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Abstract There is a tremendous complexity of the human gut microbiota in both health and disease states and a
healthy microbiota consists of an inter-dependent network of microbes rather than a particular bacterial genera. The
microbiota of the gastrointestinal tract is a symbiotic partner of the host as it is crucial for maintaining homeostasis
and multiple components of the host immune system. Numerous host factors influence the composition of the
microbiota early in life including diet, hygiene, environmental contacts, antibiotic use, and breastfeeding. Although
the content of any diet can effect bacterial composition, it cannot be suggested that diet alone is responsible for the
diversity of the microbiota or its variation among individuals. The intestinal physical-chemical barrier forms part of
the intestinal immune system and plays a critical role in determining the composition of the microbiota. There are
multiple recognised clinical uses of mushrooms due to their content in B-glucans, important antioxidant and
cytoprotective enzymes, secondary metabolites and still other unknown factors. Mushroom B-glucans have been
proposed to act as "biological response modifiers” based on their effects on the immune system, enhancing the
body's own use of macrophages and T-lymphocytes, rather than directly attacking any tumours, controlling oxidative
stress and inflammation.

Keywords: microbiota, mushroom, -glucans, immunity, gut

Cite This Article: Victoria Bell, Jorge Ferrdo, Eusébio Chaquisse, and Tito Fernandes, “Host-Microbial Gut
Interactions and Mushroom Nutrition.” Journal of Food and Nutrition Research, vol. 6, no. 9 (2018): 576-583.

doi: 10.12691/jfnr-6-9-6.

1. Introduction

Humans live in association with free-living or colonial
protists microrganisms, bacteria, viruses, fungi, archaea
and there is also growing evidence suggesting that
helminths and protozoa may significantly interact with
human gut bacteria [1,2]. The 20th century saw incredible
advances in our understanding of host-microbe interactions,
with identification of numerous disease-associated organisms
and elucidation of pathogenic mechanisms. However, the
vast majority of this work was directed at purging the
human body of pathogenic organisms. While all of these
efforts have dramatically reduced morbidity and mortality
related to infections, they may also have inadvertently rid
us of needed immunomodulatory molecules [3].

Researchers have spent more than 100 years studying
pathogens with the aim of their eventual elimination, with
little regard for what happens in their absence; it is now
clear that many “pathogens” more commonly exist as
commensal organisms. By a variety of measures, the
species Homo sapiens is more microbial than human since
research has shown that the human body is actually

composed of more bacteria than body cells. Collectively,
these trillions of bacteria are called the microbiome.
Microorganisms comprise only a small, albeit significant,
percentage of the body weight (between 900 and 2300 g of
live bacteria). However, in terms of cell numbers, we are
about 10% human and 90% bacterial [4]. In the future, we
need to expand our understanding on the parasitism,
commensalism and mutualism among the microbiota and
of how pathogenic organisms may in reality be vital to our
well-being [5].

Our digestive microbiota is actually directly linked to
our brains which is explained explained by a network of
neurons lining our guts that is so extensive some scientists
have nicknamed it our "second brain" [6]. The gut
digestive system has its own nerve system called the enteric
nervous system while there are more neurons (nerve cells)
in our enteric nervous system than in our brain [7]. A
deeper understanding of this mass of neural tissue, filled
with important neurotransmitters, is revealing that it does
much more than merely handle digestion or inflict the
occasional nervous problem but may determine our mental
state and play key roles in well-being and certain diseases.

Anaerobic bacteria are prevalent among the bacterial
populations of the human body, particularly on mucous
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membrane surfaces. The major sites with a rich anaerobic
normal microflora are the mouth, the gastrointestinal tract
and the female genital tract. Almost immediately after a
human being is born, so too is a new microbial ecosystem,
one that resides in that person's gastrointestinal tract. The
oral cavity harbours more than 300 different bacterial
species. Indeed, the cells in our gut outnumber the cells in
the rest of your body by more than ten to one.

The sources of the microbes that make up the
ecosystem, how and why it varies from one person to
another, and how the composition of this ecosystem
influences human digestion, physiology, metabolism,
development, and diseases are still poorly understood.
About 500 different bacterial species are recovered in the
lower intestine. The most common anaerobic microorganisms
are bifidobacteria, lactobacilli and bacteroides. Two
genera, Prevotella and Bacteroides, were shown to have
reciprocal patterns of abundance, while little is known
about variation across the world. Almost immediately
after a human being is born, so too is a new microbial
ecosystem, one that resides in that person's gastrointestinal
tract.

Research from the 70’s on the rumen and hind gut
pioneered studies on the adhesion process of the
predominant cellulolytic bacteria Bacteroides (Fibrobacter)
succinogenes, Prevotella and Ruminococcus (flavefaciens
and albus) which can be divided into four phases:
1) transport to the substrate; 2) nonspecific adhesion of
bacteria to unprotected sites of the substrate; 3) specific
adhesion via adhesins; 4) proliferation of the attached
bacteria on potentially digestible tissues of the substrate
[8].

Long term diets strongly affects human health, partly
by modulating gut microbiome composition particularly
protein and animal fat (Bacteroides) versus carbohydrates
(Prevotella) [9]. These anaerobes enhance health of the
human host by helping to produce and catabolize complex
molecules and the dense resident microbial community in
the gut, is essential for many host physiological processes
that include enhancement of the intestinal epithelial
barrier, development of the immune system, and nutrient
acquisition. In the healthy gut, the resident bacteria
occupy intestinal colonization niches. A major function of
the commensal microbiota is the proliferation and
colonization of incoming enteric pathogens as well as
opportunistic pathobionts through multiple mechanisms
[10,11].

2. Interactions between Fungi, Bacteria
and Gut Wall

The interactions between bacteria and fungi are of
central importance to numerous biological questions
in agriculture, forestry, environmental science, food
production, and medicine [12]. There are several reports
of bacterial-fungal interactions which are important in
nature but whose significance remains to be established.
Fungi and bacteria often form interdependent consortia
relying on a common substrate harbouring characteristics
quite distinct from those of their single components [13].

Active hemi/cellulose digestion does not occur directly
in humans for lack of specific enzymes, and it involves

adherence of cells to the fibres via a glycoprotein
glycocalyx, which protects cells from protozoal grazing
and cellulolytic enzymes from degradation by bacterial
proteases while it retains-at least temporarily-the
cellodextrin products for use by the cellulolytic bacteria in
the hind gut. There are many interactions between luminal
nutrients and gut microbiota metabolites with the gut
sensory receptors, and the key communications between
endocrine, neuronal and immune systems.

A key factor in determining gut microbiota composition
is diet, namely linked to long-term diet composition,
suggesting that dietary patterns are associated with distinct
combinations of bacteria in the intestine, also called
enterotypes. Although already demonstrated the effects of
protein and fats on Bacteroides and fibre on Prevotella, it
is currently unknown which food constituents specifically
promote growth and functionality of beneficial bacteria in
the intestine [14].

We share our bodies with a diverse set of
microorganisms, known collectively as the human
microbiome or microbiota. The relative contributions of
genetics, environment, and lifestyle factors, to the
composition of human gut microbiota is far from fully
understood. The mammalian mucosal gastrointestinal tract
is a complex ecological environment that contains a
heterogeneous population of >1014 microorganisms that
belong to ~1,000 different species [15]. Moreover, the
microbiome and host emerged as a unity along evolution
by a process of integration [16].

Through their own enzymes gut microbiota breaks
down indigestible compounds, such as hemicelluloses,
and help preventing the growth of undesirable bacteria.
Bacteria breaks down complex B-glucans ingested,
producing short-chain volatile fatty acids-VFA (acetic,
propionic, butyric). These VFA are major by-product of
anaerobic metabolism and main sources of energy in
ruminants, rabbits and horses, while in humans they may
increase insulin production from the pancreas, alter
glycogen breakdown by the liver and therefore inhibit
hepatic glucose production by acting directly on the liver
as well as indirectly through effects on adipose tissue,
pancreas, and brain.

VFA and several other metabolites behave as
biologically active molecules that interact with physiological
pathways of the host, organ development, metabolism and
immunoregulation. The immune system needs to adapt
and tolerate tolerate some microorganisms, while retaining
the ability breakdown other microorganisms that cause
harm. Microbial products activate interrelated immune,
endocrine and central nervous system pathways and, if
failed, may increase the risk of autoimmune diseases in
which the body mistakenly attacks its own cells and
tissues. In addition to priming immunoregulatory circuits,
exposure to microbial biodiversity provides crucial data
that builds up the antigenic repertoire and activation of the
immune system [17].

Good health may require continuous interference
between the host and the microbiota in a symbiotic
relationship  while intestinal lamina propria cells
cooperate to maintain physiological homeostasis. The
successful establishment of an association between
bacteria and fungi has profound consequences for both
organisms. The effects of fungal interactions on bacterial
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physiology (and vice versa) can be assessed by using
global techniques such as proteomics and transcriptomics
[18].

Studies of the human microbiome [19] have revealed
that even healthy individuals differ remarkably in the
microbes depending on dietary habits and patterns (e.g.
vegetable rich diets, in particular containing fibre, vs. diets
rich in animal products, mainly meat) lead to significant
compositional and functional differences in the gut
microbiota. Besides diet, host genetics, habitats, type of
birth (e.g. caesarean or natural delivery) may explain the
wide diversity.

Humans are colonized by multitudes of commensal
organisms representing members of five of the six
kingdoms of life; however, our gastrointestinal tract
provides residence to both beneficial and potentially
pathogenic microorganisms. Imbalances in the composition of
the gut microbiota, known as dysbiosis, is associated with
the pathogenesis of both intestinal and extra-intestinal
disorders. Intestinal disorders include inflammatory bowel
disease, coeliac disease, colorectal cancer and irritable
bowel syndrome, while non-intestinal disorders include

asthma, allergy, the many components of metabolic
syndrome and cardiovascular disease [20]. The mutualistic
relationship between the colonic microbiota, their
metabolic products, and the host immune system may lead
to disease development [21].

Most people do not realize that 80 percent of human
immune system lies in the gastrointestinal tract and 20
percent in the back of our mouth (the tonsils which serve
as the first line of defence in the immune system)
enhancing the fact that an optimal health starts in
your gastrointestinal tract. This system comprises an
immunological network termed the gut-associated
lymphoid tissue (GALT) that consists of unique
arrangements of B cells, T cells and phagocytes which
sample luminal antigens through specialized epithelia.
Intestinal microbial dysbiosis has also been observed in
extra-intestinal diseases and in particular those that may
impact on the ‘gut-brain-axis’ to affect the CNS and
behaviour and cognitive function [22] and dietary
interventions may have the potential to modulate
psychiatric symptoms associated with gut-brain axis
dysfunction [23] (Figure 1).
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Figure 1. Impact of diet on the gut microbiota and routes of communication involved in the gut-brain axis. Diet is one of the most crucial factors in the
development of the human gut microbiota. Different dietary patterns can change the gut microbiota composition by keeping a balanced diversity of the
gut microbiota (symbiosis) or causing a state of dysbiosis which is characterized by an overgrowth of potentially pathological organisms (pathobionts).
A state of dysbiosis leads to an increased inflammation and leaky gut. Many mechanisms have shown to be involved in this bidirectional pathway
between the gut microbiota and brain including vagus nerve signalling, immune activation, tryptophan metabolism and production of microbial
metabolites and neurometabolites. Many of these bacterial metabolites significantly impact neurological function, therefore there is potential for dietary
interventions that increase bacterial metabolism and promote growth of beneficial bacteria, to beneficially modulate the gut-brain axis and modulate
CNS function. Abbreviations: GABA, gamma-aminobutyric acid; DA, dopamine; NE, norepinephrine; Ach, acetylcholine; SCFAs, short-chain fatty

acids; 5-HT,serotonine; CNS, central nervous system [23]
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3. Multiple Uses of Mushrooms

There are multiple recognised clinical uses of
mushrooms due to their content in B-glucans. Mushroom
B-glucans, by boosting or modulating the immune system
are used to lower cholesterol levels and balance fasting
blood glycemia level. B-glucans are taken as herbal
medicines, to prevent and treat cancer, on human
HIV/AIDS, and also used for common colds, influenza,
and in many cases of alleged inflammation which is is
consistent with hypoxia [24,25]. Several studies with
mushroom biomass enhances the fact that besides the
body producing several free radical quenching enzymes as
its first line of defence, mushroom (Inonotus obliquus,
Auricularia auricula and Poria cocos) nutrition supplies a
significant exogenous source of these enzymes such as
superoxide dismutase (SOD), catalase, and glutathione
peroxidase [26]. Recently, our studies conducted with
animal models showed favourable results on the use of
biomass of mushroom Coriolus versicolor on Alzheimers
Disease [27] and Ménier Disease.

People also use B-glucans orally to treat the skin with
several dermatological hazards to maintain moisture and
on sun radiation burns [28]. B-glucans of some mushrooms
improve the host-mediated cancer immune response.
Indeed, B-glucans, protein-bound polysaccharides, lignins,
triterpenes, purines and polyphenols, not only modify the
immune system but some of them are toxic to cancer cells
by inducing necrosis and promoting apoptosis, while
others subtly change their functioning [29].

Mushroom (Coriolus versicolor, Cordyceps sinensis,
Grifola frondosa, Hericium erinaceus) B-glucans have
been proposed to act as "biological response modifiers"
(BRM, which include vaccines, monoclonal antibodies,
cytokines, and adjuvants) based on its immunotherapy
power, enhancing the body's own use of macrophages and
T-lymphocytes, restoring the natural immune system
rather than directly attacking the tumours [30]. The five
key immune responses targeted by mushroom B-glucans
involve the production of white blood cells, cellular
mobilization, phagocytic capacity, production of reactive
oxygen intermediates and help shift an overstimulated
TH2 to a TH1 cell mediated immune response.

4. Human Gut Microbiota

The first line of defence against any pathogen invasion
is the epithelial barrier. The vast army of commensal
bacteria also prevent pathogen colonization and infection
indirectly by enhancing host defence mechanisms being a
vital component in maintaining human health. Some of the
complex carbohydrates in plants cannot be digested by our
bodies alone as humans do not secrete such specific
enzymes. They have to be broken down by the gut
microbiota, which produce enzymes to chop up the long
chains and ferment them into short-chain fatty acids such
as butyrate — which is made exclusively by bacteria —
acetate and propionate. These short-chain volatile fatty
acids are beneficial to the body. Butyrate, for example,
provides an energy source that the cells lining
our intestines can directly access. It also controls the

proliferation of cells in the intestine and is thought to
possess anti-carcinogenic properties.

Bacteroides (B. ovatus, B. uniformis, B. capillosus),
Prevotella, Ruminococcus, E. faecium, Streptococcus, and
Clostridium strains seem to be responsible for degradation
of mixed linked B-glucans in the small intestine and in
the hind gut. Endogenous B-glucans show better prebiotic
properties than exogenous f-glucans [31]. Bacterial
derived B-glucans could be used as an effective compound
inducing apoptosis in human colon cancer [32] and
B-glucans from mushrooms on prostatic cancer [33].

Proteobacteria

Lacto Acid Bacteria
(LAB); Firmicutes

Bacteriodales
Clostriadiales

MNutrients

Undigestible nutrients

Figure 2. Distribution of different bacteria through the gut

As our understanding of host gut microbiome increases,
research interests in the fields of prebiotics, probiotics and
synbiotics are growing rapidly. The major source of
prebiotics is dietary fibre but one would have to eat a huge
amount of these natural prebiotics, preferably raw, to
gain any benefit from them. The majority of prebiotic
supplements available are said to be all made of
fibres, however, not all fibres are prebiotics. Besides,
this statement is not correct since both copper and even
sodium chloride may act as prebiotics. Very few
investigations have been focused on non-digestible long
chain complex carbohydrates for their potential as novel
prebiotics. One of the reasons behind this is the
unavailability of non-digestible polysaccharides that can
fulfil the criteria as prebiotics. p-glucans that exist as non-
digestible polysaccharides derived from mushrooms and
other food sources have demonstrated not only health
promoting effects, but also the potential as a novel source
of prebiotics [34].

Mushrooms produce a vast set of extracellular
carbohydrate-active enzymes and biological active
molecules that are able to degrade very complex
compounds such as hemicellulose and lignin. The variety
of enzymes is dependent on the habitat and specific
substrates so it differs among mushroom species and
home ground. Fungi are good producers of cellulolytic
extracellular enzymes and are widely used in many
industrial processes. The diversity of cellulolytic-active
enzymes is organized in different families of related
amino acid sequences of the structurally related catalytic
domains [35].

There is strong evidence suggesting that important
antioxidant and cytoprotective enzymes are present in
various edible fungi [36]. This points out the importance
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of a therapeutic strategy based on nutritional interventions
with supplementation with biomass or extracts from
mushroom to prevent and limit the deleterious consequences
in many notable disorders associated with oxidative stress
such as age-related diseases, high incidence of gastric
cancer, coronary heart disease, asthma, inflammatory
conditions, and neurodegenerative disorder.

Cell damage is induced by Reactive Oxygen Species
(ROS) which can be either free radicals or molecules
containing reactive oxygen atoms, i.e., hydrogen peroxide,
superoxides, hydroxyl anions. Oxidant species produce
free radicals or are activated chemically by them. Natural
Killer cells (NK) are susceptible to ROS and lose their
activity. High oxidation promotes DNA and tissue
homeostasis and damage, aging pathologies, higher
inflammation and gut disorders (Figure 3), diabetes and
brain degeneration mainly in the most common chronic
neurodegenerative Alzheirmers’ and Parkinson’s diseases.
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Figure 3. Relationship among diet, microbiota and host on oxidative
stress

In general, oral administration of certain enzymes
contribute to the reduction of chronic toxic overload in the
organism and the optimisation of the following: a) balance
pH levels: blood and extracellular matrix; b) removal
of toxic substances; c¢) recovery of intestinal bacterial
balance (biota balance); d) enhancement and balance of
the immune system; e) improvement in cell metabolism
[37].

There are numerous situations and conditions (Figure 4)
related with oxidative stress [38].
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Figure 4. Oxidative stress-induced diseases in humans

Oxidative stress is a mechanism by which motor neuron
death occurs and is characterized by elevated levels of
intracellular reactive oxygen species (ROS), damage of
TM cells, induction of apoptosis, and promotion of
cellular aging. The human body is exposed to free radicals
every day; they are produced in our bodies as part of
normal functioning and may increase the risk of lifestyle
and induce several disorders [39]. Free radicals and
oxidants play a dual role as both toxic and beneficial
compounds, since they can be either harmful or helpful to
the body.

There is a range of enzymes related to oxidative stress
which are involved in generating deleterious free radical
species while others have antioxidant properties. The
human body has several mechanisms to counteract
oxidative stress by producing antioxidants, which are
either naturally produced in situ, or externally supplied
through foods and/or supplements [40].

5. Immuno-activating and protective
effects of p-1,3/1,6-glucans

Over 100,000 phytochemicals have been identified.
Phytochemicals which are present in the vegetable/plant
foodstuffs are natural, non-nutritive elements which act as
protective agents for the plants and they are recognized
to possess a number of beneficial effects on human
health. Scientific evidence showed that mushrooms
derived compounds are valuable sources as therapeutics
and immunomodulators. For example, phytochemical
screening of edible white oyster mushroom, Pleurotus
florida, reveals the presence of phenols, flavonoids,
alkaloids, terpenoids, tannins, saponins and glycosides in
mushroom dried powder and in diverse enzyme content of
several mushrooms [41].

The classic model of mode of action of B-glucans, as
soluble (soluble viscous fibres delay gastric emptying time
and slow glucose absorption) and fermentable fibres by
microbiota, is that they are recognized by the immune
system as an invasive organism since they are only present
in plants and not in the human or animal bodies, hence
activating the body’s immune defences as if exposed to
infection. The mushroom mycelium is the network of
fungal threads in soil that acts as interfaces between plant
roots, bacteria and nutrients to plants, rescuing ecosystems.
The proprietary biomass forms of mushroom preparations,
contrary to industrial extract forms containing just
polysaccharide peptides, includes the mycelium therefore
this type of dietary supplements may have the ability to
defend from infectious diseases not only through direct
anti-microbial activity but also from the production of our
immune cells [25,42].

Nevertheless, the immune system is not a single entity
and is activated through many different factors and hence
by many of mushroom components being B-glucans
the element better studied. Other constituents work
synergistically to optimize lifestyle and promote health
[43]. Presently our team is investigating the role of
metalloids as factors that may also trigger health benefits
through different diet sources including mushrooms.

The yield of the immune system cells can be stimulated
however this is quite complex since there are so countless
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different kinds of cells in the immune system that respond
differently to numerous types of microbes present in the
gut. There are two main classes of T-lymphocytes: a)
Cytotoxic T cells (CTL or Tc cell); b) Helper T cells (Th
cells). Cytotoxic T cells usually target and illicit immune
effector response against the self-altered cells like virus or
bacterial infected cells or cancerous cells. CTL Kkill the
host cell in a directly in that they trigger a programmed
cell death, apoptosis being the best-characterised and most
evolutionary conserved form of programmed cell death.
The Th cells, stimulate the immune reaction by expressing
CD4 and CD8 cells, and activating NK-natural killer cells,
macrophages and B cells (Figure 5) [44].

Different types of mushrooms produce different
strains of B-glucans and different concentrations. Reishi,
Cordyceps, and other medicinal mushrooms each offer
different health benefits. And other unique active
substances in the different mushrooms trigger unique
receptors of the immune system, or target receptors on
microbes or malignant cells (Figure 5). The body may
benefit from a lot of different active substances derived
from unique mushroom sources to lift the immune
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system relatively quickly (Figure 6). The metabolites in
mushrooms create reactions from the flora in our guts in
preserving the probiotics and modulating intercellular
signalling [45].

The more interesting molecules are the glycoproteins
PSK and PSP profoundly studied by Asian scientists
as extracts from mushrooms. The glycoprotein with 2
moieties of polysaccharide and polypeptide create some
interesting cellular actions on cell membrane. Eating
mushrooms everyday may affect health not only from the
standpoint of nutrition, but also from helping many of our
physiological functions such as immunity, digestion, and
neutralizing fats. However, there is a huge difference
between fresh mushrooms, their biomass or extracts.

Once we venture into the healing arena, we start to
conform to the classic pharmacology premises of single
molecule/single indication paradigm. There is a wrong
urge to refine a natural product to make it look more like a
drug. However, dietary supplements have legal status
similar to that of common foodstuffs while drugs are
usually mono-molecular substances and deeply scrutinized
by recognised authorities.
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Figure 5. B-glucans and activation of the immune system.
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6. Conclusion

The human gut is a dynamic environment where
eukaryotic and a multitude of prokaryotic cells establish a
complex network of communication that ultimately
benefits both the “microflora party” and the human host.
There must be in the future the possibility of identifying
host factors implicated in the disruption of the intestinal
microbiota and associated pathologic consequences.

Although the overwhelming majority of genes (99.1%)
examined by metagenomic sequencing of the intestinal
tract are bacterial in origin, it will be important to have a
complete characterization of the enteric microbial
communities, i.e., bacteria, viruses, fungi, and archaea,
which presence surely influence specific host response
and intestinal homeostasis. Studies should proceed
regarding the enteric microbiota community as a whole as
they represent a very complex relationship.

Consequently, a targeted manipulation of microbial
activities when feeding mushrooms or their preparations
may represent a better approach to understand their impact
on disease treatment and management.

Mushrooms have been used for several thousands of
years for medicinal purposes, however their role on the
regulation of gut microbiota is a new field and has not
been sufficiently studied among the 2,000 species
identified as edible.
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