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Abstract: Historically, some edible insects have been processed into a complex of insect and fungus,
such as Antherea pernyi and Samsoniella hepiali. Until now, the dynamics of the nutritional changes
due to this infection were unclear. This study reveals the dynamic changes in nutritional components
of Antherea pernyi pupa after infection with Samsoniella hepiali at post-infection time points of 0d, 10 d,
20 d, and 30 d. The dynamic analysis of the components at different post-infection times showed
that the content of polysaccharides and cordycepin increased with time while the content of fats and
chitin decreased. The content of proteins showed a trend of decreasing at the beginning and then
increasing. The essential amino acids (EAAs) decreased at the beginning and then increased, and
non-essential amino acids (NEAA) changed similarly. The essential amino acid index showed a slight
continuous decrease. Although the crude fat decreased dramatically due to the infection, from a value
of 30.75% to 7.2%, the infection of S. hepiali produced five new fatty acids (14-methyl-pentadecanoic
acid, docosanoic acid, succinic acid, arachidonic acid, and myristic acid) while the content of the
seven fatty acids was greatly reduced after infection. Therefore, after being infected by S. hepiali
and combined with it, the nutritional profile of A pernyi pupa was changed significantly and there
were different characteristics at different infection stages. The above findings provide scientifically
fundamental data to understand the nutritional value of the insect—fungus complex as human food
and animal feed.

Keywords: Antherea pernyi pupa; Samsoniella hepiali; insect fungus complex; nutritional profile
changes; protein; fat; polysaccharide; chitin; cordycepin

1. Introduction

Due to its abundant source of high-quality nutrition, the use of insects as both human
food and animal feed has emerged as a mainstream trend, particularly in light of the
increasing challenges of globalization [1,2]. The United Nations Food and Agriculture
Organization (FAO) mentions that two billion people worldwide eat insects. Although the
source of this statistic is unscientific and probably exaggerated [3], it does reflect, to some
extent, the existence of a large amount of insect consumption in the world. Emerging foods
processed with insects are both delicious and nutritious, and their edible value has been
recognized by the European Union [4]. Much research has been performed on insects as
food in high-income countries, including surveys on the acceptance of edible insects and
studies on their nutritional value. Fischer believes that insects as food should gradually shift
from “acceptance” to “desirability”, but there is still a long way to go before this transition
is truly achieved [5]. The development of edible insects is still limited [6]. Fortunately, there
are ways we can promote the development of edible insects. One method is to produce a
mushroom-like complex of an edible insect infected by a medicinal fungal pathogen.

In China, the Tussah (Antherea pernyi) pupa is a classic edible insect, rich in various
nutrients that are of great benefit to human beings [7,8]. After cooking and processing,
the Tussah pupae becomes a delicious dish with good color, smell, and taste. Meanwhile,

Foods 2023, 12, 2796. https:/ /doi.org/10.3390/foods12142796

https://www.mdpi.com/journal/foods


https://doi.org/10.3390/foods12142796
https://doi.org/10.3390/foods12142796
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/foods
https://www.mdpi.com
https://orcid.org/0000-0001-5762-5560
https://doi.org/10.3390/foods12142796
https://www.mdpi.com/journal/foods
https://www.mdpi.com/article/10.3390/foods12142796?type=check_update&version=2

Foods 2023, 12, 2796

20f12

the nutritional or medicinal value of medicinal fungi have been historically explored and
recognized by the public. The so-called “Himalayan Gold” Ophiocordyceps sinensis is a
representative [9]. Since ancient times, O. sinensis has been actively discovered and used as
a valuable traditional Chinese medicine material, due to its excellent medical and prophy-
lactic functions in health care and disease prevention [10]. However, due to the significant
demand from the market and low reproduction rate, O. sinens has been overexploited,
and its habitat has been greatly damaged [11]. To address this situation, people need to
explore alternatives to replace O. sinensis. Paecilomyces hepiali (the new species name is
Samsoniella hepiali) was isolated from natural O. sinensis [12,13]. This fungus has been added
to the list of fungus strains used as health food, which was promulgated by the China
Food and Drug Administration [14]. The various medicinal properties of S. hepiali are well
recognized. Studies have revealed that S. hepiali is rich in polysaccharides, cordycepin,
amino acids, nucleosides, organic acids, and other nutrients [15]. Because of the presence of
these nutritious and active substances, S. hepiali has a variety of pharmacological functions
in humans, such as anti-tumor [16-19], anti-oxidant [20,21], anti-inflammatory [22,23],
anti-bacterial [24,25], and anti-fatigue [26-28] functions.

Enriching the processing and consumption of forms of edible insects could improve
the overall acceptance of edible insects, especially when combined with high-value foods
that are already recognized and enjoyed by the public. The mushroom-like complex of
Tussah pupa infected by S. hepiali has the potential to attract a wider range of consumers.
This process could also be extended to other edible insects and medicinal fungi. Apparently,
S. hepiali absorbs nutrients from the Tussah pupa and converts them into new substances
during the infection. In addition, medicinal fungi can enrich the taste of edible insects after
infection. The changes in some nutrients of Tussah pupa infected by Cordyceps militaris
were prefiously analyzed [29]; however, there is no any reference to address the changes in
nutrients in the Tussah pupa infected by S. hepiali. In this study, the dynamic changes in
some nutrients in the pupa of A. pernyi infected with Samsoniella hepiali were studied with a
time course after infection.

2. Materials and Methods
2.1. Preliminary Preparation

The strain of Samsoniella hepiali (NCBI login number:MW391718) was maintained
by the Lab of Insect Related Resource (Northwest A&F University, Yangling, China). A.
pernyi pupae were purchased from the breeding base online, then the healthy and energetic
individuals were selected for experiment. All chemical reagents involved in the experiments
were purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China).

The strain was cultured on PDA at 26 °C for 6 days. The PDA (liquid medium) was
composed of the following (g/L): yeast extract (5), sucrose (20), wheat bran (10), peptone
(5), KH,POy4 (2.4), and MgSO; (1.2). The hyphae were removed and placed into a 250 mL
conical flask containing 100 mL of liquid medium, and cultured at 25 °C for 5 d. Fresh
live Tussah pupae were sterilized with 75% alcohol and then inoculated with 0.2 mL of the
liquid strain into each one. Pupae were then placed in the dark at 15 °C for 7 days until
they hardened. Then, the Tussah pupae were transferred to a light culture. The culture
temperature was 22 °C and the light intensity was about 500 Ix. During the cultivation
period (30 d), sufficient pupae were collected at four different time points (0 d, 10d, 20 d,
30 d) and then subjected to freeze-drying and crushing treatment. All crushed dry powder
was stored in a refrigerator at —20 °C.

2.2. Polysaccharide Determination

A sulfate-phenol method was used to determine polysaccharides [30]. Samples were
extracted with 80% ethanol for 30 min and ultrasonic extraction to remove impurities.
After ultrasonication, the supernatant was discarded and the remaining solid was boiled in
boiling water at 100 °C for 3 h to extract polysaccharides. The filtrate was filtered through
a 0.22 mm filter membrane. Standard solutions were prepared at different concentrations
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(20, 40, 60, 80, and 100 mg/L) using glucose standards, and standard curves were plotted
to determine the polysaccharide content [31].

2.3. Crude Protein Determination

The Kjeldahl method was used for determine the crude protein, and the nitrogen
protein conversion factor was 5.41 [32].

2.4. Chitin Content Determination

Chitin was extracted by Wang’s method [33]. The samples were treated with 3%
hydrochloric acid for 24 h to remove mineral impurities. After hydrochloric acid treatment,
the samples were soaked in 10% NaOH at 100 °C for 5 h to remove protein and fat. Finally,
the chitin was dehydrated and weighed.

2.5. Crude Fat Determination

The classical Soxhlet extraction method was used for the determination of crude fat.
The filter paper was cut into 8 cm x 8 cm and folded into a paper packet without sealing
on one side, and then the filter paper packet was weighed (a). The filter paper packet with
about 3 g of samples were then weighed (b); (b — a) is the weight of the sample. We then set
up a Soxhlet extractor and performed a Soxhlet extraction on the sample. After extraction,
we removed the filter paper pack with long tweezers and allowed the ether to evaporate
in a ventilated place. After the ether had evaporated, the filter paper bag was dried and
weighed (c). Crude fat content = (b — ¢)/(b — a) x 100%. We placed the extracted fatty
acids in the refrigerator at —20 °C.

2.6. Fatty Acid Determination

Samples of 2.0 mg of fat were accurately weighed and dissolved in 1.5 mL of methanol;
then, 60 pL of methyl acetate was added, and it was shaken and allowed to stand for 10 min.
Then we added 100 pL of 27 mg/mL sodium methoxide solution and allowed it to stand for
20 min. This was followed by 60 pL of saturated oxalic acid, then shaken well and allowed
to stand for 2 minutes in a —20 °C refrigerator [34]. Finally, the fatty acid composition was
determined by gas chromatography (DB-FFAP capillary column, Agilent Company, Santa
Clara, CA, USA).

2.7. Amino Acid Determination

The samples were pre-treated for 22 h with HCl (6 mol/L) acid at 110 °C; then, levels
of cysteine and tryptophan were determined by formic acid oxidation and alkali hydrolysis,
respectively [35,36]. The hydrolysate was dehydrated under a vacuum and dissolved
with sodium citrate (pH = 2.2) and then filtered with a 0.22 mm microporous membrane
filter. Amino acid content was determined by an amino acid analyzer (Beckman 121 MB,
Beckman Kurt company, Brea, CA, USA). The Essential Amino Acid Index (EAAI) of the
samples was calculated using Oser’s method, and the official data from the FAO and USDA
(https:/ /fdc.nal.usda.gov/ /fdc-app.html#/food-details /748967 /nutrients, accessed on
26 March 2023) were used as the basis for subsequent amino acid analysis [37,38].

2.8. Cordycepin Determination

The samples were extracted by deionized water using ultrasonic extraction for 0.5 h,
and filtered through a 0.22 mm membrane prior to injection into the high-performance
liquid chromatography (HPLC) system [30]. Standard samples of cordycepin (0, 5.0, 10.0,
20.0, 50.0 mg/L) were prepared in advance and the standard curves were plotted after
HPLC analysis.

2.9. Statistical Analysis

All experiments were performed in triplicate and expressed as mean + SD. Multi
group comparisons of the means were carried out by a one-way analysis ANOVA test using
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SPSS (version 22) with Tukey’s HSD tests. The graphs in this article were drawn using
Origin (version 9.6).

3. Results and Discussion
3.1. The Tissue Changes of the Infected Pupa

The tissue of the pupa infected by S. hepiali was thoroughly changed (Figure 1). The
external surface of the pupa first appeared with a few white-colored mycelia, and as time
passed, the mycelia on the surface of the pupa further grew and the color gradually changed
to yellow. The internal tissue was transformed into a solid and yellow-brown hard body,
and the mycelia gradually replaced more and more areas of the tissue. Additionally, the
water content decreased to a visually evident degree.

0d 10d 20d

External

Internal

Figure 1. External and interior tissue change of the fungus-infected Tussah pupa.

3.2. Polysaccharide Analysis

The dynamic changes in polysaccharide are shown in Figure 2A. The content of
polysaccharide in the pupa increases continuously with the prolongation of infection
time, from 3.15% at the beginning to 7.66% at the end. This indicates that during the
infection process, S. hepiali transforms part of the organic substances in the pupa into
S. hepiali polysaccharides (SPs). As for SP, there have been many studies demonstrating
its potential anti-diabetic nephropathy, anti-fatigue, hypoglycemic, anti-depressant, and
anti-nociceptive properties [23,27,39,40]. A recent study on db/db mice showed that
SP has pharmacological functions such as hypoglycemic, hypolipidemic, anti-diabetic,
and anti-nephritic functions; the mechanism underlying this effect may be related to the
Nrf2-meadited NF-«kB signaling pathway in the mice [41]. The structure of O. sinens
polysaccharide (OP) and its multiple pharmacological activities have been discovered and
published, and Yuan et al. summarized these [42]. Unfortunately, as a fungus isolated
from O. sinens, there is still limited research conducted on SP internationally, and further
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Figure 2. Nutritional dynamics of insect fungus complex. (A) Polysaccharide content. (B) Fat content.
(C) Protein content. (D) Chitin content. Data are presented as the mean £ SD. Means with different
superscripts in the column differ significantly (p < 0.05). n = 3.

3.3. Crude Fat and Fatty Acid Analysis

The dynamic changes in crude fat are shown in Figure 2B. The crude fat content
continued to decrease over the course of infection, with values of 30.75% (0 d), 22.88%
(10 d), 12.18% (20 d), and 7.20% (30 d), respectively. The steady decrease in crude fat
content suggests that during the infection process, the fat content of the pupa is likely to be
consumed in large quantities for the growth of the fungus and the transformation of other
substances. However, the variation in fatty acid composition indicates that fat is not simply
a consumed item in this process.

The results of fatty acid detection are shown in Table 1. A total of seven fatty acids
were detected in A. pernyi pupa (0 d), including three SFAs (saturated fatty acids) and
four UFAs (unsaturated fatty acids), and the content of these seven fatty acids decreased
continuously during the infection process. Interestingly, the infection of S. hepiali has greatly
reduced the fat content of the pupa, but expanded the variety of fatty acids. Five new fatty
acids were produced during the infection process, namely 14-methyl-pentadecanoic acid,
docosanoic acid, succinic acid, arachidonic acid, and myristic acid. This means that the
richness of different fatty acids of A. pernyi is enhanced and this fatty acid variety would be
a benefit for consumers who wished to reduce their saturated fatty acids consumption and
increase functional fatty acids. For example, the succinic acid is a dicarboxylic acid, also
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known as butanedioic acid, with the chemical formula C4HgOy4. In 1546, Georgius Agricola
first purified succinic acid from amber by isolation and then succinic acid was fermented by
various microorganisms and used in the food and pharmaceutical industries [43]. Gamage
et al. [24] detected succinic acid from the extracts of S. hepiali mycelia and found that the
extracts may have bactericidal activity in the gastrointestinal tract. Succinic acid is involved
in multiple biochemical pathways, can be produced by a variety of microorganisms, and is
essential for human energy metabolism as an important intermediate in the tricarboxylic
acid (TCA) cycle [44]. Arachidonic acid is a polyunsaturated fatty acid that is a crucial
component of biological membranes, prostaglandins, and other arachidonic acids, with
the molecular formula CyH3O;. As an inhibitor of immunity, arachidonic acid has
antithrombotic and chemotactic effects [45,46]. Non-oxidized derivatives of arachidonic
acid are essential components of stress response and mood regulation [47]. For humans,
arachidonic acid is an essential fatty acid, and a long-term deficiency in arachidonic acid
can lead to serious consequences. Myristic acid is widely distributed in the fats of plants
and animals, including common human foods such as nutmeg, and is often used as a
flavoring ingredient in the food industry [48]. In investigating whether lauric or myristic
acid prevented testosterone-induced prostate hyperplasia in rats, Babu et al. [49] found
that lauric/myristic acid had a significant inhibitory effect on prostate hypertrophy and
protection of prostate tissue structure, implying that myristic acid had potential medical
value. In general, the S. hepiali infection has reduced the fat content of the pupa considerably,
but made the fatty acid profile more varied.

Table 1. The content of fatty acids at different infection times (%, dry matter basis).

Time(d)
Item
0od 10d 20d 30d
Palmitic acid 6.22 £0.082 458 +0.09b 244 +0.06°¢ 1.45 4+ 0.03 4
Stearic acid 0.62 +0.042 0.69 £ 0.03 2 0.49 +0.04b 0.37 £0.05¢
Heptadecanoic acid 0.19+0.032 0.124+0.01Pb 0.05 +0.01 ¢ 0.03 +0.00 ¢
SFA (%) 14-methyl-pentadecanoic acid 0.00 £ 0.002 0.03 +0.00° 0.05 4 0.00 € 0.08 + 0.01 4
docosanoic acid 0.00 £+ 0.002 0.04 £0.01P 0.03+0.01b 0.02 +0.00b
succinic acid 0.00 + 0.002 0.07 £ 0.02b 0.08 +0.01b 0.08 +0.01b
Subtotal 7.04+0.112 553 40.14 P 3.13+0.12°¢ 2.03 £ 0.06 4
Palmitoleic acid 1.48 £0.042 1.03 + 0.03 0.49 + 0.01°¢ 0.28 +0.024
Oleic acid 9.64 +0.152 6.98 +0.11P 359 +0.04°¢ 1.75 £ 0.034
Linoleic acid 2.17 +£0.052 243 +0.04b 1.89 £+ 0.05°¢ 1.75 £ 0.054
UFA (%) o-linolenic acid 10.63 + 0.03 2 6.75 £ 0.07 b 2.82 +0.03¢ 1.18 £ 0.044
Arachidonic acid 0.00 £ 0.002 0.03+0.01" 0.04 +0.00b 0.06 +0.01°¢
Myristic acid 0.00 + 0.00 0.09 +0.02° 0.07 4+ 0.01 be 0.05+0.01 ¢
Subtotal 23.92 +0.212 17.33 £0.14P 890 +0.12°¢ 5.04 & 0.08 4
Total (%) 30.96 + 0.312 22.84 +0.24° 12.04 £ 0.15¢ 7.09 +0.144
UFA/Total 0.77 0.76 0.74 0.72

SFA, saturated fatty acid; UFA, unsaturated fatty acid. Data are presented as the mean 4 SD. Means with different

superscripts in column differ significantly (p < 0.05). n = 3.

3.4. Crude Protein and Amino Acid Analysis

The dynamic changes in crude protein are shown in Figure 2C. Unlike other compo-
nents in this study, the change in protein content showed a turning point at 10 d, with
a trend of initially decreasing and then increasing (48.78%, 44.01%, 49.67%, and 58.55%,
respectively). This trend may indicate that during the process of S. hepiali infection, the
conversion of nutritional substances is not a simple and unidirectional process, and the
actual internal changes are more complex than expected.

The results of amino acid detection are shown in Table 2. A total of 18 amino acids
were detected in A. pernyi pupa (0 d), including 10 EAA (essential amino acids) and 8 NEAA
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(non-essential amino acids), and the types of amino acids in the protein did not change
during the infection process. EAA decreased at the beginning and then increased (20.35%,
17.55%, 17.79%, and 19.51%, respectively, at different time points), and NEAA changed
similarly (28.53%, 27.42%, 30.74%, and 36.05%, respectively, at different time points). EAAI
shows a continuous slight decrease (0.98, 0.97, 0.95, and 0.92, respectively). The infection
time corresponding to the highest value of a single NEAA are as follows: aspartic (30 d),
serine (20 d), glutamate (30 d), proline (30 d), glycine (30 d), alanine (30 d), cysteine (0 d),
tyrosine (0 d), histidine (0 d), and arginine (30 d); and that of EAA are as follows: threonine
(30 d), valine (30 d), methionine (0 d), isoleucine (30 d), leucine (30 d), phenylalanine (0 d),
lysine (0 d), and tryptophan (0 d).

Table 2. The content of amino acids at different infection times (%, dry matter basis).

Time (d)
Item
0d 10d 20d 30d
Aspartic 553+0.062 543+0.06% 6.13+0.09P 751 4+0.13¢
Serine 1504+ 0.072 148 4+0.033> 1.69+0.04¢ 146+ 0.063°
Glutamate 63740132 640+0.042 748 +0.11P 919+0.11°¢
Proline 217 £0.102  23140.02P 285+0.02¢  3.664 0059
NEEA Glycine 3104+ 0.11b° 280+0.012 298+0.03P  324+002°
(%) Alanine 24440052 24140052 271+009°  370+005°¢
Cysteine 051+0.052 045+006% 039+0.02° 035+002P
Tyrosine 26040072 229+007° 235+003P 25440042
Histidine 1.80 £0.092 155+0.02P 1.62+0.04>  1.66+0.072
Arginine 24940112  229+0.03P 251+0062 2.74 +0.04°¢
Subtotal 28534+ 0442 2742 +021° 3074+0.17°  36.05+0.294
Threonine 218+ 0.062 203+0.02° 213+005% 241 +0.03°
Valine 343 +0.073 32240052 335+0063%  3.65+0.04C
Methionine 1514+011° 13240032 123+0.02° 1.21 +0.042
EEA Isoleucine 235+0.072 2224003 241+0012 2.63+0.02°¢
%) Leucine 24240082 232+0052 263+007P  324+005°¢
Phenylalanine 299 £0.122  267+0.04P 251+002°  2.69+007P
Lysine 391+0.08° 334+0072 32740032  337+£0092
Tryptophan 0.56 £0.052  04540.02° 042+0.03>  0314+0.01¢
Subtotal 2035+ 0172 1755 +0.12° 1779 £0.14P 1951 £0.21°¢
T("o/ff)‘l 48880497 4497 +041P 4853+£0362 5571 +051°¢
EAA/Total 0.41 0.39 0.37 0.35
EAAI 0.98 0.97 0.96 0.92

NEAA, non-essential amino acid; EAA, essential amino acid; EAAI, essential amino acid index. Data are presented
as the mean + SD. Means with different superscripts in column differ significantly (p < 0.05). n = 3.

Except for the initial stage, the protein content of the insect-fungus complex generally
increases, and the protein content becomes more abundant. However, if we consider the
amino acid composition, the discussion becomes more complex. During a month-long
infection, the increase in total protein content is primarily due to the increase in NEAA,
while the relative content of EEA, which is more important for humans, has decreased
compared to the initial stage. It can be found that the highest values of a different single
amino acid mainly occurred at 0 d and 30 d after infection, indicating that the infection
of S. hepiali caused the continuous increase in the content of some amino acids while the
content of some other amino acids continuously decreased; this feature can provide dietary
guidance for people with different amino acid needs. The value of the EAAI (essential
amino acid index) reflects the reasonableness of the composition of essential amino acids
in foods. The closer the EAAI value to 1, the higher the nutritional value of protein in
foods [37]. Therefore, from the perspective of the EAAI, the infection of S. hepiali slightly
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reduces the protein quality of the pupa. In addition, amino acid scores were obtained for
pupae at different stages of infection based on the amino acid scoring pattern for infants,
children, adolescents, and adults from the 2007 WHO/FAO/UNU report [38]. It is clear
that both the pupae and the insect fungus complex are more suitable for adult consumption,
with the S. hepiali infection allowing the scores of each amino acid category to fluctuate
(Figure 3). After 10 days of infection, the total amount of protein in the pupa increases, but
the quality of the protein slightly declines.

Amino acid score
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Figure 3. Amino acid scores at the different infected stages of the insect-fungus complex for infants,
children, adolescents, and adults.

3.5. Chitin Analysis

The dynamic changes in chitin are shown in Figure 2D. The content of chitin decreased
continuously with increasing S. hepiali invasion time, which was 13.32% (0 d), 12.89% (10 d),
11.94% (20 d), and 10.52% (30 d). Chitinase can be produced by various organisms such
as bacteria, fungi, viruses, insects, plants, and animals [50]. The decrease in chitin may
indicate that S. hepiali secreted chitinase to digest the chitin in the cuticle of the pupa when
piercing through the cuticle to emerge. Chitin is the main component of the arthropod’s
exoskeleton and is highly valued for its bioactivity; these bioactivity characteristics include
immune stimulation, growth promotion of beneficial bacteria, and inhibition of the growth
and activity of pathogenic bacteria [51-53]. As part of the exoskeleton of insects, chitin is
a biopolymer that mammals lack. Therefore, chitin is an easy target for the mammalian
immune system; in vivo experiments in fish, pigs, and poultry showed that proper con-
sumption of chitin strengthens the immune system and prevents pathogen reproduction;
chitin also has hypolipidemic and antioxidant properties and positively regulates the host’s
intestinal bacterial community [54]. Chitin cannot be directly absorbed by the human
body, but it may be used as an alternative to antibiotics to prevent the potential bacterial
infectious risks in animal feed, which can then reduce human health risks [55,56]. The
decrease in chitin means a weakening of the above-mentioned functions of insects as feed,
but its inability to be directly absorbed also indicates that when humans consume the
insect-fungus complex as food directly, they will face lower digestive pressures.
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3.6. Cordycepin Analysis

The dynamic changes in cordycepin are shown in Figure 4. Cordycepin was not
detected in the pupa at 10 d and 20 d. At 20 d, the amount of cordycepin in the pupa was
0.06 mg/g, and at 30 d, this value increased to 0.19 mg/g. Cordycepin is an important
natural nucleoside compound isolated from C. militaris [57]. Several studies have shown
that cordycepin and its derivatives (such as pentostatin) exhibit a wide range of health-
promoting effects in humans, including but not limited to anti-bacterial activity, anti-cancer
effects, anti-oxidant effects, and anti-inflammatory effects [58—-61]. Mao et al. [62] found
that the samples of O. sinens from Nagqi City, Tibet province, China, contained 0.3 mg/g
of cordycepin. However, Ge et al. [63] measured the cordycepin content in the fermented
mycelium of S. hepiali and found it to be 0.44 mg/g, almost 15 times higher than in O. sinens.
The content of cordycepin in this study reached a maximum of 0.19 mg/g after 30 days
of cultivation, which still represents a significant gap from the S. hepiali fermentation
mycelium. The production of cordycepin makes the pupa more nutritionally valuable,
but the concentration is still not satisfactory. Perhaps it can be achieved by prolonging
the cultivation time to meet higher content requirements; at this time, it is also necessary
to consider the changes in other nutritional substances. Kaushik et al. [64] found that
appropriate supplementation of hypoxanthine, adenosine, glycine, glutamine, aspartic acid,
NAA(1-naphthaleneacetic acid), IAA(3-indoleacetic acid), and thiamine (B1) could increase
cordycepin production in O. sinensis. This finding provides an important possibility for
improving the culture condition by adding the above-mentioned substances to increase the
rate of cordycepin production in the insect-fungus complex.
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Figure 4. The dynamic changes in cordycepin quantity. Data are presented as the mean £ SD. Means
with different superscripts in column differ significantly (p < 0.05). n = 3.

4. Conclusions

In this study, with the prolongation of infection time, several important nutritional
components in Tussah pupa increased or decreased significantly, including polysaccharides,
cordycepin, and proteins, as well as chitin and fats. Additionally, the detection of amino
acids and fatty acids indicates that the transformation of materials during the infection
process is diverse and complex. For example, while the total amount of fats significantly
decreased, the variety of fat acids became more abundant. Without specific requirements
or unified standards, it is difficult to make a simple conclusion about the comprehensive
nutritional value of pupa infected at different times. Our research results have different
guiding values for different nutritional or taste needs of people. To reveal the benefits
or disadvantages of this new insect-fungus complex as human food and animal feed,



Foods 2023, 12, 2796 10 of 12

additional studies are needed, including expanding the scope of component detection and
further extending the duration of infection.

Author Contributions: Conceptualization, all authors; Data curation, S.W.; Formal analysis, all
authors; Investigation, all authors; Project administration, D.W.; Resources, D.W.; Supervision, D.W.;
Validation, S.W.; Visualization, S.W. and Y.M.; Writing—original draft, S.W. and Y.M.; Writing—review
and editing, all authors. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Shaanxi Key Project of Science and Technology (2020zdzx03-
03-02) and the National Key R&D Program of China (2022YFD1401000).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Acknowledgments: We thank all members in LIRR team in Northwest A&F University for the fungi
samples collection and isolation. We thank J. R. Schrock of Emporia State University proofread the
draft of this study.

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

Abbreviations

FAO: Food and Agriculture Organization of the United Nations; HPLC, High Performance
Liquid Chromatography; PDA, Photodiode array. EAAI Essential Amino Acid Index; USDA, United
States Department of Agriculture; SP, S. hepiali polysaccharides; OP, O. sinens polysaccharide; SFA,
Saturated Fatty Acids; UFA, Unsaturated Fatty Acids; TCA, Tricarboxylic Acid; EAA, Essential Amino
Acids; NEAA, Non-essential Amino Acids; WHO, World Health Organization; UNU, United Nations
University.

References

1. Hazarika, A K,; Kalita, U. Human consumption of insects. Science 2023, 379, 140-141. [CrossRef] [PubMed]

2. Van, H.A.; Gasco, L. Insects as feed for livestock production. Science 2023, 379, 138-139.

3. Van, H.A ; Halloran, A.; Van, L].; Klunder, H.; Vantomme, P. How many people on our planet eat insects: 2 billion? J. Insects Food
Feed 2022, 8, 1-4.

4. Inacio, A.C.; Vagsholm, I; Jansson, A.; Vaga, M.; Boqvist, S.; Fraqueza, M.]J. Impact of starvation on fat content and microbial load
in edible crickets (Acheta domesticus). J. Insects Food Feed 2021, 7, 1143-1147. [CrossRef]

5. Fischer, A.R. Eating insects-from acceptable to desirable consumer products. J. Insects Food Feed 2021, 7, 1061-1063. [CrossRef]

6. Dagevos, H. A literature review of consumer research on edible insects: Recent evidence and new vistas from 2019 studies. .
Insects Food Feed 2021, 7, 249-259. [CrossRef]

7. Du,XFE;Li Y],; Wen, ZX,; Li, X.J.; Ma, S.H.; Meng, N. Research progress on nutritional value and comprehensive utilization of
Tussah pupa. Acta Sericologica Sin. 2021, 47, 81-87.

8. Feng, Y.; Zhao, M.; Ding, W.F.; Chen, X.M. Overview of edible insect resources and common species utilization in China. J. Insects
Food Feed 2020, 6, 13-25. [CrossRef]

9.  Baral, B. Entomopathogenicity and biological attributes of himalayan treasured fungus Ophiocordyceps sinensis (yarsagumba). J.
Fungi 2017, 3, 4. [CrossRef] [PubMed]

10. Wang, H.; Shan, Y.; Sun, Z.R. The utilization and analysis of present market situation for Cordyceps sinensis. Res. Pract. Chin. Med.
2016, 30, 83-86.

11. Li, Y,; Wang, X.L,; Jiao, L.; Jiang, Y.; Li, H.; Jiang, S.P. A survey of the geographic distribution of Ophiocordyceps sinensis. ]. Microbiol.
2011, 49, 913-919. [CrossRef]

12.  Yang, J.L.; Xiao, W.; He, H.X,; Zhu, H.X.; Wang, S.F.; Cheng, K.D. Molecular phylogenetic analysis of Paecilomyces hepiali and
Cordyceps sinensis. Acta Pharm. Sin. 2008, 43, 421-426. [CrossRef]

13. Dong, C.H.; Guo, S.P; Wang, W.E,; Liu, X.Z. Cordyceps industry in China. Mycology 2015, 6, 121-129. [CrossRef] [PubMed]

14. Hong, Z.L. Chemical constituents from fermented mycelium of Paecilomyces hepiali. Chin. Tradit. Herb. Drugs 2013, 2013, 947-950.

15. Dan, A; Hu, YJ.; Chen, RY,; Lin, X.G.; Tian, Y.Q.; Wang, S.Y. Advances in research on chemical constituents and pharmacological
effects of Paecilomyces hepiali. Food Sci. Hum. Well. 2021, 10, 401-407. [CrossRef]

16. Wu, ZW,; Lu, JW.; Wang, X.Q.; Hu, B.; Ye, H.; Fan, J.L. Optimization for production of exopolysaccharides with antitumor

activity in vitro from Paecilomyces hepiali. Carbohydr. Polym. 2014, 99, 226-234. [CrossRef]


https://doi.org/10.1126/science.abp8819
https://www.ncbi.nlm.nih.gov/pubmed/36634167
https://doi.org/10.3920/JIFF2020.0157
https://doi.org/10.3920/JIFF2021.x008
https://doi.org/10.3920/JIFF2020.0052
https://doi.org/10.3920/JIFF2019.0022
https://doi.org/10.3390/jof3010004
https://www.ncbi.nlm.nih.gov/pubmed/29371523
https://doi.org/10.1007/s12275-011-1193-z
https://doi.org/10.1111/j.1745-7254.2008.00754.x
https://doi.org/10.1080/21501203.2015.1043967
https://www.ncbi.nlm.nih.gov/pubmed/30151320
https://doi.org/10.1016/j.fshw.2021.04.002
https://doi.org/10.1016/j.carbpol.2013.08.010

Foods 2023, 12, 2796 11 of 12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

Jiang, L.; Bao, H.Y.; Yang, M. Antitumor activity of a petroleum ether extract from Paecilomyces hepiali mycelium. Acta Edulis Fungi
2010, 17, 58-60.

Zeng, Z.T; Fu, Y.; Xiong, YYW.; Zi, X.E; Peng, Z.].; Huang, L.L. Effects of Paecilomyces hepiali on proliferation, apoptosis and
expression of VEGE, MMP-2 of SMMC 7721 cells. Chin. J. Exp. Tradit. Med. Formulae 2015, 21, 141-144.

Thakur, A.; Ren, H.; Zhang, H.; Yang, T.; Chen, T.J.; Chen, M.W. Pro-apoptotic effects of Paecilomyces hepiali, a Cordyceps sinensis
extract on human lung adenocarcinoma A549 cells in vitro. J. Cancer Res. Ther. 2011, 7, 421-426. [PubMed]

Wu, ZW.; Zhang, M.X.; Xie, M.H.; Dai, Z.Q.; Wang, X.Q.; Hu, B. Extraction, characterization and antioxidant activity of mycelial
polysaccharides from Paecilomyces hepiali HN1. Carbohyd. Polym. 2016, 137, 541-548. [CrossRef]

Yu, S.J.; Song, ] X.; Zhang, Q.; Li, C.R.; Fan, M.Z. Effect of fractional exopolysaccharides from fermented broth of two related
Cordyceps fungi on lifespan, SOD and MDA of fruit flies. Chin. J. Microecol. 2010, 22, 993-1000.

Park, S.Y; Jung, S.J.; Ha, K.C,; Sin, H.S,; Jang, S.; Chae, H.]. Anti-inflammatory effects of Cordyceps mycelium (Paecilomyces hepiali,
CBG-CS-2) in Raw264.7 murine macrophages. Oriental. Pharm. Exp. Med. 2015, 15, 7-12. [CrossRef] [PubMed]

Wang, J.; Teng, L.; Liu, Y.; Hu, W.; Chen, W.; Hu, X. Studies on the antidiabetic and antinephritic activities of Paecilomyces
hepiali water extract in diet-streptozotocin-induced diabetic sprague dawley rats. J. Diabetes Res. 2016, 2016, 4368380. [CrossRef]
[PubMed]

Gamage, S.; Nakayama, J.; Fuyuno, Y.; Ohga, S. The effect of the hot water extracts of the Paecilomyces hepiali and Cordyceps
militaris mycelia on the growth of gastrointestinal bacteria. Adv. Microbiol. 2018, 8, 490. [CrossRef]

Liu, J.; Yang, B.S,; Jiang, G.Y. Antibiotic activities and chemical composition of mycelia of a strain Paecilomyces hepiali. ]. Kunming
Med. Univ. 2012, 33, 32-34.

Chae, S.-C.W.; Mitsunaga, E; Jung, S.J.; Ha, K.C.; Sin, H.S.; Jang, S.H. Mechanisms underlying the antifatigue effects of the
mycelium extract of Cordyceps (Paecilomyces hepiali, CBG-CS-2) in mice in the forced swimming test. Food Nutr. Sci. 2015, 6, 287.
Wang, J.; Li, L.Z,; Liu, Y.G.; Teng, L.R.; Lu, ].H.; Xie, J.; Hu, W.J.; Liu, Y,; Liu, Y.; Wang, D.; et al. Investigations on the antifatigue
and antihypoxic effects of Paecilomyces hepiali extract. Mol. Med. Rep. 2016, 13, 1861-1868. [CrossRef]

Xu, Y.H.; Liang, H.C.; Wen, Q.; Ye, E.; Yang, Z. Effect of Paecilomyces hepiali mycelium on physical fatigue and hypoxia in mice.
Mil. Med. Sci. 2014, 38, 784-790.

Li, YJ.; Meng, N.; Wen, Z.X.; Du, X.F,; Ma, S.H.; Mi, R.; Sun, Y.X. Analysis of the main components and biological activities of
Antheraea pernyi and Cordyceps militaris during different cultivation periods. Acta Sericologica Sin. 2020, 46, 254-260.

Dubois, M.; Gilles, K.; Hamilton, ].K.; Rebers, P.A.; Smith, F. A colorimetric method for the determination of sugars. Nature 1951,
168, 167. [CrossRef]

Guo, M;; Guo, S.; Hua, Y; Bu, N.; Dong, C. Comparison of major bioactive compounds of the caterpillar medicinal mushroom,
Cordyceps militaris (ascomycetes), fruiting bodies cultured on wheat substrate and pupae. Int. . Med. Mushrooms 2016, 18, 327-336.
[CrossRef]

Boulos, S.; Tannler, A.; Nystrom, L. Nitrogen-to-protein conversion factors for edible insects on the swiss market: T. molitor, A.
domesticus, and L. migratoria. Front. Nutr. 2020, 7, 89. [CrossRef]

Wang, D.; Hu, ].].; Liu, M.T. The research of abstraction chitosan from leaf chafer. J. Northwest Sci. Tech. Univ. Agric. For. 2003, 31,
127-130.

Butte, W. Rapid method for the determination of fatty acid profiles from fats and oils using trimethylsulfonium hydroxide for
transesterification. J. Chromatogr. A 1983, 261, 142-145. [CrossRef]

Wang, D.; Bai, Y.Y,; Li, ].H.; Zhang, C.X. Nutritional value of the field cricket (Gryllus Testaceus Walker). Insect Sci. 2004, 11,
275-283. [CrossRef]

Zhang, J.Z.; Xue, X.E; Zhou, J.H.; Chen, F; Wu, L.M,; Li, Y. Determination of tryptophan in bee pollen and royal jelly by
high-performance liquid chromatography with fluorescence detection. Biomed. Chromatogr. 2009, 23, 994-998. [CrossRef]
[PubMed]

Oser, B.L. An integrated essential amino acid index for predicting the biological value of proteins. Protein Amino Acid Nutr. 1959,
1, 281.

Millward, D.J. Amino acid scoring patterns for protein quality assessment. Brit. ]. Nutr. 2012, 108, 31-43. [CrossRef]

Wang, C.; Wang, J; Jia, D.; Li, L,; Jia, B.; Fan, S. Anti-nociceptive effects of Paecilomyces hepiali via multiple pathways in mouse
models. Genet. Mol. Res. 2016, 15, 10-4238. [CrossRef]

Wang, J; Liu, Y,; Li, L.; Qi, Y,; Zhang, Y.; Li, L. Dopamine and serotonin contribute to Paecilomyces hepiali against chronic
unpredictable mild stress induced depressive behavior in Sprague Dawley rats. Mol. Med. Rep. 2017, 16, 5675-5682. [CrossRef]

Hu, WJ.; Wang, J.; Guo, W.Y,; Liu, Y.G.; Guo, Z.; Miao, Y.G.; Wang, D. Studies on characteristics and anti-diabetic and-nephritic
effects of polysaccharides isolated from Paecilomyces hepiali fermentation mycelium in db/db mice. Carbohyd. Polym. 2020,
232, 115766. [CrossRef]

Yuan, Q.H.; Xie, F; Tan, J.; Yuan, Y.; Mei, H.; Zheng, Y. Extraction, structure and pharmacological effects of the polysaccharides
from Cordyceps sinensis: A review. |. Funct. Foods 2022, 89, 104909. [CrossRef]

Zeikus, ].G.; Jain, M.K.; Elankovan, P. Biotechnology of succinic acid production and markets for derived industrial products.
Appl. Microbiol. Biotechnol. 1999, 51, 545-552. [CrossRef]

Kumar, R; Basak, B.; Jeon, B.H. Sustainable production and purification of succinic acid: A review of membrane-integrated green
approach. J. Clean. Prod. 2020, 277, 123954. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/22269403
https://doi.org/10.1016/j.carbpol.2015.11.010
https://doi.org/10.1007/s13596-014-0173-3
https://www.ncbi.nlm.nih.gov/pubmed/25814919
https://doi.org/10.1155/2016/4368380
https://www.ncbi.nlm.nih.gov/pubmed/27034961
https://doi.org/10.4236/aim.2018.87034
https://doi.org/10.3892/mmr.2015.4734
https://doi.org/10.1038/168167a0
https://doi.org/10.1615/IntJMedMushrooms.v18.i4.60
https://doi.org/10.3389/fnut.2020.00089
https://doi.org/10.1016/S0021-9673(01)87931-0
https://doi.org/10.1111/j.1744-7917.2004.tb00424.x
https://doi.org/10.1002/bmc.1213
https://www.ncbi.nlm.nih.gov/pubmed/19399758
https://doi.org/10.1017/S0007114512002462
https://doi.org/10.4238/gmr.15038996
https://doi.org/10.3892/mmr.2017.7261
https://doi.org/10.1016/j.carbpol.2019.115766
https://doi.org/10.1016/j.jff.2021.104909
https://doi.org/10.1007/s002530051431
https://doi.org/10.1016/j.jclepro.2020.123954

Foods 2023, 12, 2796 12 0of 12

45.
46.
47.
48.
49.
50.
51.

52.
53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

Calder, P.C. Polyunsaturated fatty acids, inflammation, and immunity. Lipids 2001, 36, 1007-1024. [CrossRef]

Pratt, C.L.; Brown, C.R. The role of eicosanoids in experimental Lyme arthritis. Front. Cell. Infect. Microbiol. 2014, 4, 69. [CrossRef]
Tallima, H.; Ridi, R.E. Arachidonic acid: Physiological roles and potential health benefits-a review. J. Adv. Res. 2018, 11, 33-41.
[CrossRef]

Burdock, G.A.; Carabin, I.G. Safety assessment of myristic acid as a food ingredient. Food Chem. Toxicol. 2007, 45, 517-529.
[CrossRef]

Babu, S.V.V,; Veeresh, B; Patil, A.A.; Warke, Y.B. Lauric acid and myristic acid prevent testosterone induced prostatic hyperplasia
in rats. Eur. J. Pharmacol. 2010, 626, 262-265. [CrossRef]

Di, RM.; Distefano, G.; Zorena, K.; Malaguarnera, L. Chitinases and immunity: Ancestral molecules with new functions.
Immunobiology 2016, 221, 399—411.

Lee, C.G,; Silva, C.A.; Lee, ].Y,; Hartl, D.; Elias, ].A. Chitin regulation of immune responses: An old molecule with new roles. Curr.
Opin. Immunol. 2008, 20, 684-689. [CrossRef]

Miiller, O.; Krawinkel, M. Malnutrition and health in developing countries. CMA]J 2005, 173, 279-286. [CrossRef]

Liu, P; Piao, X.S.; Thacker, PA.; Zeng, Z.K,; Li, P.F; Wang, D. Chito-oligosaccharide reduces diarrhea incidence and attenuates the
immune response of weaned pigs challenged with Escherichia coli K88. J. Anim. Sci. 2010, 88, 3871-3879. [CrossRef]

Gasco, L.; Jozefiak, A.; Henry, M. Beyond the protein concept: Health aspects of using edible insects on animals. J. Insects Food
Feed 2021, 7, 715-741. [CrossRef]

Apata, D.F. Antibiotic resistance in poultry. J. Poult. Sci. 2009, 8, 404—408. [CrossRef]

King, D.A.; Peckham, C.; Waage, ].K.; Brownlie, J.; Woolhouse, M.E. Infectious diseases: Preparing for the future. Science 2006,
313, 1392-1393. [CrossRef]

Cunningham, K.G.; Manson, W.; Spring, ES.; Hutchinson, S.A. Cordycepin, a metabolic product isolated from cultures of
Cordyceps militaris (Linn.) Link. Nature 1950, 166, 949. [CrossRef]

Kim, H.G; Shrestha, B.; Lim, S.Y.; Yoon, D.H.; Chang, W.C.; Shin, D.J. Cordycepin inhibits lipopolysaccharide-induced inflamma-
tion by the suppression of NF-«kB through akt and p38 inhibition in RAW 264.7 macrophage cells. Eur. J. Pharmacol. 2006, 545,
192-199. [CrossRef]

Noh, EM.; Kim, ].S.; Hur, H.; Park, B.H.; Song, E.K.; Han, M.K. Cordycepin inhibits IL-1p3-induced MMP-1 and MMP-3 expression
in rheumatoid arthritis synovial fibroblasts. Rheumatology 2009, 48, 45-48. [CrossRef]

Tian, X.; Li, Y; Shen, Y.; Li, Q.; Wang, Q.; Feng, L. Apoptosis and inhibition of proliferation of cancer cells induced by cordycepin.
Oncol. Lett. 2015, 10, 595-599. [CrossRef]

Zhou, X; Cai, G.; He, Y.I; Tong, G. Separation of cordycepin from Cordyceps militaris fermentation supernatant using preparative
HPLC and evaluation of its antibacterial activity as an NAD+-dependent DNA ligase inhibitor. Exp. Ther. Med. 2016, 12,
1812-1816. [CrossRef]

Mao, X.L.; Zhen, G.D.; Zhang, C.; Guo, X.L. Determination of adenosine, cordycepin, and inosine in Cordyceps sinensis by
RP-HPLC. Cntrl. S. Pharm. 2009, 7, 895-897.

Ge, M,; Guo, R.; Lou, H.X.; Zhang, W. Extract of Paecilomyces hepiali mycelia induces lipolysis through PKA-mediated phospho-
rylation of hormone-sensitive lipase and ERK-mediated downregulation of perilipin in 3T3-L1 adipocytes. BMIC Complement.
Altern. Med. 2018, 18, 326. [CrossRef]

Kaushik, V.; Singh, A.; Arya, A ; Sindhu, S.C.; Sindhu, A.; Singh, A. Enhanced production of cordycepin in Ophiocordyceps sinensis
using growth supplements under submerged conditions. Biotechnol. Rep. 2020, 28, e00557. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11745-001-0812-7
https://doi.org/10.3389/fcimb.2014.00069
https://doi.org/10.1016/j.jare.2017.11.004
https://doi.org/10.1016/j.fct.2006.10.009
https://doi.org/10.1016/j.ejphar.2009.09.037
https://doi.org/10.1016/j.coi.2008.10.002
https://doi.org/10.1503/cmaj.050342
https://doi.org/10.2527/jas.2009-2771
https://doi.org/10.3920/JIFF2020.0077
https://doi.org/10.3923/ijps.2009.404.408
https://doi.org/10.1126/science.1129134
https://doi.org/10.1038/166949a0
https://doi.org/10.1016/j.ejphar.2006.06.047
https://doi.org/10.1093/rheumatology/ken417
https://doi.org/10.3892/ol.2015.3273
https://doi.org/10.3892/etm.2016.3536
https://doi.org/10.1186/s12906-018-2389-0
https://doi.org/10.1016/j.btre.2020.e00557

	Introduction 
	Materials and Methods 
	Preliminary Preparation 
	Polysaccharide Determination 
	Crude Protein Determination 
	Chitin Content Determination 
	Crude Fat Determination 
	Fatty Acid Determination 
	Amino Acid Determination 
	Cordycepin Determination 
	Statistical Analysis 

	Results and Discussion 
	The Tissue Changes of the Infected Pupa 
	Polysaccharide Analysis 
	Crude Fat and Fatty Acid Analysis 
	Crude Protein and Amino Acid Analysis 
	Chitin Analysis 
	Cordycepin Analysis 

	Conclusions 
	References

