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Preface to ”Fungi and Fungal Metabolites for the

Improvement of Human and Animal Nutrition and

Health”

Fungi comprise 1, 2, 3, ..., or maybe around 5.1 million species? Even scientists do not currently

agree on how many fungi species may be found on planet Earth, with only around 120,000 having

been described so far. Fungi have been classified as a separate kingdom of organisms, as complex

and diverse as plants and animals, of which only a few percent have been named and described.

Fungal biomasses and fungal metabolites share a long common history with human and animal

nutrition and health. Macrofungi and filamentous fungi constitute a large portfolio of proteins,

lipids, vitamins, minerals, oligo elements, pigments, colorants, bioactive compounds, antibiotics,

pharmaceuticals, etc. For example, industrially important enzymes and microbial biomass proteins

have been produced from fungi for more than 50 years. Some start-ups convert byproducts and side

streams rich in carbohydrates into a protein-rich fungal biomass. This biomass can then be processed

into a vegan meat substitute for food applications. In recent years, there has also been a significant

increase (in fact, a significant revival) in the number of publications in the international literature

dealing with the production of lipids by microbial sources (the single-cell oils (SCO) that are produced

by the so-called “oleaginous”microorganisms, including “oleaginous”fungi such as zygomycete

species, e.g., Cunninghamella echinulata and Mortierella isabellina). Fungi are potential sources of

polyunsaturated fatty acids (PUFA), as these microorganisms can accumulate large amounts of

high-valued PUFAs, such as gamma-linolenic acid (GLA) and arachidonic acid (ARA).

The purpose of this Special Issue of Journal of Fungi (MDPI) was not to provide a comprehensive

overview of the vast arena of how fungi and fungal metabolites are able to improve human and

animal nutrition and health; rather, we, as Guest Editors, wished to encourage authors working in

this field to publish their most recent work in this rapidly growing journal in order for the large

readership to appreciate the full potential of wonderful and beneficial fungi. Thus, this Special Issue

welcomed scientific contributions on applications of fungi and fungal metabolites, such as bioactive

fatty acids, pigments, polysaccharides, alkaloids, terpenoids, etc., with great potential in human and

animal nutrition and health.

Laurent Dufossé, Mireille Fouillaud, Yanis Caro

Editors

xi
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Fungi: 1, 2, 3, ... 5.1 million species? Even scientists do not currently agree on how
many fungi there might be on the planet Earth but only about 120,000 have been described
so far [1]. They have been grouped into a separate kingdom of organisms, as complex
and diverse as plants and animals, of which only a small percentage have been named
and described. Fungal biomasses and fungal metabolites have a long common history
with human and animal nutrition and health. Macro fungi and filamentous fungi bring a
large portfolio of proteins, lipids, vitamins, minerals, oligo elements, pigments, colorants,
bioactive compounds, antibiotics, pharmaceuticals, etc. For example, industrially important
enzymes and microbial biomass proteins have been produced from fungi for more than
50 years. Some start-ups convert by-products and side-streams rich in carbohydrates into a
protein-rich fungal biomass. The biomass is then processed into a vegan meat substitute for
food applications. The last years there has also been a significant rise (in fact, a significant
revival) in the number of publications in the international literature dealing with the
production of lipids by microbial sources (the “single cell oils; SCOs” that are produced
by the so-called “oleaginous” microorganisms, including “oleaginous” fungi, such as the
zygomycete species, e.g., Cunninghamella echinulata and Mortierella isabellina). Fungi are
potential sources of polyunsaturated fatty acids (PUFAs) as these microorganisms can
accumulate large amounts of high-valued PUFAs, such as gamma-linolenic acid (GLA) and
arachidonic acid (ARA).

The objective of the invitation to contribute to this MDPI Fungi Special Issue was not to
give a complete coverage of how fungi and fungal metabolites are able to improve human
and animal nutrition and health. We, as co-guest editors, simply wanted to encourage
authors working in this field to publish their most recent work in a rapidly expanding
journal, in order to make a large audience discover the full potential of wonderful and
beneficial fungi. Thus, this Special Issue welcomes 22 scientific contributions (13 original
research papers and 9 reviews) on applications of fungi and fungal metabolites, such as
bioactive fatty acids, pigments, polysaccharides, alkaloids, terpenoids, etc., with great
potential in human and animal nutrition and health.

Three original research papers investigate the advantages of using probiotics and
living fungi in feed. Kanpiengjiai et al. [2] provide insights into a potential multifunctional
probiotic yeast in aquaculture produced from Sporidiobolus ruineniae cultivated in tannin

J. Fungi 2021, 7, 274. https://doi.org/10.3390/jof7040274 https://www.mdpi.com/journal/jof
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substrate. Sporidiobolus ruineniae A45.2, a carotenoid-producing yeast, was able to co-
produce cell-associated tannase (CAT), gallic acid and viable cells with antioxidant activity
when grown in a tannic acid substrate. Furthermore, viable cells were characterized
by moderate hydrophobicity, high auto-aggregation and moderate co-aggregation with
Staphylococcus aureus, Salmonella ser. thyphimurium and Streptococcus agalactiae. In another
aspect of yeasts in animal feed, Keller et al. [3] investigate the gas-formation potential of
yeasts present in liquid swine diets. Yeasts are said to cause sudden death in swine due to
intestinal gas formation. As not all animals given high yeast content feed fall ill, growth
and gas formation potential at body temperature were investigated as possible causally
required properties. Most Candida krusei isolates formed high gas amounts within 24-h,
whereas none of the Candida lambica, Candida holmii or most of the other isolates did. The
gas pressure formed by yeast isolates varied more than tenfold. Only a minority of the
yeasts were able to produce gas at temperatures common in the pig gut. Moving to dairy
sheep milk performance, Mavrommatis et al. [4] evaluate the dietary administration of
Saccharomyces cerevisiae live yeast on milk performance and composition, oxidative status of
both blood plasma and milk, and gene expression related to the immune system of lactating
ewes during the peripartum period. In conclusion, the dietary supplementation of ewes
with S. cerevisiae improved the energy utilization and tended to enhance milk performance
with simultaneous suppression of mRNA levels of pro-inflammatory genes during the
peripartum period. Of course, fungi may also have an impact on human nutrition and
health. Nguyen et al. [5] focus on Monascus purpureus, a filamentous fungus known for its
fermentation of red yeast rice, that produces the metabolite monacolin K used in statin
drugs to inhibit cholesterol biosynthesis. In their study, they show that active cultures
of M. purpureus CBS 109.07, independent of secondary metabolites, use the mechanism
of cholesterol assimilation to lower cholesterol in vitro. The findings demonstrate that
active growing of M. purpureus CBS 109.07 can assimilate cholesterol, removing 36.38%
of cholesterol after 48-h of incubation at 37 ◦C. The removal of cholesterol by resting or
dead M. purpureus CBS 109.07 was not significant, with cholesterol reduction ranging
from 2.75%–9.27% throughout a 72-h incubation. Cholesterol was also not shown to be
catabolized as a carbon source.

The World Health Organization (WHO; Geneva, Switzerland) has established an
urgent pathogen list of antibiotic-resistant bacteria to guide the research, discovery, and
development of new antibiotics. This list includes carbapenem-resistant Pseudomonas aerug-
inosa, Enterobacteriaceae, and third generation cephalosporin-resistant bacteria as critical
priorities as a result of the continuous and indiscriminate use of antibiotics, not only in the
treatment of human diseases, but also in animals. This list includes antifungal compounds.
Aguilar-Pérez et al. [6] explore and compare the antibacterial activity and chemical diversity
of two endophytic fungi isolated from the plant Hyptis dilatata and cultured under different
conditions by the addition of chemical elicitors, changes in the pH, and different incubation
temperatures. A total of 34 extracts were obtained from both Pestalotiopsis mangiferae and
Pestalotiopsis microspora and were tested against a panel of pathogenic bacteria. Three active
extracts obtained from P. mangiferae were analyzed by Liquid Chromatography-Electrospray
Ionization-Quadrupole-Time of Flight-Mass Spectrometry (LC-ESI-Q-TOF-MS) to screen
the chemical diversity and the variations in composition. This allows the proposal of struc-
tures for some of the determined molecular formulas, including the previously reported
mangiferaelactone, an antibacterial compound.

Arbuscular mycorrhizal fungi interact with plants, beneficial to humans or not.
Habeeb et al. [7] highlight the integration of Arbuscular mycorrhizal fungi (AMF) and
elevated CO2 (eCO2) into agricultural procedures as an ecofriendly approach to support
the production and quality of plants. This study was conducted to investigate the effects of
AMF and eCO2, individually or in combination, on growth, photosynthesis, metabolism
and functional food value of Thymus vulgare. Results revealed that both AMF and eCO2
treatments improved photosynthesis and biomass production, however, much more pos-
itive impact was obtained by their synchronous application. Moreover, the levels of the
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majority of the detected sugars, organic acids, amino acids, unsaturated fatty acids, volatile
compounds, phenolic acids and flavonoids were further improved as a result of the syner-
gistic action of AMF and eCO2, as compared to the individual treatments.

Elicitation effects of fungal products on plants and mushrooms are screened all over
the world. Kim et al. [8] investigate the elicitation effects of alginate oligosaccharides
extracted from brown algae (Sargassum species) on β-glucan production in cauliflower
mushroom (Sparassis latifolia). Sodium alginate was refined from Sargassum fulvellum,
S. fusiforme, and S. horneri, and characterized by proton nuclear magnetic resonance spec-
troscopy. The Solid Fraction (SF) of S. fusiforme and Liquid Fraction (LF) of S. horneri were
chosen for elicitation on S. latifolia, yielding the highest β-glucan contents of 56.01 ± 3.45%
and 59.74 ± 4.49% in the stalk, respectively. Total polyphenol content (TPC), antioxidant
activities (2,2′-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical scavenging
and Superoxide dismutase (SOD)-like activity) of aqueous extracts of S. latifolia were also
greatly stimulated by alginate elicitation.

Vegetal biomass, available in large amounts on the planet, could be a source of
fungal substrate to produce useful compounds for humans, animals or plants. The project
conducted by Ibarra-Cantún et al. [9] determines the quantity of secondary metabolites
and the antioxidant activity of the extracts obtained by the solid-state fermentation of apple
and agave mezcalero bagasse over 28 days, inoculated with the Pleurotus ostreatus strain.
Solid-state fermentation (SSF) is used in enzyme and antibiotic production, bioethanol and
biodiesel as an alternative energy source, biosurfactants with environmental goals, and
the production of organic acids and bioactive compounds. The results showed a higher
presence of phenolic compounds, flavonoids, total triterpenes and antioxidant activity
in the apple bagasse from the SSF on day 21 in the extract of acetone and water (80:20
v/v), 100% methanol and aqueous; while the agave bagasse showed a significant presence
of phenolic compounds and flavonoids only in the aqueous extract. In conclusion, the
presence of secondary metabolites exhibiting antioxidant activities from the solid-state
fermentation in the residues of the cider and mezcal industry is an alternative use for
wasted raw material, and reduces the pollution generated from agro-industrial residues.

Fungal biotechnology brings much progress to humans, animals, and plants. Five
research papers illustrate this aspect by the production of lipids and pigments or colorants.
The biomass of Mucor circinelloides, a dimorphic oleaginous filamentous fungus, has a
significant nutritional value and can be used for single cell oil production. Metal ions
are micronutrients supporting fungal growth and metabolic activity of cellular processes.
Dzurendova et al. [10] study the effect of 140 different substrates, with varying amounts of
metal and phosphate ions concentration, on the growth, cell chemistry, lipid accumulation,
and lipid profile of M. circinelloides. It was observed that Mg and Zn ions were essential for
the growth and metabolic activity of M. circinelloides. An increase in Fe ion concentration
inhibited fungal growth, while higher concentrations of Cu, Co, and Zn ions enhanced the
growth and lipid accumulation. Lack of Ca and Cu ions, as well as higher amounts of Zn
and Mn ions, enhanced lipid accumulation in M. circinelloides. Generally, the fatty acid
profile of M. circinelloides lipids was quite constant, irrespective of media composition. In
a second study dedicated to lipids, Mortierella alpina was used by Slaný et al. [11] in SSF
for the bioconversion of animal fat by-products into high value fermented bioproducts
enriched with arachidonic acid (ARA). Although in general the addition of an animal fat
by-product caused a gradual cessation of ARA yield in the obtained fermented bioproduct,
the content of ARA in fungal biomass was higher. Thus, M. alpina CCF2861 effectively
transformed exogenous fatty acids from animal fat substrate to ARA. Maximum yield of
32.1 mg of ARA/g of bioproduct was reached when using cornmeal mixed with 5% (w/w)
of an animal fat by-product as substrate.

Fungal pigments and colorants tend to replace synthetic, chemical ones as consumers
request green and sustainable processing. Demand for microbial colorants is now becoming
a competitive research topic for food, cosmetics, textile, and pharmaceutics industries.
Textile dyeing is one of the most polluting aspects of the global fashion industry, devastating
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the environment and posing health hazards to humans. Many fungal genera/species are
currently in use for large-scale, industrial-scale production of pigments and colorants.
Talaromyces albobiverticillius (deep red pigment producer), Emericella purpurea (red pigment
producer), Paecilomyces marquandii (yellow pigment producer) and Trichoderma harzianum
(yellow-brown pigment producer) are discussed by Lebeau et al. [12]. Polyketide-based
pigments from fungal submerged cultures are usually extracted by conventional liquid–
liquid extraction methods requiring large volumes of various organic solvents and time.
To address this question from a different angle, the authors proposed an investigation
the use of three different aqueous two-phase extraction systems using either ammonium-
or imidazolium-based ionic liquids. Their findings led them to conclude that (i) these
alternative extraction systems using ionic liquids as the means for greener extractant
worked well for this extraction of colored molecules from the fermentation broths of the
filamentous fungi investigated; (ii) tetrabutylammonium bromide, [N4444]Br-, showed the
best pigment extraction ability, with a higher putative affinity for azaphilone red pigments;
(iii) the back extraction and recovery of fungal pigments from ionic liquid phases remained
the limiting point of the method under their selected conditions for potential industrial
applications. In another study, de Oliveira et al. [13] produce yellow-orange-red colorants
with Talaromyces amestolkiae in a stirred-tank bioreactor. The effect of the pH-shift control
strategy from 4.5 to 8.0 after 96-h of cultivation is evaluated at 500 rpm, resulting in an
improvement of natural colorant production, with this increase being more significant
for the orange and red examples, both close to four-fold. Next, the fermented broth
containing the colorants is applied to the preparation of cassava starch-based films in order
to incorporate functional activity in biodegradable films for food packaging. The presence
of fermented broth did not affect the water activity and total solids of biodegradable films
as compared with the standard. In the end, the films are used to pack butter samples
(for 45 days) showing excellent results regarding antioxidant activity. It is demonstrated
that the presence of natural colorants is obtained by a biotechnology process, which can
provide protection against oxidative action, as well as be a functional food additive in
food packing biomaterials. The last original paper and the third on fungal pigments and
colorants deals with pigments derived from spalting fungi that have previously shown
promise as textile dyes; however, their use has required numerous organic solvents with
human health implications. Palomino Agurto et al. [14] explore the possibility of using
linseed oil as a carrier for the pigment from Scytalidium cuboideum as a textile dye. Colored
linseed oil effectively dyed a range of fabrics, with natural fibers showing better coloration.
Scanning electron microscopy (SEM) revealed a pigment film over the fabric surface. While
mechanical testing showed no strength loss in treated fabric, colorfastness tests showed
significant changes in color in response to laundering and bleach exposure with variable
effects across fabric varieties. SEM investigation confirmed differences in pigmented oil
layer loss and showed variation in pigment crystal formation between fabric varieties.
Heating of the pigmented oil layer was found to result in a bright, shiny fabric surface,
which may have potential for naturally weatherproof garments.

A special issue is also an opportunity to go deeper into some scientific subjects via
reviews. The first of six published in this issue describes how fungal metabolism meets mod-
ern demands for healthy aging, functional foods, and sustainability. Takahashi et al. [15]
remind us that aging-associated, non-transmissible chronic diseases (NTCD) such as cancer,
dyslipidemia, and neurodegenerative disorders have been challenged through several
strategies including the consumption of healthy foods and the development of new drugs
for existing diseases. Consumer health consciousness is guiding market trends toward
the development of additives and nutraceutical products of natural origin. Fungi produce
several metabolites with bioactivity against NTCD as well as pigments, dyes, antioxi-
dants, polysaccharides, and enzymes that can be explored as substitutes for synthetic food
additives. Research in this area has increased the yields of metabolites for industrial appli-
cations through improving fermentation conditions, application of metabolic engineering
techniques, and fungal genetic manipulation. Several modern hyphenated techniques have

4



J. Fungi 2021, 7, 274

impressively increased the rate of research in this area, enabling the analysis of a large
number of species and fermentative conditions. Their review thus focuses on summarizing
the nutritional, pharmacological, and economic importance of fungi and their metabolites
resulting from applications in the aforementioned areas, examples of modern techniques
for optimizing the production of fungi and their metabolites, and methodologies for the
identification and analysis of these compounds.

The second review by Ye al. [16] focuses on selenium. Selenium (Se) is essential for
human health, however, Se is deficient in soil in many places all around the world, resulting
in human diseases, such as the notorious Keshan disease and Kashin–Beck disease. There-
fore, Se biofortification is a popular approach to improve Se uptake and maintain human
health. Beneficial microorganisms, including mycorrhizal and root endophytic fungi, dark
septate fungi, and plant growth-promoting rhizobacteria (PGPRs), show multiple functions,
especially increased plant nutrition uptake, growth and yield, and resistance to abiotic
stresses. Such functions can be used for Se biofortification and increased growth and yield
under drought and salt stress. The work summarizes the use of mycorrhizal fungi and
PGPRs in Se biofortification, aiming to improving their practical use.

Another way to protect humans from chemical hazards is to find biological and sus-
tainable alternatives to chemical fungicides. Zhang et al. [17] highlight this specific point
for controlling postharvest decay of fruit. Fruit plays an important role in human diet.
Whereas fungal pathogens cause huge losses of fruit during storage and transportation,
abuse of chemical fungicides leads to serious environmental pollution and endangers
human health. Antagonistic yeasts (also known as biocontrol yeasts) are promising substi-
tutes for chemical fungicides in the control of postharvest decay owing to their widespread
distribution, antagonistic ability, environmentally friendly nature, and safety for humans.
Over the past few decades, the biocontrol mechanisms of antagonistic yeasts have been
extensively studied, such as nutrition and space competition, mycoparasitism, and induc-
tion of host resistance. Moreover, combination of antagonistic yeasts with other agents or
treatments was developed to improve biocontrol efficacy. Several antagonistic yeasts are
used commercially. In the review of Zhang et al. [17], the application of antagonistic yeasts
for postharvest decay control is summarized, including the antagonistic yeast species and
sources, antagonistic mechanisms, commercial applications, and efficacy improvement.
Issues requiring further study are also discussed.

In addition to the research papers dedicated to probiotics, two reviews illustrate the
importance of this scientific field. Pais et al. [18] discuss how Saccharomyces boulardii became
so successful. Saccharomyces boulardii is a probiotic yeast often used for the treatment of
gastro-intestinal (GI) tract disorders such as diarrhea symptoms. It is genetically close
to the model yeast Saccharomyces cerevisiae and its classification as a distinct species or a
S. cerevisiae variant has long been discussed. Here, the authors review the main genetic
divergencies between S. boulardii and S. cerevisiae as a strategy to uncover the ability to adapt
to host physiological conditions by the probiotic. S. boulardii, which possesses discernible
phenotypic traits and physiological properties that underlie its success as probiotic, such as
optimal growth temperature, resistance to the gastric environment and viability at low pH.
Its probiotic activity has been elucidated as a conjunction of multiple pathways, ranging
from improvement of gut barrier function, pathogen competitive exclusion, production of
antimicrobial peptides, immune modulation, and trophic effects. This work summarizes the
participation of S. boulardii in these mechanisms and the multifactorial nature by which this
yeast modulates the host microbiome and intestinal function. The second paper assigned
to probiotics, written by Kunyeit et al. [19], summarize how probiotic yeasts can be applied
against Candida species associated infections. Superficial and life-threatening invasive
Candida infections are a major clinical challenge in hospitalized and immuno-compromised
patients. Emerging drug-resistance among Candida species is exacerbated by the limited
availability of antifungals and their associated side-effects. In the current review, authors
discuss the application of probiotic yeasts as a potential alternative/combination therapy
against Candida infections. Preclinical studies have identified several probiotic yeasts

5



J. Fungi 2021, 7, 274

that effectively inhibit virulence of Candida species, including Candida albicans, Candida
tropicalis, Candida glabrata, Candida parapsilosis, Candida krusei and Candida auris. However,
Saccharomyces cerevisiae var. boulardii is the only probiotic yeast commercially available.
In addition, clinical studies have further confirmed the in vitro and in vivo activity of the
probiotic yeasts against Candida species. Probiotics use a variety of protective mechanisms,
including posing a physical barrier, the ability to aggregate pathogens and to render
them avirulent. Secreted metabolites such as short-chain fatty acids effectively inhibit the
adhesion and morphological transition of Candida species. Overall, the probiotic yeasts
could be a promising effective alternative or combination therapy for Candida infections.

Mushrooms have been valued as food and health supplements by humans for thou-
sands of years. They are rich in dietary fiber, essential amino acids, minerals, and many
bioactive compounds, especially those related to human immune system functions. Mush-
rooms contain diverse immunoregulatory compounds such as terpenes and terpenoids,
lectins, fungal immunomodulatory proteins (FIPs) and polysaccharides. The distributions
of these compounds differ among mushroom species and their potent immune modula-
tion activities vary depending on their core structures and fraction composition chemical
modifications. Zhao et al. [20] provide insight into the current status of clinical studies on
immunomodulatory activities of mushrooms and mushroom products.

Mycotoxin is an important issue when dealing with human and animal health or
nutrition. A specific outline by Chen et al. [21] discuss sphinganine-analog mycotoxins
(SAMs). Sphinganine-analog mycotoxins (SAMs) include fumonisins from the Fusarium
genus and Alternaria alternata f. sp. lycopersici (AAL) toxins. SAMs have shown diverse
cytotoxicity and phytotoxicity, causing adverse impacts on plants, animals, and humans,
and are a destructive force to crop production worldwide. The review summarizes the
structural diversity of SAMs and encapsulates the relationships between their structures
and biological activities. The toxicity of SAMs on plants and animals is mainly attributed
to their inhibitory activity against the ceramide biosynthesis enzyme, influencing the
sphingolipid metabolism and causing programmed cell death.

With the last articles, number 21 and 22 of this Journal of Fungi special issue, we
return to fungal pigments. Fungi can produce a myriad of secondary metabolites, including
pigments. Some of these pigments play a positive role in human welfare while others are
detrimental. The review by Lin and Xu [22] summarizes the types and biosynthesis of
fungal pigments, their relevance to human health, including their interactions with host
immunity, and recent progress in studying their structure–activity relationships. Fungal
pigments are grouped into carotenoids, melanin, polyketides, and azaphilones, etc. These
pigments are phylogenetically broadly distributed. While the biosynthetic pathways for
some fungal pigments are known, the majority remain to be elucidated.

Synthetic pigments/non-renewable coloring sources used normally in the textile
industry release toxic substances into the environment, causing perilous ecological chal-
lenges. To be safer from such challenges, both academia and industry have explored the
use of natural colorants such as microbial pigments. As explained by Venil et al. [23] such
explorations have created a fervent interest among textile stakeholders in undertaking the
dyeing of textile fabrics, especially with fungal pigments. The biodegradable and sustain-
able production of natural colorants from fungal sources is comparatively advantageous to
synthetic dyes. The prospective scope of fungal pigments has emerged in the opening of
many new avenues in textile colorants for wide ranging applications.

As a concluding remark, we, the Guest Editors, wish to thank all the authors and
the reviewers for their significant contributions to this Special Issue and for making it a
highly successful and timely collection of papers. Our acknowledgements also go to the
whole MDPI team, i.e., assistant editors, editors, Editor-in-Chief, production office, website
management, etc.
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Abstract: At present, few yeast species have been evaluated for their beneficial capabilities as
probiotics. Sporidiobolus ruineniae A45.2, a carotenoid-producing yeast, was able to co-produce
cell-associated tannase (CAT), gallic acid and viable cells with antioxidant activity when grown in a
tannic acid substrate. The aim of this research study was to identify the potential uses of S. ruineniae

A45.2 obtained from a co-production system as a potential feed additive for aquaculture. S. ruineniae

A45.2 and its CAT displayed high tolerance in pH 2.0, pepsin, bile salts and pancreatin. Furthermore,
its viable cells were characterized by moderate hydrophobicity, high auto-aggregation and moderate
co-aggregation with Staphylococcus aureus, Salmonella ser. Thyphimurium and Streptococcus agalactiae.
These attributes promoted S. ruineniae A45.2 as a multifunctional probiotic yeast. In addition,
the intact cells possessed antioxidant activities in a 100–150 µg gallic acid equivalent (GAE)/mL
culture. Remarkably, the fermentation broth demonstrated higher antioxidant activity of 9.2 ± 1.8,
9.0 ± 0.9, and 9.8 ± 0.7 mg GAE/mL culture after FRAP, DPPH and ABTS assays, respectively.
Furthermore, higher antimicrobial activity was observed against Bacillus cereus, Staphylococcus aureus

and Strep. agalactiae. Therefore, cultivation of S. ruineniae A45.2 with a tannic acid substrate displayed
significant potential as an effective multifunctional feed additive.

Keywords: feed additive; probiotic; yeast; Sporidiobolus ruineniae; tannase

1. Introduction

Aquaculture is the most rapidly growing sector of food production throughout the world. Its global
demand continues to rise as it is applied to farming practices in ever-increasing proportions [1].
Industrial-scale aquaculture production is recognized as a challenge within the farming sector as it
requires sustainable and efficient technologies [2] that address concerns of potential human exposure
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to microbial diseases and the possibility of severe economic losses across the industry [3]. The use
of antibiotics is a simple approach in the control of diseases, however, excess antibiotics that are
discharged into the environment are known to be responsible for the spread of antibiotic-resistant genes
of pathogenic and commensal bacteria, all of which can lead to increases in drug resistance among
animal and human populations. The addition of additives to antibiotics, vaccines, immunostimulants,
prebiotics and probiotics, in particular, is an environmentally friendly alternative and recognized as a
sustainable strategy [2]. The Food and Agriculture Organization (FAO)/World Health Organization
(WHO) defined probiotics as live microorganisms that, when administered in adequate amounts,
confer a health benefit upon the host [4]. In terms of their potential applications in aquaculture,
yeasts are considered a second leading source of probiotics after bacteria. However, the use of probiotic
yeasts is not as popular as bacteria. Indicative of a greater potential for profit than bacterial probiotics,
yeasts are not affected by antibacterial compounds and are known to contain various immunostimulant
compounds [3,5]. However, their applicable use among a wide variety of animals is limited due to the
fact that the normal body temperature of animals is higher than the temperature for the optimal growth
of yeast. To date, two yeast species, namely Saccharomyces cerevisiae and Debaryomyces hansenii, are widely
recognized as potential probiotic yeasts [5]. Additionally, yeasts isolated from fish microbiota exhibit
certain probiotic properties. These yeast species include Candida deformans, Rhodotorula mucilaginosa,
Yarrowia lipolytica, Metschnikowia viticola and Cryptococcus laurentii [3].

Sporidiobolus ruineniae A45.2, isolated from fermented tea-leaves of northern Thailand, namely
Miang, is a pigment-producing and tannin-tolerant type of yeast [6]. It is among the range of yeasts
commonly found in the intestines of humans [7]. Based on evidence established by previous studies [6,8],
S. ruineniae A45.2 is assumed to have a unique cell wall structure that serves its tannin-tolerance and
may promote the organism as a potential probiotic yeast. On the other hand, its carotenoid pigment
is considered highly valuable in terms of the enhancement of some aquaculture pigmentations [9].
Moreover, S. ruineniae A45.2 is capable of producing thermostable and pH-stable cell-associated tannase
(CAT) and can degrade tannic acid to gallic acid [10]. Tannase is a feed additive enzyme that plays an
important role in the reduction of tannins, an antinutritional factor in animal feed. The enzymatic
degradation of tannins releases gallic acid that can be used as both an antimicrobial and an antioxidant
agent. In aquaculture feed ingredients, tannins come from plant-derived, alternate fish feed ingredients
that are used as protein sources, such as soybean meal, rapeseed meal, pea seed meal and mustard
oil cake [11]. This drawback leads to significantly decreased levels of cumulative feed intake and
digestibility [12]. However, this can be overcome by the addition of tannase.

In previous studies involving the co-production of gallic acid and CAT derived from tannins,
both cells and the culture broth rich in gallic acid may be used as a potential source of tannase and gallic
acid in the feed industry, respectively. The aims of this research study were to evaluate S. ruineniae

A45.2 for its potential to be used as a probiotic in aquaculture. Our objectives were to also investigate
the potential for fermented broth cultivated in a tannic acid substrate to be further applied as a
multifunctional feed additive. Further carotenoids produced by this yeast were also characterized.

2. Materials and Methods

2.1. Chemicals

Bile salts, 40× pancreatin, pepsin, methyl gallate, gallic acid, rhodanine, 2,4,6-Tris (2-pyridyl)-s-
triazine (TPTZ), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethylbenzothi-azoline-6-
ysulfonic acid (ABTS) and potassium persulfate were all of analytic grade and of the highest quality
available from Sigma and Sigma-Aldrich (St. Louis, MO. USA). All media used in this research study,
including yeast–malt extract broth (YMB), nutrient broth (NB), trypticase soy broth (TSB) and agar,
were purchased from HiMedia (Nashik, India).
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2.2. Microorganisms and Culture Conditions

S. ruineniae A45.2 was maintained on yeast-malt extract agar (YMA) at 4 ◦C for further use.
To prepare the seed inoculum, a single colony of yeast was inoculated in YMB and incubated at
30 ◦C on a 150 rpm rotary shaker for 15–18 h or until the optical density at 600 nm reached 2.0–3.0.
Escherichia coli TISTR 527, Salmonella ser. Thyphimurium TISTR 1472, Staphylococcus aureus TISTR 746
and Bacillus cereus TISTR 747 were maintained on nutrient agar (NA) and were grown in a nutrient
broth (NB) at 37 ◦C on a 100 rpm rotary shaker when necessary. Furthermore, Listeria monocytogenes

DMST 17303 and Streptococcus agalactiae DMST 11366 were maintained on trypticase soy agar (TSA).
These pathogenic bacteria were grown in TSB at 37 ◦C on a 100 rpm rotary shaker when necessary.

2.3. Co-Production of Gallic Acid, CAT and Viable Cells of S. ruineniae A45.2

A total of 10% (v/v) of the prepared seed inoculum was transferred into a 1 L stirred tank fermenter
(B.E. Marubishi Co. Ltd., Tokyo, Japan) with a 60% working volume of the optimized medium [10]
that contained 12.3 g/L tannic acid, 6.91 g/L glucose, 10 g/L yeast extract, 2 g/L (NH4)2SO4, 0.5 g/L
tween 80 and 1 g/L glutamate (pH 6.0). Culture conditions were administered at 30 ◦C with an aeration
rate of 1 vvm and an agitation speed of 250 rpm. After 48 h of cultivation, the cells were harvested
by centrifugation at 8000 rpm, 4 ◦C for 10 min and washed twice with phosphate buffer saline (PBS)
supplemented with 0.1% (v/v) triton X-100. The cell pellets were then resuspended in 0.85% (w/v) NaCl
to obtain a concentration of 108 cells/mL for further experimentation.

2.4. Tolerance of S. ruineniae A45.2 and Stability of Tannase at Low pH Values

A total of 0.5 mL of the prepared cell suspension (108 cells/mL) was transferred to a 125 mL
Erlenmeyer flask containing 49.5 mL of 0.85% (w/v) NaCl adjusted to pH 2.0 and 3.0 by 0.1 N HCl.
The cell suspension in PBS was then used as a control. All mixtures were incubated at 30 ◦C for 4 h.
Samples were periodically taken for measurement of viable cells by plate count technique and residual
tannase activity. Initial cell concentration and tannase activity without incubation were set to 100%.

2.5. Tolerance of S. ruineniae A45.2 and Stability of Tannase in Simulated Gastric Juice

A total of 0.5 mL of the prepared cell suspension (108 cells/mL) was transferred to a 125 mL
Erlenmeyer flask containing 49.5 mL of simulated gastric juice (0.3% (w/v) pepsin, 0.85% (w/v) NaCl,
pH 2.0). Cell suspension in PBS was used as a control. All mixtures were incubated at 30 ◦C for 4 h.
Samples were periodically taken for measurement of viable cells by plate count technique and to
determine residual tannase activity. Initial cell concentration and tannase activity without incubation
was set to 100%.

2.6. Bile Salt Tolerance of S. ruineniae A45.2 and Stability of Tannase

A total of 0.5 mL of the prepared cell suspension (108 cells/mL) was transferred to a 125 mL
Erlenmeyer flask containing 49.5 mL of solution that consisted of 0.85% (w/v) NaCl and 0.3% (w/v)
bile salts. Cells suspended with PBS were used as a control. All mixtures were incubated at 30 ◦C for
6 h. Samples were periodically taken for measurement of viable cells by the plate count technique to
determine residual tannase activity. Initial cell concentration and tannase activity without incubation
were set to 100%.

2.7. Tolerance of S. ruineniae A45.2 and Stability of Tannase in Simulated Intestinal Fluid

A total of 0.5 mL of the prepared cell suspension (108 cells/mL) was transferred to a 125 mL
Erlenmeyer flask containing 49.5 mL of simulated intestinal fluid (0.3% (w/v) bile salts, 0.3% (w/v)
pancreatin and 0.85% (w/v) NaCl). Cells suspended with PBS were used as a control. All mixtures were
incubated at 30 ◦C for 8 h. Samples were periodically taken for measurement of viable cells by plate
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count technique to determine residual tannase activity. Initial cell concentration and tannase activity
without incubation were set to 100%.

2.8. Assay of Tannase

Tannase activity was assayed using the previously described method [13]. Briefly, 50 µL of enzyme
solution was mixed with 50 µL of 12.5 mM methyl gallate in 100 mM citrate–phosphate buffer pH 6.5
and incubated at 30 ◦C. After the incubation procedure, the reaction was stopped by adding 60 µL of
0.667% (w/v) methanolic rhodanine and the mixture was left at room temperature (25 ◦C) for 5 min.
Subsequently, 40 µL of 0.5 M KOH was added to the mixture, which was then left at room temperature
for 5 min prior to adding 800 µL of distilled water. Absorbance of the mixture was measured at 520 nm.
One unit of tannase was defined as the amount of enzyme that liberated 1 µmol of gallic acid per
minute under assay conditions.

2.9. Cell Surface Hydrophobicity

Yeast adherence was determined by cell surface hydrophobicity. The cell suspension (3 mL)
(Ainitial) was transferred to a glass tube (12 × 100 mm) containing 1 mL of chloroform, agitated using a
vortex mixer for 2 min and allowed to stand at room temperature for 30 min. The optical density of the
aqueous phase (Afinal) was measured at a wavelength of 600 nm. The hydrophobicity index (HPBI)
was calculated using the following equation:

HPBI (%) = (1−
Afinal

Ainitial
) × 100

2.10. Auto-Aggregation Assay

A total of 3 mL of the yeast suspension in PBS (Ainitial) was transferred to a glass tube (12 × 100 mm),
vortexed for 10 s and incubated at 30 ◦C for 2 h. Absorbance of the upper part of the mixture
(approximately 1 mL) was measured at 600 nm (Afinal). Auto-aggregation was calculated using the
following equation:

Auto− aggregation(%) = (1−
Afinal

Ainitial
) × 100

2.11. Co-Aggregation Assay

Equal volumes (1.5 mL) of the yeast suspension (Ayeast) and pathogenic bacterium (Apathogen)
were transferred into a glass tube (12 × 100 mm), vortexed for 30 s and incubated at 30 ◦C for 2 h.
Absorbance of the upper part of the mixture (Amix) was measured at 600 nm. Co-aggregation was
calculated using the following equation:

Co− aggregation(%) = (1−
Amix

(Ayeast + Apathogen)/2
) × 100

2.12. Adherence of Bacteria onto Yeast Cells

Adhesion of bacteria onto yeast cells was accomplished by mixing 1 mL of the yeast suspension
(108 cells/mL) in PBS and 1 mL of each pathogenic bacteria (108 cells/mL). The specimens were then
incubated at 30 ◦C. After 2 h of incubation, 10 µL of the mixture was smeared onto a microscopic
slide for Gram-staining [14]. The Gram-stained slide was then used to visualize the adherence of the
bacteria onto the yeast cells under a phase-contrast light microscope. The pathogenic bacteria used
in the adherence test were B. cereus, E. coli, Sal. Thyphimurium, Staph. aureus, L. monocytogenes and
Strep. agalactiae.
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2.13. Determination of Antimicrobial Activity

The agar well diffusion method was used to determine antagonistic activity of culture
broth obtained from the co-fermentation and fermentation in YMB. Briefly, an overnight culture
(approximately 106–108 CFU/mL) of the pathogenic bacteria was swabbed onto an NA plate for
B. cereus, E. coli, Sal. Thyphimurium and Staph. aureus and a TSA plate for L. monocytogenes and
Strep. agalactiae. The wells were prepared by being punched with a 6 mm diameter sterile cork-borer
and were filled with 50 µL of sterile culture broth or 50 µg/mL of chloramphenicol as the positive
control. The plates were incubated at 30 ◦C for 18 h.

2.14. Analysis of Carotenoids

The previously obtained cell pellet of S. ruineniae A45.2 was lyophilized into a dry cell for carotenoid
extraction. The freeze-dried cell (0.25 g) was then placed into a screw-cap glass tube (25 × 150 mm)
containing 10 mL of acetone and 30 g of glass beads. Cell disruption was carried out through vigorous
mixing for 10 min at room temperature. The mixture was filtered through filter paper to collect the cell
extract and then centrifuged at 10,000 rpm for 10 min for the purposes of clarification. To quantify total
carotenoids, absorbance of the clear extract was measured at 485 nm. The total carotenoid content
of the yeast cells was calculated based on the extinction coefficient (E1%

1 cm) of 2680 and expressed in
terms of total carotenoids (µg)/g dry cell weight. To determine the carotenoid composition, individual
carotenoids were separated by Mightysil RP-18 GP prepacked column (150 × 2.0 mm; Kanto Chemical
Co., Inc., Tokyo, Japan) equilibrated with a solution of methanol/acetonitrile (90:10 v/v). The conditions
were carried out at 30 ◦C with a flow rate of 1.0 mL/min. The separated carotenoids were detected using
a UV detector at 485 nm. Meanwhile, the evaporated cell extract was resuspended in acetone. This was
then spotted on a thin layer chromatography (TLC) Silica gel plate (Silica gel 60 F254, Merck Millipore,
Germany) and developed in a chamber containing hexane/acetone (70:30 v/v). The pigments separated
by TLC were recovered and dissolved in acetone for measurement of the wavelength of maximum
absorbance (λmax) using a UV-visible spectrophotometer.

2.15. Assay of Antioxidants

A culture of S. ruineniae A45.2 obtained from the co-production system was harvested by
centrifugation at 8000 rpm for 10 min. The cell pellet was washed twice with PBS solution, suspended in
the same solution and the fermented broth was then collected. Both intact cells and cell-free extract were
determined for antioxidant activity using three different methods, including ferric-reducing antioxidant
power (FRAP), DPPH free-radical-scavenging activity and ABTS free-radical-scavenging activity.

For the FRAP assay, the FRAP reagent consisted of 300 mM acetate buffer pH 3.6, a solution of
10 mM TPTZ in 40 mM HCl and 20 mM FeCl3 at a ratio of 10:1:1 (v/v/v). The sample solution (0.10 mL)
was mixed thoroughly with 3.40 mL of the FRAP reagent for 30 min prior to measuring the absorbance
at 593 nm. A standard curve was prepared using different concentrations of gallic acid. The results
were expressed in terms of milligram gallic acid equivalent (GAE)/mL culture.

For the DPPH assay, a sample (0.25 mL) was mixed with freshly prepared 40 ppm methanolic
DPPH (2.25 mL) and allowed to stand in the dark at room temperature. A decrease in absorbance
at 517 nm was determined after 10 min of the incubation process. The concentration of the sample
that produced between 20% and 80% inhibition of the blank absorbance was determined and adapted.
Radical scavenging activity was expressed as the concentration of the extract required for reduction of
the initial concentration of DPPH by 50% (EC50) under specified experimental conditions. DPPH radical
scavenging activity was expressed in terms of mg GAE/mL culture.

13



J. Fungi 2020, 6, 378

For the ABTS assay, 0.0384 g of ABTS was prepared in 10 mL of water. Subsequently, 5 mL of the
solution was mixed with 88 µL of 140 mM potassium persulfate and adjusted to 25 mL with deionized
water in a volumetric flask for further experimentation. A total of 1.75 mL of the ABTS solution was
mixed thoroughly with 0.25 mL of the sample and allowed to stand in the dark at room temperature for
10 min. A decrease in absorbance at 734 nm was measured. Radical scavenging activity was expressed
as the concentration of the extract required for reduction of the initial concentration of ABTS by 50%
(EC50) under specified experimental conditions. ABTS radical scavenging activity was expressed in
terms of mg GAE/mL culture.

3. Results

3.1. Survival of Yeast and CAT Stability under Simulated Gastrointestinal Tract (GIT) Conditions

Gastric and intestinal conditions were simulated for evaluation of the probiotic properties of
S. ruineniae A45.2. Under simulated gastric conditions, cell viability of S. ruineniae A45.2 and its residual
CAT activity were evaluated at pH 2.0 and pH 3.0 (Figure 1a,b) and carried out with and without
(Figure 1c,d) the supplementation of pepsin. The results revealed that the values of both pH and
pepsin did not significantly affect cell viability of the yeast or its CAT. At a pH value of 2.0, both in
the presence and in the absence of pepsin, approximately 90% of the initial viable cells and residual
CAT activity were retained. Furthermore, at a pH value of 3.0, the supplementation of pepsin slightly
decreased tannase activity but had no effect on cell viability.
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Figure 1. Effect of pH 2.0 and pH 3.0 on (a) survival of S. ruineniae A45.2 and (b) residual CAT activity
and effect of pepsin on (c) survival of S. ruineniae A45.2 and (d) residual CAT activity.

The same results were also obtained when S. ruineniae A45.2 and CAT were incubated under
simulated intestinal conditions, in which bile salts and pancreatin acted as key factors. It was revealed
that S. ruineniae A45.2 and CAT were resistant to bile salts (Figure 2a,b) and pancreatin (Figure 2c,d),
as they retained 100% residual viable cells and tannase activity after incubation.
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Figure 2. Effect of bile salts on (a) survival of S. ruineniae A45.2 and (b) residual CAT activity and
effect of pancreatin in combination with bile salts on (c) survival of S. ruineniae A45.2 and (d) residual
CAT activity.

3.2. Cell Surface Hydrophobicity, Auto-Aggregation and Co-Aggregation

Cell surface hydrophobicity, auto-aggregation and co-aggregation of S. ruineniae A45.2 are
presented in Table 1. S. ruineniae A45.2 displayed 58.4 ± 2.7% cell surface hydrophobicity. Significantly
high values of auto-aggregation were observed at up to 88.2 ± 1.2% along with the ability to be
co-aggregated with pathogenic bacteria, including B. cereus, E. coli, Staph. aureus, Sal. Thyphimurium,
L. monocytogenes and Strep. agalactiae at different percentages of co-aggregation. S. ruineniae A45.2
displayed a stronger co-aggregation ability with Strep. agalactiae, Sal. Thyphimurium and Staph. aureus

than other tested pathogenic bacteria. This evidence was in agreement with their adherence ability
(Figure 3), wherein pathogenic bacteria obviously adhered to the yeast cells.

Table 1. Cell surface hydrophobicity, auto-aggregation and co-aggregation against pathogenic bacteria.

Properties %

Cell surface hydrophobicity 58.4 ± 2.7

Auto-aggregation 88.2 ± 1.2

Co-aggregation
B. cereus 36.2 ± 2.8

E. coli 33.8 ± 0.7
Staph. aureus 44.0 ± 0.8

Sal. Thyphimurium 45.8 ± 0.1
L. monocytogenes 37.8 ± 2.1
Strep. agalactiae 51.5 ± 2.6

3.3. Antimicrobial Activity

The antagonistic effects of S. ruineniae A45.2 were observed after being exposed to various indicator
microorganisms, including B. cereus, E. coli, Sal. Thyphimurium, Staph. aureus, L. monocytogenes and
Strep. agalactiae. Culturing periods of 24 and 48 h of the co-production system were tested in
comparison with specimens cultured in YMB. Only the supernatant obtained from co-production
exhibited antimicrobial activity against some pathogenic bacteria (Figure 4), i.e., B. cereus, Staph. aureus

and Strep. agalactiae.
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Figure 3. Adherence of (a) B. cereus, (b) E. coli, (c) Staph. aureus, (d) Sal. Thyphimurium, (e) L. monocytogenes

and (f) Strep. agalactiae on yeast cell walls observed under a phase-contrast light microscope at
100×magnification.
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Figure 4. Antimicrobial activity of cell-free extract of S. ruineniae A45.2 cultivated in tannic acid substrate
at 30 ◦C for 24 (left) and 48 h (right) of cultivation against (a) B. cereus, (b) E. coli, (c) Staph. aureus,
(d) Sal. Thyphimurium, (e) L. monocytogenes and (f) Strep. agalactiae compared to control (top)
(50 µg/mL chloramphenicol)

3.4. Carotenoids Produced by S. ruineniae A45.2

S. ruineniae A45.2 grown in tannic acid were harvested after 48 h of cultivation, lyophilized
and used for carotenoid extraction. Identification and characterization of the carotenoid pigment
was performed by HPLC. Three main peaks were separated from the carotenoid extracts (Figure 5a).
These peaks corresponded to the three spots that were isolated and visualized by TLC (Figure 5b).
The first spot from the bottom was rosy-red in color and migrated with slower mobility than the
second spot, which appeared orange to red in color, while the third spot was yellow in color and
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migrated with the same degree of mobility as β-carotene. These pigments were identified based on
their Visible absorbance maxima (Figure 5c). The least degree of polar pigment was identified as
β-carotene due to similar absorbance maxima values recorded at 429 nm and 485 nm, with the maximal
degree of absorbance recorded at 456 nm. The most notable polar pigment revealed a spectrum with
three absorption maxima at wavelengths of 474, 527 with the absorption optimum at 499 nm, thereby
identified as torularhodin. The second most polar pigment was torulene with three absorbance maxima
values recorded at 462 nm and 516 nm, with an absorption maximum value recorded at 488 nm.
Total carotenoids produced by S. ruineniae A45.2 after cultivation at 30 ◦C for 48 h were recorded at
88.0 ± 0.2 µg/g dry cell weight, equivalent to 500 ± 130 µg/L culture.

 

Figure 5. Characterization of pigments produced by S. ruineniae A45.2 (a) Separation of pigments by
HPLC and (b) TLC and (c) Visible absorption spectra of the major pigments.

3.5. Antioxidant Activity

Antioxidant activities of intact cells of S. ruineniae A45.2 and cell-free extract obtained from the
co-production system were measured using FRAP, DPPH and ABTS assays. Overall, there were no
significant differences in the antioxidant activities among the different methods. Antioxidant activities
ranging from 100–120 µg GAE/mL culture and 110–150 µg GAE/mL culture were detected from the
intact cells obtained from 24-h and 48-h periods of cultivation, respectively (Table 2). The cell-free
extract revealed significantly higher antioxidant activities than the intact cells. The antioxidant activities
of 5.6–6.8 mg GAE/mL culture and 9.0–9.8 mg GAE/mL culture were obtained from the cell-free extract
fraction after 24-h and 48-h periods of cultivation, respectively. Activities of both intact cells and
cell-free extract increased relative to the incubation time of the co-production system.

Table 2. FRAP, DPPH and ABTS antioxidant activity of cell-free extract and intact cells obtained from
co-production of gallic acid and viable cells of S. ruineniae A45.2.

Time (h)
Cell-Free Extract (mg GAE/mL) Intact Cells (µg GAE/mL)

FRAP DPPH ABTS FRAP DPPH ABTS

24 5.6 ± 0.8 6.8 ± 0.6 6.4 ± 0.4 122.1 ± 9.3 108.5 ± 2.4 104.7 ± 0.8
48 9.2 ± 1.8 * 9.0 ± 0.9 * 9.8 ± 0.7 * 143.6 ± 3.4 * 114.6 ± 1.4 * 111.1 ± 0.5 *

* significant difference within a column (p < 0.05).
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4. Discussion

In this study, S. ruineniae A45.2 and its culture broth obtained from the co-production of cells,
gallic acid and tannase were characterized for their potential use in animal feed, specifically in feed
prepared for fish and other aquatic organisms. S. ruineniae A45.2 was isolated from Miang, which is
rich in tannins and considered a microbial inhibitor [6,8]. The cell wall structure and composition of
S. ruineniae A45.2 are believed to promote its growth along with high concentrations of tannic acid,
yet this yeast was found to be a promising probiotic. When used as a functional probiotic yeast, growth
temperature is a crucial limitation for the application of probiotics in animals, since the yeast must be
able to survive and grow at the animal’s normal body temperature in order to enhance the animal’s
growth performance and promote the health of the animal [15]. Typically, the growth temperatures of
yeasts range from 0 to 47 ◦C with an optimal temperature between 25 and 30 ◦C [16], yet probiotic
yeasts might actively function when they are used in aquaculture. Probiotic yeasts are less popular
than bacteria but can offer some major physiological contributions over bacteria. These include their
cell volume and the production of a wide spectrum of simple and more complex compounds that
may be beneficial to the health of aquatic organisms. However, only a few varieties of probiotic
yeasts have been isolated for aquaculture applications. It was reported that marine and other aquatic
environments, along with the gut microbiota of aquatic organisms, are potential sources of probiotic
yeasts. In addition to S. cerevisiae, D. hansenii is a ubiquitous yeast that is frequently associated with
fish and marine environments [7]. As of yet, no reports of using S. ruineniae as a probiotic yeast have
been identified.

To be a good probiotic yeast, it must be able to successfully survive under gastrointestinal tract
(GIT) conditions and provide beneficial conditions for the enhancement of the health of the host. In this
study, both S. ruineniae A45.2 and its CAT were exposed to GIT conditions in order to assess the degree
of residual cell viability and CAT. The temperature used in this research study was 30 ◦C, as it was
identified as an optimal temperature of S. ruineniae A45.2 (data not shown). Considering cell viability,
S. ruineniae A45.2 resisted low pH values ranging from 2.0 to 3.0, which were within the range found in
the stomachs of fish. The degree of acidity in the stomach of a fish can vary depending on the fullness
of the stomach and the species of the fish [17,18]. Moreover, S. ruineniae A45.2 was not found to be
affected by the digestive enzymes we tested, namely pepsin and pancreatin (a mixture of amylase,
protease and lipase). These attributes are considered important selection criteria for a good probiotic
yeast [19]. On the other hand, the CAT of S. ruineniae A45.2 exhibited a good degree of thermostability
and pH stability. Surprisingly, positive stability values were observed under simulated GIT conditions
by retaining more than 90% of initial activity after treatment. This indicates that the yeast species could
be applicable in the aquafeed industry. Plant-based products in fish diets contain valuable proteins
used to replace fishmeal. These plant feed ingredients contain considerable amounts of tannins that can
have an adverse effect on animals by reducing the nutritional value of the feed [11]. This circumstance
can also decrease the palatability of the feed due to an unpleasant taste caused by a high concentration
of tannins [12]. The results of this study indicate that both cells of S. ruineniae A45.2 might be able
to survive in transit through the stomach and small intestines and function effectively in the large
intestines. However, its CAT might be stable in stomach environments and could be active in the
intestines, as the environments are similar to the known optimal values for pH and temperature.

Cell surface hydrophobicity is defined as a nonspecific interaction in adhesion between probiotic
microorganisms onto GIT epithelial cells, where they may provide prophylactic and therapeutic
benefits [20]. Colonization in the intestinal epithelial cell wall and mucosal surfaces can prevent
pathogenic bacteria adhesion and inflammatory reactions [21]. Yet, hydrophobicity is an important
attribute for selecting potential probiotics. S. ruineniae A45.2 showed high cell surface hydrophobicity
toward chloroform and was comparable with those reported in Bacillus subtilis [19,21], various strains
of Lactobacillus sp. [22] and Sac. unisporus [20].

Auto-aggregation is defined as aggregation among yeast cells to form flocs and colonize the
intestinal environment of the host when the cells approach harmful conditions [20,23]. Probiotic
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microorganisms should be associated with higher auto-aggregation than pathogenic microorganisms [22],
specifically Strep. agalactiae, a representative fish pathogen. Under the same experimental conditions
as this study, the percentage auto-aggregation of pathogenic bacteria ranged between 15–35% for
L. monocytogenes, Sal. Thyphimurium and Staph. aureus [22]. Within 2 h of the auto-aggregation
test, S. ruineniae reported 88.2 ± 1.2%, which was higher than previously reported probiotic yeasts,
namely P. kluyveri, Issatchenkia orientalis, P. kudriavzevii [24], Yarrowia lipolytica, Wickerhamomyces anomalus

and Sac. cerevisiae [23]. Auto-aggregation capacity is strain-specific, while a capacity greater than 50%
displayed the potential to prevent the invasion of various other pathogenic microorganisms through
film formation.

Co-aggregation is defined as the close interaction between probiotics and different pathogenic
bacteria [23]. It was reported that adherence of enteric bacteria onto yeast cells is irreversible,
thus transient passage of the bacteria occurs through GIT and subsequent flushing out in the feces [20].
The co-aggregation ability of S. ruineniae A45.2 agreed with its adherence ability. This could be explained
by the specific fimbriae present on bacteria with mannan on yeast cells and the electrostatic and
hydrophobic nonspecific bindings [20].

No antimicrobial activity of S. ruineniae A45.2 against the tested pathogenic bacteria was detected
when it was cultivated in YMB. It is therefore implied that no antimicrobial metabolite was produced
by the organisms typically identified in various yeasts [20,24–26]. Most yeasts scavenge pathogenic
infection by indirect mechanisms such as auto-aggregation, co-aggregation and adherence ability [27].
On the contrary, the growing of S. ruineniae A45.2 in tannic acid containing medium led to the release
of gallic acid, which enhanced the antimicrobial activity of the culture broth against B. cereus, E. coli,
Staph. aureus and Strep. agalactiae. The results suggest that production of the yeast should be performed
in the presence of tannic acid to promote gallic acid production and CAT, thereby gaining antimicrobial
activity. Supplementation of gallic acid in animal feed, especially aquatic feed, was scarcely reported.
Current research found that the supplementation of gallic acid in broiler diets at levels ranging
from 75 to 100 mg/kg improved the performance of broiler chicks in terms of feed utilization, breast
muscle yield and oxidative stability, while positively modulating jejunum intestinal morphology [28].
Hence, our results provide supplemental, supportive evidence for the use of gallic acid as an alternative
to antibiotics in animal feed or for the determination of synergistic interactions of gallic acid that could
enhance the effects of antibiotics.

S. ruineniae A45.2 is a basidiomycetous yeast that forms a natural pink-red pigment made up of
carotenoids. The pigments extracted from the yeast were separated into three types of carotenoids
based on the separation by HPLC and TLC. These pigments displayed distinctively different visible
spectra. The most polar pigment showed a rosy-red color and had a similar visible spectrum to
torularhodin, while the others displayed a similar spectrum to torulene and β-carotene as the second
most polar and the least polar pigments, respectively [29–31]. However, structural elucidation of these
compounds must be confirmed. Currently, carotenoid-producing yeasts are mainly represented by the
genera Rhodosporidium, Xanthophylomyces Rodotorula and Sporobomyces. The latter genus has a close
relationship to the genus Sporidiobolus and represents the main source of torulene and torularhodin [32].
The quantity of total carotenoids produced by S. ruineniae A45.2 was in the range of those produced by
the yeast studied in previously published reports [31,33].

After cell wall components, some probiotic yeasts exhibit multifunctional potential in the
production of bioactive compounds with certain antioxidant properties, such as carotenoids, organic
acids and glutathione [24]. As S. ruineniae A45.2 is a carotenoid-producing yeast, it is likely that it
possesses antioxidant capacity. The intact cells and cell-free extract obtained from YMB were evaluated
for their antioxidant activity (data not shown). No antioxidant activity was detected in the cell-free
extract, while the intact cells possessed approximately 10 times lower the degree of antioxidant activity
than that obtained from cultivation in tannic acid. This may have resulted from the presence of β-glucan
as a component of yeast cell wall composition [34,35]. Cultivation of S. ruineniae A45.2 in tannic
acid could potentiate the antioxidant activity of not only intact cells but also cell-free extracts. It was
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determined that the fermentation of S. ruineniae A45.2 induced the production of CAT which strongly
affected the degradation of tannic acid, resulting in gallic acid production. During the degradation of
tannic acid, large amounts of gallic acid were released into the fermentation broth and attached to
the yeast cell surface, reported in previous studies [10,36]. The antioxidant activity in terms of gallic
acid equivalent is likely a consequence of gallic acid content, as reported in previously published
studies [10]. This result agrees with previously reported evidence published on the fermentation of
plant-based foods [37], including grape seed flour and extracts [38], as well as Miang [39], as sources of
S. ruineniae A45.2.

Overall, S. ruineniae A45.2 may be capable of exhibiting the beneficial characteristics attributed to
a probiotic yeast that can be used for aquaculture. Cultivation of the yeast in tannic acid substrate
might provide a number of benefits. These benefits include the assertion that yeast cells can be a source
of antioxidant agents, tannase and carotenoids for aquatic organisms. Furthermore, it is believed
that the resulting culture broth can display strong antioxidant activity as well as the potential to
display antimicrobial activity against some pathogenic bacteria, especially fish pathogens. Therefore,
this research study described and verified an alternative integrative strategy for the production
of feed additives. To our knowledge, this is the first report to suggest that S. ruineniae exhibits
probiotic properties.

5. Conclusions

S. ruineniae A45.2 was tolerant to simulated GIT conditions, displaying tolerance to pH 2.0,
pepsin, bile salts and pancreatin. A high percentage of auto-aggregation was observed, and this
species co-aggregated various pathogenic bacteria, specifically Strep. agalactiae, and adhered to some
specific strains of pathogenic bacteria. These are considered beneficial attributes that support the use
of S. ruineniae as a probiotic yeast. The fermentation of tannic acid to gallic acid has resulted in the
co-production of CAT, gallic acid and viable yeast cells. Moreover, CAT was found to be stable and
may be able to function under simulated GIT conditions, while the cells possessed antioxidant activity.
Thus, S. ruineniae A45.2 as a carotenoid- and CAT-producing yeast could be labeled as a multifunctional
probiotic yeast suitable for the feed of animals, particularly aquatic animals. In addition, its cell-free
extract derived from the co-production system could be a potential alternative source of natural
antioxidants and antimicrobial agents.
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Abstract: Liquid feed is susceptible to microbiological growth. Yeasts are said to cause sudden death
in swine due to intestinal gas formation. As not all animals given high yeast content feed fall ill, growth
and gas formation potential at body temperature were investigated as possible causally required
properties. The best identification method for these environmental yeasts should be tested beforehand.
Yeasts derived from liquid diets without (LD − S) and liquid diets with maize silage (LD + S) were
examined biochemically (ID32C-test) and with MALDI-TOF with direct smear (DS) and an extraction
method (EX). Growth temperature and gas-forming potential were measured. With MALDI-EX, most
yeast isolates were identified: Candida krusei most often in LD − S, and C. lambica most often in LD + S,
significantly more than in LD − S. Larger colonies, 58.75% of all yeast isolates, were formed at 25 ◦C
rather than at 37 ◦C; 17.5% of all isolates did not grow at 37 ◦C at all. Most C. krusei isolates formed
high gas amounts within 24 h, whereas none of the C. lambica, C. holmii and most other isolates did.
The gas pressure formed by yeast isolates varied more than tenfold. Only a minority of the yeasts
were able to produce gas at temperatures common in the pig gut.

Keywords: yeasts; liquid swine diets; MALDI-TOF; biochemical identification; growth temperature
Ancom Gas Production System; Candida krusei; Candida lambica

1. Introduction

Yeasts, about 600 species of which are known [1], are ubiquitous in nature and can also be found
on feedstuffs [2]. They pose a risk factor regarding hygiene in liquid diets associated with off-flavor
and loss of nutrients [3–5]. Depending on the species or strain, as well as on the growth conditions like
temperature, substrate and its aw-value (activity of water), yeasts are able to metabolize numerous
sugars, starch, protein, amino acids or even fats, and therefore lead to a loss of nutrients and energy
in the feed [3–5]. In pig fattening, these energy losses in the feed are particularly undesirable [4,5].
In addition, the flavor and smell of the feed can be negatively affected [6,7]. High cell counts of yeasts
in liquid swine diets due to pronounced metabolic activity are often seen in the presence of easily
fermentable, low molecular weight sugars [5]. Choosing maize silage for pig feed was used with the
aim of feeding the pigs to increase the feeling of satiety without making them fat [8]. The relatively
high initial yeast flora of the feed has to be taken into account [8]. Therefore, feed hygiene related to
yeast content was of special concern.

In liquid feeds, mostly microflora develops, which is dominated by lactic acid-producing
bacteria [7]. A pH-value lower than 5.0, which significantly reduces several bacteria, is often achieved
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in a shorter time with the use of starter cultures for fermented liquid feeds [3,9,10]. Yeasts are not only
able to stay alive but also continue growing in fermented feeds [11], even if the pH-value is 4.5 [12].

Besides these complications concerning feed composition and quality, animal health may be affected
due to the yeast content in the feed [11,13–15]. Hemorrhagic bowel syndrome (HBS), mainly caused by
yeasts [13], is supposed to be causally responsible for gastric torsion and gastrointestinal tympani [16],
being sometimes associated with liquid feeding [15]. HBS preferentially affects fattened pigs in the
second half of the fattening period [16]. Those animals most affected are, as a rule, the better developed
pigs in the group [14]. The fact that the affected animals are in excellent health makes this disease of
particular economic importance [15].

In feed analyses, yeasts, irrespective of the species, are classified as spoilage indicators in animal
feed [17]. A liquid diet with more than 106 cfu yeasts/g original substance (OS) is considered as
significantly increased, while less than 105 cfu/g feed OS in liquid feed is considered as normal [18].
On the other hand, selected yeasts are authorized feed additives in human nutrition and animal
feedstuffs as they synthesize vitamin B1, B2, B6, B12, folic acid, niacin, pantothenic acid and biotin,
as well as containing some minerals (potassium, sodium, calcium, zinc and iron) [1]. For swine diets,
viable S. cerevisiae is authorized as a feed additive as intestinal flora stabilizers, digestibility enhancers
and microorganisms with a minimum concentration of 1 × 109 cfu/kg complete feed (88% DM) [19].

Pathogenicity factors of yeasts have been analyzed to identify high-risk yeasts and their effects on
humans and animals. In their study about potential virulence of food-borne yeasts, Rajkowska et al. [20]
stated that the ability to grow at 37 ◦C was crucial; hence, they referred to this as preliminary
criterion for pathogenicity. Adaptation to pH-value was also suggested to be a key to pathogenicity,
especially important for yeasts entering the digestive tract where the pH-value changes from pH 2
to pH 8 [21,22]. The ability to form biofilms also on abiotic surfaces [21] or even to colonize them is
a prerequisite for colonizing the liquid feeding system, which allows the yeasts to stay alive even if
the hygiene of the liquid feed was improved [23]. Stalljohann et al. [3] distinguished yeasts according
to their ability to produce high or low amounts of CO2 with regard to their pathogenicity for swine,
but did not mention which species produced the high gas amounts. Such detailed information on these
possible indicators of pathogenicity is provided in the present paper.

The hypothesis of this study was that different yeast species could be found in different feedstuffs.
For this reason, a comparison of biochemical differentiation and identification with MALDI-TOF was
performed to determine the method with the most reliable identification. Presumably, only distinct
species would be able to grow and to produce high amounts of gas at 37 ◦C.

A comparison between gas amounts produced from yeasts measured with the Ancom Gas
Production System under defined conditions in a standardized Sabouraud glucose bouillon, had, to the
best of the authors’ knowledge, never been carried out previously. This permits a comparison of yeast
isolates not only to see whether but also how much gas can be produced by yeasts within a certain
time period regardless of feedstuffs. Further studies must clarify whether and to what extent these
properties have an influence on the development of diseases such as HBS. These new aspects could
then allow to make better predictions concerning the ability of high yeast cell counts in liquid diets to
cause clinical problems.

2. Materials and Methods

2.1. Sample Origin

For our project, samples from farms with liquid feeding common to all samples were collected.
We obtained these samples either by contacting farms in the area, or from our own studies, which were
also carried out on similar farms. In total, 42 liquid feed samples were analyzed. Of these samples,
33 were submitted for diagnostic purposes to the Institute for Animal Nutrition, University of Veterinary
Medicine Hannover, Foundation, Germany. These included common liquid feeds to which no silage
had been added, referred to as liquid diets without silage (LD − S). The remaining nine samples
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obtained from field trials carried out by the Institute for Animal Nutrition, additionally contained
whole plant maize-silage (up to 66% DM; liquid diets with silage, LD + S). For collecting the liquid
feed samples, a standard laboratory protocol was used for both the submissions and the samples
from the studies. The protocol required that the samples were taken fresh, packed directly into a
sterile, unbreakable vessel, filled to 2/3 at most, immediately cooled and not sent before the weekend.
All samples were processed directly, or in case they arrived late in the afternoon, refrigerated and
processed the following morning.

2.2. Detection Techniques

Yeasts were isolated and morphologically characterized on Sabouraud glucose agar (SAB-Agar,
PO 5096A, Thermo Fisher Scientific GmbH, Bremen, Germany) and then incubated at 30 ◦C. Only yeasts
that grew at the highest decimal dilution levels of the agar plates were considered.

2.2.1. Biochemical Differentiation

Biochemical differentiation of the yeast isolates was performed by ID 32 C strip (bioMérieux SA,
Marcy-l‘Ètoile, France). This was performed in accordance with the manufacturer’s instructions.
The strip consisted of 32 cavities, each containing a dehydrated carbohydrate substrate, testing the
assimilation by the yeast. Pure culture yeast material of 44–48 h-grown subcultures was suspended
in 3 mL aqua destillatum. Turbidity was set in accordance with a McFarland standard of 2.0 using
a Densitometer DEN-1B (BioSan, Riga, Lettland). From this solution, 250 µL were added to the API
C medium included in the test kit. After careful vortexing, 135 µL were transferred from this liquid
medium to each well of the test strip. The strip was incubated at 30 ◦C for 44–48 h. Yeast growth resulted
in turbidity of the liquid medium in the cupules, which was visually evaluated. The obtained results
were noted on a result sheet. The values corresponding to the positive reactions were then added up
within groups. Three results each were added up for a group. Group values were coded into a numerical
profile. This was analyzed by means of identification software (APIWEBTM, bioMérieux). The results
of two of these carbohydrates, N-acetylglucosamine (NAG) and lactic acid (LAT), are examined in
more detail below. Only results that received good, very good or excellent (classified as “Very good
identification”) ratings were evaluated. Rice agar (Thermo Fisher Scientific GmbH), incubated at
25 ◦C for 44–48 h, was selected for some isolates if the identification software required this deficiency
medium, with a cover glass placed over the inoculum for an oxygen-reduced atmosphere.

2.2.2. MALDI-TOF

In the MALDI-TOF analysis, the sample (e.g., bacteria or yeasts) was ionized by a laser beam.
These ions were then accelerated differently depending on their mass and charge. The time required to
pass through the length of the flight tube was determined [24]. In this way, a characteristic spectrum can
be generated for bacteria or fungi, which usually allows a species diagnosis [24,25]. As an advantage,
less time is required for this method compared to biochemical methods [24].

MALDI-TOF analyses were performed on a Microflex LT/SH MALDI-MS Biotyper (Bruker Daltonik
GmbH, Bremen, Germany) with the direct smear method (MALDI-DS) and with a formic acid–ethanol
extraction (MALDI-EX). The latter is used for hardly soluble bacteria or yeasts.

For MALDI-DS, direct on-plate smearing was performed with yeasts incubated 44–48 h on an
SAB-plate at 30 ◦C. Small amounts of colony material of every isolate were evenly applied with a
toothpick to two circles of the target plate (8280800 MSP 96 Target polished steel BC, Bruker Daltonik).
After air drying the sample material at room temperature for five to ten minutes, 1 µL of an
α-cyano-4-hydroxycinnamic acid (HCCA, 19182, Sigma Aldrich Inc., St. Louis, MO, USA) matrix
solution was applied to each circle of the target plate and dried again at room temperature.

For MALDI-EX, a 1 µL loop of 20–24 h-grown yeast material on an SAB-plate was vortexed
in 300 µL deionized water at 30 ◦C; 900 µL of ethanol absolute, HPLC-grade, was added and it
was vortexed again. The samples were pelleted by centrifuging for two minutes (13,000 U/min;
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approximately 3000× g); the supernatant was discarded, centrifuged and then the supernatant was
discarded again. The pellet in the Eppendorf tube was air dried for three to five minutes and
resuspended in 40 µL 70% formic acid. After adding 40 µL acetonitrile (ACN, Acetonitrile HPLC
Gradient Grade, 20060.320 VWR International Inc., Radnor, PA, USA), this was followed by the same
centrifugation step as above. Eppendorf tubes were taken carefully out of the centrifuge and 1 µL
of the supernatant was applied to a circle of the target and air dried for 5 min at room temperature.
Immediately afterwards, 1 µL of the same matrix solution that had been previously used for the
MALDI-DS method was applied to a circle of the target and air dried for 5 min at room temperature.

For the control of both methods, 1 µL BTS (Bacterial Test-Standard, 8290190 Bruker IVD Bacterial
Test-Standard) was placed on every target plate and, additionally, a control strain, E. coli DH5 α,
was tested on every target plate in two circles.

Each sample was analyzed by a Microflex LT/SH MALDI-TOF MS in the linear mode across a
mass-to-charge ratio range between 2000 and 20,000. The obtained data were analyzed automatically
by using the MBT Compass Library BDAL and MBT Flex Control software, BTyp2.0-Sec.Library,
1.0. Every strain was tested in two circles, with a decreased concentration in the second circle. The result
from the two circles that achieved the higher score value was used for analysis.

The identification cut-off scores were interpreted as per Bruker’s recommendation scores as follows:
obtaining scoring thresholds between 2.30 and 3.0 suggested highly probable species identification;
2.00–2.29, probable species identification; 1.70–1.99, identification at the genus level was postulated;
whereas cut-off scores <1.70 indicated no reliable identification.

2.2.3. Method Comparison

The results “excellent identification” and “very good identification” adopted in the software
APIWEBTM were equated to “highly probable species identification” from the MALDI-TOF analysis.
“Good identification” was equated to “probable species identification”; “probable genus identification”
was equated to “good identification at genus level”; and “doubtful profile” and “no identification”
were equated to “unacceptable profile”.

2.3. Temperature Comparison

After cultivating the yeasts from liquid feeds on SAB-agar and subcultivating a single colony, a
subculture on two SAB-agar plates was produced for the temperature comparison. One agar plate
each was cultivated in an incubator at either 25 ◦C or 37 ◦C for 48 h. The colony growth (diameter) was
compared visually.

2.4. PH-Value

Using a calibrated glass electrode (HI 2211 pH/ORP Meter, Hanna Instruments Inc., Woonsocket,
RI, USA), pH-values were measured. Results of 25/33 LD − S and 16/17 LD + S were obtained
immediately after dividing the samples for further microbiological testing.

2.5. Gas Pressure Measurement

To measure yeast activity in gas production, 40 selected yeast isolates were examined for 24 h
at 37 ◦C with the ANKOM RF Gas Production System (ANCOM Technology, Macedon, NY, USA),
which remotes pressure under controlled pressure measurements and records these on a standard
Excel spreadsheet. Gas production curves were generated. In 100 mL glass bottles containing 100 mL
Sabouraud glucose broth (SAB-B; CM 0147 B, Thermo Fisher Scientific GmbH), a 10 µL yeast suspension,
McFarland standard 0.3 (Densitometer DEN-1B, Biosan, Riga, Lettland), in a physiologic salt solution,
was added. SAB-B conforms to the parameters from the harmonized EP/USP/JP Microbial Limit Testing
for the microbial enumeration tests and tests for specified microorganisms. The bottles were placed
on magnetic stirring panels (MIXdrive magnetic e motion with Mixcontrol 20, 2mag AG, Munich,
Germany) for permanent mixing at 210 rpm. Gas pressure was measured over a 24-h period, taking into
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account that feed normally does not normally stay longer in animals’ gastrointestinal tract. Line charts
of the cumulated gas production were generated with the Ancom Gas Pressure Monitor. Each isolate
was tested at least twice.

The results were divided into two groups. A very small pressure increase (<100 mbar) at the
beginning was also observed if no further gas was produced thereafter. If less than 100 mbar of
cumulated pressure within 24 h was observed, the result was determined as negative. If a yeast
was able to produce more than 800 mbar within 24 h, the result was determined as gas production.
This value was defined based on the results found, because no yeast produced gas amounts between
100 and 800 mbar.

2.6. Statistics

Data were statistically analyzed using the SAS® Enterprise Guide® (version 7.1, Fa. SAS Institute
Inc. Cary, NC, USA). Pearson’s chi-square homogeneity test and Fisher’s exact test, used to analyze
qualitative analytical characteristics, were applied to check if a yeast was found significantly more with
one feed; if one of the identification tests found significantly more reliable results; whether yeasts grew
better at a certain temperature; or if yeasts built up a distinct pressure at 37 ◦C within 24 h. Fisher’s
exact test was used especially for low absolute frequencies.

3. Results

In total, 95 morphologically different yeast colonies (color, size and surface structure) were isolated
from a total of 42 feed samples. In each feed sample, one to four different yeast species were found.

3.1. Identification

In spite of a different morphology, yeast identification led to the same result for 15 yeast isolates.
Yeasts diagnosed twice in the same sample were not considered in the evaluation of the number of
yeast species or species of yeast-like organisms that were found in the respective feed sample.

The isolates originated from six genera (Candida (76.25%; n = 61), Geotrichum (7.5%, n = 6),
Trichosporon (3.75%, n = 3), Saprochaete (2.5%, n = 2), Rhodotorula (1.25%, n = 1), Pichia (1.25%, n = 1) and
non-identified yeasts (7.5%, n = 6)). A total of 19 different yeast species were identified.

In Table 1, the most often isolated species are listed. Less frequently isolated (one to three times)
were C. pelliculosa (n = 3, 2× LD + S, 1× LD − S), C. valida (n = 3; 2× LD − S, 1× LD + S), Sap. suaveolens

(n = 2, both from LD − S), C. rugosa (n = 2, both from LD − S), C. kefyr (n = 1, LD − S), C. variabilis (n = 1,
LD − S), C. spherica (n = 1, LD − S), T. asahii (n = 1, LD + S), T. coremiiforme (n = 1, LD − S), T. laibachii

(n = 1, LD − S), P. manshurica (n = 1, LD − S), Rhodotorula mucilaginosa (n = 1, LD − S) and Candida spp.
(n = 1, LD − S). Six isolates (5× in LD − S; 1× in LD + S) were not reliably identified.

Table 1. Often isolated yeast species.

Liquid Diet Often Isolated Yeast Species in %

LD – S
(n = 63)

C. krusei (23.8), C. holmii (12.7), C. humilis (7.9), isolates not identified (7.9), C. lambica (6.3),
S. cerevisiae (6.3), G. silvicola (6.3)

LD + S
(n = 17)

C. lambica (29.4), C. krusei (23.5), C. holmii (17.6), C. pelliculosa (11.8), S. cerevisiae (5.9),
C. valida (5.9), isolates not identified (5.9)

Total
(n = 80)

C. krusei (23.75), C. holmii (13.75), C. lambica (11.25), isolates not identified (7.5),
C. humilis (6.25), S. cerevisiae (6.25), G. silvicola (6.25)

C. = Candida; S. = Saccharomyces; G. = Geotrichum.

Only C. lambica was determined to have a significantly higher incidence in LD + S (p < 0.0126).
The occurrence in LD − S or LD + S did not significantly change (Figure 1).
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Figure 1. Incidence of yeasts according to their feed origin. An asterisk (*) indicates a significant
difference (* p < 0.05). C. = Candida; S. = Saccharomyces.

If, despite different colony morphology, two identical yeast species were diagnosed in one
feed sample, only one yeast species was further examined. In 33 LD − S, 7/70 yeast colonies with
different morphologies were selected, but identified as the same yeast species within the same diet.
In LD + S, 8/25 morphologically different yeasts were identified as the same yeast within the same diet.
Therefore, 63 yeasts from LD − S and 17 yeast from LD + S were further examined. As a result of this,
significantly more different yeast morphologies were observed from the LD + S samples (p < 0.0211).

On the other hand, no differences between the two feeding groups were found regarding the
actual (not morphologically) different yeasts. In both diet groups, an average of 1.9 different yeasts
per feed sample were diagnosed: 63 different yeasts of 33 LD − S diets, and 17 different yeasts of nine
LD + S diets.

3.1.1. Method Comparison

The comparison of methods revealed the most reliable results with MALDI-EX (78.75% reliable
species identification), closely followed by ID32C with 75.0% reliable results. These test results did not
differ statistically significantly (p < 0.6762). Among the reliable results, ID32C provided differentiation
of ten isolates (8%), seven isolates with species identification and three isolates were at least identified
up to genus level, which MALDI-EX was not able to differentiate. Hence, taking the results of both
methods together, 71 (88.75%) of all isolates were identified up to species level. A probable identification
or rather identification only at genus level was possible in three (3.75%) isolates. No identification with
any of the three diagnostic methods was made for 6/80 (7.5%) yeast isolates. Only few results (37.5%)
were provided by MALDI-DS (Table 2). When evaluating the reliable results, both MALDI-EX and
ID32C differed significantly (both p < 0.001) from the MALDI-DS. No identification with any of the
three diagnostic methods was made for 6/80 yeast isolates (7.5%). For better comparison, the results
of all three methods were presented together in one table. However, the yeast names (according to
their teleomorphic or anamorphic growth) given in the results varied sometimes according to the
evaluation software.

Some yeasts were diagnosed more accurately with one or the other method. Five isolates
differentiated with MALDI-EX as C. humilis were diagnosed as C. holmii in ID 32 C. C. humilis was
not included in the database used to evaluate the ID 32 C. Both of these species had very similar
biochemical reactions. Therefore, identification with MALDI-EX was chosen to be more accurate.

The two yeasts identified as C. pararugosa in MALDI-EX were identified as C. rugosa in ID 32
C. Results in MALDI-EX were only 1.88 and 1.79, respectively. Therefore, they had to be named
according to ID 32 C, where the results for both isolates revealed very good identification scores,
namely, 99.8% and 99.5% for C. rugosa. On the other hand, C. pararugosa was not included in the
database used to evaluate the ID 32 C.
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Table 2. Comparison of performance of methods with 80 yeast isolates in %.

Evaluation Score of
MALDI-TOF

MALDI-EX MALDI-DS ID-32C

Highly probable species
identification (>2.3) 38.75 (n = 31)

78.75 *,a

(n = 63)

5.0 (n = 4)
37.5 *,b

(n = 30)

47.5 (n = 38)
75.0 **,a

(n = 60)Probable species
identification (2.0–2.29) 40.0 (n = 32) 32.5 (n = 26) 27.5 (n = 22)

Probable genus
identification (1.7–1.99) 7.5 (n = 6) 21.25 ***

(n = 17)

33.75 (n = 27) 62.5 ***
(n = 70)

3.75 (n = 3) 25.0 ***
(n = 20)

No identification (<1.7) 13.75 (n = 11) 28.75 (n = 23) 21.25 (n = 17)
a,b Different superscripts differ significantly in a row. * Reliable identification: Highly probable species identification
and probable species identification; ** Reliable identification: Good and very good identification together;
***: No species identification.

Even with the formic acid extraction method, the slimy and red growing Rhodotorula (R.)
mucilaginosa could not be detected with MALDI-TOF; there was no reliable identification, although it
was registered in the database.

In the ID 32 C, two isolates were diagnosed as Cryptococcus (C. curvatus and C. laurentii),
which showed no mucus capsule in the Indian ink preparation, but showed hyphal growth, arthro-
and blastosporogenesis on rice agar under the cover glass (Figure 2), and were identified in MALDI-EX
as T. coremiiforme and T. laibachii (Table 3). On the other hand, two T. asahii isolates could be recognized
well or very well by both methods.
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b 

Figure 2. Trichophyton coremiiforme on rice agar: arthrospores (a) and blastospores (b).
400×magnification.

Table 3. Isolates differentially diagnosed with MALDI-EX and ID 32C.

Number of Isolates MALDI-EX ID 32C

5 Candida humilis Candida holmii
2 Candida pararugosa Candida rugosa
1 No identification Rhodotorula mucilaginosa
1 Trichosporon coremiiforme Cryptococcus curvatus
1 Trichosporon laibachii Cryptococcus laurentii

Yeasts highlighted in bold represent the selected diagnoses.

Six isolates had a score between 1.79 and 1.98 in the MALDI-EX. Of these isolates, S. cerevisiae

(score 1.98) and C. holmii (score 1.97) had the same result in ID32C (see Table 4), with very good
identification. Furthermore, two isolates were identified as C. pararugosa in the MALDI-EX (with scores
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1.88 and 1.63). C. pararugosa was not included in the identification software (APIWEBTM, bioMérieux).
The remaining two isolates consisted of Saprochaete (Sap.) suaveolens (score 1.88), which was diagnosed
as a Geotrichum spp. in ID32C, and Pichia occidentalis (score 1.83), diagnosed with 99.7% as C. krusei

in ID32C. Bearing in mind that Sap. suaveolens was formerly diagnosed as Geotrichum fragrans,
the diagnosis made by MALDI-EX was most likely the one with the currently correct name. The name
of the yeast in ID32C was probably out of date; the yeast was still correctly identified. Only one isolate
was differently identified by the two methods as P. occidentalis (MALDI-TOF) and C. krusei (ID32C;
Table 4).

Table 4. Isolates in MALDI-EX rated as probable genus identification (1.70 and 1.99).

MALDI-EX ID32C

Diagnosis Score Diagnosis Identification %
C. pararugosa 1.88 C. rugosa very good 99.8

Sap. suaveolens 1.88 Geotrichum spp. very good 99.7
P. occidentalis 1.83 C. krusei very good 99.7

C. holmii 1.97 C. holmii very good 99.2
C. pararugosa 1.79 C. rugosa very good 99.5
S. cerevisiae 1.98 S. cerevisiae very good 99.7

Yeasts in bold represent the selected diagnoses C. = Candida; Sap. = Saprochaete; P. = Pichia; S. = Saccharomyces.

3.1.2. Biochemical Reactions

In total, all the investigated yeasts were able to assimilate glucose and no yeast grew in the cupule
where no substrate was present (cupule F). These reactions were considered as the positive growth
control or negative control (no contamination). From the large number of biochemical reactions,
two of them will be examined in more detail in the following section, since the ability of the yeasts to
metabolize them could be an advantage, especially in maize silage.

Metabolization of N-Acetylglucosamine (NAG)

In the ID 32 C-Test, 27 yeasts from a total of 63 yeasts in the LD − S samples were able to
metabolize N-acetylglucosamine and 36 yeasts were not. In LD + S, 11 yeasts were able to build
N-acetylglucosamine and six yeasts were not. Despite the fact that this is insignificant (p = 0.0788),
the ability to build NAG was more often seen in yeasts from LD + S.

Metabolization of Lactic Acid (LAT)

In the ID 32 C-Test, 36 yeasts of a total of 63 yeasts in the LD − S samples were able to metabolize
lactic acid and 27 yeasts were not. In LD + S, 12 yeasts were able to metabolize lactic acid and five
yeasts were not. These results were insignificant (p = 0.4075). Nevertheless, the ability to metabolize
lactic acid could be found more often with yeasts that had to stay alive or even grow in maize silage
than for yeasts in LD − S.

3.2. Temperature Comparison

Most yeast isolates (n = 47; 58.75%) formed larger colonies at 25 ◦C than at 37 ◦C, among them,
14 isolates (17.5%) did not grow at 37 ◦C at all. These included ten isolates from LD − S (3× C. holmii,

1× each for C. humilis, C. lambica, T. laibachii, C. pelliculosa, Geotrichum spp., S. cerevisiae and an isolate
not identified) and four from LD + S (3× C. holmii and 1× isolate not identified). Among all yeasts,
which grew better or only at 25 ◦C, many isolates of C. holmii, C. humilis and C. lambica were found.
Only 23.75% of isolates grew better at 3 ◦C compared to 25 ◦C; this was often the case for C. krusei

(12/19 isolates) and S. cerevisiae (4/5 isolates). Additionally, C. kefyr (1/1), C. holmii (1/11 isolates) and
one isolate that could not be identified (1/6) showed better growth at 37 ◦C. All S. cerevisiae isolates
were harvested from LD − S samples. Larger colonies at 37 ◦C were formed from nine C. krusei isolates
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gained from LD− S and three from LD + S, while three isolates from LD− S and one from LS + S formed
larger colonies at 25 ◦C; one isolate showed equal colony growth at 25 ◦C or 37 ◦C. Hence, for C. krusei,
no difference was observed, regardless of which feed it was isolated from. When comparing both
feeds, it was noticeable that especially yeasts isolated from LD + S grew poorly at 37 ◦C (see Table 5).
Better growth at 37 ◦C than at 25 ◦C for yeasts harvested from LD + S was only seen for three isolates,
all of which were C. krusei. However, there was no statistically significant difference (p < 0.3862)
between the two feed sources concerning growth performance (colony size) of the yeasts at either of
the temperatures.

Table 5. Growth performance of the yeasts at different temperatures depending on feed.

Yeast Isolates No Growth at 37 ◦C Better Growth at 25 ◦C 25 ◦C = 37 ◦C Better Growth at 37 ◦C

LD − S (n = 63) 10 (15.9%) 24 (38.1%) 13 (20.6%) 16 (25.4%)
LD + S (n = 17) 4 (23.5%) 9 (52.9%) 1 (5.9%) 3 (17.6%)
Total (n = 80) 14 (17.5%) 33 (41.25%) 14 (17.5%) 19 (23.75%)

3.3. pH-Value in Liquid Swine Diets

The pH-values of LD − S (n 25/33) ranged from 3.87–5.78, while the pH-values of LD + S (n = 8/9)
achieved higher pH-values ranging from pH 4.79 to pH 5.61. Related to the feed origin, 44 yeasts
isolated from LD − S were harvested from liquid feed, with an average pH-value of 4.59. Yeasts gained
from LD + S were harvested from liquid feed, with an average pH-value of 5.51. C. krusei was isolated
from liquid swine diets with the lowest (pH 3.87) and highest pH-values (pH 5.78) as well. C. humilis

and C. holmii were found in diets with lower pH-values (pH 3.9 to pH 5.11), whereas C. lambica was
isolated once from a diet with a pH-value of 4.45. However, other isolates were harvested from diets
with higher pH-values (ranging from pH 4.97 to pH 5.61).

3.4. Gas Production

The results of the duplicate testing of each isolate showed small deviations, possibly caused by
small differences in cell counts at the beginning as well as differences in replication time and counts of
spores formed by each yeast cell during the 24-h incubation period.

Only two groups were formed: yeasts that produced virtually no gas within 24 h at 37 ◦C and
yeasts that produced more than 800 mbar. A further subdivision of the yeasts into groups producing
little or a lot of gas was omitted, because too little information was available from the literature as to
which quantities could be classified as a lot or little.

No yeast produced gas amounts between 100 mbar and 800 mbar. More yeasts harvested from
LD − S produced gas than yeasts that were found in LD + S, but the quantity was not significant
(p < 0.2216).

Gas production with more than 800 mbar was observed for a total of 13 (40.6%) isolates (Table 6):
10/11 C. krusei-isolates, 2/3 S. cerevisiae-isolates, 1/1 C. kefyr and 1/1 C. humilis. C. kefyr formed the
highest gas pressure, with 10,419 mbar, followed by the C. krusei isolates (7134.5, 7073, 6659, 6487, 6383,
6164.5, 4839, 4147.5, 3954.5 and 3940.5 mbar), both isolates of S. cerevisiae (1160.5 and 1466.5 mbar)
and C. humilis (888 mbar). Eleven of these isolates grew better at 37 ◦C than at 25 ◦C within 48 h
(see Section 3.2). Nonetheless, two isolates, which also grew better at 37 ◦C, were not able to produce
more than 100 mbar gas in 24 h. These two yeasts were one C. holmii and one C. krusei isolate harvested
from LD + S. The latter one produced these high gas quantities only after a 40 h incubation time.
On the other hand, one isolate of C. krusei, harvested from LD − S, which grew better at 25 ◦C than at
37 ◦C, nevertheless produced 3954.5 mbar gas within 24 h. Only one yeast isolate from LD + S could
produce significant quantities of gas under the abovenamed circumstances within 24 h (Table 4).

31



J. Fungi 2020, 6, 337

Table 6. Gas production (mbar) at 37 ◦C within 24 h.

Sample Number <100 mbar >800 mbar

LD − S n = 32 19 (59.4%) 13 (40.6%)
LD + S n = 8 7 (87.5%) 1 (12.5%)

total n = 40 26 (65.0%) 14 (35.0%)

Gas production less than 100 mbar was demonstrated in 5/5 C. lambica, 4/4 C. holmii, 3/3 Trichosporon

spp., 3/3 G. silvicola, 2/2 C. pelliculosa, 2/2 C. rugosa, 1/1 Sap. suaveolens, 1/1 Candida spp., 1/1 C. valida,
1/1 P. manshurica, 1/1 C. spherica, 1/3 S. cerevisiae and 1/11 C. krusei. Yeasts that showed some signs
of growth or grew particularly well at 37 ◦C within 48 h showed different reactions. Some isolates
needed more than 24 h to produce high amounts of gas (Figure 3). Some isolates did not produce
amounts greater than 100 mbar, even within a given 60-h period. In Figure 3 such yeasts are C. valida

and C. lambica. Therefore, their curves in Figure 3 are so close to the x-axis they are hardly visable,
just like the curve of the control (sterile SAB-bouillon without yeast isolate).

 

    

− −

−

Figure 3. Cumulative pressure graph C. = Candida; C. krusei, LD − S = isolate of C. krusei from LD − S;
C. krusei, LD-+ = isolate of C. krusei from LD + S.

The highest correlation between yeast growth at 25 ◦C and 37 ◦C within 48 h (see Section 3.2) and
gas formation was found in yeasts that did not grow at 37 ◦C at all. None of these yeasts (8/8) were
able to produce gas during the 24-h incubation period at 37 ◦C.

4. Discussion

Increased numbers of yeasts in liquid feed for pigs has been the subject of some publications
in previous years [10–12,16,26–28]. Some publications compared yeasts in liquid feed for pigs with
different feed composition taken from different stables or with and without the addition of starter
cultures. However, none have yet compared the yeasts in liquid swine diets with and without maize
silage, with the identification results derived from two methods.

4.1. Identification

As in most other studies, the genus Candida (C.) was found most often in our research study.
C. krusei was found most often in LD − S and in all samples as a whole, whereas C. lambica was found
most often in LD + S. In addition to these two species, another 17 yeast species from six genera were
also diagnosed in this study.
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4.1.1. C. krusei

Overall, the most often found yeast in this study, C. krusei, was isolated from feed samples with
the lowest and highest pH-values. From the literature, it is known to grow at low pH-values [29],
ferment up to a pH-value of 3.6 [30] and can also form biofilms [31]. These properties are likely to be
beneficial for yeast persistence in the liquid feed and the feeding system. In part, C. krusei is capable of
pseudohyphae formation and mostly of growing at 37 ◦C, both characteristics that could contribute
to HBS.

C. krusei is responsible for about 2% of yeast infections caused by Candida species in humans [32].
Pichia kudriavzevii, Issatchenkia orientalis and Candida glycerinogenes are proven to be the same yeast
with collinear genomes 99.6% identical in DNA sequence. Under these names, the yeast is used
for industrial-scale production of glycerol and succinate, and is also used to make some fermented
foods [32]. The latter use in fermented foods also explains the frequent occurrence in liquid feed for
pigs, which also has a low pH value (see Section 3.3).

4.1.2. C. lambica

The significantly higher presence of C. lambica in LD + S is possibly due to maize silage in the feed
but could also be due to the lower storage temperature of the maize silage outdoors during winter [33].
As LD + S samples were gained from the institute’s own research projects, it is known that animals
did not develop HBS or any other disease and that they ate a lot more with the ad libitum feeding of
LD + S in comparison to the previous feed intake with commercial feed (Jörling, 2017) [8]. This was
observed, although the yeast content of the feed was temporarily more than 1 × 108 cfu/g feed (Jörling,
personal observations, results of which have not yet been published). Olstorpe et al. [26] discovered
that Pichia fermentans (C. lambica) was dominant in all their experiments. They assumed that C. lambica

was able to improve palatability as it has been described to improve the flavor composition during
wine- and cheese-making [26]. Presumably, the yeast species within the diet might be more important
than the orientation values, which are the same for all yeasts when the hygiene status of the liquid
diets is under debate.

4.1.3. Yeasts from Liquid Diets for Pigs

In the present study, mostly C. krusei, C. holmii, C. lambica, S. cerevisiae, C. humilis and Geotrichum

spp. were identified (see Section 3.1, Table 1). Together, they accounted for 66.5% of all yeast isolates.
Other species could not be identified (7.5%, Table 1) or were only detected in lower proportions (26%;
see Section 3.1).

Middelhoven et al. [33] observed, in whole-crop maize ensiled for two weeks, similar yeast
species compared to those found in LD + S. They predominately found C. holmii, C. lambica, C. milleri

(current name: C. humilis), Hansenula anomala (current name: Wickerhamomyces anomalis, anamorph:
C. pelliculosa) and Saccharomyces dairensis [33], whereby only the latter yeast did not occur in our study.
The comparability of the yeast species in both studies could indicate that it is not so much the storage
over winter but rather the substrate that influences the yeast occurrence.

The biochemical profiles of both yeasts are very similar and therefore sometimes misidentified [34].
Both yeasts are able to assimilate mostly glucose, lactose, glycerol, inositol and N-acetylglucosamine,
while xylose is only metabolized from C. lambica. On the other hand, the next frequently identified
yeasts, C. holmii, C. humilis and S. cerevisiae, cannot perform this metabolic function, with the exception
of glucose. Instead, they metabolize galactose and raffinose, and, in part, trehalose (C. holmii and

C. humilis), sucrose (C. holmii and partly also S. cerevisiae) as well as maltose (S. cerevisiae). This could
suggest that the assimilative capacities of the yeasts are not essential for their presence or absence in
different liquid feeds for pigs.

Likewise, many different yeasts were identified in studies on yeast determination from liquid
feed samples for pigs, and different species dominated in the different feed samples [6,26–28].

33



J. Fungi 2020, 6, 337

Similarities to the isolated yeasts in the present study were observed in the studies by Olstorpe
et al. [26], who examined liquid feeds based on a cereal grain mix and wet wheat distiller’s grain
with and without starter cultures. Without starter cultures, they observed P. fermentans (C. lambica),
C. pararugosa, C. rugosa, P. galeiformis (current name: P. mandshurica), T. asahii, Issatchenkia orientalis

(C. krusei, P. kurdriavzevii), C. ethanolica and C. vini. These yeasts were found in the present study as
well, except the last three mentioned ones.

Olstorpe et al. [26] isolated C. kefyr from wheat-based liquid feed as the dominant yeast, which was
isolated only once in the present study. This previous publication also found C. krusei, C. pelliculosa and
Pichia membranaefaciens (C. valida). Plumed-Ferrer and Wright [35] most frequently observed K. exigua

(C. humilis), Debaromyces hansenii and Pichia derserticola in fresh batches of liquid feed, of which only
K. exigua was often observed in the present study. On the other hand, in this previous study, other yeasts
were also isolated, such as Pichia kurdriavzevii (C. krusei), S. exiguous (C. holmii), Pichia membranaefaciens

(C. valida) and Wickerhamomyces anomalus (C. pelliculosa), which were identified in the present study, too.
Significantly more morphologically different yeasts were observed in LD + S (see Section 3.1),

which had lower pH-values than conventional feed and were stored outdoors during winter, which,
as a consequence, were exposed to changing temperatures. These different colonial morphologies
could be a result of changing environmental conditions, as explained in previous publications [36,37].

The genera Geotrichum and Trichosporon are classified as yeast or yeast-like organisms,
but Geotrichum was formerly classified as a mold [38–40]. The colony morphology is very similar to
other yeasts and therefore was described in many previous studies concerning yeasts in liquid swine
diets [25,27,28], so that comparability with other studies is possible. Saprochaete suaveolens, formerly
classified as Geotrichum fragrans, is also classified as a yeast or yeast-like organism (mycobank.org [41]).
Hereafter, for the sake of simplicity, all genera are referred to as yeasts, even if the term yeast or
yeast-like organism would be more accurate.

4.1.4. Method Comparison

The present study compared different methods for identifying yeasts to find the best method
for the chosen substrate and the yeasts contained in it. From previous studies [6,10,26,28,42], it was
known that many tests for identifying yeasts from the environment produce fewer results than those
from clinical material [43–45]. Additionally, different databases on which different test procedures are
based also influence the obtained results [45,46].

For clinical samples consisting mainly of Candida spp., the method of MALDI-TOF outperformed
the diagnosis capacities of the phenotypic tests by reducing the delay in results and improving the
reliable identification rate at species level [43]. On the other hand, this method requires significantly
higher acquisition costs for the equipment. Therefore, this method was compared with the ID 32 C test,
which has virtually no purchase costs.

ID32C

In our study, 5.2% less reliable results were observed with the ID 32 C test in comparison to
MALDI-EX. Nevertheless, in individual cases, correct identification could only be made with this simple
biochemical method (see Table 4). C. rugosa was twice identified with more than 99.5% accuracy as “very
good identification”, while MALDI-EX identified these two yeast isolates as C. pararugosa. The latter
was not included in the ID32C-database. Considering the fact that several authors [44,45,47] proposed
a lower identification score for the yeast identification with MALDI (see below), perhaps the MALDI
results are the correct ones. In the case of Geotrichum spp. and Saprochaete suaveolens, the situation is
similar. Saprochaete suaveolens was not included in the database of the ID32C test. Comparable to the
finding in the present study, namely that Rhodotorula was better identified with ID32C, Olstorpe et al. [6]
reported that, with the applied PCR fingerprinting, two Rhodotorula glutinis isolates were incorrectly
classified as Cryptococcus satoi or Pichia membranaefaciens, but correctly identified with ID32C.
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The ID32C test can be easily performed in any laboratory and does not require an expensive device.
In addition to species identification, the biochemical test has the advantage of showing which enzymes
can be produced by the respective yeast isolate. This, in turn, could allow or exclude opportunities for
identifying which feed components could be metabolized by the yeast.

Selected Biochemical Reactions of the ID32C-Test

Metabolization of N-Acetylglucosamine (NAG): More yeasts from LD+ S, even if not significant,
were able to metabolize the amino sugar NAG. This is the monomeric constituent of chitin, which is
one of the most abundant renewable resources found in nature [48]. The uptake of NAG into the yeast
cell, its metabolites in the cell and conversion to cell wall formation have already been described for
various yeasts [48]. The cell wall reinforced by NAG (chitin) offers protection against low pH-values in
the environment [22]. Although the pH-values in the LD − S were not significantly lower than those of
LD + S, the prolonged period of survival in silage (see below) may have led to the ability of yeasts to
metabolize NAG.

Metabolization of Lactic Acid (LAT): More yeasts from LD + S were able to metabolize lactic
acid. As this finding is not statistically significant, the ability to metabolize lactic acid obviously is
not a prerequisite for yeasts in LD + S. Lactic acid bacteria are the predominant group of bacteria
found in maize silages, and are able to multiply in liquid feed, lactic acid being a main product of their
metabolism [49]. Maize silage used for LD + S in the present study was kept outdoors during winter
and early spring until it was fed to the animals in late spring and early summer. Being able to use a
substrate present in the environment is presumed to be an advantage for yeasts [50,51], which have to
survive in these conditions for a long time.

MALDI-DS: The less time-consuming and less expensive MALDI-DS reduced the identification
rate significantly (p < 0.001) by more than half compared to MALDI-EX (37.5% vs. 78.75% reliable
identification). Thus, the use of this method is clearly limited, at least if different yeasts are to be
identified from environmental samples. In contrast to bacteria, yeasts possess a thick and chitinous cell
wall, which might lead to the difficulties encountered with the MALDI-DS method [52].

MALDI-EX: In our study, 78.75% of the 80 different yeasts could be identified by MALDI-EX and
75.0% by the ID 32 C. While 11 isolates were not identified at all, six isolates achieved only probable
results at the genus level (see Table 4). An incorrect diagnosis was observed only once, mistakenly
identifying P. occidentalis instead of C. krusei (see Section 3.1.1).

A comparison of identification of 96 foodborne yeasts with MALDI-TOF and two conventional
tests, of which one was ID 32 C, was made by Pavlovic et al. 2014 [53]. In their study, more yeast
isolates could be identified with MALDI-TOF than with the ID32C test, too.

The identification rate of the different methods in the present study was comparable to those of
others in which yeasts were isolated from the environment rather than from clinical material [6,54–56].
As already shown by these and other authors [1,57], none of the methods were capable of reliably
detecting all yeast isolates from the liquid feed. Many authors attribute these differentiation failures
to the background of the ID32C, MALDI-TOF and other commercially available tests, as these were
developed and established for clinically relevant yeasts in human beings and not for yeasts in animal
feed [1,45,57]. None of the available methods can be considered as the golden standard for the
differentiation of yeasts from liquid feeds. With respect to the low examination costs, low workload,
fast availability of results and available databases, which means the highest rate of correct identification,
the different methods exhibit advantages and disadvantages.

Although MALDI-EX was the best method for gaining the most reliable identification results in
this study, it has to be considered that results from this method are only as good as the underlying
database [46]. Vlek et al. [46] identified 61.5% of their yeasts from human patients using the Bruker
Daltonic database (BDAL), but improved their identification rate up to 86.8% by adding their database
with the in-house database from the Centraalbureau voor Schimmelcultures (Central Bureau for Fungal
Cultures) (BDAL + CBS in-house). This allows the assumption to be made that even more yeasts will
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be identified with this method in the future, if correspondingly relevant data continue to be added,
especially for the non-clinical yeasts found in the surroundings. An improvement in the identification
results of 845 environmental yeasts by one third was also described by Augustini et al. [45] after
developing a supplementary database.

Besides the databases as reason for missing reliable yeast identification, Augustini et al. [45]
stated that identification scores <2.00 are not able to unequivocally affirm that the identification at
species level is unreliable. They cited studies that showed identification results under 2.00, but with
correct identifications. This observation was underlined in the studies by Tan et al. [44]. Repeating
MALDI-TOF attempts in 10.2% of the yeast isolates, which had indicated spectral scores as being
unacceptable on the first attempt (scores < 2.00), resulted in acceptable scores (>2.00). Most of these
achieved a correct identification on the first attempt [44]. The authors concluded that lowering the
identification score from <2.00 to <1.70 could reduce the repetition rate [44]. With a cut-off of <1.70,
Lee et al. [50] also improved the identification rate of their 284 pathogenic yeasts from clinical samples
compared to the required cut-off value of >2.00 [49]. When comparing the results of two different
MALDI-TOF systems (Biotyper from Bruker and ASTA MALDI-TOF MS), Lee at al. [50] found that
only 39.5% of the isolates with confirmed identification with molecular sequencing met the cut-off
score in both systems. The majority of the isolates (58.6%) ranged between 1.70 and 2.00 when using
the Bruker Biotyper and scores > 140 using ASTA MALDI-TOF.

Lee et al. [52] performed a formic acid extraction with a shorter protocol. Most of the yeasts
obtained from samples of clinically infected humans were identified correctly, but the method failed
to identify the slimy Cryptococcus spp. Considering the fact that in our study no Cryptococcus spp.
were found, possibly this shorter, easier and inexpensive method could have provided as good results
as MALDI-EX. On the other hand, different Cryptococcus spp. were isolated from liquid swine diets in
studies by Olstorpe et al. [6]. Therefore, MALDI-EX seemed to be the best method to reliably identify
as many yeasts species as possible.

Extending databases, lowering the identification score for yeasts as well as shorter protocols could
improve the ratio of reliable results of environmental yeasts with MALDI-EX in the future, so that the
results of this method could be highlighted even more.

Various molecular biological methods described in the literature were not included in this study,
although previous authors achieved good results [27]. Gori et al. [27] had difficulties in separating the
two most commonly occurring yeasts in their study with 26S rRNA sequencing: C. humilis (formerly
named C. milleri; 58.4%) and C. holmii (Kasachstania exigua; 17.5%), together accounting for 75.9% of all
results (n = 766 yeasts). They distinguished the two yeasts biochemically according to their sucrose
and raffinose metabolism [27]. In the present study, C. humilis and C. holmii accounted together for
20% of all results (n = 16). In retrospect, it can be assumed that the 26S rRNA method would not have
been advantageous in these cases.

4.2. Temperature

In the present study, clearly more than half of the yeasts (52.9%) grew better at 25 ◦C than at 37 ◦C
or did not grow at 37 ◦C at all (23.5%). Those yeasts that did not grow at 37 ◦C at all will presumably
not grow in the intestines of pigs, where the internal body temperature normally still exceeds 37 ◦C.

Considering only yeasts isolated from LD + S, there are even more isolates that prefer cooler
temperatures (see Table 5). An explanation for these yeasts preferring lower temperatures than yeasts
from LD − S could be the chosen time of sampling of LD + S in late spring and early summer in the two
projects, when the liquid diets were composed. After harvesting the maize plants and making silage in
the fall in the respective projects, this was stored outdoors during winter, where yeasts had to cope
with low temperatures. Thus, yeasts may have adapted to these temperatures or died. Storing feed
materials or liquid diets at cool temperatures possibly reduces the yeast species, which prefer 37 ◦C,
and as a result have little or no impact on gut health.
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The present results could also indicate an adaptation of the yeasts to their feed origin and
storage temperature. These results were obtained directly after the cultivation of the yeasts from
the respective feed (see Section 2.3). Therefore, yeasts had little or no opportunity to adapt to the
new temperatures. This is in the broadest sense comparable with the climatic conditions during the
long period between the fall and spring. On the other hand, the possibility to adapt would exist
at warmer outside temperatures and in case of the pre-fermentation of the liquid feed (24 h, 38 ◦C),
as is sometimes practiced, especially with controlled fermentation [58]. Suutari et al. [59] reported
morphological changes in some yeasts that had to adapt to cooler or very warm temperatures in a
bouillon. The investigations in this previous study on growth performance at different temperatures
was made on agar plates. The possible easier adaptation to new temperature conditions in a bouillon
could also be an explanation for the observations that some yeasts only produce gas at 37 ◦C after a
longer period of time (see Section 3.4, C. humilis in Figure 3).

Margesin et al. [60] isolated yeasts and bacteria from cold-adapted habitats and classified 60%
of the yeasts but only 8% of bacteria to be true psychrophils, which showed no growth above 20 ◦C,
indicating that the remaining microorganisms are able to adapt to warmer temperatures. Yeasts that
do not grow or grow very poorly at 37 ◦C are thought to have little or no effect on gut health [20].
As a result, the lack of or partly low clinical symptoms on farms with a high yeast load in the feed are
explicable. Correspondingly, yeasts that did not grow at all or worse at 37 ◦C than at 30 ◦C were also
found on yeasts obtained from swab samples from milking machines [55]. A large majority of them
could not be recovered from the milk collected with these milking machines.

In both groups (LD − S and LD + S), 1.9 different yeasts were identified. On the other hand,
significantly more different colonial morphologies of the yeasts were found in LD+ S, possibly indicating
that temperature could have an influence on morphology, as was also observed by Nadeem et al. [37].

4.3. pH-Value

In the present study, the LD + S had on average slightly higher pH-values than LD − S and
they contained significantly more C. lambica. Whether this connection is accidental or related to the
higher pH-value can only be suspected due to the small number of farms of origin. Lack of growth
at 37 ◦C [34], a good smell/taste [26] but no described ability of biofilm formation, as found by the
Olostorpe et al. [26], could mean that this yeast is expected to be less harmful as a feed contaminant
and for gut health than other yeasts. On the other hand, some yeasts are known to adapt to pH-values,
to temperature and to different media [37], so that the safety of C. lambica in liquid swine diets still
needs to be tested.

For fungi as well as bacteria, one of the most important environmental conditions is ambient pH.
Changes in external pH result in phenotypic, metabolic and physical changes of the microorganisms [22].
The low pH-values in liquid feeds, especially fermented ones or those containing silage compared to
normal feed for pigs, in general favor yeasts. This is due to the fact that at pH-values< 5.0, many bacteria
are not able to stay alive or to grow as fast as they do at higher pH-values [61]. Molds depend on
oxygen, but yeasts are able to grow at low pH-values with and without oxygen [3]. Some yeasts are
known to be able to adapt to low pH-values in their surroundings by forming a thicker cell wall with
chitin (N-acetyl glucuronidase) [22]: the high buffering capacity in the cytosol, high H+-ATP-ase and/or
high endogenous energy reserves of C. krusei [29]. Therefore, fermented liquid feeds, especially after
controlled fermentation, always poses a certain risk of increased yeast content.

4.4. Gas Production

Quantitatively comparing gas production of different yeasts under standardized conditions with
Ancom RF Gas Production System was, to the best of our knowledge, performed for the first time.
Investigations in a bouillon, produced in accordance with European and US Pharmacopoeia guidelines,
allows for a comparison of gas-producing yeasts irrespective of feed or water. The SAB-bouillon
provides ideal conditions for yeasts and contains high amounts of glucose (20 g/L). However, the total
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gas quantities measured do not describe quantities that would also be produced in the feed or in the
animal, since the competing flora is always different, and feed is not composed like a bouillon or an
agar for yeasts.

Different generation times, sizes and numbers of buds make it difficult to precisely calculate the
yeast quantity with density determination or even with quantitative cell counting. Hence, the amounts
of gas production were not precisely determined but categorized to two major groups, as described
above. Additionally, not the exact yeast numbers per milliliter were determined but only the density
by means of the McFarland standard. Exemplarily, for some samples with the density of McFarland
0.3, the yeasts were counted, resulting in 1–4 × 105 cfu yeasts per mL. Thus, these yeast counts are just
about acceptable regarding the requirements in liquid feed according to Kamphues et al. [17].

In the present study, slightly increasing gas pressures were also measured for yeasts that did
not produce gas at the beginning of the experiment. This could be explained by the rising room
temperature during processing to the 37 ◦C in the incubator.

The gas formation capacity of the yeasts differed very clearly between 888 mbar and 10,419 mbar.
C. kefyr formed over ten times more gas than one of the S. cerevisiae isolates. Only one yeast isolate
from LD + S was able to produce higher amounts of gas at 37 ◦C within 24 h. This was partly caused
by its preference for cooler temperatures, as described above. The reason for the differing amounts of
gas production of yeasts may to some extent be seen in the lack of oxygen produced in the Ancom Gas
Production System, which is also found in the pig’s colon. Some yeasts like C. sphaerica, C. variabilis,

C. kefyr, C. lambica, C. krusei, S. cerevisiae and C. pelliculosa are known to metabolize glucose under
anaerobic conditions; variable metabolization is expected from other yeasts like C. valida, G. candidum

and G. capitatum, while C. rugosa and Rhodotorula spp. are mostly not capable of fermentation [61].
The latter cannot be expected to produce gas amounts under the conditions available in the present
study as well as those found in the gastrointestinal tract of pigs. As such, they cannot be expected to
cause a disease such as HBS. Comparing the growth of a yeast from liquid feed for pigs at 37 ◦C and
25 ◦C can give a good indication of whether a yeast is likely to cause HBS. However, it is not possible to
make an accurate prediction because yeasts are partially capable of adapting to temperatures and some
yeasts hardly ferment under anaerobic conditions despite growth at 37 ◦C. On the other hand, no high
gas production within 24 h was observed in the present study when a yeast isolate did not grow at
37 ◦C. Presumably, those yeasts are not supposed to cause HBS. A test of growth at 37 ◦C would be
easy to perform in every laboratory and could give a hint at whether a yeast would be able to grow in
a pig’s alimentary tract. Further studies will be needed to clarify which amount of gas production can
generally be called high or low. Apart from this, it has to be considered that a yeast, even if it is not
able to form a biofilm itself, may colonize the biofilm of the lines of the feeding system. Such yeasts
could potentially be capable of adapting to warmer temperatures, especially in the summer months.

4.5. Summary

In several studies of liquid feed, samples for pigs’ yeasts were identified, which were also found
in the present study. The most commonly detected yeast in our study was C. krusei. This is the
first study of liquid feed with and without maize silage. In liquid feed with maize silage (LD + S),
significantly more C. lambica was found.

MALDI-EX provided the most reliable results (78.75%), but the ID 32 C-test, easy to perform
in every laboratory, was sufficient for confirming 75.0% of the identified yeasts. Both tests together
identified 88.75% of the yeasts because some yeasts were only reliably identified with one or the other
test. The quicker MALDI-DS-method provided only 37.5% reliable results, this being significantly less
than the other two methods. Thus, a formic acid/acetonitrile extraction (MALDI-EX) before analysis
should be preferred.

Clearly more than half of all yeast isolates grew better at 25 ◦C than at 37 ◦C. Fourteen isolates
showed no growth at all at 37 ◦C. Gas amounts produced by the different yeast isolates differed more
than tenfold within a 24-h incubation period at 37 ◦C in SAB-bouillon measured with the Ancom
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Gas Production System. Most of the tested C. krusei and S. cerevisiae but none of the tested C. holmii,
Trichosporon spp., G. silvicola and C. pelliculosa were able to produce gas. While only one yeast from
LD + S was able to produce gas within 24 h, more yeasts (40.6%) from LD − S were able to do so.
None of the yeasts that did not grow on the SAB-agar at 37 ◦C were able to produce high amounts of
gas within a 24-h incubation period at 37 ◦C in the bouillon, presuming that those yeasts could only
slightly affect the animals’ health.

Due to the fact that the majority of C. krusei isolates were able to grow at 37 ◦C, produce high
amounts of gas, grow in low pH conditions and form biofilms, as is known from the literature, this yeast
species seems to be predestinated to grow in liquid diets and to remain in a biofilm in the pipelines
serving the liquid diet. Therefore, special interest should be given to this yeast species. The evaluation
of yeast levels in liquid feed for pigs has so far only been determined on the basis of the number of
yeasts per gram feed. Laboratory values alone could possibly incorrectly estimate the influence of
yeasts on the health of the animals as either being too low or too high. Additional investigations are
needed to further characterize the effect of each yeast species on pig health. Moreover, investigating
the effect of having the storage temperature of the feed significantly below body temperature could
be interesting.
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Abstract: This study evaluated the dietary administration of Saccharomyces cerevisiae live yeast on
milk performance and composition, oxidative status of both blood plasma and milk, and gene
expression related to the immune system of lactating ewes during the peripartum period. Chios ewes
were fed either a basal diet (BD) (Control, n = 51) or the BD supplemented with 2 g of a live yeast
product/animal (ActiSaf, n = 53) from 6 weeks prepartum to 6 weeks postpartum. Fatty acid profile,
oxidative, and immune status were assessed in eight ewes per treatment at 3 and 6 weeks postpartum.
The β-hydroxybutyric acid concentration in blood of ActiSaf fed ewes was significantly lower in both
pre- and postpartum periods. A numerical increase was found for the milk yield, fat 6% corrected milk
(Fat corrected milk (FCM6%)), and energy corrected milk yield (ECM) in ActiSaf fed ewes, while daily
milk fat production tended to increase. The proportions of C15:0, C16:1, C18:2n6t, and C18:3n3 fatty acids
were increased in milk of ActiSaf fed ewes, while C18:0 was decreased. Glutathione reductase in blood
plasma was increased (p = 0.004) in ActiSaf fed ewes, while total antioxidant capacity measured
by 2,2′-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) method was decreased (p < 0.001).
Higher ABTS values were found in the milk of the treated group. The relative transcript levels of CCL5,
CXCL16, and IL8 were suppressed, while that of IL1B tended to decrease (p = 0.087) in monocytes of
ActiSaf fed ewes. In conclusion, the dietary supplementation of ewes with S. cerevisiae, improved the
energy utilization and tended to enhance milk performance with simultaneous suppression on mRNA
levels of pro-inflammatory genes during the peripartum period.

Keywords: Saccharomyces cerevisiae; livestock; ewes; energy; antioxidant; cytokines

1. Introduction

Both meat and dairy products consumption are expected to increase in 2050 by 73 and
58%, respectively, compared to their 2010 levels [1,2], due to the rapid population growth rate.
Ruminants’ milk (67%) and meat (33%) cover 51% of proteins derived from the livestock sector
and have a dominant role in food security, which is linked to how efficient animals utilize feed.
Ruminants’ feed efficiency depends upon the microbes residing within the rumen that ferment and
transform feeds into volatile fatty acids (VFAs), proteins, and vitamins which are exploited by the
host [3]. This multikingdom ecosystem’s efficiency is dependent on various factors, the most prominent
being that of diet. The improvement of the rumen microbiome habitat through the advancement
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of feed efficiency technologies entails a fundamental stepping stone in the overall improvement of
livestock systems sustainability and food security concerns.

In intensive farming systems, high genetic merit animals require higher amounts of concentrate
to fulfil their energy and nutrient demands, resulting in metabolic imbalances in rumen function and
their microbiome governance. Probiotic yeasts are currently popular and widely used in ruminant
feeding systems, especially since some of them have been officially authorized as feed additives in
Europe [4]. The main purpose for using such additives in ruminant diets is to prevent rumen flora
disorders and disturbances [5]. Dietary supplementation with live yeast (LY), Saccharomyces cerevisiae,
improves rumen function through several modes of action [6]. This improvement is related to the
oxygen scavenging properties of yeast in rumen (anaerobiosis mechanism), which upgrades bacterial
viability and therefore the animal production [6]. Amongst the favorable bacteria are cellulolytics,
which through the increase in their activity enhance fiber digestion. Moreover, LY can also stabilize the
ruminal pH [7], not only after feeding, but also during the peripartum period where animals often find
themselves in a negative energy balance and are further sensitive to metabolic diseases. It has been
proven that even a low-grade energy deficiency weakens the animals’ antioxidant system, which fails
to neutralize the formation of Reactive Oxygen Species (ROS) and triggers the pro-inflammatory
response [8,9].

By improving ruminants’ feed utilization and both energy and nutrient availability during
the peripartum period, not only can milk performance and chemical composition be enhanced,
but furthermore a downregulation in the immunostimulation response can be achieved through the
limitation of lipomobilization metabolites [10,11]. Although LY supplementation in ruminants’ diets
is a well-established nutritional strategy, previous works have only focused on district parameters
instead of a holistic approach. Specifically, except for milk performance [7,10–14], scarce information
has been linked to the potential improvement of energy balance and oxidative status and therefore to
the immune response under the influence of dietary yeasts inclusion in ruminants.

Taking into account the aforementioned information, the objective of this work was to evaluate
the effect of LY S. cerevisiae (CNCM I-4407, 1010 CFU/g, ActiSaf; Phileo Lesaffre Animal Care, France)
in dairy sheep during the transition and early lactation period (6 weeks prepartum and 6 weeks
postpartum) on milk performance and composition, antioxidant status (determined by Glutathione
transferase (GST), Glutathione reductase (GR), Superoxide dismutase (SOD), Glutathione peroxidase
(GSH-Px), Catalase (CAT) and Lactoperoxidase (LPO) activities, antioxidant capacity with 2,2′-Azino-bis
(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) and Ferric reducing ability of plasma (FRAP) methods
and oxidative stress indicators such as Malondialdehyde (MDA) and protein carbonyls (PCs)) on
both milk and blood plasma and key-gene expression (CCL5, CXCL16, INFG, IL1B, IL2, IL6, IL8, IL10,

TNF, NFKB) in monocytes and neutrophils which are associated with cytokine production.

2. Materials and Methods

2.1. Location and Environmental Conditions

The experiment was conducted from November 2019 to March 2020 on a commercial dairy
sheep farm in the region of Chiliomodi in Korithia, Greece. This region has a typical Mediterranean
climate with hot dry summers and relatively mild wet winters. During the experimental period,
the mean temperatures in November, December, January, February, and March were 12.2, 8, 9.3, 11.1
and 13.1 ◦C, respectively. The selected farm represents the typical intensive dairy sheep production
system of Greece.

2.2. Animals and Diets

Animals’ housing, management, handling, and care complied with the latest European
Union Directive on the protection of animals used for scientific purposes [15], while taking into
account an extended experimental design report, the Bioethical Committee of Faculty of Animal
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Science (currently known as the Agricultural University of Athens Ethical Committee in Research;
FEK 38/A/2-3-2018, eide AUA) approved the experimental protocol. One hundred and twenty (120),
1- to 3-year-old dairy ewes (Ovis aries), of pure Chios breed, were physically selected from a flock of six
hundred. At approximately 6 weeks before parturition, the ewes were divided into two homogenous
groups based on their body weight (BW), number of parturition, and the milk yield from the previous
year only for the case of multiparous ewes (2.1 ± 0.68 kg). Both groups had the same number of
primi- (n = 20) and multiparous (n = 40) animals. More specifically, the ewes mean BW in the Control
group (n = 60) was 61.5 ± 10.70 (SD) kg while in the ActiSaf group (n = 60) was 61.5 ± 11.02 (SD)
kg. The Control group was fed a basal diet comprising of concentrate mix, alfalfa hay, and oat hay,
while the ActiSaf group consumed the same basal diet supplemented with 2 g of S. cerevisiae LY/day/ewe
(CNCM I-4407, 1010 CFU/g, ActiSaf; Phileo Lesaffre Animal Care, France) (Table 1). The animals were
housed in two pens based on the dietary treatment. Both diets were isonitrogenous and isocaloric and
were designed to meet ewes’ requirements in the transition period and early lactation according to the
flock fat (6%) corrected milk yield [16,17]. The animals were fed on a group basis while forages were
offered separately from the concentrate in three equal portions after milking. Diet selectivity did not
occur, no refusals of forages and/or concentrate were observed, and all animals had free access to fresh
water. The experimental procedure lasted 6 weeks started from each ewes’ parturition. After this, each
ewe was returned to the commercial farm flock and the experiment ended when the final ewe had
completed its 6th week on lactation. Since milk performance was recorded at the same time points,
lactation stage had no effect on milk performance. Control ewes (n = 60) gave birth to 141 lambs
(prolificacy = 2.35; 69 females and 72 males) while those of the ActiSaf (n = 60) gave birth to 142
(prolificacy = 2.36; 65 females and 77 males). In addition, since the experimental trial took place on
farm-scale conditions, few ewes were unable to be exploited for data curation due to abortions (4),
mastitis (10) or dystocia (2), hence the final number of subjects was re-adjusted to 51 and 53 for the
Control and ActiSaf groups, respectively.

Table 1. Concentrates composition (g/kg), diet intake (g), daily nutrients intake (g/ewe), and feeds
chemical composition and fatty acid profile (%).

Ingredients (g/kg) Concentrates

Control ActiSaf

Maize grain 575 575
Wheat middlings 180 178

Soybean meal 220 220
Mineral and vitamin 25 25

ActiSaf - 2

Daily feed intake (g/day/ewe)

Prepartum Postpartum Prepartum Postpartum

Oat hay 700 700 700 700
Alfalfa hay 700 700 700 700
Con. Mix 1000 2000 - 1000

ActiSaf Mix - - 1000 1000

Nutrients intake (g/day/ewe)

Dry matter 2093 2956 2091 2953
Crude protein 318 480 318 481
Ether extract 46 69 44 66

NDF 835 991 835 992
ADF 562 626 561 624
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Table 1. Cont.

Diet chemical composition (%)

Con. Mix ActiSaf Mix Alfalfa hay Oat hay

Dry matter 86.28 86.02 88.21 87.63
Organic matter 81.70 81.16 80.87 80.91
Crude protein 16.23 16.29 14.72 7.38
Ether extract 2.22 2.01 1.38 2.06

NDF 15.62 15.68 43.25 53.68
ADF 6.32 6.19 32.56 38.74
Ash 4.58 4.86 73.4 6.72

Fatty acids composition (%)

C14:0 0.1 0.1 0.6 5.6
C16:0 14.3 14.3 23.9 3.7
C18:0 3.9 3.9 3.1 19.5

cis-9 C18:1 36.1 36.1 3.1 16.2
C18:2 n-6 42.2 42.2 21.3 54.0
C18:3 n-3 1.7 1.7 41.9 1.2

NDF = Neutral detergent fiber; ADF = Acid detergent fiber.

2.3. Feed Samples Analyses

Samples of the alfalfa hay, oat hay, and concentrate were analyzed for organic matter
(OM; Official Method 7.009), dry matter (DM; Official Method 7.007), and crude protein
(CP; Official Method 7.016) according to the Association of Official Analytical Chemists (1984) using
a Kjeldahl Distillation System (FOSS Kjeltec 8400, Demark). Neutral detergent fiber (NDF) and acid
detergent fiber (ADF) expressed exclusive of residual ash according to the method of Van Soest using
an ANKOM 2000 Fiber Analyzer (USA) as described by Tsiplakou et al. [18] (Table 1).

2.4. Milk Samples Collection

The sheep were milked three times per day (at 0700, 1300 and 2000 h) with a milking
machine equipped with a digital milk meter and an electronic identification system (Sylco, Greece);
thus, milk yield was recorded daily, and software (Sylco, Greece) was set to provide weekly averages.
Milk samples were collected from each ewe weekly (at 7, 14, 21, 28, 35 and 42 days from parturition)
for a 6-week period with sampling bottles (Sylco, Greece) of 200 mL appropriately for the milking
parlor, to receive a representative sample of the milked quantity. Each of the milk samples from the
mix of three subsamples was derived from each milking time (at 0700, 1300 and 2000 h) by taking 5%
of the milked quantity.

2.5. Milk Chemical Composition

The milk samples were analyzed for fat, protein, lactose, total solids, and total solids no-fat by
IR spectrometry (MilkoScan 120; FOSS, Hillerød, Demark) after proper calibration according to the
methods of Gerber [19] and Kjeldahl [20].

2.6. Blood Metabolic Biomarker (B-HBA) Determination

Four weeks before the expected parturition, blood B-HBA was individually determined (before the
morning feeding, 0700 h) once every three days until the lambing to ensure that 15 days before
parturition a measurement would be recorded (Table S1). Two weeks postpartum, the sample collection
for B-HBA was repeated. Blood ketone concentrations were measured using an electrochemical
capillary blood monitoring device (FreeStyle Precision Neo, Abbott Laboratories Hellas S.A) with the
corresponding individual foil-wrapped test strips for B-HBA. This method of B-HBA determination
possesses 98.4% accuracy for the prediction of both toxemias’ pregnancy and ketosis in Chios ewes [21].
After the insertion of a test strip into the device, a drop of blood was applied to the assigned spot,
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and the B-HBA concentration was recorded. Data were interpreted using 208 determinations in the
two aforementioned sampling time points.

2.7. Antioxidant Status, Immune Response, and Milk Fatty Acid Profile

Eight (n = 8) ewes of each group with comparable weights (Control: 60.2 ± 5.11 kg;
ActiSaf: 60.3 ± 4.88 kg), ages (Control: 1.84 ± 0.16 kg; ActiSaf: 1.85 ± 0.18 kg), milk performance
(Fat corrected milk 6% (FCM6%) data used up 14th day in milk (DIM), Control: 2.3 ± 0.15 kg;
ActiSaf: 2.3 ± 0.21 kg), prolificacy (Control: 2; ActiSaf: 2), and same lactation stage (up to 3 days
deviation between animals) were selected for determining the antioxidant status of both milk and
blood, for immune system gene response, and for milk fatty acid profile. Milk samples were collected
(as mentioned above) in the 3rd and 6th week postpartum and stored at −80 ◦C. Blood samples were
also collected, before the morning feeding (0700 h), at the same time points in heparin contained tubes
for cell extraction and plasma isolation.

2.8. Enzyme Assays, Oxidative Stress Biomarkers, and Total Antioxidant Capacity

The enzyme activities, oxidative stress biomarkers, and the total antioxidant capacity were
measured spectrophotometrically (Helios alpha, UNICAM, Cambridge, UK) as previously described
by Tsiplakou et al. [22]. Briefly, Glutathione transferase (GST) activity in blood plasma was measured
according to the method described by Labrou et al. [23] by measuring the conjunction of reduced
glutathione to 1-chloro-2,4-dinitrobenzene at 340 nm. Catalase (CAT) activity in blood plasma and
milk were assessed using a continuous spectrophotometric rate for the determination of H2O2 at
520 nm, according to the Sigma-Aldrich Catalase Assay Kit (CAT100). Glutathione peroxidase (GSH-Px)
activity in blood plasma was measured according to the method of Paglia and Valentine [24] at 340 nm.
Glutathione reductase (GR) activities in both blood plasma and milk were measured according to
the method of Mavis and Stellwagen [25] by measuring the reduction in oxidized glutathione at
340 nm. Superoxide dismutase (SOD) activities in both blood plasma and milk were assayed using the
method of McCord and Fridovich [26] by measuring the inhibition of cytochrome c oxidation at 550 nm.
Lactoperoxidase (LPO) activity in milk was performed according to the methods of Keesey [27] by
measuring the oxidation of ABTS present in hydrogen peroxide at 340 nm. Malondialdehyde (MDA)
was determined according to the method of Nielsen et al. [28] with some modifications. More specifically,
100 µL blood plasma was added to 700 µL ortho-phosphoric acid (Panreac ITW Companies) and
200 µL aquarius thiobarbituric acid (TBA, Sigma-Aldrich CO USA) and then the samples were heated
at 100 ◦C for 60 min. In milk samples, 1 mL of raw milk was added to 7 mL ortho-phosphoric acid
(Panreac ITW Companies) and 2 mL of aquarius TBA (thiobarbituric acid, Sigma-Aldrich CO USA)
and then incubated at 100 ◦C for 60 min. After that, absorbance was recorded at 532 nm. The protein
carbonyl (PC) content was determined according to the method of Patsoukis et al. [29] by measuring the
conjunction of 2,4-dinitrophenylhydrazine (DNPH) on protein carbonyls at 375 nm. The 2,2′-Azino-bis
(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical scavenging assay was based on the published
methods [30,31]. Ferric reducing ability of plasma (FRAP) assay was used to measure total antioxidant
potential according to the method described by Benzie and Strain [32].

2.9. Milk Fatty Acid Profile

Milk fatty acid profile was determined using Gas Chromatography (Agilent 6890 N GC, Agilent
7683 B autosampler injector), equipped with an HP-88 capillary column (60 m × 0.25 mm i. d. with
0.20 µm film thickness, Agilent Technologies, USA) and a flame ionization detector (FID) as previously
described by Mavrommatis and Tsiplakou [33].

2.10. Monocytes and Neutrophils Immune Genes Expression

Blood monocytes and neutrophils were isolated and then total RNA was extracted as previously
described by Tsiplakou et al. [34]. Pure RNA (500 ng) from 64 individual (monocytes (32) and
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neutrophils (32)) samples was reverse transcribed with the PrimeScript First Strand cDNA Synthesis
Kit (Takara, Japan) according to the manufacturer’s instructions using a mix of random hexamers
and oligo-dT primers. A pair of primers specific for each target gene was designed using Geneious
software (Biomatters, New Zealand) according to the respective Ovis aries gene coding sequences
(CDSs in GenBank) (Table S7). The specificity of each pair of primers was tested against genomic DNA
(positive control) to confirm that a single amplicon would emerge after quantitative real-time PCR.
In addition, dissociation curves were generated, and the amplification products were subjected to
agarose gel electrophoresis to confirm the production of a single amplicon per reaction. The relative
expression levels of the target genes were calculated as (1 + E)−∆Ct, where ∆Ct is the difference
between the geometric mean of the two housekeeping genes’ Cts and the Ct of the target gene,
and the primer efficiency is the mean of each amplicon’s efficiency per primer, which was calculated
by employing the linear regression method on the log (fluorescence) per cycle number (∆Rn) using
the LinRegPCR software [35]. Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) and Tyrosine
3-monoxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide (YWHAZ) were
used as housekeeping genes to normalize the cDNA template concentrations; the RT-PCR protocols
are described in Tsiplakou et al. [18].

2.11. Statistical Analysis

Experimental data were analyzed using the SPSS.IBM statistical package (version 20.0) and results
are presented as mean ±mean standard error (SEM). Dietary treatment effects were determined using
a general linear model (GLM) for a repeated measures analysis of variance (ANOVA). With the dietary
treatments (D = Control and ActiSaf) used as the fixed factor and the sampling time (S) as the repeated
measure, while including their interactions (D*S) to evaluate differences over time, according to
the model:

Yijkl = µ + Di + Sj + Ak + (D × S)ij + eijkl

where Υijk is the dependent variable, µ the overall mean, Di the effect of dietary treatment (i = 2;
Control and ActiSaf), Sj the effect of sampling time (j = 6 for milk performance, 2 for B-HBA
concentration, fatty acids profile, antioxidant and immune system), Ak the animal’s random effect,
(DxS)ij the interaction between dietary treatments and sampling time, and eijk the residual error.
Posthoc analysis was performed when appropriate using a Tukey’s multiple range test [36]. For all
tests, the significance level was set at p = 0.05. In order to simplify the visualization of the results,
GraphPad Prism 6.0 (2012) was used for interleaved bars while error bars represent the mean standard
error (SEM).

Moreover, discriminant analysis was also applied to pooled data to establish those variables
capable of distinguishing and classifying samples among the two dietary treatments. Wilk’s lambda
(λ) criterion was used for selecting discriminant variables [37]. Forty variables were entered to develop
a model to discriminate the thirty-two samples of each case. Specifically, five variables were used for
grouped fatty acids in milk, ten and 10 for immune system genes’ relative expression in monocytes and
neutrophils, respectively, and seven and eight in antioxidant indices in milk and blood, respectively.

3. Results

3.1. Animal Performance

Dietary supplementation with LY ActiSaf significantly reduced the B-HBA concentrations in
ewes’ blood by 27% (0.86 ± 0.07 vs. 0.63 ± 0.06 mmol/L, p = 0.018) in the prepartum period, and by
17% (0.67 ± 0.04 vs. 0.56 ± 0.03 mmol/L, p = 0.028) in the postpartum period. Overall, the B-HBA
was reduced by 24% (0.77 vs. 0.59 mmol/L, SEM = 0.04, p = 0.003) in the whole experimental period
(Figure 1; Tables S1 and S2). Mean BW did not differ between the dietary treatments in the whole
experimental period (Tables S3 and S4). However, ewes’ BW recovered between lambing and 6th week
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of lactation tended to increase by 75% (2.00 ± 0.31 vs. 3.44 ± 0.28 kg, p = 0.092) in the ActiSaf compared
with the Control group (Figure 2; Table S5).

 

 

β
β β

Figure 1. Graphical representation of (A) β-hydroxybutyric acid (B-HBA) in ewes’ blood prepartum
(mean ± SE), (B) β-hydroxybutyric acid in blood postpartum (mean ± SE), and (C) β-hydroxybutyric
acid in blood of ewes in Control (black, n = 51 ewes) and ActiSaf (grey, n = 53 ewes) groups in
experimental period of 12 weeks (mean ±mean standard error (SEM)).
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β β

 

Figure 2. Graphical representation of body weight gain (recovery) between lambing and 6th week of
lactation of ewes in Control (black, n = 51 ewes) and ActiSaf (grey, n = 53 ewes) groups (mean ± SE).

Milk, fat corrected milk 6% (FCM6%), and energy corrected milk yield (ECM) were numerically
increased by 7.6 (2.50 vs. 2.69 kg/day, SEM = 0.159, p = 0.395), 12 (2.07 vs. 2.32 kg/day, SEM = 0.126,
p = 0.161), and 10% (1.93 vs. 2.13 kg/day, SEM = 0.116, p = 0.231), respectively, in the ActiSaf compared
to the Control group (Figure 3; Table S6; Figure S1). Concerning milk chemical composition, fat and
protein contents were slightly decreased by 1.2 (p = 0.740) and 3% (p = 0.381), respectively, in the ActiSaf
group, due to higher daily milk yield. However, both daily milk fat (114 vs. 131 g/day, SEM = 7.188,
p = 0.104) and milk protein production (133 vs. 143 g/day, SEM = 8.288, p = 0.434) were increased by 15
and 7.5%, respectively, in the ActiSaf group (Figure 3; Supplementation Table S6). The milk yield in the
treated ewes showed a moderate increase after the third week in lactation, and a peak in the fourth
week, indicating a more intense milk persistence.
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Figure 3. Graphical representation of milk yield and chemical composition of ewes in Control
(black, n = 51 ewes) and ActiSaf (grey, n = 53 ewes) groups (mean ± SEM). FCM: Fat corrected milk
in 6% according to the equation Y6% = (0.28 + 0.12F) M, where F = fat% and M = milk yield in kg.
ECM: Energy corrected milk =milk yield × (0.071 × fat (%) + 0.043 × protein (%) + 0.2224) [38].
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3.2. Milk Fatty Acid Profile

Milk fatty acid profile was not altered among dietary supplementation except for certain minor
differences. Specifically, pentadecanoic acid (C15:0), palmitoleic acid (C16:1), trans linoleic acid (C18:2n6t),
and linolenic acid (C18:3n3) were increased in ActiSaf milk by 15 (0.82 vs. 0.95%, SEM = 0.045, p = 0.042),
13 (0.29 vs. 0.33%, SEM = 0.014, p = 0.033), 9 (0.19 vs. 0.22%, SEM = 0.008, p = 0.049), and 20%
(0.40 vs. 0.48%, SEM = 0.027, p = 0.075), respectively, while stearic acid (C18:0) decreased by 5%
(8.91 vs. 8.44%, SEM = 0.490, p = 0.029) (Table 2).

Table 2. The mean individual fatty acids (FAs) (% of total FA), FA groups and Saturated Fatty Acids
(SFAs)/Unsaturated Fatty Acids (UFAs) of milk from ewes fed Control (n = 8 ewes) and ActiSaf
(n = 8 ewes) diet throughout the experimental period (21 and 42 experimental days).

Diets (D) Sampling Time (T) in Weeks Effect *

Control ActiSaf SEM † 3 6 SEM † D T DxT

C4:0 4.81 4.59 0.288 4.79 4.61 0.205 0.522 0.230 0.989
C6:0 3.75 3.60 0.191 3.42 3.93 0.181 0.788 0.005 0.589
C8:0 3.17 3.12 0.171 2.90 3.89 0.125 0.922 0.010 0.489
C10:0 9.08 9.14 0.639 8.05 10.17 0.451 0.789 0.001 0.367
C12:0 4.88 5.01 0.395 4.33 5.56 0.285 0.422 0.000 0.148
C14:0 10.84 11.16 0.325 10.41 11.58 0.251 0.398 0.000 0.257
C14:1 0.24 0.30 0.030 0.26 0.28 0.028 0.152 0.890 0.789
C15:0 0.82 0.95 0.045 0.83 0.94 0.037 0.042 0.004 0.174
C15:1 0.24 0.29 0.032 0.28 0.25 0.027 0.259 0.520 0.258
C16:0 23.94 24.90 0.596 24.10 24.42 0.428 0.189 0.890 0.478
C16:1 0.29 0.33 0.014 0.309 0.314 0.011 0.033 0.621 0.585
C17:0 0.60 0.65 0.031 0.701 0.544 0.020 0.698 0.003 0.984
C17:1 0.31 0.34 0.030 0.40 0.25 0.022 0.980 0.000 0.970
C18:0 8.91 8.44 0.490 8.86 8.48 0.352 0.029 0.045 0.368
Σtrans

C18:1
1.07 1.01 0.110 1.05 1.02 0.088 0.893 0.880 0.489

‡
trans-11

C18:1
1.26 1.16 0.158 1.22 1.20 0.125 0.358 0.499 0.984

cis-9 C18:1 20.99 20.05 1.260 23.09 17.97 0.785 0.639 0.002 0.874
C18:2n6t 0.19 0.22 0.008 0.19 0.22 0.008 0.049 0.019 0.321
C18:2n6c 3.02 3.09 0.213 2.84 3.26 0.168 0.890 0.009 0.284

C20:0 0.12 0.12 0.004 0.11 0.13 0.006 0.980 0.033 0.678
C18:3n3 0.40 0.48 0.027 0.45 0.43 0.020 0.075 0.459 0.574

C20:3n3 +

C22:1
0.31 0.28 0.015 0.34 0.25 0.012 0.784 0.000 0.348

trans-11,
cis-9 C18:2

0.76 0.77 0.110 0.74 0.80 0.081 0.899 0.269 0.635
§SCFA 20.81 20.45 0.896 19.16 22.10 0.678 0.678 0.002 0.354

¶MCFA 41.07 42.07 0.858 40.69 43.04 0.689 0.201 0.008 0.528
††LCFA 9.03 8.56 0.489 8.97 8.62 0.361 0.302 0.099 0.598
‡‡MUFA 24.40 23.48 1.140 26.61 21.28 0.651 0.522 0.008 0.789
§§ PUFA 4.68 4.84 0.308 4.57 4.95 0.212 0.622 0.028 0.654
¶¶ SFA 70.91 71.67 1.046 68.82 73.75 0.721 0.589 0.007 0.354
†††UFA 29.09 28.33 1.046 31.18 26.25 0.712 0.453 0.007 0.352
‡‡‡SFA/UFA 2.43 2.53 0.143 2.21 2.80 0.086 0.870 0.006 0.123

§§§AI 2.56 2.68 0.133 2.33 2.92 0.099 0.256 0.002 0.099

* Effect: The dietary treatment (D), time (T), and the interaction between dietary treatment × time (DxT) effects
were analyzed by analysis of variance (ANOVA) using a general linear model (GLM) for repeated measures and
posthoc analysis was performed when appropriate using Tukey’s multiple range test. †SEM = Standard error
of the mean. ‡

trans-11 C18:1 = these values are not included in the Σ trans C18:1 content. §SCFAs: Short-Chain
Saturated Fatty Acids = C6:0 + C8:0 + C10:0 + C11:0; ¶MCFAs: Medium-Chain Saturated Fatty Acids
= C12:0 + C13:0 + C14:0 + C15:0 + C16:0 + C17:0.

††LCFAs: Long-Chain Saturated Fatty Acids = C18:0 + C20:0.
‡‡MUFAs: Mono-Unsaturated Fatty Acids = C14:1 + C15:1 + C16:1 + C17:1 + C18:1 cis-9 + trans-11 C18:1 + trans C18:1;
§§PUFAs: Poly-Unsaturated Fatty Acids = cis-9, trans-11 C18:2 (CLA) + C18:2n-6c + C18:2n-6t + C18:3n-3 + C18:3n-6 + C20:3n-3;
¶¶SFAs: Saturated Fatty Acids = SCFA +MCFA + LCFA; †††UFAs: Unsaturated Fatty Acids = PUFA +MUFA;
‡‡‡S/U: Saturated/Unsaturated = (SCFA + MCFA + LCFA)/(PUFA + MUFA), and §§§AI: Atherogenicity index
= (C12:0 + 4 * C14:0 + C16:0)/(PUFA +MUFA).
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3.3. Oxidative Status

Amongst the dietary treatments, we did not report any significant differences in both blood and
milk antioxidant enzymes. However, Glutathione Reductase (GR) in blood plasma was significantly
increased by 13% (0.067 vs. 0.076 units/mL, SEM = 0.002, p = 0.004) in ActiSaf fed ewes. A numerical
increase in lactoperoxidase (LPO) and catalase (CAT) activities by 20 and 10%, respectively, in milk
of ActiSaf fed ewes was observed. The total antioxidant capacity measured by ABTS assay was
significantly higher by 16.7% (37.563 vs. 43.850% inhibition, SEM = 3.564, p = 0.001) in the milk of
ActiSaf fed ewes (Table 3). A negative correlation between the total antioxidant capacity determined by
FRAP assay and the proportions of MUFA and oleic acid (C18:1 cis-9) in milk was found. The same trend
was reported between Glutathione Peroxidase (GPx) activity in blood plasma and the aforementioned
fatty acids of milk. The correlation between blood malondialdehyde (MDA) content and the proportions
of milk’s PUFA was also negative. On the other hand, the correlations between blood MDA content
and the proportions of MUFA and oleic acid, respectively, were positive (Figure 4).

Table 3. Enzymes activities (Units/mL), total antioxidant capacity, and oxidative status biomarkers in
blood plasma and milk of ewes fed the two diets (Control, n= 8 and ActiSaf, n= 8) at two sampling times.

Diets (D) Sampling Time (T) in Weeks Effect *

Control ActiSaf SEM † 3 6 SEM † D T DxT

Blood plasma

GST 0.150 0.132 0.011 0.148 0.134 0.011 0.282 0.336 0.903
GR 0.067 0.076 0.002 0.067 0.076 0.002 0.004 0.003 0.458

GSH-Px 0.398 0.423 0.025 0.353 0.468 0.021 0.476 0.000 0.847
SOD 18.544 20.304 0.987 18.409 20.440 1.170 0.227 0.301 0.427
CAT 4.969 5.008 0.146 4.893 5.084 0.131 0.855 0.255 0.477

FRAP 0.641 0.764 0.045 0.675 0.730 0.036 0.099 0.230 0.409
ABTS 36.888 33.045 0.497 35.577 34.356 0.617 0.000 0.246 0.195
MDA 0.601 0.566 0.067 0.604 0.562 0.055 0.729 0.497 0.304

PC 4.065 4.015 0.085 3.886 4.193 0.110 0.685 0.114 0.981

Milk

LPO 0.504 0.602 0.059 0.628 0.478 0.047 0.265 0.006 0.467
SOD 3.677 3.569 0.173 3.577 3.669 0.157 0.664 0.660 0.859
CAT 29.284 32.359 3.564 33.558 28.085 2.836 0.552 0.054 0.750

FRAP 3.013 3.090 0.179 2.855 3.247 0.158 0.766 0.078 0.445
ABTS 37.563 43.85 1.014 40.254 41.158 1.057 0.001 0.572 0.726
MDA 0.363 0.369 0.018 0.363 0.369 0.015 0.843 0.693 0.687

PC 2.916 2.877 0.106 2.925 2.867 0.108 0.801 0.718 0.541
† SEM = Standard error of the mean. GST: Glutathione transferase. GR: Glutathione reductase. SOD: Superoxide
dismutase. GSH-Px: Glutathione peroxidase. CAT: Catalase. ABTS: 2,2′-Azino-bis (3-ethylbenzthiazoline-6-sulfonic
acid) (inhibition%). FRAP: Ferric Reducing Ability of Plasma (µM ascorbic acid). MDA: Malondialdehyde
(µM MDA). PCs: Protein carbonyls (nmol/mL). LPO: Lactoperoxidase. Significance level below 0.05 indicates
significant difference. * Effect: The dietary treatment (D), time (T), and the interaction between dietary treatment
× time (DxT) effects were analyzed by ANOVA using a general linear model (GLM) for repeated measures and
posthoc analysis was performed when appropriate using Tukey’s multiple range test.
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Figure 4. Heat-map represents a Pearson correlation of milk fatty acids, immune system gene
expression in monocytes and neutrophils, antioxidant enzymes activities, total antioxidant capacity,
and oxidative indices in both blood plasma and milk of ewes. In immune system genes,
M = monocytes and N = neutrophils, while in antioxidants B = blood plasma and M = milk.
CCL5: C-X-C motif chemokine 5, CXCL16: C-X-C motif chemokine ligand 16, INFG: Interferon γ,
IL1B: Interleukin-1 beta, IL2: Interleukin-2, IL6: Interleukin-6, IL8: Interleukin-8, IL10: Interleukin-10,
TNF: Tumor Necrosis Factor, NFKB: Nuclear Factor kappa B, GST: Glutathione transferase,
GR: Glutathione reductase, SOD: Superoxide dismutase, GPx: Glutathione peroxidase, CAT: Catalase,
ABTS: 2,2′-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid), FRAP: Ferric Reducing Ability of
Plasma, MDA: Malondialdehyde, PCs: Protein carbonyls, LPO: Lactoperoxidase, VA: Vaccenic acid,
CLA: Conjugated linoleic acid, SCFAs: Short-Chain saturated fatty acids, MCFAs: Medium-Chain
saturated fatty acids, LCFAs: Long-Chain saturated fatty acids, MUFAs: Mono-unsaturated fatty acids,
and PUFAs: Poly-unsaturated fatty acids.

3.4. Immune Status

The relative transcript levels of both CCL5 and CXCL16 in monocytes of ActiSaf fed ewes were
significantly suppressed by 30% (0.053 vs. 0.037, SEM= 0.003, p= 0.007 and 0.042 vs. 0.029, SEM= 0.008,
p = 0.008, respectively) (Table 4). Amongst cytokines, Interleukin 8 (IL8) relative transcript levels
were significantly decreased by 80% (0.0020 vs. 0.0004, SEM = 0.0000, p = 0.031), while Interleukin
1β (IL1B) showed a tendency to decrease by 43% (0.007 vs. 0.004, SEM = 0.001, p = 0.087) in ActiSaf
fed ewes (Table 4). A significant downregulation in the relative expression of Interleukin 10 (IL10)
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by 30% (0.014 vs. 0.010, SEM = 0.002, p = 0.047) in the neutrophils of the treated ewes was observed
(Table 4). In addition, the relative transcript levels of IL1B in monocytes were positively correlated
with the proportions of both MUFA and oleic acid in milk. The same trend was found between the
relative expression of the Interleukin 2 gene and the proportion of palmitic acid in milk (Figure 4).
Monocytes and neutrophil relative transcript levels of IL1B were negatively correlated with GR and
Glutathione Transferase (GST) activities in blood plasma, respectively (Figure 4).

Table 4. Relative transcript levels of several genes in blood monocytes and neutrophils of ewes fed the
two diets (Control, n = 8 and ActiSaf, n = 8) at two sampling times.

Diets (D) Sampling Time (T) in Weeks Effect *

Control ActiSaf SEM † 3 6 SEM † D T DxT

Monocytes

CCL5 0.053 0.037 0.003 0.047 0.043 0.004 0.007 0.621 0.030
CXCL16 0.042 0.029 0.008 0.037 0.034 0.004 0.008 0.599 0.032

IFNG 0.009 0.008 0.001 0.006 0.010 0.001 0.301 0.034 0.856
IL1B 0.007 0.004 0.001 0.007 0.004 0.001 0.087 0.010 0.016
IL2 0.005 0.006 0.001 0.004 0.007 0.001 0.484 0.147 0.837
IL6 0.002 0.002 0.000 0.001 0.002 0.000 0.896 0.061 0.786
IL8 0.0020 0.0004 0.0000 0.0020 0.0004 0.0000 0.031 0.007 0.007
IL10 0.019 0.018 0.002 0.020 0.017 0.002 0.727 0.126 0.383
TNF 0.053 0.048 0.003 0.040 0.061 0.003 0.266 0.000 0.886

NFKB 0.251 0.245 0.022 0.254 0.242 0.024 0.842 0.727 0.708

Neutrophils

CCL5 0.083 0.079 0.014 0.067 0.095 0.014 0.854 0.179 0.356
CXCL16 0.069 0.065 0.012 0.055 0.079 0.012 0.856 0.190 0.355

IFNG 0.026 0.015 0.007 0.018 0.023 0.005 0.289 0.424 0.719
IL1B 0.014 0.010 0.002 0.017 0.008 0.002 0.171 0.003 0.022
IL2 0.023 0.021 0.004 0.011 0.033 0.003 0.703 0.003 0.975
IL6 0.007 0.006 0.002 0.001 0.012 0.002 0.821 0.005 0.642
IL8 0.003 0.004 0.001 0.004 0.003 0.001 0.781 0.142 0.119
IL10 0.014 0.010 0.002 0.016 0.008 0.002 0.047 0.007 0.032
TNF 0.298 0.442 0.052 0.262 0.478 0.062 0.075 0.061 0.578

NFKB 0.182 0.185 0.028 0.239 0.0128 0.025 0.935 0.018 0.359

Significance level below 0.05 indicates significant difference. † SEM = Standard error of the mean. CCL5: C-X-C motif
chemokine 5. CXCL16: C-X-C motif chemokine ligand 16. INFG: Interferon γ. IL1B: Interleukin-1 beta.
IL2: Interleukin-2. IL6: Interleukin-6. IL8: Interleukin-8. IL10: Interleukin-10. TNF: Tumor Necrosis Factor.
NFKB: Nuclear Factor kappa B. * Effect: The dietary treatment (D), time (T), and the interaction between dietary
treatment × time (DxT) effects were analyzed by ANOVA using a general linear model (GLM) for repeated measures
and posthoc analysis was performed when appropriate using Tukey’s multiple range test.

3.5. Holistic Statistics

Discriminant analysis was applied to pooled data of two sampling times (3rd and 6th week
postpartum) according to fatty acids in milk, immune gene expression in both monocytes and
neutrophils, and antioxidant indices in blood plasma and milk (Figure 5) to investigate if the samples
can be distinguished according to the type of the diet (Control and ActiSaf). The percentages of the
samples that were classified into the correct group, according to the dietary treatment, were 100%.
Wilks’ lambda was observed at 0.001 for Function 1 (p = 0.159), while the relative transcript levels of
CCL5, CXCL16, and IL6 in monocytes’, IL10, IL6, and IL8 in neutrophils, and the GR activity in blood
plasma were the variables that contributed the most.
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Figure 5. Discriminant plots separating the Control and ActiSaf fed ewes according to their fatty acid
grouped values, immune gene expression in both monocytes and neutrophils, and antioxidant indices
in blood and milk.

4. Discussion

Blood B-HBA concentrations reflect the magnitude of negative energy balance (NEB) and lipid
mobilization and are a diagnostic marker for subclinical (SCK) and clinical ketosis (CK) in ruminants.
The B-HBA content in the blood of sheep with SCK ranges from 0.5 to 1.6 mmol/L [39–42], while in
those with CK from 1.6 to 7 mmol/L [39,40,43]. However, in the case of healthy pregnant sheep these
values could be around 0.8–0.9 mmol/L [44,45]. Nonetheless, the values of the Control group, first and
foremost during the prepartum period, may indicate a moderate NEB (0.86 mmol/L). On the other hand,
results regarding the B-HBA concentration in the blood of ActiSaf fed ewes indicate an improvement
in the energetic status of the animals. It should be underlined here that the prolificacy between the two
groups was the same (around 2.35), which means that although the number of fetuses affects B-HBA
content [46], it had minimum impact in our trial. The same levels of B-HBA content in blood of healthy
ewes of the same breed in early lactation have been previously reported [18,38]. An increase in the host
energy availability might be due to a better rumen function and microbiome homeostasis. During the
peripartum period, the energy and nutrient demands increase exponentially while the dry matter
intake decreases. Thus, the optimal rumen function and the balance between VFA for a maximum feed
efficiency are momentous in the transition period. The mechanism underling LY contribution in rumen
may be down to yeast’s oxygen scavenging properties (anaerobiosis). Specifically, the improvement
of anaerobiosis in rumen increases the bacteria viability and thus, microbial protein synthesis and
fiber digestibility [6]. Energy balance might be improved as a result of the dry matter (DM) and NDF
digestion enhancement as have been reported by Plata et al. [47]. Furthermore, Panda et al. [48] also
found that crude protein (CP) digestibility was also increased by 4.8% with dietary supplementation
of yeast culture on male calves. In agreement with our findings, ActiSaf dietary inclusion (5g/day)
in early lactating dairy cows, significantly decreased serum B-HBA and non-esterified fatty acids
(NEFA) concentrations [9], while in mid-lactating cows, 4 g/day of LY supplementation did not affect
B-HBA concentration since animals were not prone to NEB [49]. In addition, ewes in the ActiSaf group
recovered their body weight from lambing until the sixth week postpartum in a more efficient manner,
considering the increased available energy, as concluded by B-HBA concentration.
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In compliance with our findings (12% FCM6%, p = 0.161), Stella et al. [12], reported a significant
increase in goats’ milk yield by 14% when their diet was supplemented with S. cerevisiae. It is worth
mentioning that, in the same study, treated goats showed an upward trend in milk yield after the fourth
week postpartum which decreased slower compared to the control group, showing a persistence in
milk similar to our study. The dietary inclusion of S. cerevisiae enhanced cows’ milk yield in early [13]
mid- [14] and late [7] lactation. However, Dehghan-Banadaky et al. [49], showed that the milk yield
was not affected in S. cerevisiae supplemented cows after the 145 DIM, possibly due to the absence
of NEB. The results from 22 studies with more than 9039 lactating dairy animals showed an increase
in their milk production by 7.3% (ranging from 2 to 30%) when their diets were supplemented with
Yea-Sacc®1026 yeast [50].

Interestingly, in a meta-analysis study, Dehghan-Banadaky [49] concluded that an enhancement
in milk yield was accompanied by an increase in feed intake in supplemented animals with
yeast products. Moreover, yeast administration in prepartum cows’ diets improved DMI [51].
Additionally, Habeeb et al. [52] reported that an enhancement of animal performance by the
inclusion of yeast in their diet was mainly attributed to an increase in feed intake rather than
feed digestibility improvement.

The milk fatty acid’s profile was not holistically modified; however, certain interesting results,
related to the biohydrogenation process (BH), were unveiled. Julien et al. [53] first observed the impact
of LY administration on ruminal biohydrogenation processes. Specifically, LY promotes growth and
activity of rumen lactate-utilizing bacteria, such as Megasphera elsdenii or Selenomonas ruminantium,
Actinobacteria, including Propionibacterium acnes as well as fibrolytic bacteria. Consequently, LY could
be involved at different stages of BH; firstly, by altering biohydrogenating microorganisms,
i.e., improving growth of either t11 or t10 isomer producing bacteria, and secondly by modulating the
ruminal biotope, i.e., by stabilizing ruminal pH or favoring stronger reducing conditions. In addition,
Julien et al. [53] reported that LY supplementation increased the accumulation of trans C18:1 in vitro
and decreased the proportion of C18:0, suggesting an inhibition of the last step of BH of c9c12-C18:2

fatty acids. Thus, in our study it could be hypothesized that the improved rumen conditions by LY
administration may favor the isomerisation of c9c12-C18:2 and consequently increased the production
of intermediate fatty acids in the rumen, which induced an inhibition or a saturation of the enzyme
activity of bacteria involved in the second reduction step [54].

During the peripartum period, animals’ augmented requirement for energy and nutrient results in
lipid mobilization and blood hyperketonemia which induce oxidative stress [55]. Optimizing nutrition
requirements by improving rumen efficiency may suppress the concentration of such trigger metabolites
and improve the oxidative status. Glutathione reductase (GR) has a central role in the antioxidant
defense system since it catalyzes the conversion of oxidized glutathione disulfide to the reduced
form of glutathione, which is a critical molecule in resting oxidative stress [56]. It is known that
glutathione is extremely important since it acts as substrate or co-substrate in enzymatic reactions
(e.g., the glutathione-S-transferase or glutathione-shuttle enzymes), reacts directly with free radicals and
lipid peroxides, and protects cells [57]. The mechanism under which GR increased its activity remains
unclear, thus our assumptions are oriented toward a prudent liver function where glutathione is de
novo synthesized due to the lower B-HBA concentration. Another possible mechanism that can increase
GR activity might be the Flavin Adenine Dinucleotides’ (FADs) co-substrate. Specifically, yeasts are
sources of B-complex vitamins that act as precursors of the essential co-enzymes NAD and FAD that
are responsible for biological oxidation [58]. In addition, high genetic merit dairy animals often burden
their metabolism since they require increased levels of energy in order to meet their demands, leading to
ROS production and later to the annihilation of the milk oxidative stability [59]. Hence, total antioxidant
capacity enhancement in the milk of ActiSaf fed ewes may be important for the dairy industry.

Concerning chemokines, CCL-5 is involved in the activation of T cells, macrophages,
eosinophils and basophils, and its enhancement is related to an inflammation response [60]. On the
other hand, CXCL-16, a transmembrane protein, is detached from the membrane by metalloproteinase
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ADAM10 induced chemotaxis [61]. In this study, the downregulation in the relative transcript levels of
both CCL5 and CXCL16 in monocytes of ActiSaf treated ewes, indicates a lower inflammatory response
during the first 6 weeks of lactation. The IL1B which was suppressed in our study, regulates B-cell
maturation and proliferation, activates the Natural Killer (NK) cells and is generally related to
the acute manifestation of inflammation in immune cells [62]. Interleukin-8, on the other hand,
has a chemotaxis-inducer effect mainly in neutrophils. Pro-inflammatory chemokines and cytokine
downregulations is directly attributed to B-HBA mitigation. Specifically, blood ketones derived from
ketogenesis through acetyl-CoA metabolization have been shown to act as stimulants in chemokines
and cytokines in cows’ mammary epithelia cells [63].

5. Conclusions

In conclusion, supplementing dairy sheep diets with 2 g of the ActiSaf live yeast/day/ewe during
the transition and early lactation periods have a beneficial impact on animals’ performance whilst
simultaneously portraying an improvement on pro-inflammatory responses attributed to a lower
lipomobilization. This overall stress suppression during this turning point for the ruminants’ period
may unveil the potential of live yeasts as health modulators towards the collective effort of reducing
antibiotic dependance at the farm scale. However, further research is needed to deeply understand the
mechanism under the enhancement of energy supply in small ruminants.
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Abstract: Monascus purpureus, a filamentous fungus known for its fermentation of red yeast rice,
produces the metabolite monacolin K used in statin drugs to inhibit cholesterol biosynthesis. In this
study, we show that active cultures of M. purpureus CBS 109.07, independent of secondary metabolites,
use the mechanism of cholesterol assimilation to lower cholesterol in vitro. We describe collection,
extraction, and gas chromatography-flame ionized detection (GC-FID) methods to quantify the levels
of cholesterol remaining after incubation of M. purpureus CBS 109.07 with exogenous cholesterol.
Our findings demonstrate that active growing M. purpureus CBS 109.07 can assimilate cholesterol,
removing 36.38% of cholesterol after 48 h of incubation at 37 ◦C. The removal of cholesterol by
resting or dead M. purpureus CBS 109.07 was not significant, with cholesterol reduction ranging from
2.75–9.27% throughout a 72 h incubation. Cholesterol was also not shown to be catabolized as a
carbon source. Resting cultures transferred from buffer to growth media were able to reactivate,
and increases in cholesterol assimilation and growth were observed. In growing and resting phases
at 24 and 72 h, the production of the mycotoxin citrinin was quantified via high-performance liquid
chromatography-ultraviolet (HPLC-UV) and found to be below the limit of detection. The results
indicate that M. purpureus CBS 109.07 can reduce cholesterol content in vitro and may have a potential
application in probiotics.

Keywords: M. purpureus; red yeast rice; filamentous fungi; cholesterol reduction; probiotic potential

1. Introduction

Monascus purpureus is a filamentous fungus that produces a variety of secondary metabolites,
including pigments, lipids, and monacolins. M. purpureus is most widely known for the fermentation
of white rice to produce a deep red rice known as angkak or beni koji [1–3]. More commonly,
the fermented product is called “red yeast rice”, though Monascus species are more accurately molds.
M. purpureus fermented rice is used in food preparation for flavoring, coloring, and preservation,
and is also consumed in traditional Chinese medicine to improve ailments of circulation and heart
health [2,4–7]. Modern research explored the health claims, and found a plausible cause: M. purpureus

can synthesize monacolins, naturally occurring compounds capable of decreasing cholesterol levels
by inhibiting HMG-CoA reductase, the rate-limiting step in cholesterol biosynthesis [7,8]. The most
potent of the Monascus monacolins, monacolin K, was isolated and patented as lovastatin and is
widely prescribed to treat hypercholesterolemia [8]. Statins are effective treatments for high cholesterol;
however, side effects, low tolerance, and the cost of the drug have led patients to pursue alternative
options to lower their cholesterol levels [9]. As lyophilized red yeast rice (RYR) supplements emerged
as a naturopathic alternative in the U.S., the Food and Drug Administration (FDA) restricted the
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market, determining that without standardization and quality control for the amount of monacolin K,
RYR was not a dietary supplement, but rather an unauthorized new drug [5,10]. As a result, current U.S.
supplements marketed as RYR may contain, at most, only trace amounts of monacolin K [5,10–12].
Nevertheless, several clinical studies report that RYR supplements may be an effective treatment option
for hypercholesterolemia as significant reductions in low-density lipoprotein (LDL) cholesterol and
total cholesterol levels were observed in patients taking RYR [4,10–14].

Two-thirds of cholesterol required for cell membranes and biosynthesis of steroid hormones
and bile acids is endogenously synthesized; however, an excess of cholesterol is a major risk factor
for cardiovascular disease [15–17]. The World Health Organization (WHO) projects that by 2030,
nearly 23.6 million people will die from cardiovascular disease, which includes heart disease and stroke
as the leading causes of death [18]. Research into the efficacy of therapies such as RYR supplements in
the treatment of elevated cholesterol levels is ongoing and critical for treating cardiovascular disease.

M. purpureus strains administered via RYR supplements in clinical trials often have unspecified
viability [19,20]. This led us to ask if living M. purpureus, and not simply its secondary metabolites,
have cholesterol-lowering properties. Several studies have demonstrated that active probiotic
microorganisms introduced into intestinal microbiota can improve the overall lipid content in human
blood serum [15,21–25]. Probiotics are defined as live microorganisms that, when administered in
adequate amounts, can confer a health benefit on the host [26]. The fermented product of M. purpureus

can be labeled as “contains live and active cultures,” but clinical studies on the safety, viability,
and dosage of live M. purpureus strains are still necessary before characterizing strains of Monascus

as probiotic [26–28]. Additionally, factors like mycotoxins should considered; Monascus species,
like Aspergillus and Penicillium, naturally synthesize the cytotoxic citrinin at low levels [29,30]. In the
European Union (EU) and US, Monascus pigments are prohibited from use in food industries [3,31,32].
Still, many Monascus strains are generally regarded as safe (GRAS) in many Asian countries and the
commercial interest in fermentation has led to easy access of RYR outside of Asia [6,11,33].

While the cholesterol-lowering benefits of probiotics have been highlighted in in vivo studies,
the mechanisms of probiotics remain not fully understood [34–36]. Potential mechanisms have been
proposed in vitro, such as the removal of cholesterol from media by the assimilation or uptake of
cholesterol by probiotic strains of Lactobacilli and Bifidobacteria [35,37–41]. The ability of cholesterol
removal appears to be growth- and strain-specific, with nearly all research focused on bacterial
strains [35–41]. We anticipate that as beneficial fungi are characterized, greater attention will be drawn
to the roles of fungi in health, nutrition, and the mycobiome. Currently, Saccharomyces boulardii is
the only fungus with a strain commercially labeled in the U.S. as a probiotic, as it can survive the
passage through the gastrointestinal tract, present good growth at 37 ◦C, complement treatment of
gastrointestinal diseases, and also assimilate cholesterol [37,42–46].

In this study, we evaluated the ability of the fungus M. purpureus CBS 109.07 to assimilate
cholesterol in vitro. We developed new sample collection methods and used gas chromatography to
quantify the levels of cholesterol remaining after incubation with M. purpureus CBS 109.07. Our data
indicate that this strain of M. purpureus is capable of cholesterol assimilation, a cholesterol-lowering
mechanism separate from its ability to produce monacolins and which has not been previously reported.
The present study does not establish the safety and efficacy of CBS 109.07 as a therapeutic agent,
however, these results lay the groundwork for the possibility that active M. purpureus CBS 109.07 may
have probiotic potential based on its ability to assimilate cholesterol.

2. Materials and Methods

2.1. Strains and Media Conditions

M. purpureus Went teleomorphic type strain CBS 109.07 (ATCC 16365) was obtained from
the American Type Culture Collection (ATCC) strain bank and chosen for its ability to grow at
30 ◦C. M. purpureus CBS 109.07 has been used in food-grade studies for human and animal food
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applications [6,47,48]. M. purpureus was grown in a malt extract media (MEA) containing: 2% soluble
Bactomalt extract (BD Bioscience), 2% glucose, 1% peptone, and pH adjusted to pH 7. Plate media
contained 2% agar. Phosphate-buffered saline (PBS) solution contained 8.0 g NaCl, 0.2 g KCl,
1.44 g Na2HPO4, 0.24 g KH2PO4 for every 1.0 L solution and was pH adjusted to pH 7. Where indicated,
PBS was supplemented with 6.72 g/L of yeast nitrogen base without amino acids (BD Difco) or 5 g/L
ammonium sulfate, and pH was adjusted to 7 before sterilization. Bile salt supplemented media
contained 0.3% (w/v) oxgall (BD Difco).

2.2. Submerged Culture Preparation

A sterilized 5 mm cork-borer was used to remove an agar plug of M. purpureus CBS 109.07 grown
on MEA plate media. The agar plug was subcultured into 4 mL of liquid MEA media and incubated at
30 ◦C. After four day incubation at 30 ◦C at 150 rpm, a colorless, spherical fungal pellet was formed.
The pellet was transferred into new media with 0.3% oxgall at 37 ◦C and 60 rpm for growth curve,
cholesterol assimilation, and citrinin production experiments.

2.3. Cholesterol Assimilation

2.3.1. Cholesterol Reagents

A stock solution of cholesterol (Lipids Cholesterol Rich from adult bovine serum; Sigma-Aldrich,
St. Louis, MO, USA) at 10 mg/mL was used to prepare cholesterol assimilation assays and to prepare
a 6-point calibration curve as described in Section 2.3.6 [37]. A stock solution of 5-α-cholestane
(Sigma-Aldrich, St. Louis, MO, USA) at 2.5 mg/mL was used as an internal standard in the
lipid extractions.

2.3.2. Culture Preparation for Growing, Resting, Dead, and Control Conditions

Growing, resting, and M. purpureus control conditions contained M. purpureus CBS 109.07 pellets
that were homogenized using a sterilized glass douncer in a sterile 50 mL conical tube and divided into
replicates. Dead culture conditions contained M. purpureus CBS 109.07 pellets that were autoclaved
at 121 ◦C for 20 min under 15 psi pressure and transferred to fresh media. Growing and dead
cultures contained 10 mL MEA media in sterile 50 mL borosilicate tubes; resting cultures contained
10 mL of PBS in sterile 50 mL borosilicate tubes; resting cultures supplemented with nitrogen sources
contained 10 mL of PBS with ammonium sulfate or 10 mL of PBS with yeast nitrogen base. Cholesterol
assimilation and dry weight experiments were supplemented with 0.3% oxgall and incubated at
37 ◦C and 60 rpm. With the exception of the M. purpureus control, all conditions were incubated with
120 µg/mL cholesterol. Media control without M. purpureus contained 120 µg/mL cholesterol and
0.3% (w/v) oxgall in 10 mL MEA.

2.3.3. Cholesterol Assimilation and Dry Weight Growth Curve

Cholesterol assimilation and dry weight experiments for each growth condition were prepared in
triplicate, where three independent sets of culture were homogenized and divided into six sterile 50 mL
borosilicate tubes to account for six timepoints (0, 24, 36, 48, 60, and 72 h). At designated time point,
a 1.0 mL aliquot of culture supernatant was collected, centrifuged at 2000× g for 15 min, and stored in
a 50 mL borosilicate glass tube with a PTFE-lined cap at −20 ◦C. The remaining 9.0 mL of the culture
was then harvested and filtered via vacuum flask and a pre-weighed Whatman filter #1. The contents
were allowed to air dry for five days and dry weight was measured on an analytical balance.

2.3.4. M. Purpureus Dormancy Experiment

Cholesterol assimilation and dry weight experiments were prepared in triplicate, where three
independent sets of cultures were homogenized and divided into five sterile 50 mL borosilicate tubes
to account for five timepoints (0, 24, 48, 72, and 96 h). M. purpureus was incubated in PBS buffer, pH 7
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with 0.3% oxgall and 120 µg/mL cholesterol. At designated time points, a 1.0 mL aliquot of culture
supernatant was collected, centrifuged at 2000× g for 15 min, and stored in a 50 mL borosilicate glass
tube with a PTFE-lined cap at −20 ◦C. M. purpureus samples were then washed twice under sterile
conditions with 10 mL of PBS + 0.3% oxgall, and transferred to 10 mL MEA media with 0.3% oxgall
and 120 µg/mL cholesterol. A 1.0 mL aliquot of culture supernatant was collected at the starting point
(t = 0 h), and also at day 4 and day 7 of incubation in MEA media. At day 7, the culture was harvested
and filtered via vacuum flask and a pre-weighed Whatman filter #1. The contents were allowed to air
dry for five days and dry weight was measured on an analytical balance.

2.3.5. Resting M. purpureus Supplemented with Nitrogen Sources Experiment

Cholesterol assimilation and dry weight experiments were prepared in duplicate, where two
independent sets of cultures were homogenized and divided into three sterile 50 mL borosilicate tubes
to account for three timepoints (0, 24, and 72 h). M. purpureus was incubated in PBS buffer supplemented
with either ammonium sulfate or yeast nitrogen base without amino acids, pH 7 with 0.3% oxgall
and 120 µg/mL cholesterol. At designated time points, a 1.0 mL aliquot of culture supernatant was
collected, centrifuged at 2000× g for 15 min, and stored in a 50 mL borosilicate glass tube with PTFE
lined cap at −20 ◦C. M. purpureus samples were then washed twice under sterile conditions with 10 mL
of PBS + 0.3% oxgall, and transferred to 10 mL MEA media with 0.3% oxgall. At day 4, the culture
was harvested and filtered via vacuum flask and a pre-weighed Whatman filter #1. The contents were
allowed to air dry for five days and dry weight was measured on an analytical balance.

2.3.6. Cholesterol Extraction

Cholesterol assimilation samples were thawed and a stock solution of cholesterol (10 mg/mL)
was used to prepare cholesterol standards in a range from 10–150 µg/mL in a borosilicate glass
tube. To each sample and standard, 20 µL of 2.5 mg/mL internal standard 5-α-cholestane was added.
Direct saponification was carried out on all samples and standards based on the method described by
Fletouris et al. [49]. Four millimeters of methanolic 0.5 M KOH solution was added to each tube which
was then capped and vortexed for 15 s. The samples and standards were heated for a total of 15 min in
an 80 ◦C water bath, and removed every 5 min to vortex for 10 s. After cooling to room temperature,
4 mL of hexane was added for lipid extraction and vortexed for 1 min. After incubating at room temp
for 10 min to permit phase separation, the entire hexane layer of each sample was transferred to a
clean test tube. The hexane layer was evaporated using speed vacuum at −109 ◦C. Dried samples
and standards were resuspended in 0.6 mL of hexane and transferred to autosampler vials for gas
chromatography (GC) analysis.

2.3.7. Gas Chromatography Methods

Cholesterol was determined using gas chromatography (Shimadzu GC-2014, Kyoto, Japan) with a
flame ionized detector (FID) and an autosampler [49]. The separation was completed using an SPB-1
column (15 m × 0.32 mm i.d.; film thickness 1.0 mm) (Supelco Inc., Bellefonte, PA, USA) using helium
as a carrier gas at a flow rate of 2 mL/min. The oven temperature was set at 285 ◦C, injection port
temperature at 300 ◦C, and flame ionization detector temperature at 300 ◦C. The injection volume was
1 µL with a split ratio of 20:1. Matrix effects were addressed by the addition of an internal standard
of 5-α-cholestane to all samples and standards. In addition, extracting the standards for each set of
experiments using the same process as for the samples helped account for any errors in the preparation
process. This allowed for the determination of the limits of detection (LOD) and quantitation (LOQ)
for the experimental conditions of 8.31 µg/mL and 27.71 µg/mL, respectively.

2.3.8. Calculations for Cholesterol Assimilation

The integrated peak areas for cholesterol and the internal standard 5-α-cholestane were used to
determine a 6-point calibration curve for cholesterol and used to extrapolate cholesterol recovered.
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The experimental calibration curve to determine LOD and LOQ were created by combining the
calibration curves from five experiments to generate a linear calibration curve with R2 = 0.9832.
Cholesterol assimilated and % cholesterol assimilated were calculated as follows, where Cholesteroli
represents cholesterol content recovered at t = 0 and Cholesterolf represents cholesterol content
recovered at given time point.

Cholesterol assimilated = Cholesteroli − Cholesterol f (1)

% Cholesterol assimilated =
Cholesterol assimilated

Cholesteroli
× 100% (2)

2.4. Citrinin Production

2.4.1. Citrinin Reagents

Citrinin, high-performance liquid chromatography (HPLC)-grade, was purchased from
Sigma-Aldrich. A stock solution of citrinin at 100 ug/mL was prepared in HPLC-grade methanol
(J.T. Baker) and used to construct a 7-point calibration curve as described in Section 2.4.3. Acetonitrile
and water used in chromatography were HPLC grade (J.T. Baker), and trifluoroacetic acid (TFA)
(Sigma-Aldrich, St. Louis, MO, USA) was analytical grade.

2.4.2. Culture Preparation and Extraction for Citrinin Production

A 5 mm agar plug of M. purpureus was pre-cultured at 150 rpm and 30 ◦C for 4 days, and transferred
to 10 mL of MEA + 0.3% or PBS + 0.3% oxgall and grown at 60 rpm and 37 ◦C, as described in culture
preparations for cholesterol assimilation assays Section 2.3.2. At 24 h, 72 h, and 14 days, cultures were
extracted for citrinin as described in Liu and Xu, with some modifications [50]. Briefly, 10 mL cultures
were dounced and extracted with 10 mL of ethanol (1:1). Samples were then vortexed for 5 min and
sonicated for 20 min. Samples were spun down at 4200× g for 10 min. Supernatant was collected,
dried down, and resuspended in 1 mL HPLC-grade methanol. Extraction method was validated with
recovery controls, where M. purpureus grown in MEA + 0.3% oxgall at 24 h and 72 h were spiked with
citrinin at 10 µg/mL and extracted as described previously.

2.4.3. High-Performance Liquid Chromatography Methods

Citrinin was determined using high-performance liquid chromatography, HPLC (Agilent 1100
liquid chromatograph) with a diode array detector (DAD) and an autosampler. The separation
was completed using a Discovery C18 column (5 µm, 150 × 4.6 mm column) (Supelco Inc.,
Bellefonte, PA, USA) and an isocratic elution. The mobile phase consisted of acetonitrile:water
containing 0.05% TFA and the volume ratio was 35:65 [50,51]. All samples, standards, and solvents
were filtered through 0.22 µm membrane filters prior to HPLC analysis. The flow rate was 1 mL/min,
and 20 µL sample was injected. The UV-DAD detection was monitored at 254 nm and 334 nm.
The integrated peak areas at 334 nm for standard citrinin were used to determine a 7-point calibration
curve and used to extrapolate citrinin recovered. The LOD and LOQ for the experimental conditions
were 1.11 µg/mL and 3.70 µg/mL, respectively. Recovery of citrinin was determined by dividing citrinin
concentration recovered by known citrinin concentration injected.

2.5. Statistical Analysis

For cholesterol assimilation and growth curves, growing, resting, and dead M. purpureus cultures
and controls were conducted in triplicate for each time point. For citrinin assays, growing and
resting M. purpureus cultures were conducted in duplicate for each time point. All GC-FID and
high-performance liquid chromatography-ultraviolet (HPLC-UV) samples were measured in duplicate.
Two-way ANOVA was carried out to examine the effect of M. purpureus × incubation time interaction
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on growing, resting, or dead conditions. Tukey’s test was used to compare means. Significance was
defined at p < 0.05 or p < 0.01. Standard deviation is calculated as either absolute error, or percent error
through propagation of uncertainty from Equation (2) of Section 2.3.8. All statistical analyses were
carried out using GraphPad Prism 8.0.

3. Results

3.1. Cholesterol Assimilation

The in vitro removal of cholesterol by the filamentous fungi M. purpureus CBS 109.07 (hereon
referred to in the Results section as M. purpureus) was analyzed at 37 ◦C in media containing 0.3% (w/v)
oxgall and 120 µg/mL cholesterol. Three growth phases were assessed: growing, where culture is
active in MEA media; resting, where culture is dormant in PBS buffer; and dead, where culture has
been heat-killed and incubated in MEA media. At indicated time points, an aliquot of spent media
was collected from three independent replicates.

After 36 h, M. purpureus removed 18.69 µg/mL or 18.78% of the cholesterol in spent media, which is
a significant decrease from the initial concentration (Table 1, Figure 1, p < 0.01). The rate of cholesterol
removal was most dramatic from 36 to 60 h, and cholesterol removed increased from 18.78% to 50.27%
(p < 0.05). At 72 h, 69.65% cholesterol was removed.

Table 1. Cholesterol assimilated in M. purpureus CBS 109.07 at different growth phases. All cultures were
incubated at 37 ◦C with 120 µg/mL cholesterol and 0.3% (w/v) oxgall bile salts. Cholesterol assimilated
was calculated from initial cholesterol, and determined from three independent trials conducted for
each growth phase at each time point, and measured in duplicate via gas chromatography-flame ionized
detection (GC-FID). Standard deviation calculated is absolute error (µg/mL) and percent error (%).

Cholesterol Assimilated

Time (h)

Growing
M. purpureus

Resting
M. purpureus

Dead
M. purpureus

(µg/mL) (%) (µg/mL) (%) (µg/mL) (%)

0 – – – – – –
24 10.89 ± 5.62 + 10.91 ± 7.47 6.78 ± 2.79 6.07 ± 6.97 5.68 ± 4.40 5.59 ± 4.95
36 18.69 ± 4.53 a,+ 18.78 ± 7.03 a,+ 7.20 ± 3.33 b 6.40 ± 6.02 b 6.04 ± 4.54 b 5.94 ± 5.02 b

48 36.18 ± 3.84 a,+ 36.38 ± 5.38 a,+ 10.53 ± 7.94 b,+ 9.29 ± 7.25 b 2.88 ± 4.45 c 2.75 ± 4.69 b

60 49.86 ± 5.30 a,+ 50.27 ± 13.5 a,+ 4.54 ± 2.48 b 4.03 ± 6.03 b 4.21 ± 4.63 b 4.08 ± 4.71 b

72 69.13 ± 3.95 a,+ 69.65 ± 12.5 a,+ 6.70 ± 6.33 b 5.91 ± 7.23 b 4.44 ± 4.67 b 4.33 ± 5.16 b

a, b, c Means within a row are significantly different (p < 0.01). + Means significantly different from the initial value at
t = 0 (p < 0.01).

In contrast, M. purpureus cultures dormant in PBS for resting phase or heat-killed in dead
phase removed a negligible amount of cholesterol after 72 h (Table 1) (p > 0.05). Non-growing
M. purpureus conditions removed less than 10% of cholesterol, with a high percent error accounting
for the propagation of the standard deviation. The media control containing MEA or PBS incubated
without M. purpureus similarly showed no significant change in cholesterol content or cholesterol
assimilation over 72 h (Table S1). We note that cholesterol content of resting and dead M. purpureus

and media controls did not change significantly from the initial concentration of cholesterol within
each trial (p < 0.01).
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Figure 1. Cholesterol assimilated (%) by M. purpureus CBS 109.07 at different growth phases. Growing,
resting, and dead M. purpureus cultures were incubated with 120 µg/mL cholesterol and 0.3% (w/v)
oxgall bile salts at 37 ◦C. Malt extract media (MEA) control contained 120 µg/mL cholesterol and 0.3%
(w/v) oxgall bile salts incubated without M. purpureus. Three independent trials were conducted for
each condition at each time point, and cholesterol in samples were measured in duplicate via GC-FID.
Standard deviation in cholesterol assimilated is percent error.

3.2. Growth of M. purpureus

The morphology of M. purpureus in submerged media is a compact, smooth, and spherical
pellet consisting of intertwined hyphae [52–54]. Consistent with studies on other filamentous fungi,
we found that dry weight measurement is the most reproducible method of quantifying M. purpureus

growth [55–61].
After an aliquot of spent media was collected from three independent replicates, the remaining

culture was harvested to measure dry weight (Table 2, Figure 2). Growth phases growing, resting,
and dead were assessed and conditions included 0.3% oxgall and 120 µg/mL cholesterol. M. purpureus

control was grown in MEA media without cholesterol. The dry weight of growing M. purpureus was
significantly different from that of resting or dead M. purpureus (p < 0.05). The presence of cholesterol
did not significantly enhance or inhibit the growth of M. purpureus [62] (p > 0.05). In both resting and
dead conditions, M. purpureus had no significant growth (p > 0.05).

Table 2. Dry weight of M. purpureus CBS 109.07. Growing, resting, or dead M. purpureus cultures were
incubated in 120 µg/mL cholesterol and 0.3% (w/v) oxgall bile salts at 37 ◦C. M. purpureus incubated
without cholesterol served as a control. Three independent trials, corresponding to samples used for
cholesterol assimilation, were conducted for each growth phase at each time point.

Dry Weight (mg)

Time (h)
Growing

M. purpureus
Resting

M. purpureus
Dead

M. purpureus
M. purpureus

without Cholesterol

0 17.54 ± 2.5 18.40 ± 1.5 18.60 ± 1.3 19.91 ± 2.9
24 30.77 ± 4.9 a,+ 24.17 ± 2.0 a 21.17 ± 1.5 b 37.05 ± 0.5 c,+

36 40.77 ± 0.9 a,+ 21.07 ± 3.5b 16.93 ± 5.6 b 40.45 ± 4.6 a,+

48 45.40 ± 4.2 a,+ 22.93 ± 0.5 b 25.00 ± 3.6 b,+ 43.72 ± 2.5 a,+

60 45.17 ± 2.7 a,+ 24.60 ± 3.3 b 24.17 ± 1.3 b 50.87 ± 5.6 a,+

72 48.20 ± 3.9 a,+ 22.27 ± 1.7 b 21.50 ± 2.2 b 54.63 ± 1.8 a,+

a, b, c Means within a row are significantly different (p < 0.05). + Means significantly different from the initial value at
t = 0 (p < 0.05).
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Figure 2. Dry weight of M. purpureus CBS 109.07. Growing, resting, or dead M. purpureus cultures were
incubated in 120 µg/mL cholesterol and 0.3% (w/v) oxgall bile salts at 37 ◦C. M. purpureus incubated
without cholesterol served as a control. Three independent trials were conducted for each growth
phase at each time point. Standard deviation is represented by error bars.

3.3. Reactivating Dormant M. purpureus

M. purpureus incubated in PBS buffer, pH 7 with 0.3% oxgall and 120 µg/mL cholesterol does not
assimilate cholesterol during a 96 h incubation (Table 3). To examine if resting conditions correspond
to a dormant M. purpureus, cultures incubated in PBS were washed and transferred to MEA media with
0.3% oxgall and 120 µg/mL cholesterol. After four days of incubation in MEA, cholesterol assimilation
was measured, but was not significantly different than MEA media control (p > 0.05). After seven
days of incubation, cholesterol assimilation was initiated and cholesterol content is comparable to
growing phase M. purpureus (Table S1). Dry weight of rescued M. purpureus was increased from resting
M. purpureus (Table 2). The length of time incubated in PBS before the transfer to MEA did not have a
significant effect on the ability to assimilate cholesterol (p < 0.05).

Table 3. Cholesterol content (µg/mL) and dry weight (mg) of M. purpureus CBS 109.07 incubated
in phosphate-buffered saline (PBS) and rescued in MEA. All cultures were incubated at 37 ◦C with
120 µg/mL cholesterol and 0.3% (w/v) oxgall bile salts. Resting M. purpureus was washed in PBS + 0.3%
oxgall and then transferred to MEA with 0.3% oxgall and 120 µg/mL cholesterol, and sample collected
after 4 and 7 days. Data were determined from three independent trials conducted at each time point.
Cholesterol content was measured in duplicate via GC-FID. Standard deviation in cholesterol content
is absolute error.

PBS 1 Day 4 Incubation
in MEA 1

Day 7 Incubation
in MEA 1

Day 7 Incubation
in MEA 1

Time (h)
Cholesterol

Content (µg/mL)
Time 2 (h)

Cholesterol
Content (µg/mL)

Cholesterol
Content (µg/mL)

Dry Weight (mg)

24 114.46 ± 3.73 a 24 97.73 ± 2.66 b 38.83 ± 9.95 c,+ 32.87 ± 2.9 ++

48 118.30 ± 3.12 a 48 97.12 ± 4.40 b 40.88 ± 9.51 c,+ 31.70 ± 2.7 ++

72 117.36 ± 6.84 a 72 98.36 ± 2.10 b 37.24 ± 11.47 c,+ 31.60 ± 4.9 ++

96 114.81 ± 3.86 a 96 98.63 ± 8.19 b 52.23 ± 5.30 c 25.33 ± 2.0
1 Media contained 0.3% oxgall and 120 µg/mL cholesterol. 2 Time corresponds to duration incubated in PBS prior to
rescue in MEA media. a, b, c Cholesterol content means within a row are significantly different (p < 0.05). + Means
significantly different from the MEA media control Table S1 (p < 0.05). ++ Means significantly different from the
resting M. purpureus dry weight Table 2 (p < 0.05).
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To determine if cholesterol is catabolized by M. purpureus as a carbon source, resting phase cultures
in PBS were incubated with a nitrogen source, either ammonium sulfate or yeast nitrogen base without
amino acids, at concentrations found in minimal media. We observed that resting M. purpureus in PBS
supplemented with nitrogen sources had no significant cholesterol assimilation throughout a 24 and
72 h incubation (Table 4, p > 0.05).

Table 4. Cholesterol content (µg/mL) of M. purpureus CBS 109.07 incubated in PBS with nitrogen
sources. All cultures were incubated at 37 ◦C with 120 µg/mL cholesterol and 0.3% (w/v) oxgall bile salts.
Cholesterol content was determined from two independent trials conducted for each growth phase at
each time point, and measured in duplicate via GC-FID. All means were not significantly different from
the initial value at t = 0 (p < 0.05). Standard deviation in cholesterol content is absolute error.

Cholesterol Content of M. purpureus Incubated in
PBS with 0.3% Oxgall (µg/mL)

Time (h) With Yeast Nitrogen Base without Amino Acids With Ammonium Sulfate

0 105.82 ± 2.20 105.46 ± 4.59
24 97.91 ± 2.03 89.64 ± 2.59
72 97.57 ± 1.60 93.45 ± 8.03

Fungi samples were then washed twice and transferred to MEA + 0.3% oxgall. The dry weight at
day 4 in MEA of M. purpureus previously incubated in yeast nitrogen base was a significant increase
from the initial weight before rescue (Table 5, p < 0.05), supporting the observation that dormant
M. purpureus can be reactivated.

Table 5. Dry weight (mg) of M. purpureus CBS 109.07 after incubation in PBS with 120 µg/mL cholesterol
and 0.3% (w/v) oxgall bile salts and rescued in MEA with 0.3% (w/v) oxgall bile salts. M. purpureus is
washed in PBS + 0.3% oxgall and then transferred to MEA with 0.3% oxgall, and sample collected
after 4 days. Two independent trials, corresponding to samples used in PBS cholesterol assimilation,
were conducted for each growth phase at each time point. Standard deviation in cholesterol content is
absolute error.

Dry Weight of M. purpureus (mg)

PBS + 0.3% Oxgall
Day 4 Incubation

in MEA + 0.3% Oxgall

Time 1 (h)
With Yeast

Nitrogen Base
With Ammonium

Sulfate
With Yeast

Nitrogen Base
With Ammonium

Sulfate

0 19.4 ± 3.1 * 18.8 ± 3.1 *
24 37.5 ± 2.8 + 34.7 ± 3.3 +

72 25.8 ± 5.3 23.3 ± 3.2 39.3 ± 0.4 + 30.8 ± 1.8 +

1 Time corresponds to duration incubated in PBS prior to rescue in MEA media. * Initial weight at t = 0.
+ Means significantly different from the initial weight at t = 0 (p < 0.05).

3.4. Citrinin Production in M. purpureus

The production of the mycotoxin citrinin was measured in M. purpureus grown under conditions
used in cholesterol assimilation assays, where a 5 mm agar plug of M. purpureus was precultured
in MEA at 150 rpm and 30 ◦C and then transferred to fresh media with oxgall and incubated at
60 rpm and 37 ◦C (Table 6). Samples collected at 24 h and 72 h did not have citrinin production
above the limit of detection. The culture broth in these samples were also colorless. After 14 days,
M. purpureus grown in MEA + 0.3% oxgall began to produce red pigment and culture broth turned
reddish. M. purpureus in resting phase did not become pigmented. Though 14 days is outside the
incubation period for this study’s cholesterol assimilation experiments, we extracted the red cultures,
and measured 6.77 ± 1.02 µg citrinin per mL of culture broth. To validate extraction methods and show
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effectiveness, a set of M. purpureus cultures grown in MEA + 0.3% oxgall at 24 h and 72 h were spiked
with citrinin at 10 µg/mL and extracted. Recovery of citrinin was 72.9% ± 3.8.

Table 6. Citrinin production under experimental conditions. Citrinin concentration (µg/mL) of
M. purpureus CBS 109.07 under experimental conditions of growing and resting phases was measured
at 24 and 72 h via HPLC-UV. Two independent trials were conducted for each time point. Standard
deviation in cholesterol content is absolute error.

Citrinin Production of M. purpureus (µg Citrinin/mL of Culture Broth)

Media Conditions After 24 h 1 After 72 h 1 After 14 Days

MEA + 0.3% oxgall ND ND 6.77 ± 1.02
PBS + 0.3% oxgall ND ND

1 ND is not detected with a peak below the limit of detection (LOD) of 1.11 µg/mL.

4. Discussion

As a natural source for monacolins, fermentation products of Monascus purpureus are widely used
as alternative treatments for hypercholesterolemia. To the best of our knowledge, our data is the first
to show that a strain of M. purpureus is capable of a cholesterol-lowering mechanism separate from
its ability to produce monacolins and other secondary metabolites. We observed that active growing
M. purpureus CBS 109.07 can assimilate cholesterol in vitro, and after 48 h incubation at 37 ◦C and high
bile salt conditions, 36.38% of cholesterol content was removed. The removal of cholesterol by resting
or dead M. purpureus CBS 109.07 was not statistically significant, and cholesterol was not catabolized as
a carbon source. When resting cultures were washed and transferred to MEA media, M. purpureus CBS
109.07 became active and cholesterol assimilation and growth were observed. Citrinin production of
M. purpureus CBS 109.07 incubated in growing or resting phase conditions at 24 h and 72 h was lower
than the limit of detection, and we note that CBS 109.07 produced citrinin under our experimental
conditions at day 14 when red pigment production was observed.

The ability of microorganisms to remove cholesterol in vitro from growth media is an indicator of
probiotic potential, and the range of reduction percentage is wide and dependent on strain. We note
that as with any therapeutic dosage, the concentration of microorganisms present will play a major role
in cholesterol assimilation percentage. Miremadi et al. tested strains of Lactobacilli and Bifidobacteria

and found 14 strains capable of removing cholesterol with a range of 34–65% assimilation after 24 h [41].
Eukaryotes capable of lowering cholesterol include strains of S. boulardii, S. cerevisiae, and I. orientalis,
which after 48 h of incubation was observed to assimilate 90.6%, 96.8%, and 88.1% of cholesterol,
respectively [37]. Strains of P. kudriazevii, Galactomyces sp., and Y. lipolytica were observed to assimilate
45.7%, 36.3%, and 30.9% of cholesterol, respectively, after 48 h of incubation in Chen et al. [45]. In the
same study, the commercially available yeast probiotic S. boulardii lowered cholesterol by 36.5% at 48 h,
and 41.5% cholesterol at 72 h. In this study, active growing M. purpureus CBS 109.07 was comparable to
S. boulardii and was able to lower cholesterol from the media by 36.38% at 48 h, and 69.65% cholesterol
at 72 h (Table 1). We note that at higher aeration and agitation, M. purpureus CBS 109.07 was able to
assimilate a higher percentage of cholesterol (Table S2). When M. purpureus CBS 109.07 is resting or
dead, cholesterol removal is not significant (Figure 1) and ranged from 2.75–9.29% removal after 72 h
of incubation (Table 1). Other studies observed similar trends where resting and heat-killed cultures
did not significantly reduce cholesterol [41,63–65], suggesting a mechanism where actively growing
strains are more efficient at removing cholesterol.

To eliminate the possibility that cholesterol assimilation by M. purpureus was an artifact of
starvation and the uptake of available carbon sources, we allowed cultures to incubate undisturbed
until the entire culture was collected at the designated time point. This procedure differed from other
cholesterol assimilation studies, where one-tenth of the culture volume was removed at each time
point and, thus, could significantly impact nutrient availability [38,39,41,63,65–67]. We note that in our
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methods, the presence of cholesterol at 120 µg/mL did not enhance or inhibit the growth of M. purpureus

CBS 109.07 as measured by dry weight (Figure 2).
We investigated the ability of M. purpureus CBS 109.07 to transition out of microbial dormancy

after one to four days of incubation in PBS. Resting phase cultures incubated in PBS with 120 µg/mL
cholesterol did not show significant cholesterol assimilation (Table 3). When washed and transferred
to MEA media with 120 µg/mL cholesterol, previously resting phase M. purpureus CBS 109.07 cultures
were able to restore cholesterol assimilation and growth at day 7 of rescue (Table 3) at levels comparable
to growing cultures (Table S1, Table 2). There was no significant difference in reactivation of cholesterol
assimilation between cultures that were incubated for one day or four days in PBS. We also observed
that M. purpureus CBS 109.07 incubated in PBS with cholesterol and supplemented with nitrogen
sources showed insignificant cholesterol assimilation between 24 to 72 h (Table 4), and were able to
grow after transfer into MEA media for four days (Table 5). These results on resting phase reveal that
M. purpureus CBS 109.07 incubated in PBS is indeed dormant and that cholesterol is not significantly
taken up as a carbon source during dormancy. Additionally, the absence of cholesterol assimilation in
PBS with nitrogen sources supports the assertion that M. purpureus CBS 109.07 does not metabolize
cholesterol (Table 4). We posit that such an absence of cholesterol removal may reflect a mechanism
where growing M. purpureus CBS 109.07 is more efficient at assimilating cholesterol.

Microorganisms can utilize the cholesterol-lowering mechanisms of active assimilation and
passive adhesion to decrease host absorption of intestinal cholesterol [21,36,38]. Our results suggest
that M. purpureus CBS 109.07 is capable of an in vitro active assimilation mechanism by growing cells.
The dense pellet morphology of M. purpureus CBS 109.07 has made it difficult to measure the cholesterol
content of the cell membrane, as similarly noted in biosorbent studies on other filamentous fungi such
as Aspergillus niger and Penicillium sp. L1 strains [55–57]. Follow-up experiments will be conducted to
lyse the Monascus membrane and examine membrane cholesterol content. Other cholesterol-lowering
mechanisms by probiotic microorganisms include modulation of lipid metabolism and deconjugation
of bile salts [36]. M. purpureus is capable of directly modulating lipid metabolism, as it synthesizes
monacolins that directly inhibit HMG-CoA reductase, the committed step of cholesterol biosynthesis
in the liver [7,8]. In future studies, we will assay M. purpureus CBS 109.07 for bile salt hydrolase
(BSH) activity, the enzyme responsible for the deconjugation of bile salts found in many probiotic
strains [68,69].

Like many strains within Monascus, Aspergillus, and Penicillium genera, M. purpureus CBS 109.07
can biosynthesize citrinin, with levels highly dependent on the growth conditions and amount of
microorganisms used. In this study, the citrinin production in M. purpureus CBS 109.07 under growing
and resting phase conditions replicated from our cholesterol assimilation experiments was below our
limit of detection of 1.11 µg/mL (Table 6). Our results at 24 h and 72 h are consistent with published
studies on other M. purpureus strains which measured citrinin production in different growth conditions
over time. These studies observed delays in citrinin production, with detection of citrinin beginning as
early as day 5 or late as day 10 [70–72]. Notably, the commencement of citrinin production corresponded
to the commencement of red pigment production, and increases in agitation and aeration increased
citrinin production [72,73]. M. purpureus CBS 109.07 studies in particular did not measure citrinin at
early time points. However using thin-layer chromatography (TLC), they reported citrinin level to
be 5 µg/mL after 14 day incubation in glucose media and unspecified agitation [30], and 65 µg/mL
after 7 day incubation in ethanol media and 220 rpm agitation [74,75]. We used HPLC-UV to quantify
citrinin production after 14 day incubation in MEA + 0.3% oxgall and 60 rpm. At day 14 under our
conditions, the culture broth began to turn reddish, and we measured a citrinin concentration of
6.77 µg/mL [30,74–76]. The differences in citrinin production between CBS 109.07 studies highlight
how critical growth conditions are to the control of citrinin levels in Monascus strains [77,78]. In future
studies, we can target the citrinin issue as many studies have successfully eliminated or reduced the
levels of citrinin by disrupting the citrinin biosynthetic genes pksCT or ctnA in M. purpureus [70,79–81].
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To be beneficial for human health, probiotic microorganisms must be capable of surviving transit
through the human gastrointestinal tract. Absorption of dietary cholesterol into the bloodstream occurs
predominantly in the duodenum of the small intestine, where the pH varies from pH 6 to 7 and bile
salts excreted from the bile duct assist in solubilizing cholesterol [82,83]. M. purpureus CBS 109.07 was
cultured in media at physiological temperature and pH, and with a high bile salt concentration and
low aeration and agitation. However we recognize the limitations of an in vitro study in reproducing
gastrointestinal conditions. Additionally, the clinical safety of M. purpureus CBS 109.07 needs to be
established—a potentially complicated issue if the restrictive regulations on Monascus pigments and red
yeast rice supplements by the FDA and European Food Safety Authority are any indication [4,5,31,84].
In the current study, we are only beginning to raise the possibility of an application for M. purpureus

CBS 109.07 in probiotics; we recognize that additional safety and gastrointestinal survival experiments
are required, and that such advancement in understanding Monascus biochemistry may improve the
restrictions on their usage in the US and EU [85]. We also recognize that other candidate strains of
M. purpureus or other Monascus species may be found [86], and that CBS 109.07 may not be unique or
exemplary. However, we note that the human consumption of M. purpureus CBS 109.07 has precedents,
as several food-grade studies have considered CBS 109.07 an edible filamentous fungus and used it as
the representative Monascus strain in human and animal food applications of mycoprotein [6,47,48].

5. Conclusions

Our findings demonstrate that M. purpureus CBS 109.07, which can biosynthesize statin-like
monacolins, can also reduce cholesterol content in vitro via a mechanism of cholesterol assimilation at
37 ◦C with a high concentration of bile salts. The most effective removal of cholesterol occurred in
growing M. purpureus CBS 109.07 cultures, while non-growing M. purpureus CBS 109.07 minimally
adhered to cholesterol and did not metabolize cholesterol. Dormant cultures, once transferred from
buffer to nutrient rich media, were able to be resume cholesterol assimilation at levels observed in active
cultures. Citrinin production under our experimental conditions was not detected. Our results show that
it is valuable to continue examining the cholesterol-lowering potential of active M. purpureus CBS 109.07
cultures, as further research may provide a possible insight in the treatment of hypercholesterolemia
and will draw attention to the significance of filamentous fungi in human health and nutrition.

Supplementary Materials: The following are available online at http://www.mdpi.com/2309-608X/6/4/352/s1,
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and dry weight of growing M. purpureus CBS 109.07.
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Abstract: As a result of the capability of fungi to respond to culture conditions, we aimed to explore and
compare the antibacterial activity and chemical diversity of two endophytic fungi isolated from Hyptis

dilatata and cultured under different conditions by the addition of chemical elicitors, changes in the
pH, and different incubation temperatures. Seventeen extracts were obtained from both Pestalotiopsis

mangiferae (man-1 to man-17) and Pestalotiopsis microspora (mic-1 to mic-17) and were tested against a
panel of pathogenic bacteria. Seven extracts from P. mangiferae and four extracts from P. microspora

showed antibacterial activity; while some of these extracts displayed a high-level of selectivity and a
broad-spectrum of activity, Pseudomonas aeruginosa was the most inhibited microorganism and was
selected to determine the minimal inhibitory concentration (MIC). The MIC was determined for
extracts man-6 (0.11 µg/mL) and mic-9 (0.56 µg/mL). Three active extracts obtained from P. mangiferae

were analyzed by Liquid Chromatography-Electrospray Ionization-Quadrupole-Time of Flight-Mass
Spectrometry (LC–ESI–Q–TOF–MS) to explore the chemical diversity and the variations in the
composition. This allows us to propose structures for some of the determined molecular formulas,
including the previously reported mangiferaelactone (1), an antibacterial compound.

Keywords: Endophytic fungi; Hyptis dilatata; Pestalotiopsis mangiferae; Pestalotiopsis microspora;
chemical elicitors; antibacterial activity; LC–ESI–Q–TOF–MS

1. Introduction

The World Health Organization (WHO; Geneva, Switzerland) has established an urgent pathogen
list of antibiotic-resistant bacteria to guide the research, discovery, and development of new antibiotics.
This list includes carbapenem-resistant Pseudomonas aeruginosa and Enterobacteriaceae and third
generation cephalosporin-resistant bacteria as critical priorities as a result of the continuous and
indiscriminate use of antibiotics, not only in the treatment of human diseases, but also in animals [1,2].
This list includes antifungal compounds [3].

Pharmaceutical conglomerates have abandoned this field of research due to the high costs.
Despite the efforts made in recent years, e.g., investment in research and development (R&D) as well as
in scientific and technological research, the strategies for the search of new antibiotics and antifungals
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remain uncertain [4,5]. In this context, natural products produced by endophytic fungi provide an
alternative to supply new molecules with antimicrobial activities [6–9].

Endophytic fungi spend a large part of their life cycle inside the tissue of the host organism
without causing apparent damage [10]. In the last 15 years, interest in endophytic fungi has grown
exponentially because of their ability to produce a wide range of secondary metabolites with diverse
and important biological activities. Plant endophytes are considered one of the least studied groups of
microorganisms and have proven to be a source of natural products and therefore provide a way to
discover novel compounds with biological activities [11,12]. Two species of the genus Pestalotiopsis,
isolated from Hyptis dilatata (Labiatae), a plant that is distributed in the north and east of the Republic
of Panama and that is known for producing abietane and pimarane diterpenes [13] were selected for
these studies.

The genus Pestalotiopsis is considered a vast source of natural products from which more than
300 compounds have been isolated and characterized, including terpenoids, polyketides, chromones,
quinones, coumarins, lactones, and nitrogen-containing molecules with a wide range of biological
activities such as antifungal, antibacterial, anticancer, antioxidant, antiparasitic, antihypertensive,
anti-inflammatory, and neuroprotective activities [14–19]. Previously, our group reported the isolation
of a set of eleven compounds (see Figure S1) from the crude extract of P. mangiferae, including
a polyhydroxylated macrolide named mangiferaelactone [20]; the crude extract showed growth
inhibition against Listeria monocytogenes (29 mm diameter inhibition zone), and showed a minimal
inhibitory concentration (MIC) of 1.69 mg/mL and 0.55 mg/mL against L. monocytogenes and Bacillus

cereus, respectively. This compound belongs to the nonalide class that is associated with important
biological activities such anticancer, antifungal, antibacterial, and antiviral activities. Its synthesis has
been developed by different research groups [21–23]. Compounds such as taxol, isopestacin, and some
polyketides have been isolated from P. microspora [24–27].

The production of secondary metabolites by microorganisms could be impacted by environmental
dynamics, such as growing conditions, which include biotic and abiotic factors [28]. Therefore,
the selective variation of these parameters during the cultivation of fungi [29,30] and/or the induction
of stress through competition with other microorganisms in a co-culture represent interesting ways to
generate greater activity, chemical diversity, and novel active molecules [31–33]. Hence, the opportunity
to modify culture conditions allows for the optimization of secondary metabolite production [34].
Therefore, given the growing interest in enhancing the production of secondary metabolites by
endophytic fungi, the study of the methods and strategies to stimulate the gene clusters responsible
for the biosynthesis of new molecules has been intensified and could include chemical or physical
factors [35,36]. For example, the use of metallic ions, organic and inorganic compounds, pH,
and incubation temperature to optimize the production of enzymes or secondary metabolites have
been described [37–47].

For this study, we focused on modifying the conditions of the culture medium by varying abiotic
parameters and through this, activate fungal silent gene clusters [48–50] in P. mangiferae Hd08 and
P. microspora Hd18 in order to increase the chemical diversity and to detect new antibacterial activities.

2. Materials and Methods

2.1. Chemicals and Reagents

All of the following chemicals were acquired from Sigma–Aldrich® (Sigma–Aldrich, St. Louis,
MO, USA): arginine, glutamic acid, CuSO4, CaCl2, FeSO4, tri-sodium citrate dihydrate, dimethyl
sulfoxide (DMSO), and formic acid (FA). Ethyl acetate, acetone, and methanol used for extraction were
American Chemical Society grade (Tedia®, Tedia Company Inc., Fairfield, OH, USA). The methanol
for the liquid chromatography-mass spectrometry (LC–MS) analysis was LC–MS grade (J. T. Baker®,
Avantor Performance Materials, Inc., Center Valley, PA, USA).
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2.2. Isolation and Identification of Fungal Isolates

A healthy specimen of Hyptis dilatata (Labiatae) was collected in La Mesa, Veraguas Province in
the Republic of Panama, in November 2010. An exsiccate from the plant material was deposited in
the Herbarium of the University of Panama (PMA 084861). Mature leaves were surface sterilized as
we previously reported in [51], and small fragments were cultured on 2% malt-extract agar (MEA;
DifcoTM, Becton, Dickinson and Co., Sparks, MD, USA) under sterile conditions. Strains Hd08 and
Hd18 were further isolated from the collection plate and successively re-plated until pure strains
were obtained. Pure fungal strains were stored at −80 ◦C in a cryoprotectant solution of 10% glycerol
and were preserved in the collection of the International Cooperative Biodiversity Group (ICBG)
at the University of Panama. The identification of endophytic fungi was carried out as described
previously [20]. Briefly, the total genomic DNA of each strain was isolated from fresh mycelium
following U’Ren et al. [52]. Polymerase chain reaction (PCR) was used to amplify the nuclear ribosomal
internal transcribed spacers and 5.8s gene (ITS rDNA; ca. 600 bp), and the first ca. 600 bp was
sequenced bidirectionally [52]. The entire sequences for each strain were compared to the nucleotide
database of the National Center for Biotechnology Information (NCBI) using the Basic Local Alignment
Search Tools (BLAST®) Website.

2.3. Media Preparation and Cultivation of Fungal Strains

Strains Hd08 and Hd18 were reactivated aseptically on Petri dishes containing potato dextrose
agar (PDA; DifcoTM, Becton, Dickinson and Co., Sparks, MD, USA) and incubated at 26 ◦C for seven
days. Then, the mycelium was removed using a sterile spatula and was placed in sterile water to
obtain a homogeneous solution. This solution was poured on the surface of Petri dishes (145 × 90 mm)
containing MEA for all of the experimental conditions. After 15 days of incubation, the material was
extracted, and the amount of crude organic extract was measured. Sterile controls were established for
all of the experiments.

Chemicals as elicitors. MEA was prepared as indicated on the label; the resulting pH was
measured using a pH meter (Thomas Scientific, Swedesboro, NJ, USA). The medium was then sterilized
at 121 ◦C. When it had cooled to 45 ◦C, each of the elicitors was added, mixed well, and poured on
Petri dishes (145 × 90 mm), and the strains then were inoculated and incubated at 26 ◦C for 15 days.

pH as an elicitor. MEA was prepared as described above and buffered with a 50 mmol/L tri-sodium
citrate dihydrate solution to set values of 4.0, 4.6, and 5.6. The chemical elicitors were CaCl2 and
CuSO4. The strains then were inoculated, and the plates were incubated at 26 ◦C for 15 days.

Incubation temperature as an elicitor. MEA was prepared and buffered at pH = 4.0 by adding
CaCl2 or CuSO4, as described above. The incubation temperatures were set at 24, 28, and 30 ± 2 ◦C in
the incubation chamber (Sheldon Manufacturing, Inc., Cornelius, OR, USA) for 15 days.

2.4. Extraction and Sample Preparation

In all of the experiments, after the incubation time, the mycelium was cut into small pieces and
placed into a 1 L beaker and 500 mL of ethyl acetate was added. After 30 min, the mixture was triturated
and homogenized using a Polytron® (Brinkmann Instruments, Westbury, NJ, USA) and subsequently
filtered through filter paper (Whatman No. 7) using a vacuum. The organic solvent was evaporated
under a vacuum at 30 ◦C using a rotary evaporator. The resulting crude extract was re-dissolved in
acetone and transferred to scintillation vials, which were previously labeled and weighed, and then
evaporated on a Speed Vac® Plus (Thermo SavantTM, Thermo Fisher Scientific, Waltham, MA, USA)
for 24 h. Thereafter, the amount of extract was determined.

2.5. Antibacterial Activity

Tested microorganisms: Among the microorganisms used for the antimicrobial test, eight strains
(Bacillus cereus CECT 5050, Escherichia coli CECT 433, Kocuria rhizophila CECT 241, Legionella pneumophila
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CECT 7109, Listeria monocytogenes CECT 935, Pasteurella multocida CECT 962, Salmonella enterica CECT
7161, Salmonela enterica CECT 7160, and Shigella flexneri CECT 4804) were acquired from the Spanish
Types Culture Collection of the University of Valencia, Spain, and eight strains (Enterobacter cloacae

ATCC 13047, Enterococcus faecalis ATCC 19433, Klebsiella pneumonia ATCC 13883, Klebsiella pneumonia

ozaenae ATCC 11296, Proteus vulgaris ATCC 9484, Pseudomonas aeruginosa ATCC 10145, Staphylococcus

aureus ATCC 25923, and Streptococcus oralis ATCC 35037) were acquired from the American Type
Culture Collection.

In vitro bacterial growth inhibition: The antibacterial activity of each extract was determined
through the susceptibility test of the British Society for Antimicrobial Chemotherapy (BSAC) [53].
The turbidity standard (0.5 McFarland Turbidity Standard) was a BaCl2 solution which absorbance
(0.08–0.10 at 625 nm) was verified in a spectrophotometer (Spectronic 21, Bausch & Lomb, Rochester,
NY, USA). The solution was stored in the dark at 24 ± 2 ◦C. The bacterial inoculum of the seventeen
pathogenic strains were prepared in Trypticase-Soy Agar (TSA; BactoTM, Becton, Dickinson and Co.,
Sparks, MD, USA) for 24 h. Thereafter, five colonies were picked up and transferred into a tube
containing a saline and isotonic solution, then visually compared to the turbidity standardas previously
reported [54].

Evaluation of the minimal inhibitory concentration (MIC): A broth dilution susceptibility testing
method was applied for the determination of the (MIC) [55], using a stock solution prepared by adding
15 mg of the organic extract in 3 mL of Trypticase-Soy Broth (TSB). Serial dilutions of the organic extract
(3.33 µg/mL, 1.67 µg/mL, 0.56 µg/mL, 0.18 µg/mL, 0.061 µg/mL, 0.0021 µg/mL, and 0.007 µg/mL) and
positive control (gentamycin sulfate: 104.5 µg/mL, 35.0 µg/mL, 11.6 µg/mL, and 3.87 µg/mL) were
performed. Each solution was inoculated with 50 µL (0.5 McFarland) of a culture of Pseudomonas

aeruginosa and incubated at 37 ◦C for 18 h. The negative control was DMSO. A sterile culture media
control was also used. Each assay was performed in duplicate.

2.6. Analysis of Organic Extracts by LC–MS

LC–MS analysis was carried out in an Agilent 1290 Infinity LC System (Agilent Technologies,
Santa Clara, CA, USA) using a Zorbax® Eclipse Plus (1.8 µm) C18 reverse phase LC column, 100 × 3 mm
(Agilent Technologies, Santa Clara, CA, USA). The mass spectrometer was a micrOTOF-QIII (Bruker
Daltonics, Billerica, MA, USA) supplied with an electrospray ionization (ESI) source. For the positive
mode Electrospray Ionization-Quadrupole-Time of Flight-Mass Spectrometry (ESI+–Q–TOF–MS)
analysis, extracts were re-dissolved in methanol and filtered through a 0.45 µm cellulose acetate
membrane filter. Solutions of 0.5 µg/mL were prepared, and aliquots of 10 µL were injected.
The chromatographic analysis was carried out using a 37 min step gradient (UHPLC) run using
mixtures of methanol and acidified water (99.9% H2O-0.1% FA) as mobile phase, starting from:
(a) 5–95% MeOH-H2O for 2 min; (b) a 25 min gradient from 5:95 methanol:H2O to 100% methanol;
(c) 100% methanol for 8 min. The column was returned to the initial condition for 2 min. Prior to
collecting the data, two level of calibration were employed; before the analysis, an external calibration
was performed using an Agilent ESI-L Low-Calibration Tuning Mix, and during the evaluation of each
sample, we used hexakis (1H, 1H, 2H-difluoroethoxy)-phosphazene (m/z 622.0290 [M + H]+; Synquest
Laboratories, Alachua, FL, USA) as an internal reference, for the lock mass calibration.

3. Results

3.1. Culture Conditions

The results obtained from evaluating the changes in culture conditions are listed in Table S1.
The addition of chemical elicitors impacted the amount of crude extract obtained. In P. mangiferae,
the best result was achieved in presence of Fe2+ and Ca2+ ion (man-3, 256.0 mg and man-4, 232.0 mg);
in P. microspora, under the presence of Cu2+ and Ca2+ ions (mic-4, 297.0 mg and mic-5, 329.0 mg).
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Low pH values increased the amount of crude extract obtained. For both species, the best results
were obtained at pH = 4.0 and Cu2+ as elicitor: in P. mangiferae (man-9, 264.3 mg); in P. microspora (mic-9,
260.0 mg).

The third factor to consider was the incubation temperature. Maintaining constant the pH at 4.0,
we found that the highest amount of extract in P. mangiferae was at 30 ◦C for both elicitors (man-14,
528.0 mg; man-17 448.0 mg); the production of extract using Ca2+ was 34-fold higher and 1.7-fold
higher using Cu2+ compared to the amounts obtained in phase II. For P. microspora, the highest amount
of extract was obtained at 24 ◦C using Cu2+ as elicitor (mic-15, 1194.0 mg) that was 4.6-fold higher that
the obtained amount in phase II.

3.2. Antibacterial Activity

A total of 34 extracts were assayed against a panel of pathogenic bacteria in a preliminary
antibacterial test (disc diffusion method, mm), and only 11 extracts showed growth inhibition:
seven from P. mangiferae and four from P. microspora (Table 1). These extracts were capable of
inhibiting the growth of 13 of 17 pathogenic bacterial strains. Larger inhibition zones were observed
against P. aeruginosa (12.5 mm) and L. monocytogenes (11.0 mm). Extract man-6 displayed the highest
broad-spectrum of antimicrobial activity (inhibited seven pathogenic strains), followed by extracts
man-9 and mic-9 (both inhibited six pathogenic strains). Nevertheless, the culture condition for man-6

(CaCl2, pH = 4.0 and T = 26 ◦C) induced one of the lowest amounts of organic extract (15.4 mg).
The culture condition for extracts man-9 and mic-9 (CuSO4, pH = 4.0, T = 26 ◦C) were more favorable.

Extracts man-15 and mic-11 exhibited selectivity against P. aeruginosa, the most sensitive strain.
To determine the MIC using P. aeruginosa, five of the eleven extracts were selected. In this experiment,
only extracts man-6 (0.11 µg/mL) and mic-9 (0.56 µg/mL) demonstrated growth inhibition.

Hence, to correlate the chemical profile with the antibacterial activity against P. aeruginosa, three
samples were selected from P. mangiferae to be analyzed by LC–MS: (1) one active, man-7; (2) one with
broad-spectrum activity, man-9 (12.5 mm inhibition zone); and (3) one with selective activity, man-15

(9.5 mm inhibition zone).
To our knowledge, there are only two reports of secondary metabolites from P. mangiferae [20,56].

3.3. Evaluation of the Chemical Diversity

Table 2 lists the principal molecular ions present in the analyzed extracts and their determined
molecular formulas. Extracts man-7 and man-15 showed a similar chemical composition; nevertheless,
at least four compounds were only present in extract man-15. The molecular ions are linked, mainly to
polyoxygenate compounds, but some nitrogenous are present too. In all three extracts (man-7, man-9,
man-15), the presence of mangiferaelactone was determined (retention time tR 21.55–21.59 min; m/z

401.2017 [M + H]+); none of the other previously isolated compounds from P. mangiferae was detected
as principal components of the analyzed samples (see Figure S1). The pseudo molecular ion m/z

338.341 [M +H]+, which appeared at tR 28.3 min, has been established as a possible molecular formula
(calculated for C22H44NO). This compound appeared in the chromatograms of extracts man-9 and
man-15, but it was absent in the man-7 extract (Figure 1, Table 2), suggesting that it could be responsible
for the antibacterial activity against P. aeruginosa.
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Table 1. Antibacterial activity in the disk diffusion test 1 of organic extracts produced by Pestalotiopsis spp.
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P. mangiferae

man-1 8.5 9.5

man-2 8.5 8.5 8.0

man-3 8.5 7.5 9.0 9.0 7.5

man-6 10.0 8.5 9.0 9.0 8.0 11.0 8.0

man-7 8.0 8.5 8.5 9.0 7.5

man-9 12.5 8.5 8.5 8.0 7.5 7.5

man-15 9.5

P. microspora

mic-9 8.0 8.5 7.5 8.0 7.5 8.5

mic-10 8.0 8.5 8.5

mic-11 9.5

mic-12 9.5 7.5 7.5

Positive
control

Gentamycin
sulfate

(10 µg/mL)
18.5 17.5 14.5 13.5 13.0 13.0 12.0 10.0 9.5 9.5 30.0 18.0 17.0 9.0

1 Results are given in mm of inhibition.
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Table 2. Molecular ions of secondary metabolites present in extracts obtained from P. mangiferae.

Retention Time 1 (tR) m/z [M + H]+ [M + Na]+ Dimers Molecular Formula Extracts

19.44–19.50 588.36567 589.369 1177.720 [2M + H]+ C34H52O8 man-7, man-15
20.14–20.37 278.18765 279.194 C17H26O3 man-7
20.78–20.87 588.36567 589.369 1177.720 [2M + H]+ C34H52O8 man-7, man-15

21.55–21.59
282.18524 283.193 565.375 [2M + H]+ C16H26O4 man-7, man-9, man-15

400.20917 401.217 423.199 801.424 [2M + H]+

823.407 [2M + Na]+ C20H32O8 man-7, man-9, man-15

22.39–22.43

394.28663 395.295 C27H38O2 man-7, man-15
412.29317 413.303 C22H40N2O5 man-7, man-15
470.33906 471.347 C30H46O4 man-7, man-15

488.34560 489.354 995.716
[2M + H2O + H]+ C30H48O5 man-7, man-15

23.40–23.45 314.24516 315.256 337.236 C38H34O4 man-15

23.72–23.81
428.30737 451.298 C31H40O man-7, man-15
428.31324 429.320 C24H44O6 man-15

24.54 278.22403 279.231 301.211 557.446 [2M + H]+ C18H30O2 man-7, man-15
24.60 452.31324 475.304 927.610 [2M + Na]+ C26H44O6 man-15
26.86 281.27132 282.279 304.261 C18H35NO man-7, man-15
27.52 283.28697 284.294 306.276 C18H37NO man-7, man-15

27.83–27.87 390.27646 391.283 413.261 803.536 [2M + Na]+ C24H38O4 man-7, man-9, man-15
28–33 337.33392 338.341 360.320 675.670 [2M + H]+ C22H43NO man-9, man-15
28.40 418.28663 419.308 441.288 859.578 [2M + Na]+ C29H38O2 man-7

31.25–31.36
662.43884 663.444 685.40 C40H36NO4 man-7, man-9, man-15
721.51233 722.519 C41H71NO9 man-15

1 Time is given in minutes.
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Figure 1. Total ion chromatograms (TICs) of extracts man-9, man-7, and man-15.

Chemical diversity of the three extracts from P. mangiferae (man-7, man-9, and man-15) was
analyzed by LC–ESI–Q–TOF–MS. The total ion chromatograms for each sample are presented in
Figure 1. The peak at tR 21.5 min is common to all three analyzed samples. The MS spectrum of this
peak showed ions [M + H]+ and [M + Na]+ at m/z 401.217 and 423.199, respectively. Additionally, two
ion clusters were detected: M2H+ and M2Na+ at m/z 801.424 and 823.407, respectively (Figure 2A),
which matched the MS data for mangiferaelactone, a previously characterized compound. This
compound had a relatively lower concentration in sample man-15. Based on its selectivity against
P. aeruginosa (9.5 mm inhibition zone), this compound could be proposed as the major component of
the extract, for example, the peak at tR 27.8 min with [M + H]+, [M + Na]+, and [2M + Na]+ ions at
m/z 391.283, 413.261, and 803.536, respectively (Figure 2D). The polar section of man-15 was the most
complex, indicating a higher level of chemical diversity then man-7 and man-9.

Extract man-7 showed a higher relative concentration among the components of the polar section
(peaks at tR 19.4, 20.2, 20.7, and 21.5 min). Its moderate polarity section included a peak at tR 28.4 min
with [M + H]+,[M + Na]+, and [2M + Na]+ ions at m/z 419.308, 441.276, and 859.579, respectively
(Figure 2B), compared with extracts man-9 and man-15 that had a peak at tR 28.3 min with [M +H]+,
[M + Na]+, and [2M + H]+ ions at m/z 338.337, 360.319, and 675.670, respectively (Figure 2C).
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Figure 2. Mass spectra of selected peaks. (A) Mangiferaelactone at tR 21.5 min in extracts man-7, man-9,
and man-15. (B) Peak in extract man-7 at tR 28.4 min. (C) Peak in extracts man-9 and man-15 at tR

28.3 min. (D) Peak in extracts man-7 and man-15 at tR 27.8 min.

4. Discussion

As we mentioned above, there are only two reports related to the isolation and characterization of
secondary metabolites from P. mangiferae; early culturing under two different conditions produced
antibacterial compounds mangiferaelactone (1) and 4-(2,4,7-trioxa-bicyclo[4.1.0]heptan-3-yl) phenol
(see Figure S1) [20,56]. Neither one was among the main components present in the extracts analyzed
here by high resolution LC–MS, nor the other compounds with a low molecular weight.

Our results showed that in this initial study, Pestalotiopsis showed prolific antibacterial activity.
The results of Table 2 indicate that each extract had a different biological activity profile. This means
that the chemical composition changes in diversity and concentration.

The changes in the culture conditions played a role in differences in the chemical diversity of
P. mangiferae and the genus Pestalotiopsis. This was confirmed by the wide range of the preliminary
antibacterial activities determined for each of the extracts and through the LC–HRMS analysis of the
three extracts. According to the revised reviews and recent publications (Table S2) on the secondary
metabolites isolated from the genus Pestalotiopsis and the antibacterial activity previously determined,
most of the molecular formulas for the metabolites reported here did not match with those reported
earlier for the genus. Nonetheless, taking into account the previously isolated compounds from the
genus Pestalotiopsis or from P. mangiferae and the molecular formula obtained through high-resolution
mass spectrometry, we proposed some molecular structures; also, in most of the cases they are related
with a previously isolated compound with antibacterial or antifungal activity.

Five major reviews on the chemistry and bioactivity of the genus Pestalotiopsis were published until
2017 [14–18]. An exhaustive exploration of the available compounds’ structures allowed us to establish
that the majority of the compounds present in the analyzed extracts of P. mangiferae have not been
isolated from a species of the genus Pestalotiopsis. Nevertheless, it could be proposed that they belong
to three of the main classes of compounds isolated from the genus, namely: (a) polyketides/polyols
derivatives; (b) terpenoids/triterpenoids; and (c) nitrogen-containing compounds.

The major group of compounds present in the analyzed extracts could belong to polyketide/polyol
derivatives. For example, we proposed the hydrolysis of mangiferaelactone (1) (C20H32O8) that will
result in the hypothetical trihydroxylactone (1a) (not-yet-detected by MS-analysis), its successive
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dehydration and methylation could lead to two lactones (1b) (C16H26O4) and (1d) (C17H26O3),
respectively (Figure 3). Compound (1b) has the same molecular formula as koninginins B (1e; C16H26O4)
and E (1f; C16H26O4) isolated from the genus Trichoderma [57–59], and they probably have the same
precursor as compound (1a) (C16H28O5).
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Figure 3. Proposed polyketide/polyol derivatives 1b,d that could be present in extracts man-7, man-9,
and man-15, having as a precursor compound 1 and the intermediates 1a,c. Polyketides 1e,f previously
isolated from the genus Trichoderma with same molecular formula as 1b.

Two molecular formulas could correspond to triterpenoids (C30H46O4/ C30H48O5). From the
genus Pestalotiopsis, only oleanane- and ursane-type triterpenes have been isolated [14,17,60].
Ursane-type triterpenes have been reported when to the culture medium was added ursolic
acid [61]. Nevertheless, oleanane-type were isolated (15α)-15- hydroxysoyasapogenol B (2), (7β, 15α)-7,
15-dihydroxysoyasapogenol B (3) and (7β)-7, 29-dihydroxysoyasapogenol B (4) from Pestalotiopsis

clavispora [60], together with ursolic acid. These three compounds (2–4) could be synthesized by
biological oxidation mechanism derived in one of the triterpenoids 2a, 3a or 4a, respectively; they have
the molecular formula C30H46O4 or C30H48O5 established by high resolution MS in extracts man-7 and
man-15 (Figure 4).
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Figure 4. Proposed structure for compounds 2a, 3a, and 4a based on the molecular formula determined
by HRMS in extracts man-7 and man-15 and their proposed biosynthetic precursor.

In our results two molecular ions have the same molecular formula C34H52O8, but they eluted
at different time and are both present in extracts man-7 and man-15. These isomers could be related
to fusapirone (5; C34H54O9) a compound with antifungal activity, previously, isolated from Fusarium

semitectum [62], it possess multiple chiral centers and can derived into compound (5a; C34H52O8) by
dehydration (Figure 5).
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Figure 5. Dehydration of the polyketide derivative fusapirone 5 could produce compound 5a with a
molecular formula C34H57O8, determined in extracts man-7 and man-15.

The dehydrogenation of asperacine (6; C40H36N6O4) results in compound 6a (C40H36N6O4)
with an imine function (Figure 6), this molecular formula was determined for extracts man-7, man-9,
and man-15.
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Figure 6. Nitrogen derivative 6a, that could be present in extracts man-7, man-9, and man-15.

5. Conclusions

For this study were selected two strains of Pestalotiopsis endophytic fungi (P. microspora Hd18 and
P. mangiferae), that are capable of producing secondary metabolites with relevant biological activities.
The strategy developed in this work included variations of the culture conditions, the determination
of the antibacterial activity of the obtained extracts, together with the effective analysis of the
chemical profile using LC-HRMS. This strategy could improve the discovery of new molecules with
a pharmaceutical potential, in this case antibacterial. Hence, this work confirmed changes in the
chemical diversity and biological activity of P. microspora Hd18 and, principally, P. mangiferae Hd08
under varying the culture conditions.

Taking into account the chemical diversity and the preliminary antibacterial activity displayed by
P. mangiferae, further work will need to establish and confirm the chemical composition of each extract
as well as the antibacterial activity of a single compound.
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Abstract: Arbuscular mycorrhizal fungi (AMF) and elevated CO2 (eCO2) have been effectively
integrated to the agricultural procedures as an ecofriendly approach to support the production and
quality of plants. However, less attention has been given to the synchronous application of AMF
and eCO2 and how that could affect the global plant metabolism. This study was conducted to
investigate the effects of AMF and eCO2, individually or in combination, on growth, photosynthesis,
metabolism and the functional food value of Thymus vulgare. Results revealed that both AMF and
eCO2 treatments improved the photosynthesis and biomass production, however much more positive
impact was obtained by their synchronous application. Moreover, the levels of the majority of the
detected sugars, organic acids, amino acids, unsaturated fatty acids, volatile compounds, phenolic
acids and flavonoids were further improved as a result of the synergistic action of AMF and eCO2,
as compared to the individual treatments. Overall, this study clearly shows that co-application of
AMF and eCO2 induces a synergistic biofertilization impact and enhances the functional food value
of T. vulgare by affecting its global metabolism.

Keywords: mycorrhizae; elevated CO2; Thymus vulgare; growth; photosynthesis; metabolites;
biological activity

1. Introduction

Herbal plants have been widely used in traditional and folk medicine as an effectual solution to cure
many diseases, being a big store for bioactive compounds, especially secondary metabolites [1]. They are
known to have various biological activities such as antioxidant, antimicrobial, anti-inflammatory
and anticancer properties [2]. Recently, a priority was given to herbal plants in terms of enhancing
the production of the economically important phytochemicals through the application of cultivation
procedures under stimulated growth conditions [3]. In this aspect, arbuscular mycorrhizal fungi
(AMF) have been regarded as one of the most important beneficial microorganisms that are able to
associate with almost two thirds of terrestrial plants improving their growth and stress tolerance [4].
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In some cases, mycorrhizal symbiosis is essential as the host plant cannot grow normally and/or survive
without it [5]. The beneficial effects of AMF symbiotic association with plants include enhanced levels
of mineral nutrients and accumulation of primary and secondary metabolites [6]. From environmental
point of view, AMF can keep the balance of soil aggregates, hence, able to fight erosion [7]. Accordingly,
AMF represent a promising trend that has found its way in the sustainable agricultural productivity [8].
For instance, utilization of AMF for enhancing the production and quality of aromatic plants have
been reported [8]. In this regard, several medicinal aromatic plants, such as pennyroyal and parsley,
showed enhanced levels of bioactive metabolites when associated with AMF [6].

In another aspect, the exposure of plants to elevated CO2 (eCO2) has been regarded as an effective
approach to improve the nutritional and medicinal values of herbal plants [9]. eCO2 can increase
plant growth and productivity either directly by enhancing photosynthesis [10] or indirectly by
stimulating plant water use efficiency [11]. On the other hand, the effect of eCO2 on belowground
communities, including AMF, are still not fully understood [12]. What is well known is that the higher
the photosynthetic activity, under eCO2, the more the photosynthate transfer to plant roots and the
higher release to the associated microbial communities [13]. Furthermore, as being dependent on their
host plant for carbon, AMF may be sensitive to global climatic changes that influence their host [14].
Therefore, such triple effect resulting from interactions among plant, AMF and eCO2 is expected to
have beneficial roles in increasing the productivity and quality of crops and medicinal plants.

One of the well-known plants for both culinary and medicinal purposes is Thymus vulgaris L.,
a member of the family Lamiaceae, being widely used in folk medicine for treatment of several
diseases like bedwetting, diarrhea, stomach ache, arthritis, sore throat, cough, bronchitis and chest
congestion [15]. The biological activities of T. vulgaris are mainly ascribed to its content of secondary
metabolites, particularly essential oils that have been extensively studied for antioxidant, antimicrobial
and antitumor activities [16]. Thus, improving the accumulation of these phytochemicals in T. vulgaris

could support its nutritional, medicinal and pharmacological properties. In this regard, previous
studies have reported the positive impacts of both AMF and eCO2 on the growth and quality of
herbal plant [17,18], however, the complete picture on how AMF-eCO2 combination affect primary and
secondary metabolomes is not fully drawn [19,20]. In addition, metabolic profiling of the host plant is
essential to understand the mechanisms behind the changes occurring in response to the individual
and/or combined effect of AMF and eCO2. So far, the detailed metabolic implications induced by
the synchronous application of eCO2 and AMF on plants are not investigated. Thus, the current
study was conducted to explore, in details, the individual and combined impacts of eCO2 and AMF
on T. vulgaris, as a model herbal plant. We have assessed the changes in mycorrhizal colonization,
plant biomass production, photosynthesis, respiration and levels of individual primary (sugars, amino
acids, fatty acids and organic acids), secondary (phenolic acids and flavonoids) metabolites and volatile
oils. Further, the associated changes in nutritional and medicinal values of T. vulgaris were investigated.

2. Material and Method

2.1. Experimental Setup, Plant Materials and Growth Conditions

Soil potting was mixed with sterilized sand (1:3) and inculcated with a pure commercial inoculum
of Rhizophagus irregularis (MUCL 41,833 obtained from Glomeromycota in vitro collection (GINCO)) at
a concentration of 50 spores per soil in a pot (25 × 15 cm). The control treatments were represented by
non-inoculated soil. The seeds of T. vulgaris were disinfected then sown in both treated and non-treated
soils. Plants were grown in a controlled greenhouse at 21/18 ◦C, 16/8 h day/night, and 60% humidity,
they were regularly watered. The pots inn each of the control and AMF-inoculated groups were equally
subdivided into two sub-groups, one subjected to 410 ppm CO2 (ambient CO2; aCO2) and the other
subjected to 620 ppm CO2 (elevated CO2; eCO2,) through the time course of the experiment. The plants
were harvested after 6 weeks, then the aerial parts were immediately frozen in liquid nitrogen and
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stored at −20 ◦C to be used in different plant analyses. For determination of dry matter and mineral
elements, plant shoots were washed with distilled water and dried at 75 ◦C for 72 h.

2.2. Mycorrhizal Parameters

Mycorrhizal colonization was demonstrated following Phillips and Hayman [21]. About 0.5 g
of fresh roots were clarified with potassium hydroxide (10% w/v) and potassium hydroxide (10%) +
hydrogen peroxide (10% v/v) in a ratio of 1:1 (v/v), then stained with 0.05% trypan blue in lactoglycerol.
A stereomicroscope (40×) was used to show the stained roots, while the colonization rate was calculated
by using gridline intersect method [22].

2.3. Photosynthesis Parameters

The light-saturated photosynthetic rates (µmol CO2 m−2 s−1) of mature leaves were measured
(LI-COR LI- 6400, LI-COR Inc., Lincoln, NE, USA), according to AbdElgawad et al. [23]. Dark respiration
was determined as the absolute CO2 exchange rate determined at photosynthetic photon flux density
(µmolm−2 s−1).

2.4. Metabolic Profiling

For extraction of sugars, plant tissues were homogenized in 50% (v/v) acetonitrile. The method
described by Hamad et al. [24] was applied to identify the individual sugars in the plant extract
by using high-performance liquid chromatography (HPLC), then comparing their retention time
with those of a standard mixture. Quantification of the sugar samples was achieved based on
peak area comparison with a calibration curve of the corresponding standards. Organic acids were
extracted in phosphoric acid (0.1% v/v) supplemented with butylated hydroxyanisole (3 g/L) and
then analyzed using HPLC with a SUPELCOGEL C-610H column coupled to a UV detection system
set at 210 nm (LaChromL-7455 diode array, LaChrom, Tokyo, Japan). The concentration of each
organic acid was calculated by using a calibration curve [24]. For extraction of amino acids, a
known weight of plant tissues was vigorously homogenized in 80% aqueous ethanol. Amino acids
were measured using a Waters Acquity UPLC-tqd system (Milford, Worcester County, MA, USA)
equipped with a BEH amide 2.1 × 50 column. The lipophilic fraction of plant samples was obtained
by extraction in chloroform/methanol (2:1, v/v). Thereafter, fatty acids were detected, according to
Hassan et al. [25], by using GC/MS analysis (Hewlett Packard, Palo Alto, CA, USA) with an HP-5
MS column (30 m × 0.25 mm × 0.25 mm). Fatty acids were quantified using NIST 05 database and
Golm Metabolome Database (http://gmd.mpimp-golm.mpg.de). Phenolic acids and flavonoids were
extracted in acetone-water solution (4:1 v/v) for 24 h. The method outlined in Hamad et al. [24] was
followed up for determination of Phenolic acids and flavonoids using an HPLC system (SCL-10A
vp, Shimadzu Corporation, Kyoto, Japan). The concentration of each compound was calculated with
a calibration curve of the corresponding standard. For extraction of volatile oils, two hundred gm
of fresh plant material were subjected to steam distillation with about 500 mL of water, where the
volatiles were collected [26]. The levels of volatiles were determined using gas chromatography–mass
spectrometry (GC–MS) according to the method outlined by El Hattab et al. [27].

2.5. Determination of Biological Activities

Several methods were used to determine the total antioxidant capacities of the plant extract,
including the ferric reducing antioxidant power (FRAP), oxygen radical absorbance capacity (ORAC),
inhibition of LDL (low density lipoprotein) oxidation (TBARS and conjugated dienes) and inhibition
of hemolysis assays [23,24]. For LDL oxidation, dialyzed LDL (100 µg protein/mL) was diluted in
10 mM PBS (phosphate buffered saline containing 0.01 Mphosphate-buffer and 0.15 M NaCl, pH 7.4)
and incubated at 37 ◦C in presence or absence of 10 µM CuSO4. Oxidation was performed with or
without the sample solution of colostrum proteins. After incubation, lipid peroxidation of the LDL
was measured. Thiobarbituric acid reactive substances (TBARS) was determined at 532 nm/600 nm,
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using 1,1,3,3-Tetramethoxypropane as standard for calibration curve, while conjugated diene formation
was measured at 232 nm of LDL solution (100 µg protein/mL) in PBS incubated with CuSO4 (10 µM) in
the absence or presence of various concentrations of bovine colostrums protein [28].

2.6. Statistical Analysis

Experiments were carried out following a randomized complete block design. Data normality
and the homogeneity of variances were checked using the Kolmogorove–Smirnov test and Levene’s
test, respectively. Each experiment was done in five replicates (n = 5). All the data was subjected
to one-way analysis of variance (ANOVA). Student’s t-test at probability levels of 0.05, 0.01 or 0.001
was used to test the difference between the treatment and control or between AMF alone and the
combined AMF+eCO2 treatment. All statistical tests were performed using the computer program
PASW statistics 18.0 (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. AMF Colonization and Hyphal Growth

It is known that AMF are largely dependent on their host plant for carbon, so they are sensitive to
climatic changes that affect their host plant [14]. In this sense, eCO2 could have an indirect effect on
mycorrhizal colonization by promoting carbon assimilation and allocation to roots [29]. Since AMF are
attached to plant roots, they are lucky to receive higher amount of photosynthates under eCO2 before
other soil microbes [30]. Herein, the mycorrhizal growth was significantly enhanced in T. vulgare by
AMF treatments (Table 1). Such mycorrhizal proliferation was much more stimulated under eCO2

conditions. Several studies have demonstrated some positive effects for eCO2 on AMF-plant association
such as increased mycorrhizal root length [14] and increased extra-radical hyphae [31]. However,
other studies did not show any beneficial effects for eCO2 on AMF growth in host plants [32,33].
Therefore, the impact of eCO2 levels on mycorrhizal growth seems to be dependent on plant species,
AMF species and soil type [34]. In fact, as being a member of Glomeraceae, the ratio of R. irregularis has
been reported to be more positively influenced by eCO2 than others, e.g., Gigasporaceae [35].

Table 1. Mycorrhizal colonization and growth parameters in roots of Thymus vulgare grown under
normal conditions (control) or the effect of eCO2 (620 ppm), arbuscular mycorrhizal fungi (AMF) or their
combination (AMF-eCO2). Values are mean ± standard error of five independent replicates. Asterisks
indicate significant changes (*** p< 0.001) between AMF alone and the combined AMF+eCO2 treatment.

Metabolite Control eCO2 AMF AMF + eCO2

Colonization
(% root) nd nd 33.06 ± 2.39 54.04 ± 1.11 ***

Hyphal length
(cm g−1 soil) nd nd 12.94 ± 5.82 19.10 ± 9.74 b ***

Number of arbuscules
(no. cm−1 root) nd nd 4.78±0.27 5.03 ± 0.18

nd = not detected.

3.2. AMF and eCO2 Acts Synergistically to Improve Photosynthetic Capacity and Biomass Production

It has been known that the photosynthetic rate, and consequently biomass production, could be
improved under the effect of AMF inoculation, as a result of the expected increased nutrients uptake [36],
and also under eCO2 atmosphere due to the enhancement of the carboxylation reaction of rubisco [37].
Supporting this hypothesis, the current results revealed that eCO2 and AMF independently, and to
more extent in combination, promoted photosynthetic rate and biomass production in T. vulgare

(Figure 1). Such increments were much more induced by the interaction between both treatments.
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Figure 1. Fresh mass (A), dry mass (B), and rates of photosynthesis (C) and respiration (D) in Thymus

vulgare grown under normal conditions (control) or the effect of eCO2 (620 ppm), AMF or their
combination (AMF-eCO2). Values are mean ± standard error of five independent replicates. Asterisks
indicate significant changes (* p < 0.05; ** p < 0.01) compared to control, as revealed by the Student’s
t-test. Lowercase letters indicate significant differences (a p < 0.05; b p < 0.01) between AMF alone and
the combined AMF+eCO2 treatment.

Similar to our results, the positive effects of eCO2 on biomass of T. vulgaris and some other
medicinal plants, Ocimum basilicum, Origanum vulgare, Mentha piperita and Mentha spicata, have been
previously investigated [38]. Moreover, the increased biomass production in plants inoculated with
AMF was reported [39]. Regarding the interaction between eCO2 and AMF, It is well known that
eCO2 stimulates the photosynthetic rate and plant growth [40], which in turn, affects the allocation
of photosynthates to AMF, consequently makes more C available to AMF colonizing the roots [13],
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thus, increasing sink strength in mycorrhizal plants, and eventually this leads to increased C storage in
soils [41]. Such effect is hypothesized to create a balance between carbon cost and nutrient benefits,
besides reducing the negative effects of down regulation of photosynthesis caused by acclimation of
plants to long-term exposure to eCO2 [42]. In this regard, it has been found that both eCO2 and AMF,
when applied individually or in combination, improved biomass production of Pisum sativum and
lettuce [32,43]. In addition, it has been indicated that mycorrhizal plants have higher photosynthetic
rate [33] when grown under high CO2 levels. However, such an effect might differ among variable
cultivars [44]. In contrast, it was supposed that eCO2 may impair the beneficial effects of AMF on plant
biomass, especially when the fungal community is dominated by Glomus species [45]. This might be
due to the difference among AMF taxa in their exchange of carbon and nutrients [46].

3.3. Application of AMF and eCO2 Improves the Nutritional Value of T. vulgare

It was assumed that the nutritive value of plants is highly related to its content of primary
metabolites, e.g., sugars, proteins and lipids [9]. In this regard, sugars and organic acids are related
to taste and flavor [47], essential amino acids are involved in some biological processes, such as
protein synthesis [48] and a lower saturated/unsaturated fatty acids (SFA/USFA) ratio is linked to
cardio-protective effects [49]. It has been reported that the higher the CO2 levels, the higher the rate of
photosynthetic activity, which is linked to the enhancement of the carboxylation reaction of rubisco,
the enzyme responsible for CO2 fixation [37]. As a consequence of photosynthesis improvement,
sugars could be accumulated and also broken down via dark respiration, resulting in production of
the precursors necessary for synthesis of different classes of primary and secondary metabolites [50].
Supporting such a concept, the individual AMF and eCO2 treatments induced significant increases
in the content of total soluble sugar of T. vulgare, about 1.6 folds, however, starch was significantly
accumulated under eCO2 only (Table 2, Figure 2). Further, the synchronous application of AMF and
eCO2 caused a significant accumulation in the levels of the majority of the measured sugars relative to
AMF alone treatment. Similarly, CO2 enrichment enhanced the accumulation of sucrose and starch
in oil palm [51], and increased the accumulation of total soluble carbohydrates and starch in ginger
varieties [52]. AMF treatments were found to induce the accumulation of total soluble sugars in
lettuce [53]. Further, the interaction between AMF and CO2 improved forage quality of alfalfa plants
by increasing the levels of glucose, fructose and hemicellulose and decreasing that of lignin [54].

Table 2. Levels of primary metabolites (mg g−1 dry weight) in Thymus vulgare grown under normal
conditions (control) or the effect of eCO2 (620 ppm), AMF or their combination (AMF-eCO2). Values are
mean ± standard error of five independent replicates. Asterisks indicate significant changes (* p < 0.05;
** p < 0.01) compared to control, as revealed by the Student’s t-test. Lowercase letters indicate significant
differences (a p < 0.05; b p < 0.01) between AMF alone and the combined AMF+eCO2 treatment.

Control eCO2 AMF AMF + eCO2

Sugars

Glucose 1.34 ± 0.07 2.18 ± 0.12 ** 1.32 ± 0.07 2.14 ± 0.01 b

Fructose 0.34 ± 0.05 0.45 ± 0.02 0.4 ± 0.02 0.76 ± 0.06 b

Sucrose 1.67 ± 0.15 2.07 ± 0.15 2.19 ± 0.04 * 2.85 ± 0.1 b

Soluble sugars 6.09 ± 0.31 10.29 ± 0.3 ** 9.46 ± 0.35 ** 11.44 ± 0.8
Starch 62.06 ± 1.89 79.26 ± 4.63 * 60.1 ± 1.7 85.22 ± 1.68 b

Total carbohydrates 105.38 ± 3.08 137.1 ± 6.75 * 105.62 ± 6.31 147.79 ± 2.01 b

Organic acids

Oxalic 3.84 ± 0.33 2.97 ± 0.06 5.7 ± 0.34 * 7.75 ± 0.29 b

Malic 6.88 ± 0.3 6.25 ± 0.34 6.36 ± 0.29 7.38 ± 0.36
Isobutyric 3.46 ± 0.33 2.89 ± 0.46 6.34 ± 0.67 * 7.67 ± 0.53
Fumaric 0.93 ± 0.01 0.96 ± 0.08 0.67 ± 0.04 ** 1.14 ± 0.07 b

Succinic 3.07 ± 0.33 4.21 ± 0.29 5.08 ± 0.39 * 6.31 ± 0.58
Citric 2.88 ± 0.33 5.32 ± 0.28 ** 4.17 ± 0.54 5.9 ± 0.2 a
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Table 2. Cont.

Control eCO2 AMF AMF + eCO2

Essential amino acids (EAAs)
Histidine 2.49 ± 0.19 2.75 ± 0.3 3.19 ± 0.23 2.95 ± 0.38
Isoleucine 0.15 ± 0.02 0.26 ± 0.03 * 0.28 ± 0.03 * 0.34 ± 0.01
Leucine 0.02 ± 0 0.03 ± 0 0.03 ± 0 * 0.04 ± 0
Lysine 4.2 ± 0.21 4.55 ± 0.29 4.97 ± 0.25 6.67 ± 0.5 a

Methionine 0.02 ± 0 0.02 ± 0 * 0.03 ± 0 * 0.03 ± 0
Phenylalanine 0.33 ± 0.04 0.68 ± 0.03 ** 0.76 ± 0.1 * 1.31 ± 0.08 a

Valine 0.48 ± 0.05 0.58 ± 0.06 0.78 ± 0.08 * 1.72 ± 0.07 b

Threonine 0.11 ± 0.01 0.16 ± 0.02 0.19 ± 0.02 * 0.21 ± 0.01
Arginine 1.86 ± 0.13 2.35 ± 0.25 3.14 ± 0.34 * 3.76 ± 0.17

Total EAAs 9.66 11.38 13.37 17.03

Non-essential amino acids (NEAAs)

Aspartate 0.03 ± 0 0.05 ± 0 0.06 ± 0.01 * 1.51 ± 0.1 b

Cystine 0.03 ± 0 0.2 ± 0.02 ** 0.12 ± 0.01 ** 0.62 ± 0.06 b

GlutamIic acid 77.02 ± 5.21 97.05 ± 3.71 * 82.21 ± 5.27 132.44 ± 6.78 b

Glutamine 96.66 ± 6.05 106.65 ± 0.98 159.99 ± 6.47 ** 180.39 ± 9.12
Asparagine 1.23 ± 0.12 1.8 ± 0.19 1.84 ± 0.13 * 2.05 ± 0.09

Glycine 1.18 ± 0.13 2.03 ± 0.22 * 2.2 ± 0.24 * 2.67 ± 0.29
Ornithine 0.18 ± 0.03 0.21 ± 0.02 0.27 ± 0.04 0.32 ± 0.02

Proline 1.25 ± 0.06 2.24 ± 0.08 ** 2.79 ± 0.15 ** 3.52 ± 0.19 a

Serine 0.35 ± 0.04 0.59 ± 0.06 * 0.64 ± 0.07 * 0.78 ± 0.08
Tyrosine 0.99 ± 0.11 1.3 ± 0.02 * 1.64 ± 0.06 ** 1.41 ± 0.09
Alanine 18.65 ± 0.97 22.22 ± 0.76 * 25.09 ± 0.67 ** 28.06 ± 0.53 a

Total NEAAs 197.57 234.34 276.85 353.77

Saturated fatty acids (SFA)
Lauric (C12:0) 1.42 ± 0.17 1.6 ± 0.15 1.31 ± 0.26 2.24 ± 0.19 a

Tetradecanoic (C14:0) 1.7 ± 0.15 2.6 ± 0.12 ** 2.44 ± 0.14 * 3.05 ± 0.18
Hexadecanoic (C16:0) 10.18 ± 0.87 13.08 ± 0.73 13.38 ± 0.55 * 19.8 ± 1.14 b

Heptadecanoic (C17:0) 0.62 ± 0.06 0.81 ± 0.09 0.95 ± 0.09 * 1.62 ± 0.09 b

Octadecanoic (C18:0) 2.26 ± 0.21 2.96 ± 0.33 3.46 ± 0.34 * 5.9 ± 0.33 b

Eicosanoic (C20:0) 2 ± 0.19 2.16 ± 0.19 2.9 ± 0.14 * 4.06 ± 0.4
Total SFA 18.18 ± 1.15 23.2 ± 0.68 * 24.43 ± 0.94 * 36.68 ± 0.38 b

Unsaturated fatty acids

Myristoleic (C14:1) 0.61 ± 0.06 0.8 ± 0.09 0.94 ± 0.09 * 1.6 ± 0.09 b

Palmitoleic (C16:1n-7) 1.61 ± 0.08 2.02 ± 0.1 * 1.48 ± 0.16 3.47 ± 0.19 b

Octadecenoic (C18:1) 7.45 ± 0.7 11.29 ± 0.35 ** 10.51 ± 0.24 * 15.82 ± 0.23 b

Erucic acid (C22: 1) 12.19 ± 0.73 9.22 ± 0.28 * 12.93 ± 2.31 12.2 ± 0.54
Octadecadienoic (C18:2) 16.68 ± 1.57 24.65 ± 2.14 * 25.5 ± 1.48* 40.43 ± 0.78 b

Octadecatrienoic (C18:3) 5.36 ± 0.5 7.01 ± 0.28 * 6.1 ± 0.28 8.97 ± 0.28 b

USFA 43.9 ± 2.2 55 ± 2.55 * 57.46 ± 0.63 ** 82.48 ± 0.68 b

SFA/USFA 0.35 0.34 0.35 0.35

Besides, the current results revealed that the combined AMF and eCO2 treatment induced a
significant increase in the majority of the detected organic acids, amino acids (including both essential
and non-essential amino acids) and fatty acids in T. vulgare, relative to AMF alone (Table 2, Figure 2).
Regarding the individual treatments, AMF was more efficient in inducing the accumulation of these
primary metabolites than eCO2. All AMF and/or eCO2 treatments did not affect the SFA/USFA ratio.
Similarly, it was reported that AMF-inoculated maize plants, under low temperature, had higher
amino acid concentrations than non-mycorrizal ones, especially for Thr, Lys, Gly, Ala and His
contents [55]. In contrast, proline content was reduced in mycorhizal Capsicum annuum grown under
saline conditions [56]. Moreover, different effects of eCO2 on amino acids were reported, which were
reduced in barley [57], increased in spring wheat [58], or were not affected in maize [59]. It was
also shown that organic acid levels were increased in mycorrhizal Pinus sylvestris grown under
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heavy metal concentrations [60], while they were not increased in Portulacaria afra under eCO2 [61].
The concentration of most fatty acids of soybean was unchanged under higher levels of CO2 [62].
On the other hand, a significant increase in the levels of individual fatty acids was reported in parsley
and dill grown under eCO2, which is more evident on UFA than SFA [9]. Therefore, the synchronous
application of AMF and eCO2 could be beneficial to avoid the negative impact of the individual
treatment and/or to support their positive effects.

 

Figure 2. Heatmap of fold change in the contents of primary and secondary metabolites of Thymus

vulgare grown under the effect of eCO2 (620 ppm), AMF or their combination (AMF-eCO2). Asterisks
indicate significant (* p < 0.05; ** p < 0.01) increased fold changes compared to control (untreated
plants), as revealed by Student’s t-test. Lowercase letters indicate significant differences (a p < 0.05;
b p < 0.01) between AMF alone and the combined AMF+eCO2 treatment.

3.4. AMF and eCO2 Promote the Accumulation of Phenolic Compounds and Volatile Oils in T. vulgare

Mycorrhizal symbiosis with medicinal plants has been recognized to induce the accumulation of
secondary metabolites, especially phenolic compounds which play an important role in curing several
ailments [63]. The present results showed that protocatechuic, p-coumaric and rosmarinic acids are the
most abundant phenolic acids; while apigenin, kaempferol, quercetin and luteolin are the predominant
flavonoid in T. vulgare (Table 3). Similarly, previous studies revealed the presence of some phenolic
acids such as cinnamic, carnosic and rosmarinic acids, and also flavonoids such as luteolin and apigenin
derivatives in T. vulgare [64]. There was a significant increment in the levels of the majority of the
detected phenolic acids and flavonoids in T. vulgare under AMF and/or eCO2 treatments, however the
combined treatment was much more efficient than the individual ones (Figure 2). On the other hand,
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in consistence with the previous studies [65], the present results revealed the presence of 16 volatile
oils in T. vulgare, whereas 1,8-cineol, carvacrol and p-cymene are the most dominant followed by less
amounts of linalol, α- and β-pineno, α-Phellandrene, myrecene and thymol (Table 3). There is also a
significant increase in the volatile oils of T. vulgare, under the individual and combined treatments.

Table 3. Levels of phenolic compounds and volatile oils (mg g−1 dry weight) and biological activities in
Thymus vulgare grown under normal conditions (control) or the effect of eCO2 (620 ppm), AMF or their
combination (AMF-eCO2). Values are mean ± standard error of five independent replicates. Asterisks
indicate significant changes (* p < 0.05; ** p < 0.01) compared to control, as revealed by Student’s t-test.
Lowercase letters indicate significant differences (a p < 0.05; b p < 0.01) between AMF alone and the
combined AMF+eCO2 treatment.

Metabolite Control eCO2 AMF AMF + eCO2

Phenolic acids
Caffeic acid 0.46 ± 0.04 0.71 ± 0.04 * 0.66 ± 0.03 * 0.73 ± 0.03

Chlorogenic acid 0.01 ± 0 0.01 ± 0 0.01 ± 0 0.01 ± 0 a

Protocatechuic acid 4.11 ± 0.32 4.47 ± 0.35 4.38 ± 0.45 6.42 ± 0.6
Gallic acid 0.34 ± 0.02 0.48 ± 0.06 0.39 ± 0.03 0.5 ± 0.02 a

p-Coumaric acid 2.66 ± 0.22 2.82 ± 0.35 2.32 ± 0.26 3.76 ± 0.36 a

Chicoric acid 1.28 ± 0.13 1.44 ± 0.15 1.23 ± 0.15 1.87 ± 0.16 a

Rosmarinic acid 1.72 ± 0.2 1.89 ± 0.1 1.59 ± 0.1 2.5 ± 0.11 b

Flavonoids
Quercetin 0.07 ± 0 0.07 ± 0 0.08 ± 0.01 0.08 ± 0.01

Naringenin 0.05 ± 0 0.06 ± 0 0.05 ± 0.01 0.06 ± 0.01
Kaempferol 0.08 ± 0 0.1 ± 0.01 * 0.08 ± 0 0.13 ± 0.01 b

Luteolin 0.07 ± 0 0.1 ± 0.01 * 0.06 ± 0 0.13 ± 0.01 b

Apigenin 0.11 ± 0.02 0.13 ± 0 0.14 ± 0.01 0.17 ± 0.01 a

Rutin 0.01 ± 0 0.01 ± 0 0.01 ± 0 0.01 ± 0

Volatile oils

alpha-pineno 1.62 ± 0.21 2.1 ± 0.08 2 ± 0.03 2.97 ± 0.1 a,b

Beta-pineno 2.79 ± 0.36 3.57 ± 0.27 3.29 ± 0.43 5.13 ± 0.23 a

p-cymene 4.45 ± 0.32 5.94 ± 0.48 5.85 ± 0.51 8.31 ± 0.37 a

limonene 0.1 ± 0.03 0.08 ± 0.01 0.1 ± 0 0.12 ± 0.02
1,8-cineol 8.23 ± 1.04 8.54 ± 1.19 9.61 ± 1.34 8.51 ± 0.73

linalol 3.42 ± 0.44 3.54 ± 0.49 3.19 ± 0.7 3.96 ± 0.23
Camphor 0.64 ± 0.08 0.82 ± 0.09 0.76 ± 0.1 1.18 ± 0.09 a

Borneol 0.39 ± 0.05 0.4 ± 0.06 0.36 ± 0.08 0.45 ± 0.09
Thymol 1.5 ± 0.19 5.66 ± 0.48 ** 2.47 ± 0.28 * 6.55 ± 0.48 b

Carvacrol 4.97 ± 0.63 6.35 ± 0.68 5.85 ± 0.76 9.13 ± 0.15 a

alpha-Phellandrene 2.16 ± 0.21 3.15 ± 0.34 2.9 ± 0.38 2.86 ± 0.17
beta-Phellandrene 0.25 ± 0.03 0.26 ± 0.03 0.26 ± 0.04 0.32 ± 0.04

Humuline 0.14 ± 0.01 0.17 ± 0.01 1.06 ± 0.05 ** 0.7 ± 0.04 b

Myrcene 1.84 ± 0.12 2 ± 0.4 4.07 ± 0.41 ** 2.64 ± 0.12 a

alpha-thyjone 1.1 ± 0.05 1.1 ± 0.04 1.09 ± 0.08 1.04 ± 0.03
Tricyclene 0.3 ± 0.02 0.66 ± 0.04 ** 0.65 ± 0.07 * 1.21 ± 0.14 a

Antioxidant capacity (FRAP) 17.08 ± 1.8 27.57 ± 1 ** 22.85 ± 1.13 35.91 ± 0.91 b

Oxygen radical absorbance capacity (ORAC) 743.41 ± 33.19 1034.6 ± 108.25 983.99 ± 35.17 ** 1680.57 ± 81.71 b

% inhibition of LDL oxidation
TBARS) 14.08 ± 0.99 26.56 ± 0.76 ** 24.55 ± 0.98 ** 35.32 ± 2.25 a

conjugated dienes 17.7 ± 2.1 32.56 ± 0.51 ** 28.51 ± 1.16 * 43.53 ± 1.29 b

% inhibition of hemolysis 13.4 ± 0.83 22.02 ± 1.97 * 16.45 ± 1.05 28.28 ± 1.08 b

Supporting our results, several studies have investigated the potential effects of eCO2 and AMF,
separately and in combination, on the levels of phenolic compounds and antioxidant activity in a variety
of plant species. For instance, AMF treatments caused an increase in phenolic compounds content of
lettuce [53,66], and in the antioxidant capacity of sweet basil [67]. Moreover, the flavonoids of some wild
plants, such as Libidibia ferrea, were found to be accumulated by mycorrhizal association [68]. Similarly,
eCO2 induced the accumulation of some phenolic compounds in birch [69], and Zingiber officinale [52].
However, a low phenolic content was reported for some plants such as rice [70] under eCO2. Regarding
the interaction between eCO2 and AMF, it was reported that the induction of secondary metabolites
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in lettuce and alfalfa by AMF was negatively affected under eCO2, probably due to utilization of
photoassimilates for increasing plant biomass and for AMF growth as well, at the expense of secondary
metabolism [43,44]. Therefore, it could be suggested that climatic changes might have an impact on
AMF, which in turn, affect the metabolic functions of their host plants.

Several scenarios have been proposed to explain the induction of secondary metabolites in
response to AMF associations and eCO2. It was found that AMF could affect secondary metabolites
through improved photosynthesis and mineral content of the host plants, activation of pathways
involved in synthesis of secondary metabolites, or higher expression of some genes related to secondary
metabolism [68]. On the other hand, the eCO2-induced changes in plant secondary metabolism have
been attributed to either excess amount of non-structural carbohydrates, resulting in an increment in
carbon-based secondary metabolites [9,37,51].

3.5. AMF and eCO2-Induced Changes in Secondary Metabolites Support the Biological Activities of T. vulgare

Reactive oxygen species and free radicals have been recognized to induce harmful effects on living
organisms. In this aspect, antioxidants, such as phenolic compounds and volatile oils, could act as
free radical scavengers [71]. The present results showed an increase in the total antioxidant capacities
of T. vulgare, tested by different methods (FRAP, ORAC, inhibition of LDL oxidation (TBARS and
conjugated dienes) and inhibition of hemolysis), under the effects of AMF and/or eCO2 (Table 3). It was
previously reported that the antioxidant properties exhibited by T. vulgare extracts have been attributed
to their content of volatile oils, especially carvacrol and thymol [72], flavonoids such as apigenin
and luteolin derivatives and phenolic acids such as cinnamic and rosmarinic acids [64]. Moreover,
some phenolic compounds were previously isolated from T. vulgare and proved to inhibit oxidative
hemolysis [73]. The decreased levels of lipid peroxidation products such as TBARS and conjugated
dienes might be ascribed to some protective effects of thymol [74].

4. Conclusions

Based on the above results, it is clear that the tested plant, T. vulgare, has benefited from the
independent and combined effects of both AMF and eCO2, however their synchronous application is
much more beneficial. Such positive impacts are being reflected on improved biomass production and
higher accumulation of primary (sugars, amino acids, fatty acids and organic acids), and secondary
(phenolic acids, flavonoids and volatile oils) metabolites. T. vulgare plants grown under synchronous
application of AMF and eCO2 have taken much advantage over those grown under the individual
effects of both factors in terms of improved growth and bioactive components. Thus, the current
study clearly shows that co-application of AMF and eCO2 is a promising approach to improve the
growth and the nutritional and health promoting values of T. vulgare. Further, the robust monitoring
of primary and secondary metabolites presented herein could support our understanding about the
mechanisms behind the positive impacts of AMF and eCO2 on plants.
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Abstract: This study aimed to investigate the elicitation effects of alginate oligosaccharides extracted
from brown algae (Sargassum species) on β-glucan production in cauliflower mushroom (Sparassis

latifolia). Sodium alginate was refined from Sargassum fulvellum, S. fusiforme, and S. horneri,
and characterized by proton nuclear magnetic resonance spectroscopy (1H NMR), resulting
mannuronic acid to guluronic acid (M/G) rationes from 0.64 to 1.38. Three oligosaccharide fractions,
ethanol fraction (EF), solid fraction (SF), and liquid fraction (LF), were prepared by acid hydrolysis
and analyzed by Fourier transform infrared (FT-IR) spectra and high-performance anion-exchange
chromatography with a pulsed amperometric detector (HPAEC-PAD). The samples of S. fusiforme

resulted in the highest hydrolysate in SF and the lowest in LF, which was consistent with its highest
M/G ratio. The SF of S. fusiforme and LF of S. horneri were chosen for elicitation on S. latifolia, yielding
the highest β-glucan contents of 56.01 ± 3.45% and 59.74 ± 4.49% in the stalk, respectively. Total
polyphenol content (TPC) and antioxidant activities (2,2’-Azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS) radical scavenging and Superoxide dismutase (SOD)-like activity) of aqueous extracts
of S. latifolia were greatly stimulated by alginate elicitation. These results demonstrate that alginate
oligosaccharides extracted from brown algae may be useful as an elicitor to enhance the nutritional
value of mushrooms.

Keywords: Alginate; β-glucan; oligosaccharides; elicitation; Sargassum species; Sparassis latifolia;
polyphenol; antioxidant

1. Introduction

Mushrooms have been recognized as medicine sources and functional foods since ancient
times owing to their bioactive compounds and diverse health benefits [1]. Cauliflower mushrooms,
species of Sparassis Fr., are culinary and medicinal mushrooms that primarily, but not exclusively,
grow on the stumps of coniferous trees and are widely distributed throughout northern temperate
forests [2]. The Asian Sparassis isolate was originally known as S. crispa, until morphological and
molecular studies redefined it as S. latifolia [3,4]. Recently this mushroom has become cultivable in
Japan and Korea using conifers [5]. The fruiting bodies of S. crispa and S. latifolia exhibit excellent
effects for enhancing cytokine synthesis and preventing human diseases, such as gastric ulceration,
oesophageal cancer, hypertension, and diabetes. Such effects are attributable to different compounds
including polysaccharides, terpenoids, phenolic compounds, and glycoproteins [6–8].
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As major constituents of fungal cell walls, β-glucans are present in all mushroom species and
play important roles in their beneficial properties for human health [9]. Previous studies described a
wide range of mushroom β-glucans with different structures, such as linear 1-3-β-glucans isolated
from Poria cocos, linear 1-6-β-glucans from Agaricus spp., 6-branched 1,3-β-glucans from Lentinus

edodes (designated lentinan) and Grifola frondosa (designated grifolan), and 3-branched 1,6-β-glucans
from Sarcodon aspratus [10–12]. Among most studied fungal glucans, 6-branched 1,3-β-glucans were
reported to be efficient as biological response modifiers (BRM) for the treatment of cancer and infectious
diseases [13]. Sparassis species contain considerably higher contents of β-glucan than other mushrooms,
up to 43.6% of dry weight in the fruiting bodies of S. crispa [14,15]. The primary structure of β-glucan
isolated from S. crispa was 6-branched 1,3-β-glucan with one branch in every third main-chain unit,
showing high water solubility and an estimated molecular weight of ca. 510 kDa [16,17]. Extraction and
purification of β-glucans from mushroom mycelia and fruiting bodies have been established [18,19].
However, there are few studies about the enhancement of β-glucan contents in mushrooms.

To enhance the production of desirable compounds in plants or microorganisms, elicitation
has been employed using biotic or abiotic elicitors to stimulate the accumulation of secondary
metabolites [20,21]. For example, physical elicitation and enzyme treatments have been exploited for
the growth enhancement and promotion of β-glucan contents in S. latifolia [22,23]. Alginate is a biotic
elicitor that has been demonstrated to provide induced plant defense against pathogens, tolerance
improvement to environmental stresses such as drought and salinity, and growth enhancement in
Eucomis autumnalis, Vitis vinifera, Phoenix dactylifera, and Olea europaea [24–27]. Chemically, alginate is a
linear copolymer consisting of homopolymeric blocks of residues of (1-4)-linked β-d-mannuronate (M)
and its C-5 epimer α-l-guluronate (G), covalently linked together in different sequences [28]. As a
biocompatible and immunogenic polysaccharide, alginate can be extracted from brown algae such as
Ecklonia spp., Laminaria spp., or Sargassum spp. [29]

In this study, the physicochemical characteristics of alginate oligosaccharides extracted from
Sargassum species from Korea and the enhancement of β-glucan content in S. latifolia by alginate
elicitation were investigated. To the best of our knowledge, there has been no prior attempt to
investigate alginate-derived elicitors for enhancement of β-glucan synthesis in mushrooms.

2. Materials and Methods

2.1. Collection of Marine Brown Algae

Three brown algae of Sargassum species were collected from the Korean coast. S. fulvellum (Turner)
C. Agardh was collected in March 2017 at Jindo (34◦22′18.0” N, 126◦08′09.4” E), S. fusiforme (Harvey)
Setchell was harvested in July 2017 at Wando (34◦20′11.8” N, 126◦48′54.6” E), and S. horneri (Turner)
C. Agardh was collected in February 2018 at Jeju (33◦31′08.3” N, 126◦31′16.7” E). All Sargassum

samples were cleaned by washed in distilled water to remove sand and excess salt. Samples were
then oven dried at 60 ◦C. The samples were stored in plastic bags at room temperature (25 ◦C) until
alginate extraction.

2.2. Extraction of Sodium Alginate

Sodium alginate was extracted as described by Davis et al. [30] In brief, 25 g of Sargassum samples
were soaked in 800 mL of 2% formaldehyde for 24 h at room temperature, washed with distilled
water, added to 800 mL of 0.2 M HCl, and left for 24 h. The samples were then washed with distilled
water before extraction with 2% sodium carbonate (Na2CO3) for 3 h at 100 ◦C. The filtered extract was
centrifuged (10,000 rpm, 30 min, 4 ◦C) and the supernatant was precipitated with 3 volumes of 95%
ethanol. The precipitate was washed with acetone and dried at 60 ◦C.
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2.3. Preparation of Oligosaccharide Fractions

Oligosaccharide separation from sodium alginate was performed as described by Asilonu et al. [31]
This method gave three oligosaccharide fractions instead of two fractions from sodium alginate. In brief,
10 g of sodium alginate samples were acid hydrolyzed with 1 L of 0.3 M HCl in an autoclave at 121
◦C for 1 h. The suspension was quickly cooled using ice water and neutralized with NaOH. Sodium
chloride (NaCl) was added to a final concentration of 0.5% (w/v), and the solution mixture precipitated
with 2 volumes of 95% ethanol and centrifuged (4000 rpm, 30 min, 4 ◦C). The supernatant was marked
as ethanol fraction (EF). The precipitate was then washed with distilled water, centrifuged again,
dissolved in distilled water, and adjusted to pH 2.85 with 1 M HCl. The solid fraction (SF) and liquid
fraction (LF) were separated and lyophilized. Thus, three different oligosaccharide fractions (EF, SF,
and LF) were obtained for further analysis.

2.4. Physicochemical Analysis of Oligosaccharide Fractions

2.4.1. Molecular Weight Analysis

The average molecular weight (MW) of the EF, LF, and SF oligosaccharide fractions was determined
using an SB-803 HQ column (6 µm, 8.0 mm × 300 mm, Shodex, Japan) and an SB-805 HQ column (13
µm, 8.0 mm × 300 mm, Shodex, Japan). A mobile phase of 0.1 mol/L NaCl solution was used after
0.22 µm filtration. The flow rate was 0.5 mL/min and analyses were performed at 50 ◦C. The sodium
alginate sample (100 mg) was then resuspended in 10 mL distilled water. Molecular weights were
determined by reference to a calibration curve using pullulan standards [32].

2.4.2. H NMR Spectroscopy Analysis

Proton nuclear magnetic resonance (1H NMR) spectroscopy was acquired on alginate solution
(1% w/v) in D2O, with recordings at 80 ◦C using an AVANCE III HD 400 (Bruker Scientific Instruments,
USA) spectrometer operating at a frequency of 400 MHz. The individual blocks of guluronic and
mannuronic acids (FG and FM, respectively), the homopolymeric (FGG and FMM, respectively) blocks,
and the heterogeneous (FGM or FMG) blocks of alginate were calculated using the areas of I, II, and III
(AI, AII, and AIII, respectively) signals according to the Grasdalen [33] method and Equations (1)–(3):

FG =
AI

AII + AIII
(1)

FM = 1− FG (2)

M/G =
1− FG

FG
=

FM

FG
(3)

The double fractions (FGM and FMM) were deduced by referring to Equations (4)–(6):

FGG =
AII

AII + AIII
(4)

FGM = FMG = FG − FGG (5)

FMM = FM − FMG (6)

2.4.3. FT-IR Spectroscopy Analysis

Fourier transform infrared (FT-IR) spectra were measured on a Nicolet 6700 FT-IR (Thermo
Electron Co., Waltham, MA, USA). Spectra of the alginate samples in KBr pellets were recorded in the
4000–400 cm−1 range.
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2.4.4. Monosaccharide Analysis

Monosaccharide analysis for the three oligosaccharide fractions was performed as follows [34].
The first acid hydrolysis was performed in 3 mL of 72% H2SO4 with 0.3 g of sample for 2 h at 30 ◦C.
The second hydrolysis was carried out by adding 84 mL of distilled water to the first hydrolysate
followed by acid hydrolysis at 121 ◦C for 1 h in an autoclave. Analysis was performed using high
performance anion exchange chromatography with a pulsed amperometric detector (HPAEC-PAD,
ICS-5000, Dionex Co., Sunnyvale, CA, USA) equipped with a current detector, with CarboPac PA-4
(250 mm × 4 mm, Dionex Co., USA) used as the column at room temperature. An 18 mM NaOH
solution was chosen as the mobile phase with a flowrate of 1.0 mL/min.

2.5. Cultivation of Sparassis Latifolia

Sparassis latifolia JF02-06 was provided by Jeonnam Forest Research Institute (Naju, Korea).
A sawdust-based medium was used for the cultivation of cauliflower mushrooms as adopted by Park
et al. [23] Fermented sawdust of Larix kaempferi, corn, and wheat flour were mixed at a ratio of 8:1:1
(w/w/w), followed by the addition of 10% aqueous solution of starch syrup and an adjustment of the
moisture content to 55–60%. The medium was packed in a 500 mL incubation bottle and sterilized
at 121 ◦C for 90 min. The inoculum of S. latifolia was prepared in potato dextrose broth (PDB) for 3
weeks and 10 mL of liquid inoculum was inoculated into each bottle. The inoculated medium was
then incubated at room temperature. Cultivation was completed after 50–70 days from inoculation.
When mycelium was formed in the medium, the culture was transferred to the cultivation room at a
temperature of 20 ± 2 ◦C and 95% humidity. Fruit-shaped fruiting bodies were formed after 1 week
and then harvested after 40–45 days.

2.6. Elicitation by Alginate Oligosaccharide Fractions

Two of the oligosaccharide fractions, LF and SF (each 200 mg/L in distilled water), were applied to
the surface of the sawdust medium for elicitation: 12 mL/bottle after sterilization of the medium (first
application) and 20 mL/bottle after transfer to the cultivation room (second application). The same
volume of distilled water was used as a control group. All treatments were arranged in a completely
randomized block design with four replicates. Fruiting body and stalk of S. latifolia were harvested,
frozen in liquid nitrogen, and stored in a freezer at −80 ◦C until extraction and analysis.

2.7. Assay of Glucan Content

Content of total and β-glucans was determined by a β-glucan assay kit (Cat. No. K-YBGL,
Megazyme International, Wicklow, Ireland), following the H2SO4 acid hydrolysis procedure by
McCleary and Draga [35]. Briefly, after being milled to pass through a 1.0 mm screen, 100 mg of the
dried mushroom samples were added with 2 mL of ice-cold 12 M H2SO4, and then the mixture was
stirred vigorously and incubated in an ice-cold water bath for 2 h. Then, 12 mL of distilled water
was added to each sample and the suspension was kept in a boiling-water bath (~100 ◦C) for 2 h.
After cooling to room temperature, 6 mL of 10 M KOH was added and the volume was adjusted to
100 mL with 200 mM sodium acetate buffer (pH 5.0). After centrifugation at 12,000 rpm for 10 min,
an aliquot of the supernatant (0.1 mL) was mixed with 0.05 mL of exo-1,3-β-glucanase (20 U/mL) plus
β-glucosidase (4 U/mL) and incubated at 40 ◦C for 60 min. Then, the mixture was incubated at 40
◦C for 20 min with 3 mL of glucose-oxidase/peroxidase-reagent (GOPOD). Total glucan content was
evaluated by a UV-Vis spectrophotometer (S-3100, SCINCO, Seoul, Korea) at λ = 510 nm with the
reagent blank.

The α-glucan content was determined after incubation at 40 ◦C for 30 min of the suspension of
100 mg mushroom samples in 2 mL of 2 M KOH with an addition of 8 mL of 1.2 M sodium acetate
buffer (pH 3.8) with 0.2 mL of amyloglucosidase (1630 U/mL) plus invertase (500 U/mL). Each sample
was centrifuged at 12,000 rpm for 10 min, and 0.1 mL of the supernatant was analyzed for glucose
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by mixing with 0.1 mL of 200 mM of sodium acetate buffer (pH 5.0) and 3 mL of GOPOD. α-Glucan
content was evaluated by a UV-Vis spectrophotometer. β-Glucan content was determined as the
difference between total and α-glucan contents.

2.8. Determination of Total Polyphenol Content

Total polyphenol content (TPC) of aqueous extracts of S. latifolia after alginate elicitation was
determined by the modified Folin-Ciocalteu method [36]. An ramount of 0.5 mL of the extract
was mixed with 0.5 mL of 0.2 N Folin-Ciocalteu reagent and 0.5 mL of 2% (w/v) sodium carbonate.
The mixture was vortexed and incubated at room temperature for 30 min. The absorbance of the
mixture was measured at λ = 750 nm with a UV-Vis spectrophotometer. Total polyphenol content was
expressed as of gallic acid equivalent (GAE) mg/100 g.

2.9. Measurement of Antioxidant Activities

The antioxidant activities of aqueous extracts of S. latifolia were evaluated by scavenging activity of
2,2′-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid (ABTS) radical cation and superoxide dismutase
(SOD)-like activity.

2.9.1. Assay of ABTS Radical Scavenging Activity

2,2’-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical scavenging activity was
measured using a modified method of Re et al. [37] The ABTS stock solution was prepared by mixing 7
mM ABTS with 2.45 mM potassium persulfate and then kept in the dark for 12 h. The stock solution
was then diluted with phosphate buffered saline (PBS, pH 7.4) until absorbance reached 0.80 ± 0.02 at
λ = 730 nm using a UV-Vis spectrophotometer. Of the extracts of S. latifolia, 0.2 mL was mixed with 1
mL of diluted ABTS solution and left for 15 min in the dark. ABTS radical scavenging activity (%) was
calculated as in Equation (7) as follows:

ABTS radical scavenging activity (%) =
A0 −A1

A0
× 100, (7)

where A0 is the absorbance of the blank sample using water, and A1 is the absorbance of the aqueous
extracts of S. latifolia.

2.9.2. Assay of SOD-Like Activity

Superoxide dismutase (SOD)-like activity was measured by reference using an SOD kit (Cat. No.
19160, Sigma-Aldrich, St. Louis, MO, USA) [38]. Of the aqueous extracts of S. latifolia, 20 µL was mixed
with 200 µL of water-soluble tetrazolium salt (WST) working solution and 20 µL of enzyme working
solution to each well in a 96-well microplate. Then the microplate was incubated at 37 ◦C for 20 min.
The absorbance of each sample was measured at λ = 450 nm using a microplate reader. The SOD-like
activity (%) was calculated as in Equation (8) as follows:

SOD− like activity (%) =
(Blank 1− Blank 3) − (Sample− Blank 2)

(Blank 1− Blank 3)
× 100 (8)

where Blank 1 is the absorbance of the water with WST working solution and enzyme working solution,
Blank 2 is the absorbance of sample with WST working solution and dilution buffer, Blank 3 is the
absorbance of water with WST working solution and dilution buffer, and Sample is the absorbance of
the aqueous extracts of S. latifolia.

111



J. Fungi 2020, 6, 92

2.10. Statistical Analysis

Data were analyzed using analysis of variance (ANOVA) followed by Duncan’s multiple-range
test (p < 0.05) using SPSS software (version 23, SPSS, Chicago, IL, USA). Error bars indicate the
mean± SD and different letters describe significant differences within the same application data group.

3. Results

3.1. Physicochemical Properties of Alginate

Sodium alginate was extracted and refined from three Sargassum species, namely S. fulvellum,
S. fusiforme, and S. horneri. The composition of extracted alginate is summarized in Table 1. The highest
alginate yield was obtained from S. fusiforme (37.84 ± 0.48%), followed by 34.11 ± 1.65% from S. horneri

and 30.88 ± 1.51% from S. fulvellum. The size of the extracted alginates was relatively high in S. fusiforme

and S. fulvellum with an average MW of 504.65 and 461.07 kDa, respectively. However, the alginate
from S. horneri had a much lower MW (138.10 kDa) than that of the other two algae. This indicates that
different ranges of alginates are obtained from different Sargassum species.

Table 1. Composition of sodium alginate extracted from Sargassum species.

Species Yield (%) Mw (kDa) M/G FM FG FMM FMG FGG

Sargassum
fusiforme

37.84 ± 0.48 504.65 1.38 0.58 0.42 0.55 0.03 0.39

S. fulvellum 30.88 ± 1.51 461.07 0.88 0.47 0.53 0.43 0.04 0.49

S. horneri 34.11 ± 1.65 138.10 0.64 0.39 0.61 0.30 0.09 0.52

MW: average molecular weight; FM: Mannuronic acid block fractions; FG: Guluronic acid block fractions; FMM:
Homopolymeric mannuronic acid block fractions; FMG: Heterogeneous block fractions (mannuronic acid and
guluronic acid); FGG: Homopolymeric guluronic acid block fractions.

The ratio of mannuronic acid to guluronic acid (M/G) of the structural blocks were determined
by 1H NMR analysis. As shown in Table 1, the M/G ratio of Sargassum species ranged from 0.64 to
1.38, with the highest ratio of 1.38 from S. fusiforme and similar M/G rationes between S. fusiforme and
S. horneri. The guluronic acid anomeric proton (G-1) occurred at 5.56–5.58 ppm (peak I), guluronic acid
H-5 (G-5) occurred at 4.96–4.98 ppm (peak III), and mannuronic acid anomeric proton (M-1) and the
C-5 of alternating blocks (GM-5) overlapped at 5.21–5.23 ppm (peak II), as shown in Figure 1.

The FT-IR spectrum of sodium alginate of Sargassum species is presented in Figure 2. A broad band
at 3466.25 cm−1 was assigned to the hydrogen-bonded (O-H) stretching vibrations, and a weak signal
at 2928.43 cm−1 was attributed to C-H stretching vibrations. The peaks at 1619.79 cm−1 and 1427.52
cm−1 were attributed to asymmetric stretching of carboxylate O-C-O vibrations. The characteristic
peaks of alginate include 1096.76 cm−1 assigned to β-mannuronic acid and 1029.66 cm−1 assigned to
α-L-guluronic acid. Moreover, signals of glucuronic acid (1737.01, 1629.72, and 1144.66-937.31 cm−1)
could be detected in Figure 2 (LF and EF of a,b,c).
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–5.58 ppm (peak Ι)
–4.98 ppm (peak ΙΙΙ)

–5.23 ppm (peak ΙΙ)

Figure 1. 1H NMR spectra of sodium alginates extracted from (a) Sargassum fulvellum, (b) S. fusiforme,

and (c) S. horneri (AI: Area of guluronic acid anomeric proton peak I; AII: Area of mannuronic acid
anomeric proton and the C-5 of alternating blocks peak II; AIII: Area of guluronic acid peak III).

−1

−1 −1

−1

−1 assigned to β −1

assigned to α
−1

– – –

Figure 2. Fourier transform infrared (FT-IR) spectra of sodium alginate, solid fraction (SF), liquid fraction
(LF), and ethanol fraction (EF) from (a) Sargassum fulvellum, (b) S. fusiforme, and (c) S. horneri.

3.2. Oligosaccharide Analysis

Sodium alginates extracted from Sargassum species were submitted to a two-step H2SO4 acid
hydrolysis process to obtain partial hydrolysates for monosaccharide analysis. The block distribution
of partial acid hydrolysates in EF, SF, and LF were 13.9–20.4%, 15.8–22.8%, and 61.1–65.0%, respectively.
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The block distribution of this study was compared with that of previous reports by Haug et al. and
Leal et al. [39,40], as summarized in Table 2. The comparison data showed a great difference in partial
hydrolysis yield according to species used for the preparation of alginate oligosaccharides. The samples
of S. fusiforme showed the highest hydrolysate yields in SF and the lowest in LF among Sargassum

species, which was consistent with the highest M/G ratio of 1.38 and might be explained by the high
content of polymannuronic acid and low content of polyguluronic acid. S. fulvellum and S. horneri

both produced lower hydrolysate yields in SF and higher yields in LF, as indicated by their low M/G
rationes. All three Sargassum species yielded similar percentages of hydrolysates in EF.

Table 2. Block distribution of sodium alginate from different species of brown algae.

Species M/G
Partial Hydrolysis (Yields)

Reference
EF (%) SF (%) LF (%)

Sargassum fusiforme 1.38 63.8 20.4 15.8 This study

S. fulvellum 0.88 65.0 13.9 21.1 This study

S. horneri 0.64 61.1 16.1 22.8 This study

Ascophyllum nodosum 1.85 52 35 13 [39]

Chordaria flagelliformis 0.90 21 28 51 [39]

Desmarestia aculeata 0.85 27 23 50 [39]

Dictyosiphon foeniculaceus 0.85 25 25 50 [39]

Fucus serratus 1.30 35 34 31 [39]

Laminaria digitata 1.45 34 43 23 [39]

L. hyperborea, fronds 1.35 26 43 31 [39]

L. hyperborea, stripes 0.65 25 15 60 [39]

Pelvetia canaliculata 1.50 38 37 25 [38]

Pylaiella 0.75 40 18 42 [39]

Scytosiphon lomentaria 1.15 25 35 40 [39]

Spermatochnus paradoxus 1.30 35 32 33 [39]

Desmarestia ligulata 0.58 3.7 25.1 56.4 [40]

D. ligulata 0.77 3.5 37.0 47.1 [40]

Lessonia flavicans 1.03 8.5 41.3 22.2 [40]

EF: Ethanol fraction of acid-hydrolyzed sodium alginate; SF: Solid fraction at pH 2.85 (fraction enriched in
polymannuronic acid); LF: Liquid fraction at pH 2.85 (fraction enriched in polyguluronic acid).

HPAEC-PAD analysis of the H2SO4 hydrolysate of sodium alginate showed that monosaccharides
were dominated by the weight of fucose, rhamnose, arabinose, galactose, glucose, mannose, xylose,
mannuronic acid, guluronic acid, and glucuronic acid (Table 3). The major alginate contents comprised
mannuronic acid and guluronic acid, as expected. The content of uronic acids was almost the same as
that of S. turbinarioides as reported by Fenoradosoa et al. [41] The main monosaccharides of alginate
from EF, SF, and LF were mannuronic acid, guluronic acid, and glucuronic acid. The size of the
extracted ethanol fraction ranged from 650 to 5500 Da.
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Table 3. Monomeric carbohydrate contents from Sargassum species determined by high-performance
anion-exchange chromatography with a pulsed amperometric detector (HPAEC-PAD) analysis after
two-step sulfuric acid hydrolysis (mg·g−1).

Species Fraction Fuc Rham Arab Gal Glu Man Xyl Mannu Gulur Glucu

Sargassum
fusiforme

SA 26.38
± 0.88 ND ND 6.21 ±

0.16
0.29 ±
0.02

7.17 ±
0.25

4.50 ±
0.18

179.64
± 2.37

167.57
± 1.88

10.67
± 0.29

SF 0.32 ±
0.01 ND ND 0.10 ±

0.01 ND ND ND 54.29
± 0.14

13.18
± 0.51 ND

LF 1.84 ±
0.03 ND ND 0.69 ±

0.01 ND 0.082
± 0.04 0.35 8.47 ±

0.09
107.57
± 1.88 ND

EF 7.68 ±
0.10 ND ND 2.8 ±

0.04 ND 3.59 ±
0.04

0.87 ±
0.02

5.46 ±
0.02

11.38
± 0.11

6.39 ±
0.06

S. fulvellum

SA 24.21
± 0.60

0.12 ±
0.01

0.03 ±
0.00

15.07
± 0.32

0.35 ±
0.00

8.59 ±
0.36

4.60 ±
0.05

136.79
± 1.82

167.19
± 1.10

20.27
± 0.22

SF 0.17 ±
0.00 ND ND ND 0.11 ±

0.00
0.48 ±
0.00

0.05 ±
0.00

42.07
± 2.82

7.53 ±
6.79 ND

LF 3.88 ±
0.05

0.03 ±
0.00

0.05 ±
0.00

2.40 ±
0.03

1.77 ±
0.02

2.09 ±
0.04

1.08 ±
0.03

26.18
± 0.77

100.16
± 0.54

4.11 ±
0.31

EF 8.86 ±
0.06

0.05 ±
0.00

0.01 ±
0.00

4.96 ±
0.04

0.10 ±
0.03

4.42 ±
0.04

1.03 ±
0.04

9.11 ±
0.18

3.56 ±
0.20

4.24 ±
0.05

S. horneri

SA 20.14
± 0.20 ND ND 13.45

± 0.09 ND 5.70 ±
0.13

4.40 ±
0.24

127.37
± 0.39

189.99
± 0.36

16.93
± 0.32

SF 0.24 ±
0.00 ND ND ND 0.19 ±

0.00
0.14 ±
0.00

0.09 ±
0.00

43.98
± 5.70

7.89 ±
1.05 ND

LF 3.26 ±
0.02

0.03 ±
0.00

0.01 ±
0.00

2.51 ±
0.02

0.16 ±
0.02

2.11 ±
0.05

0.34 ±
0.02

22.21
± 1.08

135.61
± 3.18

3.44 ±
0.31

EF 9.26 ±
0.12

0.08 ±
0.00 ND 6.57 ±

0.04
0.16 ±
0.00

5.52 ±
0.08

1.03 ±
0.02

11.71
± 0.39

4.77 ±
0.76

5.65 ±
0.32

Fuc: Fucose; Rham: Rhamnose; Arab: Arabinose; Gal: Galactose; Glu: Glucose; Man: Mannose; Xyl: Xylose; Mannu:
Mannuronic acid; Gulur: Guluronic acid; Glucu: Glucuronic acid; SA: Sodium alginate; EF: Ethanol fraction; SF:
Solid fraction; LF: Liquid fraction; ND: Not detected.

3.3. Elicitation by Alginate on β-Glucan Contents

From the results of oligosaccharide analysis of different fractions of Sargassum species, the solid
fraction (SF) of S. fusiforme and liquid fraction (LF) of S. horneri were chosen as elicitors because of their
high content of mannuronic acid and guluronic acid, respectively. The elicitation on Sparassis latifolia

showed that SF treatment required a cultivation period of 47 days for mycelial growth, whereas LF
treatment and the control group required a cultivation period of 43 days (Figure 3a). SF treatment
provided higher mushroom production (197.30 ± 2.64 g) than the control group (192.04 ± 1.58 g),
whereas LF treatment (191.05 ± 2.43 g) showed slightly lower results than the control group (Figure 3b).
However, an additional spray of SF and LF elicitors resulted in lower yields of mushroom production,
and this may be caused by excessive humidity as the control group also showed a decline with the
second application.

These alginate-derived elicitors presented different effects on β-glucan content in the fruiting
body and stalk of S. latifolia. SF elicitor was more effective for β-glucan enhancement in the fruiting
body, whereas LF elicitor was more effective in the stalk (Figure 3c). For the second application, both
SF (56.01 ± 3.45%) and LF (59.74 ± 4.49%) treatments showed obvious high increments of β-glucan
contents in the stalk compared with the control (21.65%), which indicates that the additional spray of
alginate oligosaccharide fractions apparently stimulated the β-glucan synthesis process in the stalk
compared with that in the fruiting body (Figure 3d).
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Figure 3. Elicitation of Sparassis latifolia by alginate oligosaccharide fractions on (a) cultivation period,
(b) mushroom production, (c) β-glucan content of the fruiting body, and (d) β-glucan content of the
stalk. SF: Solid fraction of Sargassum fusiforme; LF: Liquid fraction of S. horneri; Control: distilled water.
(All data are presented as the mean ± SD. A t-test was used to compare the control and treated samples.
* p < 0.05, vs. the control in first application; # p < 0.05, vs. the control in second application).

3.4. Alginate Effects on Total Polyphenol Content

After the second application of alginate oligosaccharide fractions, total polyphenol content (TPC)
in the fruit body and in the stalk of S. latifolia was determined, and gallic acid was used as standard.
The TPC of the samples ranged from 140.11± 6.72 to 420.87± 16.99 GAE mg/100g (Figure 4). There were
significant differences in TPC (p < 0.05) depending on the mushroom part and treated elicitor. The TPC
of stalk samples was higher than for the corresponding fruit body samples. LF treatment exhibited a
higher TPC value than SF treatment, both in the fruit body and stalk samples.

 

A) followed by Duncan’s multiple
< 0.05) using SPSS software (SPSS, Chicago, IL). Error bars indicate the mean ± SD and different 

−1

−1

ollowed by Duncan’s multiple
Error bars indicate the mean ± SD and different letters describe 

as a producer of β

Figure 4. Total polyphenol contents of aqueous extracts of Sparassis latifolia after alginate elicitation. SF:
Solid fraction of Sargassum fusiforme; LF: Liquid fraction of S. horneri; Control: distilled water. The data
were analyzed using analysis of variance (ANOVA) followed by Duncan’s multiple-range test (p <
0.05) using SPSS software (SPSS, Chicago, IL). Error bars indicate the mean± SD and different letters
describe greater differences within the same part of S. latifolia (fruit body and stalk).
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3.5. Alginate Effects on Antioxidant Activities

The antioxidant activities of aqueous extracts of S. latifolia after alginate elicitation were measured
by ABTS radical scavenging and SOD-like activity. ABTS radical scavenging ability was calculated by
IC50 value. The results ranged from 926.67 ± 56.26 to 4002.19 ± 149.53 µg·mL−1 (Figure 5a). SOD-like
activity was measured by a colorimetric method and calculated by IC50 value. IC50 values of SOD-like
activity ranged from 6.74 ± 0.29 to 18.70 ± 0.57 mg·mL−1 (Figure 5b). The highest ABTS radical
scavenging and SOD-like activity were recorded with LF elicitor treated stalk and the lowest were from
the fruit body of the control group. Similar to the TPC results, both fruit body and stalk samples of LF
treatment exhibited higher antioxidant activities than the corresponding samples treated by SF elicitor.
The results of antioxidant activities were significantly (p < 0.05) stimulated with the alginate elicitation.

A) followed by Duncan’s multiple
< 0.05) using SPSS software (SPSS, Chicago, IL). Error bars indicate the mean ± SD and different 

−1

−1

 

ollowed by Duncan’s multiple
Error bars indicate the mean ± SD and different letters describe 

as a producer of β

Figure 5. IC50 values of ABTS radical scavenging (a) and SOD-like activity (b) of aqueous extracts of
Sparassis latifolia after alginate elicitation. SF: Solid fraction of Sargassum fusiforme; LF: Liquid fraction
of S. horneri; Control: distilled water. The data were analyzed using analysis of variance (ANOVA)
followed by Duncan’s multiple-range test (p < 0.05) using SPSS software (SPSS, Chicago, IL, USA).
Error bars indicate the mean± SD and different letters describe great differences within the same part
of S. latifolia (fruit body and stalk).

4. Discussion

Sparassis species are widely used medicinal mushrooms in traditional Chinese medicine. However,
despite its commercial potential, cultivation of S. latifolia has been limited to a few high-tech commercial
farms because of its slow mycelial propagation into solid medium [42]. In addition, its slow rate of
growth is a major obstacle to the employment of S. latifolia as a producer of β-glucan. Biotic or abiotic
elicitors have been employed to enhance the production of β-glucan in S. latifolia. Ryoo et al. exploited
the effects of physical stimulation of UV irradiation and temperature shock on β-glucan contents
in S. latifolia and found that β-glucan yields reached 41.36 ± 2.96% of flabella and 42.16 ± 2.90% of
stipe after UV irradiation for 10 min [22]. Park et al. utilized chitinase, β-glucuronidase, and lysing
enzyme complex as elicitors to enhance the β-glucan content of S. latifolia and produced an increase
in β-glucan concentration of 31%, although the treatment caused a decrease in mushroom yield [23].
These results indicate that the elicitation technique needs to be evaluated for application in high-value
mushroom cultivation.

This study aimed to increase the contents of β-glucan in S. latifolia through alginate elicitation,
which was extracted from Sargassum species. Marine algae are an excellent biomass source used as a
fertilizer for soil reformation because they are rich in carbohydrates and mineral content [43]. However,
although Sargassum species contain a large amount of alginate and fucoidan, the high content of arsenic
makes them unsuitable for consumption [44,45]. Polysaccharide-derived hydrocolloids in marine algae
such as alginate, carrageenan, fucoidan, laminarin, ulvan, and glucuronan have been suggested as
biotic elicitors to induce several different mechanisms including host defense mechanisms and growth
enhancement in plant and fungi [46–49].

Alginate is the major structural polysaccharide of Sargassum species, consisting of MM, GG,
and MG blocks arranged in various proportions in block units. The alginate M/G ratio and yield may
vary in accordance with the algae harvest season and geographical location [41]. Leal et al. studied
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block fractions of alginate in the brown algae Lessonia flavicans and Desmarestia ligulata [40]. The ethanol
fraction obtained by partial acid hydrolysis of alginate was mainly composed of a heteropolymer block
(MG). In addition, the solid fraction was rich in polymannuronic acid (MM) and the liquid fraction
was rich in polyguluronic acid (GG) [28]. These were consistent with the results found in this study
(see Table 2).

Alginate elicitors have been employed to modify cell metabolism in order to enhance the
productivity of useful metabolites in plants and microorganisms [50]. The addition of chitosan,
chitosan oligosaccharide, and alginate oligosaccharide to a culture of Panax ginseng C. A. Mey
hairy roots caused growth inhibition and rises in total ginseng saponin accumulation with elicitor
concentration [51]. Mannuronic acid of alginate may have a potent stimulatory effect on cytokine
production, and it appeared to affect β-glucan content because of increased specific immunity owing to
immunological effects [52]. In contrast, guluronic acid suppresses tissue damage caused by cytokines
produced in response to inflammatory stimuli [53]. Our group investigated the supplement of sodium
alginate to S. latifolia for the induced expression of γ-aminobutyric acid (GABA) both in the mycelia
and fruiting bodies, which inhibited the dendrite outgrowth of excitatory neurons, but not that of
inhibitory neurons [54]. Genome sequencing and genomics studies are underway to determine the
underlying effect of alginate elicitors on β-glucan content of S. latifolia [55].

The effects of alginate elicitors on antioxidant activity and polyphenol synthesis in plants and
microorganisms were also verified. Chitosan, pectin, and alginate promoted accumulation of phenolic
acids, particularly 3-O-glucosyl-resveratrol, in Vitis vinifera, which was positively correlated with
increased accumulation of anthocyanin [25]. Ulvan, carrageenan, alginate, and laminarin were
examined for any elicitation effect in twigs of olive trees to elicit phenolic metabolism and control
against Verticillium wilt of olive caused by V. dahlia, and the results showed increased phenylalanine
ammonia-lyase (PAL) activity and total polyphenol content combined with the decline of wilt
symptoms [27]. Sodium alginate extracted from Moroccan brown algae Fucus spiralis and Bifurcaria

bifurcata was evaluated for elicitation on phenolic metabolism including PAL activity and total
polyphenol content in seedling roots of date palm, and the results showed that PAL activity and
phenolic compound content were stimulated with 1 mg·mL−1 sodium alginate [26].

The present study suggested that treatment with Sargassum alginate exhibited elicitation effects
on the growth and β-glucan contents in S. latifolia. Elicitors derived from algae alginate can be widely
used in the cultivation process of other culinary and medicinal mushrooms.

5. Conclusions

Based on our results, the products of partial acid hydrolysis of alginate oligosaccharides could act
as elicitors for stimulated growth of S. latifolia and production of useful metabolites such as β-glucan
and polyphenols.
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Abstract: Solid-state fermentation (SSF) is used in enzyme and antibiotic production, bioethanol
and biodiesel as an alternative energy source, biosurfactants with environmental goals, and the
production of organic acids and bioactive compounds. The present project determined the quantity
of secondary metabolites and the antioxidant activity of the extracts obtained by the solid-state
fermentation of apple and agave mezcalero bagasse over 28 days, inoculated with the Pleurotus

ostreatus strain. The extraction was carried out with three solvents: acetone and water (80:20 v/v),
100% methanol and 100% water. The results showed a higher presence of phenolic compounds,
flavonoids, total triterpenes and antioxidant activity in the apple bagasse from the SSF on day
21 in the extract of acetone and water (80:20 v/v), 100% methanol and aqueous; while the agave
bagasse showed a significant presence of phenolic compounds and flavonoids only in the aqueous
extract. In conclusion, the presence of secondary metabolites exhibiting antioxidant activities from
the solid-state fermentation in the residues of the cider and mezcal industry is an alternative use for
wasted raw material, plus, it reduces the pollution generated from the agroindustrial residues.

Keywords: agave mezcalero bagasse; apple bagasse; solid-state fermentation; secondary metabolites;
Pleurotus ostreatus

1. Introduction

The residues generated by the agroindustry are, in most cases, not processed, causing environmental
pollution and adverse effects on health [1]. In Mexico, this situation is mainly reflected in the production of
the cider industry in Puebla and the production of mezcal in the state of Oaxaca. The former reported an
annual production of 150 thousand bottles [2], where the processed fruit residues fluctuate between 15%
and 30% of said production, depending on the state of maturation and the used technology [3]. The latter
generated 122,696 tons of bagasse in 2012, which is usually dumped in rivers or streams, endangering the
region’s environment [4].

Most of these wastes degrade slowly due to their solid and organic nature, which corresponds to their
lignocellulosic biomass, rich in cellulose, hemicellulose and lignin. In addition, they are not subjected to an
adequate process of exploitation, giving as a result an utterly deficient disposal of the waste [5,6]. Therefore,
the aim of the present investigation was to determine the content of the total phenolic compounds,
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total flavonoids and total triterpenes, and the antioxidant activity, by 2,2-diphenyl-1-picrylhydrazyl
(DPPH•) and 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid radical cation (ABTS•+) test methods
resulting from the solid-state fermentation of apple bagasse and agave mezcalero bagasse substrates
inoculated with the Pleurotus ostreatus strain, in order to optimize the utilization of residues of the cider
and mezcalero industry in the attaining of secondary metabolites.

Pleurotus ostreatus synthesizes bioactive compounds, such as: polysaccharides (alpha and beta
glucan) and polyphenols [7,8]. The macromycetes, such as Pleurotus and Agaricus, contain tetracyclic
triterpenoids, with the sterols being the most abundant ones. At the same time, in Pleurotus mutilis and
Clitopilus passeckerianus (called Pleurotus passeckerianus in the past), pleuromutilin and diterpene were
identified as having antibiotic action against microplasmatic infections in animals [9,10].

Singhania et al. [11] and Thomas et al. [12] describe solid-state fermentation (SSF) as a process
that takes place in a solid matrix that is within an inert support or substrate, or near free water, with
just enough to promote the growth and metabolic activity of microorganisms. The SSF reduces the
production costs due to the lower energy consumption and production area (smaller reactors), proving
that it is an economic, interesting and environmentally friendly process for the production of secondary
metabolites from agroindustrial and forest residues [13]. The SSF has generated great interest in recent
years due to its variety of uses, such as bioremediation, biofuels (biodiesel, bioethanol, biobutanol,
and biohydrogen among others) and the production or extraction of bioactive compounds [14].

One of the main applications of the solid fermentation of agroindustrial wastes is the extraction
of secondary metabolites, also called phytochemicals, which include carotenes, terpenes, sterols,
tocopherols and polyphenols. These can be used in the treatment and prevention of various
diseases [15], since they have antitumor, anti-inflammatory, antithrombotic, antimicrobial, immune
system modulating, and hypoglycemic properties; also, they reduce the concentration of lipids in the
blood and display antioxidant activities [16,17]. Waste from agribusiness, such as the peel of fruits and
vegetables, has been employed recently as a potential source of production of bioactive compounds
that are commonly known as phenolic compounds [18]. Therefore, the secondary metabolites obtained
from the solid fermentation of residues can be used as natural bioactive triggers for the formulation of
functional foods or serve as additives in food products to extend their shelf life [19].

2. Materials and Methods

2.1. Obtaining Plant Material

The apple bagasse was collected from Huejotzingo’s cider industry, a town located in the state of
Puebla, Mexico, and the agave mezcalero bagasse was collected from San Pablo Villa de Mitla’s mezcal
industry, a town located in the state of Oaxaca, Mexico.

These bagasses were transported in airtight containers at 20 ◦C in less than 4 h. They were
subsequently bleached at 70 ◦C for 5 min and dried in a forced air dryer (HTP 72 Lumistell Celaya,
Gto. México) for 8 h at 60 ◦C until the moisture content was less than 10%. Once dried, the bagasse
was crushed in a mill to obtain a particle of 0.841 mm to be used during solid fermentation.

Physicochemical tests were performed on the crushed bagasse in order to discover its attributes
and adjust its physicochemical properties to make them suitable for the growth of the Pleurotus

fungus. The bagasse reconditioning was carried out according to Staments and Chilton [20] where it is
mentioned that Pleurotus ostreatus culture must have the following conditions: a humidity percentage
of 80–90%, temperature from 23 to 26 ◦C, and pH from 6.5 to 7.5. The temperature and relative
humidity were controlled during the process. The physicochemical tests performed were: total soluble
solids (◦Brix) [21], pH [21], moisture percentage [21], water activity (Aw) [21], and titratable acidity
percentage [21]; the meq value of malic acid were 0.067, the meq value of acetic acid were 0.060 and
direct reducing sugars were also used [21].
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2.2. Solid-State Fermentation

This process was accomplished with the contribution of the Mycology Laboratory of the
Departamento de Investigación de Ciencias Agrícolas (Agricultural Sciences Research Department) of
the Benemérita Universidad Autónoma de Puebla (Benemeritus Autonomous University of Puebla),
which provided the Pleurotus ostreatus strains.

The solid-state fermentation was carried out in 9.7 × 2.6 cm glass tubes with a Bakelite cork, and each
contained 10 g of each residue adjusted to a humidity percentage of 80% and a pH of 6.5, which was then
sterilized in an autoclave ((CV300 AESA Tecámac, Edo. México, México)) at 120 ◦C and 15 psi for 45 min.

Then, a 1 cm diameter mycelium-agar circle of the Pleurotus ostreatus strain, corresponding to
3 mg of dry weight biomass, was incorporated into each tube and incubated in an oven (E51 Riossa
Monterrey, N.L., México) at 25 ◦C. Samples were taken at 0, 7, 14, 21 and 28 days.

2.3. Solid Waste Extraction

After the fermentation days, 12 mL of each solvent was added to each glass tube for extraction.
The used solvents were acetone and water (80:20 v/v), 100% methanol and distilled water. The samples
were placed in a shaker (KJ-201BD Orbital Shaker Westtune Hangzhou, Zhejiang, China) at 80 rpm for
1 h, filtered and placed in a centrifuge (Z200A Hermle Wehingen, Germany) at 47 g, and the ensuing
supernatant was stored in Eppendorf tubes at −20 ◦C for further analysis.

2.4. Quantification of Total Phenolic Compounds (TPC)

The analysis was performed using the method described by Singleton and Rossi [22], with some
modifications. A total of 250 µL of 50% Folin–Ciocalteu reagent was added to 50 µL of the extract; then
it was stirred and allowed to stand in the dark for 8 min. Subsequently, 1.25 mL of 5% CaCO3 (w/v) was
added and allowed to stand again for 30 min in the dark at room temperature. An absorbance at 725 nm
was read afterwards on a UV-Vis spectrophotometer (7305 Jenway Staffordshire, UK). A calibration
curve for gallic acid (Sigma Aldrich, CAS 149-91-7, Steinheim, Germany) was used in the range of 0 to
0.3 g/L. The results were expressed in mg gallic acid equivalent per g substrate on dry weight (mg
GAE/g substrate dw). These analyses were performed in triplicate.

2.5. Total Flavonoid Quantification (TF)

The methodology proposed by Chang et al. [23] was used, with some modifications. A total of
500 µL of the extract, 1.5 mL of 80% ethanol (v/v), 100 µL of 10% hexahydrate aluminum chloride
solution, 100 µL of 1 M potassium acetate, and 2.8 mL of distilled water were placed, stirred and
incubated for 30 min at room temperature.

Subsequently, an absorbance at 415 nm was read on a UV-Vis spectrophotometer (7305 Jenway
Staffordshire, UK). A quercetin calibration curve (Sigma Aldrich, CAS 117-39-5, Germany) was used at
a concentration of 0 to 0.1 g/L. The results were expressed in mg quercetin equivalents per g substrate
on dry weight (mg QE/g substrate dw). These analyzes were performed in triplicate.

2.6. Total Triterpenes Quantification (TT)

The vanillin-acetic acid method was used, with some modifications [24]. A total of 120 µL of each
extract, 100 µL of vanillin (Sigma Aldrich, CAS 121-33-5, Germany) 5% (w/v), and 400 µL of perchloric
acid in 0.1 N glacial acetic acid were placed together in a test tube at 60 ◦C for 15 min.

Then, the mixture was cooled down to room temperature and 2.5 mL of glacial acetic acid
were added. The absorbance was measured at 550 nm in a UV-Vis spectrophotometer (7305 Jenway
Staffordshire, UK). The results were expressed as mg ursolic acid per g substrate on dry weight (mg
UA/g substrate dw). A calibration curve for uric acid (Sigma Aldrich, CAS 77-52-1, Germany) was
used with a concentration from 0 to 120 g/L. These analyses were performed in triplicate.
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2.7. Antioxidant Activity by 1,1-Diphenyl-2-Picril Hydracil (DPPH•)

The DPPH• (2,2-Diphenyl-1-picrilhydrazyl) radical in methanol solution was developed by
Brand-Williams et al. [25], and was used with some alterations. A total of 990 µL of DPPH (Sigma
Aldrich, CAS 1898-66-4, Germany) 0.188 mM was added to 10 µL of the extract. The mixture was then
homogenized and kept in the dark for 30 min at room temperature.

The absorbance at 517 nm was measured in both the control (methanol (A0)) and the test
samples (A1) on a UV-Vis spectrophotometer (7305 Jenway Staffordshire, UK). In order to calculate the
percentage of inhibition, Equation (1) was used. These analyses were performed in triplicate.

Subsequently, the results were expressed as the inhibitory concentration (IC50) and the percentage
of inhibition of four different concentrations was calculated to obtain a linear regression curve. These
analyses were performed in triplicate.

Percent inhibition =
[A0−A1

A0

]

∗ 100 (1)

A0 = Control absorbance
A1 = Sample absorbance.

2.8. Antioxidant Activity by 2,2′-Azino-Bis-3-Ethylbenzothiazoline-6-Sulfonic Acid Radical Cation (ABTS•+)

The method proposed by Re et al. [26] was used. An ABTS•+ radical cation was formed from 0.0033
g of potassium persulfate and 0.0194 g of ABTS reagent (2,2’-azinobis-(3-ethylbenzothiazolin-6-sulfonic
acid (Sigma Aldrich, CAS 30931-67-0, St. Louise, MO, USA) mixed in 5 mL of distilled water.
The mixture was stirred and kept in the dark for 16 h at room temperature. After this, a mixture was
made with absolute ethanol and the ABTS•+ radical cation until an absorbance of 0.70 ± 0.02 at 754 nm
was obtained.

A total of 3920 µL of the ABTS radical solution were then added and the initial absorbance (Ai) was
recorded; 80 µL of extract was afterwards added and mixed. After 7 min, the final absorbance (Af) was
recorded with the use of a UV-Vis spectrophotometer (7305 Jenway Staffordshire, UK). The inhibition
percentage was calculated according to Equation (2) to obtain the medium inhibitory concentration
(IC50) by a curve of lineal regression using the inhibitory percentage of the four different concentrations.
These analyses were performed in triplicate.

Percent inhibition (%) =
[Ai−Af

Ai

]

∗ 100 (2)

2.9. Statistic Analysis

The data analysis was performed through a completely randomized design. The experiment
consisted of the inoculation of Pleurotus ostreatus in two bagasses (two treatments with five replicas) at
25 ◦C for 28 days. Samples of the substrates were taken at 0, 7, 14, 21 and 28 days of fermentation
(5 periods) to obtain the extracts with three organic solvents: acetone and water (80:20 v/v), 100%
methanol, and water at 100% (3 extracts); the secondary metabolite content and antioxidant activity
were determined as well. Samples were analyzed in quadruplicate (n = 4).

The results were expressed as a mean and standard deviation, and were examined through the
Statistical Analysis System (SAS) version 9.0 statistical package [27]. Additionally, an analysis of
variance (ANOVA) means test (Tukey α = 0.05) and Pearson correlation were performed.
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3. Results

3.1. Physicochemical Characterization

Table 1 shows the physicochemical characterization of the residues before fermentation. The values
in percent humidity and Aw are similar since both bagasses were subjected to the same drying process
at 60 ◦C for 12 h and then they were crushed.

Table 1. Physicochemical characteristics of apple bagasse and agave mezcalero bagasse.

Agroindustrial Residue ◦Brix pH
Moisture

Percentage (%)
Aw

Titratable
Acid (%)

Direct Reducing
Sugars 1 (%)

Direct Reducing
Sugars 2 (%)

Apple
bagasse 8.90 ± 0.28 a 4.04 ± 0.15 b 8.67 ± 0.20 a 0.98 ± 0.05 a 0.97 ± 0.23 a 86.20 ± 7.11 a 9.98 ± 0.01 a

Agave mezcalero bagasse 0.36 ± 0.20 b 5.00 ± 0.10 a 8.68 ± 0.20 a 0.97 ± 0.01 a 0.87 ± 0.21 a 6.79 ± 0.37 b 6.79 ± 0.37 b

Values are the mean ± standard deviation. Means with the same letters within each column do not differ statistically
by Tukey’s test (p ≤ 0.05). 1 Direct reducing sugars before washing apple bagasse; 2 direct reducing sugars after
washing apple bagasse.

3.2. Secondary Metabolites

3.2.1. Quantification of Total Phenolic Compounds (TPC)

In Figure 1, it is shown the total phenolic compounds resulting from the solid-state fermentation
of agroindustrial wastes. The TPC had its highest concentration at the beginning of the experiment
(day 0) in both residues, and after fermentation it decreased, increasing again after day 21.

≤

Figure 1. Total phenolic compounds (mg gallic acid equivalent per g substrate on dry weight (mg
GAE/g substrate dw)) of the solid-state fermentation of agroindustrial residues: (a) Apple bagasse;
(b) Agave mezcalero bagasse. Acetone and water (80:20 v/v (

≤

 ( )); methanol extract (

≤

ol extract ( ); aqueous
extract (

≤

aqueous extract ( ). Time SSF = time solid-state fermentation. Values are the mean ± standard deviation.

Apple bagasse extract (Figure 1a) increased its concentration 21 days after fermentation,
with intervals of 0.385 and 0.587 mg gallic acid equivalent/g substrate dw. The highest concentration
was present in the aqueous extract with a value of 0.587 ± 0.013 mg gallic acid equivalent/g substrate
dw. The TPC content of agave mezcalero bagasse from the acetone and water (80:20 v/v) and methanol
extracts tended to decrease during fermentation, while the aqueous extract increased its concentration
after day 21, until it reached 0.976 ± 0.126 mg gallic acid equivalent/g substrate dw at 28 days.

3.2.2. Total Flavonoid Quantification (TF)

In Figure 2, the total flavonoids in apple bagasse and mezcalero agave are shown. First, the apple
increased its TF content from day 21, giving final values (on day 28) of 0.015 ± 0.018, 0.013 ± 0.02,
and 0.023 ± 0.012 mg QE/g substrate dw in extracts of acetone and water (80:20 v/v), methanol and the
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aqueous extract, respectively; the latter was the extract with the highest amount of flavonoids. Then,
the agave mezcalero bagasse registered a similar tendency to the content of TPC. The total flavonoid
concentrations in extracts of acetone and water (80:20 v/v) and methanol decreased during fermentation,
while in the aqueous extract there was an increase in the TF content at the end of the fermentation time,
with a final concentration of 0.012 mg QE/g substrate dw.

Figure 2. Total flavonoids (mg QE/g substrate dw) of the solid-state fermentation of agroindustrial
residues: (a) apple bagasse; (b) agave mezcalero bagasse. Acetone and water (80:20 v/v (

≤

 ( )); methanol
extract (

≤

ol extract ( ); aqueous extract (

≤

aqueous extract ( ). Time SSF = time solid-state fermentation. Values are the mean
± standard deviation.

3.2.3. Total Triterpenes Quantification (TT)

In Figure 3, the total triterpenes content is shown. Apple bagasse presented TT contents which
increased from day 21 in extracts of acetone and water (80:20 v/v) and methanol, with final values
(on day 28) of 8.043 ± 0.696, and 9.411 ± 2.512 mg ursolic acid/g substrate dw, respectively. The aqueous
extract showed steady growth from the beginning of the solid-state fermentation of triterpenes,
and reached a concentration of 26.440 ± 0.949 mg ursolic acid/g substrate dw at 28 days. Despite the
fact that the TT in agave mezcalero bagasse had the highest value at the beginning of the fermentation,
its concentration decreased in all extracts during this process.

 

 

Figure 3. Total triterpenes (mg UA/g substrate dw) of the solid-state fermentation of agroindustrial
residues: (a) apple bagasse; (b) agave mezcalero bagasse. Acetone and water (80:20 v/v (

≤

 ( ));
methanol extract (

≤

ol extract ( ); aqueous extract (

≤

aqueous extract ( ). Time SSF = time solid-state fermentation. Values are
the mean ± standard deviation.
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3.3. Antioxidant Activites

The antioxidant activity of the extracts obtained by the solid-state fermentation of Pleurotus from
apple and agave mezcalero bagasses was expressed as the 50% inhibitory capacity of the radical in
question (IC50), which refers to the concentration of antioxidant required to reduce the initial amount
of the DPPH and/or ABTS radical by 50%. This is the parameter used to measure the antioxidant
properties of a substance [28], that is, the lower the IC50 value, the greater its antioxidant activity.

3.3.1. Antioxidant Activity by 1,1-Diphenyl-2-Picril Hydracil (DPPH•)

In apple bagasse, the IC50 of the DPPH assay ranged from 14.67 to 385.01 g/L residue. On the other
hand, the agave mezcalero bagasse presented IC50 values from 61.80 to 377.75 g/L residue (Figure 4a,b).
A tendency for IC50 to increase was observed from day 0 to day 21, however, a decrease was perceived
from day 28 in different extracts.

 

Figure 4. 50% inhibitory concentration in 2,2-diphenyl-1-picrylhydrazyl (DPPH (IC50/DPPH)) of the
solid-state fermentation of agroindustrial residues: (a) apple bagasse; (b) agave mezcalero bagasse.
Acetone and water (80:20 v/v (

≤

 ( )); methanol extract (

≤

ol extract ( ); aqueous extract (

≤

aqueous extract ( ). Time SSF = time
solid-state fermentation. Values are the mean ± standard deviation.

3.3.2. Antioxidant Activity by 2,2′-Azino-Bis-3-Ethylbenzothiazoline-6-Sulfonic Acid Radical
Cation (ABTS•+)

In the ABTS test, the apple bagasse presented a range of residue values from 60.20 to 423.09 g/L;
meanwhile, the agave mezcalero bagasse ranged from 74.65 to 390.86 g/L (Figure 5a,b). The obtained
results in the apple bagasse showed that the initial values (on day 0) were higher than the agave
mezcalero bagasse with intervals of 61.80 to 91.42 g/L of residue.
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′
●

′Figure 5. A 50% inhibitory concentration in 2, 2′-azino-bis (3-ethylbenzothiazoline)-6 ammonium
sulfonate (ABTS (IC50/ABTS)) of the solid-state fermentation of agroindustrial residues: (a) apple
bagasse; (b) agave mezcalero bagasse. Acetone and water (80:20 v/v (

≤

 ( )); methanol extract
(

≤

ol extract ( ); aqueous extract (

≤

aqueous extract ( ). Time SSF = time solid-state fermentation. Values are the
mean ± standard deviation.

The acetone and water (80:20 v/v) and aqueous extracts increased in IC50 during the days of
fermentation. It should be noted that the methanol extract displayed a decrease in IC50 at day 28,
which means that the secondary metabolites produced at the same time of solid fermentation denoted
the antioxidant property of this residue.

4. Discussion

In both residues, the pH showed values lower than 5.0, lower than the value recommended for
the adequate growth of Pleurotus (5.5–6.5) [29]. The pH was adjusted for proper fungus growth and
fermentation development. The highest amounts of total soluble solids (◦Brix), acidity percentage
and reducing sugars were found in the apple bagasse because the residue had a significant amount
of polysaccharides and organic acids [30]. This limited the growth of Pleurotus, thus, bagasse was
subjected to a wash with tridestilated water. After washing the apple bagasse released sugars, it was
observed that its content of reducing sugars decreased (Table 1), which was resulted in an adequate
growth of the Pleurotus strain in the residue.

Apple bagasse presented a significant difference in the aqueous extract of the total triterpenes
test, having the highest value; the other extracts showed no significant difference in the other tests
performed. In the agave mezcalero bagasse, the significant difference between extracts was manifested
in the tests of total flavonoids and total triterpenes; the aqueous extract had the highest value, while the
others did not show significant differences in the rest of the performed tests.

The highest phenolic content was at the beginning, since the phenolic compounds are shown in
the subtracts (bagasses). In addition, it contains lignin, which is a phenolic polymer made up of three
principal monomerics: paracoumaryl alcohol, synapilic alcohol and conyferyl alcohol [31,32]. This acts
as a carbon source for the Pleurotus fungi for its growth and development (trophophase) after the
mycelial growth. However, the nutrient exhaustion produces the biosynthesis of secondary metabolites
in the idiophase. In this period (T21) there is a metabolite increase according to Ferrer-Romero et al. [33]
and Vamanu [34] which supports the presence of Pleurotus and its survival in the residue [35]. Therefore,
to observe a higher antioxidant activity, idiophase time must be increased in order.

The TPC values generated from Pleurotous in other residues, such as the mixture of pineapple
and rice straw residues [36], reported values of 0.179–0.650 mg GAE/g substrate dw. Other authors
reported greater values than the ones obtained in this research: Hamdipour et al. [37] showed values
of 5.53 to 11.6 mg GAE/g dry weight in the fermentation of apple residues with Rhizopus oligosporus,
and Ajila et al. [38] obtained values of 4.6 to 16.12 mg GAE/g dry weight during the solid-state
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fermentation of apple residues with Phanerocheate chrysosporium. Meanwhile, Ferrer-Romero et al. [33]
obtained 0.1 g of total phenols/g of glucose by submerged fermentation from the mycelial biomass of
Pleurotus ostreatus.

The Pleurotus ostreatus strain of this study led to the degradation of lignin to obtain the necessary
nutrients for its development, given that growth was observed in both lignocellulosic substrates:
apple bagasse and mezcalero agave bagasse [39]. In addition, the genus Pleurotus has the capacity to
produce laccase enzymes, which have a fundamental role both in the degradation of lignin and in the
biosynthesis of phenolic compounds in white-rot fungi [40].

Boonsong et al. [41] conducted an investigation with the purpose of evidencing the high nutritional
value of edible fungi. This investigation reported intervals from 2.29 to 2.61 mg QE/g in aqueous
extracts of Pleurotus strains, which are higher values compared to the ones obtained in this project.

Furthermore, Braga et al. [42] reported significant concentrations of total flavonoids (1.76 mg
QE/g) in grape marc residue, and 1.70 mg quercetin equivalent/g in mango residue; Dulf et al. [43]
found slightly lower values of 0.29 and 0.36 mg QE/g, resulting from the solid-state fermentation
of apricot residue with Aspergillus niger and Rhizopus oligosporus for 14 days; while Lessa et al. [44]
found concentrations of TF with values of 31.5 mg QE/100 g in fermented cocoa flour by means of
Penicillium roqueforti. Therefore, the low concentration of this type of metabolites maybe be determined,
once again, by the used strain, that degrades lignin during solid-state fermentation.

Yang et al. [45] found a higher concentration of triterpenes, 47.10 mg/g, 30 days after the solid-state
fermentation of citrus residues with the fungus Antrodia cinnamomea. In this investigation, the total
triterpenes values have great importance, especially those found during solid fermentation in the apple
bagasse because this type of secondary metabolite has antibacterial properties against plant pathogens;
in addition, it has demonstrated effectiveness against oxidative damage through the elimination of free
radicals and the modulation of enzymatic activity [46]. The authors mention solvents with low polarity
for the extraction of triterpenes, such as ethyl acetate [47,48]. Nevertheless, aqueous extracts have
been used to identify secondary metabolites, like triterpenes, in other macromycete fungi, Phellinus

and Ganoderma [49]. As a consequence, it was decided to use this type of solvent, due to polyphenols,
sterols, triterpenes and anthracenes being moderately abundant [50].

The production of secondary metabolites can be considered similar to the tendency of antioxidant
activity, due to the fact that since day 21 there was an increase in antioxidant activity in the apple
bagasse, which can be attributed to a higher concentration of polyphenols present in acetone and water
(80:20 v/v) and aqueous extracts. As mentioned by Lu and Foo [51], the antioxidant activity is caused
by polyphenols in apple residues. Meanwhile, Ajila et al. [38] report IC50 values of 12.24 ± 5.20 to
14.27 ± 2.50 µg in acetone and water (80:20 v/v) extracts and 40.16 ± 2.40 to 50.18 ± 2.00 µg in aqueous
extracts in fermented apple residue.

While there is little information on antioxidant activity in agave mezcalero through solid-state
fermentation, someauthorshavefound thisproperty in certain agavespecies. For example, Carmonaet al. [52]
mention the antioxidant activities of Agave lechuguilla, and Araldi et al. [53] mention it regarding Agave sisalana.
Both species are used as a source of raw material in the production of biofuels from solid fermentation.

Although the values obtained can be considered low, the obtained methanol extract from the
solid-state fermentation of the agave mezcalero can be used as an alternative for the production of
compounds with antioxidant properties.

Overall, the IC50 values of apple bagasse are lower; they displayed greater inhibitory activity
against the DPPH radicals and ABTS radicals in comparison to those of the agave mezcalero bagasse.
On the other hand, Ignat et al. [54] express that the different results in the metabolite content may be due
to the extraction conditions, type of solvent, and its susceptibility to degradation. This way, it is possible
to indicate the variability of secondary metabolites and antioxidant activity in agroindustrial waste.
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5. Conclusions

The growth of Pleurotus ostreatus was observed in both the apple bagasse and agave mezcalero
bagasse residues due to their ability to secrete extracellular, non-specific ligninolytic enzymes during
secondary metabolism. Spectrophotometric studies have demonstrated that, because of solid-state
fermentation, there was presence of secondary metabolites—phenolic compounds, flavonoids
and triterpenes.

The highest concentration of compounds of biological interest occurred in apple bagasse after
21 days, with the aqueous extract presenting the highest extraction of the different phytochemical
compounds. This behavior was reflected in the antioxidant activity of the different extracts during the
same fermentation time. Minor amounts of phenolic and flavonoid compounds were found in the
aqueous extract of the agave bagasse from day 21 of fermentation.

The biosynthesis of secondary metabolites displaying antioxidant activities in the solid-state
fermentation of Pleurotus ostreatus in the apple residues of the cider industry and in the agave residues
of the mezcalera industry can contribute to the use of these wastes, as they can be used in functional
food formulation or, due to their medical properties, in the pharmaceutical industry.
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Abstract: The biomass of Mucor circinelloides, a dimorphic oleaginous filamentous fungus, has a
significant nutritional value and can be used for single cell oil production. Metal ions are micronutrients
supporting fungal growth and metabolic activity of cellular processes. We investigated the effect of
140 different substrates, with varying amounts of metal and phosphate ions concentration, on the
growth, cell chemistry, lipid accumulation, and lipid profile of M. circinelloides. A high-throughput
set-up consisting of a Duetz microcultivation system coupled to Fourier transform infrared
spectroscopy was utilized. Lipids were extracted by a modified Lewis method and analyzed
using gas chromatography. It was observed that Mg and Zn ions were essential for the growth and
metabolic activity of M. circinelloides. An increase in Fe ion concentration inhibited fungal growth,
while higher concentrations of Cu, Co, and Zn ions enhanced the growth and lipid accumulation.
Lack of Ca and Cu ions, as well as higher amounts of Zn and Mn ions, enhanced lipid accumulation
in M. circinelloides. Generally, the fatty acid profile of M. circinelloides lipids was quite consistent,
irrespective of media composition. Increasing the amount of Ca ions enhanced polyphosphates
accumulation, while lack of it showed fall in polyphosphate.

Keywords: Mucor circinelloides; high-throughput screening; metal ions; phosphorus; lipids; biofuel;
FTIR spectroscopy; bioremediation; co-production

1. Introduction

Mucor circinelloides is a dimorphic oleaginous filamentous fungus with a fully sequenced genome [1].
It has a versatile metabolism, allowing utilization of a variety of feedstocks, making this fungus widely
applicable in a range of biotechnological processes [2]. M. circinelloides is well known as a robust
cell factory, where extracellular products include enzymes (cellulases, lipases, proteases, phytases,
and amylases) [2,3] and ethanol [4]. Further, M. circinelloides can synthesize and accumulate a number of
valuable intracellular components, such as lipids, polyphosphates, carotenoids, and chitin/chitosan [5–9].
The biomass of M. circinelloides has a significant nutritional value and can be used as a feed ingredient [10].
Chitosan exhibits great chelating properties, mainly due to the low level of acetylation and the
abundance of hydroxyl groups [9,11,12]. Due to the presence of chitin and chitosan in the cell wall of
M. circinelloides, the biomass of this fungus can be used as bioabsorbent for heavy metals and applied
as a bioremediation agent, for example in the wastewater treatment [13].
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M. circinelloides has been extensively studied for the production of lipids for different
applications [14–16]. The lipids are mainly in the form of triacylglycerides (TAGs) and contain
palmitic, stearic, oleic, linoleic acid, and y-linoleic acids that make it particularly suitable for biodiesel
production [17]. Therefore, the biomass of M. circinelloides could be considered as an important
alternative feedstock for the biodiesel industry [18]. However, the cost of the M. circinelloides biomass
production for biodiesel as a sole product is still too high compared to competitive bioprocesses.
Thus, there is a need to further optimize lipid and biomass yield for M. circinelloides, and develop a
coproduction concept, where other valuable components could be produced along with lipids in a
single fermentation process [19,20].

Lipid accumulation, as well as biomass formation, can be affected by many different cultivation
parameters, such as the nutrient composition of the growth medium, temperature, pH, aeration,
or parameter shift during the fermentation (temperature/pH) [2,21,22]. Optimization of the nutrient
composition of the growth medium is one of the most important aspects in improving fungal lipid
production. In order to increase lipid and biomass yields, it is crucial to understand the role and
effect of all media components. Many studies have assessed the effect of different carbon (C) and
nitrogen (N) sources on the fungal lipid production in Mucoromycota fungi [23–29], where nitrogen
limitation in carbon-rich media is the most frequently used strategy for inducing lipid accumulation
and achieving high lipid yields. Macro- and micronutrients, such as phosphorus (P), potassium (K),
sulfur (S), calcium (Ca), sodium (Na), iron (Fe), and magnesium (Mg), have previously been reported
as essential for optimal fungal growth and metabolic activity [30].

Metal ions play an important role in fungal metabolism as they provide necessary redox and
catalytic activities for the cellular processes [31]. The role of metal ions in yeast metabolism has been
widely studied [32–35]. Bivalent metal ions are often reported as cofactors for different enzymes [36,37].
Metal ions are usually examined in the context of bioremediation capabilities of M. cicrcinelloides [9,38],
while the role of metal ions in lipid accumulation of Mucoromycota fungi have been examined only
to a limited extent. Different metal ions have shown strain-specific influence on lipid accumulation
in Mucoromycota fungi, where either fatty acid profiles or total lipid content is affected. For example,
manganese (Mn) has shown positive effects on the lipogenesis in Mucor plumbeus and Mortierella

sp. [39,40]. Iron had an inhibiting effect on the arachidonic acid production in Mortierella sp. [39],
while together with magnesium and zinc (Zn), it was enhancing lipid accumulation in Cunninghamella

sp. Furthermore, zinc increased the gamma-linoleic acid production in Cunninghamella sp. [41],
while iron, zinc, and copper (Cu) were reported as enhancers of arachidonic acid production in
Mortierella alpina [42]. To the authors’ knowledge, the effect of calcium and cobalt (Co) on the lipid
accumulation in the oleaginous Mucoromycota fungi has not been investigated before. Moreover,
there have been no studies reporting the effect of metal ions on the lipogenesis in M. circinelloides.

In our previous studies, we have assessed the chemical composition of nine different oleaginous
filamentous fungi (including M. circinelloides) and revealed nutrient-induced coproduction of lipids,
chitin/chitosan, and polyphosphates [43,44]. We reported that M. circinelloides has an ability to
coproduce lipids, polyphosphate, and chitin/chitosan at different phosphorus concentrations and
showed a versatile metabolism with a high adaptability level to different stress conditions. Thus,
this fungus can be utilized in phosphorus recovery processes, while the co-production concept greatly
contributes to the economic feasibility of such processes.

The aim of this study was to assess the effect of 140 different substrates, with varying amounts
of metal and phosphate ions, on the growth, cell chemistry, and lipid production in M. circinelloides.

Different concentrations of phosphorus source were used in order to study the effect of metal ions on
the co-production of lipids, polyphosphates and cell wall polysaccharides, such as chitin/chitosan,
triggered by phosphorus availability. Analogous to our previous studies, the study was performed in
a high-throughput set-up using a Duetz microtiter plate system (Duetz-MTPs) combined with Fourier
transform infrared (FTIR) spectroscopy [43–46]. FTIR spectroscopy was applied to obtain a biochemical
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fingerprint of the microbial cells [43,47–52], while gas chromatography was used to analyze the lipid
yield and fatty acid profiles of the extracted lipids.

2. Materials and Methods

2.1. Growth Media and Cultivation Conditions

Fungal strain M. circinelloides VI04473, provided by the Veterinary Institute, Oslo, Norway was
selected based on the previous study of 100 oleaginous fungal strains, as it showed the highest lipid
and biomass yield of all tested Mucor strains [50]. Moreover, this strain has also shown coproduction
potential for lipids, chitin/chitosan, and polyphosphates [43]. M. circinelloides was cultivated on
malt extract agar (MEA) for 7 days at 25 ◦C in order to obtain fresh spores for the inoculation into
nitrogen-limited broth media with various metal and phosphorus ion concentrations. Spores were
collected from agar plates using 10 ml of saline solution and a bacteriological loop. The composition
of the reference medium, used and modified in our previous studies [27,43–45], was the following:
80 g/L of glucose, 1.5 g/L of (NH4)2SO4, 7 g/L of KH2PO4, 2 g/L of Na2HPO4, 1.5 g/L of MgSO4·7H2O,
0.1 g/L of CaCl2·2H2O, 0.008 g/L of FeCl3·6H2O, 0.001 g/L of ZnSO4·7H2O, 0.0001 g/L of CoSO4·7H2O,
0.0001 g/L of CuSO4·5H2O, 0.0001 g/L of MnSO4·5H2O, where the listed concentrations of the metal
ions Ca, Cu, Co, Fe, Mg, Mn, and Zn were assigned as reference concentration and marked as “R”
(Table 1). The higher—1000; 100; 10 × R and lower—0.1; 0.01 and 0 × R concentrations of the metal
ions were assessed in the study as described in Table 1. The reference medium was modified by
using four relative levels of metal and phosphate ions (Table 1). KH2PO4 and Na2HPO4 were used as
phosphates substrate, and their total concentration is hereafter referred as “phosphates concentration”
(Pi). Phosphate concentrations KH2PO4 7 g/L, Na2HPO4 2 g/L have been assigned as Pi1. In addition
to Pi1 concentration, the higher—4 and 2 × Pi1 and lower—0.5 and 0.25 × Pi1 concentrations of
phosphates were assessed in the study as described in Table 1. Broth media, with the lower than Pi1
amount of Pi—Pi0.5 and Pi0.25, contained KCl and NaCl in a corresponding concentration in order to
have equal amounts of K+ and Na+ ions as in the Pi1 condition. Different media were prepared by
modifying one metal ion concentration at a time for every level of Pi ions. The only exception was
for the condition 0Mg10Ca, which was tested in order to examine a possibility of substitution of Mg
by Ca. Thus, in total, 140 different media were prepared. The concrete concentrations of all media
components can be found in the Supplementary Materials (Table S1).

Table 1. Overview over the relative levels of concentration of metal ions and inorganic phosphate in
the media. The exact concentrations can be found in the Supplementary Materials (Table S1).

Ca Mg Cu Co Fe Mn Zn Pi

0
0.01
0.1
R
10

0Mg 10Ca
0.01
0.1
R

0
R
10

100
1000

0
R
10
100

1000

0
R
10
100

1000

0
R
10

100
1000

0
R
10

100
1000

0.25
0.5
Pi1
2
4

Considering the high-throughput set-up of the study and consequently high number of samples,
the reproducibility of the M. circinelloides growth was controlled by four biological replicates for
the reference medium R with Pi1 concentration, two biological replicates for the reference metal
ion concentrations, and the following phosphate ion concentrations: Pi4, Pi2, Pi0.5, and Pi0.25,
and two biological replicates for the medium with 0Ca under all tested phosphate concentrations.
The reproducibility of lipid accumulation was controlled under the reference metal concentrations
by four biological replicates for the reference medium R-Pi1, two biological replicates for Pi4, Pi2,
Pi0.5, and Pi0.25 media, and two biological replicates for the media with 0Ca-Pi2 and Pi1 levels.
The biological variability is represented by error bars in Figure 1 and standard deviation in Table 3.
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Cultivation was performed in Duetz-MTPS (Enzyscreen, Heemstede, The Netherlands) [43,45,47,50,
53,54], consisting of 24-square well polypropylene deep well microtiter plates (MTPs), low evaporation
sandwich covers with a clamp system. A total of 7 ml of sterile media broth was transferred into
the autoclaved microtiter plates and each well was inoculated with 50 µL of the spore suspension.
MTPs were placed on the shaking platform of the incubator MAXQ 4000 (Thermo Scientific, Oslo,
Norway). Cultivations were performed for 7 days at 25 ◦C and 400 rpm agitation speed (1.9 cm
circular orbit).

2.2. Lipid Extraction and GC-FID Analysis of Lipid Concentration and Fatty Acid Profile

Direct transesterification was performed according to Lewis et al. [55], with some modifications [44]:
2 mL screw-cap polypropylene (PP) tubes were filled with 30± 3 mg of freeze-dried biomass, 250± 30 mg
of acid-washed glass beads, and 500 µL of methanol. Further, the fungal biomass was disrupted
in a tissue homogenizer (Bertin Technologies Percellys Evolution, Montigny-le-Bretonneux, France).
The disrupted fungal biomass was transferred into glass reaction tubes by washing the PP tube with
2400 µL of a methanol–chloroform–hydrochloric acid solvent mixture (7.6:1:1 v/v). Then, 1 mg of
C13:0 TAG internal standard in 100 µL of hexane was added to the glass reaction tubes (100 µL
from a 10.2 mg/mL−1 glyceryl tritridecanoate (C42H80O6, C13:0 TAG (13:0/13:0/13:0), Sigma-Aldrich,
St. Louis, Missouri, USA). Reaction tubes were incubated at 90 ◦C for 1 h, followed by cooling to room
temperature and the addition of 1 mL distilled water. The fatty acid methyl esters (FAMEs) were
extracted by the addition of 2 mL of a hexane–chloroform mixture (4:1 v/v) and applying 10 s of vortex
mixing. The reaction tubes were centrifuged at 3000 g for 5 min at 4 ◦C and the upper hexane phase was
collected in glass tubes. The extraction step was repeated three times for each sample. Subsequently,
the solvent was evaporated under nitrogen at 30 ◦C and FAMEs were dissolved in 1.5 mL of hexane
containing 0.01% of butylated hydroxytoluene (BHT, Sigma-Aldrich, St. Louis, Missouri, USA) and a
small amount of anhydrous sodium sulfate (to remove traces of water in the sample). Samples were
mixed by vortexing and, finally, dissolved FAMEs were transferred to the GC vials.

Fatty acid profile analysis was performed using a gas chromatography system with flame
ionization detector (GC-FID) 7820A GC System, Agilent Technologies, controlled by Agilent OpenLAB
software (Agilent Technologies, Santa Clara, CA, USA). Agilent J and W GC column 121–2323, DB-23,
20 m length; 0.180 mm diameter; 0.20 µm film was used for the separation of FAMEs. Then, 1 µL of the
sample was injected in the 30:1 split mode with the split flow 30 mL/min. The inlet heater temperature
was set on 250 ◦C and helium was used as the carrier gas. The flow of helium through the column
was 1 mL/min. The total runtime for one sample was 36 min with the following oven temperature
increase: initial temperature 70 ◦C for 2 min, after 8 min to 150 ◦C with no hold time, 230 ◦C in 16 min
with 5 min hold time, and 245 ◦C in 1 min with 4 min hold time. For identification and quantification
of fatty acids, the C4–C24 FAME mixture (Supelco, St. Louis, MO, USA) was used as an external
standard, in addition to C13:0 TAG internal standard. The weight of individual FAs was calculated
based on the peak areas, relative response factors (RRF), and C13 internal standard. The total lipids in
the fungal biomass were the sum of FA (the weight of C13 IS was subtracted) divided by the weight of
dry biomass.

2.3. Fourier Transform Infrared Spectroscopy of Fungal Biomass

Fourier transform infrared (FTIR) spectroscopy analysis of fungal biomass was performed
according to Kosa et al. [45], with some modifications [43]. The biomass was separated from the growth
media by centrifugation and washed with distilled water. Approximately 5 mg of washed biomass
was transferred into a 2 ml polypropylene tube containing 250 ± 30 mg of acid washed glass beads and
0.5 ml of distilled water for further homogenization. The remaining washed biomass was freeze-dried
for 24 h for determining biomass yield. The homogenization of fungal biomass was performed by
using Percellys Evolution tissue homogenizer (Bertin Technologies, Aix-en-Provence, France) with the
following set-up: 5500 rpm, 6 × 20 s cycle. Then, 10 µL of homogenized fungal biomass was pipetted
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onto an IR transparent 384-well silica microplate. Samples were dried at room temperature for 2 h.
In total, 140 biomass samples were analyzed in three technical replicates by FTIR spectroscopy.

FTIR spectra were recorded in a transmission mode using the high throughput screening extension
(HTS-XT) unit coupled to the Vertex 70 FTIR spectrometer (both Bruker Optik, Leipzig, Germany).
Spectra were recorded as the ratio of the sample spectrum to the spectrum of the empty IR transparent
microplate in the region between 4000 cm−1 and 500 cm−1, with a spectral resolution of 6 cm−1, a digital
spacing of 1.928 cm−1, and an aperture of 5 mm. For each spectrum, 64 scans were averaged. In total,
420 biomass spectra were obtained.

The OPUS software (Bruker Optik GmbH, Leipzig, Germany) was used for data acquisition and
instrument control.

2.4. Data Analysis

The following software packages were used for the data analysis: Unscrambler X version 10.5.1
(CAMO Analytics, Oslo, Norway) and Matlab R2019a (The Mathworks Inc., Natick, MA, USA).

2.4.1. Analysis of FTIR Spectral Data

To evaluate the correlation of lipid content results obtained from FTIR and GC data and, further,
investigate media associated changes of the lipid content in biomass, FTIR spectra were preprocessed
by 2nd derivative using Savitzky–Golay algorithm with 2nd order polynomial and windows size
13, followed by spectral region of interest (SROI) selection 3050–2800 and 1800–1700 cm−1 and
normalization by extended multiplicative signal correction (EMSC) [56] with linear and quadratic
terms. Preprocessed FTIR data were then analyzed by principal component analysis (PCA) and score
plots were used to compare the lipid related information in FTIR and GC data.

Different preprocessing was applied in order to evaluate the cell chemistry changes that occurred
under different media conditions. To do so, SROI 3300–2800 and 1800–800 cm−1 was selected and
normalized by EMSC using linear and quadratic terms and up-weighting the region 2800–1800 cm−1.
The up-weighting of the inactive region 2800–1800 cm−1 helped in reducing baselines by EMSC in
the SROI. Afterwards, the dataset was split according to the concentrations of inorganic phosphorus
(Pi) and separately analyzed by PCA. Correlation loading plots were obtained for Pi1, Pi2, and Pi4
in order to analyze the most pronounced correlation patterns in the data. To obtain such a plot,
we used scores of each separate PCA model corresponding to one Pi concentration and projected on
them variables of interest such as certain relevant peaks of FTIR data and other reference variables,
such as pH, biomass yield, and lipid content from GC data, in addition to experimental design factors.
The maxima of the corresponding chemical bonds selected for correlation loading plots based on the
FTIR spectra of reference materials were pure sodium polyphosphate, chitin, and glyceryl trioleate
(Table 2, Figure S3 in the Supplementary Materials). These compounds were the main cell components
of interest. For plotting the peaks on the correlation loading plots, the preselected peaks of the
preprocessed spectra were used (Table 2).

2.4.2. Analysis of GC Data

The detailed fatty acid profiles from the GC analysis were analyzed and compared to FTIR data.
Fatty acid profiles were represented by both single fatty acids and sum of fatty acids—saturated fatty
acids (SAT), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA). Each data
column was standardized (x/std (x)) and then analyzed by PCA. The scatter plot was used to compare
the information related to total lipid content and profile obtained by GC and FTIR.

To find differences in fatty acid composition at different Pi concentrations, after standardization,
the GC dataset was split into three datasets: Pi1, Pi2, Pi4, and analyzed separately by PCA. To learn
about the correlation patterns in the data, the correlation loading plots for GC data were obtained
using scores of GC based PCA models. The fatty acid profile of M. circinelloides is dominated by
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myristic (C14:0), palmitic (C16:0), palmitoleic (C16:1), stearic (C18:0), oleic (C18:1n9), linoleic (C18:2n6),
and γ-linolenic (C18:3n6) acid, therefore these were presented in the correlation loading plots.

Table 2. The maxima of the corresponding chemical bonds selected for correlation loading plots based
on FTIR data.

Cell Component Peak Maxima Molecular Vibration

Chitin/chitosan 3261 N-H stretching
3105 N-H stretching
2879 -C-H stretching
1656 -C=O stretching (Amide I)
1620 -C=O stretching (Amide I)
1554 C-N-H deformation (Amide II)
1375 -CH3 deformation
1305 C-N-H deformation (Amide III)
1027 C-O-C str., C-O-H def. C-O-C def.
950 -CH3 def.

Lipids 3004 =C-H stretching
2921 -C-H stretching
2852 -C-H stretching
1743 -C=O stretching
1463 -CH2 bending
723 >CH2 rocking

Polyphosphates 1263 P=O stretching
885 P-O-P stretching

3. Results

3.1. Growth of Oleaginous M. Circinelloides in Metal Ion-Regulated Media with Different Pi Levels

In order to assess the variation between bioreplicates, cultivation of M. circinelloides in the
reference medium R with Pi1 concentration was performed 11 times (part of the data were published
previously [43]). Cultivations were performed at different timepoints and by using different MTPs.
The results of statistical analysis of 11 bioreplicates show that the mean for the biomass production in
the reference medium (R-Pi1) was 10.08 g/L (range: 9.35–11.52 g/L, median: 9.90 g/L), with 0.62 g/L
standard deviation, and 0.19 g/L standard error. Therefore, it can be considered that all deviations
higher than two standard deviations (13% of the average biomass concentration) are statistically
significant and can be assigned as the effect of various metal and phosphates concentrations.

Growth of M. circinelloides in different media was strongly affected by the availability of phosphates.
Low availability of phosphates (Pi0.25 and Pi0.5) led to a substantial decrease in pH (Table S2,
Supplementary Materials) causing a significantly reduced growth of M. circinelloides (Figure 1, Table S3).
Biomass yields in all Pi0.25 and Pi0.5 media were in the range from 0.51 g/L to 2.79 g/L and from
0.73 g/L to 4.70 g/L, respectively (Figure 1). The biomass production under moderate and high levels
of phosphates (Pi1–Pi4) was substantially higher and in the range from 7.84 g/L to 12.90 g/L for Pi1,
from 7.54 g/L to 12.47 g/L for Pi2, and from 7.89 g/L to 13.23 g/L for Pi4 (Figure 1). The biomass yield
of M. circinelloides was, in several cases, higher than in the reference medium with Pi1 concentration
(Figure 1, Table S3).
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Figure 1. Final biomass concentrations after 7 days of incubation of M. circinelloides in the media with
different concentrations of metal and phosphorus ions. * Empty slots indicate no growth.
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Metal ions affected the growth of M. circinelloides differently and the strongest effect was observed
at moderate and high levels of phosphates (Pi1, Pi2, and Pi4). Metal ions’ starvation for most of the
tested metal ions led to a reduced fungal growth. Thus, Zn and Mg starvation resulted in a low or
no growth of M. ciricinelloides in all tested Pi conditions (Figure 1, Table S3). Further, removal of
Cu ions led to a slight biomass decrease. Removal and low concentrations of Ca ions resulted in a
slight biomass decrease at Pi2 and Pi4 and increase at Pi0.25, Pi0.5, and Pi1 levels (Figure 1, Table S3).
Similar increase in the biomass yield was observed for the media without Fe ions at Pi0.25, and it was
significantly decreased at higher Pi levels −44% for Pi1, −30% Pi2, and −16% for Pi4 compared to the
reference amount of Fe (Figure 1, Table S3). Deficiency of Co ions did not result in any significant
change in biomass formation of M. circinelloides in comparison with high concentrations of Co ions
(100Co).

Generally, increased availability of metal ions showed either no effect or both growth-stimulating
and -inhibiting effects, depending on the metal type and phosphates concentration. Thus, high metal
ions concentration in the media with low Pi levels did not lead to any significant changes in the biomass
formation of M. ciricinelloides (Figure 1), with the exception of Fe and Zn ions. High amount of Fe ions
in a combination with the low concentration of phosphates showed a negative effect on the biomass
formation, and no or very limited growth was observed for the following Fe conditions: 1000Fe-Pi 0.25,
1000Fe-Pi1, and 100Fe-Pi0.25. Low growth under these conditions can be connected to the acidic pH
ranging from 2.79 for Pi4 to 1.62 for Pi0.25 (Table S2 in the supplementary materials). The opposite
effect was observed for the media with elevated concentration of Zn ions, which enhanced growth of
M. circinelloides, resulting in a higher biomass yield under Pi limitation, with the highest biomass yield
of 4.44 g/L observed for 1000Zn condition (1 g/L ZnSO4·7H2O) (Figure 1, Table S3).

A considerable effect of the increased metal ions availability was recorded for the media with
moderate and high Pi levels (Figure 1). For example, high concentrations of Mn provided higher
biomass at Pi4, with the highest yield of 12.93 g/L for 1000Mn condition, while the effect of other Mn
conditions on the growth of M. circinelloides was generally negligible. Increasing amount of Fe ions
up to the 100Fe condition positively affected the biomass production of M. circinelloides in the media
with Pi4 and Pi2, and the highest yield of 11.84 g/L was observed for the condition 100Fe with Pi4
(Figure 1). However, very high iron concentration (1000Fe) showed an inhibiting effect at Pi1 and
significantly decreased biomass at Pi2 and Pi4 (Figure 1). While increased concentration of Zn ions
positively affected the growth of M. circinelloides in the media with low phosphates concentration
(Pi0.5 and Pi0.25), it slightly decreased the growth in media with high phosphates concentration
(Pi2 and Pi4). Generally, it can be concluded that increased concentrations of Zn ions (10Zn and
100Zn) in the media have beneficial effects, since under all Pi levels the biomass yield was increased
compared to the standard conditions (R) (Figure 1). A similar effect can be seen for Cu and Co ions,
where media with 10Cu condition provided the highest biomass yield for moderate and high Pi levels
(Figure 1). Moreover, the highest biomass yield of 13.23 g/L of all tested conditions was observed for
10Co (0.001 g/L CoSO4·7H2O) with Pi4 level of phosphorus substrate (Figure 1, Table S3).

3.2. Effect of Metal Ions on Lipid Accumulation and Fatty Acid Profile of M. Circinelloides TAGs

Lipid content in oleaginous M. circinelloides biomass grown in the different media is reported in
Table 3. Due to the low growth and not sufficient amount of biomass for lipid extraction, samples
Pi0.25 and Pi0.5 for all metal ions conditions, and samples 1000Fe, 0Mg, 0Zn, 10Ca0Mg were excluded
from the lipid extraction and further data analysis.
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Table 3. Lipid accumulation (% of lipids per dry cell weight) for M. circinelloides grown in
nitrogen-limited metal ion-regulated media with different amounts of inorganic phosphorus substrates
(Pi1, Pi2, and Pi4).

Metal Ion Condition Pi1 Pi2 Pi4

Reference medium 41.13 ± 1.19 33.44 ± 1.28 33.15 ± 0.01
0Ca 61.16 ± 0.16 40.15 ± 2.31 31.51

0.01Ca 34.00 39.61 34.93
0.1Ca 60.55 37.22 43.70
10Ca 44.37 33.50 27.95

0.01Mg 11.43 20.57 22.80
0.1Mg 30.38 32.90 39.40
0Co 38.78 37.24 31.46

10Co 30.25 34.40 29.87
100Co 30.31 38.52 29.60

1000Co 31.49 35.08 29.38
0Cu 61.27 53.80 52.24

10Cu 47.11 37.75 35.63
100Cu 46.70 41.27 38.27
1000Cu 43.11 42.46 38.36

0Fe 37.27 37.00 30.62
10Fe 36.73 34.36 29.19

100Fe 30.77 33.00 27.11
0Mn 46.78 37.94 38.74
10Mn 34.52 31.67 33.21

100Mn 35.16 39.13 34.22
1000Mn 33.23 30.58 33.61

10Zn 49.78 38.31 37.65
100Zn 43.84 41.94 34.72

1000Zn 42.36 41.85 38.04

Lipid accumulation in M. circinelloides grown under the reference metal ion conditions reached
approximately 41% for Pi1 and 33% for Pi2 and Pi4 (Table 3). Lack of several metals resulted in an
increase of lipid content for several Pi conditions. For example, removal of Ca, Co, and Fe ions in the
media with Pi2 and Pi1 and Cu and Mn ions in the media with Pi1, Pi2, and Pi4 resulted in an increase
in lipid accumulation in M. circinelloides, compared to the reference conditions. The most significant
increase in lipid accumulation was recorded for 0Ca-Pi1 and 0Cu-Pi1 conditions. Interestingly,
the removal of some metal ions, such as Ca, Co, and Fe, enhanced lipid accumulation only at moderate
phosphate concentrations in the media (Pi1 and Pi2), and decreased lipid accumulation at high
phosphate concentrations (Pi4). Removal of Mn, and especially Cu, ions resulted in increased lipid
accumulation at moderate and high phosphate concentrations (Pi1, Pi2, and Pi4) (Table 3).

Variation in the availability of metal ions showed diverse and metal-specific effects on the
lipid accumulation in M. circinelloides (Table 3). Lack of Mn ions has resulted in relatively high
lipid accumulation in M. circinelloides for all tested Pi levels. The inhibiting effect of higher Mn ion
concentrations was more visible in the media with reference amounts of phosphates (Pi1). Similar
results were recorded for the media with increased levels of Fe ions, where lipid yield was lower
than under the reference Fe condition (R). Two tested concentrations of Mg ions provided low lipid
yield in M. circinelloides with the lowest values of 11.43% at 0.01Mg-Pi1 condition, while lipid yield of
39.4% was observed in the biomass grown in the 0.1Mg-Pi4 condition. When increasing the amount
of Co ions in the media with Pi4 and Pi2, a decrease in lipid accumulation was recorded, while the
opposite effect was seen for the medium with Pi4. An increase in the concentration of Zn ions showed
a triggering effect on lipid accumulation in M. circinelloides grown at different levels of phosphorus
substrate, with the highest lipid yield of 49.78% at 10Zn-Pi1 (0.01 g/L ZnSO4·7H2O), which was 9%
higher than for the reference condition. A similar lipogenesis triggering effect was observed for
increasing concentration of Cu ions at all tested Pi levels, while the highest lipid yield was recorded
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when Cu ions were removed. The most diverse effect on lipid accumulation in M. circinelloides was
observed for different concentrations of Ca ions. Increase in Ca ion availability from 0Ca to 0.01Ca
resulted in the decrease of lipid yield for condition 0.01Ca-Pi1, while a further increase in Ca ions to
0.1Ca resulted in the increase of lipid yield for biomass grown in the media with Pi1, Pi2, and Pi4.
A high concentration of Ca ions (10Ca) resulted in the decrease in lipid accumulation in the medium
with Pi4 and slight increase in the media with Pi2 and Pi1 (Table 3).

The fatty acid profile of M. circinelloides grown under the reference condition was dominated by
oleic acid (C18:1n9; 38%), followed by palmitic (C16:0; 22%), linoleic (C18:2n6; 14%), and γ-linolenic
(C18:3n6; 12%) acids. Further, stearic (C18:0; 5%), palmitoleic (C16:1; 1.75%), and myristic (C14:0; 1.5%)
acids were recorded in smaller amounts (Figure 2, Table S4). An example chromatogram can be found
in the Supplementary materials (Figure S1). The fatty acid profile of M. circinelloides, grown under
reference metal ion conditions, slightly changed depending on the phosphorus availability in the
media. Thus, we observed an increase in the unsaturation and amount of palmitoleic acid with the
increasing amount of phosphorus (Figure 2, Table S4). An opposite effect of phosphorus availability
(and the associated changes in pH of media) was recorded for the unsaturation of stearic acid into oleic
and γ-linolenic acid, where decreasing unsaturation was evident with increasing Pi concentrations and
higher pH. This pattern can be visible through all the samples, with some exceptions for 10Fe-Pi1/Pi2/Pi4,
100Fe-Pi1/Pi2, 1000Zn, 1000Co, 10Cu-Pi2, and 0.01Mg-Pi1conditions (Figure 2, Table S4). Minimal
content of myristic acid (C14:0) was observed in 10Fe and 100Fe conditions, except for the 100Fe-Pi4
sample (Figure 2). Further, media with high amounts of Zn (1000Zn) and Co (1000Co) ions led to the
synthesis of TAGs with the increased relative amount of stearic acid (Figure 2, Table S4).

To reveal underlying correlations among certain fatty acids, design variables, and reference
variables, as well as sum of saturated (SAT), monounsaturated (MUFA), and polyunsaturated (PUFA)
fatty acids, PCA analysis of fatty acid (FA) profiles was done for each Pi substrate level separately.
The separation of data into different Pi concentrations was done in order to focus on the effect of
metal ions only on FA profile, excluding the effect of phosphorus substrate availability. The results,
in the form of correlation loading plots, are presented in Figure 3. Generally, the fatty acid profile of
M. circinelloides was quite consistent, irrespective of media composition.

In the biomass obtained from the media with Pi1 and Pi2 amounts of phosphorus, high
concentrations of Co (1000 Co) and Zn (1000 Zn) ions were positively correlated with the saturated fatty
acids (SAT) (Figure 3A). This was also evident from the detailed FA profiles, where the relative amount
of palmitic and stearic acid was increased under these conditions (Figure 2). Further, some tendency of
positive correlation between increasing concentration of Fe ions and content of polyunsaturated fatty
acids (PUFA) was observed in the media with Pi1 level (Figure 3A). In the media with high amounts of
phosphorus substrate (Pi4 and Pi2), 1000 Mn and 0.01 Mg conditions were positively correlated with
the polyunsaturated fatty acids (PUFAs) (Figure 3B,C).
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Figure 2. Fatty acid profile of lipids accumulated in M. circinelloides grown in media with Pi1, Pi2,
and Pi4 levels of phosphorus. Only fatty acids present in amounts of more than 1% are displayed.
The rest is summed up as ‘others’. An example chromatogram can be found in the Supplementary
Materials (Figure S1).
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Figure 3. Correlation loading plots based on the PCA analysis of fatty acid (FA) profiles of lipids
accumulated in M. circinelloides grown in metal ion-regulated media under Pi1 (A), Pi2 (B), and Pi4 (C)
levels of phosphorus substrate.

3.3. Chemical Composition of M. Circinelloides Biomass

In order to study differences in the compositional profile of the M. circinelloides biomass,
high-throughput Fourier transform infrared (FTIR-HTS) spectroscopy was used. Spectral regions
and peaks related to three types of metabolites—lipids, chitin/chitosan, and polyphosphates were
used in the analysis. The FTIR-HTS spectra (Figures S2 and S3 in the Supplementary Materials)
showed that fungal biomass was dominated by signals of these intracellular metabolites. The spectra
of reference materials can be found in the supplementary materials (Figure S2). The maxima of the
peaks selected for the correlation loading plots are listed in Table 2. Due to the insufficient growth
(Figure 1), the following samples have been disregarded from the FTIR-HTS spectral data analysis:
(i) all samples grown under Pi0.25 and Pi0.5 levels; (ii) samples grown in the media with 1000Fe, 0Mg,
0.01Mg, 0Zn, and 10Ca0Mg.

First, we examined the lipid region of FTIR-HTS spectra (3050–2800 and 1800–1700 cm−1) and
analyzed the correspondence of it with GC data by PCA analysis (Figure 4). On the PCA score plots
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we can observe similar pattern for FTIR and GC data, indicating similarity in the obtained information
about lipid yield and profile from the data of these analytical techniques.

 

−

−

Figure 4. PCA score plots of FTIR-HTS (A) and GC (B) data. PCA analysis was performed on the
preprocessed FTIR-HTS data (2nd derivative, polynomial order 2, window size 13; SROI: 3050–2800
and 1800–1700 cm−1, EMSC) and normalized GC data.

The correlation loading plots from the PCA analysis visualize the relation between the presence
of lipids, chitin/chitosan, and polyphosphate and different media (Figure 5). PCA analysis of EMSC
preprocessed spectra was performed separately for different Pi concentrations in order to emphasize
the effect of different metal ions and disconnect it from the effect of inorganic phosphorus substrate.
The loading vectors and FTIR spectral scores are displayed in Figures S4–S6 in the Supplementary
materials. The first principle component (PC1), which explained the highest variance in the FTIR
data, was represented by lipids to proteins and to chitin and chitosan ratio. The second principle
component (PC2) was represented by the polyphosphate peaks, which were strongly visible in the
cases of polyphosphate accumulation triggering conditions when Pi4 and Pi2 phosphate concentrations
were used in the media (Figures S5A and S6A), while no strong characteristic signals representing any
of the studied metabolite were visible in the PC2 for Pi1 condition (Figure S4A).

Lipids and chitin/chitosan are both carbon-rich metabolites, therefore their synthesis processes are
competing for the C source. In all correlation loading plots, we can observe that lipids and chitin/chitosan
were anticorrelated, indicating that these metabolites cannot be produced simultaneously at high
yields, while they still can be coproduced with one of them dominating (Figure 5). Further, we see
that peaks 2879 cm−1 (-C-H stretching) and 950 cm−1 (C-O str, C-C str., C-O-H def. C-O-C def),
responsible for chitin/chitosan, have been shown to be correlated with the lipid-related peaks (Figure 4).
The reason is that the chemical bonds, represented by these peaks, are also present in lipids and the
contribution of the lipid associated peaks was stronger than the contribution of chitin/chitosan peaks.
The chitin/chitosan formation could also be negatively affected by the N-limitation. The biomass
concentration was correlated with the lipid peaks, revealing that a good lipid accumulation can be
achieved only with the optimal growth conditions providing good growth and biomass formation and
that high biomass concentration was the result of the increased lipid accumulation (Figure 5).
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Figure 5. Correlation loading plots based on the PCA analysis of FTIR-HTS spectra of M. circinelloides

biomass grown in metal ion-regulated media with Pi1 (A), Pi2 (B), and Pi4 (C) levels. Main peaks
corresponding to the lipids (purple), chitin/chitosan (green), and polyphosphates (yellow) are presented.

The effect of metal ions on the M. circinelloides biomass composition in the media with reference
level of phosphorus (Pi1) is displayed in a PCA score plot with loading vectors (Figure S4 in the
Supplementary materials). Due to the fact that PC2 was not representing any clear relation between
FTIR-HTS peaks and studied metabolites, we analyzed only PC1 representing the ratio of lipids to
protein and to chitin and chitosan peaks. PCA score plots show that lipid content correlated with
the absence of Ca ions (0Ca) (Figure S4B), which is in agreement with the lipid yield data presented
in Table 3. Further, the PCA score plot shows that increasing Co amount displayed an inhibiting
effect on the lipid accumulation (Figure S4B). The same results were observed for the lipid yield,
where the highest lipid production was recorded for 0Co-Pi1 condition (Table 3). FTIR-HTS spectra
of biomass grown in the media with reference level of inorganic phosphorus substrate (Pi1) did not
exhibit significant absorbance for polyphosphate peaks. The correlation loading plot (Figure 5A) shows
some effect of two metal ions—Fe and Co. Namely, a decrease in the concentration of Fe ions was
correlated with the chitin/chitosan peaks, indicating that higher amounts of this metabolites is expected
in the fungal biomass when Fe ions are in a low availability, while the absence of Fe ions (0Fe) was
anticorrelated with the lipid peaks and biomass concentration (Figure 5A). This corresponds well to
the biomass production results, where it is obvious that lack of Fe ions caused a significant decrease
of biomass formation (Figure 1). A high concentration of Co ions (1000 Co) showed correlation with
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chitin/chitosan peaks of FTIR-HTS spectra, indicating that the relative content of this metabolite in
the fungal biomass increased with the increased concentration of Co ions. Absence of Ca ions (0Ca)
was correlated with the high lipid and biomass concentration. This is in agreement with the reference
biomass and lipid concentration results, where 0Ca-Pi1condition provided the highest biomass and
lipid production from all the tested Ca ions conditions (Figures 1 and 2).

The effect of metal ions on the synthesis of studied M. circinelloides metabolites in the media with
Pi2 level of phosphorus is displayed on the Figure 5B, where we can see that increased amounts of Zn
and Cu ions were corelated with the lipid yield. Similar correlation results were observed for Co ions,
except for the condition of 1000Co-Pi2, which was slightly anticorrelated with lipid peaks. Correlation
between polyphosphate spectral peaks and the highest tested Ca ions amount (10Ca) was observed
(Figure 4B). Further, we can see correlation between amount of Zn ions and polyphosphate peaks.
Finally, metal ions conditions 0.1Ca, 1000Zn, 100Zn, 10Zn, 10Co, 100Co, and 10Cu correlated with the
lipid yield.

When examining the effect of metal ions under the high amounts of inorganic phosphorus
substrate level (Pi4), on the PCA score plot it is seen that increasing amount of Ca ions corelated
with the decrease of the relative lipid content and increase of the polyphosphate content (Figure S6
in the Supplementary materials). Further, in Figure 5C we observed that: (i) decreasing Cu ion
availability and high concentration of Zn ions correlated with the increase of relative lipid content;
(ii) low amount of Ca ions (0,1Ca) correlated with the lipid peaks and lipid yield and anticorrelated
with polyphosphates peaks, while high amount of Ca ions (10Ca- 1 g/L CaCl2.2H2O) correlated with
polyphosphate and chitin/chitosan peaks; (iii) low concentration of Mg ions (0,1Mg) correlated with
lipid peaks and anticorrelates with polyphosphate peaks; (iv) there was no correlation observed for Co
and Mn ions (Figure 5C).

4. Discussion

For half of a century, M. circinelloides has been studied as a microbial cell factory for production of a
series of metabolites and valorization of different substrates. Today, this dimorphic oleaginous fungus is
positioned as one of the most robust fungal cell factories for the biotech, biorefinery, and bioremediation
industries [2].

Despite the deep understanding of M. circinelloides physiology and metabolic processes, the role
and the effect of metal ions on the lipid accumulation and the cellular composition of this fungus have
not been systematically investigated. The effect of metal ions on the growth and metabolic activity of
M. circinelloides has, to the authors knowledge, only been assessed in the connection to bioremediation
abilities of this fungus [11,12,57]. Therefore, in this study we performed an extensive screening of the
growth, lipid accumulation, and compositional profile of M. circinelloides on 140 different media with
variations in the concentrations of metals ions and phosphorus. Lipid accumulation and fatty acid
profiles were determined by the GC-FID. The composition of the fungal biomass was investigated
by the quantification of lipids, polyphosphates, and chitin/chitosan, as these components previously
have been suggested for a coproduction concept involving M. circinelloides [43]. For the evaluation of
biomass composition, the modern high-throughput analytical technique FTIR spectroscopy was applied.
The main advantage of FTIR spectroscopy is that all biochemical components of the sample can be
profiled in a single measurement run, without tedious extraction procedures [58–62]. FTIR spectroscopy
provides detailed relative quantitative information about different chemical components of the samples
and it has been previously utilized for the characterization of lipids [50,51,63], polyphosphates [64],
and chitin/chitosan [65,66]. In this study, we have demonstrated that the FTIR analysis as a sole method
coupled to multivariate data analysis can be applied for a fast and simple analysis of microbial biomass.

Efficiency of microbial biomass production, the yield of the targeted metabolite(s), and a
coproduction potential are important assessment parameters in bioprocess development [19,20].
Biomass production is affected by factors such as pH, temperature, aeration, media composition,
and cultivation mode [2]. For example, culture volume and mode of cultivation were reported by
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Carvalho et al. as factors strongly affecting the final biomass yield of M. circinelloides [67]. The reported
biomass production of M. circinelloides, depending on the culture conditions, varied greatly, from 5 g/L
to 20 g/L [10,17,68]. In our previous studies, the biomass concentration for different M. circinelloides

strains was between 10 g/L and 15 g/L for the cultivations performed in microtiter plates, and 15.8 g/L
in bioreactors [54]. The biomass production of the M. circinelloides VI04473 strain in this study varied
from 0.5 to 13.2 g/L (Figure 1). The standard growth medium containing reference amount of inorganic
phosphorus substrate (Pi1) and the reference amounts of metal ions resulted in 9.8 g/L of biomass,
significantly lower than in our previous screening study [50]. The reason for the lower biomass
production in the reference medium in the present study was probably due to utilization of ammonium
sulphate as a nitrogen source, instead of yeast extract as in the previous study [50]. Ammonium sulphate
is a pure inorganic source of nitrogen, lacking any additional macro- and micronutrients, vitamins,
and growth factors that are present in yeast extract. Buffering capacity of ammonium sulfate is lower
than for yeast extract and, as it has been previously reported, the uptake of ammonium ions causes
the release of H+ by the fungal cells into the media, which accelerates pH lowering [69,70]. Further,
possible formation of sulfuric acid during the uptake of ammonium could occur [71]. In addition,
formation of organic acids by fungal cells either during exponential or during the stationary growth
phase [72] significantly contributes to the acidity of the growth media. Thus, in the media with the
low Pi levels we detected considerably low pH and suppressed growth and lipid accumulation in
M. circinelloides (Figure 1). Acidic pH is a stress factor for many cellular organelles, especially for
endoplasmic reticulum (ER), which is connected to protein folding and lipogenesis in fungal cells.
It has been previously reported that acidic pH causes ER stress and induces unfolded protein response
(UPR). This results in the accumulation of misfolded proteins in the ER and activation of the ER-stress
sensor (Ire1p) and ER stress-responsive transcription factor (Hac1p), leading to the inhibition of growth
and metabolic activity [73]. In our previous studies, we have showed that acidic pH affects cell wall and
increasing chitin/chitosan production in M. circinelloides [43]. Cultivation in Duetz-MTPS does not allow
continuous adjustment of pH and only start- and end-point measurements are possible, therefore the
effect of low phosphorus concentrations was directly linked to drop in pH. Due to the fact, that acidic
pH is quite an aggressive stress factor inhibiting fungal growth, the effect of metal ions on the growth
and lipid accumulation under low phosphorus substrate availability was difficult to assess. Only two
observations could be considered as significant—increase of biomass under higher Zn ion availability
and Ca deficiency. Moreover, under Pi conditions lower than the reference (Pi0.5 and Pi0.25), K and Na
ions were compensated with KCl and NaCl salts in order to provide the same Na and K amounts as in
the reference Pi1 condition [43,44]. It has been reported that chlorides could have negative effect on
the mycelium formation of some fungi [74,75]. Moreover, much higher concentrations of Cl (10–15%
NaCl) than used in our study (KCl and NaCl in total below 5%) have shown some negative impact on
fungal growth [76]. No negative impact of increased Cl− on the biomass and lipid production has been
observed when yeast extract was used as N-source [43,44]. Thus, we can hypothesize that in addition
to pH-stress, increased Cl- ions possibly negatively impacted the growth under low pH conditions.
Therefore, these samples were excluded from further data analysis.

Variation in metal ion availability showed diverse and often metal- and pH-specific effects on
biomass production and biomass composition of M. circinelloides. Growth of M. circinelloides was
severely inhibited in media lacking Zn and Mg, indicating that these metal ions are essential for the
growth and metabolic activity of the fungus. Inhibition of fungal growth in the media lacking Zn ions
can be related to the fact that Zn plays an important role in the regulation of all genes in the eukaryotic
cells [31]. Deficiency of Zn is detrimental for the fungal spore germination and further cell proliferation.
Our study shows that elevated concentration of Zn ions has a beneficial effect on the biomass formation
under phosphorus limitation. Low concentrations of Mg (0.01Mg condition) led to a decrease in
biomass production and lipid yield, especially for Pi1 condition, where a lipid content of only 11.43%
was reached (Figure 1, Table 3, Table S4). This can be explained by the fact that magnesium deficiency in
eukaryotic cells can result in the decrease of glucose-6-phosphate, total content of phospholipids, and a
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remarkable decrease in oxygen and substrate delivery to the cells with further concomitant changes in
membrane phospholipids, leading to the reduced cell growth, delay in the cell cycle, and metabolic
activity [77]. It has been shown that long-term Mg deficiency for yeast may result in distortion of
cell division, production of aberrant cell forms, and a decrease in viability that can lead to a delay or
change of cell cycle [78]. Therefore, the difference in the FA profile of M. circinielloides grown under the
Mg deficiency (0.01Mg condition) could be explained by disruption of the cell cycle [79].

In addition to Zn and Mg, Ca and Fe are known to be essential for fungal growth [31,80]. In our
study, an absence of Fe ions in the medium suppressed the growth of M. circinelloides under conditions
of moderate and high phosphorus concentrations. While these metals did not affect lipid accumulation.
This is an interesting observation, due to the fact that Fe is an important cofactor of many enzymes, it is
essential during DNA synthesis and cleavage, and, thus, Fe deficiency should strongly affect growth
and metabolic activity of fungal cells.

An absence of Ca ions affected growth of M. circinelloides depending on the phosphorus
concentration and associated pH of the growth media. A considerable increase in the biomass
production of M. circinelloides was observed in the media lacking Ca ions and containing moderate
(Pi1) and low concentrations of phosphates (Pi0.5 and Pi0.25). Elevated biomass production under
the condition Ca0-Pi1 could be partially explained by the fact that the absence of Ca ions in the
medium enhanced lipid yield up to 61% (w/w). Increase in lipid accumulation with the decrease of
concentration of Ca ions was observed also for media containing Pi2 and Pi4 levels of phosphates.
Calcium starvation enhancing lipid accumulation in oleaginous microorganisms has been reported
for algae [81], where the lipid production was increased by 30% in Ca deprived media. To the
authors knowledge, a similar effect of Ca ions deficiency on lipid accumulation has never been
reported for oleaginous fungi. Currently, there is no clear understanding of the mechanisms behind
Ca deficiency-induced lipid accumulation in oleaginous microorganisms, and the direct link between
calcium and lipid accumulation and TAGs synthesis has not been clearly demonstrated yet. Similar
observations have been reported for adipocyte cells, where low cellular availability of Ca ions mediated
antilipolytic pathways through a calcium-sensing receptor (CaSR), resulting in enhancing of lipid
content in adipose tissue [82]. Due to the fact that lipolytic pathways are functionally conserved
from mammalian cells to fungi [83], we suggest that Ca deficiency is mediating similar antilipolytic
pathways in oleaginous microorganisms. Further, Wang. W.A. et al. [83] showed that Ca ions are
important for the basal sensitivity of the sterol sensing mechanism of the sterol response element
binding proteins (SREBPs) pathway. Wang W.A. et al. discovered that reduction of Ca concentration
in endoplasmic reticulum changes the distribution of intracellular sterol/cholesterol, resulting in the
enhancement of SREBPs activation and triggering synthesis of neutral lipids. Sterol response element
binding proteins (SREBP) are transcription factors that are synthesized on endoplasmic reticulum (ER)
and considered as ER-associated integral membrane proteins [83]. SREBP were reported for eukaryotic
cells, including mammalian and fungal cells [84]. The studies show that SREBP are involved in lipid
homeostasis, while SREBP isoforms control the expression of genes responsible for the biosynthesis
of sterol/cholesterol, fatty acids, triacylglycerols, and phospholipid in the cell [85]. Further, detailed
studies would be needed to confirm if these two events are valid also for oleaginous fungi grown
under calcium deficiency.

Increase in M. circinelloides biomass yield was observed also at high concentrations of Ca ions
in the media with high phosphate concentrations (Pi2). Infrared spectra of M. circinelloides biomass
grown in this medium showed strong absorbance values for polyphosphate peaks (Figure S5 in the
Supplementary Materials). Thus, we can assume that increase in biomass production is associated with
the intracellular accumulation of available inorganic phosphorus substrate in the form of polyphosphate.
It has been previously reported that, in media with excess phosphorus source, M. circinelloides is able
to perform so called luxury uptake of phosphorus and accumulate it in the form of polyphosphates
either in the cell wall or in the form of intracellular polyphosphate granules [6]. Polyphosphate (polyP)
is a polyanionic compound, and it has been reported by Kikuchi Y. et al. that in the fully dissociated
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form, polyP has one negative charge per Pi residue and two extra charges of terminal residues [85].
Therefore, accumulation of polyP in the cell results in the accumulation of a large amount of negative
charge, which is probably compensated by an existence of a regulatory mechanism for maintaining
charge neutrality of the cell. The studies involving temporal and quantitative analyses of cationic
components of the fungal cells revealed that Na, K, Ca, and Mg ions were taken up by polyP, providing
strong evidence that these ions play a major role in the neutralization of the negative charge of polyP in
the fungal cell [85,86]. Thus, it is likely that with the higher availability of calcium ions in the medium,
the neutralization of the polyP negative charge is more efficient and a higher amount of phosphorus
can be stored intracellularly in the form of polyP. Due to fact that polyphosphate accumulation takes
place in the exponential growth phase, while lipid accumulation in the stationary growth phase [87,88],
it could be possible to perform a coproduction of these two components by manipulation of the
availability of calcium and phosphorus substrate in the medium. Therefore, M. circinelloides can be
utilized in the phosphorus recycling processes.

In addition to Ca-deprived media, lack of Cu and higher amounts of Zn and Mn considerably
enhanced lipid accumulation in M. circinelloides. While elevated lipid production observed due to Ca
deficiency could be explained by the above-mentioned hypothesis, there is no clear explanation of
the high lipid accumulation under the copper deficiency condition that was significantly higher at all
Pi levels. It has to be noted that the highest lipid yield was obtained under deficiency of Ca and Cu
ions. In the literature, there has only been only one study, conducted on the liver cells, reporting Cu
deficiency enhancing lipid storage [89], while metabolic pathways linking copper to lipid homeostasis
have not been reported for fungal and any other microbial cells.

The FA profile of the accumulated in M. circinelloides TAGs was not significantly affected by the
availability of metal ions and phosphorus. Only some tendency in increase of saturation with high Co
and Zn amount was observed, but further enzymatic study would be needed to assess the activity of
desaturases at these conditions.

By applying FTIR spectroscopy, we revealed that Ca, Co, and Zn ions at different concentrations
correlated with lipid peaks; Ca and Zn correlated with polyphosphate, while Fe and Co with
chitin/chitosan peaks of M. circinelloides biomass spectra. Thus, these ions could be considered
as important components in optimizing and developing coproduction of lipids, polyphosphate,
and chitin/chitosan by M. circineloides. However, further studies are needed to fully understand the
role of these metal ions in the metabolic pathways of M. circineloides metabolites.

5. Conclusions

The aim of the study was to evaluate the effect of different metal ions and their concentration on
biomass production, composition, and the lipid production in the oleaginous fungus M. circinelloides.
Moreover, the growth experiments were conducted at different concentrations of phosphates. It can be
concluded that, among tested metals, Mg and Zn are essential metals required for the optimal growth
of M. circinelloides. Calcium availability is important for optimizing polyphosphate accumulation,
while calcium and copper deficiency is important for lipid accumulation in M. circinelloides. Tested metal
ions did not affect fatty acid profile of the accumulated TAGs. However, Ca, Co, Mg, and Zn ions have
affected the cellular biochemical profile of M. circinelloides. Thus, metal ions are an important tool
for optimizing lipid accumulation and coproduction of lipids, polyphosphate, and chitin/chitosan in
M. circinelloides.

Supplementary Materials: The following are available online at http://www.mdpi.com/2309-608X/6/4/260/s1.
Table S1: Concentrations of salts used for regulating metal ions and inorganic phosphorus levels in the growth
media. Table S2: pH of culture supernatant. Table S3: Biomass concentration (g/L). Table S4: Fatty acid profiles
(%). Figure S1: Example chromatogram, Mucor circinelloides grown in Pi1-R condition. Figure S2: EMSC corrected
FTIR-HTS spectra of Mucor circinelloides biomass. Figure S3: FTIR spectra of reference materials. Adapted from
Dzurendova et al. Figure S4: PCA analysis of FTIR-HTS spectra of Mucor circinelloides biomass grown under Pi1
level. The loadings of spectral PCA (A), the score plot (B). Figure S5: PCA analysis of FTIR-HTS spectra of Mucor
circinelloides biomass grown under Pi2 level. The loadings of spectral PCA (A), the score plot (B). Figure S6: PCA
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analysis of FTIR-HTS spectra of Mucor circinelloides biomass grown under Pi4 level. The loadings of spectral PCA
(A), the score plot (B).
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Abstract: Solid-state fermentation (SSF) is a powerful fermentation technology for valorizing rest
materials and by-products of different origin. Oleaginous Zygomycetes fungi are often used in SSF as
an effective cell factory able to valorize a wide range of hydrophilic and hydrophobic substrates and
produce lipid-enriched bioproducts. In this study, for the first time, the strain Mortierella alpina was used
in SSF for the bioconversion of animal fat by-products into high value fermented bioproducts enriched
with arachidonic acid (ARA). Two cereals-based matrixes mixed with four different concentrations of
animal fat by-product were evaluated for finding optimal conditions of a fat-based SSF. All obtained
fermented bioproducts were found to be enriched with ARA. The highest substrate utilization (25.8%)
was reached for cornmeal and it was almost double than for the respective wheat bran samples.
Similarly, total fatty acid content in a fermented bioproduct prepared on cornmeal is almost four
times higher in contrast to wheat bran-based bioproduct. Although in general the addition of an
animal fat by-product caused a gradual cessation of ARA yield in the obtained fermented bioproduct,
the content of ARA in fungal biomass was higher. Thus, M. alpina CCF2861 effectively transformed
exogenous fatty acids from animal fat substrate to ARA. Maximum yield of 32.1 mg of ARA/g of
bioproduct was reached when using cornmeal mixed with 5% (w/w) of an animal fat by-product as
substrate. Furthermore, implementation of attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy in characterization of obtained SSF bioproducts was successfully tested as
an alternative tool for complex analysis, compared to traditional time-consuming methods.

Keywords: Mortierella alpina; solid-state fermentation; animal fat by-product; arachidonic acid;
ATR-FTIR spectroscopy

1. Introduction

In Europe, approximately 16 million tonnes of animal fat (AF) by-products are processed annually
by meat processors and renderers [1]. The total amount of AF by-products is expected to increase
continuously, since consumers and health authorities in European countries focus on highly unsaturated
fat diets [2]. In addition, due to the population growth, meat production in Europe is expected to
grow. Even though some of these AF by-products comply with EU standards (EC No. 1069/2009)
and can be served for human consumption, they are used almost exclusively as ingredients of animal
feed. The biggest problem lies in the composition of AF by-products since they are rich in saturated
and monounsaturated fatty acids. Long-term consumption of saturated fat elevates the risk of certain
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diseases such as diabetes or cardio-vascular problems. Thus, human food, as well as animal and
aquaculture feeds, need to be supplied with the essential polyunsaturated ω-3 and ω-6 fatty acids
(PUFAs), such as linoleic acid (LA; C18:2, ω-6), α-linolenic acid (ALA; C18:3, ω-3), arachidonic acid
(ARA; C20:4, ω-6), eicosapentaenoic acid (EPA, C20:5, ω-3) and docosahexaenoic acid (DHA, C22:6,
ω-3) [3]. Therefore, the development of sustainable processes for valorizing AF by-products into
high-value bioproducts is urgently needed.

Fungal fermentation is an emerging technology for upgrading different types of by-products [4,5].
A certain group of filamentous fungi can accumulate up to 85% (w/w) of triacylglycerols (TAGs)
containing high amount of essential PUFAs as a storage material of the cells [6]. Fungal biomass
produced with these oleaginous fungi contains single-cell oils with a high share of essential ω-3 and
ω-6 PUFAs, and is considered a high-value bioproduct with applications in food, feed and nutraceutical
industry. Fungal biomass can be obtained by two fermentation processes: submerged or solid-state
fermentation (SSF).

SSF is a fermentation technology using solid or semi-solid substrates in the absence of any water
or using a low level of free-flowing water [7]. SSF has many advantages over more common submerged
fermentation: (1) low energy requirements are accompanied by the high product yield; (2) downstream
costs are significantly lower due to the high product applicability; (3) SSF conditions are more favorable
for the microbial growth as they resemble the natural environment of microorganisms, resulting in a
better performance of the fermentation process; (4) due to the high product/volume productivity of
SSF, smaller fermentation volumes are possible [8]; (5) consumption of a lower amount of water and
generation of low to almost zero amount of waste [9]. Solid substrates used in SSF frequently originate
from agro-industrial waste materials and they serve as support materials for the optimal fungal growth,
proliferation and single-cell oil production. Commonly used SSF substrates are cereal-based materials,
such as barley flakes, millet grain, wheat bran, cornmeal or oat flakes [10,11]; fruit or vegetable-based
materials, such as pulp, pomaces and peels (i.e., residues from plums, pineapple, carrot, papaya
etc.) [12,13]; or they often come as residue from other types of industry, for example spent malt
grain, groundnut fodder, forestry rests or wooden sawdust [7,14]. Several studies investigated the
suitability of different oleaginous fungi, belonging to orders Mucorales and Mortierellales, for converting
various waste materials and by-products based substrates by SSF into fermented BPs enriched with a
wide range of essential PUFAs, such as γ-linolenic acid (GLA; C18:3, n-6), ARA or EPA [10,12,15–18].
Especially cereal-based solid matrixes are very suitable for these oleaginous fungi due to their chemical
composition, such as the presence of easily accessible carbon, organic nitrogen and other macro- and
micro-nutrients. Cereal-based matrixes provide a useful source for good fungal proliferation, hyphae
penetration and stable lipid accumulation in fungal cells [10,15,16].

Oleaginous fungus Mortierella alpina is a well-known and thoroughly described species with a
high capacity of lipid accumulation and good ability to produce industrially relevant essential PUFAs,
especially ARA in both submerged fermentations and SSF [19–21]. It has also been reported that
M. alpina is able to incorporate and transform exogenous fatty acids [22]. Thus, in order to improve
the conversion of solid wastes into ARA-enriched bioproduct, supplementation with exogenous oils
containing precursors of ARA is advised. Thus, the addition of vegetable oils, such as sunflower,
rapeseed, corn, soybean or linseed oil containing individual fatty acid precursors of ARA led to a rapid
increase of ARA yield in the final fermented bioproduct obtained by fungal SSF [10]. Such knowledge
led to the hypothesis that the oleaginous fungus M. alpina should also be able to utilize and convert
solid lipidic waste, such as AF by-products.

When developing a new SSF process and optimizing SSF processes, it is crucial to monitor key
process parameters, such as humidity, airflow, oxygen transfer and controlling the quality of final
fermented bioproduct. Quality parameters of the final fermented BP are fatty acid profile, total lipid
content, amount of fungal biomass and total biochemical profile. For the determination of fatty acid
profile and content, gas chromatography coupled with flame ionization detector (GC-FID) is the most
commonly used technique [23], while the total amount of fungal biomass obtained by SSF is frequently
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analyzed by the glucosamine method [24]. Fourier transform infrared (FTIR) spectroscopy is a new
emerging technique that has already been extensively used for characterizing biomass from different
types of submerged cultivations [25–28]. FTIR spectroscopy is a biophysical technique allowing to
measure the biomass in its native form. It is non-destructive and rapid and does not require extraction
of single components. Therefore, the characterization of a bioproduct obtained in the process of SSF
using FTIR spectroscopy could bring the new possibilities in complex monitoring of SSF process.

To the authors knowledge, this is the first study investigating the possibility to develop an
efficient bioconversion of AF by-products into functional lipid-rich fermented bioproduct by SSF using
M. alpina. Furthermore, the presented study introduces, describes and evaluates FTIR spectroscopy as
an alternative method for accurate SSF monitoring.

2. Materials and Methods

2.1. Production Microorganism and Preparation of Spore Suspension

The oleaginous fungal strain Mortierella alpina CCF2861 used in this study was obtained from
culture collection of fungi (CCF, Charles University, Prague, Czech Republic). The strain was kept
on potato-dextrose agar media (PDA, Carl Roth, Germany) at 4 ◦C and regularly re-inoculated every
3 months.

The spore suspension for the inoculation of the fermentation substrate was prepared from a
14-day-old culture grown on PDA medium. Spores have been washed using an aqueous solution of
0.05% Tween®® 40 and suspension was diluted to achieve a final concentration of 106 spores/mL.

2.2. Conditions of Solid-State Fermentation

SSF cultivation was performed in the microporous high-density polyethylene bags (20 × 30 cm)
containing 20 g of dry cereal-based matrix, to which various amounts of AF by-products (Norilia, Oslo,
Norway) mixed with Tween®® 40 (Sigma-Aldrich, Darmstadt, Germany) were added. SSF experiments
were performed using two waste cereal-based matrixes: cornmeal (CM; Amylum Slovakia, Boleráz,
Slovakia) and wheat brans (WB; Mill Pohronský Ruskov, Pohronský Ruskov, Slovakia). The composition
of AF used is summarized in Table 1.

Table 1. Fatty acid (FA) composition and percentage of individual lipid components of animal fat (AF)
by-products used for the solid-state fermentation by Mortierella alpina.

FA [%]

C14:0 2.23
C16:0 25.66

C16:1 n-7 2.18
C18:0 21.33

C18:1 n-9 38.34
C18:1 n-7 1.94
C18:2 n-6 5.47
C18:3 n-3 0.81

C20:0 0.23
Other fatty acids 1.81

Lipid Structure

Polar lipids 0.14
Monoacylglycerols 0.28

Diacylglycerols 2.08
Sterol structures 9.38
Free fatty acids 7.20
Triacylglycerols 66.54
Esterified sterols 11.23

Other lipid structures 3.15
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The cereal materials were soaked for 2 h in 20 mL (ratio solid to liquid 1:1) of either distilled
water, Tween 40®® solution or AF emulsion, as per Table 2. After 2 h, all SSF substrates in bags were
autoclaved (105 ◦C, 45 min). After cooling down, the substrates were inoculated with 4 mL of spore
suspension of M. alpina. The fermentation ran for 10 days at 20 ◦C. In order to maintain the homogenous
growth of fungi, substrates were mixed thoroughly after inoculation. During the fermentation process,
the whole content of the fermentation bags was gently mixed once a day. All experiments were
performed in three independent biological replicates.

Table 2. Amount of added Tween®® 40 and animal fat to cereal matrixes used for the solid-state
fermentation by Mortierella alpina.

Cereal Matrix
Tween®® 40

[%(w/w)]

Animal Fat
[%(w/w)]

cornmeal

0 0 1

0.5 0 2

1 0 2

2 0 2

3 0 2

0.5 5 3

1 10 3

2 20 3

3 30 3

wheat bran

0 0 1

0.5 0 2

1 0 2

2 0 2

3 0 2

0.5 5 3

1 10 3

2 20 3

3 30 3

1 one-component samples (distilled water); 2 two-component samples (distilled water + Tween®® 40);
3 three-component samples (distilled water + Tween®® 40 + AF).

2.3. Preparation of AF Emulsion

Due to the fact that cereal-based matrixes have a hydrophilic nature while AF is hydrophobic,
there is a need to perform the pretreatment of the fat materials before mixing it with cereal matrixes
for obtaining homogenous substrates for SSF. The pretreatment of AF by-product was performed by
preparing homogenous fat-water-Tween®® 40 emulsions, where the emulsifier Tween®® 40 formed a
film around the dispersed lipid droplets and thereby reduced interfacial tension [29].

AF emulsions were prepared from distilled water, Tween®® 40 and AF using a combination
of heating (80 ◦C, 10 min, stirring) and sonication (15 min) using VWR USC300T sonicator (VWR
International, Radnor, PA, USA).

2.4. Humidity and Substrate Utilization Analysis

The obtained fermented bioproducts were collected and the humidity was measured. The humidity
of substrates was measured by Moisture Analyzer Radwag 50/1. R (Radwag, Radom, Poland).
Subsequently, the substrates were dried at 65 ◦C until a constant weight was achieved. The substrate
utilization was calculated from the weight difference of the dry non-fermented substrate (control)
and dry fermented bioproducts. Each sample was homogenized using a blender and stored in sterile
Falcon tubes at laboratory temperature before the analysis was performed.
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2.5. Estimation of Fungal Biomass in Fermented Bioproduct

To estimate the amount of fungal biomass in the fermented bioproducts, the method based on the
estimation of glucosamine (GlcN) content was used [30,31]. In the first step, alkali insoluble material
(AIM) was prepared according to Zamani et al. [24]: 0.5 M NaOH solution (3 mL) was added to 100
mg of each sample of fermented BP and the mixtures were heated at 90 ◦C for 16 h. Subsequently,
samples were centrifuged (5000 rpm, 10 min) and washed 5 times with distilled water. Supernatants
were removed and obtained AIMs were dried for 36 h at 75 ◦C. Further, AIM samples were hydrolyzed
by adding 5 mL of 6M hydrochloric acid and incubating at 100 ◦C for 12 h. The analysis of glucosamine
(GlcN) from the hydrolyzed AIM samples was performed spectrophotometrically according to Aidoo
et al. [30] and GlcN content was calculated according to the standard calibration curve. Each analysis
was performed in three independent technical replicates.

2.6. Microspopic Observation of Fungal Mycelia during SSF

The snapshots of fermented bioproducts were obtained by Dino-Lite Pro USB microscope.
Fungal mycelia of M. alpina was cut out from the SSF matrix, suspended in 500 µL of sterile distilled
water and observed by a confocal microscope Leica DM750 (Leica microsystems Ltd., Wetzlar, Germany),
equipped with Leica HI PLAN 100x/1.25 oil objective lens (Leica microsystems Ltd., Wetzlar, Germany).
Snapshots of individual hyphae were carried out with a Leica DFC290HD digital camera (Leica
microsystems Ltd., Wetzlar, Germany).

2.7. Analysis of Fatty Acid Profile Andf Content in Fermented Bioproduct

Fatty acids (FA) from the SSF matrixes were converted into their methyl esters (FAMEs) by a
modified method of Čertík and Shimizu [32]: 20 mg of dry homogenized bioproducts were mixed
with 1 mL of dichloromethane containing 0.1 mg of heptadecanoic acid as an internal standard
and 2 mL of anhydrous methanolic HCl solution. Samples were incubated at 50 ◦C for 3 h. After
cooling down, 1 mL of distilled water was added and FAMEs were extracted with 1 mL of hexane.
FAMEs were subsequently analyzed by gas chromatography according to the method described by
Gajdoš et al. [33]. The identification of the FAMEs peaks was performed by comparison with authentic
standards of C4-C24 FAME mixtures (Sigma Aldrich, USA). Quantitative evaluation of individual and
total fatty acids was performed using an internal standard of heptadecanoic acid (C17:0, Sigma-Aldrich,
Darmstadt, Germany) and calculated by ChemStation B 01 03 (Agilent Technologies, Santa Clara, CA,
USA). Each analysis was performed in three independent technical replicates.

2.8. Lipid Isolation and Analysis of Lipid Classes by TLC

The lipids for the analysis of lipid classes were extracted with chloroform/methanol (2:1, v/v)
according to original Folch et al. method [34] modified by Klempová et al. [15]. The lipid extracts were
loaded on TLC silica plates 60 (Merck, Germany) using CAMAG TLC Sampler 4 (CAMAG, Muttenz,
Switzerland) and TLC analysis was performed according to the method described by Gajdoš et al. [33].
Separated lipid fractions were analyzed densitometrically using CAMAG TLC Scanner 4 (CAMAG,
Muttenz, Switzerland) and quantified using WinCATS software (CAMAG, Muttenz, Switzerland).
Each analysis was performed in three independent technical replicates.

2.9. ATR-FTIR Spectroscopy Analysis

Fourier transform infrared (FTIR) spectroscopy was done employing an attenuated total reflectance
(ATR) accessory for profiling the total biochemical composition of the obtained fermented bioproducts.
ATR-FTIR measurements were performed using a Vertex 70 FTIR spectrometer (Bruker Optic, Billerica,
MA, USA) with a single-reflection attenuated total reflectance (SR-ATR) accessory. The ATR-FTIR
spectra were recorded with 32 scans using a horizontal SR-ATR diamond prism with 45◦ angle of
incidence on a Specac (Slough, UK) High Temperature Golden Gate ATR Mk II. Of each homogenized
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dried fermented sample and of each non-fermented substrate sample, 10 mg of sample mass was
prepared by homogenization with 2.8 mm stainless steel grinding balls (OPS Diagnostics, USA) using
tissue homogenizer (5800 rpm, cycle 2 × 15 s with a 30 s pause) Percellys Evolution (Bertin Instruments,
France). The samples were subsequently transferred to the surface of the ATR crystal. All ATR-FTIR
measurements were performed in five technical replicates, resulting in 360 spectra in total. Spectra
were recorded in a region between 7000 and 600 cm−1 with a resolution of 4 cm−1. Each spectrum was
recorded as the ratio of the sample spectrum to the spectrum of the empty ATR plate. The recording of
spectra was performed using the OPUS 7.5 software (Bruker Optic, Billerica, MA, USA).

2.10. Data Analysis

The fatty acid GC-FID and GlcN data were analysed by ANOVA using Microsoft Excel (Microsoft
Office 365 software pack) equipped with a data analysis tool. Post-hoc testing was performed for
the ANOVA results using Tukey’s HSD test in programming language R and in Python v. 3.7 using
StatsModels libraries.

FTIR-ATR spectra were obtained for the region of 4000–600 cm−1, selected as the spectral
region containing bands distinctive for lipids, proteins and polysaccharides. The analysis of
FTIR-ATR spectra was performed by first applying pre-processing and then principle component
analysis (PCA). The pre-processing was performed by transforming to second-derivative spectra
using the Savitzky−Golay algorithm with a polynomial of degree 2 and a window size of 11.
The second-derivative spectra were pre-processed by extended multiplicative signal correction
(EMSC) [35,36]. PCA was performed for three spectral regions, lipid (3050–2800 cm−1 combined with
1800–1700 cm−1), protein (1700–1500 cm−1) and polysaccharide (1200–700 cm−1), using 11 principle
components. The following software packages were used for data analysis: Unscrambler X version
10.5.1 (CAMO Analytics, Norway), Orange data mining toolbox version 3.24 (University of Ljubljana,
Slovenia) [37].

3. Results

The present study is focused on utilization of AF by-products by the process of SSF employing
fungus M. alpina. We evaluated two single-component control substrates, eight two-component control
substrates containing Tween®® 40 and eight three-component animal fat-based substrate mixtures
(Table 1). Since emulsifier Tween®® 40 may have impacted the fungal metabolism, the effect of
Tween®® 40 itself was also investigated.

3.1. Fungal Growth and Aubstrate Utilization during SSF

It was observed that the presence of Tween 40 at different concentrations in cereal-based substrates
had no significant impact on the substrate utilization, substrate humidity, pH, biomass growth and FA
content (p-value > 0.4; F parameter > Fcrit) (Table 2) and productivity was comparable with the control
substrates based on cereal matrixes only.

It was also found that the utilization of control substrates and AF-based substrates in SSF varied
depending on the type of cereal matrix used and the amount of AF added (Table 3). Generally,
higher substrate utilization and fungal biomass growth was observed for the single-component and
two-component substrates. The highest substrate utilization (25.8%) was reached for the substrates
containing cornmeal (CM) and 1% of Tween (Table 3) and the highest fungal growth (289.3 mg/g of
bioproducts) was obtained for the substrate containing CM with 3% of Tween. The utilization of CM
single- and two-component control substrates was almost twice higher than for the respective wheat
bran (WB) substrates (Table 3). Similarly, the fungal growth was 1.5-times higher using CM comparing
to WB.
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Table 3. Substrate utilization, substrate humidity, pH and fungal biomass (FBM) content in fermented
bioproducts obtained from SSF of animal fat (AF) by-product by Mortierella alpina.

Substrate
Utilization [%]

Substrate
Humidity [%]

pH
FBM

[mg/g BP]

cornmeal (CM) 22.3 ± 0.9 60.0 ± 0.5 5.4 ± 0.1 241.3 ± 10.5
CM + 0.5% Tween 40 23.1 ± 0.5 58.1 ± 0.6 5.5 ± 0.0 244.0 ± 26.8
CM + 1% Tween 40 25.8 ± 0.5 60.1 ± 0.7 5.3 ± 0.1 272.8 ± 13.5
CM + 2% Tween 40 24.3 ± 0.6 59.0 ± 1.5 5.3 ± 0.3 286.2 ± 6.1
CM + 3% Tween 40 23.7 ± 1.0 58.6 ± 0.8 5.2 ± 0.1 289.3 ± 13.8

CM + 0.5% Tween 40 + 5% AF 21.1 ± 1.4 53.2 ± 0.6 5.2 ± 0.0 137.1 ± 15.6
CM + 1% Tween 40 + 10% AF 17.6 ± 0.4 48.8 ± 1.3 4.6 ± 0.1 120.7 ± 10.3
CM + 2% Tween 40 + 20% AF 13.1 ± 0.4 40.0 ± 1.1 4.5 ± 0.2 82.7 ± 14.8
CM + 3% Tween 40 + 30% AF 10.7 ± 0.4 36.5 ± 1.5 4.3 ± 0.1 73.7 ± 6.0

wheat bran (WB) 13.2 ± 0.5 58.7 ± 1.9 5.5 ± 0.1 188.8 ± 1.4
WB + 0.5% Tween 40 12.3 ± 0.6 58.9 ± 0.1 5.1 ± 0.5 174.2 ± 10.4
WB + 1% Tween 40 12.5 ± 0.4 56.8 ± 1.9 5.3 ± 0.2 193.6 ± 5.2
WB + 2% Tween 40 12.6 ± 0.7 58.4 ± 0.2 5.2 ± 0.2 168.1 ± 5.9
WB + 3% Tween 40 13.6 ± 0.6 54.2 ± 4.5 5.4 ± 0.3 166.0 ± 1.1

WB + 0.5% Tween 40 + 5% AF 10.4 ± 0.4 54.4 ± 1.0 5.1 ± 0.2 205.0 ± 1.1
WB + 1% Tween 40 + 10% AF 9.6 ± 0.2 48.7 ± 1.6 4.8 ± 0.1 189.9 ± 4.8
WB + 2% Tween 40 + 20% AF 9.3 ± 0.7 44.2 ± 2.2 4.5 ± 0.1 122.7 ± 5.1
WB + 3% Tween 40 + 30% AF 8.8 ± 0.5 39.1 ± 0.7 4.3 ± 0.0 92.2 ± 5.2

3.2. Microscopic Observation of SSF Process

Fungal growth during SSF was also observed microscopically (Figure 1a,b). Similar morphology
characteristics of M. alpina grown on control single- and two-component substrates and AF
supplemented substrates were found. M. alpina was able to completely cover the substrate surface and
its hyphae also sufficiently penetrated inside the substrate. Moreover, the presence of lipid structures
formed in individual fungal hyphae was detected (Figure 1c).
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Figure 1. Microscopic images of M. alpina hyphae covering wheat bran (a), wheat bran with animal fat
during solid-state fermentation (b) and lipid droplets accumulated inside M. alpina hyphae (c).

167



J. Fungi 2020, 6, 236

3.3. The Impact of AF Supplementation on the Humidity and pH of the Fermented Bioproducts

It was found that increasing the amount of AF in substrate mixtures reduced the humidity of the
fermented bioproducts (Table 3). Fermented bioproducts obtained from the SSF of control substrates
had pH 5.3 (CM) and pH 5.5 (WB), while fermented bioproducts obtained from SSF of AF-based
substrates showed lower pH values. The increase in AF amounts in fermentation substrates strongly
affected the pH values of fermented bioproducts and led to the gradual reduction of pH in the SSF
system (Table 3). The lowest pH (4.3) was observed for both cereal-based fermented bioproducts with
a 30% (w/w) AF supplementation.

3.4. Lipid Profile and Accumulation

We observed that for the production of fatty acid-rich fungal biomss the CM is a more suitable
substrate compared to WB (Table 3). Although the total fatty acid content in both substrates was
similar, the total fatty acids content in bioproducts derived from SSF of single and two-component
control substrates based on CM was almost four times higher in contrast to WB-based bioproducts.
The total fatty acid content in fermented WB-based bioproducts (single- and two- component) was
always lower after fermentation (Table 4). In all three-component bioproducts, the accumulation
of fatty acids was strongly affected by the presence of AF, since the added AF was homogenized
with other substrate components (Table 4). In addition, it was observed that the total fatty acid
content of fermented bioproducts still varied depending on the cereal matrix used. When CM was
used as a matrix, the total fatty acid content in fermented bioproducts was elevated compared to
the non-fermented substrate. When WB was used as a matrix, the total fatty acid content dropped
in fermented bioproducts comparing to the non-fermented substrate. Nevertheless, these results
suggest that fungal strain M. alpina CCF2861 is definitively able to utilize exogenous fatty acids of
AF by-product added to the substrate not only for its own fatty acids biosynthesis, but for hyphae
proliferation and growth as well.
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Table 4. Total fatty acid (TFA) content and fatty acid composition of non-fermented (nf) and fermented (f) cereal substrates (cornmeal—CM, wheat bran—WB) with
the addition of different amounts of Tween 40 and animal fat (AF). The results are average of three independent biological replicates with α < 5%.

TFA Fatty Acids (%)

(%/BP) C14:0 C16:0 C16:1, n-7 C18:0 C18:1, n-9 C18:1, n-7 C18:2, n-6 C18:3, n-6 C18:3, n-3 C20:3, n-6 C20:4, n-6 Others

cornmeal
CM nf 3.2 0.6 12.7 nd 2.5 27.3 0.7 54.7 nd 1.5 nd nd nd
CM f 13.8 0.8 14.5 0.1 5.6 13.7 0.7 23.8 2.3 0.5 2.5 26.4 9.0

+0.5%Tween 40 nf 3.7 0.7 14.3 nd 2.4 26.2 0.7 54.1 nd 1.5 nd nd nd
+0.5%Tween 40 f 13.7 0.6 15.6 0.1 5.8 13.2 1.0 23.5 2.4 0.3 2.5 27.5 7.6
+1%Tween 40 nf 3.4 0.8 16.6 nd 2.6 25.4 0.7 52.4 nd 1.6 nd nd nd
+1%Tween 40 f 13.4 0.8 16.0 0.1 5.7 12.8 0.6 22.6 2.3 0.4 2.6 27.1 8.9
+2%Tween 40 nf 4.3 1.0 20.3 nd 2.6 23.7 0.6 50.2 nd 1.5 nd nd nd
+2%Tween 40 f 13.8 0.8 17.3 0.1 5.8 13.0 0.6 22.7 2.3 0.5 2.5 26.1 8.4
+3%Tween 40 nf 4.7 0.6 23.9 nd 2.8 22.3 0.6 48.3 nd 1.3 nd nd nd
+3%Tween 40 f 13.7 0.8 18.2 0.1 5.7 12.7 0.6 23.0 2.3 0.5 2.5 25.4 8.2
+0.5%T + 5%AF nf 7.1 0.7 18.0 0.8 7.8 30.9 1.1 39.4 nd 1.3 nd nd nd
+0.5%T + 5%AF f 14.2 1.0 17.1 0.6 8.8 18.0 1.2 18.6 2.1 0.6 1.8 22.6 7.5
+1%T + 10%AF nf 11.3 1.2 22.2 1.7 12.0 33.4 1.5 26.9 nd 1.2 nd nd nd
+1%T + 10%AF f 16.1 1.1 18.8 1.0 11.3 21.1 1.5 16.4 2.0 0.6 1.4 18.3 6.4
+2%T + 20%AF nf 18.1 1.7 24.7 2.0 15.0 36.4 1.7 17.5 nd 1.1 nd nd nd
+2%T + 20%AF f 19.0 1.4 21.0 1.3 13.5 24.8 1.7 12.9 1.6 0.7 1.1 14.6 5.3
+3%T + 30%AF nf 24.3 1.9 25.8 2.1 16.6 37.4 1.8 13.3 nd 1.0 nd nd nd
+3%T + 30%AF f 24.7 1.6 22.4 1.6 14.7 30.4 1.7 12.7 1.2 0.8 0.7 8.6 3.6

wheat bran
WB nf 3.5 1.7 17.1 nd 1.0 17.3 1.5 56.1 nd 4.5 nd nd 0.7
WB f 3.1 0.2 12.6 0.1 1.6 15.3 1.1 38.6 2.2 2.3 0.6 20.4 5.2

+0.5%Tween 40 nf 3.6 nd 20.7 nd 1.1 16.6 1.5 54.7 nd 4.4 nd nd 0.9
+0.5%Tween 40 f 3.4 0.1 13.9 nd 1.5 15.9 1.1 38.2 1.8 2.6 0.3 20.5 4.1
+1%Tween 40 nf 3.8 nd 21.8 0.2 1.2 16.7 1.4 53.4 nd 4.2 nd nd 1.2
+1%Tween 40 f 3.3 0.3 15.7 nd 1.7 14.4 1.1 36.8 2.3 2.2 0.6 20.6 4.3
+2%Tween 40 nf 3.8 nd 26.7 nd 1.5 15.8 1.4 50.1 nd 3.9 nd nd 0.7
+2%Tween 40 f 3.6 0.3 15.5 nd 2.1 13.8 1.1 34.9 2.4 2.1 0.2 22.3 5.5
+3%Tween 40 nf 4.6 0.2 33.6 0.2 1.8 13.7 1.2 44.9 nd 3.5 nd nd 1.0
+3%Tween 40 f 4.0 0.3 18.8 0.2 2.3 13.0 1.0 31.5 2.1 2.0 0.7 23.1 5.1
+0.5%T + 5%AF nf 6.6 1.0 22.1 1.0 9.5 26.5 1.6 34.6 nd 2.9 nd nd 0.8
+0.5%T + 5%AF f 5.6 0.5 17.2 0.7 7.1 18.2 1.9 21.8 3.5 1.2 0.8 19.6 7.4
+1%T + 10%AF nf 9.9 1.2 23.7 1.2 10.6 27.2 1.7 30.7 nd 2.6 nd nd 1.1
+1%T + 10%AF f 7.6 0.8 17.7 1.0 8.6 22.9 1.91 17.7 3.6 1.2 0.8 18.1 5.9
+2%T + 20%AF nf 14.4 1.8 25.8 1.7 12.8 31.1 1.8 22.2 nd 2.0 Nd nd 1.1
+2%T + 20%AF f 11.4 1.1 19.6 1.3 11.6 24.2 2.0 13.8 4.0 1.0 0.9 15.6 5.9
+3%T + 30%AF nf 23.4 1.3 26.1 1.6 16.0 33.3 1.8 17.1 nd 1.6 nd nd 0.9
+3%T + 30%AF f 17.0 1.0 19.8 1.3 13.3 25.9 2.0 13.6 3.7 1.0 0.8 12.6 5.1
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3.5. Arachidonic Acid Yield

Comparing the total fatty acid profile of the fermented bioproducts we made the following
observations (Table 4): (i) the percentage of ARA of total fatty acid content in bioproducts derived from
the CM single- and two-component substrates was higher than for WB-based bioproducts; (ii) the total
fatty acid profile of bioproducts derived from AF containing substrates was strongly affected by the fatty
acid composition of the added AF—higher content of palmitic and stearic acid provided lower content
of linoleic acid; (iii) the addition of the AF by-product to the SSF substrates resulted in the decrease of
ARA content in the fermented BPs, where the degree of decrease was higher in CM-based bioproducts
than in WB-based bioproducts. The levels of ARA in total fatty acids of bioproducts derived from
CM-based substrates dropped from 26.5% (average value of single- and two-component substrates)
to 8.1%, depending on the AF addition. On the other hand, the percentage of ARA of total fatty
acids derived from WB-based bioproducts varied from 21.4% (average of single- and two-component
substrates) to 12.6%, depending on the AF addition (Table 3). Comparing of bioproducts derived from
single- and two-components substrates, it is clear that CM-based substrates were much more suitable
for ARA biosynthesis than WB-based substrates (Figure 2). The average yield of ARA achieved using
CM-based substrates was 36.2 mg ARA/g of BP (136.9 mg of ARA/g of fungal biomass), that is almost
five times higher than the content of ARA in WB-based bioproducts, where the average yield from
single- and two-component bioproducts was 7.5 mg ARA/g of bioproducts (42.2 mg ARA/g of fungal
biomass). The addition of AF affected the ARA yield significantly (Figure 2). It caused a gradual
cessation of ARA yield in CM-based bioproduct from 32.1 mg of ARA/g of bioproduct (addition of 5%
(w/w) of AF) down to 21.2 mg ARA/g BP (addition of 30% (w/w) of AF). However, the content of ARA in
bioproducts from the three-component CM-based substrates was at least double comparing to single-
and two-components substrates. On the other hand, the addition of AF increased the yield of ARA
in WB-based bioproducts up to 21.4 mg ARA/g of bioproduct (234.4 mg ARA/g of fungal biomass)
in comparison to the fermented bioproducts from single-component substrates (7.1 mg ARA/g of
bioproduct; 36.2 mg ARA/g of fungal biomass (Figure 2)).
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Figure 2. Content of arachidonic fatty acid (ARA) in fermented bioproducts (BP) and in fungal biomass
(FBM). T—Tween 40, AF—animal fat by-product.

3.6. Biochemical Profile of the Fermented Bioproducts Obtained by FTIR-ATR Spectroscopy

FTIR-ATR spectroscopy allows rapid and non-destructive analysis of the total biochemical
composition of different biological materials; in our case—bioproducts obtained by SSF of M. alpina.
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Principal component analysis (PCA) of obtained FTIR-ATR spectra was used to study variations in the
biochemical profile of the fermented bioproducts. The PCA scatter plot of the lipid-related spectral
regions (3050–2800 cm−1 and 1800–1700 cm−1) shows significant chemical differences in the lipid profile
for the individual fermented bioproducts obtained in SSF of substrates with various addition of AF
(Figure 3). It was observed that the FTIR lipid profile of bioproducts obtained from the WB-based
substrates was quite similar to the lipid profile of bioproducts derived from the substrates with 5% and
10% (w/w) of AF, while the lipid profile of bioproducts from the substrates with 20% and 30% (w/w) of
AF showed a very different lipid profile (Figure 3). On the other hand, in case of CM-based bioproduct,
PCA score plot (Figure 3) shows large differences between all tested conditions. The protein and
polysaccharide profile of the fermented bioproduct from the SSF of AF supplemented substrates was
similar, while it was different from the control substrates (Figure 3). The complete biochemical profile
of bioproducts from the SSF of the control CM substrates was more similar to the CM substrates
supplemented with 5% and 10% (w/w) of AF than in the case of WB substrates (Figure 3).
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Figure 3. PCA scatter plots of FTIR-ATR spectra of fermented bioproducts obtained from the SSF of
cornmeal-based and wheat bran-based substrates supplemented with animal fat at concentrations
(blue) 0%, (red) 5%, (green) 10%, (orange) 20% and (yellow) 30%. (A)—lipid region of cornmeal-based
fermented substrates, (B)—protein region of cornmeal-based fermented substrates, (C)—polysaccharide
region of cornmeal-based fermented substrates, (D)—lipid region of wheat bran-based fermented
substrates, (E)—protein region of wheat bran-based fermented substrates, (F)—polysaccharide region
of wheat bran-based fermented substrates.
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4. Discussion

Oleaginous fungus Mortierella alpina is a well-known and thoroughly described species with a
high capacity for lipid accumulation and a good ability to produce industrially relevant essential
PUFAs [19–21]. In order to verify growth ability and utilization of AF by-products by M. alpina in SSF,
two types of cereal matrixes (wheat bran and cornmeal) were used in this study. Cereal-based matrixes
are easily accessible and well-known as a good matrix for SSF substrates. Due to their chemical
composition, such as presence of easily accessible carbon, organic nitrogen and other macro- and
micro-nutrients, cereal-based matrixes provide a useful source for good fungal proliferation, hyphae
penetration and stable lipid accumulation in fungal cells [10,15]. In order to improve the conversion of
cereal-based carbon into PUFAs enriched bioproducts, supplementation with exogenous oils containing
precursors of PUFAs is advised. Thus, the addition of vegetable oils, such as sunflower, rapeseed, corn,
soybean or linseed oil containing individual fatty acid precursors of PUFAs, led to a rapid increase of
PUFAs yield in the final fermented bioproducts obtained by fungal SSF [10]. It was also reported that
M. alpina is able to incorporate and transform exogenous fatty acids [22]. In this study, an addition of
animal fat by-product as a source of PUFA precursors (such as palmitic acid, stearic acid or oleic acid)
to the cereal-based matrix was evaluated for the production of ARA-enriched fermented bioproducts
in an SSF by M. alpina CCF2861.

Due to the fact that cereal-based matrixes have a hydrophilic nature while animal fat is hydrophobic,
there is a need to perform pretreatment of the fat materials before mixing it with cereal matrixes for
obtaining homogenous substrates for SSF. The pretreatment of the AF by-product was performed by
preparing homogenous fat-water-Tween®® 40 emulsions, where emulsifier Tween®® 40 forms a film
around the dispersed lipid droplets and thereby reduces interfacial tension [29].

While the total carbon content in both substrates is very similar (37.4% for CM and 37.9% for WB),
the difference is in the profile of the dominant carbon source. The main carbon source in cornmeal is
starch accounting for up to 85% (w/w) of the total carbon, whereas wheat bran contains only up to
24.5% of starch and up to 50% of cellulose and hemicellulose [38,39]. M. alpina is known to effectively
use starch as a carbon source, however the cellulose and hemicellulose polymers are not suitable
source of carbon for this strain [40]. This might be a reason for better fungal growth of M. alpina on
CM in contrast to WB. Analysis of protein content using the automatic Kjeldahl method for nitrogen
content showed that WB contained higher amount of proteins (17.4%) than CM (6.5%), indicating
lower C/N ratio in WB than in CM. However, the amount of proteins was sufficient for fungal growth
and proliferation in SSF process for both substrates.

Nevertheless, as mentioned above, fungal growth in the presence of AF was undoubtedly affected
mostly by the carbon structure (CM—starch, WB—cellulose and hemicellulose polymers), significant
changes in pH values were also noticed. Subsequent TLC analyses of lipid classes of extracted total
lipid clearly indicated that AF contains relatively higher levels of free fatty acids (Table 1), which was
probably the reason for lower pH of the fermented bioproducts after cultivation with AF addition.

Fatty acid analysis of all fermented bioproducts obtained in this study confirmed the previously
described good ability of M. alpina to produce ARA (Figure 2, Table 3) [4,20]. High ARA yield in the
fermented bioproducts obtained after SSF of AF supplemented substrates proves a high potential
of applying M. alpina for the biotransformation of AF by-products into high-value ARA-enriched
fermented bioproducts.

FTIR-ATR spectroscopy performed on all obtained fermented samples has proved possible high
potential of this method for analysis of different types of materials. This method requires low sample
amounts and does not involve extraction of any chemical components [26]. The infrared (IR) spectrum
contains information about chemical bonds characteristic to all major biomolecules of the measured
sample and different spectral regions representing information about lipids, proteins, phosphate
containing molecules and polysaccharides. When analyzing cellular lipid profile based on FTIR
spectra, the most important lipid associated peaks, used for the analysis, are: (i) peaks related to
-CH3 and -CH2 stretching at 2947 cm−1, 2925 cm−1, 2855 cm−1, 1465 cm−1 and 1377 cm−1, indicating
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mainly the chain length of the carbon skeleton in lipid molecules; (ii) the peak related to the ester
bond stretching at 1745 cm−1, indicating the total lipid content in the cell; (iii) the peak related to the
carboxyl bond vibrations in free fatty acids at 1710 cm−1, and (iv) the peak related to =C-H stretching
at 3010 cm−1, indicating the unsaturation level of cellular lipids. Proteins are observed in the spectral
region 1700–1500 cm−1 with the main peaks for amide I (1650 cm−1) and amide II (1540 cm−1) bonds and
polysaccharides are observed in the region 1200–900 cm−1. PCA of FTIR-ATR spectra proved distinct
variations between individual samples in accordance with different composition of analyzed fermented
samples. PCA score plots show large difference between all tested conditions, which could be caused
by different composition of cereal substrate itself, as mentioned above. Higher similarity of complete
biochemical profile in CM control samples with the CM substrates supplemented with 5% and 10%
(w/w) of AF than in the case of WB substrates can be explained by the higher homogeneity of fungal
growth and various cereal-based substrate utilization for the WB-based and CM-based substrates.

This is the first study on effective utilization of AF by-product into functional high-valued
fermented bioproducts by SSF and obtained results represent broad fundamentals for subsequent
research. Optimization of such fermentation process and extension for application of different fungal
strains can lead to increased yields of desired metabolites or formatting a various high-value fungal
specific product. Moreover, successful application of ATR-FTIR spectroscopy for rapid analysis of SSF
bioproducts has been described, which can possibly extend industrial potential of the whole solid-state
fermentation technology.

Author Contributions: Conceptualization, T.K.; methodology, O.S., T.K.; software, B.Z.; validation, T.K.; formal
analysis, O.S., T.K., V.S.; investigation, O.S., T.K.; resources, T.K.; data curation, O.S., B.Z.; writing—original draft
preparation, O.S.; writing—review and editing, T.K., V.S., M.Č.; visualization, O.S., T.K., A.K.; supervision, V.S.,
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Abstract: Demand for microbial colorants is now becoming a competitive research topic for food,
cosmetics and pharmaceutics industries. In most applications, the pigments of interest such as
polyketide-based red pigments from fungal submerged cultures are extracted by conventional
liquid–liquid extraction methods requiring large volumes of various organic solvents and time.
To address this question from a different angle, we proposed, here, to investigate the use of three
different aqueous two-phase extraction systems using either ammonium- or imidazolium-based ionic
liquids. We applied these to four fermentation broths of Talaromyces albobiverticillius (deep red pigment
producer), Emericella purpurea (red pigment producer), Paecilomyces marquandii (yellow pigment
producer) and Trichoderma harzianum (yellow-brown pigment producer) to investigate their selective
extraction abilities towards the detection of polyketide-based pigments. Our findings led us to
conclude that (i) these alternative extraction systems using ionic liquids as greener extractant means
worked well for this extraction of colored molecules from the fermentation broths of the filamentous
fungi investigated here; (ii) tetrabutylammonium bromide, [N4444]Br-, showed the best pigment
extraction ability, with a higher putative affinity for azaphilone red pigments; (iii) the back extraction
and recovery of the fungal pigments from ionic liquid phases remained the limiting point of the method
under our selected conditions for potential industrial applications. Nevertheless, these alternative
extraction procedures appeared to be promising ways for the detection of polyketide-based colorants
in the submerged cultures of filamentous fungi.

Keywords: fungal pigment; natural colorant; extraction ability; marine fungi; Talaromyces albobiverticillius;
aqueous two-phases system extraction; ionic liquids

1. Introduction

Improving sustainability and reducing the amounts of waste produced and discarded by chemical
industries is a global challenge. The production of dyes is one of the industries which is tackling these
issues, aiming to minimize these impacts by using viable and beneficial alternatives to both human
health and the environment. The demand for natural colorants has been growing over the past two
decades and is now becoming a competitive research topic for food, cosmetics, pharmaceutics and

J. Fungi 2020, 6, 375; doi:10.3390/jof6040375 www.mdpi.com/journal/jof177



J. Fungi 2020, 6, 375

textiles industries [1]. The dyeing industry is currently suffering from the rising cost of raw materials
due to the increasing demand for eco-friendly pigments to replace synthetic dyes (such as azo
dyes). This is particularly true for the red-dye industries, which have no, or very few, natural red
pigment alternatives with an adequate robustness meeting both the organoleptic expectations of
consumers and the requirements of industrial processes. Unlike synthetic dyes, natural colorants are
environmentally friendly as they do not require heavy and time- and energy-consuming benzene-based
chemical synthesis, nor are they generating pollution and toxicity to human health wastewaters.
Moreover, natural dyes often come as liquid solutions, while synthetic dyes tend to be dry powders,
consequently requiring large amounts of water for dying purposes [2].

Recent literature has underlined the need to investigate new bio-pigments derived from bio-sources
and notably pigments from microorganisms [3]. Indeed, the positive biological properties of some
natural dyes, such as carotenoids and polyketide-based pigments of microbial origin, have made it
possible to widen the potential area of specific applications of these natural colorants (such as for
functional finishing of textiles, in functional foods, pharmaceuticals, etc.) [3]. Among unconventional
sources, ascomycetous fungi of either marine or terrestrial origin are known to produce an extraordinary
range of biomolecules such as bioactive polyketide pigments, which often tend to be more stable and
water-soluble than plant pigments [4]. Thus, fungal colored polyketides are the most promising material
in this respect. The production of natural colorants with a polyketide structure from filamentous fungi
has already been reported, mostly using Monascus, Talaromyces, Emericella, Paecilomyces and Trichoderma

species [3,4]. These aforementioned fungal species produce polyketide pigments with various hues,
from yellow to reddish-purple, in the mycelium or as diffusing colorants in the fermentation broth
(submerged culture). These fungal metabolites are structurally related (i.e., are biosynthesized by
polyketide synthases, PKS) and are either azaphilone, naphthoquinone or hydroxyanthraquinone
polyketide-based pigments [4].

However, to fully meet the demand of natural red colorants for the industries, there is an urgent
need to develop and design green and sustainable detection, extraction and isolation techniques
with higher recovery and greater selectivity in a faster and more benign manner than conventional
methods. Indeed, the natural pigments available from plant, insect or microbial origins are currently
essentially extracted using time-consuming, conventional liquid–liquid extraction methods that also
require large volumes of various organic solvents. These conventional techniques usually involve
prolonged contact with excess of organic solvents or a mixture thereof under high temperatures and/or
pressures [5]. Moreover, these techniques sometimes require toxic solvents such as chlorinated or
halogenated solvents, such as dichloromethane or toluene [6], and may impact on the final application
(food, cosmetics, textiles, etc.) of the extracted colorants in regards to health and safety concerns.
Furthermore, they often result in a relatively low extraction yield, poor selectivity and the need for
further energy-intensive purification and wastewater recycling steps. Thus, any large-scale application
raises environmental concerns, as well as uncertainties about their economic viability. Both scale-up
and cost-effectiveness of the production of natural pigments at the industrial level, with a particular
emphasis on red fungal pigments for food, cosmetic, pharmaceutical and fabric applications, still remain
limited and require substantial optimization [4]. Ionic liquids, which are considered in this study,
are new, unconventional solvents that have been receiving growing attention since the early 2000s
because of their potential as green solvents in addition to their properties that are tunable to the target
products and recyclability [7–13].

The aim of this study is the investigation of the potential of ionic liquids (ILs) as a more sustainable
extraction technique for detection purpose of polyketide pigments from fermentation broths of
filamentous fungi. Thus, we investigated the use of three different ammonium- or imidazolium-based
ionic liquids, namely tetrabutylammonium bromide ([N4444]Br−), 1-butyl-3-methylimidazolium
bromide ([C4Mim]Br−) and 1-butyl-3-methyl-imidazolium chloride ([C4Mim]Cl−), as new types of
solvents in aqueous two-phase system (ATPS) extraction. An IL-ATPS is formed by mixing a soluble IL
(chaotropic agent) and a salt with a kosmotropic profile (Na2CO3 and Na2CH3CO2). These systems
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allow the separation of two water-soluble compounds into two immiscible aqueous-rich phases.
These specific ILs and salts were selected based on their water-miscibility profiles as well as their
safety. It is worth mentioning that IL-based systems exhibit varying degrees of eco-toxicities driven
both by the aromatic/alkyl chain of the IL itself as well as by the type of anionic salt it has been
combined with [7,14,15]. As an example, tetrafluoroborate and hexafluorophosphate anions have
been the commonly used salts with ILs due to their ability to enhance phase stability among other
physicochemical advantages. However, fluorinated-based salts have the deleterious tendency to
be hydrolyzed into toxic hydrofluoric acid [15]. Similarly, even the most hydrophobic ILs can be
partially dispersed in water and become a potential polluting agent if not closely monitored. Only a
few studies have addressed the environmental impact or potential risks associated with ILs’ design,
use and recycling. Thus, a rigorous selection of ILs and salt families and structures must be carried
out beforehand based on the type of target biomolecules to be extracted, in order to make the most
sustainable choice [14,16–18]. Imidazolium-based ILs such as [C4Mim]Br− and [C4Mim]Cl− are
the most frequently used IL cores and are, therefore, well documented [19,20], hence we chose to
study these in association with harmless salts. They were proven to have higher hydrophilicity than
tetra-alkyl ammonium-based ILs ([N4444]Br−) because of their aromatic characteristics allowing a
stronger interaction with water due to the delocalization of the positive charge over the aromatic
ring [21]. However, the combination with anions and kosmotropic salt also has a significant impact
on the final ability to form ATPS [22–24], as well as on the polarity of the overall system, and thus
potentially influences the final partition of fungal pigments. Moreover, the extraction capabilities of
the IL-based system will be challenged by the fact that the target fungal pigments are contained in
fermentation broths. These are complex biological matrices containing a myriad of other components
such as proteins, lipids and other excretable secondary metabolites, which can most likely impact
the chemical structure and availability of the target compounds. Therefore, both hydrophilic and
hydrophobic IL cations combined with ATPS-forming anions and organic and inorganic salts were
investigated here.

Within this scenario, we investigated this alternative IL-ATPS extraction technique using the three
aforementioned ammonium- or imidazolium-based ionic liquids to selectively extract the pigmented
polyketides from submerged cultures of four filamentous fungi producing a mixture of pigments,
namely Talaromyces albobiverticillius (producing deep red pigments), Emericella purpurea (producing red
pigments), Paecilomyces marquandii (producing yellow pigments) and Trichoderma harzianum

(producing yellow to brown pigments). These four strains were selected because they are well
known to produce biomolecules exhibiting a rich chemical and structural diversity with different
colors, including red ones [25,26]. Talaromyces represents a good example of the diversity of fungal
pigments. In our previous study, we highlighted the potential of the marine-derived fungus
T. albobiverticillius 30548 to produce, in a submerged culture, azaphilone polyketide-based red
colorants, such as N-threonine-monascorubramine, N-glutaryl-rubropunctamine and PP-O [26].
In other previous studies, some azaphilone (hexaketide) compounds with biological activities have
also been isolated from the fermentation broth of T. harzianum, such as the yellow azaphilone
pigment T22 [27] and the compounds harziphilone and fleephilone [28], with some other extrolites
with different chemical structures (cyclonerodiol, trichosetin, harzianic acid, harzianopyridone and
MR566A) [29]. Some species of Trichoderma are natural producers of anthraquinone (octaketide)
pigments, whose biological activities are also well known. For example, several anthraquinone pigments
have been reported earlier from a fermentation broth of T. harzianum—crysophanol (red), pachybasin
(orange), emodin (orange), ω-hydroxypachybasin, 1,5-dihydroxy-3-hydroxymethyl-9,10-anthraquinone,
1,7-dihydroxy-3-hydroxymethyl-9,10-anthraquinone, 1,8-dihydroxy-3-methylanthraquinone and
1-hydroxy-3-methylanthraquinone [30,31]. Catenarin (red) is an anthraquinone derivative that has
been isolated from a variety of fungi, including species of Emericella [4]. Emericella sp. is also
known for its ability to produce other bioactive secondary metabolites with different chemical
structures, including polyketide pigments. In particular, various extrolites such as epurpurin A–C,
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variecolins, versicolorins, albistrins, emerin, emindol PA, norsolorinic acid and shamixanthones
have been isolated from Emericella purpurea [32]. Next, sorbicillinoids (e.g., sorbicillin, sorbicillinol,
oxosorbicillinol and bisvertinol) are an important family of hexaketide compounds produced by
terrestrial and marine fungi, including species of Trichoderma (e.g., T. harzianum) and Paecilomyces

(e.g., P. marquandii) [33].
In regards to the diversity of the expected compounds, the selectivity of the IL-ATPS extraction

for specific types of fungal pigments (e.g., red ones) was investigated. Thus, the main goal of our
study here is the selective extraction of the fungal polyketide-based pigments with a red hue from the
fermentation broths. Additionally, we looked into the reverse extraction of the colored molecules from
the IL-ATPS by working on the ionizable profile of the polyketide molecules. Ultimately, this gave
us tools to estimate the overall rate of pigment recovery from the fermentation broth and identify
points of future improvements. It is worth mentioning that most of the studies conducted so far using
IL-based extraction methods on biomaterials (fungal-, plant- or insect-originated) explored only either
the extraction power of the IL on pure solution of compounds of interest or the stability and/or potential
use of the said compounds in the IL phase [34]. Few and infrequent studies have been conducted on
testing the recovery of the molecule of interest from the IL-based extractant as well as its reuse [34].
Nevertheless, it may be noted that the accurate composition of all the secondary metabolites produced
by these aforementioned fungal strains has not been investigated here, because that is not the issue.

2. Materials and Methods

2.1. Selection of the Ionic Liquids and Formation of the Kosmotropic Salt Buffer

The compositions and structures of the three ionic liquids, ([N4444]Br−), ([C4Mim]Br− and
([C4Mim]Cl−), used in this study are presented in Table 1. The reagents were purchased from Sigma
Aldrich (Saint Louis, MO, USA). Alizarin (anthraquinone) purchased from Sigma Aldrich was used as
control for IL-ATPS extraction purposes.

Table 1. Description of the selected ionic liquids (ILs) associated with the kosmotropic salt buffer,
enabling a diphasic system.

ILs Salt Structure

[C4Mim]Br−

1-Butyl-3-methylimidazolium bromide

Na2CO3
Sodium carbonate

(Inorganic)

 

 

[C4Mim]Cl−

1-Butyl-3-methylimidazolium chloride

 

[N4444]Br−

Tetrabutylammonium bromide

NaCH3CO2
Sodium acetate

(Organic)

 

 

2.2. Fungal Strains and Culture Conditions

The marine-derived fungal strain T. albobiverticillius (collection number 30548, GenBank accession
number MK937814) was isolated from the back reef-flat of Réunion Island [35]. The three other
strains used in this study were isolated from terrestrial environments, including T. harzianum

(commercial biological control strain T22), E. purpurea (collection reference LCP 3323) and P. marquandii

(collection reference LCP 2271) and were bought from the fungal culture collection of the Muséum
national d’Histoire naturelle (MNHN, Paris, France). For submerged cultures, potato dextrose broth
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(PDB; Sigma Aldrich, Saint Louis, MO, USA) was used routinely as culture medium. The pH of
the culture medium was adjusted to 6.0 ± 0.2 using 0.1 M HCl prior to sterilization. Pre-culture and
cultivation were carried out in 250 mL Erlenmeyer flasks containing 100 mL of sterilized culture
medium. The flasks were incubated at 26 ◦C for 7 days and agitated at 150 rpm using a rotary agitator
(Infors Multitron, 50 mm excentration, Infors HT, Switzerland) as described by Lebeau and coworkers
(2017) [25]. After 7 days of fermentation, the contents of each flask were collected and centrifuged at
14,000× g for 10 min; the resulting supernatant was filtered through a Whatman filter paper (GF/C) at a
reduced pressure using a Büchner funnel to obtain the culture filtrate. The filtered colored supernatants
were then freeze-dried at −84 ◦C in an ultra-low-temperature freezer (Sanyo, Guangzhou, China) for
at least 2 h. The samples were then quickly transferred to a LABCONCO FreeZone 2.5 lyophilizer
(LABCONCO, Kansas City, MO, USA) and lyophilized for 24 h. During freezing, the condenser
temperature and vacuum pressure were maintained at −47 ◦C and 200 mbar, respectively (Figure 1).

 

−

−

 

Figure 1. Brief description of the overall ideal IL aqueous two-phase system (IL-ATPS) workflow for
direct detection and extraction of fungal pigments into ionic-rich phase, their back-extraction into
salt-rich solution and re-injection of IL into the process.

2.3. Binodal Curves Determination

Ternary phase diagrams for each of the IL-ATPS-forming systems were determined using the
Cloud Point titration method at room temperature and pressure [36]. Aqueous solutions of salts at 40%
w/w and aqueous solutions of ILs at 30% w/w were also prepared at room temperature and pressure
and were used for the determination of the binodal curves for each IL-ATPS. It was carried out by the
drop-wise addition of the aqueous solution of the concentrated salt to the IL aqueous solution (or pure
polymer) until the detection of a cloudy and biphasic solution. This was followed by the drop-wise
addition of pure water (diluent) until the formation of a clear and limpid solution corresponding to the
monophasic regime. The composition of the two-phase system was determined using the ratio of the
weight of one component added to the total weight of all added components. The above procedure
was repeated until the least amount of turbidity was observed to obtain sufficient data to generate
binodal curves [37,38]. At the level of the biphasic region, the upper phase was composed by the
IL-rich aqueous phase while the lower phase was the salt-rich phase for all ILs and salts investigated
in this study.

2.4. Fungal Pigments Partitioning Using Ionic Liquids in an Aqueous Two-Phase System Extraction

Ternary mixtures within the biphasic region were prepared for each IL-ATPS and consisted of
either (1) 15 wt.% of [C4Mim]Br−, 15 wt.% Na2CO3 and 70 wt.% of the aqueous solution of pigmented
fungal broth; (2) 15 wt.% of [C4Mim]Cl−, 20 wt.% Na2CO3 and 65 wt.% pigmented fungal broth;
and (3) 15 wt.% of [N4444]Br−, 25 wt.% NaCH3CO2 and 60 wt.% pigmented fungal broth. The final
volumes of the reaction mixtures were about 5 mL (final total weight of 5 g), with 0.75 g of the
corresponding ionic liquid for 1 g of lyophilized fungal broth resuspended in corresponding weights
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of water and salt (i.e., 2.5 g of water + 0.75 g of Na2CO3, 2.25 g of water + 1 g of Na2CO3 or 2 g of
water + 1.25 g of NaCH3CO2, respectively). The ternary mixtures’ compositions were chosen based on
the phase diagrams of each IL investigated (Figure 2). The extraction step was performed as follows:
all components (lyophilized pigment broth previously obtained by fermentations, salts, water and IL)
were mixed together, vigorously stirred and allowed to equilibrate for 30 min before centrifugation at
2455× g (4000 rpm) for 5 min. The mixture was then allowed to decant overnight (16 h). The next day,
each fraction of the mixtures was carefully separated, weighted out and its volume was measured.
These values were used to calculate the coefficient of partition of pigments (Kpigment), the phase ratio
(R) and the selectivity of type of pigments ratio (Spigment), as well as the efficiency of extraction (Effp%),
as described in the following sections.

 

Figure 2. Binodal curve for the determination of weight ratio of IL, salt buffer (Na2CO3 or Na2CH3CO2)
and water to produce biphasic systems. R1, R2 and R3 display the composition of the ATPS made with
[C4Mim]Br−, [C4Mim]Cl− and [N4444]Br−, respectively.

The recovery of the pigments extracted from the IL phase was carried out by resuspending
the previously collected IL phase in concentrated aqueous salt solution and adjusting the pH to 13.
The mixture was stirred and left to stand for 30 min before being centrifuged at 2455× g (4000 rpm)
for 5 min and allowed to decant overnight (16 h). Similar measurements of weight, volumes and
absorbance were carried out and the efficiency of pigment recovery was calculated as described below.

2.5. Determination of the Coefficients of Partition of Pigments (Kpigment)

After the extraction steps, samples of both IL-rich and salt-rich phases were diluted in distilled
water and the pigment content of each phase was estimated by measuring the absorbance using
a UV spectrophotometer (UV-1800, Shimadzu Corporation, Tokyo, Japan) at 490, 470 and 400 nm
corresponding to red, orange and yellow hues, respectively. Relative repartitions (Kpigment) of each
type of pigment (red, orange and yellow) were calculated according to the following Equations (1)–(3):

Kred = (A490IL * FDIL)/(A490salt * FDsalt) (1)

Korange = (A470IL * FDIL)/(A470salt * FDsalt) (2)

Kyellow = (A400IL * FDIL)/(A400salt * FDsalt) (3)

where Kpigment: coefficient of partition of the target shade of pigment (red, orange or yellow pigments);
AIL: absorbance (mAU) of the IL phase sample at the wavelength considered (490, 470 or 400 nm);
FDIL: dilution factor of the IL phase sample; Asalt: absorbance (mAU) of the salt phase at the wavelength
considered (490, 470 or 400 nm); FDsalt: dilution factor of the salt phase.
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2.6. Determination of the Selectivity of Type of Pigments Ratio (Spigment)

In order to evaluate the higher selectivity of ILs tested against the isolation of either red, yellow or
orange pigments, the selectivity of type of pigments ratio (Spigment) was determined as follows:

Sred/yellow = Kred/Kyellow (4)

Sred/orange = Kred/Korange (5)

where Sred/yellow: selectivity ratio of red to yellow pigments extracted; Kred: coefficient of partition
of the red pigments extracted; Kyellow: coefficient of partition of the yellow pigments extracted;
Sred/orange: selectivity ratio of red to orange pigments extracted; Korange: coefficient of partition of the
orange pigments extracted.

2.7. Determination of the Extraction Efficiencies (Eff%)

The efficiency of the direct extraction was determined according to the following formula:

EffD% = 100 × [Kpigment/(1 + (1/R))] (6)

where EffD%: efficiency of the direct extraction; Kpigment: coefficient of partition of the target pigments
extracted; R: phase ratio between the IL- and salt-rich phase volumes.

The phase ratio (R) was calculated using the following equation:

R = VIL/Vsalt phase (7)

where R: phase ratio; VIL: volume (mL) of the IL phase sample; Vsalt: volume (mL) of the salt phase.

3. Results

3.1. Determination of Biphasic Systems Using Binodial Curves

In the search for alternative extraction systems that are less hazardous for the environment and
for human health, the properties of two different families of ionic liquids, namely the imidazolium-
and the tetra-alkyl ammonium-based core families, were investigated specifically for extracting
mixtures of fungal pigments. Subsequently, three IL-ATPSs, including [C4Mim]Br− + Na2CO3,
[C4Mim]Cl− +Na2CO3 and [N4444]Br− +NaCH3CO2, were investigated to evaluate their ability to
selectively extract and detect mixtures of fungal pigments with different colors from fermentation
broths [25]. Fungal fermentation broths are complex biological matrices containing various complex
compounds, from proteins to lipids and other excretable secondary metabolites, including fungal
pigments. Such diversity represents a burden for the development of fast, efficient and cost-effective
detection and extraction processes, for which IL-ATPSs are expected to offer realistic options [19,21].
A brief description of the overall extraction process is shown in Figure 1. In this study, IL-ATPSs
were applied to a lyophilized pigmented fermentation broth where the fungal pigments we are
searching for (e.g., polyketide-derived pigments such as azaphilone red compounds, etc.) should have
hydrophilic profiles.

Imidazolium cores have a stronger interaction with water than tetra-butyl ammonium and,
consequently, tend to attract more hydrophilic systems. The combination with different anions and
salts has an impact on the final overall hydrophilic/hydrophobic profile of the ionic liquid-rich
phase, and this can be assessed by the determination of the binodal curves of each system [37–39].
Thus, binodal curves were produced for each of the IL-ATPSs in order to determine which ionic
liquid/salt ratio was needed to generate a biphasic system. The resulting curves were produced using
the Cloud Point titration method [28,36] and are displayed in Figure 2. We designed three IL-ATPSs
that have in common the same ionic liquid content (15%), with the underlying strategy to avoid a large
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amount of ILs to be used due to both their cost and environmental impact. Although ionic liquids
are considered as more ecological extraction solvents because of their higher extraction capacities for
smaller volumes and recyclability, their final discard remains a grey area with regard to respect for the
environment [14]. The corresponding amount of salt to be added for each specific ionic liquid system
was established based on the binodal curves. Because clear and stable two-phase systems are desired,
the less ATPS-forming a system is, the higher the amount of added salt (% w/w) was, in the limit of 25%
w/w of the system. Both salts, sodium carbonate and sodium acetate, were adopted on the basis of
their pH-buffering ability, as well as their biodegradability and lack of toxicity [40,41].

As shown in Figure 2, the phase-forming ability of the different ionic liquid systems can be
ranked in the following order: [C4Mim]Br− > [C4Mim]Cl− > [N4444]Br−. From the binodal curves,
surprisingly, the most ATPS-forming systems were the imidazolium-based ATPS. Due to its longer
alkyl chains, [N4444]Br− was expected to be the most prone to generate a two-phase systems.
Among the systems investigated here, imidazolium-based ionic liquids were the least ATPS-forming
options against tetra-alkyl ammonium-based ionic liquids, when taken under the same conditions
(i.e., combination with the same anion and chaotropic/kosmotropic salts). Between the two classes of
imidazolium-based ionic liquids chosen here, the only difference is the coupled anion (the salt being
identical). [C4Mim]Br− showed higher ATPS-forming capacity than [C4Mim]Cl−, and this is in line
with previously reported results, where it was observed that bromide-based IL had greater aptitude to
form ATPS than its chlorine anion-linked counterpart [37,42], when used under the same conditions
(salts and ionic liquid core). This can be explained because bromide anions are more chaotropic than
chlorine anions. The [N4444]Br− system involves a different salt, namely an organic salt of sodium
acetate. A previous study comparing the effect of the salt on the ability to generate a two-phase system
reported sodium carbonate, an inorganic salt, as significantly inclined to form biphasic systems [37].
It is then reasonable to assume that the lower ability of [N4444]Br− to form an ATPS, despite its longer
alkyl chains, is mostly due to its combination with the organic salt of sodium acetate [43].

Those systems and their variation in profiles and behaviors have provided an unusual method for
the selective extraction of pigments produced by submerged cultures of filamentous fungi from their
fermentation broth. Indeed, we seek to selectively extract hydrophilic polyketide-derived pigments
from ionic liquid-phase mixtures; therefore, we are investigating relatively hydrated ionic liquid phases
that are still capable to form stable ATPSs.

3.2. Effect of the Ionic Liquids Aqueous Two-Phase System Extraction in the Partitioning of Fungal Pigments

In a previous published study, we identified the following four fungal strains: T. albobiverticillius

of marine origin (deep red) and three strains of terrestrial origin, i.e., E. purpurea (red), P. marquandii

(yellow) and T. harzianum (yellow-brown), based on their capacities to produce high amounts of
polyketide-derived pigments in fermentation broth. One of the main limiting steps in the bioproduction
of pigments is their inefficient and cost-effective extraction. We selected the aforementioned fungal
strains to investigate the potential of IL-ATPS extraction for the selective detection and extraction of
fungal pigments with different colors. Currently, there is a specific need for natural alternatives for
red pigments for industrial use. We therefore focused our work on the potentialities of extracting
fungal red pigments by IL-ATPS selected here and, more particularly, on the azaphilone-like red
pigments from the fermentation broth of the marine-derived filamentous fungi T. albobiverticillius 30548,
which was collected on the west coast of Réunion Island. Both tetra-butyl ammonium and imidazolium
ionic liquids were chosen because they are considered more compatible (and less disruptive) with
biomolecule structures and have proven large spectra of applications. Moreover, previous studies
reported successful partitioning and recovery of hydrophobic pigments such as carotenoids using
IL-ATPSs with similar polarity profiles as the target compounds [21,22,40,44,45]. Thus, the same
strategy was applied here by investigating IL-ATPSs with greater hydrophilic profiles for the purpose
of better azaphilone-like-pigment isolation. Based on these initial properties, it was assumed that the
more hydrophilic the IL top phase, the higher the pigment partition coefficient and, consequently,
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the better the extraction would be. The results of the first direct extraction are shown in Figure 3.
Globally speaking and across all three ATPSs tested here, the results of extraction showed that pigments
tend to preferentially migrate towards the top ionic liquid-rich phase. Unanimously, [C4Mim]Br−

with 15 wt.% Na2CO3 exhibited the smallest pigment partition in the four pigment-producing strains.
Indeed, there was a significant loss of pigments remaining in the aqueous salt-rich phase, as shown in
Figure 3. On the other hand, both systems, i.e., [C4Mim]Cl− + 20 wt.% Na2CO3 and [N4444]Br− +
25 wt.% NaCH3COO, showed significantly higher pigment migration in the IL top phase, confirming
their greater potential as an extraction system for hydrophilic fungal polyketide-derived pigments of
various colors (red, orange and yellow).

 

 

−

Figure 3. Visual aspect of the first step of extraction from the different IL-ATPSs tested and their
extraction abilities on fungal fermentation broth and pure pigment control (alizarin). Lyophilized
colored fermentation broths were mixed with the corresponding ionic liquid and salt. The mixtures
were allowed to equilibrate for 30 min before centrifugation for 5 min at 4000 rpm and overnight
decantation. Both ionic liquid-rich and salt-rich phases were collected and absorbances were measured.
Top phase: ionic liquid-rich phase where most of the pigments migrated; Bottom phase: salt-rich phase.

The coefficients of partition of distinct pigment shades (Kred, Korange and Kyellow) express the
preference of each type of pigment to migrate in ionic liquid-rich phase. They were then calculated for
each system and are displayed in Figure 4. In line with previous observations, [C4Mim]Br− + 15 wt.%
Na2CO3 resulted in the lowest K values for all pigment shades for the four strains (Figure 4) and it
was concluded as a non-suitable system for our purpose. Although the partition coefficient values
obtained from the two different remaining ATPSs on the same fermentation broths suggested that the
design of the IL-based ATPSs has an impact on pigment migration, it is important to consider that the
composition in pigments and their respective polarity profiles will have an impact on the efficiency of
the overall extraction of the color shade. We therefore investigated two red-pigment-producing fungal
strains, namely T. albobiverticillius (30548) and E. purpurea (3323), which were submitted to the same
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extraction process. Interestingly, [N4444]Br− + 25 wt% NaCH3COO statistically showed significantly
better pigment partition coefficients for red to orange pigments from T. albobiverticillius than those
from E. purpurea and T. harzianum. On the other hand, the extraction efficiency was equally as good for
both strains using [N4444]Br−- and [C4Mim]Cl−-based ATPSs (Figure 5). These observations led to the
conclusion that quarterly ammonium-based IL-ATPS (i.e., N4444]Br−) has better extraction capacities
towards azaphilone-like red pigments. Moreover, it was noticed that the extraction yields tended to
be less repeatable across the replicate experiments performed on pigments from E. purpurea for both
[N4444]Br− and [C4Mim]Cl− based ATPSs. This led to the conclusion that the composition of the
pigment mixture highly influenced the efficiency of one system. Previous studies have concluded on
the production of azaphilone-like red compounds mainly by T. albobiverticillius, suggesting mostly
hydrophilic molecules. [26]. The binodal curve initially established here highlighted the [N4444]Br−

ATPS as the most hydrophilic system amongst our ATPSs, which could explain why and how this
specific system appeared to be a more appropriate extraction agent for an apparent homogenous
mixture of reddish hydrophilic pigments.

 

 

Figure 4. Partition coefficients of red (490 nm) (A), orange (470 nm) (B) and yellow (400 nm) (C) pigments
for each strain in the four IL-ATPSs tested (*, ** and *** stand for statistical significance based on
p-values < 0.05 performed for the same strain treated with different IL-ATPSs, n = 3).
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Figure 5. Direct extraction efficiency of red (490 nm) (A), orange (470 nm) (B) and yellow (400 nm)
(C) pigments for each strain in the four IL-ATPSs tested (* indicate p-values < 0.05, n = 3).

In parallel, the repartition coefficient for yellow pigments remained drastically smaller than
repartition coefficient for red, Kred, across all ATPSs as well as amongst all fungal strain productions.
Even the bright-yellow-pigment-producing fungal strain, namely P. marquandii, did not generate
partition coefficient values as high as red-pigment-producing fungal strains (i.e., T. albobiverticillius and
E. purpurea) for red to orange pigments. Such limited results for yellow compounds could be explained
by the fact that reddish and orangish pigment-producing fungal strains may simply not produce
many actual yellow molecules. In the case of the strong yellow-producing strain of P. marquandii,
although the pigments clearly migrated to the ionic liquid-rich phase, the raw data of absorbance
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measured at 400 nm (yellow typical wavelength) were globally four times weaker in reddish strains,
suggesting a smaller inherent yellow-pigment-production compared to red. Nevertheless, as shown
in Figure 4C, no statistically significant differences were observed in yellow compound extractions
from one IL-ATPS to another when used on broth containing a mixture of pigments produced by
T. albobiverticillius, E. purpurea or T. harzianum. On the contrary, on the yellow-producing strain,
namely P. marquandii, a statistically significantly better extraction capacity (i.e., higher Kyellow) was
observed with [C4Mim]Cl−.

Thus, from this first round of extraction, [N4444]Br− appeared as the more appropriate system
amongst the ones investigated herein for consistent and efficient extractions of azaphilone-like red
compounds from fungal resources. The yellow polyketide-based secondary metabolites produced by
the investigated fungal strains were not the most preferred pigments extracted by either [N4444]Br− or
[C4Mim]Cl−; however, [C4Mim]Cl− showed relatively good robustness and efficiency with respect to
the extraction of these yellow compounds (such as yellow azaphilone pigment T22 from T. harzianum

and yellow sorbicillinoids (hexaketide compounds) from P. marquandii). It is worth mentioning that
it seems more suitable to use this system on a strain generating a strongly yellow broth, as more
inconsistent extraction results were observed on the yellow-brown mixture produced by T. harzianum.
Thus, further optimizations, in particular on salt combinations and/or ratio thereof, could lead to better
detection and extraction capacities.

3.3. Selectivity of the IL-ATPS for Red Pigments in Various Fungal Broths

As mentioned earlier, the selective isolation of red pigments from other fungal pigments and
cellular components is the main goal of this study, due to the higher potential market of red colorants
for industrial application [3,4,25]. To further determine the ability of each IL-ATPS to detect and isolate
red colorants, two selectivity parameters were calculated as the ratio of the partition coefficients of red
pigments to other fungal pigments and are displayed in Figure 6.

A

B

Figure 6. Extraction selectivity of red pigments over yellow pigments, Sred/yellow (A) and over orange
Sred/orange (B) pigments for each strain in the four IL-ATPSs tested (* indicates p-values < 0.05, n = 3).

188



J. Fungi 2020, 6, 375

Overall, in red-producing strains, the selective extraction of red over yellow co-produced colorants
was strongly favored, as suggested by the high Sred/yellow values (i.e., ratio Sred/yellow >>1) reported
across the IL-ATPSs considered. In particular, we reported a statistically significantly better selectivity
of red pigments’ extraction from T. albobiverticillius when using [N4444]Br− compared to [C4Mim]Cl−,
while no significant difference was observed from E. purpurea. This suggested that the migration and
selectivity of mixtures of pigments are greatly impacted by the features of the ILs used. As far as we can
see and without knowing the detailed composition of pigments in the different mixtures, we confirmed
that the [N4444]Br−-based ATPS was the most suitable extraction system for the selective isolation of
red colorants across different hue-producing strains. On the other hand, little or no selection occurred
between red and orange pigments as shown in Figure 6B and in all IL-ATPSs and studied strains.
Indeed, we reported a selective extraction ratio for red/orange pigments close to 1 for all selected
strains (Figure 6B). We also noticed small distinction between red and orange or yellow colorants
in all the IL-ATPSs used on T. harzianum (Figure 6A,B), suggesting a strong likeness of concomitant
extraction of red and orange pigmented molecules from the fermentation broth showing a mixture of
pigments of different shades. These observations led to the conclusion that our [N4444]Br− system
showed its highest potential under the conditions investigated here when applied on single-tone broth.

3.4. Reverse Extraction of the Fungal Pigments from the IL-ATPSs

The main objective of this study was to explore the potential of IL-ATPSs for the selective
detection and extraction of red fungal pigments from a mixture of colored molecules. We succeeded in
showing promising detection and extraction efficiencies of the [N4444]Br− system for azaphilone-based
compounds. This satisfied our initial scientific question. To further explore the potential applications
of this technique, we investigated the back-extraction efficiency of the pigments from the IL system
using a previously reported method. This was carried out with the purpose of rapidly estimating
how straightforward and repeatable back extractions from IL-based systems across different types of
biological matrixes are. Although several publications have reported the benefits of using IL-based
extraction systems for the isolation of bioactive compounds [46], very few have addressed the
corresponding challenges to develop efficient extraction of the said bio-compounds from IL-based
solvents (referred to as back-extraction) [23,47]. Tan and coworkers [43] succeeded in back-extracting
the hydrophilic anthraquinones of aloe-emodin from their IL-ATPS with [C4Mim]BF4 by adding an
alkaline salt solution onto the IL-rich phase containing the pigment. The same approach was applied
here using an alkaline (pH 13) solution of the respective salts initially used for each system, which were
added to the separated IL-rich phase, shaken and left for decantation overnight. The visualization of
the back-extraction steps before and after the alkalinization of the salt solution is shown in Figure S1.
The visual aspects of the extracts (Figure S1) indicate that the reverse extractions remained extremely
limited. The increase in pH up to 13 using drop-wise addition of NaOH did not allow a better recovery
of any of the pigments tested under our experimental conditions. After the addition of the salt solution
and before the alkalinization of the system, the phase separation between the IL- and salt-rich phases
became blurry, especially for the [C4Mim]Cl− system (Figure S1). Interestingly, in the [C4Mim]Cl−

and [C4Mim]Br− ATPSs, before the pH increase, a slight repartition of the pigments in the salt phase
for the red-producing strains (T. albobiverticillius and E. purpurea) and the brown-producing strain
(T. harzianum) was observed. The increase in pH appeared to have counteracted the recovery of the
pigments in the salt-rich phase, whilst further improving the partition in the IL-rich phase, as can be
seen in particular with the clarification of the salt-rich phase in the case of the [C4Mim]Cl− across the
four fermentation broths tested (Figure S1).

The overall efficiencies and abilities of recovery of red pigments from the IL-ATPS after application
of an alkaline salt solution are displayed in Figure S2. We concluded that the recovery of the pigments
from any of the fermentation broth tested was very poor under these conditions. The highest overall
recovery was obtained from the fermentation broth from E. purpurea, with a final recovery of about
20% (Figure S2B). We were also forced to conclude that we could not extract back, from the IL phase,
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the dark red pigments excreted by either T. albobiverticillius or E. purpurea because the pigments did
not migrate to the alkaline salt-rich phase. Curiously, it seemed that increasing the pH reduced the
migration of the pigments, which was in contradiction with the results obtained by Ventura et al. [40]
on hydrophilic anthraquinone of aloe-emodin. However, this can be put into perspective by the
fact that, firstly, we do not know the exact hydrophilic/hydrophobic equilibrium of all the fungal
pigments produced in the fermentation broths, and secondly, we directly applied these IL-ATPSs
onto complex fermentation matrices. Then, plenty of other metabolites were likely to interfere in the
selective extraction of pigmented compounds. Globally speaking and despite the low overall recovery
values, we could notice a statistically significant difference in the [N4444]Br−-based IL-ATPS on the
extraction, back-extraction and overall recovery of red pigments. In conclusion, we were able to recover
more red pigments from the fermentation broth of the second most red-pigment-producing strain,
namely E. purpurea, by using the [N4444]Br− ATPS.

To date, ionic liquids are considered to be a sustainable means of extraction, mainly because
of their very high extraction power, perfectly illustrated here, revealing a promising potential as
cost-effective, profitable and less hazardous solvents. However, it is important to recall that ionic
liquids require heavy organic chemical synthesis, which can be counterintuitive against their reputation
of being new-age green solvents. However, few arguments can be given here in favor of ionic liquids’
green profile against conventional extraction solvents. First, the already well-known higher extraction
power and recyclability of ionic liquids are their dire assets, as previously said. Second, a recent
paper estimated and compared the environmental sustainability between a similar IL-based extraction
system applied to carotenoid recovery and a conventional solvent extraction method (using acetone
and ethanol) by calculating environmental factor (E-factor) and carbon footprint parameters [45].
The E-factor and carbon footprint calculations included all greenhouse gas (GHG) emissions from
the production of all chemicals and the water and electricity consumed during the process. It was
concluded that IL-based extraction offered a significantly reduced environmental impact compared to
conventional solvents. Perspective must be taken though, as efficient recycling of both IL materials
and water is paramount for ionic liquids to be properly referred to as green solvents.

The poor overall recovery obtained here highlights essential points of improvements to be made
while perfectly illustrating how much case-by-case optimization is needed to use ionic liquids for
detection and extraction purposes. It is worth mentioning that there are various options to explore
in order to optimize back-extractions and enable multiple re-use of ionic liquids, such as using a
different salt or polymer solutions as antisolvents, changing temperatures and applying ultrasounds
or microwaves and a combination thereof [48]. Depending on the type and sensitivity of the target
compounds trapped in IL phase, distillation or even adsorption can also be used. However, these options
need to be carefully considered based on the additional energy, water, time and specific equipment
expenditures they would require. However, this point was not in the scope of this paper.

4. Conclusions

Our findings suggested that the combination of an ATPS extraction system using ionic liquids
as greener extraction solvents is a possible tool for the extraction and detection of colored molecules
from the fermentation broth of filamentous fungi [49]. Among the IL-based systems investigated
here, the [N4444]Br− based system appeared to have the best ability to extract fungal pigments,
with putative higher affinity for red-orange azaphilone-like pigments. Thus, the IL-ATPS consisting
of 15% [N4444]Br− and 25% Na2CH3CO2 was found to be a promising solvent that is worth further
investigation to expand its potential applications. Indeed, at this point, the most appropriate use of this
system would be for the detection of red azaphilone-like pigments. More studies and optimizations,
especially at the back-extraction level, are needed to use this [N4444]Br− system as a powerful
extraction technique. Thus, further studies would have to be carried out at larger scales in order to
evaluate the obstacles and challenges associated with efficient target molecule recoveries and ionic
liquids’ recyclability.
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Abstract: Natural colorants from microbial fermentation have gained significant attention in the
market to replace the synthetic ones. Talaromyces spp. produce yellow-orange-red colorants, appearing
as a potential microorganism to be used for this purpose. In this work, the production of natural
colorants by T. amestolkiae in a stirred-tank bioreactor is studied, followed by its application as
additives in bio-based films. The effect of the pH-shift control strategy from 4.5 to 8.0 after 96 h of
cultivation is evaluated at 500 rpm, resulting in an improvement of natural colorant production,
with this increase being more significant for the orange and red ones, both close to 4-fold. Next,
the fermented broth containing the colorants is applied to the preparation of cassava starch-based films
in order to incorporate functional activity in biodegradable films for food packaging. The presence of
fermented broth did not affect the water activity and total solids of biodegradable films as compared
with the standard one. In the end, the films are used to pack butter samples (for 45 days) showing
excellent results regarding antioxidant activity. It is demonstrated that the presence of natural
colorants is obtained by a biotechnology process, which can provide protection against oxidative
action, as well as be a functional food additive in food packing biomaterials.

Keywords: natural colorants; filamentous fungi; stirred-tank bioreactor; biodegradable films;
antioxidant; food package

1. Introduction

Over the years, humans have used colorants to enhance or restore the appearance of products,
especially in the food industry [1,2]. Nevertheless, most of the synthetic colorants used in food products
are derived from petroleum and may have harmful effects on human health and the environment [3,4].
Therefore, there is a growing preference for natural additives in foods. Regarding the natural color
market, a survey by the Grand View Research, Inc. estimated the world color market for 2025 to be
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USD 37.49 billion. Specifically, for the food market, the natural colorant consumption will register a
5.9% compound annual growth rate (CAGR) in terms of revenue, in relation to the period from 2018 to
2025 [5].

There are several biological sources that produce natural colorants, such as insects, vegetables,
and microorganisms [2,6]. Colorants from microbial origin, especially fungal ones, are of great interest
mainly because of the recent improvements in biotechnology and bioprocessing technologies as
well as a full control of the production conditions [2,7,8]. Fungus of the genus Monascus stands out
for presenting good levels of colorant production. However, Monascus species co-produce citrinin,
a mycotoxin [9]. Thus, other strains such as Aspergillus, Trichoderma, Fusarium, and Talaromyces (formerly
Penicillium spp.) have been the subject of studies in order to produce colorants [8,10–12]. In this
context, Talaromyces amestolkiae (former Penicillium purpurogenum) has aroused interest in the production
potential of stable and non-toxic yellow, orange, and red colorants [10,13–15].

One of the main challenges of using filamentous fungi, such as Talaromyces, for metabolite
production is the control of microorganism growth and form besides the mass transfer inside
the bioreactor [16]. Hyphal concentration greatly influences the fermentation broth viscosity [15].
Meanwhile, the oxygen transfer in submerged cultures is an important factor for efficient fungal growth
and an important parameter for a high yield of fungi colorants [17]. At a high cell concentration,
the culture medium viscosity increases and it limits the oxygen supply for the cells [4,18]. Increasing
the stirring speed can maintain dissolved oxygen concentration at high levels, however, potential
damage to the fungal hyphae can limit the impeller speed and, consequently, the oxygen and
nutrient transfer capability of a bioreactor [19,20]. In order to control cell growth and colorant
biosynthesis, the well-directed process parameter shift represents a valuable control strategy [9,21].
In the production of Monascus colorants, the pH-shift strategy has been proven to be efficient in
colorants biosynthesis [17,22]. Hence, great efforts to improve the bioreactor cultivation conditions are
necessary for enhancing the large-scale production of Talaromyces colorants.

Biosynthetically, many fungi colorants are polyketides. Polyketide colorants range in structure
from tetraketides to octaketides, which have four or eight C2 units that contribute to the polyketide chain.
The structure of the polyketides does not exhibit localized negatively-charged ions. These molecules
often have a polyunsaturated function, i.e., a ring system, one or more carbonyl groups, carbolic acid,
and functional ester or amide groups that absorb in the UV-visible spectrum [23]. One class of polyketide
colorants are azaphilones, which are hexaketide colorants with pyrone-quinone structures and a chiral
quaternary center [24]. Investigations focus on six major azaphilone colorants: Rubropunctamine and
Monascorubramine (red); Rubropunctatin and Monascorubrin (orange); Monascin and Ankaflavin
(yellow) [25]. One of the most interesting characteristics of azaphilone colorants is their potential use
as a functional food colorant, because they may exert antioxidant and antimicrobial activities, relatively
low cytotoxicity, as well as immunosuppressive, antiviral, anticancer, and cholesterol-reducing
properties [26]. Moreover, our research group previously reported that T. amestolkiae-fermented
broth presented low cytotoxicity against fibroblast cells and effective antimicrobial activity against
Staphylococcus aureus, a representative food contaminant [13]. In this sense, bio-based materials with
antioxidant properties are gaining attention in the food sector [27], mainly because non-ecofriendly
packages are considered an environmental problem [28].

The application of natural compounds in active packaging has been increasingly applied in
order to produce materials that interact with packaged foods, positively modifying their sensory
and nutritional properties, preventing the deterioration of food, mainly caused by lipid oxidation
and microbial growth [29]. Particularly, foods with high-fat content and especially those with a high
degree of unsaturation are susceptible to deterioration by oxidation. In this way, alternative packaging
technologies based on the inclusion of antioxidants compounds can create a barrier, improving the
stability of packaged products sensitive to oxidation [30]. Therefore, the use of the T. amestolkiae

natural colorants as an added component in bio-based films represents an alternative for increasing
the properties of food packaging.

196



J. Fungi 2020, 6, 0264

This work addresses the production of natural colorants by T. amestolkiae in a stirred-tank bioreactor.
The effects of stirring speed and pH-shift as a control strategy on colorant accumulation are evaluated.
After the selection of the best operational condition, the fermented broth containing the colorant is
incorporated into cassava starch biodegradable films. The bio-based films prepared are characterized
with respect to thickness, water activity, and total solid content. In the end, the cassava starch-based
films are used to pack butter, supporting the applicability of natural colorants as additives in bio-based
films. The effectiveness of the T. amestolkiae colorants protection against oxidative action is addressed
on the basis of the peroxide content under accelerated oxidative conditions.

2. Materials and Methods

2.1. Materials

Sucrose and yeast extract were purchased from Synth (São Paulo, Brazil) and Acumedia
(Lansing, MI, USA), respectively. Cassava starch (composed by 23.5% amylose and 64.2% amylopectin)
was donated by Cargill Agrícola S.A. (Porto Ferreira, SP, Brazil). Commercial butter was obtained from
Imperial (Bahia, Brazil). Low-density polyethylene (LDPE) film (0.020 mm thickness and 15.86 × 10−8 g
H2O·mm/m2·h·kPa water vapor permeability) was purchased from local markets (Salvador, BA, Brazil).
All of the other reagents were of analytical grade.

2.2. Microorganism Maintenance and Colorant Production

Talaromyces amestolkiae DPUA 1275 was generously provided by the Culture Collection of the
Federal University of Amazonas (DPUA, Manaus, AM, Brazil). The cultures preserved in distilled
water were reactivated in Czapeck Yeast Extract Agar (CYA) and maintained at 30 ◦C for 7 days.
The CYA medium had the following composition (g/L in deionized water): K2HPO4 (1.0), yeast extract
(5.0), sucrose (30.0), agar (15.0), and 10 mL/L of concentrated Czapeck [(g/100 mL of deionized water):
NaNO3 (30.0), KCl (5.0), MgSO4·7H2O (5.0), and FeSO4·7H2O (0.1)] [10].

The production process was composed of three phases: pre-inoculum, inoculum, and submerged
culture. For the pre-inoculum preparation, a loop of fungus from stock culture was inoculated on
a CYA plate and maintained in the same reactivation conditions. For inoculum, five mycelial agar
discs (8 mm diameter) of T. amestolkiae were punched out from the pre-inoculum with a self-designed
cutter and transferred to 50 mL of submerged culture medium in 250-mL Erlenmeyer flasks incubated
at 30 ◦C and 150 rpm for 72 h. The inoculum medium was CYA liquid (without the addition of
agar). Then, the entire volume obtained (0.2 L) was aseptically transferred to a single flask and
then transferred to the bioreactor. The composition of the submerged culture medium was similar
to that used for inoculum preparation, except for the concentration of sucrose and yeast extract,
which were 48.50 and 11.80 g/L, respectively [10]. Both the inoculum medium and the culture broth
had their pH adjusted to 4.5 with HCl (5 M) and were autoclaved at 121 ◦C for 15 min. The submerged
culture was performed in a stirred-tank bioreactor Bioflo® 115 (New Brunswick, Edison, NJ, USA)
with 3 L of working volume equipped with two Rushton impellers submersed into the bulk liquid.
After sterilization, the bioreactor containing 1.8 L of culture medium was supplied with 0.2 L of the
inoculum. The following operational conditions were kept constant by the bioreactor controllers:
temperature at 30 ◦C and aeration rate at 2.0 vvm. The experiments were carried out for 240 h,
and every 24 h, an aliquot was withdrawn. At the end of the bioprocess, the fermented broth was
filtered first using filter paper Whatman #1 (Whatman, Marlborough, England) and later using a
0.45 µm filter acquired from Millipore. The filtrated samples were used to determine the production of
yellow, orange, and red colorants as well as sucrose consumption. In fact, during the cultivation of
Talaromyces spp., the three natural colorants (yellow, orange, and red) were produced at the same time.
In order to guarantee that the colorants were produced, we analyzed the specific wavelength for each
one of them, according to Section 2.3.
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In the first set of experiments, the effects of the stirring speed from 100 to 600 rpm were evaluated.
Next, pH-shift experiments were carried out at 500 rpm, adjusting the pH to 8.0 with NaOH (1 M) after
the sucrose depletion (96 h of cultivation).

2.3. Analytical Methods

The sucrose concentration was determined according to the methodology described by
Dubois et al. [31] and the pH was measured using a pH-meter (model MPC 227, Mettler Toledo,
Columbus, OH, USA). The production of extracellular colorants was estimated by spectrophotometric
analysis (model DU 640, Beckman, Irving, TX, USA) by reading the absorbance of supernatant at
410, 470, and 490 nm, which corresponds to the maximum absorbance for yellow, orange, and red
colorants, respectively. The results were expressed in terms of absorbance units (AU) [10].

2.4. Kinetic Parameters

To calculate the substrate conversion factor (sucrose) in product (YP/S) and productivity (P),
we employed Equations (1) and (2), respectively:

YP/S =
Abs f − Abs0

S0 − S f
(1)

P =
Abs f

t
(2)

where: S0 and Sf are the initial and final sucrose concentrations; Absf and Abs0 are the final and initial
colorant absorbance, respectively, and t is the time (h).

2.5. Preparation of Cassava Starch-Based Films and Incorporation of Natural Colorants

The cassava starch-based films were prepared according to the methodology described by
Silva et al. [32]. In this way, the bio-based films were prepared by the casting technique, mixing cassava
starch (4.0 wt%), plasticizers (0.7 wt% sucrose and 1.4 wt% inverted sugar), and the fermented broth
containing the colorants (5.0 wt%). The fermented broth was used because of the synergy between
the colorants molecules and the different metabolites present on fermented broth that increase the
antioxidant power. Dispersions were heated (70 ± 2 ◦C), degassed for 30 min in ultrasonic bath to
remove the bubbles, placed in polystyrene Petri dishes (150 × 15 mm), and dehydrated in an oven
with airflow and circulation at 35 ± 2 ◦C for 24 h. A cassava starch-based film without addition of the
fermented broth was prepared and used as control. Resulting bio-based films were stored in desiccators
(at 23 ± 2 ◦C with 60 ± 2% relativity humidity) with a supersaturated solution of magnesium nitrate
for 48 h before the characterization studies.

2.6. Cassava Starch-Based Films Characterization

The thickness was evaluated using a flat parallel surface micrometer (Mitutoyo model 103–137,
precision 0.002 mm). Six measurements were taken at random positions around the film sample.
The results were expressed as the mean ± respective standard deviations and used for the calculation
of the contact area (mm).

The water activity (aw) was measured with a Decagon, Aqualab Lite, as calibration standards used
pure water (aw of 1.000 ± 0.001%) and LiCl (aw of 0.500 ± 0.015%). Preconditioned samples (4 cm2)
were cut from the center of the films and evaluated in triplicate at room temperature (25 ± 2 ◦C).

The total solid content was determined by measuring the weight loss of films upon drying (105 ◦C)
until constant weight. This determination was performed in triplicate. The results were expressed as
the mean ± respective standard deviations.
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2.7. Application of Cassava Starch-Based Films for Packaging Butter

Butter was packed in the cassava starch-based films with colorant additives. Square-shaped films
(5 × 2 cm) of 0.164 and 0.212 mm in thickness were molded (Sealer Sulpack SM 400 TE, Caxias do Sul,
Rio Grande do Sul, Brazil). Butter samples were homogenized and frozen in small pieces (with 3 × 2 cm
and 10.00 ± 0.54 g), after they were involved with the film, the bubbles of oxygen were removed,
and the film was sealed.

The samples of packaged butter were stored for different periods of time (0, 7, 15, 30, and 45 days)
and under accelerated oxidative conditions (64% of relative humidity at 25 ± 2 ◦C). These analyses were
carried out in a dark room to avoid the effects of light interference (i.e., color degradation) in the samples.
For this, three types of packages were prepared: cassava starch-based films with colorant additives
(CFC), cassava starch-based films without colorant additives (CF), and conventional plastic (CP).
In addition, unpackaged butter (U) was used as control. To evaluate the antioxidant action of the films
formulation, the oxidative stability of the butter stored under accelerated oxidative conditions was
monitored for 45 days and the peroxide content (PC) was determined by titration method according to
the methodology described by the Association of Official Analytical Chemists–AOAC (2000) [33].

2.8. Statistical Analysis

The data were analyzed by ANOVA using a StatSoft v.7 program (StatSoft, Inc., Tulsa, OK, USA).
The Tukey test was used to evaluate the mean difference in results at the 95% level of significance.

3. Results and Discussion

3.1. Production of Natural Colorants in Bioreactor: Effect of Stirring Speed

The high viscosity of the medium can result in oxygen diffusion limitation, due to the combination
of the high biomass concentration and the fungal morphology. Hence, efforts have been made in order
to overcome mass transfer problems [16,34]. Therefore, the effects of the stirring speed and pH were
investigated by our group. In this sense, the production of natural colorants by T. amestolkiae in a
stirred-tank bioreactor was evaluated, we maintained the aeration rate constant at 2.0 vvm and varied
the stirring speed from 100 to 600 rpm in order to achieve proper oxygen diffusion in our cultivations.
The results are depicted in Figure 1.

As can be seen in Figure 1, the stirring speed influenced the colorants’ yield. At 100 rpm,
the colorants’ production stopped after 120 h, probably because under this condition the microorganism
distribution inside the bioreactor was not homogeneous. It is usually observed that submerged cultures
of filamentous fungi present a pseudo plastic behavior (i.e., a non-Newtonian characteristic) [35],
and low speed, associated with high medium viscosity, does not allow for system homogeneity.
The main role of stirring in a bioreactor is to improve heat and mass transfer to achieve homogeneity in
the system. A proper mixing of components in the culture medium is necessary to ensure an adequate
flow in submerged aerobic culture [36]. The stirring of the culture medium may also cause different
effects in filamentous microorganisms. Among them may be included: cell wall disruption, changes
in filamentous morphology, variation in growth efficiency and growth rate, and the variation in the
formation rate of the desired bioproduct [18,36]. The stirring process may damage both mycelial pellets
and hyphae structures. The fragmentation of hyphae can result in the creation of small parts of these
structures, promoting a new center for biomass growth, or may cause damage to the hypha allowing
release of the cytoplasm. On the other hand, total pellet breakdown may occur, and, probably in this
case, total autolysis or aggregates can occur [37].
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Figure 1. Production of yellow (yellow bars), orange (orange bars), and red colorants (red bars) by
submerged culture of T. amestolkiae in stirred-tank bioreactor at 2.0 vvm and 30 ◦C by varying the
stirring speed (100 to 600 rpm) as a function of time (0 to 240 h). The error bars represent 95% confidence
levels for the mean of three independent assays.

Increasing the stirring speed could maintain dissolved oxygen concentration at high levels being a
key parameter for high yield of T. amestolkiae colorants in the stirred-tank bioreactor cultivation. As the
stirring speed increased, the homogeneity of the culture medium could be achieved, and it was possible
to determine the natural colorant production. Since the oxygen transfer is directly proportional to the
shear force and it is strictly related to the morphology of the filamentous fungus, stirring speeds above
600 rpm were not evaluated in this study. Considering the production of orange and red colorants,
there was no statistical difference between the results achieved at 500 rpm and 600 rpm (statistical
test: one-way ANOVA, p = 0.0994). However, as 500 rpm promote a lower shear stress, this stirring
speed was chosen for the next experiments. In this condition, the absorbance of the yellow, orange,
and red colorants was 1.71 AU400nm, 0.71 AU470nm, and 0.69 AU490nm, respectively. Comparing the
colorant production achieved with results previously reported by our research group [10], using the
same culture media but in orbital shaker incubator, there was a decrease of 5-fold for the red colorant
production in the bioreactor. This result confirms the statement that the scale-up from orbital shaker
incubator to large fermenters is a difficult task. In fact, several conditions of cultivation can change in
the bioreactor, mainly the oxygen transfer rate in the medium.

Figure 2 shows the results of sucrose consumption and pH over time of submerged culture
of T. amestolkiae in bioreactor varying the stirring speed. All values are detailed in Table S1 in the
supplementary material.
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Figure 2. Consumption of sucrose (A) and pH (B) over time (0 to 240 h) of submerged culture of
T. amestolkiae in stirred-tank bioreactor varying the stirring speed (100 to 600 rpm) at 2.0 vvm and 30 ◦C.
The error bars represent 95% confidence levels for the measurements.

Regardless of the stirring speed evaluated, the sucrose consumption showed a similar profile
(Figure 2A). In general, the concentration of sucrose decreased during the cultivation and a pronounced
consumption of sucrose at 96 h occurred. At the end of cultivations, the final sucrose concentration
was close to 2 g/L in all conditions studied.

With respect to pH variation, regardless of the stirring speed evaluated, there was an increase in
its value throughout the cultivation, with the pH value of 4.5 reaching values close to 7.5 after
240 h of cultivation (Figure 2B). This profile was similar to what occurred in the submerged
culture of T. amestolkiae (former Penicillium purpurogenum) in the orbital shaker incubator studied by
Santos-Ebinuma et al. [10]. Therefore, pH 4.5 is suitable to provide good cell growth.

3.2. Production of Natural Colorants by Submerged Culture in Bioreactor: pH-Shift Strategy

The stirring speed of 500 rpm was selected to evaluate the pH-shift control strategy on T. amestolkiae

colorant accumulation. At 500 rpm, the initial pH of 4.5 changed to approximately 8.0 at the end of
cultivation (Figure 2B). According to Orozco and Kilikian (2008) [38], the production of red colorants
by the submerged culture of Monascus purpureus in a bioreactor can be favored by a pH change.
These authors selected a pH of 5.5 for the growth step and pH 8.0 for the production step. Thus,

201



J. Fungi 2020, 6, 0264

a similar strategy was used in this work in order to increase the colorant production in the bioreactor
cultivation. In this way, at 500 rpm of stirring speed, a cultivation was carried out and, after 96 h,
the pH was changed to 8.0 by the addition of 5 M NaOH. The time of 96 h was selected according to
the experiments carried out that varied the stirring speed, because it was observed that, at this point,
there was a marked decrease in the concentration of the primary carbon source (Figure 2B). Figure 3
depicts the production of yellow, orange, and red colorants, as well as the pH for the assays performed
at 2.0 vvm, 30 ◦C, and 500 rpm.

Figure 3. Production of yellow (yellow bars), orange (orange bars), and red colorants (red bars),
pH (circle) and sucrose (square) as a function of time (0 to 240 h) during the submerged culture of
T. amestolkiae in a stirred-tank bioreactor at 2.0 vvm, 30 ◦C, and 500 rpm. The black arrow indicates the
pH-shift from 4.5 to 8.0 at 96 h for the production step. The error bars represent 95% confidence levels
for the measurements.

After the pH-shift, it is possible to observe a significant increase in the production of all the
colorants, with this increase being more significant for the orange and red ones, both close to 4-fold.
Furthermore, the influence of the pH-shift on colorant production was evident. The maximum yield
of yellow, orange, and red colorants was 3.20 AU400nm, 2.56 AU470nm, and 2.45 AU490nm, respectively.
These results corroborate those found by Orozco and Kilikian (2008) [38], who mention that different
pH levels during the growth and production steps may lead to an improvement in the colorant
production. Although the colorant production with the pH-shift strategy was greater than for the first
set of experiments, the product yield was still lower than for the best condition in the orbital shaker
incubator, which shows that further studies are necessary to improve the production of T. amestolkiae

natural colorants in a stirred-tank bioreactor.
Compared with no pH change condition, all kinetic parameters evaluated improved with the

pH-shift control strategy (Table 1). The rate of the substrate conversion to product increased from
0.037 to 0.067 AU·L/g for the yellow colorants and from 0.015 to 0.054 and 0.051 AU·L/g for the orange
and red colorants, respectively. Similarly, the productivity of all colorants increased in this second
experimental condition.

Generally, in bioreactor cultivation, reproducible kinetic growth of filamentous organisms is
difficult to obtain. This phenomenon occurs frequently, due to mycelial aggregation in fermentation
broths with long hairy mycelial morphologies that can adhere to surfaces and form a growing
biofilm [39]. Many fungal strains grow preferentially on surfaces and will develop thick layers on
walls and surfaces in a submerged fermentation process [40]. In the same way, reproducible samples
to measure apparent viscosity are difficult to obtain, hence, it was also deemed appropriate to omit the
time course for biomass and viscosity.
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Table 1. Kinetic parameters calculated for substrate conversion factor (sucrose) in product (YP/S) and
productivity during the submerged cultivation of T. amestolkiae in a stirred-tank bioreactor for the
production of yellow (Y, AU400nm), orange (O, AU470nm), and red colorants (R, AU490nm) without a pH
change and after a pH-shift from 4.5 to 8.0 at 96 h of cultivation.

Experimental
Condition

YP/S (AU·L/g) Productivity (AU/h)
AbsO/AbsY AbsO/AbsR

Y O R Y O R

Without pH
change 0.037 0.015 0.015 0.007 0.007 0.007 0.415 1.025

pH-shift
strategy 0.067 0.054 0.051 0.013 0.011 0.010 0.800 1.049

AbsO/AbsY: relationship between the production of orange and yellow colorants; AbsO/AbsR: relationship between
the production of orange and red colorants.

Even though it is desirable to produce fungal colorants comprised of only one single color
component [22], it is known that the fermented broth is composed of yellow, orange, and red
colorants [13–15]. However, the careful selection of pH and nitrogen sources is a valid approach to
produce extracellular extracts comprised of one predominant color component [14]. It has been widely
accepted by the scientific community that orange colorants are the first biosynthetic product and the
other colorants derive from the orange ones [41]. In this way, the extracellular colorant composition
and concentration is dependent of the orange colorants produced that are transformed into red and
yellow colorants under some specific fermentation conditions. For the Monascus genus, a low pH
(pH 2.5 and 4.0) provides intracellular extracts composed mainly of orange colorants, independently
of the nitrogen source employed. At acidic conditions, the secretion of orange colorants into the
broth and the reaction with any amino unit for red colorants formation is limited [22]. Meanwhile,
a change of pH to levels closer to neutral modify the extent of transformation of orange colorants
into red ones [22]. Additionally, for T. amestolkiae, the synergistic effect of a low pH and nitrogen
source is mainly important in the production and excretion of red colorants. A previous study of our
research group presented the production of a glutamic acid-red colorant complex by T. amestolkiae in a
chemically defined medium with monosodium glutamate (MSG) as the nitrogen source [14]. In the
presence of MSG, deep yellow colorants were derived from neutral and basic pH, while deep red colors
were derived from acidic pH. The glutamic acid–colorant complex seems to be more water-soluble than
those produced in nitrogen complex media (meat extract and meat peptone) by the same strain [13].

In this work, yeast extract was used as complex nitrogen source and the synergistic effect of
this nitrogen source with pH favored the increase of the relation between orange colorants and
yellow/red ones. This is a reflection of the overall increased rate of substrate to product and
productivity. It seems that a close to neutral pH favored the reduction of orange colorants to yellow
ones (relation AbsO/AbsY < 1.0 duplicated with pH-shifting), while the specific red conversion was
limited (relation AbsO/AbsR > 1.0). Consequently, the extracellular extracts contained mainly yellow
colorants. Therefore, extracellular red colorants derivatives were not mainly produced at a high pH.
It can be considered that natural colorants can be obtained by the submerged culture of T. amestolkiae

in a bioreactor, however, the culture conditions can be improved and the production increased by
varying mainly the pH during cultivation. In order to study a possible application of the colorants
produced, the incorporation of the fermented broth into an alternative food-packaging material based
on its oxidative protection effect was evaluated.

3.3. Preparation and Characterization of Cassava Starch-Based Films

Biodegradable films were produced by a formulation of cassava starch, plasticizers, and the
fermented broth containing the T. amestolkiae colorants produced in stirred-tank bioreactor.
The incorporation of natural additives from plants for active packaging has been increasingly applied,
such as: coffee-cocoa [42,43], carotenoid and yerba mate extract [44], green tea and palm oil extract [45],
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among others. However, natural additives produced by biotechnology is an innovative approach.
The bio-based films produced were characterized in terms of thickness, water activity, and total solids
content. The results are depicted in Table 2.

Table 2. Characterization of biodegradable films in the presence or absence of natural colorants in
terms of thickness, water activity (aw), and total solids.

Characterization/Parameters
Analyzed

Biodegradable Films
Containing Natural Colorants *

Biodegradable Films Without
Natural Colorants *

Thickness (mm) 0.147 ± 0.009 a 0.163 ± 0.013 b

aw (%) 0.612 ± 0.041 a 0.604 ± 0.050 a

Total solids 89.80 ± 0.540 a 88.96 ± 0.500 a

* Statistical test: one-way ANOVA (with Welch correction for unequal variances). The results were expressed as the
mean ± respective standard deviations. Equal letters in the same line represent equal values to a significance level
of 5%.

The physical properties of the films were determined to evaluate the influence of the colorant
incorporation, since they could modify the structure of the polymer matrix, e.g., by weakening the
inter-chain bonds. The incorporation of natural colorants in the film formulation caused a significant
reduction of film thickness, around 10%, in relation to films with no additives. Other works also
reported a reduction in thickness of films formulated with cassava starch and natural additives [43,46].
The control of the thickness in the biodegradable films is an important step, since variations in this
parameter can affect some films properties, such as mechanical and barrier properties, which can
compromise the package performance [45]. Thickness was also the only parameter addressed that was
affected significantly.

The variations in the total solid content in the films after colorant incorporation were not significant,
with values of 88.96 and 89.80%, respectively. In general, the incorporation of natural additives in
cassava starch-based films does not affect significantly the solid content [43].

Additionally, no significant difference (<0.05) for water activity (aw) between the films produced
was observed. These results demonstrate that the presence of natural colorants did not change the
water activity of the films. Water activity brings information about the amount of free (also referred
as unbound or active) water present in a sample [47] being a parameter used in food preservation.
Low water activity reduces the availability of water to microorganisms, avoiding undesirable chemical
changes for the storage of products [32]. As water migrates from areas of high aw to areas of low aw,
it is important to have low values of aw (<0.600 according to Mathlouthi, 2001 [48]) for food product
design. As the aw was around 0.6 for both films, they can be considered as food product packages.
In this way, the cassava starch-based films were used to pack butter samples.

3.4. Oxidative Stability of the Packaged Butter during Storage

The oxidative stability of the butter packaged in different formulations, namely: cassava
starch-based films with colorant additives (CFC), cassava starch-based films without colorant additives
(CF), and conventional plastic (CP) was evaluated. Unpacked butter (U) was used as the control.
To this purpose, the packed or unpackaged butter was stored for 45 days under accelerated oxidative
conditions (64% of relative humidity and 25 ◦C) and monitored through peroxide content (PC) at
7, 15, 30, and 45 days of storage. Figure S1 from Supplementary Material shows an image of the butter
packaged in each formulation evaluated. Figure 4 shows the results of PC for each condition over the
45 days of storage. All values are detailed in Table S2 in Supplementary Material.
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Figure 4. Peroxide content (PC, meq/kg) in the butter as a function of the packaging film used, such
as: cassava starch-based films with colorant additives (CFC), cassava starch-based films without
colorant additives (CF), conventional plastic (CP), and unpackaged butter (U), during different periods
of time (0, 7, 15, 30, and 45 days) in storage. The error bars represent 95% confidence levels for
the measurements.

From Figure 4 can be seen that, as expected, the PC of the U was higher than of the packaged one.
The CF and CP showed higher peroxide indices than CFC. This demonstrates that natural colorants act
as both a photooxidative protector and antioxidant agent, which allow a higher oxidative protection of
the packaged product when compared to the other conditions evaluated.

After 45 days of storage, the PC increased 329.0% for the exposed butter, 239.7% for the CP,
and 231.1% for the CF. While for the CFC, the PC increased only 118.5%. Therefore, even without
antioxidant additives (CF), cassava starch-based films have a greater oxidative protection effect when
compared to conventional package films (CP). However, the formulation with colorants incorporated
in cassava starch-based films (CFC) enhanced the oxidative protection of butter, with a reduction in
peroxide value. This shows a synergistic action of the bio-based film and the colorants, improving
the shelf life of fatty products. In this way, T. amestolkiae colorants can be considered as potential
natural antioxidants for the stabilization of lipid-containing foods for active packing formulation.
However, additional studies on the concentration of colorants in the formulation should be performed
in order to avoid a possible pro-oxidant effect. Since a high content of antioxidant additives can act as
a pro-oxidant agent [44,45].

4. Conclusions

This work evaluated the influence of the stirring speed and pH on the production of natural
colorants by T. amestolkiae in a stirred-tank bioreactor. The greatest colorant production occurred at
500 rpm, under the pH-shift strategy from 4.5 to 8.0 during the production phase. Although the
regulatory mechanisms of the biosynthesis of T. amestolkiae colorants are not yet clear, the relationship
between the culture conditions and the colorant formation it is of great importance. Despite the
difficulties in terms of viscosity of the medium, during the submerged cultivation of filamentous
fungi in a bioreactor, there is the possibility of using strategies to control growth and metabolite
production, especially in terms of stirring and pH. Moreover, this work demonstrated the potential of
natural colorants to be included in biodegradable film formulation. The incorporation of colorants
in cassava starch-based films provides oxidative protection in packaged butter, by the decrease of
peroxide index. Hence, T. amestolkiae colorants have great potential for use as functional food colorants.
As future perspectives, our group intends to evaluate the surface morphologies of the films with or
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without colorants by scanning electron microscope in order to gather supplementary data about the
characteristics and stability of our formulations extending, for example, its shelf-life application.

Supplementary Materials: The following are available online at http://www.mdpi.com/2309-608X/6/4/0264/s1,
Figure S1: Butter packaged in cassava starch-based films with colorant additives (CFC), cassava starch-based films
without colorant additives (CF), conventional plastic (CP), and unpackaged butter (U), Table S1: Consumption of
sucrose and pH over time (0 to 240 h) of submerged culture of T. amestolkiae in stirred-tank bioreactor varying the
stirring speed (100 to 600 rpm) at 2.0 vvm and 30 ◦C, Table S2: Peroxide content in the butter as a function of the
packaging film used, such as: cassava starch-based films with colorant additives (CFC), cassava starch-based films
without colorant additives (CF), conventional plastic (CP), and unpackaged butter (U), during different periods of
time (0, 7, 15, 30, and 45 days) in storage.
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Abstract: Identification of effective natural dyes with the potential for low environmental impact has
been a recent focus of the textile industry. Pigments derived from spalting fungi have previously
shown promise as textile dyes; however, their use has required numerous organic solvents with
human health implications. This research explored the possibility of using linseed oil as a carrier for
the pigment from Scytalidium cuboideum as a textile dye. Colored linseed oil effectively dyed a range of
fabrics, with natural fibers showing better coloration. Scanning electron microscopy (SEM) revealed a
pigment film over the fabric surface. While mechanical testing showed no strength loss in treated
fabric, colorfastness tests showed significant changes in color in response to laundering and bleach
exposure with variable effects across fabric varieties. SEM investigation confirmed differences in
pigmented oil layer loss and showed variation in pigment crystal formation between fabric varieties.
Heating of the pigmented oil layer was found to result in a bright, shiny fabric surface, which may
have potential for naturally weatherproof garments.

Keywords: fungal pigment; natural dye; spalting; Scytalidium cuboideum; dramada; sustainable clothing

1. Introduction

Natural dyes and pigments have a long history of use for coloring textiles, from ancient Egypt to
the oldest South American cultures [1–5]. Artificial dyes currently dominate the market due to their
ease of mass production, low price, and color variety [5]. However, most modern textile colorants are
produced using hazardous chemicals and many contribute to water pollution through the production
of effluents [6,7]. In recent decades, the low environmental impact and sustainability of natural dyes
have become more desired by consumers, driving a shift in the market back to natural sources of
coloration [8,9].

There are presently a number of natural colorant alternatives available, such as those derived
from barks, fungal pigments, insects, and minerals [3]. Most have never been commercialized due to
concerns about their sustainability, cost effectiveness, and profitability [10]. In addition, natural dyes
often have problems with colorfastness, and, while methods have been developed to improve dye
uptake [11–13], they are energy intensive and increase the production price [14–16].

One source of natural coloration that has been suggested as a replacement for synthetic dyes
in fabric dyeing are pigments extracted from wood-rotting fungi. Research by Weber et al. [17]
has shown that fungal pigments, when carried in dichloromethane (DCM), with and without
mordants, showed promise for dyeing fabrics, using a dripping process. The pigments from four
fungi were investigated: Chlorociboria aeruginosa (Oeder), Seaver, and C. aeruginascens (Nyl.) Kanouse,
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which produces a blue-green pigment known as xylindein, Scytalidium cuboideum (Sacc. & Ellis) Sigler
& Kang, which produces a red pigment known as draconin red (Figure 1) that exists as both orange and
red crystals, and Scytalidium ganodermophthorum Kang, Sigler, Y.W. Lee & S.H. Yun, which produces an
unnamed yellow pigment. Further studies showed that polyester absorbed more pigment than other
synthetic fabrics and that these colors were stable over time [17,18]. Hinsch [19] later confirmed that
S. cuboideum and C. aeruginosa could be used to dye textiles with no mordant and attributed this to the
carbon–carbon interaction of the main quinone structures.

 

 

Figure 1. The structure of dramada, the orange and red crystal pigment from Scytalidium cuboideum.

Despite the success of early testing, the fungal pigments mentioned above never gained commercial
traction. This is likely due to the need for the pigments to be carried in DCM, which is a potential
human carcinogen and a known greenhouse gas [20–22]. Other solvents were tested for their ability
to extract the pigments, and while tetrahydrofuran (THF), acetonitrile (ACN), and acetone were all
moderately capable of extraction, all three interacted with the pigments and caused color change [23].
Due to these issues, an entirely new type of solvent was explored: natural oils. These oils proved to be
highly successful at carrying the fungal pigments, though not at extracting them, with raw linseed
oil allowing for the highest pigment stability of those tested [24]. However, of the tested pigments,
only the red pigment from S. cuboideum was found to effectively color fabric, although it showed
variation in coloration based on the material to which it was applied [25].

The purpose of study was to compare the dyeing capability, heat stability (in different washing
temperatures), and pH stability (washing in different detergents), of three soft-rot spalting fungi, carried
in raw linseed oil, on various fabrics. While it is already known that the pigments from these fungi
are reasonable textile dyes when carried in DCM [17,18], this carrier is not practical for commercial
scale use due to toxicity issues. An alternative carrier proposed is raw linseed oil, which is known to
carry the pigments at high concentrations but has never been tested in textile applications. Using the
oil carrier would result in a dyeing process with fewer environmental issues than the DCM process.
Analysis via scanning electron microscopy (SEM) will further the understanding of the interaction
between the fungal pigments and the fabrics. The research will assess if the oil changes the structure of
the pigments, how the pigments bind to textiles, and if the reaction of the pigments changes due to
temperature and pH changes based upon the oil carrier.

This work prepares the fungal pigments to fully enter into the commercial dye industry by
assessing the viability of a more eco-friendly carrier and removing the largest hurdle currently facing
the soft-rot fungal pigments, their DCM requirement for application.
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2. Materials and Methods

All testing methodology followed either accepted the American Society of Testing Material (ASTM)
standards (such as for fabric testing) or were based on testing used in previous work with these spalting
pigments on textiles (see citations below).

2.1. Fungal Growth and Pigment Extraction

Cultures of S. cuboideum (UAMH 4802, isolated from oak lumber, location unknown) were used to
inoculate malt agar plates amended with white rotted wood chips, following the procedure outlined in
Robinson et al. [23]. Plates were allowed to grow for 2–3 weeks before they were dried for 24 h in a fume
hood, extracted into DCM, and standardized to CIE L*a*b* values of L = 82.32, a = 26.84, and b = 13.19,
as described in Robinson et al. [23]. After the standardization, raw linseed oil (Sunnyside) was mixed
with the pigment carried in DCM and placed on a stir plate for 48 h in order to evaporate the solvent
and leave the pigment suspended in the oil, following the methodology by Palomino Agurto et al. [25].
This pigmented oil was used for further testing.

2.2. Fabrics Tested

Unfinished 100% fabrics of polyester, nylon, cotton, and wool were used (see Table S1). Per each
type of fabric, two different densities were used: low-density and high-density. To establish a difference
between low-density and high-density, a minimum difference of 40 yarns per inch in the count number
was established. Low-density nylon was discarded because its finishing process did not allow dying
by the pigmented oil.

2.3. Mechanical Testing

Mechanical testing was done to evaluate the impact of the oil-pigments on tensile and tear strength
of the fabrics, with samples for mechanical testing prepared according to the American Society of
Testing Material (ASTM 2013). Submersion dying was carried out using borosilicate glass beakers
(250 mL) (brand VWR, Randor, PA, USA), filled with 100 mL of pigmented oil from S. cuboideum.
Samples from tested fabrics were separately submerged in the pigment solution in the uncovered
beakers for 1 h. Once the time of exposure was achieved, samples were removed from the borosilicate
beakers and placed over a metal mesh to dry for 48 h.

2.3.1. Tear Strength Test

The tear strength test was performed according to the ASTM D1424 using a falling-pendulum
digital Elmendorf-type (produced by SDL ATLAS, Rock Hills, SC, USA) to measure the force required
to propagate a single-rip tear. This test was performed on the samples of the four fabrics in filling
directions. Twelve repetitions were performed on both dyed and undyed control samples (treated
with only raw linseed oil), making a total of 36 samples per fiber fabric and 144 samples in total.

Estimated least squares means tests with Tukey adjustment was performed using SAS 9.8 (SAS
Institute, Cary, NC, USA) to compare the effect of treatment and fabric type on stress (MPa) or force (N).
The least squares means for main effects were reported if the main effect was statistically significant and
not part of any statistically significant interaction or when the main effect was statistically significant
and the effect of that factor was always in the same direction for the interacting variable(s). Selected
samples were later evaluated using SEM analysis (below) to assess the behavior of pigment crystals
inside the fabric structures.

2.3.2. Tensile Strength Test

The breaking (tensile strength) test was performed according to the ASTM D5034-09 (2013),
using the Universal Testing Machine Instron Model 5582 (produced by Instron Company, Norwood,
MA, USA). Samples were loaded into the tool and then exposed to tensile forces until breaking occurred.
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The test was repeated for 30 samples for each fabric/density type, with 10 controls, 10 samples dyed
with only raw linseed oil, and 10 samples dyed with pigmented oil. After the tensile strength test,
affected samples were analyzed using SEM to evaluate any physical change in the attachment of the
pigment to the fibers.

Estimated least squares means tests with Tukey adjustment were performed using SAS 9.8
(SAS Institute, Cary) to compare the effect of treatment and fabric type on f (N), and least squares
means for main effects were reported if the main effect was statistically significant and not part of
any statistically significant interaction or when the main effect was statistically significant and the
effect of that factor was always in the same direction for the interacting variable(s). Selected samples
were later evaluated using SEM analysis (below) to assess the behavior of pigment crystals inside the
fabric structures.

2.4. Analysis of Colorfastness

2.4.1. Color Variation Across Fabrics

Difference in pigment uptake and coloration were compared between fabrics. Fabric samples were
cut into 5.08 × 5.08 cm, and dripping was used to apply fungal pigment. This consisted of applying
pigment suspended in raw linseed oil onto the surface of each fabric sample using a disposable pipette.
Fifteen drops of the oil-solubilized pigments were applied onto each fabric sample using a 1 mL pipette
(brand Gilson, Lewis Center, OH, USA), with drops weighing an average 0.02443 g.

Control samples were compared to samples colored using the dripping methodology, and color
analysis was performed on the samples using a Konica Minolta Chroma Meter CR-5 colorimeter,
using the CIE L*a*b* color space, with the ∆E calculation 2000. A one-way ANOVA was performed to
test for the effect of fabric type on the response of color variation (∆E) using SAS 9.8 (SAS Institute, Cary).

2.4.2. Laundry Test

Colorfastness to laundering with and without bleach was performed on the fabric samples dyed
with the dripping method. The washing test was performed according to the AATCC method 61-2013
(Colorfastness to Laundering: Accelerated Using a Launder-O-Meter) in a Launderometer model LEF
(produced by SDL ATLAS). Twelve 5.08 × 5.08 cm samples of each tested fabric type were prepared
using dripping methodology (above), with six replicated exposed to bleach in testing and six without
exposure. Samples were placed in a canister containing 50 stainless steel balls and AATCC standard
detergent solution (with or without bleach). The sealed canisters were placed in the launder-O-meter
with hot water (49 ◦C) for 45 min. When the process finished, samples inside the canister were rinsed
and air-dried for 48 h. The color was measured in the Konica Minolta Chroma Meter CR-5, utilizing
the CIE L*a*b* color space. A general linear model was used to analyze the interactions between the
independent variables of laundry, fabric type, heat, and time of heating with a four-way ANOVA and
Tukey–Kramer test (p < 0.05) to determine significant differences between groups. One sample for each
fabric/treatment was randomly selected and was taken to be analyzed with SEM (below) to visualize
any change from the control samples. The response of prepared pigmented fabrics to heating was then
compared, with samples previously subjected to heat testing.

2.4.3. Heat Testing

Testing samples were prepared following methods described for the laundry test (using the
same number of samples), then heated to one of three common dryer temperatures (low = 50 ◦C,
medium = 65 ◦C, and high = 80 ◦C) in a forced air oven to simulate a home dryer. Initial color readings
were taken after samples dried using a Konica Minolta Chroma Meter CR-5 colorimeter using the CIE
L*a*b* color space, using the ∆E calculation 2000. Color change was then again measured after 30
and 60 min exposure to heat, and samples were removed with tweezers and transported in baggies
to prevent dirtying. Once the color was measured, two samples were randomly selected from each
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fabric/treatment and analyzed via SEM (below) to visualize any change that occurred due to the heat.
A repeated measurement ANOVA with a mixed model was performed to determine the difference in
∆E and any interactions between the independent variables fabric, time, heat, and treatment, and a
Tukey Kramer test was performed to classify possible interactions.

2.4.4. Qualitative Analysis: SEM

The purpose of SEM was to visualize the physical interaction between the pigment when carried
in raw linseed oil and the fabrics and how this varied between treatment groups and the control.
All tested samples (noted above) were dried for 48 h at room temperature, then were mounted on
aluminum studs 5 mm in diameter using carbon adhesive tape. Samples were coated following Vega
Gutierrez (2016), with gold-palladium in a Cressington Sputter Coater 108 Auto (Cressington Scientific
Instruments, Inc, Cranberry Twp, PA, USA) for 35 s to allow the samples to generate a coating that
decreased the electron charging and increased the contrast on the sample images. Samples were
analyzed with a FEI QUANTA 600F environmental SEM (FEI Co., Hillsboro, OR, USA). The electron
spot used was 2 A and 2 kV (high voltage).

3. Results

3.1. Influence of Fabric Type on Coloration of Samples

The color intensity of dyed fabrics was found to vary significantly (df = 619, F = 150.15, p < 0.001)
depending on the type of fabric, with Tukey groupings showing that low-density cotton had the most
pigmentation (∆E = 35.58 ± 1.73), followed by high-density cotton (33.21 ± 3.54), and low-density
polyester (27.61 ± 4.22). Nylon, high-density polyester, high-density wool, and low-density wool were
not found to differ significantly and showed lower coloration overall.

3.2. Mechanical Testing

3.2.1. Tensile Strength

No significant difference was seen in tensile strength between untreated fabric samples,
fabric samples treated with linseed oil alone, and samples treated with pigmented oil (df = 2,
F = 1.75, p = 0.1806). The fabric type was found to significantly affect the sample tensile strength
(df = 6, F = 114.55, p < 0.0001), though no interaction was found between the interaction of fabric type
and treatment, which would have indicated differences in strength changes for one or more of the
fabrics due to the pigment (df = 12, F = 0.25, p = 0.9944).

SEM analysis showed differences in fiber morphology after tensile testing between tested fabric
varieties. High-density cotton showed flattened or curvy twisted fibers close to the break area,
with hook-like ends at the ends of fibers (Figure S1). Low density cotton also showed curvy,
twisted fibers close to break point, with split fiber ends (Figure S2). Nylon showed flattening at
the area of breakage and wide separation of fibers, with oil accumulation visible on their surface
(Figure S3). High-density polyester showed uneven broken fiber ends and minor flattening of broken
ends (Figure S4). Low-density polyester in contrast showed an irregular twisted surface and wavy
fibers in the failure area, with oil accumulation evident (Figure S5). High-density wool showed
flattened and elongated fibers with a sharp angle on failure sites, showcasing the separation of the
cuticle from the fiber core (Figure S6). Low-density wool showed similar characteristics to high-density
wool, with clear damage from the test (Figure S7).

3.2.2. Tear Strength

The tearing strength test showed a significant interaction between fabric type and treatment
(df = 12, F = 9.76, p < 0.0001), with low density cotton showing a significant difference between
untreated samples and samples treated with pigmented or non-pigmented linseed oil. Control samples
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tore at a significantly lower strength of 912.58 N compared to pigmented oil samples. Tukey groupings
showed that the low-density wool with oil had the highest tear strength performance (5068.36 N),
while high-density cotton treated with oil had the lowest performance (649.67 N) in this test.

High-density cotton showed clear flattened, broken ends with accumulated oil at the ends
(Figure S8), while low-density cotton showed twisted sharp ends and wrinkled fibril bundles (Figure S9).
High-density wool showed an even shape in the failure area with no loss of cuticle integrity, though a
flattened core was present (Figure S10). Low-density wool showed cuticle loss and irregular surfaces,
with breaking areas showing visible structural damage (Figure S11). Nylon showed un-flattened fibers
with occasional bracket-like structures with accumulation of oil close to the break area on fiber ends,
though most sections did not show this oil clumping (Figure S12). High-density polyester showed
angled edges and flattened fibers, with oil accumulation and waviness seen in broken fiber ends
(Figure S13). These was also seen in low-density polyester, which also showed twisting in the fibers
(Figure S14).

3.3. Laundry and Heat Testing

Color change in response to laundry and heat processes was found to vary in response to testing
conditions. The four-way ANOVA interaction between fabric type, laundry type (bleach/no bleach),
temperature, and time was not found to be significant, nor were any three-way interactions. Significant
two-way interactions included those between heating time and temperature (df= 4, f = 9.07, p = 0.0001),
laundry type and temperature (df = 4, f = 7.66, p = 0.0005), heating time and temperature (df = 2,
f = 9.07, p = 0.001), fabric type and temperature (df = 9, f = 1.88, p = 0.0349), and fabric type and laundry
treatment (df = 8, f = 24.67, p <0.0001). Overall, these significant interactions suggested that fabrics
responded differently to pigmentation, with bleach leading to discoloration and increased exposure to
heat (either over time or at higher temperatures) leading to more intense color. Drying temperature
seemed especially important, as it was present in all significant interactions, although its effects were
mediated by other variables.

In general, the addition of bleach resulted in less color difference between pigmented samples
and controls, although for low-density cotton, the addition of bleach resulted in a significantly higher
∆E (more color change). Polyester and nylon showed significant degradation of the pigments after
laundry treatment, both with and without bleaching, as can be seen in Figure 1. However, in this case,
the ∆E value does not tell the whole story. ∆E measures the total change in color, and, while in most
cases in this study this change reflects the intensity of the red coloration, when bleach was applied
on a number of fabrics, the hue of the pigmentation changed. In wool of both densities, the color
changed from red to blue, and in cotton, the color changed from red to dark purple (Figure 2). Overall,
bleach caused a more visible color change on natural fabrics over synthetic fibers. Synthetic fabrics
followed a different pattern, presenting less color change after washing and drying.

In addition to the changes in color, as measured by ∆E, and the variation of this effect upon
different fabrics, bleach seemed to have a profound effect on the applied pigment in oil, as was
qualitatively seen in SEM. While fabrics did not appear degraded in SEM, pigments on samples showed
evidence of breakdown. Figure 1 shows pigments looking different in the bleached sample compared
to the unbleached sample on the same fabrics at the same drying temperature and time. The analysis of
SEM images identified the loss of the pigment layer produced by the interaction of the fabric with the
oil. As can be seen in Figure 3, the degradation of oil layers occurred regardless of whether bleach was
used during laundry tests. When bleach was used, it severely altered the dye color. All cases showed a
strong contrast in comparison with the initial coloration and/or a dramatic loss of the dyed area.
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Figure 2. Differences in color and saturation between various fibers treated with 15 drops of
dramada-pigmented oil across laundry without bleach, laundry with bleach, and the control
(unwashed samples).
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Figure 3. SEM images of a bleach/no bleach sample at the same temperature, showing degradation.
(a) Low density polyester (control 15 drops); (b) low density polyester laundry without bleach; (c) low
density polyester laundry with bleach.

No dramada crystals were seen in cotton fabrics, with high density cotton showing a smooth
covering of oil with no presence of crystals, which became porous after laundry treatment without
bleach, and, in the presence of bleach, no oil was found on the samples (Figure S15). Low density
cotton showed a less smooth surface of applied pigment with fissures on the outer layer, likely due
to retention in the most superficial layer (Figure S16b). After washing with and without bleach,
low density cotton showed retention of a thick layer of pigmented oil with an irregular porous shape
(Figure S16). Nylon also showed no crystals in the pigmented oil layer, with an irregular surface that
was actually smoother after laundry without bleach. In contrast, laundry with bleach resulted in
stripping of much of the oil layer remaining only in spaces between yarns (Figure S17).

High density wool also did not form visible crystals within the pigment layer, which formed a
thick, even layer of oil that remained after laundry without bleach. However, laundry with bleach
showed visible interstices and a porous layer (Figure S18). The low-density wool allowed for a higher
degree of infiltration of the oil into the lower layer of the fabric than the high-density wool. Low density
wool also showed a thick pigment layer covering the fibers, though interactions with inner layers of
the wood fibers made it difficult to distinguish if a granular surface seen where pigment was directly
applied was due to pigment/wool interaction or not. After laundry without bleach, the oil absorbance
of the cotton became higher than wool or polyester, as seen through the interstices in the oil layer
(indicating a dryer oil coat) (Figure S19c), with samples exposed to bleach also showing a reduction in
oil and flaking along a porous surface.

In contrast to other fabrics, polyester showed high concentrations of dramada crystals in below
oil layers. High-density polyester showed a somewhat more even oil distribution, with a smoother
surface seen after laundry with bleach and a lack of visible coating after laundry with bleach (Figure 4).
Low density polyester also showed a reduced oil layer after laundry, along with several facture points.
Oil also seemed to be degraded by detergent and bleach, forming cube-like structures between fibers
and an overall porous surface (Figure 5). Low density polyester also showed a reduced oil layer after
laundry, along with several facture points (Figure S20).
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Figure 4. SEM images of high-density polyester samples: (a) control; (b) sample treated with 15 drops
of pigmented oil, showing presence of dramada crystals; (c) pigmented sample after laundry treatment
with no bleach, showing a somewhat smoothed surface; (d) pigmented sample after laundry treatment
with bleach showing no visible oil layer.

 

  
(a) (b) 

∆

∆

Figure 5. Distinctive features seen in polyester. (a) High-density polyester sample with a dramada
crystal; (b) SEM image showing low-density polyester sample after the laundry test with bleach.
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3.4. Heat Testing

Significant variations of ∆E were seen between pigment treated fabrics exposed to drying
conditions at either 50, 65, or 80 ◦C conditions for either 30 or 60 min. The four-way interaction between
all these variables was not statistically significant (df = 12, F = 1.47, p = 0.1366), though two three-way
interactions were found to be statistically significant. Fabric type and heating were found to influence
color change after heating (df = 2, F = 7.41, p = 0.0008), with all fabrics having higher ∆E value after the
heat treatment. In addition, the interaction between time, temperature, and treatment was significant
(df = 12, F = 3.21, p = 0.0003), with an increase in ∆E after the heat process; a difference that can be seen
in Figure 6. Tukey groups showed that high-density cotton and low-density polyester showed the
highest (∆E), while nylon showed the lowest (∆E).
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Figure 6. Fabrics dyed with pigmented oil before and after the heat treatment (30 min, 50 ◦C).

4. Discussion

The red pigment produced by Scytalidium cuboideum, carried in oil, was found to successfully dye
a variety of fabric types without impact on tested mechanical properties, though wide variation in
response to colorfastness treatments was seen. The color of the oil pigment varied based on fabric.
These differences could be seen in the presence and morphology of the pigmented oil layer under SEM.
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The presence of the pigment in oil layer did not affect material strength or tensile strength.
As natural dyes have historically been associated with weakening of fabric and decreases in tear
strength due their need to use mordants for effective dying [26–28], this is a significant benefit for use
of spalting fungal pigments.

Pigmented low density cotton showed a significant difference in tear strength in comparison
to untreated samples, but no significance was seen between pigmented oil and non-pigmented oil.
This suggests that any differences might be due to the absorption of oil, which could have influenced
slippage, leading to tearing. It is also possible that cellulose functional groups may have interacted
with pigmented oil and formed a stronger bond; however, this would require further investigation.
The fact that significance was only seen in this fabric type further suggests that this effect was not
due to the pigment presence and instead suggests that factors, such as fabric thickness and diffusion,
may influence dye absorption. Additionally, SEM showed that the pigmented oil did not stay in the
internal structures of the high-density cotton but it did stay in the internal structures of low-density
cotton, which had more space to absorb it. Both tensile strength and tear strength testing results
mirrored those found by Hinsch [19], who reported no significant differences in strength values after
application of S. cuboideum pigment in the DCM carrier.

While pigment presence was not seen to influence mechanical testing, clear differences in coloration
of applied pigment were seen between fabric varieties with both cotton varieties and low-density
polyester, showing significantly higher coloration than other fabric types (p < 0.001). It is likely that
structural differences between fabric types are responsible for these differences in coloration. The more
complex shapes created by natural fibers presented a different surface, leading to different interactions
with the pigmented oil. A deep view with SEM showed that polyester fibers seemed to have the
dye attached mostly in the outer areas of the sample. Polyester fabrics are normally hydrophobic
materials; therefore, their affinity for oil-based compounds was supposed to be higher than that of
cotton and wool (which are normally lipophobic materials). Previous research [1,19] did not show
any relationship between this feature of the fabrics and their ability to be dyed; however, both studies
found that polyester had a general affinity for natural dyes. This relationship still needs to be explored
with other types of polyester and fabric blends.

While differences were seen between fabric varieties, density differences did not result in consistent
patterns of pigment behavior. While it was speculated that the crystal structure contained in pigment
from S. cuboideum could be entrapped differentially in fabrics of varying densities, SEM investigations
showed that fabric density was also not related to crystal presence, with pigmented oil staying in
the fibers without forming crystals. In most cases, a thin layer of oil formed on the surface and a
marked accumulation was found in the intersections of each yarn. More crystals may have formed
with time, as crystals from S. cuboideum have been shown to appear in oil after 60 days, potentially due
to oxidation processes [29].

The natural fibers retained coloration better than the synthetics, with wool fabrics, in particular,
showing stable color after laundering. This has been seen with other fungal dyes (although not from
spalting fungi), specifically with Talaromyces australis (C.M. Visagie, N. Yilmaz & J.C. Frisvad) and
Penicillium murcianum (C. Ramírez & A.T. Martínez) [30]. In most cases, laundry with detergent alone
was sufficient to remove the oil layer from the applied pigment. It is likely that the detergent used
in the laundry test affected the triester groups of the linseed oil through a complex formation with
available -OH− groups. However, complete removal was not seen on wool, and cotton samples though
the coloration persisted, suggesting that the oil may influence pigment fixation, creating a mordant-like
effect that has been described in other studies [31].

The pigmented oil layer degraded on exposure to bleach, likely through a saponification reaction.
The strong alkalinity of bleach is also likely responsible for the color change seen in laundry samples.
The pigment from S. cuboideum is known to turn blue under basic conditions, instead of its normal
red coloration [32,33]. The mechanism behind this color change is under investigation but has not
yet been described. It is possible that the variation in response to bleach seen may have been due to
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physical protection of pigment-functional groups pigment by the oil layer or by pigment binding to
fabric surfaces.

While bonding mechanisms of fungal pigment attachment to different fabrics were not tested,
these likely impacted the differential responses seen in colorfastness. It is possible that hydroxy groups
in cotton, and potentially amino acids in wool, may form hydrogen bonds with the methoxy and
hydroxy groups present in the fungal pigment dramada. For the polyester fabric, it is likely that
the aromatic π-electron system of the phthalic unit may be interacting with the π-electron system of
dramada, providing a strong bond between the fabric and the pigmented oil. This interaction has
already been reported with an anthraquinone present in natural dyes [1]. It is also interesting that. in
previous research studies, polyester fabrics were successfully dyed with S. cuboideum when using DCM
as a carrier [18] and later with raw linseed oil [25]. However, there is a need to further investigate
which interaction causes the bonding between the fabric and the dye.

Heating resulted in changes of fabric color, as it was present in all statistically significant interactions
identified, with all fabrics brightening except nylon, which may have been due to low initial pigment
uptake. Under SEM, a superficial layer could be seen on the dyed areas after heating. This layer
was also seen in samples subjected to laundry testing and it appeared to be made of oil: it presented
as a thin, compacted, smooth surface, and, in some cases, it showed interstices or pores. This layer
was best seen in high-density wool and low-density cotton, which showed the best performance,
as measured by ∆E after the heat test. The layer may have been formed due to evaporation, oxidation,
or polymerization of the oil under the effect of the temperatures. The polymerization process of linseed
oil is well known [34] and this process may have allowed for molecular stacking of the pigment into its
crystal formation. Using high temperatures to accelerate the evaporation of the raw linseed oil has
been previously reported in the preparation of oilcloths as a way to reduce drying time [35], although
no oil layer, such as the one found in this research, has ever been reported. It is also notable that
previous research has shown that temperatures higher than 70 ◦C have been shown to degrade the red
color of dramada [29], although this effect was not seen during this research. It is possible that the oil
provided some protection for the pigment.

While this research showed that a range of fabrics could be effectively dyed using fungal pigment
from Scytalidium cuboideum, this method of dying presented colorfastness challenges, especially for
synthetic fibers. In addition, the texture of completed cloth may be an obstacle, as the oil does not
polymerize to a dry layer quickly, making samples oily. However, treatment of cotton with linseed oil
to create a waterproof layer, known as an oilcloth, was commonly done in the past [36] and may be a
sustainable waterproofing option. Testing other cellulosic fibers, such as bamboo, rayon, or hemp,
should also be investigated, as should the water repellence of the pigmented oil layer. In addition,
new technology would likely need to be developed to allow for industrial processing of quantities
of this pigmented oil. The economics of this product would require further research. In addition,
natural oils have been researched for protection of exterior wood in service [37,38], which may be an
additional use.

The challenges seen using pigment from S. cuboideum in linseed oil may limit the ability of this
technology to be adopted in the market. However, the use of spalting fungal pigments like that
from S. cuboideum still have great potential for use in the textile industry, especially as they can be
used without the need for mordants [18]. Other natural pigments, such as those from plant sources,
have relied on mordants for their color stability [39–42], and the lack of mordants needed for fungal
pigments represents a significant advantage. While it was hoped that linseed oil would provide a
less toxic alternative to DCM, future work into identifying new solvents appropriate for use with
dramada would be helpful, especially for use with synthetic fabrics. Recent work using pigment from
S. cuboideum in inkjet printers may be a particularly effective method of textile dying with fungal
pigments [43].
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5. Conclusions

Red pigment from Scytalidium cuboideum carried in linseed oil was found to effectively dye a variety
of fabric varieties, with natural fibers showing better coloration and colorfastness overall. Mechanical
properties were found to be essentially unaffected by the application of pigment. Colorfastness was
shown to vary among fabrics, with application of bleach associated with a color shift from red to blue
of the applied pigment. Heating was found to result in the production of a bright red fabric, which
may have potential as a sustainable waterproofing treatment.
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Abstract: Aging-associated, non-transmissible chronic diseases (NTCD) such as cancer, dyslipidemia,
and neurodegenerative disorders have been challenged through several strategies including the
consumption of healthy foods and the development of new drugs for existing diseases. Consumer
health consciousness is guiding market trends toward the development of additives and nutraceutical
products of natural origin. Fungi produce several metabolites with bioactivity against NTCD
as well as pigments, dyes, antioxidants, polysaccharides, and enzymes that can be explored as
substitutes for synthetic food additives. Research in this area has increased the yields of metabolites
for industrial applications through improving fermentation conditions, application of metabolic
engineering techniques, and fungal genetic manipulation. Several modern hyphenated techniques
have impressively increased the rate of research in this area, enabling the analysis of a large number
of species and fermentative conditions. This review thus focuses on summarizing the nutritional,
pharmacological, and economic importance of fungi and their metabolites resulting from applications
in the aforementioned areas, examples of modern techniques for optimizing the production of fungi
and their metabolites, and methodologies for the identification and analysis of these compounds.

Keywords: fungi; secondary metabolites; metabolomics; NTCD; additives; functional foods;
nutraceuticals; sustainability; healthy aging

1. Health and Modern Food Demands

Health concerns have always existed among humans. Although some conditions and diseases
cannot be avoided yet, the manifestation of several non-transmissible chronic diseases (NTCD) with
high prevalence in patients over 60 years of age such as diabetes, cardiovascular, and neurodegenerative
diseases can be delayed by adhering to a healthy lifestyle, which among other factors, is directly
correlated to eating habits. The physiological effects associated with the consumption of certain foods
are thus becoming very popular. Several types of diets and foods such as the fat-free diet, low-carb
diet [1], Mediterranean diet [2], and soy-based diet [3] have been adopted in the quest for healthy aging.
Several effects of NTCD have also been postponed through calorie restriction diets in animal models [4].
However, prolonged caloric restriction in humans generates undesirable effects; thus, alternative ways
of preventing NTCD have been sought through the development of drugs, foods, and/or nutraceuticals
that have both health-promoting and anti-aging effects, without causing adverse effects [5]. There is an
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increasing trend to combine the use of nutraceuticals with pharmacotherapy, even among individuals
with non-aging-related diseases.

As oxidative stress is among the metabolic factors and pathways most related to cell aging,
the consumption of nutraceuticals and functional foods with antioxidant activity has increased.
Antioxidants can benefit the human body by directly or indirectly neutralizing reactive oxygen species
(ROS), modulating metabolic pathways and gene expression, and activating mechanisms of cellular
stress and autophagy that delay aging through pathways unrelated to ROS [5]. The nutraceutical
market has already reached market values up to USD 117 billion [6]. Nutraceuticals can be classified
into several categories based on the level of innovation and area of application (Table 1) [7,8]. Another
trend associated with health improvement and NTCD prevention is that of consuming natural foods or
foods containing natural, rather than synthetic, additives such as natural flavoring agents, acidulants,
and colorants. Several people also prefer vegetarian and vegan diets, which involve restrictions
in food and additives of animal origin to different extents; such diets are mainly motivated by the
environmental impacts of livestock farming and animal welfare and have prompted studies on the
possible effects of these diets on health [9] and increased the market demand for new vegetarian and
vegan food products.

Filamentous fungi are capable of responding to different demands for the development of
functional foods, nutraceuticals, and bioactive substances that can be used as medicines or in the food
industry, either through the use of their biomass or the metabolites produced by them. A comprehensive
review of the various aspects of fungal biotechnology and industrial applications was recently published
by Meyer et al. [10].

The consumption of fungi as food mainly involves the consumption of mushrooms (Ascomycota
and Basidiomycota phyla), which are enjoyed worldwide, sometimes as delicatessen or gourmet
products. However, the role of fungi in human and animal health extends much further than the
recognized health benefits of mushrooms [11]. Many fungal species are commercially available as
supplements or nutraceuticals, and the fungal metabolites produced by these organisms including many
non-Basidiomycota species as functional foods have multiple pharmacological activities. Examples of
fungal species used as functional foods include many species of microscopic filamentous fungi that are
easily cultivated under ex situ scalable conditions such as some well-known Penicillium, Aspergillus,
and Fusarium species. However, lesser known species such as Ashbya gossypii also play an important role
in the production of food additives such as riboflavin (vitamin B2) (1) (Figure 1) [12]. Other important
fungal products associated with health improvement are enzymes such as β-galactosidase, which
hydrolyzes lactose from dairy foods, is produced by filamentous fungi such as Trichoderma sp., and is
helpful for lactose-intolerant individuals [13].

Table 1. Examples of food additives and nutraceuticals from fungi.

Category Active Component Bioactivity Fungal Source References

Nutrient Vitamin C (55) Antioxidant Dictyophora indusiata [14]

Secondary Metabolites Resveratrol Antioxidant Pleurotusostreatus [15]
Agmatine (28) Neurological benefits Aspergillus oryzae [16]

ω-6
Polyunsaturated fatty acid

γ-linolenic acid Anti-inflammatory Mucor circinelloides [17]

Arachidonic acid Development of the nervous central system
and enhancement of immune response Mortierella alpina [18]

Probiotic Whole cell Increase of beneficial bacteria population in
gastrointestinal tract Saccharomyces boulardii [19]

Nutraceutical Enzymes Fibrino(geno)lytic enzymes Antithrombotic
Penicillium sp. [20]

Rhizopus microsporus [21]
Lipase (Lipopan F) Decrease glycemic response Rhizopus oryzae [22]

Fortified Nutraceuticals Folate in fermented
maize-based porridge Saccharomyces cerevisiae [23]

This review discusses the usefulness of metabolites produced by fungi for food and pharmaceutical
purposes closely linked to health improvement and the prevention of NTCD, respectively, as lead
compounds, additives, nutraceuticals, supplements, and functional ingredients. The health benefits of
fungal metabolites are highlighted. Cutting-edge tools for yield improvement and thus the scaling up
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of fungal metabolite production as well as the means for ensuring a successful circular economy in this
area are also discussed.

 

– –

ω

γ‐linolenic acid

Figure 1. Chemical structures of some fungal-derived food additives (1–4, 22, 51–55).

2. Natural Food Additives from Fungi

Prompted by the growing evidence for the association between natural compound intake and
health, there is a demand for the replacement of synthetic food additives with natural products. Fungal
metabolites feature many properties that have been explored for such replacement. This section
presents the potential of fungal metabolites as food additives, focusing on their versatility as coloring
agents, producing species, and recent achievements and challenges in this area.

Fungi provide several food additives and technology adjuvants such as organic acids, colorants,
and fatty acids including some ω-3 and ω-6 class fatty acids, which are essential for human metabolism.
Citric acid (2) and fumaric acid (3) (Figure 1), metabolites of Aspergillus niger and Rhizopus oryzae,
respectively, are outstanding food additives that are industrially produced. Citric acid (2) and gluconic
acid (4) (Figure 1) are fungal products with the highest commercial-scale production [24]. Citric acid
(2) has a number of applications as an antioxidant, preservative, acidulant, pH control agent, and flavor
regulation agent, with market numbers predicted to reach USD 3.6 billion in 2020 [24].

The harmful effects of synthetic food colorants on human health such as attention-
deficit/hyperactivity disorder, asthma and allergies, cancer, and neurological disorders have accelerated
the search for natural substitutes. The use of the yellow coloring compounds tartrazine, quinoline,
and sunset as well as the red coloring compound amaranth [25] has been regulated and supervised by
the World Health Organization. In addition, sustainability issues have contributed to the decreased
acceptability of non-biodegradable synthetic colorants that are difficult to remove from effluents,
causing toxic effects on plants, bacteria, algae, fishes, and crustaceans [26]. Fungal pigments and dyes
have emerged as alternatives to these synthetic food additives [27].

Food dyes are coloring materials soluble in food substrates, while food pigments are insoluble in
food and need to be carried by vehicles that bind to the food instead [28] (ACS, 2020). Food colorants
are pigments or dyes approved for use as food additives [29] (FDA, 2017). A wide spectrum of natural
colors can be obtained from metabolites of fungi of different genera such as Eurotium, Fusarium,
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Monascus, and Penicillium, isolated from marine and terrestrial environments and extracted by
techniques considered environmentally friendly including those employing ultrasound, pressurized
liquid, microwaves, and pulsed electric field [30]. The fungal metabolites have a wide color range,
which can be represented by carotenoids such as lycopene (red) (5), β-carotene (yellow-orange)
(6), and astaxanthin (pink-red) (7); azafilones such as monascorubrin (orange) (8) and ankaflavin
(yellow) (9); and the quinine derivatives alizarin (purple-red) (10) and bikaverin (red) (11) (Figure 2).
Arpink Red (12) (Figure 2), an anthraquinone produced by Penicillium oxalicum, has been approved by
the Codex Alimentarius for use as a food colorant in meat products, dairy, confectionery, ice cream,
and alcoholic and non-alcoholic beverages [31,32]. Naftoquinone hydrosoluble metabolites (purple
color) were produced by a soil-originated strain of Fusarium oxysporum using a simple culture medium
containing glucose, ammonium sulfate, and salts [33]. Crystalline neoechinulin A (13) (ivory color),
neoechinulin B (14), and cladosporin (15) (all having a yellow color) (Figure 2) are described as
metabolites of Eurotium amstelodami, Eurotium herbariorum, and Eurotium rubrum isolated from outdoor
and indoor samples in Canada and grown in medium containing sucrose, yeast extract, and salts [34].

The filamentous fungus Monascus purpureus is one of the first species that was used to produce
natural colorants. It is traditionally consumed in Asia in fermented red rice, which is important in
Chinese cuisine, and used in folk medicine as a regulator of digestive and circulatory functions [35,36].
Some species of the genus Monascus produce the secondary metabolite monacolin K (16) (Figure 2),
which consists of a lactone with a free hydroxyl-acid moiety. Aside fromits coloring property,
monacolin K (16) has a high antioxidant activity and is marketed as a hypocholesterolemic drug known
as lovastatin. The pigments of yellow, orange, and red color produced by the Monascus genus are
considered safe for human consumption [37].

The development of mutant strains of Monascus has enabled an increase in available pigments
including monashin (17) (Figure 2), which is obtained through the mutation of the enzyme polyketide
synthase and has an antioxidant activity [35]. The monascin (18) (Figure 2) (yellow) produced by
M. purpureus after activation by the transcription factors DAF-16/FOXO increased the production of
superoxide dismutase and thermal shock protein HSP16.2, improving survival in a worm model [38].
Monascin (18) also reduced non-alcoholic fatty liver disease and increased AMPK levels and γ 1α
co-activator of the receptor activated by peroxisome proliferator in mice [39]. In another study,
a new azaphylone, monapurpureusone (19), and a new brownish natural product, monapurpureusin
(20) (Figure 2), were obtained from a mutant strain of M. purpureus cultivated in fermented rice
extract. Both compounds presented superoxide radical scavenging activity (EC50 = 176.2 and
271.2 µM, respectively), with monapurpureusone (19) superior to the control gallic acid (237.1 µM),
and anti-inflammatory activity (IC50 = 27.5 and 24.9 µM, respectively), with both compounds superior
to the control quercetin (35.9 µM) [36].

Red and orange pigments were produced by a strain of Talaromyces albobiverticillius isolated from
a marine environment at pH 6.5, and their colors were shown to be dependent on the fermentation
period (198.6 and 229.0 h, respectively) [40]. Optimal conditions for the production of pigments were
also described for F. oxysporum (red color, rate C:N = 9, blue LED light, and absence of co-culture)
and Aspergillus chevalieri (yellow color, rate C:N = 20, glucose as the carbon source, UV and red light,
and co-cultivation with Kluyveromyces marxianus) [41]. The production of natural food colorants such as
melanins, azaphilones, flavins, phenazines, and quinines by filamentous fungi has also been reported
for Basidiomycetes [28].

The replacement of synthetic colorants with fungal pigments and dyes enables the production
of safer and healthier foods. Compared with plant sources of natural pigments, fungal sources are
more economically attractive, considering the relative ease of yield maximization by manipulating
fungal fermentative parameters instead of relying on seasonal factors, as may occur in the production
of pigments and dyes of plant origin.
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–Figure 2. Chemical structures of some colored fungal secondary metabolites (5–20).
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Nevertheless, some challenges need to be considered for regulating new food-related colorants
such as the possibility of interactions with the food matrix, which causes undesirable sensorial changes,
loss of color stability, and contamination by toxic substances such as mycotoxins. Some alternatives
proposed for these problems are based on the controlled release of the colorant using microencapsulation
as well as the use of nanoformulations to eliminate undesirable aromas and flavors [30]. Spray-drying
microencapsulation was successfully used in broth fermented by three species producing yellow dyes,
Aspergillus keveii, Penicillium flavigenum, and Epicoccum nigrum. Encapsulation with three adjuvants
(maltodextrin, modified starch, and gumarabic) provided pigment retention above 70% [41].
With respect to problems linked to the production of mycotoxins such as citrinin (21) (Figure 3) produced
by Monascus, strategies vary from changes in cultivation and fermentation conditions to disruption of
genes encoding the production of mycotoxins in question to create non-mycotoxin-producing mutant
strains [30].

 

β

Figure 3. Chemical structures of some mycotoxins (21, 29) and classes of mycotoxins (30, 31) frequently
produced by fungal species.

The use of fungal metabolites as natural colorants contributes greatly to the development of
healthier foods. Nonetheless, several other additives of fungal origin such as substances related to taste
and pH (acidulants, flavorings, and sweeteners), texture (thickeners and emulsifiers), and increased
shelf life (antioxidants and preservatives) have been studied. Some examples can be found in Table 2.
The application of some of these additives including exopolysaccharides is not restricted to the food
industry. Fungal exopolysaccharides produced by species such as Phellinus linteus, Ganoderma lucidum,
Fusarium sp., Pleurotus spp., Inonotus obliquus, and Aureobasidium pullulans have been employed to
aid moisture retention in confectionery, increase the viscosity and crystallization of sugar, and as
stabilizers, emulsifiers, and thickening agents [42,43]. These compounds are also of great interest
to textiles, food, cosmetics, and pharmaceutical industries and are also important in agriculture as
preservatives, bioherbicides, and microbicides.
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Table 2. Examples of non-coloring natural additives from fungal origin.

Function Compound Name and Structure Fungus Main Uses References

Acidulant

Malic acid

 

 

β

A. niger Candies, soft drinks, baked goods [44]

Antioxidant

Gallic acid

 

 

β

A. niger Any food susceptible to oxidation [45]

Thickener agent

Galactomannans and β-1,3-glucans

 

β

 

Aspergillus terreus Sauces, soups, puddings, fillings [46]

Emulsifier

Sorbitol

 

 

β

β

β β

β

Neopestalotiopsis sp. Baked goods and desserts [47]

Flavoring agent

Dihydro-β-ionone

 

β

 

β

β β

β

Volvariellavolvacea Beverages, ice creams, candies [48]

Preservative

Natamycin

 

β

 

β

β β

β

Streptomyces gilvosporeus
Fungicide used as biopreservative

in dairy and meat products [49]

Sweetener

Mogroside V

 

β

Sweetener 

 

β

β β

β

Diaporthe angelicae and
Fusarium solani

Juices, soft drinks, cereals,
confectionary, baked goods [50]

Metabolic engineering of microorganisms has been successfully employed for producing 42 out
of the 316 food additives from numerous species of fungi and bacteria currently approved by the
European Union [44]. Using this technique, the production of glutamic acid, a metabolite capable
of providing “umami” flavor to food, though fermentation with Corynebacterium glutamicum was
optimized. The production of malic acid (22) (Figure 1), an acidulant used in food and beverages,
was increased after overexpression of the genes encoding its precursors in the species S. cerevisiae,
Aspergillus flavus, Aspergillus oryzae, and A. niger [51,52]. Metabolic engineering can also be used to
introduce heterologous routes for enzyme production in microorganisms (e.g., to produce enzymes of
plant origin) [51]. Changes in the molecular structures and colors of microbial pigments were made
using the engineering system CRISPR-Cas9, which cleaves specific microbial DNA sites and introduces
changes in one or more target genes [30]. For instance, Escherichia coli was used for the production of
β-carotene (6) through genomic editing to introduce insertions, deletions, and substitutions in regions
of the lacZ, galK, and ldhA genes using the CRISPR-Cas9 system [53].

A yeast species, Yarrowia lipolytica, was engineered by introducing genes for the production of
β-ketolase and β-hydroxylase of seaweed and bacteria origin, increasing the yield of astaxanthin
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(7) (285 ± 19 mg/L; 47% of total carotenoids) [54]. This was a great achievement, given the lower
productivity of astaxanthin (7) by yeasts like Xanthophyllomyces dendrorhous (10.2 mg/L) [55] and
microalgae like Haematococcus pluvialis (84.8 mg/L) [56] and Chlorella zofingiensis (12.5 mg/L) [57].
Astaxanthin (7) has a high market value (USD 2500–7000/kg), 5–20 times higher than that of β-carotene
(6) produced by the microalga Dunaliella salina (USD 300–500/kg) [54,58].

Overall, tools such as genetic manipulation based on transcriptomic analysis, induction of
mutations, cloning, and insertion of heterologous plasmids into species with well-known genomes
have enabled the production of large quantities of metabolites by previously non-producing species [59].
The elucidation and manipulation of the different stages in the transcription and secretion of amylases,
xylanases, and cellulases in filamentous fungi has enabled their overexpression [60]; these enzymes are
widely used in bakery products to improve the quality of dough through hydrolysis of long-chain
carbohydrates and non-starch polysaccharides (cellulose and arabinoxylans).

It was hypothesized that enzymes produced by A. oryzae and A. niger could cleave the
anti-nutritional factors present in flour, in addition to hydrolyzing proteins and carbohydrates
into smaller molecules and thus making them more accessible for digestion and releasing phenolic
compounds from the matrix. However, the fungi used the amino acids present in the flour for their own
metabolism, which negatively affected the protein quality of the final product [61]. A new fermented
food product was thus developed using stale bread as a substrate for the fungus Neurospora intermedia,
which converted 65% of the starch into 21% of protein, in addition to supplementing the final product
with minerals and vitamins; although there was a reduction in the amounts of proline, glutamic acid,
and phenylalanine, the overall amino acid composition was improved [62].

3. Benefits, Research, and Industrial Applications of Fungal Metabolites

The scope of the pharmacological activity of fungal metabolites seems to be as endless as the
structural diversity. However, several issues in this area must be addressed such as the extent of
in vivo effects. The wide range of beneficial biological effects of fungal metabolites can be related
to the prevention and treatment of NTCD, and some such effects have identified several potential
compounds for developing new drugs.

Terrein (23) (Figure 4), for instance, is a secondary metabolite biosynthesized in high concentrations
(537.26 ± 23.42 g/kg crude extract) by A.terreus [63]. The anti-inflammatory and antioxidant properties
of terrein (23) were reported in in vitro studies [64]. These important medicinal properties and the
high initial yield of this metabolite allow the large-scale production and technological development of
the A. terreus crude extract for the prevention of some age-related NTCD.

Compounds presenting cytotoxicity against tumor cells form one of the most important classes of
fungal metabolites. The world incidence of cancers is high, with cancer affecting one in five people at
some point in life. The number of cancer cases registered in 2018 was 18.1 million people, a number
that could double in 2040 [65]. Cancer is a multifactorial disease that affects people regardless of age,
gender, or origin. As an NTCD, cancer is worrying in several ways, since working-age people can be
affected, treatment is costly and long, mortality rates are high, and individuals often have health issues
even after cure.

Many reports on fungal metabolites with cytotoxic activity show the vast arsenal of molecules
that fungi provide to combat cancer. Table 3 provides examples of antitumor metabolites produced by
fungi. Species from different genera or secondary metabolites produced by them sometimes present
inhibitory power more pronounced than or relatively close to that presented by standard compounds.
This was observed for hypocriol A (24) and F (25) (Figure 4), isolated from the strain Hypocrea sp. [66],
and for sesquiterpene strichocaranes E (26) and F (27) (Figure 4), isolated from the entomopathogenic
fungus Isaria fumosorosea [67], in comparison to the standard cisplatin. Many human tumor cell lines
can be inhibited by fungal metabolites such as breast (MDA and MCF-7) [67], cervical and lung [66],
colorectal [63], gastric and liver [68], and pancreatic [69] cell lines. The majority of compounds
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presented in Figure 4 are terpenes with different degrees of hydroxylation as well as linear and cyclic
nitrogen-bearing compounds with free NH groups.

 

Figure 4. Cont.
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– – –Figure 4. Chemical structures of metabolites (23–28, 32–41, 43–50) and class of bioactive compounds
(42) produced by fungal species.
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Table 3. Cytotoxic activity of some fungal secondary metabolites against several human tumor cell lines.

Metabolite Fungal Origin Yield
Cytotoxic Activity

Reference
Human Tumor Cell IC50 Control IC50

7-Desmethyl-6-methylbostrycoidin (32) F. solani 7 mg/4.3 g extract

Breast (MDA MB 231) 0.73 µM

Doxorubicin

0.07 µM

[69]

Pancreatic (MIA PaCa2) 0.64 µM 0.04 µM

Cervical (HeLa) 0.71 µM 0.05 µM

Non small-cell lung (NCI HI975) 0.34 µM 0.03 µM

Lung fibroblast (WI38) 6.42 µM 0.35 µM

7-Desmethylscorpinone (33) F. solani 5 mg/4.3 g extract

Breast (MDA MB 231) 1.51 µM

Doxorubicin

0.07 µM

[69]

Pancreatic (MIA PaCa2) 0.98 µM 0.04 µM

Cervical (HeLa) 0.96 µM 0.05 µM

Non small-cell lung (NCI HI975) 0.61 µM 0.03 µM

Lung fibroblast (WI38) 5.84 µM 0.35 µM

Ergosterol (43)
Penicillium chrysogenum ni Breast (MCF-7) 0.10 mM ni ni [70]

V.volvacea 500 mg/725 g extract Prostate (PC-3M) 27.98 ± 0.97 µM 5-Fluorouracil 64.35 µM [68]

Ergosterol peroxide (44) V. volvacea 15 mg/725 g extract Prostate (PC-3M) 23.15 ± 1.54 µM 5-Fluorouracil 64.35 µM [68]

3β, 5α, 9α, 14 α-Tetrahydroxy-ergosta-7,22-dien-6-one (45) V. volvacea 5.9 mg/725 g extract Liver (HepG2) 20.72 ± 0.76 µM 5-Fluorouracil 54.74 µM [68]

3β, 5α, 9α-Trihydroxy-ergosta-7,22-dien-6-one (46) V. volvacea 12.5 mg/725 g extract
Gastric (SGC-7901) 12.03 ± 0.77 µM

5-Fluorouracil
75.05 µM

[68]
Liver (HepG2) 5.90 ± 0.44 µM 54.74 µM

Hypocriol A (24) Hypocrea sp. 50.3 mg/63.2 g extract

Colorectal (HCT116) 18.6 ± 0.7 µM

Cisplatin

18.8 ± 1.9 µM

[66]
Cervical (HeLa) 7.7 ± 0.4 µM 14.7 ± 0.8 µM

Lung (A549) 25.3 ± 2.5 µM 13.8 ± 1.2 µM

Breast (MCF-7) 19.7 ± 0.4 µM 17.6 ± 2.4 µM

Hypocriol F (25) Hypocrea sp. 11.2 mg/63.2 g extract

Colorectal (HCT116) 2.7 ± 0.6 µM

Cisplatin

18.8 ± 1.9 µM

[66]
Cervical (HeLa) 4.6 ± 0.1 µM 14.7 ± 0.8 µM

Lung (A549) 15.3 ± 1.6 µM 13.8 ± 1.2 µM

Breast (MCF-7) 23.6 ± 1.3 µM 17.6 ± 2.4 µM

Terrein (23) A. terreus 537.26 ± 23.42 g/kg extract
Colorectal (HCT-116) 12.13 µM

Doxorubicin
0.11 µM

[63]
Hepatocellular (HepG2) 22.53 µM 0.85 µM

Trichocarane E (26) I. fumosorosea 30 mg/200 g extract

Breast (MDA) 0.13 µg/mL

Cisplatin

2.90 µg/mL

[67]

Breast (MCF-7) 2.46 µg/mL 1.14 µg/mL

Ovary (SKOV-3) 1.01 µg/mL 3.80 µg/mL

Cervical (Hela) 2.32 µg/mL 2.24 µg/mL

Lung (A549) 1.40 µg/mL 2.13 µg/mL

Liver (HepG2) 1.87 µg/mL 0.62 µg/mL

Trichocarane F (27) I. fumosorosea 41 mg/200 g extract

Breast (MDA) 0.89 µg/mL

Cisplatin

2.90 µg/mL

[67]

Breast (MCF-7) 4.38 µg/mL 1.14 µg/mL

Ovary (SKOV-3) 1.46 µg/mL 3.80 µg/mL

Cervical (Hela) 4.57 µg/mL 2.24 µg/mL

Lung (A549) 1.66 µg/mL 2.13 µg/mL

Liver (HepG2) 3.66 µg/mL 0.62 µg/mL

Note: ni = not informed.
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Despite the huge number of fungal bioactive metabolites, there is controversy regarding the
consumption or development of new drugs from metabolites biosynthesized by toxin-producing fungi.
Terrein (23) and agmatine (28) (Figure 4)are examples of biologically active metabolites produced by
Aspergillus, a genus often associated with the production of mycotoxins [71,72]. However, species from
Aspergillus and Fusarium genera, known sources of toxins such as zearalenone (29), trichothecenes
(30), and fumonisins (31) (Figure 3), have shown a biotechnological potential beyond the production
of mycotoxins. For example, azaanthraquinone derivatives, 7-desmethyl-6-methylbostrycoidin (32),
and 7-desmethylscorpinone (33) (Figure 4), isolated from F. solani cultures, showed significant activity
against tumor cell lines (Table 3) [69].The mycoprotein “Quorn”, a popular fungal food for human
consumption, is produced using mycelia of Fusarium sp. [72]. Therefore, disregarding the potential of
species from mycotoxin-producing genera is unnecessary in the research and industrial development
of food products and medicines.

Cancer and neurodegenerative diseases are pathologies targeted by antioxidant therapies, not only
for treatment but also for prevention, as proven by pre-clinical, clinical, and epidemiological studies [73].
Although compounds and foods with antioxidant activity have been targeted by many studies [5,74],
some brief considerations are worthwhile. Despite encouraging data from several screenings pointing
to a very significant number of fungal products with antioxidant activity, it is important to note that
most of the experiments in these studies were not applied to tissues and organ systems, and the
pharmacokinetic aspects of the absorption of these substances by the human organism were not
evaluated [74]. Thus, the straightforward extrapolation of the results of these screenings to in vivo
human applications is not possible [75].

Conversely, the in vitro antioxidant profile of a natural product can be improved. This was
observed in a study in which three strains of M. circinelloides (CBS 277.49, WJ11, and CBS 108.16)
were grown for different time periods (three, five, and seven days) in different culture media
(standard Kendrick medium and Ratledge and modified Kendrick and Ratledge media (MKR),
with nitrogen deficiency) and evaluated for phenolic compounds and antioxidant capacity. The total
phenolics (TPC) and flavonoids (TFC) were improved for CBS 277.49, while CBS 108.16 produced
a higher amount of condensed tannins (TCT). The ethanol extract obtained from CBS 277.49
(five days of growth in MKR medium) presented the best results regarding neutralization of
the2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)(ABTS+) radical, copper reducing power,
and ferric reducing power. The latter had a higher ferric reducing power than those of the standards
BHT and α-tocopherol [76].

Despite the relevance of cancer as an NTCD, several other diseases linked to aging limit a healthy
life as people age. Accumulated dietary deficiencies throughout life and loss of immunity increase
mortality rates associated with non-fatal diseases such as infections. Chronic inflammation is another
worrisome condition that increases the risk of developing various pathologies such as hypertension,
diabetes, and neurodegenerative diseases [77]. Although early diagnosis and measures to avoid
aging-related pathologies and their consequences are essential, drugs for existing diseases continue
to be required. Table 4 presents the structures of fungal metabolites associated with the treatment or
control of infections, inflammatory and neuroinflammatory conditions, and Alzheimer’s disease and
examples and extents of the biological activities of these compounds.

236



J. Fungi 2020, 6, 223

Table 4. Examples of non-cytotoxic biologically active fungal secondary metabolites.

Fungal Species Bioactive Compound
Bioactivity

Health Benefit ReferencesTarget of Inhibitory
Activity

Value Control

Cladosporium sphaerospermum

Cladosin L

 

 

Staphylococcus aureus MIC = 25–50 µM ni Antibacterial [78]

Fusarium chlamydosporum

Chlamydosterol A

 

 

5-lipoxygenase
(5-LOX) IC50 = 3.06 µM Indomethacin

IC50 =1.13 µM Anti-inflammatory [79]

Hypoxylon sp.

Hypoxylon xanthone A

 

 

LPS-induced NO production >70% at 1 µM Minocycline
>60% at 1 µM Anti-neuroinflammatory [80]

Rhizopycnis vagum

Rhizovagine A

 

 

−
−

Acetylcholinesterase enzyme IC50 = 43.1 µM Tacrine hydrochloride
IC50 = 6.1 µM

Treatment
for Alzheimer’s disease [81]

Saccharicola sp.

Speciosin U

 

 

−
−

Acetylcholinesterase (huAChE-ICER) IC50 = 0.037 ± 0.01 mg.mL−1 Galantamine
IC50 = 0.076 ± 0.01 mg.mL−1

Treatment
for Alzheimer’s disease [82]

Trichoderma sp.

Coniothyrinone A

 

−
−

 

Vibrio anguillarum MIC = 1.56 µM Ciprofloxacin
MIC = 0.625 µM Antibacterial [83]

ni = not informed.
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The use of epigenetics for the production of new secondary metabolites through the activation of
biosynthetic routes involving transcriptional genes previously silenced is an approach to increase and
diversify the production of bioactive secondary metabolites by fungi. The use of a mutant strain of
Fusarium graminearum lacking H3K27 methyltransferase after removal of the secondary metabolism
repressor kmt6 gene was reported as being advantageous for obtaining 22 metabolites, three of which
had not been previously identified to be produced by this species: N-ethyl anthranilic acid (34),
N-phenetylacetamide (35), and N-acetyltryptamine (36) (Figure 4). The production of the double
mutant kmt6fus 1, with elimination of the production of compounds of the class fusarins, enabled the
discovery of two new sesquiterpenes, tricinolone (37) and tricinolonic acid (38) (Figure 4) [84].

4. Mushrooms as Functional Foods for Preventing Aging-Related Non-Transmissible Chronic
Diseases (NTCD)

The intake of edible mushrooms as functional foods associated with health improvement has been
widely described [85]. Some metabolites obtained from mushrooms have been introduced into the
market as they have antitumor properties or immunostimulants such as the polysaccharide lentinan
produced by the edible mushrooms Lentinula edodes (Shiitake) and G. lucidum. G. lucidum latter is
consumed in traditional East Asian medicine as bitter tea (hot aqueous extraction) and can also be
obtained as a dry powder. The pharmacological properties of several mushroom metabolites have been
demonstrated such as those of polysaccharides produced by G. lucidum, which were able to increase
the survival of worms by activating the transcription factors DAF-16/FOXO [86].

Hirsutella sinensis produces polysaccharides with prebiotic properties related to insulin resistance
and diabetes control [87,88]. Spermidine (39) (Figure 4) produced by several species [89], proved capable
of prolonging the life of mice by reducing histone acetyltransferase EP300 [90], while epidemiological
evidence indicates that spermidine (39) intake may also contribute to the reduction of human
mortality [91]. Considerable amounts of the metabolite lovastatin (40) (Figure 4), a drug registered as
low-density lipoprotein (LDL) cholesterol lowering, were detected in the widely consumed mushrooms
Agaricus bisporus (30.79 mg/100 g dry weight), Cantharellus cibarius (67.89 mg/100 g dry weight),
Imleri abadia (6.21 mg/100 g dry weight), and L. edodes (0.95 mg/100 g dry weight) [92].

However, the most prominent example of a mushroom with nutraceutical properties may
be Cordyceps militaris, a rare and naturally occurring entomopathogenic medicinal mushroom
in the Himalayan Mountains, Tibet, Nepal, and India. Studies have reported that consuming
C. militaris extracts significantly increases glucose metabolism, thereby decreasing the glucose level
in the blood. In addition, consumption of this mushroom provides protection against diabetic
nephropathy [93]. C. militaris produces polysaccharides in the fructification body that are active
toward α-glucosidase [94] and have immunomodulatory activity; this suggests their incorporation
into functional foods and dietary supplements [95]. Anti-adipogenic activity was reported for a
fermentation mix containing strawberry, silkworm pupae, and C. militaris [96]. Several nutraceutical
products containing Cordyceps are available in the global market. Among the benefits claimed
by their manufacturers are the promotion of mental health and benefits to the vascular system
(“Cordyceps active”), cognition support (“Mushroom Plus”), anticancer and antioxidant activity
(“Bhutan Cordyceps Tea”), strengthening of the cardiovascular system (“MRM CordycepsCS-4 Strain”),
and immune system support (“MycoNutri Cordyceps Organic”) [97]. Cordycepin (41) (Figure 4) is the
main metabolite produced by C. militaris and is very effective in reducing the accumulation of LDL,
total cholesterol, triglycerides, and hyperlipidemia caused by high-fat diets [98]. Cordycepin (41)

has several pharmacological properties such as anti-inflammatory, immunomodulatory, antioxidant,
anti-aging, anticancer, antiviral, cardio, and hepatoprotective properties, among others [97]. This range
of activities results in health effects that may help in postponing aging-linked NTCD. C. militaris also
has high nutritional value and contains proteins, phenolic compounds, steroids, and lectins [99].

Another mushroom species with high functional and nutraceutical potential of high market value
is Agaricus subrufescens (synonymy Agaricus blazei and Agaricus brasiliensis) [100]. It is commercialized

238



J. Fungi 2020, 6, 223

in several countries such as Brazil (brand name "Sun mushroom"), China (Ji Song Rong), and Japan
(Himematsutake) [101]. Sun mushroom contains polyphenols and polysaccharides and is known
to decrease oxidative stress and prevent NTCD; it is indicated to have antioxidant, antitumor,
anti-inflammatory, and immunomodulatory properties [102].

Another class of bioactive compounds of increasing prominence found in edible mushrooms
includes antcins (42) (Figure 4), steroids that contain an ergostane-type skeleton and are produced
by Antrodia species such as Antrodia cinnamomea and Antrodia salmomea. Studies suggest that these
compounds are promising agents in the treatment of cancer, inflammation, diabetes, and diseases
resulting from oxidative stress, among others. The aforementioned species have been historically
used in communities of Taiwan for treating various diseases such as diarrhea, abdominal pain,
hypertension, dermatological irritation, and intoxication by food, alcohol, and drugs [103]. A study
tracking 36,499 middle-aged and elderly Japanese men over an average of 13.2 years found a positive
relationship between regular mushroom consumption and decreased incidence of prostate cancer [104].
Table 5 summarizes the classes of compounds and health benefits from some mushroom species cited
in this section.

Table 5. Mushroom-originated compounds and health benefits related to non-transmissible chronic
diseases (NTCD).

Mushroom
Species

Popular Name Origin Related Compounds Health Benefits References

G. lucidum Reishi China and Eastern Asia Polysaccharides Antioxidant activity related to
DAF-16/FOXO activation [85]

H.sinensis Caterpillar Tibet Polysaccharides Prebiotic properties related to insulin
resistance and diabetes control [87,88]

L. edodes Shitake Eastern Asia Spermidine (39)
Reduction on age-dependent

memory impairment [91]

A. bisporus Champignon

Eastern Europe Lovastatin (40) LDL-cholesterol lowering

[94]

C. cibarius Chanterelle [92]

I. badia Bay bolete [92]

L. edodes Shitake [92]

C. militaris Caterpillar China, Tibet

Polysaccharides Immunomodulation improvement [94,95]

Cordycepin (41)
Total and LDL-cholesterol lowering,

reduction of hyperlipidemia
caused by high-fat diets

[96]

A. subrufescens Sun Mushroom Eastern North America Polyphenols,
polysaccharides

Decrease of oxidative stress,
preventing diseases

like cancer and inflammation

[100–102]

A. cinnamomea Niu-Chang-Chih Taiwan Antcins (42) [103]

5. Toward a Sustainable Production of Fungal Metabolites

As the demand for preventive medicines, nutraceuticals, new drugs, food additives, and other
health-related products of natural origin grows, the need for scaling up is also increasing. For bioactive
metabolites of plant origin, efforts to increase production may be slow because production sometimes
dependent on the seasonality of plants and a long plant growth period. Thus, efforts to increase
the production of bioactive compounds have been directed toward microorganism-based options,
such as metabolic engineering. Modifications in the culturing of fungi have been successful in the
yield improvement of biomass and bioactive compounds. Moreover, special consideration is being
given to endophytic fungi, especially those able to produce metabolites biosynthesized by their host
plants. Table 6 shows some interesting examples of bioactive compounds produced by endophytic
fungi after optimization of fermentation conditions. The good outcomes in this area were exemplified
by Torres-Mendoza et al. [105] who reported, from 2001 to 2019, 224 patents related to metabolites from
endophytic fungi applied to agricultural, biotechnology, pharmaceutical, and food industries, most of
which used species from the Aspergillus, Fusarium, Trichoderma, Penicillium, and Phomopsis genera.
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Table 6. Bioactive compounds produced by endophytic fungi under different fermentation conditions.

Fungal Species Host Plant Target Compound Health Benefit Methodology Target Parameters Reference

A.terreus Coconut tree L-Asparaginase Treatment of acute
lymphocytic leukemia

Factorial experimental design.
Increase of scale(5-l bioreactor system).

pH, temperature,
inoculum concentration. [106]

F. solani Chonemorpha fragrans Camptothecin Anticancer
Box–Behnken design using

one factor at a time
method.

Carbon and nitrogen sources, ethanol
concentration, pH, temperature,

stirring speed, incubation period,
precursors and elicitors.

[107]

Penicillium bilaiae Phoenix dactylifera Acidic protease Increasing in food digestibility
Response surface methodology.

Plackett-Burman design.
Box-Behnken design.

Temperature, initial pH, carbon and nitrogen
sources, metal ions, detergents and

enzyme inhibitors.
[108]

P. ostreatus ni
Lovastatin (40) Anti-hypercholesterolemic

Response surface
methodology.

Nutrients, particle size of the solid substrate,
temperature, incubation time. [109]

Meyerozymaguilliermondii leaves of Hibiscus rosa-sinensis
One parameter at time

approach.
Nutrients, pH, inoculum size, temperature,

addition of metallic ions, modulators, precursors. [110]

A.niger ni Urease Diuretic Response surface
methodology.

Strains, incubation time, temperature, pH,
biomass, inoculum size,

nitrogen content and moisture.
[111]

Spissiomycesendophytica Balanophorafungosa Melanin Radioprotective, thermoregulator,
antitumor, and antiviral

One parameter at time
approach.

Inhibitors, culture medium,
temperature, pH. [112]

E. nigrum Taxus baccata Taxol Anticancer One parameter at a time approach.
Mutant strains.

Culture medium, stirring speed, temperature,
incubation period, pH, medium volume,

inoculum age, inoculum size, carbon source,
nitrogen source, phosphorus source,

gamma radiation dose.

[113]

Alternaria brassicae Huperzia serrata Huperzine A Acetylcholinesterase inhibitor
Multifactorial statistical approaches.

Plackett–Burman.
Central composite designs.

Culture medium composition, medium volume,
inoculum age, inoculum size, incubation period,

ethanol addition,
pH, temperature.

[114]

F. oxysporum Dioscoreazingiberensis Diosgenin
Anti-cancer, anti-thrombic, anti-diabetic,

cardioprotective, osteoarthritis
protective activity

One parameter at time approach. Culture medium, antibiotics, temperature. [115]

E. nigrum Terminalia arjuna Digoxin Regulating the heart rhythm and
strengthening heart diffusion One parameter at time approach.

Culture medium, temperature, elicitors,
incubation time, pH, medium volume, inoculum

age, inoculum size,
gamma irradiation mutagenesis.

[113]

Penicillium mallochii
A beech tree bark from

Balikesir, Turkey Orange-red pigment Decreasing in allergic responses to
synthetic pigments One parameter at time approach. Culture medium, pH,

temperature. [116]

Tausonia pullulans Vinca minor Vincamine
Improvement of cerebrovascular and
cognitive disorders and reduction the

effects of certain types of stroke
Protoplasts optimization.

Incubation time, temperature, modulators,
protoplast inactivation method (heat, ultraviolet,
microwave, sodium nitrite, and diethyl sulfate).

[117]

ni = not informed.
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Yield enhancement in microbial production is one of the most challenging issues, but good progress
has been reported. The production of fungal metabolites can also be optimized by co-cultivation with
other fungal or bacterial species and variation of chemical parameters, such as composition of the
culture medium, and physical parameters, such as temperature, pH, stirring speed, intensity and color
of light, and oxygenation. The metabolic modulation resulting from these approaches depends on
the fungal species; thus different fungi have been explored to produce fungal metabolites with new
industrial applications around the world [38].

Biosynthesis of the natural polyamide agmatine (28) by A. oryzae, a fungus generally recognized
as safe, was described during the fermentative process of sake production (Japanese rice wine) [118].
Optimization of the initial yield of agmatine (28) produced by A. oryzae in the presence of S. cerevisiae

in a solid state (3.5 mM agmatine) was achieved by varying some fermentative parameters. At pH 5.3,
the production of agmatine (28) increased to 6.3 mM. An increase of over 100% in the initial productivity
was obtained by adding l-lactic (pH 3.0, 8.2 mM agmatine), succinic acid (pH 3.5, 8.7 mM agmatine),
and citric acid (2) (pH 3.2, 8.3 mM agmatine) in the fermentation medium. Therapeutic evidences
indicate that agmatine (28) is a promising lead compound against several NTCD that affect the central
nervous system, such as Alzheimer’s disease [119]. In 2019 only, the number of people affected by
dementia was estimated at 50 million, with the worrying forecast of this number to be trebled by
2050 [120]. Therefore, new molecules for the treatment of Alzheimer’s disease and other types of
dementia are highly desired. The pharmacological properties and yield of agmatine (28) in fermentation
by A. oryzae suggest the possibility of its incorporation into nutraceuticals [119]. In excess, agmatine
(28) may present toxicity and can enhance the toxic action of other biogenic amines, such as histamine
and tyramine, produced by the decarboxylation of amino acids by food-fermenting microorganisms.
Therefore, determining a proper intake for agmatine (28) is necessary to mitigate risks and allows for
the numerous aforementioned health benefits [16].

The preference for faster, less expensive, and green approaches has sped up research on bioactive
fungal metabolites. Some promising analytical tools, such as matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-ToF MS), have been useful for addressing some bottleneck
problems in this area, such as fungal identification. Genetic and morphological methods, although
very efficient, require expertise, time, and resources that may be saved by the use of analytical
instrumentation [121]. Such improvements start during screening steps, in the initial laboratory
prospection of relevant species and promising fermentative conditions, and continue to the production
steps, with the use of alternative substrates for fungal growth, such as agro industrial residues,
towards a circular economy. Thus, extracts intended for screening are prepared on a reduced scale,
using lower amounts of reagents, such as solvents, during extraction. In addition, modern analytical
tools coupled with hyphenated techniques have been recently used for the analysis of a greater number
of extracts, without the need for prior isolation of fungal metabolites from extracts. Biochemometrically
derived fingerprints obtained by gas chromatography, high-performance liquid chromatography, MS,
and nuclear magnetic resonance spectroscopy (NMR), together with statistical analysis also enable
the establishment of straightforward associations between metabolite content and biological activities
detected for a large number of crude extracts [70,122].

Although MS is the most widely used technique for this kind of analysis [123], NMR, in particular
1H NMR metabolomic analysis, has gained ground by enabling the nondestructive identification
of molecules in complex mixtures originating from various biological materials, such as plants and
fungi extracts, foods, biological fluids, and tissues [124,125]. NMR is comparable to MS in criteria,
such as efficiency, speed, reproducibility, and ease of sample preparation; however, it has advantages
in terms of sample recovery and isotope detection. It is also independent of ionization potential and
does not require complex internal standards [126]. Bi-dimensional biochemometric NMR evaluation
of the crude extract of a marine-derived strain of P. chrysogenum enabled the attribution of the
anti-proliferative activity of the extract against breast cancer cell lines to ergosterol (43) (Figure 4;
Table 3), a structural metabolite common in fungi [70]. In addition, other metabolites of the ergostane
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class, ergosterol peroxide (44), 3β, 5α, 9α, 14 α-tetrahydroxy-ergosta-7,22-dien-6-one (45), and 3β,
5α, 9α-trihydroxy-ergosta-7,22-dien-6-one (46) (Figure 4), were detected as metabolites of the edible
mushroom V. volvacea and proved to be active against human cancer cell lines (Table 3) [68].

An interesting application of NMR-based metabolomics for the comparison and origin
identification of edible mushrooms was reported. Multivariate analyses, such as PCA, were used
to compare the chemical profiles of species, enabling the differentiation of Kuehneromyces mutabilis

and Hypholom acapnoides, and the direct identification of 17 secondary metabolites in their extracts.
Statistically significant differences were observed inthe1H NMR data in the variation of composition
based on the collection site and restrictedness of metabolites in K. mutabilis. Upon comparing
H. capnoides and K. mutabilis, a higher diversity of sugars was observed in H. capnoides, while K. mutabilis

presented significantly higher amounts of some organic compounds, such as fumaric acid (3), showing
the versatility of the 1H NMR technique for comparing fungi in terms of metabolites [127].

Other sophisticated approaches combining UPLC−ESI-TOF/MS, differential off-line LC−NMR,
and quantitative1H NMR (qHNMR) analysis were used to identify d-Phe-l-Val-d-Val-l-Tyr (47),
d-Phe-l-Val-d-Val-l-Phe (48), and cis-bis(methylthio)silvatin (49) (Figure 4) in the aerobic fermentation
of Penicillium roqueforti with and without L-Tryptophan enrichment. Another metabolite, roquefortine
C (50) (Figure 4), was identified as an antimicrobial agent against Bacillus subtilis and E. coli [126].
1H NMR-based metabolomics, applied in a study on extracts of 11 species of edible mushrooms,
identified dry Pleurotus geesteranum and Hericium erinaceus and fresh Pleurotus sapidus as the most
prominent species in terms of metabolite production. In addition, the use of 1H NMR led to the
detection of more than 100 different metabolites of interest to the food industry including trehalose
(51), mannitol (52), and glucose (53) (Figure 1). The analysis also showed high levels of carbohydrates
and proteins, in addition to considerable amounts of vitamins A (54) and C (55) (Figure 1) and amino
acids as nutritional compounds [14]. Therefore, NMR-based metabolomics has been successful in
selecting fungi with outstanding potential for further technological development. Metabolomic tools
have also been applied for the evaluation of organoleptic properties and interference of external factors
with food quality [128] and nutrient quantification such as in the determination of the nutritional
contents of 11 Capsicum annuum cultivars in terms of ascorbic acid (vitamin C) (55) [129]. In the near
future, once there is sufficient data in this area, these useful metabolomic tools could be applied in
several meta-studies such as for the determination of vitamin C (55) content in edible mushrooms.
One study [130] reported vitamin C contents between 31.16 ± 0.93 (Calvatia gigantea) and 108.11 ± 3.22
(Lepis tagilva) mg/kg dry matter. In another study [14], the vitamin C contents ranged from 0.5 to
111.4 mg/100g dry weight. The highest levels of vitamin C were produced by the species D. indusiata

and A. subrufescens at 111.4 and 69.7 mg/100 g dry weight, respectively [14], values close to the daily
levels of vitamin C (55) recommended in some countries (75 to 110 mg) [131].

Metabolomic approaches have also been applied to the quantification of aflatoxins in industrialized
baby food [132], to determine adulteration and its effect on the safety of nutraceuticals [133], and for
differentiating extracts of various biomaterials such as crops [134] and fungi [14].

While metabolomic tools provide speed for research, technological development for future
industrial applications of fungal metabolites must consider that the modern economy is increasingly
challenged to transform traditional processes into sustainable production chains, minimizing waste,
and reusing biomass for applications in the food and drug industries, even for well-established
processes such as citric acid (2) production. The global market value of citric acid (2) was estimated
to increase to USD 3.6 billion in 2020 and maintain an annual growth of 5% until 2025. Despite the
successful industrial experience for citric acid (2) production, research to increase sustainability in
bio-refineries is ongoing, opening new possibilities such as clustering-related fermentation production
including olive oil and wine to reach models for circular bioeconomy [135].

Fortunately, the production of nutraceuticals and functional foods from biomass, extracts,
and fungal metabolites greatly addresses the challenge of sustainability improvement, allowing
the incorporation of low-cost, underutilized, and abundant materials into the industrial fermentation
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process. Many agro-industrial residues available all over the world are sources of peptides,
prebiotic dietary fibers, and hydrolyzed or smaller organic molecules such as phenolics, carotenoids,
and tocopherols, among other classes. These features make them good materials for fungal cultivation as
well as interesting substrates for the production of bioactive components from macromolecules [59,136].
For example, fermentation of pomegranate bark residue by A. niger resulted in the production of
citric acid (2) with reduced production costs, while adding value to a residue usually directed for
disposal [137]. High yields (7.8 to 14.4 g/L) of dry biomass, with protein contents ranging from
33.8 to 50.8%, and ethanol were recovered from the fermentation of effluents from the wheat starch
industry by the fungi A. oryzae and R. oryzae. This kind of process contributes to the development of a
circular economy, because the large volume and high chemical demand of oxygen in effluents from the
starch industry represent an environmental burden and an additional cost as they create a need for
effluents to be treated before being discarded [138]. The filamentous fungi Actinomucor elegans and
Umbelopsis isabelin were simultaneously used for the enrichment of white grape-producing bagasse,
a residue with little nutritional attractiveness. The fungi were able to increase the γ-linolenic acid and
carotenoid contents, improving the nutritional content of bagasse, and thus creating the possibility of
reintroducing bagasse into the production chain as a low-cost functional food for humans [139].

6. Conclusions

Fungi and their metabolites have important industrial applications in high-value-added products
and have potential for the development of nutraceuticals that can contribute to the prevention of
NTCD and improve health, especially in terms of human aging. In addition, fungi are suitable in the
production of natural food additives such as colorants and stabilizers that have lower health risks
than synthetic food additives, and bioactive metabolites for pharmacological use such as enzymes,
statins, and antitumor agents. Fungal antioxidants have applications in both food preservation and the
combat of oxidative stress in the human body, with positive outcomes for several diseases such as
cancer. The use of metabolic engineering techniques has facilitated the overcoming of some obstacles
to explore the pharmacological potential of fungi, even those producing toxic substances such as some
species of the genera Monascus, Aspergillus, and Fusarium. Modern approaches have been successfully
utilized to evaluate the interference of additives derived from fungi with the organoleptic properties
and quality of food. Strategies currently available for scaling up metabolite production include direct
genetic alteration with tools such as CRISPR-Cas9 and gene recombination. Research on the use
of agro-industrial byproducts for sustainable fungal fermentation has shed light on its remarkable
economic importance to the production of natural additives, food, drugs, and nutraceuticals. Further
in vivo antioxidant activity studies of fungal metabolites are still scarce; however, new insights are
required to expand the use of metabolites from filamentous fungi to improve human health in the
21st century.
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Abstract: Selenium (Se) is essential for human health, however, Se is deficient in soil in many
places all around the world, resulting in human diseases, such as notorious Keshan disease and
Keshin–Beck disease. Therefore, Se biofortification is a popular approach to improve Se uptake and
maintain human health. Beneficial microorganisms, including mycorrhizal and root endophytic fungi,
dark septate fungi, and plant growth-promoting rhizobacteria (PGPRs), show multiple functions,
especially increased plant nutrition uptake, growth and yield, and resistance to abiotic stresses.
Such functions can be used for Se biofortification and increased growth and yield under drought
and salt stress. The present review summarizes the use of mycorrhizal fungi and PGPRs in Se
biofortification, aiming to improving their practical use.

Keywords: selenium; biofortification; transporters; mycorrhizal fungi; plant growth-promoting
rhizobacteria (PGPRs)

1. Introduction

At present, it is widely accepted that selenium (Se) possesses multiple physiological functions
in various biological systems as an integral part of a range of proteins containing Se. Therefore Se is
important for human health. However, Se distribution in the earth’s crust is greatly uneven, ranging
from 0.005 mg·kg−1 in Finland to 8000 mg·kg−1 in Tuva-Russia [1]. Se deficiency has been reported in
many places all around the world including China, North America, New Zealand, Australia, Sweden,
and Finland [2–5]. Some notorious diseases are directly related to Se deficiency, such as Keshan
disease and Keshin–Beck disease, two endemic diseases related to Se deficiency. Keshan disease
was first prevalent at alarge scale in 1935 in Keshan county, Heilongjiang province, China. Keshan
disease generally occurs in children and women of childbearing age and its symptoms are related to
impairment of cardiac function, cardiac enlargement, and arrhythmia [6]. Although the main factor
was not determined for the disease in etiology, it was closely related to Se because it was found
that there was an obvious Se deficiency in local soil, and Se supplementation could partly control
the disease. An investigation analyzed some physiological parameters, including blood Se level,
glutathione peroxidase-1 (GPx-1) activity, and variance at codon 198 in GPx-1 gene, and found that the
main risk factors for the disease were low GPx-1 activity, Keshan disease family history, and living in an
endemic area [7], suggesting that Keshan disease is closely related to low GPx-1 activity. Kaschin–Beck
disease is an osteoarthropathy, which manifests as severe dysarthrosis of joints, shortened fingers
and toes, and in severe cases dwarfism. In China, the disease is prevalent in the Tibetan Plateau [8,9].
An investigation carried out by Zhang et al. [8] showed that the levels of environmental Se were very
low, and Kaschin–Beck disease in the Tibetan Plateau was much severe with decreasing environmental
Se under the Se-deficient condition, suggesting the relationship between Kaschin–Beck disease and Se
deficiency in the Tibetan Plateau. In addition, Se is related to other human diseases and health, such as
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cancer [10–13], muscle disease [14], and healthy aging and longevity [15–17]. Therefore, it is essential
to maintain Se homeostasis in human body [18,19]. It was estimated that Se intake of >900 µg·day−1 is
harmful, and intake of <30 µg·day−1 is not enough [20]. Some data have shown that over 800million
people all around the world might suffer from Se deficiency [21–26]. Therefore, sufficient dietary Se
uptake is important for human health.

Acquired Se is converted into some proteins thatcontain at least one of the two amino acids
(i.e., selenocysteine (SeCys) and selenomethionine (SeMet)) as a key component (i.e., selenoproteins).
Human health and diseases are related to selenoproteins, and selenocysteine is regarded as the 21st
proteinogenic amino acid. The human genome encodes about 30 selenoproteins. In the article written
by Reeves and Hoffmann [27], they described functions of selenoproteins in detail. Among the
selenoproteins in human, glutathione peroxidases (GPxs) seem to be more important, because they
include eight proteins (GPx1–GPx8) having antioxidant properties with multidimensional roles in living
cells, ranging from H2O2 homeostasis to regulation of apoptosis [28]. Therefore, enough Se uptake is
essential for functional maintenance of these selenoproteins. Since Se is deficient in many places all
around the world, Se fortification in food is necessary. In view of high toxicity of selenite and selenate,
Se biofortification is relatively bio-safe. Organic Seleno-compounds act as potential therapeutic and
chemo-preventive agents that function as antioxidants, enzyme modulators, antitumor, antimicrobials,
antihypertensive agents, antivirals, and cytokine inducers [29]. Organic seleno-compounds are
provided with crop food [30–35], vegetables [36–42], fruits [43–45], and even nuts [46–48]. Therefore,
how to increase concentrations of organic seleno-compounds in these plants is of significance for
improvement of dietary Se acquisition by human being.

Se biofortification may be carried out by multiple ways, such as application of Se fertilizers on
leaves [49–53] and in soil [52,54,55]. Se-enriched organic fertilizers are also applied. For example,
Bañuelos et al. [56] used Se-enriched Stanleya pinnata to cultivate Se-enriched broccoli and carrots,
and found that more than 90% of organic Se was converted to inorganic selenate and selenite. Se foliar
application seems to be most effective way to fortify Se uptake in most arable crops [52,57]. However,
a contrary result was observed by Lyons et al. [58]. They found foliar application was less efficient than
application to soil at planting (at application rates of 40 and 120 g·ha−1, respectively) in Australian trials.
The agronomic application of Se fertilizers are more expensive and short-term solutions, especially in
large-scale fields. Relatively, agronomic Se biofortification with beneficial microorganisms (BMOs) is a
more inexpensive and long-term solution, especially in poor places and Se-rich places, such as Enshi,
Hubei province, China [59] and Pineridge Natural Area, a seleniferous site west of Fort Collins, CO,
USA [60].

In the present article, we focus on the roles of beneficial microorganisms in Se biofortification and
our aim is to improve use of beneficial microorganisms in practice.

2. Improvement of Se Biofortification by BMOs

Symbiosis of plants with BMOs is helpful for plant growth and to increase in micronutrition
uptake and resistance to abiotic and biotic stresses. Based on the characteristics of BMOs, BMOs
can be used for Se biofortification. BMOs, including mycorrhizal fungi (endo- and ectomycorrhizal
fungi), root endophytic fungi (REFs), and PGPRs, are popular in biofilmed biofertilizers. Arbuscular
mycorrhizal fungi (AMFs) are preferential to colonize in roots of angiosperms, and ectomycorrhizal
fungi are popular in gymnosperms. Most REFs possess a wide range of plant hosts.

2.1. Arbuscular Mycorrhizal Fungi

Arbuscular mycorrhizal fungi are used for Se biofortification because of their ability to enhance
nutrition uptake of their host plants (Table 1). Functions of mycorrhizal fungi have been the primary
focus of research, especially those involved in phosphate uptake. The genomes of these fungi
encode some high-affinity inorganic phosphate transporters and some of them have been isolated
and identified [61–65]. On the other hand, in planta, some symbiosis-specific phosphate transporters
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can be induced by symbiosis with mycorrhizal fungi [61,66–72]. Thus, the interaction between
plants and mycorrhizal fungi strengthens phosphate uptake and transportation to host plants [73–77].
Similarly, there are some sulfate transporters encoded by genomes of mycorrhizal fungi, such as sulfate
transporters GBC38160.1 and GBC25943.1 and sulfate permeases PKY50973.1 in arbuscular mycorrhizal
fungus Rhizophagus irregularis, sulfate transporters EDR02618.1 and EDR02177.1, and sulfate permeases
EDR11271.1 and EDR00466.1 in ectomycorrhizal fungus Laccaria bicolor. Since Se and sulfur (S) belong
to the same element family (VI-A), the chemical properties of Se are very similar to S. Se is absorbed
as selenate or selenite, which is metabolized via the sulfur assimilation pathway in plants, leading
to biosynthesis of SeCys, SeMet, and other Se isologs of various S metabolites [78–82]. Se can be
transported by sulfur transporters to host plants, just like phosphate transported between mycorrhizal
fungi and their host plants, such as the high-affinity sulfate permease [83] and the high-affinity
sulfate transporters Sultr1:1 and Sultr1:2 [84–86]. The two sulfate transporters are proton-sulfate
symporters, such that for every molecule of selenate entry into root cells, three protons are taken
up. Sulfate transporters function in Se accumulation in food crops. Wheat genotype ‘Puelche’ is the
most Se-tolerant and has the greatest Se accumulation among the three wheat genotypes studied
(i.e., ‘Puelche’, ‘Tinto’, and ‘Kumpa’), such that its Se accumulation was related to the strongest transcript
level of the sulfate transporter TaeSultr4.1 in roots [87]. In addition, other transporters also take part
in Se transport, such as silicon transporters in rice [88] and tomato [89], phosphate/orthophosphate
transporters in wheat [90], rice [91–93], tomato [89], and yeast (Saccharomyces cerevisiae) [94,95],
and monocarboxylates transporters in yeast (S. cerevisiae) [96]. Thus, it is reasonable to explain the
experimental results that plant availability of selenate and selenite was influenced by the competing
ions phosphate and sulfate [97,98]. Competition between phosphate and Se uptake led to decrease
in Se accumulation translocation coefficients, and Se concentrations in wheat roots, stems, leaves,
and spikes when phosphate fertilizers were applied to selenite fertilized soil [99]. However, a different
case occurred. An investigation was carried out on sulfate and selenate uptake in Astragalus species
(two Se hyperaccumulators A. racemosus and A. bisulacatus and two closely related non-accumulators
A. glycyphyllos and A. drummondii), and results showed that sulfur deficiency increased Se accumulation,
and increased Se supply increased sulfate accumulation in both root and shoot tissues [100]. In certain
Astragalus species, the high expression of sulfate transporters led to enhanced ability of Se uptake and
translocation, and therefore contributed to the Se hyperaccumulation trait. At present, except for sulfate
and phosphate transporters, it is not clear whether other transporters have their homologous proteins
in mycorrhizal fungi. If these homologous proteins occur in mycorrhizal fungi, they could mediate
Se transport to host plants. On the other hand, decreases in sulfate bioavailability and mycorrhizal
symbiosis enhanced expression of sulfate transporters, resulting in increase in ability to absorb sulfate
and consequent uptake of Se [101–104]. Similarly, Se deficiency also enhances expression of sulfate
transporters, resulting in an increase in Se uptake, and mycorrhizal symbiosis also enhances Se uptake.

Table 1. Arbuscular mycorrhizal fungi (AMFs) and root endophytic fungi (REFs) often used for
Se biofortification.

Microbes Microbial Types Host Plants References

Funneliformis mosseae AMF Triticum aestivum, Lactuca sativa,
Asparagus officinalis, [105–108]

Glomus claroideum AMF Triticum aestivum [109]

Glomus fasciculatum AMF Allium sativum [110]

Glomus irtraradices AMF Allium sativum [55]

Glomus mosseae AMF Lolium perenne, Allium sativum,
Medicago sativa, Glycine max, Zea mays

[110–112]

Glomus versiform AMF Triticum aestivum [105]
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Table 1. Cont.

Microbes Microbial Types Host Plants References

Rhizophagus intraradices AMF Lactuca sativa, Asparagus officinalis,
Lactuca sativa, Allium cepa

[106–108,113]

Alternaria seleniiphila REF Stanleya pinnata [114]

Alternaria astragali REF Astragalus bisulcatus [114]

Aspergillus leporis REF Stanleya pinnata [114]

Fusarium acuminatum REF Astragalus racemosus [114]

Trichoderma harzianum REF Allium cepa [106]

Some evidence supports the role of mycorrhizal fungi in enhancing Se uptake in plants.
Wheat seedlings were inoculated with Glomusversiform or Funneliformis mosseaein hydroponic culture
medium for eight weeks, the two arbuscular mycorrhizal fungi significantly increased selenate and
selenite uptake by wheat root, but they did not show effect on uptake of SeMet [105]. Meanwhile,
compared to non-mycorrhizal roots, mycorrhizal roots showed significantly higher Vmax for selenate
and selenite uptake (179.6 vs. 55.93 nmol·g−1DW·h−1 for selenate and 1688.0 vs. 860.3 nmol·g−1DW·h−1

for selenite). Higher Se accumulation was carried out through up-regulating the expression of three
genes encoding sulfate transporters, i.e., TaSultr1:1, TaSultr1:3, and TaSultr2:1, in the mycorrhizal roots,
especially TaSultr1:1. In mycorrhizal roots with G. versiform and F. mosseae, the relative expressions of
TaSultr1:1 gene was significantly up-regulated by 2.18-fold and 2.12-fold, respectively. Garlic (Allium

sativum L.) is an important condimental species. This species ispopular all around the world because
of its diallyl disulfide, a component of garlic, which can inhibit proliferation of various cancer cells
(e.g., colon, lung, and skin cancer cells) and WEHI-3 leukemia cells [115–117]. Garlic is used for Se
biofortification with mycorrhizal fungi. A survey of applying selenate fertilizer and mycorrhizal
fungus Glomus irtraradices to soil was conducted, and the results showed mycorrhizal addition
increased the Se uptake of garlic by10-fold to 15 µg·g−1DW, and fertilization with selenate and
amendment of mycorrhizal fungi strongly increased the Se concentrations in garlic to around 1% [55].
Further analyses showed that the amendment of soil with the mycorrhizal fungus and/or selenate
increased selenate concentrations in garlic, but did not affect distribution of detected Se species in
garlic. In Se-contaminated soil, mycorrhizal fungi inoculation increased Se accumulation of plants.
Alfalfa, maize, and soybean seedlings were cultivated in the soil contaminated with different levels of
Se, and results showed that mycorrhizal fungi inoculation decreased Se accumulation in roots and
shoots of all the plants at low Se levels (0 or 2 mg·kg−1), but increased Se accumulation in alfalfa
shoots and maize roots and shoots at Se level of 20 mg·kg−1 [112]. Contrary results were observed
on ryegrass (Lolium perenne cv. ‘Barclay’) [111]. Their results showed that Se concentrations in roots
of ryegrass were not affected by mycorrhizal inoculation with the AMF G. mosseae, but mycorrhizal
inoculation significantly reduced Se concentrations in shoots [111], further decreasing Se uptake
in whole plants. Lettuce (Lactuca sativa L.) is one of the most consumed leaf vegetables in some
places around the world because of its good properties, such as high levels of antioxidants (such as
carotenoids, polyphenols, ascorbate, α-tocopherol) and dietary fiber [118–120], thus it is suitable for
Se biofortification to enhance dietary Se consumption. When two lettuce cultivars ‘Batavia Rubia
Munguia’ (BRM) and ‘Maravilla de Verano’ (MV) were treated with Se compounds (selenite, organic
Se compounds SeU and SeCH3) and AMFs (a mixture of Rhizophagus intraradices and Funneliformis

mosseae), their growths were continuously improved by AMFs, except for BRM under treatment of
SeCH3 [106]. The positive effect of AMFs on plant biomass was different among lettuce cultivars
and forms of seleno-compounds, and BRM lettuce plants showed the highest mycorrhizal efficiency
index (MEI) under treatment of SeU, MV lettuce plants with the highest MEI under SeCH3, suggesting
that the two lettuce cultivars possessed preference for different seleno-compounds when they were
inoculated with AMFs. Meanwhile, AMFs inoculation significantly affected mineral accumulation in
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the leaves of BRM lettuce. In general, mycorrhizal inoculation significantly increased levels of macro
and micronutrients, but significantly reduced Se levels in leaves of BRM lettuce. Significant interaction
occurred about Se levels in shoots of BRM lettuce between seleno-compounds and AMFs inoculation.
Similar status occurred on MV lettuce. Under treatment of selenite, AMFs inoculation reduced Se
concentrations in leaves of MV lettuce. In contrast, under treatment of organic seleno-compound
SeCH3, MV lettuce never accumulated detectable levels of Se in leaves, regardless of whether they
were inoculated with AMFsor not. Treatment of organic seleno-compound SeU slightly increased Se
concentrations in leaves of MV lettuce without AMFs inoculation [106]. Other research showed similar
results [108]. All the results suggest that combination of seleno-compounds and AMFs inoculation does
not increase Se levels in lettuce leaves, although it increases levels of some macro- and micronutrients
and antioxidants. Therefore, some AMFs are not suitable for Se biofortification in lettuce. Of course,
other AMFs should be chosen to examine their role in Se biofortification in lettuce under treatment of
seleno-compounds. At present, it is not clear whether lettuce symbioses with some ectomycorrhizal
fungi. Thus, more research is necessary for Se biofortification in lettuce.

Consversa et al. [107] investigated the effect of Se fern application and AMFs (Rhizophagus

intraradices and Funneliformis mosseae) inoculation on Se biofortification for two years, such that Se fern
application was carried out on green asparagus (Asparagus officinalis L.). Their experimental results
showed that Se levels in non-mycorrhizal A. officinaliscv. ‘Grande’ plants increased in trial A1 as
exogenous selenate levels increased. Under selenate treatment of 75 and 125 g·ha−1, Se concentrations
in spears increased 4.7 and 6.4-fold on a dry weight basis compared to control, respectively. Similar
results occurred in trail B1. In trail B1, Se concentrations in spears were significantly affected by the
interaction between Se amendment and AMFs inoculation. In spears of plants without Se amendment,
Se levels were similar in mycorrhizal and non-mycorrhizal plants. All the results suggest a combination
of Se amendment and mycorrhizal fungi greatly improve Se biofortification in A. officinalis and the
combination should be recommended in field by large scale. However, contrary results have also been
observed. When the AMF Glomus mosseae was used for inoculation with alfalfa (Medicago sativa L.
cv. ‘Chuangxin’), maize (Zea mays cv. ‘ND108′), and soybean (Glycine max cv. ‘Zhonghuang No. 17′),
mycorrhizal inoculation significantly decreased Se concentrations in roots with the highest reduction
for alfalfa (50–70%), while it was less than 40% for maize and soybean, Se concentrations in shoots
decreased by 7–38% for mycorrhizal treatment, and the difference caused by inoculation influence
was insignificant among the plant species [112]. When Se was added at the levels of 0 and 2 mg·kg−1,
the total Se accumulation in roots and shoots of all the three plant species were lower in mycorrhizal
than in non-mycorrhizal treatment, while the opposite pattern was observed in roots of maize and
shoots of alfalfa and maize when Se was applied at 20 mg·kg−1 [112]. These results show negative
effects on Se accumulation in these plant species when low levels of exogenous Se were added.

In addition, some ectomycorrhizal fungi can accumulate Se in their fruit bodies [121–123],
suggesting their ability to acquire Se. Some of these ectomycorrhizal fungi are edible, thus they are used
for biofortification of Se in fruit bodies. Few investigations on the role of REFs in Se biofortification have
beencarried out (Table 1). In general, REFs, especially members of the genus Trichoderma, can colonize
roots of some host plants, thus they can be widely used for Se biofortification. At present, there are not
reports on roles of dark septate fungi in Se biofortification of food crops.

Taken together, mycorrhizal inoculation might increase Se accumulation in some crop species,
leading to Se biofortification of crops. For some crop species, more investigations are needed, especially
for interactions between mycorrhizal fungi and crop species. For the abovementioned negative effects
of G. mosseae on Se accumulation in alfalfa, maize, and soybean, more mycorrhizal fungi and root
endophytic fungi should be used to investigation.

2.2. Se Biofortification by PGPRs

Plant growth-promoting rhizobacteria (PGPRs) are popular in improving nutrition uptake, plant
growth, and resistance to abiotic stresses [124–127]. Some of them possess the ability to solubilize
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phosphate in soil. Such ability could be used for Se biofortification (Table 2), because in some soil
agrotypes, such as volcanic Andisols in southern Chile, Se bioavailability is very low. On the one
hand, Se can form stable complexes with clays and/or can be strongly absorbed onto oxy-hydroxides of
aluminum, iron, or manganese, and remain low in terms of bioavailability to plants [128–130]. On the
other hand, oxyanions of Se, i.e., selenite and selenate, are bioavailable to plants. When selenate and
selenite are supplied to soil, they are rapidly reduced to insoluble forms (e.g., Se–metal ion complex),
leading to their low bioavailability (less than 10% only). The Se fertilizers that are not acquired by plant
roots readily after application are not bioavailable to plants in the next season or the next year [131]. Thus,
Se re-solubility in soil is very important. Although there are no report concernsregarding Se-solubilizing
PGPRs at present, some seleno-bacteria have been studied [30,35,109,132,133]. Trivedi et al. [35] isolated
and identified some endophytic seleno-bacteria from the various tissues of Ricinus communis plants
and molecular identification analyses showed that they were Paraburkholderia megapolitana, Alcaligenes

faecalis, and Stenotrophomonas maltophilia. Among the three bacteria, P. megapolitana was most effective
in improving the growth of Glycine max plants under drought and enhancing Se biofortification which
was 7.4-fold higher compared to control. The synergistic effect on Se biofortification and increased
drought tolerance is important for plants grown in arid and semi-arid places with Se deficiency. A great
number of people all around the world are dependent on wheat as their main component of diet,
thus it is important to fortify Se in wheat grains [30]. Many studies have been carried out on Se
biofortification in wheat. Durán et al. [109] evaluated the effects of Se acquisition by wheat plants
through the co-inoculation of native seleno-bacteria strains Stenotrophomonas sp. B19, Enterobacter sp.
B16, Bacillus sp. R12, and Pseudomnas sp. R8, both individually and in mixture, as a seleno-nanosphere
source with AMF Glomus claroideum. They found that Se concentrations in plant tissues in inoculated
plants were significantly higher than those of un-inoculated controls.Meantime, regardless of presence
of AMF G. claroideum, Se concentrations in grains of wheat plants inoculated with Enterobacter sp. B16
were higher than those of plants inoculated with the rest of the microbial strains. In addition, PGPRs
showed their synergistic role in improving Se concentrations with AMFs. When plants were inoculated
with the seleno-bacteria strains and G. claroideum, Se concentrations in grains were 23.5% higher
than those in non-mycorrhizal plants. The synergisms might be related to the relationship between
seleno-bacteria strains and AMFs, because the seleno-bacteria could acquire more nutrition from the
hyphae of their neighboring AMFs or ectomycorrhizal fungi [134–137]. Moreover, Durán et al. [132]
isolated two Se-tolerant endophytic bacteria Acinetobacters sp. E6.2 and Bacillus sp. E5. They studied
production of seleno-compounds (SeMet and seleno-methyl-selenocysteins (MeSeCys)) by the two
bacteria, but they did not study the effects of the two bacteria on Se biofortification. Co-application of
Se fertilizers and seleno-bacteria sometimes leads to changes in bacterial population. When Se-tolerant
bacteria and Se amendment were supplied to wheat in Andisols, Se amendment stimulated population
growth of two bacterial groups (Paenibacillaceae and Brucellaceae), but inhibited other bacterial groups
(Clostridia, Burkholderiales, Chitinophagaceae, and Oxalobacteraceae) [133]. Meanwhile, Se concentrations
in roots and leaves of wheat plants inoculated with Se-tolerant bacterial strains Pseudomonas sp. R8 and
Stenotrophomonas sp. B19 were significantly higher than those of the un-inoculated controls. Higher
Se biofortification is related to the Se tolerance of the two bacteria, because higher Se concentrations
in roots and leaves were also observed when wheat plants inoculated with Stenotrophomonas sp. B19
were grown at concentrations of 5 and 10 mM of selenite, compared to those grown at 2 mM [133].
The results suggested that Se in seleno-bacteria could be transferred into their host plants. Effects
of other Se-tolerant bacteria on Se biofortification were also investigated. When wheat plants were
inoculated with two Se-tolerant bacterial strains Bacillus cereus YAP6 and Bacillus licheniformis YAP7,
Se concentrations in the stems of the Se-treated wheat plants were increased up to 375%, and Se
concentrations in kernels increased up to 154% of those in un-inoculated Se-treated wheat plants [34].
Meanwhile, the Bacillus strains can produce auxin, leading to increased number of leaves and greater
biomass and shoot length [34]. When wheat plants were inoculated with Bacillus pichinotyi in the
presence of selenate, they posed significantly higher biomass, shoot length, and spike length compared
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to un-inoculated plants [33]. Meanwhile wheat plants inoculated with B. pichinotyi had significantly
higher Se concentrations in wheat kernels (167%) and stems (252%), compared to un-inoculated plants.
Overall, greater biomass means higher Se biofortification, which is important for crops cultivated
by large scale in field. Rhizobia not only fixes nitrogen, but also helps Se accumulation. Data from
Alford et al. [138] showed rhizobia significantly increased shoot biomass and Se accumulation in
shoots of the Se-hyperaccumulator Astragalus bisulcatus and the nonhyperaccumulator A. drummondii.
The dual roles of rhizobia are of significance for organic Se production.

Table 2. Plant growth-promoting rhizobacteria (PGPRs) often used for Se biofortification.

Microbes Host Plants References

Acinetobacters sp. E6.2 - [132]

Acinetobater sp. Triticum aestivum [139]

Alcaligenes faecalis Ricinus communis, Glycine max [35]

Anabaena sp. Triticum aestivum [30,140]

Bacillus amyloliquefaciens Arabidopsis thaliana [141]

Bacillus axarquiens Triticum aestivum [139]

Bacillus cereus Triticum aestivum [34]

Bacillus licheniformis Triticum aestivum [34]

Bacillus mycoides Brassica juncea [142]

Bacillus pichinotyi Triticum aestivum [33]

Bacillus sp. E5 - [132]

Bacillus sp. E6.1 Triticum aestivum [139]

Bacillus sp. R12 Triticum aestivum [109]

Bacillus subtilis Allium cepa [113]

Calothrix sp. Triticum aestivum [30,140]

Enterobacter ludwigii Triticum aestivum [139]

Enterobacter sp. B16 Triticum aestivum [109]

Klebsiella oxytoca Triticum aestivum [139]

Paraburkholderia megapolitana Ricinus communis, Glycine max [35]

Providencia sp. Triticum aestivum [30,140]

Pseudomnas sp. R8 Triticum aestivum [109,133]

Rhizobium sp. Astragalus bisulcatus, A. drummondii [138]

Rhizosphere bacteria Scirpus robustus, Polypogon monspeliensis [143]

Se-tolerant bacteria Brassica juncea [144]

Stenotrophomonas maltophilia Ricinus communis, Glycine max, Brassica juncea [35,142]

Stenotrophomonas sp. B19 Triticum aestivum [109,133]

Interestingly, volatile organic compounds (VOCs) released by PGPRs improve Se biofortification
of plants. VOCs from Bacillus amyloliquefaciens BF06 significantly increased photosynthesis and growth
of Arabidopsis plants and these VOCs led to an obvious increase in expressions of some genes encoding
sulfate transporters and Se concentrations in plants [141]. VOCs released by B. amyloliquefaciens

could not increase Se biofortification of Arabidopsis Sultr1:2 mutants. All the results suggested sulfate
transporters with high expression mediate Se uptake, as shown above. Meanwhile, the results indicate
an unknown mechanism that PGPRs improves Se biofortification. The question is inevitable, how do
the VOCs improve expression of sulfate transporters?
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Taken together, Se amendment could improve population growth of some Se-tolerant bacteria;
if these bacteria show synergistic effect on Se biofortification, they could be mixed in some biofilmed
biofertilizers specific to certain crops and vegetables, thus, their combinative amendment along with
Se fertilizers become a Se biofortification tool in sustainable agriculture [52,145].

3. Concluding Remarksand Perspectives

Since Se is essential for human health, Se biofortification must be carried out in Se-deficient places
by various ways on food crops, vegetables, fruits, and nuts. Foliar and soil fertilization are effective for
enhancing Se accumulation in crops. However, the two ways are expensive for large-scaled food crops,
especially in poor places. Moreover, the effect of the two ways is short-term and they easily cause area
source pollution. BMOs improve Se uptake and accumulation in food crops. Therefore, combination of
BMOs and soil fertilization is a good approach to Se biofortification of crop food. At present, for Se
biofortification by BMOs, there remain some questions to resolve. The first relates to the synergisms
among these beneficial microorganisms. Biofilmed biofertilizers often include many BMOs. As they
can compete for nutrition from their common host plants, some of them are possibly antagonistic.
Therefore, before they are mixed in biofilmed biofertilizers, the synergism should be examined in
detail. The second relates to Se biofortification and phytoremediation. Phytoremediation of Se is
popular in Se-rich places. The plants harvested in phytoremediation could be used as the organic
source of Se. However, attention must be paid to the fact that there are possibly other heavy metals in
the harvested plants. In addition, transgenic plant technology has been used for phytoremediation
and Se biofortification. Since some people are very sensitive to genetically modification of crop plants,
application of transgenic plants for Se biofortification should be careful. The third relates to theuse of Se
hyperaccumulators. Some Se hyperaccumulators, such as Stanleya pinnata and Astragalus bisulcatus and
Cardamine enshiensis, should be paid more attentions, especially C. enshiensis, because it is edible and
can be directly used in food. The forth relates to the use of Se nanoparticles. Relatively, Se nanoparticles
are less toxic and more eco-friendly for both humans and the environment. More researches are
necessary for use of Se nanoparticles, especially for the production of Se nanoparticles using plants
and fungi. The fifth relates to increased plant resistance to abiotic stresses. Exogenous Se compounds
and seleno-bacteria synergistically improve plant resistance to abiotic stresses, thus the synergism
should be well used for plant resistance to abiotic stresses, especially drought and salt stress. Finally,
the sixth relates to functions of root endophytic fungi and dark septate fungi. The two types of fungi
possess ecological functions similar to mycorrhizal fungi, and they often colonize many plant species.
However, very little attention has been paid to them.
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Abstract: Fruit plays an important role in human diet. Whereas, fungal pathogens cause huge losses
of fruit during storage and transportation, abuse of chemical fungicides leads to serious environmental
pollution and endangers human health. Antagonistic yeasts (also known as biocontrol yeasts) are
promising substitutes for chemical fungicides in the control of postharvest decay owing to their
widespread distribution, antagonistic ability, environmentally friendly nature, and safety for humans.
Over the past few decades, the biocontrol mechanisms of antagonistic yeasts have been extensively
studied, such as nutrition and space competition, mycoparasitism, and induction of host resistance.
Moreover, combination of antagonistic yeasts with other agents or treatments were developed to
improve the biocontrol efficacy. Several antagonistic yeasts are used commercially. In this review,
the application of antagonistic yeasts for postharvest decay control is summarized, including the
antagonistic yeast species and sources, antagonistic mechanisms, commercial applications, and efficacy
improvement. Issues requiring further study are also discussed.

Keywords: yeast; biological control; postharvest decay; fruit

1. Introduction

As an important part of the human diet, fruit provides the body with beneficial vitamins, minerals,
organic acids, and antioxidants. Fruits have been shown to have many health-related effects, such as
anti-cancer effects, skin protecting effects, and postponing of senescence [1–4]. As orchards are usually
far away from urban areas, and the fruit maturity occurs in a relatively short period, leading to a
disparity between supply and demand in the market, which necessitates a certain period of storage
and transportation to adjust for this disparity. However, postharvest spoilage, which involves rot,
nutrient loss, and water content loss, occurs most often during storage and transportation, which leads
to considerable economic losses. It has been reported that about 25% of total fruit production is wasted
after harvest in developed countries, and the postharvest losses in developing countries account for
>50% of total fruit production because of lack of efficient transportation and refrigeration facilities [5].

Fungi are the main cause of postharvest spoilage. Fruit rot can be induced by wound generated
during harvesting, packaging, storage, and transportation, as well as the favorable growth conditions
for pathogens (e.g., high water and nutrient content, low pH, and decreased resistance after harvest) [6].
During the process of infection, many fungi produce mycotoxins, which may enter the food chain via
fresh and processed fruit products and then endanger human health. For example, Penicillium expansum,
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which causes blue mold in many fruits, leads to not only fruit decay but also the contamination of
patulin, a teratogenic, carcinogenic, and immunotoxic mycotoxin [7]. Chemical fungicides have
long been used to control postharvest decay. However, overdependence on traditional chemical
fungicides has resulted in a variety of problems, such as fungicide residues, environmental pollution,
and increased pathogen resistance to fungicides. Therefore, identifying safe and effective approaches
to control postharvest fungal disease is urgent.

Since Gutter and Littauer first reported the use of Bacillus subtilis to combat citrus fruit pathogens in
1953, the biocontrol capability of microorganisms against postharvest decay has attracted widespread
attention [8,9]. Among the various microbial antagonists, yeast and yeast-like fungi occupy an
important position as they are environmentally friendly, exhibit good biocontrol efficacy against
pathogens, possess adequate stress tolerance, and can potentially be genetically improved; additionally,
there is a well-developed system for culturing, fermentation, storage, and handling of these antagonistic
yeasts [10]. Moreover, yeasts have been used in food and beverage production for thousands of years
and currently play an important role in the food industry. Thus, the utilization of yeasts is generally
considered safe, and easily acceptable by market. With the great properties and application superiority,
antagonistic yeasts are considered as a promising alternate to synthetic chemical fungicides [5,9].
Over the past few decades, great progresses have been made in biological control based on antagonistic
yeasts, including strain isolation and screening, mode of action, improvement of biocontrol efficacy,
and formulation. Particularly, several antagonistic yeasts with excellent biocontrol performance have
been developed and registered as commercial products. Nonetheless, the widespread use of yeast
antagonists to manage postharvest diseases still faces many challenges. A deeper understanding of the
mode of action of antagonistic yeasts in postharvest biocontrol system is still needed; the inconsistency
of performance of antagonistic yeasts under commercial conditions need be overcome; the market
penetration of products is difficult.

Here, a comprehensive overview of the applications of antagonistic yeasts in postharvest
decay control is presented, including the features of antagonistic yeasts, antagonistic mechanisms,
efficacy improvement, and commercial applications. The latest research results are highlighted,
and issues requiring further study are also discussed.

2. Features of Antagonistic Yeasts

Yeasts are a group of eukaryotic fungi, most of which are unicellular and reproduce by budding [11].
There are also a variety of phylogenetically different groups of yeast-like fungi, such as Aureobasidium

pullulans. Antagonistic yeasts (also known as biocontrol yeasts) refers to yeast or yeast-like fungi that
can inhibit or interfere with the growth, development, reproduction, or activity of phytopathogens.
Wilson and Wisniewski summarized the criteria for the selection of ideal biocontrol agents in
1989 [12]. With the extensive research on antagonistic yeasts, the screening criteria for antagonistic
yeasts have gradually improved [13]. An ideal antagonistic yeast should be genetically stable,
have simple nutrient requirements, be effective in adverse environmental conditions and at low
concentrations, and be effective against multiple fungal pathogens on various fruits [6,9]. Moreover,
an antagonistic yeast should have favorable commercial potential: It should be able to grow on an
inexpensive growth medium, be easy to store and dispense, and be compatible with other physical and
chemical treatments (e.g., controlled atmosphere, low/high temperature, chemical fungicides/pesticides,
and phytohormones [5]. As for biosafety, a desirable antagonistic yeast would be environmentally
friendly, have no pathogenicity regarding the host fruits, produce no metabolites that are harmful to
humans, and be unable to cause infection in humans [5,9].

The isolation and screening process is the first step in the development of a biocontrol agent.
Most antagonistic yeasts were isolated directly from fruit surfaces [14,15], but they have a wider
distribution in nature, such as on leaves and roots and in seawater and soil (even Antarctic soil) [16–20].
So far, a large number of antagonistic yeasts have been isolated and screened. Some of them have been
widely studied, such as Candida spp., Cryptococcus spp., Metschnikowia spp., Pichia spp., Rhodotorula spp.,
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and yeast-like fungus A. pullulans, and several species, such as Candida oleophila, Candida sake,
Metschnikowia fructicola, A. pullulans, Saccharomyces cerevisiae, and Cryptococcus albidus, have been
developed as commercial products [21–28]. They have been demonstrated to antagonize common
postharvest pathogens, including Botrytis cinerea, Penicillium spp., Rhizopus stolonifer, Colletotrichum spp.,
Monilinia fructicola, Alternaria alternata, and Aspergillus niger. Representative antagonistic yeasts that
were isolated from various sources and are used for the management of postharvest diseases are shown
in Figure 1.

 

 

Figure 1. Representative antagonistic yeasts from various sources used for the management of
postharvest decay. Species that have been already in commercial use are highlighted in red.

3. Mechanisms of Action

Elucidating the mechanisms of action is the foundation for the development and application of
antagonistic yeasts [29]. Compared with the impressive results achieved regarding the identification of
antagonistic yeasts, the study of their mechanisms of action is relatively slow due to the complexity of
the postharvest biocontrol system. In this system, the antagonistic yeasts, pathogenic fungi, and fruit
hosts interact with each other under the influence of the environment, and the influence of the epiphytic
microbiome should also be taken into consideration (Figure 2) [12,29–31].

The antagonistic yeasts are likely to function via multiple mechanisms, including competition
for nutrients and space, mycoparasitism, induction of host resistance, production of volatile organic
compounds (VOCs), and toxins [9,10,31]. With the increase in the number of annotated yeast genomes
and the development of “omics” technologies and transformation technologies, the modes of action of
antagonistic yeasts will be further deciphered in the near future [32–34].
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Figure 2. Schematic diagram of the possible interactions among components of the biocontrol
system, including the pathogens, antagonistic yeasts, host, epiphytic microbiome, and environment.
Antagonistic yeasts can inhibit pathogens through competition for nutrient and space, mycoparasitism,
VOCs, and killer toxins. Conversely, pathogens also compete with antagonistic yeasts for nutrient and
space to affect their colonization and growth. In addition, antagonistic yeasts can induce the resistance
of hosts to inhibit infection, while reactive oxygen species (ROS) produced by hosts may be an oxidative
stress to yeasts. During the interaction between fruit hosts and pathogens, hosts can resist the pathogen
attack through oxidative burst, innate immune system, and antifungal metabolites, while pathogens
can suppress host resistance through pathogen-associated molecular patterns (PAMPs), effectors,
phytotoxins, pH modification, and suppression or stimulation of the oxidative burst. The epiphytic
microbiome on hosts is also associated with the host resistance. Moreover, environmental conditions
have a wide influence on the pathogenicity of pathogens, the efficacy of antagonistic yeasts, and the
resistance of hosts.

3.1. Competition for Nutrients and Space

Both postharvest pathogens and antagonistic yeasts require nutrients (e.g., carbohydrates and
nitrogen) and space to colonize and develop. Therefore, the competition for nutrients and space
has been considered the primary mode by which antagonistic yeasts suppress postharvest fungal
pathogens [5,29]. Once the antagonistic yeasts come into contact with the surface of the injured fruit,
they will occupy the wounds and rapidly deplete the nutrients, which limits the germination of fungal
spores [35,36]. After that, other mechanisms of action (besides the competition for nutrition and space)
cooperatively come into operation to control the postharvest pathogens [8].

Carbon, nitrogen, and iron ions are the main nutrients needed for the growth of microbes.
Compared with carbohydrates, nitrogen is considered to be a key factor limiting the growth of
postharvest fruit pathogens, because most fruits are rich in sugar but limited in nitrogen sources
such as amino acids. The application of exogenous amino acids reduced the antagonistic effect of the
yeast A. pullulans against Penicillium expansum on apple fruit, indicating the importance of nitrogen
competition to biocontrol efficacy [37]. Moreover, iron plays a crucial role in the growth and virulence
of pathogens. Iron is a component of cytochromes, other heme proteins, and non-heme proteins; it is
also a cofactor of various enzymes in fungal cells [9,38]. The yeast Metschnikowia pulcherrima can
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produce iron chelators to compete for the iron required by pathogens, thus strongly inhibiting the
growth of the pathogens [39]. Parafati et al. also proposed that the consumption of iron ions plays an
important role in the biocontrol effect of M. pulcherrima [40]. Some antagonistic yeasts can also produce
siderophores to compete for iron in a low-iron microenvironment, thus inhibiting the germination and
growth of pathogens. For example, rhodotorulic acid is a dihydroxamate siderophore produced by
Rhodotorula glutinis that improves the biocontrol against P. expansum [41]. Siderophores produced by
A. pullulans plays an important role in yeast growth and pathogen inhibition under iron deficiency
environment [13,42].

Biofilms are dense microbial communities attached on fruit surfaces, and encapsulated by
polymeric extracellular matrix (ECM) [43]. Formation of biofilm is considered as another strategy
utilized by antagonistic yeasts to compete for space and nutrient [10,44]. Scherm et al. found that
the biofilm formation of S. cerevisiae M25 was directly related to its biocontrol effect, with only the
S. cerevisiae cells collected during the biofilm formation phase effectively controlling P. expansum

on apples [45]. Biofilm formation has also been hypothesized to be a key mechanism of action of
Metschnikowia citriensis against Penicillium digitatum and Penicillium italicum on citrus fruit [46]. Notably,
it was reported that Pichia fermentans formed biofilms and inhibited postharvest decay in apple fruits
but caused rapid decay in peach fruits in the absence of a plant pathogen [47], indicating the potential
risk of dimorphic antagonistic yeast becoming pathogens.

3.2. Mycoparasitism

Mycoparasitism refers to the phenomenon of antagonistic yeasts feeding on fungal pathogens
via attaching to the fungal pathogen hyphae and then secreting cell wall-degrading enzymes to
destroy or lyse the fungal structures. Especially in the case of nutritional deficiencies, antagonistic
yeasts tend to absorb nutrients from pathogenic cells, leading to the death of these “prey” cells.
During mycoparasitism, a variety of enzymes are involved in the degradation of the fungal pathogen
cell wall, especially β-1,3-glucanase (GLU), chitinase (CHT), and proteases [29], and these secreted
enzymes are thought to play an important role in biocontrol [48]. Wisniewski et al. first reported the
mycoparasitism of Pichia guilliermondii [49]. They observed that the yeast strongly adhered to the
B. cinerea mycelium and caused hyphal collapse, which was presumably due to a lectin-like interaction.
It has also been reported that both Pichia membranefaciens and C. albidus can attach to and degrade the
hyphae of P. expansum, M. fructicola, and R. stolonifer [50]. Banani et al. found that the chitinase gene,
MfChi, of the yeast M. fructicola was significantly induced by cell wall of the postharvest pathogen
M. fructicola, and MfChi-overexpressing Pichia pastoris inhibited the brown rot of peach fruits [51].
In C. oleophila, GLU was demonstrated to be associated with inhibiting conidial germination and hyphal
growth of P. expansum [52].

3.3. Induction of Host Resistance

Induction of host resistance, as one of the major mechanism of antagonistic yeasts for postharvest
decay control in fruits, has also been extensively studied [53,54]. Antagonistic yeasts have been
reported to act as biological elicitors in the interactions with fruit hosts [29,48]. Treatment with
antagonistic yeasts can increase the expression of defense-related genes and enhance the activities of
defense-related enzymes. Strongly induced activities of defense-related enzymes, such as CHT, GLU,
phenylalanine ammonia-lyase (PAL), and peroxidase (POD), have been reported to be responsible for
the biocontrol efficacy of Cryptococcus laurentii on postharvest decay caused by A. alternata, M. fructicola,
and P. expansum [55–57]. Chan et al. found that the antagonistic yeast P. membranaefaciens could
induce the activities of three pathogenesis-related (PR) proteins, which may contribute to the resistance
improvement of peach fruit to P. expansum [33]. Similarly, induced expression of defense-related genes
and the activities of defense-related enzymes by W. anomalus were considered as one of the possible
mechanisms in inhibiting blue mold decay caused by P. expansum in pears [58].
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Moreover, application of antagonistic yeasts can enhance activity of antioxidant enzymes,
which may alleviate oxidative damage cause by reactive oxygen species (ROS) produced by hosts
in response to pathogen infection. P. membranaefaciens has been reported to affect the activities of
antioxidant enzymes, including POD, catalase (CAT), glutathione peroxidase (GPX), superoxide
dismutase (SOD), and polyphenol oxidase (PPO), in peaches and sweet cherry fruits after inoculation
with P. expansum [33,59]. Additionally, four antagonistic yeasts (P. membranaefaciens, C. laurentii,
Candida guilliermondii, and R. glutinis) have been reported to increase the activities of POD and CAT,
upregulate the expression of the corresponding genes, and reduce the levels of protein carbonylation
in peach fruits caused by M. fructicola [60].

Antagonistic yeasts can also induce changes in secondary metabolites and cell structure related
to disease resistance. Droby et al. found that the application of C. oleophila increased the levels of
the phytoalexins umbelliferone, scoparone, and scopoletin in grape fruit peels [61]. El-Ghaouth et al.
found that the antagonistic yeast Candida saitoana could induce host cell deformation, generate mastoid
structures, and consequently inhibit B. cinerea infection [62].

Multiple mechanisms may be simultaneously involved in the resistance induction by antagonistic
yeasts. For example, several antagonistic yeasts, such as C. laurentii [63], P. membranaefaciens [33],
P. guilliermondii [64], R. glutinis [60], and R. paludigenum [25], induced changes in activities of both
defense-related enzymes and antioxidant enzymes in fruit. Induction of disease resistance by
antagonistic yeasts is also affected by pathogens and environmental conditions. As shown in Figure 2,
there are complex interactions between the hosts, pathogens, antagonistic yeasts, and environment,
which remains to be elucidated.

3.4. Production of VOCs and Killer Toxins

Compared to filamentous fungi, yeasts have a lower secretory capacity and produce only few
secondary metabolites. Nevertheless, VOCs and killer toxins are metabolites that have been reported
to exhibit antifungal activity.

VOCs are volatile compounds with low molecular weight (<300 Da), low polarity, and high vapor
pressure. Some antagonistic yeasts can produce VOCs, and the mixture of VOCs has been proposed to
play an important role in the control of postharvest pathogens under airtight conditions [48,65]. It was
reported that Candida intermedia 410 inhibited the growth of B. cinerea on strawberries by releasing VOCs
without direct contact; the absorption of VOCs by activated carbon abolished the biocontrol activity of
C. intermedia 410 [16]. Two strains of A. pullulans (L1 and L8) have been reported to produce VOCs to
inhibit the growth and infection of postharvest pathogens, including B. cinerea, Colletotrichum acutatum,
and Penicillium spp. [66]. Moreover, VOCs have been reported to suppress the mycelial growth,
sporulation, and ochratoxin A biosynthesis of Aspergillus carbonarius and Aspergillus ochraceus [67,68].
VOCs are considered to be potential biological fumigants because of their volatility, which allows
them to control postharvest decay without direct contact with the edible commodities. Contarino et al.
found that the main VOCs emitted by common antagonistic yeasts include ethyl alcohol, phenylethyl
alcohol, 3-methyl-1-butanol, ethyl acetate, and isoamyl acetate [69]. However, VOCs produced by
Muscodor albus have been reported to cause DNA damage and cytotoxicity in bacterial cells, indicating
that some VOCs may be toxic [70]. Therefore, the safety of VOCs should be thoroughly evaluated in
future studies.

Several toxins have been reported to be able to control postharvest pathogens, and proteinaceous
killer toxins are the most prominent antifungal toxins produced by yeasts [10]. Killer toxins provide
a competitive advantage to yeasts, and they can kill fungi (including other yeasts) by a variety of
mechanisms, including hydrolyzation of the cell wall, destruction of the cell structure, and inhibition of
DNA synthesis [71]. Yeast strains with a particular killer phenotype are immune to their own killer toxins
and those in the same class while being lethal to other yeast strains [71]. Owing to this characteristic,
killer toxins have long been used in the wine industry to control spoilage yeasts. As natural antifungal
proteins, killer toxins are environmentally friendly, nontoxic to mammals, have a good acid tolerance,
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and have a low probability of inducing resistance. Therefore, killer toxins have been proposed as
potential biocontrol agents. Killer toxins produced by Wickerhamomyces anomalus BS91 are encoded
by the genes WaEXG1 and WaEXG2, showed exoglucanase activity, and associated with biocontrol
capabilities against B. cinerea, P. digitatum, P. italicum, Monilinia fructigena, and M. fructicola [40,72–75].
P. membranaefaciens was found to produce killer toxins PMKT and PMKT2 that target (1→6)-β-D-glucans
and mannoproteins in pathogen cell walls and thereby inhibit the growth of postharvest pathogens [76].
Moreover, killer toxins produced by Debaryomyces hansenii have been reported to suppress human
pathogenic Candida yeasts, but only within a certain temperature and pH range, indicating the influence
of environmental factors on the antifungal activity of killer toxins [77]. Furthermore, the effects of
yeast killer toxins on beneficial microorganisms need to be further evaluated, especially regarding
microorganisms in the phyllosphere, on edible commodities, and in the human gut.

4. Constraints on the Application of Antagonistic Yeasts, Improvement of Their Biocontrol
Efficacy, and Commercial Application

4.1. Constraints on the Application of Antagonistic Yeasts

Over the past few decades, numerous yeasts with antifungal properties have been identified,
but only a few have been developed as commercial antifungal products. This has mainly been due to
the fact that besides having excellent biocontrol efficacy, for commercial application, an antagonistic
yeast needs to meet additional requirements. Many commercial factors restrict the development
and commercialization of antagonistic yeasts, including the immature commercialization technology,
high development costs, small postharvest market, and low market acceptance [8,78]. Furthermore,
as the utilization of antagonistic yeasts to control postharvest decay is an emerging industry, the research
on antagonistic yeasts remains insufficient. In particular, although many studies have reported on the
biocontrol mechanisms of antagonistic yeasts, the specific mechanisms require further clarification.

Biosafety is one of the main reasons for using antagonistic yeasts instead of chemical fungicides.
Most of the identified antagonistic yeasts have been directly isolated from the surface of fruits,
and humans are already exposed to these yeasts when they eat fresh fruits and vegetables in their daily
lives, so there is often less concern about the biosafety of antagonistic yeasts. However, some yeasts
may be the origin of human infection under rare circumstances [79–81]. Therefore, the biosafety of
antagonistic yeasts, including their safety related to skin irritation and ingestion, needs to be fully
evaluated. Registration is also an obstacle to the commercialization of many antagonistic yeasts.
Biocontrol agents must be approved by relevant regulatory agencies before commercial application.
Compared with synthetic chemical fungicides, the registration of an antagonistic yeast is less costly and
time-consuming, but it is still a factor to be considered in the development process. The registration
of an antagonistic yeast requires an accredited safety assessment report and biocontrol efficacy data.
Furthermore, the difficulty of registration varies in different regions. For example, the registration
of biocontrol agents in the United States takes an average of 2 years, while in Europe, it takes about
7 years [6]. In China, with government incentives, the registration of biocontrol agents takes about
2–3 years.

Compared with chemical fungicides, antagonistic yeasts still need to be improved in many
respects, which also limits their commercialization and market acceptance. Antagonistic yeasts are
more expensive than chemical fungicides and are inconvenient to use. Moreover, an ideal biocontrol
agent for controlling postharvest decay of fruits and vegetables must be highly effective (>95%) [31].
However, according to the reported researches so far, the biocontrol efficacy using antagonistic yeast
alone cannot reach the level demonstrated by chemical fungicides. In addition, the biocontrol efficacy
of antagonistic yeasts regarding postharvest decay depends on the high activity and reproductive
capacity of the yeasts. In addition, there are issues associated with the use of many antagonistic yeasts,
such as their unstable antifungal activity, short shelf life, and strict required storage conditions.
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4.2. Improvement of the Biocontrol Efficacy

As mentioned above, the use of antagonistic yeast alone to prevent postharvest decay is generally
inferior to the use of chemical fungicides. Therefore, while identifying new high-efficacy yeast strains,
researchers are also constantly searching for effective ways to strengthen the biocontrol efficacy of
existing antagonistic yeasts. The combined use of biological control and physical or chemical methods
is an effective way to improve the biocontrol efficacy. For example, hot water treatment (HWT) by
immersing fruit in a circulating water bath at 42 ◦C for 40 min improved the biocontrol efficacy of the
antagonistic yeasts C. guilliermondii and P. membranaefaciens without affecting their growth [82].

Salicylic acid (SA) is an important hormone in plants that is related to the induction of the plant
response against pathogens [54]. Qin et al. found that SA treatment increased the antagonism of
R. glutinis against P. expansum and A. alternata in sweet cherry fruits [83]. SA at low concentrations
increased the activities of defense-related enzymes but had little effect on the growth of the yeast
and the two pathogens. This indicated that the biocontrol efficacy enhanced by SA may be related
to the triggering of host resistance. The ability of SA to enhance the biocontrol efficacy of biocontrol
microbes has been demonstrated in many yeast species [84–86]. Methyl jasmonate (MeJA) is another
phytohormone that can induce host defense responses [74]. MeJA has also been reported to improve
the biocontrol effects of antagonistic yeasts [87,88].

Moreover, it has been reported that exogenous application of brassinosteroids or nitric oxide
can induce plant host resistance [89,90], but their synergistic effects when used with antagonistic
yeasts remain to be studied. Many natural plant extracts can inhibit the growth and development
of pathogenic fungi, such as methyl thujate [91,92], hinokitiol [93], and cinnamic acid [94]. Li et al.
reported that cinnamic acid improved the biocontrol efficacy of C. laurentii [95], which indicates the
potential of combined application of natural plant extracts with antagonistic yeasts for controlling
postharvest pathogens. Several other microbial metabolites, such as epsilon-polylysine, natamycin,
and rapamycin, have been reported to control postharvest pathogens [96–98], and the combined
application of microbial metabolites with antagonistic yeasts is worth exploring.

The use of certain chemical reagents or other antifungal methods can also enhance the biocontrol
efficacy of antagonistic yeasts. For example, CaCl2 has been reported to enhance the efficacy of
antagonistic yeasts [99–101]. Additionally, chitosan has antifungal properties and can induce host
defense responses, and multiple studies have shown that chitosan can enhance the biocontrol efficacy of
antagonistic yeasts such as C. saitoana [102], C. laurentii [103], and P. membranaefaciens [104]. Furthermore,
inorganic salts (e.g., ammonium molybdate, sodium bicarbonate, and trisodium phosphate) [105–107],
minerals (e.g., silicon and boron) [108,109], and sugar protectants (e.g., maltose and lactose) [110] have
been reported to enhance the biocontrol efficacy of antagonistic yeasts. It has also been reported that
the use of a combination of an antagonistic yeast and a low-dose chemical fungicide can achieve a
similar biocontrol efficacy to the use of the fungicide alone at a commercial dosage, which is considered
to be an effective method to reduce fungicide use [14].

The mixed application of various antagonistic yeasts is also considered to be an effective way
to broaden the antifungal spectrum of biocontrol reagents and to enhance the biocontrol efficacy.
Calvo et al. found that the combined application of R. glutinis and C. laurentii improved their ability to
control gray mold on apples [111]. However, it should be noted that compatibility between mixed
antagonistic yeasts is necessary to ensure that their normal growth and function are maintained.
Moreover, Zhao et al. reported that the heterologous expression of flagellin in S. cerevisiae significantly
induced resistance in the host plant and improved the biocontrol efficacy of the yeast against B. cinerea,
which suggests that the heterologous expression of elicitors in yeasts may be an effective strategy to
improve the biocontrol efficacy [112].

4.3. Commercial Application

The commercialization of an antagonistic yeast is a long and costly process requiring extensive
testing of toxicology and biocontrol efficacy under commercial conditions. Encouragingly, over the past
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few decades, a few antagonistic yeasts have been developed and commercialized (Table 1). Aspire (based
on C. oleophila) and YieldPlus (based on C. albidus) are the first-generation commercial antagonistic
yeasts [27]. They were available on the market for several years, but they have now been withdrawn
due to reasons such as difficulties in market development, low profitability, and inconsistent and low
efficacy under commercial conditions [29]. After that, Nexy (another product based on C. oleophila)
was developed for controlling decay on pome, citrus, and banana, and it was approved for registration
throughout the European Union in 2013. Shemer (based on M. fructicola) was originally registered
in Israel and was successfully used for managing pre- and postharvest diseases on various fruits
and vegetables [113]. It was subsequently acquired by Bayer CropScience (Germany) and then
sublicensed to Koppert Biological Systems (the Netherlands) to expand its sales [114]. Moreover,
Bio-ferm, an Austrian company, developed two products based on A. pullulans strains DSM 14940
and DSM 14941, Blossom Protect (Boni-Protect) and Botector. With the mode of action of competition
for nutrients and space, Blossom Protect is used to control postharvest decay caused by several
fungal pathogens in pome fruit, while Botector is mainly used against gray mold in grape, strawberry,
and tomato.

Table 1. Antagonistic yeast-based commercial products developed for the management of postharvest
pathogens (adapted from [9] and [115] with modification).

Product Yeast Fruit Target Pathogens Manufacturer In Use

Aspire Candida oleophila
Stone fruit, pome,
citrus, strawberry Botrytis, Penicillium, Monilinia Ecogen, USA No

Blossom
Protect

Aureobasidium pullulans Pome Penicillium, Botrytis, Monilinia Bio-ferm, Austria Yes

Botector Aureobasidium pullulans
Grape, strawberry and

tomato Botrytis cinerea Bio-ferm, Austria Yes

Candifruit Candida sake Pome Penicillium, Botrytis, Rhizopus
IRTA/Sipcam-Inagra,

Spain No

Nexy Candida oleophila Pome, banana, citrus Botrytis, Penicillium Lesaffre, Belgium Yes

Noli Metschnikowia fructicola
Strawberry, blueberry,

grape, stone fruit Botrytis, Monilinia
Koppert,

The Netherlands Yes

Remeo Saccharomyces cerevisiae Grape Botrytis, Erysiphe,
Plasmopara

BASF/Agrauxine,
France Yes

Shemer Metschnikowia fructicola
Pome, strawberry,
grape, stone fruit

Botrytis, Penicillium, Rhizopus,
Aspergillus

Bayer/Koppert,
The Netherlands Yes

YieldPlus Cryptococcus albidus Pome, citrus Botrytis, Penicillium, Mucor Lallem, South Africa No

5. Conclusions and Perspectives

The environmental pollution and health hazards caused by chemical fungicides have attracted
increasing attention from regulatory agencies and consumers, and there is now global interest in
reducing or eliminating the use of chemical fungicides. As a potential substitute for chemical fungicides,
antagonistic yeasts have been extensively studied over the past few decades, and considerable progress
has been made regarding the identification and development of antagonistic yeasts. However,
so far, the use of antagonistic yeast alone is still insufficient to completely replace chemical fungicides.
There remain many aspects of antagonistic yeasts that could be improved, even for the few commercially
available antagonistic yeasts.

Although the application of antagonistic yeasts is limited by many obstacles, there is still great
potential for their improvement and development. Due to the regulatory restrictions on chemical
fungicides and the declining consumer acceptance of them, it is foreseeable that the use of chemical
fungicides will be gradually decreased or even discontinued. The reduction in available products on
the market and the increasing demand for safe and effective antifungal products provide opportunities
for the development of antagonistic yeast products. The biocontrol efficacy of antagonistic yeasts could
be further improved in the future through a variety of strategies, such as combining an antagonistic
yeast with a chemical or physical treatment, using multiple antagonistic yeasts, and genetically
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altering antagonistic yeasts. Moreover, the advancement of molecular biotechnologies and the
emergence of “omics” technologies are providing powerful tools for the development and application
of antagonistic yeasts.

To promote the commercial application of antagonistic yeasts, efforts can be made in the following
aspects: (a) the full verification of biosafety; (b) the in-depth exploration of the involved mechanisms of
action; (c) the enhancement and maintenance of biocontrol efficacy under commercial conditions; (d) the
development of broad-spectrum antifungal products; (e) the extension of shelf-life; (f) the control of
cost and the development of the market; and (g) the understanding of the complex interactions between
the components of the biocontrol system, including the antagonistic yeast, pathogen, host, natural
microbiome, and environment. Furthermore, gene editing has been considered to be a potentially
effective strategy to improve the performance of antagonistic yeasts, though genetically modified
microorganisms (GMOs) are restricted due to government policies and low consumer acceptance
at present.
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Abstract: Saccharomyces boulardii is a probiotic yeast often used for the treatment of GI tract disorders
such as diarrhea symptoms. It is genetically close to the model yeast Saccharomyces cerevisiae and its
classification as a distinct species or a S. cerevisiae variant has long been discussed. Here, we review
the main genetic divergencies between S. boulardii and S. cerevisiae as a strategy to uncover the ability
to adapt to the host physiological conditions by the probiotic. S. boulardii does possess discernible
phenotypic traits and physiological properties that underlie its success as probiotic, such as optimal
growth temperature, resistance to the gastric environment and viability at low pH. Its probiotic
activity has been elucidated as a conjunction of multiple pathways, ranging from improvement of
gut barrier function, pathogen competitive exclusion, production of antimicrobial peptides, immune
modulation, and trophic effects. This review summarizes the participation of S. boulardii in these
mechanisms and the multifactorial nature by which this yeast modulates the host microbiome and
intestinal function.

Keywords: Saccharomyces boulardii; Saccharomyces cerevisiae; probiotics; gastrointestinal tract

1. Introduction

Probiotics are defined as live organisms which, when administered in adequate amounts, confer a
health benefit to the host, independently of where the action takes place and of the type of administration.
They are normally recommended to help strengthen host systems, for example the gastrointestinal (GI)
tract, and assist in the recovery of certain diseases. According to this definition, probiotics in food
must contain at least 106 CFU/g of viable and active microorganisms, while freeze-dried supplements
have shown good results with 107 to 1011 viable microorganisms per day [1–5]. It is also preferable
that these are of human origin and that they cannot transfer any antibiotic resistance, pathogenicity or
toxicity factors [4].

The most commonly used probiotics comprise lactic acid producing bacteria (Lactobacillus spp.,
Bacillus spp., Bifidobacterium spp., Streptococcus spp., and Enterococcus spp.) that are found in the
human gastrointestinal tract, usually ingested in fermented foods [4]. These probiotics can be used by
themselves or combined with each other, although it should be noted that not all combinations are stable
and different strains of the same probiotic bacteria can have different capabilities or enzymatic activities,
even if they belong to the same species [4,6]. Probiotic properties widely differ between species, strains
or even between strain variants, which means these properties can be strain/variant-specific [4].

The ability of a given organism to display probiotic activity is also dependent on its ability to
compete for a host niche. Probiotics must compete with pathogens that adhere specifically to host cells,
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such as those of the GI tract, including Helicobacter pylori or Clostridium difficile, but also Borellia spp.,
Treponema spp. or Spirilium spp. [2]. This means that the competition between probiotic microorganisms
and pathogens is dependent on habitat-related idiosyncrasies [2]. Host factors can also influence the
effectiveness of a probiotic. Genetic factors, baseline immune functions or microbiome diversity vary
among individuals, which together with environmental factors (e.g., diet or stress) account for unique
backgrounds where the same probiotic will have distinct outcomes [4].

Several bacteria have been identified as probiotics and their modes of action scrutinized to some
extent, but yeasts may also exhibit probiotic properties. The baker’s yeast Saccharomyces cerevisiae does not
seem to present significant advantageous attributes for human health [1]. On the other hand, the closely
related Saccharomyces boulardii is effective in complementing the treatment of acute gastrointestinal diseases
such as diarrhea or chronic diseases such as inflammatory bowel disease (IBD) [7,8]. To date, this is the
only yeast used as a probiotic [4] and its probiotic properties are supported by scientific evidence from
the S. boulardii CNCM I-745 (or S. boulardii Hansen CBS 5926) strain produced by Laboratoires Biocodex,
highlighted by more than 80 randomized clinical trials [1]. Nevertheless, the efficacy of this strain cannot
be extrapolated to other strains, like S. boulardii CNCM 1079 [1].

In this review, current knowledge on S. boulardii traits that support its probiotic nature and
the correlation with distinctive features when compared with the non-probiotic S. cerevisiae will be
explored. Focus will be given on reviewing the biology, genetics, ability to colonize the human gut
and compete with gastrointestinal pathogens as features that may underlie the probiotic activity
of S. boulardii. Unanswered questions, mostly related to the genetic basis underlying the probiotic
phenotype, are discussed.

2. S. boulardii and S. cerevisiae: Similar but Different

The budding yeast known as S. boulardii is usually referred to as a distinct species within the
Saccharomyces genus, despite being genetically close and sharing a similar karyotype to the model
yeast S. cerevisiae [9–11]. Molecular typing studies resorting to pulsed-field gel electrophoresis (PFGE),
randomly amplified polymorphic DNA-polymerase chain reaction (RAPD-PCR), and restriction
fragment length polymorphisms (RFLP) of non-transcribed spacer (NTS) or internal transcribed spacer
(ITS) reveal that S. boulardii strains from distinct origins all belong to a clearly delimited cluster
within the S. cerevisiae species, arguing that they should be considered different strains of the same
species [10,12]. Likewise, a DNA/RNA hybridization spotted microarrays study also concluded that
S. boulardii is a strain of S. cerevisiae that has lost all intact Ty1/2 elements rather than a different
species [13], while another study identified Ty1/3/4 as absent elements, but not Ty2/5 [11]. Phylogenetic
analysis also shows that S. boulardii clusters are closely related to S. cerevisiae wine strains [11]. In spite
of such similarities, microsatellite polymorphisms may provide a way to differentiate both species and
identify S. boulardii properly [14,15].

Despite the striking relatedness in molecular phylogeny and typing, S. boulardii does possess
identifiable distinct traits and is physiologically and metabolically distinct from S. cerevisiae (Table 1).
Namely, S. boulardii is incapable of producing ascospores, switching to haploid form, or using galactose
as carbon source [11,16–19]. It is more resistant to temperature and acidic stresses, but less resistant to
bile salts [12,18].
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Table 1. Metabolic, physiological and genetic features of S. cerevisiae and S. boulardii. The data shown
was collected from several studies [11–13,16–21].

Features S. Cerevisiae S. Boulardii

Optimal growth temperature [12] 30 ◦C 37 ◦C

High temperature resistance (52 ◦C) [12] 45% viability 65% viability

Acid pH resistance (pH = 2 for one hour) [12,18] No—30% viability Yes—75% viability

Tolerance to bile acids (>0.3%(w/v)) [12] No—Survival up to
0.15% (w/v)

No—Survival up to
0.10% (w/v)

Basic pH resistance (pH = 8) [12,18] Yes Yes

Assimilation of galactose [16,17,19] Yes No

Ploidy [18] Diploid or haploid Always diploid

Homo or heterothallic [11] Homothallic Homothallic

Mating type [13] Both Both

Sporulation [16,18] Sporogenous
Asporogenous, but

produces fertile hybrids
with S. cerevisiae

Pseudo-hyphal switching [18] Normal Increased

Retrotransposon (Ty elements) [11] Intact Ty elements No intact Ty1, 3 or 4
elements

Adhesion to epithelial
cells

Normal microbiome
(mice and human) [18,20] No No

Gnotobiotic mice [21] Unknown Yes

Humans treated with
ampicillin [20] Unknown Yes

3. S. boulardii Genomic Variations Provide Hints for Its Physiological Properties

S. boulardii and S. cerevisiae genomes were found to differ in internal regions of lower copy number
in three chromosomes: chromosome I (PRM9, MST28, YAR047C, YAR050W, CUP1, YAR060W and
YAR061W); chromosome VII (YGL052W and MST27) and chromosome XII (ASP3 and YLR156W).
PRM9, MST27 and MST28 genes encode nonessential membrane proteins specific to the Saccharomyces

sensu stricto species [18]. YAR050W encodes a lectin-like protein that participates in flocculation; Asp3 is
a nitrogen catabolite-regulated cell wall L-asparaginase II. CUP1 had a two times lower number of
copies than the average for S. cerevisiae species, possibly causing the increased sensitivity to copper in
S. boulardii when compared to other S. cerevisiae strains [18].

Within genes with higher copy number, two functions are well represented: protein synthesis
(RPL31A, RPL41A, RPS24B, RPL2B and RSA3) and stress response (HSP26, SSA3, SED1, HSP42, HSP78

and PBS2). It is possible that these genes aid in increased growth rate and pseudo-hyphal switching
and in higher resistance to high pH [18]. Duplicated and triplicated genes mostly encode stress
response proteins, elongation factors, ribosomal proteins, kinases, transporters and fluoride export,
which might aid in S. boulardii adaptation to stress conditions [11]. Altered gene copy number and
mutations when compared to S. cerevisiae in the SDH1 and WHI2 genes was associated with increased
acetic acid production by S. boulardii, correlated with antimicrobial activity [22].
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S. boulardii was shown to display enhanced ability for pseudo-hyphal switching during nitrogen
starvation compared to other S. cerevisiae strains [18]. Several genes related to pseudo-hyphal growth
have considerably different number of copies: CDC42, DFG16, RGS2, CYR1 and CDC25 have higher
copy number; STE11, SKM1 and RAS1 have lower copy numbers [18]. Some of these genes are
involved in cyclic adenosine monophosphate (cAMP) pathways, suggesting its hyperactivation can
lead to increased pseudo-hyphal growth. As a possible consequence, S. boulardii ability to create
pseudo-hyphae was observed to be faster and more extensive than S. cerevisiae [18].

Variations in the number of repetitive sequences within flocculation genes was also identified in
S. boulardii, namely in FLO1. The encoded flocculin was found to harbor additional copies of residue repeats
when compared with most S. cerevisiae strains [11]. The Flo8 protein was also found to differ between
S. boulardii and some S. cerevisiae strains where a point mutation results in a truncated protein (including in
the reference strain S288c), resulting in defective flocculation and adhesion [23]. Other flocculation genes
(FLO10 and FLO11) detected in S. boulardii were not found to harbor differences in the copy number and
period length of the repeats [11]. The higher maximum number of repeats (e.g., FLO1) in S. boulardii may
affect its adhesion and flocculation ability, as well as sensitivity to stress [11].

Several studies have shown that S. boulardii is unable to use galactose as a carbon source, despite
harboring all galactose uptake and fermentation genes [16,17,19]. Some studies have proposed that it is
able to assimilate, but not ferment, galactose, possibly due to energy requirements [24,25]. More recently,
a mutation in the gene PGM2 was also associated with the inefficient use of galactose [17]. S. boulardii is
also unable to use palatinose, possibly related with the absence of 3 isomaltase encoding genes (IMA2,
IMA3 and IMA4), which is involved in palatinose uptake and metabolism [11,19].

4. Adaptation to Host Environment

Probiotics must be able to endure in adverse conditions. S. boulardii optimal growth temperature
corresponds to the human host temperature (37 ◦C), while S. cerevisiae grows optimally at 30 ◦C.
S. boulardii is also more resistant to very high temperatures keeping 65% viability after one hour at
52 ◦C, while S. cerevisiae loses viability down to 45% [12].

The main obstacles in the stomach are the very acidic pH (2 to 3) and the presence of proteases
such as pepsin that kill most microorganisms, including probiotics that enter the organism [26].
Diseases like hypochlorhydria decrease the bactericide properties of the stomach and make the patient
more susceptible to infections by H. pylori and Salmonella spp. and to migrations of pathogenic
microorganisms to the small intestine where they establish themselves [26]. In the case of the small
intestine, main stressors include the high concentrations of bile salts, pancreatic enzymes, hydrolytic
enzymes, pancreatin, organic acids, the integrity of the epithelial and brush border, the immune
defense and the native microbiome and its secondary metabolism products (H2S, bacteriocins, organic
acids) [27]. Bile salts are detergents produced in the liver from cholesterol and secreted to the
intestine to improve nutrient absorption. As detergent like molecules, bile salts can be toxic to GI
tract microorganisms by disrupting their cellular membrane lipid bilayer structures [12]. However,
some probiotics are able to resist degradation by hydrolytic enzymes and bile salts [6]. For example,
S. boulardii and Bacillus coagulans remain viable after exposure to simulated gastric juice containing
pepsin and hydrochloric acid. These probiotics were also seen to be stable to the impact of bile salts [6].
Bacillus clausii was partially resistant to these conditions [6]. On the other hand, most Lactobacillus and
Bifidobacterium spp. have reduced viability under exposure to gastrointestinal agents such as pepsin,
hydrochloric acid and bile [6].
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In vitro testing of probiotic formulations consisting of S. boulardii and bacterial probiotics
(Lactobacillus spp. and Bifidobacterium spp.) highlighted the ability of S. boulardii to survive GI
tract conditions. S. boulardii was able to survive after incubation in a gastric-like environment and in
an intestinal environment (bile salts, pancreatin, pH 7.0) for 3 h, whereas the viability of the bacterial
probiotics was severely impaired [6]. S. boulardii is also more resistant to a gastric environment than
S. cerevisiae, while the viability of both species in an intestinal environment (sodium chloride, pepsin,
pancreatin, pH 8.0) is not affected after 1 h [12]. Accordingly, 1 h was enough to show that S. boulardii is
more resistant to low pH than S. cerevisiae, particularly at pH 2.0 [18]. Interestingly, although S. boulardii

can survive the GI environments, its viability is significantly increased for 2 h if encapsulated by a
double layer with sodium alginate and gelatin [28]. Tolerance displayed by S. boulardii to bile salts
has also been tested. Surprisingly, S. cerevisiae is more tolerant to bile salts than S. boulardii. However,
after 1 h, both species show a tolerance threshold bellow what would be considered as resistance to
bile salts [12].

Dynamic modelling of the stomach and small intestine conditions also showed S. boulardii to be
resilient to gastric and lower intestinal conditions, while modelling of the colon environment revealed
the yeast is not able to colonize the colon, but had an individual-dependent effect in the microbiotic
profile [29]. Other studies also point to the inability of S. boulardii to colonize the gut, suggesting
that this yeast does not strongly adhere to intestinal epithelial cells and is quickly removed from the
gastrointestinal system in healthy individuals [18]. However, it has been shown to colonize the intestine
of gnotobiotic mice after a single administration [21]. This may mean that, although S. boulardii can
colonize the gut, competition with intestinal microbiome is limiting [18]. Indeed, both S. boulardii

and other Saccharomyces strains were shown to be unable to remain attached to human and mouse
epithelial cells, in vitro and in vivo, respectively [18]. However, they do adhere to Caco-2 cells through
an extracellular factor, probably secreted mucus [18]. Colonization of the gut was observed to be
dependent, both in mice and human, on repeated administration over several days [20,21,30]. Moreover,
administration of ampicillin increased S. boulardii cell concentration [20], reinforcing the notion that
competition with intestinal microbiome plays a relevant role in the establishment of this yeast.

5. Mechanisms of Action

The gut microbiome is responsible for a multitude of roles, including protection against pathogen
colonization, epithelial barrier maintenance or modulation of immune activity [31]. The mechanisms
by which gut microbiome homeostasis is maintained are not yet fully understood. Probiotics are
believed to display a variety of mechanisms: antitoxin effects, physiological protection, modulation of
the normal microbiome, metabolic regulation and signaling pathway modification, nutritional and
trophic effects, immune system regulation, pathogen competition, interactions with the brain-gut axis,
cellular adhesion, cellular antagonism and mucin production [1,4,31]. S. boulardii has been described
as participating in a number of these effects as part of its probiotic activity (Figure 1). The genetic basis
and mechanistic details that underlie these observations are not fully understood and their clarification
could be key to better exploit this yeast and how to potentiate general probiotic activity.
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Figure 1. Overview of the main modes of action that support S. boulardii probiotic activity in the
intestinal epithelium. Studies have described the outcome of S. boulardii administration in pathogen
exclusion, antimicrobial properties, immune modulation, and trophic effects. The genetic basis and
mechanistic details that underlie these observations are not fully understood and their clarification
could be key to better exploit this yeast and how to potentiate general probiotic activity. Pathogen
exclusion is mainly achieved by pathogen binding to the yeast cells, rather than competition for
epithelial binding sites with the pathogens. The yeast cell wall components responsible for the binding,
the correspondent pathogenic receptors and the binding dynamics have not been fully investigated.
Antimicrobial action is achieved, at least partially, by the secretion of still unknown proteins with
antimicrobial effects. The genes that code for these proteins have not been identified and could provide
further clues on the mode of action of S. boulardii. Immune modulation and the effect of S. boulardii on
inflammatory pathways has been uncovered to some extent. The mechanistic insights and dynamics of
S. boulardii interaction with immune cells still need to be ascertained to better understand the yeast
action in the immunological function. Multiple trophic effects have been described to be stimulated by
S. boulardii on intestinal epithelial cells. Some pathways have been elucidated, although the multitude
of trophic effects suggests concerted action and crosstalk between yeast and host cell sensory pathways.

5.1. Modulation of The Normal Microbiome

Modulation of the normal microbiome may be favored directly by transiting probiotics which
produce antimicrobial substances, or indirectly contribute to immune modulation or gut barrier
function [31]. The use of probiotics has typically been applied to reestablish the normal gut microbiome
upon dysbiosis. Gut dysbiosis refers to changes in the microbiome’s quantitative and qualitative
composition. These changes may contribute to a disease state frequently associated to inflammation
and can be a result of antibiotic-associated diarrhea, acute infectious diarrhea or IBD [31,32]. Probiotics
treatment helps to stabilize the gut microbial community and lead to an improved disease outcome [32].
While some probiotics may become a part of the microbiome, others simply pass through the GI tract
and modulate or influence the existing microbiome before exiting the body [31].

Several factors can have deleterious effects on the gut microbiome and hinder its protective role to
the host epithelial lining, such as antibiotic use or surgery [1]. This may result in host susceptibility
to colonization by pathogens until the normal microbiome is reestablished, which can take several
weeks [33]. S. boulardii helps to restore the normal microflora in this type of patient and the use of
probiotics as modulators of the normal microbiome through colonization during the susceptibility
period may work as a surrogate until the normal microbiome is reestablished [34].
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5.2. Antimicrobial Activity

Antagonism against pathogens can be achieved by colonization and exclusion of pathogens,
modulation of metabolic and signaling pathways, production of inhibitory compounds or immune
modulation [31]. Competition is one of the main mechanisms associated with probiotic activity against
gut pathogens: consumption of nutrients by probiotics results in nutrient limitation for pathogenic
organisms [31,35]. On the other hand, the ability of probiotics to grow and colonize the gut can lead
to a decrease of the gut pH due to the production of metabolites, leading to stressful conditions for
pathogens [35]. A possible role for S. boulardii in managing pathogenic activity was associated with a
protective effect of S. boulardii against pathogenic bacteria in yeast-treated mice, although the mode of
action is not associated with a reduction of the pathogenic population [21], as well as with another
study which observed a protective effect against Candida albicans in a murine model [36].

The production of compounds with antimicrobial activity is yet another major mode of action
of probiotics. Several components of the probiotic metabolome, such as organic acids, bacteriocins,
hydrogen peroxide, diacetyl, or amines limit the growth of pathogenic bacteria [31]. In particular,
bacteriocins play a crucial role in the antimicrobial action of probiotic bacteria, especially Lactobacillus

spp. [35,37–40]. As for the production of antimicrobial substances by other probiotics, S. boulardii

possibly secretes proteins that reduce Citrobacter rodentium adhesion to host epithelial cells by modulating
virulence factors [41]. It also displays antimicrobial activity by secreting 54-kDa, 63-kDa and 120-kDa
proteins that cleave microbial toxins or reduce cAMP levels. S. boulardii can block toxin receptors or
function as a decoy receptor for toxins. The 54-kDa serine protease produced by S. boulardii cleaves toxins
A and B from C. difficile and the enterocytic receptor to which the toxins bind, which causes inflammation,
fluid secretion, mucosal permeability and injury in the intestines [42,43]. Other mechanisms that
S. boulardii uses against C. difficile infection are growth inhibition and decreased toxin production due
to secreted factors and stimulation of host mucosal disaccharidase activity [44,45]. Another study
refers to the ability of S. boulardii to inhibit Escherichia coli surface endotoxins by dephosphorylation.
A 63-kDa alkaline phosphatase targets the lipopolysaccharide (LPS) and contributes to decreased
tumor necrosis factor α (TNF-α) cytokine levels [46]. S. boulardii also produces a 120-kDa protein that
decreases the chloride secretions stimulated by cholera toxin by reducing cAMP levels [47]. S. boulardii

is also able to adhere to cholera toxin via its cell wall, thus blocking its toxic effects [48]. Despite these
observations, the sequencing of S. boulardii genomes did not provide a clear identification of the genes
encoding these 54-kDa, 63-kDa and 120-kDa proteins [25].

S. boulardii also confers protection against the lethal toxin produced by Bacillus anthracis.
The bacterium causes ulcerative lesions from the jejunum to cecum and uses its toxin to disrupt
intestinal epithelium integrity, causing mucosal erosion, ulceration and bleeding [49]. The protective
effect of S. boulardii is associated with maintenance of barrier function and reduction of harmful
physiological responses elicited by the toxin, such as formation of stress fibers [50]. The protective
effect is achieved by release of proteases and cleavage of the lethal toxin [50].

Some S. boulardii strains are able to produce high concentrations of acetic acid, which was found
to exert an inhibitory effect in E. coli [22]. In turn, the decrease in pH due to acetic acid production
is essential for the antimicrobial activity of short-chain organic acids. The combined effect of high
acetic acid concentration and lower pH may be an additional mechanism that makes S. boulardii an
effective probiotic. Moreover, acetic acid is produced under aerobic conditions by S. boulardii. Due
to the radial oxygen gradient between the epithelial surface (high oxygen levels) and the center of
the gut lumen (low oxygen levels), microorganisms colonizing the epithelial surface have greater
availability of oxygen [51]. Since acetic acid is produced under aerobic conditions by S. boulardii,
its production should be higher near the epithelial surface. During antibiotic treatment and pathogen
infection, oxygen concentration also increases in the gastrointestinal tract [52,53], which could support
the antimicrobial action of S. boulardii.
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5.3. Adhesion

In order for the host not to mechanically eliminate the gut microbiome, it is crucial that its
components adhere to host surfaces [1,4]. Some probiotics express surface adhesins that mediate the
attachment to the mucous layer by recognizing host molecules such as transmembrane proteins
(integrins or cadherins) and extracellular matrix components (collagen, fibronectin, laminin or
elastin) [1,4]. Probiotics can also influence the production of mucin and the barrier function of
the intestine, thus hindering adhesion and consequent invasion of pathogenic microorganisms [54].

Mucin is produced by epithelial cells to avert adhesion by pathogenic bacteria, whereas successful
probiotics should be able to adhere to the intestinal mucous, as is the case of S. boulardii [13,55].
The adhesion of S. boulardii to the mucus membrane contributes to reducing the availability of
binding sites for pathogens [13]. Five S. cerevisiae cell wall proteins (encoded by CIS3, CWP2, FKS3,
PIR3 and SCW4) were found to mediate adhesion of the yeast cells to the pathogenic bacteria
E. coli, Salmonella enterica serovar typhimurium (S. typhimurium) and Salmonella enterica serovar typhi

(S. typhi) [55]. Other studies have shown that these bacteria are also bound to S. boulardii [55–58].
Additionally, S. boulardii also inhibits C. difficile adhesion to epithelial cells and displays inhibitory
activity on Entamoeba histolytica adhesion to erythrocytes [59,60]. This interaction limits the ability of
pathogens to bind directly to the intestinal receptors and proceed with host invasion. In fact, S. boulardii

hinders epithelium invasion by S. typhimurium due to steric hindrance caused by its larger size as
compared to bacteria [61]. As S. boulardii does not significantly bind to epithelial cells of healthy
individuals and is quickly flushed out, pathogens bound to S. boulardii are possibly flushed together
with the yeast cells [13,31,55]. However, S. boulardii does have several flocculation genes required for
protection against environmental stress and biofilm formation [11]. The characterization of this gene
family in the context of host adhesion and colonization could provide further insight on the probiotic
features of S. boulardii.

The ability of S. boulardii to bind bacterial pathogens has been associated with the presence of
mannose residues in the yeast cell wall [56]. This is a similar mechanism to the previously characterized
adhesion of bacterial pathogens to the epithelial surface via mannose residues [62], which is the basis
for the addition of exogenous sugars as a strategy to inhibit pathogen adhesion [63]. Cell wall mannan
oligosaccharides are a common feature in yeast, but the affinity between E. coli and S. boulardii is
higher than with S. cerevisiae [56]. Further investigations revealed that bile salts decrease adhesion of
bacteria to yeast cells [55], which can have relevant implications for yeasts as successful probiotics.
Accordingly, bile salts also decrease the adhesion of probiotic bacteria to intestine epithelia due to
diminished surface hydrophobicity and higher surface potential [64], bolstering how important it is for
probiotic microorganisms to evolve adaptation strategies within the host.

5.4. Immune Modulation

Metabolites produced by the gut microbiome can perform immunomodulatory and
anti-inflammatory functions that stimulate immune cells. This ability arises from the interaction between
the probiotics and the epithelial cells, dendritic cell monocytes, macrophages and/or lymphocytes [1,31].
Probiotics also promote enhanced phagocytic activity, cell proliferation and production of secretory
immunoglobulins IgA and IgM [65].

S. boulardii can modulate immunological function by acting as a stimulant or a pro-inflammatory
inhibitor. It is capable of modulating the inflammatory process upon S. typhimurium infection by
decreasing the levels of the pro-inflammatory molecules such as cytokine interleukin 8 (IL-8), mitogen
activated protein (MAP) kinases and the (nuclear factor kappa B) NF-κB signaling pathway [58].
An inhibitory effect of S. boulardii over MAP kinases and IL-8 levels upon C. difficile infection was also
observed [66]. Likewise, S. boulardii contributes to increasing the levels of anti-inflammatory cytokines
(IL-4 and IL-10) and decreasing pro-inflammatory cytokines (IL-1β) upon infection with E. coli and
C. albicans [67]. On the other hand, S. boulardii was associated with increased IgA and IgG levels in
serum in response to C. difficile toxins A and B [68,69]. S. boulardii was also found to attach to the surface
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of dendritic cells [70] and modulate the expression of toll-like receptors (TLRs) and cytokines [70–72].
Moreover, S. boulardii also causes the imprisonment of T helper cells in mesenteric lymphatic nodes,
reducing inflammation [73].

Another study found that in the early phase of S. typhimurium infection, S. boulardii induces
pro-inflammatory cytokine production (interferon-γ—IFN-γ) and represses the production of
anti-inflammatory cytokines (IL-10) in the small intestine, but increases the levels of both cytokines in
the cecum [57]. This suggests that S. boulardii can differentially modulate immune activity through the
GI tract [57]. Overall, probiotics may be able to persistently modulate both the innate and adaptive
immune responses either locally or systemically [1,31]. The data from several studies indicates that
S. boulardii plays a pivotal role in immune modulation against the most common GI tract pathogens.

5.5. Trophic Effects

S. boulardii is a modulator of enzyme activity required to maintain a healthy gastrointestinal tract.
It exerts trophic effects such as stimulation of brush border membrane digestive enzymes and nutrient
transporter activity [74]. Several studies have shown a wide array of trophic effects stimulated by
S. boulardii: brush border sucrase, lactase, and maltase activities [44,75–78]; iso-maltase activity [78];
glucoamylase and N-aminopeptidase activity [76]; leucine-aminopeptidase activity [79]; α,α-trehalase
activities in the endoluminal fluid and intestinal mucosa; brush border α-glucosidase [80]; spermine,
spermidine and putrescine levels in rat jejunal mucosa [75,77]; adenosine triphosphatase, γ-glutamyl
transpeptidase, lipase, and trypsin activities and TNF-α, IL-10, transforming growth factor beta
(TGF-β), and secretory IgA [5]; diamine oxidase activities, brush border sodium/glucose cotransporter
1 expression and sodium-dependent glucose uptake [74,77]; GRB2-SHC-CrkII-Ras-GAP-Raf-ERK1,2
transduction pathway in rats and decreased p38 MAPK and NF-κB [81–83].

Probiotics can modulate short chain fatty acids (SCFA: acetate, propionate, or butyrate) and/or
branched-chain fatty acid (BCFA: iso-butyrate, 2-methylbutyrate, or isovalerate) synthesis. SCFAs
have a complex role in the physiological and biochemical functions in different tissues (intestine, liver,
adipose, muscle and brain). S. boulardii assists in reestablishing SCFA levels, which are depressed
during disease [84,85]. Acetate and butyrate are major SCFAs in intestinal epithelial cells, playing
a role in barrier function, anti-inflammatory and immune modulation pathways [86,87]. A study
reported that a short-term treatment (6 days) with S. boulardii diminishes the incidence of diarrhea in
patients receiving enteral nutrition by increasing SCFA levels, particularly butyrate [84]. SCFAs can
also present antimicrobial activity, and a study probing several S. boulardii and S. cerevisiae strains
for inhibitory effects in E. coli described the production of acetic acid exclusively by S. boulardii as an
antimicrobial mechanism [22]. Moreover, acetate also stimulates T regulatory cells, induces mucus
secretion gene expression, inhibits proinflammatory cytokine CXCL8 and serves as a substrate for the
production of butyrate by the microbiome [22].

The activity of many digestive enzymes (sucrase-iso-maltase, maltase-glucoamylase,
lactase-phlorizin hydrolase, alanine aminopeptidase and alkaline phosphatase) and nutrient
transporters (sodium-glucose transport proteins) may be induced by polyamines secreted by
S. boulardii [74]. S. boulardii secretes polyamines that promote RNA binding and stabilization and,
hence, growth and protein (lactase, maltase, sucrase, among others) synthesis [74]. These molecules
are also able to shield lipids from oxidation and boost SCFA activity. Polyamines may also
affect kinase activities and external signal transduction pathways, therefore modulating the
GRB2-SHC-CrkII-Ras-GAP-Raf-ERK1,2 and the PI3K pathways [74]. They can also aid the generation
of specific transcripts by interacting with DNA [74]. All of these polyamine functions lead to a general
polyamine-triggered metabolic activation in order to regenerate brush border damage and maturation
of enterocytes [74,75,80]. Not only does S. boulardii induce the enzymatic activities of lactase-phlorizin
hydrolase, α-glucosidases, alkaline phosphatases and aminopeptidases, but it also increases glucose
intestinal absorption, one of the products of lactose degradation [74]. Production of lactase by the host,
partially stimulated by S. boulardii, mediates lactose degradation thus alleviating lactose intolerance.
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6. S. boulardii Safety and Clinical Efficacy

Although many probiotics are documented as safe, common safety issues regarding the use of
probiotics include: transfer of antibiotic resistance genes, translocation of live organisms from the
intestine to other sites of the body, persistence in the intestine and development of adverse reactions [1].
Most of these concerns have been dismissed when evaluating S. boulardii safety. S. boulardii is not
known to acquire resistance genes, unlike bacterial probiotics such as Lactobacillus spp. [88,89]. Animal
studies show that there is reduced translocation in the treatment with S. boulardii when compared
with S. cerevisiae [90–92]. S. boulardii does not persist in the intestine after three to five days after
discontinuation of the ingestion, according to pharmacokinetic studies [20]. The data available from 90
clinical trials assessing the efficacy and safety of S. boulardii has been thoroughly assessed elsewhere [1].
Randomized and controlled trials clearly show the absence of any serious adverse reactions, while
only some presented moderate adverse reactions, such as constipation in patients with C. difficile

infection [93]. Although fungemia is viewed as a potential problem, there were no fungemia cases
reported in clinical trials [1]. S. boulardii-associated fungemia was observed in patients with serious
co-morbidity factors and central venous catheters, which responded well to fluconazole or amphotericin
B therapy [91,94–96]. Importantly, S. cerevisiae-associated fungemia has a worse prognosis than that
caused by S. boulardii [97].

Clinical trials have investigated the efficacy of S. boulardii in the improvement of several GI
conditions’ outcome. This yeast was seen to improve the outcome of several diarrhea diseases,
including pediatric diarrhea, antibiotic-associated diarrhea, acute diarrhea, traveler’s diarrhea caused
by bacterial, viral or parasites, and enteral nutrition-related diarrhea [1,15,98]. S. boulardii also improves
the outcome in patients suffering from H. pylori or C. difficile infections by helping bacteria eradication,
preventing relapses, reducing adverse reactions, and reducing treatment-associated diarrhea [1,15,98].
IBD is a prevalent GI tract disorder associated with inflammatory diarrheal diseases such as ulcerative
colitis, pouchitis and Crohn’s disease [1]. Clinical trial data points to a possible role of S. boulardii in
reducing treatment relapses [1,15,98], which are frequent in these conditions, although further studies
are required to reach compelling conclusions. Irritable Bowel Syndrome (IBS) symptoms also improve
with S. boulardii administration. It is a condition frequently characterized by abdominal bloating,
abdominal pain, and disturbed intestinal transit. These symptoms were shown to be alleviated in 50%
of patients upon S. boulardii use [99].

7. Conclusions

S. boulardii is a probiotic yeast with proven efficacy in the treatment of GI conditions, especially
when used as an adjuvant to antibiotic treatment. Present data indicate that the benefits of S. boulardii

appear to be transient and independent of host gut colonization, differentiating its mode of action
from other widely used bacterial probiotics. The absence of colonization appears to correlate with
pathogen binding as a mechanism to halt pathogen colonization, rather than competitive exclusion due
to yeast adhesion. Genomics studies have contributed to pinpoint distinct genome features that mainly
confer on S. boulardii the ability to resist host stresses, conferring higher viability through GI passage
than observed for other common probiotics. S. boulardii also elicits a complex immunomodulatory
effect with roles in fine-tuning immunological pathways during pathogen infection or chronic diseases.
This yeast also contributes to the homeostasis of the normal microbiome and plays a relevant role in
modulating secretory functions by intestinal epithelial cells, thus benefitting nutritional requirements
of the host. Overall, S. boulardii displays a multifactorial role as a probiotic, with proven efficacy and
safety in alleviating the symptomology of a number of GI conditions. However, there is a significant
knowledge gap between S. boulardii phenotypic effects and the underlying genetic basis, especially
when compared to S. cerevisiae. What are the 54-kDa, 63-kDA and 120-kDA proteins secreted by
S. boulardii that cleave microbial toxins or reduce cAMP levels? What are the proteins responsible
for higher adhesion of S. boulardii to pathogenic bacteria, when compared to S. cerevisiae, especially
considering the differences in flocculin encoding genes? What are the mechanisms that allow S. boulardii
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to overcome the negative impact of bile salts during host adaptation? What are the proteins or cellular
components that mediate immune recognition of S. boulardii and modulation of the immune response?
These questions remain unanswered. Further research on the genetic basis of S. boulardii probiotic
activity will certainly increase our understanding of this fascinating yeast, while providing important
clues for the selection and optimization of even more powerful probiotic fungi.
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Abstract: Superficial and life-threatening invasive Candida infections are a major clinical challenge in
hospitalized and immuno-compromised patients. Emerging drug-resistance among Candida species is
exacerbated by the limited availability of antifungals and their associated side-effects. In the current
review, we discuss the application of probiotic yeasts as a potential alternative/ combination therapy
against Candida infections. Preclinical studies have identified several probiotic yeasts that effectively
inhibit virulence of Candida species, including Candida albicans, Candida tropicalis, Candida glabrata,
Candida parapsilosis, Candida krusei and Candida auris. However, Saccharomyces cerevisiae var. boulardii is
the only probiotic yeast commercially available. In addition, clinical studies have further confirmed
the in vitro and in vivo activity of the probiotic yeasts against Candida species. Probiotics use a variety
of protective mechanisms, including posing a physical barrier, the ability to aggregate pathogens
and render them avirulent. Secreted metabolites such as short-chain fatty acids effectively inhibit
the adhesion and morphological transition of Candida species. Overall, the probiotic yeasts could be a
promising effective alternative or combination therapy for Candida infections. Additional studies
would bolster the application of probiotic yeasts.

Keywords: Candida albicans; non-albicans Candida species; Candida auris; Saccharomyces boulardii;
Saccharomyces cerevisiae; aromatic alcohols

1. Introduction

The fermented foods are a rich source of beneficial microorganisms, and they have a long history
of exhibiting health benefits, particularly S. cerevisiae and lactic acid bacteria (LAB). Their safety is
evidenced by consumption of fermented foods and beverages over centuries. Today, it is well accepted
that the rich microbial profile of fermented food provides more than just nutrition. For example,
functional activity of microorganisms in food helps enhance the bio-availability of micronutrients,
improving the sensory quality and shelf life of the food, degrading anti-nutritive factors (such as
trypsin inhibitors and phytate degradation), enriching antioxidant and antimicrobial compounds,
and fortifying health-promoting bioactive compounds [1,2]. These attractive microbial activities in
the fermented foods have been a draw in the field of probiotics.

Characteristics of bacterial strains such as Lactobacillus and Bifidobacterium species have been
extensively studied and commercially available as probiotic supplements. Yeasts, which are also
common in fermented foods, remain largely unexplored for probiotic potential. We and other researchers
have observed that yeasts that originate from fermented sources such as apple cider, wine, fermented
coconut palm, and fermented dairy products survive the harsh condition of the gastrointestinal (GI)
tract and retain the ability to attach to intestinal epithelium [3–5]. More recently, live bacteria have
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been used in fecal transplants to prevent and/or treat several GI complications [6]. The probiotic
bacteria, such as lactic acid bacteria (LAB) and Bifidobacterium species, have effectively treated several
GI complications, including candidiasis [7,8]. However, other than Saccharomyces boulardii, potential
probiotic yeasts such as S. cerevisiae and several other non-Saccharomyces yeasts are largely unexplored
use as biotherapeutics, specifically for Candida infections. In reviewing the current literature here,
we focus on the biotherapeutic potential and mechanism(s) of action of beneficial yeasts against
Candida infections.

The vast majority of fungal infections are caused by Candida albicans, a polymorphic commensal
yeast as well as some non-albicans Candida species. Disease range from superficial infections, such as
cutaneous and mucosal, to life-threatening bloodstream infections (BSI), or invasive deep tissue
infections. Superficial infections usually affect the nails, skin, and mucosal membrane of the host
and are recalcitrant to treatment. For example, vulvovaginal candidiasis (VVC) has infected 75% of
women population at least once in their lifetime. Furthermore, a small population (5–8%) suffers from
at least four recurrent VVC per year [9].

Bloodstream infection (BSI) and other invasive Candida infections cause high morbidity and mortality
especially among immune-compromised patients [10]. Candida species are the fourth-leading cause of
nosocomial infections in the world, and Candida BSI attributes to 35% mortality rate in all the Candida

associated infections [11]. Furthermore, the National Nosocomial Infection Surveillance System (NNIS),
USA, has revealed total 27,200 nosocomial infections between January 1980 through April 1990, among
these C. albicans and non-albicans Candida species were involved total 19,621 (72%) of the overall
infections [12].

Though C. albicans is a major commensal yeast flora of the GI tract, non-albicans Candida

species such as Candida glabrata, Candida tropicalis, Candida parapsilosis, and Candida krusei have been
frequently identified in a healthy individual’s gut. On the other hand, among 15–20 pathogenic
non-albicans Candida species, Candida glabrata, Candida tropicalis, Candida parapsilosis, and Candida krusei

are predominant constituting 35–65% of the overall infections [13]. As an opportunistic pathogen,
certain groups of immune-compromised individuals have a higher susceptibility towards Candida

infection. Invasive Candida infections are also closely associated with advanced medical techniques
such as medical implants and stents [14]. For instance, the patients who are on antibiotic therapy
and chemotherapy, central venous catheters, total parenteral nutrition, extensive surgery, burns,
renal failure and hemodialysis, or mechanical ventilation are at a major risk for superficial and invasive
Candida infections [14].

2. Morphological Transition and Metabolic Flexibility Promote Virulence of Candida In Vivo

As a polymorphic yeast, C. albicans and few non-albicans Candida strains, such as C. tropicalis

and C. glabrata, exhibit multiple morphological structures such as yeast form, germ tubes,
pseudo-hyphae, and/or hyphae that play a key role in the infection. For example, filamentous
morphology is well-known for epithelial invasion and is primarily involved in biofilm formation [15].
Yeast form cells are planktonic and are important for dissemination. Once they attach, they initiate
germ tubes, pseudo-hyphae, and/or hyphae that enhance adhesion to surfaces. Attachment to abiotic
surfaces initiates biofilm formation. Biofilms on implanted medical devises may lead to invasive
fungal infections—a major risk factor for Candida infection-associated mortality [16]. Attachment
to live cells (such as epithelium) causes damage, evokes an immune response and ultimately gains
access to deeper tissues. Therefore, the polymorphism of Candida is an important consideration in its
infectious outcomes.

The host’s innate immunity is a major factor in fungal clearance, normally through a process called
phagocytosis where immune cells ingest and biochemically eliminate the pathogens [17]. However,
the switch from yeast to filamentous form is a common escape mechanism of Candida species [18].
Therefore, C. albicans filament has less susceptibility for phagocytosis by innate immune cells than
the yeast form [19]. In addition, metabolic flexibility of C. albicans facilitates colonization by adapting
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to varying nutritional availability [20]. For instance, in case of Candida meningoencephalitis (Candida

infection in brain tissue), glucose and vitamins are the major nutrient sources for the pathogen, while
in liver, it utilizes glycogen as a nutrient source [9]. A study revealed that adaptation to alternative
carbon sources such as lactate and other nutrient sources increased environment stress response
and virulence [21]. All of these attributes make C. albicans and non-albicans Candida species a unique
pathogen among the microbial community.

3. Drug Resistance Is a Major Hurdle to Antifungal Therapy

Antifungal drugs used to treat Candida associated infections, work either by killing or inhibiting
the growth of Candida species. A sparse number of antifungal classes such as polyenes, azoles,
and echinocandins are used depending on conditions of invasive Candida infections [22]. Multiple
Candida strains have already developed resistance to these drugs making this a public health threat [23].
For example, surveillance data from health-care facilities revealed widespread fluconazole resistance
among clinical isolates of both C. albicans and non-albicans Candida strains [24–26]. Azoles such as
fluconazole is a first-line antifungal drug that is used extensively for therapy and prophylaxis against
Candida infections. Several resistant mechanisms have been connected to drug-resistant Candida species
including overexpression of drug efflux pumps, alteration in drug targets, and changes in membrane
sterol composition [22]. The structural heterogeneity of Candida biofilm has a major significance in
clinical context due to higher resistance against most antifungal agents. Furthermore, these drugs
can be toxic for the patients with several side effects that include GI disturbances, hepatotoxicity,
and neurotoxicity due to their target resemblance to its host cell, antifungal metabolism in liver
and cross drug interaction in the host [27,28].

More recently, multi-drug resistant Candida auris has emerged as a “super bug” posing significant
clinical challenges and a major threat to public health. Candida auris, is often involved in the nosocomial
bloodstream infection world-wide [29]. C. auris has been shown to last in the hospital settings
and spread from person-to-person by direct contact or contaminated surfaces [23]. In addition,
C. auris is closely related with Candida haemulonii and is often misidentified as such. This requires a
specialized laboratory method for identification [23], further delaying implementation of infection
control. Therefore, now more than ever, there is an urgent need for effective alternatives to conventional
modes to treat Candida infections.

Some attempts have been made to using specific diets that avoid high sugar-containing food
such as bakery products, milk, and dairy product. The claim is that it reduces Candida colonization
of the GI tract [30]. Intestinal overgrowth of C. albicans contributes to Crohn’s disease that affects
1.6 million Americans [31,32]. C. albicans overgrowth is caused by an imbalance in the intestinal
microbiota and host immune status. To restore the balance and modulate host immunity, foods rich in
antioxidants and other nutritional supplements have been suggested [30,33]. More recently, studies
on the human microbiome have opened new insight into the role of the resident gut microbiota in
physical health and mental wellbeing. Applications of beneficial microbes as fecal transplants [34] or
fermented milk products [35] for the treatment of irritable bowel syndrome (IBS) and irritable bowel
disease (IBD) has gained traction. Here we discuss the potential of probiotic yeasts against Candida

virulence and pathogenesis.

4. Use of Probiotics as Biotherapeutics

As stated by Hippocrates, “let food be thy medicine and medicine be thy food”. Today, the idea of
food and/or diet is not just extended towards mere survival or hunger satisfaction. The health-conscious
population deeply cares about additional aspects including health improvement and prevention of
diseases. In this context, functional food plays a significant role where, the concept of food has not only
intended to provide humans with necessary nutrients, but also to prevent diseases and increase physical
and mental well-being. Probiotic, considered as a functional food, is mostly consumed in the form of
traditional fermented food products such as milk products, fermented vegetables, and meats [36].
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Probiotics are defined as “live microorganisms which, when consumed in adequate amounts,
confer health benefits on the host” [37]. The archived scientific documents have explained the diverse
positive effects of probiotics on a wide range of diseases and disorders including lactose indigestion,
diarrhea, immune modulation, inflammatory bowel syndrome, constipation, infection, allergy, serum
cholesterol, blood pressure, and reduction of urinary tract infections [38]. In addition, the Human
Microbiome Project by National Institute of Health (NIH), USA, changed the views on beneficial
microbial research; it exposed the influence of gut microbiome and human health during various
infections and disease conditions including, mental health.

5. Interaction of Probiotics Yeast and Candida Species

Several reports suggest that probiotic bacteria are effective against GI complications such as
diarrhea, leaky gut syndrome, as well as Helicobacter pylori and Clostridium difficile infections [39,40].
However, Saccharomyces cerevisiae var. boulardii is the only yeast currently available for human use as
probiotics. Its efficacy against Candida has been explored previously. Specifically, pathogen-free mice
that were infected with C. albicans and subsequently treated with S. boulardii prevented the translocation
of Candida to internal organs [41–43]. These groups further confirmed that S. boulardii effectively
reduced C. albicans translocation colonization and inflammation in in vivo models.

Clinical reports around the use of probiotic yeasts are limited. One study, reports that oral
administration of S. boulardii to infants reduced the fungal colonization and invasive fungal infections [44].
Another study conducted in preteen children focused on the effects of probiotics against Candida infection.
They used a probiotic cocktail of yeast and bacteria in combination with prebiotics and demonstrated a
reduction in colonization of C. albicans [45].

6. Probiotic Yeasts Exhibit Multiple Inhibitory Mechanisms against Candida Species

Pre-clinical and/or clinical studies indicate that S. boulardii and other potential probiotic yeasts
ameliorate complications associated with Candida infection by mechanisms outlined in Table 1.
However, there was a lack of specific mechanistic insights on how these probiotic yeasts interact with
Candida species especially in the context of a live host. Pathogens in GI tract induce necrosis
and apoptosis of intestinal epithelia by reducing the production of mucin or its degradation.
Pathogens also downregulate IgA and other proteins of the tight junction thereby increasing intestinal
permeability [46,47]. S. boulardii has been shown to increase IgA production in Clostridium difficile colitis
and antibiotic-associated diarrhea in mice model [48]. S. boulardii also decreases epithelial necrosis,
apoptosis, and increases the production of antioxidant enzymes such as superoxide dismutase, catalase,
and glutathione peroxidase in mouse models in necrotizing enterocolitis in mice [49]. In addition,
S. boulardii activates the intestinal epithelial restoration in GI tract [50]. Together these cellular responses
may contribute to its beneficial properties and prevent Candida infection.

Table 1. List of probiotic yeasts and its mechanisms against virulence and pathogenesis of
Candida species.

Probiotic Yeast Strains
Mechanisms of Probiotic Yeasts against Candida Species Virulence
and Pathogenesis

S. boulardii

• Inhibits C. albicans and non-albicans Candida species include C. tropicalis,
C. krusei, C. parapsilosis, C. glabrata, and C. auris adhesion, biofilm
formation and/or filamentation, in in vitro, ex vivo, in vivo, and clinical
settings [51,52]

• Secrets small bioactive molecules [52,53]
• Reduces inflammatory cytokines TNFα and INF γ in colon epithelial [41]
• Prevents the C. albicans translocation in GI tract [43]
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Table 1. Cont.

Probiotic Yeast Strains
Mechanisms of Probiotic Yeasts against Candida Species Virulence
and Pathogenesis

S. cerevisiae *

• Inhibits C. albicans and non-albicans Candida species adhesion,
colonization, biofilm formation, and filamentation in in vitro, ex vivo,
and in vivo models [53,54]

• Inhibits the Candida adhesion to epithelial cells by initiation of
co-aggregation [54]

• S. cerevisiae form a barrier over the biotic surfaces and inhibits
the Candida adhesion [54]

• Reduces virulence gene expressions of C. albicans during infection [54]
• Secrets bioactive molecules [53]
• Decreases the pro-inflammatory cytokine TNF-α and enhances IL-10

expressions in the host [55]
• Decreases the colorization and host cell damage during

the infection [53,54]
• β-glucan decreased intestinal inflammation [55]

I. occidentalis *

• Inhibits C. albicans and non-albicans Candida species such as C. tropicalis,
C. krusei, C. parapsilosis, C. glabrata, and C. auris adhesion, colonization,
biofilm formation and/ or filamentation in vitro, ex vivo, in vivo
models [53]

• An unidentified metabolite (s) inhibits virulence of non-albicans Candida
species [53]

* Potential probiotic yeast, not commercialized.

6.1. Immunogenic Response and Anti-Virulence Ability of Probiotic Yeasts

Since resistance to antifungal drugs has emerged as a significant problem, researchers have
explored alternative means of treating recalcitrant fungal infections. Modulation of host immunity
is one avenue that is being considered as an alternative [56,57]. For example, S. boulardii has been
shown to reduce pro-inflammatory cytokines such as IL-1β and TNF, and increase anti-inflammatory
cytokines IL-4 and IL-10 during Candida infection [42,58]. Other alternative therapies target virulence
strategies such as adhesion and filamentation of C. albicans [59]. These maybe used to treat abiotic
surfaces to deter microbes from binding. Probiotics also have the ability to inhibit virulence factors
of the pathogen. We and others have demonstrated that cells, as well as the cell-free secretome of
probiotic yeasts such as S. boulardii, S. cerevisiae, and a non-Saccharomyces yeast Issatchenkia occidentalis

inhibit adhesion, filamentation, and biofilm development of C. albicans [52] and other non-albicans
Candida species such as C. tropicalis, C. krusei, C. glabrata, and Candida parapsilopsis. Biofilms are complex
multispecies structures that include C. albicans among other microbes [60,61]. Probiotics yeasts have
been shown to be effective against fungal biofilms composed of C. albicans and non-albicans Candida

species [53]; however, no studies have been focused on their efficacy on cross-kingdom biofilms. These
studies implicated the involvement of yeast metabolite(s) in inhibiting adhesion and/ or morphological
transition in vitro [53]. These studies also indicate that probiotic yeast affect a broad spectrum and not
limited to C. albicans; rather, it can inhibit virulence across the Candida genus.

Cultured intestinal epithelial models such as Caco-2, Intestin 407 and HT-29 have been extensively
used to study microbial interactions or host-microbe interactions. These cell lines recapitulate various
features of the intestinal epithelial surface including the formation of villi, production of mucus,
and antibodies such as IgA [62]. We and others have demonstrated that probiotic yeasts effectively
reduce adhesion of C. albicans and non-albicans Candida species to these cultured epithelial cell
lines [52,53]. In addition, yeast S. boulardii has been shown to pose a barrier and preserve the integrity
of the epithelium by the reduction of pro-inflammatory cytokines in the intestine [40,52].
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Even though live probiotic cells are known to play a significant role in preventing virulence
of C. albicans, the role of exact cellular components involved are less investigated. For example,
administration of cell wall components of S. cerevisiae reduced the Candida associated inflammation
and colonization in animal models [55]. Interestingly, one of the four S. cerevisiae strains used in
this study (strain Sc-4) increased the mortality and inflammation in the host, suggesting strain-specific
effects of the probiotic yeasts against Candida species [55]. Such strain specificity as also been reported
in the interaction of Lactobacillus strains with C. albicans [63]. Furthermore, heat-killed S. cerevisiae

reduced the vaginal colonization of C. albicans when applied against vaginal candidiasis in a murine
model [54]. These effects could either mediated by yeast cell wall components such as β-glucan or
simply that the biomass of heat-inactivated probiotic cells form a physical barrier that occludes host
factors that facilitate C. albicans attachment (Figure 1A) [54].

 

Figure 1. Probiotic yeast either form a physical barrier on epithelial surfaces (A) or secretes bioactive
metabolite (B) to inhibit the adhesion and morphological transition of Candida species on epithelial
cells. Further, suitable probiotic yeasts cell number is required for the effective inhibition of Candida

virulence in the host GI tract (C).

6.2. Role of Small Bioactive Metabolites in Probiotic Action

Beneficial microbes or probiotics in the intestine are thought to control pathogen overgrowth by
competing for limited nutrients. There is a growing body of literature that supports the notion that
inhibitory function is primarily mediated by secreted small molecules with suitable probiotic cell number
(Figure 1B,C) [53,64]. Microorganisms produce metabolites that have been shown to alter the course of
an infection by synergistic or antagonistic interactions with infectious agents. Such metabolites include
hydrogen peroxide, bacteriocins, and organic acids that effectively inhibit the virulence and growth of
various Candida species [64,65] (Table 2). On the other hand, few interesting microbial metabolites,
such as tyrosol and indole-3 acetic acid, trigger the filamentation in C. albicans [66,67]. Small molecules
derived from bacteria have been evaluated for activity against Candida virulence and pathogenesis.
For example, lectins of lactobacilli and bifidobacterial strains isolated from humans have been shown to
inhibit the growth of drug-resistant C. albicans [68]. The Gram-positive pathogenic bacteria, Enterococcus

faecalis, produces a peptide called EntV which has been shown to reduce C. albicans virulence [69].
Furthermore, organic acids such as acetic acid and lactic acid have been shown to enhance antifungal
treatment of C. albicans and C. glabrata [70]. Many Lactobacillus, Bifidobacterium, and yeasts strains
produce these organic acids. S. boulardii produces several bioactive compounds such as Saccharomyces

anti-inflammatory factor (SAIF), anti-toxin factors, short-chain fatty acids, bioactive proteins of 54 kDa,
and 120 kDa which play a major role in preventing bacterial infections [38,71]. However, there has
been very limited knowledge on probiotic yeast metabolites on Candida species. Recently a group
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showed that yeast S. boulardii metabolite capric acid (Decanoic acid)—a saturated fatty acid, inhibits
the filamentation of C. albicans interaction [52].

In natural habitats, potential interaction of microbial communities has been a key element for
the ecological dynamics. Bacteria and eukaryotic microorganisms exhibit both symbiotic and/or
antagonistic interaction in the natural environment. In fact, C. albicans co-exists with other non-albicans
Candida species or bacteria in the biofilm as well as the human GI tract. These inter-species interactions
between C. albicans and other microbes typically affect filamentation of C. albicans. For instance,
certain secretory molecules of Salmonella typhimurium and Streptococcus mutants inhibit cell growth
and filamentation of C. albicans in the co-culture conditions [72,73]. Another well studied bacterium is
Pseudomonas aeruginosa, where bacterial toxin phenazine inhibits the filamentation of C. albicans [74,75].

The morphological transition of yeast has been controlled by cell density and/or quorum sensing
molecules. Apart from bacteria, the quorum sensing mechanism is also well studied in yeast such
as C. albicans and S. cerevisiae. Farnesol and tyrosol are known cell density molecules in C. albicans

which controls the morphological transition. Similarly, yeasts such as S. cerevisiae and other many
non-Saccharomyces yeast produce alcoholic signaling molecules called phenylethanol and tryptophol.
An abundant usage and availability of well-curated genetic database indicate that S. cerevisiae has gained
more attention on quorum sensing mechanisms than the non-Saccharomyces yeast strains. There are
few studies claiming that factors such as low nitrogen content and cell density play a significant role
in the production of phenylethanol and tryptophol in S. cerevisiae and regulates its morphological
transition mechanism [76]. Furthermore, these signal molecules are controlled by the expression of
ARO8, ARO9, and ARO10, where ARO8 and ARO9 encode the aromatic aminotransferases and ARO10

encodes the aromatic decarboxylase reaction [77,78].

Table 2. Microbial metabolites and its functions against Candida species.

Microbial Strains Bioactive Metabolite Functions

S. boulardii [52] Short-chain fatty acids (capric acid)
Filamentation inhibition, and antifungal

activity against
C. albicans

S. cerevisiae [53,54] Unknown Adhesion and filamentation inhibition
I. occidentalis [53] Unknown Adhesion and filamentation inhibition

Lactobacillus acidophilus, L. crispatus,
L. vaginalis [65,68]

Lectins, hydrogen peroxide,
lactic acid Inhibit cell growth of C. albicans

Bifidobacterium adolescentis, B. bifidum,
B. gallinarum [68] Lectins Inhibit cell growth of C. albicans

Enterococcus faecalis [69] Peptide EntV Filamentation inhibition
Pseudomonas aeruginosa [75,79] Phenazine, 3-oxo-C12 homoserine lactone Filamentation inhibition

Salmonella typhimurium [72] Unknown Inhibit cell growth and filamentation
Streptococcus mutants [73] Unknown Inhibit cell growth and filamentation

Several research groups have predicted and/or observed an antagonistic nature of aromatic alcohols,
phenylethanol, and tryptophol against fungi. Winters et al., (2019) reported that high concentrations of
S. cerevisiae inhibited non-Saccharomyces strains in mixed cultures and under fermentation conditions [78].
Although there were direct evidence of inhibition due to these secondary metabolites, commercially
procured phenylethanol and tryptophol have been shown to inhibit filamentation of C. albicans [77].
This result is bolstered by the observation that administration of tryptophol enhances survival of
Galleria mellonella larval that are infected with Candida [80]. Furthermore, a cocktail of phenylethanol,
isoamyl alcohol, E-nerolidol, and farnesol provides protection against Candida infection in a murine
model of infection [81]. Together these studies establish a paradigm for inhibition of fungal virulence
that is mediated by aromatic alcohols.

7. Gaps in our Understanding of Biotherapeutic Application of Probiotics for Candida Infection

Probiotic yeasts yield several positive outcomes in in vitro, ex vivo, and in vivo readouts during
colonization of Candida species. Information about their effect during systemic infection is an area
that needs further investigation. Numerous animal and handful of clinical experiments have revealed
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that probiotics and metabolites such as short-chain fatty acids, tryptophol and phenylethanol play an
abundant role in human health and diseases. However, the origin of these metabolites is ill-defined
and their effects on clinical manifestations of Candida infection need further investigation. These studies
would provide substantive information to improve biotherapeutic properties of beneficial microbes
against Candida infections.

Emergence of drug resistance and complications associated with side effects have sparked interest
in alternative therapies. Applications of food-derived yeasts have been shown to have positive outcomes
against C. albicans and non-albicans Candida species virulence and infection in pre-clinical and clinical
settings. Food-derived beneficial yeasts are also generally safe and pose an effective alternative to
traditional antifungals. They may also be used in combination therapy with conventional antifungal
drugs since the synergistic effect of probiotics and antifungal agents would prevent emergence of
drug resistance.
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Abstract: Mushrooms have been valued as food and health supplements by humans for
centuries. They are rich in dietary fiber, essential amino acids, minerals, and many bioactive
compounds, especially those related to human immune system functions. Mushrooms contain diverse
immunoregulatory compounds such as terpenes and terpenoids, lectins, fungal immunomodulatory
proteins (FIPs) and polysaccharides. The distributions of these compounds differ among mushroom
species and their potent immune modulation activities vary depending on their core structures and
fraction composition chemical modifications. Here we review the current status of clinical studies on
immunomodulatory activities of mushrooms and mushroom products. The potential mechanisms for
their activities both in vitro and in vivo were summarized. We describe the approaches that have
been used in the development and application of bioactive compounds extracted from mushrooms.
These developments have led to the commercialization of a large number of mushroom products.
Finally, we discuss the problems in pharmacological applications of mushrooms and mushroom
products and highlight a few areas that should be improved before immunomodulatory compounds
from mushrooms can be widely used as therapeutic agents.

Keywords: bioactive compounds; FIP; human health; immunomodulation; induced apoptosis; lectin;
medicinal mushrooms; polysaccharide; terpenes and terpenoids

1. Introduction

In clinical practice, immunomodulators are usually classified into three categories:
immunosuppressants, immunostimulants, and immunoadjuvants [1]. Their market share has increased
rapidly over the past few years due to wide-ranging medical applications for patients that require human
immune system modulations. Immune system modulations are also commonly used as prophylactic
medicine for an increasing number of healthy people [2,3]. While most immunomodulators are synthetic
or semi-synthetic compounds, there has been a growing interest in natural immunomodulators.
Many natural compounds have shown significant immunomodulatory and overall health-benefiting
effects to humans, with no or minimal toxicity. These natural-based products with potential
pharmacological and beneficial effects are increasingly perceived as safer than synthetic compounds by
the general public [4,5]. Indeed, many of the currently used chemical drugs have negative side effects
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and the market share of natural immunomodulators is increasing rapidly with an annual growth rate
of 8.6% [1,6].

Medicinal mushrooms (MMs) are an important source of natural immunomodulators.
Representing a subset of all mushrooms, MMs are broadly defined as macroscopic fungi that are used
in the form of extracts or whole mushroom powder for human health benefits [7]. The health benefits
may come in the form of helping to prevent and/or treat diseases in humans, and to create a dietary
balance of a healthy diet. Dating back to thousands of years, MMs have been historically used as
herbal medicines for human health, such as for the treatment of infectious diseases, gastrointestinal
disorders and asthmatic conditions [8]. The biomass or specific extracts from all developmental stages
of MMs, including the fruiting body, sclerotium, mycelium, and spores, have been used as health foods
or dietary supplements [9,10]. Some of the extracted nutrients from mushrooms known as mushroom
nutraceuticals have been made into capsules or tablets as dietary supplements. Regular intake of
these nutraceuticals has been associated with enhancement of the human immune response, leading to
increased resistance to infectious diseases and faster recovery from a diversity of diseases [11].

At present, thousands of branded MM products are sold all over the world. The health
benefits of MM products include anticancer, immune-stimulation, antioxidant, antihyperglycemic,
antihypertensive, neuroprotective, hepatoprotective, antidiabetic, antifungal, antibacterial, and antiviral
activities [7,12]. Their effects have been attributed to many components, such as minerals, essential
amino acids, dietary fiber, proteins, polysaccharides, lipopolysaccharides, glycoproteins, and secondary
metabolites. Among these, some of the complex organic compounds have shown immunomodulatory
effects [7]. For example, polysaccharides from MMs can activate natural killer cells, macrophages,
and neutrophils, as well as induce innate immune cytokines and interleukins. In addition, secondary
metabolites from MMs, such as sterols, terpenes, and phenols can enhance the survival of hosts by
stabilizing their important metabolic functions [8].

Different MMs contain different functional components that may impact the same or different
immunomodulatory pathways at varying efficacies. In the following sections, we first provide
a brief description of the known MMs. We then summarize the diversity, structure, function,
and molecular mechanism of action of functional ingredients from MMs that have shown to be
involved in immunomodulation. We finish by briefly describing how genomics can accelerate research
on medicinal mushrooms.

2. Medicinal Mushrooms

As mentioned above, medicinal mushrooms refer to all macroscopic fungi whose extracts or
powder form from any stages of the mushroom development have shown documented beneficial effects
on health [13]. These beneficial effects may have been shown in the forms of in vitro, ex vivo, or in vivo
activities. Their effects may cover different groups of organisms such as antagonistic effects against
human pathogens and parasites, and/or beneficial effects for human and animal cell lines, or animal
and human individuals [11]. Since many edible mushrooms and their products have shown to be a
beneficial component of the human diet, some of these edible mushrooms are also commonly included
as medicinal mushrooms [7]. In our literature search, a large number of MMs have been documented.
For example, terpenes and terpenoids from Ganoderma lucidum could stimulate the expressions of genes
coding for proteins in the nuclear factor (NF)–kB pathway and modulate immune system functions [14].
Heteroglycan and heteroglycan-peptide from the mushroom of Hericium erinaceus can modulate the
immuno-effects by inducing nitric oxide production and increasing expression of tumor necrosis factor
(TNF)-α, interleukin (IL)-1β, IL-12 [15]. These mushrooms belong to two fungal phyla, Ascomycota
and Basidiomycota. Most of the MMs are in phylum Basidiomycota. Table 1 shows the major medicinal
mushrooms, including their taxonomy and geographic/ecological distributions. As can be seen, some
of these mushrooms are broadly distributed (e.g., the button mushroom Agaricus bisporus) while others
are geographically more restricted (e.g., the Himalayan caterpillar fungus Ophiocordyceps sinensis).
Some of the mushrooms included in the table e.g., Amanita phalloides are highly poisonous when
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consumed by humans. However, the dilutions of an A. phalloides extract that contains the toxin amanitin
have shown to be effective as an anti-tumor therapy [16].

Table 1. Major medicinal mushrooms and their main distributions.

MM Species Common Name Taxonomy
Geographic/Ecological

Distribution

Agrocybe aegerita
Black Poplar
mushroom

Basidiomycota
Agaricomycetes

Agaricales
Bolbitiaceae

North temperate and
subtropical zone

Agaricus bisporus
Button mushroom,

Portobello mushroom,
Common mushroom

Basidiomycota
Agaricomycetes

Agaricales
Agaricaceae

USA, China, France, Netherlands,
United Kingdom, Italy, Poland,

Spain, Germany, Canada, Ireland,
Belgium, Indonesia, Hungary and

Mexico

Agaricus blazei
(syn. Agaricus

brasiliensis)

Royal Sun Agaricus,
Almond Portobello

Basidiomycota
Agaricomycetes

Agaricales
Agaricaceae

America, Brasil, Japan, China

Amanita phalloides Death Cap

Basidiomycota
Agaricomycetes

Agaricales
Amanitaceae

Europe, North American, Asia

Boletus edulis
Cep, Porcini, Penny

Bun Bolete

Basidiomycota
Agaricomycetes

Boletales
Boletaceae

China, Italy, France, Swiss,
Germany

Boletus speciosus
Red-Capped Butter

Bolete

Basidiomycota
Agaricomycetes

Boletales
Boletaceae

Eastern North America,
Southwest of China and Europe

Chroogomphus rutilus Copper Spike

Basidiomycota
Agaricomycetes

Boletales
Gomphidiaceae

China

Clitocybe nebularis Clouded Funnel

Basidiomycota
Agaricomycetes

Agaricales
Tricholomataceae

China, Japan, Taiwan, Europe,
North America, North Africa

Cryptoporus volvatus Veiled Polypore

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

Trunks of pine, fir and spruce

Dichomitus squalens
Common White-Rot

fungus

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

Trunks of conifers such as pine
and larch

Flammulina velutipes
Golden Needle

mushroom

Basidiomycota
Agaricomycetes

Agaricales
Physalacriaceae

Subtropical zone such as Japan,
Russia, Australia and other
countries as well as Europe,

North America

Floccularia luteovirens
(syn. Armillaria

luteovirens)

Scaly Yellow
mushroom

Basidiomycota
Agaricomycetes

Agaricales
Tricholomataceae

Meadow at altitudes of
3000–4000 m above sea level
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Table 1. Cont.

MM Species Common Name Taxonomy
Geographic/Ecological

Distribution

Ganoderma atrum Black Ling-zhi

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

Tropical regions

Ganoderma capense Dark Ling-zhi

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

Tropical regions

Ganoderma japonicum Bloody Ling-zhi

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

Majority in tropical and
subtropical regions of Asia,

Australia, Africa and America,
minority in temperate zone

Ganoderma lucidum

Reitake,
Ling-zhi,

Spirit Plant
Reishi

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

Majority in tropical and
subtropical regions of Asia,

Australia, Africa and America,
minority in temperate zone

Ganoderma
microsporum

Small-Spored Ling-zhi

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

Subtropics zone

Ganoderma lingzhi Ling-zhi

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

China, North Korea, Japan

Ganoderma sinensis Zi-zhi

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

China, North Korea, Japan

Ganoderma tsugae Hemlock Varnish Shelf

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

Northern and Montaine zone

Grifola frondosa
Maitake

Hen of the Woods

Basidiomycota
Agaricomycetes

Polyporales
Grifolaceae

Japan, China

Hericium erinaceus

Lion’s Mane
mushroom, Bearded

Tooth mushroom,
Monkey-Head

mushroom

Basidiomycota
Agaricomycetes

Russulales
Hericiaceae

Broad-leaved forest or coniferous
and broad-leaved mixed forest in
northern temperate zone such as
Western Europe, North America,

China, Japan, Russia

Inonotus obliquus
Clinker Polypore, Birch

Conk, Chaga

Basidiomycota
Agaricomycetes

Hymenochaetacles
Hymenochaetaceae

Russia, China

Lentinula edodes
Shiitake, Black Forest
mushroom, Golden

Oak mushroom

Basidiomycota
Agaricomycetes

Agaricales
Omphalotaceae

Distributed in an arc area on the
west side of the Pacific Ocean,

Japan, Papua New Guinea, Nepal,
the Mediterranean coast and

northern Africa
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Table 1. Cont.

MM Species Common Name Taxonomy
Geographic/Ecological

Distribution

Lignosus rhinocerotis Tiger Milk mushroom

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

China, Indonesia, Philippines,
Sri Lanka, Australia, Thailand,

Malaysia, Papua New Guinea and
rainforests of East Africa

Leucocalocybe
mongolica

(syn. Tricholoma
mongolicum)

Mongolia mushroom

Basidiomycota
Basidiomycetes

Agaricales
Agaricales incertae sedis

Inner Mongolia in China

Marasmius oreades Fairy Ring mushroom

Basidiomycota
Agaricomycetes

Agaricales
Marasmiaceae

North America and Asia

Morchella esculenta
Common Morel,

Yellow Morel, Sponge
Morel

Ascomycota
Pezizomycetes

Pezizales
Morohellaceae

Widely cultured over the world
such as France, Germany,

America, India, China, Russia,
Sweden, Mexico, Spain,

Czechoslovakia and Pakistan

Morchella conica
Black Morel, Sponge

mushroom

Ascomycota
Pezizomycetes

Pezizales
Morohellaceae

Distributed under broad-leaved
forest, coniferous broad-leaved
mixed forest, forest edge open

space and weeds

Naematelia aurantialba
(syn. Tremella
aurantialba)

Golden Tremella

Basidiomycota
Tremellomycetes

Tremellales
Naemateliaceae

Mountain forest of quercus,
mutualism with Stereum spp.

Ophiocordyceps
sinensis

Caterpillar fungus,
Himalaya Viagra

Ascomycota
Sordariomycetes

Hypocreales
Ophiocordycipitaceae

Southwest China, Nepal

Pholiota adiposa Chestnut mushroom

Basidiomycota
Agaricomycetes

Agaricales
Strophariaceae

Distributed on the dead willows
in the forest in China

Pleurotus
citrinopileatus

Golden Oyster
mushroom,
Tamogitake

Basidiomycota
Agaricomycetes

Agaricales
Pleurotaceae

Widely cultured all over the world

Pleurotus ostreatus Oyster mushroom

Basidiomycota
Agaricomycetes

Agaricales
Pleurotaceae

Widely cultured all over the world

Cerioporus squamosus
(syn. Polyporus

squamosus)

Dryad’s Saddle,
Pheasant’s Back

mushroom

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

Widely distributed in hardwood
forest of North America, Australia,

Asia and Europe

Poria cocos Fuling, China Root

Basidiomycota
Agaricomycetes

Polyporales
Laetiporaceae

Parasitic on the roots of Pinaceae
plants, mainly distributed in

China

Rhodonia placenta
(syn. Postia placenta) Rosy Crust

Basidiomycota
Agaricomycetes

Polyporales
Dacryobolaceae

Widely distributed all over the
world
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Table 1. Cont.

MM Species Common Name Taxonomy
Geographic/Ecological

Distribution

Pseudosperma
umbrinellum
(syn. Inocybe
umbrinella)

Fibrous Hat

Basidiomycota
Agaricomycetes

Agaricales
Inocybaceae

France

Russula delica Milk-White Brittlegill

Basidiomycota
Agaricomycetes

Russulales
Russulaceae

Taiga forest and mixed forests

Russula lepida Rosy Russula

Basidiomycota
Agaricomycetes

Russulales
Russulaceae

Widely distributed all over the
world

Sarcodon aspratus Black Tiger Paw

Basidiomycota
Agaricomycetes
Thelephorales

Thelephoraceae

Southwest of China

Schizophyllum
commune

Split Gill

Basidiomycota
Agaricomycetes

Agaricales
Schizophyllaceae

Widely distributed all over the
world

Stropharia
rugosoannulata

Wine Cap Stropharia,
Garden Giant,

Burgundy mushroom,
King Stropharia

Basidiomycota
Agaricomycetes

Agaricales
Strophariaceae

Europe, North America, Asia

Taiwanofungus
camphoratus

(syn. Antrodia
camphorate)

Poroid Brown-rot
fungus, Stout Camphor

fungus

Basidiomycota
Agaricomycetes

Polyporales incertae sedis

Mountain forest in Taiwan with
altitudes of 450–2000 m

Trametes versicolor
(syn. Polystictus

versicolor)
Turkey Tail fungus

Basidiomycota
Agaricomycetes

Polyporales
Polyporaceae

Global distribution; Broad-leaf
woods

Tropicoporus linteus
(syn. Phelllinus

linteus)

Mesima, Black Hoof
fungus

Basidiomycota
Agaricomycetes

Hymenochaetales
Hymenochaetaceae

Distributed on the dead trees and
trunks in China

Xerocomellus
chrysenteron

(syn. Xerocomus
Chrysenteron)

Red Cracking Bolete

Basidiomycota
Agaricomycetes

Agaricales
Agaricales incertae sedis

China

Xylaria hypoxylon

Candlestick fungus,
Candlesnuff fungus,

Carbon Antlers, Stag’s
Horn fungus

Ascomycota
Sordariomycetes

Xylariales
Xylariaceae

Northern Europe

Xylaria nigripes Dead Moll’s Fingers

Ascomycota
Sordariomycetes

Xylariales
Xylariaceae

China, mutualism with white ant

Volvariella volvacea Straw mushroom

Basidiomycota
Basidiomycetes

Agaricales
Pluteaceae

China, East Asia, Southeast Asia
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Some of these MM species have been used as herbal medicine for centuries, including Ganoderma

lucidum, Ganoderma lingzhi, Lentinula edodes, Inonotus obliquus, Fomitopsis officinalis, Piptoporus betulinus,
and Fomes fomentarius [7,17]. While these mushrooms have attracted most of the medical attention
among the MMs, other species in multiple genera have also shown immunomodulatory and anti-tumor
effects, such as those in genera Agaricus, Albatrellus, Antrodia, Calvatia, Clitocybe, Cordyceps, Flammulina,
Fomes, Funlia, Ganoderma, Inocybe, Inonotus, Lactarius, Phellinus, Pleurotus, Russula, Schizophyllum, Suillus,
Trametes, and Xerocomus [12].

Figure 1 shows a few representative medicinal mushroom species in their natural habitats.
Some medicinal mushrooms are only found in the wild, e.g., the ectomycorrhizal mushrooms Boletus

edulis and Russula lepida. However, a large number of medicinal mushrooms are also commercially
cultivated, including Shiitake, Ling-zhi, and Lion’s Mane. Figure 2 shows a few representative
medicinal mushrooms under cultivation.

 

A: Agaricus blazei
(syn. Agaricus brasiliensis) B: O phiocordyceps sinensis C. G anoderm a lucidum

D. H ericium erinaceus
E. Cerioporus squam osus
(syn. Polyporus squam osus F. Russula lepida

A. Grifo la frondosa B. Lentinula edodes C. M orchella esculenta

D. Pholiota adiposa E. Stropharia rugosoannulata F. N aem atelia aurantia lba
(syn. Trem ella  aurantialba)

Figure 1. A few representative medicinal mushrooms from the wild.
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A: Agaricus blazei
(syn. Agaricus brasiliensis) B: O phiocordyceps sinensis C. G anoderm a lucidum

D. H ericium erinaceus
E. Cerioporus squam osus
(syn. Polyporus squam osus F. Russula lepida

A. Grifo la frondosa B. Lentinula edodes C. M orchella esculenta

D. Pholiota adiposa E. Stropharia rugosoannulata F. N aem atelia aurantia lba
(syn. Trem ella  aurantialba)

Figure 2. A few representative cultivated medicinal mushrooms.

3. Immunomodulatory Compounds and Commercial Products of Medicinal Mushrooms

As shown above, there is a large number of medicinal mushrooms in diverse taxonomic groups.
Some of these medicinal mushrooms are commercially cultivated for food but there is an increasing trend
for developing the immune-active compounds from these cultivated mushrooms into nutraceuticals.
Tables 2–5 summarize the major groups of bioactive compounds in medicinal mushrooms and their
demonstrated immunomodulatory effects to specific pathologies, including the relevant references.

The main classes of compounds from medicinal mushrooms with immunomodulatory properties
are terpenes and terpenoids, lectins, fungal immunomodulatory proteins (FIPs), and polysaccharides
(particularly β-d-glucans, but also include polysaccharopeptides and polysaccharide proteins) [1].
Below we describe specific examples in each of these groups.

3.1. Polysaccharides

Among the bioactive compounds derived from mushrooms with immunomodulatory
activity, those based on polysaccharides, with or without side chain modifications (including
polysaccharopeptides and polysaccharide proteins) are the most reported during the last several
decades [18]. Table 2 presents a list of polysaccharides from medicinal mushrooms that have
shown immunomodulatory activities. Among the reported polysaccharides with immunomodulatory
and antitumor activities, the best-known is lentinan, isolated from shiitake (L. edodes), as well as
schizophyllan from Schizophyllum commune. Both lectinan and schizophyllan contain β-1,3-d-glucans
with β-1,6 branches. Specifically, lentinan showed immunomodulatory properties against gastric
cancer while schizophyllan was effective against head and neck cancer. Both products have been
licensed and approved in Japan since 1986 for clinical use, in combination with chemotherapy against
the two respective cancers [19,20].
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Other polysaccharide-based compounds showing immunomodulatory properties have a similar
core polysaccharide chemical structure but contain different branching linkages and/or branches with
different conjugates. These polysaccharide-conjugate complexes are called heteroglucans, with α(1–4)-
and β(1–3) glycosidic linkages to protein components. For example, in the presence of fucose (a hexose
deoxy sugar with the chemical formula C6H12O5), the turkey tail mushroom Trametes versicolor

produces a Krestin bound β-glucan polysaccharide K (PSK). PSK is commercially produced from this
mushroom in Japan and has been approved for clinical use since 1977 [21]. Several subsequent reports
confirmed the effectiveness of PSK as an adjuvant to conventional cancer therapies through inhibition of
cancer metastasis [22], induction of cancer cell apoptosis [23], improvement of inflammatory cytokines
gene expression [24,25].

Another compound isolated from T. versicolor is a polysaccharide peptide (PSP). PSP contains
rhamnose and arabinose, two monosaccharides not found in PSK. In addition, the conjugated protein
was also different. PSP has been commercially available in the Chinese market since 1987 [21]. It has
been documented to improve the quality of life in cancer patients by providing substantial pain
relief and enhancing immune status in 70–97% of patients with stomach, esophagus, lung, ovary and
cervical cancers. Specifically, PSP has been shown to be capable of boosting immune cell production,
ameliorating chemotherapy symptoms, and enhancing tumor infiltration by dendritic and cytotoxic
T-cells [26].

Two other well-known polysaccharide–protein complexes produced by Macrocybe gigantea

(syn. Tricholoma giganteum) and Agaricus brazei, respectively, have also shown immunomodulatory
effects. A polysaccharide-protein complex (PSPC) isolated from T. giganteum showed that it could
help restore and improve the phagocytic function of macrophages in tumor-bearing mice [13,27].
Similarly, AbM isolated from A. brazei contains diverse polysaccharide–protein complexes with
different chemical linkages such as β-1,6-glucan, α-1,6- and α-1,4-glucan, glucomannan and
β-1,3-glucan. AbM has been shown to have immunomodulatory and antineoplastic properties [28].
Polysaccharides and polysaccharide–protein complexes from other medicinal mushrooms that have
shown immunomodulatory effects are listed in Table 2.
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Table 2. Major immunomodulatory polysaccharides from medicinal mushrooms and their immunomodulatory effects.

Source Active Compound Immunomodulatory Effect Refs

Agaricus blazei
(syn. Agaricus brasiliensis)

Heteroglycan, Glycoprotein, Glucomannan-protein
complex, β-1,3-d-glucan, with β-1,6-d-glucan branch

Stimulates Natural Killer (NK) cells, macrophages, dendritic cells, and granulocytes;
induction of Tumor Necrosis Factor (TNF), Interferon (IFN)-γ, and Interleukin (IL)-8

production
[29]

Auricularia auricula-judae
AF1 β-1,3-d-glucan main chain with two β-1,6-d-glucosyl

residues Induces apoptosis of cancer cell [30]

Gymnopus dryophilus
(syn. Collybia dryophila) β-d-glucan Inhibits NO production in activated macrophages [31]

Ophiocordyceps sinensis β-d-glucan, heteroglycan, cordyglucan Increase in IL-5 induction with decrease in IL-4 and IL-17 [32]

Cryptoporus volvatus β-1,3-d-Glucan Decreases in TLR2 and activate NF-κB [33]

Flammulina velutipes
Glycoprotein, Flammulina velutipes peptidoglycan (FVP),

β-1,3-d-glucan Increases NO, IL-1 production, and TNF-α secretion [34]

Ganoderma lucidum Ganoderan, Heteroglycan, mannoglucan, glycopeptide Stimulates TNF-α, IL-1, IFN-γ production, activate NF-κB. [35]

Grifola frondosa
Grifolan (1–6-monoglucosyl-branched β-1,3-d-glucan),

proteoglycan, heteroglycan, galactomannan Macrophage activation, induction of IL-1, IL-6, and TNF-α secretion [36]

Hericium erinaceus
Heteroglycan, heteroglycan-peptide, β-1,3

branched-β-1,2-mannan Induces NO production, increase expression of TNF-α, IL-1β, IL-12 [15]

Inonotus obliquus β-d-glucan Enhance expression of IL-1β, IL-6, TNF-α, and inducible nitric oxide synthase (iNOS) in
macrophages [37]

Lentinula edodes
(syn. Lentinus edodes)

Lentinan, glucan, mannoglucan, proteoglycan,
β-(1-6)-d-glucan, α-(1-3)-d-glucan

Induces non-specific cytotoxicity in macrophage and enhance cytokine production
Induces cytotoxic effect on a breast cancer cell line [38–40]

Lentinus squarrosulus Glucan Activation of macrophages, splenocytes and thymocytes [41]

Morchella esculenta Galactomannan, β-1,3-d-glucan Macrophage activation, activate NF-κB [42]

Morchella conica Galactomannan Induces NO, IL-1β, IL-6 production [43]

Naematelia aurantialba
(syn. Tremella aurantialba)

Heteroglycan Enhances mouse spleen lymphocyte proliferation [44]

Pleurotus sp. ‘Florida’
(syn. Pleurotus florida) α-1,6-glucan and α-1, 3-, β-1,6-d-glucan Stimulates macrophages, splenocytes and thymocytes [45,46]

Pleurotus ostreatus Pleuran, heterogalactan, proteoglycan Induces IL-4 and IFN-γ production [47]

Poria cocos β-pachyman, β-Glucan, β-1,3-d-glucan, α-1, 3-d-glucan Promotes the immune reaction; increases the expression of cytokines [48,49]

Sarcodon aspratus Fucogalactan, 1,6-α-d-glucopyranosyl residue Increases the release of TNF-α and NO in macrophage [50]
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Table 2. Cont.

Source Active Compound Immunomodulatory Effect Refs

Schizophyllum commune Schizophyllan, 1,6-monoglucosyl branched β-1, 3-d-glucan Activation of T cell, increases interleukin, and TNF-α production [51]

Sparassis crispa β-Glucan Enhances IL-6 and INF-γ production [52]

Taiwanofungus camphoratus
(syn. Antrodia camphorate)

β-1,3-d-Gluco-pyranans with β-1,6-d-glucosyl branches,
proteoglycan Induction of INF-γ, TNF-α [53]

Tropicoporus linteus (syn.
Phellinus linteus)

Acidic polysaccharides Activation of murine B cells, Induces IL-12 and IFN-γ production,
Blocks NF-κB, TNF-α, IL-1α, IL-1β, and IL-4 production [54]

Trametes versicolor
Polysaccharide peptide Krestin (PSK), β-1,3-glycosidic

bond with β-1,6-glycosidic branches Increases the expression of cytokines; stimulates the macrophage phagocytes [1,55]

Tremella fuciformis
Acidic glucuronoxylomannan α-1,3-d-mannan backbone

with β-linked D-glucuronic acid Induces human monocytes to express interleukins [56,57]

Macrocybe gigantea
(syn. Tricholoma giganteum) Polysaccharide-protein complex (PSPC) Increases phagocytic function of macrophages by activating macrophages to release

mediators such as NO and TNF-α and inhibits S180 and HL-60 cells [13,27]

Xylaria nigripes β-Glucan Inhibits NO, IL-1β, IL-6, TNF-α, and IFN-γ production [58]
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3.2. Mushroom Proteins and Protein–Conjugate Complexes

Mushroom proteins and protein–conjugate complexes are also well-known as immunomodulatory
compounds. Similar to the polysaccharide-based compounds, these protein-based immunomodulatory
compounds in medicinal mushrooms can also be grouped into different categories. Here, these
compounds are grouped into two major categories: fungal immunomodulatory proteins (FIPs) and
lectins. FIPs differ from lectins by having no conjugate while each lectin contains specific carbohydrates
conjugated to a polypeptide.

Table 3 lists all the lectins from medicinal mushrooms isolated so far that have shown
immunomodulatory effects. These lectins have been shown to be capable of stimulating nitrite
production, upregulating the expressions of tumor necrosis factor (TNF)-α and interleukins, activating
lymphocytes, and promoting the production of macrophage-activating factors etc. The medicinal
mushroom species containing such lectins are very diverse, including Floccularia luteovirens

(syn. Armillaria luteovirens), Ganoderma capense, Grifola frondosa, Pseudosperma umbrinellum (syn. Inocybe

umbrinella), Pholiota adipose, Pleurotus citrinopileatus, Russula delica, S. commune, Leucocalocybe mongolica

(syn. Tricholoma mongolicum), Volvariella volvacea, and Xerocomus spadiceus [59–64]. In addition, several
mushroom lectins have also shown potent antiviral, mitogenic, antimicrobial and antioxidant
activities [59,63,65–69].

Similarly, a large number FIPs have been identified. The FIP names, the medicinal mushrooms
that produce them, and evidence for their specific immunomodulatory effects are presented in
Table 4. Among these, the best known is probably Ling-Zhi-8 from G. lucidum which acts as an
immunosuppressive agent [1]. In addition, aside from immunomodulation, many FIPs have also
shown antitumor activities in pharmacological tests, including the inhibition of cell growth and
proliferation, the induction of apoptosis and autophagy, and the reduction of invasion and migration
of tumor cells. At present, most of these tests are conducted using tissue cultures. Further tests using
animal models and clinical trials are needed in order to confirm their safety and efficacy in humans.
If confirmed, these FIPs could be more efficiently produced and commercialized through genetic
engineering for clinical use.
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Table 3. Major immunomodulatory lectins from medicinal mushrooms and their immunomodulatory effects.

Source Lectin name Immunomodulatory effect Refs

Agaricus bisporus Agaricus bisporus lectin (ABL) Stimulate mice splenocytes mitogenicity and inhibit proliferation of L1210 and HT-29 cells [70,71]

Agrocybe aegerita Agrocybe aegerita lectin (AAL) Inhibit proliferation of 4T1, HeLa, SW480 SGC7901, MGC803, BGC823, HL-60 and S180 cells [72,73]

Amanita phalloides - Inhibit proliferation of L1210 cells [74]

Floccularia luteovirens
(syn. Armillaria luteovirens)

Armillaria luteovirens lectin (ALL) Stimulate mice splenocytes mitogenicity and inhibit proliferation of L1210, Mouse
myeloma MBL2 and HeLa cells [75]

Boletus edulis Boletus edulis lectin (BEL) Stimulate mice splenocytes mitogenicity and inhibit proliferation of human hepatocyte
carcinoma G2 (HepG2) and HT-29 cells [76]

Boletus speciosus Boletus speciosus hemagglutinin (BSH) Inhibit proliferation of HepG2 and L1210 cells [77]

Clitocybe nebularis Clitocybe nebularis lectin (CNL) Inhibit proliferation of human leukemic T cells [78]

Flammulina velutipes Flammulina velutipes agglutinin (FVA) Stimulate mice splenocytes mitogenicity and inhibit proliferation of L1210 cells [79]

Ganoderma capense - Stimulate mice splenocytes mitogenicity and inhibit proliferation of L1210, M1, HepG2 cells [62]

Grifola frondosa Grifola frondosa lectin (GFL) Inhibit proliferation of HeLa [80]

Hericium erinaceus
(Syn.Hericium erinaceum) Hericium erinaceus agglutinin (HEA) Inhibit proliferation of HepG2 and human breast cancer MCF7 cells [81]

Kurokawa leucomelas Kurokawa leucomelas KL-15 Inhibit proliferation of U937 cells [82]

Lactarius flavidulus Lactarius flavidulus lectin (LFL) Inhibit proliferation of HepG2 and L1210 cells [83]

Lignosus rhinocerotis Lignosus rhinocerotis lectin (LRL) Inhibit proliferation of HeLa, MCF7 and A549 cells [84]

Marasmius oreades Marasmius oreades agglutinin (MOA) Inhibit proliferation of SW480, HepG2 and NIH-3T3 cells [85]

Pholiota adiposa Pholiota adiposa lectin (PAL) Inhibit proliferation of HepG2 and MCF7 cells [61]

Pleurotus citrinopileatus - Stimulate mice splenocytes mitogenicity and inhibit proliferation of S180 cells [59]

Pleurotus eous Pleurotus eous lectin (PEL) Inhibit proliferation of MCF7, K562 and HepG2 [86]

Cerioporus squamosus
(syn. Polyporus squamosus) Polyporus squamosus lectin 1a (PSL1a) Inhibit proliferation of HeLa cells [87]

Pseudosperma umbrinellum
(syn. Inocybe umbrinella) Inocybe umbrinella lectin (IUL) Inhibit proliferation of HepG2 and MCF7 cells [60]

Russula delica - Inhibit proliferation of HepG2 and MCF7 cells [64]
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Table 3. Cont.

Source Lectin name Immunomodulatory effect Refs

Russula lepida Russula lepida lectin (RLL) Inhibit proliferation of HepG2 and MCF7 cells [88]

Schizophyllum commune Schizophyllum commune lectin (SCL) Stimulate mice splenocytes mitogenicity and inhibit proliferation of KB, HepG2 and
S180 cells [63,89]

Stropharia rugosoannulata Stropharia rugosoannulata lectin (SRL) Inhibit proliferation of HepG2 and L1210 cells [90]

Leucocalocybe mongolica
(syn. Tricholoma mongolicum)

Tricholoma mongolicum lectin 1 (TML-1),
Tricholoma mongolicum lectin 2 (TML-2) Inhibit proliferation of S180 cells [91]

Volvariella volvacea Volvariella volvacea lectin (VVL) Inhibit proliferation of S180 cells and enhance IL-2 and IFN-γ transcriptions [92,93]

Xerocomellus chrysenteron
(syn. Xerocomus chrysenteron) Xerocomus chrysenteron lectin (XCL) Inhibit proliferation of NIH-3T3 and HeLa cells [94]

Xylaria hypoxylon Xylaria hypoxylon lectin (XHL) Inhibit proliferation of HepG2 cells [95]
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Table 4. Major fungal immunomodulatory proteins (FIPs) from medicinal mushrooms and their immunomodulatory effects.

FIP Name Source Immunomodulatory Effect Refs

FIP-aca Taiwanofungus camphoratus
(Syn. Antrodia camphorate)

Induce expression of different cytokines (IL-1b, IL-6, IL-12, TNF-α) and chemokines (CCL3,
CCL4, CCL5, CCL10) [96]

FIP-cru1 Chroogomphis rutilus Stimulate the proliferation of murine splenocytes and enhanced the secretion of IL-2 [97]

FIP-dsq (FIP-dsq2) Dichomitus squalens Induce apoptosis and interrupt migration of A549 cells [98]

FIP-fve Flammulina velutipes
Stimulate mitogenesis in human peripheral lymphocytes, suppress systemic anaphylaxis

reaction, enhance transcription of IL-3, INF-g [99]

FIP-gja Ganoderma japonicum - GenBank: AAX98241

FIP-gat Ganoderma atrum - [100]

FIP-glu1 (LZ-8) Ganoderma lucidum Enhance transcription of IL-2, IL-3, IL-4, IFN-g, TNF-α [101]

FIP-gmi Ganoderma microsporum Down regulation of TNF-α [102]

FIP-gsi Ganoderma sinensis Enhance production of IL-2, IL-3, IL-4, INF-g, TNF-a [103]

FIP-gts Ganoderma tsugae
Induce cytokine secretion, cellular proliferation of human peripheral mononuclear cells

(HPBMCs), enhance IFN-g expression [104]

FIP-glu2 (LZ-9) Ganoderma lucidum Activate THP-1 macrophages and induce pro-inflammatory cytokine transcription [105]

FIP-SN15 Intrageneric shuffled library Induce U-251 MG cells apoptosis [106]

FIP-Irh Lignosus rhinocerotis Inhibit the proliferation of MCF7, HeLa and A549 cancer cell lines [84]

FIP-pcp Poria cocos Enhance production of IL-1b, IL-6, IL-18, TNF-a, NO [107]

FIP-ppl Postia placenta
Stimulate mouse splenocyte cell proliferation and enhance interleukin-2 (IL-2) release,

inhibit proliferation and induce apoptotic effects on gastric tumor cells (MGC823) [108]

FIP-tve2 (FIP-tvc) Trametes versicolor Increase human peripheral blood lymphocytes, enhanced production of TNF-a, NO [109]

FIP-vvo Volvariella volvacea Enhance expression of IL-2, IL-4, IFN-g, TNF-a [110]

“-” not tested.
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3.3. Terpenes and Terpenoids

Terpenes are a large and diverse class of hydrocarbon compounds derived biosynthetically
from units of isopentenyl pyrophosphate. They are widespread in nature, produced by a variety
of plants, particularly conifers, some insects, and fungi, including mushrooms. The addition of
functional groups (usually oxygen-containing) to terpenes produce terpenoids. Both terpenes and
terpenoids from a number of medicinal mushrooms have shown immunoregulatory activities with
medical significance. Table 5 shows the types of terpenes and terpenoids that have been isolated from
medicinal mushrooms, including evidence for their specific immunomodulatory activities. For example,
Ganoderma sp. are known for their high content of triterpenoids and these triterpenoids have shown
high immunomodulating and anti-infective activities [111–113]. A study showed that terpenes and
terpenoids modulate immune system functions by stimulating the expressions of genes coding for
proteins in the nuclear factor (NF)–kB pathway and for mitogen-activated protein kinases [14].
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Table 5. Major immunomodulatory terpenes and terpenoids from medicinal mushrooms and their immunomodulatory effects.

Type of
Terpenes

Source Compound Immunomodulatory Effect Refs

Monoterpenoids Pleurotus cornucopiae - Inhibit the proliferation of HeLa and HepG2 cells [114]

Sesquiterpenoids

Stereum hirsutum - Inhibit the proliferation of HepG2 and A549 cells [111]

Inonotus rickii 3α,6α-Hydroxycinnamolide Inhibit the proliferation of SW480 cells [112]

Pleurotus cornucopiae Pleurospiroketals A, B, C Inhibit the proliferation of HeLa cells [113]

Anthracophyllum sp. BCC18695 Anthracophyllone Inhibit the proliferation of MCF7, NCI-H187, KB
and Vero cells [115]

Flammulina velutipes
Enokipodins B, D, J

2,5-cuparadiene-1,4-dione
Flammulinolides A, B, C, F

Inhibit the proliferation of HepG2, MCF7,
SGC7901, KB, HeLa and A549 cells [116,117]

Neonothopanus nambi Nambinones C Inhibit the proliferation of NCI-H187 cells [118]

Diterpenoids

Cyathus africanus
Neosarcodonin O,

11-O-acetylcyathatriol, Cyathins H Inhibit the proliferation of K562 and Hela cells [119]

Pleurotus eryngii Eryngiolide A Inhibit the proliferation of Hela and HepG2 cells [120]

Sarcodon scabrosus Sarcodonin G Inhibit the proliferation of HOC-21, HEC-1,
U251-SP, MM-1CB and HMV-1 cells [121]

Tricholoma sp. Tricholomalide A, B, C Inhibit the proliferation of HeLa cells [122]
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Table 5. Cont.

Type of
Terpenes

Source Compound Immunomodulatory Effect Refs

Triterpenoids

Ganoderma boninense Ganoboninketals A, B, C Inhibit the proliferation of A549 and HeLa cells [123]

Ganoderma orbiforme BCC 22324 Ganoderic acid T and its C-3 epimer compound Inhibit the proliferation of NCIH187, MCF7 and KB cells [124]

Ganoderma lucidum
lucialdehydes B, C, ganodermanondiol,

ganodermanonol, ganoderic acid DM, ganoderic acid X

Inhibit the proliferation of T-47D, LLC, Meth-A,
and Sarcoma 180 cells; Decrease the protein levels of

CDK2, CDK6, p-Rb, cycle D1 and c-Myc in MCF7 cells;
inhibit activity against topoisomerases I and II α and

promote apoptosis

[125–127]

Ganoderma concinna

5α-lanosta-7,9(11),24-triene-3β-hydroxy-26-al,
5α-lanosta-7,9(11),24-triene-15α-26-dihydroxy-3-one,

8α,9α-epoxy-4,4,14α-trimethyl-3,7,11,15,20-
pentaoxo-5α-pregrane

Induce apoptosis in promyelocyticleukemia HL-60 cells [128]

Ganoderma tsugae
Tsugaric acid A, 3β-hydroxy-5α-lanosta-8,

24-dien-21-oic acid Inhibit the proliferation of HT-3, T-24, and CaSKi cells [129]

Hypholoma fasciculare
(syn. Naematoloma fasciculare) Fusciculol C, L, M, G Inhibit the proliferation of HCT-15, SK-OV-3, SK-MEL-2

and A549 cells [130]

Astraeus odoratus Astraodoric acids A, B, D Inhibit the proliferation of KB, NCI-H187,
and MCF7 cells [131]

Russula lepida Russula amarissima Cucurbitane hydroxyl acid Inhibit the proliferation of WISH, CAKI 1 and A549 cells [132]

Leucopaxillus gentianeus
Cucurbitacin B

Leucopaxillone A
Inhibit the proliferation of MCF7, HepG2, kidney

carcinoma CAKI-1 and A549 cells [133]

Hebeloma versipelle 24(E)-3β-hydroxylanosta-8,24-dien-26-al-21-oic acid Inhibit the proliferation of HL60, Bel-7402, SGC-7901
and A549 cells [134]

Tricholoma saponaceum Saponaceol A Inhibit the proliferation of HL-60 cells [135]

Elfvingia applanata The methyl ester of elfvingic acid H Inhibit the proliferation of Ehlrich and Kato III cells [136]
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4. Immunomodulation and Other Human Health Effects of Medicinal Mushrooms

The human immune system is tightly linked to tumor development. With the increasing impact
of tumor on human health, a large number of studies have been undertaken to identify mushroom
extracts/fractions/compounds with antitumor activities. Indeed, some of the observed antitumor
activities by medicinal mushroom extracts were based on the activation of the immune system
(Tables 2–5). Davis et al. (2020) recently suggested that 17 medicinal mushroom species (A. brazei,
Cordyceps militaris, Flammulina velutipe, F. fomentarius, F. officinalis, Ganoderma applanatum, G. lucidum,
Ganoderma oregonense, G. frondosa, Hericium erinaceus (syn. Hericium erinaceum), I. obliquus, L. edodes,
Tropicoporus linteus (syn. Phellinus linteus), P. betulinus, Pleurotus ostreatus, S. commune) could support both
immune-activation for cancer treatments and help resolve host defense-induced inflammatory reactions
and facilitate a post-response return to homeostasis for cancer patients. Furthermore, a medicinal
mushroom formulation consisting of G. lucidum, L. edodes and G. frondosa showed synergistic antitumor
and immuno-modulatory activity in human macrophages [137].

As shown in Tables 2–5, many medicinal mushrooms each can produce different categories of
compounds with immunomodulatory effects. Furthermore, different extractions of the same mushroom
may show non-overlapping but complementary activities. For example, in L. edodes, its heterogalactan
(fucomannogalactan) has anti-inflammatory properties [138], lentinan has anti-tumor effect [139], crude
water-soluble polysaccharides can activate macrophages and increase the productions of nitric oxide
(NO), cytokines, and proteins related to phagocytosis [140], and polysaccharides with both antioxidant
effects [141] and antiviral activities [142].

The significance of functional components from medicinal mushrooms has been shown not only
from clinical perspectives but also from foods. Because many medicinal mushrooms are commercially
cultivated for food, there has been an increasing trend of including mushrooms and their components
into other foods to develop functional foods, including adding new flavors or promoting certain
types of functions. For example, Ulziijargal et al. used mushroom mycelia of T. camphoratus,
A. blazei, H. erinaceus, and P. linteus to substitute 5% of wheat flour to make bread. The final product
contains substantial amounts of the amino acids gaminobutyric acid (GABA) and ergothioneine and
showed beneficial health effects [143]. Kim et al. developed noodles that contained L. edodes paste,
resulting in a higher quality, fibre-rich functional food with antioxidant and hypocholesterolemic
properties [144]. Components of other mushrooms, e.g., Pleurotus sajor-caju dry powder, A. bisporus

extracts, the freeze-dried powder from A. aegerita, Suillus luteus, and Coprinopsis atramentaria have
been used to develop snacks and cheese-related products with much commercial success [145–148].
The benefits include increased proteins, minerals, crude fiber or ingredients with antioxidant potentials
and free radical scavenging capacities. The diversified flavors and tastes as well as the enhanced
nutritional values of food due to the addition of mushroom components represent an exciting direction
for the edible and medicinal mushroom industries.

5. Mechanisms for the Immunomodulation Effects of Medicinal Mushroom Compounds

The immune system consists of a network of cells, tissues and organs that work together to defend
the body against attacks by “foreign” invaders [2]. The network is connected by lymphatic vessels from
organ to organ. The network includes protective barriers that constantly communicate with lymphatic
fluid rich in white blood cells and leukocytes. When pathogens break our physical barriers (i.e., skin and
mucosal membranes of the mouth, nose, the gastrointestinal tract, and the urogenital tract), the next line
of the body’s defense response is activated. This line of defense includes granulocytes and monocytes
that also function as antigen-presenting cells (APCs) for helper T lymphocytes. These cells synthetize
and secrete lipid mediators such as prostaglandins as well as cytokines which act as messengers in
regulating immune response and stimulating adaptive immunity. For example, natural killer (NK)
cells can recognize infected and abnormal cells, such as cancer cells and kill these cells by inducing
them to undergo apoptosis or by producing cytokines, such as interferon-gamma (IFN-γ). They also
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activate macrophages and kill phagocytosed microbes. Figure 3 presents the overview of the key
immune response against microbial pathogens.
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Figure 3. Key components and pathways in host immune response against pathogen infections.

It is well known that the human immune system can be modulated by foods, supplements
or endogenous bioactive agents [2]. Different types of immunoregulatory compounds have been
isolated from medicinal mushrooms, including mushroom fruiting bodies and fermented mycelia.
Tables 2–5 present the specific components isolated from different mushroom species that have
shown significant immunomodulatory activities, including their (potential) mechanisms of action.
For example, two polysaccharides from two different mushroom species have shown significant
immunoenhancing activities. In the first, a glucuronoxylomannan TAP-3 obtained from Naematelia

aurantialba (syn. Tremella aurantialba) showed marked immune enhancement activity and promoted
NO, IL-1β and TNF-α secretions from macrophages [149]. Similarly, another study showed that at
a concentration of 40 µg/mL, polysaccharide CCP from Craterellus cornucopioides strengthened the
phagocytic function of macrophages, increased the expression of cytokines, upregulated the expression
of cell membrane receptor TLR4 and downstream protein kinase products through activation of the
TLR4–NFκB pathway [150].

Some of these bioactive compounds can also directly attack cancer cells while showing
immunoregulatory effects. For example, Li et al. reported that polysaccharide LRP-1 purified
from Leccinum rugosiceps inhibited the growth of human hepatoma cells HepG2 and human breast
carcinoma MCF-7 cells, and induced the secretion of NO, IL-6 and TNF-α in vitro [151]. Similarly,
a recent report showed that an aqueous extract of Sarcodon imbricatus (SIE) effectively inhibited
the growth, migration, and invasion properties of breast cancer cells in vitro and reduced tumor
growth in vivo, while showing increased expression of PD-L1 and increased NK cell viability [152].
Furthermore, Xue et al. reported that a triterpenoid EAe from Pleurotus eryngii inhibited MCF-7 cell
lines proliferation with an EC50 of 298.26 µg/mL, and significantly inhibited the growth of CD-1 tumors
(inhibition rate of 65%) in mice in a dose-dependent manner without toxicity [153].

6. Relationship between Structure and Activity of Immunomodulatory Compounds from
Medicinal Mushrooms

Immunomodulators from medicinal mushrooms have been shown to be capable of stimulating
both innate and adaptive immune responses. They activate innate immune system components such
as natural killer (NK) cells, neutrophils, and macrophages, and stimulate the expression and secretion
of cytokines. These cytokines in turn activate adaptive immunity by promoting B cell proliferation and
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differentiation for antibody production and by stimulating T cell differentiation to T helper (Th) 1 and
Th2 cells, which mediate cellular and humoral immunities, respectively [154].

As shown in Tables 2–5, a large number of immunoregulatory compounds from medicinal
mushrooms have been reported. These compounds differ greatly in their molecular weight and structure.
Below we describe the relationships between their molecular structures and immunoregulatory activities.

6.1. Polysaccharides

Polysaccharides are the most commonly reported natural immunomodulators from mushrooms.
The immunomodulating polysaccharides are highly diversified in their sugar compositions, main
chain polymer structures, degrees of branching, conformations, molecular weights, and other physical
properties, which together have significant effects on the bioactivity and mode of action of each
polysaccharide [18]. These polysaccharides are either homoglycans (polysaccharides that contain
residues of only one type of monosaccharide molecule) or heteroglycans (polysaccharides that contain
residues of two or more types of monosaccharide molecules), and are able to combine with other
molecules such as oligo- or poly-peptides to make peptidoglycan or polysaccharide–protein complexes.
In general, higher molecular weight polysaccharides exhibit greater bioactivity [155]. These large
polysaccharides are not able to penetrate the immune cells, but instead act to bind cell receptors.
For example, the highest immunomodulatory activity of PSK was associated with the highest molecular
weight fraction of this compound, at >200 kDa [156]. Similarly, the highest activity of a polysaccharide
fraction of G. frondosa extract was ascribed to one with a molecule weight of over 800 kDa [157].
In contrast, low molecular weight polysaccharides can penetrate immune cells and exert stimulatory
effects from within.

The number and lengths of short branched chains in mushroom polysaccharides can significantly
influence their bioactivity [155]. In most cases, the bioactive immunomodulator polysaccharides are
characterized by a main chain of 1,3-β-d-glucan with a small number of short branched chains with
1,6-β-linkage (Figure 4). Studies have shown that immunologically active polysaccharides generally
have a degree of branching number (DB) between 20% and 40%. For example, lentinan has a DB
number of 40%, schizophyllan of 33%, and PSK of 20%. While a high DB number is generally correlated
with a high activity, in some cases, debranching of polysaccharides can also increase their bioactivity.
For example, the partially debranched form of pachymaran from Poria cocos showed greater activity
than the original native form [158]. Even in the well-studied lentinan, its maximal immunomodulating
and antitumor activities were achieved when the molecule had a DB of 32% [159], and there was a
negative correlation between their biological activity and DB number between 32 and 40% [160].
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Figure 4. The basic structures of bioactive polysaccharides 1-3,-β-d-glucan and short branched chains
with 1-6,-β-linkage.

Aside from the main-chain structure and branching pattern, the conformation of polysaccharides
can also impact their bioactivity, e.g., by influencing the stability of the structure. In polysaccharides,
the triple helix conformation is usually more stable than other conformations and bears the cytokine
stimulating activity of the β-d-glucan. Lentinan, schizophyllan, scleroglucan, and PSK all have a triple
helix structure [161]. However, not all polysaccharide immunomodulators from mushrooms have the
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triple helix structure. For example, mushroom polysaccharides with a random coil conformation can
also have potent immunomodulating and anticancer activity [56].

Chemical modification is an effective and common approach to increase biological activities of
polysaccharides. This approach has been applied to develop a number of effective immunomodulators
from mushroom polysaccharides. Those modifications include carboxymethylation, hydroxylation,
formyl-methylation, amino-ethylation, or sulfation. The introduction of such chemical groups may
increase the possible contacts between the modified polysaccharides and the immune cell receptors
through hydrogen bonding and/or electrostatic attraction, and thus increase the immunological
response. For example, the sulfated cell wall glucan from L. edodes exhibited higher immunomodulatory
and anticancer activities compared to the native polysaccharides [162]. The increased effect from
sulfation may be related to the increased solubility, as shown in the hyper branched β-glucan TM3b.
Taken together, molecular weight, branching, chemical configuration, and chemical modification can
all have strong influence on the bioactivity of polysaccharides from mushrooms.

6.2. Lectins

Lectins belong to a unique group of proteins that can recognize and interact with various cell
surface carbohydrates/glycoproteins. Mushroom lectins have shown specific immunomodulatory,
antiproliferative, and antitumor activities [163]. The diverse sources of mushroom lectins have different
immunomodulatory mechanisms: some mediate their actions by activating the immune system
while others produce potent cytotoxic effects towards cells [91]. For example, two lectins extracted
from L. mongolica (syn.T. mongolicum), TML-1 and TML-2, show immunomodulatory and antitumor
activities. These two lectins stimulate the production of nitrite and tumor necrosis factor (TNF)-α
and inhibit the growth of mouse lymphoblast-like (p815) mastocytoma cells by the production of
macrophage-activating factors. These factors include interferon (IFN)-γ and other cytokines, activated
through upregulation of inducible nitric oxide synthase (NOS), interleukin (IL)-1β, and transforming
growth factor-β [91]. G. frondosa lectin is reported as having a potent cytotoxic effect against HeLa
cells in vitro, even at very low concentrations. A 15.9-kDa homodimeric, lactose-binding, ricin-B-like
lectin (CNL) from Clitocybe nebularis exhibited antiproliferative activity against human leukemic T
cells [78], which induces the maturation and activation of dendritic cells (DCs) and stimulates several
proinflammatory cytokines such as IL-6, IL-8, and TNF-α [164]. The encoding gene of CNL from
C. nebularis has been cloned and successfully expressed in Escherichia coli [165].

6.3. FIPs

The fungal immunomodulatory proteins are a group of proteins with highly similar amino acid
sequences. They exist as dimers in a dumbbell-shaped structure similar to that of the variable region
of immunoglobulin heavy chains [166]. The FIPs have shown diverse functions. Through binding
to Toll-like receptors (TLRs), FIPs stimulate antigen presenting cells and release cytokines such as
NO and IL-12. By activating phosphorylation of p38/MAPK and increasing the production of NF-κB,
FIPs can promote the proliferation and differentiation of helper T cells (Th0) to form Th1 cells and
Th2 cells, activate macrophages and B cells, produce a variety of cell factors (Figure 5). For example,
FIP-fve from Flammulina velutipes can upregulate the expression of intercellular adhesion molecules
on the T cell surface by phosphorylation of p38/MAPK, and activate Th1 cells to produce IL-2, IFN-γ,
to exert its immunomodulatory effect [99]. FIP-vvo can not only activate Th1 cells and enhance IL-2,
TNF-α and IFN-γ transformations, but also induce Th2 cells to produce IL-4, B cell differentiation,
and the transformation of immunoglobulin and production of antibody IgE. Several studies have also
shown that by interacting with TLRs, FIP can activate other signaling pathways besides the p38/MAPK
and NF-κ B. For example, FIP from Ganoderma tsugae (FIP-gts) can stimulate human peripheral blood
monocyte to produce IFN-γ and activates the PI3K/Akt signaling pathway [104].
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Figure 5. FIPs immunomodulatory mechanism by toll-like receptors (TLRs) signaling pathway.

FIPs typically exist in low quantities in their native mushrooms. The low yield/production has
been a major limitation of their research and application. Therefore, techniques are being rapidly
developed to enhance the production of recombinant FIPs in other organisms such as the yeast Pichia

pastoris and the bacterium E. coli. For example, the LZ-8 gene of G. lucidum has been expressed
in P. pastoris to produce a recombinant LZ-8 protein (rLZ-8). While the recombinant protein lacks
the carbohydrate moiety of the native protein, it shows similar bioactivity for IL-2 induction as the
native protein. The FIP-fve protein has also been successfully expressed in E. coli [1]. Interestingly,
the recombinant FIPs showed higher immunomodulatory activity and induced greater expression of
specific cytokines than that extracted from the mushrooms [167].

6.4. Terpenes and Terpenoids

Terpenes and terpenoids are widely distributed in mushrooms. They are a large and diversified
group of organic compounds but share the core of isoprene five-carbon atom units of molecular
formula (C5H6)n as the main building block (Figure 6) [1,13]. Among this group of compounds,
the best-known is probably the triterpenoids from G. lucidum and G. lingzhi. These triterpenoids
can help reduce drug nephrotoxicity and minimize inflammation. Figure 6 shows a diversity of
terpene derivatives in G. lucidum and G. lingzhi, including ganodermic and ganoderic acids, ganoderals,
ganoderols, ganodermanontriol, lucidone, and ganodermanondiol. All these compounds have shown
immunomodulating, antitumor, and/or anti-infective activities [168]. At present, their mechanisms
of action and structure–activity relationships are little understood. However, their broad activities
suggest significant potential for research and for clinical therapeutic applications.
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Figure 6. The structures of representative terpenes and terpenoids in the fungus Ganoderma lucidum

and Ganoderma lingzhi.

7. Genomes and Molecular Techniques in the Study of Immunomodulatory Compounds in
Medicinal Mushrooms

Due to their environmental, agricultural, commercial, and/or medical interests, the genomes of
a number of medicinal mushrooms have been sequenced and annotated. Table 6 lists the genomic
features of 12 representative medicinal mushrooms. These species differ in genome size and/or gene
content. Analyses of these genomes have revealed some of the genes related to the synthesis and
production of immunomodulatory compounds in medicinal mushrooms. Not surprisingly, the most
commonly identified genes related to immunomodulatory effects are those coding for FIPs (Table 6).
However, in G. lucidum, genes involved in the synthesis of several other immunomodulators have
also been identified. The identification and confirmation of those genes require genetic manipulation
systems which are not available at present for most medicinal mushrooms. In G. lucidum, such a system
is available.

Ganoderic acids (GAs) are among the main active ingredients of G. lucidum with
immunomodulatory effects. GAs belong to the triterpenoid secondary metabolites. Genome sequence
analyses and functional studies showed that the terpenoids in G. lucidum are synthesized through
the Mevalonate (MVA) pathway. Several genes in this pathway in G. lucidum have been cloned and
their functional roles confirmed, including those encoding 3-Hydroxy-3-methylglutaryl-CoA reductase
(HMGR) and Farnesyl diphosphate synthase (FPPs). Genome sequence data mining also identified
the putative genes involved in the modification of the triterpene backbone, such as those involved in
cyclization and glycosylation, which are very important for the synthesis of the diversity of GAs in
G. lucidum.

At present, most of the genes and metabolic pathways involved in the synthesis of
immunomodulators in the categories of polysaccharides, lectins, and terpenoids in medicinal
mushrooms have not been identified or confirmed. However, the availability of increasing genomic
resources coupled with the broad pharmacological activities and therapeutic effects of medicinal
mushrooms should help facilitate the identification of genes and metabolic pathways involved in
their biosynthesis. Such understandings could help future productions of those compounds through
biotechnology using surrogate hosts.
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Table 6. Major genomic features of representative medicinal mushrooms.

Medicinal Mushroom
Genome Size

Mb
Number of

Genes
GC

Content (%)
Known Genes Related to Immunomodulatory

Effects
Genetic Manipulations

(Transformation Method)
Refs

Agrocybe aegerita 44.7908 14110 49.2 Polyethylene glycol–mediated
transformation (PEG) [169]

Agaricus bisporus 30.78 10863 46.5

PEG, Electroporation, Particle
bombardment, Agrobacterium

tumefaciens-mediated transformation
(ATMT)

[170–173]

Flammulina velutipes 35.64 49.76 Fip-fve
PEG, Electroporation, Electro-injection,

Restriction enzyme-mediated
integration (REMI), ATMT

[173–177]

Ganoderma atrum fip-gat [178]

Ganoderma lucidum 43.68 55.4

fip-glu, Mevalonate (MVA) pathway genes: AACT
(acetyl-CoA acetyltransferase); HMGS

(3-hydroxy-3-methylglutaryl-CoA synthase), HMGR
(3-hydroxy-3-methylglutaryl-CoA reductase), MVK

(mevalonate kinase), MPK (phosphomevalonate
kinase), MVD (pyrophosphomevalonate

decarboxylase), IDI (isopentenyl-diphosphate
isomerase), GPPs (geranyl diphosphate synthase),

FPPs (farnesyl diphosphate synthase), SQS (squalene
synthase), SE (squalene monooxygenase), OSC

(2,3-oxidosqualene-lanosterol cyclase), P450
(cytochrome P450), UGTs (uridine diphosphate

glycosyltransferases)

PEG, Electroporation, REMI [173,179–181]

Ganoderma sinensis 48.96 15478 55.6 fip-gsi [103,182]

Ganoderma tsugae 45.5 fip-gts [183]

Hericium erinaceus
(syn. Hericium erinaceum) 41.21 52.43 ATMT [184,185]

Lentinula edodes 39.92 12051 46 PEG, Electro-injection, REMI, ATMT [173,186]

Pleurotus ostreatus 34.36 12296 50.76 PEG, Electroporation, REMI, Particle
bombardment [173,187–189]

Postia placenta 66.6724 12716 47.2 fip-ppl [108,190]

Trametes versicolor 44.794 14572 57.3 fip-tvc [191,192]

Volvariella volvacea 35.72 48.8 fip-vvo PEG, Particle bombardment, ATMT [193,194]
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8. Conclusions and Perspectives

Many edible and medicinal mushrooms contain compounds with significant immunoregulatory
activities. This paper attempts to provide a comprehensive review on the types of these compounds; their
distributions, structures and functions; and their potential mechanisms of actions. These compounds
have shown their activities through in vitro, ex vivo, tissue cultures, and/or in vivo studies. Some of
these compounds have been commercialized and licensed for clinical use.

Aside from the above described compounds, other compounds from edible and medicinal
mushrooms may also have great potentials. One such group is chitin and chitin-related compounds.
Chitin is the most common aminopolysaccharide polymer in nature and the main material that
gives strength to the fungal cell walls (as well as to the exoskeletons of crustaceans and insects).
Through deacetylation, either chemically or enzymatically, chitin can be converted to chitosan,
a well-known derivative. Through hydrolysis, both chitin and chitosan can be converted to
chito-oligosaccharides. Several fungal chitin, chitosan, and chito-oligosaccharides have shown
promising benefits to humans and human health [195,196]. For example, chitins from filamentous
molds such as Aspergillus niger and Mucor rouxii and other organisms have been used in plant protection
and food processing; chitosan in diagnosis, drug delivery, infection control, molecular imaging,
and wound healing; and chito-oligosaccharides in antimicrobial and antitumor activities [195,196].
At present, none of those tested chitin, chitosan, and chito-oligosaccharides for human effects have
come from edible or medicinal mushrooms yet. However, due to the similar chemical structures of
chitin from different groups of organisms, it’s highly likely that this group of natural products from
edible and medicinal mushrooms will have similar effects and they represent a promising area of
future development for edible and medicinal mushrooms.

While the future looks bright, significant issues remain before the full potential of medicinal
mushrooms can be reached. Specifically, during our review of the literature, we identified several
significant gaps and areas for future research and development. In the first, there is an urgent need
to identify the structures and mechanisms of action for active ingredients in many extracts and
formulations from medicinal mushrooms. More rigorous chemical analyses as well as understanding
the in vivo pharmacokinetics and pharmacodynamics of individual compounds are needed to fill
this gap of knowledge. The second promising area of study is to identify the genes and metabolic
pathways involved in producing these immunomodulators in medicinal mushrooms. As shown
above, aside from the few FIPs where the specific encoding genes have been identified, we have little
information about the genes and how they are regulated in producing the other types of mushroom
immunomodulators. While the availability of high through-put technologies and genome sequences are
facilitating the discoveries, experimental investigations are needed in order to confirm and identify the
conditions for increased productions of these compounds. Fortunately, gene editing technologies and
-omics tools are becoming increasingly accessible to the broader life sciences communities. In the third,
most immunomodulators described above exist in low quantities in medicinal mushrooms and their
extractions can take a long time and be costly. For efficient production, it is very important to develop
alternative approaches, e.g., by cloning and expressing the relevant biosynthesis genes in alternative
hosts, using industrial fermentations, and developing efficient extraction and purification protocols
from such commercial cell cultures. Lastly, the potential interactions between immunomodulators from
mushrooms and other medicines, foods, and food supplements need to be critically analyzed in order to
establish guidelines for safe and effective use of immunomodulators from medicinal mushrooms [197].
Indeed, at present, safety data about many medicinal mushroom products are not available from
controlled clinical trials and associated negative side effects have been reported in several cases for
certain types of usages of medicinal mushroom products [198,199]. There is also a cultural difference
between Oriental and Western cultures about the use of medicinal mushrooms [197], presenting both a
challenge and an opportunity for researchers and policy makers on the broad implications of these
products on human health.
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Abstract: Sphinganine-analog mycotoxins (SAMs) including fumonisins and A. alternata f. sp.
Lycopersici (AAL) toxins are a group of related mycotoxins produced by plant pathogenic fungi in the
Fusarium genus and in Alternaria alternata f. sp. Lycopersici, respectively. SAMs have shown diverse
cytotoxicity and phytotoxicity, causing adverse impacts on plants, animals, and humans, and are a
destructive force to crop production worldwide. This review summarizes the structural diversity of
SAMs and encapsulates the relationships between their structures and biological activities. The toxicity
of SAMs on plants and animals is mainly attributed to their inhibitory activity against the ceramide
biosynthesis enzyme, influencing the sphingolipid metabolism and causing programmed cell death.
We also reviewed the detoxification methods against SAMs and how plants develop resistance
to SAMs. Genetic and evolutionary analyses revealed that the FUM (fumonisins biosynthetic)
gene cluster was responsible for fumonisin biosynthesis in Fusarium spp. Sequence comparisons
among species within the genus Fusarium suggested that mutations and multiple horizontal gene
transfers involving the FUM gene cluster were responsible for the interspecific difference in fumonisin
synthesis. We finish by describing methods for monitoring and quantifying SAMs in food and
agricultural products.

Keywords: sphinganine-analog mycotoxins; fumonisins; AAL-toxin; chemical structure; toxicity;
genetics and evolution; biosynthesis

1. Introduction

Mycotoxins are secondary metabolites produced by various fungi. These metabolites have
important ecological functions on living systems in their natural habitats. As secondary metabolites,
mycotoxins are regarded as not essential for fungal growth or reproduction. However, their toxic effects
to plants, animals, as well as humans are attracting increasing attention from chemists, biologists,
food scientists, and healthcare professionals. Many fungi are capable of synthesizing mycotoxins,
including certain saprophytic molds, poisonous mushrooms, human fungal pathogens, and plant
fungal pathogens. Mycotoxins produced by plant pathogenic fungi can be divided into two groups:
(i) host-selective (or host-specific) toxins (HSTs) and (ii) non-host-specific toxins (nHSTs), depending on
whether they are specifically toxic to host plant (HSTs) or to a wide range of species (nHSTs). The known
mycotoxins are typically low molecular-weight chemicals but with diverse structures and modes of
actions. One group of mycotoxins are structurally analogous to sphingosine, the backbone precursor of
sphingolipids that play essential structural and cellular roles in eukaryotic cells. These toxins are called
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sphinganine-analog mycotoxins (SAMs), with fumonisins and the Alternaria alternata f. sp. Lycopersici

(AAL) toxins as the two most widely studied groups of SAMs. SAMs are toxic to plants and animals.
They act by inhibiting the ceramide synthase (CerS), thereby influencing the sphingolipid metabolism
and initiating apoptosis in animals and programmed cell death (PCD) in plants [1–3]. The objective
of this paper is to provide an updated review on the structural diversity, syntheses, modes of action,
and health impacts of SAMs.

The discovery of fumonisin was first reported in 1988 and the organism producing it was
Fusarium verticillioides (syn. Gibberella fujikuroi mating population A, syn. G. moniliformis Wineland, syn.
F. moniliforme Sheldon) [4]. Fumonisins have since been found to be produced by at least 18 species of the
Fusarium genus, with F. verticillioides and F. proliferatum being the most prominent, and by three unrelated
fungal genera, Aspergillus section Nigri (such as Asp. niger, Asp. Welwitschiae (syn. Asp. awamori) and so
on, known as black aspergilli), Tolypocladium (T. inflatum, T. cylindrosporum, and T. geodes), and Alternaria

(the tomato pathotype of A. alternata, formerly known as A. arborescens) [5–10]. Species of the Fusarium

genus can be found as saprophytes in soil and as endophytes and pathogens of many plants worldwide.
A common group of diseases caused by Fusarium pathogens is rotting that can happen to all tissues
during all stages of plant development [11,12]. In addition, the Fusarium species can infect crops at the
post-harvest period during storage [13]. The fungal propagules surviving in the soil can also infect
new crop plants and can be carried to new fields by wind or by anthropogenic activities, such as when
seedlings are transplanted [14]. Fusarium strains can synthesize fumonisins during all stages of their
growth, including the saprophytic stage in the soil, during their pathogenesis, and as endophytes in
different parts of plants, as well as during crop storage after harvest [15].

Fumonisins, as a nHST, are major contaminants of cereals and grains, including corn, rice, wheat,
barley, rye, oat, millet, and products made based on these crops [16]. The consumption of food
contaminated by fumonisins significantly increases health problems for humans, leading to a variety
of cancers such as esophageal cancer and neurological defects [17,18]. For example, the International
Agency for Research on Cancer (IARC) characterized fumonisin FB1 as a group 2B carcinogens for
humans [16]. Fumonisins can also cause diseases and adverse effects in other species, especially in
livestock when the feeds are contaminated [19]. Well-known diseases in livestock caused by fumonisins
include leukoencephalomalacia in horses and pulmonary edema syndrome in pigs [20,21].

Similar to fuminisins, the AAL-toxins include a family of structurally analogous metabolites.
AAL-toxins are a group of HST produced by the ascomycete fungal pathogen A. alternata f. sp.
Lycopersici, the causal agent of tomato stem canker disease [22]. It should be noted that several other
pathotypes of A. alternata could also produce other HSTs responsible for fungal pathogenesis on
their specific host plants, respectively [23]. Unlike other HSTs produced by A. alternata, besides the
susceptible tomato host, AAL-toxins can also affect many other weeds and crops of dicotyledonous
species and at least 25 species of Solanaceae [24,25]. Furthermore, the tomato pathotype of A. alternata

was also reported to produce fumonisins B (FBs) [8,26]. AAL-toxin and FBs were not only detected in
the necrosis plant tissues and culture media inoculated by A. alternata but also in spores and mycelia
of this pathogen [27]. However, AAL-toxin remains the only toxin as a pathogenicity factor for stem
canker disease of sensitive tomato varieties, while fumonisins are toxigenic virulence factors [28].

Because of the adverse impacts of SAMs on animal and human health, these toxins are also
attracting increasing attention from food inspectors and public health agencies. Over the last three
decades, significant progress has been made in our understanding of SAMs. Our objectives of this
review are to capture these developments on SAMs with regard to their chemical structural diversity,
the relationship between structure and activity, PCD induction, detoxification, genetics and evolution
of SAMs biosynthesis, and laboratory detections.
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2. Chemical and Structural Properties

2.1. Chemical and Structural Properties of Sphingolipids

SAMs have a distinct structural similarity to sphinganine (Figure 1). Sphinganine (dihydrosphingosine,
DHS) is the simplest class of sphingolipids and has a backbone that consists of a linear aliphatic
group with 18-carbon, an amino at C-2, and two hydroxyls (-OH) at C-1 and C-3, respectively.
Phytosphingosine is obtained if a hydroxyl is introduced at C-4. Sphingosine consists of the sphinganine
backbone but with a double bond at C-4. Ceramides are synthesized by linking an amide fatty acid at
C-2 of sphingosine. Ceramides is a waxy lipid molecule, which is found in high concentrations in the
membrane of eukaryotic cells. More complex sphingolipids can be formed by linking different chemical
groups to hydroxyl (C1) of ceramides. Sphingolipids are one type of lipids widely found in their
membranes in eukaryotes and a few prokaryotes, and they form complex and diverse interactions with
other molecules [29]. Sphingolipids play important structural and functional roles, they are involved
in a variety of signal transductions and crucial cellular processes [30,31]. For example, in humans,
ceramides help form the skin’s barrier and regulate immune response, protecting the skin against
environmental irritants, pollutants, and water loss. Without the proper ratio of ceramides on our
epidermal cells, the barrier of the skin will be damaged, resulting in dryness, itching, and irritation [32].

. For example, in humans, ceramides help form the skin’s barrier and regulate immune 

–

–

Figure 1. Chemical structure of sphingolipids. The table shows the different substituents in the chemical
scaffold of the most essential sphingolipid.

2.2. Chemical and Structural Properties of Fumonisins

SAMs consist of two main types of toxins, fuminisins and AAL-toxins. Fumonisins can be divided
into seven groups (FA, FB, FC, FD, FP, FPy, and FLa). These groups differ in the nitrogen functional
group and the length of the carbon backbone [5]. Most fumonisins contain a 19–20 (FD contain 17 or
18 carbon) linear backbone similar to sphinganine with one nitrogen functional group (except for FPys
and FLas), two to four hydroxyl, two methyl, and two propane-1,2,3-tricarboxylic acid (PTCA) side
chains esterified to the backbones [26,33]. The structural features of the seven groups of fumonisins
are shown in Figure 2. Among them, the B group is the dominant one. For example, FB1 accounts
for 70–80% of the total fumonisins produced by F. verticillioides and is the predominant toxic form [5].
FB2 and FB3 are isomers of each other but with one less hydroxyl group than FB1. The B series
of fumonisins (FBs) are also the main food contaminants. Group A fumonisins (FA) are acetylated
derivates of group B toxins, with lower toxicity and bioactivity than their FB counterparts [34]. Group C
fumonisins (FC) have the same nitrogen functional group as FB1 but lack the terminal methyl group
at C-1 [35]. Three forms of acetylated FC1 have been discovered in F. oxysporum [36]. Group P
fumonisins (FP) have a nitrogen functional group of 3-hydroxypyridinium instead of the amino group
in FB at the R2 position [37]. The FC and FP groups have similar phytotoxic and cytotoxic effects
to those caused by FB1 or AAL-toxin [38]. Aside from these four main groups, there are several
other lesser-known fumonisin analogs, with one or two PTCA replaced by a hydroxyl or carbonyl
or other carboxylic acids group at C-13 and/or C-14 of the backbone (for example, HFB1, as show in
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Figure 2). Rheeder et al. summarized the 28 fumonisin analogs that have been characterized between
1988 and 2002 [5]. By reversed-phase high-performance liquid chromatography/electrospray ionization
ion trap multistage mass spectrometry (RP-HPLC/ESI-IT-MSn), Bartok et al. detected 58 fumonisins
(including FD) or fumonisin-like compounds from F. verticillioides in rice cultures, and 28 isomers of
FB1 [33,39]. Indeed, the recent application of a semi-targeted method revealed over 100 structurally
related compounds from SAMs-producing fungi, including a hydroxyl-FB1, and two new classes of
non-aminated fumonisins (FPys and FLas) [26].

–

Figure 2. Chemical structure of sphinganine-analog mycotoxins (SAMs). Panel A shows the AAL-toxins,
Panel B shows fumonisin. In the table of each panel, the different substituents present in the chemical
scaffolds of individual compounds are shown.

2.3. Chemical and Structural Properties of AAL-Toxin

The AAL-toxins have a structural similarity to fumonisins (Figure 2). The main difference between
fumonisins and AAL-toxins is that AAL-toxins have one fewer PTCA side chain than fumonisins.
The AAL-toxins have been divided into five pairs based on their side chain structures: A, B, C, D, and E
pairs (TA, TB, TC, TD and TE). These pairs differ in their nitrogen functional group and hydroxylation at
C-4 or C-5 positions of the backbone [40–42]. Each pair of AAL-toxins is composed of two regioisomers
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with PTCA esterified to C-13 or C-14 of the backbone, respectively. The TA pair is the major pair of
toxins, with the TB and TC pairs formed by removing hydroxyl groups one by one from C-5 and C-4 of
the TA pair. The TD and TE pairs were acetylated derivatives of TB and TC respectively, while the
acetylated form of TA and keto derivatives of AAL-toxins (2-keto or 14-keto analogues predicted) were
also found in 2015 [26]. These four regioisomeric pairs (TB, TC, TD, and TE) of AAL-toxins can all
induce genotype-specific necrosis characteristics in tomato leaflets in the same pattern as that of the TA
pair, but they differ as much as 1000-fold in their relative toxicity [42].

2.4. Chemical and Structural Properties of Analogs of SAMs

In addition to fumonisins and AAL-toxins, several fungal secondary metabolites have
also been identified as structural analogs of sphinganine and CerS inhibitors (summarized in
Figure 3 and Table 1). These metabolites include myriocins, sphingofungins, viridiofungins,
2-amino-14,16-dimethyl-octadecan-3-ol (2-AOD-3-ol), and a new C17-SAM identified from mussels
contaminated by marine fungi including Aspergillus, Fusarium, and Trichoderma. Australifungin,
a structurally unrelated mycotoxin produced by Sporormiella australis, was also shown to inhibit
sphingolipid synthesis in plants, similar to those of SAMs.

 

Figure 3. Chemical structures of other sphinganine-analog metabolites.

Myriocins, sphingofungins, and viridiofungins inhibit serine palmitoyltransferase (SPT), while
fumonisins, AAL-toxin, and australifungin inhibit sphinganine-N acyltransferase. Serine palmitoyl
transferase, one of the key enzymes in the synthesis of sphingolipids, was also reported to play a
positive role in PCD regulation. The increase of SPT activity promoted PCD in plants. In contrast,
by inhibiting SPT activity, the excessive accumulation of sphingosine can be alleviated, leading to
reduced PCD [43]. Therefore, myriocin are usually used as a SPT inhibitor to pretreat Arabidopsis thaliana

and tomato plants to induce their resistance to FB1 and AAL-toxin, respectively [44,45].
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Table 1. Analogs of sphinganine-analog mycotoxins (SAMs), their fungal producer(s), and their activities.

Analog of SAMs Fungi/Origin Activities
Scopus Citation

(Review)
Reference

Myriocins
(thermozymocidin, ISP-I)

Myriococcum albomyces
Melanconis flavovirens

Isaria sinclairii

Antifungal activity
Inhibitor of serine palmitoyltransferase (SPT)

Immunosuppressive activity
Protective effect on hepatotoxicity

Relieve fumonisin B1 (FB1)-induced toxicity and cell death
Multi-pharmacological function on human

421(34) [46–53]

Sphingofungins
E/F Paecilomyces variotii Inhibitor of SPT

Antifungal activity 65(15) [54–58]A/B/C/D/I Asp. fumigatus
G/H Asp. penicilliodes

Viridiofungins A/B/C Trichoderma viride Pers Inhibitors of SPT and squalene synthase
Antifungal but lack antibacterial activity 21(5) [59–61]

Tri. harzianum

Australifungin Sporormiella australis
Inhibitors of sphinganine-N acyl transferase

Antifungal activity, phytotoxicity 26(7) [62,63]

2-AOD-3-ol F. avenaceum Animal cell toxicity as fumonisin B 5 [64]

C17-sphinganine analog mycotoxin Contaminated mussels Blocking skeletal muscle contraction 1 [65]
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3. Relationships between SAMs’ Structure and Biological Activities

The biological effects of SAMs, such as their toxicity, are similar among different SMAs. Many SAMs
have a similar spectrum of susceptible plant species [34]. Tomato tissues and cells are similarly sensitive
to AAL-toxins and to FB1 and FB2 toxins. In some other plants, AAL-toxins can cause necrotic cell death,
similar to that of fumonisins [66]. For animal tissue cultures, the TA toxins can induce cytotoxicity in
both rat liver and dog kidney cells as FB1 toxin [67,68]. Besides, AAL-toxin and F. verticillioides could
also inhibit larval growth and reduced pupal weights of tobacco budworrn Heliothis virescens [69].
Such similarities have been attributed to the structural similarities between the SAMs and sphinganine.
However, there are differences among SAMs in their biological effects and those differences are related
to their structural differences. Below, we summarize the main findings in this area.

The amino functional group of SAMs is essential for their toxic activity. The peracetylated
derivatives of AAL-toxins and FB1 are biologically inactive or have significantly reduced toxicity in
both the plant bioassay and the animal tissue culture systems [66,70,71]. These results were consistent
with initial reports on these toxins showing that blocking the free primary amines of AAL-toxins by
specific reagents could abolish the biological activities of these toxins in plants [72]. In an in vitro
test of rat primary hepatocytes, it was noted that the N-acetyl analogue of FB1, FA1, also showed
CerS inhibition [68]. Later, FA was found to spontaneously undergo isomerization, rearranging
its O-acetylation group to form different analogs. The impact of these rearrangement products on
inhibition of CerS in rat liver slices also supported the important role of a primary amino for both CerS
inhibition and toxicity [73]. Derivatization of the amino group with fluorogenic reagents also makes
the FBs’ detection possible by the high-performance liquid chromatography (HPLC) assay [74]. FBs can
bind covalently to proteins by reacting with amino groups in abiogenic conversions, which may increase
the toxicity of those conversion products [75]. Similarly, the terminal amino group of FB1 can conjugate
to bovine serum albumin (BSA) and work as an immunogen to produce monoclonal antibodies for
enzyme-linked immunosorbent assay (ELISA) detection [76]. Amino group of fumonisins can also
work as an electron donor and react with the electrophilic carbon within the isothiocyanate (ITC) group.
Consequently, FBs can be degraded by fumigation treatment with ITC-containing compounds [77].

The hydrolysis product of FB1 (HFB1) was shown as less toxic than both FB1 and TA to plants [78].
Neither HFB1 nor the yeast sphingolipids (completely acetylated) contain PTCA. While both had
adverse effects on duckweed growth, they showed lower phytotoxicity than TA and FB1 that contained
one and two PTCA, respectively [79]. In contrast, the hydrolysis products of AAL-toxins largely
maintain the toxicities of their parental compounds to the susceptible tomato lines [66]. These results
indicate that PTCA is important to phytotoxicity of FBs and there is specificity of interaction between
AAL-toxins and tomatoes.

Different from those in plants, an in vitro test using primary hepatocytes of rat showed that the
HFBs had greater cytotoxicity than FBs. However, the HFBs could not initiate cancer development due
to the lack of PTCA moiety, which was proposed to play an active role in the fumonisins absorption
from the gut [70]. In the pregnant LM/Bc mouse model, HFB1 did not cause neural tube defects.
In contrast, 10 mg of FB1/kg body weight of mice disrupted maternal sphingolipid metabolism, caused
hepatic apoptosis in the female mice, increased fetus mortality, and reduced fetus weight [80]. In the
SAMs-sensitive pig model, HFB1 was shown to have limited intestinal or hepatic toxicity but only
slightly disrupted sphingolipids metabolism [81]. The toxic effects of FB1 and HFB1 exposure on
intestinal barrier function and immunity in a pig intestinal porcine epithelial cells and porcine peripheral
blood mononuclear cells co-culture model was also investigated. FB1 aggravated lipopolysaccharide
(LPS)/deoxynivalenol (DON)-induced intestinal inflammation, while HFB1 showed less toxicity to the
immune system [82]. In addition, when HFB1 and HFB2 were acylated by CerS, the N-acyl-metabolites
were toxic in vitro to the human colonic cell line and in vivo to the intraperitoneal rat tissues [83].

Fumonisins are capable of binding to polysaccharides and proteins via their two PTCA side chains
in thermal-treated food and form fumonisin artifacts [84]. The activities of SAMs vary depending on
where hydroxylation occurs along the carbon backbone. For example, FB2 had a greater cytotoxic effect
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than FB3 and FB1 in primary rat hepatocytes [70]. However, different from most other side groups,
the C-1 terminal methyl group, which differed between FC and AAL-toxin from other fumonisins,
seemed not required for the biological activity in SAMs.

Similar symptoms but less phytotoxicities of SAMs were observed when long-chain sphingoid
bases or simple sphingolipids were applied to duckweed, which indicated that the phytotoxicity
of SAMs might be resulted from the accumulation of phytotoxic sphingolipid intermediates [71,85].
This result was consistent with the induction of PCD through ceramide-based signaling pathways
(described below).

Although AAL-toxins and fumonisins are structurally related chemicals with similar phytotoxicity,
the latter are 10 times less efficient. AAL-toxins have been considered to serve as an herbicide at a
very low dosage against a wide variety of broadleaf weeds (e.g., jimsonweed, prickly sida, and black
nightshade). However, monocotyledonous crops (e.g., maize, wheat, and resistant varieties of tomato)
are tolerant to AAL-toxins [24,86,87]. Until 2013, the mode of action through CerS inhibition was not
among the 21 molecular target sites of the commonly used herbicides. Using AAL-toxin as a lead
compound has the potential to develop novel and safe bioherbicide, which has phytotoxicity but
reduced or no mammalian toxicity [88,89].

4. Detoxification of SAMs

Using agricultural and manufacturing practices for preventing the spread and growth of
toxin-producing fungi and limiting mycotoxin production is the preferred method to eliminate
food contamination by fungal toxins at the pre-harvest period [90]. However, it is extremely difficult to
completely prevent fungal pathogen growth and mycotoxin contamination in agricultural practices and
in food storage and processing. Since the toxicity of SAMs is structurally dependent, our knowledge
on the relationships between SAMs’ structure and biological activity provides clues for developing
effective management strategies to minimize the impact of SAMs in food and feed products. Indeed,
structural modifications such as hydrolysis have been demonstrated as effective at reducing the toxicity
of SAMs [91].

Over the last three decades, chemical, biological, and physical strategies have been developed to
degrade mycotoxins in food and feed products [92]. For example, nixtamalization was applied to reduce
FBs by cooking fumonisin-contaminated maize with lime, as well as by using atmospheric ammoniation
treatment [93–95]. Chlorine dioxide also showed the ability to degrade FB1 [96]. Two common cooking
methods include extrusion and nixtamalization were shown to reduce the toxicity of FB1-contaminated
corn [97]. Cold atmospheric pressure plasma was used as a physical treatment to successfully
degrade pure FB1 and AAL-toxins within 60 s, while the presence of the matrix slowed down the
degradation [98,99]. Ozone was applied to disrupt fungal cells of Fusarium and Aspergillus by oxidizing
sulfhydryl and amino acid groups of enzymes or attacking the polyunsaturated fatty acids of the cell
wall [100]. However, not all SAMs are susceptible to physical and chemical treatments. In addition,
some of these treatments may also result in derivatives with unknown toxicity and be detrimental for
the treated commodities, as shown in some cases [101,102].

Another method to reduce SAM toxicity is through microbial actions. Microorganisms can carry
out biotransformation reactions to detoxify SAMs [91]. Such methods include deamination, acetylation,
hydrolysis, glucosylation, and decarboxylation. For example, Benedetti et al. isolated a Gram-negative
rod bacterial strain from soil capable of degrading fumonisin to four metabolites when fumonisin was
supplied as the sole carbon source [103]. The bacterium Sphingopyxis sp. could detoxify fumonisin B1
by at least two enzymatic steps, including an initial de-esterification reaction followed by de-amination
of hydrolyzed product [104]. Chlebicz and Śliżewska found that 12 strains of Lactobacillus sp. bacteria
and 6 strains of Saccharomyces cerevisiae yeast could reduce the concentration of FB1 and FB2 by
40% [105]. Similarly, Burgess demonstrated that fumonisin-producing Asp. welwitschiae have the
ability to produce enzymes to synthesize non-aminated fumonisins that are less toxic than FB, and that
those enzymes could be used for fumonisin detoxification [106]. Indeed, using enzymes to detoxify by
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modification of chemical structures has become a promising method for mycotoxins control after grains
harvest [107,108]. For example, fumD (carboxylesterase) from Sphingopyxis catalyze detoxification of
FB1 to the hydrolyzed form by hydrolysis of both PTCA side chains. Then, the aminotransferase FumI
could degrade FB1 by catalyzing the deamination of HFB1. FumD has also been tested for interference
of fumonisins adsorption in turkey, swine, and pig [109–111]. Finally, several other enzymes such as
manganese peroxidase from lignocellulose-degrading fungi and laccase from Pleurotus eryngii were all
capable of degrading fumonisins [112,113].

Another potential method to reduce SAMs from food and feed products is to use adsorbent
materials to soak up and remove the toxins. Many materials have shown the capacity to adsorb
mycotoxins in vitro, thus the use of adsorbents in livestock diet as feed additives can potentially
decrease the bioavailability of mycotoxins to humans and animals. As feed additives, cholestyramine,
nanosilicate clay platelets, and refined calcium montmorillonite clay all reduced FB1 toxicosis [114–116].
Moreover, natural products such as the phenolic compound chlorophorin, honey, and cinnamon oil
have all shown promise as fumonisin-reducing agents [117–119].

5. Programmed Cell Death and Sphingolipids

Almost all cells die eventually. There are four main types of cell death: necroptosis, pyroptosis,
ferroptosis, and apoptosis, classified based on their distinct molecular and cellular processes and
different outcomes. Apoptosis or programmed cell death (PCD) is a kind of cell suicide that strictly
regulates cells that are no longer needed or are a threat to the wellbeing of multicellular organisms.
Both plants and animals have PCD and they are functionally analogous to each other [120–123]. PCD
plays essential roles to maintain normal physiological activities in multicellular organisms such as
plants and animals and is an active self-regulating process to selectively eliminate redundant, aged,
and damaged cells. PCD can be predicted for specific cells at defined developmental stages. However,
PCD can also be induced by membrane-bound and cytosolic proteins stimulated by stress-induced
signals. Such signals can trigger cell death via intricate cascades of transcriptional changes and
post-translational protein modifications [122,124]. The characteristics of PCD include reduced cell
volume, chromatin marginalization and condensation, nuclear lamina disassembly, DNA fragmentation,
and apoptotic body formation, etc. [1].

PCD triggers and propagation involve many factors, including the expressions of certain cell
surface receptors, transmembrane domains of several membrane proteins, intracellular proteins
related to the propagation of death signals, secondary messengers including inositol triphosphate
and ceramides, calcium (Ca2+) fluxes, reactive oxygen species (ROS), regulatory factors of cell cycle,
and other suppressors or activators proteins. Many of these subcellular components, genes, and signal
transduction pathways involved in PCD are functionally conserved across all domains of cellular
organisms, from bacteria to fungi to plants and animals. However, there are differences in the actual
mechanisms among organisms, as summarized in References [125,126].

Sphingolipids have been implicated to play an important role in cell growth, development,
response to external environment, and PCD. As the main component of the cell membrane system,
sphingolipids help to maintain the structural stability and transport of molecules across cell
membranes [127,128]. In mammals, sphingolipids are especially abundant in the nervous system cells,
with important functions in cell contact, growth, differentiation, communication, response to stress
signals, and apoptosis [30,129]. In plants, sphingolipids are involved in response to both biotic and
abiotic stresses, such as to pathogen infection, drought, and low temperature [31,130,131]. Indeed,
the linkage of ceramide signaling to apoptosis has been widely reported in both plants and animals.
Consequently, actions by SAMs to disrupt the functions of sphingolipids could have significant
negative consequences. However, our knowledge about the roles of sphingolipids on apoptosis have
also led to increasing interests on potential novel therapies using sphingolipids as treatment targets
against degenerative and proliferative diseases in humans and animals, such as cancer and Parkinson’s
disease [132,133].
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A large number of studies have shown that sphingolipids could serve as critical secondary
messengers in signal transduction to regulate PCD [134,135]. For example, in neutrophils, sphingolipids
have been linked to increased superoxide formation and Ca2+ influx, which are universal signaling
molecules involved in many cellular functions [136]. The induction of PCD in Arabidopsis by ceramides
was also verified to be partly dependent on ROS in mitochondria or regulated by the release of
Ca2+ [137,138]. In addition, increase of sphingosine level can activate the mitogen-activated protein
kinase (MAPK) pathway in which MPK6 participates, promote the accumulation of sialic acid (SA),
and then induce PCD [43]. Lachaud et al. found that the activated calcium-dependent kinase (CPK3) can
regulate the process of sphingosine-induced PCD by dissociating CPK3 from the 14-3-3 protein-complex
under increased calcium concentration induced by sphingosine. The activated CPK3 is then degraded
followed by PCD induction [139].

Mutational studies of Arabidopsis and in vitro experiments have shown that ceramides,
and free sphingoid bases such as sphingosine, sphinganine, and phytosphingosine, can all induce
PCD. In contrast, phosphorylated products of these compounds can inhibit or alleviate PCD in
plants [44,138,140–142]. However, phosphorylated sphingosine can inhibit the growth of yeast cells,
which suggests that there are different mechanisms of action between plants and yeasts [143]. It is
worth mentioning that not all ceramides can induce PCD. Nagano et al. found that when the C2
position of fatty acid in the side chain of ceramides was hydroxylated, PCD was inhibited rather than
induced [144]. These results indicate that the occurrence of PCD in plants depends not only on the
absolute content of sphingolipids, but also the relative ratios of various modified forms. In the next
section, we will describe how SAMs are involved in PCD.

6. SAMs Trigger PCD through Ceramide-Based Signaling Pathways

In plants, pathogen invasions can lead to disruptions in host cellular homeostasis, and trigger
cell death in susceptible varieties or even in resistant varieties with a hypersensitive response (HR).
Because of its many similarities with PCD, HR is often considered as a form of PCD in plants.
AAL-toxins, as the pathogenic factor of tomato stem canker disease, can induce PCD in sensitive
tomato varieties resulting in fragmentation of chromosomal DNA and formation of apoptotic bodies in
cells [145]. Similarly, when treated by FB1 produced by pathogenic Fusarium, Arabidopsis protoplasts
showed symptoms similar to PCD in animal cells [146]. At the tissue and organ levels, Arabidopsis

leaves treated with the FB1 toxin showed characteristic disease symptoms. Cells of the diseased
leaves had overall phenotypes similar to HR, including callose accumulation, ROS production,
and pathogenesis-related (PR) gene induction [147]. The damages caused by SAMs on host plants
can further increase pathogen infection and colonization. Similar to those found in plants, SAMs
can induce neuro-/renal-responses, heptatoxicosis, and neoplasms, as well as cell death in animals.
The relationship between apoptosis and ceramide signaling has been established in both plants and
animals in their response to SAMs [120]. For example, the induction of cell death in both tomato and
African green monkey kidney (CV-1) cells occurred under similar toxin concentrations and time frames.
For both types of cells, morphological markers characteristic of apoptosis were observed, including
cells with positive terminal deoxynucleotidyl transferase end labeling (TUNEL), DNA fragmentations,
and the formation of apoptotic-like bodies [145,148].

SAMs are structurally analogous to sphinganine and are thus effective inducers of PCD.
The emerging mechanism of their actions is that SAMs can competitively bind to CerS in cells.
Such binding leads to the accumulation of free sphingoid bases, the substrates of CerS, while ceramides
as products of CerS were consumed and reduced, activating PCD in plant and animal cell lines [3,85].
For example, it was reported that FB1 is a potent competitive inhibitor of CerS from liver and brain
microsomes in several mammalian cell lines [149,150]. An increase in sphinganine was observed in an
in vivo test of CerS inhibition, as well as in FB-fed animals treated at high concentrations [2]. In addition,
TA and FB1 can inhibit CerS in rat hepatocytes and green tomato fruits [150,151]. Furthermore, it was
found that FB1 not only induced apoptosis in animal cells, but also altered cell morphology, cell–cell
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interactions, cell surface proteins behavior, protein kinase activity, and cell growth and viability
in non-apoptotic cells [148,152]. In plant cells, after exposure to SAMs, sphingosine concentration
increased significantly within a short time, followed by the accumulation of ROS in the cytoplasm
and then apoptosis. These results suggested that the accumulation of sphingosine in cells was the
upstream signal of ROS for cell death [43,44,85]. The induction of PCD by FB1 is also related to the
accumulation of ceramides. In A. thaliana, there are two types of CerSs that use different substrates.
Class I CerSs use sphinganine and C-16 fatty acyl-CoA as substrates, while class II use phytosphingosine
and very long-chain fatty acyl-CoA as substrates. FB1 mainly inhibits the activity of class II CerSs.
When treated with FB1, phytosphingosine in cells increases significantly. At the same time, as the
product of a previous step, sphinganine also increases, which provides more substrates for class I CerS.
Consequently, the products of class I CerS in cells increase, leading to induced PCD [153,154].

7. Plant Resistance to SAMs

Phytohormones are also involved in the defense reaction induced by SAMs. Changes in ethylene
(ET) were first discovered in AAL-induced necrosis of tomato [155]. Alteration in ethylene perception
in “never ripe” mutants of tomatoes can markedly alleviate the tissue damage caused by SAMs, which
indicated an ethylene-associated signal transduction during plant cell death [156]. Later, a transcription
analysis of AAL-toxin-induced cell death was carried out in Arabidopsis. Genes responsive to ROS
and ET were among the earliest upregulated genes [157]. Mase used VIGS (virus-induced gene
silencing) analyses and verified that the ET signaling pathway and MAPK cascades were required for
AAL-toxin-induced PCD in tobacco [158]. By SA-mediated ET suppression, glutathione (GSH) may be
involved in resistance primarily against AAL-toxin-induced stress in Arabidopsis [159].

Unlike ethylene in host basal defense responses against the tomato pathotype of A. alternata,
the jasmonate (JA)-dependent signaling pathway is not involved in host defense against the toxigenic
A. alternata pathogen. JA affects pathogen acceptability via a toxin-independent mannerin in the
interactions between plants and toxigenic necrotrophic fungal pathogens. It may act upstream
of ethylene biosynthesis in AAL-toxin-triggered tomato cell death [160,161]. Later, a comparative
proteomics analysis revealed that the COI1 (coronatine insensitive 1, JA receptor)-dependent JA
pathway enhances AAL-toxin-induced PCD of tomato through regulating the redox status of the
leaves, other phytohormone pathways, and/or important PCD components [162].

The sensitivity of tomato plants to the fungal pathogen A. alternata f. sp. lycopersici is controlled
by the Alternaria stem canker resistance locus (Asc-locus) on chromosome 3 [163]. Mutations of tomato
Asc locus gives resistance to the pathogen, while overexpression of the tomato Asc-1 gene mediates
high insensitivity to SAMs in tomato and confers resistance to pathogen infection in sensitive Nicotiana

plants [164,165]. Asc-1 is a homolog of the yeast longevity assurance gene LAG1, which encodes
components of sphinganine N-acyltransferase. This resistance gene could prevent the disruption of
sphingolipid metabolism during AAL-toxin-induced PCD. Both Nicotiana and Lycopersicon genera
belong to Solanaceae. In tomato, insensitivity to SAMs and susceptibility to the pathogen is determined
by Asc-1 [166]. In contrast, the SAM-sensitive species in the Nicotiana (except for N. umbratica) still
have Asc-1 homologs and are resistant to A. alternata f. sp. lycopersici infection with HR, which
indicates an additional (non-host) resistance mechanism between Nicotiana and this pathogen [167].
The multilayered defense systems also exist in Arabidopsis non-host resistance to A. alternata [168].
Similarly, although many Fusarium species produce fumonisin, they cannot infect AAL-sensitive tomato.
This non-host resistance includes a multi-layer defense system involving both pre- and post-invasion,
and help plants defend against various pathogens [169]. In addition, Zélicourt demonstrated that two
of three Lag1 homologs in the Orobanche cumana genome were responsible for an enhanced sensitivity
to AAL-toxin [170].

Aside from the above-mentioned genes, several other genes were identified from Arabidopsis and
found to be involved in the AAL-induced PCD pathway, including Zinc A. thaliana 11 (a zinc finger
protein ZAT11), fbr41 (FB1 Resistant41), and baculovirus p35 gene (inhibitor of a class of cysteine
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proteases). All of them showed protective effects on AAL-toxin-induced cell death and pathogen
infection in plants [171–173]. Discovery of resistant genes has provided a potential strategy for SAMs’
control in crop production by plant transgenic modification.

Because of the high toxicity of fuminisins, especially FB1, a large number of studies have focused
on them. So far, the mechanism of FB1 toxicity has been centered around its structural resemblance
with sphinganine and consequent competitive inhibition of CerS and the disruption of lipidomic
profiles. However, there is emerging evidence suggesting that FB1 can disrupt mitochondrial function
and generate excessive toxic ROS.

Table 2 shows a list of reviews summarizing the latest advances related to fumonisins, in their
assessment, biosynthesis, detection, crop breeding of resistant varieties, and toxicity.

Table 2. Topical reviews on fumonisins over the last five years.

Subject Content Reference

Assessment Biomarkers, metabolism, and biomonitoring of
fumonisins in human biological fluids [174]

Assessment Impact on agriculture, food, and human health and
their management strategies [16]

Assessment Risk assessment and intervention models for
fumonisin of maize in South Africa [175]

Assessment Fumonisins and related Fusarium occurrence in
wheat and its by-products [176]

Assessment Fumonisins and their modified forms [177]

Assessment Biological methods for fumonisins reduction and
related Fusarium species control [178]

Assessment Fumonisins and A. alternata f. sp. Lycopersici (AAL)
toxins in ruminants and their forages [19]

Biosynthesis Genetic regulation of fumonisins biosynthesis by
specific genes and global regulators [179]

Biosynthesis Impact of environmental variables and genetics of
maize resistance on fumonisin accumulation [180]

Detection Analytical methods for fumonisins detection in
single corn kernels [181]

Detection Molecular methods for early detection of
fumonisin-producing F. verticillioides

[182]

Plant resistant Genomic, genes, and pathways in maize resistance to
Fusarium ear rot and fumonisin accumulation [183]

Plant resistant Relationship between Bt maize hybrids and
fumonisins contamination level [184]

Toxicity Mitochondrial toxicity induced by FB1 [185]

Toxicity Molecular mechanisms underlying FB1-mediated
toxicities and related interventions [186]

Toxicity CerS inhibition by fumonisins result in animal and
plant disease [187]

Toxicity Dietary fumonisin and growth impairment in
children and animals [188]

Toxicity Impact of fumonisin-contaminated feed on pig
intestinal health [189]

Toxicity Oxidative stress-mediated toxicity and metabolism
in vivo and in vitro [190]

8. Genes Responsible for SAMs Production

In fungi, genes directly involved in the biosynthesis pathway of the same secondary metabolite
are usually located at adjacent positions in gene clusters in the genome [191]. These genes are
often co-expressed and co-regulated. The genes involved in fumonisin biosynthesis fit this general
pattern. Specifically, Fusarium species capable of producing fumonisins typically contain one gene
cluster involved in their synthesis, called the FUM gene cluster. At present, a total of 21 genes have
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been identified in FUM gene clusters of various species and verified to be involved in fumonisin
biosynthesis and regulation or self-protection using a variety of approaches, such as gene knockouts,
domain swapping, and heterologous expression (Table 4) [192–197]. In F. verticillioides, the FUM cluster
responsible for fumonisin B biosynthesis includes 17 genes [193,197,198].

As described previously, SAMs are polyketide-derived compounds with structural similarity
to sphinganine. Polyketides are synthesized by polyketide synthases (PKSs), which are large
multifunctional enzymes. FUM1 is a PKS gene previously designated as FUM5 [199]. PKS encoded by
FUM1 catalyzes the synthesis of an octadecanoic acid precursor as the initial step for FB biosynthesis
in Fusarium spp. [200,201]. The proposed biosynthetic pathway of FB is described in Figure 4 [197].
The precursor mentioned above undergoes condensation with L-alanine to synthesize the polyketide
backbone, this reaction was catalyzed by the aminotransferase Fum8 [192,201]. In F. oxysporum strain
O-1890, the orthologue of FUM8 determines that Fusarium produces predominantly FCs [195]. The fum8

deletion in some stains of A. welwitschiae is also considered to be associated with the loss of FB2

production [202].

 

Figure 4. The FUM gene cluster, the proposed pathway of fumonisin biosynthesis, and the proposed
mechanism for self-protection against fumonisins toxicity by the toxin-producing fungi (FBs and
FCs). SAM, S-adenosyl methionine; VE, vesicles; MT, mitochondrion; ER, endoplasmic reticulum; NU,
nucleus; PM, plasma membrane.

A likely mitochondrial carrier protein encoded by FUM11 transport the substrate
tricarboxylate for Fum7 (dehydrogenase) and Fum10 (acyl-CoA synthase) to produce CoA-activated

363



J. Fungi 2020, 6, 312

tricarballylic acid, which are attached to the polyketide backbone by Fum14 (condensation-domain
protein) [192,194]. The ensuring steps of fumonisin biosynthesis involving various modifications of
the backbone (including primarily hydroxylation) were catalyzed by several enzymes, such as
Fum6/Fum12/Fum15 (cytochrome P450 monooxygenase), Fum2 (hydroxylase of C10), Fum13
(short-chain dehydrogenase/3-ketoreduction), and finally, Fum3 (hydroxylase of C5, dioxygenase),
catalyzed by FUM9-encoded protein (alleles of FUM3) [192,193,203–206].

In addition, FUM21 encoding a GAL4-like Zn(II)2Cys6 transcription factor was verified to be
involved in the regulation of fumonisin synthesis. However, it seemed that the deletion of FUM16 had no
apparent effect on fumonisin production in F. verticillioides [194,198,207–209]. Recently, FUM17–FUM19

in F. verticillioides were found to help the fungus to avoid its own toxicity during fumonisin production.
Fum19 is an ATP-binding cassette transporter (ABC transporter) and acts as a repressor of the FUM

gene cluster. FUM17 and FUM18 are CerS homologs. FUM18 could fully complement the yeast CerS
null mutant LAG1/LAC1, while co-expression of FUM17 and CER3 partially complemented. Both the
Fum17 and Fum18 proteins enable F. verticillioides to increase its resistance of fumonisin by providing
FUM cluster-encoded CerS activity as a first level of self-protection [197].

Aside from the FUM genes, other genes like FST1 (transporter), FUG1 (transcription or signal
transduction factors), CPP1 (protein phosphatase type 2A catalytic subunit), and FvVEl (regulator)
in F. verticillioides, PKS3 and PKS11 in F. proliferatum, and GATA-type transcription factors AreA and
AreB (known as the global nitrogen regulators) in F. fujikuroi have also been demonstrated to have
an important role in fumonisin biosynthesis and regulation [209–214]. In addition, a degenerated,
over-represented motif which is potentially involved in the cis-regulation of FUM genes and fumonisin
biosynthesis was also identified from both F. verticillioides and Asp. niger, while it was not found in
fumonisins non-producing fungi containing various FUM homologues [215].

Several abiotic and biotic factors have been found to affect the expression of FUM genes and
regulate biosynthesis of fumonisin. These factors include water activity, temperature, carbon sources
and other nutrients, host plant species and varieties or their extracts, and plant age [216–220]. Mature
plants and extracts from those plants are often associated with higher concentrations of SAMs. It has
been suggested that harvesting the crop at earlier stages other than full maturity could be one of the
strategies to control fumonisin contamination [221,222].

The genome sequencing and analysis of Asp. niger revealed that its genome contained a gene
cluster (fum cluster) homologous to the FUM cluster in Fusarium species (shown in Table 4). Specifically,
12 homologues of the fumonisin synthesis genes were found, including fum1, fum3, fum6, fum7, fum8,

fum10, fum13 to fum16, fum19, and fum21 genes [208,223,224]. This gene cluster is also found in
fumonisin-producing isolates of Asp. welwitschiae but is absent from the genomes of other sequenced
Aspergilli that do not produce fumonisin, such as Asp. fumigatus, Asp. oryzae, and Asp. nidulans [7,208].
In addition, homologs of multiple fum genes have been found in several other Aspergilli spp. but where
no fumonisin production has been detected (summarized in Table 3). Some of the Aspergullus spp.
contain genes that are unique to them. For example, a dehydrogenase gene (sdr1) of a short-chain
length was found in the fum cluster of Asp. niger but is absent in the FUM gene cluster of Fusarium spp.
In contrast, the Fusarium FUM2 gene with a function of hydroxylation at the C-10 backbone position
of fumonisin is absent in the Asp. niger fum cluster [207,208]. This result is consistent with the study
that shows that Asp. niger only produces fumonisins FB2, FB4, and FB6, which lack a hydroxyl
at C-10 [7,225,226]. However, isolates of several black aspergilli (including A. niger, Asp. foetidus,

and A. tubingensis) isolated from peanuts and maize also produced FB1 and FB3, consistent with a
complex biosynthesis pattern of the fumonisins in Aspergilli spp. [227].
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Table 3. Difference in genomic context of fumonisin biosynthetic gene (fum) cluster between strains
of Aspergillus spp.

Fungi Stains fum Cluster Reference

Asp. niger
fumonisin-producing strains fum cluster [208]

fumonisin-non-producing strains Intact fum cluster [7,235]

Asp. welwitschiae

fumonisin-producing strains fum cluster [7]

fumonisin-non-producing strains Three fum cluster types
including an intact cluster [7,235]

Asp. tubingensis

fumonisin-producing strains Not tested [227]

fumonisin-non-producing strains Multiple patterns of
fum gene deletion [7]

Asp. brasiliensis fumonisin-non-producing strains Multiple patterns of
fum gene deletion [7]

Asp. luchuensis fumonisin-non-producing strains Multiple patterns of
fum gene deletion [7,236]

Asp. fumigatus fumonisin-non-producing strains Not detected [208]

Asp. oryzae fumonisin-non-producing strains Not detected [208]

Asp. nidulans fumonisin-non-producing strains Not detected [208]

Asp. foetidus fumonisin-producing strains Not tested [227]
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Table 4. Homologous genes and their functional roles in the biosynthesis of SAMs.

Homologue of Cluster Genes Predict Gene Product and Function Reference

fumonisin AAL-toxin

Fusarium spp. Aspergillus spp. A. alternata [169,224]

FUM1
(fumonisin biosynthetic gene 1,

previously designated as FUM5))
fum1

ALT1
(AAL-toxin biosynthetic

gene 1)
polyketide synthase [12,199,200]

FUM2 absent Dioxygenase for hydroxylation of C10 [228]

FUM3 fum3 Dioxygenase for hydroxylation of C5 (the same gene as FUM9) [205,228,229]

FUM4 Not clear [230]

FUM6 fum6 ALT2
Cytochrome P450 monooxygenase–reductase fusion proteins for

hydroxylation of C14/C15 [192,231]

FUM7 fum7 ALT3
Type III alcohol dehydrogenases for PTCA

(propane-1,2,3-tricarboxylic acid) side chain formation [192,194,232]

FUM8 fum8
α-oxoamine synthase and homologous for amino transfer and

FBs/FCs production [192,195]

FUM10 fum10 Fatty acyl-CoA synthase for PTCA esterification [193,194]

FUM11 mitochondrial transport protein for PTCA transport [193,194]

FUM12 cytochrome P450 monooxygenases [193]

FUM13 fum13 ALT6 Short-chain dehydrogenase/ketoreductase of C3 [193,204,206]

FUM14 fum14 Non-ribosomal peptide synthetase for PTCA esterification [193,194,233]

FUM15 fum15 Cytochrome P450 monooxygenases [193]

FUM16 fum16 Fatty acyl-CoA synthetase [193,194,224]

FUM17 CerS for self-protection against fumonisins [193,197]

FUM18 CerS for self-protection against fumonisins [193,197]

FUM19 fum19 ABC transport protein as a repressor of FUM gene cluster [193,197]

FUM20 Not clear [234]

FUM21 fum21 ALT13 Zn(II)2Cys6 transcription factor [198]

absent SDR1 Short-chain dehydrogenase/reductase (SDR) [7]

366



J. Fungi 2020, 6, 312

AAL-toxins are produced by A. alternata f. sp. Lycopersici, a specific pathotype of a common
plant fungal pathogen in a genus different from Aspergillus and Fusarium. This pathotype can produce
polyketide-derived compounds similar in structure to fumonisins produced by Fusarium species.
The ALT (AAL-toxins synthesis) genes are also located as a cluster on a conditional disposable (CD)
chromosome of ~1.0 Mb in all strains of the tomato pathotype of A. alternata from different countries [237].
Such CD chromosomes carrying a toxin biosynthesis gene cluster were also found in other pathotypes
of A. alternata [169]. They control other HSTs production and pathogenicity to their host. They could
maintain stably in a new genetic background to an expanded range of pathogenicity, which was verified
by a protoplast fusion test [238]. The AAL-toxin gene cluster includes at least 13 genes in a 120 kb
region, some of which showed significant similarity to the FUM gene cluster consisting of 17 genes in
a 45.5 kb region. However, the arrangement of genes in the ALT and FUM clusters differs between
these two groups of fungi. In addition, in one strain, As-27 of A. alternata, there were two sets of the
AAL-toxin biosynthetic gene cluster on the CD chromosome [169]. The synthesis of AAL-toxins was
found to be initiated by ALT1-encoded PKSs to produce the aminopentol backbone, which was then
modified by other enzymes [239]. The functional similarity between ALT1 and FUM1 was confirmed
when fumonisin biosynthesis in FUM1-disrupted F. verticillioides was restored when complemented by
the ALT1 from A. alternata [240]. Similarly, expression of ALT1 and production of AAL-toxins were also
found to be regulated by the global regulator LaeA [241]. AAL-toxin accumulation also benefits from
high water activity (0.995 aw) and high temperature (above 30 ◦C) during the incubation period of the
pathogen [242].

Interestingly, a PKS gene similar to FUM1 and orthologs of the FUM gene cluster were found in
the genome of Cochliobolus spp. by phylogenetic analysis of fungal polyketide. These fungi were also
speculated to produce a fumonisin or other SAMs [243,244]. To predict the potential distribution of
SAM production in fungi, Kim et al. proposed a hypothesis on SAM biosynthetic gene clusters based on
fumonisin biosynthesis model. This putative gene cluster should include a PKS, an aminotransferase,
and a dehydrogenase gene. Their model showed that sixty-nine species of the Fusarium genus and
species of twenty-four other fungal genera were predicted to have at least one SAM cluster [245].

9. Evolution of SAMs Production

Horizontal gene transfer (HGT) has been proposed as a major mechanism responsible for the
acquisition and evolution of fumonisins and AAL-toxins biosynthetic gene clusters among divergent
fungi [7,9,169,224]. In Fusarium, genome sequence analyses revealed that the fumonisin biosynthetic
genes (FUM) are clustered and show a consistent gene organization among most species. For example,
the FUM clusters in F. oxysporum, F. proliferatum, and F. verticillioides exhibit relatively little variability,
with the order and orientation of genes within the clusters all being the same as each other. In addition,
their sequence variability among the orthologues of coding regions from F. oxysporum and F. verticillioides

is relatively low [193,195]. The two different species of Aspergillus that produce fumonisins, Asp. niger

and Asp. welwitschiae, are also similar to each other in their gene order but different from that of the
FUM cluster in Fusarium [224]. At present, the tomato pathotype of A. alternata was the only species
of genus Alternaria capable of producing SAMs and this pathotype has clustered genes (involved in
AAL-toxin biosynthesis) similar to the FUM cluster in Fusarium [169,237]. Together, the gene structure
and sequence analyses suggested that the SAMs biosynthetic gene cluster likely originated in Fusarium

and transferred to Asp. niger and A. alternata by HGT. The similarities in chemical structure and
cytotoxicity on plants and animals between fumonisins and AAL-toxins are also supportive of this
hypothesis. However, the differences between FUM clusters and the AAL-toxins biosynthetic gene
cluster also suggested that there has been significant divergence between them.

Analyses of the FUM gene cluster among Fusarium species also revealed evidence for gene gain,
loss, and mutations of different genes. For example, not all Fusarium species can produce fumonisins.
Even for species that can synthesize fumonisins, some strains produce more than others under the same
experimental conditions, while other strains do not produce the toxins at all [9,196]. Indeed, for certain
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strains, while the FUM genes were detected, there was no detectable fumonisin. This was likely
due to the accumulation of mutations leading to the FUM genes being nonfunctional. For example,
several mutations have been found in FUM7 and FUM21 in F. fujikuroi [246]. Furthermore, several
fumonisin-non-producing Fusarium species lack the fumonisin biosynthetic genes but retain homologs
of several genes that flank the Fum cluster in F. verticillioides [247]. Interestingly, the flanking regions
of the FUM cluster often differ between species, consistent with the independent origins of the FUM

cluster, including independent acquisition and/or loss of the gene cluster by fumonisin-producing
species [195]. For example, fumonisin-non-producing strains of F. verticillioides isolated from banana
did not contain the functional fumonisin biosynthetic gene (FUM) cluster but did contain portions of
FUM21 and FUM19 flanking the cluster, both of which are the terminal genes at each end of the FUM

cluster. However, the banana strains are still pathogenic to banana, but they do not show the same
pathology as the fumonisin-producing strains do on maize. When a banana strain was co-transformed
with two overlapping cosmids containing the entire FUM gene cluster, fumonisin production and
pathogenicity on maize seedlings were recovered [248]. Similar to Fusarium, FB-non-producing
isolates of Asp. niger or other Aspergillus species also had an intact fum cluster or multiple patterns
of fum gene deletion, respectively (shown in Table 3). Similarly, the AAL-toxin-production gene
cluster in A. alternata was likely derived from Fusarium species by an HGT event. Evidence from the
ALT gene cluster distributed in isolates of A. alternata also supports this hypothesis of HGTs within
AAL-toxin-producing pathogens [237]. Together, these results suggest that there have been multiple
HGTs of the cluster between species, as well as duplication and loss of the whole or part of the cluster
after acquisition [9].

The hypothesis that multiple HGTs were involved in generating the current distribution of FUM

gene clusters is further supported by phylogenetic studies. Specifically, phylogenetic trees based on
genes from the FUM cluster often do not parallel that of the Fusarium species tree based on other
genes [9]. In Fusarium, the translation elongation factor (tef-1α) gene is the most commonly used marker
gene for taxonomic studies. However, sequences of the tef-1α are often insufficient for distinguishing
fumonisin-producing isolates from different countries and/or host plants. In contrast, DNA sequence
polymorphisms based on FUM1 often provide better resolutions among pathotypes [196,249–253].
For example, phylogenetic analysis of 38 F. proliferatum isolates originating from different hosts showed
that sequence variation among strains in the FUM1 gene was correlated with that of the host plants.
Specifically, phylogenetic analysis based on the partial FUM1 sequences differentiated the host-related
groups more clearly than that based on tef-1α sequences. The best distinguished group consists of
garlic-derived isolates and formed a separate branch on a FUM1-based dendrogram [196,254]. Similarly,
FUM1 sequence divergence analysis on F. proliferatum and F. verticillioides strains isolated from pea also
formed a distinct group when compared to strains derived from different host species [253].

Aside from gene differences among isolates from different host plants, variations of both toxigenic
potential and growth patterns may also differ between isolates derived from the same host plants.
While no difference was observed in FB levels measured among pea seeds, the FB productions differed
between selected strains of F. proliferatum in rice cultures [253]. Among all these test isolates of
F. proliferatum, the most varied group of isolates found so far were those isolated from maize [196,254].
Both the inter- and intra-specific variation in FBs synthesis level can at least partly be explained by the
sequence differences inside the FUM cluster.

In summary, the analyses so far suggested that the FUM gene cluster was responsible for fumonisin
biosynthesis. Mutation and deletion of some or all of the genes in the cluster could result in limited
or no production of fumonisin, leading to a weaker disease development of the pathogen on the
host plant. Sequence analyses showed that A. alternata has likely gained the ability for AAL-toxin
production due to HGT of the SAMs gene cluster from fumonisin-producing Fusarium species followed
by independent evolution in pathogen–host interaction. The divergent patterns of toxin biosynthesis
gene sequence divergence may explain the differences between fumonisins and AAL-toxins in both
their productions and their impacts on host–pathogen interactions.
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10. Detection Method of SAMs

A variety of methods have been developed to detect SAMs, including HPLC with
fluorescence/evaporative light scattering detection or mass spectrometry (MS), thin-layer
chromatography (TLC), ELISA, Fourier transform near infrared (FT-NIR) spectroscopy, and so
on [255–263]. While these traditional analytical methods were designed to detect and quantify
known compounds for which standards are available, there is clear evidence that many unknown
derivatives may exist in food and food products and some of these could be toxic to animals, including
humans [39]. In 2015, a semi-targeted method combining product ion filtering and rapid polarity
switching was designed for fast detection of all known fumonisins and AAL-toxins. Some new
structurally related emerging toxins were also discovered by this method [26].

Aside from method development that targets potentially novel SAMs not reported before,
there are also developments for efficient methods that target the detection of known SAMs. Indeed,
several new methods based on immunoassay were developed for simple, rapid, and ultrasensitive
on-site quantification of SAMs. For example, one method used chemiluminescent biosensors
integrating a competitive lateral flow immunoassay and a charge-coupled device camera to detect
FBs [264,265]. Another method uses gold nanoparticles or quantum dots nanobeads based on
monoclonal antibodies against fumonisin and allows rapid detection of this mycotoxin in one
step [266–268]. Furthermore, a loop-mediated isothermal amplification (LAMP) assay, based on the
detection of fum10, could specifically detect the genes involved in FB2 biosynthesis in Aspergillus

species that could be evaluated using the naked eye in a short time [269]. This method was also applied
to detect FB1 targeting the FUM1 gene in Fusarium [270]. The direct detection of genes involved in
the biosynthesis of SAMs in agriculture production systems allows broad evaluations of the potential
fumonisin-producing strains in food and feed products. To this end, multiplex PCR has shown great
promise for detection of multiple fumonisin-producing Fusarium and Aspergillus species [271–273].

While the current focuses are on the known SAMs with known toxicities, there is increasing
evidence that some of these toxins are masked and not easily detected or quantified. To ensure food
safety, both the free forms and the masked forms of mycotoxins should be detected and quantified.
The masked mycotoxins are usually modified forms of the mycotoxins by plant enzymes during
infection and are not typically detectable during routine analysis. For example, the masked mycotoxins
may conjugate with polar substances, store in the vacuole in the soluble form, or bind to macromolecules,
and thus change their physiological properties. While the masked mycotoxins are often less toxic
than the unmasked forms, they could be easily converted to the unmasked toxin forms, including
during food digestion [274,275]. The most representative masked mycotoxins are the modified forms
of Zearalenone (ZEN), DON, and fumonisins [276–279]. The so-called hidden fumonisins could form
non-covalent bonds with food macro-constituents such as those in starch-based products. In certain
situations, the masked fumonisins may be present in food at quantities much higher than the free
forms. Many factors could influence the relative portions of the SAMs in masked forms, including
crop growth conditions and food storage and processing techniques [279–282]. These hidden dangers
require that novel method(s) be developed to allow the detection and quantification of the masked
forms of SAMs as well as other mycotoxins.

11. Concluding Remarks

SAMs are highly toxic fungal compounds that have attracted significant attention from broad
communities. They have toxicities to both plants and animals. These SAMs-producing pathogens
are widely distributed in nature and closely related to agricultural production. Since its discovery
in the mid-1980s, fumonisin has been among the mycotoxins with the greatest concern. As of now,
Scopus database citations of fumonisin are above 5000, including 500+ reviews. SAMs are a series of
compounds with structural similarity to sphingosine. As detection methods improve, additional new
analogs have been continuously discovered. Research so far has shown that the toxicity and activity of
SAMs are dependent on their structures. In this review, we summarized the detoxification method

369



J. Fungi 2020, 6, 312

based on their structural properties using chemical, biological, and physical strategies. The toxicity
of SAMs is mostly due to their inhibitory effects on CerS, disruption on sphingolipid metabolism,
and initiation on PCD. Except for the adverse effect of SAMs on animals and humans, its phytotoxicity
(e.g., AAL-toxin) could potentially be used for herbicide development and a model for studying
the molecular mechanism of PCD in plants. Horizontal gene transfers on the SAMs biosynthesis
gene cluster seemed widespread in these toxin-producing fungi, especially among Fusarium spp.
Such phylogenetic distribution patterns suggest that there are potentially other fungi capable of
producing SAMs, including their various modified forms. These and other issues require continued
efforts from the scientific community on SAMs.
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Abstract: Fungi can produce myriad secondary metabolites, including pigments. Some of these
pigments play a positive role in human welfare while others are detrimental. This paper reviews the
types and biosynthesis of fungal pigments, their relevance to human health, including their interactions
with host immunity, and recent progresses in their structure–activity relationships. Fungal pigments
are grouped into carotenoids, melanin, polyketides, and azaphilones, etc. These pigments are
phylogenetically broadly distributed. While the biosynthetic pathways for some fungal pigments
are known, the majority remain to be elucidated. Understanding the genes and metabolic pathways
involved in fungal pigment synthesis is essential to genetically manipulate the production of
both the types and quantities of specific pigments. A variety of fungal pigments have shown
wide-spectrum biological activities, including promising pharmacophores/lead molecules to be
developed into health-promoting drugs to treat cancers, cardiovascular disorders, infectious diseases,
Alzheimer’s diseases, and so on. In addition, the mechanistic elucidation of the interaction of
fungal pigments with the host immune system provides valuable clues for fighting fungal infections.
The great potential of fungal pigments have opened the avenues for academia and industries ranging
from fundamental biology to pharmaceutical development, shedding light on our endeavors for
disease prevention and treatment.

Keywords: fungal pigments; melanin; carotenoids; polyketides; azaphilones; antitumor; medical roles

1. Introduction

Since prehistoric times, fungi have played critical roles in human daily activities, such as baking,
brewing (wines and beers), and processing dairy products. With the advent of new technologies,
especially biotechnology, over the past 60 years, the use of fungi has increased significantly for
the production of commercially important products, such as edible mushrooms, drinks, alcohols,
organic acids, enzymes, and colorants. After the breakthrough discovery of penicillin in the 1930s,
fungi have become a very significant source of pharmaceutical products which give rise to life-saving
medicines, including antibiotics, anticancer drugs, and cholesterol-lowering agents [1]. Apart from the
benefits that fungi provide, some fungi can also cause significant diseases to a variety of crops, livestock,
pet animals, and humans. Accumulating evidence has revealed that the incidence of human fungal
diseases has been increasing rapidly since the 1980s, and is associated with excessive morbidity and
mortality, particularly among immunosuppressed and immunocompromised patients [2]. Among the
625 fungal species known to be pathogenic to humans, those in the genera Aspergillus, Candida,
Cryptococcus, and Trichophyton cause diseases in over 300 million people globally [2]. These diseases
can be superficial, subcutaneous, or systemic. Some are acute infections, but others can be long-lasting
chronic infections (e.g., athlete’s foot). Accordingly, the detailed biological processes for generating
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useful products from beneficial fungi and for virulence in pathogenic fungi are very active areas
of research.

To the general public, when we talk about pigments in living organisms, we often think of
the colorful flowers, insects, and birds. Indeed, pigments in these groups of organisms are the
subjects of curiosity for people from diverse walks of life, including painters, photographers, writers,
gardeners, and biologists. The biological roles for many of those pigments have been extensively
studied. In contrast, unless we are in the woods and see colorful mushrooms, we often do not associate
pigments with fungi, with the possible exception of “black” molds in spoiled foods. However, fungi are
prolific producers of a myriad of pigments of different chemical structures and a diverse range of colors.
The majority of well-studied fungal pigments are from fungi of four genera: Aspergillus, Penicillium,
Paecilomyces, and Monascus [3,4]. When chemically categorized, fungal pigments are grouped into
carotenoids, melanins, polyketides, azaphilones (polyketide derivatives), etc. [5,6].

Carotenoids constitute an abundant group of pigments in nature. They are found in all plants
where they play an essential role in photosynthesis. In fungi, over 200 fungal species have been
documented as capable of producing carotenes [7]. Carotenoids play very important roles in human
health. They not only serve as the precursors of vitamin A in humans, but can also alleviate and/or
prevent human age-related diseases, such as cataracts and macular degeneration. Furthermore,
they can reduce the incidence of coronary heart disease and carcinomas, including lung, breast,
prostate, and colorectal cancers [8]. The health-promoting effects of carotenoids are believed to be
associated with their bioactivity as antioxidants and free radical scavengers.

Another broadly distributed group of fungal pigments is melanin. Melanin contributes significantly
to the fungal capacity to survive and thrive in unfavorable habitats. Fungal melanin molecules are
polyphenolic and/or polyindolic compounds with high molecular masses and negative charges. Due to
its physiochemical properties, melanin can mediate an array of cellular functions, allowing fungal
adaptation to diverse environmental factors, including ultraviolet (UV) light, heat, ionizing radiation,
and oxidative stressors [9]. These properties make melanin a potential artificial stress-protecting
agent (e.g., radioprotective) in bioinspired applications. However, the relevance of melanin to human
health is probably best exemplified in human fungal pathogens as a virulence factor. For example,
in the opportunistic human pathogens of the Cryptococcus genus, such as Cryptococcus neoformans and
C. gattii, strains unable to produce melanin are avirulent or have significantly reduced virulence [10,11].
Similarly, in Aspergillus fumigatus as well as Paracoccidioides brasiliensis, the melanized cells exhibited
elevated resistance to phagocytosis [12].

In this paper, we provide a comprehensive and updated review on fungal pigments that have
demonstrated relevance to human health either directly or indirectly. We first describe the categories
and chemical structures of these fungal pigments, including representative fungi that produce them.
This is followed by descriptions of their biosynthesis pathways, how they interact with the human
immune system, and the relationships between their structure and activities. We finish by providing a
perspective on future developments.

2. Types of Fungal Pigments and Their Relevance to Human Health

The majority of organisms living on this planet synthesize some pigments. These biological
pigments confer on our world a wide array of colors via the absorption and refraction of specific
wavelengths of light. In nature there are many types of biological pigments, ranging from
monomeric (such as carotenoids, flavonoids, luciferin, and heme/porphyrin-based pigments)
to polymeric (i.e., melanin and humic compounds). Some pigments possess conjugated moieties
(i.e., aromatics rings) that facilitate electronic resonances and mediate energy transfers within and
between cells. The energy captured and/or reflected by pigments has been shown to play multiple
biological roles ranging from the maintenance of life, including the utilization of solar energy for
metabolic functions and protection against radiation damage, to camouflage, as well as mate and
pollinator attraction. Below, we describe the main types of fungal pigments relevant to human health.
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2.1. Carotenoids

In addition to being produced by photosynthetic organisms ranging from cyanobacteria to
flowering plants, carotenoids are also synthesized in a variety of heterotrophic microbes including
fungi [13]. Furthermore, carotenoids are present in animals that are unable to synthesize them de novo,
but instead acquire them from their diet.

Carotenoids contain an aliphatic polyene chain usually composed of eight isoprene units that
include light-absorbing conjugated double bonds, giving rise to characteristic colors such as yellow,
orange, or red [14,15]. Representative structures of carotenoids are shown in Figure 1. Some carotenoids
are precursors of vitamin A, specifically those with β-ring end groups, such as β-carotene, zeaxanthin,
and β-cryotoxanthin [8]. From the standpoint of human health, carotenoids are among the bioactive
products with significant medical value. For example, carotenoids have been found to lower the risks
of diseases, including cancer, cardiovascular diseases, and age-related eye disorders, such as macular
degeneration and cataracts [16].

 

Aside from β

’ ’
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Figure 1. Structure of representative carotenoids.
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Carotenoid-producing fungi are very diverse, including Rhodotorula mucilaginosa [17],
Blakeslea trispora, Phycomyces blakesleeanus, Mucor circinelloides, Fusarium sporotrichioides [18],
Rhodosporium paludigenum, and Rhodotorula glutinis [19]. Carotenoids protect fungi from oxidative
stress and non-ionizing irradiation such as UV light. In addition, carotenoids are intermediates
essential for synthesizing other biological molecules including bioactive apocarotenoids and related
constituents. For instance, in many filamentous fungi, retinol, the precursor of vitamin A as well as an
essential component of rhodopsins (membrane-bound photoreceptors), is produced via the oxidative
cleavage of β-carotene [20]. In Mucorales, β-carotene is an intermediate during the synthesis of
trisporoids, apocarotenoid derivatives that include the sexual hormones the trisporic acids. In addition,
trisporoids have been proposed as substrates in the synthesis of sporopollenin, one of the most
chemically inert biological polymers primarily found in the tough outer walls of plant spores and
pollen grains [15]. In some fungi, such as the filamentous species Blakeslea trispora [21] and the yeast
Rhodotorula spp. [22], the β-carotene biosynthetic pathway also produces lycopene, a carotenoid
intermediate. Lycopene is a nutrient with antioxidant properties. It was originally identified in
plants such as tomato and watermelon, giving their fruits the characteristic red and pink colours.
Lycopene has been linked to several human health benefits ranging from improved cardiovascular
health to protection against sunburns and certain types of cancers.

Aside from β-carotene and lycopene, another fungal carotenoid, astaxanthin, has attracted
significant attention for its promise in the pharmaceutical, food and cosmetics industries. For example,
astaxanthin has shown promise for treating Alzheimer’s disease, Parkinson’s disease, stroke,
high cholesterol, age-related macular degeneration (age-related vision loss), and preventing
cancer. Xanthophyllomyces dendrorhous (synonym Phaffia rhodozyma), a red- or orange-pigmented
basidiomycetous yeast initially isolated from Japanese and Alaskan tree-exudates decades ago, is capable
of producing astaxanthin [23,24]. Astaxanthin is synthesized via the mevalonate pathway starting with a
condensation of two molecules of geranylgeranyl pyrophosphate, a four-step desaturation, cyclization,
and a final 4-ketolation plus 3-hydroxylation [25,26]. In addition to astaxanthin, X. dendrorhous

can also utilize the mevalonate pathway to produce several other types of carotenoids including
β-carotene, canthaxanthin, and zeaxanthin. Canthaxanthin is used to reduce sensitivity to sunlight
(photosensitivity) experienced by people who have a rare genetic disease called erythropoietic
protoporphyria (EPP) [27]. In these people, sunlight can cause skin reactions such as rash, itch,
and eczema. Similarly, zeaxanthin also protects human cells from the harmful effects of certain light
sources such as the Sun. However, unlike canthaxanthin, that is preferentially deposited in the skin,
zeaxanthin is an eye pigment that, once inside the body, accumulates in the eyes and helps to build a
yellow-colored pigment shield to protect the eye cells. Indeed, the ability of X. dendrorhous to produce
such a diversity of bioactive carotenoids makes it a potential model host to be engineered as a cell
factory for the production of medically and industrially important carotenoids [28].

2.2. Melanin

Broadly speaking, melanins are heterogeneous polymers derived by the oxidation of phenols and
subsequent polymerization of intermediate phenols and their resulting quinones. Fungal melanins are
a subset of natural melanins and are polyphenolic and/or polyindolic compounds with high molecular
masses and negative charges. Fungal melanins can appear dark green, brown, or black. In fungal
cells, melanin serves as an antioxidant and a scavenger of reactive nitrogen species (RNS) and reactive
oxygen species (ROS). Commonly found in pathogenic fungi, melanin pigments are thought to provide
those pathogens protection from UV and other radiation and aid in evasion from the host’s immune
system attacks [29]. Fungal melanins belong to three major types: 1,8-dihydroxynaphthalene (DHN)
melanin, 3,4-dihydroxyphenylalanine (DOPA)-melanin (also called eumelanin), and pyomelanin [30,31].
DHN melanin is produced from acetyl-coenzyme A via the polyketide synthase pathway. The fungus
A. fumigatus is able to synthesize DHN melanin, which contributes to the gray-green appearance of
its conidia. The deletion of its polyketide synthase PksP in A. fumigatus gave rise to colorless spores
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with weakened virulence [32]. Eumelanin is converted from o-diphenolic or p-diphenolic substrates by
a polyphenol oxidase (laccase). In Candida albicans, eumelanin particles are observed in vitro and in
infected mammalian tissues, such as murine kidney and human skin [33]. In this ascomycete fungus,
melanin is externalized in the form of electron-dense melanosomes that are extracellularly secreted
or loosely attached to the cell wall surface through binding with chitins [34]. Although C. albicans

has laccase activity [33], the association of melanin with pathogenicity remains to be clarified for
this fungus. Pyomelanin is an extracellular water-soluble pigment, in contrast to both DHN- and
DOPA-melanins that are cell wall-immobilized and insoluble in water [31]. Pyomelanin is produced by
the polymerization of homogentisic acid degraded from L-tyrosine/L-phenylalanine. In A. fumigatus,
pyomelanin plays an important role in the germination of conidia and in the defensive responses
toward external oxidative stresses [31].

Apart from the above-stated three major types of fungal melanins, there is another pathway of
melanin biosynthesis in mushrooms such as the common cultivated mushroom Agaricus bisporus and
others [35]. In these mushrooms, melanin is formed from a benzoquinone. Benzoquinone is converted
from the precursor γ-glutaminyl-4-hydroxybenzene (GHB) by tyrosinase. GHB is the main phenolic
compound in A. bisporus fruiting bodies and spores [36].

In addition to its involvement as a virulence factor in fungal pathogens, melanin enables
fungi to survive and thrive in adverse and even extreme environments, providing protection
against desiccation, non-ionizing (i.e., UV light) and ionizing radiation, as well as oxidative and
nitrosative stresses [37,38]. Over the past decade, melanin pigments and their subunits have
kindled great interest as soft biocompatible functional materials with antioxidant characteristics
for engineering high-performance, low-impact biocompatible optoelectronic devices, such as light
emitting diodes, memory devices, etc. [39]. Intriguingly, halophilic fungal isolates of two species,
Trimmatostroma salinum and Phaeotheca triangularis, from the eastern coast of the Adriatic Sea, have been
found to produce melanin in sodium chloride solutions at saturated concentrations [40]. Similarly,
high-dose radiation resistant melanin was found in an Antarctic desert-dwelling (or desert-inhabiting)
fungus, Cryomyces antarcticus. These fungal extremophiles could serve as promising sources of melanin
with excellent physicochemical properties for a variety of industrial and medical applications.

2.3. Polyketides

Many fungal pigments are polyketide-based compounds. This group of fungal pigments is
abundantly produced by most ascomycetous fungi, including the filamentous ascomycete genera
Neurospora and Monascus [41].

Fungal polyketide pigments are made of tetraketides and octoketides which have eight C2

units giving rise to the polyketide chain. Anthraquinones (including hydroxyanthraquinones),
and naphthoquinones are representative classes which display an arsenal of various colors [42,43].
The basic structure of the anthraquinone class of pigments is a polycyclic aromatic hydrocarbon
which is derived from anthracene or phthalic anhydride, i.e., the merger of three benzene rings.
Anthraquinone itself is highly insoluble and is generally used in the manufacture of dyes for the textile
and pulp industries [44,45]. However, other members of the anthraquinone class have been used in
the pharmaceuticals industry.

Approximately 700 representatives of anthraquinones have been found in fungi, plants, and lichens,
conferring a yellow, orange, or brown color to the mycelium of microscopic fungi, the fruiting bodies
of macroscopic fungi (mushroom), as well as lichens [46]. The variety of anthraquinones results from
the presence of different substituents, like -OH, -CH3, -OCH3, -CH2OH, etc. as well as the reduction
of carbonyl groups or double bonds in the benzene ring. Anthraquinones produce a yellow color,
whereas the substituents produce various hues of the molecules ranging through yellow, orange, red,
brown, and violet [47]. The most widely distributed variants found among fungi are 1, 8-dihydroxy and
1, 5, 8- or 1, 6, 8- trihydroxy anthraquinone derivatives [48]. However, substituents at other positions of
the ring have been recently identified. For example, chrysophanol is a trihydroxyanthraquinone with a
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methyl substituent at C-3. It has shown antiviral and anti-inflammatory activities. Both chrysophanol
and helminthosporin have shown inhibitory activity against cholinesterase with helminthosporin
showing permeability across the blood-brain barrier [49]. Cholinesterase is a key enzyme involved in
the development of Alzheimer’s disease. Most anthraquinone-producing fungi produce a mixture of
pigments of the quinone class. Aspergillus crisfafus, for instance, has been found to synthesize as many as
15 pigments related to anthraquinone. A strain of Curvularia lunata has been characterized that produces
a mixture of three anthraquinone derivatives: chrysophanol, helminthosporin, and cynodontin,
with cynodontin (1, 4, 5, 8-tetrahydroxy-3-methylanthraquinone) comprising more than 70% of the
mixture and showing potential as a pharmaceutical with antifungal activity [44].

Chrysophanol, helminthosporin, and cynodontin are all hydroxyanthraquinones (HAQNs),
derivatives of anthraquinone via the substitution of hydrogen atoms by hydroxyl groups plus
the addition of other functional groups. Anthraquinones including HAQNs have been found to be
produced by such fungi as Aspergillus spp., Eurotium spp., Fusarium spp., Dreschlera spp., Penicillium spp.,
Emericella purpurea, Culvularia lunata, Mycosphaerella rubella, Microsporum spp., etc. [48].

Filamentous fungi, such as Penicillium and Aspergillus, synthesize HAQNs through the polyketide
pathway. This process has been employed for the production of natural food-grade colorants [50].
Apart from their usage as colorants in the food and cosmetics industries, they have been found to possess
antiviral activities. For instance, emodin has been extracted from Penicillium citrinum, P. islandicum,
Aspergillus glaucus and A. variecolor [51,52] and aloe-emodin from Penicillium oxalicum [53]. Emodin and
its congener aloe-emodin are known antiviral agents [54]. Aspergilol H and I, HAQNs produced
by Aspergillus versicolor, have been reported to have antiviral effects against HSV-1 [55]. Notably,
HAQNs are able to absorb visible light and display colour, with the colours varying based on the
position and number of the hydroxyl substituents in the different rings [56]. HAQNs are relatively
stable and they exhibit superior brightness in comparison to azo pigments.

Naphthoquinone is a class of organic compounds structurally related to naphthalene.
Naphthoquinones have very significant pharmacological activities against bacterial, fungal, viral,
and insect pathogens and pests. In addition, they have anti-inflammatory, and antipyretic
properties. Fusarium spp. have shown capable of producing a diversity of naphthoquinones
with a broad spectrum of biological activities [57,58]. For instance, a compound produced by
Fusarium fujikuroi and other fungi, bikaverin, a red heterotetracyclic pigment with the chemical
structure of 6,11-dihydroxy-3,8-dimethoxy-1-methylbenzo[b]xanthene-7,10,12-trione, has shown
anti-neoplastic activity, suggesting its potential as a pharmaceutical agent against lymphoma, carcinoma,
and sarcoma, etc. [59–62].

2.4. Azaphilones

Azaphilones are a structurally variable group of fungal secondary metabolites
(polyketide derivatives) [63], namely pigments with a highly oxygenated pyrone-quinone bicyclic
core usually known as isochromene and a chiral quaternary centre [64,65]. Both a pyrone-quinone
backbone and a chiral quaternary centre (Figure 2) are essential for compounds to be classified as
azaphilones [66]. Azaphilone is so designated because of its ready insertion of nitrogen. For example,
ammonia readily converts the pyran oxygen of monascorubrin into the violet-colored nitrogen analog
monascorubramine (Figure 3) [67].

The azaphilone pigments are produced by a plethora of the ascomycetous and basidiomycetous
fungi, particularly the former [68], including the genera Aspergillus, Penicillium, Chaetomium, Talaromyces,
Pestalotiopsis, Phomopsis, Emericella, and Epicoccum, as well as Monascus and Hypoxylon, where they give
rise to the yellow, red, or green hues of fruiting bodies and/or mycelia [69].

Fungal azaphilones, structurally bearing the isochromane-like ring, possess a broad-spectrum of
biological activities including monoamine oxidase inhibition, phospholipase A2 inhibition, tumor promotion
suppression, gpl20-CD4 binding inhibition, and acyl-CoA: cholesterolacyltransferase (AGAT) inhibition.
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However, the relationships between the structures of azaphilones, their spectrum of activities, and the
corresponding mechanistic modes of action remain elusive [66].

 

Figure 2. Azaphilonoid scaffold.

Figure 3. Azaphilone pigments derived from the yeast Monascus.

Monascin and ankaflavin (Figure 4B) are two yellow pigments of the azaphilonoid group.
The fungal genus Monascus-derived monascin and ankaflavin have been found to potently inhibit
preadipocyte differentiation, and promote lipolysis of mature adipocytes [70]. Furthermore, these two
pigments are able to reduce blood lipids as well as lower the synthesis and accumulation of triglycerides
(TG) [71]. For example, Lee et al. (2013) investigated the effects of eight-week administrations of
monascin and ankaflavin on obesity factors using obese rats fed with a high-fat diet [72]. Their work
illustrated the involvement of these two Monascus azaphilones in the modulation of preadipocyte
differentiation, lipogenesis, and lipid absorption, highlighting their potential in the development of
hypolipidemic drugs.

Monacolin K (viz. lovastatin) is a statin compound and previously thought to be a hypolipidemic
component of Monascus-fermented products. While earlier studies suggested anti-obesity effects of
monacolin K (Figure 4A), recent investigations indicated that monascin and ankaflavin (Figure 4B),
rather than monacolin K, were likely the major players in the Monascus-mediated amelioration of
diabetes and fatty liver [73].
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Figure 4. Chemical structure of monacolin K, monascin and ankaflavin. (A) Monacolin K;
(B) Monascin and ankaflavin.

Indeed, there is mounting evidence that a long-term high-dosage administration of monacolin K
might lead to numerous side effects such as rhabdomyolysis and reduction in the level of coenzyme Q10

(CoQ10). Furthermore, although monacolin K reduces the serum total cholesterol (TC), triglycerides (TG)
and low-density lipoprotein cholesterol (LDL-C) levels, it also substantially reduces high-density
lipoprotein cholesterol (HDL-C) levels. On the other hand, Lee et al. (2010) showed that monascin
and ankaflavin could increase HDL-C levels significantly while imposing no damage on the liver or
kidneys [68]. In addition, monascin has been shown to protect the liver from chemical damage via its
anti-inflammatory effect [74]. Other work with monascin has indicated that it significantly inhibits
peroxynitrite (ONOO−; PN), and ultraviolet light B (UVB)-induced skin carcinogenesis [75].

Together, the above results suggest that monascin and ankaflavin possess hypolipidemic,
anti-atherosclerosis, antioxidative, and anti-inflammatory activities, thereby rendering them promising
compounds that may be of value in the prevention and treatment of cardiovascular diseases [73].

Apart from Monascus species, the production of azaphilone pigments by other fungal species
has also been documented [76]. For instance, chaetoviridins, a class of azaphilones synthesized by
Chaetomium globosum, have been found to have strong antifungal activities. To date, four chaetoviridins,
chaetoviridin A—D, have been characterized. Studies with mice have demonstrated that chaetoviridin
A is able to suppress tumor progression via 12-O-tetradecanoylphorbal-13-acetate in two-phase
carcinogenesis [77]. Independent work by Tomoda et al. revealed that chaetoviridin A and B might
exert inhibitory effects on cholesteryl ester transfer protein [78].

2.5. Other Fungal Pigments

The pigment sclerotiorin has been isolated from cultures of Penicillum sclerotiorum 2AV2, which was
recovered from Amazonian soil [6]. Sclerotiorin (Figure 5) has been found to have a variety of biological
activities. Some of the biological activities most pertinent to human health include inhibitory effects
on aldose reductase [79], endothelin receptor binding activity [80], antimicrobial effects including
antifungal activity [17,81], apoptosis-triggering actions towards HCT-116 cancer cells [82], and the
inhibition of integrase and protease of HIV-1 [83].

Studies on Penicillum chrysogenum have identified a polyketide synthase (PKS) gene required
for the biosynthesis of sorbicillinoid, a yellow pigment [84]. The authors demonstrated that a
highly reducing PKS enzyme, encoded by Pc21g05080 (pks13), is indispensable for the production of
polyketide precursors such as sorbicillinol and dihydrosorbicillinol as well as their derivatives such as
bisorbicillinoids. PKSs are also involved in the biosynthesis of sorbicillinoid in Acremonium chrysogenum,
the fungal species used in the industrial production of cephalosporin C, an antibiotic in current
clinical use [85].
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Figure 5. Chemical structure of the pigment sclerotiorin produced by Penicillum sclerotiorum 2AV2.

3. Biosynthesis of Fungal Pigments

So far, four major pathways have been identified as responsible for the biosynthesis of the main
fungal pigments, including the polyketide synthetic pathway, the shikimate pathway, the terpenoid
synthetic pathway, and the nitrogen-containing metabolite pathway.

3.1. Polyketide Synthetic Pathways

The polyketide synthetic pathway is involved in producing many fungal pigments with human
health relevance. For example, there is increasing evidence that fungal pigments such as melanin,
quinones, flavins, ankaflavin, and azaphilones, all relevant to human health [5,6], involve the polyketide
synthesis pathway [86,87]. This pathway has been studied in diverse fungal species, including those in
the genera Monascus, Fusarium, Alternaria, and Epicoccum [64]. The core polyketide synthetic pathway is
shown in Figure 6. Fungal pigments are produced by this pathway via repetitive Claisen condensations
of an acyl-coenzyme A (CoA) starting unit with malonyl-CoA elongation units in a manner analogous
to fatty acid biosynthesis. The polyketide pathway generates either aromatic ketides or fatty acids.
The extending chain of the aromatic ketides is stabilized by cyclization reactions and partial reduction.
However, in the fatty acids, the carbonyl groups of the chain are reduced prior to the addition of the
next C2 group. One of the major differences between the two metabolic routes is that polyketides have
varied degrees of β-keto processing. Specifically, some are not or only partially reduced, giving rise
to the formation of (poly-)cyclic aromatic compounds. On the other hand, they may be significantly
reduced, yielding linear or macrocyclic, non-aromatic carbon skeletons.

 

carrier protein (ACP) domains. Further, optional β

architecture and the presence or absence of additional β

The synthesized fungal polyketides can vary in their chain length, the degree of β

Figure 6. Mechanisms of fungal polyketide biosynthesis.
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Aromatic ketides of this pathway include tetra-, hepta-, octa- and higher number ketides.
Fungi possess a variety of pigments of the octaketide origin based on the anthra-9,10-quinone backbone
with both rings being substituted. Anthraquinones are representatives of this type of pigment. In many
cases anthraquinones are found in fungi in the corresponding colourless reductive states (anthranol,
anthrone, anthrahydroquinone, and oxanthrone derivatives) that may be present in the forms of diverse
glycoside conjugants. However, many naturally occurring, coloured anthraquinones are oligomers
made by the coupling of two or more anthraquinone molecules. These oligomers differ in the number
and positions from which monomers and amino acids are ligated to generate a diversity of fungal
pigments [88,89].

A large number of enzymes have been identified in the fungal polyketide synthesis pathway.
These include a core set of enzymes, including ketosynthase (KS), acyl transferase (AT), and acyl
carrier protein (ACP) domains. Further, optional β-keto processing steps may be catalyzed by keto
reductase (KR), dehydratase (DH) and enoyl reductase (ER) domains. Other optional ancillary domains
involve cyclase (CYC) [90] and methyl transferase (MT) activities [91]. Based on their architecture and
the presence or absence of additional β-keto processing domains, fungal PKSs are categorized into
non-reducing or aromatic (NR-PKS), partially reducing (PR-PKS), and highly reducing PKS (HR-PKS).

The synthesized fungal polyketides can vary in their chain length, the degree of β-keto processing,
and cyclization. Moreover, the tremendous structural diversity of polyketides is further obtained from
derivatization of the polyketide carbon backbone by alkylation, acylation, and oxygenation, and by
post-PKS modification or tailoring. Genome sequence analyses so far have revealed that all genes
essential for fungal polyketide biosynthesis are clustered, including the PKS genes, genes encoding
enzymes associated with tailoring, as well as regulatory genes [92].

While most fungal polyketide pigments are synthesized as aromatic ketides, the biosynthesis of
azaphilones uses both the polyketide pathway and the fatty acid synthesis pathway. The polyketide
pathway assembles the main polyketide chain of the azaphilone pigments from acetic acid (the starter
unit) and five malonic acid molecules (the chain extender units) in a conventional way to generate
the chromophore structure. The fatty acid synthesis pathway produces a medium-chain fatty acid
(octanoic or hexanoic acid) that is then bound to the chromophore by a transesterification reaction [93,94].

3.2. Shikimate Pathways

Aromatic amino acids act as the precursor of various fungal secondary metabolites such as
pigments and vitamins [95]. In the fungal phylum Basidiomycota, tyrosine is the precursor of a distinct
class of pigments, the betalains, solely present in the genera of Amanita and Hygrocybe [96,97]. In the
phylum Ascomycota, tyrosine-derived pigments, such as melanin and tyrosine betaine, are thought to
contribute to stress tolerance (e.g., temperature, radiation) [98,99] and pathogenicity [100,101].

The shikimate pathway is present in the prokaryotes, microbial eukaryotes and plants studied.
However, it is absent in those animal species investigated [102]. This pathway links carbohydrate
metabolism to the biosynthesis of aromatic compounds. Metabolically, the shikimate pathway is a
seven-step route utilized by fungi for the biosynthesis of aromatic amino acids like phenylalanine (Phe),
tyrosine (Tyr), and tryptophan (Trp), as well as para-aminobenzoic acid, via the central intermediates
shikimic and chorismic acids [86]. The first step involves the condensation of the glycolytic intermediate
phosphoenol pyruvate and pentose phosphate pathway intermediate erythrose-4-phosphate to yield
a seven-carbon heterocyclic compound, 3-deoxy-D-arabinose-heptulosonate-7-phosphate derivative
(DAHP). The second step involves the generation of a highly substituted cyclohexane derivative,
3-dehydroquinate, by the replacement of the exocyclic C7 of DAHP by the ring oxygen. The remaining
five steps involve the introduction of a side chain and two of the three double bonds that convert this
cyclohexane into a benzene ring, the core of aromatic amino acids [5]. The metabolic routes may vary
for different classes of pigments.

The pigments produced via the shikimate pathway are generally water-soluble phenolic
compounds, including terphenyls and pulvinic acids. Studies of p-terphenyls as a family of the
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mushroom pigments were initiated in 1877. Isolation of polyporic acid, atromentin and thelephoric
acid represented the inception of the chemical investigation of fungal pigments. The elucidation
of the structures of polyporic acid and atromentin by Kögl is recognized as a milestone in organic
chemistry [103]. It has been demonstrated that some terphenyls display biological activities, such as
immunosuppressive, antithrombotic, anticoagulant, neuroprotective, 5-lipoxygenase inhibitory (for the
treatment of inflammatory bowel disease), and cytotoxic activities [104].

Many fungi have evolved pathways utilizing the aromatic products of shikimate metabolism
(Figure 7). The initial steps in the biogenesis of p-terphenyls are the well-known reactions of
primary metabolism flowing from shikimate to chorismic acids and subsequently to arylpyruvic
acids. Experiments involving the feeding of 13C- and 14C-labeled precursors to fungal cultures
revealed that p-terphenyls are assembled by initial condensation between two molecules of unbranched
phenylpropanoid precursors, either phenylpyruvic acid or phenylalanine. Previous studies also
revealed the involvement of 4-hydroxyphenylpyruvic acids or tyrosine in the initial condensation
during the biosynthesis of terphenylquinones such as atromentin [105]. Atromentin is known as a key
intermediate for further conversions, for instance, to more highly hydroxylated terphenylquinones
and pulvinic acids [106,107].

 

group (with β and ε rings being the most frequently introduced) into at least one of the ends of the 

Figure 7. Shikimate pathway leading to biosynthesis of p-terphenyls.
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3.3. Terpenoid Synthetic Pathways

Biochemically, the carotenoids are terpenoids [15]. Accordingly, the synthesis of carotenoids
utilizes the terpenoid synthetic pathways deriving from the condensation of C5 isoprene units [108].
The common terpenoid precursor is isopentenyl pyrophosphate (IPP), which is synthesized either via
the mevalonate pathway (generated from hydroxymethylglutaryl coenzyme A, HMG-CoA), or via
the non-mevalonate pathway (generated from the condensation of pyruvate and glyceraldehyde
3-phosphate [109]. So far, available research has demonstrated that fungal IPP is produced via
the mevalonate pathway, whereas in bacteria and photosynthetic species IPP is produced via the
non-mevalonate pathway. The early biosynthetic steps involve the sequential additions of IPP
(isoprene, C5) units to yield geranyl pyrophosphate (GPP, C10), farnesyl pyrophosphate (FPP, C15),
and geranylgeranyl pyrophosphate (GGPP, C20) [108,109]. The initial compound possessing the
typical aliphatic carotenoid-like structure is 15-cis-phytoene (a colorless molecule), consisting of a
symmetrical polyene chain generated via the condensation of two GGPP units catalyzed by phytoene
synthase (Figure 8). The light-absorbing characteristics of carotenoids are attributed to the presence
of a chromophore, which is comprised of an array of conjugated double bonds via the catalysis of
desaturases. Different subsequent chemical modifications, usually the introduction of a cyclic end
group (with β and ε rings being the most frequently introduced) into at least one of the ends of
the molecule, and/or oxidative reactions (for instance, hydroxylation, carboxylation, epoxidation,
esterification, etc.), may contribute to the huge arsenal of carotenoids [108].

 

Simplified scheme of the biosynthetic pathways for β

– –N moiety was derived from an α

Figure 8. Simplified scheme of the biosynthetic pathways for β-carotene (black arrows) and the
astaxanthin and neurosporaxanthin (blue arrows) from GPP.

3.4. Nitrogen-Containing Metabolite Pathways

Chalciporone (Figure 9) is a type of 2H-azepine alkaloid pigment produced by the mushroom
Chalciporus piperatus (Basidiomycetes). This pigment is believed to act as a deterrent to insects and other
predators and thereby can potentially protect the mushroom. The biosynthesis of chalciporone was
illustrated in 2001 [110]. In their experimentations, the radioactive labelled sodium [U-13C2] acetate was
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not incorporated into chalciporone by C. piperatus. In contrast, the supplementation of a mixture
of [U-13C]-labelled fats led to chalciporone, in which seven intact acetate units were incorporated
(ca. 10 atom % enrichment) between C3 and C16. However, the enrichment of the C1 methyl group and
the adjacent carbon (C2) was not observed during this experiment, suggesting that the CH3–CH–N
moiety was derived from an α-amino acid. This was confirmed by the observation that administration
of a mixture of [U-13C]-labelled amino acids to C. piperatus gave rise to the enrichment of both C1

and C2 and of all the other carbon signals in the spectrum of chalciporone [107]. The work clearly
demonstrated that the carbon backbone of chalciporone is generated from an amino acid plus seven
acetate (=malonate) units.

Simplified scheme of the biosynthetic pathways for β

– –N moiety was derived from an α

 

Figure 9. Chalciporone.

The wood-rotting fungus Pycnoporus cinnabarinus (Basidiomycetes) can produce a red pigment,
cinnabarinic acid (Figure 10), via oxidative dimerization of the precursor 3-hydroxyanthranilic acid in
sporocarps as well as in culture broth [111]. This reaction is catalyzed by laccase and necessary for
the production of antibacterial compounds by the fungus. Cinnabarinic acid shows inhibitory effects
towards several Gram-positive bacteria of the Streptococcus genus. It is known that cinnabarinic acid
shares structural homology with the antibiotic group of actinomycins (e.g., actinomycin D) produced by
Streptomyces spp., having two cyclic pentapeptides linked to the phenoxazinone chromophore.

 

3.9 μg per ml, respectively [109].

—β

Figure 10. Cinnabarinic acid.

Two indole pigments were isolated as free radical scavengers from the fruiting bodies of
the mushroom Agrocybe cylindracea [112]. Based on spectroscopic data, they were identified
as 6-hydroxy-1H-indole-3-carboxaldehyde and 6-hydroxy-1H-indole-3-acetamide (Figure 11).
6-hydroxy-1H-indole-3-acetamide is an amide derivative of 6-hydroxyindole-3-acetic acid. A previous
study identified that 6-hydroxyindole-3-acetic acid could be produced through the transformation of
indole-3-acetic acid by Aspergillus niger [113]. These two indolic compounds were found to possess
potent inhibitory activity on lipid peroxidation in rat liver microsomes, with IC50 values of 4.1 and
3.9 µg per ml, respectively [109].
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Figure 11. The indolic compounds 6-hydroxy-1H-indole-3-carboxaldehyde (left)
and 6-hydroxy-1H-indole-3-acetamide (right) isolated from the fruiting bodies of Agrocybe cylindracea

(middle, insert image).

4. Interaction of Fungal Pigments with the Host Immune System

One of the most interesting defense mechanisms of fish may involve non-specific immune responses
that have evolved due to their long-term associations with fungi [114]. Specifically, the prevalent
colonization of Rhodotorula mucilaginosa (a red yeast) in the fish gastrointestinal (GI) tract might have
contributed to the stimulation of non-specific mechanisms of host immunoprotection as well as the
maturation of the host GI tract [115]. Spectrophotometric analysis in wild fish (Abramis brama,
Rutilus rutilus, Perca fluviatilis) indicated the presence of a set of three pigments—β-carotene,
torularhodin, and torulene, which are produced by the commensal Rh. mucilaginosa. In addition to
acting as scavengers of free radicals, these fungus-derived pigments are hypothesized to play a role in
the immunostimulation of the host via enhanced activation of T lymphocytes, supporting the action of
macrophages [116] or antimicrobial activity [115].

For decades, an accumulating body of evidence has revealed that carotenoids or their derivatives
are involved in the activation of thymocites [117], the expression of immune-associated genes [118],
and the increase in membrane fluidity [119], which represent vitally important functions in mounting
immune responses in animals. Notably, the immunostimulatory effects of carotenoids are thought to
be distinct from their antioxidant property [116]. Earlier investigations indicated that β-carotene and
the non-provitamin A carotenoids are able to enhance cell-mediated and humoral immune responses
in mammals [116]. It is not surprising that β-carotene-producing red yeast Rh. mucilaginosa might be
beneficial to its hosts, in this case the wild fish, presumably through immuno-stimulation.

Given that (i) immunostimulatory effects of carotenoids in animals are thought to be independent
of their antioxidant property [116], and (ii) innate immunity relies on effectors which produce cytotoxic
molecules that may not only kill pathogens, but also harm host tissues, the mechanisms underlying
the roles of carotenoid pigments in the well-being of animals need to be elucidated. Although the
functionality of dietary antioxidants in invertebrate immunity is not fully understood, it has been found
in vertebrates that carotenoids can scavenge cytotoxic radicals formed during the immune response.
Carotenoids may consequently decrease the self-harming cost of immunity. A positive correlation
between the effectiveness of the innate immune defense and the levels of circulating carotenoid
might therefore be expected. In accordance with this hypothesis, a study using the amphipod
species Gammarus pulex showed that the maintenance and use of the prophenoloxidase system were
highly correlated with the carotenoid level in the haemolymph within the natural populations of this
crustacean [120].

The enhanced immunity by carotenoids has also been demonstrated in mammals [121] where mice
administered Rhodotorula glutinis-derived carotenoid could survive for 2 weeks post lethal-dose
challenges of pathogenic Pseudomonas aeruginosa and C. albicans. This result points to the potential use
of fungal carotenoids as food additives or dietary supplements to boost the human immune response
against microbial infections.

Like carotenoids, melanins are ubiquitously produced by fungi, particularly pathogenic fungi
such as Cryptococcus neoformans, Aspergillus fumigatus, and Candida albicans. As described previously,
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melanins in fungal pathogens contribute to fungal pathogenesis towards mammalian cells [10].
The melanin pigments contribute to antigen masking to circumvent recognition by host immune system and
to the survival of fungal pathogens against phagocytosis [122]. For example, phagocytosed C. neoformans

produces melanin to protect against the oxidative environment inside the phagolysosome [122].
For A. fumigatus, it is believed that melanins protect the conidia against reactive oxygen species,
mask the recognition of various A. fumigatus pathogen-associated molecular patterns (PAMPs) by the
host, inhibit macrophage apoptosis and phagolysosome fusion, and attenuate the host immune
response. The protective effect of melanin might also be due to its role in modifying the surface
properties of conidia and vegetative cells by altering the charge and hydrophobicity, thereby reducing
the effectiveness of the immunological functions of the host [123]. For example, in contrast to the wild
type conidia, melanin-deficient mutant conidia can activate human DCs (dendritic cells) and subsequent
cytokine production, leading to their elimination by the host immune system.

The protective effects of melanin for fungal pathogens have also been demonstrated for autophagy.
Autophagy plays an important role in host immunity to microbial pathogens. The autophagy system
targets pathogens in phagosomes, promotes phagosome maturation and prevents pathogen escape
into the cytosol. Autophagy protein LC3 is believed to be a key player during phagocytosis [124].
During Aspergillus germination, exposure of PAMPs enables the activation of host LC3-associated
phagocytosis (LAP), which promotes the killing and eradication of fungi. Shielding PAMPs from
detection by pattern recognition receptors is a predominant strategy adopted by fungi for evasion
from host immunity. Recent studies with A. fumigatus have demonstrated that LAP activation also
requires the removal of fungal cell wall melanin, based on the genetic, biochemical or biological
(germination) data [125]. Fungal melanin is known to inhibit the NADPH oxidase-dependent activation
of LAP via excluding the p22phox subunit from the phagosome. Therefore, LAP blockade is a general
trait of melanin pigments [126]. Physiologically, melanin-triggered LAP blockade is able to enhance
fungal virulence.

5. Medical Relevance of Fungal Pigments

In extreme environments, fungi having pigmented cell walls in their spores and mycelia are able
to tolerate dehydration–hydration cycles, thermal fluctuations, toxic metal-contamination, and high
ultraviolet light (UV) radiation better than the moniliaceous fungi, which are unpigmented [127].
A remarkable example is the black fungus Cryomyces antarcticus, an extremophile initially recovered
from Antarctic deserts and later found to be able to survive in the outer part of the International Space
Station [38]. The wide geographical distribution of pigmented fungal species and their extraordinary
ability to survive in hostile environments suggest that fungal pigments may be of value in a variety of
fields, including radioprotection and biomedical applications.

In addition to their broad distribution and their ability to synthesize secondary metabolites such
as medically significant pigments, many fungi are readily grown in lab conditions. The prospect of
large-scale production attracts interest from both the pharmaceutical industry and fundamental science.
The scope of focus includes species from a wide range of environments of marine origin, soil, as well
as endophytic fungi from terrestrial and marine flora and endolichenic origin [127,128].

5.1. Medical Roles of Melanins

Recent studies with fungi capable of producing melanin (also called melanotic fungi) have revealed
a wide spectrum of functions for this kind of pigment, ranging from drought and radiation
resistance to increased virulence in fungal pathogens. For example, melanotic fungi are present
in diverse environments including but not limited to radiation-contaminated soils (e.g., the Chernobyl
nuclear power station and the surrounding soils), Antarctic deserts, ancient cave paintings,
and spacecraft, etc. In fact, melanized fungi, including spores of Aspergillus niger, Cladosporium herbarum,
Ulocladium chartatum, Basipetospora halophile, etc., have been reported to be able to grow on the Mir
Space Station and International Space Station. Some edible mushrooms (Basidiomycetes) are rich in
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melanins as well. Melanins contain persistent free radical centers, as detected by electron paramagnetic
resonance (EPR) spectroscopy. These free radical centers allow melanins acting as antioxidants
to scavenge free radicals and to protect the fungi from oxidative stress and damage by ionizing
radiation in both atmospheric and terrestrial environments [129]. In a recent study [130], Pacelli et al.
compared the effects of densely-ionizing deuterons and sparsely ionizing X-rays on two melanized
fungal species, namely the fast-growing pathogenic basiodiomycete Cryptococcus neoformans and the
slow-growing Antarctic rock-inhabiting Cryomyces antarcticus to their non-melanized counterparts.
C. antarcticus showed more resistance to deuterons than C. neoformans, and similar resistance to
X-rays was observed for both species. Melanin offered protection against high-dose (1.5 kGy)
deuterons for both C. neoformans and C. antarcticus (p < 10−4). In addition, melanin protected
C. antarcticus (p < 10−4) and probably C. neoformans against X-rays (0.3 kGy). The use of both
XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)25-[(phenyl-amino)carbonyl]-2H-tetrazolium hydroxide)
and MTT (2-(4,5-dimethyl-2-thiazolyl)23,5-diphenyl-2H-tetrazolium bromide) assays in parallel helped
define the location of the melanin-mediated electron transfer in the cells. Deuterons increased XTT
activity in melanized strains of both species, while the activity in non-melanized cells remained
unchanged or decreased. The opposite was observed with levels of ATP (the indicator of the metabolic
activity of cells): upon exposure to deuterons, ATP decreased in melanized strains, but not in
non-melanized ones. Larger and more distinct differences in both XTT and ATP were found in
C. neoformans than in C. antarcticus. Further research by Pacelli et al. revealed that C. antarcticus

could produce both 1,8-dihydroxynaphthalene (DHN) and L-3,4- dihydroxyphenylalanine (L-DOPA)
melanins, which likely contribute to its ability to thrive under diverse stress conditions [131]. Together,
these results indicate for the first time that melanin could protect both fast- and slow-growing fungi
from high-dose radiation (deuterons in this case) under physiological conditions [130]. Indeed,
the remarkable ability of melanin to confer resistance to radiation led to further research that
revealed that melanized fungi could harvest radiation energy for their growth and reproduction.
Broadly speaking, such an ability has both fundamental ecological significance and practical
implications. Ecologically, the ability of melanotic fungi to make use of electromagnetic radiation
for their physiological processes helps us understand energy flows in the biosphere. Practically,
the understanding paves the way for potentially developing melanin-based radiation resistant materials
and equipment. In astrobiology and space travel, melanin represents a new type of material with
which to experiment for space travel [132].

The unique stress-resistance properties of C. antarcticus, a heavily melanized black fungus
in the class Dothideomycetes of the Ascomycota phyla, were further demonstrated by its ability
to survive not only the Antarctic desert but also the harsh outer space environment and cosmic
radiation exposure [38,130]. Indeed, the mechanisms for how fungal melanin molecules confer
resistance to extreme heat/cold stresses and high-dosage radiations have gained wide attention from
scientists [133,134]. One of the protection mechanisms is the chelating properties of melanins
towards biologically damaging free radicals generated by the physical and chemical stresses.
These results are inspiring biomedical engineering in healthcare and in radiation- and thermal-protective
applications [135].

Aside from melanized microscopic fungi such as yeasts and molds, melanized macroscopic
mushrooms are also attracting increasing attentions. One such mushroom is the medicinal mushroom
Inonotus obliquus (also called Chaga), a basidiomycete. This mushroom grows mainly on birch trees
and is broadly distributed across the northern hemisphere in Europe, Asia, and North America.
Long used in folk medicine, Chaga contains massive amounts of melanin pigments. Several research
groups have reported the therapeutic potential of Chaga’s bioactive pigments in countering the
proliferation of cancer cells, and diabetes mellitus [136,137]. The pigments extracted from I. obliquus

contain both phenolic compounds such as melanins, and triterpenoids such as inotodiol. Interestingly,
the water-soluble component of melanin complexes of I. obliquus possesses insulin-sensitizing and
hypoglycemic activity [138], consistent with their anti-diabetic functions. In addition, aqueous extracts
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of I. obliquus lowered the viability of human hepatoma (HepG2) cell lines in a dose-dependent fashion
in vitro [139]. Subsequent studies revealed that the intraperitoneal administration of aqueous extracts
of I. obliquus could inhibit tumor growth in vivo in mice implanted with melanoma B16-F10 cells at
a dose of 20 mg/kg/d for 10 d [140]. Similarly, another study of melanin from I. obliquus showed its
suppressive effect on the proliferation of HeLa 229 tumor cells [141]. Together with the above beneficial
effects, the discovery of water-soluble melanin from I. obliquus in protecting DNA from carcinogenic
damage [142] is also accelerating the preclinical studies of I. obliquus pigments. Results from such
studies could generate significant medical and economic benefits in an environmentally friendly way
(green chemistry).

As shown above, melanins have many potential benefits to humans. However, their presence
in pathogenic fungi can also cause detrimental effects to humans both directly as human fungal
pathogens or indirectly as plant and animal fungal pathogens. For example, in the human
fungal pathogens C. neoformans [143], Aspergillus fumigatus [144], Paracoccidioides brasiliensis [145],
Penicillium marneffei [146], Fonsecaea pedrosoi [147], and Sporothrix schenckii [148], melanin is an important
virulence factor and contributes to drug resistance. Recently identified as a part of host innate immunity,
platelets could be activated by exposure to Aspergillus fumigatus. In A. fumigatus, a mutant lacking
melanin exhibited decreased platelet-stimulating activity, and the platelet activating effect can be
mimicked by “melanin ghosts” [149], large isolated melanin molecules. Interestingly, melanins in
Fonsecaea monophora, a common causal agent of chromoblastomycosis, were able to reduce Th1 cytokines
and to elevate Th2 cytokines secreted by macrophages [150], likely by regulating the MAPK signalling
pathway of macrophages [151], pointing out that melanins interacting with the macrophages might
contribute to the immune evasion of fungal pathogen. In these species, melanin protects the invading
fungal pathogen against oxidative stress within phagocytes, interferes with host cell signaling and
autophagy, and masks recognition of fungal cells by the host immune system. Our understanding
should benefit the development of therapeutic targets for treating mycosis in humans.

5.2. Medical Roles of Other Pigments

5.2.1. Anti-Tumor Activities

Carcinogenesis is a prolonged and multi-phase process that involves initiation, promotion,
progression, and metastasis as an outcome of an unbalanced cell proliferation and cell apoptosis
/death [152]. Anti-proliferative agents are often associated with anti-mutagenic and hence
anti-tumor activities.

The majority of the anticancer chemotherapeutics prescribed nowadays, such as alkylating
agents, antibiotics, compounds targeting the cell cycle (microtubules, G1/S/G/M checkpoint proteins),
and topoisomerase inhibitors, are cytotoxic compounds. These compounds are developed to kill
carcinoma cells/tissues more effectively than normal cells/tissues because they generally target the
more rapidly dividing tumor cells. However, this may bring about side effects on some actively
dividing normal healthy cells, like bone marrow cells, hair follicles and gastrointestinal epithelial cells.
Notwithstanding the problems associated with the application of cytotoxic drugs, bioassays testing
cytotoxicity toward a panel of cancer cell types represent a reliable approach to screen natural products
with anticancer potential, which has led to the successful discovery of anti-cancer pharmaceuticals like
paclitaxel and camptothecin [153]. Table 1 summarizes the known fungal pigments with antitumor
activities. These pigments are produced by fungi from a variety of species and ecological niches,
including species in the genus Monascus, endophytic fungi, marine fungi, mushrooms, and fungi
residing in special habitats. Together, they have demonstrated activity against a variety of cancer
cell lines.
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Table 1. Fungal pigments with antitumor activities.

Fungal Sources Fungal Species/Strain Isolated Compound Chemical Nature
Tumor Model/Cell

Lines/Target Enzyme
Activity/Active
Concentration

References

Monascus-fermented
red rice

Monascus pilosus
Monascin & ankaflavin

rubropunctamine &
monascorubramine

Azaphilones

Ames test and
Peroxynitrite-and

UVB-induced mouse skin
carcinogenesis model

Accelerate the mutagen
decomposition

Ho et al. [154]
Hsu et al. [155]

Akihisa et al. [156]

Monascus sp. Ankaflavin HepG2, A549 #/IC50 15 µg/mL Su et al. [157]

Monascus purpureus

Monaphilone A
Monoaphilone B

HEp-2, WiDr #/IC50
HEp-2, WiDr/IC50

72.1, 55.8 µM
77.6, 55.3 µM Hsu et al. [158]

Rubropunctatin
BGC-823 #/IC50 and in vivo

mouse model 12.57 µM Zheng et al. [159]

M. purpureus Monascopyridine C & D
IHKE (kidney epithelial cell)

CCK8 assay/EC50
20.7–43.2 µmol/L Knecht et al. [160]

Monascus sp.

Glutamic acid derivative of
Monascus orange pigments†
(S)-(+)-1-amino-2-propanol

derivative of the above
orange pigments†

B16F10 (mouse melanoma cells)
tyrosinase expression

30% inhibition
35% inhibition Jo et al. [161]

Monascus pilosus Monascuspiloin Monascin analog PC-3 tumors of nude mice 42.5% inhibition (in vivo) Chiu et al. [162]

Endophytic fungi

A fungus endophytic to
Mimosops elengi

Ergoflavin Xanthenes

ACHN (renal cell carcinoma),
H460 (non-small-cell lung

carcinoma), Panc1(pancreas),
HCT116 (colon cancer),

and Calu-1 (lung carcinoma)

1.2, 4.0, 2.4, 8.0, 1.5µM/IC50 Deshmukh et al. [163]

Phomopsis longicolla,
endophytic to

Dicerandra frutescens

Dicerandrol A,
Dicerandrol B,
Dicerandrol C

Xanthenes
A549, HCT116 #/IC50

A549, HCT116
A549, HCT116

7.0, 7.0 µg/mL
1.8, 1.8 µg/mL
1.8, 7.0 µg/mL

Wagenaar & Clardy [164]

Chaetomium globosum
endophytic to
Ginkgo biloba

Penicillium sp. CR1642D
endophytic to Costa

Rican rainforest

Chaetomugilides A–C Azaphilone alkaloids HepG-2# 1.7−3.4 µM/IC50 Li et al. [165]

Penexanthone A
Penexanthone B
Dicerandrols B Xanthones

A panel of cancer cell lines
(Myeloma, lymphoma,

leukemia, breast, prostate),
also showing enhanced

effects regarding
tumor-stromal interaction

1−17 µM/IC50
IC50 of 1.2 µM (+stroma) vs.

2.4 µM (-stroma) in
RPMI8226; 3.4 µM (+ stroma)
vs 10.2 µM (-stroma) in H929

Cao et al. [166]

Chaetomium globosum
endophytic to marine fish

Mugil cephalus

Chaetomugilin A
Chaetomugilin C
Chaetomugilin F

Azaphilone alkaloids P388(murine), HL-60 (human)
leukemia

8.7, 7.3 µM/IC50
3.6, 2.7 µM/IC50
3.3, 1.3 µM/IC50

Yasuhide et al. [167]
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Table 1. Cont.

Marine fungi

Aspergillus
tubingensis

GX1-5E
TMC 256 A1 Naphtho-γ-pyrone

MCF-7 & MDA-MB-435
(breast carcinoma), Hep3B &
Huh7 (hepatoma), SNB19 &

U87 MG (glioblastoma)

19.92−47.98 µM/IC50
Sakurai et al. [168]
Huang et al. [169]

Penicillium
pinophilum
Hedgcok

Pinophilin A
Pinophilin B

Hydrogenated
azaphilones

Mammalian DNA
polymerases (pols)A, B, Y 48.6–55.6 µM/IC50 Myobatake et al. [170]

Diaporthe sp.
SCSIO 41011

epi-isochromophilone II
isochromophilone D Chloroazaphilones

ACHN, 786-O, OS-RC-2
(three renal carcinoma)
786-O renal carcinoma

4.4, 3.0, 3.9 µM/IC50
8.9 µM/IC50 Luo et al. [171]

Chaetomium
globosum

HDN151398

N-glutarylchaetoviridin C
Chaetomugilin A
Chaetomugilin C

chloroazaphilones
Azaphilone Alkaloids

MGC-803, HO8910 #

HL-60, HCT-116 #

HL-60, HO8910

6.6, 9.7 µM/IC50
6.4, 6.1 µM/IC50
6.6, 8.8 µM/IC50

Sun et al. [172]

Nigrospora sp.
strain 1403 Bostrycindeoxybostrycin Anthraquinones

A549, HepG2 #

A549, HepG2
2.64, 5.90 µg/mL
2.44, 4.41 µg/mL Xia et al. [173]

Penicillium sp.
(+)-formylanserinone B

anserinones B Pentaketides MDA-MB-435 # 2.90 µg/mL
3.60 µg/mL Gautschi et al. [174]

Fungi in special
habitats

Pleurostomophora sp.
from a copper mine of

North America

Berkchaetoazaphilones A, C
Berkchaetorubramine

berkchaetoazaphilone B
Azaphilones

Caspase-1
MMP-3 ξ

Y79 #

LOX IMVI #

150,25,50 µM/IC50
130,15, 45 µM/IC50

1.1 µM /IC50
10 µM/IC50

Stierle et al. [175]

Coniella fragariae
from goose dung

Coniellin A
Coniellin A, D, E Azaphilones MDA-MB-231#

4.4 µM /IC50 and suppress
tumor migration by 98%

at 10 µM
Yu et al. [176]

Macrofungi
(mushroom)

Lactarius subvellereus

Subvellerolactone B,
Subvellerolactone D,
Subvellerolactone E

Sesquiterpene
hydroxylactones

A549, SK-MEL-2 #, HCT-15
A549, HCT-15
A549, HCT-15

26.5, 18.3, 14.2 µM/IC50
25.1,17.8µM/IC50
19.6, 28.7µM/IC50

Kim et al. [177]

Boletus pseudocalopus Grifolin derivatives 1–3 Phenolic compounds A549,
B16F1 (mouse melanoma)

5.0–9.0 µg/mL
3.5–7.3 µg/mL Song et al. [178]

Albatrellus confluens Albatrellin Meroterpenoid HepG2 1.55 µg/mL Yang et al. [179]

Albatrellus flettii
Grifolin,

neogrifolin,
confluentin

Phenolic compounds SW480 & HT29
(two colon cancer lines)

35.4, 30.7µM/IC50
34.6, 30.1µM/IC50
33.5, 25.8µM/IC50

Yaqoob et al. [180]

† rubropunctatin & monascorubin. ξ Matrix metalloproteinase-3 (MMP-3). # a variety of human cancer cell lines: A549 (lung adenocarcinoma), HepG2 (heptoblasoma),
HEp-2 (laryngeal carcinoma), WiDr (colon adenocarcinoma), MGC-803 (gastric adenocarcinoma), HO8910 (ovarian cancer), HL-60 (promyelocytic leukemia), HCT-116 (colon cancer),
MDA-MB-435 (breast cancer), Y79 (retinoblastoma), LOX IMVI (melanoma), SK-MEL-2 (skin melanoma), HCT-15 (colon adenocarcinoma).
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5.2.2. Anti-Biofilm Activity

Melanin from the wood-ear edible fungus Auricularia auricula has been demonstrated to display
distinct anti-biofilm effects towards Escherichia coli K-12, Pseudomonas aeruginosa PAO1, and P. fluorescens

P-3, respectively, while no inhibitory activities were observed on bacterial growth [181]. Zhu et al.
demonstrated that pigments from A. auricula can repress the production of violacein, a quorum-sensing
signal for biofilm formation in the reporter strain Chromobacterium violaceum CV026 [182]. It is
believed that the ability to form biofilm constitutes the predominant virulence factor for bacterial
pathogens, as the biofilm formation is known to account for 80% of bacterial infections in humans [183].
Furthermore, biofilms represent a major cause of nosocomial infections, especially related to the
emergence of multi-drug resistant strains, thereby contributing to refractory infectious diseases in
humans. Thus, the quest of novel compounds that may effectively inhibit these biofilm-forming
bacteria has been a hot topic in both pharmaceutical and clinical settings.

5.2.3. Photosensitizers

Perylenequinones (PQs) represent a class of fungal pigments with a signature 3,10-dihydroxy-
4,9-perylene-quinone chromophore. PQs are known as reactive oxygen species (ROS)-generating
photosensitizers in medical and agricultural settings. Consequently, PQs have attracted significant
attention [184]. Indeed, PQs-producing bambusicolous fungal species Shiraia bambusicola has long been
used in Chinese folk medicine to treat stomach ache, rheumatic pain, as well as some dermatologic
disorders like vitiligo and psoriasis [185]. Interestingly, PQs have also been extracted from fungal
fruiting bodies, where a diverse microbial community typically resides. At present, how the PQs are
produced in fungal fruiting bodies is not known [186].

Due to the complexity and difficulty of the chemical synthesis of PQs [187], mushroom fruiting
bodies have been the major source for the supply of PQs. However, recent work by Ma et al. revealed that
Pseudomonas fulva SB1 isolated from the fruiting body of the fungus Shiraia bambusicola was able to
boost the production of fungal PQs, including hypocrellins A, C (HA and HC), and elsinochromes
A–C (EA, EB and EC). The results revealed that following two days of co-cultures, Shiraia mycelial
cultures exhibited the highest production of HA, about 3.2-fold of that in axenic culture. The co-culture
might have led to the elicitation of fungal conidiation and the formation of compacted fungal pellets,
as compared to axenic culture. Furthermore, the bacterial co-culture might have up-regulated the
expression of polyketide synthase gene (PKS) and activated genes of the ATP-binding cassette (ABC)
transporter as well as major facilitator superfamily transporter (MFS) for PQ exudation [186].

5.2.4. Cholesterol-Lowering and/or Anti-Atherosclerotic Agents

In view of the association of obesity with an elevated risk of developing diabetes as well as
cardiovascular disorders, the search for the cholesterol-lowering compounds has attracted much
attention from chemists, biologists, pharmacists and medical practitioners. Monascin and ankaflavin,
the two yellow pigments from Monascus spp., are found to have a remarkable antiobesity activity in a
3T3-L1 preadipocyte model of rat [71]. Their hypolipidemic effects were attributed to: (i) the inhibition
of the differentiation and lipogenesis of preadipocytes by downregulating CCAT/enhancer-binding
protein β (C/EBPβ) expression and its downstream peroxisome proliferator-activated receptor γ

(PPARγ) and CCAT/enhancer-binding protein α (C/EBPα) expressions, and (ii) the inhibition of
lipogenesis by increasing lipase activity and decreasing heparin releasable lipoprotein lipase (HR-LPL)
activity [72]. Notably, the actions of monascin and ankaflavin do not resemble that of monacolin K
(viz. lovastatin), a well-known cholesterol-lowering drug, which elevates creatine phosphokinase
(CPK) activity, known to be a rhabdomyolysis marker [72].

Epidemiological studies have revealed a potential role of carotenoids in preventing cardiovascular
disease (CVD) [8]. Reductions of low density lipoprotein (LDL) oxidation and of oxidative stress during
plaque formation were thought to account for their effects. An association has been found between low
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serum lycopene level and an increased risk of atherosclerotic vascular events in middle-aged men [188].
Recent studies have demonstrated that fungal species such as Blakesleea trispora and Rhodotorula can
produce lycopenes [189], thereby indicating their potential roles in the production of pharmaceuticals,
food additives, or nutritional supplements that could be beneficial for patients with CVD.

5.2.5. Promising Anti-Alzheimer Agents

As one of the most common forms of dementia, Alzheimer’s disease (AD) results in huge
economic, emotional, and healthcare costs to individuals, families, and societies throughout
the world. At present, there is a relative shortage of therapies available to treat AD.
The aggregation of the microtubule-associated protein tau is suspected to be a seminal event in
AD, thereby reducing/eliminating tau aggregation represents a potential therapeutic target for AD
treatment and prevention. Paranjape et al. screened Aspergillus nidulans secondary metabolites for their
capability to inhibit tau aggregation in vitro using an arachidonic acid polymerization protocol [190].
An aggregation inhibitor, asperbenzaldehyde, was identified. Asperbenzaldehyde is an intermediate
in azaphilone biosynthesis. The authors further examined 11 azaphilone derivatives to determine their
inhibitory activities against tau aggregation in vitro. All compounds examined were able to inhibit tau
filament assembly to some degree, and four of the eleven compounds exhibited a pronounced activity
of disassembling pre-formed tau aggregates in a dose-dependent fashion.

Similarly, a detailed investigation into the metabolites of the Mediterranean sponge
Tethya aurantium-associated fungus Bartalinia robillardoides strain LF550 led to the isolation and
identification of new chloroazaphilones, helicusin E, isochromophilone X and isochromophilone XI,
along with the known pigment helicusin A [191]. Based on the bioassays of these chloroazaphilones,
helicusin A (Figure 12) was found to be a potent acetylcholinesterase inhibitor with an IC50 value
of 2.1 µM. Given that inhibition of acetylcholinesterase is widely considered a therapeutic target for
ameliorating AD [192], helicusin A is seen as a promising lead compound to develop a potential novel
pharmaceutical regime against AD.

of dementia, Alzheimer’s disease (AD) results in huge 

value of 2.1 μM. Given 

 

Alzheimer’s disease d

Figure 12. Structure of helicusin A, a pigment from marine fungus Bartalinia robillardoides.

We should note that the anti-Alzheimer activities of the above-mentioned pigments have only
come from in vitro studies. Such in vitro results are different from the fungal pigments already in
clinical use, such as the cholesterol-lowering and/or anti-atherosclerotic agent monascin as described
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in 5.2.4. However, the preliminary results as demonstrated by fungal pigments are showing great
promise as anti-Alzheimer’s disease drugs.

5.2.6. Anti-Inflammatory Activity

Hsu et al. (2011) reported the isolation of an azaphilonidal derivative monaphilone A as well
as ankaflavin from the fermented products of Monascus purpureus NTU 568 [193]. Further studies
showed that ankaflavin and monaphilone A decreased lipopolysaccharide (LPS)-induced inflammatory
responses including production of nitrite, and expressions of inducible nitric oxide synthase
(iNOS) and cyclooxygenase 2 (COX-2) in murine macrophage RAW 264.7 cells, pinpointing the
anti-inflammatory effects of these two fungal pigments.

5.2.7. Antimicrobial Activities

A number of fungal pigments have shown significant antimicrobial activities [194,195].
Table 2 summaries the results from a few representative studies over the last decade. These pigments
were from a variety of fungi living in diverse ecological niches, including marine environments, soil,
and plants. The pigment-producing fungi are also broad, including both unicellular forms such as
Rhodotorula glutinis and filamentous fungi such as Monascus ruber and species in the genera Aspergillus,

Fusarium, and Penicillium (Table 2). Furthermore, most of these fungal pigments demonstrated broad
activities against different groups of microorganisms, including plant and human fungal pathogens
as well as both Gram-positive and Gram-negative bacterial pathogens. Of special note are pigments
chaetoviridide A and B from the deep sea-derived filamentous fungus Chaetomium sp. NA-S0-R1 and
pigments penicilones B−D from Penicillium janthinellum strain HK106 isolated from mangrove soil that
showed strong activities against the methicillin-resistant Staphylococcus aureus (MRSA) [196,197].

5.2.8. Others

Aside from the above-described roles of fungal pigments in human health, other human health
related roles have also been reported. Those included antioxidative, cytotoxic, and immunosuppressive
roles. Below are brief descriptions of those studies.

Anti-oxidative properties are commonly found among fungal pigments. The conjugated polyene
chain in the carotenoids provides chemical reactivity against oxidizing compounds and free radicals
that may otherwise result in damage to cellular functions. Apart from the anti-oxidative actions
of carotenoids previously reviewed elsewhere [15], investigation of the Chinese medicinal fungus
Phellinus igniarius has led to the isolation and identification of three fungal pigments derived from
pyrano[4,3-c]isochromen-4-one, phelligridins H, I, and J [198]. These orange or yellow pigments all
showed antioxidant activity, as evidenced by inhibiting rat liver microsomal lipid peroxidation with
IC50 values of 4.8, 3.7, and 6.5µM, respectively, for phelligridins H, I, and J. In addition, phelligridins H
and I inhibited protein tyrosine phosphatase 1B (PTP1B), while phelligridin J exhibited cytotoxic activity
against four human cancer cell lines, A2708 (ovary cancer), A549 (lung cancer), Bel-7402 (hepatoma)
and HCT-8 (colon cancer) [198]. As PTP1B is an important player in cell proliferation, differentiation,
and malignancy, being involved, for instance, in the development of breast cancer, lung cancer,
and esophageal squamous cell carcinoma [199,200]. The above findings highlight the potential of these
novel pigments as antitumor agents.
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Table 2. Antimicrobial activities of fungal pigments.

Fungal Sources Fungal Species/Strain Bioactive Component Target Microbes 1 Antimicrobial Assay 2 Reference

Marine sponge-associated,
Indonesia Trichoderma parareesei Yellow pigment

Salmonella typhi, Escherichia coli,
multi-drug resistant strain

MIC: 1000 µg/mL
(weak) Sibero et al. [201]

Deep sea, West Pacific Ocean Chaetomium sp. NA-S0-R1 Chaetoviridide A, B
Vibrio rotiferianus, Vibrio vulnificus
and MRSA (Staphylococcus aureus
ATCC 43300 & CGMCC 1.12409)

MIC: 7.3–7.8µg/mL Wang et al. [197]

Spoiled onion Penicillium purpurogenum Red exopigment
S. aureus, Salmonella typhi, E. coli,

Corynebacterium diptheriae,
Pseudomonas aeruginosa

Agar diffusion assay showing
inhibition zone

(diameter 1.5–2.3 cm)
Patil et al. [202]

Tropical Culture Collection
André Tosello

(Campinas, SP, Brazil).
Monascus ruber CCT 3802

Orange pigments
(monascorubrin,
rubropunctatin)
Red pigments

(monascorubramine,
rubropunctamine)

Foodborne bacterium S. aureus
ATCC 25923,

S. aureus ATCC 25923,
E. coli ATCC 25922

Radial diffusion assay showing
inhibition zone (diameter 0.15 cm)

Inhibition zone (diameter 0.35,
0.63 cm, respectively)

Vendruscolo et al. [203]

Stressed environment Fusarium sp. Reddish orange pigment

Klebsiella pnuemoniae, E. coli,
Shigella sp. (bacteria)

Aspergillus niger,
Candida albicans (fungi)

Well diffusion assay showing
inhibition zone

(diameter 1.6–2.9 cm)
Mani et al. [204]

Western Ghats forest, India Penicillium sp. MF5 Yellow pigments Bacillus subtilis MIC: 12.5 µg/mL Saravanan &
Radhakrishnan [205]

Persian type culture collection
(PTCC), Tehran, Iran

Rhodotorula glutinis
PTCC 5256 Carotenoid pigments

S. aureus, Bacillus cereus,
Streptococcus pyogenes, E. coli,

Salmonella enteritidis,
Enterococcus faecalis,

Listeria monocytogenes

Disk diffusion assay showing
inhibition zone

(diameter 0.9–1.1 cm)
Yolmeh et al. [206]

Endophyte on marine brown
algae, eastern China Aspergillus versicolor

Asperversin,
brevianamide M E. coli, S. aureus

Disk diffusion assay showing
inhibition zone

(diameter 2.0–2.2 cm)
Miao et al. [207]

Endophyte on leaves of
Panax notoginseng

Emericella sp. XL029

14-hydroxyltajixanthone
14-hydroxyltajixanthone,

its hydrate,
chloride derivative as well
as epitajixanthone hydrate

Fungus- Drechslera maydis,
Rhizoctonia cerealis,

Fusarium oxysporum and
Physalospora piricola

Effective against all tested
bacteria (except for drug resistant

Staphylococcus aureus)

MIC: 25 µg/mL
MIC: 12.5–50 µg/mL Wu et al. [195]

Mangrove rhizosphere soil Penicillium janthinellum
HK1-6 Penicilones B−D MRSA (S. aureus ATCC 43300,

ATCC 33591) MIC: 3.13–6.25 µg/mL Chen et al. [196]

1, MRSA: Methicillin-resistant Staphylococcus aureus; 2, MIC: minimum inhibitory concentrations.
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The macula of human eye contains two carotenoids, lutein and zeaxanthin. Based on the NIH
Eye Disease Case-Control Study [208], the dietary intake of antioxidants such as carotenoids is highly
correlated to the incidence of age-related macular degeneration (AMD), demonstrating a statistically
significant linear trend associating the reduction of risk with increasing consumption of carotenoids.
It is widely recognized that these carotenoids may protect the macula from light-induced damage and
scavenge free radicals generated in the photoreceptors [8].

Four new azaphilones, namely longirostrerones A−D, along with three known sterols, have been
isolated from extracts of the Thai soil fungus Chaetomium longirostre [209]. Longirostrerones A−D
exhibited potent cytotoxicity against KB (human epidermoid carcinoma of the mouth) cell lines
with IC50 of 1.04, 1.52, 0.23, and 6.38 µM, respectively. Among these azaphilones under study,
longirostrerone C showed significant cytotoxicity against KB (IC50 = 0.23 µM), close to the control drugs
doxorubicine and ellipticine. Moreover, longirostrerones A showed strong inhibitory effects on human
breast adenocarcinoma MCF7 and small-cell lung cancer NCI-H187 cancer cell lines with IC50 values of
0.24 and 3.08 µM, respectively. Apart from the antitumor activities shown above, longirostrerones A−C
also displayed antimalarial activity against Plasmodium falciparum with the IC50 values ranging from
0.62 to 3.73 µM.

An early report revealed the pronounced immunosuppressive activities of monascin and
ankaflavin, two yellow oligoketide pigments isolated from the mycelium of Monascus purpureus [210].
By inhibiting murine T-splenocyte proliferation, monascin and ankaflavin could interact with regulatory
mechanisms of the immune system and thus suppress its function, indicating that the two Monascus

pigments might serve as promising immunosuppressants.

6. Structure–Activity Relationship (SAR) Studies of Fungal Pigments

The structure–activity relationships have been investigated for several groups of fungal pigments.
For example, the presence of a halogen atom at C-5, a proton at C-8 and a diene moiety in the C-3 side
chain of the 6-oxoisochromane ring in azaphilones are necessary for gp120-CD4 binding, as exemplified
by isochromophilones and their derivatives [211]. Furthermore, (an) electrophilic ketone(s)
and/or enone(s) at both C-6 and C-8 in the 6-oxoisochromane ring are indispensable for the activity of
cholesteryl ester transfer protein (CETP) inhibition, which is found in the azaphilone pigments such as
chaetoviridin B, sclerotiorin, and rotiorin, etc. [78].

In addition to the above-mentioned bioactivities, studies with murine macrophage cells RAW 264.7
have demonstrated that the inhibition of NO production relies on the structure of azaphilones [212].
For instance, spiro-derivatives daldinins C, E, and F (structures shown in Figure 13) only exert weak
inhibition on NO production. In contrast, azaphilones bearing a lactone ring such as multiformin D
and sassafrins A–C (Figure 13), are shown to exert stronger inhibitory actions on NO production than
daldinins. Entonaemin A, rubiginosins A and B (Figure 13) are all azaphilones where an orsellinic
acid moiety is attached to the bicyclic core via an ester linkage. However, since only rubiginosin A
displays strong activity in this subclass of azaphilones, the location of the orsellinic acid moiety must
not influence the activity of the compounds. Nonetheless, the presence of an acetyl group (such as
in the case of rubiginosin A) is indispensable for an elevation of activity. Azaphilones with a fatty
acid side chain linked to a bicyclic azaphilone core via an ester bond, like rubiginosin C, cohaerins A
and B (Figure 13), demonstrated only weak activities. The most potent inhibitors of NO production
seem to be dimeric azaphilones, such as rutilins A and B (Figure 13). Overall, while the acetyl group is
necessary for inhibition, the location of orsellinic acid does not seem to change their activities [212].
Taken together, these studies showed that the inhibitory effects of azaphilones are substantially fortified
by the number of orsellinic acid moieties in the molecule and the presence of conjugated double bonds
in dimeric compounds [212].
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Figure 13. Structures of azaphilones.

Previous studies have shown that the antioxidant properties of the carotenoids are tightly correlated
with their chemical structure. Both the polyene chain and these other structural features influence the
chemical properties (e.g., redox properties) of the carotenoids [213]. For example, the structure–activity
relationship was investigated by Rodrigues and his colleagues for fifteen carotenoids, showing that the
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opening of the β-ionone ring and the increase of chromophore extension in the carotenoid structure
could be the predominant factors giving rise to the elevated capacity of peroxyl radical scavenging [214].
Specifically, the conjugated polyene chromophore gives rise to not only the light absorption properties,
and thus hues, but also the chemical properties of the compound and hence light-harvesting and
photoprotective activity. In addition, the polyene chain is the main determinant responsible for
antioxidant role of carotenoids due to its chemical reactivity with free radicals, and oxidizing agents.
Furthermore, carotenoids are found to be in precise locations and orientations within subcellular
structures in vivo. Thus, their chemical and physical traits are strongly affected by other molecules
in their vicinity (particularly proteins as well as membrane lipids), and vice versa [215]. Indeed,
structural characteristics, such as size, shape, and polarity, are critical to the capability of a carotenoid to
fit precisely into its molecular milieu to allow for its functionality. The role of carotenoids in influencing
cell membrane-associated molecular processes by modifying the structure, properties, and stability of
these membranes may constitute a significant aspect of their beneficial effects on human health.

Apart from their antioxidant actions, studies with marine carotenoids have unveiled the
relationship between structure and anti-obesity activity. The key structure responsible for anti-obesity
activity is thought to be the carotenoid end of the polyene chromophore bearing an allenic bond and
two hydroxyl groups [216].

7. Conclusions and Further Prospects

Fungal pigments have primarily been known for their extensive application as colorants in
the food, cosmetic and textiles industries for the past several decades. However, their applications
other than as colorants are very broad, including as cholesterol-lowering drugs, exemplified by
monacolin K, a clinically used drug also called lovastatin [217], and various anti-microbial and
antitumor agents. Unexpected functions of new pigments as well as known ones are continuously
being revealed. Fungal pigments have attracted significant interests from the pharmaceutical industry
as sources of potential drugs to fight many life-threatening diseases such as cardiovascular disorders,
Alzheimer’s disease, human carcinomas (hepatoma, breast, lung, colorectal, gastric, pancreatic,
leukemia, hematopoietic, renal cell, and other cancers), infectious diseases, and parasitic diseases
such as malaria. Since many fungal pigments have shown potential relevance to human health,
there is increasing interest in understanding their mechanisms of action to pave the way for the future
development of therapeutics against both acute and chronic diseases. Among the fungal pigments,
melanin stands out for two reasons: (i) melanin confers excellent protection from such stressors
as radiation, thermal fluctuations and drought, thereby giving an insight into the development of
radiation-protective agents and devices for the human exploration into the outer space; (ii) melanin is
known to contribute to pathogenesis and drug resistance in pathogenic fungi, and consequently
represents an important target for the treatment of recalcitrant fungal infection in humans.

Thanks to advancements in microbiological, biochemical, genetic and genomics technologies
and the development of high-throughput bioassay systems as well as the bioinformatics analyses,
there are several potentially fruitful areas of research on fungal pigments. First, there is a diversity
of fungal pigments produced by evolutionarily distant fungi. At present, the origins for the genes
and the regulatory pathways governing their synthesis are largely unknown. Phylogenomic and
transcriptomic studies should provide novel insights in this area. Second, a standardized test system
and/or protocol should be established for screening the bioactivity of fungal pigments for both in vitro
and in vivo assays, including appropriate positive and negative controls. Third, the structure–activity
relationships are unknown for most fungal pigments. Finally, while the focus of our review is on
colored fungal pigments, fungal metabolites that impact pigment productionunpub in both fungi and
other organisms, including precursors and regulators for and metabolic products of pigments but they
themselves are not colored, represent an additional source of fungal metabolites that have also been
explored for human health benefits. One such metabolite in this category is kojic acid, a compound
obtained from the filamentous fungus Aspergillus oryzae [218]. While colorless itself, kojic acid can
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inhibit tyrosinase which is essential for the synthesis of melanin in human skin and, consequently,
it has been broadly used in dermatological applications [219]. With the increasing demand from the
pharmaceutical industry, fungal pigments and their related products are expected to be an excellent
resource for the design and development of novel therapeutic molecules in the future.
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Abstract: Synthetic pigments/non-renewable coloring sources used normally in the textile industry
release toxic substances into the environment, causing perilous ecological challenges. To be safer
from such challenges of synthetic colorants, academia and industries have explored the use of
natural colorants such as microbial pigments. Such explorations have created a fervent interest
among textile stakeholders to undertake the dyeing of textile fabrics, especially with fungal pigments.
The biodegradable and sustainable production of natural colorants from fungal sources stand as being
comparatively advantageous to synthetic dyes. The prospective scope of fungal pigments has emerged
in the opening of many new avenues in textile colorants for wide ranging applications. Applying the
biotechnological processes, fungal pigments like carotenoids, melanins, flavins, phenazines, quinones,
monascins, violacein, indigo, etc. could be extracted on an industrial scale. This review appraises
the studies and applications of various fungal pigments in dyeing textile fabrics and is furthermore
shedding light on the importance of toxicity testing, genetic manipulations of fungal pigments, and
their future perspectives under biotechnological approaches.

Keywords: fungal pigments; textile dyeing; toxicity testing; biotechnological approaches; challenges;
limits

1. Introduction

Rapid industrialization in modern times has pressed the swift formulation and use of synthetic
colorants in increased volumes in the food, medical, textile, and other industries regardless of their
carcinogenic, immunosuppressive, and non-eco-friendly effects. Presently, many studies are focusing
on finding alternatives to synthetic colorants, thereby improving the quality of the environment that
affects various life forms. Nevertheless, advancements in biotechnology and the widespread awareness
in ecological conservation, environmental protection, healthcare, etc. have generated a fervent interest
among the public, industry, and researchers for exploring colorants from natural resources as an
alternative to synthetic colorants.

Color plays a vibrant role in product acceptability in several industrial segments [1]. Dyes and
pigments provide coloring ingredients and have been exploited by man for their artistic value. Dyes,
being much smaller than pigments, are easily soluble during application and lose their nature whereas
pigments, being about 1–2 µm, are insoluble. Moreover, pigments and dyes differ only by physical
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characteristics and not by chemical characteristics [2]. The dyes adhere to the surface and form covalent
bonds with salts or metals by either physical adsorption or mechanical retention. Dyes used in the
textile industries are carcinogenic and may trigger allergic reactions, and they have an environmental
limitation because these dyes require strong acids, alkalis, solvents, and heavy metal catalysts, leading
to toxic reactions.

Textiles is the key industry, among other industries, that uses diversified dyestuff. Lebeau et
al. [3] reports that the anguish dyestuff industry requires higher natural pigments that have led
to the emergence of natural colorants from microbes [4]. The increasing demand for pigments
promotes multiplying research activities to explore filamentous fungi for pigment production. Research
studies have shown that eco-friendly natural pigments from fungi are the best alternative to synthetic
pigments because of their fast growth, easy processing, and important roles in transcription and
intercellular communication. Fungal pigments have resistance and protect against biotic and abiotic
agents (antagonistic microbes and UV radiation) and possess various biological applications [5].
Fungal pigments also have possible opportunities for commercializing their pigmented biomolecules
for their application in food, cosmetics, textile fabrics, etc., because of their versatility, structure, and
ease for large scale cultivation [6].

The present review appraises the research status of fungal pigments and their applicability in
textile fabrics across broad characteristics like the ecology and diversity of fungal pigments, toxicity
testing, biotechnological approaches for enhanced production, etc. Moreover, it aims to draw the
attention of the academic and textile industries toward the challenges and the application of fungal
pigments for textile dyeing, besides the prospective of genetic engineering research avenues in this field.

2. Historical Note on Pigments

The art of coloring has spread right from the development of human civilization. The use of
pigments as coloring agents has been in vogue since prehistoric times. Europe and China, more than
5000 years ago, practiced dyeing with plants, leaves, barks, and insects. The Indus Valley-era, as
early as 2600–1900 BCE (Before the Common Era or Before the Current Era), used madder dye to
color garments at Mohenjodaro and Harappa. Roman centurions extracted red colorants from marine
molluscs, Murex sp. to dye tunics and Egyptians used natural indigo from the plant Isatis tinctoria.

Chinese Yanghai used alizarin, purpurin, and indigo in textiles in the Late Bronze Age (1700 BC).
During the same Bronze Age, Phoenicians extracted Tyrian purple from the murex shellfish; though it
was expensive, it was highly looked-for and so this colorant was the first initiation to global trade [7].
Generally, natural dyes have a strong tradition in India, Turkey, Mexico, Morocco, Europe, China, and
countries of West Africa. Thus, natural dyes and dyestuffs are closely associated right from human
civilization and are as old as textiles.

Dyes from insects (cochineal and kermes) were common in the 15th century. Cochineal (crimson)
dye from cactus insects was in use to dye clothes and as an artist’s pigment, and later in food items.
France, Holland, and Germany started using plant dyes in industry in the 16th century, and England
used wood to dye clothes in the 17th century. Following the gradual application of natural dyes in
different parts of the world, quercitron, the pigment extracted from the inner bark of oak, was patented
as a dyeing material in America in 1775 [8].

Later, in the 18th century, Swedish chemist, Scheele discovered that chlorine destroyed vegetable
colors, and following that, indigo began to develop in England. A natural dye, cudbear, which was
extracted from various lichen sources, was later patented. The use of saffron from plants and cochineal
from animals to dye clothes have been reported, and natural colorants from plants and animals were
used until the middle of the 19th century [9]. About 95% of plants were characterized for plant
pigments in America and Europe, however, due to several drawbacks to extract color from plants
(stability, shelf life, etc.), researchers in the dye stuff industries looked forward to other alternate sources
for colorants with better stability and shelf life.
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In 1856, as an alternative to natural colorants, William Henry Perkin, a British chemist, discovered
the first synthetic dye ‘mauve’ from artificial quinine. It was a favorite color of the royal family and
so its importance consequently promoted the bloom of the innovative synthetic colorant industries.
Thereafter, the industrial revolution rapidly propelled the production of synthetic colorants, which
attracted various markets due to the easy manufacturing processes and production of superior coloring
properties with less cost. Commercial dyeing industries, appreciating the undercurrent of the industrial
revolution, switched over to synthetic dyes due to their production advantages and market potential,
and consequently to date, synthetic colorants rule these industries, especially in the textile industry.

3. Ecology of Fungal Pigments

Fungi are diverse and abundant eukaryotic organisms on earth and their presence, even in
extreme ecosystems, make it possible for them to produce novel secondary metabolites. Fungi
inhabiting a plethora of ecosystems from terrestrial milieus to marine environments are omnipresent.
They are spread across various eco zones, from polar to tropical regions and from aerial to deep-sea
environments [10]. Current studies have reported the production of new molecules, mainly new
pigments from a marine environment. Several polyketide compounds with novel biological activity
have been isolated from fungi in deep-sea environments [11]. Marine ecological niches are still
mostly unexplored and characteristics of marine ecosystems like salinity, low temperature, and dark
induce microbes to produce novel metabolites. Tropical ecosystems are potential niches, and it is
mainly mangroves that have the highest diversity of marine fungi because of their rich organic
matter, which favors the production of valuable metabolites. Researchers have found that in extreme
conditions, pigmented fungi could tolerate hydration/dehydration cycles and high radiation better
than non-pigmented fungi. For instance, fungal melanin produced by many filamentous fungi has
antioxidant activity, thereby protecting the structures, and provide durability to survive in aggressive
environments. Hirot et al. [12] reported a novel metabolite, a green pigment, terphenylquinone, from
A. niger isolated from Mediterranean sponge, Axinella damicornis.

4. Fungal Pigments

Filamentous fungi produce amazing pigments like carotenoids, melanins, flavins, phenazines,
quinones, and monascins from different chemical classes [13]. Carotenoids and polyketides come
under the classification of fungal pigments [14]. Most fungi produce pigments that are water soluble
and ideal for industrial production since it is easy to scale up in industrial fermenters and could be
extracted easily without organic solvents (Figure 1).

425



J. Fungi 2020, 6, 68

 

 

β

α β

Figure 1. From Petri dish to fermenter: scale-up of pigment producing fungi. (A) Growth of pigmented
fungi in agar medium; (B) Maintenance of pigmented fungi; (C) Scale-up of pigment producing fungi
in fermenter.

4.1. Carotenoids

Carotenoids are formed through the isoprenoid pathway and produce a striking color with
enormous biological activities like antioxidants, antimicrobials, membrane stabilizers, and precursors to
vitamin A. Carotenoids are synthesized as carotenes (hydrocarbons) and xanthophylls (oxy-derivatives
of carotenes). Several filamentous fungi produce different types of carotenoids (β-carotene, lycopene)
and xanthophylls (astaxanthin, lutein, zeaxanthin, and violaxanthin), which are used in the animal
feed industry for coloration and serve important roles as precursors of vitamin A.

Carotenoids are comprised mainly of C40 isoprenoids containing a polyene chain of conjugated
double bonds [15]. They are lipid soluble pigments and have an aliphatic polyene chain that includes
a conjugated double bond that acts as a chromophore and gives a yellow to red color. Avalos and
Limon [16] reported that this conjugated polyene chain gives a chemical reaction against oxidizing
agents and damage cell components. The carotene molecule is formed by head-to-head condensation
of two geranylgeranyl precursors with acyclic C40H56 structures. Carotenoids possess ecological
functions and protect against lethal photo-oxidation [17].

Fungal carotenoids are biosynthesized by the mevalonate pathway by 5-carbon isopentenyl
pyrophosphate (IPP) as a precursor, synthesized from hydroxymethylglutaryl coenzyme A (HMG-CoA)
or from derivatives of 1-deoxy-D-xylulose 5-phosphate (DXP) or 2-C-methyl-D-erythritol (MEP)
generated from the condensation of pyruvate and glyceraldehyde 3-phosphate (non-mevalonate
pathway) [18]. The IPP is condensed to form geranylgeranyl pyrophosphate (GGPP), which induces
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the formation of cis-phytoene. The introduction of α-/β ionone of the polyene chain gives the
characteristic carotenoid structures. The MEP pathway starts from the condensation of pyruvate and
glyceraldehyde-3-phosphate and is catalyzed by DXP synthase to produce DXP, consequently reduced
into MEP by DXP reductase [19]. Avalos and Limon [16] reported that during the growth phase of
Penicillium and Phycomyces, carotenoids are produced to protect from photo-oxidation. Bhosale et
al. [20] reported that the cell functions are satisfied by sterols, dolichols, and ubiquinones, whereas as a
response to environmental stress, astaxanthin and canthaxanthin are accumulated.

Ogbonna [21] reported that Blakeslea trispora produced β-carotene and lycopene; Ashbya gossypii

gives lactoflavin (riboflavin), and Penicillium oxalicum produces a commercial colorant Arpink Red.
β-carotene has been described in Rhodosporidium sp., Penicillium sp., Aspergillus giganteus, Sclerotium

rolfsii, Sclerotinia sclerotiorum, and Sporidiobolus pararoseus.

4.2. Polyketides

Filamentous fungi produce more remarkable stable pigments than any other natural pigments [22].
Fungal polyketides are synthesized by polyketide synthases (PKS) from acetyl coA and malonyl
CoA. Fungal polyketides are tetraketides and octoketides possessing eight C2 units. Polyketides
represent anthraquinones, hydroxyanthraquinones, naphthoquinones, and azaphilones. Polyketide
based fungal pigments produce a wide spectrum of colors ranging from red, yellow, orange, brown, and
black. These polyketides contain valuable bioactive properties like anticancer, immunosuppressors,
antimicrobials, antibiotics, etc. [23]. Many fungal polyketide pigments including anthraquinone,
hydroxyanthraquinones, and naphthoquinones produce a wide range of colors for industrial
applications. Anthraquinones are produced by Fusarium sp., Trichoderma, Aspergillus, Eurotium

sp., Penicillium sp., etc. Arpink RedTM (Penicillium oxalicum) was the first commercial product marketed
by Ascolor Biotech, Czech Republic [13].

The derivative of anthraquinone is hydroxyanthraquinone with the replacement of one
hydrogen atom by hydroxyl groups. Aspergillus sp., Fusarium sp., Penicillium sp., etc. produce
hydroxyanthraquinone as intermediate metabolites [24]. Naphthoquinones are mainly produced by
Fusarium sp., possessing yellow, orange, and brown colors [25]. Azaphilones are synthesized via
the polyketide pathway and are produced by Aspergillus, Chaetomium, Monascus, and Penicillium [26].
Azaphilones have similar chemical and molecular structures like Monascus pigments [27]. Monascus

produce six types of polyketide pigments: monascin (yellow), ankaflavin (orange), monascorubin,
rubropunctatin, monascorubramine, rubropuntamine (red), and these pigments are sensitive to heat,
light, and pH. Monascus pigments react with chemicals in the medium (proteins, amino acids, etc.)
and form water-soluble pigments [27]. Monascus sp. produce edible pigments like monacolins,
dimerumic acid, ergosterol, and γ-aminobutyric acid [28]. Monascus azaphilone pigments belong
to yellow (monascin 1 and ankaflavin), orange (rubropunctatin 3 and monascorubrin 4), and red
(rubropunctamine 5 and monascorubramine 6), respectively, and are produced in the genera Monascus

and Talaromyces [29,30]. Monascus azaphilone pigments were used as additives in cosmetics because of
their pleasant color and excellent capability to absorb harmful UV rays [28] and as dyes for printers,
textile yarn, and also to improve the efficiency of solar panels when this pigment is applied as a
novel sensitizing dye in solar cells [28,29]. Monascus azaphilone pigments have biological activities
like anti-diabetic, anti-inflammatory, anti-cancer, anti-microbial, and anti-obesity properties [29,31].
Monascus sp. also produces monacolin K (lovastatin) and are used as serum cholesterol lowering drugs
because of their inhibition toward 3-hydroxy-3-methylglutaryl-coenzyme A reductase, which controls
the biosynthesis of cholesterol [32].

In spite of its tremendous economic potential, the biosynthetic pathway of Monascus azaphilone
pigments is proposed. The orange pigments (rubropunctatin 3 and monascorubrin 4) were formed by
the esterification of a β-ketoacid (fattyacid synthase pathway) to chromophore (polyketide synthase
pathway) pathway, reducing the orange pigments to yellow pigments (monascin 1 and ankaflavin).
On the contrary, the amination of the orange pigments with NH3 gives a red pigment (rubropunctamine
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5 and monascorubramine 6) [33]. In addition to the typical Monascus azaphilone pigments, more than
100 of its congeners have been identified recently, which includes yellow (49), red (47), orange (8), and
purple (1) pigments isolated from Monascus sp. and Talaromyces (Penicillium) sp. [30]. The structural
diversity of these pigments is based on the number of carbon skeletons produced by core enzymes
(polyketide synthases and non-ribosomal peptide synthetases) [34]. These carbon skeletons are
modified by tailoring enzymes for various industrial applications, and metabolic engineering will
ensure the safety and productivity of the fermentations.

4.3. Anthraquinones

Anthraquinones are found in Aspergillus sp., Eurotium sp., Emericella sp., Fusarium sp., Penicillium

sp., Mycosphaerella sp., Microsporum sp., and exhibit a wide range of biological activities including
antimicrobial, herbicidal, and insecticidal properties [35]. Anthraquinones produce a yellow color,
whereas the substituents produce various hues of the molecules ranging from yellow, orange, red,
brown, and violet. Anthraquinones are composed of three benzene rings with 1,10 dioxoanthracene
(C14H8O2) and have two ketone groups in the center. Most widespread fungal anthraquinones are 1,8
dihydroxy and 1, 5,8 trihydroxy anthraquinone derivatives. Anthraquinones are present either in free
form or glycoside attached to the O- or C- bond in the side chain, which makes them water-soluble.
The characteristics of fungal anthraquinones are dimeric structures formed by C–C bonds. The three
ring structure suggests that these compounds can intercalate with DNA and are used in small doses [36].
Another important characteristic is their absorption spectra at 405 nm [37]. They exhibited a wide
range of colors with chromatic properties and is of interest for dyeing in the most requested industries
like cosmetics, textile dyeing, printing, and food industries. Anthraquinones are quite complex, with a
great diversity of chemical structure and parameters (light, pH, temperature, oxygen transfer, carbon
and nitrogen sources, inoculum concentration, etc.), which have a large impact on pigment production.

4.4. Hydroxyanthraquinone

Hydroxyanthraquinone isolated from Haloresellinia sp. (marine fungus) showed cytotoxic
activities [38]. Another hydroxyanthraquinone, aspergillus H and I from Aspergillus versicolor have
exhibited antiviral activity toward HSV-1 [39]. Shi et al. [40] reported two new hydroxyanthraquinones,
namely harzianumnones A (1) and B (2), from the coral fungus T. harzianum, possessing cytotoxic
activity against the HeLa cell line.

Anthraquinones represent a class of the quinone family with a basic structure of 9,10-dioxoanthracene
containing two ketone groups on a central ring. The diversity of these compounds depends on the position
of the substituents replacing H atoms on the basic structure. When n-hydrogen atoms are replaced by
hydroxyl groups, the molecule is called hydroxyanthraquinone. 1,3,6,8-tetra-hydroxyanthraquinones
were isolated from Microsphaeropsis sp. (associated with marine sponge), Geosmithia sp., Trichoderma sp.,
and Verticicladiella sp. [37]. Hydroxyanthraquinone derivatives were isolated from the mangrove fungi
Guignardia sp. and Halorosellinia sp., possessing cytotoxicity against the cancer cell line [41]. Fouillaud et
al. [37] reported that the 1-hydroxy-3-methylanthraquinone containing only one hydroxyl group on the
R1 position had excellent cytotoxic activity against cancer cells, whereas dihydroxyanthraquinones with
1-hydroxy decreased the anticancer activity. 1,4,6,8-tetrahydroxyanthraquinones from Aspergillus glaucus

showed excellent antibacterial activity against Bacillus brevis. The hydroxyanthraquinone derivatives like
1,3,8-trihydroxy-6-methyl-anthraquinone, aloe-emodin 8-O-glucopyranoside, 1,8-dihydroxy-3-methoxy-
6-methyl-anthraquinone, and 1,4,5-trihdroxy-7-ethoxy-2-methyl-anthraquinone were isolated from
Drechslera rostrate and Eurotium tonpholium, possessing anti-leishmanial activity [42].

Hydroxyanthraquinone pigments have excellent light fastness properties and no metallization
required for dyeing and are considered as reactive dyes. They form complexes with various metals viz
aluminum, barium, calcium, copper, iron, etc. and display excellent brightness compared to azo dyes.
The ability to form this type of complex is of great concern in textile industries because they easily
form covalent bonds with many fibers like cotton, wool, and nylon [37].
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4.5. Naphthoquinones

Among the quinones, naphthoquinones are important secondary metabolites and more than 100
naphthoquinones have been identified with different structures in filamentous fungi [43,44], exhibiting
various activities like anti-microbial, anti-inflammatory, and anti-cancer properties because of their
tendency to prevent DNA damage [45,46]. Newman and Townsend [44] reported that naphthoquinones
are considered as the model system to study the synthesis of polyketides in filamentous fungi. On the
contrary, Manicilla et al. [45] demonstrated that a significant difference exists in naphthoquinone
biosynthesis, representing the pathway as polyphyletic and not polyketide. The 1, 4-naphthoquinones
congeners with Monascus azaphilone pigments are referred to as Monascus naphthoquinones and are
detectable in trace quantities only while fermenting Monascus azaphilone pigments by the wild-type of
Monascus sp. [46].

Naphthoquinones are widespread in fungi with phytotoxic, antimicrobials, insecticidal,
anti-carcinogneic, cytostatic activities, etc. Naphthoquinones are produced by Chlorociboria sp. and
Arthrographis cuboidea and they differ from naphthoquinones produced by Trichoderma sp. and Fusarium

sp., possessing antagonistic properties toward insects, bacteria, and fungi [47]. Naphthoquinone-like
pigments are produced by wood spalting fungi Sctalidium cuboideum (draconin-red, red pigment) and
Chlorociboria sp. (xylindein, blue-green pigment) [48]. Among these naphthoquinone-like pigments,
xylindein has been researched for solar energy and textile dyeing applications and when used in the
textile and paint industry as dyestuffs, draconin-red crystals formed with excellent color stability.

More than 100 types of naphthoquinone metabolites are produced by 63 fungal species [49].
Naphthoquinones are closely related to chemical defense and have biological roles in electron transfer
in various oxidative process (photosynthesis, oxidative phosphorylation) [50]. They possess antifungal
activity against all Candida sp. (C. albicans, C. krusei, C. kefyr, C. parapsilosis), a multi drug resistant
pathogen, among bone marrow patients and is resistant to fluconazole [51]. Ferreira et al. [52] reported
that the chemistry behind the mechanism of action should be understood.

4.6. Azaphilones

Azaphilones are interesting secondary metabolites with a structurally diverse class, having
pyrone-quinone structures possessing high-oxygenated bicyclic core and chiral quaternary center.
The biosynthesis includes the fatty acid synthesis pathway and polyketide pathway. The first pathway
assembles the polyketide chain from acetic acid and five malonic acid to form the chromphore structures.
The second pathway produces medium chain fatty acids by the transesterification reaction.

Azaphilones, a fungal polyketide containing a pyrone-quinone bicyclic core and quaternary carbon
center, have various activities like anti-microbial, anti-oxidative, anti-cancer, and anti-inflammatory
properties [53–55]. Penicilones A-D, novel azophilones with different configurations at the quaternary
carbon center, has remarkable anti-MRSA activity [56]. Citrifurans A-D, unusual dimers of azaphilones,
has an inhibitory activity against LPS-induced NO production [57]. Recently, 13 different types
of azaphilones are classified based on their chemical structure, which includes the austdiol-type,
bulgarialactone-type, citrinin-type, deflectin-type, hydrogenated spiro-azaphilones, and O-containing
Monascus pigments [54] obtained from Penicillium sp. and Talaromyces sp. with a wide range of
biological activities.

Austdiol-type azaphilones are characterized by an austdiol core with 19 members that include
fusaraisochromenone, nemanecins A-C, and perangustols A and B [58,59]. Felinone A from
Beauveria feline, xylariphilone from Xylariales sp., and aspergillusone C from Aspergillus clavatus

showed cytotoxicity against various cancer cell lines [60–62]. Bulgarialactone-type azaphilones,
5,6-dihydroxyacetosellin and monakaocinol, have a conjugated and linear γ-lactone ring. These types
of azaphilones have been isolated from marine fungus, namely Epicoccum nigrum and Monascus

kaoliang [63,64]. Citrinin-type azaphilones are monomeric citrinin derivatives like annulohypoxylomans
A-C, annulohypoxylomanols A-B, annulohypoxyloside, and pentaketide [65]. The novel citrinin
analogues (3S,4R)-6-hydroxy-8-methoxy-3,5-dimethyl isochromanol and (3S)-6-hydroxy-8-methoxy-3-
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methylisochroman were isolated from Penicillium sp. [66]. The isochroman glycoside metabolites,
monascuspilorin and monascupurpurin were produced by Monascus pilosus BCRC38072 and Monascus

purpureus BCRC 31499 [67,68]. Penicitol A, a citrinin dimer from mangrove fungus Penicillium

chrysogenum HND-11 has cytotoxic activity against HeLa, HEK-293, HCT-116, and A549 cell lines [69].
Deflectin-type azaphilones were characterized with a γ-lactone ring together with a ketone aliphatic
chain [70]. Six deflectins from Aspergillus deflectus NCC0415 showed inhibitory activity against protein
tyrosine phosphatases and SHP2. Colletotrichones from endophytic fungus Colletotrichum sp. exhibit
remarkable antibacterial activity [71]. Coniellins from goose dung fungus, Coniella fragariae, showed
inhibition of NF-kB activation in MDA-MB-231, thereby reducing the migration of tumor cells with more
than 60% inhibition [70]. Hydrogenated spiro-azaphilones have a five- or six-membered ring spiroketal
system on an azaphilone skeleton. Monascuspirolides A and B from Monascus purpureus BCRC 38110
showed stronger NO inhibitory activity with the IC50 value of 17.5 and 23.5 µM, respectively [72].
Peniazaphilin A from Penicillium sp. CPCC400786 has anti-HIV activity [73]. O-containing Monascus

pigments has four azaphilones obtained from Monascus sp. Monascusazaphilones A and B from
Monascus purpureus BCRC inhibited NO production by macrophages and it was stronger than the
positive control [53].

Azaphilones are produced mainly by Penicillium, Monascus, Chaetomium, and Talaromyces exhibiting
wide color tones as yellow, orange, and red. Xiong et al. [74] reported that the red color has been
associated by reacting yellow pigments with amine groups by exchanging pyran oxygen for nitrogen.
Azaphilones have a broad spectrum of applications in medicine like decreasing blood pressure,
antioxidants, anti-microbials, etc. [75]. Osmanova et al. [55] reported that the activities are related to
the reactions of azaphilones with the amino group in the formation of vinylogous γ pyridines.

5. Fungal Dyes for Textile Applications

The textile industry is the largest industry by economic contribution and employment generation.
Fungal pigments have excellent colorfastness and staining properties and they are of great interest to
textile industries; they warrant production under controlled conditions, with no seasonal fluctuations,
and are biodegradable [14]. The burden of reducing the hazards to the environment rests with the
dyeing industries. In spite of the positive features of fungal dyes, it has not met the expectations of the
textile industry because of irregular fixation [76]. In addition, there are no standardized methods for
the industrial dyeing of fungal dyes [48,77]. Therefore, a proper method to standardize the industrial
dyeing of fungal dyes and many novel fungal pigments should be taken forward for standardized
industrial applications.

Fungal pigments, due to their stability and consistency, have been reported for their use as
alternatives to synthetic dyes in the textile industry [47]. These pigments can absorb light in the
ultraviolet region and when applied as textile dyes, can protect human skin from harmful UV
radiation [78] (Nambela et al. 2020). The potential of fungal pigments in the textile industries has been
investigated by various researchers [79–82]. Through a biotechnological approach, anthraquinones are
produced by fungi, namely Trichoderma sp., Drechslera sp., Aspergillus sp., and Curvularia sp. Cynodontin
extracted from Curvularia lunata successfully produced two anthraquinone dyes similar to Disperse
blue 7 and Acid green 28, the characteristics of which are similar to conventional dyes [83].

Anthraquinones have been reported to be produced from various fungi with antimicrobial activities.
Anthraquinones from Sclerotinia sp. produce a pink shade and dyed cotton yarns with chemical
and natural mordants. The yarns showed excellent stability to heat, light, pH, and temperature [84].
Osmanova et al. [55] reported the existence of water-soluble red and yellow pigments from T. australis

and P. murcianum with an affinity toward wool. Results of this study indicated that the dyes were
suitable for industrial conditions as they could withstand temperature and pH. Chemical analysis
reported that the red dyes were similar to Monascus type pigments [85]. Penicillium sp. produces
ankaflavin (Monascus type pigments) and the ionic nature has a strong affinity of dyes with wool [86].
Nagia and El-Mohamedy [87] reported that anthraquinones from Fusarium oxysporum could be used for
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dyeing wool with excellent color fastness properties and high dye uptake. Anthraquinones produce
bright hues with excellent fastness properties and chemical modification may be interesting if it could
facilitate the synthesis of dye molecules.

Morales-Oyervides et al. [88] reported the potential application of pigment from Talaromyces sp.
in the textile industry. The results confirmed the pigment to be a novel source to dye wool textiles.
High pigment uptake by the fabric was observed, and the dyeing rate constant and half time dyeing
with kinetic behavior well matched those of natural dyes used in the textile industry. The Talaromyces

pigment has potent antimicrobial properties coupled with the absence of toxicity, which makes this
pigment a valuable alternative as a natural dye in textile dyeing [89]. Further characterization of
the molecule and study on the interactions between the dye and fabric are worth future research.
Celestino et al. [90] reported pigmented fungi Penicillium sclerotiorum 2AV2, Penicillium sclerotiorum

2AV6, Aspergillus calidoustus 4BV13, Penicillium citrinum 2AV18, and Penicillium purpurogenum 2BV41.
P. sclerotiorum 2AV2 from soil from the Amazon produces intense color pigments, which could be used
for textile applications.

Hinsch et al. [91] reported that the fungal pigments isolated from rotting hardwood logs in Canada
produced xylindein (green pigment from C. aeruginosa), draconin red (red pigment from S. cuboideum),
and yellow pigment (S. ganodermophthorum) and were able to dye multi fabric test strips. Their results
indicated that all these pigments could be used to dye fabrics without the need for additional chemicals.
Xylindein exhibited good potential to dye garment fabrics and draconin red for second layer garment
fabrics. Spalting (wood-rotting) fungi have been the hot topic of research to extract novel pigments for
textile applications. Awkwardly, dichloromethane (DCM) is used to extract colorants from spalting
fungi and causes environmental problems and health issues, which is one of the major hurdles holding
back spalting fungi from commercialization. Researchers have found that natural oils could be used
to transfer pigments from Chlorociboria sp., Scytalidum cuboideum, and Scytalidium ganodermophthorum

onto host substrates [92].
Gupta et al. [93] attempted to isolate pigment from Trichoderma sp. and explored the possibility

for dyeing silk and wool fabrics. The dye from Trichoderma was non-toxic to human skin and possesses
antimicrobial properties. The color value for the dyed sample was higher for wool when compared to
silk fabric, and showed excellent fastness properties to washing and rubbing. Poorniammal et al. [94]
evaluated the yellow pigment from Thermomyces sp. for the textile dyeing process. Natural mordants
and the yellow pigment reduced the influence of pathogens. The overall color fastness properties for
the dyed silk fabric was moderate. Due to these antimicrobial properties, this can be used especially in
medical applications like bandages, masks, wound dressings, etc. Devi and Karuppan [95] reported on
reddish brown pigments from Alternaria alternata for their efficiency to dye cotton fabrics. The pigments
showed good color fastness properties to perspiration and rubbing. This was the first report to study
the reddish brown pigments for Alternaria alternata for dyeing cotton fabrics. Velmurugan et al. [96]
assessed different water-soluble fungal pigments from Monascus purpureus, Isaria farinosa, Emericella

nidulans, Fusarium verticillioides, and Penicillium purpurogenum for dyeing cotton yarns (Figure 2).
This study testified that pre-mordanting with alum and ferrous sulfate achieved variation in shade
and color.
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Figure 2. Water-soluble fungal pigments for dyeing cotton yarns. (A) Growth of pigment producing
fungi in liquid medium; (B) Extraction of fungal pigments; (C) Cotton yarns dyed with fungal pigments.

The reddish-brown pigment from Phymatotrichum sp. (NRC 151) was produced using H-acid
(1-naphthol-8 amino, 3,6-disulfonic acid) as a precursor in the medium that showed better fastness
to washing, perspiration and light and can be used to dye various fabrics [24]. Sharma et al. [77]
isolated Trichoderma virens, Alternaria alternata, and Curvularia lunata from different habitats for pigment
production. The pigments applied to silk and wool showed good fastness properties. The optimum
condition for maximum pigment production should be standardized for commercialization in an
eco-friendly manner with a cost reduction.

Weber et al. [48] isolated three eco-friendly fungal pigments from S. cuboideum, C. aeruginosa, and
S. ganodermophthorum, which showed their textile dyeing capability without using water and thermal
energy. The pigment showed no fading over one week’s time and further research is required to study
the relationship between the pigments and fabrics, skin sensitivity, toxicity, and stability (UV, time,
wash and wearing). Different fungal species with their active pigment for application in the textile
industry are shown in Table 1 and Figure 3.
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Figure 3. Chemical structures of fungal pigments with potential coloring properties that could be used 
Figure 3. Chemical structures of fungal pigments with potential coloring properties that could be used
in textile dyeing.
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Table 1. Fungal pigments and their application in the textile industry.

Fungi Pigment Color Fabrics References

Penicillium oxalicum Anthraquinones Arpink Red Wool Sardaryan et al. [97]
Trichoderma virens Anthraquinones Yellow

Silk, Wool Sharma et al. [77]Alternaria alternata Anthraquinones Reddish-Brown
Curvularia lunata Anthraquinones Black
Alternaria alternata Anthraquinones Reddish-Brown Cotton Devi and

Karuppan [95]
Thermomyces sp. Anthraquinones Yellow Cotton, Silk, Wool Poorniammal et al. [94]
Trichoderma sp. Anthraquinones Yellow Cotton, Silk, Silk cotton Devi [98]
Trichoderma sp. Anthraquinones Yellow Silk, Wool Gupta et al. [93]
Penicillium oxalicum (NRC M25) Anthraquinones Faint Reddish- Brown Wool Mabrouk et al. [24]
Sclerotinia sp. Anthraquinones Pinkish-Red Cotton Perumal et al. [84]
Aspergillus sp. AN01 Asperyellone Yellow Silk, Cotton, Synthetic and Wool

fabrics
Iswarya et al. [99]

Monascus purpureus

Azaphilones

Red

Cotton Velmurugan et al. [96]
Penicillium purpurogenum Yellow
Isaria farinosa Pink
Fusarium verticillioides Reddish- Brown
Emericella nidulans Red
Penicillium murcianum

Carotenoids
Yellow

Wool Hernandez et al. [100]Talaromyces australis Red
Talaromyces australis 2, 4-Di-tert-butylphenol Red Cotton fabric Shibila and

Nanthini [101]
Phoma herbarum Magenta pigment Magenta Nylon Chiba et al. [102]
Monascus purpureus Monascorubramine Red Wool De santis et al. [103]
Talaromyces verruculosus Polyketide Red Cotton fabric Chadni et al. [89]
Monascus purpureus Rubropunctamine Red Wool De santis et al. [103]
Chlorociboria aeruginosa

Quinones
Green Bleached cotton, Spun

polyamide, Spun polyester,
Spun polyacrylic, Worsted wool

Weber et al. [48];
Hinsch et al. [91]

Scytalidium cuboideum Red
Scytalidium ganodermophthorum Yellow
Aspergillus sp. Quinones Brown Cotton, Silk, Silk cotton Devi [98]
Alternaria alternata Quinones Reddish-Brown Cotton Gokarneshan [104]
Acrostalagmus (NRC 90)

Quinones

Brown

Wool Mabrouk et al. [24]

Alternaria alternata (NRC17) Reddish-Brown
Alternaria sp. (NRC 97) Brown
Aspergillus niger (NRC 95) Brown
Bisporomyces sp. (NRC 63) Deep Brown
Cunninghamella (NRC 188) Faint Reddish-Brown
Penicillium chrysogenum (NRC 74) Deep Brown
Penicillium italicum (NRC E11) Brown
Penicillium regulosum (NRC 50) Brown
Phymatotrichum sp. (NRC 151) Reddish-Brown

6. Toxicity Testing for Fungal Pigments

Heo et al. [105] studied the toxicity of fungal pigments extracted from Penicillium miczynskii,
Sanghuangporus baumii, Trichoderma sp. 1, and Trichoderma afroharzianum. The pigments exhibited
high radical-scavenging activity. Moderate toxicity was observed in S. baumii by the acute toxicity
test limiting the applications of this pigment in industry. P. miczynskii, Trichoderma sp. 1, and T.

afroharzianum were reported to be the best fungal pigment for producing strains for safe, water-soluble
pigments in the industry.

The cytotoxic activity of fungal pigments from F. oxysporum, T. verruculosus, and Chaetomium sp.
has been tested using various methods such as the yeast toxicity test (YTT), brine shrimp lethality
bioassay, or cell counting kit-8 assay. This method of cytotoxicity assay warrants the application of
pigments in various industries, especially in the health and pharmaceutical sectors [87]. Poorniammal
et al. [106] studied the dermal toxicity of pigments from Thermomyces sp. and P. purpurogenum in Wistar
rats and their results showed that the pigments were non-toxic and have broad scope in the dyeing,
printing, and cosmetics industries.

The deep sea fungus Chaetomium sp. AN-S01-R1 produces chlorinated azaphilone pigments like
chaephilone C (compound 1) and chaetoviridides A-C (compounds 2–4). Compound 2 exhibited
potent cytotoxic activities toward HepG2 cells with IC50 below 5 µM, whereas compounds 1 and 3

showed stronger cytotoxic activities against HeLa cells [107]. To study the cytotoxic mechanism of
pigments and their possible industrial applications, further research should be conducted.

The red pigment from Talaromyces verruculosus was used to dye cotton fabrics with excellent
dye uptake and color fastness properties. The cytotoxicity assay conducted using the brine shrimp
lethality test revealed insignificant toxicity and was harmless to use. Hence, researchers should focus
on obtaining pigments from this strain for industrial applications and further chemical characterization
will open new avenues in the dyeing industry that will reduce the adverse effects of synthetic dyes [104].
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Pandiyarajan et al. [108] reported the presence of water-soluble yellow pigments from Aspergillus

sp. The pigment possessed maximum dyeing ability of the fungus with the hydrothermal method
for textile fabrics without mordants and showed better dye uptake in comparison with synthetic
dyes. The toxicity of the pigment was tested using a zebra fish model system with an IC50 value of
710 µg/mL. This novel pigment can be used an alternative to synthetic dyes for applications in the
textile industrial sector.

7. Biotechnology Ways for Enhanced Production

The improvement of fungal pigment production and the knowledge to improve the yield have
been gradually studied and extended based on the following major criteria: (1) Through genetic
manipulation, the pathways for pigment production and the molecules are better understood as many
fungal genomes have been sequenced and many others are still in progress; (2) molecular screening
techniques help to improve the gene expression and secretion of unusual metabolites; and (3) the use of
optimization strategies such as the use of artificial intelligence to improve the fermentation conditions
for pigment production.

Today, the higher production of synthetic dye based industries makes it challenging to use
microbes at the industrial level. The major reason associated with this is the higher production cost for
instruments, chemicals, and processing. The same can be sorted out using agro-industrial residues
for the cheap production with same metabolites at the industrial level. Numerous research on fungal
pigments has led to the robustness and tolerance against possible stress at the industrial level, which
warrants the efficient production of fungal pigments.

7.1. Genetic Manipulation

The biosynthesis of pigment producing fungi has not been studied in detail and hence genomic
screening for pigmented fungi is not possible at the premature stage. The classical methods such
as taxonomy, biochemistry, and physiology will be very active in screening pigment producing
fungi. The major breakthrough is to genetically modify the strain by genetic transformation, enabling
scientists/researchers to modify the targeted gene for unusual metabolites. The genetic transformation
of fungi is tedious because of its complex cell wall structures and lack of genetic markers. Hence,
species-specific transformation must be required and optimized for every potent strain.

Using genetic engineering approaches like genetic modification, cloning of genes, and exclusion
of non-essential genes (toxins), various research studies have been undertaken for enhancing fungal
pigment production. Fungal carotenoids from native carotenogenic fungi, Blakeslea trispora and
Phycomyces blakesleeanus are produced up to the industrial scale (17 grams of β-carotene per liter in
some cases). Several attempts have been made to introduce the biosynthetic pathway of lycopene or
β-carotene in non-carotenogenic strains using metabolic engineering methods. The enhancement of
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) precursors of the MEP or
MVA pathways have demonstrated the improved production of lycopene and β-carotene [109].

Fungal strains producing polyketides are not easily cultured in liquid fermentations due to their
filamentous growth and dense mycelial growth, which result in increased viscosity and reduced
oxygen transfer. The transfer of the polyketide biosynthetic pathway to an industrial strain such as
Saccharomyces cerevisiae offers an attractive alternative as it allows for easier fermentation and process
optimization by metabolic engineering strategies [110]. Type 1 polyketide synthases (PKS) play a vital
role in the synthesis of fungal polyketides. The PKS are proteins and are related to eukaryotic fatty acid
synthases. Acetyl coenzyme A and malonyl CoA condense to form carbon chains whereas ketoacyl
CoA synthase, acyltransferase, acyl carrier domains are also required for the synthesis of polyketides [4].
In Monascus, three pigmented or not polyketides are known to be produced, namely citrinin, red
pigment, and monacolin K [23]. Many approaches have been used to decrease the production of citrinin
(mycotoxin), thereby increasing the production of red pigment. The optimization of various parameters
like nitrogen sources, pH, dissolved oxygen, and important genetic alterations were employed to
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reduce the production of citrinin. In the industrial strain, M. purpureus SM001, the polyketide synthase
gene pksCT disruption, successfully eliminated citrinin production [111].

The investigation about polyketide pigments produced by F. graminearum, F. decemcellulare,

and F. bulbigenum and characterized as naphthoquinones explained that their biosynthesis was the
response to environmental stress [112]. Aurofusarin, the main naphthoquinone produced by Fusarium

sp., exhibited that the gene cluster PKS12 was responsible for aurofusarin biosynthesis under the
control of local transcription factor AurR1 [113]. The PKS12 gene cluster is also responsible for the
production of rubrofusarin and fuscofusarin [114]. Rubrofusarin is an orange-brown pigment reported
to inhibit human DNA topoisomerase II-α and has antibiotic effects on Mycobacterium tuberculosis.

The polyketide core scaffold differs in their tailoring enzymes, resulting in the production of end
products like rubrofusarin B, aurofusarin, nigerone, and nigerasperone A.

The yellow pigment chrysogine by Penicillium chrysogenum protects the fungi from ultraviolet
radiation and lacks antimicrobial and anticancer activities [115]. The putative biosynthetic gene
cluster identified in P. chrysogenum includes non-ribosomal peptide synthetase (NRPS) [116], and
lately, Wollenberg et al. [117] proved that NRPS is responsible for chrysogine biosynthesis in Fusarium

graminearum. Anthraquinones have been genetically modified using Aspergillus sp., expressing genes
related to monodictyphenone and atrochrysone biosynthesis. The metabolic gene cluster for the
biosynthesis of red pigment bikaverin from Fusarium sp. includes gene encoding PKS (bik1) and two
genes (bik2 and bik3) encoding tailoring enzymes as well as general transcriptional activator (bik4),
specific transcriptional activator (bik5), and a transporter (bik6) [118].

Sen et al. [119] reported that various methods decreased the production of citrinin and mycotoxin,
thereby increasing the production of red pigments. The polyketide synthase gene has been studied
extensively for the synthesis of citrinin by Monascus purpureus. The polyketide synthase gene pksCT
was effectively cloned to remove citrinin, thereby enhancing red pigment production by the industrial
strain M. purpureus SM001 [111]. Lee et al. [120] enhanced the production of monacolin K by M. pilosus

by laeA overexpression using an A. nidulans alcA promoter.
The metabolic engineering in fungi is extremely tedious due to the lack of genetic markers and

low gene targeting frequencies. CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)
has been successfully used to produce compounds of industrial importance. It consists of enzyme
Cas9, the molecular scissors that makes a cut in the target location, enabling the addition or removal of
pieces of DNA and guide RNA located inside a longer RNA scaffold. This scaffold binds to target DNA
whereas the guide RNA directs the Cas9 enzyme to make a cut at the right point, activating the DNA
repair mechanism, and can be used to introduce changes to one or more genomes [121]. Hence, this
system is successfully used in genetic engineering to make cell factories for the cost efficient production
of natural pigments [122].

Nielson et al. [123] studied the CRISPR cas9 system for Aspergillus nidulans, which can also be
applied to other fungal types. This has been used for Talaromyces atroroseus, a red pigment producer
targeted for the food industry. Pohl et al. [116] reported the use of CRISPR cas9 in Penicillium

chrysogenum with improved production. Limited research is available for pigmented microbes and
more research is needed to optimize this system for future industrial applications.

Jia et al. [111] studied the elimination of the mycotoxin citrinin by metabolic engineering. A binary
vector system was constructed that disrupts the polyketide synthase gene pks CT in M. purpureus

SM001 by Agrobacterium tumefaciens mediated transformation. The established system was evaluated
and showed a high efficiency to improve industrial Monascus strains. Westphal et al. [113] reported the
enhanced production of aurofusarin by Fusarium graminearum by examining the transcription factor
AurR1 on the aurofusarin gene cluster in the strain. The overexpression of Aur R1 increased five
proteins of the aurofusarin pathway, leading to the 3-fold increase in the production compared to the
wild strain.
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7.2. Agro-Waste for Clean-Up Production

Agricultural activities produce waste (straw, stem, stalk, husk, peel, legumes, seeds, bagasse, spent
grains etc.) throughout the year. There is a great interest in re-using these nutrient rich materials for
bioprocessing. The use of this waste can act as a substrate for low cost raw materials to make the process
for the production of value added products. Recently, raw materials and byproducts of agro-industrial
residues have been considered as low cost substrates for pigment production by microbes (Figure 4).
Lopes et al. [124] reported that different strains of filamentous fungi produced pigments on a cheese
whey and soya protein medium. Similarly, Kaur et al. [125] studied the enhancement of yellowish pink
pigment by Rhodotorula rubra MTCC 1446 in a whey and coconut water medium.

 

 

Figure 4. Growth of Monascus sp. in different agro substrates. (A) Submerged fermentation in peanut
medium; (B) Solid state fermentation in boiled rice; (C) Solid state fermentation in peanut husk.

Subhasree et al. [126] stated that red pigment by Monascus purpureus was produced by utilizing
jackfruit seed as a substrate, and another study reported the production of red pigment by utilizing
durian seeds [127]. By utilizing grape waste as a growth substrate, red pigment production by
Monascus purpureusin was optimized using the response surface methodology [128]. The production
of carotenoids by Rhodotorula glutinis 1151 was optimized by RSM using a tomato waste medium.
Sugarcane and corn bagasse have also been used for pigment production by Monascus sp. [129]. Taskin
et al. [130] prepared a cheap peptone source by utilizing chicken feather waste through acid hydrolysis
and investigated the suitability of this peptone source as a substrate for carotenoid production by
Rhodotorula glutinis MT-5. Interestingly, 92 mg/L of carotenoids were produced, and this source could
be used as a cheap substrate for carotenoid production.

The industries, as a beneficial measure to them, may utilize agro-industrial residues as inexpensive
growth substrates for microorganisms. Consuming residues of agro-industries in a bioprocess reduces
the costs of production, also solving pollution problem associated with their disposal. Lopes et al. [124]
reported the readily available source for pigments produced from Penicillium chrysogenum IFL1 and
IFL2, Fusarium graminearum IFL3, Monascus purpureus NRRL 1992, Penicillium vasconiae IFL4. All of the
fungi produced the water-soluble pigments monascorubin, rubropunctatin, and mycotoxin citrinin on
agro-industrial residues (feather meal, fishmeal, cheese whey, grape waste, soybean meal, and rice
husk). Sanchez [131] reported the use of agro-industrial residues for low cost alternatives for pigment
production, thereby reducing 73% of the total production cost. The main aim is to lower the cost by
reducing the cost of raw materials and reducing environmental pollution.

8. Limits, Challenges, and Future Scope for the Dyeing of Fungal Pigments

The reporting of synthetic textile colorants as carcinogenic because of the presence of
dioxins (polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans) has resulted in
the development of eco-friendly, non-toxic colorants. Fungal colorants from a cost effective process
that display high colorfastness properties are promising. The authorized usage of fungal pigments
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varies in diverse parts of the world with respect to its local and traditional usage [13]. For example, the
applications of Monascus like pigments from Penicillium sp. on textile, cotton, wool, leather, paper,
paint, etc. have been patented by Mapari et al. [132]. Added important features include the enhanced
production of pigments, solubility in water, and stable pigments [133]. The pigment yield can be
enhanced by improving the fungal growth or by increasing the accumulation of pigments in the
cells [134].

The main challenge is the difficulty in increasing both pigment and biomass yield, since both
are negatively correlated. Hence, the relationship between biomass and pigment production needs
to be thoroughly studied in order to produce pigments in a controlled way. Pigment production can
be controlled by using genetic engineering techniques. Recombinant DNA technologies have been
used to alter the activity of enzymes involved in the biosynthesis of carotenoids [135]. The challenges
associated with the commercial production of fungal pigments (Monascus pigment) is its low solubility
in water and poor stability to pH, heat, and light. Dufossé [136] reported that methods have been
developed to address these challenges by replacing oxygen with nitrogen from the amino group in the
pigment’s structure. Furthermore, the major problem is the co-production of toxic compounds with
the pigment limiting its applications and preventing regulatory approval.

Most fungi produce a mixture of pigments and the challenge is to produce a pigment with one
specific color tone. This can be achieved by optimizing the parameters like substrates, pH, temperature,
dissolved oxygen either in solid state or in submerged fermentation. The prospect of developing fungal
pigments at the industrial level by selecting the strain with safety measures is imperative. Cost-effective
fungal pigments can be produced at lab scale and the technical hurdles that arise when designing the
industrial plant need attention. Another important issue is the stability of the pigment over time.

The valuable metabolites from fungi are limited for its commercialization due to the production
of mycotoxins together with pigments. Furthermore, toxic worries of fungal pigments have arisen.
Toxicological tests are required depending on the final applications of the pigments in either food,
cosmetics, textiles, etc. Leading companies have filed numerous patents for Monascus-like pigments
and the products are in the market. For centuries, Monascus pigments have been used in Asia. Most
importantly, red pigments from P. oxalicum (Natural Red TM), β-carotene, and lycopene from Blakesla

trispora have been authorized in Europe.
The use of microbes has tremendous advantages as it does not require petroleum based raw

materials and this influences the price of the pigment. The qualitative and quantitative research on
fungal pigments should be intensified with negative ecological impact. Hence, there is a necessity to
explore novel pigments producing fungi from different taxonomic groups to meet the existing demand
for natural pigments. The chemical diversity of fungi should be explored for identifying the potent
pigments and toxicological testing must be carried out to be accepted by consumers.

9. Conclusions

The growing universal concern is promoting the needs of eco-friendly natural dyes from sustainable
resources to counter the hazardous effects of synthetic colorants on the environment and human
health. In recent times, the potential of fungal pigment as one of the microbial pigments is explored for
textile dyeing in addition to various other applications. The fungi produced an extraordinary range
of pigments from different chemical classes. Fungal pigments proved to be nontoxic and achieved
adequate color stability to withstand temperature, pH, and additives with color fastness properties
when applied to textile fabrics. The advances in biotechnology, genetic engineering strategies for strain
improvement, and immense fungal diversity have boosted the use of fungal pigments in the textile
industry. However, for commercial applicability, fungal pigments should be tested for toxicity and
quality to obtain regulatory approval before entering the market.
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