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Abstract
The macrofungus Cordyceps militaris contains many kinds of bioactive ingredients that are regulated by functional genes, 
but the functions of many genes in C. militaris are still unknown. In this study, to improve the frequency of homologous 
integration, a genetic transformation system based on a split-marker approach was developed for the first time in C. militaris 
to knock out a gene encoding a terpenoid synthase (Tns). The linear and split-marker deletion cassettes were constructed 
and introduced into C. militaris protoplasts by PEG-mediated transformation. The transformation of split-marker fragments 
resulted in a higher efficiency of targeted gene disruption than the transformation of linear deletion cassettes did. The color 
phenotype of the Tns gene deletion mutants was different from that of wild-type C. militaris. Moreover, a PEG-mediated 
protoplast transformation system was established, and stable genetic transformants were obtained. This method of targeted 
gene deletion represents an important tool for investigating the role of C. militaris genes.
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Introduction

Cordyceps militaris (L.) Fr., a well-known edible and medic-
inal fungus, is considered valuable as a mushroom used in 
traditional Chinese medicines and health supplements. C. 

militaris is very similar to the famous Cordyceps sinensis 
in medicinal value and some functional ingredients [1]. 
Therefore, C. militaris is widely used as a substitute for C. 
sinensis. Many cultivation methods of C. militaris have been 
developed to reduce market pressure on wild C. militaris 
and C. sinensis. However, the production of C. militaris still 
cannot meet the needs of the market due to its low content 
of bioactive ingredients. Genetic engineering is a promising 
method for increasing the content of bioactive ingredients in 
C. militaris. Therefore, it is necessary to develop an efficient 
gene knockout system for gene function studies.

Phenotypic analysis by gene deletion is one of the most 
powerful methods for understanding gene function. How-
ever, it is difficult to knock out a target gene, because non-
homologous end-joining (NHEJ) in most filamentous fungi 
is the main process. Integration of foreign genes often results 
in low frequencies of homologous recombination (HR) [2]. 
The frequency of targeted gene deletion can be improved 
by a split-marker disruption strategy [3, 4]. However, this 
method has not yet been employed in C. militaris. In this 
study, we aimed to establish the split-marker technology by 
polyethylene glycol (PEG)-mediated protoplast transforma-
tion for C. militaris. The frequency of targeted gene disrup-
tion was studied by transforming split-marker fragments and 
linear deletion cassettes. The Tns gene was knocked out by 
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using this method. The correct mutants were identified and 
the mitotic stability was investigated.

Materials and Methods

Plasmids and Strains

The vector pCAMBIA0390-Bar, containing a phosphino-
thricin acetyltransferase gene (bar) under the control of 
Aspergillus nidulans trpC promoter and trpC terminator, 
was constructed in our laboratory based on pCAMBIA0390 
(Supplementary Fig. 1a). A laboratory and commercial 
strain of C. militaris, CM10, from Ningyang County, Haixin 
Biological Technology Co., Ltd., was used as the DNA 
recipient host for targeted gene disruption.

Preparation of Protoplasts

Conidia were harvested from wild-type (WT) C. mili-
taris plates using sterile double-distilled water (ddH2O) 
and filtered through four-layer lens papers. Conidia were 
inoculated into 100 mL of potato dextrose broth (PDB) 
and cultured at 25 °C on a 150 rpm shaker for 48 h. The 
PDB culture was filtered through cotton wool to remove the 
mycelia. The filtrate was centrifuged at 8000×g for 10 min 
to obtain blastospores that were observed under a 1000 × 
microscope (Leica, Germany). The harvested blastospores 
were rinsed with osmotic stabilizer (0.8 M KCl) and then 
digested with lywallzyme (Guangdong Institute of Micro-
biology, China) solution (25 mg/mL in 0.8 M KCl). After 
2.5 h with gentle shaking at 24 °C, undigested large particles 
were removed by filtration through four-layer lens papers. 
The filtrate containing the protoplasts was centrifuged at 
3000×g for 10 min. The protoplast pellet was resuspended 
in STC buffer [18.2% sorbitol, 10 mM Tris–HCl (pH 7.5), 
25 mM CaCl2] to a final concentration of 1 × 108 protoplasts 
per milliliter. The concentration of protoplasts was counted 
with a hemocytometer under a 400 × microscopy.

Generation of Deletion Cassettes

As proof of principle, the Tns gene (GenBank: 
NW_006271971.1) was used as a target for knockout [5]. 
To develop an efficient gene replacement strategy, we made 
deletion cassettes with different forms of the selectable 
marker (split or linear) using single-joint PCR (SJ-PCR) 
and double-joint PCR (DJ-PCR) as described previously 
[6]. The complete procedure for generating the deletion con-
structs is shown in Supplementary Fig. 1. The split-marker 
gene fragments flanked with the Tns gene were constructed 
using a SJ-PCR method that required only two rounds of 
PCR (Supplementary Fig. 1a). Four gene-specific primers 

and four selectable marker primers were required for each 
deletion (Supplementary Table 1). The linear deletion cas-
sette was constructed by using the DJ-PCR approach (Sup-
plementary Fig. 1b). PCR was performed according to the 
following parameters: 94 °C for 2 min; 30 cycles of 98 °C 
for 10 s, Tm—5 °C for 30 s, and 68 °C for 1 min for every 
1 kb of template. The obtained deletion cassettes were used 
to transform protoplasts.

PEG‑Mediated Transformation of C. militaris 
Protoplasts

To test the sensitivity of C. militaris to glufosinate ammo-
nium, blastospores were plated onto peptone-added potato 
dextrose agar (PPDA) plates (20% potato, 0.3% peptone, 
2% dextrose, and 1.5% agar, w/v) with different glufosinate 
ammonium concentrations (100, 150, 200, 250, 300, 350, 
400, and 500 μg/mL).

At least 100 μL protoplasts (1 × 108 protoplasts per milli-
liter) were used for each transformation. Aliquots of 100 μL 
were added to five 1.5-mL centrifuge tubes and treated sepa-
rately as follows: (a) the first tube received 10 μg of the 
split-marker fragments (5 μg of each split-marker fragment); 
(b) no DNA was added to the second tube as a negative 
control; (c) the third tube was mixed with 5 μg of the 5′ 
construct; (d) the fourth tube was mixed with 5 μg of the 
3′ construct; (e) the fifth tube was mixed with 10 μg of the 
linear deletion cassette. These five tubes were incubated on 
ice for 5 min. Then, 50 μL of 25% PEG 4000 buffer [25% 
PEG 4000, 10 mM Tris–HCl (pH 7.5), 25 mM CaCl2] was 
added, and the solution was incubated on ice for 30 min. An 
additional 0.5 mL of PEG 4000 buffer was added to each 
tube, and the solution was incubated at 28 °C for 20 min. 
The mixtures were combined with 1.0 mL of STC buffer 
and spread onto PPDA plates containing mannitol (0.8 M) 
and glufosinate ammonium (300 μg/mL). Resistant trans-
formants were grown at 25 °C in the dark for 7–14 days and 
then were transferred to fresh PPDA selective plates contain-
ing glufosinate ammonium (300 μg/mL). All experiments 
were repeated three times.

Screening of Positive Mutants

Successful deletion of the Tns gene was validated using PCR 
and Southern blot hybridization. Several combinations of 
primers were used for this purpose (Supplementary Table 1).

Transformants were screened by PCR using primers 
JCBar-F/JCBar-R that amplified an 890-bp fragment of the 
bar cassette to confirm the presence of the bar gene. Then, 
the JCK4-F/JCK4-R primers were used to amplify a 993-
bp fragment of the Tns gene to verify that gene replace-
ment had occurred. In addition, primer pairs F5/R5 and F6/
R6 were used to confirm correct site-specific replacement 
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by amplifying from outside the left and right flanking 
sequences, respectively, to the bar cassette. PCR products 
were sequenced at BGI Co. to verify the sequences.

Southern hybridization was used to confirm the deletion 
of the Tns gene and the copy number of the bar gene in 
the mutants. A 433-bp fragment within the bar gene ampli-
fied with primers BF/BR and a 526-bp fragment within the 
Tns gene amplified with primers TnsF/TnsR were probed 
by DIG High Prime DNA Labelling and Detection Starter 
Kit II (Roche Applied Sciences) as a bar probe and a Tns 
probe, respectively (Supplementary Fig. 2). Six mutants and 
one mutant that had been identified by PCR were randomly 
selected from the first group and the fifth group, respectively. 
Genomic DNA was extracted by using the HP Fungal DNA 
Kit (Omega, USA). 10 μg of EcoRV-digested DNA was 
separated by electrophoresis on a 1% (w/v) agarose gel and 
transferred to a Hybond-N+ nylon membrane (Amersham, 
USA). The hybridization and detection procedure was car-
ried out following the manufacturer’s protocol.

Phenotypes and Mitotic Stability of Mutants

To observe the phenotypic changes, positive mutants iden-
tified by PCR and Southern blot were inoculated on fresh 
PPDA selective plates at 25 °C for 14 days and then exposed 
to light with an intensity of 500 lux at 25 °C for 7 days. The 
color phenotype was observed.

To determine the genetic stability, positive mutants were 
cultured on PPDA plates without glufosinate ammonium at 
25 °C for 14 days. Then the culture was transferred onto 
fresh PPDA. This procedure was repeated five additional 
times. Then, the resistance of these mutants to glufosinate 
ammonium was tested by growing them on PPDA selective 
plates.

Data Analysis

All trials were performed in triplicate. The values were 
expressed as the mean ± SD by using SPSS 18.0 (SPSS Inc., 
Chicago, USA).

Results

Preparation of C. militaris Protoplasts

The harvested blastospores of C. militaris were bar-shaped 
(Fig. 1a) [5]. C. militaris protoplasts were obtained by 
digesting blastospores, and the yield of C. militaris pro-
toplasts reached up to 3.12 × 107 protoplasts per milliliter. 
The protoplasts were identified as round cells that appeared 
slightly translucent under a microscope (Fig. 1b).

Generation of Deletion Cassettes

The SJ-PCR results indicated that the 5′ split-marker frag-
ment was conveniently obtained by fusing the 5′ flanking 
sequence and the “PB” fragment; the 3′ split-marker frag-
ment was also quickly obtained by fusing the 3′ flanking 
sequence and the “BT” fragment (Fig. 1c). The DJ-PCR 
results suggested that the linear deletion cassette was suc-
cessfully constructed by fusing three fragments (5′ flanking 
region, bar cassette, and 3′ flanking region) in Fig. 1c.

Transformation of C. militaris Protoplasts 
and Disruption of the Tns Gene

The effect of the minimum inhibitory concentration of glu-
fosinate ammonium on the growth of blastospores was deter-
mined. The growth of blastospores was completely inhibited 
at a glufosinate ammonium concentration of 300 μg/mL, 
which suggested that this concentration was appropriate for 
screening C. militaris putative mutants.

The Tns gene was deleted to verify the efficiency of the 
split-marker method. The results of the five transformation 
groups were significantly different. The first transformation 
group yielded 45.33 ± 7.50 putative mutants per 10 μg of the 
split-marker fragments (5 μg of each split-marker fragment) 
(Fig. 1e), and 73.67 ± 7.02 putative mutants were obtained 
in the fifth transformation group per 10 μg of the linear dele-
tion cassette (Fig. 1i). However, no putative mutants were 
found in the other groups (Fig. 1f–h). The results of the 
first group showed that the split-marker system successfully 
took effect in C. militaris. Putative mutants arose only from 
HR events between the two separate split-marker fragments 
and the genomic locus of interest (Supplementary Fig. 1a). 
The results of the second group suggested that C. militaris 
protoplasts were completely inhibited in growth on PPDA 
selective plates containing glufosinate ammonium (300 μg/
mL). The results of the third and fourth groups indicated 
that only a single split-marker fragment could not encode 
resistance to glufosinate ammonium. The results of the fifth 
group showed clearly that the linear deletion cassette could 
be integrated into the C. militaris genome. Compared with 
the first group, more putative mutants appeared in the fifth 
group.

PCR results suggested that the Tns gene had been 
knocked out (Fig.  1d). The results of hybridization 
with the bar probe indicated that there was only a sin-
gle hybridized band in the PCR-positive mutants and 
no hybridized band in wild-type C. militaris (Fig. 2a). 
The results of hybridization with the Tns probe revealed 
that there was no hybridized band in the mutants and 
one hybridized band in wild-type C. militaris (Fig. 2b). 
Based on these results, the Tns gene was successfully 
knocked out and the copy number of the bar gene in the 
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PCR-positive putative mutants was single copy. Table 1 
shows the gene disruption efficiency data. Linear dele-
tion cassettes gave a higher transformation efficiency 
than split-marker cassettes, but only 1.36% of the puta-
tive mutants produced with the linear cassettes were posi-
tive mutants. In contrast, the split-marker cassettes gave 

a lower transformation efficiency but with a higher fre-
quency (13.24%) of targeted gene disruption than that of 
the linear cassette group.

Fig. 1   Preparation of C. militaris protoplasts and deletion of the Tns 
gene. a Blastospores. b Protoplasts (black arrow). c Generation of 
deletion cassettes. Lanes 1, 7: 5′ flanking region; lane 2: “PB” frag-
ment; lane 3: 5′ split-marker fragment; lane 4: “BT” fragment; lanes 
5, 9: 3′ flanking region; lane 6: 3′ split-marker fragment; lane 8: bar 
cassette; lane 10: linear deletion cassette. d PCR analysis of the Tns 
gene deletion. Four DNA templates (lanes 1, 4, 8, 11: genome of the 
mutant; lanes 2, 5, 9, 12: genome of wild-type C. militaris; lane 6: 
pCAMBIA0390-Bar; lanes 3, 7, 10, 13: ddH2O) were used as DNA 

templates. M: DNA marker. The 993-bp fragment of the Tns gene 
was amplified (lanes 1–3). The 890-bp fragment of the bar cassette 
was amplified (lanes 4–7). The upstream flanking sequence (2108 bp) 
was amplified (lanes 8–10). The downstream flanking sequence 
(1762 bp) was amplified (lanes 11–13). e The 5′ and 3′ split-marker 
fragments were co-transformed into protoplasts. f No DNA was trans-
formed. g The 5′ split-marker fragment was transformed. h The 3′ 
split-marker fragment was transformed. i The linear deletion cassette 
was transformed

Fig. 2   Southern blot analysis of PCR-positive putative mutants. Lane 
M, DIG-labeled marker; P1, vector pCAMBIA0390-Bar (11,574 bp); 
WT, wild-type C. militaris; S1–S6, PCR-positive putative mutants 
from the first group; L1, PCR-positive putative mutant from the fifth 

group; P2, vector pMD18T-Tns (3810 bp) containing the Tns gene. a 
Digested DNA was probed with the bar probe. b Digested DNA was 
probed with the Tns probe
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Phenotypes and Mitotic Stability of C. militaris 
Mutants

The color of the C. militaris colony is pure white in the 
absence of light, because the pigment is induced by light [7]. 
The colony color changed from pure white to orange when 
wild-type C. militaris was illuminated (Fig. 3a, b). However, 
the color of the positive mutants changed from pure white to 
very pale yellow under the same light conditions (Fig. 3c–f). 
This great change in color phenotype was due to the knock-
out of the Tns gene.

The mitotic stability of the mutants was tested, and the 
results indicated that all the mutants maintained the ability to 
grow in the presence of 300 μg/mL glufosinate ammonium 
after five generations on PPDA without selective pressure.

Discussion

Gene replacement is a fundamental method used for the 
functional characterization of fungal genes. To date, sev-
eral techniques have been developed for such characteriza-
tion. However, gene-targeting specificity and accuracy of 
the target genes in filamentous fungi are very low, which 
greatly hinders the study of fungal functional genes. 
With the increased availability of fungal whole-genome 
sequences, the split-marker approach is becoming more 
widely adopted. In this study, split-marker technology via 
PEG-mediated protoplast transformation was successfully 
applied to C. militaris for the first time. The gene-target-
ing specificity and accuracy with split-marker fragments 

Table 1   Gene disruption 
efficiency between split-marker 
and linear cassettes

Values were collected from three independent experiments
a Total transformants
b Positive mutants, based on PCR and Southern blot analysis

Target gene Linear cassettes Split-marker cassettes

Totala HRb Efficiency (%) Total HR Efficiency (%)

Tns 73.67 ± 7.02 1 1.36 45.33 ± 7.50 6 13.24

Fig. 3   Color phenotypes of wild-type C. militaris and mutants. a 
Wild-type C. militaris was cultured on PPDA in the dark for 14 days. 
b Wild-type C. militaris was cultured on PPDA in the dark for 
14 days and illuminated for 7 days. c Positive mutants were cultured 

on PPDA selective plates in the dark for 14 days. d–f Three different 
positive mutants were cultured on PPDA selective plates in the dark 
for 14 days and illuminated for 7 days
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was better than that with linear deletion cassettes. The 
mutants could maintain resistance to glufosinate ammo-
nium. Moreover, the Tns gene was effectively knocked out 
in C. militaris by using the split-marker approach.

Fungal hyphae and blastospores have been widely used to 
prepare protoplasts [8, 9]. Blastospores were characterized 
with thin-walled [10]. It is well known that the amount of 
chitin was higher in the mycelial form of Candida albicans 
than in blastospores [9]. It has been reported that C. militaris 
could produce large numbers of blastospores [11]. There-
fore, in this study, blastospores of C. militaris were used for 
the first time to prepare protoplasts. The results indicated 
that a large number of protoplasts were obtained, and the bar 
gene was successfully transformed into protoplasts generated 
from C. militaris blastospores.

Targeted gene disruption is a tedious operation in fila-
mentous fungi due to the low frequencies of homologous 
recombination [12]. The split-marker strategy was success-
fully used in Epichloë festucae to increase the frequency of 
HR [13]. To efficiently knock out the target gene, the split-
marker fragments and linear cassettes prepared by PCR were 
first used to transform C. militaris protoplasts. In our present 
work, we obtained more mutants by transforming the linear 
deletion cassette, but the frequency of targeted gene disrup-
tion was low. This result may be because only one double 
crossover HR event is required to produce resistant mutants. 
In contrast, a higher frequency of targeted gene disruption 
was achieved by transforming the split-marker fragments, 
yet the transformation efficiency was slightly lower. The rea-
son is probably that the split-marker strategy requires three 
HR events to produce resistant mutants. Considering that the 
purpose of this study was targeted gene disruption, the split-
marker strategy was a good choice for studying the function 
of C. militaris genes.

The target gene mutant has a significant change in color 
phenotype compared with that of wild-type C. militaris. This 
result suggested that the Tns gene was closely related to pig-
ment synthesis in C. militaris. It is well known that C. mili-
taris produces carotenoids as terpenoids induced by light, as 
previously reported [14]. We believe that the Tns gene may 
be responsible for the synthesis of C. militaris carotenoids.

Conclusions

The split-marker fragments and linear deletion cassettes were 
successfully transformed into protoplasts generated from C. 
militaris blastospores. The frequency of targeted gene disrup-
tion by transforming the split-marker fragments was higher 
than that by transforming the linear cassette. This is the first 
report in which the split-marker approach was successfully 
applied in C. militaris, and the Tns gene was disrupted, result-
ing in color phenotype changes. The bar gene in the mutants 
can be stably maintained. Furthermore, the split-marker 

strategy will allow us to identify the functions of C. militaris 
genes.
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