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Cordyceps chanhua is a well-known edible and medicinal mushroom with a 
long history of use in China, and it contains a variety of secondary metabolites 
with interesting bioactive ingredients. However, recent researches have mainly 
focused on cultivation conditions, secondary metabolite compositions and 
pharmacological activities of C. chanhua, the lack of an efficient and stable 
genetic transformation system has largely limited further research on the 
relationship between secondary metabolites and biosynthetic gene clusters 
in C. chanhua. In this study, single-factor experiments were used to compare 
the effects of different osmotic stabilizers, enzyme concentrations and 
enzyme digestion times on protoplast yield, and we  found that the highest 
yield of 5.53  ×  108 protoplasts/mL was obtained with 0.7  M mannitol, 6  mg/mL 
snail enzyme and 4  h of enzyme digestion time, and the regeneration rate of 
protoplasts was up to approximately 30% using 0.7  M mannitol as an osmotic 
stabilizer. On this basis, a PEG-mediated genetic transformation system of C. 
chanhua was successfully established for the first time, which lays the foundation 
for further genetic transformation of C. chanhua.
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1 Introduction

Cordyceps chanhua, also known as Cordyceps cicada, is an entomopathogenic fungus of 
the genus Cordyceps in the family Claviciptaceae that can infest the nymphs of insects (e.g., 
Cicada flammata, Crytotympana pustulata) and form fruiting bodies on their body surfaces 
(Li et al., 2020, 2021). The fruiting bodies of C. chanhua have been used as traditional Chinese 
medicine for more than 1,600 years (Li et al., 2019). The wild-type strain is mainly distributed 
in eastern and southwestern China. Moreover, as an edible and medicinal resource, C. chanhua 
has high research and development value due to its various bioactive components, such as 
adenosine, amino acids, fatty acids, polysaccharides and ergosterol (Zhao et al., 2014; Sun 
et  al., 2018; Zhang et  al., 2019; Nxumalo et  al., 2020; Raethong et  al., 2023). Modern 
pharmacological studies have also confirmed its pharmacological efficacy as renoprotective, 
anti-inflammatory, antitumor, antidiabetic and immunomodulatory effects (Taofiq et al., 2016; 
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He et al., 2018; Xu et al., 2018; Zhang et al., 2018; Zheng et al., 2018; 
Wang et al., 2019). Biomolecular research is crucial for the exploitation 
of these bioactive metabolites. However, at genetic level, the functional 
pharmacological studies of C. chanhua has been hindered by the lack 
of an efficient genetic tools such as transformation systems.

The development of genetic transformation techniques is a 
precondition that allows the targeting and efficiently modifying genes 
and may reveal the function of target genes (Li et al., 2017). Currently, 
there exist several common techniques for genetically transforming 
filamentous fungi, such as protoplast-mediated transformation 
(PMT), Agrobacterium-mediated transformation (AMT), shock-
wave-mediated transformation (SWMT), electroporation (EP), 
biolistic transformation/particle bombardment (BT) and some 
genome editing tools [e.g., zinc-finger nucleases (ZFNs), transcription 
activator-like effector nucleases (TALENs), and the clustered regularly 
interspaced short palindromic repeat/associated protein 9 (CRISPR/
Cas9)] (Díza et al., 2019; Ullah et al., 2020; Liang et al., 2021; Zhang 
et al., 2022). Overall, these manipulation techniques above mainly 
include random DNA integration, gene-targeting technology, RNA 
technology, and modern gene-editing technologies (Ullah et al., 2020). 
Despite these, fungal cell wall components are highly variable among 
different strains, no universal genetic transformation method can 
be applied for all filamentous fungal strains. Hence, it is of utmost 
importance to establish species-specific genetic manipulation methods 
for further research at the molecular level.

Specifically, the PMT fungal genetic manipulation method has the 
advantages of high transformation efficiency, gentle reaction 
conditions, and low cost (Díza et al., 2019). This approach involves the 
use of commercially accessible hydrolyzing enzymes to eliminate 
fungal cell walls, resulting in the production of protoplasts. Following 
this, certain chemical agents, such as polyethylene glycol (PEG) or 
calcium ions, facilitate the fusion and uptake of exogenous nucleic 
acids and protoplasts (Su et al., 2021). In similar applications, the 
selection of an appropriate cell wall degrading enzyme and its 
concentration is vital (Agrawal et  al., 2015, 2022). Since the first 
successful transformation of yeast protoplasts using the PMT method 
by Hinnen et al. (1978), the method has become increasingly widely 
used and has been established in a number of filamentous fungi (e.g., 
Pleurotus eryngii, Ganoderma lucidum, Cordyceps militaris and 
Candida glycerinogenes) (Hinnen et al., 1978; Zhang et al., 2016; Lou 
et al., 2019; You et al., 2021; Zhang et al., 2022). It is noteworthy that 
the transformation rate is highly dependent on the cell wall-degrading 
enzymes (Zhang et al., 2016, 2022). Even, the source of variability for 
the osmotic stabilizers should be well considered as they are pivotal in 
upholding osmotic pressure and averting protoplast deformation/
collapse (Dobrowolska and Staczek, 2009; Díza et al., 2019; Su et al., 
2021). Up to date, an optimized PMT approach for fungi particularly 
in the case of C. chanhua is still controversial. More efforts should 
be developed about the protoplast yield as affected by the enzyme 
digestion time and concentrations.

In this study, we  explored the optimization of protoplast 
preparation of C. chanhua strain 022017-3 and successfully established 
a simple, efficient and stable PEG-mediated protoplast transformation 
as a novel tool for the genetic transformation system of C. chanhua. In 
addition, PEG-mediated homologous recombination was used to test 
the transformation system of strain 022017-3 protoplasts. This is the 
first research report on the successful establishment of a genetic 
transformation system for C. chanhua, which is of great significance 

for the subsequent analyses of functional genes and the regulatory 
mechanisms of effective medicinal components.

2 Materials and methods

2.1 Fungal strains and culture conditions

The wild-type C. chanhua, strain 022017-3 was reserved in the 
Zhejiang Institute of Subtropical Crops, Zhejiang Academy of 
Agricultural Sciences, Wenzhou, China, and used to create the genetic 
system in this study. The mycelium of strain 022017-3 was picked and 
maintained on potato dextrose agar (PDA) medium at 24°C for 
6–7 days. One 2 × 2 cm mycelial block on PDA solid medium was cut 
with a sterilized knife, placed in a 1.5 mL sterile centrifuge tube, fully 
ground with a sterile grinding rod, inoculated into 50 mL of potato 
dextrose broth (PDB) medium containing a concentration of 100 μg/
mL ampicillin, and cultured at 24°C with 150 rpm for 3–4 days to 
collect mycelium.

2.2 Resistance gene selection and fungal 
sensitivity test

The hygromycin B is widely used as an antibiotic screening agent 
in fungal genetic transformation (Gritz and Davies, 1983; Ning et al., 
2022; Li et al., 2023). The antibiotic sensitivity of C. chanhua strain 
022017-3 was determined in PDA medium with different 
concentrations of hygromycin B (200, 250, 300, 350, 400, 450 μg/mL). 
The control group did not receive antibiotics. Petri dishes were 
incubated for 5 days at 24°C.

2.3 Preparation of protoplasts

2.3.1 Mycelium collection
The liquid medium was centrifuged at 5,000 rpm for 10 min to 

obtain the mycelium and then washed thrice with 30 mL of 0.7 M 
osmotic stabilizer.

2.3.2 Fungal cell wall lysis
Snail enzyme was used as a solvent, and 0.7 mol/L osmotic 

stabilizer was added to prepare the final concentration of snail enzyme 
solution. Then, 10 mL of enzyme solution was added to 5 g of 
mycelium and incubated for a period of time at 37°C and 150 rpm.

2.3.3 Protoplast collection
The above enzymatic solution was filtered with four layers of 

sterilized lens paper, and the filtrate was collected into a sterile 50 mL 
centrifuge tube at 4°C and 5,000 rpm for 10 min. The precipitate was 
the desired protoplasts.

2.3.4 Protoplast washing
Precooled STC buffer at 4°C was added to the protoplasts, and the 

volume was fixed to 20 mL and centrifuged at 5,000 rpm for 10 min at 
4°C. This procedure was repeated twice. Protoplasts were observed 
under 40× microscopy, and the final concentration was adjusted to 108 
protoplasts/mL by STC solution.

https://doi.org/10.3389/fmicb.2024.1333793
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Cai et al. 10.3389/fmicb.2024.1333793

Frontiers in Microbiology 03 frontiersin.org

2.4 Single factor experiments of protoplast 
preparation

On the basis of pre-experiments, to select an efficient method for 
protoplast preparation, different osmotic stabilizers (0.7 M NaCl, 
0.7 M KCl, 0.7 M MgSO4, 0.7 M mannitol and 0.7 M sucrose), snailase 
concentrations (2, 4, 6, 8, 10 and 12 mg/mL) and enzyme digestion 
times (2.5, 3, 3.5, 4, 4.5 and 5 h) were selected as influencing factors by 
single factor experiments with protoplast yield as the evaluation index.

2.5 Single factor experiments of protoplast 
regeneration

The regeneration of protoplasts was affected by the type of osmotic 
stabilizers in regeneration medium. In this experiment, four 
commonly used osmotic stabilizers (0.7 M KCl, 0.7 M NaCl, 0.7 M 
mannitol and 0.7 M sucrose) were selected, and a one-way test was 
carried out with osmotic stabilizer type as the influencing factor and 
the regeneration rate of protoplasts as the evaluation index. The 
medium composition used in this study was listed in Table 1. The 
concentration of protoplasts was adjusted from 108 protoplasts/mL to 
103 protoplasts/mL with STC solution, and then 200 μL was taken and 
poured into melted 200 mL of regeneration solid medium and shaken 
slowly to mix well. PDA medium without osmotic stabilizers was used 
as a control. All the above plates were incubated at 24°C in the dark 
for 6 days. The protoplast regeneration rate = (the number of colonies 
in experimental group − the number of colonies in control group)/the 
number of protoplasts * 100%.

2.6 Plasmid construction

To construct the deletion cassette, 1–1.5 kb fragments upstream 
(Up) and downstream (Down) of the target gene and the hygromycin 
phosphotransferase gene (hyg) need to be  obtained. The plasmid 
pKOV21 was used to obtain the hyg gene in this study. Fragments 
1–1.5 kb upstream and downstream were amplified from the genomic 
DNA of strain 022017-3 using the indicated primers (Table 2). The 
double-joint PCR method was carried out to construct the combined 
knockout cassette (Yu et al., 2004). The above three fragments were 
purified with an Agarose Gel Extraction Kit PCR Clean-up Kit (VWI 
Biotech) and ligated by double-joint PCR in the order of 

“Up-hyg-Down.” The “Up-hyg-Down” fragment was assembled into the 
pGEM-T easy vector by the pGEM-T easy Vector System, Promega.

2.7 PEG-mediated protoplast 
transformation and verification of 
transformants

The 12 μg deletion cassettes were added to 850 μL of 108 mL−1 
protoplasts and placed on ice for 25 min. Then, 1 mL of PTC solution 
was slowly added to the mixture and incubated on ice for 25 min. 
Subsequently, the above mixture was added to 20 mL of regeneration 
liquid medium and incubated overnight at 24°C and 100 rpm to revive 
the protoplasts. The revived protoplasts were added to 150 mL of 
prewarmed regeneration solid medium and gently mixed, after which 
the mixture was poured into a petri dish to form a thin layer and 
cultivated in a dark environment at 24°C for 1 to 2 days. Antibiotic 
medium containing 300 μg/mL hygromycin B was poured over the 
above regeneration solid medium petri dishes for screening in the 
dark at 24°C, and transformants were observed for approximately 
5–7 days.

The transformants were picked out three times in antibiotic 
medium, and the third generation was incubated in PDB for genomic 
DNA extraction and amplified by PCR using the indicated primers to 
verify the accuracy of the transformants (Table 2).

2.8 Statistical analysis

Each experiment was performed at least in triplicate. Data were 
presented as the mean ± standard deviation (SD). The data analysis 
was performed using Microsoft Excel and SPSS software (SPSS Inc., 
Ver.19, IL, United States). A one-way analysis of variance (ANOVA) 
was used to analyze the significance difference using Duncan’s 
multiple range test (p ≤ 0.05).

3 Results

3.1 Resistance gene selection and fungal 
sensitivity test

Suitable selection markers are important for the establishment of 
genetic transformation systems in filamentous fungi, which can 
be used to distinguish transformants from nontransformants (Ruiz-
Díez, 2002). In this study, the sensitivity of C. chanhua to hygromycin 
B was tested, and it was found that the growth of strain 022017-3 was 
inhibited at a concentration of 300 μg/mL (Figure 1).

3.2 Effect of different osmotic stabilizers 
on protoplast yield

An optimal osmotic stabilizer can maintain cell conformation and 
prevent cell membrane rupture. As shown in Figure 2A, 0.7 M NaCl 
was the most effective osmotic stabilizer for protoplast preparation, 
with the highest protoplast yield of 4.36 × 108 protoplasts/mL, followed 
by 0.7 M KCl at 2.13 × 108 protoplasts/mL. In addition, with mannitol 

TABLE 1 Medium composition for Cordyceps chanhua genetic 
transformation.

Medium Composition

Potato dextrose agar (PDA) Potato 200 g/L, dextrose 20 g/L, agar 15 g/L

Potato dextrose broth (PDB) Potato 200 g/L, dextrose 20 g/L

Regeneration solid medium
Potato 200 g/L, dextrose 20 g/L, osmotic 

stabilizer 0.7 M, agar 15 g/L

Regeneration liquid medium
Potato 200 g/L, dextrose 20 g/L, osmotic 

stabilizer 0.7 M

Antibiotic medium
Potato 200 g/L, dextrose 20 g/L, agar 

15 g/L, 300 μg/mL hygromycin B
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and sucrose as the osmotic stabilizer, the mycelium would 
be suspended in the upper layer of the liquid, and it was difficult to 
precipitate it by increasing the centrifugation speed and prolonging 
the centrifugation time, which would reduce the amount of mycelium 
and decrease the accuracy of the results.

3.3 Effect of enzymatic hydrolysis 
concentration on protoplast yield

There was a significant difference in the number of protoplasts 
cleaved by different concentrations of snailase. Figure 2B shows that 
with the increase in enzymatic hydrolysis concentration from 2 to 
6 mg/mL, the protoplasts had a rapid growth rate. At an enzymatic 
hydrolysis concentration of 6 mg/mL, the protoplast yield reached 
5.53 × 108 protoplasts/mL. As the enzymatic hydrolysis concentration 
was further elevated, there was a notable deceleration in the growth 
rate of protoplasts.

3.4 Effect of enzymatic hydrolysis time on 
protoplast yield

The enzymatic hydrolysis time also had a great influence on the 
production of protoplasts. Figure 2C shows that the protoplast yield 

increased as the enzymatic hydrolysis time increased from 2.5 to 4 h 
and slowly decreased after 4 h. In the preparation of protoplasts, 4 h 
was the most suitable enzymatic hydrolysis time, and the highest 
protoplast yield reached 4.36 × 108 protoplasts/mL.

3.5 Regeneration of Cordyceps chanhua 
strain 022017-3 protoplasts

Four osmotic stabilizers (0.7 M KCl, 0.7 M NaCl, 0.7 M mannitol 
and 0.7 M sucrose) were used to determine the regeneration rate of 
C. chanhua protoplasts. It was found that 0.7 M mannitol had the best 
effect, and the regeneration rate reached nearly 30% (Figure 3).

3.6 Verification of transformants during 
protoplast transformation

In this study, we  validated the transformation system by 
transferring the hyg gene into the C. chanhua genome. The strain 
successfully transferred with the hyg gene could grow normally in 
antibiotic medium. Eleven single colonies grew in antibiotic medium, 
those colonies were picked out three times in antibiotic medium, and 
the third generation was verified by diagnostic PCR. Finally, three 
correct transformants were obtained (Figure 4).

TABLE 2 PCR primers for deletion cassette construction and transformants validation.

Primers Oligonucleotide sequence (5′–3′) Uses Length of 
amplified 
sequence

up-F AGGTAGTCCTTATATAGGGATAGC Up flanks’ amplification 

for deletion cassete
1.5 kb

up-R GCTCCTTCAATATCATCTTCTCTCGAGCAGAGGGAAGCGACAACT

down-F AGAGTAGATGCCGACCGAACAAGAAAGATGGAGGAAGCAATGTCG Down flanks’ 

amplification for deletion 

cassete

1.5 kb
down-R CGGAAGAACGCAGTGTATCG

hyg-F CGAGAGAAGATGATATTGAAGGAGC hyg gene amplification 

and diagnostic PCR for 

transformants

1.4 kb
hyg-R TCTTGTTCGGTCGGCATCTACTCTA

FIGURE 1

Sensitivity of wild type strain 022017-3 toward hygromycin B. PDA medium was supplemented with different concentrations of hygromycin B (200–
450  μg/mL) and PDA without hygromycin B (CK) were incubated for 5  days at 24°C.
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4 Discussion

C. chanhua is a significant traditional Chinese medicine with a 
diverse array of bioactive constituents, indicating potential for broader 
applications through the investigation of these metabolites. Nevertheless, 
the lack of a genetic transformation platform has notably constrained the 
exploration of functional genes and secondary metabolite synthesis 
mechanisms in C. chanhua. While genetic transformation systems have 
been successfully developed for C. militaris within the Cordyceps genus, 
the transformation protocols vary considerably across different species 
(Sun et al., 2017; Meng et al., 2022). Hence, it is imperative to thoroughly 
examine the transformation manipulations in C. chanhua.

The yield and regeneration quality of protoplasts are influenced by 
multiple factors, including osmotic stabilizers, enzymatic hydrolysis 
concentration and time (Díza et  al., 2019). Among them, osmotic 
stabilizers mainly play a role in maintaining the osmotic pressure of the 
cytoplasmic membrane system. Cell wall-degrading enzymes may 
damage the membrane system, inactivate the released protoplasts and 
make regeneration difficult, so an optimal osmotic stabilizer is needed 
to protect the protoplasts so that the internal and external pressure of the 
protoplasts remains balanced. To illustrate, 0.6–1.2 M sorbitol solution is 
used in the protoplast preparation of Amphichorda guana (Liang et al., 
2021), Neurospora crassa (Case et  al., 1979) and Aspergillus oryzae 
(Hahm and Batt, 1988) to maintain osmotic stability in protoplasts. 
Additionally, there exists a clear correlation between the concentration 
of hydrolyzing enzymes and the resulting protoplast yield (Wu et al., 
2018). Increasing the concentration of hydrolyzing enzymes within a 
specific range enhances the liberation of protoplasts. However, once a 
certain threshold is reached, further increases in concentration do not 
lead to a significant rise in the number of protoplasts released. Based on 
the principle of cost-effectiveness, it is necessary to specify the optimal 
enzymatic concentration when the maximum protoplast yield is reached. 
Currently, the commonly used cell wall-degrading enzymes include 
snailase, driselase and lywallzyme (Han et al., 2020; Ning et al., 2022; Xie 
et  al., 2022). Snailase is a complex enzyme that consists of over 20 
different types of enzymes, e.g., cellulase, pectinase, mannanase, 
glucoamylase, chitinase and lipase (Liang et al., 2012). In present study, 
snailase was selected to degrade the cell wall of C. chanhua due to its low 
cost and is one of the effective enzymes for the preparation of fungal 
protoplasts. Furthermore, enzymatic hydrolysis time also has a 
considerable effect on protoplast yield. The young mycelium will 
be cleaved alongside the release of protoplasts, followed by the relatively 
older mycelium. Consequently, inadequate enzymatic hydrolysis 
duration may result in incomplete degradation of cell walls, while 
excessive duration may lead to potential damage to protoplasts, both of 
which will result in a lower protoplast yield and affect the regeneration 
rate of protoplasts (Agrawal et al., 2015; Ning et al., 2022).

In addition, transformation experiments showed that hyg gene 
could be  successfully transferred into the genome of C. chanhua 
022017-3 which ensured the mitotic stability of the transformants. 
About 11 transformants could be obtained from 12 μg of the deletion 
cassettes, and 3 of them were positive as identified by diagnostic 

FIGURE 2

Effect of osmotic stabilizers, enzymatic hydrolysis concentration and enzymatic hydrolysis time on protoplasts preparation of strain 022017-3. 
(A) Osmotic stabilizers. (B) Snailase concentration. (C) Enzymatic hydrolysis time (**p  <  0.01 and *p  <  0.05).

FIGURE 3

Effect of osmotic stabilizers on protoplasts regeneration of strain 
022017-3 (**p  <  0.01 and *p  <  0.05).
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PCR. The desirable transformation efficiencies proved that the 
established genetic transformation system could satisfy the needs for 
further genetic manipulation and research.

In fungi, the availability of transformation systems is crucial for 
investigating the functional roles of genes associated with the synthesis 
of specific metabolites or enzymes. Resistance genes are significant 
contributors to the genetic transformation of fungi, and mutant strains 
carrying resistance genes can be screened from wild-type strains by 
resistance screening medium. The hygromycin phosphotransferase 
gene is widely used as an antibiotic transformation marker in fungi, 
including Eutypella sp. (Ning et al., 2022), Poria cocos (Xie et al., 2022) 
and Gloeophyllum trabeum (Li et al., 2023). Here, we determined that 
the lowest hygromycin B inhibition concentration in C. chanhua 
022017–3 was 300 μg/mL.

5 Conclusion

This study represented the first successful example of PMT system of 
the cordycipitoid fungus C. chanhua strain 022017-3 with excellence in 
transformation efficiencies. Preparation and regeneration of protoplasts 
are the basis for genetic transformation. We observed that the highest 
yield of 5.53 × 108 protoplasts/mL was obtained with 0.7 M mannitol, 
6 mg/mL snail enzyme and 4 h of enzyme digestion time, and the 
regeneration rate of protoplasts was up to approximately 30% using 0.7 M 
mannitol as an osmotic stabilizer. However, the PMT system also has 
some limitations, such as low transformation efficiency and regeneration 
rate in C. chanhua, which require further studies to improve. In 
conclusion, the genetic transformation of C. chanhua described in this 
work will provide access to further investigate the functional genes and 
secondary metabolite synthesis mechanisms in C. chanhua.
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FIGURE 4

Morphological comparison of wild type strain 022017-3 with transformants and confirmation of transformants. (A) Phenotypes of wild type strain 
022017-3 and transformant on PDA and antibiotic medium at 24°C for 6  days. (B) Diagnostic PCR to identify the transformants (M, Marker; WT, Wild 
Type; T1, Transformant 1; T2, Transformant 2; T3, Transformant 3).
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SUPPLEMENTARY FIGURE S1

Construction of deletion cassette by PCR. (A) Up and down fragments of 
target gene. (B) Hyg fragment (M, Marker).

SUPPLEMENTARY FIGURE S2

Up, hyg and down fragments of deletion cassette were assembled by 
double-joint PCR (M, Marker).
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