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Abstract

Cordyceps militaris, an entomopathogenic fungusi, has been extensively utilized for many years as a functional
food and for medicinal activities in Thailand. The fungus has numerous strains which are commonly sold in
herbal markets and not all have been identified. Seven commercial C. militaris strains (CM-s1, CM-s2, CM-s3,
CM-s4, CM-s5, CM-s6 and CM-s7) were studied using macroscopic methods (mycelium growth), microscopic
methods (cross section and SEM techniques), and molecular markers. Most strains recorded high mycelial
growth rates at colony diameters of 7.81+0.20 to 8.50+0.00cm after 18 days, with strain CM-s4 the lowest at
6.24+0.19cm. Characteristics of the stromal cross section in all strains observed under a microscope were golden
yellow at the edge with colorless hyphae. A few conidia of all strains observed by SEM had oval shapes but most
had globose shape with more single than short chain conidia. Genetic diversity among the seven strains gave
100% nucleotide-sequence homology at the ITS and 28S rRNA regions. These data suggested that the

macroscopic method was a highly powerful tool for strain identification of C. militaris.
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Introduction

Cordyceps militaris is an entomopathogenic fungus
whose spore invades and grows in a specific insect
host as a caterpillar which hibernates underground
during the winter season. Later, during the summer
season, the spore develops into a fruiting-body
formation on the surface of the insect’s cadaver (Guo
et al.,, 2017). In Chinese traditional medicine, the
fruiting body of C. militaris is credited with several
pharmacological properties, and widely used as a
herb, functional food, for improvement of immunity
(Izgi et al., 2015; Liu et al., 2016; Song et al., 2016),
for bacteriostasis (Avtonomova et al., 2016; Chiu et
al., 2016), antitumor (Zhang et al, 2015),
antiasthmatic effects (Tianzhu et al., 2015), and as a
antihyperuricemic (Yong et al, 2016 and

antihypoglycemic (Ma et al., 2015).

Main abundant bioactive compounds produced by
various Cordyceps species were adenosine (Tatani et
al., 2016), ergosterol, mannitol and
exopolysaccharide (Raethong et al., 2018), and
cordycepin (Yong et al., 2018) of these, cordycepin is
an extremely valuable bioactive compound produced
only by C. militaris. Artificial cultivation gives higher
production of cordycepin compared to nature;
however, its quality and quantity depend on fungal
culture media (Lin et al., 2018), culture conditions

(Sung et al., 2011), and strains (Wen et al., 2017).

Recently, C. militaris has been isolated and estimated
to many strains in Asian counties (Kang et al., 2017)
including in Thailand (Tanya, 2 0 1 2 ), where strains
contained various amounts of cordycepin (Wen et al.,
2017). Therefore, classification among strains of C.
militaris was beneficial to screen for strains that were
able to produce high cordycepin content. During the
past decade, two methods were widely used for
morphological classification of C. militaris strains
consisting of macroscopic such as mycelium growth
(Dang et al., 2017) and microscopic such as cross
section (Guo et al., 2017) and SEM techniques (Albini
et al., 2017). Recently, molecular genetic classification
consisting of internal transcribed spacer (ITS) (Lam
et al., 2015) and 28S rRNA regions (Li et al., 2013)

has gained prominence.
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Therefore, the aim of this study was to identify Thai
commercial strains of C. militaris using both
morphological characteristics and molecular genetic
markers. Results will be beneficial by providing a rapid
and accurate method for identification of commercial

strains of Thai medicinal fungus C. militaris.

Materials and methods

Microscopic study of C. militaris through cross
section of stroma

The fruiting bodies of C. militaris were collected from
seven different commercial farms in Thailand (CM-s1,
CM-s2, CM-s3, CM-s4, CM-s5, CM-s6 and CM-s7).
The stroma was cut using cross section techniques
and stained with lactophenol cotton blue.
Morphological characteristics such as surface color,
mycelium color and perithecium formation were
observed under a microscope (Olympus CH30RF200,

Japan) and photographed.

Macroscopic study of C. militaris through growth
development

Individual fruiting bodies of C. militaris were
collected from seven different commercial farms in
Thailand. They were cut and plated on a potato
dextrose agar (PDA) plate (containing 200g/1 potato,
20g/1 dextrose and 20g/1 agar), and cultured at 25°C
in the dark for 7 days. The end of each mycelium was
cut and plated on a new PDA plate. Colony diameter
(cm) was measured at 7, 14 and 21 days of culture.
Mean comparisiond between C. militaris strains were
calculated by were comparisons Duncan’s Multiple
Range Test (DMRT).

Microscopic study of C. militaris through SEM
technique

Mycelium was individually cultured on PDA medium
at 25°C under dark condition for 14 days. The growing
mycelium was cut with sterile scalpels into small
pieces (1x1cm) and fixed in 2.5% (v/v) glutaraldehyde.
It was washed in 0.1M phosphate buffer for 15
minutes repeated twice and washed with 1% osmium
tetroxide for 1 hour. The mycelium was then
dehydrated through a series of 30, 50, 70, 90 and

100% ethyl alcohol for 30 minutes, respectively.
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Finally, the mycelium was dehydrated in acetone for
30 minutes before mounting on an aluminum stub
and coating with gold-palladium alloy. Spore
structures were examined under a scanning electron
microscope (LEO1455VP, United Kingdom(.

Genomic DNA (gDNA) extraction and PCR
amplification

The medium, grown on PDA for 3-7 days, was
collected for genomic DNA (gDNA) extraction using
Insta Gene Matrix (Bio-Rad, United States) according

to the manufacturer’s instructions.

Two primer pairs as ITS primer pair (ITS1 and ITS4)
and 28S rRNA primer pair (LROR and LR7) were used
in this study; their sequences are shown in Table 1. The
primers of ITS1 and ITS4 were located on the 3" end of
18S-rDNA border and the end of 28S rDNA border,
respectively (Fig. 1). The ITS primer pair was used to
amplify the DNA fragment to flank the entire ITS region
and intervening 5.8S subunit (Fig. 1). The PCR reaction
was carried out with 20 ng of gDNA as the template in a
30 ul reaction mixture using an EF-Taq (SolGent,
Korea). The PCR condition was performed with the
initial denaturation as follows: activation of Taq
polymerase at 95°C for 2 minutes, followed by 35 cycles
of 95°C for 1 minute, 55°C and 72°C for 1 minute each,

and a final extension at 72°C for 10 minutes.

Meanwhile, the LROR and LR7 primers were used for
the DNA fragment at the partial 28S rRNA region.
The amplified products were purified using a
multiscreen filter plate (Millipore Corp., Bedford,
MA, United States). Purified DNA samples were
performed using a PRISM BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Foster
City, Canada) containing the extension products
added to Hi-Di formamide. The mixture was
incubated at 95°C for 5 minutes, followed by 5
minutes on ice, and then sequenced and analyzed
using an ABI Prism 3730XL DNA analyzer (Applied
Biosystems, Foster City, Canada).

DNA sequence alignment

Partial nucleotide-sequence reads were
approximately 548 and 1223 nucleotides, amplified
by ITS and 28S rRNA primer pairs, respectively. Both

sequence reads were assembled using Bioedit
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Analysis software (Ta, 1999) and compared to known
sequences of ITS and 28S rRNA regions of fungi
published from the NCBI database using CLUSTAL W
(European Bioinformatics Institute (EMBL-EBI),
United Kingdom).

ims1 T84

—_ P
[lES[RNAIagmn H 58RNA region

28S fRNA region

) =
Fig. 1. Map positions of primer pairs (ITS1-ITS4 and
LROR-LR7) used to amplify PCR. products.
Note: Primer ITS 1 is close to the 18S-rDNA border,
and primer ITS 4 (5'-TCC TCC GCT TAT TGA TAT
GC-3') anneals to 28S rRNA near the ITS 4 border.

Table 1. Primers used to amplify fungal ribosomal

RNA genes and ITS region sequences.

Primer Sequence (5'—3") Reference

288S

rRNA

region

LROR ACCCGCTGAACTTAAGC Bunyard et al.
(1994)

LRy TACTACCACCAAGATCT Bunyard et al.
(1994)

ITS

region

ITS1 TCCGTAGGTGAACCTGCGG White et al.,
(1990)

ITS4  TCCTCCGCTTATTGATATGC White et al.,
(1990)

Results and discussion

Mycelial growth and pigmentation characteristics
To assess growth and pigmentation characteristics of
C. militaris, seven strains were cultured in potato
dextrose agar (PDA) at 25°C in dark condition for 18
days, with data recorded every six days. Results
revealed that mycelial growth and pigmentation
characteristics were divided into three groups. Firstly,
CM-s3 showed the highest growth rate followed by
CM-s6, CM-s7, CM-s1 and CM-s5 with colony
diameters ranging from 7.81+£0.20 to 8.50+0.00cm
after 18 days (Table 2). Mycelia showed abundant
density and formed yellowish or yellow layers on PDA
medium (Fig.2 and Table 3). Secondly, CM-s2 showed
moderate growth rate, with colony diameter ranging
from 7.05+0.40cm (Table 2) and the mycelia were
formed as dense layers with rough and semi-cottony
mycelial texture and yellow colony pigmentation
(Fig.2 and Table 3).
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Thirdly, CM-s4 had the lowest growth rate, with colony
diameter ranging from 6.24+0.19cm (Table 2). Their
mycelia were formed of dense layers with rough and
semi-cottony texture and mustard yellow colony
pigmentation (Fig.2 and Table 3). These results
indicated that mycelial growth rates and characteristics
were significantly different for each of the studied
strains. This diversity might be caused by different
culture periods and genotypes. Previous publications
reported that mycelial growth rates and characteristics
of C. militaris were significantly different depending on
culture periods (Shrestha et al., 2006), and genotypes
(Lee et al., 2013).

6 days 12 days 18 days

Fig. 2. Mycelial growth and characteristics among

seven C. militaris strains ) CM-s1 to CM-s7( cultured
on PDA medium for 6, 12, and 18 days.

Microscopic characteristics of a stroma

2018

Cross sections of individual stroma morphologies of
the seven C. militaris strains were examined by
staining with lactophenol cotton blue. All strains
showed similar stromal characteristics with smooth
yellow gold color outer cortex surfaces, and inner
cortexes containing colorless hyphae without a
perithecium (Fig. 3). These results indicated that the
presence or absence of perithecia might be
beneficially used to evaluate the morphological
diversity of C. militaris. As supported by previous
publications, some C. militaris species showed the
presence of perithecia (Sung et al., 2010) but other
species did not have perithecia (Liu et al., 2011) in the

cortex region of the stroma.

In contrast, all C. militaris species had a smooth
outer cortex surface and colorless hyphae at the inner

cortex (Liu et al., 2011).

Table 2. Colony diameter of seven C. militaris strains

(CM-s1 to CM-s7) at different time periods cultured

on PDA medium.

Colony diameter (cm) of C. militaris

Strain 6 days 12 days 18 days

CM-s1  2.83+0.06¢ 6.06+0.14%¢  8.26+0.172b
CM-s2 3.25+0.082 5.48+0.24°¢ 7.05+0.40°
CM-s3  3.31+£0.042 6.45+0.222 8.50£0.00?
CM-s4 2.50+0.17¢ 4.46+0.314 6.24+0.194
CM-s5 3.08+0.212>  5.70+0.20P¢  7.81+0.20P
CM-s6 2.78+0.21>¢  6.26+0.10>  8.45+0.052P
CM-s7 3.184+0.012>  6.70+0.152  8.43+0.062P

Note: colony diameter (cm) represented by mean +
SE was measured for all C. militaris strains. The same
letters in each column indicate non-significant
difference of mean values, calculated by DMRT at p-

value < 0.05.

Observation of conidial formation by Scanning
Electron Microscopy (SEM)

Morphologies of the ascospores of seven C. militaris
strains (CM-s1 to CM-s7) were determined using
SEM. Results showed that most ascospores were
globose and oval shaped which germinated to
produce long hyphae. Most conidia were formed at
the end of the hyphae as single globe heads but rare
groups were globose in short chains. A few conidia

formed as oval shapes (Fig. 4).
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Table 3. Colony pigmentation of C. militaris (CM-s1 to CM-s7) on PDA medium.

Colony pigmentation

Strain 6 days 12 days 18 days

Margin Center Margin Center Margin Center
CM-s1 Y YW \ YWtoY w Y
CM-s2 W to PY YW Wto YW Y Wto YW Y
CM-s3 W to PY PY Wito YW Wito PY Wio YW Wito YW
CM-s4 Wto YW MY W to MY MY w W to MY
CM-s5 W i Wto YW YW w WtoY
CM-s6 W w Wito YW YW Wto YW Wito YW
CM-s7 W to PY \i WtoY \i Wto YW Wto YW

Note: W indicates white; Y indicates yellow; YW indicates yellowish white; PY indicates pale yellow; and MY

indicates mustard yellow.

Fig. 3. Evaluation of stromal characteristics among
seven C. militaris strains (CM-s1 to CM-s7) by cross
section technique under a compound microscope.

Note: random stroma (A) were cross sectioned to
examine microscopic characteristics (B); the scale bar

indicates 10X (=60 um).

As previously reported, hyphae of C. militaris (EFCC
11255) produce various forms of conidia, either as a
single globose head or groups of globose short chains
(Shrestha et al, 2005). Moreover, conidia of C.
militaris were presented as various shapes including
globose (Tulasne and Tulasne, 1865) cylindrical and
spherical )De, 1897 and Brown and Smith, 1957),
almost spherical (Pettit, 1895), and oval (Petch,
1936). Seven commercial strains of C. militaris (CM-
s1, CM-s2, CM-s3, CM-s4, CM-s5, CM-s6 and CM-s7)
collected in Thailand were evaluated for
morphological diversity using various macroscopic
and microscopic methods. For the macroscopic
studies, results concluded that most strains (except

CM-s4) had high mycelial growth rate and abundant

mycelial density, with rough and semi-cottony

mycelial texture and yellowish colony.

Fig. 4. Observation of conidial formation of C.
militaris (CM-s1 to CM-s7) under a scanning electron
microscope after culture on PDA medium for 14 days.
Note: conidial formations were either a single (A) or a
group of short chains (B); g and o indicate globose
and oval shape respectively; sc indicates short chain;

and the scale bar indicates 1 um.
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Strain CM-s4 recorded the lowest growth rate and its
mycelium was compact, formed of layers, and
mustard yellow on PDA. For microscopic studies
using a cross section technique, stromal
characteristics revealed all strains as golden yellow at
the edge with colorless hyphae. The conidial
formation, investigated by SEM techniques, showed
that most conidia were globose but a few had oval
shapes. The globose conidial shape was mostly single
with a few short chains. Commercial strains of C.
militaris showed similar morphological
characteristics which were not suitable for use in
identification. Molecular genetics techniques were

useful for further identification of C. militaris strains.

DNA sequencing analysis

Both the internal transcribed spacer (ITS) and 28S
rRNA regions are highly divergent in nucleotide
sequences and play a vital role in evolution among
fungal species (Lam et al., 2015). Therefore these
areas were used to assess genetic diversity among the
seven strains of C. militaris based on PCR assay. Two
ITS primer pairs (ITS1 and ITS4) were used to
amplify the DNA fragment flanking the entire ITS
region and intervening 5.8S subunit, giving an ITS-
PCR-fragment (548 bp long). Meanwhile, two 28S
rRNA primer pairs (LROR and LR7) were used to
amplify the DNA fragment at the 28S rRNA region,
giving a 28S rRNA-PCR-fragment (1223 bp long).
Nucleotide sequence reads of both the ITS-PCR-
fragment and the 28S rRNA-PCR-fragment from
individual strains were aligned using the ClustalWw
program and then compared to their known fungal
sequences published from the NCBI database.
Nucleotide sequences from all the studied strains
gave 100% similarity, indicating that the seven strains
of C. militaris did not have genetic distance at the ITS
and 28S rRNA regions. These distance values of the
ITS and 28S rRNA regions among the seven strains
were slightly different when compared to C. militaris
strains NBRC100741 (Schoch et al, 2012) and
JMo0807 (Zhong et al., 2010). Only one nucleotide
(adenine, A) at position 93 of the ITS region of each
studied strain was substituted by guanine (G) of
NBRC100741 stain (Schoch et al., 2012) (Fig. 5A).

Furthermore, a nucleotide at position 136 in the 28S
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rRNA region of JM0807 strain was inserted by a
thymine base (T) compared to all studied strains, as
previously reported by Zhong et al. (2010) (Fig. 5B).
In summary, all studied strains showed no genetic
diversity; however, they exhibited a few nucleotide
differences which might be caused by evolutionary
effects such as nucleotide substitution and insertion
JMo8o7
(Ajawatanawong and Baldauf, 2013). Nucleotide

from  NBRC100741 and strains
substitutions and insertions can be correlated with
the evolutionary distance (Park and Min, 2005) and
provide information for phylogenetic reconstruction

(Watanabe et al., 2011) within fungal species.

A
Position Position
CM-sl 855°CGA GTT GGA GTACTA CGCAGAGGT 3" 109
CM-s2 855°CGA GTT GGA GTACTA CGCAGAGGT 3" 109
CM-s3 855°CGA GTT GGA GTA CTA CGCAGAGGT 3" 109
CM-s4 855°CGA GTT GGA GTA CTA CGC AGAGGT 3" 109
CM-s5 855°CGA GTT GGA GTA CTA CGC AGAGGT 3" 109
CM-s6 855 CGA GTT GGA GTACTACGCAGAGGT3" 109
CM-s7 855°CGA GTT GGA GTA CTA CGC AGAGGT 3" 109
NBRC100741 701 5'CGAGTT GGG GTA CTA CGC AGA GGT 3" 677
B

Position Position

CM-s1121 5'CCT CTG TAA AGC TCC-TT CGA CGA 3~ 144
CM-s2 121 5'CCT CTG TAA AGC TCC-TT CGA CGA 3~ 144
CM-s3 121 5'CCT CTG TAA AGC TCC-TT CGA CGA 3~ 144
CM-s4 121 5°CCT CTG TAA AGC TCC-TT CGA CGA 3~ 144
CM-s51215'CCT CTG TAAAGC TCC-TT CGACGA 3~ 144
CM-s6 121 5°CCT CTG TAA AGC TCC-TT CGA CGA 3~ 144
CM-s7121 5'CCT CTG TAA AGC TCC-TT CGA CGA 3~ 144

JMO8072155'CCT CTGTAA AGC TCCTTT CGA CGA 3™ 238

Fig. 5. Nucleotide mutation in C. militaris showing
nucleotide substitution in ITS region (A) and
nucleotide deletion in 28S rRNA region (B).

Note: the nucleotide highlighted with yellow color
indicates nucleotide either substitution or addition.
The hyphen highlighted with yellow color indicates

nucleotide deletion.

Conclusions

Seven strains of C. militaris collected from different
commercial farms in Thailand were investigated for
morphological diversity using both macroscopic and
microscopic methods. In the macroscopic studies,
results concluded that most strains had high mycelial
growth rate and abundant mycelial density with
rough and semi-cottony mycelial texture, and

yellowish colonies. Of these, CM-s4 had the lowest
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growth rate; its mycelium was compact, formed of
dense layers, and dark yellow on PDA. In the
microscopic studies using a cross section technique,
the stromal characteristics revealed that all strains
were golden yellow at the edge with colorless hyphae.
Conidial formation was studied using slide culture
and SEM techniques. Results determined that most
ascospores were globose and oval shaped; moreover,
these germinated and produced long hyphae. At the
ends of the hyphae, most conidia were formed as
single globe heads but rarely as global groups in short

chains. A few conidia were formed with an oval shape.

Genetic diversity among the seven strains was
evaluated using nucleotide sequence analysis of ITS
and 28S rRNA regions. Results concluded that all
studied strains showed no genetic diversity; however,
they had one nucleotide substitution in the ITS region
and one nucleotide deletion in the 28S rRNA region.
Further research is necessary to collect live specimens
of the seven C. militaris strains to examine other
molecular markers such as random amplification of
polymorphic (RAPD), terminal restriction fragment
(TRF) and amplified ribosomal DNA restriction
analysis (ARDRA). Morphological characteristics can
be further assessed using the shooting and slide

culture techniques.
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