
Modern air, englacial and permafrost temperatures at high altitude on Mt Ortles (3905m a.s.1.), in the eastern European Alps.
Earth Syst. Sci. Data 2023, 15, 4661-4688. [CrossRef]

Stanistaw, B.; Mariusz, C.; Ulf, B.; Edyta, T.S. High oxidative stress despite low energy metabolism and vice versa: Insights
through temperature acclimation in an ectotherm. J. Therm. Biol. 2018, 78, 36—41. [CrossRef] [PubMed]

John, N.IL; Jonathan, C.E.; Mosope, EA.; David, H.H.; Ann, L.G.; Wendy, M.S. Dynamics of mitochondrial adaptation and energy
metabolism in rainbow trout (Oncorhynchus mykiss) in response to sustainable diet and temperature Get access Arrow. |. Anim.
Sci. 2023, 101, e348. [CrossRef] [PubMed]

Morgan-Kiss, R.M.; Priscu, J.C.; Pocock, T.; Gudynaite, S.L.; Huner, N.P. Adaptation and acclimation of photosynthetic microor-
ganisms to permanently cold environments. Microbiol. Mol. Biol. Rev. 2006, 70, 222-252. [CrossRef] [PubMed]

Zhang, H.; Yue, P; Tong, X.; Gao, T.; Peng, T.; Guo, ]. Comparative analysis of fatty acid metabolism based on transcriptome
sequencing of wild and cultivated Ophiocordyceps sinensis. Peer] 2021, 9, e11681. [CrossRef] [PubMed]


https://doi.org/10.3389/fnut.2022.852399
https://www.ncbi.nlm.nih.gov/pubmed/35600824
https://doi.org/10.1016/j.foodchem.2023.138142
https://www.ncbi.nlm.nih.gov/pubmed/38081096
https://doi.org/10.1038/s41579-018-0121-1
https://www.ncbi.nlm.nih.gov/pubmed/30531948
https://doi.org/10.1515/chem-2022-0337
https://doi.org/10.3390/foods13010048
https://www.ncbi.nlm.nih.gov/pubmed/38201076
https://doi.org/10.1016/j.jep.2013.10.064
https://www.ncbi.nlm.nih.gov/pubmed/24231073
https://doi.org/10.1007/s00253-019-10101-z
https://www.ncbi.nlm.nih.gov/pubmed/31489456
https://doi.org/10.1080/07315724.2002.10719248
https://doi.org/10.1177/2045125319858901
https://doi.org/10.1093/advances/nmaa055
https://www.ncbi.nlm.nih.gov/pubmed/32488249
https://doi.org/10.3390/nu13010204
https://www.ncbi.nlm.nih.gov/pubmed/33445534
https://doi.org/10.3389/fnut.2023.1308622
https://www.ncbi.nlm.nih.gov/pubmed/38303904
https://doi.org/10.1007/s10529-021-03120-2
https://www.ncbi.nlm.nih.gov/pubmed/33864523
https://doi.org/10.1002/adma.202106768
https://www.ncbi.nlm.nih.gov/pubmed/34601760
https://doi.org/10.1016/j.jconrel.2022.12.032
https://doi.org/10.1016/j.ijbiomac.2021.11.115
https://www.ncbi.nlm.nih.gov/pubmed/34813790
https://doi.org/10.1016/j.carbpol.2012.12.067
https://doi.org/10.1186/s12864-020-07209-2
https://doi.org/10.3390/insects12080666
https://doi.org/10.5194/essd-15-4661-2023
https://doi.org/10.1016/j.jtherbio.2018.08.003
https://www.ncbi.nlm.nih.gov/pubmed/30509659
https://doi.org/10.1093/jas/skad348
https://www.ncbi.nlm.nih.gov/pubmed/37813378
https://doi.org/10.1128/mmbr.70.1.222-252.2006
https://www.ncbi.nlm.nih.gov/pubmed/16524924
https://doi.org/10.7717/peerj.11681
https://www.ncbi.nlm.nih.gov/pubmed/34249512

J. Fungi 2024, 10, 356 15 of 15

46. Wang, G.; Sun, C.; Xie, B.; Wang, T; Liu, H.; Chen, X.; Huang, Q.; Zhang, C.; Li, T.; Deng, W. Cordyceps guangdongensis lipid-
lowering formula alleviates fat and lipid accumulation by modulating gut microbiota and short-chain fatty acids in high-fat diet
mice. Front. Nutr. 2022, 9, 1038740. [CrossRef]

47. Li,R.FE; Zhou, X.B.; Zhou, H.X,; Yang, Z.F; Jiang, HM.; Wu, X.; Li, W.J.; Qiu, J.J.; Mi, ].N.; Chen, M.; et al. Novel Fatty Acid in
Cordyceps Suppresses Influenza A (H1N1) Virus-Induced Proinflammatory Response Through Regulating Innate Signaling
Pathways. ACS Omega 2021, 6, 1505-1515.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fnut.2022.1038740

	Introduction 
	Materials and Methods 
	Sample and Data Collection 
	Sample Pretreatment and Metabolite Extraction 
	LC-MS/MS 
	Metabolite Identification and Quantitative Analysis 
	Acquisition of the Integrated Membership Function 

	Results 
	Overview of C. sinensis Metabolites 
	Multivariate Statistical Analysis of Metabolites 
	Identification of DAMs and Enrichment Pathway Analysis 
	Validation of Biomarkers 
	Comprehensive Quality Evaluation of C. sinensis from 15 Producing Areas Based on Biomarkers 

	Discussion 
	Conclusions 
	References

