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Abstract Cordyceps militaris, known as Dong-Chong-Xia-Cao, produces the most cordycepin among Cordyceps species and can
be cultured artificially. For these reasons, C. militaris is widely used as herb or functional food in the East Asia. In this study, we
developed a new strain of C. militaris that produces higher cordycepin content than parent strains through mating-based sexual
reproduction. Twenty parent strains were collected and identified as C. militaris based on internal trasncrived spacer and rDNA
sequences. Seven single spores of MAT 1-7 idiomorph and five single spores of MAT 7-2 idiomorph were isolated from 12 parent
strains. When 35 combinations were mated on the brown rice medium with the isolated single spores, eight combinations
formed a stroma with a normal perithecia and confirmed mated strains. High pressure liquid chromatography analysis showed
that mated strain KSP8 produced the most cordycepin in all the media among all the tested strains. This result showed due to
genetic recombination occurring during the sexual reproduction of C. militaris. The development of C. militaris strain with
increased cordycepin content by this approach can help not only to generate new C. militaris strains, but also to contribute to the
health food or medicine industry.
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Genus Cordyceps belonging to the division ascomycota, or medicine in China and South-East Asia as it contains
class sordariomycetes, order hypocreales, family clavicipitaceae abundant physiologically active substances [2, 3]. Contrary
and is entomopathogenic and endoparasitic fungi [1]. to other Cordyceps species, Cordyceps militaris is readily
Cordyceps species are known as Dong-Chong-Xia-Cao in available for artificial cultivation with higher production of
China because it is parasitic in the hosts body in winter cordycepin. The content of the bioactive substance in C.
and forms stroma like grass after killing host and absorbing militaris is as high as bioactive substance in C. sinensis which
nutrients of host in summer. Cordyceps species mainly produces many valuable bioactive components [4].

parasitize in arthropod from lepidopteran larva and pupae Chemical structure of cordycepin is very similiar to
to imago and favors a warm and humid climate. Thus, adenosine except that there is no hydroxyl group on carbon
hosts infected with Cordyceps species are predominantly number 3. Because of this structural similarity, it inhibits
observed in areas with hot and humid subtropical climate. polyadenylation of mRNA of cancer cell and thus exhibits

Many species of Cordyceps have been used as health food anticancer effect [5]. In addition, the antithrombotic effect
is indicated by lowering the concentration of Ca” and the
anti-inflammatory effect is shown by lowering the production
Mycobiology 2017 March, 45(1): 31-38 of inflammatory substances [6]. It exhibits various physiological
hizsd/ ‘1‘;‘2‘3%2)8;9:”(4 c\gﬁozégygg;m activity effects as described above [7, 8]. Also, as cordycepin
p©The Korean Sodiety of Mycology has a half-life of about 1 min and is rapidly decomposed

by adenosine deaminase in the body, there are few side
effects. Following these reasons, cordycepin is very valuable
material. However, the genes involved in the cordycepin
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in C. militaris have been peformed through various methods
such as breeding by mating or genetic manipulation and
C. militaris with higher production of cordycepin is very
valuable in the health food or medicine industry [9, 10].

Breeding by mating is a method based on the sexual
reproduction route of the fungus. C. militaris proliferates
through not only asexual cycle but also sexual cycle producing
ascospores. C. militaris is heterothallic and bipolar species
in that two mating type loci consisting of opposite mating
type idiomorph MAT1-1 and MATI-2 exist discretely in two
different single spores in the sexual reproductive pathway.
Mating can initiate when two single spores with different
MAT idiomorph meet.

MATI-1 locus is consisted of MATI-1-1 and MATI-1-2
whereas MATI-2 locus is consisted of MATI1-2-1 [11-13].
MAT idiomorph encodes transcription factor that regulates
gene related to sexual reproduction [14]. Each of transcription
factors by encoded MATI-1 and MATI-2 contains DNA
binding motif. MATI-1 is a transcription factor containing
well-conserved o-domain as DNA binding motif. MATI-2
is a transcription factor containing HMG-domain as DNA
binding motif [15].

Many new C. militaris strains with high cordycepin content
have been developed through gene mutation by irradiation
or ultraviolet irradiation mutations [16, 17]. In this study,
we tried to construct new C. militaris strains with increased
cordycepin by natural mating without mutation. C. militaris
strains were mated with other strains to make new strains to
produce more cordycepin than parent strains. Twelve strains
of C. militaris were used to parent strains and mated each
other after separating single spores from 12 C. militaris
strains. The contents of cordycepin in all strains were analyzed
through high pressure liquid chromatography (HPLC). As
a result, we developed new C. militaris strains which produce
which produced more cordycepin than the parent strains.

MATERIALS AND METHODS

Fungal strains and culture condition. Twelve strains of
C. militaris were used in this study (Table 1). Each strain
was obtained from Korean Agricultural Culture Collection
(KACC) or Systems Plant Microbiology Laboratory of Pusan
National University (SPNU). All strains are mycelium state.
Fungal strains were maintained on potato dextrose agar
(PDA) at 25°C. For genomic DNA isolation from mycelium,
mycelium was cultured for 7 days in potato dextrose broth
(PDB) 50 mL in shaking-type photo bioreactor (PBR) (150
rpm) at 25°C for 7 days under light.

PCR of rDNA region spanning the ITS1, ITS2, and 5.8S
rRNA gene. Genomic DNA of C. militaris was extracted
from fresh mycelium by using a cetyltrimethy-lammonium
bromide method [18]. The ITS4R and ITS5F primers were
used to amplify rDNA region spanning the ITS1, ITS2,
and 5.8S rRNA gene [19]. The reaction mixture for PCR
was consisted of 10x Taq PCR buffer 2 pL, 1.6 uL. dNTPs

Table 1. Cordyceps militaris strain used in this study

Strains Source State
KACC40655 KACC Mycelium
KACC44454 KACC Mycelium
KACC43316 KACC Mycelium
KACC43325 KACC Mycelium
KACC44455 KACC Mycelium
KACC44461 KACC Mycelium
KACC43321 KACC Mycelium
KACC44463 KACC Mycelium
KACC40226 KACC Mycelium
KACC44453 KACC Mycelium
SPNU1006 SPNU Mycelium
SPNU1007 SPNU Mycelium
EFCC-C738 EFCC Mycelium
MPNU80001-1 MPNU Mycelium
MPNU80001-2 MPNU Mycelium

KACC, Korean Agricultural Culture Collection, National Insti-
tute of Agricultural Science and Technology, Suwon, Korea; SPNU,
System Plant Microbiology Lab. Of Pusan National University,
Korea; EFCC, Entomopathogenic Fungal Culture Collection,
Kangwon National University, Korea; MPNU, Mycological lab. Of
Pusan National University, Korea.

(2.5 mM stock), 1 uL primer 1 (10 pmol/uL), 1 pL primer 2
(10 pmol/pL), 0.1 pL Taq DNA polymerase (Takara, Tokyo,
Japan), 1 pL dimethyl sulfoxide, and 50 ng/pL template.
PCR was performed using Sure Cycler 8800 Thermal Cycler
(Agilent Technologies, Santa Clara, CA, USA) under the
following conditions: one cycle of 5 min at 96°C, followed
by 30 cycles of 96°C for 40 sec, 48°C for 40 sec, and 72°C for
40 sec, and finishing with extension at 72°C for 10 min. The
amplified PCR products was purified by PCR Purification
kit (GeneAll Biotech, Seoul, Korea) and sequenced by
3730x] DNA analyzer (Macrogen, Seoul, Korea). Phylogenetic
tree was created among 12 C. militaris strains including
Cordyceps bassinia. All sequence were aligned by MUSCLE
and curated by Gblocks. Phylogenetic tree was created by
MEGA ver. 6.06 using the maximum liklihood. Bootstrap
analysis was conducted with 2,000 replicates.

Single spore isolation and identification of MAT
idiomorph. For single ascospore isolation, spore drop/
shooting method was performed. Stroma with perithecia
was attached to inner side of petri dish containing 2% water
agar (WA) at 25°C under light for 5 days. After that, single
spore separated germinated from stroma and then mycelium
was cultured in PDB 50 mL in a 250-mL Erlenmeyer flask
containing glass bead in shaking incubator conditioned
with 150 rpm for 7 days at 25°C and under light to facilitate
growing conidia. Supernatant of culture medium was
collected by centrifugation at 14,000 xg for 10 min and
filtered through filter paper (ADVANTEC 2, Tokyo, Japan)
to remove mycelium. After diluting supernatant having
conidia serially in water up to 10°, 200 uL of spore suspension
was smeared in WA medium. WA plate were cultured at



25°C under light for 5 days. To confirm MAT idiomorph of
single spore, MAT-PCR was performed using MATI-1-1
and MATI1-2-1 primer set to target MATI-1-1 and MATI-
2-1 (MAT1-1-1-E 5-ATGGAACACAGATCGAGCGACAC-
3"and MAT1-1-1-R, 5~ATATACCTTCGCGATCA TTGC-
CCAG-3; MAT1-2-1-E 5-TGTTTTGTCGCGATGGTTC-
TGG-3' and MAT1-2-1-R, 5“CCTCTGGAGGTTCTGCAT-
TCCA-3") [20]. As MAT idiomorph of MPNU8001-1 and
MPNU8001-2 were confirmed by MAT PCR and sequencing,
MPNU8001-1 and MPNU8001-2 were used to control
strain (Table 1). The PCR reaction mixture was same as
described above. MAT type PCR was performed as follows:
95°C 1 min, followed by 30 cycles of 95°C for 30 sec, 58°C
for 30 sec, and 72°C for 40 sec, and finishing with extension
at 72°C for 5 min.

Mating experiment and stroma induction. Mated
strain was induced to produce stroma in brown rice, silk
worm pupae and PDB medium. Single spore inoculum
was prepared in PDB. Inoculum was cultured in shaking-
type PBR (120 rpm) at 25°C for 7 days. Brown rice and silk
worm pupae medium were made by mixing 40 g brown
rice, 4 g silk worm pupae and 20 g brown rice, 40 g silk
worm pupae in 64 mL liquid medium (20 g sucrose, 20 g
peptone, 1 g MgSO,-7H,0, 0.5 g KH,PO,, and distilled water
1L) in polypropylene mushroom stroma bottle. Fifteen to
20 mL of inoculum set to 12 g/L in dry cell weight (DCW)
and composed of two spores originated from different
parent strains was inoculated in all media. Twelve parent
strains were also induced to produce stroma in brown rice,
silk worm pupae and PDB medium. Inoculum was prepared
in PDB 50 mL by inoculating multi spore. Fifteen to 20
mL of multi spore inoculum set to 12 g/L in DCW was
inoculated in all three media.

After incubated for 7 days under dark at 25°C for
promoting vegetative growth, all media was incubated at
20°C for 50 days in growth chamber (JEIO TECH, Daejeon,
Korea) under 12 hr light/dark cycle of 500-1,000 lux and
high humidity (90%). All mated strains with stroma were
photographed using a camera (Nikon, Tokyo, Japan).

Cordycepin analysis by HPLC. When stroma was induced
after 50 days, content of cordycepin was measured. Stroma
and sclerotium of mated strains and parent strains in brown
rice and silk worm pupae media were separated. In the
case of mycelium in PDB, the amount of cordycepin was
measured by separating extracellular cordycepin in culture
medium and intracellular cordycepin in mycelium. Sample
was freezedried and grinded into powder (diameter at
approximate 50 meshes) together with liquid nitrogen except
for PDB culture medium. all samples were heated at 110°C
for 1 hr in H,O. Sample was filtered using a syringe filter
0.22 pm (Chromdisc, Daegu, Korea).

HPLC analysis was performed on Shiseido Nanospace
SI-2 HPLC (Shiseido, Tokyo, Japan) with Shiseido CAPCELL
PAK C18 AQ Column (250 x 4.6 mm, 5 pum; Shiseido).
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Standard of cordycepin was purchased from Sigma Chemical
Corp. (St. Louis, MO, USA) and injected five times from
7.8125-500 pg/mL to draw calibration. Detection was
performed on the condition that composition ratio of the
mobile phase was water : acetonitrile =91 : 9 (v/v) and flow
rate was 500 pL/mL at 30°C. Injection volume was 10 pL.
Detection wavelength was 260 nm.

RESULTS

Identification and phylogenetic tree of 12 strains.
As mating is possible within same Cordyceps species,
identification of 12 strains was performed by using internal
transcribed spacer (ITS) sequences including 5.8S rRNA.
ITS sequences including 5.8S rRNA of 12 C. militaris strains
were successfully amplified with the ITS4F and ITS5R primers
(Fig. 1A). Amplified target sequence was approximately
530-560 bp. As sequences of all strains have 98% identity
or more with ITS sequence including 5.8S rRNA of C.
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Fig. 1. PCR and phylogenetic tree showing that relationships
among Cordyceps spp. (C. takaomontana, C. japonica, and C.
sinensis). Positive control was C. militaris (EFCC-C738). A,
Internal transcribed spacer sequences including 5.8S rRNA
was amplified from C. militaris strains; B, Phylogenetic tree
based on maximum likelihood was created among Cordyceps
spp. by MEGA 6.06 program. The number on the nodes
correspond to the bootstrap percentages based on 2,000
pseudoreplicates.
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militaris (AF153264) already registered on NCBI. ITS
sequences including 5.8S rRNA of all strains were registered
in NCBI. Phylogenetic tree was created with 12 strains of
C. militaris and the other Cordyceps bassiana by MEGA
6.06 using maximum likelihood phylogenetic analysis (Fig.
1B). Phylogenetic tree among thirteen strains of C. militaris
and Cordyceps bassiana demonstrated that all tested strains
belong to C. militaris and are genetically far from C. bassinia.

Single spore isolation and identification of MAT
idiomorph. Single spores were isolated from 12 C. militaris
strains. Isolated spores were germinated in WA after 5 days
(Fig. 2A and 2B). As single spore isolation according to all

Fig. 2. Identification of MAT idiomorph in single spores
isolated from Cordyceps militaris. A, Conidia suspension from
mycelium was smeared and single spore marked circle was
germinated in water agar (WA) plate after 5 days; B, Stroma
with perithecia was attached to WA plate cover and single
spores marked circle was germinated in WA plate after 5
days; C, MATI-1-1 partial gene of MATI-1 and MATI-2-1
partial gene of MATI-2 was amplified. The PCR products
were electrophoresed on a 1.5% agarose gel. M, 100 bp DNA
ladder molecular size marker. Positive control and negative
control used single spores which MAT idiomorph were known
by sequencing. MATI-1-1 was successfully amplified in MAT1-
I idiomorph seven single spores. MATI-1-1 was not amplified
in MATI-2 idiomorph five single spores; D, MATI1-2-1 was
successfully amplified in MATI-2 idiomorph five single spores.
MATI-2-1 was not amplified in MATI-1 idiomorph seven single
spores.

strains was repeated five times, total (5 x 12 =60) single
spores of C. militaris were isolated. MAT PCR amplifying
MATI-1-1 and MATI-2-1 partial gene resulted that MAT1I-
I-1 was 457bp and MATI-2-1 was 368 bp. MAT-PCR
examination of 60 single spores indicated that seven single
spores with MATI-1 and five single spores with MATI-2
were isolated (Fig. 2C and 2D). Name of single spore was
determined by adding number of MAT idiomorph to parent
strain name.

Mating and stroma induction of parent strain. Mating
was performed with 12 single spores composed of seven
single spores with MATI-1 and five single spores with
MAT1I-2 through induction of stroma in brown rice, silk
worm pupae, and PDB medium. Mating of 35 combinations
was performed through stroma induction in all media.
Stroma was induced approximately after 50 days. Eight
combinations of total 35 combinations were successfully
mated, producing stroma with perithecia in brown rice
medium. Newly mated strains were generated (Fig. 3). Some
of combinations did not at all produce stroma and the
others of combinations produce abnormal stroma without
perithecia (Fig. 4A and 4B). Strains with abnormal stroma
without perithecia were not mated, being fertile. Although
there were mated strains having a normal stroma with
perithecia in brown rice medium (KSP1, KSP2, KSP3, KSP4,
KSP5, KSP6, KSP7, KSP7, and KSP8) (Fig. 4C), these strains
could not produce normal stroma in silk worm pupa and
PDB medium.

Cordycepin content in brown rice medium. Cordycepin
content of parent and mated strains cultivated in brown
rice. medium was measured. Retention time value of
standard cordycepin was 12.23 min under an optimum
chromatographic condition. The calibration curve was
plotted with standard sample data which measured in
triplicate from 7.8125 to 500 pg/mL. Estabilished standard

M1 | KACC | KACC | KACC | KACC | KACC | KACC | SPNU
40655 | 44454 | 43316 | 43325 | 44455 | 44461 | 1007
M2 1 1 1 1 1 1 1
KACC
43321
2
KACC
44453 KSP1
2
KACC
44463 KSP2 KSP3 KSP4
2
KACC
40226
2
SPNU
1006 | KSP5 KSP6 | KSP8 KSP9
2

Fig. 3. Mating combinations based on separated 12 single
spores in brown rice medium. Eight combinations are only
mated. Mated strains were highlighted in gray and named.
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Fig. 4. Eight mated Cordyceps militaris strains in brown rice medium. A, The stroma with perithecia in mated strain; B, The
stroma without perithecia in non-mated strain; C, Eight mated Cordyceps militaris strains in this study.
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Fig. 5. Cordycepin content of all Cordyceps militaris strains in brown rice medium. Cordycepin content of 12 parent strains
(A) and eight mated strains (B) in brown rice medium. Error bars indicate the standard deviation of three independent
experiments. Different letters above the cordycepin content bar mean significant difference according to strain (p < 0.001, one-

way ANOVA followed by Duncan’s test).

curve equitation of cordycepin and R-squared were Y =
3.24EF + 10X — 794,785.435 (R’=0.9998). The content of
cordycepin in the twenty parent strains and eight mated

strains was measured in triplicate. The cordycepin content
per 1 g of DCW was calculated. Average cordycepin content
of stroma and sclerotium was set to cordycepin content of
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Fig. 6. Comparison of cordycepin content between top three parent and mated strains. A, Cordycepin content of top three
parent strains and mated strains in brown rice medium; B, Effect of medium on cordycepin production. Cordycepin content of
top three mated and parental strains was indicated according to three media (brown rice, silk worm pupae, potato dextrose
broth). Error bars indicate the standard deviation of cordycepin content. Different letters above the cordycepin content bar
mean significant difference according to strain and indicated independently dependent on media (p < 0.001, one-way ANOVA

followed by Duncanss test).

each strain. The content of cordycepin in sclerotium was
set to cordycepin content of strains in which stroma was
not formed. Average content of cordycepin in 12 parent
strains was 3.06 mg/g. Among top three strains of parental
strains (KACC44461, KACC40226, and SPNU1006),
KACC44461 produced the most cordycepin (4.89 mg/g),
followed by SPNU1006 (4.22 mg/g) (by ANOVA) (Fig. 5A).
Average content of cordycepin in eight mated strains was
2.85mg/g. Strain producing the most cordycepin content
was KSP8 (6.63 mg/g), second-largest strain was KSP7 (3.8
mg/g) (by ANOVA) (Fig. 5B). Comparison of cordycepin
content among top three mated strains and top three
parent strains based on results of cordycepin content in all
strains revealed that KSP8 produced the most cordycepin
among top three mated strains and top three parent strains
(by ANOVA) (Fig. 6A). KSP8 strain produced the most
cordycepin. Therefore, KSP8 producing the most cordycepin
among all strains was created by mating. Cordycepin
content in KSP8 increased by 35% of cordycepin content
in KACC44461 parent strain producing the most cordycepin
in brown rice.

Effect of media on cordycepin production. Cordycepin
content of all strains cultivated in PDA and silk worm
media were compared with cordycepin content of all strains
cultivated in brown-rice medium. Cordycepin in PDB was
measured separately mycelium and supernatant. Cordycepin
content of top six strains among all strains was presented
in Fig. 6B. Top six strains were determined by calculating
average cordycepin content of all strains each cultivated in
all media. Mated strain KSP8 produced more cordycepin

Table 2. Cordycepin content in different media

Medium Cordycepin content (mg/g)
Brown rice 2.98 +1.41b
Silk worm pupae 4.17 + 1.66a
PDB 1.08 £ 0.73¢

PDB, potato dextrose broth.
F-value = 85.907, p = 0.000.

than KACC44461 in all tested media. Additionally, result
from cordycepin content according to media indicated that
C. militaris strains produced the most cordycepin in silk
worm pupae medium and the second highest cordycepin
in brown rice medium regardless of strains, whereas C.

militaris cultivated in PDB produced the least cordycepin
(by ANOVA) (Table 2).

DISCUSSION

C. militaris is the most useful Cordyceps spp. as it contains
not only many bioactive substances, but also the highest
cordycepin content among Cordyceps spp. Cordycepin exhibits
various physiological activity effects including antitumor,
antiaging, antivirus, and antileukemi. In this study, new C.
militaris strain was developed through mating two C.
militaris strains. Combination of two C. militaris increases
cordycepin productivity was not reported. Combination
was randomly performed between two single spores of C.
militaris and made a new C. militaris with many cordycepin.

Mating was performed by inoculating isolated single
spores in brown rice media. Eight combinations successfully



were mated among 35 combinations. The reason to get
about 23% of mated strains is not only combination of
different mating type single spores but also other factors
that seem to be required to induce sexual cycle by mating.
Reduction of fungal activity may be associated with reduction
of gene expression related to stroma induction and sexual
cycle [21, 22]. It is possible that there are mated strains
that did not produce stroma due to degeneracy. However,
this could not be confirmed with the naked eye and there
is no feature that forms a cramp like other mushrooms
belonging to Basidiomycota.

Results of comparisions of cordycepin contents in all
tested strains demonstrated that KSP8 produced the most
cordycepin. It is probably that gene recombination caused
by sexual reproduction. Mating of two single spores induce
karyogamy and meiosis provoking recombination of gene
related to cordycepin synthesis. Thus, cordycepin content
in mated strain is not directly related with cordycepin content
in parent strain. Production of cordycepin in different media
showed cordycepin content in silk worm pupae medium
was the highst among three media. Incidence of stroma in
silk worm pupae medium was lower than in brown rice
medium, though. This is presumably because the silk worm
pupa media are not suitable for stroma formation [23, 24].

New C. militaris strains, KSP8, producing the most
cordycepin among 12 parent strains and eight mated
strains, were made through mating. Industrial value of new
C. militaris strains rise with the increase of cordycepin.
This result implies that mating will be able to produce a
new strain with higher production of cordycepin than
known strains.
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