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Abstract: Aging is a complex biological process that is influenced by both intrinsic and extrinsic
factors. Recently, it has been discovered that reactive oxygen species can accelerate the aging process,
leading to an increased incidence of age-related diseases that are characteristic of aging. This review
aims to discuss the potential of mushrooms as a dietary intervention for anti-aging, focusing on their
nutritional perspective. Mushrooms contain various bioactive compounds, including carbohydrates,
bioactive proteins, fungal lipids, and phenolic compounds. These compounds have shown promising
effectiveness in combating skin aging and age-related diseases. In vitro and in vivo studies have
demonstrated that treatments with mushrooms or their extracts can significantly extend lifespan
and improve health span. Furthermore, studies have aimed to elucidate the precise cellular and
molecular mechanisms of action and the structure–activity relationship of mushroom bioactive
compounds. These findings provide a strong basis for further research, including human clinical
trials and nutritional investigations, to explore the potential benefits of mushrooms in real-life anti-
aging practices. By exploring the anti-aging effects of mushrooms, this review aims to provide
valuable insights that can contribute to the development of broader strategies for healthy aging.

Keywords: Mushrooms; anti-aging; age-related disease; cellular mechanisms; bioactive compounds

1. Introduction

The global population is currently experiencing a significant expansion of aging
populations compared to previous years. This trend is reflected in the increase in average
life expectancy at birth, which has risen by 6.2 years from 65.3 years in 1990, to 71.5 years in
2013. Additionally, individuals who reach the age of 60 can now expect to live for another
22 years on average [1]. By the year 2040, it is projected that the average life expectancy
will increase by 4.4 years for both men and women. Men can expect to live an average
of 74.3 years, while women can expect to live an average of 79.7 years. However, these
numbers may vary depending on individual health conditions [2]. As the population ages,
there has been a noticeable increase in the prevalence of chronic degenerative diseases such
as neurodegenerative and cardiovascular diseases, diabetes, and cancer. These diseases
contribute to up to 70% of global mortality each year, including premature deaths occurring
between the ages of 30 and 70 [1]. It is important to note that, while aging is often
accompanied by deteriorative changes and an increased risk of functional declines or
diseases, aging itself is not considered a disease. The focus of anti-aging strategies is not
to reverse or halt the aging process, but rather to promote healthy aging and reduce the
incidence of age-related diseases. The World Health Organization recommends adopting
healthy dietary habits, engaging in regular physical activity, and controlling tobacco use as
effective measures to alleviate or prevent the incidence of chronic diseases. By following
these guidelines, the risk of developing age-related diseases can be reduced [3].
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There is growing evidence to suggest that healthy aging can be promoted by con-
suming nutraceuticals and following various dietary patterns, such as caloric restriction,
intermittent fasting, a Mediterranean diet, an Okinawan diet, and a Nordic diet. These di-
etary patterns have been evaluated for their negative correlation with aging and age-related
conditions and diseases [4,5], which has led to a search for anti-aging components from food
sources and an investigation of the underlying mechanisms of anti-aging pathways. Bioac-
tive compounds derived from plant sources, including fruits and vegetables, roots, seeds,
and edible flowers, have been suggested to exert anti-aging effects. These compounds
include certain polysaccharides, phenolic compounds, and peptides [6,7]. In recent years,
mushrooms—filamentous fungi with fruiting bodies—have also been shown to possess
enormous pharmacological attributes that are valuable for healthy aging. These attributes
include anti-oxidant, immunomodulatory, neuroprotective, anti-inflammatory, and anti-
cancer properties [8–11].

Mushrooms are nutritious foods that are rich in carbohydrates and proteins, with
a lower content of lipids [12]. In addition to their nutritional value, mushrooms contain
various bioactive compounds, such as β-glucans, lectins, and linolenic acids, which can
be isolated through different extraction methods. These compounds confer a variety
of pharmacological activities and may enhance the immune system and strengthen the
biological function of the body [13]. Regular intake of mushrooms or their extracts may
help alleviate age-related diseases. This review focuses on the anti-aging properties of
mushrooms from the perspective of aging and age-related diseases, with a brief introduction
of the major bioactive compounds found in edible and medicinal mushrooms.

2. Aging

2.1. Aging and Age-Related Diseases

Aging is a complex process that involves the time-dependent accumulation of diverse
deleterious changes in cells, tissues, organs, or systems that increase vulnerability to chronic
illness and death [14,15]. Nine candidate hallmarks of aging have been identified and
classified, including primary hallmarks (genomic instability, telomere attrition, epigenetic
alterations, and loss of proteostasis), antagonistic hallmarks (deregulated nutrient sensing,
mitochondrial dysfunction, and cellular senescence), and integrative hallmarks (stem cell
exhaustion and altered intercellular communication), all of which are correlated with each
other [16]. The antagonistic hallmarks exert positive effects at low levels but negatively
affect the organism at high levels [16]. For example, reactive oxygen species (ROS) are
important signaling molecules that play a role in regulating cellular functions, but excessive
levels can lead to oxidative damage and contribute to aging. The primary hallmarks
are the contributors to molecular damage during aging, while the integrative hallmarks
are signs of failure of cellular homeostasis and metabolism mechanisms to ameliorate
the damage. These hallmarks are interconnected with each other and could serve as a
guidance to decipher the mechanistic molecular basis for prolonging health span and
development of strategies for longevity, such as stem-cell-based therapies, epigenetic drugs,
anti-inflammatory drugs, and dietary restrictions [16].

The free radical theory of aging, proposed in 1956 by Denham Harman [17], is a
widely accepted theory of aging. The theory postulates that the aging process is triggered
by the initiation of free radical reactions, leading to increased generation of free radicals by
damaged mitochondria with increasing age [18]. Major sources of free radical reactions
in mammals include non-enzymatic reaction of oxygen, ionizing radiation, cytochrome
P-450 system, respiratory chain, phagocytosis, and prostaglandin synthesis, which lead
to the accumulation of oxidative damage and may shorten the lifespan. Several defenses
that alleviate the damage of the reactions include DNA repair mechanisms, superoxide
dismutase, glutathione peroxidase, and anti-oxidants (e.g., carotenes and vitamin E) [15,19].

ROS are byproducts of oxidative metabolism that can induce cellular defense mech-
anisms against oxidative invasion at low doses, potentially prolonging health span and
lifespan. However, long-term excessive exposure to ROS can lead to the oxidation of
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nucleic acids, proteins, and lipids, causing damage to macromolecules and mitochondrial
dysfunction. This can disrupt cell homeostasis and result in cellular death [20]. ROS pro-
duction is driven by progressive mitochondrial dysfunction with increasing age, creating a
positive feedback loop of ROS generation and oxidative damage accumulation [18]. Concur-
rently, oxidative stress arises due to excessive ROS levels and limited anti-oxidant defense
capability, leading to cellular senescence and a shortened lifespan. The accumulation of
oxidative damage to macromolecules and mitochondria contributes to detrimental conse-
quences, such as pathophysiological changes, functional decline, and accelerated aging,
which are associated with age-related conditions such as inflammation, cardiovascular
diseases, neurodegenerative diseases, autoimmune diseases, and cancer [21].

It is important to note that aging itself is not a disease. Age-related diseases can
be considered “symptoms” of aging, initiated by minor disturbances that are intensified
via vicious positive feedback loops, destabilizing the physiology of an organism and
potentially leading to destruction (i.e., mortality) if no negative feedback loops are in
place [22]. For example, low-grade inflammation can intensify in chronic inflammation,
leading to decreased muscle mass, decreased physical activity, and excess fat deposition.
This can further contribute to obesity, diabetes, and cardiovascular problems. Eventually,
cardiovascular diseases can arise and worsen the physiological status of an individual
by triggering chronic inflammation. To minimize cumulative damage to different organs
and maintain cell function for healthy aging, interventions that can interrupt or break the
vicious cycles of age-related diseases can be implemented, including medications, lifestyle
adjustments, and dietary management (Figure 1).

Figure 1. Concept of vicious cycle of aging and age-related diseases. Symbol ↑ denotes increase; symbol
↓ denotes decrease.

2.2. Aging and Dietary Intervention

The lifestyle of an individual is closely linked to their health span and lifespan. One
of the main ways to modify lifestyle for better health maintenance and to reduce the
incidence of age-related diseases is through dietary management. Unhealthy dietary habits
and lifestyle can accelerate the aging process by causing molecular and cellular damage.
For example, a sedentary lifestyle, combined with a “Western diet”, that is high in energy
but lacking in nutrition, has been associated with reduced lifespan and increased occurrence
of age-related conditions such as obesity, type 2 diabetes, and cancer [23]. On the other
hand, caloric restriction (CR) has been shown to slow down the rate of aging and extend
health span. CR involves reducing total energy intake by 20% to 40% while ensuring
optimal nutrition, compared to an ad libitum diet. This approach has been demonstrated
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to extend lifespan and health span in various experimental models, including yeast, fruit
flies, mice, nonhuman primates, and even humans [24–26].

According to the theory of aging, CR enhances longevity by reducing oxidative dam-
age and increasing resistance to oxidative stress through specific signaling pathways.
The stress caused by CR, such as nutrient deprivation, activates defense mechanisms
against oxidative damage, thereby slowing down the aging process [27]. CR also affects
physiological pathways that may mediate anti-aging effects, such as the insulin-like growth
factor-1 and insulin signaling pathways, the mammalian target of rapamycin (mTOR) path-
way, and the sirtuins pathway [24,28,29]. Previous studies have demonstrated the potential
of implementing CR as an anti-aging regimen, as adherence to this dietary management
reduces biomarkers associated with the development of age-related diseases, including
cardiovascular diseases, autoimmune disorders, neurodegenerative diseases, diabetes, and
cancer [29–31]. Therefore, CR can be considered as the mechanistic foundation for healthy
aging strategies involving dietary intervention, which can prolong lifespan and maintain
physiological function for an extended health span.

Despite the potential benefits of CR, it can be challenging for individuals to adhere
to it in the long term due to various pitfalls and health concerns, such as hypotension,
osteoporosis, slower wound healing, depression, and irritability [32]. As a result, scientists
have explored alternative diet regimens and studied different dietary patterns that may
offer similar benefits to CR but are more feasible for humans to sustain. One such approach
is intermittent fasting, which shares the same concept as CR. Intermittent fasting activates
cellular pathways that enhance the body’s intrinsic defense against oxidative stress, pro-
motes the removal of damaged molecules, and facilitates tissue repair and growth. It also
helps to suppress inflammation and improve stress resistance [33,34].

In addition to dietary modifications, researchers have developed anti-aging drugs that
mimic the effects of CR. Examples include rapamycin and metformin, which have shown
promising effects in various model organisms and clinical trials. Rapamycin delays aging by
inhibiting mTOR, thereby maintaining the normal functioning of mitochondria and stem cells.
Metformin, on the other hand, affects telomere length, reduces oxidative damage to DNA,
and modulates the synthesis and degradation of age-related proteins [35,36]. However, it is
important to note that there are concerns and side effects associated with the use of these drugs.
For instance, rapamycin may lead to nephrotoxicity and thrombocytopenia, while metformin
may cause vitamin B12 deficiency and lactic acid accumulation [37,38]. Therefore, there is a
need to explore naturally occurring compounds that have significant anti-aging effects with
minimal side effects.

Nutraceuticals and dietary supplements are also viable alternatives for anti-aging and
extending health span. Examples include curcumin, quercetin, ginseng, and medicinal
mushrooms, which exhibit anti-inflammatory, immunomodulatory, and antioxidative
effects [39–41]. A diet rich in fruits and vegetables, which provide a significant number of
nutraceuticals and phytochemicals, is crucial for maintaining overall health. Interestingly,
mushrooms, although not classified as animals or plants but as part of the fungal kingdom,
are often considered as vegetables. They are low in calories, sodium, and fat, while being a
valuable source of fiber, phenolic compounds, β-glucans, selenium, glutathione, B vitamins,
and vitamin D. These components serve as protective agents against oxidative damage,
which accelerates aging [12]. Medicinal mushrooms have also been used for centuries in
traditional therapies, like Chinese medicine and Indian Ayurveda medicine, to alleviate
symptoms of various diseases [42]. The bioactive compounds found in mushrooms may
contribute to their anti-aging effects through various physiological pathways involved in
aging and age-related diseases.

2.3. Ageing, Mental Health and Gender

Gender and mental health can significantly impact ageing experiences. Gender influ-
ences ageing in various ways, including health outcomes, social roles and expectations, and
economic status. Women are more likely to experience depression, anxiety, and stress due
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to factors such as caregiving responsibilities, hormonal changes, and discrimination [43].
Women also tend to report higher levels of loneliness and social isolation in later life. In
contrast, men may experience social isolation and mental health issues due to societal
expectations of masculinity, which can lead to reluctance in seeking help for mental health
problems [44].

Gender differences in health outcomes are well-documented, with women living
longer but experiencing more chronic health conditions than men. Women are more likely
to experience osteoporosis, urinary incontinence, and depression than men. Women also
experience menopause, which can lead to physical and psychological symptoms [45].
Men, on the other hand, are more likely to experience heart disease, stroke, and certain
types of cancer. Biological factors such as sex hormones, genetics, and lifestyle factors like
diet, exercise, and smoking influence gender differences in health outcomes [46].

Gender roles and expectations can influence ageing experiences [47]. Women are often
expected to take on caregiving roles for children, spouses, or ageing parents, which can
lead to stress and impact their own health and well-being. Women may also face ageism
and discrimination in the workplace, leading to financial insecurity in later life. Men, on
the other hand, may experience pressure to maintain their independence and financial
stability, leading to social isolation and mental health issues [43,44,48].

Gender differences in economic status can also impact ageing experiences.
Women often earn less than men over their lifetimes, leading to lower retirement sav-
ings and financial insecurity in later life. Women are also more likely to work part-time or
take career breaks to care for children or ageing parents, which can impact their pension en-
titlements. This can lead to poverty and social exclusion in later life [47,49]. Mental health
issues, such as depression, anxiety, and cognitive impairment, can also impact ageing
experiences. Depression is a common mental health issue among older adults and can
lead to social isolation, physical illness, and suicide. Anxiety can affect quality of life and
daily functioning. Cognitive impairment, including dementia, can result in memory loss,
decision-making difficulties, and loss of independence and increased caregiving needs [50].

Studies have shown that gender and mental health can interact to influence ageing
experiences [28,36,43,44,51,52]. Women with depression may be more prone to physical dis-
ability and cognitive decline in later life compared to men with depression.
Similarly, men with higher levels of anxiety may be more likely to experience cognitive
decline than women with anxiety [43]. Addressing gender and mental health in ageing
policies and practices is crucial to ensure that older adults receive appropriate support and
services. This includes promoting gender equity, addressing mental health stigma, and
providing accessible and affordable mental health care for older adults [22].

3. Components of Mushrooms and Their Anti-Aging Effects

Mushrooms have long been recognized for their nutritional value and potential health
benefits. Edible mushrooms are not only rich in protein, fiber, vitamins, and minerals but
also have low levels of fat, making them highly nutritious [53,54]. They contain all the
essential amino acids and have a higher protein content compared to most vegetables,
making them particularly beneficial for vegetarians. In addition to their nutritional value,
edible mushrooms, as fungi, have the ability to produce a wide range of chemical com-
pounds known as mycochemicals. These mycochemicals can act as bioactive substances
with various advantages for human health [55]. Mushrooms have been found to contain
significant levels of mycochemicals that serve as bioactive compounds, offering a range of
health benefits against aging and age-related diseases [53,54].

3.1. Bioactive Compounds in Mushrooms

Bioactive compounds extracted from mushrooms have been extensively studied for
their ability to enhance cellular functions and provide health benefits. The following text
summarizes four representative categories of bioactive compounds found in mushrooms:
carbohydrates, proteins, lipids, and phenolic compounds.
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3.1.1. Carbohydrates

Carbohydrates derived from mushrooms have been extensively studied for their anti-
tumor, anti-inflammatory, and immunomodulatory activities [56,57]. Numerous monosac-
charides found in mushrooms, including arabinose, fructose, fucose, galactose, glucose,
mannose, mannitol, rhamnose, trehalose, and xylose, have been identified as exhibiting
these activities. They primarily achieve this through the activation of cytokines, such as
interferons and interleukins, and involve cellular pathways that include dendritic cells,
natural killer cells, neutrophils, and cytotoxic macrophages [57,58]. β-Glucans, the main
type of carbohydrates found in mushrooms, have been shown to possess antioxidative,
anti-cancer, immunomodulatory, and neuroprotective properties. They are considered
potent agents for stimulating the immune system and protecting against carcinogens,
pathogens, and toxins [59–64]. The biological activity and health benefits of β-glucans
isolated from mushrooms, particularly in relation to immune health, are crucial for healthy
aging. Supplementation with mushroom carbohydrates, which contain β-glucans, could
be an effective strategy for anti-aging. Table 1 provides a list of various mushrooms that
contain bioactive carbohydrates.

Table 1. Bioactive carbohydrates in selected mushrooms.

Mushrooms
Common

Names
Bioactive Compounds Source and Yield Bioactivities References

Agaricus
bisporus

Button
mushroom

Heteropolysaccharide Abnp1001, Abnp1002,
Abap1001, Abap1002

Concentrated industrial wastewater of A.
bisporus; 0.989 mg/g, 1.849 mg/g, 0.128

mg/g, and 0.68 mg/g (Abnp1001, Abnp1002,
Abap1001, Abap1002)

Hepatoprotective [65]

Heteropolysaccharide AcAPS, AcAPS-1,
AcAPS-2, AcAPS-3, with rhamnose and

glucose as major monosaccharide
Dried fruiting body; yield n.s.

Hepatoprotective,
nephroprotective,

antioxidative
[66]

Polysaccharide extracts, main components
n.s. Whole mushroom; yield n.s. Anti-tumor, im-

munostimulatory [67]

Heteropolysaccharide/Mannogalacoglucan
mannose, galactose, glucose

Freeze-dried fresh fruiting body; 41.4% yield
(w/w dry weight) Anti-tumor [68]

β-glucan Dried fresh fruiting body; yield n.s. Immunostimulatory [69]

Fructose, mannitol, trehalose
Fresh fruiting body; 5.79% (white mushroom)

& 4.27% (brown mushroom) (w/w fresh
weight)

n.s. [70]

Calocybe
indica

Milky
mushroom

Polysaccharide extracts, main components
n.s. Fresh fruiting body; 3.27% (w/w dry weight) Anti-oxidant,

neuroprotective [71]

Flammulina
velutipes

Enoki/Golden
needle

mushroom

Polysaccharide extracts, main components
n.s. Base of stipe; yield n.s. Anti-tumor [72]

Polysaccharide extracts, main components
n.s. Fresh whole-mushroom; yield n.s. Neuroprotective [73]

Fructose, mannitol, sucrose, trehalose Fresh fruiting body; 8.29% (w/w fresh
weight) n.s. [70]

Ganoderma
lucidum

Ling Zhi

Polysaccharide extracts, main components
n.s. Mycelia; 71.99% (w/w dry weight)

Anti-inflammation,
ameliorating

insulin resistance,
suppressing lipid

accumulation,
regulation of gut

microbiota

[74]

Polysaccharide extracts, main components
n.s.

Commercialized spray dried mycelia; 91.48%
(w/w dry weight)

Improving
intestinal barrier

functions
[75]

Arabinose, galactose, glucose, xylose Whole mushroom; yield n.s. Anti-tumor [76]

Polysaccharide extracts, main components
n.s.

Dried conidial powder; 2% (w/w dry weight,
crude extracts)

Promote cognitive
function and

neural progenitor
proliferation

[77]

6



J. Fungi 2024, 10, 215

Table 1. Cont.

Mushrooms
Common

Names
Bioactive Compounds Source and Yield Bioactivities References

Lentinula
edodes

Shiitake
mushroom

Glucose, galactose, mannose, arabinose Fruiting body; 1.3% (w/w dry weight,
purified polysaccharide cLEP1)

Therapeutic to
cervical carcinoma [78]

Rhamnose Residue/byproduct; yield n.s. Anti-inflammatory,
anti-oxidant [79]

Pyranose, β-D-glucans (β-(1→3)-D-glucose
as backbone & β-(1→6)-D-glucose as side

chains)
Dried fruiting body; 0.76% (w/w dry weight) Anti-tumor [80]

Mannogalactoglucan-type polysaccharides
WPLE-N-2, WPLE-A0.5-2 Fruiting body; yield n.s. Anti-cancer, im-

munomodulatory [81]

Lentinan (β-(1,3)-glucan with β-(1,6)
branches)

Dried fruiting body (commercial product);
2.6% (w/w dry weight) Anti-tumor [82]

Mannitol, trehalose, arabinose
Dried powder; 23.3% (mannitol), 13.2%
(trehalose), 1.79% (arabinose) (w/w dry

weight)
n.s. [83]

Pleurotus
eryngii

King oyster
mushroom

Mannose, glucose, galactose Fresh whole-mushroom; 5.4% (w/w dry
weight) Anti-tumor [84]

Heteropolysaccharides, novel fractions
PEPE-1, PEPE-2, PEPE-3 (mannose, glucose,

galactose, xylose)
Fresh mushroom residue; yield n.s. Anti-tumor [85]

Mannose, glucose, galactose Fresh whole-mushroom; 28.3% (w/w dry
weight) Immunomodulatory [86]

Pleurotus
ostreatus

Oyster
mushroom

Crude polysaccharide extracts Fresh whole-mushroom; 61% (w/w)
Alleviation of

cognitive
impairment

[87]

Crude polysaccharide extracts Fresh whole-mushroom; 63.98% (w/w) Regulation of
dislipidemia [88]

Homogeneous polysaccharides, fractions
POMP1, POMP2, POMP3 Mycelia; yield n.s. Anti-tumor [89]

n.s., not specified; Abnp, Agaricus bisporus polysaccharides between 5 kDa and 100 kDa; Abap, Agaricus bis-
porus polysaccharides under 5 kDa; AcAPS, purified fractions of acidic-extractable polysaccharides; WPLE,
mannogalactoglucan-type polysaccharides from Lentinus edodes; POMP, Pleurotus ostreatus mycelium polysaccharide.

3.1.2. Proteins

Compared to other food sources, mushrooms contain higher levels of bioactive pro-
teins such as lectins, ribosome inactivating proteins, fungal immunomodulatory proteins,
and laccases, which possess various biological activities (Table 2) including antioxidative,
immunomodulatory, anti-inflammatory, and anti-cancer properties [90]. Lectins are non-
immune proteins or glycoproteins that bind to specific carbohydrates on cell surfaces,
acting as nutraceuticals with immunomodulatory, anti-tumor, and anti-proliferative prop-
erties [90]. Other mushroom proteins, such as laccase, fungal immunomodulatory protein,
and ribosome inactivating proteins, have distinct bioactive activities. Laccases are consid-
ered multicopper oxidases implicated in processes such as pathogenesis, morphogenesis,
and immunogenesis of an organism [90]. Fungal immunomodulatory proteins purified
from mushrooms, such as Ganoderma lucidum, Ganoderma tsugae, Poria cocos, and Trametes
versicolor, have been suggested as potential adjuvants for tumor therapy due to their struc-
tural similarity to human antibodies and their ability to suppress tumor metastasis and
invasion [91–95].

The ribosome inactivating protein family acts as rRNA N-glycosylase, inactivating 60S
ribosomal subunits through an N-glycosidic cleavage that eliminates one or more adenosine
residues from rRNA to inhibit protein synthesis [112]. Members of the ribosome inactivating
protein family, such as trichosanthin, luffin, ricin, and abrin, have been of considerable interest
due to their potent activity against viral infections and their potential use as immunotoxins
for cancer treatment by conjugating with monoclonal antibodies [113–115]. However, it is
noteworthy that some mushroom ribosome inactivating proteins may be hazardous and pose
adverse effects on health. For instance, hypsin from Hypsizigus mamoreus has been reported to
increase in vitro cell death [116]. Therefore, it is important to elucidate the structure-functional
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properties of mushroom proteins as they may be toxic to humans when consumed. Table 2
lists various bioactive proteins derived from mushrooms.

Table 2. Bioactive proteins in mushrooms.

Mushrooms
Common

Names

Bioactive
Compounds/Substances

*
Bioactivities References

Agaricus bisporus Button mushroom Lectin Immunomodulatory [96]

Cerrena unicolor Mossy maze polypore Laccase Anti-tumor [97]

Coprinus comatus Shaggy mane/chicken
drumstick mushroom Laccase Anti-viral [98]

Flammulina velutipes Enoki/Golden needle
mushroom

FIP Anti-inflammatory [99]

RIP Anti-viral [100]

Ganoderma applanatum Artist’s conk Lectin Anti-tumor [101]

Ganoderma lucidum Lingzhi Laccase Anti-viral [102]

Ganoderma tsugae Hemlock reishi FIP Immunomodulatory [103]

Hypsizygus marmoreus Jade mushroom RIPs (hypsin, marmorin) Anti-fungal, anti-tumor [104,105]

Inonotus baumii Sanghuang Laccase Anti-tumor [106]

Macrolepiota procera Parasol mushroom Lectin Anti-tumor [107]

Pleurotus cornucopiae Golden oyster Laccase Anti-viral, anti-tumor [108]

Pleurotus eryngii King oyster mushroom Laccase Anti-viral [109]

Pleurotus ostreatus Oyster mushroom Lectin Immunomodulatory [110]

Sparassis latifolia Cauliflower mushroom Lectin Anti-fungal, anti-bacteria [111]

* Include various categories and sub-categories of proteins. FIP, fungal immunomodulatory protein. RIP, ribosome
inactivating protein.

3.1.3. Lipids

Although mushrooms have a low fat content ranging from 0.1% to 16.3%, they are a
good source of high-quality essential fatty acids such as oleic acid (1–60.3% of total fatty acids
in 100 g), linoleic acid (0–81.1% of total fatty acids in 100 g), and linolenic acid (0–28.8% of
total fatty acids in 100 g) [117]. Table 3 summarizes the lipid profiles of various mushrooms in
terms of the content of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and
polyunsaturated fatty acids (PUFA). Mushrooms are good sources of unsaturated fatty acids, as
observed in a study by Günç Ergönül et al. [118] who investigated the fatty acid compositions
of six wild edible mushroom species and found that unsaturated fatty acids predominated
over saturated ones. In most nutritional characterization studies, mushroom fatty acids are
commonly determined using gas-liquid chromatography coupled with a flame ionization
detector. However, the sample extraction method used prior to measurement may impact the
final outcome of lipid profiles. For instance, a study by Sinanoglou et al. [119] investigated the
lipid profiles of Laetiporus sulphureus using different combinations of extraction methods and
two individual solvents and found variations among the four combinations [119]. Ergosterol,
the major sterol found in mushrooms, accounts for the major lipid component of fungal
extracellular vesicles as well [120]. Ergosterol extracted from medicinal mushroom Ganoderma
lucidum has been shown to exert anti-oxidant effects and reduce the risk of cardiovascular
diseases while extending lifespan [55,121,122]. Compared to lipids from animal sources,
edible mushrooms are advantageous due to their high levels of polyunsaturated fatty acids,
which may regulate various physiological functions in age-related diseases, such as decreasing
blood pressure and triglyceride levels, and reducing the risks of age-related cardiovascular
diseases, arthritis, and neurodegenerative diseases [64,123]. Therefore, mushrooms may play a
significant role in human nutrition and anti-aging regimens based on their fatty acid profiles.
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Table 3. Lipid profiles in mushrooms.

Mushrooms Common Name
Total SFA

(% of Total
FA)

Total MUFA
(% of Total

FA)

Total PUFA
(% of Total

FA)

Measurement
Techniques

References

Agaricus blazei Almond mushroom 24.4 2.0 73.6 GC-FID [83]

Agaricus
bisporus

White button
mushroom 20.3 1.4 78.3 Capillary

GLC-FID
[70]

Brown button
mushroom 18.4 1.8 79.8

Agrocybe
cylindracea Poplar mushroom 28.1 2.83 69.1 Capillary

GLC-FID [124]

Boletus
reticulatus Summer cep 21.1 40.3 38.4 GLC-FID [118]

Coprinus
comatus

Shaggy
mane/Lawyer’s cap 23.8 11.4 64.8 Capillary

GLC-FID [124]

Flammulina
velutipes

Enoki/Golden
needle mushroom

18.5 7.2 74.3 Capillary
GLC-FID [70]

20.7 18.6 60.7 GLC-FID [118]

Lactarius
deliciocus Saffron milkcap 20.8 42.0 37.3 Capillary

GLC-FID [124]

Lactarius
salmonicolor Salmon milkcap 19.0 19.6 61.6 GLC-FID [118]

Lentinus edodes Shiitake mushroom
16.7 3.5 79.8 GC-FID [83]

15.1 2.9 82.0 Capillary
GLC-FID [70]

Pleurotus eryngii King oyster
mushroom 17.4 13.1 69.4 Capillary

GLC-FID [70]

Pleurotus
ostreatus

Oyster mushroom 17.0 13.6 69.4 Capillary
GLC-FID [70]

21.8 11.4 66.5 GLC-FID [118]

Polyporus
squamosus Dryad’s saddle 25.2 34.3 40.6 GLC-FID [118]

Russula
anthracina - 23.7 53.3 22.9 GLC-FID [118]

Laetiporus
sulphureus Sulphur polypore 21.6 17.6 60.8 GC-FID,

TLC-FID [119]

Suillus collinitus - 17.5 34.4 47.4 Capillary
GLC-FID [124]

Tricholoma
myomyces

Grey knight
mushroom 15.8 46.3 37.8 Capillary

GLC-FID [124]

SFA, saturated fatty acid. MUFA, monosaturated fatty acid. PUFA, polysaturated fatty acid. GC-FID, gas
chromatography coupled with flame ionization detector. GLC-FID, gas-liquid chromatography coupled with
flame ionization detection. TLC-FID, thin layer chromatography–flame ionization detection.

3.1.4. Phenolic Compounds

Phenolic compounds found in mushrooms are typically considered secondary metabo-
lites. The most prominent phenolic compounds in mushrooms include heteroglycans,
lectins, phenolic acids (such as ferulic, gallic, and cinnamic acids), flavonoids (including
hesperetin, quercetin, kaempferol, and naringenin), steroids, alkaloids, tannins, chitinous
substances, terpenoids, and tocopherols. These compounds exhibit various biological
activities, including anti-oxidant, anti-tumor, anti-inflammatory, anti-hyperglycemic, anti-
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osteoporotic, anti-tyrosinase, and anti-microbial effects, primarily due to their strong
antioxidative properties [125–128]. Some of the preferred mushroom species for extracting
phenolic compounds include Agaricus brasiliensis (almond mushroom), Cantharellus cibarius
(chanterelle), Lactarius indigo (indigo milk cap), Inonotus obliquus (chaga mushroom), and
Melanoleuca cognate [126,129–131]. Table 4 provides a summary of representative phenolic
compounds extracted from various mushroom species.

Table 4. Extractable phenolic compounds in mushrooms.

Phenolic
Compound Categories

Phenolic
Compounds

Mushroom Sources References

Phenolic acids

Ferulic acid Agaricus brasiliensis, Agrocybe aegerita, Calocybe
indica, Cantharellus cibarius [126,127,132–134]

Gallic acid

Agaricus brasiliensis, Agrocybe aegerita, Calocybe
indica, Cantharellus cibarius, Ganoderma lucidum,
Pleurotus citrinopileatus, Pleurotus pulmonarius,

Russula aurora

[126,130,132–138]

Cinnamic acid Amanita crocea, Ganoderma lucidum, Pleurotus
ostreatus, Suilus belinii [135,139–141]

Caffeic acid
Calocybe indica, Cantharellus cibarius, Hyphodontia

paradoxa, Inonotus obliquus, Pleurotus citrinopileatus,
Pleurotus pulmonarius,

[127,130,133,134,142,143]

p-Coumaric acid
Agaricus brasiliensis, Agaricus subrufescens, Amanita

crocea, Hyphodontia paradoxa, Laccaria amethystea,
Melanoleuca cognate, Pleurotus ostreatus

[56,126,129,139,140,142,144]

p-Hydroxybenzoic acid
Agaricus brasilensis, Amanita crocea, Cantharellus

cibarius, Lactarius indigo, Lentinus edodes,
Melanoleuca cognate, Suillus belinii

[126,129,134,138,139,141]

Fumaric acid Agaricus brasiliensis [126]

Vanillic acid Morchella esculenta (L.) Pers., Russula emetic [136,137]

Syringic acid Hyphodontia paradoxa, Morchella esculenta (L.) Pers. [129,130,136,142]

Protocatechuic acid

Agrocybe aegerita, Calocybe indica, Cantharellus
cibarius, Hyphodontia paradoxa, Inonotus obliquus,
Melanoleuca, Morchella esculenta (L.) Pers., Suillus

belinii, Russula emetic

[129,130,132–
134,136,137,141,142]

Rosmarinic acid Hyphodontia paradoxa, Russula aurora, Russula emetic [137,142,145]

Flavonoids

Quercetin Ganoderma lucidum, Laccaria amethystea, Pleurotus
citrinopileatus, [135,143]

Kaempferol Ganoderma lucidum, Lactarius indigo [135,146]

Hesperetin Calocybe indica, Ganoderma lucidum [133,135]

Naringenin Calocybe indica, Ganoderma lucidum [133,135]

Catechin Laccaria amethystea, Russula emetic [137,144]

Myricetin Cantharellus cibarius, Lactarius indigo [134,146]

Procyanidin Lactarius indigo [146]

Rutin Pleurotus citrinopileatus, Russula emetic [137,143]

Tannins Tannic acid
Agaricus silvaticus, Hydnum rufescens, Meripilus

giganteus, Pleurotus citrinopileatus, Pleurotus
ostreatus, Pleurotus tuber-regium(fries)

[147–149]

Tocopherols

α-Tocopherol Agaricus bisporus, Boletus badius, Lepista inversa,
Pleurotus ostreatus, Russula delica [150,151]

β-Tocopherol Laccaria laccata [150]

γ-Tocopherol Clitocybe alexandri [150]

δ-Tocopherol Lepista inversa [150]
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4. Effects of Mushrooms and Their Anti-Aging Properties

Indeed, numerous studies have investigated the composition of mushrooms and their
potential anti-aging effects. Various components extracted from mushrooms, including
polysaccharides, phenolics, terpenes, lipids, vitamins, and minerals, have been found
to possess anti-oxidant, anti-wrinkle, and anti-aging properties [152,153]. However, it
is important to note that the anti-aging effects of mushrooms are primarily focused on
skin aging and age-related diseases. The following provides an overview of these two
aspects. The disruption of the collagen and elastin network in the skin due to excessive
oxidative stress or free radicals is a characteristic of aging. As a result, anti-aging cosmetics
are developed to repair and maintain the skin barrier. Many studies have highlighted
the potential of bioactive compounds derived from mushrooms to serve as anti-aging
ingredients in serums, topical creams, and other cosmetics, primarily due to their anti-
oxidant and anti-wrinkle properties [10,58,154–162]. These compounds can help protect
the skin from oxidative damage, reduce the appearance of wrinkles, and improve overall
skin health.

4.1. Anti-Oxidant Activity

Oxidative stress is a condition that occurs when there is an imbalance between the
production of ROS and the body’s ability to neutralize them with anti-oxidants. ROS can
damage cellular components, including DNA, proteins, and lipids, leading to cellular dys-
function and aging. Mushrooms have been investigated for their potential anti-oxidative
properties and their ability to mitigate oxidative stress [163,164]. The anti-oxidant activity
of mycochemicals derived from mushrooms plays a significant role in the defense and re-
pair systems against oxidative damage and free radicals, which accelerate the aging process.
Extracts from shiitake mushrooms (Lentinula edodes) have been found to act as inducers of
anti-oxidant enzymes, such as glutathione peroxidase and superoxide dismutase. These en-
zymes stimulate the conversion of myofibroblasts to fibroblasts, reversing fibrosis and
protecting the skin from oxidative damage [154]. Furthermore, L-ergothioneine, isolated
from shiitake mushrooms, has been shown to scavenge free radicals, particularly those
affecting the mitochondrial membrane, thus reducing oxidative stress on the skin [155].
L-ergothioneine, a thiourea derivative of histidine, is found in high concentrations in vari-
ous mushrooms, including Pleurotus ostreatus (oyster mushroom), Pleurotus eryngii (King
oyster mushroom), brown Agaricus bisporus (brown button mushroom), and Grifola fron-
dose [155]. Additionally, mushroom glucan, extracted from Phellinus ribis and the somatic
hybrid mushroom of Pleurotus florida and Calocybe indica var. APK2, has been found to
activate immune cells and act as an anti-aging and anti-oxidant agent for the skin [156,157].
The anti-oxidant properties of mushrooms have also been demonstrated by Ganoderma
lucidum (lingzhi) and Phellinus linteus (black hoof mushroom) in both in vitro assays and
in vivo when consumed as food [58,158].

Mushrooms are rich in various anti-oxidants, including phenolic compounds, polysac-
charides, and ergothioneine, that can scavenge free radicals and reduce oxidative damage.
For example, polysaccharides from mushrooms such as Grifola frondosa (maitake), Agaricus
blazei (almond mushroom), and Pleurotus ostreatus (oyster mushroom) have been shown
to possess potent anti-oxidant activity [155,165,166]. A study retrospectively examined
37 participants who underwent a dietary intervention featuring daily consumption of 100 g
of A. bisorus for 16 weeks [165]. Significant improvements in serum markers associated
with inflammation and oxidative stress were observed after 16 weeks, including increases
in ergothioneine levels and oxygen radical absorption capacity and reductions in oxidative
stress-inducing factors carboxymethyllysine and methylglyoxal, suggesting potential anti-
inflammatory and anti-oxidant benefits of A. bisporus consumption [165]. Ethanolic extract
of oyster mushroom demonstrated potent radical-scavenging activity. At a maximum
concentration of 10 mg/mL, the extract showed the highest level of radical-scavenging
activity, with scavenging rates of 56.20% and 60.02% observed for hydroxyl and superoxide
radicals, respectively [151]. The results show great potential of oyster mushroom as a read-
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ily available source of natural anti-oxidants for dietary supplementation or pharmaceutical
use. Ergothioneine, also found in various mushrooms like Pleurotus eryngii (king trumpet
mushroom) and Lactarius deliciosus (saffron milk cap), has been shown to have powerful
anti-oxidant properties and reduce oxidative stress [84,87,151,167].

Mushrooms have also been found to protect against oxidative stress-induced damage
to mitochondria, the organelles responsible for energy production within cells.
For instance, polysaccharides from Cordyceps sinensis (caterpillar fungus) have been shown
to enhance mitochondrial function and reduce oxidative damage in aging mice [39,168,169].
This suggests that mushroom bioactive compounds may help preserve mitochondrial
function and mitigate age-related decline. Mushroom bioactive compounds can modulate
signaling pathways involved in oxidative stress. For example, polysaccharides from mush-
rooms such as Ganoderma lucidum (lingzhi) and Lentinula edodes (shiitake) have been found
to inhibit the production of ROS and increase the activity of anti-oxidant enzymes, such as
SOD and CAT [77,158,170,171]. By regulating ROS production and anti-oxidant enzyme
activity, mushrooms may help reduce oxidative stress and associated tissue damage.

4.2. Anti-Wrinkle Effects

One of the primary signs of skin aging is the formation of wrinkles, which is primarily
caused by the loss of structural proteins in the dermis and elastase-induced degradation of
elastin, leading to the expression of matrix metalloproteinases [159]. Lee, Lee, Kim, Yoo
and Yang [10] discovered that Clitocybin A, an isoindolinone derived from the Korean
mushroom Clitocybe aurantiaca, exhibited scavenging activity against ROS and inhibitory
effects on elastase in human primary dermal fibroblast-neonatal cells. This suggests the
potential of clitocybin A as an effective ingredient in anti-wrinkle cosmetic products.
Similarly, the extract of the mycelium of the pine mushroom (Tricholoma matsutake) was
found to inhibit elastase activity and the expression of matrix metalloproteinases in human
fibroblasts [160]. In addition to the factors mentioned above, targeting the pro-inflammatory
enzyme cyclooxygenase-2 (COX-2) may also be a strategy for anti-wrinkle treatments.
COX-2 is associated with the production of ROS and inflammation in normal skin tissue.
Therefore, COX-2 inhibitors are applied in anti-wrinkle cosmetics [161].

Notably, several bioactive compounds extracted from mushrooms have been found
to effectively inhibit COX-2 activity. Stanikunaite, Khan, Trappe and Ross [161] reported
that the ethanol extract of fruiting bodies of the truffle-like fungus Elaphomyces granulatus
exhibited a 68% inhibition of COX-2 activity at a concentration of 50 mg/mL in mouse
macrophages (RWA 264.7). Further investigation led to the identification of two bioactive
compounds in E. granulatus, namely syringic acid and syringaldehyde acid, which were
suggested to be responsible for the COX-2 inhibitory property [161]. Moreover, an extract
of Ganoderma lucidum containing spores and fruiting bodies in a ratio of 30:8 was found to
attenuate UV-induced epidermis thickening and inhibit the expression of COX-2 in non-
tumor skin tissues of mice. This highlights the potential of the extract as a key component
in cosmetic products for skin maintenance [162].

4.3. Immunomodulatory Effects

Immunosenescence refers to the gradual deterioration of various components in the
immune system due to natural age advancement, which can lead to irregular immune
responses against viruses or pathogens and increased vulnerability to illnesses such as
chronic inflammation, autoimmune diseases, and cancer [172]. Reinforcing the immune
system is essential for longevity. Extracts of the medicinal mushroom Agaricus blazei
Murill have been found to enhance the functions of phagocytic cells [8], contributing to
anti-tumor effects by strengthening innate immunity. When exposed to A. blazei Murill
extracts, the phagocytic cells interact and remove invasive pathogens, further triggering
innate and adaptive immune responses through the release of chemokines and cytokines.
Short-term oral supplementation of the extracts at doses of 0.5–5% has been shown to exert
an immunostimulatory effect characterized by increased secretion of cytokines in whole
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blood [173]. 1,3-β-Glucans found in medicinal mushrooms are effective in stimulating the
immune system by modulating T cells, macrophages, and natural killer cells, along with
the production of cytokines [174].

Several edible mushrooms, including Agaricus bisporus, Flammulina velutipes, Lenti-
nus edodes, Pleurotus florida, and Trametes pubescens, have been found to possess anti-
inflammatory properties, as assessed by levels of lipopolysaccharide and interferon that
activate macrophages, indicating their immunomodulatory ability [9,175,176]. Addition-
ally, the secondary metabolite lectin purified from Latiporus sulphureus could promote
immune cell proliferation and phagocytosis and activate cytokines, suggesting its potential
immunopotentiation in pharmacology and functional foods [177]. The use of cultured
Sanghuang mushroom (Inonotus sanghuang) extracts at doses of 8 mg/kg or 16 mg/kg
in immunodeficient mice has exhibited immunoregenerative functions, suggesting the
potential of these extracts as an alternative for nutraceutical medicine concerning cancer
chemotherapy [178]. From a more recent point of view, the bioactivity of mushrooms is
closely related to its interaction with the gut microbiota, where gut microbial metabolites
play a key role in bridging the gap between immunomodulatory effect of mushrooms and
the host after consumption. Vlassopoulou et al. [179] selected Pleurotus eryngii as a substrate
for in vitro fermentation using gut microbiota sampled from healthy elderly volunteers.
The fermentation supernatants, which comprised a group of gut microbial metabolites,
were subjected to cellular assays in U937-derived human macrophages. Interestingly,
improved immune response was observed in treatment of gut microbial fermentation
supernatants from each individual, characterized by altered gene expression and levels
of pro- and anti-inflammatory cytokines in the macrophages, and further verified using
peripheral blood mononuclear cells of the volunteers [179]. Boulaka et al. [180] also as-
sessed the immunomodulatory property of P. eryngii through in vitro fermentation using
fecal sample collected from both male and female elderly subjects. While not observed
in pre-fermentation supernatant treatment, post-fermentation supernatant exhibited pro-
tective effects against mitomycin C-induced DNA damage for human lymphocytes in a
dose-dependent manner, suggesting its significant role in maintaining genome integrity
via metabolites-gut microbiome-host interaction during aging, which attributes to im-
munomodulatory and anti-oxidant activities [180].

4.4. Cardioprotective Effects

The circulatory system is essential for the transportation of oxygenated blood and
nutrients to tissues and organs. The aging process can significantly impact the cardiovascu-
lar system, leading to the development of cardiovascular diseases such as hypertension,
cardiac hypertrophy, atherosclerosis, myocardial infarction, and stroke [181]. One of the
factors responsible for high blood pressure and cardiac hypertrophy is the vasopressor
octapeptide angiotensin II (Figure 2b), which is converted from angiotensin I in the pres-
ence of angiotensin I converting enzyme [167]. D-glucopyranose mannitol extracted from
the mushroom Pleurotus cornucopiae (Tamogi-take mushroom) has been found to alleviate
hypertension in spontaneously hypertensive rat models by inhibiting angiotensin I convert-
ing enzyme and lowering blood pressure [167,182]. Similarly, bioactive peptides extracted
from the fruiting body of Tricholoma matsutakei also disrupt the function of angiotensin
responsible for hypertension [183]. Atherosclerosis, a disease commonly associated with
hypercholesterolemia, high levels of low-density lipoprotein (LDL) (Figure 2a), and low
levels of high-density lipoprotein (HDL), is prevalent among older populations and poses
risks of stroke. Regularly consuming mushrooms has been shown in various animal stud-
ies to have significant benefits in reducing hypertension, atherosclerosis, dyslipidemia,
inflammation, and obesity [184,185].

Several mushrooms with medicinal properties, including Hypsizygus marmoreus (bunashimeji),
Grifola frondosa (maitake), and Pleurotus eryngii (eringi), show potential in treating atherosclero-
sis [186,187]. In an atherosclerosis mouse model, the application of mushroom extracts decreased
the incidence of atherosclerosis lesions, suggesting their potential use in treatment [187]. In a
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rat model fed a high-cholesterol diet, oral administration of Pleurotus florida powder extracts in-
creased fecal lipid excretion while effectively decreasing serum triglycerides, total cholesterol, LDL,
and very low-density lipoprotein levels when compared to control mice [186]. Additionally, the
ethanol extract of lion’s mane mushroom and hot water extract from the mycelia of Cordyceps
sinensis (caterpillar fungus) can enhance lipid metabolism by suppressing platelet aggregation,
lowering LDL levels, and increasing HDL levels, acting as therapeutic agents for atherosclerosis
and potentially decreasing the risk of myocardial infarction [61,188].

Figure 2. Schematic illustration of effects of mushroom extracts against cardiovascular diseases
regarding lowering blood LDL and blood pressure. (a) Application of mushroom extracts de-
crease LDL levels and inhibit platelet aggregation. (b) Application of mushroom extracts inhibit
ACE activity similarly to ACE inhibitors, thus leading to vasodilation and lower blood pressure.
ACE, angiotensin converting enzyme. LDL, low-density lipoprotein.

4.5. Neuroprotective Effects

Brain aging is a significant risk factor for neurodegenerative diseases and cognitive
decline, including dementia, Alzheimer’s disease (AD), and Parkinson’s disease (PD).
Excessive oxidative stress is a major contributor to brain aging. Research has been con-
ducted on the effects of mushroom extracts on the oxidative state of the brain during
aging. For example, an aqueous extract of Agaricus blazei was found to maintain the ROS
levels in the brain of rats at a level that did not accelerate brain aging when administered
daily at a dose of 50 mg/kg [189]. However, long-term and continuous treatment with the
extract showed a tendency to be less effective in rats aged above 12 months, suggesting
that intermittent treatment with short-term doses may be more beneficial [189]. In experi-
ments using the roundworm Caenorhabditis elegans, an ethanolic extract of cloud ear fungus
(Auricularia polytricha) attenuated glutamate-induced cytotoxicity and increased the expres-
sion of anti-oxidant enzyme genes, promoting longevity and health in the worms [190].
This suggests that cloud ear fungus could serve as a natural source of neuroprotective and
anti-brain-aging agents.

Figure 3 illustrates the neuroprotective properties of lion’s mane mushroom in four
preclinical study models. Ethanol extracts of H. erinaceus demonstrated neuroprotective
effects in mouse hippocampal neurons and microglia, protecting against oxidative damage
and inflammation [191]. In the context of PD, H. erinaceus and Grifola frondosa (maitake
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mushroom) extracts have shown anti-aging effects in yeast by reducing α-synuclein toxicity
and levels of ROS, as well as lowering α-synuclein membrane localization [192]. H. erinaceus
has also shown beneficial effects in improving cognitive function and behavioral deficits in
animal models of AD, as well as enhancing recognition memory and inducing neurogenesis
in frail aging mice [193,194]. While studies have indicated the neuroprotective effects of
edible and medicinal mushrooms, it is important to carefully verify their efficacy and
potential adverse effects in human trials as the effects may vary.

Figure 3. Anti-brain aging properties of Lion’s mane mushroom (Hericium erinaceus) observed in four
experimental models. CAT, catalase; GSH, glutathione; MAPK, mitogen-activated protein kinase;
PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B; ROS, reactive oxygen species; Ras/PKA,
Ras protein/protein kinase A; Sod1, Cu/Zn superoxide dismutase; Gpx, glutathione peroxidase.
Symbol ↑ denotes increase; symbol ↓ denotes decrease.

4.6. Anti-Diabetic Effects

According to recent research, age-related type 2 diabetes is primarily caused by patho-
logical changes in pancreatic beta cells. These changes include decreased proliferation
and regeneration potential, disrupted transcriptome and proteostasis, increased accumu-
lation of senescent cells, and the impact of systemic environmental stress. These factors
result in the loss of functional cell mass and impaired insulin secretion and action [195].
Mushrooms, specifically polysaccharides like β-glucans, have been found to play a role
in restoring pancreatic function. They boost insulin secretion by pancreatic beta cells,
lower blood glucose levels, and improve the insulin response in peripheral tissues [196]. Ex-
opolysaccharides isolated from cultured mycelium of Phellinus baumii and Tremella fuciformis
(snow fungus) have shown blood glucose-lowering effects in mice with obesity-induced
diabetes [197].

Various mushroom-derived extracts and bioactive compounds, including glycoproteins
and β-glucans from Agaricus blazei (almond mushroom), polysaccharides from Phellinus linteus
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(black hoof mushroom), lectins from Agaricus bisporus (white button mushroom), and extracts
from Pleurotus osteratus (oyster mushroom) and Ganoderma lucidum (lingzhi), have demonstrated
blood glucose reduction abilities in diabetic animal model [198–201]. Notably, lectins from
white button mushrooms have been found to promote the proliferation of islet beta cells in
mice with partial pancreatic removal, suggesting their potential use in the treatment of type
2 diabetes [201]. Furthermore, a retrospective study suggested that the consumption of white
button mushrooms may be correlated with anti-inflammatory and anti-oxidant health benefits
in individuals predisposed to type 2 diabetes [165]. Figure 4 provides an overview of the
mechanisms underlying the antidiabetic activities of mushrooms.

Figure 4. Schematic illustration of anti-diabetic properties of mushroom. Application of mushroom
extracts or mushroom-derived bioactive compounds may improve insulin secretion and response
by promoting pancreatic beta-cell proliferation, which increases performance of glucose take up by
cells and lowering blood glucose. MBC, mushroom-derived bioactive compounds. Red dashed line
indicates inhibitory effects while green dashed lines indicate promoting/strengthening effects.

4.7. Beneficial for Age-Related Diseases

Mushrooms are not only valued for their nutritional content but also considered func-
tional foods that can enhance biological function and promote overall health [13,202,203].
Additionally, mushrooms have been found to possess pharmacological and medicinal
properties that can be beneficial in age-related diseases. These properties include im-
munomodulatory, anti-inflammatory, anti-cancer, anti-diabetic, and neuroprotective effects,
among others [13,202,204]. The following summary will highlight several representa-
tive age-related diseases or conditions that can be influenced by mushroom extracts and
bioactive compounds derived from the mycelium or fruiting body of mushrooms. For a
comprehensive overview of the medicinal properties of mushrooms, including the respon-
sible compounds and proposed mechanisms, please refer to Table 5.
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Table 5. Medicinal properties of mushrooms.

Properties
Mushroom

Species
Bioactive Compounds

Study Type/Model/Effective
Dosage

Mechanisms of Action References

Immunomodulatory

Agaricus blazei

β-glucans (from pure AbM
extracts or commercial

mushroom extracts mixture
AndoSan™ containing 85% of

AbM)

Ex vivo/human whole
blood/0.1–15% for 6 h;

In vivo/human/20 mL thrice
per day orally for 12 days

Anti-oxidant activities,
enhance immune cells function
and innate immune responses,

trigger release of cytokines,
chemokines, and leukocyte

growth factors

[173]

Pleurotus
cornucopiae β-glucans Clinical trial/human/24 mg

per meal for 8 weeks

Th1 phenotype potentiation
via macrophage-IL-12-IFN-γ
pathway, up-regulation of NK

cell activity

[176]

Latiporus
sulphureus Lectin (LSL4)

In vitro/RAW264.7 cells/0–650
μg·mL−1 (IC50 = 1004.6

μg·mL−1)

Cell phagocytosis via TLR4
signaling pathway, triggers

release of NO, iNOS, TNF-α,
IL-1β, IL-6, and IL-10

[177]

Inonotus
sanghuang

Extract containing
polysaccharides and amino acids

In vivo/mice/4 and 8 mg·kg−1

once a day orally for 12 days

Stimulation of T lymphocytes,
natural killer cells, and B cells;
inhibition of cytochrome P450

isozymes

[178]

Ganoderma
lucidum

Polysaccharides extract
(Ganoderan, heteroglycan,

mannoglucan, glycopeptide)

In vivo/mice/2.5 mg·kg−1

intraperitoneal injection once
per day for 7 days

Stimulation of TNF-α, IL-1,
IFN-γ production, activate

NF-κB
[205]

Ganoderma
Microsporum FIP

In vitro/human alveolar
epithelial A549 cells/4 and 16

μg·mL−1

Down-regulation of TNF-α via
NF-κB pathway [206]

Anti-cardiovascular
diseases

Tricholoma
matsutake Functional peptides In vivo/rats/50 mg·kg−1 acute

oral dose

Alleviated hypertension via
inhibition of angiotensin I

converting enzyme
[183]

Pleurotus
florida

Aqueous extract containing 80%
soluble fiber, 44% protein, 1.4%

soluble sugars, 0.2% polyphenols
(w/w dry weight)

In vivo/rats/5 and 7.5% of 100
g basal diet for 4 weeks

Suppression of hepatic
biosynthesis of cholesterol by

inhibiting activity of liver
enzyme HMG-CoA

[186]

Cordyceps
sinensis

Aqueous extract containing 83.9%
carbohydrates (glucose, mannose,

galactose, arabinose), 11.8%
protein, w/w dry weight

In vivo/mice/150 and 300
mg·kg−1 per day orally for 7

days

Suppression of hepatic
biosynthesis of cholesterol by

inhibiting activity of liver
enzyme HMG-CoA

[188]

Neuroprotective

Agaricus blazei Extract, composition not
specified

In vivo/rats/50 mg·kg−1 per
day intragastrically at the age

of 7–23 months

Free-radical scavenging ability,
cytoprotective action,
antioxidation reaction

[189]

Hericium
erinaceus

Aqueous and ehthanol extracts,
composition not specified

In vitro/HT22 mouse
hippocampal neurons/ethanol

extracts at 400 μg·mL−1

Inhibition of
mitochondria-dependent
apoptotic cellular signals
activation; elevated CAT
activity and GSH content;

up-regulation of MAPK and
PI3K/Akt pathway

[191]

Extract containing erinacine A,
hericenones C and D

in vivo/mice/1 mg
(solubilized in water) per day

for 2 months

Promoting hippocampal
neurogenesis; up-regulation of
lipoxin A4 and modulation of

stress responsive proteins

[194]

Auricularia
polytricha

Ethanolic extract containing
flavonoids, phenols, linoleic acid

In vitro/HT22 mouse
hippocampal cells/5, 10, 20,

and 40 μg·mL−1;
In vivo/Caenorhabditis

elegans/20, 40 μg·mL−1

Anti-oxidant activity via Nrf2
signaling pathway;

up-regulation of Sod1 and Gpx
gene expressions

[190]

Grifola frondose

Aqueous extract containing,
β-glucan, chitin, amino acids,

unsaturated fatty acids,
monosaccharides

In vivo/Saccharomyces
cerevisiae/0.2 and 0.5% in

culture medium;
In vivo/Drosophila

melanogaster/0.2% in culture
medium

Increase of heat shock proteins
expression by inhibition of
Ras/PKA pathway; reduce

levels of ROS

[192]
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Table 5. Cont.

Properties
Mushroom

Species
Bioactive Compounds

Study Type/Model/Effective
Dosage

Mechanisms of Action References

Antidiabetic

Tremella
fuciformis,
Phellinus

baumii

Exopolysaccharides, composition
not specified

In vivo/mice/200 mg·kg−1 per
day orally for 52 days

Improve insulin sensitivity via
regulating PPAR-γ-mediated

lipid metabolism
[197]

Agaricus
bisporus

Not specified In vivo/rats/200 mg·kg−1 per
day orally for 3 weeks

Stimulate secretion of insulin
from pancreatic beta cells [198]

Lectins In vivo/mice/10 mg·kg−1 for 2
weeks Induce beta-cell proliferation [201]

Phellinus
linteus

Aqueous extract containing 13.2%
peptide, 82.5% carbohydrates

(w/w dry weight)

In vivo/mice/30 mg·kg−1

intraperitoneally daily from 8
to 24 weeks of age

Inhibit expression of
inflammatory cytokines

(IFN-γ, IL-2, and TNF-α);
up-regulation of IL-4

expression

[199]

Agaricus blazei
Murill

Isoflavovoids (genistein, genistin,
daidzein, daidzin)

In vivo/rats/400 mg·kg−1 per
day orally for 2 weeks

Improve beta-cell function;
increase lipid peroxidation via

enhanced fatty acyl CoA
activity

[200]

AbM, Agaricus blazei Murill; IFN, interferon. NK cell, natural killer cell; LSL4, one of the lectins yields from
Latiporus sulphureus, a glycoprotein containing 6.32% sugar; TNF, tumor necrosis factor; IL, inter-leukin; FIP,
fungal immunomodulatory protein; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; CAT, catalase; GSH,
glutathione; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B;
Nrf2, nuclear factor erythroid 2-related factor 2; Sod1, Cu/Zn superoxide dismutase; Gpx, glutathione peroxidase;
Ras/PKA, Ras protein/protein kinase A; PPAR-γ, peroxisome proliferator-activated receptor gamma.

4.8. Structure–Activity Relationship

The structure–activity relationship of mushroom bioactive compounds refers to the
relationship between the molecular structure of these compounds and their biological
activities in addressing the mechanisms of aging. Mushroom bioactive compounds, such
as polysaccharides, phenolic compounds, triterpenoids, and ergothioneine, exhibit diverse
chemical structures that contribute to their bioactivity [185]. The specific structural features,
such as the presence of specific functional groups or the arrangement of atoms, can influence
their anti-oxidant, anti-inflammatory, and immunomodulatory properties [207,208]. Explor-
ing the structure–activity relationship of mushroom bioactive compounds provides insights
into their potential mechanisms of action and aids in the design of novel compounds with
enhanced anti-aging properties.

Understanding the mechanisms and structure–activity relationship of aging is vital for
developing effective interventions to mitigate the aging process and its associated diseases.
Mushroom bioactive compounds have shown significant potential in addressing the mech-
anisms of aging through their anti-oxidant, anti-inflammatory, and immunomodulatory
properties. Harnessing the power of mushroom bioactive compounds may pave the way
for innovative strategies to promote healthy aging and improve the quality of life in the
aging population.

5. Molecular and Cellular Mechanisms Underlying Aging Processes

Aging is influenced by a multitude of interconnected molecular and cellular mech-
anisms. These mechanisms include DNA damage and repair, telomere shortening, epi-
genetic changes, cellular senescence, mitochondrial dysfunction, oxidative stress, and
chronic inflammation. Each of these mechanisms contributes to the aging process and
the development of age-related diseases. Understanding the intricate interactions among
these mechanisms is crucial for developing effective anti-aging strategies. This includes
understanding how mushroom compounds interact with these mechanisms and influence
their progression. The overall mechanisms of the anti-aging properties of mushrooms are
depicted in Figure 5.
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Figure 5. The overall mechanisms of the anti-aging properties of mushrooms.

5.1. Cell Senescence

Cell senescence is a key hallmark of aging and is defined as the irreversible loss of
cell division potential and the acquisition of a senescence-associated secretory phenotype.
Senescent cells accumulate with age and contribute to tissue dysfunction and inflamma-
tion, which are characteristic of aging [16]. The accumulation of senescent cells has been
linked to a variety of age-related diseases, including cancer, cardiovascular disease, and
neurodegenerative disorders [29]. Various interventions, including the use of mushroom
bioactive compounds, have been explored as potential strategies to delay or mitigate the
accumulation of senescent cells and promote healthy aging [101].

Mushroom bioactive compounds have been investigated for their potential to de-
lay or mitigate the accumulation of senescent cells and promote healthy aging. Several
studies have reported the anti-senescence effects of mushroom bioactive compounds, in-
cluding polysaccharides, peptides, and phenolic compounds [170,171,209]. For example,
polysaccharides from Ganoderma lucidum (lingzhi) have been shown to reduce senescence-
associated β-galactosidase activity and decrease the expression of senescence-associated
markers in aging human dermal fibroblasts [171,210]. Polysaccharides from Hericium
erinaceus (lion’s mane mushroom) have also been found to reduce senescence-associated
β-galactosidase activity and increase the expression of anti-senescence markers in senescent
human dermal fibroblasts [169,211].

Mushroom bioactive compounds have also been found to have anti-inflammatory
and anti-oxidant properties, which may contribute to their anti-senescence effects [212].
For example, polysaccharides from Lentinus edodes (shiitake mushroom) have been shown
to reduce oxidative stress and inflammation in aging mice, which may help delay the
accumulation of senescent cells [78,213,214]. Overall, mushroom bioactive compounds
have shown promise as potential interventions to delay or mitigate the accumulation of
senescent cells and promote healthy aging through various mechanisms. In addition to
their anti-senescence effects, mushroom bioactive compounds have been investigated for
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their potential to promote healthy aging through other mechanisms, such as preserving
telomere length, protecting against DNA damage, and preserving mitochondrial function.

5.2. Telomere Maintenance

Telomeres are specific structures found at the ends of linear chromosomes. They are
composed of repeated sequences of TTAGGG, known as hexanucleotides, and a protein
complex called shelterin. These components work together to create a protective loop
structure that prevents chromosome fusion and degradation [215]. When telomeres become
shortened or damaged, and the protective loop is opened, it triggers an uncapped state
that activates a DNA damage response. This response can lead to cellular senescence
or programmed cell death. Traditionally, average telomere length, often measured in
human blood lymphocytes, has been considered a biomarker for aging, survival, and
mortality [216]. This shortening is a natural part of the aging process and is primarily
caused by the inability of DNA replication machinery to fully replicate the ends of linear
chromosomes. Telomerase is an enzyme that plays a critical role in maintaining telomere
length, which protects the ends of chromosomes from degradation and fusion. Telomere
shortening, caused by telomerase deficiency, is a hallmark of aging [217]. Shortened
telomeres have been linked to cellular dysfunction, inflammation, age-related diseases and
the overall decline in tissue and organ function [218].

Several factors can influence telomere maintenance and the rate of telomere shortening.
These include genetic factors, lifestyle choices (such as diet, exercise, and stress levels), and
environmental exposures [16,215,216,218]. Certain lifestyle modifications, such as regular
physical activity, a healthy diet, and stress reduction techniques, have been associated with
better telomere maintenance and potentially slower aging.

Mushroom bioactive compounds have been investigated for their potential to preserve
telomere length and delay or mitigate age-related decline. While specific studies focusing
on the effects of mushrooms on telomerase deficiency are limited, some studies have ex-
plored the broader anti-aging mechanisms of mushrooms that may indirectly contribute to
telomere maintenance. For instance, polysaccharides from Agaricus blazei (almond mush-
room) have been found to enhance telomerase activity and preserve telomere length in
aging mice [219]. Another study found that Ganoderma lucidum (lingzhi) polysaccharides
increased telomerase activity and extended the lifespan of fruit flies [217]. These find-
ings suggest that mushroom bioactive compounds may have the potential to counteract
telomerase deficiency and promote healthy aging.

5.3. Mitochondrial Dysfunction

Mitochondria are organelles responsible for producing energy in cells. Mitochondrial
dysfunction, characterized by impaired energy production and increased production of
ROS, is a key aspect of aging. Mitochondrial dysfunction has been linked to a variety of age-
related diseases, including neurodegenerative disorders, cardiovascular disease, metabolic
disorders, and impaired immune function [220–222]. Mitochondrial dysfunction is closely
linked to the process of aging. Several factors contribute to mitochondrial dysfunction
during aging. One major factor is the accumulation of mitochondrial DNA (mtDNA)
mutations, which can impair the production of energy and increase the generation of
harmful ROS [223]. ROS can cause oxidative damage to cellular components, including
mtDNA itself, leading to a vicious cycle of further mitochondrial dysfunction [224]. It can
affect various tissues and organs, including the brain, heart, muscles, and immune system.

Researchers are actively investigating strategies to mitigate mitochondrial dysfunction
and its impact on aging. Approaches include improving mitochondrial quality control
mechanisms, enhancing cellular anti-oxidant defenses, and exploring interventions that
can promote mitochondrial biogenesis and function [225]. Understanding the complex
relationship between mitochondrial dysfunction and aging is crucial for developing in-
terventions to maintain mitochondrial health and potentially delay age-related diseases.
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By targeting mitochondrial function, it may be possible to enhance overall health span and
improve the quality of life in older individuals.

Mushroom bioactive compounds have been investigated for their potential to preserve
mitochondrial function and mitigate age-related decline. Several studies have reported
the anti-mitochondrial dysfunction effects of mushroom bioactive compounds, including
polysaccharides, peptides, and phenolic compounds. For example, polysaccharides from
Grifola frondosa (maitake mushroom) have been found to preserve mitochondrial function
and increase anti-oxidant enzyme activity in aging mice [226]. Polysaccharides from Agari-
cus blazei (almond mushroom) have also been shown to improve mitochondrial function
and increase ATP production in aging mice [227]. The extract of A. blazei was found to
effectively restore lipid peroxidation levels (measured by TBARS) in old rats to levels
comparable to those observed in young rats [228]. This effect is likely due to the ability of
various constituents in A. blazei, such as phenolics, to scavenge free radicals. Among the
phenolics identified in A. blazei, gallic acid, syringic acid, and pyrogallol have demonstrated
significant anti-oxidant activities [229]. Considering their hydrophilic nature, it is probable
that these phenolics are present in the aqueous extract used in the study.

In addition, the treatment with A. blazei was effective in elevating the activity lev-
els of various mitochondrial enzymes in old rats, including succinate dehydrogenase,
α-ketoglutarate dehydrogenase, NADH dehydrogenase, and cytochrome c oxidase. No-
tably, the cytochrome c oxidase activity was nearly doubled by the A. blazei treatment.
These findings are consistent with a previous study in which old rats were treated with
Ganoderma lucidum extracts using a similar experimental protocol [230]. In addition, the
A. blazei treatment resulted in improved membrane energization of the mitochondrial mem-
brane, both in the presence of succinate and ATP [231]. Succinate-driven respiration in the
presence of exogenous ADP was significantly increased, approaching the respiration rates
observed in the brain mitochondria of young rats. This effect is likely due to the stimulation
of succinate dehydrogenase by the A. blazei treatment, which represents a benefit in terms
of rat brain energetics. The aqueous extract of A. blazei has shown potential in improving
the oxidative state of brain tissue and reversing certain detrimental effects of aging on
mitochondrial oxidative enzymes [231]. Overall, mushroom bioactive compounds have
shown promise as potential interventions to preserve mitochondrial function and mitigate
age-related decline through various mechanisms.

5.4. DNA Damage

DNA damage is a natural consequence of aging. Over time, the genetic material in
our cells can accumulate various types of damage, such as DNA strand breaks, oxidative
damage, and the formation of DNA adducts. This damage can result from both endogenous
factors, such as metabolic processes and ROS, as well as exogenous factors, such as exposure
to environmental toxins and radiation [221,232,233]. The accumulation of DNA damage is
believed to contribute to the aging process and age-related diseases. When DNA damage is
not properly repaired, it can lead to mutations and genomic instability, which can affect
cellular function and increase the risk of diseases such as cancer. Various mechanisms are
in place to repair DNA damage, such as base excision repair, nucleotide excision repair, and
homologous recombination. However, as we age, the efficiency of these repair mechanisms
can decline, leading to a higher accumulation of unrepaired DNA damage [234–236].
Additionally, chronic inflammation and oxidative stress, which are associated with aging,
can further contribute to DNA damage. These processes can generate ROS that can directly
damage DNA and interfere with DNA repair mechanisms. DNA damage accumulates with
age and contributes to cellular dysfunction. DNA damage can be caused by a variety of
factors, including oxidative stress, radiation, and environmental toxins. DNA damage has
been linked to a variety of age-related diseases, including cancer, cardiovascular disease,
and neurodegenerative disorders [237–239].

Mushroom bioactive compounds have been investigated as potential interventions to
protect against DNA damage and promote healthy aging. Several studies have reported the
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anti-DNA damage effects of mushroom bioactive compounds, including polysaccharides,
peptides, and phenolic compounds [238]. Polysaccharides from Phellinus linteus (black hoof
mushroom) have also been shown to protect against DNA damage in aging mice [169]. Fur-
thermore, polysaccharides from Grifola frondosa (maitake mushroom) have been found to
protect against DNA damage and increase anti-oxidant enzyme activity in aging mice [192].
Polysaccharides from Ganoderma lucidum (lingzhi) have also been shown to protect against
DNA damage in human liver cells exposed to oxidative stress [240]. Mushroom bioactive
compounds have also been found to have anti-oxidant and anti-inflammatory properties,
which may contribute to their anti-DNA damage effects [241]. For example, polysaccha-
rides from Pleurotus ostreatus (oyster mushroom) have been shown to reduce oxidative
stress and inflammation in aging mice, which may help protect against DNA damage [242].
As mentioned earlier in Section 4.3, gut microbial fermentation product of P. eryngii (king
oyster mushroom), which carries higher bioactivity than pre-fermentated original substrate,
also exerts genoprotective effect via the metabolites-gut microbiome-host pathway, illus-
trated by its ability to protect cyclophosphamide-induced DNA damage in bone marrow
and whole blood cells in young and elderly female and male mice [180]. Furthermore,
mushrooms contain bioactive compounds such as ergothioneine, which has been shown
to have potent anti-oxidant properties that protect DNA from oxidative damage [243].
Ergothioneine can be found in various mushrooms, including oyster mushrooms, shiitake
mushrooms, and king trumpet mushrooms. Overall, mushroom bioactive compounds have
shown promise as potential interventions to protect against DNA damage and promote
healthy aging through various mechanisms.

5.5. Epigenetic Changes

Epigenetic changes refer to modifications in gene expression that do not involve
alterations to the underlying DNA sequence. These changes can have a significant impact
on aging and age-related diseases. One of the key epigenetic changes associated with aging
is DNA methylation. DNA methylation involves the addition of a methyl group to the
DNA molecule, typically at specific sites called CpG sites [244]. Methylation patterns can
change over time, and certain regions of the genome can become more methylated or less
methylated with age. Global DNA hypomethylation, which is a decrease in overall DNA
methylation levels, is commonly observed in aging tissues. This hypomethylation can lead
to genomic instability and the activation of normally silenced genes. On the other hand,
specific genomic regions, such as gene promoters, can become hypermethylated with age,
resulting in the repression of gene expression [245].

Another important epigenetic modification associated with aging is histone modi-
fication. Histones are proteins that help package DNA into a compact structure called
chromatin. Different modifications, such as acetylation, methylation, and phosphorylation,
can occur on histones and influence gene expression [246]. Age-related changes in histone
modifications can impact gene expression patterns and cellular function. For example,
decreased histone acetylation levels have been observed in aging tissues, leading to a more
compact chromatin structure and reduced gene expression. These epigenetic changes can
be influenced by various factors, including environmental factors, lifestyle choices, and
genetic predisposition [247]. They can have wide-ranging effects on cellular processes, such
as DNA repair, cellular senescence, and inflammation, which are all associated with aging
and age-related diseases [248].

While specific studies on the effects of mushrooms on epigenetic changes and aging are
limited, some research suggests that mushroom bioactive compounds may have potential
anti-aging effects through epigenetic mechanisms. For example, a study demonstrated
that polysaccharides from Ganoderma lucidum (lingzhi) can inhibit DNA methyltransferase
activity, leading to DNA hypomethylation and reactivation of tumor suppressor genes in
cancer cells [249]. This suggests that mushroom polysaccharides may influence epigenetic
processes that regulate gene expression. Additionally, certain mushroom bioactive com-
pounds have been found to modulate histone modifications. For instance, extracts from
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Trametes versicolor (Turkey tail mushroom) have been shown to increase the acetylation of
histone proteins, which can result in changes in gene expression [250]. These changes in
histone modifications may have implications for aging and age-related diseases. Further-
more, some mushrooms contain microRNAs, which are small non-coding RNA molecules
that can regulate gene expression. For instance, Pleurotus ostreatus (oyster mushroom) has
been found to contain microRNAs that have anti-inflammatory effects by targeting specific
genes involved in inflammation [251]. As chronic inflammation is associated with aging,
the anti-inflammatory effects of mushroom microRNAs may have potential anti-aging
benefits. It is important to note that the field of epigenetics and the effects of mushrooms
on epigenetic changes and aging are still emerging areas of research.

5.6. Chronic Low-Grade Inflammation

Inflammation and aging are interconnected processes that have been the subject of
extensive research in recent years. Chronic low-grade inflammation, often referred to as
“inflammaging”, is now recognized as a hallmark of aging. As we age, our immune system
undergoes changes, leading to a state of chronic inflammation. This persistent low-level
inflammation can contribute to the development of various age-related diseases, including
cardiovascular disease, neurodegenerative disorders, and certain types of cancer [252].

Several factors contribute to the age-related increase in inflammation. One of the key
factors is the accumulation of senescent cells in tissues throughout the body. Senescent cells
are damaged or dysfunctional cells that no longer divide and can produce pro-inflammatory
molecules. Their accumulation over time contributes to chronic inflammation [253]. An-
other factor is the dysregulation of the immune system with age. This dysregulation,
often referred to as immunosenescence, leads to a state of chronic immune activation and
increased production of pro-inflammatory cytokines [254].

Additionally, changes in the gut microbiota, the collection of microorganisms residing
in our intestines, have been linked to age-related inflammation. Alterations in the composi-
tion of the gut microbiota can lead to increased gut permeability and the release of bacterial
components into the bloodstream, triggering an immune response and inflammation [255].
The consequences of chronic inflammation in aging are far-reaching. In addition to con-
tributing to the development of age-related diseases, inflammation can also accelerate the
aging process itself. It can lead to tissue damage and impair the function of organs, such as
the brain, heart, and joints [256].

Efforts to mitigate age-related inflammation are being actively explored. Lifestyle factors,
such as regular exercise, a healthy diet, and stress management, have been shown to reduce
inflammation and promote healthy aging [257–259]. Certain medications and dietary supple-
ments, such as anti-inflammatory drugs and anti-oxidants, are also being studied for their
potential to modulate age-related inflammation [260]. Understanding the complex relationship
between inflammation and aging is crucial for developing interventions that can promote
healthy aging and reduce the burden of age-related diseases. Ongoing research in this field
holds promise for improving the quality of life in older adults.

Mushrooms, particularly certain species, have been investigated for their potential
anti-inflammatory properties and their ability to mitigate inflammaging. Here is some
comprehensive information on inflammation and the anti-aging mechanisms of mush-
rooms: Mushrooms contain bioactive compounds, including polysaccharides, phenolic
compounds, and triterpenoids, that have demonstrated anti-inflammatory effects [261].
For example, polysaccharides from various mushroom species, such as Ganoderma lucidum
(lingzhi), Lentinula edodes (shiitake), and Pleurotus ostreatus (oyster mushroom), have been
shown to inhibit pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α)
and interleukin-6 (IL-6) [261–263]. These compounds can help reduce inflammation and
associated tissue damage.

Furthermore, mushrooms have been found to modulate the immune response, which
is closely linked to inflammation. For instance, mushroom polysaccharides have been
shown to enhance the activity of natural killer cells, macrophages, and other immune cells,
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thus promoting a balanced immune response, and reducing chronic inflammation [264].
Oxidative stress plays a significant role in inflammation and aging. Mushrooms contain var-
ious anti-oxidants, including phenolic compounds and ergothioneine, which can scavenge
free radicals and reduce oxidative damage. Ergothioneine, specifically found in mushrooms
like Pleurotus eryngii (king trumpet mushroom) and Lactarius deliciosus (saffron milk cap),
has been shown to possess potent anti-oxidant and anti-inflammatory properties [265,266].

Mushroom bioactive compounds can modulate signaling pathways involved in in-
flammation. For instance, polysaccharides from mushrooms like Grifola frondosa (maitake)
and Agaricus bisporus (white button mushroom) have been found to inhibit the nuclear
factor-kappa B (NF-κB) pathway, which is a key regulator of inflammation [267,268].
By suppressing NF-κB activation, mushrooms may help alleviate chronic inflammation.
It is worth noting that while mushrooms have shown promising anti-inflammatory effects,
more research is needed to fully understand their mechanisms and establish their efficacy
and safety in the context of aging and age-related diseases.

6. Concluding Remarks and Future Perspective

As the population ages, there is an increasing demand for strategies to promote healthy
aging. Dietary interventions and nutrient supplementation have been identified as effec-
tive ways to extend both health span and lifespan among the elderly. Among various food
sources, mushrooms have demonstrated promising anti-aging potential due to the presence
of bioactive compounds such as polysaccharides, proteins and peptides, lipids, and phenolic
compounds, which have been shown to have anti-inflammatory, anti-oxidant, immunomodu-
latory, neuroprotective, anti-diabetic, and cardiovascular disease-ameliorating properties.

Mushrooms can be used as functional foods and may serve as valuable source materials
for drug and functional food development. While the majority of studies have used
mushroom extracts in aging models and demonstrated their effectiveness in expanding
lifespan, a minority of studies have identified individual compounds responsible for
their anti-aging properties. It is important to identify the chemical structure of these
compounds to gain insight into how they interact with cells and develop more effective
anti-aging strategies. However, most studies have been performed in vivo or in vitro,
with limited clinical trials, and results from different studies are not always consistent
or supportive. Furthermore, individuals who consume mushrooms may also consume a
variety of different self-selected meals or prepare mushrooms in different ways, which may
counteract the proposed health benefits of mushroom bioactive compounds and limit their
effectiveness. Therefore, meal plans for healthy aging should be designed with this factor
in mind. Additionally, safety, dosage, and effectiveness of the bioactive compounds should
be verified. If mushroom extracts are to be applied in the treatment of diseases among
the elderly, particularly vulnerable populations, further research, particularly clinical or
nutritional trials, will be highly required.
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Abstract: The oleaginous yeast Yarrowia lipolytica is a prominent subject of biorefinery research due to
its exceptional performance in oil production, exogenous protein secretion, and utilization of various
inexpensive carbon sources. Many CRISPR/Cas9 genome-editing systems have been developed for
Y. lipolytica to meet the high demand for metabolic engineering studies. However, these systems often
necessitate an additional outgrowth step to achieve high gene editing efficiency. In this study, we
introduced the eSpCas9 protein, derived from the Streptococcus pyogenes Cas9(SpCas9) protein, into
the Y. lipolytica genome to enhance gene editing efficiency and fidelity, and subsequently explored
the optimal expression level of eSpCas9 gene by utilizing different promoters and selecting various
growth periods for yeast transformation. The results demonstrated that the integrated eSpCas9 gene
editing system significantly enhanced gene editing efficiency, increasing from 16.61% to 86.09% on
TRP1 and from 33.61% to 95.19% on LIP2, all without the need for a time-consuming outgrowth step.
Furthermore, growth curves and dilution assays indicated that the consistent expression of eSpCas9
protein slightly suppressed the growth of Y. lipolytica, revealing that strong inducible promoters may
be a potential avenue for future research. This work simplifies the gene editing process in Y. lipolytica,
thus advancing its potential as a natural product synthesis chassis and providing valuable insights
for other comparable microorganisms.

Keywords: Yarrowia lipolytica; genome editing; CRISPR/Cas9

1. Introduction

As a result of recent advances in gene editing technology, metabolic engineering, and
synthetic biology, an increasing number of nonconventional microorganisms with unique
characteristics have become hosts for synthesizing natural products [1–3]. Among these
highly potential microorganisms, the oleaginous yeast Yarrowia lipolytica is a prominent
subject of recent biorefinery research [4]. Y. lipolytica is an ideal host for industrial biomanu-
facturing, due to its excellent performance in oil production, exogenous protein secretion,
and its ability to utilize various inexpensive carbon sources such as glycerol, alkanes, and
acetic acid [5–7]. So far, Y. lipolytica has been used to produce various valuable products,
including polyunsaturated fatty acids EPA [8] and CLA [9,10], terpenoid α-farnesene [11],
and flavonoid naringenin [12], with several reaching commercialization. Despite numerous
successful applications, there is still a lack of fundamental knowledge about Y. lipolytica.
Only 44.5% of the 6448 coding genes are considered to be confidently annotated [13]. Thus,
there is a need for more convenient and highly efficient gene editing tools to uncover the
unknown secrets in Y. lipolytica and facilitate the construction of natural product synthesis
chassis.

In recent years, the application of type II CRISPR/Cas9 systems from Streptococcus pyo-
genes has enhanced gene editing flexibility and efficiency in a wide range of organisms [14].
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The CRISPR/Cas9 system comprises a Cas9 protein and a corresponding sgRNA. The
sgRNA recognizes targeted sequences, while the Cas9 protein catalyzes a double-strand
break (DSB) in the targeted genome loci. After the DSB forms, cells initiate the repair
process, such as non-homologous end joining (NHEJ) and homologous recombination (HR)
to repair the break loci, potentially introducing insertions and deletions (indels), or heterol-
ogous DNA fragments [15,16]. As a result, the CRISPR/Cas9 system has quickly gained
widespread adoption due to its precision and high efficiency. Moreover, as metabolic engi-
neering studies rapidly increase, various CRISPR/Cas9 systems have also been developed
in Y. lipolytica as well [17].

Schwartz et al. [18] were the first to establish the CRISPR/Cas9 system in Y. lipolytica.
Their focus was on identifying the best promoters for synthesis of sgRNA to enhance
gene editing efficiency, resulting in high efficiency during single gene disruption by NHEJ.
Subsequently, Gao et al. [19] developed a similar all-in-one CRISPR/Cas9 system, and
successfully achieved double and triple gene disruption through NHEJ in Y. lipolytica.
However, the CRISPR/Cas9 systems for Y. lipolytica mentioned above require an extended
outgrowth step of 2-4 days following transformation to achieve high gene editing efficiency.
While the outgrowth step has significantly increased gene editing efficiency by three to
four times, it also presents some issues. Firstly, the gene editing process is extended by at
least two days, making it more time-consuming. Besides, with the extension of cultivation
time after transformation, the persistence of Cas9-sgRNA complex might also lead to
increased frequencies of off-target mutations [20,21]. Moreover, the Cas9 nucleases of the
aforementioned systems are delivered by plasmid vector with the size over 10kb, resulting
in inconveniences when carrying out multiple genes’ editing [22].

In this study, we initially introduced an engineered Cas9 protein, eSpCas9 [23], to
the CRISPR/Cas9 system of Y. lipolytica, to improve the fidelity and efficiency of gene
editing. Subsequently, we integrated the eSpCas9 gene into the genome of Y. lipolytica, and
investigated the optimal expression level of eSpCas9 by employing different promoters
and selecting various growth periods for yeast transformation. The objective of this work
is to propose a strategy for streamlining the gene editing workflow in Y. lipolytica, with
the potential to expand the synthetic toolbox of Y. lipolytica and provide insights for other
similar microorganisms.

2. Materials and Methods

2.1. Strains, Media, and Culture Conditions

Escherichia coli DH5α was used for plasmid construction and propagation. All E.
coli cultures were cultured in Luria–Bertani (LB) medium at 37 ◦C. Suitable antibiotics
(100 mg/L ampicillin or 50 mg/L kanamycin) were added to the LB medium when neces-
sary. Y. lipolytica Po1f (Catherine Madzak, Paris-Saclay University, INRA, AgroParisTech,
UMR SayFood, Palaiseau, France), a leucine and uracil auxotrophic strain, was used as
the base strain in this study. All engineered strains are listed in Table 1. The Y. lipolytica
cells stored in glycerol stock were initialized by streaking onto a YPD plate and cultivated
at 28 ◦C overnight. A single colony from the plate was cultivated overnight in 5 mL
YPD medium (1% yeast extract, 2% tryptone and 2% glucose) to create a seed culture,
which was then transferred to culture flasks with a 1% inoculation dose for transforma-
tion. Post-transformation, the yeast cells were cultivated in appropriate selective media.
YNBD medium (0.67% yeast nitrogen base (without amino acids) and 2% glucose) and
YNBD-triglyceride medium (0.67% yeast nitrogen base (without amino acids) and 0.5%
triglyceride) were used for LIP2 disruption transformants. YNBD-leu medium (YNBD
medium supplemented with 0.01% Leucine) was used for transformants with pINA1312
plasmid. YNBD-trp medium (YNBD supplemented with 0.01% tryptophan) was used for
TRP1 disruption transformants. Then, 2% agar was added to the solid medium. All Y.
lipolytica culturing was conducted at 28 ◦C, with liquid cultures shaken at 200 rpm.
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Table 1. Strains and plasmids used in this work.

Strains or Plasmids Characteristics Source or References

Strains

Po1f MatA, leu2-270, ura3-302, xpr2-322, axp-2, Leu−, Ura−, ΔAEP, ΔAXP,
Suc+ [24]

Po1g MatA, leu2-270, ura3-302: :URA3, xpr2-322, axp-2, Leu−, ΔAEP, ΔAXP,
Suc+, pBR [24]

Po1fe-3 Po1f, pINA1312-TEFin-eCAS9 (URA3, eSpCas9) This work
Po1fe-4 Po1f, pINA1312-UAS16TEFin-eCAS9 (URA3, eSpCas9) This work
Po1f-ura+ Po1f, pINA1312 (URA3) This work

Plasmids

pCASyl-trp Y. lipolytica-replicative plasmid, containing TRP1 Guide RNA module
and Cas9 expression cassette [19]

pINA1312 Y. lipolytica-integrative plasmid, Kan, hp4d, XPR2t, ura3d1 [25]

pUC57-UAS1B8 Containing 8 tandem copies of UAS1B flanked with ClaI-HindIII-SpeI
siteson the 5′-end and MluI-XbaI sites on the 3′-end. [9]

pUC57-USA1B16 Derived from pUC57-UAS1B8, containing 16 tandem copies
of UAS1B This work

peCASyl Derived from pCASyl-trp, replacing Cas9 gene to codon-optimized
eSpCas9 gene This work

peCASyl-trp Derived from peCASyl, containing TRP1 Guide RNA module This work
pINA1312-TEFin-eCAS9 pINA1312 containing TEFin-eSpCas9 cassette This work
pINA1312-UAS16TEFin-eCAS9 pINA1312 containing UAS16TEFin-eSpCas9 cassette This work
pCEN1-Leu-gRNA Derived from pCASyl-trp, containing empty sgRNA cassette This work

pCEN1-Leu-gTRP1 Derived from pCEN1-Leu-gRNA, containing TRP1 Guide
RNA module This work

pCEN1-Leu-gLIP2 Derived from pCEN1-Leu-gRNA, containing LIP2 Guide
RNA module This work

2.2. Plasmid Construction

Plasmids are listed in Table 1; primers are listed in Table 2. Representative plas-
mid maps can be found in Figure S1. The plasmid peCASyl, derived from pCASyl-trp,
was synthesized by GenScript Biotech Co., Ltd. (Nanjing, China), which contained a
codon-optimized eSpCas9 cassette and an empty sgRNA cassette. The sequence of the
codon-optimized eSpCas9 gene is available in Table S1. The plasmid pUC57-USA1B16
was derived from pUC57-USA1B8 [9]. The UAS1B8 fragment was obtained from pUC57-
UAS1B8 by digestion with HindIII and XbaI restriction enzymes, and then ligated with
pUC-UAS1B8 cut with HindIII and SpeI using T4 DNA Ligase (Vayzme, Nanjing, China),
resulting in pUC57-USA1B16. All remaining plasmids assemblies were completed us-
ing a ClonExpress Ultra One Step Cloning Kit V2 (Vayzme, Nanjing, China). Plasmids
pINA1312-TEFin-eCAS9 and pINA1312-UAS16TEFin-eCAS9 were derived from pINA1312.
The eSpCas9 cassette was amplified with primer pairs eCAS9-F10/eCAS9-R10 from peCA-
Syl. The vector fragment from pINA1312 was amplified with primer pairs pINA1312-
F/pINA1312-R for pINA1312-TEFin-eCAS9, and primer pairs pINA1312-F/pINA1312-
R-2 for pINA1312-UAS16TEFin-eCAS9. The pUC57-USA1B16 plasmid was digested by
restrictive endonucleases Spe I and Xba I to obtain 16 tandem copies of UAS1B for con-
struction of pINA1312-UAS16TEFin-eCAS9. Plasmid pCEN1-Leu-gRNA was derived from
peCASyl, which abandoned the eSpCas9 cassette. Primer pairs Mig1t-F2/TEF-R2 and
AmpR-F/ORI001-R were used to amplified the required fragments for construction of
pCEN1-Leu-gRNA. As for the insertion of 20 bp gRNA in peCASyl-trp, pCEN1-Leu-gTrp,
and pCEN1-Leu-gLip, primer pairs gRNA-Trp-F/gRNA-Trp-R were used for gRNA of
TRP1 (5′-CGATGGCGTCCTGATCCAGT-3′), and primer pairs gRNA-LIP-F/gRNA-LIP-R
were used for gRNA of TRP1 (5′-CAGTTGAAGGGCTTGAAGAT-3′). All products from
PCR or restrictive endonuclease were recovered by gel extraction and electrophoresis
using The Fast Pure Gel DNA Extraction Mini Kit (Vayzme, Nanjing, China). The recom-
bination products were transformed into E. coli DH5α, and cultured at 37 ◦C overnight.
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Single colonies were then picked for final verification. Plasmid DNA was extracted using
TIANprep Mini Plasmid Kit from Tiangen Biotech Co., Ltd. (Beijing, China).

Table 2. Primers used in this work.

Primers Sequence (5′-3′)

eCAS9-F10 ACATGGAATTCGGACACGGGccgacgcgtctgtacaga
eCAS9-R10 AGTCTGCAGCCCAAGCTAGCgcccttttgggtttgtcgac
pINA1312-F CCCGTGTCCGAATTCCATGTGTAAC
pINA1312-R GCTAGCTTGGGCTGCAGACTAAATT
pINA1312-R-2 GACACCTCAGCATGCACTAGgctagcttgggctgcagactaaatt
Mig1t-F2 agacatagcggccgcttcgaaaacccaaaagggccgaagg
TEF-R2 ggggttccgcacacatttccagagaccgggttggcgg
AmpR-F ggaaatgtgtgcggaacccc
ORI001-R tcgaagcggccgctatgtct
NdeI-F GTGCGGTATTTCACACCGCAtatggtgcactctcagtacaatctgc
NdeI-R tgcggtgtgaaataccgcac
gRNA-Trp-F CGATGGCGTCCTGATCCAGTgacgagcttactcgtttcg
gRNA-Trp-R ACTGGATCAGGACGCCATCGgttttagagctagaaatagcaagt
gRNA-LIP-F CAGTTGAAGGGCTTGAAGATgacgagcttactcgtttcg
gRNA-LIP-R ATCTTCAAGCCCTTCAACTGgttttagagctagaaatagcaagt
eCas9-F ATCGCCACCGAGCTGACT
eCas9-R GACAAGAAGTACTCAATCGGCCTGG
TRP-F ATGGACTTTCTCTACTCTTCGACAT
TRP-R TTACCCCCTGGCGTTTTTGAC
LIP-F CCCAAGTACCAGCTCCCCTC
LIP-R CCACAGACACCCTCGGTGAC
Suc2-F CTACGGTTCAGCATTAGGTATTG
Suc2-R GACCAGGGACCAGCATTAC
ura3-F GTGCTTCTCTGGATGTTACC
ura3-R CAATATCTGCGAACTTTCTGTC
ACT2-F TCCAGGCCGTCCTCTCCC
ACT2-R GGCCAGCCATATCGAGTCGCA
qeCAS9-F2 TAAGCAACCGTAGGGGAATC
qeCAS9-R2 GTGTGGGACAAGGGCAGAGA

2.3. Yeast Transformation

The transformation of Y. lipolytica utilized the Frozen-EZ Yeast Transformation II
Kit (Zymo Research, Orange, CA, USA). The number of cells was adjusted to a range of
1 × 107 to 1 × 108 before transforming. Subsequently, 1 mL of YPD medium was introduced
into the transformation mixture, followed by cultivation at 28 ◦C and 200 rpm for 2 h
to facilitate cell recovery. Post-recovery, the cells were harvested via centrifugation at
13,400× g for 1 min and then plated onto suitable medium.

2.4. Phenotype Verification

The phenotype verification involved transferring single transformant colonies from
the original plate to two plates. One plate served for selecting transformants with distinct
phenotypes, while the other functioned as a non-selective control. YNBD and YNBD-
trp media were utilized to confirm the TRP1 disruption transformants, while YNBD and
YNBD-triglyceride media were used to validate the LIP2 disruption transformants.

2.5. Colony PCR Confirmation and Sequencing

To obtain the genome template, the single colony was dispersed in 20 μL of a 0.25%
SDS solution, followed by incubation at 90 ◦C for 3 min. The PCR was performed using the
2× Phanta Max Master Mix (Dye Plus) from Vazyme Biotech Co., Ltd. (Nanjing, China).
And the resulting products were verified by DNA electrophoresis or sequenced as necessary
by Sangon Biotech Co., Ltd. (Shanghai, China). eSpCas9 was confirmed using primer pairs
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eCAS9-F/eCAS9-R; TRP1 was confirmed using primer pairs TRP-F/TRP-R; and LIP2 was
confirmed using primer pairs LIP-F/LIP-R.

2.6. Real-Time Quantitative PCR

Total RNA from the yeast was extracted and purified using the RNAprep Pure Plant Kit
from Tiangen Biotech Co., Ltd. (Beijing, China). Subsequently, the cDNA was synthesized
using the HiScript III 1st cDNA synthesis kit from Vazyme Biotech Co., Ltd. (Nanjing,
China). For the qPCR reaction system, SYBR GREEN 2×PCR Master Mix (ABI, Carlsbad,
CA, USA) was employed. In the relative copy number measurement, strain Po1g was
utilized as the control organism with a single copy of both the URA3 and SUC2 target
sequences. The primer pairs targeting URA3 are ura3-F/ura3-R, and the primer pairs
targeting SUC2 are Suc2-F/Suc2-R. As for the relative expression level measurement,
ACT1 (YALI0D08272g) was employed as the reference gene due to its relatively constant
expression. The primer pairs targeting eSpCas9 are qeCAS9-F2/qeCAS9-R2, and the primer
pairs targeting ACT1 are ACT-F/ACT-R. Gene expression changes were assessed using the
2−ΔΔCt method, and all samples were prepared in triplicate to obtain the Ct value.

3. Results and Discussion

3.1. Gene Editing Efficiency of eSpCas9 in Y. lipolytica

Off-target effects arise when the nuclease activity of Cas9 is triggered at sites where
the RNA guide sequence exhibits imperfect complementarity with off-target genomic
sites, presenting a significant challenge for genome editing applications [26]. To improve
specificity and efficiency in gene editing, several variants of SpCas9 were initially created
through mutagenesis of protein regions involved in target DNA binding [27]. One such
variant, eSpCas9, was engineered with K848A, K1003A, and R1060A mutations using
alanine mutagenesis of positively charged residues in the non-target strand binding groove.
This was to reduce affinity and promote rehybridization between the target and non-target
DNA strands, resulting in highly efficient and more specific gene editing in mammalian
cells compared to wild-type cells [23]. Building upon the CRISPR/Cas9 system established
by Gao [19], we developed all-in-one CRISPR plasmids, termed peCASyl, containing a de
novo codon-optimized version of the eSpCas9 gene, with the aim of achieving higher gene
editing efficiency in Y. lipolytica.

To assess the efficacy of peCASyl in gene editing, we targeted the TRP1 gene for edit-
ing, as its absence renders strains unable to grow in tryptophan-deficient media (Figure 1A).
As the results demonstrate, a disruption efficiency of 35.5% was observed in strains trans-
formed with peCASyl, and the disruption efficiency further increased to 71.23% and 77.21%
after outgrowth periods of 2 and 4 days, respectively (Figure 2). It is worth noting that the
introduction of eSpCas9 significantly enhances the efficiency of gene editing compared to
the original CRISPR/Cas9 system, whether engaging in an additional outgrowth step or
not (Figure 2). The efficient expression of the recombinant protein, facilitated by codon
optimization and minimal off-target effects, likely contributes to this improvement in gene
editing efficiency. Furthermore, there appears to be no substantial difference in gene editing
efficiency for peCASyl between 2 and 4 days of outgrowth analyzed with an unpaired
Student’s t-test (Figure 2), suggesting the potential to shorten the gene editing workflow
while maintaining high efficiency. These findings indicate that the introduction of eSpCas9
into Y. lipolytica enables normal function and enhances gene editing efficiencies, akin to its
performance in mammalian cells. The use of eSpCas9 is particularly suitable for specific
experimental requirements or for expanding the capabilities and applications of CRISPR
toolboxes, such as single-nucleotide conversion, which may provide potential insights into
the synthetic toolbox of Y. lipolytica [28].
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Figure 1. Phenotype and sequence confirmation of TRP1 and LIP2 disruption strains. (A) Verification
of TRP1 disruption strains. Transformants that failed to grow on YNBD were trp− mutants. A
representative sample is shown for the alignments of the TRP1 gene sequence from selected trp−
mutants. (B) Verification of LIP2 disruption strains. Transformants that exhibited a reduced halo of
triglyceride hydrolysis on YNBD-triglyceride were lip− mutans. A representative sample is shown
for the alignments of the LIP2 gene sequence from selected lip− mutants. The blue represents gRNA
sequence, the red represents indels, and the sequence in green rectangle represents PAM sequence.

 
Figure 2. The disruption efficiency of pCASyl-trp and peCASyl-trp on gene TRP1. The values and
error bars represent the average readings and standard deviations for three independent experiments.

3.2. Integration of eSpCas9 in Y. lipolytica

As previously mentioned, most CRISPR/Cas9 systems in Y. lipolytica use plasmids
to deliver Cas9 into cells, often necessitating additional outgrowth to achieve high gene
editing efficiency, and potentially resulting in oversized plasmids. Therefore, we opted
to develop a recombinant yeast strain with integrated eSpCas9 for more efficient and
convenient gene editing [29]. Taking into account the subsequent marker rescue, we
selected the single-copy vector pINA1312, which contains the non-defective ura3d1 gene
for mono-copy expression, to integrate the eSpCas9 gene into Y. lipolytica [25]. Initially, we
constructed the plasmid pINA1312-TEFin-eCas9, which inserted an eSpCas9 cassette into
vector pINA1312. Subsequently, we linearized the plasmid with restrictive endonucleases
NotI to obtain a DNA fragment containing ura3d1 marker, eSpCas9 cassette and Zeta
sequence, which was subsequently introduced into yeast genome through transformation.
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The agarose gel electrophoresis results confirmed the successful integration of the eSpCas9
gene into the yeast strains, designated as po1fe-3 (Figure 3A). Following the integration of
the expression cassette, we confirmed the copy numbers using real-time quantitative PCR.
Y. lipolytica Po1g, which contains a single copy of the URA3 and SUC2 target sequences,
was employed as a control organism. Given the co-existence of URA3 and eSpCas9 within
the expression cassette, their relative copy numbers were assumed to be equivalent. As
depicted in Figure 3B, all transformants exhibited less than two copies.

 
Figure 3. Confirmation of eSpCas9 integration. (A) Agarose gel electrophoresis of an eSpCAS9
fragment amplified with primer pairs eCas9-F/eCas9-R. (B) Relative copy number of eSpCAS9 in
transformants via real time PCR; Y. lipolytica Po1g containing a single copy of both the URA3 and
SUC2 was set as a control. The values and error bars represent the average readings and standard
deviations for three independent experiments.

To assess the functionality of integrated eSpCas9, we introduced a replicative plasmid
containing the 20bp gRNA of the TRP1 gene, named pCEN1-Leu-gTrp, which abandoned
the eSpCas9 cassette on peCASyl. As depicted in Table 3, the disruption efficiency achieved
with the system po1fe3-1/pCEN1-Leu-gTrp reached 86.09% ± 3.28 on TRP1 without the
need for outgrowth, compared to a disruption efficiency of 35.50% ± 5.22 for po1f/peCASyl-
trp and 16.61% ± 5.31 for po1f/pCASyl-trp without outgrowth as well. As anticipated,
the heterologous expression of eSpCas9 in Y. lipolytica significantly enhances gene editing
efficiency. This is due to the pre-existing abundance of Cas9 protein in the cell before the
delivery and transcription of the sgRNA cassette. This abundance immediately facilitates
the formation of Cas9-sgRNA complexes within the cell, ultimately leading to a higher
rate of double-strand break formation at the target site. Consequently, we achieved a
five-fold increase in gene editing efficiency compared to the original CRISPR/Cas9 system
developed by Gao [19], without the need for outgrowth. This implies that we can forego
the time-consuming outgrowth step and reduce the risk of off-target effects caused by the
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continuous presence of Cas9-sgRNA complexes through use of the high-fidelity eSpCas9
protein [23,27].

Table 3. The disruption efficiency and transformation efficiency of different gene editing systems
targeting TRP1 and LIP2 without outgrowth.

Targeted Gene Strain/Palsmid
Disruption Efficiency

(%)
Transformation Efficiency

(CFU/ng)

TRP1
po1f/pCASyl-trp 16.61 ± 5.31 689.67 ± 62.85
po1f/peCASyl-trp 35.50 ± 5.22 536.67 ± 38.52

po1fe3-1/pCEN1-Leu-gTrp 86.09 ± 3.28 626.00 ± 57.20

LIP2
po1f/pCASyl-trp 33.61 ± 7.08 281.67 ± 57.62
po1f/peCASyl-trp 62.78 ± 5.20 211.33 ± 69.94

po1fe3-1/pCEN1-Leu-gTrp 95.19 ± 1.70 189.00 ± 50.04

Note: Results are presented as mean ± SD for three independent experiments.

It is widely recognized that an increase in gene editing efficiency typically leads
to a decrease in the survival rate of edited cells, as more cells are susceptible to genomic
damage [19]. As demonstrated in Table 3, we attained comparable transformation efficiency
between the po1fe3-1 and peCASyl systems while significantly enhancing gene editing
efficiency. We attribute this difference to the plasmid size, as the po1fe3-1 system requires
a smaller plasmid than the peCASyl system, which does not require transfection of the
eSpCas9 gene. This smaller plasmid size allows more cells to be transfected with the plasmid
under the same mass of plasmid, yielding more transformants.

Additionally, to further validate the po1fe strains, we expanded the testing gene to
include the LIP2 gene. The LIP2 gene encodes extracellular lipase, and in its absence,
the strains exhibit a reduced halo of triglyceride hydrolysis when cultured on medium
containing tributyrin (Figure 1B) [30]. The results show a substantial enhancement in
gene editing efficiency for the LIP2 gene, increasing from 33.61% ± 7.08 for the pCASyl
system to 95.19% ± 1.7 for the po1fe3-1 system (Table 3). The trend of transformation
efficiency among the three systems is consistent with that of the TRP1 gene. Additionally,
the transformation efficiency in LIP2 exhibited a specific reduction compared to TRP1,
which can be attributed to the higher gene editing efficiency in LIP2, making more cells
vulnerable to genomic damage.

3.3. Effect of Enhancing Gene Expression Level of Integrated eSpCas9 on Gene Editing Efficiency

Previous studies have shown that increasing the expression of Cas9 nuclease can
enhance the indel rate in mammalian cells [31]. While we achieved high gene editing
efficiency with po1fe3-1, there is potential for further improvement by regulating the eS-
pCas9 expression level. Therefore, we enhanced the original promoter TEFin by adding
16 tandem copies of an upstream activation sequence (UAS) from PTEF [32,33]. Subse-
quently, we integrated the eSpCas9 expression cassette containing the enhanced promoter
into yeast cells to create a recombinant strain named po1fe4 in the same way as po1fe3,
choosing po1fe4-2 as the tested strain based on relative copy number data. Additionally,
according to the experience in previous studies, the expression level of heterologous pro-
teins in Y. lipolytica varies with the growth phases [9]. This suggests that the growth phases
may potentially influence the intracellular eSpCas9 protein content before transforming the
plasmids containing the sgRNA cassette, which could consequently impact gene editing
efficiency. Therefore, to confirm this hypothesis, we tested the gene editing efficiency of
the selected genes after enhancing the promoter and preparing receptive cells at different
growth cycles.

At first, we assessed the relative expression levels among the above strains using
real-time quantitative PCR. As shown in Figure 4A, the enhanced promoter led to a nearly
12-fold increase in the eSpCas9 expression level. While the influence of the growth cycle
on eSpCas9 expression was not as significant as the influence of the enhanced promoter,
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the most significant difference in eSpCas9 expression between the early log-phase and
mid-stationary phase was less than two-fold (Figure 4B). However, as depicted in Figure 5,
whether the eSpCas9 expression level was significantly increased by enhancing the promoter
or slightly adjusted by transforming at different growth phases, there were no significant
variances in gene editing efficiency of TRP1 analyzed with an unpaired Student’s t-test,
showing an efficiency of approximately 90%. We speculated that the expression of eSpCas9
reached a sufficient level to achieve the highest editing efficiency under the regulation of
promoter TEFin, indicating no need to pursue a higher expression level of the nuclease.
Furthermore, the limitation of sgRNA expression may also be the reason for the lack of
further improvement in editing efficiency, as the level of the sgRNA-Cas9 complex failed to
increase with the level of eSpCas9 nuclease [34].

  

Figure 4. The relative expression level of eSpCas9 in po1fe3-1 and po1fe4-2. (A) Relative expression
level with po1fe 3-1 as control. (B) Relative expression level with early log phase as control. Values and
error bars represent the average readings and standard deviations for three independent experiments.

 
Figure 5. The disruption efficiency of TRP1 under different eSpCas9 expression levels. po1fe3-1 and
po1fe4-2 shows that eSpCas9 expression was controlled under promoter pTEFin and pUAS16TEFin;
the x axis shows the preparation of receptive cells in different growth cycles. Values and error bars
represent the average readings and standard deviations for three independent experiments.

3.4. Effect of Integrated eSpCas9 on Growth of Y. lipolytica

Cas9 nucleases are recognized for their toxicity to various species, especially when
expressed at high levels in host cells [35]. Therefore, we investigated the impact of eSpCas9
on the growth of Y. lipolytica at varying expression levels using growth curves. Initially, we
transformed pINA1312 plasmids into po1f to restore the ura auxotroph, constructing po1f-
ura+ as a control strain. Subsequently, we prepared seed cultures of the strains po1f-ura+,
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po1fe3-1, po1fe4-2, and inoculated them into fresh YPD medium for cultivation at 28 ◦C,
200 rpm, measuring the OD600 every 4 h as the data of growth curves. As depicted in
Figure 6A, the growth of po1fe3-1 closely resembled that of the control strain po1f-ura+.
Despite significantly increased expression levels using a UAS16-TEFin promoter, the growth
of po1fe4-2 only suffered slight suppression (Figure 6A). In order to further explore the
effect of Cas9 on strains’ growth, a dilution assay was performed [36]. The cultures of
po1f-ura+, po1fe3-1 and po1fe4-2 were adjusted to an OD600 of 2.5, followed by serial
dilutions, and then plating of 5 μL spots on YNBD-Leu plates. As shown in Figure 6B,
after cultivation for 12 h and 24 h, the growth of strains integrated with eSpCas9, po1fe3-1
and po1fe4-2, exhibited slightly impaired growth compared to the control strain po1f-
ura+. However, similar delayed growth between po1fe3-1 and po1fe4-2 was not readily
observed, indicating a high tolerance of Y. lipolytica to heterologous protein to some extent.
In summary, control of eSpCas9 expression using strong inducible promoters may be a
potential avenue for future research.

  

Figure 6. The effect of eSpCas9 protein on growth of Y. lipolytica. Strain po1f-ura+ was set as control.
(A) Growth curves of po1f-ura+, po1fe3-1, po1fe4-2. Values and error bars represent the average
readings and standard deviations for three independent experiments. (B) Dilution assay of po1f-ura+,
po1fe3-1, po1fe4-2, with a consistent initial OD600 of 2.5.

4. Conclusions

In this study, we developed an enhanced gene editing system for Y. lipolytica based
on the CRISPR/Cas9 system. The high-fidelity eSpCas9 protein was incorporated into the
system to improve gene editing efficiency. Subsequently, eSpCas9 was integrated into the
genome of Y. lipolytica under the control of the TEFin promoter, resulting in significantly
improved gene editing efficiency without the need for outgrowth. To further maximize effi-
ciency, the TEFin promoter was replaced by the stronger UAS16-TEFin promoter. However,
the potential improvement in gene editing was constrained by the original high efficiency
and expression level of sgRNA. Additionally, we confirmed that the consistent expression
of eSpCas9 protein slightly suppressed the growth of Y. lipolytica, revealing that the strong
inducible promoters may be a favorable approach for future research. This approach simpli-
fies the gene editing process in Y. lipolytica, which has the potential to broaden the synthetic
capabilities of Y. lipolytica and offer valuable insights for other comparable microorganisms.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jof10010063/s1, Figure S1: Maps of representative plasmids. (A)
Maps of plasmids pCASyl, peCASyl, and pCEN1-Leu-sgRNA; (B) Maps of pINA1312, pINA1312-
TEFin-eCAS9 and pINA1312-UAS16TEFin-eCAS9; Table S1: Codon-optimized sequence of the
eSpCas9 gene.
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Abstract: Xylanases are hydrolytic enzymes that have tremendous applications in different sectors
of life, but the high cost of their production has limited their use. One solution to reduce costs and
enhance xylanase production is the use of agro-wastes as a substrate in fungal cultures. In this study,
olive mill pomace (OMP) and barley bran (BB) were used as carbon sources and possible inducers
of xylanase production by three species of Trichoderma (atroviride, harzianum, and longibrachiatum),
one major xylanase producer. The experiments were conducted under a solid-state fermentation
system (SSF) in flask cultures and a packed-bed bioreactor. Cultures of OMP and BB were optimized
by examining different ratios of OMP and BB, varied particle sizes, and inoculum size for the three
species of Trichoderma. The ratio of 8:2 OMP and BB yielded the highest xylanase activity, with
a particle size of 1 mm at 29 ◦C and an inoculum size of 1 × 107 spores/mL. Studying the time
profile of the process revealed that xylanase activity was highest after seven days of incubation in
flask SSF cultures (1.779 U/mL) and after three days in a packed-bed bioreactor (1.828 U/mL). The
maximum percentage of OMP degradation recorded was about 15% in the cultures of T. harzianum
flask SSF cultures, compared to about 11% in T. longibrachiatum bioreactor cultures. Ammonium
sulfate precipitation and dialysis experiments showed that Xylane enzyme activity ranged from
0.274 U/mL in T. harzianum to 0.837 U/mL in T. atroviride when crude extract was used, with the
highest activity (0.628 U/mL) at 60% saturation. Xylose was the main sugar released in all purified
fractions, with the G-50 and G-75 fractions showing the maximum units of xylanase.

Keywords: barley bran; olive mill pomace; packed-bed bioreactor; partial purification; solid-state
fermentation; Trichoderma spp.; xylanase

1. Introduction

There is a growing interest in screening natural sources to find bioactive compounds
with nutraceutical and industrial benefits [1]. Increasing synthetic costs and environmental
concerns rationalize the search for natural, high-value products to produce different com-
modities [2]. Therefore, attention has been drawn to plant biomass and agricultural wastes
(agro-industrial residues) because they are cheap and abundant around the world, and
major research efforts are underway to use them from different perspectives [3]. The agro-
residues are primary reservoirs of lignocellulose, rendering them particularly appealing for
many products essential to human society [4].

Xylan, a major hemicellulosic constituent of lignocellulosic materials, is markedly
valued from industrial and biomedical perspectives and for the production of value-added
products [5,6]. It is the most abundant hemicellulose in plant cell walls, accounting for more
than 30% of the plant biomass [4,7,8]. Appreciable proportions of xylan exist in hardwoods
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and softwoods, as well as herbaceous plants, and form up to 35% of the lignocellulosic
materials [9].

Xylan has a backbone of β-1,4-D-xylose residues with different α-glycosidically linked
substitutions in side chains, primarily including L-arabinofuranose, D-galactose, and D-
glucuronic or 4-O-methyl-d-glucuronic acid [10,11]. Substituents such as acetyl, arabinosyl,
glucuronysyl, coumaroyl, and ferulic acid esters can also be found. The proportion of these
substituents and the degree of branching are variable, depending on the plant source [12].
Complete degradation of xylan is achieved by a set of hydrolytic enzymes collectively
called xylanases or xylanolytic enzymes [13]. These enzymes have been the target of many
research endeavors; yet they are expensive and required in large amounts to be recruited in
food, industrial, and medical applications. For this reason, attention has been paid to the
natural producers of xylanases and agro-industrial wastes to develop nutrient-rich media
for xylanase-producing organisms.

Xylanases find extensive applications across various industries, including food and
feed, paper and pulp, textiles, pharmaceuticals, and lignocellulosic biorefinery [9]. Xy-
lanases are ubiquitous and produced by a variety of organisms, including bacteria, protozoa,
algae, fungi, snails, crustaceans, and insects [9,10,14]. Among these, multicellular fungi
have been highly acknowledged as tremendous producers of xylanases [9,15]. Their fil-
amentous structure provides large surface areas for absorptive nutrition and enhanced
production of xylanases [2,16]. Species of the genus Trichoderma such as T. reesi, T. viride,
and T. harzianum have held a key position in research studies aiming at xylanase production
and purification [9,17].

Olive mill pomace (OMP) is one of the most cost-effective and nutrient-rich substrates
used for cultivating fungi. Large quantities of OMP are produced in the Mediterranean
region. The extraction of olive oil yields ca. 15,000 tons of olive oil and 80,000 tons of
OMP a year [18]. In recent years, Jordan has been the eighth largest producer of olive oil
worldwide, with 24,000 tons of oil and 60,000 tons of OMP per year [19]. Traditionally,
OMP is used as firewood, but this causes air pollution. Consequently, the authorities
placed restrictions on olive oil extraction factories in terms of waste accumulation and
re-use. One solution is to make use of OMP as a growth medium for many microorganisms
in attempts to produce commercial and high-value products (i.e., enzymes, bio-control
agents, fertilizers, and biofuel), and interest in this is increasing [20]. However, few studies
exploited OMP to produce enzymes and other value-added products.

The present study aims to examine the capacity of selected Trichoderma species isolated
from plant sources for xylanase production using solid-state fermentation (SSF) and varied
combinations of OMP and barely bran (BB) substrates, to determine optimal growth
conditions for xylanase production, and to extract and partially purify xylanase. Despite
the many studies on xylanase production from Trichoderma spp. around the world, this
study is, to our knowledge, the first on Jordanian isolates of Trichoderma. The process
of SSF has been accredited for the production of value-added microbial enzymes using
agro-industrial origins. It is highly productive, with higher product stability and lower
processing costs compared to the submerged fermentation process [21].

2. Materials and Methods

2.1. Fungal Species Isolates and Inoculum Preparation

Isolates of three distinct Trichoderma species (T. atroviride [accession MT626716], T.
harzianum [accession MT626717], and T. longibrachiatum [accession MT626720]) were ex-
amined for xylanase production. The isolates were sub-cultured on potato dextrose agar
(PDA) growth medium, incubated for 5 days at 28 ◦C, and used for inoculum preparation.

The inoculum of each isolate was prepared by adding 1 mL of sterile distilled water
to a fresh culture of PDA plate, swept with a loop, and filtered to produce a slurry. After
that, the suspension was transferred to 99 mL of sterile distilled water. The spores were
counted using a hemocytometer to obtain a spore concentration of (107 spores/mL), and
the suspension was stored in the refrigerator at 4 ◦C until use [22].
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2.2. Preparation of OMP

Freshly harvested OMP was collected from olive mills located in Zarqa city (Jordan)
during the period of olive oil extraction (October–December 2019). The collected pomace
was dried in the greenhouse and used as the main substrate in culturing and fermentation
processes.

2.3. Flask Solid State Fermentation for Xylanase Production

This part of the study was carried out following [8,23]. For each Trichoderma sp., a flask
containing a 10 g mixture of OMP and barley bran (BB) was autoclaved at 121 ◦C for 15 min.
Then, the mixture was moistened with 5 mL of sterile distilled water and inoculated with a
spore suspension of each Trichoderma species (107 spores/mL). All flasks were incubated
for seven days at 29 ◦C until further use in further biochemical analyses.

2.4. Xylanase Assay

The extraction and assaying of xylanase were carried out according to Al Sheikh [24],
Assamoi et al. [25], and Mardawati et al. [8]. The contents of each prepared flask were
collected in new flasks, and 50 mM sodium citrate solution (pH 5) was added. Then, the
flasks were rotated at 150 rpm at room temperature for 30 min on an orbital shaker (Human
Lab, Seoul, Republic of Korea) and filtered through Whatman No. 1 filter paper. The
filtrate was centrifuged at 6000 rpm (Wagtek, Thatcham, UK) for 15 min at 4 ◦C, and the
supernatant was used for the xylanase assay. Xylanase activity was measured by adding
0.2 mL of the sample supernatant to 0.5 mL of 1% oat-spelt xylan solution in 0.3 mL of
50 mM citrate buffer (pH 5) at 45 ◦C for 30 min. Reducing sugars released by xylanase were
determined using 3 mL of 3.5-dinitrosalicylic acid (DNS) at 100 ◦C for 5 min according to
the DNS method [15,26,27]. The amount of reducing sugars released in the reactions was
measured spectrophotometrically at 540 nm. Xylanase activity was calculated based on
a standard curve of serial concentrations of xylose. One unit (U) of xylanase activity was
defined as the amount of enzyme releasing one μmole of reducing sugar (xylose equivalent)
per min under the assay conditions [8,24].

2.5. Assessment of Reducing Sugars

Reducing sugar released by each culture was assessed using the Nelson–Somogyi
methodology [28]. One milliliter of Somogyi reagent was added to 1 mL of the sample
supernatant. The mixture was vortexed and boiled for 15 min at 100 ◦C. Next, 1 mL of
Nelson reagent was added, and the absorbance was measured at 520 nm. Concentrations
of reducing sugars were determined based on a standard curve of xylose concentrations
and following the methodology of [29].

2.6. Total Carbohydrates

The total carbohydrates of each culture were analyzed by the phenol–sulfuric acid
method and detected photometrically [30]. Fifty microliters of 80% phenol solution was
added to 50 μL of sample supernatant, then 2 mL of sulfuric acid were added. The
absorbance was read at 490 nm after 10 min of reaction progress. Concentrations of the
total carbohydrates for each culture were estimated using a standard curve.

2.7. Optimization of Xylanase Production by Trichoderma sp.

Different ratios of OMP and BB (9.5:0.5, 9:1, and 8:2) and of different supplement
particle sizes of OMP and BB (5 mm, 2 mm, and 1 mm) were prepared to determine the best
combination that enhances growth of Trichoderma species and xylanase production. Test
trials were conducted in flasks containing trace elements of a nitrogen source (ammonium
sulfate or peptone) and a carbon source (xylose or xylan) at a concentration of 1% of the
culture medium [31]. A culture containing only OMP was included as a control. The
mixture of 8:2 OMP and BB (8 and 2 g/10 mL of distilled water) with particle sizes of
1 mm supplied with xylan (1% of medium) and peptone (1% of medium) yielded the
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highest growth and so was chosen as the culture medium in the following packed-bed
column SSF.

2.8. Packed-Bed Column Solid State Fermentation of OMP and BB for Xylanase Production

This experiment was conducted following the method of [32]. Cultures yielding
optimal growth from the flask fermentation were transferred into a sterile packed-bed
bioreactor composed of a double-jacketed glass column (50 × 5 cm) connected to an air
filter pump via silica tubes supplied through a 0.22 μm pore size filter at the bottom with a
20–25 air bubble flow rate that is controlled by a flow meter. The bioreactor was packed
with multilayers of sterile stainless-steel mesh, and the culture medium was moistened
with sterile distilled water and mixed with a spore suspension of Trichoderma species
(107 spores/mL). The column was then incubated at 29 ◦C for 3 days and supplied with air
at 1 vvm. Finally, the fermented substrate was used for the different biochemical analyses
employed in the abovementioned flask SSF. This experiment was repeated three times.

2.9. Percentage of Degradation

To determine the percentage of the substrate consumed by Trichoderma sp., the fer-
mented culture medium was weighed (initial weight) and then dried at 50 ◦C for 24 h and
weighed (final weight). The degradation percentage was calculated using the following
equation:

(Initial weight − Final weight)/Initial weight × 100%

2.10. Times Profile of the Process

To determine the optimal incubation time for the cultures of the three Trichoderma
isolates, two flask SSF replicates of each species were mixed with its spore suspension
(107 spores/mL) and incubated at 29 ◦C for five days. Afterwards, they were filtered daily,
and the filtrate was used for biochemical assays of xylanase activity, total carbohydrates,
reducing sugars, and percentages of degradation.

2.11. Partial Purification of Xylanase
2.11.1. Ammonium Sulfate Precipitation and Dialysis

Crude xylanase extract was subjected to a graded ammonium sulfate saturation
(20 to 70%) with continuous stirring on ice. Samples were then centrifuged at 5000 rpm
for 15 min. For each percentage, the pellet formed was dissolved in a minimum amount of
50 Mm citrate buffer (pH 5), and enzyme activity and protein concentration were measured.
The sample with the highest xylanase activity was further processed using dialysis bags in
citrate buffer for 24 h at 4 ◦C. Afterwards, xylanase activities and protein concentrations
were re-measured [33,34].

2.11.2. Size-Exclusion Chromatography

After ammonium sulfate precipitation and desalting of proteins, the highest protein
concentration of dialyzed samples was subjected to a column (diameter: 1.5 cm, length:
30 cm, Bio-Rad, Hercules, CA, USA) containing Sephadex G-75 as the stationary phase, and
in another trial, the column contained Sephadex G-50. The column was eluted with citrate
buffer, pH 5. The eluted solution was collected in Cuvette tubes as fractions, each of 1 mL in
size. Each fraction was used to measure dissolved protein concentration at 280 nm, enzyme
activity in U/mL, and specific activity in U/mg protein as previously described [35,36].

2.12. Statistical Analysis

Standard curves of xylanase enzyme activity, reducing sugar, total carbohydrates,
and protein concentration were drawn using Microsoft Excel 2010. One-way analysis of
variance (ANOVA) was used for different testing among the experimental groups. Data
were calculated as the mean ± standard error of the mean (SE) for duplicate independent
experiments, and p ≤ 0.05 was considered a significant difference.
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3. Results

3.1. Flask Solid State Fermentation (SSF) for Xylanase Production by Trichoderma sp.

Three Trichoderma species (T. atroviride MT626716, T. harzianum MT626717, and T.
longibrachiatum MT626720) were tested for xylanase production in flask SSF. Their optimum
growth temperature was examined using PDA agar plates. The optimum temperature for
their growth was 29–30 ◦C, where maximum biomass concentration was observed. The
three species entered the stationary phase, as indicated by spore formation, after five days
of incubation.

To perform SSF for enzyme production, the three Trichoderma spp. were grown on
OMP with or without BB under static conditions without any supplements. It was noticed
that fungal mycelia penetrated through the substrate particles of the culture after three days
of incubation, and sporulation started to appear afterward. Xylanase activity, reducing
sugar, and total carbohydrate concentrations were measured for seven-day-old Trichoderma
spp. cultures (Figure 1). The data illustrate that supplementing OMP with BB enhanced
enzyme production and fungal growth as well. The three fungal species showed almost
the same behavior in producing the xylanase enzyme (Figure 1).

Figure 1. Xylanase activity of T. atroviride, T. harzianum, and T. longibrachiatum cultured on OMP with
and without BB after seven days of fermentation. Bars represent the means (±SE) of two replicates
for each culture. Asterisks indicate statistically significant differences at p ≤ 0.05. **** p < 0.0001.

T. atroviride was able to liberate 43.725 μg/mL of reducing sugars compared to
22.835 mg/mL in the culture of T. longibrachiatum. On the other hand, the maximum
total carbohydrate concentration obtained was from the cultures of T. longibrachiatum
(1.92 μg/mL). Based on these results, combination cultures of OMP and BB were used for
further studies.

3.2. Optimization of SSF for Xylanase Production

The effect of OMP and BB mixing ratios and sizes, in addition to the supplementation
of cultures with trace elements, was studied. The results revealed a significant difference in
the activity of xylanase and concentrations of reducing sugars and total carbohydrates in the
three cultures of Trichoderma sp. compared to that of the control (p < 0.001; Figures 2 and 3).
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Figure 2. The effect of the culture ratio between OMP and BB on xylanase activity in the three
studied Trichoderma species after seven days of fermentation. Bars represent the means (±SE) of two
replicates for each culture. Asterisks indicate statistically significant differences at p ≤ 0.05. ** p < 0.01,
*** p < 0.001, and **** p < 0.0001.

Figure 3. The effect of particle size of OMP and BB on xylanase activity in the three studied Trichoderma
species after seven days of fermentation. Bars represent the means (±SE) of two replicates for each
culture. Asterisks indicate statistically significant differences at p ≤ 0.05. * p < 0.05, ** p < 0.01, and
**** p < 0.0001.

The activity of xylanase was significantly higher in all ratios and sizes tested compared
to that of the control. It was noticed that there were variations in xylanase activity within
each Trichoderma sp. culture (Figures 2 and 3). The ratios of 8:2 and 9.5:0.5 of OMP and
BB gave the highest and lowest xylanase activity, respectively (Figure 2). In Figure 3, the
particle size of 1 mm was found to be the most effective in xylanase production compared to
2 mm and 5 mm in all Trichoderma species studied. Similarly, the inclusion of trace elements
in growth cultures exerted a significant effect on enhancing Trichoderma to produce more
active xylanase (Figure 3).

However, the effect was dependent on the type of supplement included in the culture.
In all species, supplementation with xylan, peptone, or a combination of both yielded higher
xylanase activity compared to all other types of supplements and the controls (Figure 4).
Notably, peptone alone was found to be the most effective in xylanase production in all
Trichoderma species, irrespective of the presence or absence of xylan and despite the overall
variations observed (Figure 4).
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Figure 4. The effect of supplementation of growth cultures with trace elements on xylanase activity
for the three studied Trichoderma species after seven days of fermentation. Bars represent the means
(±SE) of two replicates for each culture. Different letters indicate statistically significant differences
at p ≤ 0.05.

3.3. Time Profile of the Process

The time profile for the production process was studied in the three tested cultures of
Trichoderma sp. at the optimum conditions determined previously. The xylanase activity,
reducing sugar, and total carbohydrate concentrations were measured independently every
day over the incubation period (Figure 5). Over the incubation period, the production of
the xylanase enzyme for the three tested species of Trichoderma reached its maximum on
day three. Therefore, three-day-old cultures were chosen for further studies.

Figure 5. Xylanase activity over a seven-day incubation period in three studied Trichoderma species
incubated at 29 ◦C.

3.4. Packed-Bed Column Solid State Fermentation

The data of the flask SSF process for xylanase enzyme production were translated
into a column bioreactor packed with OMP and BB under SSF conditions. After three
days of fermentation, all measures were significantly higher compared to those achieved
from flask SSF cultures (Figures 6 and 7). For instance, the maximum xylanase activity
achieved was 1.998 U/mL for T. harizianum (Figure 7). The maximum total reducing sugars
(867.08 mg/mL) and total carbohydrate (1.667 mg/mL) were the highest in T. atroviride
compared to the other two species.
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T. atroviride T. harzianum T. longbrachiatum

Figure 6. Xylanase activity and concentrations of reducing sugars and total carbohydrate of the three
Trichoderma cultured species using packed-bed bioreactor.

Figure 7. Xylanase activity using SSF and packed-bed bioreactor.

3.5. Percentage of OMP Degradation

The percentage of substrate degradation varied between SSF in flasks and in the
packed-bed bioreactor, with the former being generally greater than the latter except for T.
longibrachiatum. Using the SSF, the percentage varied in the following order: T. harzianum
> T. longibrachiatum > T. atroviride (Figure 8). The maximum percentage of degradation
recorded was about 15% in the cultures of T. harzianum flask SSF cultures, compared to
about 11% in T. longibrachiatum bioreactor cultures.

3.6. Partial Purification of Xylanase

The crude extract of each Trichoderma species that gave the highest xylanase activity
using a packed-bed bioreactor was partially purified through a series of ammonium sulfate
precipitation reactions and dialysis. The highest dissolved protein concentration was
obtained using a 60% ammonium sulfate saturation, and this percentage was chosen for
further purification of xylanase using size-exclusion chromatography.

The experiment of size-exclusion chromatography yielded 25 fractions per Trichoderma
species tested (Figure 9). Dissolved proteins and xylanase activity were highest in fractions
9 to 12 for T. atroviride, 4 to 7 for T. harzianum, and 9 to 14 for T. longibrachiatum (Figure 9).
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Figure 8. Consumed and percentage of culture media after seven days of incubation using SSF and
packed-bed bioreactor by the three Trichoderma species studied. Bars represent the means (±SE) of
four replicates per species.

 
(A) (B) 

(C) 

Figure 9. Concentrations of dissolved proteins and xylanase activity in the fractions obtained using
size-exclusion chromatography for the three studied Trichoderma species. (A) T. atroviride, (B) T.
harzianum, and (C) T. longibrachiatum.
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Xylanase enzymatic activity ranged from 0.274 U/mL in T. harzianum to 0.837 U/mL in
T. atroviride when crude extract was used. In general, xylanase activity was the highest in T.
atroviride compared to the other two species across all the ammonium sulfate precipitation
concentrations (20–70%). In addition, the specific activity of xylanase was measured for
the three tested species of Trichoderma, and data ranging from 0.001 to 0.064 U/mg for T.
atroviride, 0.004 to 0.031 mg/U for T. harzianum, and from 0.003 to 0.057 for T. longibrachiatum
were obtained (Appendix A).

4. Discussion

In this study, a combination of olive mill pomace (OMP) and barley bran (BB) was
studied as substrates for the production of the xylanase enzyme by Trichoderma sp. Dif-
ferent lignocellulosic materials were used as substrates to produce xylanase, and several
reports illustrated the ability of Trichoderma species to use lignocellulosic materials as nu-
trient sources [37]. The agro-industrial residues of OMP have been well recognized in
the literature as a rich source of organic matter, comprising a large amount of cellulose,
hemicellulose, lignin, lipids, carbohydrates, and phenols [38]. This complex structure
makes it suitable for the growth and metabolism of many microorganisms, specifically
Trichoderma [39]. However, there are limited studies in the literature on using a combination
of OMP and BB as an enzyme inducer to produce xylanase.

The activity of xylanase was studied with and without BB throughout the incubation
period. The highest activity of xylanase was recorded with BB, and the incubation period
was seven days. This indicates that the BB used in this study supports the growth of Tricho-
derma spp. and enhances their capacity to produce xylanase, an inducible enzyme. This is
consistent with the findings of Soliman [40], who underscored BB as an excellent nutritive
material that stimulates Trichoderma to produce xylanases because its hemicellulosic content
is composed largely of xylan [40]. The substrates OMP and BB are thus vital for enhancing
gene expression and protein synthesis, and, in consequence, the activity of cells to produce
xylanase is augmented. It is well accepted that when cells are in the stationary phase of
growth, their priority to express a specific gene varies depending on their needs and the
signals they receive from their environment.

Xylanase activity increased after the inclusion of OMP and BB at a ratio of 8:2 and a
particle size of 1 mm. It was necessary to reduce the substrate particle size, which may
provide a favorable surface area for fungal growth, uptake of gases, accessibility, and hence
improved production of xylanase. Lakshmi [41] affirmed that a smaller substrate particle
size provides more efficient nutrient uptake, better support for microbial attachment, and
better transport of substrate components compared to larger particle sizes.

To further enhance fungal growth and enzyme production, 1% xylan and peptone
were added to the cultures as additional carbon and nitrogen sources, respectively. This
supplement increases xylanase activity. Xylan was added as a simple inducer of gene
expression and xylanase synthesis, whereas peptone was utilized by Trichoderma as a pro-
tein source. Once a high fungal biomass is established, Trichoderma can achieve complete
hydrolysis of xylan. Therefore, the addition of 1% of these constituents to the fermentation
media helps the microorganism attain its maximum xylanase production capability in a
shorter period of time owing to the easily utilized carbon and nitrogen sources in the media.
Our results support those of Gauterio et al. [42], who maximized xylanase production
by Aureobasidium pullulans using a by-product of rice grain supplied with xylan, peptone,
and other nutritional sources. Moreover, a considerable increase in xylanase activity by
T. harzianum 1073 D3 was reported when 1% xylose was included, surpassing the effects
observed using alternative sugars such as glucose, galactose, fructose, lactose, and su-
crose [43]. In a study by El-Gendi et al. [44] on xylanase production by Bacillus subtilis using
varying peptone concentrations, a direct correlation between peptone concentration and
xylanase production and strain growth was reported. The highest growth and productivity
were found at a peptone concentration of 1.4%. Taking these findings as a baseline, peptone
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emerged as a primary organic nitrogen source required to enhance xylanase production
and activity by bacterial and fungal species [43].

In this study, examining the temporal profile of the production process reveals that
xylanase activity peaked after three days of incubation, followed by a sudden drop. This
indicates that the fungal ability to generate the enzyme was strikingly restricted to the
early phases of growth, allowing them to access available substrates necessary for their
survival and reproduction. Subsequently, xylanase generation decreased during the transi-
tion between log and stationary phases of their normal growth cycles. From a commercial
perspective, repeating solid-state fermentation (SSF) beyond a three-day incubation pe-
riod would not yield significant results for xylanase production. The decline in nutrient
availability and the build-up of metabolic by-products adversely impact fungal growth,
pushing them into the stationary phase, where spore formation is induced. A similar trend
of xylanase activity by Trichoderma using SSF was previously reported by Pandey [45].

To study xylanase enzyme properties, it was necessary to produce the enzyme in
a larger quantity. For that reason, a packed-bed bioreactor was employed. Xylanase
enzyme production was enhanced in the packed-bed bioreactor compared to the SSF
flask due to the efficient aeration pattern in the packed-bed bioreactor, which provides air
circulation in a closed system [45]. Also, a packed-bed bioreactor maintains adequate and
homogeneous levels of temperature and moisture, allowing efficient transfer of nutrients
and metabolites [46]. In a recent study by Massadeh et al. [47], the entrapment/immobilized
fermentation method has been proposed as an alternative to classical free-cell fermentation
owing to its prolonged periods of growth, enhanced metabolic activities, and repeated use
of cells. Cell entrapment is a common methodology for whole-cell immobilization carried
out in a polymer matrix, carrageenan and alginate, and synthetic fibers. As a result, fungal
growth was greatly improved, xylanase activity increased, and the maximum percentage
of substrate degradation was accomplished.

Partial purification of the xylanase enzyme was performed after protein precipitation
with ammonium sulfate. The highest xylanase activity was achieved at 60% saturation
of ammonium sulfate. The crude enzyme precipitate was dialyzed against solid sodium
citrate, which caused a reduction in enzyme activity compared to the crude enzyme extract,
which might be due to the high polarity of the protein that forced them to remain in their
physical medium. This indicates that it is possible to separate proteins from a mixture
on the basis of their relative hydrophilicity by gradually increasing the concentration of
ammonium sulphate [42]. Gauterio et al. [42] reported a reduction in xylanase and cellulase
activities when employing ammonium sulfate precipitation and dialysis against different
buffer solutions.

The dialyzed samples with the highest activity were subjected to gel filtration chro-
matography using Sephadex G-50 and G-75. The results revealed that xylanase was partially
purified, and its activity increased. This improvement could be due to the removal of other
compounds affecting xylanase activity, as Sephadex G-50 and G-75 allowed the adhesion of
proteins of specific sizes. Our results are in agreement with Silva et al. [48], who purified
xylanase from Trichoderma sp. using Sephadex G-75 and claimed that the xylanase enzyme
was purified [48].

Fractions showing the highest activity from the gel filtration chromatography were
collected, and a sample of each fraction was spotted on silica gel plates to perform TLC. It
was shown that xylose and glucose were the main sugars present in the enzyme extracts
when compared to the standard employed (R. Alkfoof, K., Alananbeh, M. Massadeh
and R. Muhaidat, unpublished results). Two distinct materials, namely OMP and BB,
were employed as substrates for Trichoderma culture. The induction process triggered the
enzymatic activity, leading to enzyme-mediated transformations. Upon conducting thin
layer chromatography (TLC) post-enzyme purification, it was observed that OMP and BB
exhibited high heterogeneity and intricate structural complexity. Their native structures
posed challenges in comprehension. The enzymatic action on these materials resulted in
not only xylose but also the formation of disaccharides and oligosaccharides. Given the
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endoxylanase nature of the enzyme, it acts on internal bonds within these structurally
complex substrates. Unfortunately, due to the limited availability of disaccharides and
oligosaccharides in the laboratory, a comprehensive experiment elucidating the complete
spectrum of these materials was not conducted. Nevertheless, our analysis confirmed the
presence of xylose in the reaction mixture. Our results agree with those of Silva et al. [48],
who claimed that complete degradation of xylan releases xylose as the final product.

The xylanase enzyme has tremendous applications in industry, and it can be used
in the synthesis of biofuels, foodstuffs, textiles, organic acids, and many value-added
products. The agro-residues of OMP are cheap and available all through the year, and
hence it is recommended to study its supplementation with different cost-effective elements
to support the growth and metabolism of Trichoderma. To elucidate the fungal behavior in
producing an active xylanase enzyme, it is recommended to investigate the type of xylanase
produced by using SDS-PAGE, native PAGE electrophoresis, and HPLC for detecting the
reaction products. In doing so, additional species of Trichoderma should be studied.

5. Conclusions

This study showed the ability of three Trichoderma species to produce xylanase by
using OMP and BB as substrates in solid-state fermentation. After optimizing the growth of
the three Trichoderma sp., xylanase enzyme production was assessed. It was found that BB
supplementation was necessary to induce xylanase production. The optimum ratio of OMP
and BB was 8:2, corresponding with the highest activity of xylanase recorded (0.527 U/mL)
from the culture of T. longibrachiatum. Furthermore, using a 1 mm particle size of both
substrates enhanced the activity of xylanase (0.983 U/mL) from the culture of T. harzianum.
Supplementing the culture with xylan and peptone showed a positive impact on fungal
growth and xylanase production in all Trichoderma sp. cultures. The maximum xylanase
activity (1.944 U/mL) was obtained in the culture of T. atroviride after 3 days in SSF flask
culture and in the packed-bed SSF bioreactor (1.998 U/mL). To extract the enzyme and
partially purify it, the crude extract was collected from the packed-bed bioreactor culture
of the three Trichoderma sp. and subjected to 60% ammonium sulfate precipitation and
dialysis against solid sodium citrate. The dialyzed enzyme samples were introduced to
size-exclusion chromatography using Sephadex G-75 and G-50. It was noticed that xylanase
activity was concentrated, and to confirm its purity, the fractions were subjected to a TLC
reaction. The results revealed that the selected fractions collected from the three Trichoderma
sp. were highly active, liberating xylose as the main sugar observed.
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Appendix A

Xylanase specific activity at different fractions for the three tested Trichoderma spp.

Fractions

Trichoderma species

T. atroviride T. harzianum T. longibrachiatum

OD280
Protein
mg/mL

Activity
U/mL

Specific
Enzyme
Activity

U/mg

OD280
Protein
mg/mL

Activity
U/mL

Specific
Enzyme
Activity

U/mg

OD280
Protein
mg/mL

Activity
U/mL

Specific
Enzyme
Activity

U/mg

1 -0.035 -1.750 0.000 0.000 0.068 3.410 0.000 0.000 0.006 0.300 0.000 0.000
2 -0.030 -1.510 0.000 0.000 0.055 2.735 0.000 0.000 0.009 0.450 0.000 0.000
3 -0.001 -0.050 0.000 0.000 0.140 7.015 0.000 0.000 0.065 3.250 0.000 0.000
4 0.005 0.260 0.000 0.000 0.396 19.820 0.610 0.031 0.149 7.440 0.000 0.000
5 0.013 0.640 0.000 0.000 0.487 24.325 0.106 0.004 0.212 10.595 0.000 0.000
6 0.070 3.486 0.000 0.000 0.111 5.550 0.042 0.007 0.213 10.670 0.000 0.000
7 0.016 0.796 0.000 0.000 0.168 8.415 0.230 0.027 0.300 15.005 0.000 0.000
8 0.035 1.750 0.000 0.000 0.140 6.980 0.000 0.000 0.309 15.440 0.000 0.000
9 0.159 7.950 0.511 0.064 0.121 6.040 0.000 0.000 0.397 19.840 0.059 0.003

10 0.200 10.005 0.093 0.009 0.093 4.635 0.000 0.000 0.485 24.235 0.469 0.019
11 0.350 17.500 0.106 0.006 0.072 3.600 0.000 0.000 0.391 19.540 0.140 0.007
12 0.456 22.780 0.041 0.002 0.090 4.475 0.000 0.000 0.286 14.315 0.250 0.017
13 0.388 19.400 0.000 0.000 0.076 3.775 0.000 0.000 0.209 10.425 0.597 0.057
14 0.300 15.000 0.000 0.000 0.062 3.120 0.000 0.000 0.244 12.220 0.050 0.004
15 0.298 14.900 0.000 0.000 0.167 8.345 0.000 0.000 0.304 15.205 0.000 0.000
16 0.266 13.300 0.000 0.000 0.022 1.120 0.000 0.000 0.300 15.005 0.000 0.000
17 0.255 12.750 0.000 0.000 0.079 3.935 0.000 0.000 0.223 11.130 0.000 0.000
18 0.250 12.500 0.000 0.000 0.108 5.390 0.000 0.000 0.270 13.480 0.000 0.000
19 0.203 10.165 0.000 0.000 0.155 7.745 0.000 0.000 0.257 12.830 0.000 0.000
20 0.100 5.005 0.000 0.000 0.007 0.345 0.000 0.000 0.270 13.500 0.000 0.000
21 0.125 6.250 0.000 0.000 0.034 1.715 0.000 0.000 0.200 10.005 0.000 0.000
22 0.200 10.000 0.000 0.000 0.015 0.765 0.000 0.000 0.190 9.480 0.000 0.000
23 0.100 5.010 0.000 0.000 0.058 2.885 0.000 0.000 0.156 7.775 0.000 0.000
24 0.109 5.450 0.000 0.000 0.023 1.170 0.000 0.000 0.098 4.910 0.000 0.000
25 0.100 5.000 0.000 0.000 0.047 2.335 0.000 0.000 0.085 4.260 0.000 0.000
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Abstract: Beauveria bassiana (B. bassiana) is a broad-spectrum entomopathogenic fungus that can
control pests in agriculture and forestry. In this study, encoding ecdysteroid uridine diphosphate
glucosyltransferase gene (egt) was successfully screened in B. bassiana on the medium containing
500μg/mL G418 sulfate solution through the protoplast transformation method. This enzyme has the
function of 20E (20-hydroxyecdysone) inactivation, thus increasing the mortality of the early instar
larvae infected with B. bassiana. In this study, we transformed B. bassiana with the egt gene, which
deactivates 20-hydroxyecdysone, a key hormone in insect development. The results showed that
transgenic B. bassiana killed more silkworms of the 2nd instar larvae than the wild-type with a shorter
LT50 time, which was reduced by approximately 20% (day 1 of the 2nd instar silkworm infection
of B. bassiana) and 26.4% (day 2 of the 2nd instar silkworm infection of B. bassiana) compared to the
wild-type, and also showed a higher mortality number before molting. The transgenic B. bassiana had
a higher coverage of the body surface of silkworms compared to the wild type on the 3rd instar. In
summary, improving entomopathogenic fungi using biological methods such as genetic engineering
is feasible.

Keywords: fungal transgenic; 20E; deactivation; pathogenicity

1. Introduction

The increasing environmental pollution caused by chemical pesticides, the higher
resistance of pests to pesticides, and the potential harm to human health caused by pes-
ticides have raised concerns regarding the use of chemical pesticides. Thus, biological
control is receiving more attention. Entomopathogenic fungi is one of the major factors
in controlling insect populations in nature and is an important tool in the biological con-
trol of pests. B. bassiana is the most common and widely used environmentally-friendly
fungus in various insects in nature [1,2]. It is the most common and widely used fungal
insecticide [3]. However, the pathogenicity of different strains in the host is different, and
pathogenicity is a comprehensive effect determined by the multiple characteristics of the
strain. Compared to chemical pesticides, its slow efficacy and inconsistent control results
are the main limitations of its large-scale application due to the fungi’s long growth and in-
fection time [4,5]. Genetic modification of fungi using molecular biology techniques offers a
faster and broader approach. Previous studies have demonstrated the increased expression
of certain genes [6], such as protease Pr1A [4], CDEP1 [5], and chitinase CHIT1 [6] of B.
bassiana, which are associated with the lethality of host infection. Some studies have also
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introduced exogenous toxin genes, such as the scorpion neurotoxin peptide AaIT1 [7,8]
and the insecticidal proteins Vip3A [9] and Cry1Ac [10] from Bacillus thuringiensis, into B.
bassiana, aiming to enhance its lethality to the host after infection.

Beauveria bassiana can infect more than 700 species of insects, including Lepidoptera,
Hymenoptera, Coleoptera and 15 other orders, 149 families, 521 genera, and more than
10 species of ticks and mites in at least six families and seven genera [7]. As an important
entomopathogenic fungus, B. bassiana is easy to cultivate and environmentally friendly to
humans and animals. It has broad application prospects as an insecticide that biologically
controls pests [1,8].

The fungal infection process in a host involves various steps, including host recog-
nition, mechanical damage, nutrient competition, metabolic interference, toxin secretion,
and tissue destruction in the host [9]. In particular, a certain amount of time is required
for fungal conidia to adhere to the surface of the host insect, germinate, and penetrate
the epidermis [10–12]. Most insects molt during their feeding period, and some insect
instars have relatively short durations. Fungal infections may be eliminated before they
invade the insect body, leading to potential failure [13]. Furthermore, although older instar
insects have longer intervals between molts, the fungal infection must overcome the host’s
immune system [14]. The fungal infections grow mycelia in the insect hemocoel, proliferate
extensively, and secrete toxins using nutrients in the hemolymph, ultimately leading to the
host insect’s death [15]. This process also requires a certain amount of time, during which
the infected insects continue to feed. As a result, these pests can cause significant damage
before their death following fungal infection. In conclusion, the fungus’s relatively long
infection and mortality times on the host insect contribute to the relatively poor efficacy of
fungal biocontrol agents. This is currently a major factor limiting the large-scale application
of fungal insecticides. The second instar silkworm, Bombyx mori, larvae infected with B
bassiana, molts after about 48 h of growth and development [16]. Under normal circum-
stances, it is difficult for conventional strains of B. bassiana to infect the second instar larvae
of silkworms on a large scale. In contrast, the last instar larvae of the silkworms have a
relatively longer duration. However, from infection with B. bassiana to death, these larvae
continue to feed for at least 5 days [17].

Ecdysteroid UDP glucosyltransferase (EGT) is a protein encoded by baculovirus [18,19].
EGT secreted by Autograph californica nucleopolyhedral virus (AcMNPV) can transfer
UDP-glucoside to the hydroxyl group of the 22nd carbon atom of 20E in vitro, forming
20E-22-β-D-glucopyranoside without 20E activity [20–25]. When insects are infected by
this virus, the secreted EGT can deactivate 20E, thereby hindering the normal molting of
insects [20,26] We previously found that the expression of EGT in the last instar silkworm
led to a decrease in the content of active 20E in the hemolymph of the last instar silkworm,
which made the silkworm unable to pupate after spinning [27]. This study aimed to
integrate egt into the genome of B. bassiana, which was selected as the host to explore the
function of endowing B. bassiana to deactivate 20E, increase the mortality of young larvae
infected with B. bassiana, and, to a certain extent, compensate for the application limitations
of B. bassiana in pest biological control due to its long pathogenic cycle.

2. Materials and Methods

2.1. Screening of Antibiotics

The B. bassiana strain CMCC(B)G1-180910 was preserved and provided by our research
group. Experimental silkworms were provided by the Biological Science Research Center
of Southwest University (Chongqing, China). Three gradients of antibiotic solutions–
Hygromycin B (Sheng gong, Shanghai, China), Zeocin (Sheng gong, Shanghai, China),
and G418 sulfate solution (Sheng gong, Shanghai, China) were prepared at 50, 100, and
200 μg/mL concentrations, respectively. A potato dextrose agar (PDA) medium containing
the corresponding antibiotic concentrations was prepared, and a control group without
antibiotics was included. Using sterilized clean tweezers, we gently removed mycelium
from preserved B. bassiana strains and inoculated them onto the PDA medium to allow the
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white strain to grow in medium free of bacterial or other fungal contamination. B. bassiana
was purified by single-spore culture. First, a few fresh conidia and hyphae were dipped
by a sterile cotton swab, added to sterilized ddH2O, mixed well, and then passed through
a 40 μm filter to remove mycelium. In this way, the conidia’ suspension was prepared.
Next, 1 μL was sucked for observation under a microscope and diluted with sterile water
until the spore concentration was 1 μL, comprising only a single spore. This spore was
inoculated and cultured in a petri dish. The purified B. bassiana strain was inoculated
onto agar plates using sterile cotton swabs to ensure uniform distribution. It was then
moderately dipped with sterile cotton swabs and evenly applied onto the PDA plate until
no white conidia or mycelium were visible. The plates were inverted and cultured at 26 ◦C
with a relative humidity (RH) of at least 90%. Suitable antibiotics and their concentrations
were determined based on the growth of the B. bassiana colonies. If antibiotics had no
inhibitory effect on the growth of B. bassiana, the PDA plate coated with the strain would
be covered with white strain, and if they did have an inhibitory effect, it would not grow.

2.2. Construction of Transgenic Fungal Expression Vector

After optimizing the target gene containing EGT by using the preference codon of B.
bassiana provided in the NCBI database, the Mcl1 signal peptide (SP, ATGCGTGAGCTCTC-
CTCCGTTCTCGCTCTCTCCGGTCTCCTCGCTCTCGCTTCCGCT) and 6×His tag was
added to the 5′ end of the egt gene. The linker (GGCGGCGGTGGTTCT) and nucleic acid
sequence of green fluorescent protein (GFP) were added at the 3′ end. A nucleic acid
sequence containing sp-6×His-EGT-linker-GFP with Xho I and Kpn I sites was synthesized
by Takara Bio Corporation and cloned into the pMD19-T plasmid to generate pMD19-T
[sp-6×His-EGT-linker-GFP]. pMD19-T [sp-6×His-EGT-linker-GFP] and the fungal expres-
sion vector pG418, containing the G418 resistance gene, were digested with Xho I and Kpn I,
respectively. The recovered sp-6×His-EGT-linker-GFP was ligated into a transgenic vector.
The Xho I-Kpn I fragment from pMD19-T [sp-6×His-EGT-linker-GFP] was excised and
inserted into the Xho I-Kpn I site of pG418 to generate pG418 [sp-6×His-EGT-linker-GFP].
The pG418 fungal expression vector was kindly provided by Professor Yi Zou of the College
of Pharmaceutical Sciences at Southwest University (Chongqing, China).

2.3. Construction and Selective Culture of Transgenic B. bassiana

The protoplast transformation method has been widely applied in the genetic transfor-
mation of fungi. Transgenic B. bassiana were generated as previously described [28], the
details of which are following. B. bassiana colonies grown on PDA medium for 14 days
were collected using a sterile 20% glycerol solution and the mycelia were filtered to obtain
a spore suspension. The spore suspension was cultured at 25 ◦C, 220 rpm shake culture for
12 h, and obtained 70~80% of the spore germinated buds (the length of the buds was ap-
proximately 3~4 times the diameter of the conidia). The germinated spore buds in a 50 mL
culture medium were collected and washed twice using 15 mL OM buffer (The OM buffer,
including 1.2 3M MgSO4·7H2O and 10 mM Na–Phosphate buffer, was filter sterilized and
stored at 4 ◦C. and the pH was adjusted to 5.8 using 1 M Na2HPO4) via centrifugation at
4 ◦C and 4000× g for 5 min. The 10 mM Na–Phosphate buffer was prepared from a 2 M
NaPB stock solution containing 90.9 g of Na2HPO4 and 163.4 g of NaH2PO4 per liter, with
a pH of 6.5. Next, 10 mL mixed enzyme solution of 0.03 g Lysing Enzymes from Trichoderma
harzianum (Sigma-Aldrich, St. Louis, MO, USA) and 0.02 g Yatalase (Takara Bio, Otsu,
Japan) dissolved in 10 mL OM buffer were added to digest the new buds. Protoplasts of B.
bassiana were obtained via culturing at 28 ◦C and 80 rpm shake culture for 13 h. Then, 10 mL
of trapping buffer (0.6 M sorbitol; 0.1 M Tris-HCl, pH 7.0; autoclaved and stored at 4 ◦C)
were added and protoplast layers were collected by centrifugation at 4 ◦C and 4000× g for
20 min. Then, after being added to 10 mL STC buffer (1.2 M sorbitol; 10 mM CaCl2·2H2O;
10 mM Tris-HCl, pH 7.5; autoclaved and stored at 4 ◦C), the precipitate was obtained by
centrifugation at 4 ◦C and 4000× g for 8 min and resuspended in 300 μL STC buffer. The
10 μL transgenic fungal expression vector pG418-sp-His-EGT-GFP ultrapure plasmid was
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mixed with 100 μL protoplasts and allowed to stand on ice for 40 min. Then, 600 μL PEG
solution (60% PEG 4000; 50 mM CaCl2; 50 mM Tris-HCl, pH 7.5; autoclaved and stored
at 25 ◦C) was added and mixed evenly, standing at 25 ◦C for 30 min. The mixture was
added to an SD-PDA (PDA with 21.86% sorbitol) plate containing 500 μg/mL G418 sulfate
solution prepared in advance, and the mixture was manually rolled and spread. Under
26 ◦C, RH ≥ 90%, the mixture was cultured for 1 day and then inverted for 4 days. A white
colony was selected and continuously cultured on PDA plate containing 500 μg/mL G418
sulfate solution, purer transgenic strains were obtained after 20 generations of single-spore
cultured on PDA plates containing 500 μg/mL G418 sulfate solution.

2.4. Identification of Transgenic B. bassiana

The target strain was scraped with a sterile cotton swab and inoculated into a sterile test
tube containing 8 mL of PDB medium. After shaking the culture at 26 ◦C and 200 rpm shake
culture for 3 days, the precipitate was collected via centrifugation at 4 ◦C and 12,000× g for
3 min. After adding 700 μL CTAB buffer (2% CTAB; 8.182% NaCl; 0.1 M Tris-HCl, pH 8.0;
0.02 M EDTA, pH 8.0) and transferring to 1.5 mL sterile centrifuge tube, the mycelium fluid
was quickly frozen with liquid nitrogen for 2 min, followed by a 65 ◦C water bath for 2 min,
and repeatedly freeze-thawed five times. Then, 600 μL of the liquid was piped into a new
1.5 mL sterile centrifuge tube and added to 600 μL phenol: chloroform: isoamyl alcohol
(25:24:1, V/V/V). The 500-μL supernate was obtained via centrifugation at 13,000× g for
10 min and then 500 μL phenol: chloroform: isoamyl alcohol (25:24:1, V/V/V) was added.
After, 400 μL of supernate was obtained via centrifugation at 13,000× g for 10 min and
added to 800 μL precooled isopropanol, then allowed to stand at −20 ◦C for 40 min. After
centrifugation at 13,000× g for 5 min, the precipitate was washed using 600 μL 70% ethanol,
dried at room temperature, and dissolved in sterile water sequentially. The total RNA was
extracted using the RNA extraction kit SteadyPure Universal RNA Extraction Kit (Accurate
Biology, Changsha, Hunan, China), then first-strand cDNA was generated using reverse
transcription kit NovoScript® Plus All-in-one 1st Strand cDNA Synthesis SuperMix (gDNA
Purge) (Novoprotein, Suzhou, China), according to the manufacturer’s protocol.

Polymerase chain reaction (PCR) for egt fragment from B. bassiana genomic DNA. The
PCR profile was used to amplify target sequences: 94 ◦C for 5 min; 30 cycles of 94 ◦C
for 30 s, 60 ◦C for 30 s and 72 ◦C for 1 min; 72 ◦C for 10 min. PCR for the full-length
sp-His-EGT-GFP from B. bassiana cDNA was used to amplify target sequences: 94 ◦C for
5 min; 30 cycles of 94 ◦C for 30 s, 58 ◦C for 30 s and 72 ◦C for 2 min 40 s; 72 ◦C for 10 min.
18S rRNA was used as the control. The PCR profile was 94 ◦C for 5 min; 30 cycles of 94 ◦C
for 30 s, 58 ◦C for 30 s and 72 ◦C for 20 s; 72 ◦C for 10 min. Electrophoresis confirmed
products on a 1.2% (w/v) agarose gel. The primers involved in PCR are shown in Table S1.

2.5. Validity Detection of Transgenic Beauveria bassiana

The wild-type and transgenic B. bassiana were inoculated in a PDA medium con-
taining effective antibiotics, 26 ◦C, RH ≥ 90%, and cultured for 14 days. Conidia were
scraped and dispersed in 0.05% Tween-80 solution to obtain a spore suspension with
1 × 107 conidia/mL concentration. Silkworm larvae were selected as the test insects on the
first day of the second instar, the second day of the second instar, and the first day of the
third instar. Each group comprised 300 silkworms of similar size. The spore suspension
was evenly sprayed on small silkworms to observe the moisture on the body surface. A
0.05% Tween-80 solution without spore was used as a negative control. After 30 min of
inoculation, mulberry leaves were fed to the silkworms, the temperature was raised to
26 ◦C, and the RH ≥ 90%. Silkworm excrement was cleaned, and fresh mulberry leaves
were replaced daily. The death of each treatment was observed and recorded at 12 h
intervals, and the median time to death of the test insects was counted prior to the death of
wild-type and transgenic B. bassiana-infected silkworm. The transgenic B. bassiana treatment
group was the experimental group, and the wild-type B. bassiana treatment group was the
control group. Fresh B. bassiana with white villous hyphae and powdery spore on silkworm
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carcasses were selected, and the hyphae and conidia were collected. The genome and RNA
were extracted and detected by PCR, as described above.

2.6. Data Collection and Visualization

Microsoft Excel was used to organize the raw data and graph the survival curves and
mortality rates.

3. Results

3.1. Screening of Antibiotics and Determination of Culture Conditions

To screen and culture positive transgenic B. bassiana, sensitive antibiotics and the
optimal concentration of B. bassiana were screened using the PDA medium. First, the
activated B. bassiana conidia were inoculated on PDA solid medium with 50, 100, and
200 μg/mL of Hygromycin B, Zeocin, and G418 sulfate solution, respectively. After two
days of culture, B. bassiana was grown on a medium containing 200 μg/mL Hygromycin B
and Zeocin. The growth of B. bassiana was inhibited in the medium containing the G418
sulfate solution, and the higher the concentration, the more pronounced the inhibition
(Figure 1A). Furthermore, B. bassiana was cultured on PDA solid medium containing
300 μg/mL, 400 μg/mL, and 500 μg/mL G418 sulfate solution for 4 days; the 500 μg/mL
G418 sulfate solution could inhibit the growth of B. bassiana on PDA medium (Figure 1B).
The above results showed that within 4 d, PDA medium containing 500 μg/mL G418
sulfate solution could be used as a screening medium for the genetic transformation of B.
bassiana and positive transgenic strains of transformed offspring.

Figure 1. Screening of antibiotics and culture conditions of Beauveria bassiana. (A) The growth of B.
bassiana on potato dextrose agar (PDA) solid medium with different concentrations of Hygromycin B,
Zeocin, and G418 sulfate solution; (B) The growth of B. bassiana on PDA solid medium supplemented
with different concentrations of G418 sulfate solution.

3.2. Generation of Transgenic Beauveria bassiana

The recombinant fungal expression vector pG418-sp-His-EGT-GFP driven by the gpdA
constitutive promoter was digested with the restriction enzymes Xho I and Kpn I (Figure 2A).
The size of the vector was 6365 bp, whereas the size of the target fragment was 2286 bp,
consistent with the expected results (Figure 2B). This confirmed the successful construction
of the transgenic fungal expression vector pG418-sp-His-EGT-GFP.
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Figure 2. Construction of transgenic fungal expression vector. (A) Schematic illustration of the
transgenic fungal expression vector pG418-sp-His-EGT-GFP; (B) The detection of recombinant fungal
expression vector by double enzymes digestion.

Using lysing enzymes from T. harzianum and Yatalase, the newly germinated hyphae
of B. bassiana were enzymatically digested to obtain protoplasts. Successfully digested
protoplasts appeared as transparent circular structures (Figure 3A). The protoplasts were
then transformed with the pG418-sp-His-EGT-GFP highly purified plasmid and uniformly
spread on the corresponding culture media. After 4 days of cultivation, the culture media
without antibiotic selection showed the growth of white mycelia (Figure 3(B1)), whereas
no colony growth was observed in the culture media containing 500 μg/mL G418 sulfate
solution without the plasmid (Figure 3(B2)). However, on G418 sulfate-containing PDA
plates with plasmid transfer, single white fungal colonies emerged (Figure 3(B3)), indicating
that the antibiotic effectively inhibited the growth of non-transgenic B. bassiana. Five
randomly selected single fungal colonies were cultivated on G418 sulfate-containing PDA
plates for 3 days. The transformed colonies showed powdery white growth with a radially
symmetrical pattern (Figure 3B’). The genomic DNA of these five transformants were
extracted, and PCR analysis revealed the amplification of an egt fragment of approximately
1000 bp in transformant B’3–5 (Figure 3C). Furthermore, RNA extracted from transformant
B’3-5 confirmed the presence of 18s rRNA (Figure 3D) and the successful amplification
of a target gene of approximately 2300 bp (Figure 3E). These results demonstrated the
successful generation of transgenic B. bassiana containing EGT.
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Figure 3. Generation and identification of transgenic Beauveria bassiana. (A) The protoplasts obtained
from B. bassiana; (A’) Enlarged view of individual protoplast; (B) Screening of positive transgenic
B. bassiana, (B1): the culture media without antibiotic selection, (B2): the culture media containing
500 μg/mL G418 sulfate solution without the plasmid, (B3): the culture media containing 500 μg/mL
G418 sulfate solution with plasmid transfer; (B’) Cultivation of transformants, B’3 (1–5): five trans-
formed colonies selected from B3, which is cultured for 3 days on PDA plates containing G418
sulphate; (C) 1–5: Gel electrophoresis of genomic PCR products of five transformants, C: PCR prod-
uct of control plasmid pG418-sp-His-EGT-GFP; (D) Gel electrophoresis of 18S ribosomal RNA in
transformant 5 RNA; (E) Gel electrophoresis of the target gene in transformant 5 RNA.

3.3. Validity Detection of Transgenic Beauveria bassiana

The median lethal time (LT50) of transgenic B. bassiana infecting silkworm larvae
on the 1st and 2nd day of the second instar was shortened by 24 h compared to that of
the wild-type (Figure 4A,B), while the LT50 of the transgenic B. bassiana was only 12 h
shorter than that of the wild-type on the first day of the third instar larvae (Figure 4C).
These results showed that the pathogenicity time of transgenic B. bassiana was shortened,
and the effect on second-instar silkworms was more obvious. On the other hand, EGT
has the function of hindering insect molting to take into consideration. We also collected
the number of deaths before and after the molting of silkworms infected with B. bassiana.
Comparing the inoculation of silkworms with B. bassiana on the first day with the second
day of second instar larva, the number of silkworms that died before molting infected
by transgenic B. bassiana was three times that of the wild-type (Figure 4(A1,A2)). On
the second day of inoculation wild-type B. bassiana, all the silkworms died after molting,
while there was still 20% of silkworms that died before molting infected by transgenic B.
bassiana (Figure 4(B1,B2)). Even if inoculation has long period molting intervals for third
instar silkworms, the number of silkworms infected by transgenic B. bassiana (96%) died
before molting was still greater than those inoculated with wild-type B. bassiana (88%)
(Figure 4(C1,C2)). This confirms that the transgenic B. bassiana increases in the availability
of killed silkworms that die before molting.
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Figure 4. Validity detection of transgenic Beauveria bassiana. (A,B) The survival rate of silkworms
inoculated with B. bassiana on the 1st/2nd day of the second instar, the ratio of death of silkworms
before and after molting of the second instar inoculated with B. bassiana on the 1st day of the second
instar of (A1,A2), and the ratio of death of silkworms before and after molting of the second instar
of (B1,B2) inoculated with B. bassiana on the 2nd day of the second instar; (C) The survival rate
of silkworms inoculated with B. bassiana on the first day of the third instar, the ratio of death of
silkworms before and after molting of the third instar inoculated with B. bassiana on the first day of the
third instar of (C1,C2). C: Negative control group treated with 0.05% Tween-80 solution; WT: control
group treated with wild-type B. bassiana; S: Experimental group treated with transgenic B. bassiana.

Third-instar silkworms infected with B. bassiana died (108 h after inoculation), the
phenotypes of 30 small silkworms were observed by photography. The proportion of small
silkworms with mycelia on their body surface was approximately three times that of the
control group. Some dead silkworms (Figure 5B) grew hyphae and conidia. Considering
that the molting interval of the third instar silkworm (96 h) was longer than that of the
second instar silkworm (48 h), B. bassiana could cause most silkworms to die before the third
instar molting. Silkworms infected with transgenic B. bassiana exhibited greater ossification
during the same period. The genome and RNA of B. bassiana from silkworm corpses
were extracted for PCR detection. The results showed that the target gene fragment was
successfully amplified in the experimental group with a size of approximately 1000 bp,
consistent with the band size amplified from the control plasmid. In contrast, the control
group was not amplified (Figure 5C). The difference observed in this study was due to the
introduction of EGT into transgenic B. bassiana.
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Figure 5. Pathogenicity analysis of transgenic Beauveria bassiana. (A) The phenotype of the third instar
silkworms infected with wild-type B. bassiana after all death; (B) The phenotype of the third instar
silkworms infected with transgenic B. bassiana at the same time; (C) Electrophoresis detection of PCR
products of the target gene fragment in the genome of B. bassiana, 1: wild-type B. bassiana genome
template, 2: transgenic B. bassiana genome template, C: control plasmid pG418-sp-His-EGT-GFP
template; (D) Electrophoresis detection of PCR products of the target gene in B. bassiana RNA, 1:
wild-type B. bassiana cDNA template, 2 transgenic B. bassiana cDNA template, C: control plasmid
pG418-sp-His-EGT-GFP template.

4. Discussion

It should be noted that there are multiple methods for the genetic manipulation of
fungal species [29]. Currently, there is no universal transformation method applicable
to all fungi, and specific transformation protocols must be designed for different species.
Therefore, it is of great practical significance to continuously explore and discover more
efficient and suitable transformation methods for B. bassiana to improve the strains and
facilitate future applications. In this study, we chose the protoplast transformation method
because it is simple, effective, and does not require expensive equipment. Using protoplasts
as recipient cells, this method produces many transformants and easily obtains homozygous
transformants. However, this method inevitably has disadvantages, such as a low frequency
of positive transformant regeneration and a long purification period. Additionally, the
selection of positive strains using this method is commonly achieved through antibiotic
resistance; however, different fungi have varying sensitivities to different antibiotics. To
obtain positive strains efficiently and accurately, further exploration of plasmid resistance
selection, antibiotic concentrations, and fungal culture methods is needed. In this study, we
found that a solution of G418 sulfate at a concentration of 500 μg/mL completely inhibited
the growth and reproduction of B. bassiana within 4 days. Therefore, it was used as a
screening marker for the genetic transformation of B. bassiana and as a selective pressure for
offspring after transformation. These findings provide a reference for selecting B. bassiana
strains carrying other genes. However, it is necessary to explore further whether other
antibiotics can make B. bassiana more sensitive.

Many genes have been introduced into B. bassiana to enhance its pathogenicity. Fungal
infections of insects first penetrate the exoskeleton of insects, which is mainly composed of
chitin and proteins. During the process of fungal infection of insect body surfaces, enzymes
such as protease (Pr1A) [30] and Pr1A like proteases CDEP1 [31], and chitinase CHIT1 [32],
are synthesized to dissolve insect body walls and aid in fungal penetration [2,12]. Therefore,
increasing the expression of such proteins in fungi through transgenic transformation is
one of the means to enhance their pathogenicity. In addition, some non-fungal endogenous
proteins that have toxic effects on insects can be used to enhance fungal virulence such as
the crystal insecticidal proteins (Vip3A) and Cry1Ac of B. thuringiensis, which can dissolve
insect midgut epithelial cells, leading to cell lysis [33]. Scorpion neurotoxic peptide (ATM1)
can cause instant spastic paralysis in insects [34]. The main goal of this study is to address
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the issue of short interval between molting of the early instar insect larvae, which leads to
shedding of epidermis of B. bassiana-infected larvae after molting. Shedding of epidermis
significantly affects the success of B. bassiana infection. Shedding of epidermis significantly
affects the success of B. bassiana infection. Therefore, we utilized the characteristic of EGT to
deactivate 20E [21,25,27] and expressed EGT in B. bassiana to inhibit the molting hormone
in insects, thus extending the interval between molting of early instar larvae to improve the
success rate of B. bassiana infection. Due to cost and limitations in experimental facilities,
the conclusions of this study have only been validated in the laboratory. To confirm the
effectiveness of larger-scale applications or the establishment of a relevant technological
systems, further verification is needed by expanding the sample population in different or
the same varieties of silkworms.

Lepidoptera is the second largest order in the class Insecta, with the most agricul-
tural and forestry pests. Silkworms are commonly used as model insects for research
on lepidopteran [35,36] and fungal infections [37]. In this study, although the improved
genetically modified B. bassiana in this study theoretically has broad-spectrum biological
control against Lepidoptera pests, its true effect still needs to be verified in other insects.
In addition, it is noted that although the molting of larvae from almost all insects requires
20E to participate [38], the molting interval of late-stage larvae is inherently long (around
10 days for the last instar silkworms). During this time, the advantages of our genetically
modified B. bassiana strain compared to the wild-type strain may weaken or even disappear.
Therefore, regardless of whether it is the endogenous protein of the fungus or the exogenous
protein, the extent of improvement is limited by the expression level of the target protein
and the duration of application. In the future, genes that can enhance fungal infection
efficiency (such as CDEP1 and CHIT1), genes toxic to insects (such as Vip3A and Cry1Ac
proteins), and genes affecting insect molting (EGT) can be simultaneously expressed in B.
bassiana or mixed in different strains of B. bassiana containing these proteins to enhance
the insecticidal activity of B. bassiana against harmful insects and ultimately expand the
application of B. bassiana in biological control.

5. Conclusions

Based on the characteristic of insect molting, we focused on “giving” B. bassiana a new
function—deactivating 20E. This successfully caused the death of second instar silkworm
larvae, which are usually difficult to infect with B. bassiana because of their short molting
period. This approach partially compensates for the limitations of the long pathogenic
cycle of B. bassiana in the application of pest biological control and provides insights into
the improvement of biocontrol fungi and their efficacy against other insects.
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Abstract: The endophytic fungal community of the Amazonian medicinal plant Arrabidaea chica
(Bignoniaceae) was evaluated based on the hypothesis that microbial communities associated with
plant species in the Amazon region may produce metabolites with interesting bioactive properties.
Therefore, the antimicrobial and antioxidant activities of the fungal extracts were investigated. A
total of 107 endophytic fungi were grown in liquid medium and the metabolites were extracted with
ethyl acetate. In the screening of fungal extracts for antimicrobial activity, the fungus identified as
Botryosphaeria mamane CF2-13 was the most promising, with activity against E. coli, S. epidermidis,
P. mirabilis, B. subtilis, S. marcescens, K. pneumoniae, S. enterica, A. brasiliensis, C. albicans, C. tropicalis
and, especially, against S. aureus and C. parapsilosis (MIC = 0.312 mg/mL). Screening for antioxidant
potential using the DPPH elimination assay showed that the Colletotrichum sp. CG1-7 endophyte
extract exhibited potential activity with an EC50 of 11 μg/mL, which is equivalent to quercetin
(8 μg/mL). The FRAP method confirmed the antioxidant potential of the fungal extracts. The
presence of phenolic compounds and flavonoids in the active extracts was confirmed using TLC.
These results indicate that two of the fungi isolated from A. chica exhibit significant antimicrobial and
antioxidant potential.

Keywords: endophytes; Amazonian host; phenolic compounds; fungal metabolites; bioprospecting

1. Introduction

Popularly known in Brazil as crajiru, pariri and carajuru, among other names, Arra-
bidaea chica (Bonpl.) B. Verl. (1868) is a native species of the Amazon region that belongs
to the Bignoniaceae family. It is characterized as a climbing shrub, and can reach 2 m
in height [1]. Its astringent, emollient properties, and its red pigment, which is due to
the presence of 3-deoxyanthocyanin (carajurine) [2,3], have been widely exploited in the
production of cosmetics [4]. In addition, the species A. chica has pharmacological proper-
ties, such as antimicrobial [5], anti-inflammatory, antiangiogenic and antiproliferative [6],
wound healing [7], antiparasitic [8] and antioxidant properties [9–11]. However, although
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it is widely studied and its biological activities have already been described, there are still
no studies on the biotechnological potential of metabolites produced by the endophytic
microorganisms associated with A. chica.

Endophytic microorganisms are those that live inside plant tissues without causing
harm to the host species. They have the ability to interact with the plant at complex levels
and, due to this interaction, plants can modulate the metabolic process of these endophytes
to produce molecules that have protective functions in relation to the microbe and the
host [12].

In recent decades, endophytic fungi have gained prominence as a rich source of natu-
ral compounds with interesting pharmacological activities [13–15]. Therefore, exploring
endophytic fungi that inhabit medicinal plants provides ample opportunities to discover
new metabolites with potential bioactivity [16–22]. In addition, investigations regarding
endophytes from tropical plants are still limited, especially when considering the pharma-
cological potential of these isolates [23].

Endophytic fungi are an unlimited source of new metabolites, and the use of crude
extracts from these microorganisms may be a promising alternative since its bioactive
compounds can be produced on an industrial scale, thus contributing to both a reduction in
cost of the final product and the preservation of plant species [11]. In this sense, endophytes
from plants that grow in special ecological niches, such as in the Amazon biome, may
have the ability to produce a myriad of secondary metabolites. The bioactive substances
resulting from the secondary metabolism of these microorganisms directly contribute
to the adaptation of species and their survival, and they are often produced in stress
situations [13,24,25]. Flavonoids, alkaloids, steroids, terpenoids, isocoumarins and phenols
are among the classes of substances produced by endophytic fungi that present numerous
biological activities such as hormonal, antitumor, cytotoxic, antiviral, immunosuppressive,
antiparasitic, antimicrobial and antioxidant activities, among others [15,21].

Thus, considering the environmental conditions under which A. chica lives in the
Amazon rainforest, such as high humidity, constant rainfall and high temperatures, as well
as the presence of parasites and natural competitors, it is assumed that the endophytic
fungi resident in this plant have the ability to produce bioactive substances to protect its
host. Therefore, in this study, we evaluated the production of antimicrobial and antioxidant
secondary metabolites produced by the endophytic fungi isolated from leaves and branches
of the Amazonian species A. chica and identified the most promising fungal species as
new sources of bioactive metabolites. This is the first report on the bioactivity of the
metabolites of endophytic fungi that inhabit the aerial parts of A. chica. Furthermore, this
study contributes to the increase in knowledge regarding the biodiversity of the Amazon.

2. Materials and Methods

2.1. Reagents

The materials consisted of culture media, bacterial and fungal strains, commer-
cial antibiotics as well as analytical grade reagents. Potato dextrose agar (PDA) and
Mueller–Hinton broth were purchased from Kasvi (Kasvi, São José dos Pinhais, Brazil).
Sabouraud broth and yeast extract were supplied by Himedia (Himedia, Thane, India).
Microorganisms’ strains were acquired from Cefar (Cefar Diagnóstica, Jardim Taquaral,
Brazil). Levofloxacin, terbinafine and chloramphenicol were obtained from EMS (EMS
pharma, Hortolândia, Brazil). Dextrose, methanol, ethyl acetate, FeCl3, dimethyl sulfox-
ide (DMSO), 2,3,5-triphenyltetrazoic chloride (TTC) and Folin–Ciocalteu solution were
purchased from Dinâmica (Dinâmica, Indaiatuba, Brazil). Resazurin, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), quercetin, ascorbic acid, Trolox and gallic acid were obtained
from Sigma-Aldrich (Sigma-Aldrich, Saint Louis, MO, USA). 2,4,6-Tripyridyl-s-triazine
(TPTZ) was supplied by Merck (Merck, Darmstadt, Germany).
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2.2. Endophytic Fungi

The endophytic fungi used in this study were isolated from the aerial parts of three
shrubs of A. chica (variety II), which were obtained in February 2019 from Embrapa Western
Amazon, located on highway AM-010, KM 29 (Manaus–Itacoatiara highway). The plant
exsiccate was deposited in the herbarium of the Amazonas Federal Institute (IFAM), under
code EAFM2901.

Samples of branches and leaves from the three specimens were washed with detergent
under tap water, fragmented into 10 × 12 cm pieces and subjected to a sequence of submer-
sions in different solutions in the following order and times: (i) for the leaves, 70% alcohol
for 1 min; sodium hypochlorite 3% for 2.5 min, 70% alcohol for 30 s and sterile distilled
water for 2 min; (ii) for the branches, 70% alcohol for 1 min; sodium hypochlorite 4% for
3 min, 70% alcohol for 30 s and sterile distilled water for 2 min [26].

For the isolation of endophytic fungi, the plant material was cut into pieces of approxi-
mately 6 mm2 and inoculated in Petri dishes (6 fragments in each plate) containing PDA
with 50 mg/mL of chloramphenicol added. The plates were incubated at 26 ◦C for 15 days.
According to the cultivable endophytes that had been grown, these were transferred to
inclined test tubes containing PDA medium [26]. The isolated fungi were deposited in the
Central Microbiological Collection (CCM) of the Amazonas State University (UEA). Access
to genetic heritage was registered in the National System for the Management of Genetic
Heritage and Associated Traditional Knowledge under code A0B4857.

One hundred and seven fungi, stored using the Castellani [27] method, were reacti-
vated by inoculating a fragment of the stock culture in Petri dishes containing PDA, with
subsequent incubation in a microbiological chamber (BOD) at 28 ◦C for 5–7 days. Table 1
presents information on the 107 endophytic fungi used in the present study for assessing
their antioxidant and antimicrobial activity.

Table 1. Endophytic fungi isolated from the leaves and branches of the three specimens of Arrabidaea
chica used in this study.

Endophytic Fungus Code Specimen Plant Part
Number

of Isolates

CF1-1 CF1-12 CF1-22 CF1-31

1 Leaves 33

CF1-2 CF1-13 CF1-23 CF1-32
CF1-3 CF1-15 CF1-24 CF1-34
CF1-4 CF1-16 CF1-25 CF1-35
CF1-5 CF1-17 CF1-26 CF1-36
CF1-6 CF1-18 CF1-27 CF1-37
CF1-7 CF1-19 CF1-28
CF1-9 CF1-20 CF1-29
CF1-11 CF1-21 CF1-30

CG1-1 CG1-5 CG1-9 CG1-12
1 Branches 11CG1-2 CG1-7 CG1-10 CG1-14

CG1-4 CG1-8 CG1-11

CF2-1 CF2-7 CF2-13 CF2-17

2 Leaves 16
CF2-2 CF2-9 CF2-14 CF2-18
CF2-3 CF2-11 CF2-15 CF2-19
CF2-6 CF2-12 CF2-16 CF2-20

CG2-2 CG2-5 CG2-10 CG2-15
2 Branches 11CG2-3 CG2-7 CG2-11 CG2-16

CG2-4 CG2-8 CG2-12
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Table 1. Cont.

Endophytic Fungus Code Specimen Plant Part
Number

of Isolates

CF3-1 CF3-9 CF3-15 CF3-21

3 Leaves 22

CF3-2 CF3-10 CF3-16 CF3-23
CF3-4 CF3-11 CF3-17 CF3-24
CF3-5 CF3-13 CF3-18 CF3-26
CF3-6 CF3-12 CF3-19
CF3-7 CF3-14 CF3-20

CG3-1 CG3-8 CG3-13 CG3-18

3 Branches 14
CG3-3 CG3-10 CG3-15 CG3-19
CG3-4 CG3-11 CG3-16
CG3-7 CG3-12 CG3-17

Total 107

2.3. Production of Fungal Metabolites

Three fungal mycelium fragments (5 × 5 mm in diameter) that were removed from the
PDA plates were inoculated into 250 mL Erlenmeyer flasks with 150 mL of liquid medium
of the following composition: white potato broth (200 g/L); dextrose (10 g/L); yeast extract
(2.0 g/L); NaCl (5.0 g/L); pH 5.0. The cultures were carried out under static conditions at
30 ◦C for 14 days, according to the methodology of Bose et al. [28], with modifications.

After cultivation, the metabolites were extracted with ethyl acetate in a 1:1 ratio for
4 h at room temperature and shaking at 120 rpm. After this period, the mycelium was
removed via filtration in a Büchner funnel, and the fractions were separated in a separation
funnel. The solvent was evaporated via the fume hood and the extracts were resuspended
at a concentration of 10 mg/mL with a 10% DMSO solution and frozen (−18 ◦C) for later
use in the biological tests [29].

2.4. Antimicrobial Testing

The microdilution technique was used according to the Clinical and Laboratory Stan-
dards Institute (CLSI) [30], which involved reducing resazurin for the antibacterial tests and
reducing TTC for the antifungal tests. For the preliminary screening, fungal metabolites
were tested against commercially acquired strains: Staphylococcus aureus CCCD-S009, Es-
cherichia coli CCCD-E005 and Candida albicans CCCD-CC001. The extracts that showed activ-
ity against at least one of the two bacteria tested were evaluated against other strains: Pseu-
domonas aeruginosa CCCD-P004, Proteus mirabilis CCCD-P001, Bacillus subtilis CCCD-B005,
Staphylococcus epidermidis CCCD-S010, Enterococcus faecalis CCCD-E002, Serratia marcescens
CCCD-S005, Klebsiella pneumoniae CCCD-K003 and Salmonella enterica CCCD-S003. For the
extracts that showed activity against C. albicans, these were also tested against C. tropicalis
CCCD-CC002, C. parapsilosis CCCD-CC004 and Aspergillus brasiliensis CCCD-AA001.

For the test, 96-well microplates were used, which contained 100 μL of the extract
at different concentrations (10, 5.0, 2.5, 1.25, 0.625 and 0.312 mg/mL) and 100 μL of the
microbial inoculum. The microbial inoculum was prepared from colonies grown for 24 h.
The microbial suspension was standardized at 0.5 on the McFarland Scale (108 CFU/mL)
and diluted in the culture medium (Mueller–Hinton broth for the bacteria and Sabouraud
broth for the fungi) until reaching 5 × 105 CFU/mL.

The positive control used for the bacteria was levofloxacin at 0.25 mg/mL and, for
the fungi, terbinafine was used at 0.40 mg/mL. As a negative control, only the microbial
inoculum was inserted and, for sterility control, 100 μL of the sterile culture medium that
was used for the preparation of the inoculum was placed in the wells. A blank test was
also performed, containing DMSO at different concentrations (1–100%), to ensure that the
solvent used to dilute the extracts (DMSO 10%) did not present antimicrobial activity.

Subsequently, the plates were incubated at 37 ◦C for 24 h (bacteria) and 48 h (fungi)
in a BOD chamber. After adding 30 μL resazurin at 0.01% or TTC at 1%, the plates were
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incubated again at 37 ◦C for 1–2 h to verify the change in color as a result of the reduction
of the dyeing reagents.

For the extracts that showed activity, the minimum inhibitory concentration (MIC)
was determined by successive dilutions of the samples. The lowest concentration of the
extracts that inhibited microbial growth was considered the MIC.

2.5. Antioxidant Assays

Antioxidant activity was determined using the 2,2-diphenyl-1-picrylhydrazyl radical
sequestration (DPPH•) method. The DPPH• solution was prepared at a concentration of
0.06 mmol/L, with methanol P.A., protected from exposure to direct light [31]. The assay
was performed in 96-well microplates, with 40 μL of extract and the addition of 250 μL of
the DPPH• solution. For the negative control, 40 μL of 10% DMSO and 250 μL of DPPH•
solution were added [32]. The microplate was protected from exposure to direct light and,
after 10 min, the absorbance readings were performed in a microplate reader (Molecular
Devices, Spectramax Plus) at 517 nm. Experiments were performed in triplicate.

Fungal extracts were first tested at a single concentration of 10 mg/mL. Quercetin
was used as the standard, at a concentration of 40 μg/mL. The percentage of sequestration
of DPPH• radicals was calculated using Equation (1), using the values of the absorbance
decay of the sample (Abssample) and the control (Abscontrol):

AA (%) =
Abscontrol − Abssample

Abscontrol
× 100 (1)

For the samples that showed activity (AA > 70%), the efficient concentration for the
sequestration of 50% of the DPPH• radicals (EC50) was determined, which was calculated
from the successive dilutions of the samples and the generation of a linear regression graph.
Extracts were evaluated in a concentration range from 10,000 to 4.88 μg/mL. Quercetin
was tested from 100 to 3.125 μg/mL.

The antioxidant activity was also tested via the ferric reducing antioxidant power
(FRAP) method, as described by Benzie and Strain [33] with modifications. The FRAP
reagent consists of 100 mL of acetate buffer (0.3 mM), 10 mL of TPTZ (10 mM) and 10 mL
of aqueous solution of ferric chloride (20 mM). To test the antioxidant activity, 2.45 mL
of the FRAP reagent was incubated with 0.35 mL of the sample for 30 min, at 37 ◦C,
under protection from light. The samples were then analyzed in a spectrophotometer
UV–Vis (UV 1800, Shimadzu, Kyoto, Japan) at 595 nm. All experiments were performed
in triplicate.

Samples of the extracts were tested at a single concentration of 10 mg/mL. A standard
curve was constructed with Trolox in 10% DMSO. The results were expressed in μmol of
Trolox equivalent per g of extract (μmol TE/g). Ascorbic acid was used as the standard, at
a concentration of 40 μg/mL. DMSO 10% was used as a blank.

2.6. Chemical Profile of Fungal Extracts

The fungal extracts considered most promising in relation to biological activity tests
were subjected to analysis via thin layer chromatography (TLC) in order to identify the
main chemical classes present in the active metabolites. Then, 20 mg of the extract was
solubilized in 2 mL of methanol. With the aid of capillaries, 2 μL of the samples were placed
on a silica gel chromatographic plate (TLC aluminum sheets, Macherey-Nagel, 20 × 20 cm,
silica gel 60 matrix, fluorescent indicator). Dichloromethane:acetone (9:1) was used as the
mobile phase (10 mL volume).

To detect the chemical classes, ultraviolet light at 254 nm and 365 nm and the following
chemical developers were used: p-anisaldehyde, ferric chloride, aluminum chloride and
Dragendorff’s reagent. To prepare the p-anisaldehyde developer, 0.5 mL of p-anisaldehyde
was mixed into 10 mL of acetic acid, 85 mL of methanol and 5 mL of concentrated H2SO4.
The ferric chloride was obtained by diluting 3 g of FeCl3 in 100 mL of ethyl alcohol. Alu-
minum chloride was prepared with 1 g of AlCl3 in 100 mL of ethyl alcohol. Dragendorff’s
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reagent was prepared with 5 mL of Solution I (0.85 g of basic bismuth nitrate in 10 mL
of glacial acetic acid added to 40 mL of distilled water) and 5 mL of Solution II (8 g of
potassium iodide in 20 mL of distilled water), with the addition of 20 mL of acetic acid and
distilled water to complete the volume to 100 mL [34].

2.7. Dosage of Total Phenolic Content

The samples that were considered most promising had their total phenolics measured
using the Folin–Ciocalteu methodology, as described by Singleton and Rossi [35], with
modifications. An aliquot of 0.25 mL of the fungal extract (10 mg/mL) and 2.75 mL of
the 3% Folin–Ciocalteu solution were used. The samples were vortexed for 10 s, followed
by 5 min of rest. After this period, 0.25 mL of the 10% Na2CO3 solution was added
and the mixtures were incubated at room temperature, while protected from exposure to
light for one hour. Subsequently, the absorbance was determined at 765 nm in a UV–Vis
spectrometer (UV-1800, Shimadzu, Kyoto, Japan). A gallic acid solution at 200 mg/mL in
ethanol was used to prepare the standard curve (0, 25, 50, 75, 100, 150 and 200 mg/mL)
and ethanol was used as the blank. The gallic acid calibration curve was used to quantify
the total phenolics. The results were expressed in equivalents of gallic acid per 100 mg of
the extract (mg GAE/100 mg). All experiments were performed in triplicate.

2.8. Identification of the Most Promising Fungi

The fungi selected as being the most promising were identified by classical taxonomy,
as well as using molecular tools. The macromorphological features were analyzed after the
fungi were cultured during 7 days at 28 ◦C in Petri dishes (10 mm × 90 mm) containing
PDA. The macroscopic vegetative characteristics, which were color, texture, topography,
diffuse pigmentation, color, border and topography of the back of the colony were ana-
lyzed [36]. The micromorphology (hyphae and reproductive structures) was assessed using
the microculture technique in PDA for 5–7 days. The macroscopic glass slides were stained
with lactophenol blue and analyzed in an optical microscope (40×) [37]. The obtained
results were compared with taxonomic keys [38,39].

The most promising fungi were also identified by sequencing the three DNA loci-
internal transcribed spacer (ITS), β-tubulin (βtub) and calmodulin (CaM). The genomic
DNA was extracted using the CTAB method [40], with modifications, following the protocol
described by Oetari et al. [41], with modifications: DNA amplification via PCR (polymerase
chain reaction) had a final reaction volume of 15 μL: 3 mM MgCl2, 0.2 mM dNTPs, 1× buffer
10×, 0.2 mM forward primer, 0.2 mM reverse primer, 1 U Taq polymerase and 50 ng fungal
genomic DNA. The same protocol was used for each of the primers used in this study: ITS1
and ITS4 [42], βtub3 and βtub4r [43], CaM-228F and CaM-737R [44]. The amplification
conditions consisted of the following steps: denaturation for 5 min at 95 ◦C; annealing with
35 cycles at 95 ◦C, for 30 s, 35 cycles at 54 ◦C (CaM) or 62 ◦C (ITS and βtub), depending
on the specific hybridization temperature for each primer, for 30 s, followed by 35 cycles
at 72 ◦C, for 1 min and a final extension at 72 ◦C, for 5 min. The same cycling conditions
were used for all primers. The amplified product was subjected to an electrophoretic run
on 1.5% agarose gel to verify its efficiency.

The amplified PCR product was purified with PEG 8000 20% and the sequences
were read in an automatic sequencer (ABI 3130xl Genetic Analyzer, Applied Biosystems,
Thermo Fisher, Waltham, MA, USA). The sequences were manually checked, aligned,
edited and analyzed with the help of Bioedit v.7.2.6 [45]. As the reference standards, we
used the sequences deposited in GenBank (to obtain the preliminary identification) and the
sequences with high similarity with the type specimens for the phylogenetic analysis. The
sequences obtained were deposited in GenBank. For the construction of the genetic tree, the
sequences of the combined loci (ITS + βtub + CaM) were aligned using the MAFFT program
version 7 “https://mafft.cbrc.jp/alignment/software/ (accessed on 10 April 2023)” and
phylogenetic analyses were conducted via the MEGA program version X [46], using the
maximum-likelihood method, with 1000 bootstrap replicates.
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2.9. Statistical Analysis

The experimental data obtained from antioxidant activity and total phenolic content
were submitted to analysis of variance (ANOVA) for homogeneous samples; and to the
Bonferroni test with a 95% confidence interval to distinguish the differences. The software
used was BioEstat v. 5.0.

3. Results

3.1. Antimicrobial Activity of Fungal Extracts

The metabolic extracts of the 107 endophytic fungi isolated from A. chica were evalu-
ated for antimicrobial activity. Of the total extracts evaluated, 18 showed activity against
at least one of the microbial strains tested (Table 2). The fungus CF2-13, isolated from
the A. chica leaves, was the most promising regarding the production of metabolites with
antimicrobial activity. This fungus was able to inhibit the growth of Gram-negative (E. coli;
S. enterica, P. mirabilis, K. pneumoniae and S. marcescens) and Gram-positive (S. aureus, S.
epidermidis and B. subtilis) bacteria; as well as fungi (C. albicans, C. tropicalis, C. parapsilosis
and A. brasiliensis).

Table 2. Minimum inhibitory concentrations (MICs, mg/mL) of the extracts of endophytic fungi
from Arrabidaea chica that presented antimicrobial activity.

Endophytic
Fungi Code

MIC (mg/mL)

EC SA CA PA PM BS SEp EF SM KP Sen CT CP AB

CF1-2 5.00 - - - - 5.00 - - - - NT NT NT NT
CF1-26 5.00 - - - - - - - - - 5.00 NT NT NT
CF1-29 5.00 - - - - - - - - - 2.50 NT NT NT
CF1-37 - 5.00 1.25 - - - - - - - - 1.25 2.50 -
CG1-10 - 5.00 - - - 5.00 - 5.00 - - 2.50 NT NT NT
CG1-1 5.00 1.25 1.25 5.00 5.00 - - - - - - 5.00 5.00 -
CG1-2 - 5.00 - 5.00 5.00 - - - 2.50 5.00 5.00 NT NT NT
CG1-5 5.00 5.00 - - - - - 5.00 - - 5.00 NT NT NT
CG1-8 5.00 - - - - 5.00 5.00 5.00 - 5.00 5.00 NT NT NT
CG1-9 5.00 - - - - - 5.00 5.00 - - - NT NT NT
CF2-11 - 5.00 2.50 - - 2.50 1.25 - - - - 5.00 5.00 -
CF2-13 2.50 0.312 1.25 - 5.00 2.50 1.25 - 5.00 5.00 2.50 1.25 0.312 2.50
CF2-16 - - 1.25 NT NT NT NT NT NT NT NT 2.50 1.25 -
CG2-5 5.00 5.00 - - - - 5.00 2.50 - - 5.00 NT NT NT
CF3-5 - - 1.25 NT NT NT NT NT NT NT NT 2.50 1.25 -
CF3-9 - 5.00 - NT NT NT NT NT NT NT NT NT NT NT
CF3-14 5.00 5.00 - - - - 2.50 - - - - NT NT NT
CF3-26 - - 5.00 NT NT NT NT NT NT NT NT 5.00 5.00 -

EC = Escherichia coli; SA = Staphylococcus aureus; CA = Candida albicans; PA = Pseudomonas aeruginosa;
PM = Proteus mirabilis; BS = Bacillus subtilis; SEp = Staphylococcus epidermidis; EF = Enterococcus faecalis;
SM = Serratia marcescens; KP = Klebsiella pneumoniae; SEn = Salmonella enterica. CT = Candida tropicalis;
CP = Candida parapsilosis; AB = Aspergillus brasiliensis; “-” = no antimicrobial activity; NT = Not tested. Lev-
ofloxacin was used as positive control for bacterial strains. MICs (μg/mL): EC = 0.05; SA = 0.50; PA = 0.50;
PM = 0.25; BS = 0,50; Sep = 0.25; EF = 1.00; SM = 0.25; KP = 4.00; Sen = 0.25. Terbinafine was used as positive
control for fungal strains MIC (μg/mL): CA = 6.25; CT = 6.25; CP = 0.125; AB = 25.0. The extract with the most
promising antimicrobial activity is in bold.

3.2. Antioxidant Activity of Fungal Extracts

Of the fungal extracts evaluated at 10 mg/mL, 70 showed antioxidant activity (AA)
over 70% and were considered active (Table 3). The ANOVA results indicated that there
are significant differences (p < 0.05) between the mean values of AA. Of the 70 active
extracts, 11 showed the highest AA values, between 97.75 and 100%, without statistical dif-
ference between them and when compared to the quercetin reference standard at 40 μg/mL
(p < 0.05).
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Table 3. Antioxidant activity of the extracts of endophytic fungi from Arrabidaea chica. Antioxidant
activity (AA) obtained using the DPPH method, the efficient concentration for the sequestration of
50% of the DPPH• free radicals (EC50), and the ferric reducing antioxidant power (FRAP).

Endophytic
Fungi Code

AA *(%)
EC50

(μg/mL)
FRAP *

(μmol TE/g)
Endophytic
Fungi Code

AA * (%)
EC50

(μg/mL)
FRAP *

(μmol TE/g)

CF1-3 98.61 a 5490 110.6 B CF2-11 100.0 a 1080 128.5 B

CF1-4 100.0 a 6870 77.4 C CF2-12 86.32 b 6450 93.6 C

CF1-7 92.38 b 1250 174.4 A CF2-13 92.47 b 360 71.9 C

CF1-9 90.74 b 5530 143.2 B CF2-14 90.22 b 1620 167.9 A

CF1-12 90.74 b 5270 95.2 C CF2-16 94.81 b 1170 218.6 A

CF1-13 91.43 b 6480 214.0 A CF2-17 83.03 c 6820 48.0 C

CF1-15 94.20 b 2710 171.0 A CF2-18 70.74 d 7540 46.5 C

CF1-16 92.81 b 6190 72.4 C CF2-20 82.68 c 1660 192.5 A

CF1-18 88.14 b 2840 178.6 A CG2-2 95.06 b 3200 103.3 B

CF1-19 82.77 c 6590 47.5 C CG2-4 91.95 b 1520 151.3 A

CF1-20 100.0 a 990 121.9 B CG2-5 89.87 b 2720 51.0 C

CF1-23 94.20 b 5730 154.0 B CG2-7 95.76 b 4710 59.7 C

CF1-24 89.70 b 3420 39.1 C CG2-10 98.01 a 740 191.2 A

CF1-25 93.59 b 1060 188.4 A CG2-12 95.75 b 4750 169.6 A

CF1-26 81.13 c 6720 177.3 A CG2-16 89.78 b 3250 86.1 C

CF1-27 95.93 b 1460 125.2 B CF3-1 95.06 b 2390 133.4 B

CF1-28 93.77 b 5020 181.7 A CF3-4 90.04 b 6280 197.3 A

CF1-29 93.85 b 2260 109.1 B CF3-5 86.23 c 940 161.9 B

CF1-30 88.83 b 3060 197.5 A CF3-9 100.0 a 2480 142.3 B

CF1-31 100.0 a 1410 55.9 C CF3-11 80.26 b 8310 53.2 C

CF1-36 88.23 b 2550 82.6 C CF3-13 98.35 a 65,050 53.5 C

CF1-37 93.68 b 680 171.1 A CF3-14 95.76 b 5400 152.8 B

CG1-1 90.56 b 2920 131.7 B CF3-16 91.52 b 6100 158.2 B

CG1-2 90.39 b 3560 148.6 B CF3-17 76.97 c 7610 56.9 C

CG1-4 89.78 b 1060 199.0 A CF3-18 100.0 a 5650 175.8 A

CG1-5 92.38 b 5770 166.0 A CF3-20 90.30 b 6250 148.5 B

CG1-7 100.0 a 11 109.5 B CF3-21 85.89 c 6820 139.7 B

CG1-10 89.44 b 6420 44.7 C CF3-26 88.48 b 3080 172.7 A

CG1-11 87.97 b 6660 128.2 B CG3-3 80.00 c 5200 83.1 C

CG1-12 88.92 b 3700 89.5 C CG3-4 90.04 b 4830 114.4 B

CG1-14 81.99 c 2880 154.8 B CG3-7 79.91 c 500 167.0 A

CF2-2 75.06 c 6170 106.7 B CG3-8 89.27 b 7300 79.9 C

CF2-6 80.43 c 5850 82.0 C CG3-13 77.40 c 7610 169.3 A

CF2-7 78.61 c 4100 59.2 C CG3-18 97.75 a 5670 158.5 B

CF2-9 94.98 b 5630 78.9 C CG3-19 91.17 b 6210 96.2 C

Quercetin 98.00 a 8 NT Ascorbic acid NT NT 163.1 A

* Assays carried out with the fungal extracts at a concentration of 10 mg/mL. Quercetin and ascorbic acid were
tested at 40 μg/mL. NT = not tested. Results are expressed as means of the experiments in triplicate. Means that
do not share a letter are significantly different (p < 0.05) according to the Bonferroni test. The extracts with the
most promising antioxidant action are in bold.

Seven extracts showed an EC50 of <1000 μg/mL, which can be considered as promising
in the case of crude extracts. The metabolites produced by the fungus CG1-7, isolated from
the branches of A. chica, presented the lowest EC50 value, and were able to sequester 50%
of the DPPH• free radicals at a concentration of 11 μg/mL. This result is comparable to
the EC50 value found for the quercetin reference standard (8 μg/mL). The isolate CF2-13,
selected as the best producer of antimicrobial substances, presented an EC50 of 360 μg/mL.

The fungal extracts that presented AA of >70% were also evaluated via the FRAP
method, which was used as a second indicator of antioxidant activity. The FRAP results
were obtained from a calibration curve (y = 0.0034x − 0.0448, R2 = 0.9927) of Trolox
(0–140 μM) and expressed in Trolox equivalents (TEs) per g of extract. The results of the
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ANOVA indicated that there is significant difference between the means of FRAP results (p
< 0.05).

The results of the FRAP assay corroborate the antioxidant potential of the metabolites
produced by the endophytic fungi isolated from A. chica. Of the 70 extracts evaluated,
20 presented higher antioxidant power (166.0–218.6 μmol TE/g), without statistic difference
between them and when compared to the ascorbic acid reference standard (p < 0.05). The
isolates CF1-13 and CF2-16, both from A. chica leaves, presented the highest FRAP values
(>200 μmol TE/g). However, these two endophytic fungi had an EC50 > 1000 μg/mL, i.e.,
low DPPH free-radical scavenging potential. The endophytes CF1-37, CG2-10, CF3-5 and
CG3-7 presented promising results for both antioxidant methods (DPPH and FRAP) and
should be further investigated in order to explore its production of metabolites since they
may be new sources of antioxidant molecules. Thus, since the EC50 was considered the
main parameter in our screening for antioxidant activity, the fungus CG1-7 was selected.

3.3. Chemical Profile of Promising Fungal Extracts

The extracts of the fungi CF2-13 and CG1-7 were analyzed using TLC in order to iden-
tify the chemical classes present in the active extracts. After staining the chromatographic
plates with p-anisaldehyde, purple spots were observed in both extracts, which indicate
the presence of terpenes; and a red intense spot in the CG1-7 extract, which indicates
the presence of flavonoids (Figure 1a). The visualization of the chromatographic plates
under UV light at 254 nm revealed spots that indicate the presence of conjugated double
bonds (Figure 1b). The brown spot on the CF2-13 sample, when developed with ferric
chloride, indicates the presence of phenolic compounds (Figure 1c) and the fluorescence,
when the samples were treated with aluminum chloride and exposed to UV light at 365 nm,
indicating the presence of flavonoids in both extracts (Figure 1d). The presence of alkaloids
in the bioactive extracts was not detected in the TLC.

Figure 1. Thin layer chromatography of the metabolic extracts of endophytic fungi from Arrabidaea
chica CG1-7 (1) and CF2-13 (2). (a) Stained with p-anisaldehyde, indicating the presence of terpenes
(purple spots) and flavonoids (red spot); (b) UV light at 254 nm, indicating the presence of conjugated
double bonds; (c) stained with ferric chloride, indicating the presence of phenolic compounds;
(d) stained with aluminum chloride and exposure under UV light at 365 nm, indicating the presence
of flavonoids.

3.4. Total Phenolic Content of the Most-Active Fungal Extracts

Phenolic compounds are important secondary metabolites with redox properties that
are responsible for antioxidant activity. The total phenolic content was measured in the
metabolic extracts produced by the endophytic fungi CF2-13 and CG1-7. The total phenolic
results were obtained from a calibration curve (y = 0.0035x − 0.0403, R2 = 0.9901) of gallic
acid (0–100 μg/mL) and expressed in gallic acid equivalents (GAEs) per 100 mg of extract.
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The content of phenolic compounds in bioactive extracts of CF2-13 and GC1-7 was
found to be 3.70 and 5.28 mg GAE/100 mg of extract, respectively. The extract produced by
CG1-7 presented a higher concentration of phenolic compounds than the extract produced
by CF2-13 (p < 0.05), which is in accordance with the antioxidant activity results.

3.5. Identification of Endophytic Fungi That Produce Bioactive Substances

The fungi that produced the most-promising bioactive extracts were identified us-
ing classical taxonomy. The macro and micromorphological characteristics of the most-
promising isolates can be seen in Figure 2.

(a) (b)

Figure 2. Macro- and micromorphological characteristics of endophytic fungi from Arrabidaea
chica whose metabolic extracts showed the most-promising biological activities: antimicrobial-
Botryosphaeria mamane CF2-13 (a); and antioxidant-Colletotrichum sp. CG1-7 (b).

The endophytic fungus CF2-13 isolated from the leaves of A. chica showed a colony
of rapid vegetative growth that was cottony, irregular, flat, initially creamy-white in color,
darkening with the aging of the inoculum to lead-gray, with a dark reverse side, moderately
dense mycelia culture and slow sporulation. Micromorphological characteristics: septate,
hyaline hyphae; ellipsoid, fusiform conidia with both ends straight, smooth-walled, hyaline,
aseptate and scarce (Figure 2a).

The endophytic fungus CG1-7 isolated from the branches of A. chica presented a
colony with fast vegetative growth that was cottony, irregular, flat, whitish to gray towards
the center, with a dark reverse side, and dense mycelia culture, but slow sporulation.
The micromorphological characteristics include septate, hyaline, thin and dense hyphae;
cylindrical, fusiform conidia with both obtuse ends, smooth-walled, hyaline, aseptate and
scarce; presence of appressoria (abundant) globose, some clavate, complex with irregular
lobes, aseptate and brown in color (Figure 2b).

These fungal isolates were subjected to molecular identification using combined loci
(ITS + βtub + CaM) to determine their identity. The isolate CF2-13, obtained from the
leaves of A. chica, was identified with 99% of maximum likelihood as Botryosphaeria mamane
(= Cophinforma mamane) from the combined analysis (ITS + βtub). However, for this isolate,
there was no resolution for the calmodulin locus.

The fungus CG1-7, obtained from A. chica branches, was identified with 82% of
maximum likelihood as Colletotrichum siamense from the combined analysis (ITS + βtub
+ CaM). Considering that the maximum likelihood was 82%, the fungal species was not
confirmed and, therefore, other locus should be used for proper molecular identification.

Figures 3 and 4 show the result of the phylogenetic trees obtained for the isolates
B. mamane CF2-13 and Colletotrichum sp. CG1-7, respectively, revealing the evolutionary
history of the sequences analyzed using the maximum-likelihood method and the Tamur–
Nei model. The sequences obtained in this study were deposited in GenBank (Table 4).
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Figure 3. Combined phylogeny of the endophytic fungus CF2-13 isolated from Arrabidaea chica leaves
using ITS and β-tubulin. The branch with the thicker line indicates the isolate that was sequenced
in this study. The scale bar indicates nucleotide substitutions per site, using the neighbor-joining
method via maximum-likelihood analysis. The numbers of the nodes indicate the bootstrap values of
1000 replicates. The tree was rooted in Lasiodiplodia theobromae CBS 164.96.

Figure 4. Combined phylogeny of the endophytic fungus CG1-7 isolated from Arrabidaea chica
branches using ITS, β-tubulin and CaM. The branch with the thicker line indicates the isolate that
was sequenced in this study. The scale bar indicates nucleotide substitutions per site, using the
neighbor-joining method via maximum-likelihood analysis. The numbers of nodes indicate the
bootstrap values of 1000 replicates. The tree was rooted in Lasiodiplodia theobromae CBS 164.96.
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Table 4. GenBank accession numbers for the fungal isolates from Arrabidaea chica producing bioactive
metabolites. Newly deposited sequences are shown in bold.

GenBank Accession Number

Isolate Species Source ITS Btub CaM

CG1-7 Colletotrichum sp. A. chica OQ390099 OQ412637 OQ412636
CF2-13 Botryosphaeria mamane A. chica OQ696843 OQ703591 *-

* No resolution. ITS = internal transcribed spacer region. βtub = β-tubulin. CaM = calmodulin.

4. Discussion

The biological/biochemical role of endophytic fungi in a plant and how they interact
with the host and with other endophytes and organisms associated with the plant species
is still unclear [13,47]. However, the microbial diversity that different plant species harbor,
together with the chemodiversity of the metabolites that endophytic fungi produce, offer
the opportunity for the discovery of new bioactive molecules with different biotechno-
logical applications [21]. In addition, several studies have demonstrated the usefulness
of endophytic microorganisms in host survival, since endophytes directly influence plant
metabolism in order to, for example, resist extreme temperatures and periods of drought,
as well as the presence of phytopathogens [48]. Therefore, the traditional use of the plant
and the region in which it inhabits are important criteria to be considered for the isolation
of endophytes [49,50].

The species A. chica is widely cultivated in the Amazon and its leaves are traditionally
used as astringents, genital disinfectants, in the treatment of inflammations, skin diseases
and wound healing, intestinal colic, dysentery, leukorrhea and anemia [51], and it has
proven antimicrobial and antioxidant activity [5,9,11]. Thus, taking into account that
the need for new compounds with antimicrobial potential and antioxidant activity is
inevitable, we studied the population of endophytic fungi of A. chica for its antimicrobial
and antioxidant potential.

The antimicrobial activity of extracts of endophytic fungi isolated from A. chica was
investigated against strains of bacteria and fungi known to be pathogenic to humans. Of
the total number of extracts evaluated, 19% inhibited the growth of at least two pathogens.
We noticed that the fungi isolated from the leaves of A. chica proved to be more promising
regarding antimicrobial activity, when compared to endophytes isolated from the branches.
Eleven isolates from the leaves produced antimicrobial metabolites, while only seven fungi
from the branches showed activity. These results are in accordance with those observed by
Santos et al. [50]. The authors found that endophytic fungi from the leaves of I. suffruticosa
produced bioactive metabolites with antimicrobial activity.

It was observed that the extract of the fungus identified as Botryosphaeria mamane CF2-
13 exhibited the best antimicrobial activity against the bacteria S. aureus and the yeast C.
parapsilosis (MIC = 0.325 mg/mL). The species B. mamane was first described by Gardner [52]
as a phytopathogen, associated with witches’ brooms on Sophora chrysophylla, in Hawai.
However, this species has also been isolated as an endophyte and some studies demonstrate
the potential of its bioactive metabolites. B. mamane was isolated as an endophyte of Garcinia
mangostana and showed promise as a producer of metabolites with antimicrobial activity
against S. aureus and methicillin-resistant S. aureus [53], thus corroborating the results of the
present study. In another study, Oliveira et al. [54] identified volatile organic compounds
produced by the endophyte B. mamane isolated from plants collected in the Caatinga biome
of northeastern Brazil. More recently, Triastuti et al. [55] used B. mamane isolated from
the medicinal plant Bixa orellana L. to observe how histone diacetylase inhibitors alter the
production of its secondary metabolites. This fungal species has been renamed Cophinforma
mamane [56] (Botryosphaeria mamane D.E. Gardner = Cophinforma mamane (D.E. Gardner) A.
J. L. Phillips and A. Alves) and is considered a rich source of new bioactive substances,
though it is still poorly studied for biotechnological applications.
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Other species of Botryosphaeria isolated as endophytes also have antimicrobial poten-
tial. Silva et al. [22] evaluated the antimicrobial activity of metabolites from B. fabicerciana
that were isolated from Morus nigra L. and observed an MIC of 64 μg/mL for S. aureus,
and an MIC of 1000 μg/mL for E. coli. Xiao et al. [57] identified 17 of the metabolites
produced by B. dothidea. The substance pycnophorin, which is produced by the endophyte,
inhibited the growth of B. subtilis and S. aureus, with an MIC of 25 μM; while stemphy-
perylenol demonstrated high antifungal activity against the phytopathogen Alternaria
solani (MIC = 1.57 μM). It has been observed that fungi belonging to this genus produce
exometabolites such as jasmonic acid and its derivatives, polyketides such as lasiodiplodin
and isocofumarin, chaetoglobosins and alternariol analogues, among others, with potential
bioactivity [57–60]. These findings justify the investigation of species of this genus as possi-
ble sources of antimicrobial-producing fungi and also corroborate the results presented in
this work.

In the present study, B. mamane CF2-13 produced metabolites with promising antifun-
gal activity, especially for yeasts of the genus Candida. C. albicans is the most common fungal
pathogen in humans; it causes invasive infections and is a serious problem, especially in
immunosuppressed patients. However, the epidemiology of fungal infections is evolving
rapidly. Other Candida species have emerged as the main opportunistic pathogens, are
associated with oral mucosa and have been identified as being commensal for a minority
of healthy individuals [61]. The rise of the multidrug-resistant fungal pathogen C. auris,
for instance, poses a global public health menace, and has gained significant attention for
its swift and extensive proliferation in the last decade [62]. The anti-Candida activity of
metabolites of the endophyte B. mamane CF2-13, therefore, is worthy of further investigation
as a new source of antifungal substances. Additionally, these findings agree with what has
been reported for the active metabolites of the host plant [5,63], and for its popular use [50].
According to Matos [64], indigenous tribes in the Amazon use a decoction of A. chica leaves
for treating fungal infections and for cleaning chronic wounds.

Free radicals are known to induce oxidative damage to the body and, consequently,
cause various disorders such as cancer, heart disease, Parkinson’s, Alzheimer’s, cataracts,
diabetes mellitus, arthritis and premature aging [65,66]. Several studies have shown that
both medicinal plants and their endophytes can be a potential source of molecules with
antioxidant activity [2,14,20]. Some authors even suggest that the medicinal properties of
the host plant may be a consequence of the capacity of its endophytic microorganisms to
produce biologically active secondary metabolites [50]. The plant A. chica is known as a
producer of antioxidant substances [9–11]. Our study demonstrates that A. chica endophytic
fungi are also a promising source of antioxidant compounds.

The screening of extracts produced by A. chica endophytic fungi for free-radical
scavenging activity via the DPPH• assay showed that, of the extracts evaluated, 65%
have potential antioxidant activity, with AA > 70%. In terms of antimicrobial activity,
the most promising metabolites for antioxidant activity were produced by isolates from
A. chica leaves, when compared to the isolates obtained from the branches. These results
indicate that there is a more pronounced production of bioactive secondary metabolites in
fungi associated with the leaves of A. chica, and this could be explained by the metabolites
that are produced in A. chica leaves. Siraichi et al. [9] identified the phenolic compounds
isoscutellarein, 6-hydroxyluteolin, hispidulin, scutellarein, luteolin and apigenin in A. chica
leaves, and attributed the significant antioxidant activity found in the extract obtained from
its leaves to the presence of the mixture of flavonoids, with the main contribution being
from scutellarein and apigenin.

The extract of the fungus identified as Colletotrichum sp. CG1-7 exhibited the strongest
antioxidant activity, with the same potency obtained for the antioxidant reference standard
quercetin. The extract of the fungus B. mamane GF2-13, selected as the most promising
producer of antimicrobial substances, also presented radical scavenging action and showed
itself to be a potential new source of bioactive compounds. The genus Colletotrichum is
one of the most commonly isolated as an endophyte [13]. Despite being known to cause
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anthracnose in cereals, vegetables and fruit trees, fungi of this genus produce a variety of
bioactive secondary metabolites. Molecules containing nitrogen, sterols, terpenes, pyrones,
phenolics and fatty acids have been identified among the metabolites of these fungi [67].
Chithra et al. [68] isolated piperine, a substance considered a potent antioxidant, from
the metabolites of the endophytic fungus C. gloeosporioides isolated from Piper nigrum.
Tianpanich et al. [69] found that two isocoumarins produced by the endophytic fungus
Colletotrichum sp. eliminated DPPH• free radicals (EC50 of 23.4 and 16.4 μM). On the other
hand, contrary to what was observed in the present study with the isolate of A. chica,
Mahmud et al. [70] observed the low antioxidant activity of the extract obtained from
C. siamense fungus, which was isolated from Justicia gendarussa. The different methods of
obtaining the fungal extract, as well as the different host, its location, climatic conditions
and the isolation site, may explain the difference in the bioactivity of the metabolites of
endophytic fungi.

Several studies have demonstrated the antioxidant potential of endophytic fungi.
Budiono et al. [71] observed the antioxidant activity of metabolites from the endophytic
fungi of Syzygium samarangense L., with the fungus Lasiodiplodia venezuelensis, which was
isolated from leaves and was shown to be the most promising (EC50 = 49.96 μg/mL for
the fungal extract). Alves et al. [72] evaluated the activity of endophytic fungi isolated
from Jatropha curcas L. and the species Aspergillus nidulans presented highly promising
metabolites in DPPH• sequestration, with an EC50 of 5.40 μg/mL. Druzian et al. [73]
evaluated the extracts of metabolites produced by the species Botryosphaeria dothidea and
obtained an EC50 of 206 μg/mL. Thus, it can be claimed that the endophytes of A. chica
are promising sources of antioxidant substances, since seven isolates presented an EC50 of
< 1000 μg/mL in their metabolic extracts.

The antioxidant potential of extracts from A. chica endophytic fungi was also evaluated
using the FRAP method. The fungal extracts showed themselves to be able to convert
Fe3+-tripyridyltriazine into Fe2+-tripyridyltriazine. The isolates CG2-13 and CF2-16 showed
promising FRAP results; however, their metabolites were not effective in the DPPH scav-
enging activity assay. Pulido et al. [74] suggest that the FRAP test is a useful tool for
studying the antioxidant effectiveness of various extracts and pure substances. However,
this test may not accurately reflect the process of radical elimination in lipid systems and
may not correlate well with other measurements of antioxidant activity. Therefore, it is
recommended to combine the FRAP test with other methods in order to better understand
the dominant mechanisms of different antioxidants [75].

The DPPH test and FRAP test are often applied in antioxidant investigation, with
sets of experiments linked to electrons or radical scavenging. They work based on the
reduction process. The DPPH test is used to estimate the antioxidant activity based on the
process through which antioxidants limit lipid oxidation, resulting in DPPH free-radical
scavenging and therefore determining free-radical scavenging potential. The ferric reducing
antioxidant method is performed on electron-transfer processes wherein a ferric salt is
applied as an oxidant. The oxidation of ferric 2,4,6-tripyridyl-s-triazine to the colorful
ferrous state is the reaction mechanism [76].

According to Aguirre et al. [77], some of the natural antioxidant compounds abun-
dantly produced by endophytic fungi are from the class of phenolic compounds, such as
flavonoids and phenolic acids, which corroborates the results found in this study. The TLC
results indicate the presence of these classes of molecules in the extracts produced by the
two most promising isolates. The studies by Kaur et al. [78], for example, also observed the
presence of phenolic compounds and flavonoids in the metabolic extracts of the endophytic
fungus Aspergillus fumigatus isolated from Moringa oleifera, which showed pronounced
antioxidant activity against DPPH• radicals (EC50 = 40.07 μg/mL).

The indications of the chemical classes observed in the extracts through the TLC
analyses were dictated by the culture medium used in the growth of the fungi. The potato
dextrose medium is a rich source of glucose, which in turn is a fundamental substrate
in the biochemical pathways of shikimate and acetyl-CoA pathways that participate in
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the formation of terpenes and phenolic substances [79]. Another factor that enables the
production of secondary metabolites was the addition of yeast extract to the medium, since
this supplement is rich in vitamin B2, a component that participates in the synthesis of
different secondary metabolites [80].

Several studies show that some species, including B. mamane, which belongs to the
genus Botryosphaeria, when cultivated in a culture medium with potato, produce phenolic
molecules with different structures [81,82]. In the study performed by Oliveira et al. [54],
the fungi of the Botryosphaeriaceae family, including B. mamane, was evaluated regarding
the production of volatile substances such as terpenes. The authors found that, when
using potato medium as a substrate, most of the substances produced by the fungi were
sesquiterpenes. Similarly, species of the genus Colletotrichum, when cultivated in potato
as the carbon source, present a secondary metabolism that is mainly conditioned to the
production of terpenes and phenolic molecules [67,83]. In our study, potato broth was used
to produce the secondary metabolites of A. chica endophytic fungi, and therefore, we also
found the production of phenolic compounds and terpenes in the TLC analysis.

Microbial sources are rich in phenolic compounds and these metabolites can be ob-
tained via controlled conditions, and at faster speeds than when obtained from plants,
which is an advantage in terms of production costs [84]. The optimization of A. chica
endophytic fungi cultivation, in order to improve the production of bioactive phenolic
compounds, could provide a higher concentration of bioactive molecules, and, therefore,
should be pursued in future experiments.

5. Conclusions

This study provides information on the endophytic fungi isolated from the Amazonian
species A. chica. This is the first report on the bioactivity of the metabolites of endophytic
fungi that inhabit the aerial parts of this medicinal plant. The secondary metabolites
produced by the A. chica endophytic fungi may contain novel and unexplored bioactive
compounds. The data obtained show that, of the 107 extracts of endophytic fungi evaluated
for antimicrobial and antioxidant potential, the extract of B. mamane CF2-13 exhibited
significant antimicrobial potential against Gram-positive and Gram-negative bacteria, as
well as against fungi. The extract of the isolate Colletotrichum sp. CG1-7 had pronounced
antioxidant activity, which was equivalent to the reference standard. Both active extracts
showed the presence of flavonoids. Further studies aiming at the structural elucidation of
the molecules present in bioactive extracts should therefore be carried out.
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Abstract: Marine microbial enzymes including amylases are important in different industrial pro-
duction due to their properties and applications. This study was focused on the screening of
marine-derived fungi for amylase activities. First, we isolated a number of fungi from the sediments
of the South China Sea. By the method of dish screening (in vitro), we subsequently obtained a
series of amylase-producing fungal strains. The cell-lysate activities of amylases produced by marine
fungi toward starch hydrolysis were achieved with the dinitrosalyicylic acid (DNS) method. In
addition, the effect of pH and temperature on amylase activities, including thermal and pH stability
were discussed. Results showed that out of the 57 isolates with amylase-producing activities, fungi
Aspergillus flavus 9261 was found to produce amylase with the best activity of 10.7482 U/mg (wet
mycelia). The amylase of Aspergillus flavus 9261 exhibited remarkable thermostability and pH stability
with no activity loss after incubation at 50 ◦C and pH 5.0 for 1 h, respectively. The results provide
advances in discovering enzymes from marine-derived fungi and their biotechnology relevance.

Keywords: marine-derived fungi; amylase; starch hydrolysis; enzyme activity; thermal and pH stability

1. Introduction

The world’s oceans cover more than 70% of Earth’s area, and are considered to be a
great reservoir of diverse microbial communities [1]. Marine microbial communities include
bacteria, fungi, viruses, algae, plankton and etc. are essential ecological components in
marine environments [2]. They usually play an important role in the biogeochemical
process, for example, as intermediaries of energy, as decomposers of dead and decaying
organic matter in nutrient regeneration cycles [3]. Thus, marine microorganisms have been
attracting more and more attention as a resource for novel molecules and enzymes [4], due
to their unique metabolic capabilities. Among marine microorganisms, fungi are a large
group of eukaryotic and non-vascular organisms, and are widely distributed in marine
environments [5]. Indeed, a great diversity of marine fungi have been recovered not only
from seawater and sediment, invertebrates, decaying wood and mangrove detritus, but
also as symbionts in marine lichens, plants, and algae [6].

Based on the different sources, those microorganisms exclusively from a marine or
estuarine habitat are classified as obligate marine fungi, while those from freshwater or
terrestrial origin that are able to grow (and possibly sporulate) in marine environments
are classified as facultative marine fungi [7]. Nevertheless, the term “marine-derived
fungi” is commonly used as a more general classification, due to the fact that most of the
fungi isolated from marine samples are not clearly distinguished as obligate or facultative
marine microorganisms [3,8]. Studies have demonstrated that marine-derived fungi are
ecologically relevant as decomposers of organic matter [9]. In this sense, marine-derived
fungi can be considered as a source of hydrolytic and oxidative enzymes with novel
physiological characteristics (such as high salt tolerance, thermostability, barophilicity),
which can be used in industrial and/or environmental processes.
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Microbial enzymes received great attention from industrial production, and amylase
catalyzing the hydrolysis of starch-rich materials is one of the most prominent enzymes [10].
Currently, the amylases mainly used in industrial production (such as sugar, baking, brew-
ing and preparation of digestive aids) are those derived from Bacillus strains [11,12]. The
optimum activity of those Bacillus amylases was reported at a remarkably high temperature
and pH optima ranging from 55 to 70 ◦C, and 3.0 to 11.0, respectively. However, their activ-
ity decreases significantly at room or lower temperatures, which limits the development of
amylases related industries. Amylases from halophilic producing microorganisms (such
as marine microorganisms) may harbor more stability regarding their notable structural
features and distinctive functional characteristics [13–15]. Among different microorgan-
isms’ sources, marine-derived fungi are the major branch contributing to expanding the
number of amylases, especially those with optimum activity at low temperatures [16].
Indeed, versatile amylases have been reported from marine fungi. For example, strain
Aureobasidium pullulans isolated from the Pacific Ocean sediments was capable of producing
exocellular amylases [17]; A novel amylase was isolated from marine Mucor sp. [18]; The
production of the enzyme α-amylase was first reported in marine Pseudoalteromonas undina
NKMB 0074 with a wide range of pH (7–11) [19]. Those microbial sources fulfilled the
industrial demands and substituted other hydrolysis approaches. Nevertheless, amylases-
producing microorganisms are still the major and desirable source for the discovery of
novel enzymes [20,21].

Continuing our longstanding interest in the mining of marine microbial enzymes [22–24],
and in conjunction with our recent interest in the discovery of novel enzymes [25,26], we engaged
in the exploration of highly efficient amylase-producing fungal strains from marine habitats.
In the present study, 199 fungi were isolated from the sediments collected from the South
China Sea, and 57 amylolytic fungi were successfully obtained. Based on the amylase activity
measurement, one representative strain was chosen to characterize the amylase properties
and stability. It needs to emphasize that in this study, fungal extracellular amylases were
assessed qualitatively (by a visual screening for amylolytic fungi in a plate assay). Additionally,
intracellular amylase activities were quantified spectrophotometrically within fungal cell lysates
(fungal cell-disrupted mycelia).

2. Material and Methods

2.1. Marine Sediment Samples

Sediment samples at about 200–2492 m depth was collected on the South China
Sea Open Cruise in January 2022. Latitudes and longitudes of the collected sediment
samples 1–6 are 112.90 ◦E and 19.48 ◦N, 112.69 ◦E and 18.56 ◦N, 112.63 ◦E and 18.31 ◦N,
112.56 ◦E and 18.00 ◦N, 112.48 ◦E and 17.67 ◦N, 112.36 ◦E and 17.19 ◦N, respectively
(Figure 1). Sediment sampling was performed using the combination of the Remote
Operated Vehicle, a box corer, and an alcohol-sterilized PVC cylinder of 5 cm inner diameter,
to keep the collected samples undisturbed and compact. The intubation depth of sediment
cores obtained from these locations was about 28–30 cm. After collection, the sediment
samples were directedly introduced into sterile plastic bags filled with N2 to avoid any
aerial contamination [27]. The bags were sealed and then placed in a box filled with ice
and quickly transferred to the microbiology laboratory on board and stored at −4 ◦C for
future analyses.

2.2. Fungal Isolation

About 1 g of sediment from each location was transferred into a sterile vial for fungi
isolation using a flame-sterilized spatula. For the isolation of fungi, a modified particle
plating technique reported by Zhang [28] was used. The components of media for fungi iso-
lation contained malt extract agar (MEA), Czapek Dox agar (CDA), glucose peptone starch
agar (GPSA), and potato glucose agar (PDA), with a strength of 1/5 to simulate the low
nutrient conditions in the seawater [29,30]. To each basic media, 0.5 g/L benzylpenicillin
and 0.03 g/L rose bengal were added, avoiding the growth of bacteria. The isolation was
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performed on the inoculated plates in the dark at a temperature of 30 ◦C for different times
until the fungi could be distinguished. Based on the morphological observations (such as
growth characteristics, mycelia, and diffusible pigments), fungal isolates were identified
and transferred into new agar plates for pure culture, and for amylase-producing fungal
strain screening.

Figure 1. Map of the South China Sea, location of the sampling sites.

2.3. Visual Screening for Amylotyc Fungi

Marine fungi strain isolated above were sub-cultured in Dox-medium for amylolytic
fungi isolation on agar plates. The Dox-medium contained (per liter in seawater): NaNO3
(2 g), K2HPO4 (1 g), MgSO4·7H2O (0.5 g), KCl (0.5 g), FeSO4·7H2O (traces), and agar (20 g).
The final pH was adjusted to 5, supplemented with soluble starch (1% w/v) and incubated
for 72 h at 30 ◦C. Thereafter, 1% (w/v) iodine solution was dropped into plates waiting
for the amylase to provide clear zones. Experiments were performed in triplicate, and the
average values were shown as the final results.

2.4. Fungi Identification and Phylogenetic Analysis

The combination of morphological differences and internal transcribed spacerse-
quences (ITS) gave the identification of amylolytic fungi strains. The steps for Fungal ITS
gene sequencing and identification are listed below: Total genomic DNA was extracted
from all selected fungal strains by using DNA Isolation Kit; From the genomic DNA, nearly
full-length ITS sequences were amplified by polymerase chain reaction (PCR) using primers
ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′);
The PCR products were sequenced by BGI Technology CO., Ltd. (Shenzhen, China); The se-
quence results were compared in GenBank by BLAST (Basic Local Alignment Search Tool).

Nearly full-length ITS sequences of amylolytic fungi strains were aligned using Clustal
X (1.83) in MEGA 5.0 software, applying the default parameters. Phylogenetic trees of ITS
sequences were created using the neighbor-joining (NJ) method with bootstrap analysis us-
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ing 1000 replicates. This study showed that incorporating fungal sequences with the highest
homology of sequences existed in National Center for Biotechnology Information (NCBI).

2.5. Amylase Production and Protein Estimation

The obtained fungal spores from a 7-day-old slant culture were sporulated (0.5 cm × 0.5 cm)
in flasks with 50 mL aliquots of the sterilized Dox-medium (attuned to pH 5.0). The sporulated
mixtures were incubated continuously at 30 ◦C for 7 days. After filtration through Whatman
No. 1 filter paper, the fermented broth was separated, giving the filtrate and the mycelia.
The mycelia were collected and washed twice with 100 mM of sodium citrate buffer (pH 5.5)
and resuspended in the same buffer. The mycelia were disrupted using a French press
(2.05 kBar, 2 shots). Cell-free extract and cell debris were separated by centrifugation for
40 min at 10,000× g at 4 ◦C. The protein content of clear supernatant was determined by
Lowry et al. [31], and the dinitrosalyicylic acid (DNS) method [32] was applied for measur-
ing amylase activity. One unit (1 U) of enzyme activity is defined as the number of mycelia
(wet weight) catalyzing the hydrolysis of 1 mg starch within 1 min. Experiments were per-
formed in triplicate and the average values were shown as final results. It needs to mention
that enzyme activity means the cell-lysate enzyme activities of the cell-disrupted mycelia.

2.6. Characterization of Enzyme Stability

The optimum pH was determined by standard activity assay [33] at different pH in
the range of 5.0–11.0, with sodium citrate buffer (50 mM) for a pH range from 5.0–6.0,
potassium phosphate buffer (50 mM) for a pH range from 6.0–9.0, glycine-NaOH buffer
(50 mM) for pH 9.0–11.0. For the determination of the temperature optima, a standard
activity assay was performed at different temperatures in the range of 25–75 ◦C. The
reaction mixtures were kept at each temperature for 5 min before starch and crude enzyme
solution were added to initiate the reaction. And activity measure at standard conditions
(pH 5.5, 25 ◦C) was taken as 100%. Experiments were performed in triplicate, and the
average values were shown as the final results.

In order to determine its thermostability, the crude enzyme solution was incubated
at different temperatures (37, 45, 50, 55, 60 and 65 ◦C) for 1 h, and the residual activity
was measured by standard activity assay. The activity of the enzyme without incubation
at the given temperature was defined as 100%. In addition, pH stability was recognized
according to testing variant gradient buffer values ranging from pH = 2 to pH =13 (for
60 min) at room temperature. Residual activities were examined following the standard
conditions. Experiments were performed in triplicate, and the average values were shown
as the final results.

3. Results and Discussion

3.1. Fungal Isolation

We started our investigation with fungi isolation using conventional culture-dependent
methods. A total of six marine sediment samples of the South China Sea were processed for
fungi isolation on extract agar (MEA), Czapek Dox agar (CDA), glucose peptone starch agar
(GPSA), and potato glucose agar (PDA), respectively. Although there is always difficult
to recover culturable marine-derived fungi from sediment samples, a total of 199 fungi
isolates were successfully obtained in this study (Table 1). The discovery of culturable
marine-derived fungi might be due to the use of effective isolation media (MEA, CDA,
GPSA and PDA), which have been successfully used for isolating deep-sea fungi from
the Central Indian Basin [34] and the South China Sea [28]. To identify the obtained fungi
isolates, ITS sequence analysis and observation of morphological characteristics were com-
bined. Although, several isolates had relatively lower similarities to their closest matches,
most of the isolates had 95–100% sequence similarities to the existing fungal ITS sequences
in the NCBI database. The identified fungi bellowed to 11 different genera, including
Aspergillus, Chaetomium, Cladosporium, Cyphellophora, Fusarium, Meyerozyma, Neodeightonia,
Penicillium, Saccharomyces, Ochroconis and Trichobotrys. Unfortunately, none of the discov-
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ered fungi were new from sediment of deep-sea environments, probably due to the fact
that a significantly increasing number of fungal communities had been identified with
metabarcoding studies. As a result, it is challenging to isolate novel strains from sediment
of deep-sea environment based on the method of isolation and cultivation. Nevertheless, it
needs to mention that the fungal communities were different from different sampling sites,
for example, 41 and 42 isolated were obtained from sites P2 and P4, respectively, while
only 10 isolates were obtained from site P7. To achieve a greater diversity of fungal signa-
tures in marine sediments, a combination of culture-dependent and culture-independent
approaches might be beneficial, which is under way in our laboratory.

Table 1. Diversity and distribution of fungi isolated from six marine sediment samples of the South
China Sea.

Fungal Species
Fungal Families Number of Fungal Isolated

P1 P2 P3 P4 P5 P6 P7 P8

Aspergillus niger Trichocomaceae 2 2 3 1 1
A. sydowii Trichocomaceae 1 2 1 1 2
A. terreus Trichocomaceae 3 2 4 1 1
A. oryzae Trichocomaceae 1 1 2 1 1

A. tubingensis Trichocomaceae 2 1 2 1 1
A. nomiae Trichocomaceae 2 1 2 2 1 1 2
A. flavus Trichocomaceae 2 1 3 1 2

A. versicolor Trichocomaceae 1 2 1 1 1
A. phoenicis Trichocomaceae 1 1

A. westerdijkiae Trichocomaceae 2 2 1
Chaetomium globosum Chaetomiaceae 1 1 1

Cladosporium
cladosporioides Davidiellaceae 1 1

C. colombiae Davidiellaceae 2 3 3 2 2
C. oxysporum Davidiellaceae 2 1 2 1 1 1

C. sphaerospermun Davidiellaceae 1 1 3
C. uredinicola Davidiellaceae 3 2

Cyphellophora fusarioides Cyphellophoraceae 1 2 1
Fusarium proliferatum Nectriaceae 2 3

F. oxysporum Nectriaceae 1 2 3 1
F. nirenbergiae Nectriaceae 2 2 3

F. solani Nectriaceae 2 1 1 1 1
Meyerozyma caribbica Debaryomycetaceae 2 1 1 1

Neodeightonia subglobosa Botryosphaeriaceae 1 2 3 2
Penicillium

aurantiogriseum Trichocomaceae 1 2 2 1 1

P. chrysogenum Trichocomaceae 2 3 3 1 1 1 1
P. album Trichocomaceae 2 1 4 3 2

Saccharomyces cerevisiae Saccharomycetaceae 1 1 2 1 2 1
Ochroconis mirabilis Sympoventuriaceae 1 1 1 1
Trichobotrys effusa Pleosporales 2 4 1

Total number of fungal isolates 16 41 27 42 29 16 10 18

3.2. Screening for Amylotyc Fungi (Qualitative Determination of Extracellular Enzyme Activity
by Visual Plate Assay)

The ocean is considered to be a great reservoir of biodiversity, leading to bioactive
metabolites from marine-derived fungi are considered an attractive point in the field of drug
discovery and production. Indeed, there is a number of research highlighting the diversity
of fungi derived from different marine environments as well as their potential as producers
of bioactive marine natural products. Unfortunately, the use of marine microorganisms as
sources of novel enzymes is still rare.

The growing commercial demand for new and more efficient enzymes to implement
and optimize industrial processes, which highly depends on new renewable and environ-
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mentally sustainable enzyme sources. The adaptability of marine-derived fungi to oceanic
conditions makes them an attractive source of unique enzymes. Therefore, we turned our
attention to exploring marine-derived fungi from the South China Sea for amylase activity
screening. Thus, all the 199 fungi strains isolated above were sub-cultured in Dox-medium
for amylolytic fungi isolation on agar plates, as described in Section 2.3.

The amylase activity was visible as clear zones on the agar plates created by the fungal
isolates (Figure 2). The larger the transparent circle produced by marine fungi on the plate
containing starch, the stronger the ability of fungi to produce amylase. In this study, only
clear zones of a diameter of more than 2 cm were considered as the positive starch zone
hydrolysis by tested marine-derived fungi. Gratifyingly, the results of amylase activity
screening showed that 57 isolates (Figure 3 and Table S1) showed amylase activity, of
which 30 belonged to the genera Aspergillus, suggesting that Aspergillus sp. are the main
sources of amylase-producing fungi. This is supported by the findings of Barakat, who
proposed that the genera Aspergillus are essential sources of amylases-producing fungi [33].
Indeed, Aspergillus species was characterized as the most pervasive and easy to culture
microorganisms, Thus, such species are the major and desirable source for the discovery of
novel amylases.

Figure 2. Examples of transparent circles produced by marine fungi with amylase activity, (A): fungi
with no amylase activity; (B,C): fungi with amylase activity; (D): the use of Aspergillus fumigatus as a
positive control.

3.3. Characteristics of Cell-Lysate Enzyme Activity (Quantitative Determination of Intracellular
Enzyme Activities Spectrophotometrically)

Encouraged by the discovery of 57 amylase-producing fungi strains, we continuously
evaluated the cell-lysate extract enzyme activity toward starch hydrolysis. In order to
have a clear idea about the amylase activities of the 57 marine fungi obtained above, the
dinitrosalyicylic acid (DNS) method [32] was applied for measuring the amylase activity.
The mycelia of the 57 amylase-producing fungi strains were collected and washed twice
with 100 mM of sodium citrate buffer (pH 5.5) and resuspended in the same buffer. The
mycelia were disrupted using a French press (2.05 kBar, 2 shots). Cell-free extract and
cell debris were separated by centrifugation for 40 min at 10,000 rpm at 4 ◦C. The clear
supernatant was collected and used for the measurement of the protein content and the
amylase activity. It needs to mention that one unit (1 U) of enzyme activity is defined
as the number of mycelia (wet weight) catalyzing the hydrolysis of 1 mg starch within
1 min. It needs to mention that enzyme activity means the cell-lysate enzyme activity of the
cell-disrupted mycelia.

98



J. Fungi 2023, 9, 736

 
Figure 3. The phylogenetic tree of 57 marine fungi with significant amylase activity. The names of all
the fungi are available in Table S1 of the Supporting Information.

The results are summarized in Table 2. Notably, the amylase enzyme produced by ma-
rine fungi showed good to excellent activity. The strain Fusarium nirenbergiae 9245 produced
amylases with a poor activity of 0.062 U/mg towards starch hydrolysis, while the amy-
lase produced by the strain Aspergillus flavus 9261 showed the best catalytic activity of
10.7482 U/mg. The observation highlights that Aspergillus sp. has been considered the
main source of amylases-producing fungi. Notably, Pezizomycotina sp. 8081 is a potential
source for amylase production of significant starch hydrolysis activity, which was found for
the first time. Taking a closer look at the starch-degrading activity of Aspergillus flavus 9261,
we found that the cell-lysate enzyme activity of the marine Aspergillus terreus SS isolated
from the Red Sea was shown to be 5.326 U of per mg wet mycelia (intracellular enzyme
activities) [35]. As a result, we can make the conclusion that the marine fungi Aspergillus
flavus 9261 exhibited an activity of 10.7482 U of per mg mycelia, which is superior to
Aspergillus terreus SS for the production of amylase enzymes. Taking the activity, cultural
conditions and available genome sequence into account, we decided to continue to use the
marine fungi Aspergillus flavus 9261 for all further studies.
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Table 2. The amylase activity produced by cell-lysate extracts from marine fungi a,b.

Fungi Activity (U/mg) Fungi Activity (U/mg) Fungi Activity (U/mg)

8070 0.0921 ± 0.0001 9030 0.2790 ± 0.0002 9211 0.1140 ± 0.0001
8078 0.1571 ± 0.0001 9033 0.0964 ± 0.0003 9222 0.0811 ± 0.0002
8081 1.3895 ± 0.0002 9048 0.0880 ± 0.0001 9224 0.0533 ± 0.0004
8083 0.1997 ± 0.0001 9053 0.1793 ± 0.0002 9232 0.3304 ± 0.0001
8084 0.1777 ± 0.0001 9055 0.0499 ± 0.0001 9244 0.1198 ± 0.0001
8085 0.1640 ± 0.0003 9060 0.1140 ± 0.0003 9245 0.0262 ± 0.0003
8087 0.1592 ± 0.0002 9066 0.1146 ± 0.0002 9261 10.7482 ± 0.0002
8089 0.0447 ± 0.0001 9116 0.0293 ± 0.0001 9263 0.5694 ± 0.0001
8090 0.3540 ± 0.0001 9171 0.6806 ± 0.0003 9264 0.2164 ± 0.0001
8094 0.2288 ± 0.0002 9172 0.1606 ± 0.0004 9266 0.3230 ± 0.0001
8100 0.1365 ± 0.0001 9176 0.0723 ± 0.0002 9267 0.4128 ± 0.0002
8108 0.0625 ± 0.0003 9177 0.2946 ± 0.0005 9269 0.1125 ± 0.0001
8911 0.0315 ± 0.00002 9184 0.3517 ± 0.0002 9273 0.0996 ± 0.0002
8953 0.0874 ± 0.0002 9194 0.1654 ± 0.0002 9277 0.1752 ± 0.0001
8972 0.1265 ± 0.0001 9197 0.1629 ± 0.0003 9278 0.1430 ± 0.0001
8975 0.1165 ± 0.0001 9198 0.2528 ± 0.0002 9279 0.2446 ± 0.0002
8990 0.0423 ± 0.0002 9199 0.0641 ± 0.0001 9288 0.2030 ± 0.0003
9003 0.0604 ± 0.0001 9201 0.1991 ± 0.0001 9289 0.4982 ± 0.0002
9029 0.1571 ± 0.0002 9207 0.0668 ± 0.0002 9294 0.1679 ± 0.0002

a: One unit (1 U) of enzyme activity is defined as the number of mycelia (wet-weight) catalyzing the hydrolysis of
1 mg starch within 1 min. b: Mean values ± standard deviation of cell-lysate enzyme activity. Experiments were
performed in triplicate.

3.4. Effect of pH and Temperature on Amylase Activities of Aspergillus flavus 9261

To fully assess the potential of the marine fungi Aspergillus flavus 9261 as amylase-
producing strain, the temperature and pH optima was determined. The influence of
temperature and pH on the cell-lysate enzyme activity were investigated by monitoring
the change in cell-lysate enzyme activity toward starch hydrolysis (Figure 4). For the
determination of the temperature optima, a standard activity assay was performed at
different temperatures in the range of 25–75 ◦C. The reaction mixtures were kept at each
temperature for 5 min before starch and crude enzyme solution were added to initiate
the reaction. Activity measure at standard conditions (pH 5.5, 25 ◦C) was taken as 100%.
Testing a broad range of temperature scales (25–65 ◦C) revealed that the enzyme exhibited
an optimal activity at 55 ◦C, while it steeply decreased over 60 ◦C (Figure 4A). On the
other hand, testing a broad range of pH scales (2–13) revealed the optimum pH of 5 for the
amylolytic activity (Figure 4C). Thus, the amylase produced by Aspergillus flavus 9261 was
found to have the best activity at pH = 5 and 55 ◦C, which was supported by the findings
(Aspergillus flavus AUMC10636 has the optimum activity toward starch hydrolysis at
pH = 5.0 and 60 ◦C) of Ali and workers [36].

In order to determine its thermostability, the crude enzyme solution was incubated at
different temperatures (37, 45, 50, 55, 60 and 65 ◦C) for given times before the substrate was
added to initiate the reaction, and the residual activity was measured by standard activity
assay. The activity of the enzyme without incubation at the given temperature was defined
as 100%. The results showed that the amylase produced by Aspergillus flavus 9261 was
relatively stable under 50 ◦C for 1 h, but lost its activity almost completely after incubation
at 60 ◦C for 30 min. In addition, pH stability was recognized according to testing variant
gradient buffer values ranging from pH = 2 to pH =13 (for 30 min) at room temperature.
Residual activities were examined following the standard conditions. It can be clearly seen
that the amylase produced by Aspergillus flavus 9261 maintained most of its activity after
incubation at pH of 5.0 for 1 h (Figure 4D). Therefore, the ideal condition and incubation
period were 50 ◦C, pH = 5.0 and 1 h, respectively.
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Figure 4. Temperature optima (A), thermostability (B), pH optima (C) and pH stability (D) of the
amylases produced by Aspergillus flavus 9261. (A): standard activity assay was performed at different
temperatures in the range of 25–75 ◦C. The reaction mixtures were kept at each temperature for 5 min
before starch and crude enzyme solution were added to initiate the reaction. And activity measure at
standard condition (pH 5.5, 25 ◦C) was taken as 100%. (B): the crude enzyme solution was incubated
at different temperatures (37, 45, 50, 55, 60 and 65 ◦C) for given times, and the residual activity was
measured by standard activity assay. The activity of the enzyme without incubation at the given
temperature was defined as 100%. (C): standard activity assay was performed at different pH values
of 2–11. The reaction mixtures were kept at each pH for 5 min before starch and crude enzyme
solution were added to initiate the reaction. And activity measure at standard condition (pH 5.5,
25 ◦C) was taken as 100%. (D): pH stability was recognized according to testing variant gradient
buffer values ranging from pH = 2 to pH =13 (for 30 min) at room temperature. Residual activities
were examined following the standard conditions. Experiments were performed in triplicate, and the
average values were shown as final results.

4. Conclusions

Microbial enzymes received great attention from industrial production, and amylase
catalysing the hydrolysis of starch-rich materials is one of the most prominent enzymes.
Currently, the amylases mainly used in industrial production are those derived from Bacil-
lus strains. The optimum activity of those Bacillus amylases was reported at a remarkably
high temperature ranging from 55 to 70 ◦C. However, their activity decreases significantly
at room or lower temperatures, which limits the development of amylases related indus-
tries. Thus, amylases-producing microorganisms (especially fungi) are still the major and
desirable source for the discovery of novel enzymes.

The adaptability of marine-derived fungi to oceanic conditions makes them an at-
tractive source of unique enzymes. In this manuscript, we focus on the screening of
marine-derived fungi for amylase activity.

In conclusion, this research successfully obtained 199 marine-derived fungi from the
South China Sea, of which 57 isolates were found to have amylase activity toward starch
hydrolysis by providing clear zones on agar plates. The application of the dinitrosalyicylic
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acid (DNS) method for measuring the amylase activity revealed that all the tested 57 isolates
exhibited an amylase activity of 0.0262–10.7482 U per mg of mycelia (wet weight), which is
good to excellent compared to those of reported fungi. The marine fungi Aspergillus flavus
9261 was found to produce amylase with the best activity of 10.7482 U/mg (wet mycelia),
and is moderately tolerant towards temperature as well as thermal and pH stability. The
amylase of Aspergillus flavus 9261 exhibited remarkable thermostability and pH stability
with no activity loss after incubation at 50 ◦C and pH 5.0 for 1 h, respectively. In a sense,
the potential of amylases produced from marine fungi was considered highly appreciated
and of economic value. This opens up an entirely new approach to the discovery of
marine-derived enzymes and investigations into their possible applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jof9070736/s1, Table S1: Information of the amylase-producing fun-
gus strains.
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Abstract: Important for the infection of an insect with an entomopathogenic fungus and its use as a
plant protection agent are its growth, conidiation, germination, and virulence, which all depend on
the environmental temperature. We investigated not only the effect of environmental temperature
but also that of production temperature of the fungus. For this purpose, Metarhizium brunneum
JKI-BI-1450 was produced and incubated at different temperatures, and the factors mentioned as
well as conidial size were determined. The temperature at which the fungus was produced affects
its subsequent growth and conidiation on granule formulation, the speed of germination, and the
conidial width, but not its final germination or virulence. The growth and conidiation was at its
highest when the fungus was produced at 25 ◦C, whereas when the germination was faster, the
warmer the fungus was produced. The incubation temperature optimum of JKI-BI-1450 in relation
to growth, speed of germination, and survival time was 25–30 ◦C and for conidiation 20–25 ◦C.
Conidial length decreased with increasing incubation temperature. Although the fungus could not
be adapted to unfavorable conditions by the production temperature, it was found that the quality
of a biological control agent based on entomopathogenic fungi can be positively influenced by its
production temperature.

Keywords: conidial size; germination; granule; growth; Metarhizium brunneum; temperature; virulence

1. Introduction

The aim of this study was to investigate the effects of different temperatures on the
growth, conidiation, conidial size, germination and virulence of a Metarhizium-based soil
granule, which was developed to control pest insects in the soil, especially in potato
cultivation. Therefore, we developed a formulation technology for granules based on ento-
mopathogenic fungi [1], and examined whether this technology can be used for Metarhizium
brunneum strain JKI-BI-1450. To produce our granule, the fungus was initially produced in
liquid medium. Subsequently, a thin layer of biomass was coated on autoclaved millet by
fluid bed drying.

The advantage of applying a soil granule produced this way is that only after its
application in the soil and the associated contact with moisture does the fungus overgrow
the granule (Figure 1) and conidiate on the surface, which in turn leads to the pest insect
being infected once contact has been established with the conidia [2]. The direct appli-
cation of conidia into the soil has the advantage that the infectious unit of the fungus is
directly present, however the product is dusting, and thus poses a risk for both the user
and bystander.
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Figure 1. Growth and conidiation of Metarhizium brunneum JKI-BI-1450 on a granule grain.

Therefore, the growth and conidiation of the fungus on the granule in the soil are essen-
tial for its effectiveness, and for both of these processes, the temperature of the environment
is important. Generally, temperatures between 20 to 30 ◦C are optimal for the growth and
sporulation of entomopathogenic fungi, which is also valid for Metarhizium [3–6]. However,
the temperature optimum varies between different Metarhizium species. Kryukov et al. [7]
demonstrated that M. brunneum exhibited the best growth at 25 ◦C, whereas the optimum
growth temperature of Metarhizium robertsii was 30 ◦C. Only M. robertsii grew at 35 or
37.5 ◦C, whereas M. brunneum was not able to grow at these temperatures. Keyser et al. [8]
also showed that the examined M. brunneum species exhibited their maximum mycelial
growth at 24 ◦C. Strains of Metarhizium acridum, Metarhizium giuzhouense, and M. robertsii
had their maximum at 28 ◦C or even at 32 ◦C.

One constraint in applying entomopathogenic fungi for controlling soil dwelling
pests is the difference in soil temperatures and the temperature optimum of the fungi.
The granule investigated in this study should later be used in cultivation at the same
time when potato planting, where the soil temperature is lower than the optimum of
the fungus [9]. An application at lower temperatures can lead to a reduced growth and
conidiation of the fungus [6,10,11]. As conidia are the infection units of the fungus [12],
lower levels of conidiation may lead to a reduction in efficacy [13]. We intended to take
advantage of the fact that many microorganisms can cope better with stressful conditions
when they have already been exposed to them [14–17]. Therefore, we investigated whether
the fungus may be adapted to unfavorable temperatures by culturing it several times at
these temperatures. Following growth and conidiation of the fungus on the granule, the
next step to successful infection is the contact of the conidia with the insect cuticle. After
adhesion on the cuticle, the conidia form a germ tube, which penetrates the cuticle through
enzymatic and mechanical pressure. Moreover, germination is also heavily influenced
by temperature [6,18]. Walstad et al. [19] and Dimbi et al. [3] demonstrated the highest
germination for Metarhizium after 24 h at 25 ◦C. Similar results were determined by Hywel-
Jones and Gillespie [20], with the fastest and highest germination having being observed
after an incubation at 25 to 30 ◦C. Rath et al. [21] and Skalický et al. [22] showed that
germination rates up to 100% were even possible at low temperatures, although such
values are obtained slower compared to rates at higher temperatures. After adhesion,
germination, and penetration, the fungus can multiply in the hemolymph and kill the
insect either by nutrient deprivation or toxins, which some fungi are able to produce [23,24].
Apart from growth and germination, the virulence of entomopathogenic fungi is also
temperature-dependent [6,25]. For Metarhizium, many studies showed the highest or fastest
mortality at higher temperatures of 30 or 35 ◦C [3,26], or 25 to 30 ◦C [27,28], respectively.

Investigations on the influence of temperature on the growth, germination, and vir-
ulence of entomopathogenic fungi have often been described. The novelty of our study
is that we examined both the influence of the production and incubation temperature.
Initially, we investigated whether the production temperature of the biomass used for our
granule-based formulation affects the growth of the fungus on this granule at different
incubation temperatures. The purpose of these experiments was to verify whether the
quality of the granule, and its ability to grow at sub-optimal temperatures could be im-
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proved by the previous production parameters of the biomass. In our application strategy,
the infectious conidia were only formed after application in soil under moist conditions
and at sufficient temperatures. Therefore, in the second step, we assessed whether the
temperature for conidiation had an influence on their size, germination, and virulence to
better understand the potential field conditions.

2. Materials and Methods

2.1. Fungal Strain

Metarhizium brunneum strain JKI-BI-1450 was isolated in 2013 at the Institute for
Biological Control, Julius Kühn-Institute, Darmstadt (Germany) from an infected adult
Agriotes lineatus, which was collected by Jörn Lehmhus in Braunschweig, Germany.

2.2. Maintenance of JKI-BI-1450

The fungal strain JKI-BI-1450 was stored at −80 ◦C in cryo-tubes (Microbank, Pro-Lab
Diagnostics, Richmond Hill, Canada) and routinely cultured on malt peptone agar (MPA)
containing 3% (w/v) malt extract (Merck, Darmstadt, Germany), 0.5% (w/v) peptone from
soybean (Merck), and 1.8% (w/v) agar-agar (Roth, Karlsruhe, Germany).

2.3. Colony Size and Conidiation at Different Temperatures

JKI-BI-1450 was spread on MPA and incubated for 2 weeks at 25 ◦C in the dark. A
total of 2 μL of a conidial suspension (1 × 108 conidia/mL in sterile 0.5% (v/v) Tween 80®

(Merck)) of JKI-BI-1450 was pipetted in the center of the petri dishes filled with MPA. The
dishes were then incubated for 14 days at 15, 20, 25, 30, and 37 ◦C in the dark, respectively.
The diameter of the fungal colony was measured twice, perpendicular to one another.
To determine the conidiation, 2 mL of sterile 0.5% (v/v) Tween 80® was added to each
dish and the conidia were scraped off with a sterile spatula. The conidia concentration
was determined using a hemocytometer, and the conidia per mm2 was calculated based
on the final colony size. The experiment was repeated six times independently with five
replicates each.

2.4. Temperature Adaptation

JKI-BI-1450 was cultivated on MPA for 14 days at 15, 20, 25, and 30 ◦C in the dark,
respectively. New MPA plates were then inoculated with the fungi produced at these
temperatures and incubated for 14 days at the same temperatures as before in the dark.
This subsequent cultivation was repeated three times. After that, the final adapted fungus
cultures of each growth temperature were stored at −80 ◦C.

2.5. Effects of Production and Incubation Temperature on the Fungus Growth

The granules were produced as described by Stephan et al. [1]. For liquid culture
inoculation, the temperature-adapted fungus cultures were taken from the −80 ◦C deep
freezer and cultivated for 21 days on MPA at the corresponding temperature in the dark.
For the liquid production of fungal biomass, 50 mL sterile medium containing 2.5% (w/v)
glucose (Merck), 2% (w/v) corn steep (Sigma Aldrich, Buchs, Switzerland), and 0.5% (w/v)
sodium chloride (Merck) in 100 mL flasks was used. Each flask was inoculated with
5 × 106 conidia suspension of the previously described 21-day-old cultures in 1 mL of
sterile 0.5% (v/v) Tween 80® and were then incubated at 130 rpm on a horizontal shaker
(Novotron, 50 mm deflection, Infors, Bottmingen, Switzerland). In liquid culture, the
conidia of JKI-BI-1450 germinate and form mycelium and submerged spores. The duration
of the production process is influenced by the production temperature. To determine the
end of the exponential growth phase at each production temperature, the formation of
the submerged spores was observed microscopically every 24 h. Based on these results,
the incubation time at 15 ◦C was set to 120 h, and at 30 ◦C to 144 h, respectively. At 20
and 25 ◦C the fungus was cultivated for 72 h. The biomass suspension of each cultivation
was centrifuged for 10 min at 25 ◦C and 15,344× g. The supernatant was then discarded,
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and the pellet was resuspended in 0.9% (w/v) sodium chloride solution and centrifuged
again. This process was repeated twice. The dry weight of the biomass was determined
using a moisture determination balance (Ma30, Sartorius, Göttingen, Germany), and a
suspension of 3% dry biomass was prepared by diluting with a 0.9% (w/v) sodium chloride
solution. From each biomass suspension a granule was prepared with a laboratory fluid-
bed dryer (Strea-1, Aeromatic-Fielder AG, Bubendorf, Switzerland, nozzle diameter: 1 mm,
Container volume: 16.5 L). In contrast to the process described by Stephan at al. [1],
100 g of autoclaved millet seeds were placed in the container, and 15 g of the 3% biomass
suspension was sprayed by a top spray variant on the millet with a nozzle pressure of
2 bar. The granules produced in this way will be henceforth referred to as 15 ◦C-granule,
20 ◦C-granule, 25 ◦C-granule, and 30 ◦C-granule throughout this study. For each batch, ten
granule grains (millet seeds covered with fungus) were placed on five petri dishes filled
with agar (1% (w/v) agar-agar) and were then incubated at 15, 20, 25, and 30 ◦C for 14 and
28 days in the dark, respectively. After this incubation period, the number of colonized
granule grains was determined. Granule grains covered with the mycelium or conidia of
JKI-BI-1450 were counted as colonized. To determine the conidia concentration, 1 mL of
sterile 0.5% (v/v) Tween 80® was added to each petri dish. The granule grains and the
suspension was transferred to a tube. The tubes were placed on a vortexer for 10 s and
afterwards in an ultrasonic bath (Sonorex RK 52, 35 kHz, Bandelin electronic GmbH &
Co. KG, Berlin, Germany) for 15 min. The conidia concentration was determined using
a hemocytometer. Based on the colonization and the determined amount of conidia per
plate, the conidia per granule grain were determined by dividing the amount of conidia
by the number of colonized granule grains. This allowed to determine the conidiation
independently of colonization.

Ten conidia of each petri dish were photographed, and the length and width was
measured using the program cellSens Standard, Olympus (Figure 2). The conidial index was
calculated by dividing the length by the width. The experiment was repeated independently
three times.

 
Figure 2. Measurement of conidia.

2.6. Effect of More Unfavorable Incubation Temperature

A 25 ◦C-granule was produced and formulated as described. Ten granule grains
were placed on five separate petri dishes filled with agar (1% (w/v) agar-agar) and were
incubated at 5, 10, 25, and 35 ◦C for 14, 28, and 42 days in the dark, respectively. The
granule colonization, the conidia per granule grain, and the conidial size were measured as
described above. The experiment was repeated independently three times.

107



J. Fungi 2023, 9, 668

2.7. Effect of Simulated Soil Temperature

To simulate the soil temperature in the field during potato planting as realistically
as possible, soil temperature data from a field trial in Uelzen Niedersachsen, Germany
were used for adjusting the temperature profile of the incubator. The data were based on
temperatures measured in 2018 and 2019, which were obtained from three points inside
the potato mound. From these six measurements, averages were calculated every 4 h for
6 weeks, starting from the day of potato planting (7 May 2018 and 8 May 2019) [9]. A
25 ◦C-granule was produced as described above. Ten granule grains were placed on petri
dishes filled with agar (1% (w/v) agar-agar). In total, 60 petri dishes were incubated at the
simulated soil temperature, and an additional 60 petri dishes were incubated at a constant
temperature of 25 ◦C in the dark. Ten petri dishes of each treatment were evaluated weekly
over 6 weeks. The granule colonization, the conidia per granule grain, and the conidial
size were measured as described above. The experiment was repeated independently
three times.

2.8. Effect of Temperature on the Germination and the Virulence
2.8.1. Preparation of Fungus Suspension

To determine the germination rate, the temperature-adapted fungus cultures were
incubated for 21 days on MPA at the corresponding temperatures in the dark. An undefined
number of conidia of each fungus was suspended in a 1.5 mL tube filled with 0.5% (v/v)
Tween 80®. The tubes were placed on a vortexer for 10 s and afterwards in an ultrasonic
bath (Sonorex RK 52, 35 kHz, Bandelin electronic GmbH & Co. KG) for 15 min. The
conidia concentration was determined using a hemocytometer, and a conidial suspension
of 1 × 106 conidia/mL was made for each adapted fungus by diluting with 0.5% (v/v)
Tween 80®. The length and width were determined for 100 conidia as previously described.

2.8.2. Speed of Germination

Twenty four droplets of each conidial suspension with a volume of 10 μL were placed
on petri dishes filled with MPA, and were incubated at 15, 20, 25, and 30 ◦C in the dark,
respectively. After 3, 6, 9, 12, 15, 18, 21, and 24 h, respectively, three droplets each were
cut out of the agar and placed on a slide. On each agar piece, one hundred conidia were
observed under the light microscope (×400), and the percentage of germinated conidia
was subsequently determined. Conidia were rated as germinated when the germ tube
was longer than the width of the conidia. The experiment was repeated independently
three times.

2.8.3. Final Germination Rate

To determine the final germination rate, the experiment was repeated as described
above, except that 25 mg/L Benomyl (Sigma Aldrich) was added to the MPA. The germina-
tion rate was determined after incubating for 96 h at the corresponding temperatures in the
dark. The experiment was repeated independently three times.

2.8.4. Effect of Temperature on the Virulence

The temperature-adapted fungal cultures were incubated for 21 days on MPA at the
corresponding temperatures in the dark. Five mL of 0.5% (v/v) Tween 80® were added to
each plate, following which the suspensions were filtered through four layers of gauze,
the supernatant was sonicated (Sonorex RK 52, Bandelin electronic GmbH & Co. KG
35 kHz) for 15 min, and for each adapted fungal culture 5 mL of a conidial suspension
with 1 × 107 conidia/mL with 0.5% (v/v) Tween 80® was prepared. Afterwards, Galleria
mellonella larvae (larval stage 5–6) were dipped for 2–3 s into the four fungal suspensions,
0.5% (v/v) Tween 80®, or sterile deionized water. Each larvae was placed individually into
a plastic box (7 cm diameter and 2.5 cm height). Ten larvae per treatment were incubated at
15, 20, 25, and 30 ◦C in the dark, respectively. The number of dead larvae was determined
daily for a period of 14 days. The experiment was independently repeated four times.
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2.9. Statistical Analysis

The data was statistically analyzed with the software SAS Studio 3.8. Normality of
the data was tested using the Shapiro–Wilk test and the homogeneity of variance was
checked by the Levene’s test. To compare the colony size and the conidiation at different
temperatures, and the effect of extreme incubation temperatures on the fungal growth, the
Wilcoxon test (p < 0.05) was used. For analyzing the effects of production and incubation
temperature, or incubation period on the fungal growth and the conidial size, a generalized
linear model with Wald statistics for type 3 analysis and multiple comparison according
to the Tukey test (GLMM, p < 0.05) was employed. For the analysis of the effect of one
parameter (production temperature, incubation temperature, and incubation period), the
data of the other two parameters were pooled. The effect of simulated soil temperature
on the fungal growth was analyzed for each week by the non-parametric Mann–Whitney
U-test (p < 0.05). Furthermore, the data of each incubation temperature was compared
using a generalized linear model (p < 0.05). The final germination rate was determined to be
above 99% in all treatments. Due to the method that was used, a more exact determination
of the values was not possible, and therefore a statistical evaluation was not conducted.
To compare the germination progress, the results of the germination speed and final
germination rates were assembled, and τ was calculated for each treatment and every
replicate. For the calculation of τ, a non-linear regression according to Dantigny et al. [29]
(Formula (1)) was used.

Formula (1)—Calculation of τ:

P = Pmax[1 − 1
1
+

(
t
τ

)d
] (1)

where P is the percentage of germinated conidia in dependence of the maximum percentage
of germination, (Pmax), t designates the germination time, τ is the point of time when 50%
of the maximal germinated conidia have been germinated, and d is the design parameter.
The design parameter was selected according to Dantigny et al. [29].

Furthermore, the slopes at the inflection point for each treatment and every replicate
were calculated with Formula (2).

Formula (2)—Calculation of the slope at the inflection point:

Slope =
(d × Pmax × q)

τ × q
1
d × (q + 1)2

(2)

With q =
(

d−1
d+1

)
For analyzing the effects of the production and incubation temperature on τ and

the slope at the infection point a generalized linear model with Wald statistics for type 3
analysis and multiple comparison according to the Tukey test (GLMM, p < 0.05) was used.
For the analysis of the effect of one parameter, the data of the other parameters were pooled.

To analyze the virulence, the mean survival time (ST50) for each replicate was calcu-
lated using a survival analysis (Kaplan–Meier) and compared using a generalized linear
model (p < 0.05).

For analyzing the effect of the production temperature and both controls, data of all
incubation temperatures, whereas for the effect of the incubation temperature, data of all
production temperatures were pooled.

3. Results

3.1. Colony Size and Conidiation at Different Temperatures

The incubation temperature had a significant effect on the colony size (x2 = 137.3667;
df = 4; p < 0.0001) and conidiation (x2 = 125.8045; df = 4; p < 0.0001). Moreover, the
results demonstrate a significantly larger colony size of M. brunneum strain JKI-BI-1450
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after incubation at 25 or 30 ◦C than after incubation at 15 or 20 ◦C (Figure 3). In contrast, the
fungus formed significantly more conidia at 20 or 25 ◦C than at 15 or 30 ◦C, respectively.

Figure 3. Influence of temperature on colony size (light grey) and conidia per mm2 (dark grey) of
JKI-BI-1450 after 14 days (means and standard deviation). Different capital letters and corresponding
lowercase letters indicate significant differences (Wilcoxon test, p < 0.05, n = 30), ng = no growth.

3.2. Effects of Production and Incubation Temperature on the Fungal Growth on the Soil Granule

The granule colonization by JKI-BI-1450 was found to have been significantly influ-
enced by the production and incubation temperature of the biomass (production temper-
ature: (x2 = 2298.94; df = 3; p < 0.001); and incubation temperature (x2 = 118.70; df = 3;
p < 0.001)) (Table 1). In brief, over all incubation temperatures, granule colonization was
87% for the granules prepared with the biomass produced at 25 ◦C. At a production tem-
perature of 20 and 30 ◦C, respectively, granule colonization was significantly reduced but
still higher than 70%. When the biomass was produced at 15 ◦C, only 1% of granule grains
were colonized. In contrast, when incubated at 15 ◦C across all production temperatures
combined, maximum colonization was achieved at an average of 72%. With increasing in-
cubation temperatures, the percentage of colonized granule grains decreased continuously,
but did not reach less than 50%. The incubation period was found to exhibit no effects on
the granule colonization (x2 = 0.27; df = 1; p = 0.6037).
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Table 1. Effects of the production and incubation conditions on the fungal growth of granules coated
with the Metarhizium brunneum strain JKI-BI-1450.

Conditions
Growth Parameter

Granule Colonization [%] Conidia per Granule Grain n

Production temperature [◦C]

15 1.66 (±4.34) * D ** 3.85 (±25.2) × 105 C

120
20 81.25 (±19.98) B 2.47 (±1.70) × 107 AB
25 87.17 (±17.40) A 2.77 (±1.66) × 107 A
30 72.25 (±23.24) C 2.31 (±2.00) × 107 B

Incubation temperature [◦C]

15 72.41 (±42.21) A 1.09 (±1.18) × 107 C

120
20 61.58 (±37.28) B 2.26 (±1.74) × 107 B
25 56.92 (±36.53) B 3.17 (±2.45) × 107 A
30 50.92 (±36.69) C 1.06 (±0.97) × 107 C

Incubation period [weeks] 2 60.83 (±39.15) A 1.32 (±1.32) × 107 B
2404 60.08 (±38.80) A 2.47 (±2.19) × 107 A

* Mean ± standard deviation. ** Means of one condition at one growth parameter with the same letters are not
significantly different. (GLMM, p < 0.05).

Besides the granule colonization, the conidiation of JKI-BI-1450 on the granule grains
was significantly influenced by the production temperature of the biomass (x2 = 432.21;
df = 3; p < 0.0001). The granule-containing biomass produced at 25 ◦C formed the most
conidia with 2.75 × 107 conidia per granule grain, followed by the 20 ◦C-granule and
30 ◦C-granule over all incubation temperatures. The conidiation of the 15 ◦C-granule was
a hundred times lower than the other granules and differed significantly from granules
with the other production temperatures. In addition to the production temperature, the
incubation temperature of the granules was found to significantly influence the conidiation
(x2 = 285.84; df = 3; p < 0.0001). The conidia concentration on the granules incubated
at 25 ◦C was significantly the highest with 3.17 × 107 conidia per granule grain, fol-
lowed by incubation at 20 ◦C. The conidiation was observed to be the lowest at 15 and
30 ◦C incubation. They differed significantly from the other incubation temperatures, but
not from each other. The incubation period also significantly influenced the conidiation
(x2 = 122.85; df = 1; p < 0.0001). The conidia per granule grain doubled from the second to
the fourth week of incubation, and differed significantly from each other, summarized over
all production and incubation temperatures.

In addition to colonization and conidiation, the conidial size was also examined. Since
the fungal growth on the 15 ◦C-granule was extremely low, the conidial size could not
be determined for this granule (Table 2). The production temperature of the biomass did
not affect the length (x2 = 4.24; df = 2; p = 0.1199) but did significantly impact the width
(x2 = 11.20; df = 2; p = 0.0037) and the conidial index (x2 = 13.21; df = 2; p = 0.0014). Signifi-
cantly wider and more roundish conidia were formed on the granule-containing biomass
produced at 20 ◦C compared to the higher temperatures. The incubation temperature of
the granules also influenced the size of the conidia (length: (x2 = 542.28; df = 3; p < 0.0001);
width: (x2 = 166.61; df = 3; p < 0.0001); and index; (x2 = 169.62; df = 3; p < 0.0001)). Conidia
were significantly longer and wider when the granules were incubated at 15 ◦C compared
to incubation at higher temperatures. The conidial index also revealed that the conidia
were significantly more rounded when the granules were incubated at higher rather than
lower temperatures. Furthermore, the conidia were significantly longer after an incubation
period of 4 weeks than after 2 weeks (x2 = 11.24; df = 1; p = 0.0008). The incubation period
was found to have no influence on the conidial width (x2 = 1.44; df = 1; p = 0.2306) or the
conidial index (x2 = 1.86; df = 1; p = 0.1727).
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Table 2. Effects of the production and incubation conditions on the conidial size of the Metarhizium
brunneum strain JKI-BI-1450 formed on the granules.

Conditions
Conidial Size

Conidial Length [μm] Conidial Width [μm] Conidial Index * n

Production temperature [◦C]
20 6.70 (±0.58) ** A *** 2.21 (±0.22) A 3.05 (±0.39) B 1200
25 6.75 (±0.58) A 2.19 (±0.20) B 3.10 (±0.38) A 1200
30 6.73 (±0.67) A 2.19 (±0.22) B 3.11 (±0.43) A 1166

Incubation temperature [◦C]

15 7.06 (±0.55) A 2.26 (±0.22) A 3.16 (±0.42) A 900
20 6.78 (±0.50) B 2.15 (±0.19) C 3.18 (±0.39) A 900
25 6.51 (±0.52) C 2.16 (±0.19) C 3.05 (±0.38) B 900
30 6.54 (±0.70) C 2.22 (±0.23) B 2.97 (±0.37) C 866

Incubation period [weeks] 2 6.69 (±0.59) B 2.19 (±0.21) A 3.08 (±0.39) A 1780
4 6.76 (±0.63) A 2.20 (±0.22) A 3.10 (±0.41) A 1786

* The index is calculated by dividing the length by the width. ** Mean ± standard deviation. *** Means of one
condition at one conidial size parameter with the same letters are not significantly different. (GLMM, p < 0.05).

3.3. Effect of More Unfavorable Incubation Temperature on the Fungal Growth

Within the investigation period, the fungus was not able to grow or to form conidia
on the granule incubated at 5 or 35 ◦C (Table 3). The four incubation temperatures and
three incubation periods resulted in significant differences in colonization (x2 = 173.0394;
df = 11; p < 0.0001) and conidiation (x2 = 160.1709; df = 11; p < 0.0001). Incubating for
2 weeks at 10 ◦C revealed a significantly lower granule colonization, only reaching 80%,
whereas 25 ◦C achieved nearly 100% granule colonization in the same timeframe. No
significant differences were observed between 10 or 25 ◦C for incubation periods of 4 and
6 weeks, respectively. The conidiation was significantly lower after incubation at 10 ◦C
rather than at 25 ◦C for each evaluation time point. After 2 weeks, JKI-BI-1450 did not form
any conidia on the granule. After 4 weeks, approximately 5 × 103 conidia per granule grain
were formed. The conidia concentration increased a hundred-fold after incubating for an
additional 2 weeks. When incubated at 25 ◦C, the conidia concentration was above 107 at
all evaluation time points.

Table 3. Effects of the incubation temperature and period on the fungal growth of a granule based on
biomass produced at 25 ◦C.

Incubation
Temperature [◦C]

Incubation
Period [weeks]

Growth Parameter
Granule Colonization [%] * Conidia per Granule Grain n

5
2 0 (±0) C ** 0 (±0) C 15
4 0 (±0) C 0 (±0) C 15
6 0 (±0) C 0 (±0) C 15

10
2 80 (±15.49) B 0 (±0) C 15
4 98.67 (±3.49) A 4.67 (±6.94) × 103 BC 15
6 99.33 (±2.49) A 5.99 (±9.29) × 105 B 15

25
2 99.33 (±2.49) A 2.41 (±1.59) × 107 A 15
4 100 (±0) A 3.74 (±1.39) × 107 A 15
6 99.33 (±2.49) A 3.86 (±1.03) × 107 A 15

35
2 0 (±0) C 0 (±0) C 15
4 0 (±0) C 0 (±0) C 15
6 0 (±0) C 0 (±0) C 15

* Mean ± standard deviation. ** Means of one growth parameter with the same letters are not significantly
different. (Wilcoxon test, p < 0.05).

In addition, significantly longer (x2 = 318.15; df = 1; p < 0.0001) and wider (x2 = 420.42;
df = 1; p < 0.0001) conidia were formed on granules incubated at 10 ◦C compared to 25 ◦C
(Table 4). The conidial index did not differ between these two incubation temperatures
(x2 = 0.50; df = 1; p = 0.4796). The incubation period had no effect on the conidial size length:
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(x2 = 2.57; df = 1; p = 0.1089); width (x2 = 0.08; df = 1; p = 0.7716); and index (x2 = 2.54;
df = 1; p = 0.1107)).

Table 4. Effects of the incubation conditions on the conidial size of the Metarhizium brunneum strain
JKI-BI-1450 on the granules.

Conditions
Conidial Size

Conidial Length [μm] Conidial Width [μm] Conidial Index * n

Incubation temperature [◦C] 10 7.96 (±1.18) ** A *** 2.75 (±0.38) A 2.93 (±0.44) A 210
25 6.62 (±0.50) B 2.24 (±0.15) B 2.97 (±0.30) A 300

Incubation period [weeks] 4 7.18 (±1.12) A 2.43 (±0.35) A 2.97 (±0.37) A 240
6 7.16 (±1.03) A 2.47 (±0.37) A 2.92 (±0.36) A 270

* The index is calculated by dividing length by width. ** Mean ± standard deviation. *** Means of one condition
with one conidial size parameter and the same letters are not significantly different. (GLMM, p < 0.05).

3.4. Effect of Simulated Soil Temperature on the Fungal Growth

First, the colonization at 25 ◦C was compared with the colonization at simulated
soil temperature for each week independently. In this comparison of the incubation tem-
peratures, the granule colonization was found to not differ significantly, except for the
incubation periods of two and six weeks (Figure 4). Here, the colonization was significantly
higher for the granules that were incubated at the simulated soil temperature compared
to 25 ◦C (week 1: (x2 = 2.3677; df = 1; p = 0.1239); week 2: (x2 = 8.3617; df = 1; p = 0.0038);
week 3: (x2 = 0.4229; df = 1; p = 0.5155); week 4: (x2 = 3.6004; df = 1; p = 0.0578); week 5:
(x2 = 1.6223; df = 1; p = 0.2028); and week 6: (x2 = 50.7817; df = 1; p < 0.0001)). Secondly,
the colonization of the fixed and simulated incubation temperature was compared sepa-
rately over the experimental period. Both the incubation at 25 ◦C and at the simulated soil
temperature showed no significant increases in colonization from the 2nd week onwards
and was between 90 and 100% (25 ◦C: (x2 = 12.54; df = 5; p = 0.0281); and simulated soil
temperature (x2 = 25.22; df = 5; p < 0.0001)).

Conidiation at 25 ◦C was also compared with the conidiation at simulated soil tem-
perature for each week of the experiment. During week 4, the conidia concentration was
significantly lower for the granules incubated at the simulated soil temperature rather than
at 25 ◦C (week 1: (x2 = 17.1323; df = 1; p < 0.0001); week 2: (x2 = 15.5149; df = 1; p < 0.0001);
week 3: (x2 = 13.6696; df = 1; p = 0.0002); week 4: (x2 = 1.3300; df = 1; p = 0.2488); week 5:
(x2 = 0.2310; df = 1; p = 0.6308); and week 6: (x2 = 3.1751; df = 1; p = 0.0748)). Thereafter, the
conidia per granule grain no longer differed. The conidiation at one incubation temperature
was also compared separately over the duration of the experiment. During incubation at
25 ◦C the maximum conidia concentration was achieved after 2 weeks with 1.86–2.17 × 107

conidia per granule grain (x2 = 88.47; df = 5; p < 0.0001), while during incubation at sim-
ulated soil temperature this was not achieved until after 4 weeks with 1.44–1.79 × 107

conidia per granule grain (x2 = 197.58; df = 5; p < 0.0001).
Since no conidia were formed after 1 week of incubation at the simulating soil temper-

ature, this time point was not considered when determining the conidial size. The granule
formed significantly longer (x2 = 862.81; df = 1; p < 0.0001) and wider (x2 = 7.45; df = 1;
p = 0.0063) conidia during incubation at the simulated soil temperature rather than at 25 ◦C,
where the granule was significantly rounder (x2 = 285.16; df = 1; p < 0.0001) (Table 5). The
incubation period also influenced the conidial size. After 3 weeks of incubation, the conidia
were significantly the longest (x2 = 14.83; df = 4; p = 0.0051), whereas the conidia were the
widest (x2 = 19.60; df = 4; p = 0.0006) after 4 weeks of incubation. In addition, the conidia
were significantly most elongated after 2 and 3 weeks of incubation and became more
round with increasing incubation time (x2 = 23.93; df = 4; p < 0.0001).
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Figure 4. Effect of incubation at 25 ◦C (light grey) and at simulated soil temperature (dark grey) on
the granule colonization (A), and on the number of conidia per granule grain (B) (means and SD).
Means with * at one evaluation time are significantly different (Mann–Whitney U-Test, p < 0.5, n = 15).
The differences between the evaluation times of the incubation at 25 ◦C are represented by different
lower case letters and for the simulated soil temperature by different upper case letters (GLMM,
p < 0.05, n = 30). The black line indicates the simulated soil temperatures from the day the potatoes
were planted until 6 weeks thereafter (n = 3), ng = no growth.

114



J. Fungi 2023, 9, 668

Table 5. Effects of the incubation conditions on the conidial size of the Metarhizium brunneum strain
JKI-BI-1450 on the granules.

Condition
Conidial Size

Conidial Length [μm] Conidial Width [μm] Conidial Index * n

Incubation temperature [◦C] Soil temp. 6.96 (±0.54) ** A *** 2.23 (±0.22) A 3.15 (±0.40) A 1500
25 6.38 (±0.55) B 2.21 (±0.19) B 2.91 (±0.38) B 1500

Incubation period [weeks]

2 6.70 (±0.63) AB 2.19 (±0.20) B 3.07 (±0.39) A 600
3 6.73 (±0.64) A 2.22 (±0.21) AB 3.07 (±0.43) A 600
4 6.63 (±0.59) B 2.23 (±0.22) A 3.00 (±0.43) B 600
5 6.66 (±0.63) AB 2.24 (±0.21) A 3.00 (±0.42) B 600
6 6.63 (±0.59) B 2.23 (±0.19) AB 3.00 (±0.38) B 600

* The index is calculated by dividing the length by the width. ** Mean ± standard deviation. *** Means of one
condition at one conidial size parameter with the same letters are not significantly different. (GLMM, p < 0.05).

3.5. Effect of Temperature on Conidial Size and Germination

Incubation at 15 and 20 ◦C resulted in significantly longer (x2 = 234.64; df = 3; p < 0.0001)
and rounder (x2 = 134.10; df = 3; p < 0.0001) conidia compared to higher temperatures
(Table 6). However, the incubation temperature had no significant influence on the conidia
width (x2 = 6.53; df = 3; p = 0.0887).

Table 6. Effects of the incubation temperature on the conidial size of the Metarhizium brunneum strain
JKI-BI-1450 on MPA dishes after 21 days.

Condition
Conidial Size

Conidial Length [μm] Conidial Width [μm] Conidial Index * n

Incubation temperature [◦C]

15 7.04 (±0.36) ** A *** 2.26 (±0.15) A 3.13 (±0.26) A 300
20 6.97 (±0.37) A 2.27 (±0.19) A 3.09 (±0.30) AB 300
25 6.47 (±0.51) C 2.26 (±0.15) A 2.87 (±0.29) C 300
30 6.82 (±0.68) B 2.24 (±0.17) A 3.06 (±0.33) B 300

* The index is calculated by dividing the length by the width. ** Mean ± standard deviation. *** Means of one
condition with one conidial size parameter and the same letters are not significantly different. (GLMM, p < 0.05).

The germination was found to be faster when the fungus was produced at higher
temperatures (Figure 5). This effect was observed across all incubation temperatures.

The statistical evaluation of this experiment is presented in Table 7. τ was reached
significantly fastest with a production temperature of 30 ◦C (after 12.3 h), closely followed
by 25 ◦C (after 12.8 h) (x2 = 1376.52; df = 3; p < 0.0001). When the fungus was produced at
15 and 20 ◦C, τ was reached significantly slower (3 h later). The incubation temperature
also exhibited a significant influence on τ (x2 = 2822.81; df = 3; p < 0.0001). The higher the
temperatures at which the fungus was incubated, the faster τ was reached. T achieved
values between 11 h at 30 ◦C and 17 h at 15 ◦C, with a significant difference observed
among all incubation temperatures.

The slope at the inflection point was also significantly influenced by the production
temperature (x2 = 11.99; df = 3; p = 0.0074). When the fungus was produced at 20 ◦C, the
slope was at its steepest, while at 25 ◦C, the slope was found to be at its lowest (Table 7).
The slopes of the other two production temperatures were deemed to be in between. When
incubated at the higher temperatures (25 or 30 ◦C, respectively), the slope of the germination
rate was significantly steeper than when incubated at the lower temperatures (15 or 20 ◦C,
respectively) (x2 = 92.95; df = 3; p < 0.0001).
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Figure 5. Effects of the production and incubation temperature on the germination rate of Metarhizium
brunneum JKI-BI-1450 are shown (means and SD). The symbols show the different production tem-
peratures ( = 15 ◦C, = 20 ◦C, = 25 ◦C, = 30 ◦C) and the letters correspond to the incubation
temperature ((A) = 15 ◦C, (B) = 20 ◦C, (C) = 25 ◦C, and (D) = 30 ◦C). The symbols are slightly offset
for better visibility. n = 9.

Table 7. Effects of the production and incubation temperature of the germination of JKI-BI-1450
after 96 h, and of the germination process over 24 h. τ is the time point where 50% of the maximal
germinated conidia are germinated.

Conditions
Germination
after 96 h [%]

τ Slope Inflection n

Production temperature [◦C]

15 99.53 (±0.70) * 15.42 (±2.44) C ** 13.69 (±4.65) AB ** 9
20 99.00 (±1.12) 15.32 (±2.15) C 15.33 (±5.95) B 9
25 99.67 (±0.59) 12.81 (±2.14) B 13.00 (±2.27) A 9
30 99.17 (±1.08) 12.31 (±1.70) A 14.99 (±3.51) AB 9

Incubation temperature [◦C]

15 99.47 (±0.70) 16.18 (±1.83) D 12.07 (±4.48) A 9
20 99.19 (±1.04) 15.71 (±1.64) C 11.32 (±2.25) A 9
25 99.39 (±0.96) 12.57 (±1.18) B 15.99 (±3.25) B 9
30 99.31 (±1.01) 11.40 (±1.39) A 17.63 (±3.74) B 9

* Mean ± standard deviation. ** Means of τ and slope inflection at one condition with the same letters are not
significantly different. (GLMM, p < 0.05).

3.6. Effect of Temperature on the Virulence

The production temperature of the fungus was found to have no influence on the
ST50 but did differ significantly from the controls (x2 = 129.33; df = 5; p < 0.0001) (Table 8).
The ST50 of the water control was significantly the highest with 10.83 days followed by
the Tween 80® control (7.63 days), and the fungi treatments with an average of 4 days.
However, it was found that the survival time significantly decreased with increasing
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incubation temperature (x2 = 102.65; df = 3; p < 0.0001). ST50 was highest when the larvae
were incubated at 15 ◦C, with an average of 6.03 days, and lowest at 30 ◦C, with an average
of 3.16 days, respectively. The final mortality of the fungal treatments in relation to the
production temperature did not differ significantly from each other (95–100%) but from
the control treatments (x2 = 560.82; df = 5; p < 0.0001). The final mortality at 15 to 25 ◦C
incubation was approximately 100% and differed significantly from the one observed at
30 ◦C (x2 = 17.17; df = 3; p = 0.0007).

Table 8. Effects of the production and incubation temperature on the virulence of JKI-BI-1450 against
Galleria mellonella.

Conditions ST50 [d] Final Mortality [%] n

Control
Water 10.83 (±2.85) * C ** 18.75 (±19.28) C 16

0.5% Tween 80® 7.63 (±5.16) B 55.00 (±21.6) B 16

Production temperature [◦C]

15 3.97 (±1.39) A 98.13 (±5.44) A 16
20 4.03 (±1.35) A 100 (±0) A 16
25 4.54 (±1.84) A 95.63 (±10.31) A 16
30 4.04 (±1.74) A 98.13 (±7.5) A 16

Incubation temperature [◦C]

15 6.03 (±1.31) C 99.38(±2.5) A 16
20 4.06 (±1.32) B 100 (±0) A 16
25 3.33 (±0.76) AB 100 (±0) A 16
30 3.16 (±0.94) A 92.5 (±12.38) B 16

* Mean ± standard deviation. ** Means of ST50 and final mortality at one condition with the same letters are not
significantly different. (GLMM, p < 0.05).

4. Discussion

The M. brunneum strain JKI-BI-1450 can form mycelium and conidia across a wide tem-
perature range. This fungus generated the largest colony size and the most conidia/mm2 at
25 ◦C. Similar results for the radial growth of M. brunneum were reported by Keyser et al. [8]
and Kryukov et al. [7], respectively. More specifically, the optimum for mycelial growth of
JKI-BI-1450 was 25–30 ◦C, and for conidiation 20–25 ◦C, respectively. Thomas and Jenk-
ins [30], and Onsongo et al. [27], determined a higher temperature optimum for mycelia
growth than for conidia formation for Metarhizium anisopliae and Metarhizium flavoviride as
well. This effect has also been observed for other fungi such as Mycosphaerella var. difformis
fijiensis [31,32], and Pyrenophora semeniperda [32]. These results suggest that the optima for
mycelial growth and conidiation are slightly different. This could indicate that the fungus
does not form mycelium and conidia uniformly in the field at fluctuating temperatures
(day and night rhythm). As the soil temperature at the time of potato planting in Germany
with 9.6–14.7 ◦C [9] is far below the optimum temperature of JKI-BI-1450 (25 ◦C), we tried
to improve its growth under sub-optimal conditions. However, the assumption that the
growth of the fungus at unfavorable temperatures can be improved by prior exposure to
this stress could not be confirmed. We found no indications that the strain JKI-BI-1450
is able to adapt to unfavorable temperatures. Andrade-Linares et al. [17] also showed
that not all of the fungi they assessed were able to increase their growth through priming.
Most studies of stress adaptation have been conducted with conidia exposed to the stressor
immediately prior to incubation. Therefore, further research on the quality of conidia of
JKI-BI-1450 directly exposed to lower temperatures would be essential to clarify whether
this fungus is able to adapt to stressful conditions. The results of this experiment show
that the growth of the fungus and conidiation on the granules, which is crucial for its
effectiveness, are dependent on and can be positively influenced by its previous production
temperature. When the biomass, which was produced at the optimal growing temperature
of 25 ◦C, was used for the formulation of the granule, both growth parameters were at their
highest regardless of the incubation temperature. Therefore, the fungus is better able to
grow at unfavorable temperatures on granules produced at this temperature than on ones
produced at higher or lower temperatures.
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The temperature during liquid production has an influence on the production of sec-
ondary metabolites of Nigrospora sp., which was previously shown by Arumugam et al. [33].
Furthermore, Kim et al. [34] demonstrated that the incubation temperature at liquid produc-
tion causes the synthesis of phytases from Aspergillus sp. Therefore, it would be interesting
to examine in further experiments whether the production temperature can affect the
metabolism of JKI-BI-1450, which might have an impact on the growth of the granules. The
production temperature can also influence further formulation steps. Jin et al. [35] showed
that submerged spores of Trichoderma harzianum were able to survive vacuum drying better
when produced at 32 ◦C, rather than at higher or lower temperatures. A varying survival
of the biomass during fluid bed-drying could be a possible explanation for our diverse
results of the different production temperatures. Another possible explanation could be
that the different production temperatures resulted in a varying proportion of mycelia
and submerged spores in the suspensions used for the production of the granules. The
granules were prepared with a defined biomass concentration, not with a defined spore
concentration. Stephan et al. [1] demonstrated that the mycelium, submerged spores, or
conidia of M. brunneum JKI-BI-1339 were suitable for the production of a granule by fluid
bed-drying. When we produced granules only based on mycelium of JKI-BI-1450, the
fungus was not able to grow on this granule (Seib, unpublished data). Therefore, further
experiments have to be conducted to determine the importance of the mycelium/spore
proportion on the granule quality. In our experiments, the submerged spore concentration
of the biomass suspensions were determined but the difference in the growth of the fungus
on the different granules cannot be due to the amount of submerged spores, but maybe to a
difference in the characteristics of the spores themselves. The spore concentration of the
biomass suspensions averaged 3.7 × 106 spores/mL.

Our results show the highest granule colonization after an incubation at 15 ◦C. How-
ever, this result is in contrast to both our and other results from different studies where a
temperature optimum of Metarhizium was observed between 25 to 30 ◦C [3,5,6,19,20,36–38],
respectively. We attribute this to an increased contamination at higher incubation tempera-
tures. At elevated temperatures, the granules were more often colonized by bacteria than
after incubation at lower temperatures. This prevented the growth of the fungus as a conse-
quence. During the process of fluid bed-drying, non-sterile air is blown into the cylinder,
which could lead to these contaminations. In subsequent experiments, the effects of higher
colonization by incubation at lower temperatures was no longer observed. Therefore, and
as the germination and virulence tests were performed exclusively with conidia and not
with the granules, the results of all the following experiments were not influenced. The
highest conidiation was found when incubated at 25 ◦C, which was also supported by
the other experiments we conducted in this study. Thomas and Jenkins [30], and Tefera
and Pringle [39], also showed a temperature optimum for conidiation at 24–25 ◦C for
Metarhizium. On a 25 ◦C-granule, JKI-BI-1450 did not grow between 10 and 30 ◦C. The
comparison of growth at 10 and 25 ◦C showed that after 4 weeks of incubation, there were
no significant differences observed concerning granule colonization, whereas the conidia
concentration at all evaluation times was lower at 10 ◦C than at 25 ◦C, respectively. The
mycelium of Metarhizium strains can be formed at 10 ◦C with no or reduced sporulation, as
previously confirmed by Skalický et al. [22]. To better understand the growth of the fungus
under field conditions, a 25 ◦C-granule was incubated at a simulated soil temperature as
well as at 25 ◦C, and the growth between the two was compared. Colonization did not
differ, but conidiation was slower from the simulated soil temperature. The fungus formed
conidia on the granule only after two weeks at simulated soil temperature. Consecutively,
the pest insects in the soil can only become infected two weeks after an application of the
granule. Since the main aim was to protect the progeny tubers and not the seed potato, a
later conidiation would not necessarily present a problem. In fact, it would allow other
micro- and macro-organisms in the soil time to colonize or feed on the grains.

An influence of fluctuating temperatures on the colony growth and virulence of
Beauveria bassiana was investigated by Ghazanfar et al. [40]. The more the temperatures
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fluctuate, the more the growth was reduced compared to the growth at a constant 25 ◦C.
Furthermore, the effect against Heliothis virescens was reduced by incubation at fluctuating
temperatures. This effect was not seen for Spodoptera littoralis, which was also investigated.

The influence of the incubation temperature on the size of the conidia has been proven
across all experiments. For strain JKI-BI-1450, incubation at lower temperatures always
led to the formation of longer and partly wider conidia. Similar results were also shown
by Glare et al. [41] for 16 Metarhizium strains from seven species. For other fungi, this
effect were reported by Phillips [42,43] for Monilinia fructicola, by Tian and Bertolini [44]
for Monilinia laxa, and by Tian and Bertolini [45] for Botryfis allii and Penicillium hirsutum,
respectively. In contrast, Maitlo et al. [46] described that Fusarium oxysporum f. sp. ciceris
formed the longest and broadest conidia when incubated at 30 ◦C, while at lower or higher
temperatures the conidia were smaller. This strongly suggests that the relationship between
the temperature and conidial size differs among the fungi of different genera and must be
examined individually for each fungus. Further research must be conducted to understand
the meaning of conidial size for biological activity. Since on the granule, infectious conidia
were firstly formed in the soil, we investigated the effects of conidia production temperature,
and thus their size, as well as the subsequent incubation temperature on germination
and virulence.

We determined in our study that the higher the temperature at which the fungus
was produced and incubated, the faster it reached the time at which 50% of the finally
germinated conidia were germinated (τ). Our results are in contrast to Phillips [42], where
conidia produced at lower temperatures germinated faster. This suggests that the rela-
tionship between the temperature and germination is strongly dependent on the fungus,
as well as the conidial size. However, our experiments revealed a germination rate of
approximately 90% after 24 h, and over 99% after 96 h at all production and incubation
temperatures. At lower temperatures, the conidia germinated more slowly, but the amount
of germinated conidia after 96 h was not lower than at higher temperatures. A comparable
time delay of germination was also shown by Skalický et al. [22] for nine M. anisopliae
strains comparing the germination rates at 15 and 20 ◦C after 24 and 48 h, respectively.
Dimbi et al. [3] determined a much greater influence of the incubation temperature on the
germination rate after 24 h for several M. anisopliae strains than within the results of our
experiments. All strains showed a maximum germination of about 90% at 25 ◦C, whereas
the germination rate at 15 ◦C was below 10%, respectively. Results on the influence of the
germination speed on the virulence are inconsistent within the literature. Some studies
show that rapidly germinating spores are more virulent [47–51], but there are also studies
that conclude the opposite [52].

To investigate this further, the influence of the temperature on the virulence was
examined. The production temperature, and thus the conidial size and the speed of germi-
nation had no effect on the ST50 or the final mortality of G. mellonella. This contradicts the
results from Altre et al. [48] on the virulence of different strains of Paecilomyces fumosoroseus
against Plutella xylostella, where larger conidia were more virulent. Furthermore, since the
production temperature of the conidia affects their germination speed but not the final
germination and virulence, it appears that a successful infection in this context depends on
more than just fast germination. Our experiments showed that the higher the incubation
temperature, the lower the ST50. In case of the fungus JKI-BI-1450, a high incubation
temperature ranging from 25–30 ◦C was found to be correlated with a great mycelia growth
in regard to colony size, fast germination, and fast virulence. Besides a fast germination,
a faster growth of the fungus on the cuticle promotes a successful and faster penetration
through the fungus by reaching the susceptible areas faster.

Dimi et al. [3], Bugeme et al. [26], Fargues et al. [28], and Onsongo et al. [27] demon-
strated the highest or among the highest mortality of Metarhizium when incubated at 30 ◦C.
In contrast, our results indicated a significantly lower mortality at 30 ◦C compared to the
other incubation temperatures, but with a low ST50. The influence of higher incubation
temperatures on the speed of insect development could be a possible explanation for this,
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as earlier molting potentially strips off conidia. To verify this, one would need to repeat the
experiment with younger larvae.

In summary, we were able to show that the growth of an entomopathogenic fungus on
a soil granule can be influenced and improved by its production conditions. Colonization
and conidiation of a granule were at their highest when the fungus was produced at its
optimum temperature. Furthermore, it was observed that the fungus was also able to grow
on the granules and form conidia at lower temperatures and at simulated soil temperatures
at the time of potato planting. This was particularly important, as our fungal strain and
formulation process were selected for the control of wireworms in potatoes. However, the
growth of the fungus, along with the germination and duration until lethal effect on the
insects were found to be prolonged by lower temperatures. If this effect endangers the
potential of the granule to control wireworms, an application at higher temperatures, for
example in the year before planting the potatoes, would therefore give the fungus time
to grow, sporulate, and establish in the soil, and reduce the population of the pest insect
before potato cultivation.
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Abstract: Textile waste contributes to the pollution of both terrestrial and aquatic ecosystems. While
natural textile fibres are known to be biodegraded by microbes, the vast majority of textiles now
contain a mixture of processed plant-derived polymers and synthetic materials generated from
petroleum and are commonly dyed with azo dyes. This presents a complex recycling problem as
the separation of threads and removal of dye are challenging and costly. As a result, the majority of
textile waste is sent to landfill or incinerated. This project sought to assess the potential of fungal
bioremediation of textile-based dye as a step towards sustainable and environmentally-friendly
means of disposal of textile waste. Successful development of an agar-independent microcosm
enabled the assessment of the ability of two fungal species to grow on a range of textiles containing
an increasing percentage of elastane. The white rot fungus Hypholoma fasciculare was shown to
grow well on semi-synthetic textiles, and for the first time, bioremediation of dye from textiles was
demonstrated. Volatile analysis enabled preliminary assessment of the safety profile of this process
and showed that industrial scale-up may require consideration of volatile capture in the design
process. This study is the first to address the potential of fungi as bioremediation agents for solid
textile waste, and the results suggest this is an avenue worthy of further exploration.

Keywords: mycoremediation; bioremediation; textile; dye; white rot; brown rot; Hypholoma

1. Introduction

The textile industry is a major source of pollution throughout the lifecycle of a garment,
from the use of fossil fuels for the production of common synthetic textiles [1] to water
contamination from dyes [2], from microplastic generation through washing [3] to air,
terrestrial and aquatic pollution from landfill and incineration [4]. Textile waste presents a
complex disposal problem due to the heterogeneity of composition, the volume of waste [5],
and the disproportionate concentration of both production and disposal in low- and middle-
income countries (LMICs) [6]. Most garments are now at least in part, synthetic, whether
this is from the thread for seams, elastane to give stretchiness, plastic buttons or zips, or
synthetic fibres such as nylon and polyester. While natural fibres such as cotton and wool
are known to biodegrade over time [7,8], this can be negatively impacted by dyes and other
processing and the end result is the prolonged presence of processed natural microfibres
and synthetic microfibres in the environment [9,10]. As both landfill and incineration
are unsustainable, a better way of processing the large volume of textile waste currently
generated must be found.

The use of biological agents to eliminate polluting substances [11] is a well-established
field, with both fungi and fungal enzymes already being investigated for use in the biore-
mediation of radioactivity, chemical spills, and microplastics [12–15]. Filamentous fungi
are so named for their hyphal growth which enables exploration of the ecological niche
and capture of nutrient resources. The hyphal morphology suggests this group of fungi
as candidates for bioremediation of solid textile waste as they could potentially grow on
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and through the textiles. Further to this a specific group of filamentous fungi, the wood
decay fungi, potentially have the enzymatic capacity to utilize the various components of
semi-synthetic textiles. The wood decay fungi are ecological specialists adapted to perform
lignocellulose degradation through the action of a comprehensive range of extracellular en-
zymes. Lignin is a polyphenolic compound of irregular structure that is highly recalcitrant
to breakdown and, combined with the polymeric chains of cellulose and hemi-cellulose,
forms lignocellulose in plants. Commonly used textiles include cotton (predominantly
cellulose), viscose (a highly processed form of cellulose), and petroleum-derived synthetics
such as polyester and elastane (aromatic polymers with some structural similarity to lignin)
(see Figure 1).

Figure 1. Indicative structures of (clockwise from the top): (a) cellulose, (b) lignin, (c) elastane,
(d) polyester. Note the commonality of aromatic rings and carbon to oxygen bonding patterns in
both natural and petroleum-derived materials.

Two broad mechanisms of wood decay, brown and white rot, have been described as
opposite ends of a spectrum of activity. White rot fungi are capable of complete mineraliza-
tion of lignocellulose through the action of low-specificity peroxidases, laccases, cellulases,
and other carbohydrate-active enzymes (cazymes), reducing complex heteropolymers in
the environment into smaller compounds which can be assimilated to support growth [16].
Brown rot fungi alter lignin without utilizing it via the oxidative Fenton reaction to enable
the capture of the cellulose component of woody resources through cazymes [16]. Both
mechanisms are non-specific and extracellular [17] suggesting they may be adapted to
textile bioremediation.

Previous works, dating back almost a century, have identified various fungi that can
degrade natural fibres such as cotton and wool, although these were conducted over short
timescales and did not demonstrate complete bioremediation [7,8,18]. Likewise, initial
steps of nylon degradation by white rot fungi have also been documented in laboratory
conditions, using agar plates and sterile nylon discs as growth media [19,20]. Dye biodegra-
dation has been the subject of many studies, in the context of wastewater treatment. Azo
dyes, such as Reactive Black 5 (RB5) used in this study, are widely used but known to be
toxic, mutagenic, and carcinogenic in waste [21]. This background, combined with the
ecology and enzymatic capacity of wood decay fungi, suggested they had unexploited
bioremediation potential. The hypothesis underpinning this research was that wood decay
fungi would be able to grow on semi-synthetic textiles, with both white rot and brown rot
fungi as potential candidates. The trial textiles used contained cotton, bamboo viscose, and
an increasing percentage of elastane, and were dyed with RB5. The objectives were (i) to
develop an agar-free microcosm that would be scalable for industrial use; (ii) to assess the
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ability of the fungi to bioremediate a commonly used dye from the textile; (iii) to analyze
the volatile metabolome released during growth as a preliminary safety assessment of the
process. The results of the study suggest wood decay fungi are worth further investigation
as textile bioremediation agents.

2. Materials and Methods

2.1. Fungal Culture and Colonization of Woodchips

The strains used in this study were Serpula himantioides (MUCL38935, from the Belgian
Co-ordinated Collections of Microorganisms) and Hypholoma fasciculare (HfGTWV2, from
Professor Lynne Boddy at Cardiff University, Wales). Fungal strains were maintained
on 2% malt extract agar (MEA, malt extract Oxoid, UK, agar Thermo Fisher Scientific,
Waltham, MA, USA). 2 cm3 blocks of Scots Pine (Pinus sylvestris, sourced from Portswood
Timber Supplies, Southampton, UK) and European Beech (Fagus sylvatica, sourced from
John Harrison, Wrexham, UK) were chipped using hammer and chisel, then autoclaved
and colonized as in [22] with S. himantioides and H. fasciculare respectively. These were
incubated at 25 ◦C for 4 weeks in the dark, to allow the fungi to fully colonize the wood
chips before they were added to the microcosm setup.

2.2. Microcosm Setup

A layer of sterile perlite (Westland Horticulture Ltd., Dungannon, UK) was placed in
the bottom of each sterile 250 mL polypropylene pot, and approximately 15 mL of sterile
dH2O was added. Using a sterile needle, 5 holes were poked in the side of each pot and
were then covered with micropore tape (Wilko, Worksop, UK) to allow airflow. The three
trial textiles were sourced from Bamboo Clothing Ltd. All contained the same plant-derived
yarn—a blend of 70% bamboo viscose and 30% cotton—with either 0%, 4%, or 12% elastane,
and all were black as a result of being dyed with Reactive Black 5 (RB5). The trial textiles
were washed in a domestic washing machine using a non-biological washing powder
5 times at 30 ◦C with a 1000 rpm spin cycle, and line dried outside in between each wash.
Three pieces of 3 cm × 3 cm textile were added to each pot. Pre-colonised wood chips were
scraped to remove agar, then placed on top of the textile, in the centre of the pot. All pots
were sealed, labelled, and incubated (LMS Cooled Incubator Model 600, LMS, Sevenoaks,
UK) in the dark at 25 ◦C. They were checked regularly for water content and 5 mL sterile
dH2O added to the perlite if the fabric felt dry. The set up process is summarized in Figure 2.

Figure 2. (1) the fungi were inoculated onto malt extract agar with wood chips. (2) the cultures were
incubated at 25 ◦C for 4 weeks in the dark. (3) the fungus colonized the wood chips. (4) the colonized
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wood chip was removed from the culture and the excess agar scraped off. (5) sterile perlite added to
polypropylene container. (6) 15 mL sterile water added to perlite. (7) 3 squares of pre-washed trial
textile added. (8) scraped colonized wood block placed on top of trial textile. The microcosm was
incubated in the dark at 25 ◦C.

2.3. Imaging

At certain time points, the textiles were imaged using scanning electron microscopy
(SEM, Zeiss Evo 50, Zeiss, Germany). The time points captured the colonization of the
textile by the fungus (3 months), a mid-way time point (5 months), and the end of the trial
(8 months). Textile samples were affixed to titanium stubs and then placed into a sputter
coater (Polaron SC7640 Sputter Coater, Quorum Technologies, Laughton, UK). One side
of the textile sample was coated with gold/palladium, with the machine set to 2 kV for
2 min at 20 mA, with Argon pumped into the chamber and maintained at a pressure of
10−7 mbar/PA. Each sample was placed into the chamber of the SEM, with the beam set to
5 kV. Images were taken at various magnifications, ranging from 35 to 2500.

2.4. Determination of Dye Content
2.4.1. Thermogravimetric Analysis

10 mg of textile was weighed into an alumina crucible for loading into a Thermogravi-
metric Analyzer (Mettler Toledo, Leicester, UK). The starting temperature was set to 25 ◦C,
and the machine was programmed to increase to 1000 ◦C in increments of 10 ◦C per minute.
Results were recorded as graphs recording mass change over time in the STARe software
V10.00 (Mettler Toledo, Leicester, UK). Reactive Black 5 (RB5, Merck, Germany) was used
as a control.

2.4.2. Dye Extraction Essay

The method developed by [23] was used to assay the dye content of the textile. Textile
samples with no fungi on them were used as a control. RB5 dye was used as a standard,
with a range from 1 mg/L to 10 mg/L. Prior to taking absorbance measurements, the
samples were all diluted 1:4 in 1.5% (v/v) aqueous sodium hydroxide, as the undiluted
samples exceeded an absorbance reading of 1. Samples were measured on a Unicam Helios
Epsilon spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Gas Chromatography Mass Spectrometry of Volatiles

A StableFlex™ 2 cm SPME fiber (Supelco, St. Louis, MO, USA) was used to capture
volatiles released from an opened microcosm for one hour before injection into an Agilent
6890N GC with 5973N Inert MSD and 7683 Injector (Agilent, Santa Clara, CA, USA).
The GCMS methodology started at 80 ◦C and ramped to a maximum of 320 ◦C with
the temperature increasing at a rate of 10 ◦C per minute—for a total run time of 29 min.
Controls with the different textiles and the relevant woods were used and any peak found
in these controls was eliminated from further analysis. Peak data was collected from Total
Ion Chromatograms (TICs) generated using Chemstation (Agilent, Santa Clara, CA, USA),
and potential compound matches were collected from the NIST 2.0 database (National
Institute of Standards and Technology, Gaithersburg, MD, USA) for each peak. Quality
cutoff point was 60, and only compounds that were at or above 60 were recorded. Controls
of textile and wood were also analysed, with compounds present in controls being removed
from the experimental data sets. Compounds were then manually curated using the
following databases to identify any known functions or health hazards associated with
them: MetaCyc Metabolic Pathway Database version 20 [24]; PhytoHub version 1.4 [25];
the Yeast Metabolome Database version 2.0 [26,27]; Golm Metabolome Database [28]; the
Metabolomics Workbench (https://www.metabolomicsworkbench.org/search/index.php,
accessed between May and June 2022) [29]; and PubChem [30] for hazards and toxicity.
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2.6. Bioinformatic Analysis of Genomes

Genomic data were obtained from the Joint Genomes Initiative (JGI) website (Home—
Serpula himantioides (S. lacrymans var shastensis) MUCL38935 v1.0 (doe.gov) and Home—
Hypholoma sublateritium v1.0 (doe.gov)) [31] using the standard annotations and search
terms ‘laccase’ and ‘peroxidase’. All results were included in the analysis.

3. Results

3.1. Fungal Growth on Textiles

Neither fungal species used in this project had previously shown the ability to grow
on textiles. Wood chips pre-colonized with either the white rot fungus Hypholoma fasciculare
(HfGTWV2) or brown rot fungus Serpula himantioides (MUCL38935) were placed on textile
and incubated in the dark at 25 ◦C for 8 months. The S. himantioides microcosms did not
show any discolouration (Figure 3). The growth exhibited on all textiles was patchy, with
some thin cord formation but predominantly a mycelial network that appeared to weave
through the textile at times. This growth pattern has been previously seen in S. himantioides
when grown on soil with wood resource units added (Skrede, unpublished), suggesting
that the microcosm set up here provides similar nutrient options and foraging patterns to
soil with sparse lignocellulose availability.

Figure 3. S. himantioides growing on a range of textiles, imaged at (top right, starting point) then at
3 months, 5 months, and 8 months incubation.

Within 3 months, both species had grown across the textile but the H. fasciculare
microcosms also exhibited a marked colour change. This grew more pronounced over time,
and interestingly, was more obvious on 0% elastane textiles compared with both the 4%
and 12% textiles (Figure 4). The growth pattern shown here is typical of all the microcosms,
and the dense concentric rings produced by tangential anastomoses of mycelial growth
seen in the agar culture of H. fasciculare were not produced on textile. Rather, the growth
on all textiles closely echoed that described by [32] as the textile appeared to be thoroughly
colonized with mycelia, with thick connecting cords extending across the textile resource
from the wood inoculum. The presence of these foraging cords as a hyphal network were
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particularly noticeable on the 12% elastane textiles (Figure 4). As shown below, the fungus
was able to metabolize dye more easily from 0% and 4% elastane textiles (see Figure 6) and
it is suggested that this pattern of increased cord development on 12% elastane may be
due to more extensive resource capture as the textile was the key nutrient source in these
micrososms, rather than the dye. As wood decay fungi access nutrition from solid organic
resources, spatial capture is equivalent to nutrient capture [33], and H. fasciculare is well-
adapted as a forest floor competitor to enact this rapidly. At no point did H. fasciculare
extend foraging cords beyond the boundaries of the textile, suggesting adequate nutrition
was available within the textile microcosm.

Figure 4. H. fasciculare growing on a range of textiles, imaged at (top right, starting point) then at
3 months, 5 months, and 8 months incubation.

Scanning Electron Microscopy (SEM) imaging of the textiles and individual fibres was
undertaken to give a baseline and means of identifying any fibre preference the fungi may
have displayed. The images are included in the supplementary information (Figure S1).
Imaging a sample of colonized textiles by SEM revealed hyphal growth on all fibre types,
with denser growth in the H. fasciculare microcosms (Figure 5) which confirmed the light
microscopy findings. The images shown are a representative sample showing exemplars
of the different structures. Figure 5a,b,d were taken at 8 months, but Figure 5c is from
5 months as no crystals were detected in H. fasciculare samples at 8 months. The hyphal
morphologies seen in both species appeared normal compared with others’ images [34],
with some patchy structures (Figure 5b) likely to be fungal metabolites that have this
sheet-like appearance under SEM conditions [35]. Crystalline structures (Figure 5c,d) were
seen on all textiles at 3 months for both species. For H. fasciculare, they were also found on
all three textiles at 5 months but were not visualized in the samples taken at 8 months. For
S. himantioides, crystals were additionally seen on 0% and 4% at 5 months, and 4% and 12%
at 8 months, suggesting that they may be present on all textiles at all time points for this
fungus and increased sampling may have demonstrated this.
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Figure 5. SEM images on a representative sample of microcosm textiles show the variety of struc-
tures seen. Clockwise from top left: (a) H. fasciculare on 12% elastane at 8 months incubation,
(b) S. himantioides on 0% elastane at 8 months incubation, (c) S. himantioides on 4% elastane at 8 months
incubation, (d) H. fasciculare on 4% elastane at 5 months incubation.

3.2. Quantification of Dye Remediation

Two methods of quantification were trialled. The unsuccessful method is reported here
to enable others to benefit from the protocol development that contributed to this study.

3.2.1. Thermogravimetric Analysis (TGA)

For TGA to be a useful method in this study each fibre type and the dye would need a
significantly different thermal decomposition point, that would be detectable when plotted
as mass change over time. The textile used was dyed with Reactive Black 5 (RB5), a common
black clothing dye. The 0% elastane textile was compared with undyed bamboo viscose-
cotton but little difference was noted. RB5 powder was analysed in isolation but rather
than showing a distinct ‘step’ in mass loss, there was a gradual loss over time. Elastane
alone was compared with both 0% and 12% textiles, but again, there were no distinct mass
changes. These data are shown in Figure S2 and demonstrate that TGA was not a suitable
method for assessing the remediation of the dye in this context.

3.2.2. Dye Extraction and Spectrophotometric Quantification

The method that gave reproducible results was based on a protocol by [23]. The
incubated textiles were compared with control samples from the same garments. All
experiments were done in triplicate and the data presented in Figure 6 are the means.

At both 5 months and 8 months of incubation, the samples from H. fasciculare demon-
strated a significant decrease in dye saturation as had been noted on visual examination
of the microcosms. This was evident in all textile types with over 80% dye lost, although
the 12% elastane textile showed a slightly lower level of dye remediation than the 4%
and 0% textiles. The S. himantioides microcosm textiles were visually unchanged from the
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black starting point, but dye extraction and quantification showed that the 12% textile at 5
and 8 months incubation had a small but significant (p-value 0.001) drop in dye content
compared with the controls.

Figure 6. The dye loss from textiles at 5 and 8 months incubation with either H. fasciculare (Hf, shown
in green) or S. himantioides (Sh, shown in blue), compared with the original textile. Percentages refer
to elastane content. Each column shows the mean of three triplicate microcosms. The stars indicate
samples that were significantly different from the control (as determined by paired two-tailed t-test).

3.3. Bioinformatic Analysis of Enzyme Capacity for Dye Remediation

Bioinformatic analysis of enzyme candidates for dye remediation offered a route to
understanding the disparity in dye loss from the textiles between the two fungal species.
The genome for H. fasciculare was unavailable at the time of writing, but that of a close
relative, Hypholoma sublaterium, was used as a proxy to compare the potential enzymatic
degradative capability of the two fungal species used. Two groups of key secreted enzymes,
the laccases and peroxidases, known to be involved in the breakdown of complex phenolic
compounds as part of the wood decay ecology, were analyzed. As seen in Figure 7, the
Hypholoma genus appears to have far greater numbers of laccases and peroxidases which
may account for the disparity in dye remediation seen here. It is acknowledged that many
other enzymes may also be involved in this process and that H. fasciculare may differ from
H. sublaterium in enzyme complement.

Figure 7. The laccase and peroxidase complement of S. himantioides (Sh, shown in blue) and H.
sublaterium (Hs, shown in green). Data were obtained from the Joint Genomes Initiative website
(Home—Serpula himantioides (S. lacrymans var shastensis) MUCL38935 v1.0 (doe.gov) and Home—
Hypholoma sublateritium v1.0 (doe.gov)) [31].
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3.4. Gas Chromatography Mass Spectrometry (GCMS) Analysis of the Volatile Metabolome

The volatile metabolome was captured and analysed by GCMS at three timepoints
during the study, with uncolonized wood and textile used as controls to exclude volatiles
released from the substrates. The GCMS spectra showed a change in volatile profile be-
tween the fungi, between different textiles, and over time. The majority of the compounds
identified had no previously published connection to fungal metabolomics which made
interpretation of function or role challenging (tables of tentatively identified compounds
are included in Table S1). Metabolites of interest with identified function in at least two
replicates of both fungal microcosms were butylated hydroxytoluene (a known lipophilic
fungal metabolite with antioxidant properties) and dodecane (a medium chain alkane with
known involvement in the biosynthesis of cuticular wax in vascular plants). Phytane (a
diterpenoid specialized metabolite) was identified in at least two H. fasciculare 4% elastane
microcosms, with 1,5,9-trimethyl-1,5,9-cyclododecatriene (a known plant volatile) released
in at least two of the S. himantioides 4% elastane microcosms. Farnesane, a sesquiterpenoid
specialized metabolite, was also identified in at least one microcosm of each fungus, sug-
gesting that terpenoid metabolism may play a role in dye metabolism or textile degradation.
There were different timescales and longevity for the production of these metabolites. For
example, butylated hydroxytoluene was seen in H. fasciculare at 3 months on 4% elastane,
whereas dodecane was seen in H. fasciculare at both 3 and 5 months incubation but only on
12% elastane. Butylated hydroxytoluene was detected in S. himantioides microcosms on all
three textiles at 3 months incubation, but dodecane was only detected on 4% elastane at
3 months. The variability of the volatile metabolome over time and between samples was
noted, being particularly pertinent at 8 months of incubation. At this time point, although
volatiles were produced, no compounds were identified in more than one biological repli-
cate in any of the conditions for either fungus. This high level of variation was not entirely
unexpected given the few volatiles consistently identified in more than one replicate at
earlier time points but is certainly an interesting avenue to explore further to understand
why this variation may exist.

4. Discussion

The number of textile items produced globally has doubled in 15 years to more than
100 billion units, and when discarded, 73% of items are incinerated or sent to landfill [36].
As at least 60% of clothing contains synthetic fibres [37], it is not surprising that the
fashion industry causes significant environmental and societal damage throughout the
lifecycle. New research into alternative sources for textiles and methods of disposal is
urgently needed.

This project signifies the first demonstration of fungal growth on textiles with elastane,
with the development of agar-free microcosms successfully maintaining fungal culture
for over 6 months. There were clear differences noted in the extent of hyphal growth
and particularly cord formation in H. fasciculare on the different textiles (Figure 4). It
was suggested this may be due to differential nutrient metabolism based on the elastane
content, and further work is needed to develop a method for quantification of the relative
textile components (cotton, bamboo viscose, elastane, and RB5 dye). This would enable
a greater understanding of which specific components of the microcosm resources are
being utilized by the fungi over time. Development of a protein extraction protocol for this
microcosm set up has proved challenging, but successful capture of the proteome would
enable important insights into the processes and metabolic pathways the fungi are using to
maintain growth on the different textiles, and potentially provide greater knowledge of
preferential resource use.

As far as the authors are aware, this is also the first demonstration of dye bioreme-
diation directly from textiles by any fungus. This was not unexpected as other white rot
fungi have previously been shown to be capable of RB5 degradation (e.g., Trametes hir-
suta [38]) but in solution, rather than from textile. The results shown here demonstrate the
biodegradation of the dye rather than the adsorption reported by others [21] as the hyphae
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remained white throughout the experiment (Figures 3 and 4). H. fasciculare demonstrated
some impact of elastane content on dye removal as the 12% textile contained more dye at
the 8 month incubation point than the 4% or 0% textiles (Figure 6). It is unclear whether this
is due to the different chemical interactions of the dye with natural and synthetic textiles
having an impact on the bioavailability of the fungus to metabolise the dye. In contrast, the
12% elastane textile appears to facilitate S. himantioides ability to utilize the dye. At both
5 and 8 month timepoints, there is a small but significant decrease in the amount of dye
remaining in the textile compared to the control (Figure 6). This may suggest a different
mechanism or underlying process by which these two fungi approach dyed textiles, which
would be in keeping with their differential ecologies.

While this project did not attempt identification of the crystals seen on SEM images of
both fungi, they bear significant structural similarity to whewellite, calcium oxalate mono-
hydrate, which has been previously shown to be a fungal metabolite of S. himantioides [39]
and had a very similar arrangement on the hyphae compared with whewellite crystal
production by Perenniporia meridionalis [40]. Calcium oxalate crystals are also known to be
produced during an interaction between H. fasciculare and another fungus (although the
producing organism was not identified in that study) and may be associated with a fungal
stress response [41].

The volatile metabolome analyses suggested heterogeneous textile samples may be
challenging for predictability and identification, but the presence of elastane while altering
the volatiles produced did not cause a significant release of known hazardous volatiles
during the lifespan of the incubations used here. The identified metabolites had few hazard
symbols associated with them in PubChem [30] but some were designated as irritants
or health hazards which may have implications for ensuring scaled up applications are
appropriately managed. Similar to others, the degradation products produced in these
microcosms were not easily characterized but their potential toxicity is likely to be low
based on others work. White rot fungi have been shown to oxidise RB5, although it is
thought that where the appearance of RB5 changes to a light red colour as it does in
the microcosms in this work, this is indicative of the continued presence of metabolites
containing azo bonds and naphthalene rings. In silico docking experiments have suggested
laccases as being of paramount importance in the biodegradation of RB5 [38] although
peroxidases have also been suggested as promising enzymes to explore [42]. Where a fungal
biodegradation mechanism for RB5 has been elucidated and the end point metabolites
captured, there has been a demonstration of limited toxicity to plant seeds [21,43] and
reduced cytotoxicity to human cell lines [38].

The findings presented here are promising, but some significant challenges remain
to be able to demonstrate mycoremediation as a sustainable option for industrial scale
removal of textile pollution. The first is that long timescales, beyond the life span of many
research funding options, would be needed to demonstrate complete degradation. It is
currently unknown whether the synthetic materials in the textile would be metabolized,
and if they were, it is not known what the breakdown products may be. It is possible that
generation of microplastics would be the unwelcome endpoint. If mycoremediation can
be demonstrated at a laboratory scale, the final challenge would be scaling this up to be a
viable option at an industrial scale. While the experimental work described here has been
designed with scale up in mind, there would still be challenges of increased production of
volatiles (whether harmful or not), the increase in temperature in large composting facilities
may impact fungal growth and metabolism, and the risk of contamination. Recognizing
the possible challenges and realizing the potential of mycoremediation for textile waste
remain a promising field for further exploration.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jof9060661/s1, Figure S1. SEM images of individual fibres to
identify fibre types within the fabric. (a) shows a single woven thread of the bamboo viscose and
cotton mix, with a total width of 230.7 μm. (b) shows individual fibres of cotton (left) and bamboo
viscose (right) from the thread, with widths of 29.8 μm and 12.99 μm respectively. (c,e) show elastane
fibres identified within the woven fabric structure seen in (g). (f) shows a clearer example of cotton
vs. bamboo viscose fibres in the fabric, the bamboo viscose having striations and the cotton being
less uniform. (h) shows some of the damage to the individual fibres seen in the washed fabric. These
are representative images for the washed fabric controls, from several that were taken. Figure S2.
Aggregate graph of thermogravimetric analysis (TGA) curves plotting the percentage of initial mass
against temperature in ◦C for RB5 dye (black line), fabric with 12% elastane (red line), fabric with no
elastane content (blue line) and the undyed bamboo viscose-cotton fibres (green line). However, no
obvious difference in the decomposition of the 0% elastane fabric sample and the undyed bamboo
viscose and the cotton mixture was noted, making it difficult to determine any dye loss via this
method (blue and green lines). A sample of pure RB5 powder was analysed in the same way, and
rather than showing a clear ‘step’ where a large mass loss occurred due to decomposition, it was
more of a gradual loss over time. This confirmed that it would have been difficult to quantify dye
loss via TGA (black line). Table S1. The volatile metabolome captured from microcosms at 3, 5, and
8-month timepoints on 0, 4, and 12% elastane fabrics. The NIST database was used for identification
with a Quality Cutoff of 60. The metabolites included here were found in at least two biological
replicates at that timepoint and on that fabric.
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Abstract: This research demonstrated an excellent potential approach for utilizing Miang fermentation
broth (MF-broth), a liquid residual byproduct from the Miang fermentation process as a health-
targeted beverage. One hundred and twenty yeast strains isolated from Miang samples were screened
for their potential to ferment MF-broth and four isolates, P2, P3, P7 and P9 were selected, based on
the characteristics of low alcoholic production, probiotic properties, and tannin tolerance. Based
on a D1/D2 rDNA sequence analysis, P2 and P7 were identified to be Wikerhamomyces anomalus,
while P3 and P9 were Cyberlindnera rhodanensis. Based on the production of unique volatile organic
compounds (VOCs), W. anomalus P2 and C. rhodanensis P3 were selected for evaluation of MF-broth
fermentation via the single culture fermentation (SF) and co-fermentation (CF) in combination with
Saccharomyces cerevisiae TISTR 5088. All selected yeasts showed a capability for growth with 6 to
7 log CFU/mL and the average pH value range of 3.91–4.09. The ethanol content of the fermented MF-
broth ranged between 11.56 ± 0.00 and 24.91 ± 0.01 g/L after 120 h fermentation, which is categorized
as a low alcoholic beverage. Acetic, citric, glucuronic, lactic, succinic, oxalic and gallic acids slightly
increased from initial levels in MF-broth, whereas the bioactive compounds and antioxidant activity
were retained. The fermented MF-broth showed distinct VOCs profiles between the yeast groups.
High titer of isoamyl alcohol was found in all treatments fermented with S. cerevisiae TISTR 5088 and
W. anomalus P2. Meanwhile, C. rhodanensis P3 fermented products showed a higher quantity of ester
groups, ethyl acetate and isoamyl acetate in both SF and CF. The results of this study confirmed the
high possibilities of utilizing MF-broth residual byproduct in for development of health-targeted
beverages using the selected non-Saccharomyces yeast.

Keywords: non-Saccharomyces yeast; Miang; byproduct valorization; healthy beverage; fermentation
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1. Introduction

Miang is an ethnic fermented tea (Camellia sinensis var. assamica) from northern Thai-
land, which is fermented naturally by mixed microorganisms. This fermented tea is a
unique traditional food product known as chewing tea or eating tea. It is believed to
provide health benefits due to its specific bioactive compounds with antioxidant and
antimicrobial activities [1]. The natural microbial communities involved in biotransfor-
mation processes, including lactic acid bacteria, yeast, Bacillus spp. and filamentous
fungi, have been proposed as the key microbes in the successive process of Miang fer-
mentation [2–4]. These biotransformation processes cause the unique strong aromatic
flavor and taste of this fermented food. Miang fermentation process can be divided into
two types, the non-filamentous fungi growth-based process (NFP) and filamentous fungi
growth-based process (FFP). The NFP used the steamed young tea leaves as raw material
in fermentation without the requirement for the growth of filamentous fungi, while the
FFP used the steamed mature tea leaves as raw materials and required for the growth
of filamentous fungi, as one important step involved in the fermentation process and
product quality [1]. The FFP begins with the aerobic growth of filamentous fungus and
subsequently leads to anaerobic fermentation. In local practice, anaerobic fermentation
is performed either by a semi-submerged fermentation (SSF) or submerged fermenta-
tion (SMF) [3]. Once fermentation is completed, Miang products are harvested for the
market, while the Miang fermentation broth (MF-broth) residual byproduct is not uti-
lized for any other use and discharged as liquid waste byproduct. Kodchasee et al. [3]
confirmed that some bioactive constituents, such as the organic acids, catechin and catechin-
related compounds remained in this liquid waste after the Miang FFP. Yeast species are
key microbes in Miang fermentation processes, yeast species have been suggested to con-
tribute the unique aroma and flavor in Miang products. Some of the non-Saccharomyces
yeast species have been reported as the microbial population found in Miang products,
including Candida ethanolica, C. boidinii, Cyberlindnera rhodanensis, Debaryomyces hansenii,
Pichia manshurica, and Wikerhamomyces anomalus. These non-Saccharomyces yeasts are tan-
nin tolerant and have been suggested to be involved in the development of flavors and
qualities of Miang [2]. Furthermore, it has been suggested that yeast species found in Miang
fermentation processes are obtained from the natural environment of the Miang production
area, such as non-Saccharomyces yeast from tea flowers that may be associated with Miang
fermentation [2,5]. Some previous studies described the potential application in bever-
age production processes of using non-Saccharomyces yeasts Cyberlindnera rhodanensis and
Wikerhamomyces anomalus, due to their ability to produce a special aroma. W. anomalus is
recognized as a good producer of fruity esters, such as acetate esters, ethyl acetate, isoamyl
acetate and 2-phenylethyl acetate [6]. As a result, these species were explored for flavor
enhancement in several fermented beverage products [7]. Furthermore, the Cyberlindnera
species has been also reported for producing high levels of acetate esters, isoamyl, ethyl
and 2-phenylethyl acetate, especially C. saturnus (formerly Williopsis saturnus), C. mrakii
(formerly W. saturnus var. mrakii) and C. subsufficiens [8,9].

Among the varieties of yeast, Saccharomyces cerevisiae has been recognized for play-
ing an important role in the alcoholic beverage industry because of its ability to ferment
sugar into ethanol and other metabolic products [10,11]. However, there are some lim-
itations in fermentation using S. cerevisiae, such as low levels of beneficial flavors and
odor development, therefore leading to for the need to find a non-Saccharomyces yeast
species for improving the flavor and odor forming compounds during the fermentation
process. Several non-Saccharomyces yeasts have gained high interest due to their capa-
bility for β-glucosidase production during alcoholic beverage fermentation and this en-
zyme is reported to be involved in aroma formation through the catalytic activity on
the glycosidic bonds of monoterpenes or other glycosides, and subsequently release
the aromatic components in fermented beverages, such as in wine and black tea [12].
Dekkera bruxellensis, Hanseniaspora uvarum, Metschnikowia pulcherrima, Pichia kudriavzevii
and Wickerhamomyces anomalus (formerly known as P. anomala) have been used to improve
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aromatic properties of wine by their release of glucosidase [13,14]. The characteristics
of non-Saccharomyces yeast is a lower alcohol production but it results in a higher aro-
matic compound production, compared to Saccharomyces yeast and therefore is attractive
for the design of consumer-targeted healthy beverages [15]. Moreover, the use of non-
Saccharomyces yeasts in many aspects of fermentation, such as in inhibiting the growth of
unwanted microorganisms, detoxifying mycotoxin and increasing the bioactive compounds
have been also reported [16]. Generally, non-Saccharomyces yeasts can be found in nature,
such as in ripened fruit or flowers, as well as in beverages and fermented foods, such as
kombucha, kefir and Miang (fermented tea) [2,17].

The fermented tea-beverages produced, based on either green or black tea substrates,
such as kombucha and low-alcoholic beverages, have recently been increasing in popularity
among the health-conscious consumers and the increased demand is leading to the develop-
ment of beverages derived from tea substrates as well. Tea wines, the low-alcohol beverages
made by adding the sugar or juice of tea, followed by fermentation with yeast, has also
received of interest. The benefits of the tea derived compounds in these healthy beverages,
such as antioxidant and antimicrobial properties and tea catechins have been important
targets for value addition [18]. Furthermore, low alcoholic beverages also provide potential
health benefits, such as lowering cholesterol and increasing high-density lipoprotein (HDL),
which contributes to the prevention of heart disease and lowering the risks of alcohol-
related illnesses [17,19]. The attractiveness of low-alcohol healthy drink products derived
from tea supports the conceptual idea for the development of this potential health-targeted
beverage using MF-broth, a waste byproduct from the Miang fermentation process, as the
primary substrate. The rationale for this approach is both the design of a new healthy
beverage and also the concurrent advancement of zero waste technology contributing to
carbon sequestration through the utilization of MF-broth byproducts.

This study therefore describes the use of an MF-broth byproduct, together with the
newly isolated indigenous species of non-Saccharomyces yeast from Miang in the develop-
ment of a potential low-alcoholic healthy beverage. This product process has the potential
to allow for the improvement of product quality through the enhancement of flavors and
enrichment of bioactive constituents by the co-culturing of these yeast isolates.

2. Materials and Methods

2.1. Strains, Media and Culture Conditions

A total of 120 yeast strains used in this study and previously isolated from Miang
samples by Kanpiengjai et al. [2] were maintained in 25% (v/v) glycerol and kept at
−80 ◦C as a stock culture at the Laboratory of Microbial Resources Development and
Enzyme Technology, Faculty of Agro-Industry, Chiang Mai University. The reference strain
S. cerevisiae TISTR 5088 was purchased from the culture collection of the Thailand Institute
of Scientific and Technological Research (TISTR). The yeast strains were routinely grown at
30 ◦C in yeast peptone dextrose (YPD) broth consisting of 1% (w/v) yeast extract, 2% (w/v)
peptone and 2% (w/v) glucose.

2.2. Screening of the Yeasts for their Ethanol Producing Capability

A single colony of each of the 110 yeast isolates was inoculated into a Durham tube
containing 10 mL YPD broth and statically incubated at 30 ◦C and observed for gas forma-
tion following 24 h and 48 h cultivation. The yeast isolates capable of gas formation were
selected and further investigated for glucose consumption and yield of ethanol produc-
tion. The ethanol and glucose concentrations from the selected yeast isolates growing in
the culture broth were analyzed by high-performance liquid chromatography (HPLC), as
described by Kodchasee et al. [3].

2.3. Probiotic Characterization and Tannin-Tolerance Test

The selected ethanol producing yeasts were investigated for their probiotic character-
istics, which included the ability to grow at 37 ◦C, the resistance to grow in bile salt and
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low pH conditions, hemolytic activity and the adhesion capacity of cells [20]. Briefly, yeast
cells were incubated in a simulated gastric juice containing 0.35% (w/v) pepsin at pH 2.0
and 3.0, and 0.3% (w/v) bile salt in phosphate buffered saline (PBS buffer) at pH 7 (PBS
buffer pH 7 as control). The treated suspension was incubated at 37 ◦C for 3 h. Viable
cell counts were determined by plating on yeast malt (YM) agar at 37 ◦C for 24 h, and the
survival percentage was calculated as follows: survival (%) = [final (logCFU/mL)/control
(logCFU/mL)] × 100. Hemolytic activity was determined by inoculating the yeast strain on
a blood agar plate containing 5% defibrinated sheep blood and incubated at 37 ◦C for 72 h.
The development of a clear zone of hydrolysis surrounding the colonies was observed and
classified [21]. The cell surface hydrophobicity was tested in toluene (a nonpolar solvent).
The yeast suspension was prepared in PBS to an optical density of 600 nm (OD600) = 1 (A0).
Then, the volume of toluene was added into the yeast cell suspension at a ratio of 1:1 and
the two-phase system was mixed for 5 min. Following 1 h of incubation at 37 ◦C, OD600
of the cell suspension was measured (A1) and the microbial adhesion to solvents (MATS)
percentage was calculated as follows: MATS (%) = [(A0 − A1)/A0] × 100. Isolates with
MATS above 50% were considered as hydrophobic [22]. The tannin-tolerance of the se-
lected yeast isolates was also investigated on YM agar containing tannin, according to the
method described by Kanpiengjai et al. [2]. A single colony of yeast isolate was picked up
and spiked on YM agar with 10, 30 and 50 g/L tannin. The growth of the yeast isolates
was observed after incubation at 30 ◦C for 3 days. The characteristics of low alcoholic
producing properties, probiotic properties and tannin tolerance were used as the criteria
for the selection of the proper yeast strain used in the healthy beverage fermentation using
Miang fermentation broth residual byproducts.

2.4. Molecular Identification and Carbon Assimilation Profiles

The selected yeasts were identified, based on the morphological characteristics, bio-
chemical tests, and the presence of D1/D2 region of the 26S rRNA gene. Extraction of
genomic DNA was performed as described by Kanpiengjai et al. [2] and the PCR was per-
formed using two universal primer pairs NL1 (5’-GCATATCAATAA GCGGAGGAAAAG-
3’) and NL4 (5’-GGTCCGTGTTTCAAGACGG-3’). The 26S rRNA gene were sequenced and
analyzed using the BLAST algorithm of GenBank (http://www.ncbi.nlm.nih.gov/blast,
accessed on 25 November 2022) and were deposited under the accession numbers OL63634
(P2 strain), OL636341 (P3 strain), OL636342 (P7 strain) and ON460286 (P9 strain). Carbon
assimilation was performed with API ID 32C strips (Biomérieux, Craponne, France) and
carbon fermentation was analyzed and compared, according to a standard yeast identifica-
tion method [23]. The samples were evaluated visually for turbidity in wells, differentiating
the positive (+), negative (−) and weak (w) growths.

2.5. Analysis of the Volatile Compounds

The selected yeast strains were investigated for their ability to produce volatile com-
pounds (VOCs) during cultivation on YM slants at 30 ◦C in the dark, following the method
described by Suwannarach et al. [24]. The VOCs in the air space above each yeast colony
were captured for 45 min at 25 ± 2 ◦C using a solid-phase microextraction (SPME) fiber,
composed of 50/30 divinylbenzene/carboxen on polydimethyl-siloxane on a stable flex
fiber (Supelco, Bellefonte, PA, USA). The adsorbed fiber was placed into the splitless injec-
tion port of a gas chromatograph (Agilent Technologies Inc, Palo Alto, CA, USA) equipped
with a DB-WAX capillary column (0.25 mm × 30 m I.D × 0.25 μm film thickness, Supelco,
Bellefonte, PA, USA). The column temperature was set to 40 ◦C for 2 min, then to 200 ◦C for
5 min. At an initial column head pressure of 60 kPa, the carrier gas was ultra-high purity
helium. Prior to trapping the volatiles, the fiber was cleaned at 250 ◦C for 57 min under a
flow of helium gas. The adsorbed volatiles were introduced into the gas chromatography
(GC) interfaced with a mass spectrometer over a 30-s injection duration (Agilent 5975C,
Agilent Technologies Inc., Santa Clara, CA, USA). With ionization energy of 70 eV, the
mass detector was operated in the electron impact mode. The GCMS solution was used to
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collect and process the data (Agilent). The volatiles were identified by comparison with a
mass spectra library (NIST) and the RI of the pure standard compounds were confirmed by
GC-MS (https://webbook.nist.gov/chemistry/ accessed on 8 March 2022) [24].

2.6. MF (Miang Fermentation) Broth Fermentation

MF-broth, the remaining byproduct liquid waste from the submerged fermentation
process in Miang production, was collected from the FFP Miang producing plant in Phrae
province, Thailand. The starter cultures of two selected strains of non-Saccharomyces yeast
species (Wikerhamomyces anomalus P2 and Cyberlindnera rhodanensis P3) and S. cerevisiae
TISTR 5088 were prepared by cultivating the yeast strains in 100 mL YM broth at 30 ◦C
for 24 h on a 150-rpm rotary shaker. The cells were harvested by centrifugation at 6000
rpm for 5 min at 4 ◦C, washed twice and re-suspended in a sterile solution of 0.85% NaCl
(w/v) and used as the starter for fermentation. Glucose was added into the MF-broth
to achieve the final concentration of 5% (w/v) glucose in 300 mL in a 500 mL flask and
sterilized at 121 ◦C for 20 min. Seven fermentative groups consisting of three single microbe
fermentations (SF) of S. cerevisiae TISTR 5088, W. anomalus P2 and C. rhodanensis P3 and
four co-fermentations (CF) of S. cerevisiae TISTR 5088 + W. anomalus P2, S. cerevisiae TISTR
5088 + C. rhodanensis P3, W. anomalus P2 + C. rhodanensis P3, S. cerevisiae TISTR 5088 +
W. anomalus P2 + C. rhodanensis P3 were conducted and a non-inoculated sterile broth was
used as a control. The fermentation was carried out in a 500 mL Erlenmeyer flask with 5%
(v/v) starter containing a final inoculated concentration of approximately 6.5 logCFU/mL
S. cerevisiae and non-Saccharomyces yeast cultures at a 1:1 ratio in the Miang byproduct
fermented broth and incubated at 121 ◦C for 5 days. Samples were taken at 0, 12, 24, 36,
48, 72, 96 and 120 h to determine the viable cell counts and pH. The bioactive compound
in the fermented broth was determined by the method described by Kodchasee et al. [3].
The remaining sugars, organic acids and ethanol concentrations were analyzed by HPLC.
Volatile compounds analyses (VOCs) were performed using headspace vials with the
sample of the final fermentation time (120 h).

2.7. Enumeration of the Microbes and the pH Measurement

The freshly fermented sample (1 mL) was transferred into 9 mL of 0.85% (w/v) NaCl
solution and serially diluted with a 10-fold dilution. A volume of 10 μL of 10−2 to 10−5

dilutions were dropped on YM agar and incubated at 30 ◦C for 24 h. The viable cell counts
of the yeast cultures were observed and presented as the log of a colony forming unit per
milliliter (log CFU/mL). Measurement of the pH was performed by a Metrohm 744 pH
meter with a glass electrode (Metrohm Co. Ltd., Herisa, Switzerland).

2.8. Analysis of Glucose, Ethanol, Organic Acids, Catechins and Caffeine by HPLC

Glucose, ethanol, and organic acid were analyzed using HPLC, according to Kodchasee
et al. [3]. Briefly, a solution of 10 μL of each sample was filtered through a 0.45 μm filter
paper (Whatman Inc., Clifton, NJ, USA), and injected into the HPLC system (Agilent
1000 series, Agilent Technologies Inc., Palo Alto, CA, USA) equipped with a 150 × 7.80 mm
Rezex ROA organic acid H+ (8%) column (Phenomenex, Torrance, CA, USA). A mobile
phase of 0.005 M H2SO4 was used for the glucose and ethanol analyses via a refractive index
(RI) detector with a flow rate of 0.6 mL/min and 60 ◦C temperature. The concentrations
of glucose and ethanol were calculated, based on the area peak corresponding with their
standard retention time (RT).

The organic acids analysis was carried out with the same column using an isocratic
elution of 50% (A) 0.05 M H2SO4 and 50% (B), 2% acetonitrile with a flow rate of 0.5 mL/min;
temperature 40 ◦C, with a UV detector at the wavelength of 210 nm. The concentration of
organic acids was calculated, based on the retention time (RT) corresponding to standards
(acetic, citric, formic, gallic, glucuronic, lactic, malic, oxalic, succinic, and tartaric acids).

Catechins and caffeine were analyzed using a C18 column (250 × 4.6 mm, Phe-
nomenexGemini, Torrance, CA, USA) with the HPLC conditions as follows; UV detector;
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mobile phase (A) 0.1% acetic acid in acetonitrile and mobile phase (B) 0.1% acetic acid
in deionized (DI) water at a flow rate of 1.0 mL/min at 20 ◦C and injection volume of
10 μL. The concentrations of catechins and caffeine were calculated, based on their RT, com-
pared with the standards that included epigallocatechin gallate (EGCG), epicatechin gallate
(ECG), gallocatechin gallate (GCG), epigallocatechin (EGC), epicatechin (EC), catechins (C),
gallocatechin (GC) and caffeine (Sigma-Aldrich, St. Louis, MO, USA) [25].

2.9. Determination of the Bioactive Compounds

The bioactive compounds containing total phenolic (TP), total tannin (TT) and total
flavonoids (TF) contents were determined following the methods described by Kodchasee
et al. [3]. TP was measured according to a modified Folin–Ciocalteu method. Briefly, 200 μL
of fermented MF-broth was added into a glass test tube (12 × 100 mm) containing 200 μL
of 2 M Folin–Ciocalteu reagent and mixed using a vortex mixer (Vortex Genie 2, Scientific
Industries, Bohemia, NY, USA). Then, 1.8 mL of deionized water (DI water) was added,
and the reaction mixture was incubated at ambient temperature for 3 min. Then, 400 μL
of 10% (w/v) sodium carbonate was added. The volume was adjusted using DI water to
4 mL and incubated in the dark at ambient temperature for 1 h. The absorbance of the blue
solution was measured at 725 nm using the spectrophotometer. The total phenolic content
was determined from the calibration curve using gallic acid as the reference standard
(0–200 mg/L of gallic acid).

TT was determined by the Folin–Ciocalteu method and using polyvinylpolypyrroli-
done (PVPP) to separate the tannins from other phenols. Briefly, 1 mL of the MF-broth
sample was mixed with 1 mL of 10% (w/v) PVPP, vortexed and incubated at 4 ◦C for
15 min. Then, it was centrifuged at 3000× g, at 4 ◦C for 10 min. The remaining TP of the
PVPP precipitated supernatant was measured with the Folin–Ciocalteu reagent and TT
was estimated using the formula: TT = TP − PVPP precipitation.

TF contents were determined using the aluminum chloride colorimetric method.
Briefly, 250 μL Miang extract was mixed with 250 μL 10% (w/v) aluminum nitrate and
50 μL 1 M potassium acetate. Then, 1.65 mL 80% (v/v) methanol was added to the reaction
mixture and incubated in the dark at ambient temperature for 40 min. The absorbance was
measured at 415 nm. The content of the flavonoids was determined from the calibration
curve using the quercetin equivalent as the reference standard (0–250 mg/L of quercetin
equivalent).

Antioxidant activity was based on 1,1-diphenyl-2-picrylhydrazyl (DPPH) (Sigma-
Aldrich, St. Louis, MO, USA) free radical assay [26]. Briefly, 100 μL of diluted sample in
DI water (10 μL/mL) was mixed with 400 μL of 0.15 mM DPPH in 80% methanol and
incubated in the dark at ambient temperature for 30 min. The absorbance was measured
at 517 nm, the radical scavenging percentage was calculated against a blank using the
following equation: inhibition (%) = (1 − (B/A)) × 100, where A is the absorbance of the
mixture without sample, and B is the absorbance of the mixture containing the sample.

2.10. β-Glucosidase Activity Assay

β-Glucosidase activity was assayed by measuring the amount of p-nitrophenol (pNP)
liberated from p-nitrophenyl-β-D-glucoside (pNPG) as substrate [16]. First, 0.125 mL MF-
broth was mixed with 0.125 mL of a 4 mM solution of pNPG in 0.1 M citrate–phosphate
buffer (pH 5.0). The reaction mixture was incubated at 30 ◦C for 20 min and subsequently
0.250 mL of 50 mM sodium carbonate (Na2CO3) was added to stop the reaction. The
absorbance of the final reaction mixture was measured at 405 nm by a spectrophotometer
(Metertech SP-8001 UV/Visible Spectrophotometer, Metertech Inc., Taipei, Taiwan). The
enzyme activity unit (U) was expressed as the ability to liberate 1 μmole pNP from the
substrate solution/min.
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2.11. Statistical Analysis

All experiments were performed in triplicate and the data are represented as the
mean ± standard deviation. Statistical analyses were conducted using IBM SPSS statistics
23.0 software package (SPSS Inc., Chicago, IL, USA) employing the Tukey multiple range
tests at a significance level of p < 0.05. The principal component analysis (PCA), hierarchical
cluster analysis and heat-maps were performed through GraphPad PRISM 9 (GraphPad
Software, La Jolla, CA, USA) and SPSS software, respectively.

3. Results and Discussion

3.1. Screening of Yeast with Potential Characteristics

Among 120 yeast strains, 24 isolates showed a gas formation (Figure 1a) and the
ethanol production in the culture broth were confirmed by HPLC, in comparison to the
efficient ethanol producing yeast Saccharomyces cerevisiae TISTR 5088 (Figure 1b). All 24 gas
producing yeasts showed a variety of both ethanol concentration and sugar consumption.
Most of the sucrose (20 g/L) was consumed by the isolates P2, P3, P7 and P9, similar to
S. cerevisiae TISTR 5088, but the lower ethanol yields were observed from the yeast isolates
P2, P3, P7 and P9 at 2.5, 3.3, 3.1 and 2.7 g/g substrate, respectively, while the ethanol
yield of 0.46 ± 0.02 g ethanol/g glucose (9.21 ± 0.35 g/L) was produced by S. cerevisiae
TISTR 5088. Aligned with the purpose of this research, yeast isolates P2, P3, P7 and P9
were selected due to potential of high glucose consumption (>19.90 g/L) and low ethanol
production, which were approximately 50% of the ethanol yield observed for the ethanol
producer as S. cerevisiae TISTR 5088.

Figure 1. Screening for the ethanol producing yeast isolated from Miang. The graphical ratio of a
total screened yeast number, in comparison to the gas-forming and ethanol-producing isolates (a).
Glucose consumption (g/L) and ethanol yield (g/g sugar consumption) of 24 yeast isolates and
S. cerevisiae TISTR 5088 (control) after 3 days of fermentation in YPD medium at 30 ◦C (b).
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The tolerance to both a low pH condition and bile salts were used to evaluate the
probiotic characteristics. The selected isolates showed a high tolerance to pepsin at pH
2.0 after 3 h exposure, with a survival rate of 83.9 to 99.9% (Table 1), whereas the survival
rate of bile salt was 66.6 to 91.4%. The highest probiotic potential was in isolate P2,
which demonstrated the highest percentage of survival rate, both in bile salt and low
pH conditions, followed by isolates P3 and P9, respectively. However, the strains are
required to survive against the natural barriers of the gastro-intestinal tract, including body
temperature, a low pH in the stomach and high bile acid concentration at the duodenum
in the small intestine [22]. The hydrophobicity of the yeasts was assessed indirectly as
the ability to interact with chloroform and the results showed the hydrophobicity index
ranged from 31.14 to 52.31%. None of the yeast strains showed β-hemolysis after 5 days
incubation (Figure 2a). Several reports have previously described the probiotic properties
of non-Saccharomyces yeast species in beverage and food production [10,27–30]. This result
shows the additional advantage to the potential health benefit using MF-broth. Although,
C. rhodanensis were reported to be associated with clinical bovine mastitis [31], but the
C. rhodanensis strains investigated in this study are negative for a hemolytic response. In
addition to the edible source of the yeast isolate, the negative hemolytic test indicates the
safety status for C. rhodanensis used in this study [32].

Table 1. Probiotic characteristics of four selected yeast strains.

Isolate
Survival Rate (%) Microbial Adhesion

to Solvents (%)Bile Salt pH2 pH3

W. anomalus P2 91.42 ± 0.10 a 91.76 ± 0.18 b 96.40 ± 0.08 b 43.81 ± 0.89 c

C. rhodanensis P3 70.28 ± 0.81 d 83.88 ± 0.15 c 99.71 ± 0.09 a 39.45 ± 0.54 d

W. anomalus P7 66.61 ± 0.68 e 84.67 ± 0.11 c 99.94 ± 0.08 a 31.14 ± 0.62 e

C. rhodanensis P9 75.51 ± 0.12 c 91.86 ± 0.23 b 95.21 ± 0.12 b 52.31 ± 0.94 b

S. cerevisiae TISTR 5088 85.59 ± 0.66 b 95.93 ± 0.01 a 99.61 ± 0.01 a 63.77 ± 1.02 a

Note: a–e Different letters within the same column indicate a statistically significant difference (p < 0.05).

Figure 2. Hemolytic activity of yeast isolates P2, P3, P7 and P9 on blood agar at 30 ◦C for 7 days
(a) and growth of the yeast isolate on YMA containing 50 g/L tannin at 37 ◦C for 3 days (b).

Tannin in Miang products is likely to influence the microbial growth and development
throughout the fermentation process. Therefore, the tannin tolerance capability was investi-
gated to predict whether the yeast could grow in MF-broth. Isolates P2, P3, P7 and P9 were
cultured on YM agar with varied tannin concentrations of 10, 30 and 50 g/L, respectively.
All isolates could grow in all tannin concentrations and formed clear zones around their
colonies, indicating that they have a tannin degrading system initiated by the key enzyme
as tannase (Figure 2b). The previous discovery of the cell associated tannase (CAT) with
high capability in gallate and catechin biotransformation have been reported from yeasts
isolated from Miang, C. rhodanensis A22.3 and C. rhodanensis A45.3 [33]. As a result, we
expected that the yeast species obtained from the Miang sample would be able to grow in
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MF-broth containing tannins and increase the antioxidant activity because of the efficient
tannin and catechin biotransformation caused by CATs.

3.2. Molecular Identification and Carbon Assimilation Profiles

Based on the result of the D1/D2 region nucleotide sequence analysis, the isolates
P3 and P7 were identified to be Cyberlindera rhodanensis, while the isolates P2 and P9
were Wickerhamomyces anomalus (Figure 3). The results of the analysis of the biochemical
characteristics of the yeasts are also summarized in Table 2. The carbon fermentation and
assimilation analysis found that sucrose and glucose utilization were positive in all strains.
Meanwhile, the assimilation of cellobiose, galactose, raffinose and xylose were different in
C. rhodanensis P3 and P7 and W. anomalous P2 and P9. Interestingly, C. rhodanensis showed
positive results for the assimilation of cellobiose, a known substrate of β-glucosidase, which
is an enzyme involved in the aromatic compound formation in wine [13]. The several
non-Saccharomyces yeasts isolated from fermented food were examined for their ability to
improve wine fragrance during fermentation. From these studies, non-Saccharomyces yeasts
were recognized for their low ethanol fermentation rate, in comparison to S. cerevisiae.
W. anomalus has previously been investigated in the production of low alcohol with high
levels of esters, such as in kiwi wine [34], muscat bailey wine [13], apple wine [35] and
Baijiu [36]. The members of the genus Cyberlindnera, as well as C. subsufficiens, C. mrakii,
C. jadinii, C. fabianii and C. saturnus [9,37–39] were studied on the generation of a fruity
aroma in non-alcoholic beer, but C. rhodanensis has not been reported for use in fermented
beverages. Therefore, two of the selected non-Saccharomyces yeasts C. rhodanensis isolated
from a traditional fermented tea of FFP Miang are attractive to elucidate and develop for
further applications, especially in the development of the value-added beverages from the
waste byproduct produced during the Miang fermentation process.

Figure 3. Phylogenetic tree analysis of the yeast Cyberlindera rhodanensis P3 and P7, Wikerhamomyces
anomalus P2 and P9, based on particle 26S rDNA D1/D2 region sequence using the neighbor-joining
method. Bootstrap values >50% (based on 1000 replication) are given at the branch points. The scale
bar shows a patristic distance of 0.10.
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Table 2. Carbon fermentation and assimilation characteristics of the four selected yeast strains.

Characteristic
Strains

Characteristic
Strains

P2 P3 P7 P9 P2 P3 P7 P9

Assimilation of Carbon Assimilation of Carbon

D-galactose + - - + Potassium gluconate - w w -
Cyacloheximide (actidione) - - - - Levulinic acid - - - -
D-saccharose (sucrose) + + + + D-Glucose + + + +
N-Acetyl-glucosamine + - - + L-Sorbose - w w -
Lactic acid + + + + Glucosamine - - - -
L-arabinose - - - - Esculin + + + +

D-Cellobiose - + + - Fermentation

D-Raffinose + - - + Cellobiose - + + -
D-Maltose + + + + D-glucose + + + +
D-Trehalose - + + - D-galactose + - - +
Potassium 2 ketogluconate - - - - Maltose + w w +
Methyl-αD-glucopyranoside + - - + Sucrose + + + +
D-Mannitol + - - + Lactose - - - -
D-Lactose (bovine origin) + - - + Trehalose - - - -
Inositol - - - - Raffinose + - - +
D-Sorbitol + + + + Xylose - + + -

D-Xylose + + + + Other Growth Characteristics

D-Ribose + - - + 50% glucose yeast extract + + + +
Glycerol + + + + 60% glucose yeast extract + + + +
L-Rhamnose - + + - 10% NaCl - - - -
Palatinose + + + + Growth at 20 ◦C + + + +
Erythritol + - - + Growth at 25 ◦C + + + +
D-Melibiose - - - - Growth at 30 ◦C + + + +
Sodium glucuronate - - - - Growth at 37 ◦C + + + +
D-Melezitose + + + + Growth at 45 ◦C - - - -

Note: +, positive; -, negative; w, weak positive.

The analysis of VOCs produced by S. cerevisiae TISTR 5088, C. rhodanensis P3 and P7
and W. anomalous P2 and P9 was performed by the headspace SPME-GC/MS technique
that indicated that higher alcohols were the main VOCs of S. cerevisiae, while acetate esters
were the main esters of the non-Saccharomyces yeast species. S. cerevisiae and W. anomalus
P2 and P9 produced at least five VOCs on YM slant agar, while C. rhodanensis P3 and P7
produced 10 types of VOCs. The VOCs were analyzed by comparing their mass spectral
characteristics to those in the NIST database (Figure 4). Isoamyl alcohol (63.54% of total
area) was the most abundant aroma compound generated by S. cerevisiae, followed by
2-phenylmethyl ethanol and isoamyl acetate. Whereas acetic acid ethyl ester was the
most abundant VOC in the culture of W. anomalus P2 and P9, followed by 1-butanol- 3-
methyl acetate, 2-phennethyl acetate, 2-phenylmethyl ethanol and 2-phenylmethyl ethanol.
1-Butanol-3-methyl acetate was the most abundant VOC produced by C. rhodanensis P3 and
P7, followed by acetic acid ethyl ester, 2-phennethyl acetate, 2-phenylmethyl ethanol and 2-
phenylmethyl ethanol. Furthermore, 2-furyl methyl acetate, benzyl acetate and 2-propenoic
acid were found in the fermented broth of C. rhodanensis P3 and P7 but not in S. cerevisiae
or W. anomalus P2 and P9. However, esters are a type of volatile compound produced by
yeast cells during alcoholic fermentation, and various studies have demonstrated that their
presence is related to wine quality. Ethyl acetate and isoamyl acetate are the most important
esters in wine as both are associated with fruity wine/apple-like sweet pear drop and sweet
banana ripe flavors, respectively [40]. Since the strains of C. rhodanensis P3 and P7 and
W. anomalus P2 and P9 produced significant amounts of ethyl acetate and isoamyl acetate,
we decided to select the representative yeasts C. rhodanensis P3 and W. anomalus P2 for
further studies, as both isolates produced the highest ester in each species.
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Figure 4. Heatmap using the total peak area (%) of VOCs produced with S. cerevisiae TISTR 5088,
W. anomalus (P2, P9) and C. rhodanensis (P3, P7) on YM agar at 30 ◦C for 2 days.

3.3. Yeast Growth Dynamic and pH Changes in MF (Miang Fermentation) Broth

The growth dynamics of S. cerevisiae TISTR 5088 and non-Saccharomyces yeast species in
the respective single fermentation (SF) and co-fermentation (CF) of MF-broth fermentation
are shown in Figure 5. The control MF-broth did not have any microbial growth, while
the culture of non-Saccharomyces species P2 and P3 showed the increase of the viable yeast
number log 6.80 ± 0.03 and log 6.61 ± 0.03 CFU/mL, respectively. In CF, the growth of the
yeast population showed a similar trend in all treatments and reached the approximate level
of log 6.60 ± 0.02 CFU/mL at 120 h fermentation. The pH of MF-broth slightly decreased
after 120 h of fermentation in the range of 4.04 ± 0.03 to 3.88 ± 0.01, which is very close
to the pH of the initial MF-broth (Figure 5). The MF-broth fermentation inoculated with
non-Saccharomyces yeast species exhibited a lower growth than that of S. cerevisiae TISTR
5088, which might be due to the numerous parameters involved, such as the cultivability
loss of non-Saccharomyces strains in alcoholic fermentation, the nitrogen limitation, low
oxygen availability and inhibition by increased ethanol, as well as extrinsic factors, such as
SO2 [41,42]. However, when S. cerevisiae and non-Saccharomyces yeasts were inoculated in
a 1:1 ratio, the amount of yeast was slightly reduced in SF, indicating a mutual inhibition
under the current conditions, especially W. anomalus, which has a reported killer activity
against S. cerevisiae. To minimize the technological issues caused by sluggish or incomplete
alcoholic fermentation, the compatibility of the selected killer W. anomalus strains with the
primary microbial agents involved in wine production must be investigated throughout
the selection stage [6,7,43].
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Figure 5. Cell growth, glucose, and ethanol concentration profiles during the fermentation of MF-
broth fermented by S. cerevisiae TISTR 5088, W. anomalus P2 and C. rhodanensis P3, with single and
co-fermentation at 30 ◦C for 120 h.

3.4. Changes in the Sugar Consumption, Ethanol Production and Organic Acid Formation

The glucose concentration in the original MF-broth was 3.56 ± 0.10 g/L, which oc-
curred via the microbial degradation of tea leaf polysaccharides during Miang fermenta-
tion. This original sugar content is low for supporting yeast fermentation. The external
source of glucose was added up to the final concentration of 5% (w/v) as the main carbon
source for yeast growth and conversion to alcohol. The initial glucose concentration was
at 53.21 ± 0.48 g/L. In SF, the glucose consumption ranged around 20–50 g/L at 120 h
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(Figure 5). S. cerevisiae TISTR 5088 showed a high glucose consumption, since a significant
low residual concentration of glucose (0.19 ± 0.77 g/L) was detected (Table 3), followed
by C. rhodanensis P3 and W. anomalus P2. In case of CF, a range of varied glucose concen-
trations (5 to 50 g/L) was observed, co-fermentation with S. cerevisiae TISTR 5088 clearly
showed a higher glucose consumption than the SF of C. rhodanensis P3 and W. anomalus
P2. The combination of S. cerevisiae TISTR 5088 with either C. rhodanensis P3 or W. anomalus
P2, in CF, showed the almost complete consumption of glucose during the final period
of fermentation.

In SF, the ethanol production by S. cerevisiae TISTR 5088 was observed after 24 h and
reached the maximum at 96 h with the highest ethanol concentrations of 23.67 g/L (Figure 5).
Whereas the ethanol productions by C. rhodanensis P3 and W. anomalus P2 were observed
after 48 h and showed a final ethanol concentration of 11.03 and 11.56 g/L, respectively,
at 120 h (Table 3). The CF with S. cerevisiae TISTR 5088 showed a more rapid ethanol
production after 12 h, both in response to S. cerevisiae TISTR 5088 + W. anomalus P2 and
S. cerevisiae TISTR 5088 + C. rhodanensis P3, and an almost same level of ethanol production
was observed (20.74 ± 0.21 and 20.14 ± 0.43 g/L, respectively), while S. cerevisiae TISTR
5088 + W. anomalus P2 + C. rhodanensis P3 produced the highest ethanol concentration at
24.91 ± 0.76 g/L. Moreover, CF of W. anomalus P2 + C. rhodanensis P3 produced a low
amount of ethanol at only 2.92 ± 0.05 g/L. The greater ethanol production of S. cerevisiae
TISTR 5088 in SF, when compared to W. anomalus P2 and C. rhodanensis P3 is probably
caused from the weak metabolic response of non-Saccharomyces yeasts in consumption or
the utilization of the nutrients in the culture broth. Furthermore, it has been reported that
the low level of oxygen in the fermenting activity of this yeast leads to an increase in the
cell biomass and a decrease in ethanol yield, which is a strategy that leads to the reduction
of the ethanol level in wine produced by the co-culture with S. cerevisiae [44,45]. Therefore,
in CF, the ethanol content might mainly come from S. cerevisiae TISTR 5088. Furthermore,
the sugar content control in MF-broth fermented with non-Saccharomyces yeast species
resulted in a low ethanol product that might be the strategy for the development of health-
targeted low alcohol beverages. Several studies indicated the potential health benefits from
the production of low alcoholic beverages, such as lowering cholesterol and increasing
high-density lipoprotein (HDL), which helps to prevent heart disease and the risks of
alcohol-related illnesses [19]. The genus Cyberlindnera, as well as C. subsufficiens, C. mrakii,
C. jadinii, C. fabianii and C. saturnus, have been found to produce low-alcoholic beers in
both mono and co-fermentation with S. cerevisiae [9,38,39,46]. In addition, W. anomalus
was targeted to be used in alcohol reduction in fermented beverages. Furthermore, a low
ethanol producing non-Saccharomyces yeast has been also targeted for use in the high level
formation of aromatic compounds, such as esters, higher alcohols and fatty acids [44,47].

Organic acids in traditional MF-broth residual byproducts have been quantified and
include acetic, citric, glucuronic, gallic, oxalic and succinic acids (Table 3), which were
similar to the organic acids found in the Miang sample [3,48]. These acids were assumed
to be released from the Miang sample during fermentation. Consistent with the previous
reports on tea products, green tea and black tea were the best precursors for organic acids
of the kombucha culture, such as acetic acid and glucuronic acid, respectively [49].
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During fermentation, acetic acid was found as the main organic acid in MF-broth
byproduct fermentation followed by succinic, glucuronic, lactic, citric, gallic acid and oxalic
acid, respectively. Figure 6 indicates the fluctuation of the total acidity during fermentation.
Interestingly, CF fermentation significantly increased the level of acetic acid and glucuronic
acid levels (Table 3), which are special organic acids that are reported to be associated
with health benefits in kombucha [50]. The increased acetic acid content might be due to
the synthesis by yeast metabolically, is derived through the phosphogluconate pathway,
acetate kinase pathway and citric acid metabolism [34]. In S. cerevisiae, a direct relationship
has been established between glycerol and acetic acid production during fermentation [51].
Whereas, W. anomalus has been reported to produce a high level of acetic acid, which is
one factor that is useful for inhibiting other microbial processes that occur during wine
fermentation with S. cerevisiae [52]. However, acetic acid is the main acid responsible for the
wine fault termed volatile acidity and is a contributor taste ingredient that gives fermented
foods their typical strong, pungent and vinegar flavor [44,53]. A glucuronic acid increase
detected in MF-broth might be due to the oxidative pathway converting glucose to gluconic
acid with yeast [54]. Glucuronic acid is one of the most important components found in
kombucha tea that is a vitamin C precursor and plays an important role in the formation
of glycosaminoglycans which allows for the detoxifying function via conjugation [55].
Other organic acids found in MF-broth fermentation, including citric, succinic, and oxalic
acids are important intermediates in the Krebs cycle. The change in the content of these
compounds could be attributed to the yeast cell catabolism [51,52]. According to studies,
succinic acid possesses the bitterness and saltiness, and the reduced succinic acid content
after fermentation may have the advantages in improving wine taste.

A PCA was used to analyze the results of products, in terms of glucose, ethanol and
organic acids that remained after fermentation (Figure 7). The total variance was 78.09%,
PC1 (46.57%) and PC2 (31.52%). Glucose, pH and gallic acids had been represented at
PC1, whereas ethanol and organic acids were revealed at PC2. Regarding the relevance of
the PC score, the PC1 projects the sample of the original MF-broth (0h), control, P3, and
P2 + P3. PC2 was differentiated among samples of TISIR 5088, P2, TISIR 5088 + P2, TISIR
5088 + P3 and TISIR 5088 + P2 + P3. A clear separation of the fermented MF-broth obtained
with the S. cerevisiae TISTR5088 was strongly related to ethanol production. In contrast,
glucose concentration was observed in the unfermented sample of the initial MF-broth and
the control at 120 h. The final important product, organic acids correlated with the original
MF-broth that might come from what remains of the biotransformation during the FFP
Miang fermentation, except gallic acid that was most associated with C. rhodanensis P3.

3.5. Phenolic Compounds and Antioxidant Activity

Phenolic compounds, which are natural antioxidants, have markedly generated inter-
est in Miang production due to their potential beneficial effects on humans [3,4,26]. Inter-
estingly, the MF-broth residual byproduct is similar to the extraction content of fermented
leaves with water during the anaerobic fermentation, which causes the water-soluble phe-
nolic compounds to be solubilized after release from the Miang leaves. Therefore, the
fermented MF-broth byproduct was expected to have the same benefits as other types of
fermented tea beverages as well. The overall perception of the experimental analysis with
the yeast inoculation in fermentation revealed that TP, TT and TF were similar to the initial
control. TP values ranged from 6.61 ± 0.28 to 8.27 ± 0.31 g/L, TT values ranged from
6.00 ± 0.02 to 7.91 ± 0.12 g/L and TF values ranged from 0.20 ± 0.03 to 0.36 ± 0.08 g/L
(Figure 8). The antioxidant capacity of SF and CF were similar, where 10 μL of each sample
exhibited DPPH scavenging abilities at a range of 68.93 ± 1.47% to 71.43 ± 1.7%, which
showed no difference between the initial MF-broth and after 120 h fermentation. The bioac-
tive molecules in the broth might be the result of biotransformation in the SMF process, in
which microbes convert macronutrients, such as carbohydrates, proteins and lipids into
bioactive compounds and dissolve them in aqueous solutions during fermentation [4]. This
study added only glucose as a carbon source without other substrates for yeast to grow
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in and convert into ethanol. As a result, there may be insufficient precursors in MF-broth
fermentation to be converted into the bioactive components. However, by comparing the
bioactive compounds in the fermented Miang, it was found to be close to or higher than
other fermented tea beverages. For example, in kombucha made from black, white and
red teas, the TP content after 7 days of fermentation, was at 2.19 ± 0.21, 2.05 ± 0.30, and
2.70 ± 0.40 g/L, respectively, whereas the DPPH scavenging ability was 70.63 ± 0.53%,
79.13 ± 0.93% and 77.37 ± 0.80% [56]. It is expected that by using the benefits of tea con-
taining catechins, gallic acid and other antioxidative compounds, the fermented MF-broth
could be developed into a health-targeted beverage, similar to other tea wines, such as
Oolong tea and pear wine [18].

Figure 6. Organic acid profiles during fermentation of MF-broth fermented by S. cerevisiae TISTR
5088, W. anomalus P2 and C. rhodanensis P3, with single and co-fermentation at 30 ◦C for 120 h.
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Figure 7. PCA biplot of the organic acids, glucose, ethanol, and pH variables in the original and
fermented MF-broth by S. cerevisiae TISTR 5088, W. anomalus P2 and C. rhodanensis P3, with single
and co-fermentation at 30 ◦C for 120 h.

Tea phenolic compounds were identified and quantified in MF-broth products, includ-
ing catechins, gallic acid, pyrogallol and caffeine. In the original MF-broth C, GC, EGC,
EC and EGCG were confirmed and this was similar to that in Miang FFP [3]. However,
following the fermentation of MF-broth byproduct substrate, the tea polyphenols were
significantly decreased, except EC and EGC (Table 3). Considering the amount of each
substance, C increased while GC decreased in all fermentation samples. EC, EGC and
EGCG were stable, except for the samples inoculated with C. rhodanensis P3, in the single
and co-cultured fermentations, and showed a higher content of EC and EGC, compared to
the original MF-broth (Table 3). The increase in EC and EGC might be due to the hydrolysis
of gallate polyphenols (EGCG) by esterase or tannase from the yeast [36]. However, the
reduction of the total catechins in all fermented samples might be from the biotransfor-
mation by the yeast. That may lead to the contribution of polyphenols to MF-broth and
simultaneously the reduction of the bitter and astringent tastes of MF-broth.

3.6. β-Glucosidase Activity in MF-Broth Fermentation

Changes of β-Glucosidase activity in MF-broth were observed and it was found that
the increase in enzyme activity was observed in all fermentation broths, except the non-
inoculated treatment (control). The SF fermented MF-broth with S. cerevisiae TISTR 5088
produced β-glucosidase at 24.51 ± 1.42 to 46.09 ± 1.73 mU/mL, whereas non-Saccharomyces
W. anomalus P2 and C. rhodanensis P3 produced β-glucosidase in the range of 63.47 ± 5.12 to
89.86 ± 5.31 mU/mL and 20.78 ± 1.42 to 196.68 ± 3.55 mU/mL, respectively. C. rhodanensis
P3 showed the highest β-glucosidase activity of 196.68 ± 3.55 mU/mL at 24 h fermentation.
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In the case of the CF fermentation, all treatments showed the activity of β-glucosidase at
12 h to 48 h except TISTR 5088 + P3, which was continuous to 120 h (Figure 9). TISTR
5088 + P3 showed the highest activity of 127.56 ± 1.24 mU/mL at 24 h fermentation and
this ranged from 23.35 ± 4.09 to 127.56 ± 1.24 mU/mL, followed by TISTR 5088 + P2
(40.84 ± 0.89 to 97.40 ± 4.44 mU/mL), P2 + P3 (17.59 ± 2.67 to 82.94 ± 1.78 mU/mL) and
TISTR 5088 + P2 + P3 (1.63 ± 0.31 to 49.64 ± 1.71 mU/mL), respectively. However, the
decrease of β-glucosidase levels after 24 h was observed (Figure 5). This might be due to
an increase in ethanol levels and high acid, as the previous research found that high acidity,
high glucose and high ethanol concentrations affected the function of this enzyme [57].
However, MF-broth fermentation with C. rhodanensis P3 showed remarkable enzyme ac-
tivities in both SF and CF fermentations, in which the functional activity of β-glucosidase
is hydrolyzing the glycosidic bonds from various aglycone structures into monoterpenes,
which are precursors of aromatic compounds [13,14]. Consequently, previous research
investigated the use of β-glucosidase produced from Cyberlindnera to develop an aroma
in fermented beverages and tea [9,37,39,58]. Wang et al. [58] found that C. saturuns var.
mrakii NCYC 2251 β-glycosides enhanced the tea aroma in green tea slurry by hydrolyzing
glycoside precursors (β-glucosides and β-primeverosides) such as geranyl, linalyl, benzyl
and 2-phenylethyl glucosides. Furthermore, the benefits of β-glycosides in improving the
beverage flavor were also revealed in the W. anomalus species, and certain strains were
reported to have β-glycosidase, that is multi-functionally active under common oeno-
logical conditions. Thus, the enzyme might have multiple applications in fermentation,
such as enhancing the sensory and bioactive component concentrations by splitting the
glycosylated precursors [6,7]. Due to the reasons mentioned above, β-glucosidase from
both non-Saccharomyces strains used in this experiment possibly plays an important role
in odor and aroma formation, leading to the formation of special quality characteristics in
fermented MF-broth byproducts, which requires further research.

3.7. Volatile Aromatic Compounds in MF-Broth Fermentation

Figure 10 shows the volatile compounds associated with the metabolic activities of
S. cerevisiae TISTR 5088, W. anomalus P2 and C. rhodanensis P3 and their co-culture during
fermentation and the original MF-broth from the byproduct. In total, 36 volatile compounds
were found in both the unfermented and fermented samples, indicating that alcohol,
ester, and terpenes were quantitatively the major group of VOCs in MF-broth byproduct
fermentation. A heatmap with hierarchical clustering analysis was used to determine
whether the volatile flavor compounds associated with each sample could stimulate the
sample clustering, based on the Pearson correlation. Cluster A, which represented the
control, had limited effect on the aroma component profile and a significant concentration
effect of vitispirane, as shown in Figure 10. The original MF-broth byproduct and yeast-
associated fermented samples produced increasing levels of esters, acids and alcohols in
Cluster B. Cluster C gathered yeast and co-culturing effects that produced more esters,
acids, and alcohols after 120 h of fermentation.

The original MF-broth VOCs were considered the byproduct of SMF Miang biotransfor-
mation, with microorganisms probably converting the tea aromatic precursors, including
carotenoids, lipids, glycosides and other compounds, as previously reported [59,60]. As
a result, 22 aromatic substances were detected in the original MF-broth, accounting for
70.16% of the total aroma content. Linalool and methyl salicylate were the main VOCs
in that broth, followed by linalool oxide, (Z)-3-hexen-1-ol, benzyl alcohol, ethyl acetate,
isoamyl acetate and other substances. Following the preparation of the MF-broth substrate
with 5% (w/v) glucose, the VOCs profiles changed with linalool, methyl salicylate, ethyl
acetate and isoamyl acetate decreasing with the production process. In contrast, new
compounds, such as vitispirane, β-ocimene, limonene and α-terpinene, were discovered in
the MF-broth substrate. Vitispirane had a high level of VOCs, which has been described
as floral, fruity, woody or reminiscent of eucalyptus [61]. Compared to this, the further
fermented MF-broth byproduct with yeast was significantly different. Higher levels of
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flavor intensity (total peak area) were discovered at 120 h fermentation with co-culture,
when compared to the unfermented and fermented MF-broth byproducts. This result
demonstrated the synergistic effect of co-culturing on the production of aroma compounds
during MF-broth fermentation.

Figure 8. Bioactive compound and antioxidant profiles during the fermentation of MF-broth fermented
by S. cerevisiae TISTR 5088, W. anomalus P2 and C. rhodanensis P3, with single and co-fermentation.
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Figure 9. β-glucosidase activity of non-inoculated (control), S. cerevisiae TISTR 5088, W. anomalus P2
and C. rhodanensis P3 during MF- broth fermentation.

 

 
 

 (%
) 

Figure 10. Heatmap and hierarchical cluster analysis representation corresponding to the 36 volatile
compounds of original and fermented MF-broth inoculated with S. cerevisiae TISTR 5088, W. anomalus
P2 and C. rhodanensis P3 at 30 ◦C for 120 h.
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The fermented MF-broth was clearly in the hierarchical clustering that separated
the between-group yeast providing alcohols and ester (Figure 10). In the alcohol group,
isoamyl alcohol exhibited high levels in all fermentations with S. cerevisiae TISTR 5088 and
W. anomalus P2, in SF and CF. Meanwhile, C. rhodanensis P3 represented a high amount
of ester group, ethyl acetate and isoamyl acetate, which were remarkable in both of SF
and CF. During fermentation, yeast uses the Ehrlich pathway to convert amino acids or
sugars into isobutanol, isoamyl alcohol and 2-phenylethanol [34,62–64]. Dzialo et al. [62]
suggested isoamyl alcohol and 2-phenylethanol were the major fuel alcohols found in
alcoholic beverages. In this study, MF-broth fermentation revealed the presence of isoamyl
alcohol and 2-phenylethanol, with alcohol produced at a higher level in both the SF and
CF with S. cerevisiae TISTR 5088 and W. anomalus P2, which was consistent with previous
studies [34,36,43,65]. However, although in the original MF-broth, a high quantity of (Z)-3-
hexen-1-ol and benzyl alcohol (known as tea leaf alcohol) was found, after fermentation
that compound was reduced by the yeast [66].

Non-Saccharomyces yeast strains are known as the efficient producers of esters in
fermented foods and beverages. The earlier result of VOCs formed by W. anomalus P2
and C. rhodanensis P3, the confirmed ethyl acetate (fruity aroma), isoamyl acetate (banana
aroma) and 2-phenethyl acetate (2PA), have been described as good characteristics and
pleasant aromatic properties to wine [67,68]. In this investigation, the higher ester in
fermented MF-broth was generated with C. rhodanensis P3, followed by W. anomalus P2, in
SF and CF. Isoamyl acetate and ethyl acetate were dominant esters found in all fermented
MF-broths, which were inoculated with C. rhodanensis P3. Furthermore, in C. rhodanensis
P3, benzyl acetate, 2-phenethyl acetate, furfuryl acetate, ethyl decanoate and neryl acetate
were discovered, all of which were not found in the other samples without P3. Different
ester characteristics in MF-broth might offer a unique odor in each sample. Several reports
confirmed that esters contribute the most to the aroma of alcoholic beverages. The principal
contribution to the typical fruity scents of the fermentation aroma is a mixture of ethyl
caproate and ethyl caprylate (apple-like aroma), while isoamyl acetate imparts a banana-like
aroma and 2-phenylethyl acetate contributes a fruity and flowery flavor [8,69,70]. However,
Cyberlindnera yeast has been reported to produce high concentrations of acetate esters,
in particular isoamyl acetate, ethyl acetate and 2-phenylethyl acetate [37]. In particular,
the Cyberlindnera species is known for its high ester production, which was shown in the
studies with C. saturnus, C. mrakii and C. subsufficiens. Furthermore, it has been suggested
to use yeasts with a high production of flavor compounds (i.e., esters, higher alcohols) to
mask the wort-like flavor of non-alcoholic beer, cider, and wine [69,71,72]. This study is the
first report on the VOCs’ formation by C. rhodanensis in a fermented beverage.

Terpenes, volatile phenols, and other esterified VOCs were also found in fermented
MF-broth. For example, the terpene groups found were β-ocimene, linalool oxide, terpineol
and geraniol, whereas the volatile phenols found were benzenol and 4-ethylphenol. In gen-
eral, terpenes belong to the primary aroma group that contribute to desirable descriptors,
such as flowery, honey and citrus notes. Linalool and terpineol have low odor thresholds
and offer floral aromas [13,57]. Meanwhile, after 120 h of fermentation, several VOCs,
such as methyl salicylate, (Z)-3-hexen-1-ol and linalool, were dramatically reduced. The
flavor characteristic of MF-broth increased as fermentation proceeded. Following 120 h of
fermentation, more acetate esters and acids were generated but there were fewer terpenoid
alcohols than in the initial MF-broth. Terpenoid alcohols can be liberated from glycosides
by β-glucosidase or produced via yeast during fermentation, resulting in their accumula-
tion in fermented samples. Meanwhile, terpenoid alcohols can be isomerized into other
terpenoids or converted into corresponding acetate esters. For example, methyl salicylate,
(Z)-3-hexen-l-ol, 2-phenylethanol and benzyl alcohol were released with glucosides, and
the alcohols can be further transferred into esters by yeast [58,73].

The PCA of VOCs evaluated the relationship between VOCs and the fermentation
method. The first two principal components (PCs) accounted for 75.03% of the total
variance, of which PC1 and PC2 accounted for 55.20% and 19.83%, respectively. The
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fermented MF-broth was divided into four groups, based on their similarity on the score
plot (Figure 11). Group 1 was positioned in the lower right quadrant and was fermented
with P3, P2 + P3 and TISTR 5088 + P3, which produced more acetate esters, particularly
ethyl acetate, isoamyl acetate, 2-phenylethyl acetate, furfuryl acetate, benzyl acetate, cis-
3-hexenyl formate and neryl acetate, and terpenes, such as 2,6-dimethyl-2,6-octadiene,
β-ocimene and 3,7-dimethyl-2,6-octadien-1-ol. Meanwhile, TISTR 5088 + P2 and TISTR
5088 + P2 + P3 were located in the upper right quadrant (Group 2) due to the higher levels
of octanoic acid, ethyl caprate and N-ethyl acetamide synthesis. The fermented MF-broth
with TISTR 5088, P2, and original formed Group 3, corresponded with high alcohols and
terpenes, particularly isoamyl alcohol, phenylethyl alcohol, benzenol, 3-octanol linalool,
(Z)-3-hexen-l-ol, geraniol, benzyl alcohol, linalool oxide and cis-linalool. The control was
located in the lower left quadrant, distant from the sequential fermentations, which were
characterized by methyl salicylate, 4-ethylphenol, terpineol, limonene, α-terpinene, allo-
ocimene and vitispirane. According to the PCA results, the yeast fermentation had a
significant impact on the aroma profile of MF-broth. Therefore, this study indicates the
performance of two VOCs groups on the properties of the fermented MF-broth, including
the formation of higher alcohols by S. cerevisiae TISTR 5088 and W. anomalus P2, and
higher esters by C. rhodanensis P3, and clearly showed the VOCs and correlation of yeast
group between unfermented and fermented MF-broth. The results of this experiment
demonstrated the ability of non-Saccharomyces yeast in the improvement of fermented
MF-broth odor.

Figure 11. PCA biplot of the volatile compounds in the original and fermented MF-broth by
S. cerevisiae TISTR 5088, W. anomalus P2 and C. rhodanensis P3, with single and co-fermentation
at 120 h.

As aforementioned, although the original MF-broth benefits from partial bioactiv-
ity during the Miang fermentation processes, such as organic acids, catechins and other
substances. The original MF-broth, Moreover, has a disagreeable odor for consumption.
As a result, it was interesting to search for opportunities to strengthen the flavor while
also providing additional benefits. In this research, we selected non-Saccharomyces that
exhibited a distinct odor for the MF-broth to enhance the scent and add bioactive com-
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pounds, as well as the advantages from a low-alcohol beverage. We expect this study will
be advantageous in the development of healthy drinks and add value to the MF-broth.
Future iterations of this research will be the sensory evaluation for consumer acceptance
and commercial development.

4. Conclusions

The findings of this study demonstrated the potential for using the waste byproduct
as MF-broth residual byproduct substrate in the development of health-targeted beverages
using non-Saccharomyces yeast species. Organic acids that were important in fermenta-
tion include acetic, citric, glucuronic, lactic, succinic, oxalic and gallic acids. The bioac-
tive compounds and antioxidant activity were similar with the initial fermentation stage.
β-Glucosidase was found to be involved in the quality improvement of fermented MF-broth
by enhancing the volatile alcohols and esters compounds. Thirty-six volatile compounds
were detected in both the unfermented and fermented samples, indicating that alcohol,
ester, and terpenes were the most abundant VOCs in the MF-broth byproduct fermentation.
The PCA and hierarchical clustering analysis clearly showed the VOCs and the correlation
of the yeast group that classified Cluster A (control), Cluster B (original MF-broth) and
Cluster C evaluated the yeast and co-culturing that created more esters, acids, and alcohols.
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Abstract: Yeast strains are widely used in ruminant production. However, knowledge about the
effects of rumen native yeasts on ruminants is limited. Therefore, this study aimed to obtain a rumen
native yeast isolate and investigate its effects on growth performance, nutrient digestibility, rumen
fermentation and microbiota in Hu sheep. Yeasts were isolated by picking up colonies from agar
plates, and identified by sequencing the ITS sequences. One isolate belonging to Pichia kudriavzevii
had the highest optical density among these isolates obtained. This isolate was prepared to perform an
animal feeding trial. A randomized block design was used for the animal trial. Sixteen Hu sheep were
randomly assigned to the control (CON, fed basal diet, n = 8) and treatment group (LPK, fed basal
diet plus P. kudriavzevii, CFU = 8 × 109 head/d, n = 8). Sheep were housed individually and treated
for 4 weeks. Compared to CON, LPK increased final body weight, nutrient digestibility and rumen
acetate concentration and acetate-to-propionate ratio in sheep. The results of Illumina MiSeq PE 300
sequencing showed that LPK increased the relative abundance of lipolytic bacteria (Anaerovibrio spp.
and Pseudomonas spp.) and probiotic bacteria (Faecalibacterium spp. and Bifidobacterium spp.). For
rumen eukaryotes, LPK increased the genera associated with fiber degradation, including protozoan
Polyplastron and fungus Pichia. Our results discovered that rumen native yeast isolate P. kudriavzevii
might promote the digestion of fibers and lipids by modulating specific microbial populations with
enhancing acetate-type fermentation.

Keywords: Pichia kudriavzevii; fiber degradation; rumen fermentation; microbial community composition;
rumen native yeast

1. Introduction

The rumen contains a large number of microorganisms that ferment structural and
non-structural carbohydrates to produce volatile fatty acids (VFAs) and synthesize micro-
bial proteins for the host [1]. Microbial degradation and fermentation, which can enhance
ruminal digestion and absorption capacity and nutrient metabolism, are of central impor-
tance in ruminant nutrition [2]. Even if ruminal microorganisms are inherently efficient,
probiotics are often added during production to further improve rumen digestion, thus
increasing economic benefit.

Yeast products are widely used as probiotic additives in ruminant production [3].
Previous studies have reported that live yeast can consume ruminal oxygen and decrease
the redox potential, which favors the activity of anaerobic microorganisms [3,4]. Moreover,
the addition of yeast provides nutrients (vitamins, peptides and growth factors) for the host,
thereby stimulating the growth of ruminal microorganisms [5]. The regulation of yeast
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on ruminal microorganisms is reflected in increasing fiber-degrading and lactate-utilizing
bacteria, which improves further rumen fermentation efficiency and subsequent production
capacity [6,7]. In ruminant production, Saccharomyces cerevisiae is the most commonly used
yeast additive [8]. However, Ishaq et al. reported no change in the proportion of S. cerevisiae
in the rumen after feeding active S. cerevisiae to dairy cows, indicating that live S. cerevisiae
may not serve a functional purpose [9]. Therefore, the effectiveness of probiotics depends
on their adaptability to a specific ecosystem.

In this regard, potential probiotic yeasts can be selected from the rumen to enhance
ruminants’ adaptability [10]. The proportion of yeasts in the rumen may be more than
1 × 103 CFU/mL, which plays an important role in improving rumen functions [11].
In particular, Pichia kudriavzevii, as a rumen native yeast, accounts for the high relative
abundance of ruminal yeasts [12,13]. Results in vitro experiments have revealed that, unlike
S. cerevisiae, Pichia kudriavzevii survives well in the rumen environment [14,15]. Additionally,
it possesses fiber-degrading enzymes and the ability to utilize lactate. Feeding rumen-
derived P. kudriavzevii to dairy cows has recently been applied to increase milk production
and feed conversion rates [16,17]. However, the previous studies only focused on milk
performance, rumen bacteria and fungi in cows [16,17]. To date, the effects of rumen native
P. kudriavzevii on growth performance, ruminal microorganisms (bacteria and eukaryote)
and the fermentation parameters and digestibility of nutrients remain poorly understood
in Hu sheep.

Herein, we isolated rumen native P. kudriavzevii from Hu sheep to investigate its effect
on growth performance, ruminal fermentation, rumen bacteria and eukaryote commu-
nity and digestibility of nutrients in Hu sheep. Our study brought new insights to the
application of rumen-native yeast in future sheep production practice.

2. Materials and Methods

The protocols of this trial and the use of animals were approved by the Animal Care
and Use Committee of Nanjing Agricultural University.

2.1. Isolating, Identifying and Characterizing Yeast Isolates

Fresh rumen fluid samples were collected to isolate yeasts from the rumen fistula of
Hu sheep. The rumen fluid was 10 times gradually diluted from 10−1 to 10−5 with 0.75%
sterile saline. About 200 μL of each of the dilutions was spread on yeast agar plates consisting
(1000 mL) of yeast extract 5 g, peptone 10 g, glucose 20 g, and agar 14 g. Streptomycin sulfate
(2000 U/mL) and Penicillin potassium (1600 U/mL) used to inhibit bacteria were purchased
from Jilin Huamu Animal Health Products Co., Ltd. (Changchun, China). These agar plates
were incubated at 30 ◦C for 48 h. In total, 94 colonies were picked up, purified (3 times) and
morphologically identified [14]. Then, biomass production was evaluated in liquid medium
(per 1000 mL contained yeast extract 10 g, peptone 20 g, glucose 20 g, adenine sulfate 0.03 g) at
30 ◦C for 48 h based on optical density (OD) at 600 nm. Fourteen isolates with smooth round
colony and OD > 1.0 were finally selected. The growth curves of the 14 isolates were further
measured in liquid medium at 39 ◦C, 150 rmp for 48 h to evaluate their growth potential
in the rumen. Triplicate was set for each isolate. OD was measured at an interval of 4 h.
To identify these isolates, internal transcribed spacer (ITS) regions of fungi were sequenced
and BLAST in GenBank. The No. 8 isolate belonging to P. kudriavzevii had the highest OD
value. Therefore, isolate 8 was used to perform animal feeding experiment. A Plant/Fungi
DNA Isolation Kit (Omega Bio-Tek, Shanghai, China) was used to extract the yeast DNA
following the instructions. PCR amplification was performed targeting ITS using the primers
ITS1F/ITS4R [18]. The sequence of primer ITS1F was 5′-TCCGTAGGTGAACCTGCGG-3′,
and ITS4R was 5′-TCCTCCGCTTATTGATATGC-3. PCR was performed in 50 μL reactions
including 5× FastPfu buffer 10 μL, 2.5 mmol/L dNTPs 2 μL, each primer 1 μL, FastPfu
Polymerase (AP221-01, Tran, Beijing, China) 0.5 μL. The procedure of PCR was 95 ◦C, 5 min;
95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 45 s, 30 cycles; 72 ◦C for 10 min. The amplicons were
sequenced using a 3730XL DNA Analyzer (Applied Biosystems, Foster, CA, USA).
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Live yeast additive (4 × 108 CFU/g) was prepared using a freeze dryer (JK-FD-1N,
Shanghai Jingke Scientific Instrument Co., Ltd., Shanghai, China). Prior to freeze-drying,
10% glycerine and 12% trehalose were mixed with the culture of isolate 8, which had been
incubated at 30 ◦C, 48 h. The procedure of freeze-drying was −50 ◦C, 90 min; −40 ◦C,
60 min; −30 ◦C, 60 min; −20 ◦C, 60 min; −10 ◦C, 60 min; 0 ◦C, 180 min; 10 ◦C, 300 min;
20 ◦C, 180 min; 30 ◦C, 180 min; 30 ◦C, 300 min. Finally, 5000 g of live yeast additive was
stored under seal at 4 ◦C until use.

2.2. Animal Trial

The animal trial was carried out from January to February 2021, at a sheep farm in
Huzhou, China. Randomized block design was used in this study. Sixteen healthy Hu
sheep (Age (mean ± SD) = 108 ± 5 d, Body weight = 28.32 ± 0.71 kg) were randomly
assigned into CON and LPK groups. Sheep assigned to CON were fed a basal ration (n = 8).
Sheep assigned to LPK were fed a basal ration plus live yeast additive (20 g/d/head, n = 8).
All sheep were housed individually (pen, 0.9 m × 1.5 m), and fed twice at 08:00 am and
5:00 pm every day. Free access to water was given. Approximately 5% feed residual was
allowed to reduce sorting. The adaptation period was 1 week, and the treatment period
was 4 weeks. All sheep were fed pelleted rations. Live yeast was first mixed with a 10 g
corn meal. Then, the mixture was dressed on the top of basal diet in the LPK group. In
the CON group, only 10 g of corn meal was dressed on the top of basal diet. The basal
ration was formulated according to NY/T 816-2004 (Ministry of Agriculture of China, 2004),
which met the requirements of 300 g/d of weight gain for sheep weighing 30 kg (Table 1).

Table 1. Composition and nutrient levels of diets.

Items Content

Ingredient (air-dried basis)
Mushroom residue 1 10.00

Maize 40.00
Soybean meal 10.00

Corn germ meal 10.00
Barley malt sprouts 5.50

Barley peel 10.00
Rice husk 6.00
Rice bran 3.50

NaCl 0.80
Dicalcium phosphate 0.80

Limestone meal 1.40
Mineral and vitamin mixture 2 2.00

Total 100.00
Nutrient level (dry matter basis) -

Metabolic energy (ME) 3 (MJ·kg−1) 11.01
Dry matter (DM), % 87.42

Crude protein (CP), % 14.00
Ether extract (EE), % 3.12

Neutral detergent fiber (NDF), % 43.16
Acid detergent fiber (ADF), % 23.55

Crude ash (Ash), % 9.54
Calcium (Ca), % 1.30

Phosphorus (P), % 0.40
1 Flammulina velutipes residue: the remaining cultivation substrate after the harvest of F. velutipes, containing
moisture 5.59%, CP 12.7%, NDF 45.2%, ADF 22.3%, EE 1.8%, and Ash 11.6%. 2 Mineral and vitamin mixture was
composed of Fe, 3.5 g; Zn, 4.5 g; Cu, 2.0 g; Mn, 3.0 g; Co, 80 mg; I, 140 mg; Se, 40 mg; vitamin A, 550,000 IU;
vitamin D, 48,000 IU; vitamin E, 2000 IU. 3 ME was the calculated value [19].

All sheep were weighed before morning feeding on day 1 and 28 during the treatment
period. The feed given and orts were recorded every day. Average daily gain (body weight
gain divided by no. of days) and feed efficiency (DMI/BW gain, kg/kg) were calculated.
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2.3. Sample Collection

Feed samples were collected weekly. Rectum contents (fecal samples) were collected
on day 26, 27 and 28. The mL sulfuric acid solution (concentration, 10%) was added to each
100 g fecal sample to fix nitrogen. Finally, all fecal samples from each sheep were mixed
and stored at −20 ◦C.

Rumen contents were sampled on day 28 using an oral tube (Wuhan Kelibo Equip-
ment Co., Ltd., Wuhan, China) at 4 h after morning feeding. In order to avoid saliva
contamination, discard the first 50 mL of rumen content [20]. A portable pH meter (HI
9024C; HANNA Instruments, Woonsocket, RI) was used to determine rumen content. pH.
Five mL of rumen content was preserved at −80 ◦C for subsequent microbiota assays. The
remaining rumen content was filtrated through four layers of gauze. The filtrate was con-
served at −20 ◦C for further measuring VFAs, ammonia nitrogen (NH3-N) and microbial
crude protein (MCP).

2.4. Chemical Analysis

The DM of feed and feces samples was measured [21]. The samples were firstly dried
at 65 ◦C for 48 h, then dried at 105 ◦C for 3 h using an air-drying oven. CP was measured
using a Kjeldahl apparatus (Kjeltec 8400, Shenzhen, China), with a pretreated process by
copper sulfate and concentrated sulfuric acid [21]. EE was measured using a Soxhlet extrac-
tor with anhydrous ether as an extractant [21]. NDF and ADF were measured using a fiber
analyzer (ANKOM200, ANKOM Technologies, Macedon, NY, USA) by washing with neu-
tral detergent, anhydrous sodium sulfite and α-amylase, and acid detergent [22]. The total
tract apparent digestibility (TAD) was measured using acid insoluble ash (AIA) as an inte-
rior label [23]. AIA was measured using a muffle furnace (Sx2-4-10N, Tianjin China) with a
process treated by hydrochloric acid. The VFAs were measured using a GC-14B (Shimadzu,
Shijota, Japan) [24]. Crotonic acid solution was mixed with samples as internal standard.
Lactate was determined with sulfuric acid, copper sulfate and p-hydroxybiphenyl [25].
Ammonia nitrogen was determined using the indophenol method [26]. MCP was measured
using a colorimetric method [27].

2.5. Microbial DNA Extraction, Sequencing and Data Analysis

Microbial DNA of the rumen content (200 mg) was extracted using an E.Z.N.A. Soil
DNA kit (Omega Bio-Tek, USA) combining a bead-beating process. The bacterial sequencing
was targeted on the V3 and V4 regions of 16S rRNA genes. The primers’ sequences were 341F
(5′-CCT AYG GGR BGC ASC AG-3′) and 806R (5′-GGA CTA CNN GGG TAT CTA AT-3′) [28].
Primers for amplifying eukaryotic 18S rRNA genes included TAReukaseFWD1 (5′-CCA GCA
SCY GCG GTA ATT CC-3′) and TAReukREV3 (5′-ACT TTC GTT CTT GAT YRA-3′) [29]. PCR
amplicons were sequenced on an Illumina MiSeq PE 300 platform in Shanghai BIOERON
Biotech. Co., Ltd. (Shanghai, China).

Paired-end reads were merged using FLASH (version 1.2.7) [30]. Then, reads were
assigned into amplicon sequence variants (ASVs) at 100% identical similarity using DADA2.
The representative ASV sequences were identified by SILVA (138.1) and classified into
specific databases of bacteria (16S rRNA sequencing), protozoa and fungi (18S rRNA
sequencing). The abundance of microbial communities was tested for significance based on
the method of the non-parametric test (Mann–Whiney U) using SPSS (v. 25). Alpha diversity
(Chao 1 indices, ACE indices and Shannon indices) was calculated using QIIME2 [31]. The
PCA was implemented in the R program (v. 3.6.1) based on Bray–Curtis distance. The
analysis of similarities (ANOSIM) was determined for the difference between the CON and
LPK groups. The correlations among P. kudriavzevii, VFAs’ concentration and the microbial
relative abundance were assessed by Spearman’s test.

2.6. Statistical Analysis

The data of the growth performance, digestibility and rumen fermentation were
analyzed with a general linear model (single variable) by SPSS (v. 25, SPSS Inc., Chicago,
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IL, USA). Fixed factors were group and treatment. Covariant was the initial body weight
of sheep. The data of microbes were analyzed by the nonparametric test (Kruskal–Wallis).
The post hoc test was performed by independent samples test to evaluate the difference
between any two groups. A significant level was indicated at p < 0.05.

3. Results

3.1. Growth Curve of Yeast Isolates

The growth curve of 14 yeast isolates was determined (Figure 1). From 8 to 24 h after
inoculation, these isolates entered the logarithmic growth phase, then entered the stable
growth phase after 32 h of inoculation. Isolate 8 had the fastest growth rate and highest OD
value, and formed white smooth colonies with elliptical edges and a convex center. The
sequence of the ITS region showed that isolate 8 belonged to P. kudriavzevii.

Figure 1. Growth curves of 14 rumen-derived yeast strains incubated for 48 h at 39 ◦C and 150 rmp
in a culture-shaker under aerobic conditions.

3.2. Animal Performance and Nutrient Digestibility

LPK did not affect DMI (p = 0.906), initial BW (p = 0.292), ADG (p = 0.906) and feed
efficiency (p = 0.300). The final BW was significantly increased in LPK compared to CON
(p = 0.033, Table 2). The digestibility of DM (p = 0.033), EE (p = 0.010), NDF (p = 0.003) and
ADF (p = 0.005) in LPK was higher than CON, but CP was not affected (p = 0.121, Table 3).

Table 2. Effects of live Pichia kudriavzevii on growth performance of Hu sheep 1.

Items CON LPK p-Value

Dry matter intake, g/d 1519.06 ± 21.95 1551.13 ± 23.29 0.906
Initial body weight, kg 27.97 ± 0.99 28.66 ± 1.08 0.292
Final body weight, kg 34.90 ± 1.01 36.23 ± 0.93 0.033

Average daily gain, g/d 241.33 ± 19.31 266.83 ± 14.81 0.906
Feed efficiency 6.07 ± 0.45 5.81 ± 0.50 0.300

1 The values are present as means ± SEM.

Table 3. Effects of live Pichia kudriavzevii on nutrient digestibility of Hu sheep 1 (%).

Items CON LPK p-Value

Dry matter 60.62 ± 0.37 64.41 ± 1.46 0.033
Crude protein 60.50 ± 1.85 64.68 ± 1.16 0.121
Ether extract 58.08 ± 2.65 67.56 ± 1.41 0.010
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Table 3. Cont.

Items CON LPK p-Value

Neutral detergent fiber 44.38 ± 1.26 51.44 ± 1.28 0.003
Acid detergent fiber 37.65 ± 1.35 45.5 ± 1.63 0.005

1 The values are present as means ± SEM.

3.3. Rumen Fermentation Parameters

The concentrations of acetate (p < 0.001), total VFAs (p = 0.005) and the acetate-to-
propionate ratio (p = 0.011) were higher in the LPK group. However, ruminal pH (p = 0.618)
and concentrations of NH3-N (p = 0.466), lactate (p = 0.988), MCP (p = 0.562) and other
VFAs (p > 0.05) were not affected by treatment (Table 4).

Table 4. Effects of live Pichia kudriavzevii on rumen fermentation parameters of Hu sheep 1.

Items CON LPK p-Value

Rumen pH 6.30 ± 0.08 6.18 ± 0.39 0.618
Ammonia, mg/dL 19.23 ± 1.97 21.68 ± 2.27 0.466

Microbial crud protein, mg/dL 43.55 ± 0.04 38.69 ± 0.06 0.562
Lactate, mmol/L 0.26 ± 0.02 0.26 ± 0.02 0.988
Acetate, mmol/L 40.73 ± 1.67 52.08 ± 2.02 <0.001

Propionate, mmol/L 24.42 ± 2.15 20.94 ± 0.91 0.137
Isobutyrate, mmol/L 0.17 ± 0.05 0.29 ± 0.05 0.098

Butyrate, mmol/L 16.27 ± 1.26 17.36 ± 1.03 0.444
Isovalerate, mmol/L 0.47 ± 0.08 0.47 ± 0.05 0.997

Valerate, mmol/L 1.77 ± 0.20 1.56 ± 0.15 0.382
Acetate/propionate 1.76 ± 0.19 2.52 ± 0.14 0.011

Total volatile fatty acids, mmol/L 83.84 ± 2.58 92.69 ± 1.72 0.005
1 The values are present as means ± SEM.

3.4. Rumen Microbial Community Diversity

PCoA analysis showed that LPK did not separate the rumen bacterial communities
from CON. (ANOSIM: R = 0.082, p = 0.174; Figure 2A). However, there were clear segre-
gation and dissimilarities for ruminal protozoa (ANOSIM: R = 0.423, p = 0.001; Figure 2B)
and fungi (ANOSIM: R = 0.326, p = 0.002; Figure 2C).

Figure 2. Principal coordinate analysis (PCoA) of rumen bacteria (A), protozoa (B), and fungi (C)
based on operational taxon data. Control (CON) group (blue circle), live Pichia kudriavzevii (LPK)
group (red circle).
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The α-diversity was shown in Table 5. For bacteria, the richness was higher in LPK than
CON (Observed ASVs, p = 0.029; Chao 1, p = 0.030). However, LPK did not affect the Shannon
(p = 0.110) and Simpson index (p = 0.213). For eukaryotes, LPK did not affect the α-diversity.

Table 5. Effects of live Pichia kudriavzevii on microbial community diversity in the ruminal content of
Hu sheep 1.

Item CON LPK p-Value

Rumen bacteria
Observed ASVs 2 167.38 ± 17.58 230.75 ± 19.12 0.029

Coverage 1.00 ± 0.0002 1.00 ± 0.0002 0.255
Chao 1 170.38 ± 18.50 234.25 ± 18.93 0.030

Shannon 3.24 ± 0.26 3.80 ± 0.20 0.110
Simpson 0.15 ± 0.04 0.09 ± 0.02 0.213

Rumen protozoa
Observed ASVs 11.00 ± 2.30 10.50 ± 1.09 0.847

Coverage 0.98 ± 0.01 0.98 ± 0.003 0.618
Chao 1 13.13 ± 3.01 11.38 ± 1.12 0.600

Shannon 1.41 ± 0.30 1.52 ± 0.16 0.740
Simpson 0.43 ± 0.11 0.34 ± 0.06 0.512

Rumen fungi
Observed ASVs 24.38 ± 3.18 23.38 ± 1.53 0.781

Coverage 0.98 ± 0.01 0.98 ± 0.003 0.868
Chao 1 28.00 ± 4.53 29.00 ± 4.74 0.881

Shannon 2.20 ± 0.13 2.28 ± 0.08 0.597
Simpson 0.20 ± 0.03 0.16 ± 0.01 0.148

1 The values are presented as means ± SEM; 2 ASVS = Amplicon Sequence Variants.

3.5. Rumen Microbiota Composition

The dominant phyla were Bacteroidetes, Firmicutes and Proteobacteria in the two
groups, accounting for about 93% to 97% of the total phyla, respectively. Thirty domi-
nant genera were > 0.5% in proportion. The first three dominant bacterial genera were
Ruminococcus, Selenomonas and Prevotella. The relative abundance of Anaerovibrio (p = 0.028),
Pseudomonas (p = 0.028), Faecalibacterium (p = 0.001) and Bifidobacterium (p = 0.038) was higher
in LPK than CON. While the percentages of Pseudoscardovia (p = 0.011) and Syntrophococcus
(p = 0.035) were lower in LPK (Figure 3B).

Figure 3. The bacterial community in the rumen of Hu sheep: (A) The mean relative abundance of
phylum ≥ 0.5% in at least one group is present. (B) The mean relative abundance of genus ≥ 0.5%
in at least one group is present. Error bars, SEM. *, p < 0.05. CON = control group; LPK = live
Pichia kudriavzevii group.
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All protozoa identified belonged to the phylum Ciliophora. At the genus level, En-
todinium was the most abundant genus, accounting for 60.25% and 77.14% in LPK and
CON, respectively. The relative abundances of Polyplastron (p = 0.002) and unclassified Tri-
chostomatia (p = 0.004) were higher in LPK than CON, while the percentage of unclassified
Hypotrichia was lower in LPK (p = 0.032, Figure 4B).

Figure 4. The rumen protozoa community in Hu sheep: (A) The mean relative abundance of
phylum ≥ 1% in at least one group is present. (B) The mean relative abundance of genus ≥ 1% in
at least one group is present. Error bars, SEM. * p < 0.05. CON = control group; LPK = live Pichia kudri-
avzevii group.

For the rumen fungi, the dominant phyla were Ascomycota and Basidiomycota,
accounting for more than 99% of the total phyla. The relative abundance of Ascomycota
was higher in LPK than CON (p = 0.003; Figure 5A), while Basidiomycota was lower in
LPK (p = 0.003; Figure 5A). The dominant genera (the relative abundance > 1%) were
Kurtzmaniella Candidaclade, Pichia and the Clavispora-Candida clade. The relative abundance
of Pichia was higher in LPK than in CON (p = 0.012; Figure 5B).

Figure 5. The rumen fungal community in Hu sheep: (A) The mean relative abundance of phylum ≥ 1%
in at least one group is present. (B) The mean relative abundance of genus ≥ 1% in at least one group is
present. Error bars, SEM. * p < 0.05. CON = control group; LPK = live Pichia kudriavzevii group.
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3.6. Correlation Analysis

Spearman correlation analysis was performed among P. kudriavzevii, rumen VFAs and
microorganisms (the top 10 bacteria, fungi and protozoa based on relative abundance at
genus level). For the bacteria (Figure 6), the abundance of Prevotella was negatively correlated
with the concentration of propionate (R = −0.65; p = 0.007) and positively correlated with
the acetate-to-propionate ratio (R = 0.676; p = 0.005). Selenomonas (R = 0.673; p = 0.005) and
Anaerovibrio (R = 0.682; p = 0.004) were positively correlated with the concentration of total
VFA. Unclassified Clostridia UCG-014 had a positive correlation with butyrate concentration
(R = 0.597; p = 0.016). For the protozoa, Polyplastron (R = 0.809; p < 0.001) was positively
correlated with P. kudriavzevii and had a positive correlation with acetate concentration
(R = 0.567; p = 0.022) and acetate-to-propionate ratio (R = 0.547; p = 0.028). Oxytricha was
positively associated with the concentration of valerate (R = 0.199; p = 0.049), and Acineta
was negatively associated with the acetate-to-propionate ratio (R = −0.524; p = 0.037). For
the fungi, P. kudriavzevii showed a positive correlation with Pichia (R = 0.924; p < 0.001) and
negatively correlated with Malassezia (R = −0.668; p = 0.005), whereas Pichia was positively
linked with the acetate concentration (R = 0.661; p = 0.005) and acetate-to-propionate ratio
(R = 0.595; p = 0.015). Candida was negatively correlated with the concentration of Valerate
(R = −0.571; p = 0.020). There was a negative correlation between the Kazachstania-Candida
clade and the Propionate concentration (R = −0.508; p = 0.044) (Figure 6).

Figure 6. Spearman rank correlation analysis between rumen microbial community (top 10 relative
abundance at the genus level of bacteria, protozoa and fungi), Pichia kudriavzevii and rumen volatile
acids. Red, positive; blue, negative. * p < 0.05.

4. Discussion

In the present study, the function of rumen native yeast P. kudriavzevii was investigated
through animal in vivo and in vitro experiments. It had been reported that the growth
of yeast was affected by species, oxygen, nutrients, temperature and other aspects [32].
Under a healthy physiological state, the rumen temperature is maintained at 38.5 to 40 ◦C.
Therefore, the biomass production capability of the obtained isolates was evaluated at 39 ◦C
in the present study. Isolate 8 grew rapidly and had a relatively high OD value, suggesting
that this isolate would grow faster and have greater biomass in rumen conditions. It was
identical to the previous report by Suntara et al. [15]. Therefore, we predicted that isolate 8
(Pichia kudriavzevii) would maintain activity in the rumen environment and regulate rumen
microbial composition.

Isolate 8 elevated the concentrations of acetate and total VFA, which were consistent with
previous studies [33,34]. Since VFA produced by microbial fermentation on carbohydrates
in the rumen provides more than 70% of the host’s energy requirements [35], a higher con-
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centration of total VFA would be expected to provide more energy to the body. An increased
concentration of acetate may hint at an enhanced ability to digest structural carbohydrates [36].
This observation corresponded to the increase in nutrient digestibility. Isolate 8 feeding in-
creased the digestibility of nutrients, which was identical to the previous studies on other yeast
products, such as Saccharomyces cerevisiae [34,37]. Therefore, isolate 8 feeding may promote
fiber degradation and acetate fermentation by regulating rumen microbiota.

To further explore the effects of isolate 8 on the rumen microbiota, we focused on the
bacterial, protozoal and fungal communities, which were the main fermentation microbial
populations. Isolate 8 feeding increased bacterial richness, which was consistent with the
studies using commercial S. cerevisiae on dairy cows [38]. Isolate 8 increased the relative
abundance of Anaerovibrio, which plays an important role in rumen lipid degradation [39].
By producing extracellular lipase, Anaerovibrio decomposes lipids and glycerol into free
VFAs [40,41]. This result may explain the increased digestibility of EE by isolate 8. The
biomass of P. kudriavzevii is rich in glycerol [42], which might be used as a substrate to
promote the growth of Anaerovibrio. Our data showed that isolate 8 feeding increased the
relative abundance of Pseudomonas, which can perform functions including hydrocarbon
degradation, xenobiotic degradation, nitrification, denitrification, cellulose degradation
and lipolysis [43–45]. The higher proportion of Pseudomonas may improve feed digestibility
in Hu sheep. In addition, isolate 8 feeding also promoted the growth of two probiotics,
Faecalibacterium and Bifidobacterium. Faecalibacterium can reduce the severity of inflammation
and enhance intestinal barrier function by releasing metabolites [46], while Bifidobacterium
can stimulate and maintain the intestinal mucosal barrier and immune response and also
produce a series of beneficial metabolic substrates to prevent the attachment of pathogens,
which exerts positive effects in the intestinal tract of young animals [47]. An improvement
in the relative abundance of Bifidobacterium can reduce the risk of disease and improve
animal performance [48]. Taken together, these findings showed that isolate 8 feeding
improved ruminal digestion of lipids and increases the abundance of probiotics.

Tripathi and Karim reported that feeding yeast increased rumen ciliates [49]; although,
some studies also have shown the opposite results [50]. In the current study, isolate 8 feeding
promoted the growth of the dominant genera of protozoa, Polyplastron and unclassified Tri-
chostomatia, and decreased the relative abundance of unclassified Hypotrichia. As common
rumen protozoa, Polyplastron is capable of producing cellulase and xylanase to decompose
structural polysaccharides such as cellulose and hemicellulose [51], contributing to the degra-
dation of fibers in the LPK group. Therefore, our study suggested that isolate 8 enhanced the
relative abundance of ruminal-specific protozoa to promote fiber degradation.

Only a few studies, to date, have investigated the effects of yeast on the community of
rumen fungi [16]. Chaucheyras-Durand believed that the addition of yeast can promote
the fixation of fungi in feed pellets and thus affect the digestive degradation of fiber in
the rumen [52]. Isolate 8 increased the relative abundance of Ascomycota and decreased
Basidiomycota. Isolate 8 also increased the relative abundance of Pichia. The increase in
p. kudriavzevii was the crucial factor for the increase in Pichia. As a fiber-degrading fungus,
P. kudriavzevii can help the host to degrade cellulose, which was identical to the results of
the correlation analysis. Pichia was positively correlated with the acetate concentration and
acetate-to-propionate ratio. Even though the activity of isolate 8 was not measured in the
rumen of Hu sheep, taking all the results into consideration, isolate 8 might have a high
potential to survive and exert beneficial effects through interacting with native microbiota
in the rumen [4]. In addition, the high biomass of P. kudriavzevii might provide rumen
microorganisms with rich nutrients such as organic acids, peptides and amino acids [3].

5. Conclusions

A P. kudriavzevii isolate was obtained from the rumen of sheep. Live P. kudriavzevii
feeding promoted the performance of rumen acetate-type fermentation and digestibility
of nutrients in Hu sheep. P. kudriavzevi enhanced specific ruminal microbial populations,
including lipolytic bacteria (e.g., Anaerovibrio spp. and Pseudomonas spp.), probiotic bacteria
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(e.g., Faecalibacterium spp. and Bifidobacterium spp.) and fiber-degrading eukaryotes (e.g.,
Pichia spp. and Polyplastron spp.). Therefore, rumen native yeast P. kudriavzevii has a high
potential for use in sheep production.
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