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Introduction
The growth of the medicinal mushroom market is increasing glob-
ally owing to its use in therapeutic and cosmetic applications.1 The 
global medicinal mushroom market is expected to reach 7,246 
kilotons by the end of the year 2023. The Asia-Pacific region will 
dominate the medicinal mushroom market and is estimated to 
reach 6,184 kilotons by 2023 at a compound annual growth rate 
of 13.5%. (https://www.grandviewresearch.com/industry-analysis/
mushroom-market). Advancements in cultivation and extraction 
techniques can create opportunities for the key players in the me-
dicinal mushroom market.

Cordyceps is a genus of parasitic fungi that lives on certain 
caterpillars in mountainous regions of Indo-China. The global 

cordyceps market has experienced significant growth in the me-
dicinal mushroom market. It offers industrial investment in R&D 
to generate massive revenue. The global cordyceps extract mar-
ket was valued at US$ 473.4 million in 2018 at a compound an-
nual growth rate of 10.4%. The Asia-Pacific region dominates the 
cordyceps market, with strong economic growth, significant in-
vestments, and commercialization of cordyceps-derived bioprod-
ucts. Cordyceps are confined to the Tibetan Plateau and India at 
3,000 - 4,000 meters altitude.2,3 Consequently, limited natural re-
sources, the price of wild cordyceps, and increased market demand 
have stimulated interest in the artificial cultivation of cordyceps 
and its fermented products.

Ophiocordyceps sinensis
Cordyceps (an ascomycete genus) is a caterpillar fungus that 
has been further separated into four genera: Cordyceps, Ophio-
cordyceps, Metacordyceps, and Elaphocordyceps. Ophiocordyceps 
sinensis is the best-known caterpillar fungus.4 Cordyceps sinensis 
was transferred to O. sinensis based on a molecular phylogenetic 
study.5 O. sinensis is a single, root-like structure consisting of dark 
brown fruiting spores and white tendrils known as mycelium. It 
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infects a host larva (Lepidoptera: Hepialidae) and forms a worm-
like sclerotium, from which the infected fungus forms one or more 
perithecial fruiting bodies or stromata. The stroma with the host 
larva-shaped sclerotium is called “Chinese Cordyceps”.6 20-hy-
droxyecdysone is an insect hormone that was recently found to 
be involved in hyphal formation in O. sinensis, and has provided 
insights into the regulation of dimorphism.7

O. sinensis is currently the world’s highest-priced biological 
commodity. This caterpillar fungus produces a variety of pharma-
cological properties, including anti-tumor, anti-aging, anti-fatigue, 
anti-inflammation, anti-atherosclerosis, and antioxidant activities. 
It is also used to treat male sexual disorders and to improve ath-
letic performance. It is grown on grain-based substrates and can be 
cultured by submerged fermentation. Compared to its counterpart, 
C. militaris, efforts toward large-scale cultivation of O. sinensis for 
fruiting body production have met with less success.8,9 Therefore, 
the development of artificial culture techniques of O. sinensis has 
attracted worldwide attention in recent years.

In this study, using the NCBI PubMed database, we collected 
information from 135 research articles and manually refined the 
species-specific relevance. Only articles describing genomic, tran-
scriptomic, metabolomic, and fermentation aspects of this fungus 
were included (Fig. 1). Ninety-one articles focused on the produc-
tion of various bioactive compounds, particularly cordycepin, dur-
ing submerged and solid-state fermentation processes. Twenty-six 
articles conveyed genome-related information. A bibliographic 
study indicated that most investigators have been interested in 
life cycle and host infection research. As such, the present review 
summarizes genome biology, artificial culture systems, and fer-
mentation processes for bioactive compound production from O. 
sinensis. This review also highlights the biological characteristics 
of O. sinensis at the genomic scale for the development of artificial 
culture systems or synthetic media in the future.

Artificial cultivation
Artificial cultures have become a favorable solution for the bio-
technological production of O. sinensis for high cordycepin yield, 
but large-scale artificial cultivation is currently limited.3 O. sin-
ensis produces blastospores (budding yeast-like single cells) to 
facilitate dispersal in the fermentation broth.10 It grows as fila-
mentous hyphae or even as fibers in a stroma structure in a solid 

medium. The gene-controlling mechanism for the formation of a 
single cell and filamentous hyphae is not yet known in artificial 
cultures.

Submerged cultivation
The cultivation of O. sinensis anamorph mycelia is a useful alter-
native for the large-scale production of fruiting bodies.11 Several 
artificial cultivation media and conditions have been optimized to 
enhance the yield of mycelial biomass, exopolysaccharides, and 
cordycepin in submerged cultures.12 It is reported to produce 20.9 
g/L mycelial biomass, 4.1 g/L exopolysaccharides, and 18.2 mg/L 
cordycepin in submerged culture.13 Mycelial biomass increases 
(22 g/L) in submerged cultures under optimal culture conditions.14 
Cha et al. optimized a culture medium containing 2% sucrose for 
increased production of mycelial biomass (54 g/L) and exopoly-
saccharides (28.4 g/L) in shaking-flask culture.15 O. sinensis pro-
duced the maximum mycelial biomass (62.3 g/L) and exopoly-
saccharides (22 g/L) when the agitation speed was maintained at 
350 rpm.15 Mycelial biomass and exopolysaccharide production 
increased with the addition of palmitic acid,16 Tween-80,17 and 
ammonium salts.18 Antioxidant and cholesterol esterase inhibitory 
responses of O. sinensis were improved by adding coconut water 
as a medium ingredient.19

Solid-state cultivation
The medicinal and health benefits of the fruiting bodies of O. sin-
ensis have increased to meet the high demand for commercializa-
tion as a nutraceutical.20 However, its extreme specificity in the 
host range and confined geographic distribution hinder the natural 
formation of fruiting bodies. The fruiting bodies of C. militaris 
have been extensively cultivated in germinated cereal grains, 
soybean seeds, and silkworm pupae. The price of fruiting bodies 
cultured on pupae is almost 10 times higher than that cultured 
on cereal and soybean substrates. Comparatively, only a limited 
number of studies have reported the cultivation of fruiting bod-
ies of O. sinensis under solid-state conditions. O. sinensis strains 
produce a large number of conidia on solid media by the freezing-
shock method and peat soil medium.21,22 Silkworm pupae, rice 
grains, waste stale rice, wheat grains, and germinated soybeans 
have been intensively used as solid substrates for the artificial 
cultivation of mycelia and fruiting bodies.23,24 Germinated soy-
bean medium has been developed to improve the production of 
polysaccharides with antioxidant and immunomodulatory effects 
in the fruiting bodies of O. sinensis.25 Low-value or waste stale 
rice grains are used as a substrate for the development of bioac-
tive food materials from O. sinensis.23 Methanol extracts of O. 
sinensis mycelia cultured on rice contain linoleic acid, oleic acid, 
mannitol, tyrosine, alanine, and urea.26 A methanol-water (4:1 
v/v) extract was obtained from the fruiting bodies of cultured O. 
sinensis on rice.27 This suggests the suitability of solid substrates 
for induced biosynthesis of bioactive compounds from fermented 
mycelia or fruiting bodies.

Production of bioactive compounds
A variety of bioactive compounds have been isolated from wild 
fungi, fermented mycelia, and culture supernatants and studied 
for different pharmacological activities in the last ten years (Ta-
ble 1).28–81 The absorption, distribution, metabolism, and excre-
tion properties of the bioactive compounds identified in O. sin-
ensis mycelia and cultures are presented in Table 2. The chemical 
structures of some potential bioactive compounds identified from 

Fig. 1. Evolutionary trend in the number of publications covering O. sin-
ensis in the NCBI-PubMed. 
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mycelia and artificial cultures are shown in Figure 2.

Cordycepin
Cordycepin is an adenosine analog with potential antineoplastic, an-
tioxidant, and anti-inflammatory activities.55 Cordycepin, however, 
is not the main bioactive component of O. sinensis and its content 
in the fruiting body is low. The mycelium of O. sinensis produces 
0.075 mg/g cordycepin in potato dextrose agar medium and 0.021 
mg/g in finger millet medium.82 Fruiting bodies of the naturally oc-
curring O. sinensis produce 0.9 mg/g of cordycepin,83 which is simi-
lar to the amounts of cordycepin in cultured mycelia of C. sinensis.84 
Several studies have reported that cordycepin is present at low levels 
in wild O. sinensis, but cordycepin is absent or undetectable in arti-
ficially cultured O. sinensis.85–87 Nevertheless, the type of extraction 
method used can determine the cordycepin content in the mycelia or 
fruiting bodies of O. sinensis.88 The challenge is to understand the 
key factors influencing the growth and cultivation of O. sinensis on 
solid substrates. It is imperative to develop a bioprocessing system 
to produce fruiting bodies or mycelia to obtain sufficient amounts of 
bioactive compounds on a large scale.89,90

Nucleotides
The nucleotide content of O. sinensis may vary depending on cul-

tivation method and environmental factors. O. sinensis contains 
notable amounts of nucleotides, with adenosine being a particu-
larly prominent nucleotide. It is known to contain relatively high 
levels of adenosine, a bioactive compound. Adenosine has been 
studied for its potential health-promoting properties, including its 
anti-inflammatory and immunomodulatory effects. The adenosine 
content in the natural environment is relatively low compared to 
that in cultured O. sinensis.55,91 Nucleotides in both wild and cul-
tured O. sinensis enhance human immunity.63

Exopolysaccharides
Polysaccharides content plays an important role in medical appli-
cations and is recognized as a potential prebiotic candidate.92,93 
Exopolysaccharides have numerous pharmacological properties, 
including immunomodulatory, antioxidant, and antitumor effects.94 
Additionally, their content is a greater constituent of the culture su-
pernatant than O. sinensis.45,95–98 High molecular weight exopoly-
saccharide fractions from the cultured C. sinensis strain HK1 had 
a significant protective effect on the viability of probiotic bacte-
ria.92,99 These fractions may be beneficial for the formulation of 
synbiotic products containing probiotic bacteria.35 C. sinensis pol-
ysaccharides (CPS-1, CPS-2, and CS-F10) are novel water-soluble 
polysaccharides purified from the mycelia of O. sinensis. CME-1, 

Table 2.  ADME properties of bioactive compounds identified from O. sinensis mycelia and cultures

Compound Com-
pound ID

Log 
Po/w

Solubility 
(mol/L) Cytochrome P450 inhibitor

Log Kp 
(skin per-
meation)

Syn-
thetic 
acces-
sibility

Cordycepin 6303 −0.8 0.398 no −8.27 cm/s 3.67

Myriocin 6438394 1.64 0.00119 no −8.85 cm/s 4.84

Cordyceamide A 25179267 3.37 7.78e-09 CYP2C19, CYP2C9, CYP2D6, CYP3A4 −6.21 cm/s 3.69

Cordyceamide B 25179266 3.19 3.03e-08 CYP2C19, CYP2C9, CYP2D6 −6.55 cm/s 3.73

Tryptophan 6305 0.17 0.00175 no −8.30 cm/s 2.09

Cordycepic acid 6251 −2.21 368 no −9.61 cm/s 3.3

Adenosine 60961 −1.61 2.56 no −8.68 cm/s 3.86

Guanosine 135398635 −2.02 3.21 no −9.37 cm/s 3.86

Lovastatin 53232 3.89 0.00065 CYP2C9, CYP3A4 −5.74 cm/s 5.76

γ-Aminobutyric acid 119 −0.72 0.923 no −9.18 cm/s 1

Ergosterol 444679 6.49 0.00000869 CYP2C9 −3.44 cm/s 6.58

Melanin 6325610 1.2 8.93e-08 CYP1A2, CYP3A4 −9.11 cm/s 2

Ergosterol peroxide 5351516 5.76 3.07e-05 no −4.15 cm/s 7.61

Ergosteryl-3-O-β-D-glucopyranoside 44176397 4.8 0.00052 no −5.56 cm/s 7.94

Cerevisterol 12302766 4.99 0.00013 no −4.96 cm/s 6.53

Ergosta-4,6,8(14),22-tetraen-3-one 6441416 −0.72 0.923 no −9.18 cm/s 1

β-Sitosterol 222284 7.19 0.000000649 No −2.20 cm/s 6.3

Stigmasterol 5280794 6.96 0.00000339 CYP2C9 −2.74 cm/s 6.21

Campesterol 173183 6.9 0.0000016 No −2.50 cm/s 6.17

Perlolyrine 160179 2.55 0.00000071 CYP1A2, CYP2D6, CYP3A4 −6.33 cm/s 2.98

3′,4′,7-Trihydroxyisoflavone 5284648 1.96 0.0000394 CYP1A2, CYP3A4, CYP2D6 −6.45 cm/s 2.92

ADME, absorption, distribution, metabolism, and excretion; CYP, Cytochrome P450.
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a novel, water-soluble, 27.6-kD polysaccharide, is also purified 
from O. sinensis mycelia. CPS-1 is a water-soluble polysaccha-
ride that stimulates pancreatic insulin release and/or reduces insu-
lin metabolism.100 CPS-2 activates platelet-derived growth factor/
signal-regulated kinase and transforms the growth factor β1/Smad 
pathway to reduce platelet-derived growth factor BB-induced cell 
proliferation. Both CPS-1 and CPS-2 are abundant in the mycelia 
of O. sinensis.40 CME-1 is a water-soluble polysaccharide isolated 
from the mycelia. It inhibits sphingomyelinase activity and pro-
tects cells against oxidative stress.16,101 CS-F10 and Cordysinocan 
are typical polysaccharides extracted from cultured mycelia which 
can lower plasma glucose levels and decrease the protein content 
of the facilitative glucose transporter.102 Cordysinocan produced 
by O. sinensis induces cell proliferation, increases phagocytosis, 
and increases acid phosphatase activity.30

Peptides
Cytotoxic serine protease with fibrinolytic activity purified from 
O. sinensis its culture supernatant may be linked to its pharma-
cological use in cardiovascular diseases.59 Cordymin has a puta-

tive beneficial effect on diabetic osteopenia.57 Cordycedipeptide 
A and cordyceamides A and B, isolated from culture supernatants, 
have exhibited cytotoxic effects on several tumor cell lines.60,61 
Tryptophan produced from cultured cells has a sedative-hypnotic 
effect, as it is the precursor of serotonin.103 Cordycepic acid ame-
liorates the lipopolysaccharide-induced inflammatory phenotype 
and transforming growth factor-β1-induced fibrogenic response 
to inhibit and resolve liver fibrosis.62 Cordycedipeptide A is a cy-
clodipeptide that exerts cytotoxic activity against L-929, A375, 
and HeLa cells isolated from the fermentation broth of O. sinen-
sis.60 Cordymin peptides isolated from mycelia have been used to 
treat cerebral ischemia-reperfusion injury.41 Myriocin is an atypi-
cal amino acid extracted from the culture of O. sinensis that has 
immunosuppressant activity.58

Sterols
Ergosterol is a provitamin form of vitamin D2, and cultured my-
celia of O. sinensis effectively alleviates liver fibrosis induced by 
carbon tetrachloride.104 Ergosterol may influence various signal-
ing pathways involved in fibrosis, such as those related to trans-

Fig. 2. Chemical structures of some potential bioactive compounds identified from O. sinensis mycelia and cultures. 
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forming growth factor-beta, which is a central mediator of fibrotic 
processes. H1-A, a pure sterol compound isolated from cultured 
O. sinensis cells, is regularly used in traditional Chinese medicine. 
This compound also modulates the balance between cell prolifera-
tion and apoptosis.77,105 Additionally, the methanol extract of O. 
sinensis is known to inhibit different tumor cell lines.68,74

Secondary metabolites
Cordysinins (A-E) are ß-carboline compounds isolated from the 
mycelia of cultured O. sinensis. These compounds inhibit su-
peroxide anion generation and elastase release.106 Lovastatin, 
γ-aminobutyric acid, and ergothioneine are secondary metabolites 
isolated from mycelia that have different hypolipidemia, hypoten-
sion, and antioxidant activities.28 The melanin pigment isolated 
from the fermentation broth of this culture has antioxidant ac-
tivity.107 Saponin is a class of chemical compounds found in the 
mycelium that exhibits good antitumor activity.71 Biomass supple-
mentation prepared from O. sinensis decreases blood lipid con-
centration, increases hepatoprotective activity, and normalizes tes-
tosterone levels.108 Mycelial extracts of strains Cs-HK1 and CS-4 
exhibit cosmetic and skincare benefits due to their anti-collagenase 
activity and photoprotective effects.72 These extracts also alleviate 
diabetic nephropathy and podocyte injury.73 Some volatile com-
ponents, including 2,5,6-trimethyldecane, 2,3-dimethylundecane, 
and 2,2,4,4-tetramethyloctane, have been identified in the artificial 
culture of O. sinensis.109 However, the pharmacological proper-
ties of several bioactive compounds extracted from the fermented 

broth, mycelium, or fruiting body of O. sinensis have yet to be 
studied.

Genome structure and organization
Current ‘x-omics’ data have provided essential knowledge of the 
genome biology and pathogenesis of O. sinensis (Table 3).6,94,115–
117 O. sinensis is a homothallic fungus, capable of selfing.110 The 
α-domain protein mating type1-1 and high-mobility group box 
protein mating type1-2 in a single genome and their expression 
in vegetative mycelia bestows its selfing process.111 Longer in-
tergenic regions and numerous introns enlarge the mitochondrial 
genome size of O. sinensis.112,113 Methylation of its mitochondrial 
genome confers adaptation to the cold and low partial pressure of 
the oxygen environment at high altitudes.114 The genome of the O. 
sinensis strain Co18 (Accession: ANOV00000000) was sequenced 
with ∼240-fold coverage and 88.7% completeness using a Roche 
454 GS FLX system.115

The genome of O. sinensis is approximately three times larger 
(∼120 Mb) than that of other entomopathogenic ascomycetes, due 
to the repeat-driven expansion of its genome. The massive pro-
liferation of retrotransposable elements in gene-poor or gene-free 
regions and fragmented pseudogenes in this genome is an impor-
tant context for genome size inflation. The genome of C. militaris 
encodes 9684 protein-coding genes,94 a number that exceeds the 
predicted gene complement of O. sinensis. A complete genome as-
sembly has been obtained for C. militaris without the requirement 

Table 3.  Genome sequencing data of O. sinensis and C. militaris

Genome features
O. sinensis strain

C. militaris CM01
Co18 1229 ZJB12195 IOZ07

Size (Mb) ∼120 ∼139 ∼116.42 ∼120 32.2

Sequence reads (Gb) 11 22.3 – 4.7

Coverage (fold) 241x 160x 24x 100X 147 x

G+C content (%) 46.1 44.7 – 45.1 51.4

Assembly size (Mb) 87.7 114 116.42 32.2

Predicted genes 6,972 9,610 7,939 8,916 9,684

Exons per gene 2.6 – 2.8 – –

Total sequence length 78,515,811 112,137,038 101,068,960 110,880,992 32,268,578

Total ungapped length 73,986,648 111,803,718 95,235,562 32,212,078

Scaffolds 10,603 3,687 618 23 32

Scaffold N50 11,986 70,939 354,045 4,551,492

Scaffold L50 1,829 463 81 3

Contigs 25,873 8,657 21,764 23 597

Contig N50 5,394 30,570 11,495 18,163,664 108,187

Contig L50 3,602 1,103 2,380 3 90

WGS or clone 25,873 3,687 618 23 597

Genome accession ANOV00000000 LKHE00000000 LWBQ00000000 JAAVMX000000000 AEVU00000000

Assembly accession GCA_000448365 GCA_002077885 GCA_001648815 GCA_012934285 GCA_000225605

Assembly method Newbler v. 2.3 ABySS ver. 1.2.3 SOAPdenovo v. 2.0 Canu v. 1.7 Newbler v. 2.3

References Hu et al.115 Li et al.116 Xia et al.6 Shu et al.117 Zheng et al.94
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for multiple sequencing technologies.116 The genome of O. sinen-
sis was also sequenced using a combination of Illumina HiSeqTM 
2000 and Roche 454 sequencing technologies.6 The assembled 
genome size was 116.42 Mb (156 scaffolds) and covered ∼97% 
of the predicted genome size (∼120 Mb) with 7,939 predicted pro-
tein-coding genes. However, high-quality draft genome assembly, 
contiguity, gap-free sequences, and annotation of transposable ele-
ments and protein-coding genes for O. sinensis can be achieved 
using a combination of PacBio and Illumina reads.117

Gene expression during growth development
Genome and RNA sequencing (RNA-seq) data analyses have re-
vealed the molecular mechanisms of fungal pathogenicity, special-
ized host infection, and cold tolerance.6 RNA-seq is the foremost 
approach for transcriptome profiling of many medicinal mush-
rooms to understand the molecular mechanisms underlying infec-
tion and fruiting body formation (Table 4).118–122 Comparatively, 
the number of expressed genes in the transcriptome of O. sinensis 
is greater than C. militaris, many of which are involved in sexual 
and fruiting body development.118 

RNA-seq data of O. sinensis before (anamorphic hyphae) and 
after infection (hyphal body) of Thitarodes jiachaensis larvae were 
obtained using the Illumina HiSeqTM 2000 technology.119 The 
transcriptome contained 1,640 differentially expressed genes, of 
which 818 were upregulated (49.9%) and 822 were downregulated 
(50.1%). Genes encoding transporter/permease, glycoside hydro-
lases, heat shock proteins, and dehydrogenases were upregulated 
in O. sinensis after infection. S-antigen protein, allergen, glucose-
repressible protein, 1-phosphatidylinositol 4,5-bisphosphate phos-
phodiesterase, and D-aminopeptidase were the most significantly 
downregulated genes during infection. The proteins responsible 
for binding with iron, heme, and tetrapyrrole were downregulated 
2-fold compared to upregulated genes.119

RNA-seq analysis also revealed three stages (asexual myce-
lia and hyphae in deceased caterpillars and perithecial stroma) 
in the life cycle of O. sinensis.120 The O. sinensis transcriptome 
contained 3,049 differentially expressed genes in the teleomorph 
stage compared to the anamorph stage. Differentially expressed 
photosynthesis-related genes were enriched in the stroma groups, 
which may participate in light-regulated fruiting body develop-
ment via the reactive oxygen species mediated pathway. O. sinen-
sis has 18 differentially expressed genes, similar to the constituent 
proteins of photosystem I, which could respond to light stimuli. 
Therefore, light-dependent reactions in the stromal hyphae depend 
on the altered RNA levels in the transcriptome. Developmental 
transcriptome analysis described the induction of primordium, the 
sexual development of O. sinensis, and the molecular basis of its 
lifestyle.121

Comparative transcriptome analysis illustrated the different 
growth stages (asexual mycelium, developing fruiting bodies, 
and mature fruiting bodies) of O. sinensis cultured in an artifi-
cial medium.122 It describes the stage-specific splicing of genes, 
protein synthesis, and baseline metabolism that may have im-
portant functions during fruiting body development. The nucleo-
side diphosphate kinase, β-subunit of the fatty acid synthase, and 
superoxide dismutase are fruiting body development-associated 
genes that respond to ecological factors. Cytoskeleton genes play 
crucial roles in vegetative growth and fruiting body develop-
ment. This study provides novel insights into the genetic basis 
of fruiting body development and host infection. Important pro-
teins involved in the metabolic pathways of active ingredients 
were identified in different culture periods using comparative 
proteomics of O. sinensis.123–127 Recent investigations into gene 
expression-associated metabolic changes, particularly bioactive 
compound synthesis, developmental stages, and environmental 
adaptation in O. sinensis will be helpful for the exploration, ap-
plication, and improvement of O. sinensis using metabolic engi-

Table 4.  Summary of developmental transcriptomes (RNA Seq. data) and mapping of O. sinensis

Growth stage Clean reads Base 
No. (G) GC% Mapped reads 

(% mapped) Accession References

Fruiting body 1,743,676 – – 84.4 SRX220584 Xiang et al.118

Before infection of Thitarodes jiachaensis 61,405,396 6.14 58.57 85.06 SRP068250 Zhong et al.119

After infection of Thitarodes jiachaensis 132,370,318 13.23 46.29 12.84 SRP068250

Asexual mycelium 31,664,314 3.96 61.04 77.52 SRP103894 Zhong et al.120

Sclerotium 40,090,242 5.01 60.92 83.56 SRP103894

Fruiting bodies 40,037,760 5.0 60.6 79.71 SRP103894

Asexual mycelium 26,345,798 7.90 61.23 90.40 PRJNA382001 Li et al.121

Sclerotium 36,736,406 11.02 60.12 91.55 PRJNA382001

Primordium 31,512,620 9.45 60.92 89.07 PRJNA382001

Young fruiting body 27,822,294 8.35 60.41 90.40 PRJNA382001

Developed fruiting body 32,871,728 9.86 61.13 91.69 PRJNA382001

Mature fruiting body 34,059,007 10.22 60.98 86.80 PRJNA382001

Asexual mycelium 36,788,192 4.63 60.00 83.98 SRR5282570 Tong et al.122

Developing fruiting body 38,627,930 4.87 60.70 82.61 SRR5282574

Mature fruiting body 32,751,220 4.57 60.35 85.12 SRR5282577

RNA-seq, RNA sequencing.
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neering.

Design and development of artificial media
A comparative proteomic study identified 2,541 protein groups out 
of 22,829 peptides from the fruiting bodies of wild and cultured 
O. sinensis.128 Proteins involved in energy production/conversion, 
amino acid transport/metabolism, and transcription regulation dif-
fer, but their nutritional value is virtually the same between natural 
and artificial cultivation. Therefore, the proteomic profile of O. 
sinensis provides useful virtual nutritional information for artifi-
cial cultivation. Natural and artificial cultivation of O. sinensis de-
pends on 165 proteins involved in energy production/conversion, 
amino acid transport/metabolism, and transcription regulation. Ly-
sine, threonine, serine, and arginine were significantly altered with 
changes in protein abundance. The levels of nucleosides, nucleo-
tides, adenosine, and the composition of proteins and metabolites 
were the same in both natural and artificial cultivation. However, 
the mode of cultivation can affect amino acid synthesis and meta-
bolic pathways. It also influences the synthesis of isopropylmalate 
dehydrogenase, pyruvate kinase, and nicotinamide adenine dinu-
cleotide phosphate-binding proteins, which are involved in amino 
acid synthesis and metabolism.128 Peptide mass spectrometry has 
been employed to identify and authenticate wild O. sinensis and 
its related cultured Ophiocordyceps mycelia powder, as well as 
mixed commercial products.29 The higher content of bioactive 
compounds accumulated in O. sinensis facilitates its artificial cul-
tivation.27 Metabolic profiling has shown that water-boiled extrac-
tion is a much faster method than ethanol-soaking.129

The genome of O. sinensis was sequenced by a combination of 
Roche 454 GS FLX and Illumina HiSeq 2000 technologies, yield-
ing an assembly of 87.7 Mb with an estimated genome size of ~120 
Mb.115 In addition, transcriptomic analysis of O. sinensis has pro-
vided novel insights into the genetic basis of fruiting body devel-
opment and facilitated artificial cultivation.119–122 The growth of C. 
militaris and its cordycepin production is strongly dependent on the 
preferred carbon source and the upregulation of genes associated 
with cordycepin biosynthesis.131 It has a cooperative mechanism 
in transcriptional control of the precursor pool. This transcriptional 
control system regulates cordycepin biosynthesis via main and puta-
tive alternative metabolic routes.132 Hence, the design of the cultiva-
tion medium is crucial for both fungal growth and cordycepin pro-
duction from suitable carbon sources. A high-quality genome-scale 
metabolic model of C. militaris, iNR1329, has been constructed to 
design an optimal cultivation medium.133 This metabolic model con-
sists of 1,329 genes, 1,821 biochemical reactions, and 1,171 metabo-
lites. This model was used as a platform for the rapid growth and 
overproduction of bioactive compounds using the rational design of 
synthetic media.133 The growth rate of C. militaris and cordycepin 
production was significantly increased by the optimized synthetic 
medium. Genome-scale metabolic models of O. sinensis strains 
have not yet been developed for rapid growth and overproduction 
of bioactive compounds. Hence, system-level modeling and simula-
tion are promising approaches for the development of an efficient 
fungal cell factory based on the metabolic network of the O. sinensis 
genome.

Future direction
The growth and development of next-generation sequencing data 
provide a genetic basis for the life cycle and host specificity of 
O. sinensis. Currently, transcriptomic data provides a better un-

derstanding of fruiting body development and cold adaptation. 
Bioactive compounds are produced by cultured mycelia or fruit-
ing bodies and can be illustrated using their metabolic data. The 
biological characteristics of such systems have been used to design 
synthetic media for fruiting body development, and to enhance the 
production of bioactive molecules. O. sinensis mycelia and its 
culture supernatants are sources for several bioactive compounds 
having important pharmacological properties. Hence, this review 
emphasizes the importance of ‘x-omics’ data in the design and 
formulation of artificial culture media for the production of fruit-
ing bodies and bioactive molecules. Moreover, multi-omics ap-
proaches aid in identifying the key genes, proteins, and metabolic 
pathways involved in bioactive compound production, optimizing 
culture conditions, and enhancing fungal adaptability. Integration 
of multi-omics data provides a comprehensive understanding of 
fungal biology. Additionally, x-omics data guide strain improve-
ment, quality control, and the study of host-pathogen interactions, 
offering valuable insights into the sustainable and efficient pro-
duction of medicinal fungi and their bioactive compounds. Hence, 
multi-omics knowledge of O. sinensis can lead to improved culti-
vation techniques, enhanced yields of bioactive compounds, and 
the development of more sustainable and cost-effective production 
processes.

High amounts of arsenic are usually found in the natural fruit-
ing bodies of O. sinensis. It is an environmental pollutant that 
decreases neuronal migration and maturation. Consequently, its 
manufacturing and sales were strictly regulated by the China Food 
and Drug Administration in 2016. The U.S. Food and Drug Ad-
ministration and the European Union have similar requirements 
for strict limits of arsenic content. Because of the clear toxicity of 
arsenic, which is also related to its valence, dosage, and duration 
of administration, studies listing the results of long-term toxicity 
in rats do not necessarily indicate a lack of toxicological concern. 
Especially with regard to oral administration (1,000 mg/kg) of 
the fruiting body.134 Previous studies have indicated that conidial 
forms of artificially cultured O. sinensis fermentation mycelia can 
be used as substitutes for natural mycelia. Fermented O. sinen-
sis mycelium powder and its standardized mycelial fermentation 
products have been produced and are widely employed in tradi-
tional Asian medicine. It facilitates human demand and the global 
economic growth of this fungus.

Conclusions
O. sinensis and its host insects are fascinating. There are still 
many unanswered questions concerning the molecular mecha-
nisms of insect-fungus interactions and fruiting body development 
to resolve to improve yields during artificial cultivation. Current 
genomic and transcriptomic data pave the way for understanding 
the genetic basis underlying the fungal biology, host specificity, 
and genetic improvement of O. sinensis. Metabolomic studies 
facilitate the identification of key metabolites or bioactive com-
pounds produced by cultured mycelia or fruiting bodies of O. sin-
ensis in submerged or solid-state cultures. However, O. sinensis 
fruiting bodies can neither be cultured nor developed on a large 
scale. This can be resolved by designing and developing synthetic 
media based on the biological characteristics of O. sinensis. Sev-
eral studies have optimized submerged cultivation media for the 
enhancement of bioactive compounds from mycelia or fermented 
broth. However, only a few studies have focused on the formula-
tion of solid-state media to increase the fruiting bodies of O. sinen-
sis compared to C. militaris strains. Current research has focused 
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on the design and formulation of artificial cultivation media for 
the production of bioactive compounds from mycelia and fruiting 
bodies of O. sinensis cultured on solid-based substrates. Artificial 
cultivation therefore still presents as the best option for industrial 
production to alleviate the pressure of increasing global demand 
and to protect limited natural resources for sustainable utilization.
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