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Abstract

Cordyceps militaris is a popular edible fungus with important economic value 

worldwide. In this study, an efficient CRISPR/Cas9 genome- editing system 

based on an autonomously replicating plasmid with an AMA1 sequence 

was constructed. Further, a precisely targeted gene deletion via homology- 

directed repair was effectively introduced in C. militaris. Gene editing was 

successful, with efficiencies of 55.1% and 89% for Cmwc- 1 and Cmvvd, 

 respectively. Precisely targeted gene deletion was achieved at an efficiency 

of 73.9% by a single guide RNA supplementation with donor DNAs. Double 

genes, Cmwc- 1 and Cmvvd, were edited simultaneously with an efficiency 

of 10%. Plasmid loss was observed under non- selective culture conditions, 

which could permit recycling of the selectable marker and avoid the adverse 

effects of the CRISPR/Cas9 system on the fungus, which is beneficial for the 

generation of new cultivars. RNA Pol III promoters, endogenous tRNAPro of 

C. militaris, and chimeric AfU6- tRNAGly can be used to improve the efficiency. 

Polyethylene glycol- mediated protoplast transformation was markedly more 

efficient than Agrobacterium tumefaciens- mediated transformation of C. mili-

taris. To our knowledge, this is the first description of genome editing and 

precisely targeted gene deletion in mushrooms based on AMA1 plasmids. 

Our findings will enable the modification of multiple genes in both functional 

genomics research and strain breeding.
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INTRODUCTION

Cordyceps militaris (L.) Fr., which belongs to ascomy-
cetes, is a well- known edible and medicinal fungus that 
has been widely used as an herbal tonic in East Asia. 
Owing to the successful cultivation and commercializa-
tion of fruiting bodies, this fungus has become a valuable 
mushroom with important economic value worldwide. 
C. militaris produces a variety of bioactive components, 
such as cordycepin (Cunningham et al., 1950), pento-
statin (Xia et al., 2017), N6- (2- hydroxyethyl)- adenosine 
(Zhang et al., 2018), carotenoids (Fu, 2005), ergosterol 
(Nallathamby et al., 2015) and polysaccharides (Gai & 
Zhang, 1992).

The biosynthetic pathways of bioactive components 
and increasing the contents of these components via 
genetic engineering have been the focus of research 
on this fungus (Lou et al., 2019; Xia et al., 2017). Gene 
disruption, overexpression and complementation 
can be achieved by homologous recombination via 
Agrobacterium tumefaciens- mediated transformation 
(ATMT) in this fungus (Zheng et al., 2011; Yang et al., 
2016; Zhang et al., 2020). However, the low efficiency 
of gene manipulation mediated by homologous recom-
bination has markedly hindered high- throughput gene 
function studies.

Strain degeneration occurs at high frequency during 
the subculture and preservation of C. militaris, which 
hinders development of the industry (Lou et al., 2019; 
Sun et al.,  2017). Therefore, strain improvement and 
breeding of this fungus are important. Traditional 
breeding is untargeted, laborious and time- consuming. 
Molecular breeding can remarkably improve breeding 
efficiency. However, such strains are classified as ge-
netically modified organisms owing to the introduction 
of foreign DNA sequences, especially antibiotic resis-
tance genes (Wohlers, 2015). In 2016, Agaricus bispo-
rus with a CRISPR/Cas9- edited genome was reported 
to escape the supervision of the US Department of 
Agriculture (Waltz, 2016). Now CRISPR- enabled engi-
neering is being used in commercial and model crops 
to increase yield, improve drought tolerance and in-
crease growth in limited- nutrient conditions, and breed 
crops with improved nutritional properties (Barrangou 
& Doudna, 2016).

The CRISPR/Cas9 system has since been used 
for gene editing in higher fungi, including Coprinopsis 
 cinerea (Sugano et al., 2017), Ganoderma lucidum and 
Ganoderma lingzhi (Qin et al., 2017; Wang et al., 2020), 
Schizophyllum commune (Jan Vonk et al.,  2019), 
Pleurotus ostreatus (Boontawon et al.,  2021), and 
Pleurotus eryngii (Wang et al.,  2021). In C. cinerea, 
strong promoters of CcDED1 and U6- snRNA were 
used to express Cas9 and sgRNA, respectively, and 
CRISPR/Cas9- mediated GFP mutagenesis was suc-
cessful in a stable GFP expressing strain with an effi-
ciency of 10.5% (Sugano et al., 2017). The ura3 gene 

was successfully edited by codon- optimized Cas9 and 
in vitro- transcribed sgRNA in G. lucidum and G. lingzhi  
(Qin et al.,  2017). cyp5150l8, a cytochrome P450 
monooxygenase (CYP450) gene responsible for the 
biosynthesis of ganoderic acids, was edited in G. lu-
cidum (Wang et al., 2020). In Schizophyllum commune, 
a homeodomain transcription factor gene, hom2, was 
successfully edited using pre- assembled Cas9 ribonu-
cleoproteins (RNPs) (Jan Vonk et al., 2019). Plasmids 
containing the Cas9 expression cassette and sgRNAs 
for fcy1 and pyrG were transferred to protoplasts of 
Pleurotus ostreatus, resulting in gene- editing efficien-
cies of 20– 94.9% (Boontawon et al.,  2021). A highly 
efficient pyrG gene editing system was established in 
P. eryngii using an in vivo- synthesized U6 promoter- 
guided sgRNA and codon- optimized Cas9 (Wang 
et al., 2021).

In C. militaris, the pyrG gene was successfully ed-
ited using the CRISPR/Cas9 system; however, the effi-
ciency was only 11.76% (Chen et al., 2018). The editing 
efficiency of Cmura5 reached 100% when an optimized 
ribonucleoprotein (RNP)- based method was employed 
(Zou et al., 2021). These studies indicate the feasibility 
of gene editing in this species. However, the ura gene 
was selected as a target and the editing efficiency was 
based on screening on media containing 5- fluoro orotic 
acid. To date, multiple gene editing has seldom been 
reported in this species.

Plasmids containing the AMA1 sequence from 
Aspergillus nidulans Glasgow strains can perform ex-
trachromosomal replication (Gems et al., 1991). AMA1 
plasmids have a low potential of insertion into the fun-
gal genome during transformation and can be easily 
lost after being cultured under nonselective conditions, 
allowing the reuse of dominant selection marker(s) in 
the next transformation (Wang & Coleman, 2019).

In theory, the AMA1- based CRISPR/Cas9 genome 
editing technology enables limitless rounds of genetic 
engineering. Therefore, AMA1 plasmids have been 
used in the CRISPR/Cas9 systems for filamentous fungi 
(Wang & Coleman,  2019). For example, an efficient 
multiple gene modification was constructed using the 
CRISPR/Cas9 system based on AMA1 in Aspergillus 
oryzae (Katayama et al.,  2019). Nonetheless, no re-
ports have revealed whether AMA1- based plasmids 
can function and be recycled in the CRISPR/Cas9 sys-
tems for ascomycetous mushrooms.

The CRISPR/Cas9 system has revolutionized 
genetic manipulation; however, precisely and ef-
ficiently deleting genes remains a challenge (Li & 
Huang,  2021). Double- stranded breaks (DSBs) at 
the target site can be introduced by the Cas9 pro-
tein recruited by single- guide RNAs, which trigger 
DNA repair mediated by non- homologous end- joining 
(NHEJ), resulting in targeted insertions or deletions 
(indels) (Hsu et al.,  2014). Although the process is 
efficient, indels are unpredictable, imprecise, and 
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typically very small in size (Choi et al., 2021). Precise 
gene manipulation is critical for exploring gene 
functions.

In this study, an AMA1- based CRISPR/Cas9 system 
was successfully constructed in C. militaris. Double- 
gene editing was also successful, with an efficiency of 
10%. The system was further optimized by comparing 
different RNA polymerase III (RNA Pol III) promoters. 
Endogenous tRNAPro of C. militaris and the heterolo-
gous chimeric RNA Pol III promoter AfU6- tRNAGly can 
improve efficiency. Plasmid loss under non- selective 
culture conditions allows the reuse of markers for sub-
sequent transformation procedures. Precisely targeted 
gene deletion, based on homology- directed repair 
(HDR) templates, was performed. Finally, using the 
same plasmid, the efficiency of PEG- mediated pro-
toplast transformation and ATMT in this species was 
compared.

EXPERIMENTAL PROCEDURES

Strains and cultural conditions

The C. militaris strain, CGMCC 3.16323, was main-
tained on potato dextrose agar (PDA) at 20°C. The 
Escherichia coli strain, DH5α, and A. tumefaciens 
strain, AGL- 1, which were used for the construction of 
recombinant plasmids, were purchased from Tiangen 
Biotech Co., Ltd. (Beijing, China) and stored at −80°C. 
E. coli strains were cultured in Luria- Bertani medium 
supplemented with kanamycin (50 μg/ml) as a selection 
marker. A. tumefaciens strains were cultured in yeast 
extract beef (YEB) medium supplemented with carben-
icillin (50 μg/ml) and kanamycin (50 μg/ml).

Plasmid construction

The Cas9- expressing plasmids, pAMA1- Cas9- hygR, 
pLC1, and pLC3 (Chen et al., 2020), conferring hygro-
mycin resistance, were generously gifted by Professor 
Gang Liu from the Institute of Microbiology, Chinese 
Academy of Sciences. These plasmids contained the 
same Cas9- expressed cassettes, in which the coding 
sequences of cas9 from Streptococcus pyogenes with 
a 3 × Flag tag, an SV40 nuclear location signal (NLS) in 
its 5′ terminus and a nucleoplasm NLS in its 3′ termi-
nus were placed under the control of the gpd promoter 
and trpC terminator from A. nidulans (Figure 1A). An 
autonomously replicating sequence, AMA1, from fila-
mentous fungi (Zhang et al.,  2016) was presented in 
pAMA1- Cas9- hygR (Figure 1A). pLC1 and pLC3 were 
the Ti plasmids. All plasmids and primers used in this 
study are listed in Tables S2 and S3, respectively.

To evaluate the efficiency of the CRISPR/Cas9 sys-
tem in C. militaris, the photoreceptor genes, Cmwc- 1 

and Cmvvd, were chosen as target sites. The Cmwc- 1  
gene- editing plasmid, pAMA1- Cas9- sgRNACmwc−1, 
was constructed as follows: Neurospora crassa 
5SrRNA (E00012) downloaded from the 5SrRNA da-
tabase (http://combio.pl/rrna/) was selected as the 
promoter for sgRNA. A 20 bp guide sequence (crR-
NACmwc−1, cacgctccaacgcattcga) targeting Cmwc- 1 
was designed using the eukaryotic pathogen CRISPR 
guide RNA/DNA Design Tool (http://grna.ctegd.uga.
edu/). The entire sgRNACmwc−1 sequence (Nc5SrRNA- 
crRNACmwc−1- tracrRNA- T6) was synthesized by 
Sangon Biotechnology Company (Shanghai, China) 
and inserted into pAMA1- Cas9- hygR at the NotI site 
(Figure  1A) using a CloneExpress® Ultra One Step 
Cloning Kit (Vazyme Biotech Co., Ltd, Beijing, China) to 
obtain pAMA1- Cas9- sgRNACmwc−1. The Cmvvd- editing 
plasmid, pAMA1- Cas9- sgRNACmvvd, was almost identi-
cal to pAMA1- Cas9- sgRNACmwc−1, except for the 20 bp 
guide sequence that targeted Cmvvd (crRNACmvvd, 
 gcggatccaactgttcaact) (Figure S1A).

A plasmid for targeted gene deletion was con-
structed using a similar strategy. To delete the 2.963 kb 
DNA fragment of Cmwc- 1, pAMA1- Cas9- sgRNACmwc−1 
was used. The HDR templates (donor DNAs) of the tar-
geted loci were amplified from C. militaris using primers, 
CMwc1up- F/R and CMwc1down- F/R. The templates 
were then cloned into pAMA1- Cas9- sgRNACmwc−1 to 
construct the plasmid, pAMA1- Cas9- sgRNACmwc−1−HR 
(Figure 2A).

The double- gene- editing plasmid, pAMA1- Cas9- 
sgRNACmwc−1/Cmvvd (Figure 3A), for Cmwc- 1 and Cmvvd 
was constructed by inserting cassettes Nc5SrRNA- 
crRNACmwc−1- tracrRNA- T6 and Nc5SrRNA- crRNACmvvd- 
tracrRNA- T6 into the pAMA1- Cas9- hygR plasmid at the 
NotI loci.

Optimization of the RNA pol III promoters 
for gRNA expression

The RNA Pol III promoters for gRNA expression were 
optimized. Endogenous tRNAs of C. militaris were 
identified using the tRNAscan- SE website (http://
lowel ab.ucsc.edu/tRNAs can- SE/) with the genome 
of the C. militaris strain CM01 (Zheng et al.,  2011). 
Based on the efficiency of tRNAPro and tRNAGlu in the 
CRISPR/Cas9 system (Mefferd et al., 2015), tRNAPro 
and tRNAGlu in C. militaris were selected from a variety 
of predicted tRNAs. To confirm the transcription initia-
tion of sgRNAs, 94 bp, and 80 bp upstream of tRNAPro 
and tRNAGlu, respectively, were also truncated with 
these two tRNAs as the RNA Pol III promoters. The 
heterologous chimeric RNA Pol III promoter, AfU6- 
tRNAGly, was amplified from pLC3 (Chen et al., 2020) 
and used as an RNA Pol III promoter. Plasmids 
with sgRNA targeting Cmwc- 1 under the control of 
these three RNA Pol III promoters were constructed 

http://combio.pl/rrna/
http://grna.ctegd.uga.edu/
http://grna.ctegd.uga.edu/
http://lowelab.ucsc.edu/tRNAscan-SE/
http://lowelab.ucsc.edu/tRNAscan-SE/
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using the same strategy: tRNAPro- crRNACmwc−1- 
tracrRNA- T6, tRNAGlu- crRNACmwc−1- tracrRNA- T6 and 
AfU6- tRNAGly- crRNACmwc−1- tRNAGly- T6 were inte-
grated into pAMA1- Cas9- hygR at the NotI loci using 
a CloneExpress Ultra One Step Cloning Kit. These 
plasmids were transformed into C. militaris by PEG- 
mediated protoplast transformation, and Cmwc- 1- 
edited strains were confirmed by sequencing. Three 
biological repeats were performed for each RNA Pol 
III promoter.

PEG- mediated protoplast transformation

Protoplast preparation and PEG- mediated transforma-
tion were performed according to a previously described 
procedure (Lou et al.,  2018) with some modifications. 
The C. militaris strain was cultured in 100 ml of PPDB (po-
tato dextrose broth supplied with 1% peptone) in a static 
state at 20°C for 4 days. Fresh mycelia were collected 
via filtering with four layers of lens paper and succes-
sive cleaning with adequate ddH2O and 0.8 mol/L KCl.  

F I G U R E  1  Cmwc- 1 was edited by an AMA1- based CRISPR/Cas9 system via PEG- mediated protoplast transformation. (A) Schematic 
of the pAMA1- Cas9- sgRNACmwc−1 plasmid expressing Cas9 and sgRNACmwc−1. (B) Colony of the pAMA1- Cas9- sgRNACmwc−1 protoplast 
transformants on selective medium after light exposure. Bar = 3 cm. (C) DNA sequences of the white colony of pAMA1- Cas9- sgRNACmwc−1 
protoplast transformants at the Cmwc- 1 target site. 1, 2, 3, 6, 8, 9, 10, 12 and 16 represent the white colonies; WT indicates the wild- type 
strain. In1, In2 and In69 represent 1 bp, 2 bp and 69 bp insertions, respectively; D1 represents a 1 bp deletion. The yellow and red boxes 
indicate the PAM and guide sequence, respectively.
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To generate protoplasts, 0.2  g of wet mycelia were 
digested in 1  ml of 2% lywallzyme (dissolved with 
0.8 mol/L KCl, pH = 6.5, Guangdong Culture Collection 
Center, Guangzhou, China) at 32°C with gentle shak-
ing (90 rpm) for 3 h, and the formed protoplasts were fil-
tered with four layers of lens papers, washed twice with 
0.8 mol/L KCl by centrifugation at 3000 rpm for 10 min at 
room temperature, and then suspended in 100– 300 μl of 

STC buffer (1 M sorbitol, 10 mM Tris– HCl, 25 mM CaCl2, 
pH = 7.5) to a final density of 3 × 108 cells/ml for use.

Plasmid transformation was subsequently performed. 
Briefly, for each 100 μl of protoplast, 2 μg of plasmid was 
added. After incubation on ice for 5 min, 50 μl of PEG 
buffer (25% PEG, 10 mM of Tris– HCl, and 25 mM of 
CaCl2, pH = 7.5) was slowly added and placed on ice for 
30 min. Thereafter, 0.5 ml PEG buffer was slowly added 

F I G U R E  2  Precisely targeted gene 
deletion of Cmwc- 1 by the AMA1- based 
CRISPR/Cas9 system supplemented with 
donor DNAs. (A) The strategy of targeted 
gene deletion of Cmwc- 1. 850- bp DNA 
fragments for the left and right arms 
flanking the target gene of Cmwc- 1 were 
cloned as donor DNAs. Thereafter, the 
donor DNAs were cloned into pAMA1- 
Cas9- sgRNACmwc−1 to construct the 
pAMA1- Cas9- sgRNACmwc−1−HR plasmid. 
The target gene of Cmwc- 1 was 
deleted precisely by a single guide RNA 
supplementation with donor DNAs in C. 
militaris. (B) Colony of the pAMA1- Cas9- 
sgRNACmwc−1−HR protoplast transformants 
on selective medium after light exposure. 
Bar = 3 cm. (C) Verification of the 
Cmwc- 1 deletion strain by PCR. 1– 23 are 
transformants, 633 is the wild- type strain, 
H2O represents the blank controls. (D) 
DNA sequences of the target fragment 
of the Cmwc- 1 deletion strains. WT 
indicates the wild- type strain. * indicates 
the omitted fragments, −-  indicates 
deleted fragments.
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and incubated at 28°C for 20 min, and then 1 ml STC 
buffer was slowly added. Cells were harvested by cen-
trifugation at 3000 rpm for 10 min at room temperature, 
resuspended in 200– 400 μl of STC buffer and incubated 
in PPDA with 1 M mannitol and 500 μg/ml hygromycin 
at 25°C. After 4– 7 days of regeneration, individual colo-
nies germinated visibly and were transferred to another 
 selection plate (PPDA+500 μg/ml hygromycin).

Selection of the edited and targeted gene 
deletion strains

To identify the Cmwc- 1- edited strains, pAMA1- Cas9- 
sgRNACmwc−1 transformants were cultured under a 12 h 
light/12 h dark cycle for three days, and the colour of the 
colonies was observed. White colonies were selected, 
and PCR analysis of the targeted loci of Cmwc- 1 was 

F I G U R E  3  Double gene editing for 
genes, Cmwc- 1 and Cmvvd, by  
the AMA1- based CRISPR/Cas9 system. 
(A) Schematic of the double- gene- editing 
plasmid. Cassettes Nc5SrRNA-   
sgRNA Cmwc−1- T6 and Nc5SrRNA- 
sgRNA Cmvvd - T6 were inserted into the 
pAMA1- Cas9- hygR plasmid. (B) Colony 
of pAMA1- Cas9- sgRNACmwc−1/Cmvvd 
transformants on selective medium under 
dark conditions and after light exposure. 
Bar = 3 cm. (C) DNA sequences of the 
randomly selected transformants at the 
Cmwc- 1 target site. (D) DNA sequences 
of the randomly selected transformants 
at the Cmvvd- 1 target site. 3, 4, 6, 7, 8, 9, 
10, 13, 14 and 15 represent the selected 
colonies, WT indicates the wild- type 
strain, and In1 represents a 1 bp insertion. 
Yellow and red boxes indicate PAM and 
guide sequences, respectively.
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performed with Cmwc1- F1/R1 primers followed by se-
quencing. For the targeted gene deletion strains, PCR 
analysis of the targeted fragment of Cmwc- 1 was per-
formed using the primers, Cmwc1ck- F/R, and three 
randomly selected strains were sequenced. For the 
Cmvvd- edited strains, nine randomly selected strains 
were sequenced around the target site using primers, 
Cmvvdck- F/R. For the double- gene- edited strains, 
primers Cmvvdck- F/R and Cmwc1- F1/R1 were used to 
sequence 9 randomly selected strains.

Loss of the AMA1 plasmid

Plasmids with AMA1 autonomously replicating se-
quences could exist independently of genomic DNA 
and may be lost in daughter cells during the cell divi-
sion process under non- selective culture conditions. 
Plasmid loss was assessed by picking the cells with 
toothpicks and performing subculture. The Cmwc- 1- 
edited strains were cultured on PPDA plates at 20°C 
for 20 days. The cells were then picked using a sterile 
toothpick and transferred to new PPDA plates with or 
without 500 μg/ml hygromycin. Growth was observed 
after 5– 7 days of cultivation. This step was repeated for 
three generations, and plasmid loss was subsequently 
identified by hyg and ITS4/5 PCR amplification. ITS4/5 
was used as a positive control to ensure the quality of 
the exact DNA and hyg was amplified to assess the 
feasibility of plasmid loss.

Efficiency comparison between ATMT and 
PEG- mediated protoplast transformation

A Ti plasmid pLC1- sgRNACmwc−1 targeting the Cmwc- 1  
gene under the efficient AfU6- tRNAGly RNA Pol III 
promoter was constructed by inserting AfU6- tRNAGly- 
crRNACmwc−1- tRNAGly- T6 into pLC1 at the SbfI loci with 
a CloneExpress® Ultra One Step Cloning Kit. pLC1- 
sgRNAAfU6−tRNAGly was transformed into C. militaris 
by ATMT, as previously described (Yang et al., 2016), 
and by PEG- mediated protoplast transformation. The 
Cmwc- 1- edited strains were confirmed by sequenc-
ing the white colonies at the target loci using primers 
Cmwc1- F/R.

RESULTS

Editing of Cmwc- 1 or Cmvvd using the 
AMA1- based CRISPR/Cas9 system

The photoreceptor genes, Cmwc- 1 and Cmvvd, were 
selected as the target sites as the phenotypes of albi-
nism or the deepened colour of mycelia were confirmed 
when Cmwc- 1 and Cmvvd were disrupted, respectively, 

by homologous recombination via ATMT in our previ-
ous studies (Yang et al., 2016; Zhang et al., 2020). After 
the introduction of pAMA1- Cas9- sgRNACmwc−1 into the 
protoplasts of C. militaris, 14– 24 transformants for three 
batches were obtained and transferred to light condi-
tions (600– 800 lux, 12 h light/12 h dark). More than half of 
transformants showed pure white colonies (Figure 1B), 
identical to the albinism phenotype of Cmwc- 1- disrupted 
strains obtained by homologous recombination- 
mediated gene knockout (Yang et al., 2016). PCR and 
sequencing confirmed that all albinism transformants 
had been edited at the Cmwc- 1 target site (Figure 1C) 
around the PAM sequence (AGG), the typical target site 
of the CRISPR/Cas9 system, whereas none of the or-
ange colonies had a sequence change around the tar-
get site, with an actual editing efficiency of 55.1 ± 3.66% 
with three repeats (Table S1).

For the other blue light receptor- coding gene, 
Cmvvd, more than 80 colonies germinated after pro-
toplast transformation of pAMA1- Cas9- sgRNACmvvd. 
To calculate the editing efficiency without phenotype 
selection, nine transformants were randomly selected 
and sequenced. Eight of the transformants were identi-
fied to be edited at the target site, with an efficiency of 
88.89% (Figure S1).

CRISPR/Cas9- mediated precisely targeted 
gene deletion following supplementation 
with donor DNAs

The gene was successfully edited using the AMA1- 
based CRISPR/Cas9 system. However, the modifica-
tion at the target loci was random and unpredictable, 
and mutagenesis observed in the targeted transfor-
mants was mainly 1– 3 bases of deletion/insertion near 
the PAM sites (Figure 1 and Figure S1). Precise ma-
nipulation of genomic sequences can enable investiga-
tions on the functions of specific genes and is useful 
for genetic analysis in basic studies as the genotype 
(mutant or WT) can be easily determined by conven-
tional genomic PCR experiments. Herein, 850 bp DNA 
fragments for the left and right arms flanking the target 
gene of Cmwc- 1 were cloned and used as HDR tem-
plates (Figure 2A). The pAMA1- Cas9- sgRNACmwc−1−HR 
plasmid was constructed by inserting an HDR tem-
plate into the pAMA1- Cas9- sgRNACmwc−1 plasmid. 
After pAMA1- Cas9- sgRNACmwc−1−HR was introduced, 
24 colonies were randomly selected and analyzed 
by PCR using the primers, CMwc1ck- F/R. A total of 
17 colonies (73.9%) showed the expected band at 
847 bp (Figure  2B, C). Sequencing analysis revealed 
that the 2.963 kb DNA fragment, which is the coding 
region of the Cmwc- 1 gene, was successfully deleted 
(Figure 2D). These results indicate that the improved 
CRISPR/Cas9 system is efficient for precisely targeted 
gene deletion in C. militaris.
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Simultaneously targeted mutagenesis of 
Cmwc- 1 and Cmvvd using the CRISPR/
Cas9 system

Simultaneous mutagenesis of two or more genes 
is essential for identifying biological pathways and 
conducting research on gene family. We proceeded 
to simultaneously edit Cmwc- 1 and Cmvvd. The 
Cmwc- 1/Cmvvd- editing plasmid, pAMA1- Cas9- 
sgRNACmwc−1/Cmvvd, was constructed by integrating 
sgRNACmwc−1 and sgRNACmvvd into pAMA1- Cas9- hygR 
(Figure 3A). This plasmid was then transformed into C. 
militaris by PEG- mediated transformation. Ten trans-
formants were randomly selected and sequenced 
(Figure 3B). However, only one colony was confirmed 
to be edited at both target sites; the other transfor-
mants were edited only at the Cmwc- 1 or Cmvvd sites 
(Figure 3C, D).

Optimization of the CRISPR/Cas9 
system based on a comparison of gene 
editing efficiency with different RNA pol 
III promoters

As the double- gene- editing efficiency of Cmwc- 1/ 
Cmvvd using this CRISPR/Cas9 system was only 
10%, the CRISPR/Cas9 system was further optimized 
by comparing the Cmwc- 1- editing efficiency with dif-
ferent RNA Pol III promoters. Endogenous tRNAs of  
C. militaris, tRNAPro, and tRNAGlu, and the heterolo-
gous chimeric RNA Pol III promoter, AfU6- tRNAGly, 
from A. fumigatus Af293.1 (Chen et al.,  2020) were 
used (Figure S2A). As shown in Figure S2B, transfor-
mants appeared as white colonies after light exposure, 
resembling the Cmwc- 1 disruption phenotype. Nine 
white colonies of each transformant type were ran-
domly selected and sequenced at the target loci. The 
overwhelming majority of selected white transformants 
were edited in the Cmwc- 1 gene, whereas only seven 
of the nine selected pAMA1- Cas9- sgRNAtRNA−Glu white 
transformants were edited (Figure S2C). After three 
repetitions of the experiment, the editing efficien-
cies of pAMA1- Cas9- sgRNAtRNA−Pro, pAMA1- Cas9- 
sgRNAtRNA−Glu and pAMA1- Cas9- sgRNAAfU6−tRNA 
were 84.7%, 59.5%, and 77.5%, respectively, signifi-
cantly higher than that of pAMA1- Cas9- sgRNACmwc−1  
(Nc- 5SrRNA) 55.1% (p < 0.05), indicating successful 
optimization of the RNA Pol III promoters (Figure 4).

Plasmid loss in the edited strains under  
nonselective culture conditions

To reduce the off- target potential owing to the long ex-
istence of Cas9 and sgRNA and preparation for further 
gene complementation in edited strains, the reuse of 

Cas9, sgRNA, and selection markers was considered 
in succession after the successful adaptation and op-
timization of the CRISPR/Cas9 system in C. militaris. 
As described previously, the autonomously replicated 
sequence, AMA1, could enable plasmid loss during cell 
division by repeated culturing on nonselective media 
(Nødvig et al., 2015; Weyda et al., 2017). In this study, 
plasmid loss was achieved by picking cells with tooth-
picks and culturing them on agar plates. After three 
generations of culture, no colonies had formed on 
the selective agar plates after 10 days; however, my-
celia could be clearly observed on non- selective agar 
plates  (Figure S3A), indicating that plasmids with the 
AMA1 sequence were lost during cell reproduction.

To determine whether plasmids were lost in colonies 
that germinated on agar medium, hyg and ITS4/5 se-
quences were amplified when the colonies were large 
enough. All nine randomly selected single colonies on 
the non- selective media had clear gel electrophoresis 
bands of ITS 4/5, indicating good DNA quality. However, 
no hyg sequence was amplified, indicating the loss of 
the pAMA1- Cas9- sgRNACmwc−1 plasmid (Figure S3B).

PEG- mediated protoplast transformation 
has a remarkably higher efficiency 
than ATMT

A. tumefaciens- mediated transformation (ATMT) has 
been widely used for gene deletion, complementa-
tion, and overexpression in C. militaris (Xia et al., 2017; 
Zhang et al.,  2020; Zheng et al.,  2011). The same Ti 
plasmid, pLC1- sgRNACmwc−1, targeting Cmwc- 1 under 
the efficient promoter of AfU6- tRNAGly was transformed 
by PEG- mediated protoplast transformation and ATMT, 
respectively (Figure 5A). Among the 38 transformants 
obtained by PEG- mediated protoplast transformation, 
35 showed a white phenotype and three remained 
orange. However, only seven white colonies were 

F I G U R E  4  The editing efficiency with different RNA pol III 
promoters. Different letters above the bar indicate the significant 
difference (one- way ANOVA, p < 0.05).
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F I G U R E  5  Comparison of efficiency between PEG- mediated protoplast transformation and ATMT. (A) Schematic of the plasmid, 
pLC1- sgRNACmwc−1. (B) The colony of transformants obtained by PEG- mediated protoplast transformation (up) and ATMT (down). Both 
transformants were cultured on selective medium after light exposure. Bar = 3 cm. (C) DNA sequences of white colonies by PEG- mediated 
protoplast transformants and ATMT at Cmwc- 1 target sites. PEG- 1, PEG- 2, PEG- 5, PEG- 7, PEG- 9, PEG- 11, PEG- 13, ATMT- 3, ATMT- 4, 
ATMT- 6, ATMT- 7, ATMT- 12, ATMT- 15 and ATMT- 17 represent white colonies, and WT indicates the wild- type strain. In1, 1 bp insertion;  
D1, D2 and D10, 1 bp, 2 bp and 10 bp deletions. The yellow and red boxes indicate the PAM and guide sequences, respectively.
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observed among the 70 transformants obtained by 
ATMT. DNA sequencing confirmed that the Cmwc- 1 
genes of all white colonies were edited. PEG- mediated 
protoplast transformation was markedly more efficient 
than ATMT transformation in this system (Figure 5B, C).

DISCUSSION

Cordyceps militaris is one of the most economically 
valuable mushrooms worldwide. In this study, the 
AMA1- based CRISPR/Cas9 system was successfully 
used for gene editing in C. militaris. Plasmid loss under 
nonselective culture conditions enables recycling of 
the selectable marker and the next round of genetic 
engineering. Herein, editing efficiency was improved 
via a comparison of RNA Pol III promoters. Deletion 
of the target gene was achieved using a single sgRNA 
and HDR templates (Figure  6). PEG- mediated proto-
plast transformation had markedly higher efficiency 
than ATMT in C. militaris. To the best of our knowledge, 
this is the first description of an AMA1- based CRISPR/
Cas9 system and precisely targeted gene deletion in 
mushrooms.

Based on the low probability of being inserted into 
the fungal genome during transformation and recycling 
of the selectable marker, several CRISPR/Cas9 sys-
tems based on AMA1 plasmids have been constructed 
in some filamentous fungi, such as Talaromyces atro-
roseus (Nielsen et al., 2017), Penicillium chrysogenum 
(Pohl et al.,  2016) and Aspergillus oryzae (Katayama 
et al., 2019). In this study, AMA1- based CRISPR/Cas9 
gene editing and plasmid loss by subculture under 
non- selective culture conditions were successfully 
performed for the first time in the ascomycetous mush-
room, C. militaris. Theoretically, the mandatory recy-
cling of genome- editing plasmids would facilitate the 
unlimited repeatability of genetic engineering steps.

This gene editing system is more useful for edible 
and medicinal fungi. Recycling the selectable marker 
and enabling the next round of genetic engineering 
will be helpful for genetic research as very few se-
lectable markers are available in edible and medic-
inal fungi. Although the United States Department of 
Agriculture announced that the CRISPR/Cas9 gene- 
edited Agaricus bisporus fell outside of the genetically 
modified organism (GMO) legislation, some research-
ers reported that the edited strains may contain up to 
hundreds of base pairs of foreign DNAs in its genome 
(Kim & Kim, 2016). If foreign DNA is present, regulatory 
approval is required under current GMO legislation. 
AMA1 plasmids, which are characterized by extrach-
romosomal replication, have a low probability of being 
inserted into the fungal genome during transformation, 
which is useful for the generation of new cultivars.

Mutagenesis in the transformants mainly involved 
the deletion/insertion of 1– 2 bases near PAM sites 

(Figure  1 and Figure  S1); these mutations were ran-
dom and unpredictable. Precisely targeted gene de-
letion is particularly important and has critical uses in 

F I G U R E  6  Efficient gene editing and targeted gene deletion 
by the AMA1- based CRISPR/Cas9 system, and plasmid loss under 
non- selective culture conditions. (A) Efficient gene editing based 
on the AMA1- based CRISPR/Cas9 system. (B) Precisely targeted 
gene deletion by the AMA1- based CRISPR/Cas9 system. (C) 
Plasmid loss under non- selective culture conditions. Red circles 
indicate the transformant containing hyg obtained by ATMT; blue 
circles indicate wild- type strains (control).
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both strain breeding and functional genomics. In G. 
lucidum, the dual sgRNA- directed CRISPR/Cas9 sys-
tem successfully achieved targeted gene deletion (Liu 
et al., 2020). Although Cas9 can create large deletions 
via NHEJ under paired sgRNAs, the implemented ed-
iting is still imprecise (Li & Huang, 2021). We also at-
tempted targeted gene deletion in C. militaris using the 
dual sgRNA- directed CRISPR/Cas9 system; however, 
the efficiency was only 15% (data not shown). In this 
study, precisely targeted gene deletion was performed 
at an efficiency of 72% using an AMA1- based CRISPR/
Cas9 system supplying donor DNAs. Precise indels 
can be created when DNA templates are provided to 
repair DNA DSBs via HDR. This technique could con-
tribute to future research on gene function.

Using this AMA1- based CRISPR/Cas9 system, we 
achieved double- gene disruption in one step in C. mil-
itaris. Cmwc- 1 and Cmvvd were edited simultaneously 
with an efficiency of 10%. In Acremonium chrysoge-
num, double loci were simultaneously targeted only 
when supplied with HDR templates, and targeting mul-
tiple loci was inferred to be too lethal for the survival of 
A. chrysogenum C10 without repair templates as DSBs 
limit the survival of many fungi (Chen et al.,  2020). 
Adding HDR templates could be attempted to improve 
the efficiency of multigene editing.

sgRNA expression is usually driven by RNA Pol III pro-
moters to avoid post- transcriptional modifications (Cong 
et al., 2013). N. crassa 5SrRNA (E00012), downloaded 
from the 5SrRNA database (http://combio.pl/rrna/), was 
selected as the promoter. The editing efficiencies for 
targeting Cmwc- 1 and Cmvvd were 55.1% and 88.89%, 
indicating the feasibility of using RNA Pol III promot-
ers of heterologous N. crassa 5SrRNA. However, the 
double- gene- editing efficiency of this system was only 
10%; thus, the RNA Pol III promoters were further op-
timized. Endogenous tRNAs from C. militaris, tRNAPro  
and tRNAGlu, and heterologous chimeric RNA Pol III pro-
moters, AfU6- tRNAGly, from A. fumigatus Af293.1 (Chen 
et al.,  2020) were compared. Endogenous tRNAPro  
of C. militaris and heterologous chimeric RNA Pol III 
promoters AfU6- tRNAGly were found to be suitable as 
the editing efficiency was more than 80%. tRNA is a 
small non- coding RNA that is transcribed by RNA Pol III 
(Phizicky & Hopper, 2010). sgRNA transcription can be 
enhanced using tRNA (Xie et al., 2015), and the splic-
ing mechanism of tRNA maturation ensures the precise 
release of sgRNA (Phizicky & Hopper, 2010). However, 
the types of tRNAs that can be effective as promoters 
should be verified experimentally. The U6/tRNA chime-
ric promoter was optimized in A. chrysogenum (Chen 
et al., 2020), and its efficiency was found to be similar to 
that of endogenous RNA Pol III promoters in C. milita-
ris. It has been suggested that strict species specificity 
does not exist for RNA Pol III promoters.

Gene disruption, overexpression, and comple-
mentation have been performed using homologous 

recombination via ATMT in this fungus in our labora-
tory (Li et al., 2021; Xia et al., 2017; Yang et al., 2016; 
Zhang et al.,  2020; Zheng et al.,  2011). Initially, we 
 attempted to perform CRISPR/Cas9 gene editing with 
pLC1- sgRNACmwc−1 by ATMT; however, several failed 
attempts were documented (data not shown). Later, 
gene editing in C. militaris was achieved using PEG- 
mediated protoplast transformation. Thereafter, we 
compared the efficiency of PEG- mediated protoplast 
transformation and ATMT using plasmids harbouring 
the same Cas9 and sgRNA cassettes. PEG- mediated 
protoplast transformation was markedly more effi-
cient than ATMT in C. militaris (Figure 5). Recently, 
Xu et al.  (2021) found that the PEG- mediated pro-
toplast transformation method using the CRISPR/
Cas9 system remarkably shortened the time relative 
to ATMT in the endophytic fungus, Pestalotiopsis 
fici. This result seems reasonable as circular gene- 
targeting substrates are reported to be markedly 
more efficient for gene targeting than correspond-
ing linear substrates in the transformation process 
(Nødvig et al., 2015).

In conclusion, our study provides an effective 
AMA1- based CRISPR/Cas9 system for highly efficient 
marker- free gene editing. RNA Pol III promoter optimi-
zation increases the editing efficiency in C. militaris. 
Moreover, the developed multiplex genome- editing 
systems and precisely targeted gene deletion can facil-
itate the application of the CRISPR/Cas9 technology in 
future studies of functional genes and strain breeding in 
the edible fungus, C. militaris.
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