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Abstract: Cordyceps militaris produces cordycepin, a secondary metabolite that exhibits numerous
bioactive properties. However, cordycepin pharmacology in vivo is not yet understood. In this
study, the roles of cordycepin in C. militaris during its infection were investigated. After the injec-
tion of conidia, C. militaris NBRC100741 killed silkworm larvae more rapidly than NBRC103752.
At 96 and 120 h, Cmcns genes (Cmcns1–4), which are part of the cordycepin biosynthesis gene clus-
ter, were expressed in fat bodies and cuticles. Thus, cordycepin may be produced in the infec-
tion of silkworm larvae. Further, cordycepin enhanced pathogenicity toward silkworm larvae of
Metarhizium anisopliae and Beauveria bassiana, that are also entomopathogenic fungi and do not pro-
duce cordycepin. In addition, by RNA-seq analysis, the increased expression of the gene encoding
a lipoprotein 30K-8 (Bmlp20, KWMTBOMO11934) and decreased expression of genes encoding
cuticular proteins (KWMTBOMO13140, KWMTBOMO13167) and a serine protease inhibitor (ser-
pin29, KWMTBOMO08927) were observed when cordycepin was injected into silkworm larvae. This
result suggests that cordycepin may aid the in vivo growth of C. militaris in silkworm larvae by the
influence of the expression of some genes in silkworm larvae.

Keywords: Cordyceps militaris; cordycepin; entomopathogenic fungi; silkworm larvae

1. Introduction

The genus Cordyceps is used in traditional Chinese medicine and produces many
bioactive compounds that may be useful for treating human maladies [1]. Cordyceps
militaris is a model fungus in this genus. The species can be induced to produce fruiting
bodies on silkworm pupae [2]. This process is used for the industrial production of
fruiting bodies in East Asia countries. However, the degeneration of C. militaris causes
the incomplete formation of fruiting bodies and hinders the development of industrial
large-scale production [3].

Cordycepin in the fruiting body of C. militaris is a well-known bioactive compound
that displays anti-tumor, anti-inflammatory and anti-viral properties [4]. Cordycepin
works in various cellular processes, signal transductions [5], apoptosis [6], cell cycle [7] and
reactive oxygen species production [8] in mammalian cells. In addition, cordycepin also
prevents microorganisms from growing by inhibiting the polyadenylation of mRNAs [4].
Additionally, cordycepin shows insecticidal activity to Plutella xylostella (Lepidoptera:
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Plutellidae) and Trypanosoma evansi [9,10]. Large amounts of cordycepin are produced
in medium from surface cultures of mycelia [11,12]. This culture method supports large-
scale production using mycelial cultivation instead of the preparation of fruiting bodies.
More cordycepin is produced in static than in submerged culture. Transcriptomic analysis
indicates that hypoxic conditions in static cultivation may be required for the production
of cordycepin [13,14]. This result suggests that cordycepin is produced in vivo in the
hemocoel of silkworms during the infection.

Cordycepin has many pharmacological and therapeutic activities and has been fo-
cused on for the development of drugs. Recently, the physiological role of cordycepin
was reported as a suppressor of the immune response in Galleria mellonella (Lepidoptera:
Pyralidae) [15]. In general, secondary metabolites, such as beauvericin and destruxin
produced in emtomopathogenic fungi, are toxic to the immune system of hosts and inhibit
the growth of other microorganisms in vivo [16]. In this study, the physiological activity
of cordycepin in vivo was addressed by injecting C. militaris conidia into silkworm larvae,
along with the investigation of morphology during the infection and the investigation of
gene expression in C. militaris and silkworm larvae.

2. Materials and Methods
2.1. Microorganisms, Media, and Silkworm

C. militaris strains NBRC9787, NBRC100741, NBRC103752, Metarhizium anisopliae
NBRC8556 and Beauveria bassiana NBRC4848 were purchased from the National Institute
of Technology and Evaluation in Japan. Fungi were maintained in potato dextrose agar
medium. Conidia were obtained as previously reported [17]. Conidia were injected into 5th
instar silkworm larvae (Ehime Sansyu, Ehime, Japan) at a defined concentration to induce
fruiting bodies. Silkworm larvae were raised on an artificial diet, Silkmate S2 (Nosan,
Yokohama, Japan).

2.2. Analysis of the Infection

Conidia of each strain were separately injected into silkworm larvae at 1 × 106/mL
(25 µL) and incubated at 25 ◦C. The viability of the silkworm larvae was assessed daily. The
effects of cordycepin on the growth of silkworm larvae was investigated by injecting defined
concentrations into silkworm larvae together with injection of conidia. 2′-Deoxyadenosine,
which is non-toxic, was used as a control instead of cordycepin. Each sample size was
described in each figure legend and each experiment was carried out at 3 different times
with 3 different batches of larvae. At 72 to 144 h after inoculation with conidia, cuticles,
fat bodies and hemolymph were collected, and hyphal bodies and mycelia were assessed
microscopically (BX60, OLYMPUS, Tokyo, Japan). Hemolymph was collected by cutting a
proleg and fat bodies were collected by scraping off after the dissection of silkworm larvae.

2.3. Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from cuticles and fat bodies with Trizol (Thermo Fisher
Scientific K. K., Tokyo, Japan). A fat body sample (100 mg) was put into liquid nitrogen
and incubated for 1 min. The frozen fat body was crashed and 1 mL of Trizol was added
into the sample. After 5 min incubation at room temperature, 200 µL of chloroform was
added into the mixture and the mixture was incubated for 3 min. After the centrifugation
at 12,000× g for 15 min, the supernatant was collected and 2-propanol precipitation was
carried out. Precipitated RNA was dissolved with RNA free water, followed by DNase
treatment and its purification.

To perform RT-PCR, a PrimeScript RT-PCR Kit (TAKARA Bio, Kusatsu, Japan) used
500 ng of total RNA and 50 ng of cDNA was used for PCR. The sequences of the primers are
provided in Table 1. As an internal control, the actin gene (CCM_03787) was adopted to be
amplified in parallel with other genes including cordycepin biosynthetic genes (Cmcns1–4),
putative polyketide synthase (CCM_01921) and putative non-ribosomal peptide synthase
(CCM_03255).
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Table 1. Primers used in this study.

Name Sequence (5′ to 3′)

Cmcns1-F CATAGTGGGGACGGGATATG
Cmcns1-R CAAGTGGCTTCTCGCATACA
Cmcns2-F CCCTGCTCCATGACATTTCT
Cmcns2-R CAGCGGAAACAGCTCTTCTT
Cmcns3-F TCCTCAAGCCCACCATCTAC
Cmcns3-R GCTCCTTGTAGACCGTCTCG
Cmcns4-F GTATGACGGCCTTGTTTCGT
Cmcns4-R GCTGAGGACTGCCTCGTAAC
CCM_01921-F GCAAGACCTTTCGCT TCAAC
CCM_01921-R CCTTCTCCAAGTTCG TGCTC
CCM_03255-F ACGGCCACTTGACCTATCAC
CCM_03255-R ACAATCGTAGCCAACCGTTC
Cmactin-F GTCCCCGTCATCATGGTATC
Cmactin-R GGTGTGGTGCCAAATCTTCT
BmactA3_F AAGCCAACGGAATCCACGAA
BmactA3_R CTTCATTGTCGATGGGGCGA
KWMTBOMO08927_F CTCTCCGTCCTGGATTCGTG
KWMTBOMO08927_R TGTGTTGTGTATGGCCCCTC
KWMTBOMO11934_F CGGGGAGGGTAAGGAAATCG
KWMTBOMO11934_R ATCGCCGTATGCGATTCTGT
KWMTBOMO13140_F CTGATGCCGTCATTCTCCGT
KWMTBOMO13140_R CGTCAGGCGCAGAGTATTCA
KWMTBOMO13167_F GGTTGGCGCAGATGGATTTC
KWMTBOMO13167_R CATATCCCGAGTCTGTGGGC

For RT-qPCR, the THUNDERBIRD SYBR qPCR Mix (TOYOBO, Shiga, Japan) was
used after the preparation of cDNA by the PrimeScript RT-PCR Kit. cDNA was prepared
using 500 ng of extracted total RNA and 50 ng of cDNA was used for qPCR. Amplified
DNA was detected using the Mx3000P system (Stratagene, La Jolla, CA, USA). Data were
analyzed by comparative threshold cycle (CT) method (2∆∆C

T method) using the actin
A3 gene (Genbank: NM_001126254.1) as an internal control. Genes including KWMT-
BOMO08927 (serine protease inhibitor 29), KWMTBOMO11934 (low molecular weight
lipoprotein 30K-8), KWMTBOMO13140 (cuticular protein RR-1 motif 42 precursor) and
KWMTBOMO13167 (uncharacterized insect cuticle protein) were amplified using primer
sets shown in Table 1.

2.4. Phenoloxidase Activity

Phenoloxidase (PO) activity was measured as previously described [18]. Briefly, 100 µL of
hemolymph was added to a reaction mixture containing 3 g/L L-3,4-dihydroxyphenylalanine
(L-DOPA) and 10 mM Tris-HCl (pH 8.0). After incubation for 20 min, dopachrome produced
by PO from L-DOPA was recorded by absorbance at 490 nm. Protein concentration was
measured using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific K. K.).

2.5. RNA-Sequencing (RNA-Seq)

Total RNA was extracted from the fat bodies of 3 silkworm larvae injected with 100 µL
of phosphate-buffered saline (PBS) or 12.5 mM cordycepin, according to 2.3. described
above. Injected silkworm larvae were raised for 96 h. cDNA synthesis, strand-specific
mRNA library and RNA-seq were performed by Eurofins Genomics K. K. (Tokyo, Japan).
In brief, total RNA samples extracted from the fat body of silkworm larvae injected with
PBS or cordycepin (n = 1 each) were used for strand-specific RNA-Seq library construction
using an Illumina HiSeq4000 with the sequence mode 2 × 100 bp. Raw reads were aligned
to the reference genome. Gene expression data were calculated by FPKM (fragments per
kilobase of exon per million mapped reads) and compared between samples by using the
next-generation sequencing (NGS) data analysis system MASER [19].
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2.6. Statistics Analysis

Statistics analysis was carried out using GraphPad Prism 8 (GraphPad Software,
San Diego, CA, USA). The survival rate of silkworm larvae under in each experiment was
analyzed using the log-rank test. PO activities and RT-qPCR were analyzed by the unpaired
Student’s t-test. The difference was assessed with a two-side test.

3. Results and Discussion
3.1. Viability of Silkworm Larvae after Injection with Conidia

First, we investigated the viability of larvae after the injection of conidia of C. miritaris
NBRC100741 and NBRC103752 (Figure 1). Infection with strain NBRC100741 reduced the
viability of silkworm larvae suddenly 84 h after inoculation. All silkworm larvae died
by 108 h. In contrast, the viability of silkworm larvae injected with strain NBRC103752
gradually decreased from 108 to 144 h. Dying silkworm larvae turned black. The relative
survival of larvae was significantly different using the log-rank test. the median lethal
times (LT50s) of strains NBRC100741 and NBRC103752 were 80.8 h (S.E.: 1.069) and 127 h
(S.E.: 1.094), respectively. The injection of PBS did not have any influence on the survival
of larvae (data not shown). Strain NBRC103752 produced more cordycepin in static culture
than strain NBRC100741 [12]. Thus, the amount of cordycepin produced in submerged
culture may not be correlated with virulence. A similar result was reported for destruxin
produced in M. anisopliae where shaking culture is not associated with in vivo pathogenicity
to insects [20].
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Figure 1. The effect of C. militaris conidia injection into silkworm larvae. Black and blue lines indicate
C. militaris NBRC103752 and NBRC100741, respectively (n = 10, triplicate). Results are significantly
different using the log-rank test (p < 0.0001, χ2 = 53.64). PBS was injected into silkworm larvae as a
control (data not shown).

3.2. Morphology of C. militaris in Silkworm Larvae during Its Infection

Next, we evaluated the morphology of C. militaris in silkworm larvae during the
infection (Figure 2 and Figure S1). At 72 h after injection of C. militaris NBRC100741, the
coagulation of hemocytes appeared in the hemolymph, but no hyphal body or mycelium
was observed in the fat bodies or cuticles. After 96 h, some hyphal bodies were observed in
the hemolymph and fat bodies, and some mycelia were observed in the cuticles. Colonies
of mycelia were observed in the fat bodies and cuticles at 144 h after the conidia infection.
In contrast, we observed no coagulation in the hemolymph at 72 h after injection with
C. militaris NBRC103752 conidia, and hyphal bodies were first observed in the hemolymph
at 96 h. Colonies of mycelia were observed at 168 h in the fat bodies and cuticles. These
results corroborate our conclusion that C. militaris NBRC100741 is more virulent than
NBRC103752.

We observed small numbers of hyphal bodies in the hemolymph during the infec-
tion of C. militaris NBRC100741 as well as Beauveria bassiana [21,22], but the number of
hyphal bodies were lower compared to Metarhizium anisopliae which rapidly grew in the
hemolymph (Figure 2). Many hyphal bodies of Metarhizium rileyi were also observed in the
hemolymph of insect hosts [23]. C. militaris infection and growth in silkworm larvae may
thus be different from other entomopathogenic fungi.
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Figure 2. Growth of each entomopathogenic fungi in silkworm larvae. Hemolymph and fat bodies
were collected daily after conidia injection and mycelia were observed microscopically. NBRC100741
and NBRC103752 indicate C. militaris NBRC100741 and NBRC103752 strains, respectively. Black bars
indicate 50 µm. Arrow heads indicate hyphal bodies.

3.3. Cordycepin Biosynthetic Gene Expression of C. militaris in Silkworm Larvae

C. militaris produces cordycepin, which is synthesized by enzymes CmCNS1 and Cm-
CNS2 [24]. CmCNS1 and CmCNS2 likely catalyze the formation of cordycepin from adeno-
sine. Genes encoding CmCNS1 and CmCNS2, which are CCM_04436 and CCM_04436, re-
spectively, are clustered with other genes, Cmcns3 (CCM_04438) and Cmcns4 (CCM_04439).
We investigated cordycepin production to explore the expression of Cmcns cluster genes
during infection (Figure 3). In fat bodies, all Cmcns genes were upregulated at 96 h and
120 h, along with the actin gene (CCM_03787). This gene expression was concurrent with
the decline in larval survival, even though a limited expression of Cmcns1 gene was ob-
served (Figure 1). Further, the expression of CCM_01921 and CCM_03255, which encode
putative polyketide synthase and putative non-ribosomal peptide synthase, respectively,
was observed in fat bodies. A protein encoding CCM_01921 displays 43.6% amino acid
identity to FSR1 in Fusarium fujikuroi IMI58289. The latter is annotated as fusarubin cluster–
polyketide synthase [25]. A protein encoding CCM_03255 displays 77.9% amino acid
identity to the putative non-ribosomal peptide synthase in B. bassiana ARSEF2860 [26].
A protein encoding CCM_01285 shows 72.6% identity with the putative non-ribosomal
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peptide synthase in B. bassiana ARSEF2860 [26], but its expression was not observed in fat
bodies (data not shown). Additionally, the expression of CCM_03663 was not observed.
This protein is a putative polyketide synthase with 87.6% amino acid identity to putative
β-ketoacyl synthase in B. bassiana RCEF3172 [27].
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Figure 3. Expression of Cmcns genes and genes involved in the synthesis of secondary metabolites
in vivo. Silkworm larvae were injected with 25 µL of a suspension of 1 × 106 conidia/mL of
C. militaris NBRC103752. Fat bodies and cuticles were collected at 3 to 5 days after conidia injection,
and total RNA was extracted. RT-PCR was used to assess the expression of each gene. Mock indicates
PBS-injection (uninfected control).

3.4. Influence of Cordycepin on the Growth of Entomopathogenic Fungi

We injected cordycepin at various concentrations into silkworm larvae (Figure 4A,B).
The injection of 100 µL of 12.5 mM cordycepin inhibited normal growth of and killed
some silkworm larvae. However, the injection of 2′-deoxyadenosine, which is a non-toxic
compound and a precursor of deoxyadenosine triphosphate (dATP), had no influence on
the viability (Figure 5A). Further, the injection of cordycepin with conidia accelerated the
death of silkworm larvae compared to the injection of conidia with 2′-deoxyadenosine
(Figure 4B). Cordycepin appeared to promote C. militaris growth in larvae (Figure 4C).

Next, we injected conidia from B. bassiana NBRC4848 and M. anisopliae NBRC8556
along with cordycepin. B. bassiana and M. anisopliae are well-known as entomopathogenic
fungi, but do not produce cordycepin. Cordycepin significantly increased the virulence
of these fungi to larvae (Figure 5). The enhancement of its virulence with cordycepin
corresponded to that of C. militaris (Figure 4C).
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Figure 4. Effect of cordycepin in vivo. (A) Survival of silkworm larvae injected with 100 µL
of 12.5 mM cordycepin or 2′-deoxyadnosine (n = 5, triplicate). COR and 2′-dADE indicate
cordycepin and 2′-deoxyadenosine. Results are significantly different using the log-rank test
(p < 0.0001, χ2 = 16.99). (B) Appearance of larvae at three days after injection with of cordy-
cepin or 2′-deoxyadnosine. (C) Survival of larvae injected with 50 µL of 12.5 mM cordycepin
or 2′-deoxyadnosine and 25 µL of 1 × 106 conidia/mL of C. militaris NBRC103752 conidia (n = 5 or
10, triplicate). COR and 2′-dADE indicate cordycepin and 2′-deoxyadenosine. Survival rates for
cordycepin and 2′-deoxyadnosine were significantly different using the log-rank test (p < 0.0001,
χ2 = 83.08).
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Figure 5. Effect of cordycepin on infection by B. bassiana and M. anisopliae. (A) Survival of silkworm
larvae injected with 50 µL of 12.5 mM cordycepin and 25 µL of 1 × 106 conidia/mL of B. bassiana
NBRC4848 conidia (n = 10, triplicate). Results are significantly different using the log-rank test
(p < 0.05, χ2 = 5.766). (B) Survival of silkworm larvae injected with 50 µL of 12.5 mM cordycepin and
25 µL of 1 × 106 conidia/mL of M. anisopliae NBRC8556 conidia (n = 10, triplicate). COR indicates
cordycepin. Results are significantly different using the log-rank test (p < 0.005, χ2 = 10.23).
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3.5. Phenoloxidase Activity in the Hemolymph of Silkworm Larvae Injected with Cordycepin

PO activity was measured to investigate the effects of cordycepin on immune response
in silkworm larvae. Cordycepin injection did not affect the PO activity in the hemolymph;
PO activity in larvae injected with cordycepin was essentially the same as in the control
larvae (Figure 6). Additionally, PO activity in larvae injected with conidia was the same as
the activity in larvae injected simultaneously with conidia and cordycepin (Figure 6).
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Figure 6. PO activity in hemolymph of silkworm larvae. Assay of PO activity used hemolymph of
Scheme 72 h after injection. Cm and COR denote C. militaris and cordycepin, respectively. Data were
analyzed by an unpaired Student’s t-test. The difference was assessed with two-side test. (n = 3).
* p < 0.05, ** p < 0.01.

3.6. The Effects of Cordycepin on the Gene Expression in Silkworm Larvae

To investigate the effects of cordycepin on the gene expression in silkworm larvae
globally, RNA-seq analysis was performed using RNA extracted from the fat bodies of PBS-
and cordycepin-injected silkworm larvae (Tables S1 and S2). The increased expression of
a gene (Bmlp20, KWMTBOMO11934) encoding a lipoprotein 30K-8 and its isoform was
observed in the silkworm fat body when cordycepin was injected into silkworm larvae
(Table 2). Additionally, the decreased expression of two genes encoding cuticular proteins
(KWMTBOMO13140, KWMTBOMO13167) and a gene encoding a serine protease inhibitor
29 (serpin29, KWMTBOMO08927) was also observed. These genes are mainly expressed in
the fat body according to the database (https://kaikobase.dna.affrc.go.jp/, accessed on
2 March 2021) and the lipoprotein and the serpin29 gene are in the hemolymph. These
results suggested that cordycepin may influence the gene expression in fat bodies, leading
to changes in the silkworm physiology. The result of RT-qPCR corresponded to that of
RNA-seq analysis (Figure 7).

In a previous study, Beauveria bassiana genes, tenellin synthetase (BbtenS) and beau-
vericin synthetase (BbbeaS), increased early after the immersion of insect larvae into conidia
solution. Expression then gradually declined but increased again at day 12 [28]. Both genes
are involved in the synthesis of toxins. A related gene, bassianolide synthetase (BbbslS),
was expressed at the lower level than BbtenS and BbbeaS. In the present study, Cmcns genes,
CCM_01921 and CCM_03255 were observed as silkworm larvae died, but CCM_01285 and
CCM_03663 were not expressed. Thus, cordycepin and other secondary metabolites may
be important for fungal growth in larvae. Our previous paper shows that the expression of
CCM_01285 decreased in aerial and submerged mycelia during cordycepin production in
the static cultivation of C. militaris [14]. The expression of CCM_01285 may be unrelated
to cordycepin production. Some non-specific DNA fragments were amplified using RNA
from PBS-injected silkworm larvae and the primer set of the Cmcns2 gene (Figure 3). We
tried to amplify part of the gene with RT-PCR using different primer sets of Cmcns2, but
some DNA fragments were amplified. We speculate that symbionts, such as yeast-like

https://kaikobase.dna.affrc.go.jp/
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microorganisms closely related to Cordyceps and Ophiocordyceps in Kermes quercus, may
influence the RT-PCR results [29].

Table 2. Genes differentially expressed in silkworm larvae injected with cordycepin.

Gene Fold Change * p-Value Annotation

KWMTBOMO11934 3.87681 0.00005 Low molecular weight lipoprotein
30K-8

KWMTBOMO11934 3.90196 0.00005 Low molecular weight lipoprotein
30K-8 isoform

KWMTBOMO13140 −3.25037 0.0001 Cuticular protein RR-1 motif 42
precursor

KWMTBOMO13167 −4.17149 0.0001
Uncharacterized protein
LOC101738360 (Insect cuticle
protein)

KWMTBOMO08927 −4.07516 0.00005 Serine protease inhibitor 29
isoform X1

* Fold change indicates log2 Fold change. Negative and positive values indicate decreased
and increased gene expression by cordycepin injection, respectively.
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Cordycepin accelerated the mortality of silkworm larvae during the infection of
M. anisopliae and B. bassiana in addition to C. militaris. Previously, cordycepin was sug-
gested to counter unfavorable conditions caused by the host’s immune system [4]. Kryukov
et al. showed that treatment with C. militaris enhanced the susceptibility of greater wax
moth larvae to B. bassiana, and suggested that C. militaris uses a different strategy for patho-
genesis than B. bassiana [30]. This study suggests that cordycepin may be a factor in this
strategy and involved in its different infection strategy from other entomopathogenic fungi.
Further, cordycepin has insecticidal activity toward P. xylostella by oral administration [9].
Therefore, it suggests that cordycepin has some effects on host insects for C. militaris to
grow easily because, in Figures 4C and 5, cordycepin accelerated the pathogenicity of
entomopathogenic fungi.

Recently, it was reported that cordycepin reduced the expression of genes encoding
antimicrobial peptides, lysozyme and an insect metalloproteinase inhibitor (IMPI) in
G. mellonella [15]. In the RNA-seq experiment, the expression of the serpin29 gene was
reduced in the fat bodies of silkworm larvae by cordycepin injection (Table 2). A silkworm
has 34 serpin genes [31]. Generally, serpins in insects are involved in the protease cascades
in hemolymph which activate the Toll pathway and PO activity in the host’s innate immune
system [32,33]. In a silkworm, some serpins (1–7, 11–13, 21, 28 and 32) are predicted as
a serpin involved in innate immune responses because of its functionality [31]. Figure 6
shows cordycepin does not activate prophenoloxidase involved in innate immunity in
silkworms [34]. The decrease in PO activity in hemolymph after injection of C. militaris
conidia is consistent with a previous study [35]. This prediction corresponds to the results
in this study that cordycepin, which reduced the expression of the serpin29 gene, did
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not have any influence on the PO activity. However, the roles of serpin29 have not been
resolved yet.

As well as the serpin29 gene, the expression of two genes encoding cuticular proteins
was also reduced by cordycepin injection. The number of genes encoding cuticular proteins
covers >1% of the total genes in insects and a silkworm has more than 200 genes encoding
cuticular proteins [36,37]. Insect cuticles are composed of chitin and cuticular proteins.
Cuticles have many physiological roles in the barrier against the infection of pathogens,
the protection from body dehydration, the body injury and insecticides. The reduction of
the cuticular protein genes by cordycepin suggests that cordycepin may help C. militaris
with its growth into cuticles in silkworm larvae.

Recently, it was reported that storage protein Bm30K-19G1 in silkworm hemolymph
shows an anti-fungal activity against B. bassiana [38]. Additionally, some 30K proteins
expressed by pattern recognition molecules are involved in cellular immunity in silkworms
by recruiting hemocyte to fungal surface [39]. In this study, the cordycepin injection up-
regulated the expression of the gene (Bmlp20) encoding a storage protein, 30K-8. The
Bmlp20 gene was slightly expressed in the fifth instar of silkworm larvae and its function
is still unknown [40]. It is possible that this storage protein may be involved in the
immune system in silkworms even though the expression of this gene was up-regulated
by cordycepin.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9040681/s1, Figure S1: Growth of C. militaris in vivo. Table S1: Profile of
differentially gene expression between the control and cordycepin injection, Table S2: Profile of
differentially gene (isoform) expression between the control and cordycepin injection.

Author Contributions: T.K., A.S. and E.Y.P. conceived and designed this research and the experi-
ments. K.N. performed the experiments. K.I. carried out the RNA-seq analysis. T.K., K.I. and E.Y.P.
wrote this manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Research Institute of Green Science and Technology Fund for
Research Project Support (2020 RIGST-20C01) National University Corporation Shizuoka University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Olatunji, O.J.; Tang, J.; Tola, A.; Auberon, F.; Oluwaniyi, O.; Ouyang, Z. The genus Cordyceps: An extensive review of its

traditional uses, phytochemistry and pharmacology. Fitoterapia 2018, 129, 293–316. [CrossRef]
2. Dong, C.; Guo, S.; Wang, W.; Liu, X. Cordyceps industry in China. Mycology 2015, 6, 121–129. [CrossRef] [PubMed]
3. Lou, H.; Lin, J.; Guo, L.; Wang, X.; Tian, S.; Liu, C.; Zhao, Y.; Zhao, R. Advances in research on Cordyceps militaris degeneration.

Appl. Microbiol. Biotechnol. 2019, 103, 7835–7841. [CrossRef]
4. Qin, P.; Li, X.; Yang, H.; Wang, Z.Y.; Lu, D. Therapeutic potential and biological applications of cordycepin and metabolic

mechanisms in cordycepin-producing fungi. Molecules 2019, 24, 2231. [CrossRef]
5. Ko, B.S.; Lu, Y.J.; Yao, W.L.; Liu, T.A.; Tzean, S.S.; Shen, T.L.; Liou, J.Y. Cordycepin regulates GSK-3β/β-catenin signaling in

human leukemia cells. PLoS ONE 2013, 8, 76320. [CrossRef]
6. Cui, Z.Y.; Park, S.J.; Jo, E.; Hwang, I.H.; Lee, K.B.; Kim, S.W.; Kim, D.J.; Joo, J.C.; Hong, S.H.; Lee, M.G.; et al. Cordycepin induces

apoptosis of human ovarian cancer cells by inhibiting CCL5-mediated Akt/NF-κB signaling pathway. Cell Death Discov. 2018, 4,
62. [CrossRef]

7. Liao, Y.; Ling, J.; Zhang, G.; Liu, F.; Tao, S.; Han, Z.; Chen, S.; Chen, Z.; Le, H. Cordycepin induces cell cycle arrest and apoptosis
by inducing DNA damage and up-regulation of p53 in Leukemia cells. Cell Cycle 2015, 14, 761–771. [CrossRef] [PubMed]

8. Jeong, J.W.; Jin, C.Y.; Park, C.; Hong, S.H.; Kim, G.Y.; Jeong, Y.K.; Lee, J.D.; Yoo, Y.H.; Choi, Y.H. Induction of apoptosis by
cordycepin via reactive oxygen species generation in human leukemia cells. Toxicol. In Vitro 2011, 25, 817–824. [CrossRef]

9. Kim, J.R.; Yeon, S.H.; Kim, H.S.; Ahn, Y.J. Larvicidal activity against Plutella xylostella of cordycepin from the fruiting body of
Cordyceps militaris. Pest Manag. Sci. 2002, 58, 713–717. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/microorganisms9040681/s1
https://www.mdpi.com/article/10.3390/microorganisms9040681/s1
http://doi.org/10.1016/j.fitote.2018.05.010
http://doi.org/10.1080/21501203.2015.1043967
http://www.ncbi.nlm.nih.gov/pubmed/30151320
http://doi.org/10.1007/s00253-019-10074-z
http://doi.org/10.3390/molecules24122231
http://doi.org/10.1371/journal.pone.0076320
http://doi.org/10.1038/s41420-018-0063-4
http://doi.org/10.1080/15384101.2014.1000097
http://www.ncbi.nlm.nih.gov/pubmed/25590866
http://doi.org/10.1016/j.tiv.2011.02.001
http://doi.org/10.1002/ps.508
http://www.ncbi.nlm.nih.gov/pubmed/12146173


Microorganisms 2021, 9, 681 11 of 12

10. Dalla Rosa, L.; Da Silva, A.S.; Gressler, L.T.; Oliveira, C.B.; Dambrós, M.G.C.; Miletti, L.C.; França, R.T.; Lopes, S.T.A.; Samara, Y.N.;
Da Veiga, M.L. Cordycepin (3′-deoxyadenosine) pentostatin (deoxycoformycin) combination treatment of mice experimentally
infected with Trypanosoma evansi. Parasitology 2013, 140, 663–671. [CrossRef] [PubMed]

11. Das, S.K.; Masuda, M.; Hatashita, M.; Sakurai, A.; Sakakibara, M. A new approach for improving cordycepin productivity in
surface liquid culture of Cordyceps militaris using high-energy ion beam irradiation. Lett. Appl. Microbiol. 2008, 47, 534–538.
[CrossRef] [PubMed]

12. Sari, N.; Suparmin, A.; Kato, T.; Park, E.Y. Improved cordycepin production in a liquid surface culture of Cordyceps militaris
isolated from wild strain. Biotechnol. Bioproc. Eng. 2016, 21, 595–600. [CrossRef]

13. Suparmin, A.; Kato, T.; Dohra, H.; Park, E.Y. Insight into cordycepin biosynthesis of Cordyceps militaris: Comparison between a
liquid surface culture and a submerged culture through transcriptomic analysis. PLoS ONE 2017, 12, 0187052. [CrossRef]

14. Suparmin, A.; Kato, T.; Takemoto, H.; Park, E.Y. Metabolic comparison of aerial and submerged mycelia formed in the liquid
surface culture of Cordyceps militaris. Microbiologyopen 2019, 8, 00836. [CrossRef]

15. Woolley, V.C.; Teakle, G.R.; Prince, G.; De Moor, C.H.; Chandler, D. Cordycepin, a metabolite of Cordyceps militaris, reduces
immune-related gene expression in insects. J. Invertebr. Pathol. 2020, 177, 107480. [CrossRef] [PubMed]

16. Pedrini, N. Molecular interactions between entomopathogenic fungi (Hypocreales) and their insect host: Perspectives from
stressful cuticle and hemolymph battlefields and the potential of dual RNA sequencing for future studies. Fungal Biol. 2018, 122,
538–545. [CrossRef] [PubMed]

17. Zheng, Z.; Huang, C.; Cao, L.; Xie, C.; Han, R. Agrobacterium tumefaciens-mediated transformation as a tool for insertional
mutagenesis in medicinal fungus Cordyceps militaris. Fungal Biol. 2011, 115, 265–274. [CrossRef] [PubMed]

18. Liu, H.; Jiravanichpaisal, P.; Cerenius, L.; Lee, B.L.; Söderhäll, I.; Söderhäll, K. Phenoloxidase is an important component of the
defense against Aeromonas hydrophila infection in a Crustacean, Pacifastacus leniusculus. J. Biol. Chem. 2007, 282, 33593–33598.
[CrossRef]

19. Kinjo, S.; Monma, N.; Misu, S.; Kitamura, N.; Imoto, J.; Yoshitake, K.; Gojobori, T.; Ikeo, K. Maser: One-stop platform for NGS big
data from analysis to visualization. Database 2018, 2018, 27. [CrossRef]

20. Kershaw, M.J.; Moorhouse, E.R.; Bateman, R.; Reynolds, S.E.; Charnley, A.K. The role of destruxins in the pathogenicity of
Metarhizium anisopliae for three species of insect. J. Invertebr. Pathol. 1999, 74, 213–223. [CrossRef]

21. He, Z.; Luo, L.; Keyhani, N.O.; Yu, X.; Ying, S.; Zhang, Y. The C-terminal MIR-containing region in the Pmt1 O-mannosyltransferase
restrains sporulation and is dispensable for virulence in Beauveria bassiana. Appl. Microbiol. 2017, 101, 1143–1161. [CrossRef]

22. Zhang, A.X.; Mouhoumed, A.Z.; Tong, S.M.; Ying, S.H.; Feng, M.G. BrlA and AbaA govern virulence-required dimorphic switch,
conidiation, and pathogenicity in a fungal insect pathogen. mSystems 2019, 4, e00140-19. [CrossRef]

23. Boucias, D.; Liu, S.; Meagher, R.; Baniszewski, J. Fungal dimorphism in the entomopathogenic fungus Metarhizium rileyi: Detection
of an in vivo quorum-sensing system. J. Invertebr. Pathol. 2016, 136, 100–108. [CrossRef]

24. Xia, Y.; Luo, F.; Shang, Y.; Chen, P.; Lu, Y.; Wang, C. Fungal cordycepin biosynthesis is coupled with the production of the
safeguard molecule pentostatin. Cell Chem. Biol. 2017, 24, 1479–1489.e4. [CrossRef] [PubMed]

25. Wiemann, P.; Sieber, C.M.; Von Bargen, K.W.; Studt, L.; Niehaus, E.M.; Espino, J.J.; Huß, K.; Michielse, C.B.; Albermann, S.;
Wagner, D.; et al. Deciphering the cryptic genome: Genome-wide analyses of the rice pathogen Fusarium fujikuroi reveal complex
regulation of secondary metabolism and novel metabolites. PLoS Pathog. 2013, 9, 1003475. [CrossRef] [PubMed]

26. Xiao, G.; Ying, S.H.; Zheng, P.; Wang, Z.L.; Zhang, S.; Xie, X.Q.; Shang, Y.; St Leger, R.J.; Zhao, G.P.; Wang, C.; et al. Genomic
perspectives on the evolution of fungal entomopathogenicity in Beauveria bassiana. Sci. Rep. 2012, 2, 483. [CrossRef] [PubMed]

27. Shang, Y.; Xiao, G.; Zheng, P.; Cen, K.; Zhan, S.; Wang, C. Divergent and convergent evolution of fungal pathogenicity. Genome
Biol. Evol. 2016, 8, 1374–1387. [CrossRef] [PubMed]

28. Lobo, L.S.; Luz, W.C.; Fernandes, E.K.K.; Juárez, M.P.; Pedrini, N. Assessing gene expression during pathogenesis: Use of
qRT-PCR to follow toxin production from the entomopathogenic fungus Beauveria bassiana during infection and immune
response of the insect host Triatoma infestans. J. Invertebr. Pathol. 2015, 128, 14–21. [CrossRef]

29. Podsiadło, E.; Michalik, K.; Michalik, A.; Szklarzewicz, T. Yeast-like microorganisms in the scale insect Kermes quercus (Insecta,
Hemiptera, Coccomorpha: Kermesidae). Newly acquired symbionts? Arthropod. Struct. Dev. 2018, 47, 56–63. [CrossRef]
[PubMed]

30. Kryukov, V.Y.; Yaroslavtseva, O.N.; Surina, E.V.; Tyurin, M.V.; Dubovskiy, I.M.; Glupov, V.V. Immune reactions of the greater
wax moth, Galleria mellonella L. (lepidoptera, pyralidae) larvae under combined treatment of the entomopathogens Cordyceps
militaris (L.: Fr.) Link and Beauveria bassiana (Bals.-Criv.) Vuill. (Ascomycota, Hypocreales). Entomol. Rev. 2015, 95, 693–698.
[CrossRef]

31. Zou, Z.; Picheng, Z.; Weng, H.; Mita, K.; Jiang, H. A comparative analysis of serpin genes in the silkworm genome. Genomics 2009,
93, 367–375. [CrossRef]

32. Meekins, D.A.; Kanost, M.R.; Michel, K. Serpins in arthropod biology. Semin. Cell Dev. Biol. 2017, 62, 105–119. [CrossRef]
[PubMed]

33. Shakeel, M.; Xu, X.; De Mandal, S.; Jin, F. Role of serine protease inhibitors in insect-host-pathogen interactions. Arch. Insect
Biochem. Physiol. 2019, 102, 21556. [CrossRef]

34. Lu, A.; Zhang, Q.; Zhang, J.; Yang, B.; Wu, K.; Xie, W.; Luan, Y.X.; Ling, E. Insect prophenoloxidase: The view beyond immunity.
Front. Physiol. 2014, 5, 252. [CrossRef]

http://doi.org/10.1017/S0031182012001990
http://www.ncbi.nlm.nih.gov/pubmed/23361035
http://doi.org/10.1111/j.1472-765X.2008.02456.x
http://www.ncbi.nlm.nih.gov/pubmed/19120921
http://doi.org/10.1007/s12257-016-0405-0
http://doi.org/10.1371/journal.pone.0187052
http://doi.org/10.1002/mbo3.836
http://doi.org/10.1016/j.jip.2020.107480
http://www.ncbi.nlm.nih.gov/pubmed/33022282
http://doi.org/10.1016/j.funbio.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29801798
http://doi.org/10.1016/j.funbio.2010.12.011
http://www.ncbi.nlm.nih.gov/pubmed/21354533
http://doi.org/10.1074/jbc.M706113200
http://doi.org/10.1093/database/bay027
http://doi.org/10.1006/jipa.1999.4884
http://doi.org/10.1007/s00253-016-7894-9
http://doi.org/10.1128/mSystems.00140-19
http://doi.org/10.1016/j.jip.2016.03.013
http://doi.org/10.1016/j.chembiol.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29056419
http://doi.org/10.1371/journal.ppat.1003475
http://www.ncbi.nlm.nih.gov/pubmed/23825955
http://doi.org/10.1038/srep00483
http://www.ncbi.nlm.nih.gov/pubmed/22761991
http://doi.org/10.1093/gbe/evw082
http://www.ncbi.nlm.nih.gov/pubmed/27071652
http://doi.org/10.1016/j.jip.2015.04.004
http://doi.org/10.1016/j.asd.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29126983
http://doi.org/10.1134/S0013873815060020
http://doi.org/10.1016/j.ygeno.2008.12.010
http://doi.org/10.1016/j.semcdb.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27603121
http://doi.org/10.1002/arch.21556
http://doi.org/10.3389/fphys.2014.00252


Microorganisms 2021, 9, 681 12 of 12

35. Kryukov, V.Y.; Kryukova, N.A.; Tomilova, O.G.; Vorontsova, Y.; Chertkova, E.; Pervushin, A.L.; Slepneva, I.; Glupov, V.V.;
Yaroslavtseva, O.N. Comparative analysis of the immune response of the wax moth Galleria mellonella after infection with the
fungi Cordyceps militaris and Metarhizium robertsii. Microb. Pathog. 2020, 141, 103995. [CrossRef]

36. Liang, J.; Zhang, L.; Xiang, Z.; He, N. Expression profile of cuticular genes of silkworm, Bombyx mori. BMC Genom. 2010, 11, 173.
[CrossRef] [PubMed]

37. Willis, J.H. Structural cuticular proteins from arthropods: Annotation, nomenclature, and sequence characteristics in the genomics
era. Insect Biochem. Mol. Biol. 2010, 40, 189–204. [CrossRef] [PubMed]

38. Li, R.; Hu, C.; Shi, Y.; Geng, T.; Lv, D.; Gao, K.; Hou, C.; Guo, X. Silkworm storage protein Bm30K-19G1 has a certain antifungal
effects on Beauveria bassiana. J. Invertebr. Pathol. 2019, 163, 34–42. [CrossRef]

39. Ye, L.; Zhang, Y.; Dong, Z.; Guo, P.; Zhao, D.; Li, H.; Hu, H.; Zhou, X.; Chen, H.; Zhao, P. Five silkworm 30K proteins are involved
in the cellular immunity against fungi. Insects 2021, 12, 107. [CrossRef]

40. Shi, X.F.; Li, Y.N.; Yi, Y.Z.; Xiao, X.G.; Zhang, Z.F. Identification and characterization of 30 K protein genes found in Bombyx mori
(Lepidoptera: Bombycidae) transcriptome. J. Insect Sci. 2015, 15, 71. [CrossRef]

http://doi.org/10.1016/j.micpath.2020.103995
http://doi.org/10.1186/1471-2164-11-173
http://www.ncbi.nlm.nih.gov/pubmed/20226095
http://doi.org/10.1016/j.ibmb.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20171281
http://doi.org/10.1016/j.jip.2019.02.008
http://doi.org/10.3390/insects12020107
http://doi.org/10.1093/jisesa/iev057

