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consistent during G1-G2 and the degeneration initiated at G3 progressed until G5.

Adenosine and cordycepin,

Cordyceps militaris, The decrease was 22% (from 0.35 £ 0.01 cm/d to 0.27 + 0.02 cm/d) and 42%
DNA methylation, (from 0.95 + 0.04 g dry weight (DW) and 0.55 + 0.01 g DW), respectively. There was
Rhf1 gene,

a significant reduction in the adenosine and cordycepin production in G1 (1.97 £ 0.02 pg/g
DWand 5.49+0.11 pg/g DW) compared with G5 (0.03 +£0.001 pg/g DW and 1.63 £0.02
ug/g DW), which was much for adenosine than cordycepin. Next, the gene copy number

Subculture degeneration

and gene expression of the RAf1 gene were compared among the five generations using
quantitative real-time polymerase chain reaction, revealing that it significantly (p < 0.05)
decreased after G3 compared to G1. Consistently, the percentage of DNA methylation
of Rhf1 was greater in G3 (more than 50% compared to G1). These results suggested
that methylation may be associated with the stability of the RAf7 gene during subculture
degeneration, thereby affecting RAf1 gene expression. Hence, the number of RAfI gene
copies may be useful in the determination of the quality of C. militaris before cultivation.

Introduction with important biological and pharmacological properties
such as being immunomodulatory, antioxidant, anti-tumor,

Cordyceps militaris, an entomopathogenic fungus in the  anti-inflammatory and hypotensive (Das et al., 2010).
phylum Ascomycota, is a highly-valued, edible mushroom  The fungus contains a series of bioactive metabolites, including
cordycepin (3'-deoxyadenosine), adenosine, pentostatin

+ Equal contribution. and carotenoids (Zhou et al., 2009). In recent years, the market
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demand for artificially cultivated C. militaris has increased
(Lou et al., 2019). Though the mushroom can be grown in
culture, large-scale production is still a challenge.

Previous studies on the artificial cultivation of C. militaris
discovered that its degeneration is caused by environmental
and genetic variation, but is not associated with geographical
origins (Wang et al., 2008). Optimization of fungal growth
conditions and supplementing minerals to the growth media can
delay the degeneration; furthermore, appropriate preservation
can maintain fungal viability and reduce a reduction in fruiting
body production (Liu et al., 2018b). Accumulation of cellular
reactive oxygen species (ROS) in mycelia is another reason
for the fungal growth degeneration (Xiong et al., 2013). Genetic
variation studies have shown that C. militaris undergoes
sexual or asexual reproduction (Lu et al., 2016; Yin et al.,
2018), where the sexual reproduction is either heterothallic
or homothallic and is controlled by the mating-type (MAT)
loci in heterothallic mating-type genes (Wang et al., 2015a;
Chen et al., 2017). Other genes also play roles in mycelial
and fruiting body formation in C. militaris. The Cmwc-1, blue
light receptor gene responds to light and is involved in fruiting
body production (Jiao et al., 2018). The Dash gene is required
for primordia during fruiting body development (Dong et al.,
2013; Yang et al., 2016). The RAif] gene was identified in the
genome sequence of C. militaris (Zheng et al., 2011a), which is
involved in the hyphal branching and fruiting body production
of C. militaris (Jiang and Han, 2015).

Degeneration of C. militaris during subculturing has
been reported with subcultured C. militaris strains initiating
the degeneration in the third generation and having
significant degeneration by the fourth generation (Yin
et al., 2017), but the underlying mechanism is not yet known.
The subculture degeneration effect has been assessed using
genome, transcriptome and metabolome analysis (Chen
et al., 2018a, 2019a). The transcriptome data of subcultured
C. militaris suggested that the mechanism of strain degeneration
is associated with toxin biosynthesis, energy metabolism,
DNA methylation and chromosome remodeling (Yin et al.,
2017). DNA methylation also impaired fungal growth and
development, but to a different degree form distribution, and
the function of DNA methylation varied greatly among fungal
species (Zemach et al., 2010). Recently, it was reported that
degenerative C. militaris strains have a higher DNA methylation
level (0.56%) than normal strains (0.48%), which might be
related to DNA replication and cell metabolism (Xin et al.,
2019). It has been shown that DNA methylation is a dynamic
process during sexual development in C. militaris (Wang et al.,

2015b). however, there is only limited information regarding
the degeneration of C. militaris during subculturing.
Consequently, the current study, investigated alteration
of the Rhf] gene and analyzed the bioactive compounds
associated with the genetic instability of C. militaris during
the progression of subculture. This investigation may provide
useful information that can help to maintain the quality of
C. militaris, which is important for its large-scale cultivation
in industrial biotechnology (Shrestha et al., 2012; Lou et al.,
2019).

Materials and Methods
Fungal subculture and growth determination

The C. militaris strain ATCC 34165 used in this study was
maintained on potato dextrose agar (PDA) with 1% peptone
at 4°C as stock. The fungal strain was grown on the same
medium in a Petri dish at 20°C for 2 wk before being used.
To study the subculturing effect, the fungal culture was
prepared by blending at high speed for 10 s. The 10% of
the inoculum was added to potato dextrose broth and incubated
at 20°C for 3 wk. The process was repeated for five generations.
C. militaris mycelia were grown on PDA and mycelia growth
and dry weight were recorded every 5 d for 3 wk (10 replicates
each generation), according to Sutton and Starzyk (1972),
followed by freeze-drying and storage. The growth rates
and biomass production levels of generations 1-5 (G1-G5)
were determined using the total mycelial colony diameter
(measured in centimeters) and the dry weight (in grams)
by the cultivation time (in days). The percentage change from
G1 to G5 was calculated was as: % Reduction = ((G1-G5)/G1)
x100), according to Stanbury et al. (2016).

Fungal genomic DNA extraction and gene amplification

Fungal genomic DNA was extracted using a Fungal DNA
Mini Kit (Omega Biotek; USA) according to the manufacturer’s
protocol. The primers RAf1 (XM0066796.4) (216 bp) (Forward
5-CAACCCAACCAGCCACGCACCCTCC-3) and Reverse
5-GGAGTCTCGTCTGTTACCTGAATGG-3); Actin
(XMO00668935) (172bp) (Forward 5-GCCTTCTACGTCTCC
ATCCA-3 and Reverse 5-TAG TCGGTAAGATCACGGCC-3)
were used as described by Jiang and Han (2015). The
oligonucleotides were synthesized by 1st BASE, Malaysia.
The quality and quantity of DNA were estimated based on the
optical density (OD) ration 260:280 using a spectrophotometer
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(Nanodrop ND-1000; USA) as described by Sambrook and
Russell (2001). Subsequently, fungal genomic DNA was
diluted at 10 ng/pL. The polymerase chain reaction (PCR)
mixture was composed of a DreamTaq Green PCR Master
Mix (Thermo Scientific; USA) (2x), 1 pL of each 5uM of
primer and 1 pL of genomic DNA adjusted with sterile distilled
water. The PCR reaction was carried out in 20 pL volumes in
an Mastercycler Nexus PCR Cycler (Eppendorf; Germany)
using the following cycles: 95°C for 10 min, followed by
38 cycles of 95°C eachl5 s, 55°C each 10 s, 72°C each 1 min
and 72°C for 10 min as modified from Jiang and Han (2015).
The amplified products were examined using 2% agarose
gel electrophoresis (Sambrook and Russell, 2001).

Fungal RNA extraction and cDNA synthesis

A sample (100 mg) of ground mycelia were used for
extraction with liquid nitrogen. The total RNA preparation
was carried out using a Fungal RNA extraction kit (Omega
Biotek; USA), following the manufacturer’s instructions.
The RNA concentration was determined at 260 nm in
a Nanodrop ND-1000 spectrophotometer (Sambrook and
Russell, 2001) and stored at -80°C until further processing.
Before cDNA synthesis, all RNA samples were treated with
DNase (Bio-Rad; USA) to remove any traces of genomic
DNA. A 0.5 ng sample of total RNA was prepared and digested
with 1 unit/uL of DNase and incubated at room temperature
for 1 hr before cleaning using an RNA purification kit
(Thermo Scientific; USA). Total RNA (0.2 png) was reverse
transcribed to cDNA using a RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific; USA). A total volume
of 20 pL mixture was made containing 500 ng of total RNA
(each generation), 4 pL of 5x first strand buffer, 200 U/uL
of RevertAid M-MuLV RT, 20 U/uL of RiboLock RNase
Inhibitor, 1 uL 10 mM dNTP and oligo(dT)18 primer and
then incubated for 60 min at 42°C. Finally, the reaction was
terminated by heating at 70°C for 5 min.

Quantitation of a number of gene copies using quantitative
polymerase chain reaction

Total genomic DNA (10 ng/uL) from each generation
was used to analyze the number of gene copies (RhfI and
Actin as the reference genes). The quantitative polymerase
chain reaction (qQPCR) was performed using a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad; USA). The PCR
mixture consisted of: 1 pL of template DNA (10 ng), 2 uL

of EvaGreen (Biotium; USA), 0.2 uL of each forward and
reverse RAf1 and Actin primer (0.5 uM) and added nuclease-
free water to the final volume of 10 pL. The running qPCR
condition were initiated by DNA denaturation at 95°C
for 3 min, followed by 49 cycles of 95°C each for 5 s, 55°C
for 10 s, 72°C for 20 s and 72°C for 10 min (modified from
Jiang and Han, 2015). This work was performed in five
replicates.

To determine the RAfI and Actin amplicon, the gene
products were amplified and cloned using a TOPO TA
Cloning® Kit (Invitrogen; USA) and transformed to E. coli
DH5a cells using the heat shock method by applying 42°C
for 1 min (Sambrook and Russell, 2001). Subsequently,
the positive clones were selected and extracted using a Rapid
Mini Plasmid Kit® (Thermo Scientific; USA). The clones
were confirmed using DNA sequencing analysis. The DNA
standard curve was generated by plotting the threshold cycle
(Ct) versus the logarithm of DNA concentrations of RAfI
and Actin using a series of 10-fold dilutions. The Ct values
for each concentration were measured in five replicates and
plotted against the logarithm of their template copy numbers.
The copy number of each plasmid concentration was calculated
based on the method from Lee et al. (2006) using the equation
described by Whelan et al. (2003). The amplification efficiency
(E) of the primers was calculated by using the equation 2 from
Rasmussen (2001).

Quantification of Rhf1 transcript content

Reactions were performed in five replicates, with 50 ng
of cDNA template. The qRT-PCR reactions were carried
out in a CFX96 Touch Real-Time PCR Detection System
(Bio-Rad; USA), following the amplification conditions
described above using Evagreen (Biotium; USA) in a final
volume of 20 pL. Standard curves (Ct versus log DNA copy
number) were used to estimate RAf7 and Actin gene expression
in mycelia for five generations as described above. Gene
expression was expressed as the Actin and Rhf1 cDNA copy
number per 50 ng of total cDNA template.

Determination of adenosine and cordycepin

Standards of adenosine and cordycepin (both from
Sigma-Aldrich; USA) were prepared at 1 mg/mL and then
diluted to obtain the desired concentrations (0.39 pg/mL,
0.78 pg/mL, 1.36 pg/mL, 3.12 pg/mL, 6.25 pg/mL, 12.5 pg/mL,
25 pg/mL, 50 pg/mL, 100 pg/mL and 200 pg/mL).



540 N. ChokeUmnuay, A. Owatworakit / Agr: Nat. Resour. 55 (2021) 537-546

The crude extracts were prepared from mycelia by extracting
with deionized water, incubating at 50°C for 3 hr and passing
through a 0.45 pm membrane filter. The adenosine and
cordycepin contents were analyzed using high-performance
liquid chromatography, (HPLC; Waters Corporation; USA)
by comparing to the standard compounds. This method was
adapted from Xia et al. (2017). An aliquot of 1 pL. was analyzed
using a reversed-phase C18 column (4.6 mm % 250 mm, 5 um
particle size). The conditions used an isocratic 95:5
(0.2% of formic acid-to-methanol), flow rate of 0.2 mL/min
and a column temperature 30°C. The adenosine and cordycepin
were monitored and quantified at 260 nm. The metabolite
production rate of each generation (expressed as pg/g dry
weight/day) was determined by subtracting the amount of
adenosine or cordycepin in mycelia after growing at day 21
with day 1, and divided by cultivation time (total 21 days)
(Stanbury et al., 2016).

DNA methylation analysis

A 216 bp region of the RAfI gene containing a Hpall
recognition site (CpG; 5'-CCGG-3') was used to determine
DNA methylation from G1-G5 using an EpiJet DNA
methylation analysis kit (Thermo Scientific; USA). Fungal
genomic DNA (200 ng) was prepared, followed by restriction
cleavage using the isoschizomers Hpall (sensitive to CpG
methylation) or Mspl (insensitive to CpG methylation),
according to Fulnecek and Kovarik (2014). A control with no
enzyme was also prepared. Equal amounts of digested and
undigested control and samples of genomic DNA were used
with the master mix Evagreen® dye (Biotium; USA) according
to the manufacturer’s conditions. The qPCR reactions of
all samples were performed in 20 pL of final volume consisting
of 3 uL of template DNA, 2 uL of EvaGreen (Biotium; USA)
and 0.2 pL of each forward and reverse primer of RAfI as
described above. To analyze the DNA methylation, changes in
the threshold cycles of the digested and undigested DNA were
used to calculate ACq as described in the manual for the EpiJet
DNA methylation analysis kit (Thermo Scientific; USA).

Statistical analysis

Allresults were expressed as amean+ SD. One-way analysis
of variance (ANOVA) was used. Significant differences were
determined based on Duncan’s multiple range tests (p < 0.05).
Data analysis used the SPSS version 19.0 software package
(SPSS, Inc.; USA).

Results

Number of subcultures affecting mycelial growth rate and
mycelium production of C. militaris

After subculturing, the mycelial growth and characteristics
of mycelial morphology of the C. militaris were evaluated,
as shown in Fig. 1 and 2. It was clear that the number of
subcultures affected the fungal mycelial growth and biomass
production of C. militaris but there were no changes in the
fungal morphology during subculturing. The fungal colonies
were circular in shape and had smooth edges; however,
a pigmented appearance was slightly delayed compared to
early subcultures after exposure to light for 7 d (Fig. 1A).
Here, the G1 and G2 generations showed consistent
growth based on measuring the mycelial colony diameters
(7.67+£0.28 cmand 7.18 £0.10 cm, respectively, and p < 0.05).
In the third generation, the mycelial growth was slower
than in the previous generations, while diameter of the fungal
colony was significantly reduced in the fourth generation
(6.21 = 0.09 cm). Then, the changes in cell growth were
investigated using the mycelial growth rate and biomass
production. The results showed that the difference in growth
rate was noted in the first week for each generation. It started
to decrease in G3 which was significantly less than previous
generations, followed by G4 and G5 (Figs. 1A and B).
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Fig. 1 Colony morphology and mycelial growth rate of Cordyceps
militaris grown on agar medium at week 3 during subculturing for
five generations: (A) morphology; (B) mycelium growth rate (mean = SD
of 10 replicates)
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There was a significant 22% reduction in the growth rate
from GI1 to G5 (0.35 = 0.01 cm/d to 0.27 = 0.02 cm/d).
Similarly, the fungal dry weight was decreased from G3
to G5 by about42% (from 0.95+0.04 gDWt00.55+0.01 gDW)
as shown in Fig. 2.
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Fig. 2 Mycelial dry weight (mean + SD of 10 replicates) of Cordyceps
militaris biomass during subculturing for five generations, where error
bars represent £SD and different lowercase letters above bars indicate
significant (p < 0.05) differences among mean values.

Changes of adenosine and cordycepin contents

To determine whether the reduction in mycelial growth
during subculturing was associated with specific metabolites
in the production of C. militaris, the adenosine and cordycepin
contents in the mycelia and the culture media were quantified
using HPLC analysis. The compounds were detected in the
mycelia but not in the culture media, indicating that the
adenosine and cordycepin contents decreased relatively
from GI1 to G5 (Figs. 3A and B), with significant reductions
in adenosine (98.9%) and cordycepin (73.4%) production
from G1 (1.97 = 0.21 pg/g DW and 5.49 + 0.11 ug/g DW)
compared with G5 (0.03 £0.001 png/g DW and 1.63 +0.02 pg/g
DW). Consistently, the adenosine and cordycepin production
rates rapidly decreased from G1 to G5, as shown in Table 1.
Based on the G1-G5 results, the reduction in adenosine
was more severe than for cordycepin, suggesting that they
were linked directly to mycelial growth during subculturing.

Instability of Rhf1 gene during subculturing

Change in the RAfI amplicon was monitored using
quantitative PCR. The Actin and RhfI1 genes were successfully
amplified and sequenced for all generations. The Actin gene
was consistent throughout G1-GS5, indicating its suitability
as a reference gene (supplementary S1) . There was a
substantial reduction in the Rhf1 gene amplicon from G1 to
G5. The RAfl gene started to significantly decrease during
G2. The obtained amplicons for G3—GS5 were significantly
less than for G1 with 1x10'2 copies/10 ng of fungal genomic
DNA (Fig. 4).
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Fig. 3 Histograms showing adenosine (A) and cordycepin (B) contents
(mean + SD) in mycelia of Cordyceps militaris during subculturing,
where error bars represent £ SD of triplicates and different lowercase
letters above bars indicate significant difference (p < 0.05) among mean
values.

Table 1 Biomass production and metabolite production rates of Cordyceps militaris during subculturing for five generations

Generation Cell dry weight (g) Adenosine production rate (ng/g DW/day) Cordycepin production rate (pg/g DW/day)
Gl 0.95+0.04° 0.0937+0.0104 0.2613+0.0055°
G2 0.88+0.02° 0.0315+0.0039° 0.2047+0.0035°
G3 0.71+£0.02¢ 0.0016+0.0001¢ 0.1911+0.0058¢
G4 0.57+0.01¢ 0.0011+0.0002¢ 0.0662+0.0119¢
G5 0.55+0.01¢ 0.0011+0.0001¢ 0.0694+0.0090¢

DW = dry weight; Mean £ SD within the same column superscripted with different lowercase letters are statistically different (p < 0.05)
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Fig. 4 Quantity of RAf1 gene amplicon (mean+SD) of Cordyceps
militaris from G1-GS5, Where error bars represent+ SD of five replicates
and different lowercase letters above bars indicate significant (p < 0.05)
difference among mean values.

Next, to confirm whether the reduction in RAfI copy
number could affect gene stability during subculturing,
quantitative gene expression of RAfI was measured using
real time RT-PCR. The reduction in gene expression was
observed at G3 and clearly decreased at G5. Fig. 5 shows
that the gene expression level of RAfI significantly decreased
from G1 (12.9x10° copy numbers) compared to G3 (2.1x10°
copy numbers), which corresponded to the changes in the
Rhf1 gene copy number (DNA level), as shown in Fig. 4.
This indicated that the obtained RAf7 gene expressions during
G3-GS5 were also less than for G1 (Fig. 5). In particular,
G3 was critical in changes in RAfI gene copy numbers and
transcription. This investigation suggested that the number
of amplicons of RAfI might be used as the threshold to
determine the quality of C. militaris before use, but it needs to
be optimized.
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Fig. 5 Gene expression level (mean + SD of five replicates) of RAif1 gene
during subculturing for five generations, where error bars represent + SD
and different lowercase letters above bars indicate significant (p < 0.05)
differences among mean values

DNA methylation of Rhf1 gene status during subculturing

A 216 bp region containing CpG at 125-341 bp was tested
to examine the genetic variation in the RAf] gene in association
with methylation (supplementary S2) . The percentage of DNA
methylation was determined for the CpG site at positions
206-209 bp of the RAfI gene. Resistance to digestion by Mspl
and susceptibility to Hpall restriction enzymes indicated
the completion of DNA methylation. For the qPCR
assay, methylated and unmethylated DNA were digested
by Hpall or Mspl restriction enzymes. For the unmethylated
DNA, the Cq values for Hpall-digested DNA were 4.5
cycles higher than those for the Mspl-digested and control
DNA (supplementary S3). The results revealed the percentage
of DNA methylation was in two groups; in the first group,
DNA methylation was less than 5% (G1-G2) whereas DNA
methylation was completed in the range 50-68% (G3-G5) in
the second group (Fig. 6). The percentage of DNA methylation
rapidly increased after G3. The results demonstrated that DNA
methylation for this generation may have caused the loss of
Rhf1 gene expression during subculturing. Thus, it seems that
G3 is a transition point and the subsequent generations G4—
G5 clearly showed complete DNA methylation (Fig. 6).

Discussion

Frequent degeneration of C. militaris during subculturing
and preservation has constrained the development of the
C. militaris industry. There have been few reports on the
degeneration of this fungus in terms of genetic variations
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Fig. 6 DNA methylation (mean + SD) at 125-341 bp of RAifI gene from
G1-GS5, where error bars represent + SD of five replicates and different
lowercase letters above bars indicate significant (p < 0.05) differences

among mean values
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and environments (Lou et al., 2019). Similarly, degeneration
of various strains of edible fungi, such as Pleurotus eryngii
(Hua et al., 2017), Lentinula edodes (Guo et al., 2017) and
Volvariella volvacea (Chen et al., 2019b), could be due to
changes in the mating type, the number of subcultures, DNA
methylation and infections from fungal and viral pathogens.
However, the problem of fungal degeneration has not been
solved and the underlying molecular mechanism of C. militaris
is still little known.

In the current study, mycelial growth of C. militaris ATCC
34165 exhibited great differences in successive generations
during subculturing (for five generations) using solid culture
media, with the third generation being the transition point
that was followed by generations with more progressive
degeneration. Consistent with these findings, other evidence
has shown that subculturing influences the growth and quality
of fruiting body production in C. militaris (Yin et al., 2012;
Sun et al., 2017) and degeneration of the mycelium in
V. volvacea (Chen et al., 2019a). In the current study,
the varying growth responses and levels of mycelial
production of C. militaris may have been related to cellular
stress and metabolites that contributed to cell maintenance.

The reductions in the levels of adenosine and cordycepin
(Figs. 3A and B) indicated that cell growth and development
were associated with adenosine production but not cordycepin
production as was evident from cordycepin-producing mutants
having normal growth (Xia et al., 2017). Alternatively,
fungal growth degeneration may be linked to the cordycepin
biosynthesis gene that mediates the dual biosynthesis
of cordycepin and another adenosine analog, pentostatin.
A change in the adenosine content may be critical for the
dosage of cordycepin synthesis, which is located on the same
gene cluster as cordycepin and both metabolites are synthesized
when the cordycepin gene cluster is induced (Xia et al., 2017).
The substantial reduction in the adenosine content as a cellular
energy source in mycelia might be caused by mitochondrial
DNA (mtDNA) which produce the majority of the adenosine
triphosphate in cells and a second major function seems to be
intimately linked to their generation of reactive oxygen species
(ROS), which have been implicated in mtDNA mutations,
aging, and cell death (Orrenius et al., 2007; Xiong et al., 2013;
Li et al., 2014; Numata et al., 2019). However, these need to
be clarified in detail by further studies. In the current study, the
loss of adenosine was more severe than for cordycepin since it
is required for mycelial growth and development as mentioned
above. Thus, the degenerate mycelial growth in C. militaris
may be critical in the change in adenosine production which

demonstrated significant up-regulation of the genes in the
adenosine biosynthetic pathway (Yin et al., 2017).

To date, number studies of the C. militaris degenerated strain
have been reported about the gene expression in biological
processes, and cellular components and functions, for example,
primary metabolite (e.g. polysaccharides and ergosterol) and
secondary metabolite production (e.g. cordycepin) but there
few genes have been characterized (Dong et al., 2013; Yin
et al., 2017; Xia et al., 2017). RhfI is the gene that has been
characterized as necessary for mycelial growth and fruiting
body development (Jiang and Han, 2015). The current work
attempted to address the impact of instability in the RAfI
gene during subculturing on the quality of C. militaris during
maintenance or use. The number of RAfI copies in each cell
progressively decreased during continuous subculture (Figs. 4
and 5). These results indicated that C. militaris may deactivate
the RAf1 gene by decreasing the number of filamentous
proteins during the mycelial stage rather than fruiting body
development (Jiang and Han, 2015; Liu et al., 2018a). Other
results have suggested that Rif] may be specifically required
to form primordia (Jiang and Han, 2015) that are necessary for
mycelial production during the G1-G5 generations.

Studies have shown that the changes of the number of
gene copies in fungi depends on environmental responses
(Salmon et al., 2004; Liu et al., 2018a) or the state of growth
(Numata et al., 2019). Other work demonstrated that reduction
in the RAf1 gene during subculturing may relate to cellular
accumulation of ROS (Xiong et al., 2013; Liu et al., 2018a).
Hence, reduction of the gene might be involved in the
inactivation of DNA replication or DNA repair machinery
in the cell cycle (Rowe et al., 2008; Shockley et al., 2013).
In addition, changes in the number of mitochondrial DNA
and transcription levels of genes such as Cox/ and Nadh4
appeared to be controlled by the copy number of mtDNA
in Grifola frondosa during mycelial growth and fruiting
body formation (Numata et al., 2019).

In the current study, the loss of the RAf1 gene may not
have been directly linked to mycelial growth and metabolite
production during subculturing; however, it seemed to be
associated with the stress response by regulating the genes
encoding antioxidant enzymes such as superoxide dismutase
and glutathione peroxidase (Wang et al., 2005; Lin et al., 2010;
Xiong etal., 2013; Liu et al., 2018a). An increase in antioxidant
enzymes in C. militaris can promote or restore mycelial growth
and fruiting body production in a degenerate strain (Xiong
et al., 2013; Liu et al., 2018a). Additionally, the insertional
mutant C. militaris strain g38 in the RAfI gene has a low level
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of gene expression of glutathione peroxidase compared to
the degenerate strain; however, it did not restore fruiting
body production (Liu et al., 2018a).

DNA methylation may be involved in the loss of RAfI
copy numbers due to gene expression during subculturing.
The current results revealed that the third generation was
a transition point for DNA methylation and degeneration
followed in generations 4 and 5, as shown in Fig 6.
This suggested that DNA methylation may be one factor
that reduces gene expression (Fig. 5) during subculturing
of C. militaris. As reported here, DNA methylation can
cause the loss of gene expression during subculturing.
Though genome instability is not fully accounted for, it appears
to occur frequently in fungi. This might be explained together
with chromosomal instabilities by: 1) the DNA methylation
region of the RAfI gene affects gene expression (Codon et
al., 1997; Xin et al., 2019); 2) the dosage effect of cordycepin
and analogs in mycelia might be caused by DNA methylation;
and 3) the accumulation of ROS could damage DNA or affect
gene stability (Li et al., 2014).

To date, there have been reports of successful genetic
manipulation (Zheng et al., 2011b) and the development of
a genome editing system using CRISPR/Cas9 (Chen et al.,
2018b) of C. militaris that will facilitate understanding
the mechanism during subculturing or maintaining the
quality of C. militaris cultures in large-scale production
and commercialization.

The current study investigated the variations in mycelial
growth, metabolite production and the RAf1 gene of C.
militaris in successive subcultures. As subculturing continued,
the growth rates and biomasses of mycelia gradually decreased
from G1-G5. Consistent with the growth rate, differences
in the quantity of the Rhf] gene were observed. Here,
the amplicon of RAfI showed its association with the
degeneration using qPCR. Further the current study suggested
that gene expression and DNA methylation of the RAf7 gene
occurred during subculturing (after the fourth generation).
Based on these findings, it was concluded that the quality
of C. militaris depended on subculture degeneration.
These results have provided insights into and offer
a feasible rapid identification method for C. militaris strain
degeneration.
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