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Abstract: The microbiota inhabits the gastrointestinal tract, providing essential capacities to the
host. The microbiota is a crucial factor in intestinal health and regulates intestinal physiology.
However, microbiota disturbances, named dysbiosis, can disrupt intestinal homeostasis, leading to
the development of diseases. Classically, the microbiota has been referred to as bacteria, though
other organisms form this complex group, including viruses, archaea, and eukaryotes such as fungi
and protozoa. This review aims to clarify the role of helminths, bacteriophages, fungi, and archaea
in intestinal homeostasis and diseases, their interaction with bacteria, and their use as therapeutic
targets in intestinal maladies.

Keywords: microbiota; gut–microbiota interactions; intestinal diseases; dysbiosis; intestine; therapeutic
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1. Introduction

The gastrointestinal (GI) tract is the habitat of a complex and abundant population of
organisms including bacteria, viruses, archaea, and eukaryotes (e.g., fungi and protozoa),
collectively known as the gut microbiota. The microbiota refers to the living organisms
present, while the term microbiome goes beyond the microorganisms themselves and con-
siders their structural elements, genomes, metabolites, interactions, and the surrounding
environmental conditions [1]. The microbiota is considered a critical factor in the main-
tenance of intestinal health [2]. Previous studies have indicated that the gut microbiota
modulates the whole intestinal physiology, including digestion, absorption, and secre-
tion [3], as well as motility [4] and defense [5,6], thereby being considered a crucial player
in human health and disease [7].

In particular, the importance of the microbiota in intestinal health is related to its
implication in vitamin synthesis, regulation of the gut barrier function, modulation of
the immune system, digestion of nutrients, and the protection against opportunistic
pathogens [8,9]. However, gut microbiota deviations, termed as dysbiosis, not only favor
intestinal infection by pathogens [10] but are also linked with many diseases, including
lung diseases, cardiovascular diseases, cancer, obesity, type 2 diabetes, and intestinal bowel
diseases (IBD), among others. While the role of bacteria is widely defined, there is a
knowledge gap concerning the influence of unusual gut microbiota such as helminths,
bacteriophages, fungi, and archaea in intestinal balance and their role in GI diseases.

Bacteria are the main microorganisms studied from the gut microbiota because they
represent the majority of the microorganisms in the gut (>90%), in addition to their relative
ease of culture and isolation. Until the last two decades, the techniques to identify and study
new microorganisms were focused on culture-based methods, light microscopy, staining,
and biochemical assays [11,12]. It was not until the mid-2000s that high-throughput
low-priced sequencing enabled us to analyze more complex samples (e.g., human stool),
sequence whole genomes, and identify new species. Using 16S and 18S rRNA sequencing
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allowed us to identify other microorganisms present in the gut microbiota that could not be
identified for a long time, such as archaea and many fungi, apart from many new bacteria
that have never been cultured before.

Other techniques, such as Internal Transcribed Spacer (ITS) [13] and real-time qPCR
of the mcrA gene [14,15], have also been vital for the identification of new fungi and
methanogens in the microbiota, respectively. Nucleic acid and immunological detection are
the most common methods used for virus identification [16]. The lack of 16S/18S subunits
in viruses makes identifying unknown viruses more difficult using high-throughput (HTS)
techniques. However, new HTS and metagenomics approaches have been developed for
viral identification in the last few years [17–19].

In the current review, we focus on the role of the unusual microbiome in intestinal
homeostasis and its interaction with the intestinal mucosa. Moreover, we summarize the
latest updates in medical treatments based on the modulation of helminths, bacteriophages,
fungi, and archaea (Figure 1) as a therapeutic approach for GI-related maladies, such as
IBD, colitis-associated cancer (CAC), or metabolic syndrome, among others.
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2. Helminths

Helminths are considered one of the most important infectious agents in the GI tract,
causing severe morbidity worldwide, especially during early life, with more than 1.5 billion
individuals affected annually [20]. In this context, some helminths, such as the phylum
Acanthocephala, can infect the intestines due to their proboscises being decorated with
spines that are used to attach to the intestinal epithelial cells during infection [21]. Moreover,
helminths such as Acanthocephala can infect many animals, including invertebrates, fish,
amphibians, birds, and mammals [22]. Therefore, helminths’ efficiency in colonizing and
infecting the GI tract is due to their ancient origin and their co-evolution with humans [23].
This theory can be explained from an immunity perspective since individuals have shaped
a typical anti-helminth immune response due to the similarities in the immunobiology of
different helminths [24].

The most prevalent helminth phyla are Cestodes (known as tapeworms), Nematodes
(known as roundworms), and Trematodes (known as flukes) (Table 1).

Table 1. Most relevant phyla in gut helminths.

Phylum Species Example Symptoms

Cestodes
Taenia saginata Usually do not cause symptoms, but infected patients can experience

non-specific symptoms such as abdominal discomfort, nausea,
vomiting, diarrhea, and weight loss, among others.Taenia solium

Nematodes Anisakis simplex
Non-specific symptoms include abdominal pain and general

discomfort with uncommon cases of extra-gastrointestinal symptoms
such as allergy with angioedema, urticaria, and anaphylaxis.

Trematodes Schistosoma mansoni Non-specific symptoms include abdominal pain, enlarged liver as
well as hematochezia, and hematuria.

Helminths have robust immunoregulatory activity in the host and can modify in-
testinal microbiota composition, causing dysbiosis [25]. Helminths can modify the gut
microbiota and the production of their metabolites, such as short-chain fatty acids (SCFAs),
which could promote an ongoing helminth infection to the detriment of the commensal
microbiota [26]. However, this phenomenon seems to depend on the helminth type, and its
specific mechanism is still unknown [27]. Furthermore, helminths can secrete C-type lectin
domain-containing proteins, which are antimicrobial products that agglutinate bacteria
and reduce microbiota composition [28], and peroxiredoxin that neutralizes the reactive
oxygen species (ROS) released from the host [29] in order to reduce commensal bacteria
that inhibit helminth infection. Beneficial intestinal microbiota can also inhibit helminth gut
colonization by different mechanisms [30]. For example, microbiota can regulate intestinal
motility to favor contractile expulsion of a parasite and avoid helminth infection in the
gut [31]. In this context, an extensive description of this interaction between helminths and
bacterial microbiota is detailed in the work from Llinás-Caballero K et al. [32].

Intestinal microbiota may improve, in some cases, the colonization by helminths. A
recent study indicates that infection by Heligmosomoides polygyrus in germ-free (GF) mice
may be reduced, suggesting that bacteria regulate immune pathways that benefit the
parasites [28]. In other cases, the eggs of some parasites, such as Trichuris muris, need to be
in direct contact with intestinal bacteria to hatch and continue their infective life cycle [33].
However, intestinal microbiota can trigger the opposite effect of helminths.

Several works have described how intestinal microbiota, such as Akkermansia muciniphila,
can protect the intestinal epithelium from helminths since it promotes the production of
intestinal mucus that separates these parasites from the intestinal epithelial cells [34]. In
addition, a study carried out by Moyat M et al. showed that in most cases, the intestinal
microbiota provides parasite infection resistance since mice lacking a complex bacterial
microbiota exhibited decreased levels of acetylcholine in the gut and, therefore, reduced
intestinal motility [31]. Nonetheless, other studies describe that the helminth–diabetes
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comorbidity (which is characterized by an impaired gut barrier) could reduce the systemic
inflammation and microbial translocation observed in type 2 diabetes mellitus [35]. In this
context, another scientific group has proved that SPRR2A, a protein that may damage nega-
tively charged bacteria, is induced by helminths to avoid pathogenic bacteria translocation
across the intestinal epithelium [36]. Therefore, intestinal microbiota and helminths have
an intense crosstalk relationship whose result may depend on both the bacteria type and
the helminth phylum.

Helminths have rarely been reported as a cause for chronic gastrointestinal diseases
such as IBD or CAC [31], yet in most cases, their etiopathology is still unknown [37]. Re-
cent therapeutic strategies in IBD and CAC have suggested using helminths to ameliorate
inflammation and improve the quality of life in IBD and CAC patients [38,39]. These inno-
vative therapies are based on epidemic studies where a high prevalence of infection with
helminths during early life may protect against IBD in adulthood [40], which suggests im-
printing an intestinal defense not just by bacterial microbiota during early life [41] but also
by helminths. Pre-treatment with different helminth species such as Echinococcus multilocu-
laris (attenuation of T helper Type 1/Type 17-mediated immune response), Heligmosomoides
polygyrus (activation of colonic Foxp3+ T cells), or Hymenolepis diminuta (increased propen-
sity for T helper-2 immunity) seems to reduce inflammation in chemically induced colitis in
mice [42]. However, this protection from gastrointestinal inflammation may depend on the
parasite used [43], thereby underlying the importance of certain helminths for our health.

Generally, helminth infection primes a strong Th2 immune response in the gut, trigger-
ing the secretion of interleukins (IL) such as IL4 and IL10, among others. In addition, these
parasites cause hyperplasia of mast cells, eosinophils, goblet cells, and innate lymphoid
cells, as well as the expansion of regulatory T cells (Tregs) [44]. Thus, treating an ongoing
intestinal inflammation with helminths may involve the upregulation of anti-inflammatory
cytokines such as IL10, the anti-inflammatory transforming growth factor (TFG)-β, and
the Treg cell recruitment that prevents inflammation [45]. Recent researchers have shown
that administering a single serine protease from Trichinella spiralis prior to colitis amelio-
rates gut inflammation, reduces intestinal epithelial damage, and decreases the release of
pro-inflammatory factors [42].

The benefits of helminth therapy prior to intestinal inflammation would not be limited
to the immunomodulatory effect of these organisms in the host. Previous works have
indicated that helminths may protect from intestinal disturbances by blocking colonization
by inflammatory Bacteroides species [46]. Supporting these data, individuals in helminth-
endemic regions possess a protective microbiota against inflammatory bacteria, and a
de-worming treatment induces the reduction in protective Clostridiales and the increase in
pro-inflammatory Bacteroides species. Thus, the benefits of helminths in the prevention of
intestinal inflammation would not only involve immunomodulation of the GI tract but also
blocking gut colonization by harmful microorganisms [46].

Further, an infection with helminths would not be limited to a harmful effect but may
also help develop therapies for intestinal inflammation and associated cancer. Moreover,
intestinal immunity may not always react to helminth infection or may elicit a mild defense
response, suggesting that tolerance depends on the helminth species and abundance. In
this context, previous works raise the question of whether increased hygiene could lead to
the disappearance of helminths that prime intestinal immunity in early life, triggering the
worldwide increase in diseases such as asthma, IBD, or type 1 diabetes, among others [47],
which is known as the “hygiene hypothesis” [48].

Novel data highlight the importance of environmental factors in developing effective
and strong intestinal immunity during early life to protect individuals during childhood
and their whole lifespan [49]. During this period, known as the “window of opportunity”,
not only is the commensal microbiota critical [50], but also the opportunistic infections by
helminths. Hence, this period is not only a window of opportunity for the development
of intestinal immunity but also a “window of vulnerability” that can disrupt the regular
development of intestinal defense.
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Infection by helminths during early life seems beneficial since it would prime the
development of type 2 immune responses, especially type 2 innate lymphoid cells (ILC2)
that trigger the synthesis of anti-inflammatory M2 macrophages during childhood and
help avoid immune hyper reactions during adulthood [51]. Helminths boost the adaptive T
helper 2 response in childhood that would be maintained during adulthood without higher
sensitivity to allergens, suggesting that punctual helminth infection may improve immunity
development [52]. However, other researchers discard this idea and highlight that helminth
infection may disturb bacterial microbiota in early life and the normal development of
immunity in the gut [53].

In conclusion, helminths are ancestor microorganisms whose infective mechanisms
have co-evolved with the host. These organisms compete with commensal microbes and
are critical immunoregulators in the intestine, where their impact on the development of
intestinal immunity during early life is crucial. Finally, helminths may be used soon as
new tools for IBD therapy since they ameliorate intestinal inflammation. However, their
use is still controversial and may depend on the organism selected as well as the specific
characteristics of the patient, including genetics, nutrition, and lifestyle.

3. Bacteriophages

Several recent studies have shown that bacteriophages (viruses that require bacteria
as their host for infection and replication) play an important role within the GI tract. This
section focuses on bacteriophages as crucial components of GI physiology.

Bacteriophages were discovered in 1915 and 1917 [54] when it was observed that
they could lyse a lawn of bacterial growth and be cultivated as an infectious agent. The
International Committee on the Taxonomy of Viruses (ICTV) has classified bacteriophages
into ten families based on their structure and genome (Table 2), which include capsid
structure, the presence or absence of a tail, and genomic nucleic acid type [55]. There are
1031 bacteriophages (also referred to as phages) in total, making them the most abundant
biological units in the world.

Table 2. Classification of bacteriophages.

Order Family Characteristics

Caudovirales
Siphoviridae dsDNA, long, noncontractile tails
Myoviridae dsDNA, contractile tails
Podoviridae dsDNA, short, stubby tails

Kalamavirales Tectiviridae dsDNA, internal membrane

Petitvirales Microviridae ssDNA, circular, icosahedral

Tubulavirales Inoviridae ssDNA filamentous

Norzivirales Fiersviridae ssRNA, small icosahedral

Mindivirales Cystoviridae dsRNA, segmented, enveloped

Vinavirales Corticoviridae dsDNA, circular, internal membrane

Unassigned Plasmaviridae dsDNA, circular, enveloped

Based on their infectious cycle, phages are classified as lytic or lysogenic. Lytic phages,
such as Escherichia coli’s T4 phage, first attach to a receptor on their host and then release
their genomic DNA into the host’s cytoplasm. That is followed by the replication of the
phage genome, expression of phage proteins, assembly of progeny, and release of new
virions, all of which take place using host cell machinery. By contrast, lysogenic phages,
such as E. coli’s λ phage, integrate into the host chromosome or form a linear or circular
self-replicating plasmid in the host cytoplasm, a prophage, after initial attachment and
genome injection. A bacteria can host a prophage continuously while going through its
replication cycles and the bacteria can be unaffected by the prophage or can undergo
changes in its resistance to other phages or in its pathogenicity [56].
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Bacteriophages cannot propagate without bacteria, and thus, the human gut, with tril-
lions of bacteria, is a perfect environment for phages to thrive. Among all the viral genomes
in the human gut, phages comprise a majority of 97.7% [57]. However, very little is known
about the diversity of the gut phageome [58–60] since phages are challenging to cultivate
and phage genomes are very variable and are difficult targets to analyze. Metagenomic
data on fecal samples revealed that approximately 90% of gut phages are unclassified,
but the remaining 10% mainly belong to the order Caudovirales (non-enveloped, tailed,
icosahedral capsid with dsDNA; Podoviridae, Myoviridae, and Sidoviridae) followed by the
families Microviridae (non-enveloped, non-tailed, icosahedral capsid with circular ssDNA)
and Inoviridae (non-enveloped, non-tailed, filamentous with circular ssDNA). The two
most abundant phages from the order Caudovirales and family Podoviridae are crAssphage
(cross assembly phages; discovered in 2014 by cross Assembly reads from a metagenomics
analysis of fecal samples) [61] and Gubaphage (gut Bacteroidales phage) [62] and the genus
Bacteroides serve as their hosts. CrAssphages are omnipresent and plentiful in the human
gut microbiome and, due to this ubiquity, are even utilized as a marker for human feces [63].

Bacterial dysbiosis has been strongly correlated with GI disorders. Many studies have
reported the same occurrence with the gut phageome. Studies in humans [64–68] have
shown an alteration in the gut phageome in patients with Crohn’s disease (CD), ulcerative
colitis (UC), irritable bowel syndrome (IBS), colorectal cancer (CRC), celiac disease, and
environmental enteric dysfunction (EED) (Table 3).

Table 3. Alterations in gut phageome during various gastrointestinal diseases modified from
Tiamani et al. [69].

Disease Changes in Phageome

Ulcerative colitis Increased Caudovirales

Crohn’s disease Lytic phages are replaced with lysogenic phages

Colorectal cancer More diverse phageome

Coeliac disease More Enterobacteria phages, fewer Lactococcus and Streptococcus phages

A Microviridae-rich phageome in a healthy colon switches to a phageome-rich one
in different members of Caudovirales in patients with IBD. Since bacteriophages require
bacteria to replicate, the phageome composition reflects the bacterial composition. IBD
patients were shown to have lower levels of Firmicutes bacteria and more Firmicutes phages
than healthy controls [67]. Along with healthy and disease states and dietary components,
age is also a key regulator of gut phageome composition. There are few to no phages in
newborn stool samples, but the number increases dramatically after the first month of
life [70]. When there are low numbers of bacteria in the gut in early life, the bacteriophage
population consists mainly of lytic phages. These lytic phages are procured as prophages
through vertical transmission from the mother or derived from the environment. A scarce
number of bacteria and phages at this stage of life does not allow for sustained levels of
lysogenic phages, but as bacterial diversity increases, lysogenic phages predominate and
stabilize the viral gut population. Prophages modify cell surface receptors and proteins
and prevent secondary or co-infections of their host. Lytic Caudovirales predominate the
phage composition in early life, and their amount declines by three years of age, while
lysogenic Microviridae is present in low amounts in neonates and infants, but they become
more abundant in two- or three-year-old children.

After this age, the phageome stabilizes and has mostly the same composition through-
out life [57,70–73]. A few studies have shown that the first phages to colonize an infant’s gut
originated from Bacteroidetes, Firmicutes, and Actinobacteria, i.e., the first bacterial coloniz-
ers, where the phages were present as prophages and were transferred to the child during
breastfeeding [70,74]. Phages belonging to Caudovirales were shown to be transmitted
from mother to child as prophages in Bifidobacteria [67,75]. In early life, Caudovirales make
up most of the phageome but contain crAssphages only in small numbers. CrAssphages
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appear when Bacteroides begin colonizing the gut (between one and three months of age)
and then become the most abundant component of the phageome in adult life [76]. Thus,
bacterial dysbiosis is correlated with an imbalance in the phageome, and in turn, this is
associated with GI disorders.

Bacteriophages constitute many gut viral genomes and are good candidates for modu-
lating human immunity. In vivo and clinical studies [77,78] have shown phages to modu-
late immunity by inducing both pro- and anti-inflammatory pathways. On the one hand,
Staphylococcus aureus and Pseudomonas aeruginosa activate the transcription of IL-1, IL-6, and
TNF-α when incubated with peripheral blood monocytes; endotoxin-free E. coli induces the
production of IFN-γ and Lactobacillus and Bacteroides aggravate colitis via IFN-γ through
toll-like receptor 9. On the other hand, T4 phages could reduce ROS caused by bacterial
infections [79], inhibit NF-κB activation, and, in turn, hinder infections by pathogenic
viruses [80].

Phages are vital elements of the human GI tract and largely contribute to the dynamics
of the gut ecosystem. An aspect of the phageome that could open new avenues in GI disease
therapeutics is to develop bacteriophages as weapons against bacterial diseases. Phage
therapy is a promising strategy, and it can one day eliminate challenges with antimicrobial
resistance. When Felix d’Herelle coined the term “bacteriophage” in 1917, he started
treating patients with oral doses of a Shigella’s phage [81]. He also treated cholera patients
with Vibrio cholerae’s phages [82]. Duan and coworkers [82] provide a proper review of
clinical trials and case reports examining phage therapy ranging from pancreatitis [83] to
Crohn’s disease [84]. Phages are considered safe as a treatment option due to their specific
host range, but it is still not known what effect their prolonged presence will cause and
if they may start interacting with human cells. Having a specific host also means that
phage therapy cannot be used as a broad-range therapeutic. This approach requires a clear
understanding of the gut phageome and bacterial microbiome so that it can be fully utilized
to benefit human health.

4. Fungi

In recent years, there has been an increased interest in the gut mycobiota, which
is collectively called intestinal fungi. As a fundamental part of the human microbiome,
mycobiota are broadly distributed in the healthy human body, primarily on the skin and
nearly all the mucosal surfaces, like the GI tract, oral cavity, skin, and vagina [85]. Targeted
and shotgun high-throughput sequencing technologies have allowed us to investigate
deeper and understand microbial diversity at various locations. In the gut, for example,
recent shotgun sequencing efforts have suggested that fungi make up approximately 0.1%
of the total microorganisms [86]. However, there are several reasons (e.g., under-detection
compared with bacteria in shotgun sequencing efforts, differences in biomass and genomic
size) to question whether this underestimates fungi’s number and significance [86,87].
Generally, approximately 70 genera and more than 184 species of mycobiota colonize the
human gut, with Candida, Saccharomyces, and Cladosporium species being dominant [85].

Despite their relatively small number in the gut community, fungi are essential in
our health since they are implicated in the regulation of several functions (e.g., nutrition,
metabolism, and immunity), both at the intestinal and extra-intestinal (e.g., lung, liver,
and brain) levels [88,89]. Thus, fungi are associated with the health and disease state
of the host [88,89]. This interaction between fungi and host can be seen as a spectrum
of symbiotic relationships (i.e., commensal, parasitic, mutualistic, and amensalism) [90].
For example, the yeast Saccharomyces boulardii is widely used as an effective probiotic to
prevent and treat pathogenic bacterial infections and acute/chronic intestinal complications
(e.g., Clostridium difficile and Helicobacter pylori infections, diarrhea, and IBD) [91,92]. Many
mechanisms of action have been attributed to S. boulardii, including its ability to re-establish
the intestinal microbiota homeostasis, interfere with the ability of pathogens to colonize and
infect the mucosa, regulate the local and systemic immune response, and induce enzymatic
activities promoting absorption and nutrition [92]. Additionally, it is crucial to point out
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that the effect that members of the gut mycobiota exert on the host is also closely linked to
targeted bacteria and to the respective production of primary and secondary metabolites
with biological and anti- or pro-microbial activities [93,94]. That underlines the presence
of functional connections between bacterial and fungal communities in the gut, which are
further discussed below.

Like the bacterial microbiota, it is also noteworthy to mention that multiple host-related
factors, such as diet, age, and sex, are implicated in the modulation of the gut mycobiota
composition [95,96]. Fungal microbiota deviations are often associated with the progression
of certain intestinal (e.g., IBD, celiac disease, and colon cancer) and extra-intestinal diseases
(e.g., pulmonary infection, hepatic cirrhosis, and multiple sclerosis) [88].

This section will mainly emphasize the importance of gut mycobiota dysbiosis and
bacterial–fungal interactions in intestinal inflammation (i.e., IBD) and fungal infections.

Sokol et al. have shown a distinct fungal microbiota dysbiosis in IBD patients
characterized by alterations in biodiversity and composition (i.e., increased Basidiomy-
cota/Ascomycota ratio, a decreased proportion of Saccharomyces cerevisiae, and an increased
proportion of Candida albicans) [97]. They also emphasized a disease-specific inter-kingdom
network alteration in IBD, thereby highlighting that beyond bacteria, fungi might also
play a pivotal role in IBD pathogenesis [97]. Along with this study, an increased fungal
load and a divergent mucosa-associated fungal microbiota characterized by an increase in
species with potential pro-inflammatory effects (i.e., Xylariales) and a decrease in species
with potential beneficial effects (i.e., Saccharomyces cerevisiae and Filobasidium uniguttulatum)
were observed in CD patients [98].

Another common yeast, Malassezia restricta, is recognized in most patients carrying
the IBD risk allele caspase recruitment domain-containing protein 9 (CARD9), a molecule
implicated in fungal innate immunity [99]. However, how fungi interact with the host
immune system is still not well known. Generally, fungi and fungal microbial-associated
molecular patterns (MAMPs) are mainly associated with fungal cell walls that can interact
with membrane-bound receptors, such as lectin receptors, toll-like receptors (TLRs), and
scavenger receptor family members [86,100]. This interaction leads to the activation of
many mechanisms of defense (e.g., phagocytosis, respiratory burst, activation of tran-
scription factors, and production of pro-inflammatory cytokines and chemokines), which
promotes host defense against fungi and helps to reduce increased susceptibility to fungal
infections [86,100].

Among the different types of cytokines produced by the immune system, IL-17 and
IL-22 are considered necessary for host defense against fungi. Genetic mutations in each of
these molecules are linked to increased susceptibility to fungal infections in humans [86].
Fungi can also interact with bacteria, and it has been shown that commensal fungi in the
mouse gut can be found in patches together with gut bacteria [101]. Studies in GF and
antibiotic-treated mice (i.e., short- and long-term treatment) have also demonstrated that
mice are highly susceptible to Candida infection and colonization by and the overgrowth
of Candida species in the mouse gut, respectively [101–104]. The same observations were
underlined in humans, where extended antibiotic treatment can increase the susceptibil-
ity to fungal infections, primarily ascribed to the expansion of Candida species [105,106].
Keeping with the idea to demonstrate the causal role of fungi in the modulation of bacterial
composition, the work from Bernardes et al. [107] demonstrated that the colonization of
GF mice with a defined consortia of either bacteria, fungi, or both elicited robust micro-
biome and immunological shifts that modulated the subsequent susceptibility to mucosal
inflammation in the distal gut and the lung. These results suggested a synergistic inter-
kingdom relationship between bacteria and fungi, which has been described in other
ecosystems [108].

Along with this study, the introduction of Candida albicans into antibiotic-treated mice
was associated with disturbances in bacterial community reassembly, further pinpointing
how certain fungi in numerically inferior numbers in the bacterial microbiome can drive
substantial bacterial microbiome deviations [109]. Furthermore, it is critical to point out
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that despite the different infections caused by Candida species, this fungus in the presence
of an equilibrate/diverse bacterial community and of specific host conditions can improve
human health [110]. Indeed, as shown both in humans and animal studies, Candida albicans
contributes to training our immune system by shaping T-cell responses, competing with
other pathogens, and influencing the balance of the intestinal microbiota [110]. Thus, these
findings highlighted that within the gut microbiome there is a broad array of ecological
interactions between fungi and bacteria, and that the intensive fungal–host–microbiota
crosstalk is of utmost importance for our health.

5. Archaea

Archaea is a group of single-cell microorganisms representing life’s lesser-studied
domain. These microorganisms are prokaryotic and were considered archaebacterial or
extremophilic bacteria (microorganisms that live under extreme conditions) until 1978 [111].
Currently, there is more robust evidence that archaea are evolutionarily distant from
bacteria. Indeed, they differ from the other domains by their cell structure (they lack
peptidoglycan in the cell wall and instead have a protein coat), their metabolism, and
their molecular machinery. One of the main differences between archaea and the other
two domains of life is the type of lipids present in their membranes. Their membranes
are not composed of glycerol ester or fatty acids like bacteria and eukarya membranes,
respectively. They are formed by isoprenoid chains ether-linked to glycerol-1-phosphate
(G1P) [112,113]. These lipids allow archaea to form monolayers in addition to bilayer
membranes, such as bacteria and eukaryotes [114], providing them with other advantages
to survive extreme conditions [115,116]. The domain Archaea includes a wide variety of
organisms that share properties with both bacteria (various morphologies: coccus, spirillum,
bacillus, or irregular shapes; have a single circular chromosome) and eukaryotes (similar
molecular machinery for DNA replication, RNA transcription, and protein translation and
the presence of histones for chromosomal DNA packaging) [117]. They have been found in
many different extreme environments, and they have been classified as hyperthermophiles
(high-temperature conditions), piezophiles (high pressure), acidophiles and alkaliphiles
(low and high pH), halophiles (high salt concentrations), and methanogens (living in
anaerobic conditions and producing methane as a metabolite). Archaea display many
lifestyles, including anaerobic and aerobic respiration, fermentation, chemoautotrophy,
heterotrophy, and photoheterotrophy, allowing them to colonize various environments.
Some mesophilic archaea live in less hostile environments and have been found as part of
the human microbiota.

Thanks to the advances in genomic sequencing and computational approaches, the
number of identified archaea genomes has increased considerably in the last decade.
That has allowed us to classify them into three major superphyla, Asgard, DPANN, and
TACK [118], and the Euryarchaeota phylum, which does not correspond to any of the
superphyla and comprises the archaeal species found in the human microbiota. Due to the
difficulties in culturing and identifying archaea, our knowledge is minimal, and extensive
studies must be conducted.

Archaea are everywhere, and although they have not been associated with pathogene-
sis, several studies have shown certain relations with human diseases [119]. They have been
the forgotten players in the study of the microbiome [120]. However, in the latest decade,
several species have been isolated from human skin and the nose, lung, oral cavity, vagina,
and GI tract [121,122], pointing to the importance of considering these microorganisms in
future studies of the human microbiota and their possible implication in diseases. Archaea
represent a small proportion of the total gut microbiota [123–125], but their implication in
human health and gut diseases has become an important research topic lately.

Methanogens are the predominant archaea group identified in the human gut micro-
biota [9]. That is unsurprising considering that this type of archaea is related to the degra-
dation of carbon products (such as H2-CO2, formate, acetate, and methanol) to methane
and has been identified before in ruminating animal’s intestines [126]. Methanogens can
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use the hydrogen generated from bacteria fermentation and promote the host’s digestion,
transform heavy metals, and use the trimethylamine produced by intestinal bacteria, reduc-
ing the risk of cardiovascular diseases [127]. In fact, these relations with bacteria suggest a
symbiotic metabolism.

Methanobacteriales and Methanomassiliicoccales are the most abundant orders of
archaeal methanogens in the human gut [123]. Methanobrevibacter smithii is the most
identified archaea in the human gut, representing more than 95% of the gut archaea
in healthy individuals [128] and acting as the primary producer of methane in the gut.
Methanosphaera stadtmanae and Methanomassiliicoccus luminyensis are other species that
have been commonly isolated from the gut, but they require more restricted nutrients
and conditions to grow than M. smitthi. Changes in the prevalence of M. stadtmanae in
the gut have been related to several diseases, which we have described further. Although
these three species represent the majority of archaea identified in the human microbiota,
other methanogens, halophilic archaea, and members of the orders Sulfolobales [129]
(phylum Crenarachaeotas) and Nitrososphaerales [130] (phylum Thaumarchaeota) have
also been found.

On the one hand, the decrease in methanogens in the gut has been related to CD, UC,
and malnutrition [127]. A malnutrition study in children in Senegal and Niger showed an
increase in fecal redox potential, a decrease in total bacteria, and a dramatic depletion of
M. smithii [131]. The reduction in methanogens and methane production in the gut has
also been observed in UC and CD patients [15,132]. On the other hand, the increase in
methanogens or methane production has been related to diverticulosis, IBD, irritable bowel
syndrome (IBS), constipation [133,134], obesity, CRC, and polyposis [127].

A metagenomics study [135] in more than five hundred patients including colorectal
cancer, adenomas, or healthy controls showed an enrichment of halophilic archaea and
a depletion of methanogens in the stools of patients with CRC. A progressive increase in
the prevalence of Natrinema sp. J7-2 (halophile) was observed from individual controls
compared to patients with adenoma and to patients with CRC. This study also identified an
association between the bacteria and archaea species in healthy individuals, and reported
that this association is lost in patients with CRC. Halophiles and methanogens, including
M. stadmanae, were increased in individuals above 50 years of age, and the abundance of M.
smithii was significantly decreased (Table 4).

Table 4. Archaea abundance in CRC.

Enriched Archaea CRC Depleted Archaea CRC

Halorubrum tropicale Methanocorpusculum (2 sp.)
Halococcus morrhuae Methanosarcina (3 sp.)
Halococcus salifodinae Methanobrevibacter (3 sp.)
Halovenus aranensis Methanobacterium (3 sp.)
Natrinema sps J7-2 Methanooccus (2 sp.)

Methanothrix soehngenii Methanospaera
Methanoculleu marisnigri

A study with stool samples of children between six to ten years of age in The Nether-
lands suggests the implication of archaea in the dysbiosis–asthma paradigm [136,137].
According to Barnett et at., 2019 [136], M. stadtmanae in the stool samples was associated
with a lower risk of asthma independently of the parental asthma status. They observed a
tendency of lower eczema, aeroallergen, and food allergen sensitization in the presence
of this archaeon [136]. However, the presence of M. smitthi was not associated with the
incidence of asthma; this study speculates the possibility of tolerogenic effects by early-life
archaeal exposure [136].

Immunological studies have demonstrated the immunogenic properties of methanoar-
chaea in human cells and mice [138,139]. The human innate immune system specifi-
cally recognizes M. stadtmanae or M. smithii and can induce an inflammatory cytokine
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response. Furthermore, M. stadtmanae induces a much stronger inflammatory reaction than
M. smithii [138,139]. In addition, a bioinformatics study predicted the allergenicity of differ-
ent proteins present in archaea and bacteria and suggested that these pro-inflammatory
proteins are predicted more often among archaea than bacteria and that most of these
proteins were among the secreted proteins [139,140]. That suggests that although archaea
are not considered pathogenic, they may contribute to pathogenic conditions of the human
GI tract, and further investigation is required to assess their involvement.

Differences in the gut archaeome have been observed with the incidence of obesity.
An increase in the orders of Methanosarcinales and Methanococcales and a decrease in the
orders Natrialbales, Methanocellales, and Thermoproteales were observed in obese patients
compared to lean control patients [141]. Furthermore, the increased methane detected in
the breath was correlated with overweight subjects and higher body mass index [142].

An extensive study of more than eight hundred Korean subjects [123] reported that the
abundance of the human gut archaea is approximately 10–14% of the total bacteria/archaea
abundance in the gut. Although the majority of the archaea identified in the Korean ar-
chaeome were from the methanogen group (Metabobacteriales: M.smithii and M.stadmanae),
the study also identified some haloarchaea genera (Halolamina, Haloplanus, Halorubrum,
Halobacteriales, Haloterrigena, Natronomonas, Harlarchaeaum, Halorarcula, Halonotius, and
Halorussus), opening a new path for further investigation [123].

Even though several studies have been performed to identify the archaeal gut micro-
biome, there is still much unknown about its direct implication in health and disease. The
interactions or effects archaea might have on other gut microbiota communities or the host
immune system are also unknown. These new findings suggest that archaea have been
underestimated in previous microbiota studies and might play an essential role in healthy
and pathological conditions. Expanding these studies to a larger number of patients and
different geographic areas will provide us with information to discern the healthy archaea
microbiota from the ones causing diseases.

6. Discussion

In recent years, the significant function of non-classical gut microbiota homeostasis
and disease etiology is slowly being discovered. Although several new species have been
identified, the cultivation of these species is still challenging. Not being able to isolate these
microorganisms makes them difficult to characterize; therefore, designing experiments to
study their implication in intestinal health and disease is challenging.

In this context, the impact of helminths, bacteriophages, fungi, and archaea as an
essential part of the intestinal microbiota should be further explored since most of their
functions in the gut are still unknown. However, this cannot be achieved without consider-
ing their interactions with the bacterial community and human gut function. The selection
of microbiota may depend on the host’s mucus, mucin, and glycan composition [143,144].
To survive and colonize this hostile environment, gut microorganisms need to develop
mechanisms to obtain nutrients and thrive against competition, leading to the synthesis of
specific proteins, enzymes, or metabolites. The study of these mechanisms opens a great
new research area for the gut microbiota at the molecular level.

Intestinal development during early life mainly depends on environmental stimuli,
where bacteria play critical functions by colonizing different segments of the intestinal
tract at different times [145]. However, the involvement of non-bacterial microorganisms
in intestinal development during early life and their implication on adult health remains
unexplored. In this context, fungal species would be present at a much higher diversity
during the first months of life compared with later periods, contrasting bacterial diver-
sity [146]. A similar trend in virome diversity occurs during the first years of life [147,148]
in helminths [149] and archaea [150], where they are stabilized later in life. Although
changes in abundance and diversity of these non-bacterial microorganisms have been
detected during early life, their role in intestinal defense development and as critical factors
in developing a healthy adult-like microbiota remains uncharted. More studies are needed
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to state the role of the other microbiota in gut colonization during early life in the same
way as the plethora of studies that have identified the function of intestinal bacteria and
how they shape the intestine during early life [151].

In this review, we describe the implication of bacterial viruses in the gut microbiota,
but the presence of viruses that target other microbiota communities and even human cells
must also be addressed.

The unconventional microorganisms of the gut, outlined in this review, are involved
in various intestinal diseases, but they can also be developed as attractive therapeutic
agents to improve certain GI symptoms. Innovative studies support the idea that some
bacteriophages would be helpful in modulating non-beneficial bacteria that can induce
the development of some GI diseases, such as UC, CD, or invasive adherent Escherichia
coli (IAEC) [152]. Nevertheless, the impact on other microbiota communities should be
studied in parallel. Even though several works have demonstrated that the use of non-
traditional microorganisms in intestinal maladies has improved gastrointestinal symptoms
and mitigated intestinal inflammation, their intracellular mechanisms remain unclear. In
addition, the effect of specific species of helminths, bacteriophages, fungi, and archaea
in intestinal disorders should be well described so that specific components from these
organisms could be used as potential therapies against intestinal diseases.

For a more comprehensive study of these gut organisms and their roles in intestinal
homeostasis, recent works indicate the necessity of expanding available databases for reli-
able detection. In addition, the unification of detection methods would be indispensable to
ensure a consistent and comparable identification between studies all over the world [153].

In recent years, the use of artificial intelligence (AI), including deep machine learning,
to understand biological questions has grown in popularity and become more accessible to
the research community. Microbiome data are high-dimensional, sparse, and compositional,
requesting specific analysis. We can benefit from the interesting discoveries provided by AI
technologies [154], allowing us to find patterns we could not identify directly.

Author Contributions: Conceptualization, M.J.G.-B., A.R., F.S. and E.L.; writing—original draft
preparation, M.J.G.-B., A.R., F.S. and E.L.; writing—review and editing, M.J.G.-B. and E.L.; visualiza-
tion, M.J.G.-B., A.R., F.S. and E.L.; supervision, M.J.G.-B. and E.L. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was supported by the Wilhelm and Martina Lundgren’s Foundation
(nos. 2020-3590, 2021-3874, 2022-3916, 2022-3994, 2022-4051 and 2023-SA-4282) and by the Kungl.
Vetenskaps- och Vitterhets-Samhället (KVVS).

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

References
1. Butler, M.I.; Bastiaanssen, T.F.S.; Long-Smith, C.; Morkl, S.; Berding, K.; Ritz, N.L.; Strain, C.; Patangia, D.; Patel, S.; Stanton, C.;

et al. The Gut Microbiome in Social Anxiety Disorder: Evidence of Altered Composition and Function. Transl. Psychiatry 2023,
13, 95. [CrossRef]

2. Lee, J.-Y.; Tsolis, R.M.; Bäumler, A.J. The Microbiome and Gut Homeostasis. Science 2022, 377, eabp9960. [CrossRef] [PubMed]
3. Daniel, H. Gut Physiology Meets Microbiome Science. Gut Microbiome 2023, 4, e1. [CrossRef]
4. Grasa, L.; Abecia, L.; Forcén, R.; Castro, M.; de Jalón, J.A.G.; Latorre, E.; Alcalde, A.I.; Murillo, M.D. Antibiotic-Induced Depletion

of Murine Microbiota Induces Mild Inflammation and Changes in Toll-Like Receptor Patterns and Intestinal Motility. Microb.
Ecol. 2015, 70, 835–848. [CrossRef]

5. Layunta, E.; Jäverfelt, S.; Dolan, B.; Arike, L.; Pelaseyed, T. Il-22 Promotes the Formation of a Muc17 Glycocalyx Barrier in the
Postnatal Small Intestine During Weaning. Cell Rep. 2021, 34, 108757. [CrossRef]

6. Suriano, F.; Nyström, E.E.L.; Sergi, D.; Gustafsson, J.K. Diet, Microbiota, and the Mucus Layer: The Guardians of Our Health.
Front. Immunol. 2022, 13, 953196. [CrossRef]

7. de Vos, W.M.; Tilg, H.; Van Hul, M.; Cani, P.D. Gut Microbiome and Health: Mechanistic Insights. Gut 2022, 71, 1020–1032.
[CrossRef]

8. Kau, A.L.; Ahern, P.P.; Griffin, N.W.; Goodman, A.L.; Gordon, J.I. Human Nutrition, the Gut Microbiome and the Immune System.
Nature 2011, 474, 327–336. [CrossRef]

https://doi.org/10.1038/s41398-023-02325-5
https://doi.org/10.1126/science.abp9960
https://www.ncbi.nlm.nih.gov/pubmed/35771903
https://doi.org/10.1017/gmb.2022.10
https://doi.org/10.1007/s00248-015-0613-8
https://doi.org/10.1016/j.celrep.2021.108757
https://doi.org/10.3389/fimmu.2022.953196
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.1038/nature10213


Life 2023, 13, 1765 13 of 18

9. Mafra, D.; Ribeiro, M.; Fonseca, L.; Regis, B.; Cardozo, L.; Santos, H.F.D.; de Jesus, H.E.; Schultz, J.; Shiels, P.G.; Stenvinkel, P.;
et al. Archaea from the Gut Microbiota of Humans: Could Be Linked to Chronic Diseases? Anaerobe 2022, 77, 102629. [CrossRef]
[PubMed]

10. Stevens, E.J.; Bates, K.A.; King, K.C. Host Microbiota Can Facilitate Pathogen Infection. PLoS Pathog. 2021, 17, e1009514.
[CrossRef]

11. Dridi, B. Laboratory Tools for Detection of Archaea in Humans. Clin. Microbiol. Infect. 2012, 18, 825–833. [CrossRef] [PubMed]
12. Houpikian, P.; Raoult, D. Traditional and Molecular Techniques for the Study of Emerging Bacterial Diseases: One Laboratory’s

Perspective. Emerg. Infect. Dis. 2002, 8, 122–131. [CrossRef]
13. Schoch, C.L.; Seifert, K.A.; Huhndorf, S.; Robert, V.; Spouge, J.L.; Levesque, C.A.; Chen, W.; Fungal Barcoding Consortium;

Fungal Barcoding Consortium Author List; Bolchacova, E.; et al. Nuclear Ribosomal Internal Transcribed Spacer (Its) Region as a
Universal DNA Barcode Marker for Fungi. Proc. Natl. Acad. Sci. USA 2012, 109, 6241–6246. [CrossRef]

14. Nkamga, V.D.; Henrissat, B.; Drancourt, M. Archaea: Essential Inhabitants of the Human Digestive Microbiota. Hum. Microbiome
J. 2016, 3, 1–8. [CrossRef]

15. Scanlan, P.D.; Shanahan, F.; Marchesi, J.R. Human Methanogen Diversity and Incidence in Healthy and Diseased Colonic Groups
Using Mcra Gene Analysis. BMC Microbiol. 2008, 8, 79. [CrossRef]

16. Cassedy, A.; Parle-McDermott, A.; O’kennedy, R. Virus Detection: A Review of the Current and Emerging Molecular and
Immunological Methods. Front. Mol. Biosci. 2021, 8, 637559. [CrossRef] [PubMed]

17. Li, R.; Wang, Y.; Hu, H.; Tan, Y.; Ma, Y. Metagenomic Analysis Reveals Unexplored Diversity of Archaeal Virome in the Human
Gut. Nat. Commun. 2022, 13, 7978. [CrossRef]

18. Fitzpatrick, A.H.; Rupnik, A.; O’Shea, H.; Crispie, F.; Keaveney, S.; Cotter, P. High Throughput Sequencing for the Detection and
Characterization of Rna Viruses. Front. Microbiol. 2021, 12, 621719. [CrossRef]

19. Quer, J.; Colomer-Castell, S.; Campos, C.; Andrés, C.; Piñana, M.; Cortese, M.F.; González-Sánchez, A.; Garcia-Cehic, D.; Ibáñez,
M.; Pumarola, T.; et al. Next-Generation Sequencing for Confronting Virus Pandemics. Viruses 2022, 14, 600. [CrossRef]

20. Charlier, J.; Rinaldi, L.; Musella, V.; Ploeger, H.; Chartier, C.; Vineer, H.R.; Hinney, B.; von Samson-Himmelstjerna, G.; Băcescu,
B.; Mickiewicz, M.; et al. Initial Assessment of the Economic Burden of Major Parasitic Helminth Infections to the Ruminant
Livestock Industry in Europe. Prev. Veter. Med. 2020, 182, 105103. [CrossRef]

21. Taraschewski, H. Host-Parasite Interactions in Acanthocephala: A Morphological Approach. Adv. Parasitol. 2000, 46, 1–179.
[PubMed]

22. Mathison, B.A.; Mehta, N.; Couturier, M.R. Human Acanthocephaliasis: A Thorn in the Side of Parasite Diagnostics. J. Clin.
Microbiol. 2021, 59, e0269120. [CrossRef] [PubMed]

23. Pullan, R.L.; Smith, J.L.; Jasrasaria, R.; Brooker, S.J. Global Numbers of Infection and Disease Burden of Soil Transmitted Helminth
Infections in 2010. Parasites Vectors 2014, 7, 37. [CrossRef]

24. Bourke, C.D.; Maizels, R.M.; Mutapi, F. Acquired Immune Heterogeneity and Its Sources in Human Helminth Infection.
Parasitology 2011, 138, 139–159. [CrossRef]

25. Lee, S.C.; Tang, M.S.; Lim, Y.A.L.; Choy, S.H.; Kurtz, Z.D.; Cox, L.M.; Gundra, U.M.; Cho, I.; Bonneau, R.; Blaser, M.J.; et al.
Helminth Colonization Is Associated with Increased Diversity of the Gut Microbiota. PLoS Neglected Trop. Dis. 2014, 8, e2880.
[CrossRef]

26. Zaiss, M.M.; Rapin, A.; Lebon, L.; Dubey, L.K.; Mosconi, I.; Sarter, K.; Piersigilli, A.; Menin, L.; Walker, A.W.; Rougemont, J.;
et al. The Intestinal Microbiota Contributes to the Ability of Helminths to Modulate Allergic Inflammation. Immunity 2015,
43, 998–1010. [CrossRef]

27. Kim, C.H. Control of Lymphocyte Functions by Gut Microbiota-Derived Short-Chain Fatty Acids. Cell. Mol. Immunol. 2021,
18, 1161–1171. [CrossRef]

28. Rausch, S.; Midha, A.; Kuhring, M.; Affinass, N.; Radonic, A.; Kühl, A.A.; Bleich, A.; Renard, B.Y.; Hartmann, S. Parasitic
Nematodes Exert Antimicrobial Activity and Benefit from Microbiota-Driven Support for Host Immune Regulation. Front.
Immunol. 2018, 9, 2282. [CrossRef]

29. Robinson, M.W.; Hutchinson, A.T.; Dalton, J.P.; Donnelly, S. Peroxiredoxin: A Central Player in Immune Modulation. Parasite
Immunol. 2010, 32, 305–313. [CrossRef]

30. Zaiss, M.M.; Harris, N.L. Interactions between the Intestinal Microbiome and Helminth Parasites. Parasite Immunol. 2016, 38, 5–11.
[CrossRef] [PubMed]

31. Moyat, M.; Lebon, L.; Perdijk, O.; Wickramasinghe, L.C.; Zaiss, M.M.; Mosconi, I.; Volpe, B.; Guenat, N.; Shah, K.; Coakley,
G.; et al. Microbial Regulation of Intestinal Motility Provides Resistance against Helminth Infection. Mucosal Immunol. 2022,
15, 1283–1295. [CrossRef] [PubMed]

32. Llinas-Caballero, K.; Caraballo, L. Helminths and Bacterial Microbiota: The Interactions of Two of Humans’ Old Friends. Int. J.
Mol. Sci. 2022, 23, 13358. [CrossRef] [PubMed]

33. Hayes, K.S.; Bancroft, A.J.; Goldrick, M.; Portsmouth, C.; Roberts, I.S.; Grencis, R.K. Exploitation of the Intestinal Microflora by
the Parasitic Nematode Trichuris Muris. Science 2010, 328, 1391–1394. [CrossRef]

34. Jin, X.; Liu, Y.; Wang, J.; Wang, X.; Tang, B.; Liu, M.; Liu, X. Beta-Glucan-Triggered Akkermansia Muciniphila Expansion Facilitates
the Expulsion of Intestinal Helminth Via Tlr2 in Mice. Carbohydr. Polym. 2022, 275, 118719. [CrossRef]

https://doi.org/10.1016/j.anaerobe.2022.102629
https://www.ncbi.nlm.nih.gov/pubmed/35985606
https://doi.org/10.1371/journal.ppat.1009514
https://doi.org/10.1111/j.1469-0691.2012.03952.x
https://www.ncbi.nlm.nih.gov/pubmed/22897827
https://doi.org/10.3201/eid0802.010141
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1016/j.humic.2016.11.005
https://doi.org/10.1186/1471-2180-8-79
https://doi.org/10.3389/fmolb.2021.637559
https://www.ncbi.nlm.nih.gov/pubmed/33959631
https://doi.org/10.1038/s41467-022-35735-y
https://doi.org/10.3389/fmicb.2021.621719
https://doi.org/10.3390/v14030600
https://doi.org/10.1016/j.prevetmed.2020.105103
https://www.ncbi.nlm.nih.gov/pubmed/10761555
https://doi.org/10.1128/JCM.02691-20
https://www.ncbi.nlm.nih.gov/pubmed/34076470
https://doi.org/10.1186/1756-3305-7-37
https://doi.org/10.1017/S0031182010001216
https://doi.org/10.1371/journal.pntd.0002880
https://doi.org/10.1016/j.immuni.2015.09.012
https://doi.org/10.1038/s41423-020-00625-0
https://doi.org/10.3389/fimmu.2018.02282
https://doi.org/10.1111/j.1365-3024.2010.01201.x
https://doi.org/10.1111/pim.12274
https://www.ncbi.nlm.nih.gov/pubmed/26345715
https://doi.org/10.1038/s41385-022-00498-8
https://www.ncbi.nlm.nih.gov/pubmed/35288644
https://doi.org/10.3390/ijms232113358
https://www.ncbi.nlm.nih.gov/pubmed/36362143
https://doi.org/10.1126/science.1187703
https://doi.org/10.1016/j.carbpol.2021.118719


Life 2023, 13, 1765 14 of 18

35. Rajamanickam, A.; Munisankar, S.; Menon, P.A.; Dolla, C.; Nutman, T.B.; Babu, S. Helminth Mediated Attenuation of Systemic
Inflammation and Microbial Translocation in Helminth-Diabetes Comorbidity. Front. Cell. Infect. Microbiol. 2020, 10, 431.
[CrossRef]

36. Horsnell, W.G.C.; Oudhoff, M.J. Helminths Are Positively Amping up Gut De-Bugging. Cell Host Microbe 2022, 30, 1–2. [CrossRef]
37. Popov, J.; Caputi, V.; Nandeesha, N.; Rodriguez, D.A.; Pai, N. Microbiota-Immune Interactions in Ulcerative Colitis and Colitis

Associated Cancer and Emerging Microbiota-Based Therapies. Int. J. Mol. Sci. 2021, 22, 11365. [CrossRef]
38. Maruszewska-Cheruiyot, M.; Donskow-Łysoniewska, K.; Doligalska, M. Helminth Therapy: Advances in the Use of Parasitic

Worms against Inflammatory Bowel Diseases and Its Challenges. Helminthologia 2018, 55, 1–11. [CrossRef] [PubMed]
39. León-Cabrera, S.; Callejas, B.E.; Ledesma-Soto, Y.; Coronel, J.; Pérez-Plasencia, C.; Gutiérrez-Cirlos, E.B.; Ávila-Moreno, F.;

Rodríguez-Sosa, M.; Hernández-Pando, R.; Marquina-Castillo, B.; et al. Extraintestinal Helminth Infection Reduces the Develop-
ment of Colitis-Associated Tumorigenesis. Int. J. Biol. Sci. 2014, 10, 948–956. [CrossRef]

40. Chu, K.M.; Watermeyer, G.; Shelly, L.; Janssen, J.; May, T.D.; Brink, K.; Benefeld, G.; Li, X. Childhood Helminth Exposure Is
Protective against Inflammatory Bowel Disease: A Case Control Study in South Africa. Inflamm. Bowel Dis. 2013, 19, 614–620.
[CrossRef]

41. Al Nabhani, Z.; Eberl, G. Imprinting of the Immune System by the Microbiota Early in Life. Mucosal Immunol. 2020, 13, 183–189.
[CrossRef] [PubMed]

42. Long, S.R.; Liu, R.D.; Kumar, D.V.; Wang, Z.Q.; Su, C.-W. Immune Protection of a Helminth Protein in the Dss-Induced Colitis
Model in Mice. Front. Immunol. 2021, 12, 664998. [CrossRef] [PubMed]

43. Bager, P.; Hansen, A.V.; Wohlfahrt, J.; Melbye, M. Helminth Infection Does Not Reduce Risk for Chronic Inflammatory Disease in
a Population-Based Cohort Study. Gastroenterology 2012, 142, 55–62. [CrossRef] [PubMed]

44. Cortes, A.; Munoz-Antoli, C.; Esteban, J.G.; Toledo, R. Th2 and Th1 Responses: Clear and Hidden Sides of Immunity against
Intestinal Helminths. Trends Parasitol. 2017, 33, 678–693. [CrossRef]

45. Cho, M.K.; Park, M.K.; Kang, S.A.; Choi, S.H.; Ahn, S.C.; Yu, H.S. Trichinella spiralis Infection Suppressed Gut Inflammation with
Cd4+Cd25+Foxp3+ T Cell Recruitment. Korean J. Parasitol. 2012, 50, 385–390. [CrossRef]

46. Mishra, P.K.; Palma, M.; Bleich, D.; Loke, P.; Gause, W.C. Systemic Impact of Intestinal Helminth Infections. Mucosal Immunol.
2014, 7, 753–762. [CrossRef]

47. Briggs, N.; Weatherhead, J.; Sastry, K.J.; Hotez, P.J. The Hygiene Hypothesis and Its Inconvenient Truths About Helminth
Infections. PLoS Neglected Trop. Dis. 2016, 10, e0004944. [CrossRef]

48. Santiago, H.C.; Nutman, T.B. Human Helminths and Allergic Disease: The Hygiene Hypothesis and Beyond. Am. J. Trop. Med.
Hyg. 2016, 95, 746–753. [CrossRef]

49. Jain, N. The Early Life Education of the Immune System: Moms, Microbes and (Missed) Opportunities. Gut Microbes 2020,
12, 1824564. [CrossRef]

50. Laforest-Lapointe, I.; Arrieta, M.-C. Patterns of Early-Life Gut Microbial Colonization During Human Immune Development: An
Ecological Perspective. Front. Immunol. 2017, 8, 788. [CrossRef]

51. Saluzzo, S.; Gorki, A.-D.; Rana, B.M.; Martins, R.; Scanlon, S.; Starkl, P.; Lakovits, K.; Hladik, A.; Korosec, A.; Sharif, O.; et al.
First-Breath-Induced Type 2 Pathways Shape the Lung Immune Environment. Cell Rep. 2017, 18, 1893–1905. [CrossRef] [PubMed]

52. Djuardi, Y.; Supali, T.; Wibowo, H.; Kruize, Y.C.; Versteeg, S.A.; van Ree, R.; Sartono, E.; Yazdanbakhsh, M. The Development of
Th2 Responses from Infancy to 4 Years of Age and Atopic Sensitization in Areas Endemic for Helminth Infections. Allergy Asthma
Clin. Immunol. 2013, 9, 13. [CrossRef] [PubMed]

53. Toro-Londono, M.A.; Bedoya-Urrego, K.; Garcia-Montoya, G.M.; Galvan-Diaz, A.L.; Alzate, J.F. Intestinal Parasitic Infection
Alters Bacterial Gut Microbiota in Children. PeerJ 2019, 7, e6200. [CrossRef] [PubMed]

54. Twort, F.W. An Investigation on the Nature of Ultra-Microscopic Viruses. Lancet 1915, 186, 1241–1243. [CrossRef]
55. Ackermann, H.W.; Dubow, M.S.; Gershman, M.; Karska-Wysocki, B.; Kasatiya, S.S.; Loessner, M.J.; Mamet-Bratley, M.D.; Regué,

M. Taxonomic Changes in Tailed Phages of Enterobacteria. Arch. Virol. 1997, 142, 1381–1390. [CrossRef] [PubMed]
56. Hendrix, R.W. Bacteriophages. In Fields Virology; Knipe, D.M., Howley, P.M., Eds.; Lippincott Williams & Wilkins: Philadelphia,

PA, USA, 2013; pp. 2384–2417.
57. Gregory, A.C.; Zablocki, O.; Zayed, A.A.; Howell, A.; Bolduc, B.; Sullivan, M.B. The Gut Virome Database Reveals Age-Dependent

Patterns of Virome Diversity in the Human Gut. Cell Host Microbe 2020, 28, 724–740.e8. [CrossRef]
58. Mirzaei, M.K.; Maurice, C.F. Menage a Trois in the Human Gut: Interactions between Host, Bacteria and Phages. Nat. Rev.

Microbiol. 2017, 15, 397–408. [CrossRef]
59. Dion, M.B.; Oechslin, F.; Moineau, S. Phage Diversity, Genomics and Phylogeny. Nat. Rev. Microbiol. 2020, 18, 125–138. [CrossRef]
60. Sausset, R.; Petit, M.A.; Gaboriau-Routhiau, V.; De Paepe, M. New Insights into Intestinal Phages. Mucosal Immunol. 2020,

13, 205–215. [CrossRef]
61. Dutilh, B.E.; Cassman, N.; McNair, K.; Sanchez, S.E.; Silva, G.G.; Boling, L.; Barr, J.J.; Speth, D.R.; Seguritan, V.; Aziz, R.K.; et al. A

Highly Abundant Bacteriophage Discovered in the Unknown Sequences of Human Faecal Metagenomes. Nat. Commun. 2014,
5, 4498. [CrossRef]

62. Camarillo-Guerrero, L.F.; Almeida, A.; Rangel-Pineros, G.; Finn, R.D.; Lawley, T.D. Massive Expansion of Human Gut Bacterio-
phage Diversity. Cell 2021, 184, 1098–1109.e9. [CrossRef]

https://doi.org/10.3389/fcimb.2020.00431
https://doi.org/10.1016/j.chom.2021.12.016
https://doi.org/10.3390/ijms222111365
https://doi.org/10.1515/helm-2017-0048
https://www.ncbi.nlm.nih.gov/pubmed/31662622
https://doi.org/10.7150/ijbs.9033
https://doi.org/10.1097/MIB.0b013e31827f27f4
https://doi.org/10.1038/s41385-020-0257-y
https://www.ncbi.nlm.nih.gov/pubmed/31988466
https://doi.org/10.3389/fimmu.2021.664998
https://www.ncbi.nlm.nih.gov/pubmed/33995396
https://doi.org/10.1053/j.gastro.2011.09.046
https://www.ncbi.nlm.nih.gov/pubmed/21983081
https://doi.org/10.1016/j.pt.2017.05.004
https://doi.org/10.3347/kjp.2012.50.4.385
https://doi.org/10.1038/mi.2014.23
https://doi.org/10.1371/journal.pntd.0004944
https://doi.org/10.4269/ajtmh.16-0348
https://doi.org/10.1080/19490976.2020.1824564
https://doi.org/10.3389/fimmu.2017.00788
https://doi.org/10.1016/j.celrep.2017.01.071
https://www.ncbi.nlm.nih.gov/pubmed/28228256
https://doi.org/10.1186/1710-1492-9-13
https://www.ncbi.nlm.nih.gov/pubmed/23566643
https://doi.org/10.7717/peerj.6200
https://www.ncbi.nlm.nih.gov/pubmed/30643702
https://doi.org/10.1016/S0140-6736(01)20383-3
https://doi.org/10.1007/s007050050167
https://www.ncbi.nlm.nih.gov/pubmed/28879399
https://doi.org/10.1016/j.chom.2020.08.003
https://doi.org/10.1038/nrmicro.2017.30
https://doi.org/10.1038/s41579-019-0311-5
https://doi.org/10.1038/s41385-019-0250-5
https://doi.org/10.1038/ncomms5498
https://doi.org/10.1016/j.cell.2021.01.029


Life 2023, 13, 1765 15 of 18

63. Park, G.W.; Ng, T.F.F.; Freeland, A.L.; Marconi, V.C.; Boom, J.A.; Staat, M.A.; Montmayeur, A.M.; Browne, H.; Narayanan, J.;
Payne, D.C.; et al. Crassphage as a Novel Tool to Detect Human Fecal Contamination on Environmental Surfaces and Hands.
Emerg. Infect. Dis. 2020, 26, 1731–1739. [CrossRef]

64. Coughlan, S.; Das, A.; O’Herlihy, E.; Shanahan, F.; O’Toole, P.W.; Jeffery, I.B. The Gut Virome in Irritable Bowel Syndrome Differs
from That of Controls. Gut Microbes 2021, 13, 1887719. [CrossRef]

65. Reyes, A.; Blanton, L.V.; Cao, S.; Zhao, G.; Manary, M.; Trehan, I.; Smith, M.I.; Wang, D.; Virgin, H.W.; Rohwer, F.; et al. Gut
DNA Viromes of Malawian Twins Discordant for Severe Acute Malnutrition. Proc. Natl. Acad. Sci. USA 2015, 112, 11941–11946.
[CrossRef]

66. Norman, J.M.; Handley, S.A.; Baldridge, M.T.; Droit, L.; Liu, C.Y.; Keller, B.C.; Kambal, A.; Monaco, C.L.; Zhao, G.; Fleshner, P.;
et al. Disease-Specific Alterations in the Enteric Virome in Inflammatory Bowel Disease. Cell 2015, 160, 447–460. [CrossRef]

67. Clooney, A.G.; Sutton, T.D.; Shkoporov, A.N.; Holohan, R.K.; Daly, K.M.; O’regan, O.; Ryan, F.J.; Draper, L.A.; Plevy, S.E.; Ross,
R.P.; et al. Whole-Virome Analysis Sheds Light on Viral Dark Matter in Inflammatory Bowel Disease. Cell Host Microbe 2019,
26, 764–778.e5. [CrossRef]

68. Emlet, C.; Ruffin, M.; Lamendella, R. Enteric Virome and Carcinogenesis in the Gut. Dig. Dis. Sci. 2020, 65, 852–864. [CrossRef]
69. Tiamani, K.; Luo, S.; Schulz, S.; Xue, J.; Costa, R.; Mirzaei, M.K.; Deng, L. The Role of Virome in the Gastrointestinal Tract and

Beyond. FEMS Microbiol. Rev. 2022, 46, fuac027. [CrossRef]
70. Liang, G.; Zhao, C.; Zhang, H.; Mattei, L.; Sherrill-Mix, S.; Bittinger, K.; Kessler, L.R.; Wu, G.D.; Baldassano, R.N.; DeRusso, P.;

et al. The Stepwise Assembly of the Neonatal Virome Is Modulated by Breastfeeding. Nature 2020, 581, 470–474. [CrossRef]
71. Lim, E.S.; Zhou, Y.; Zhao, G.; Bauer, I.K.; Droit, L.; Ndao, I.M.; Warner, B.B.; Tarr, P.I.; Wang, D.; Holtz, L.R. Early Life Dynamics of

the Human Gut Virome and Bacterial Microbiome in Infants. Nat. Med. 2015, 21, 1228–1234. [CrossRef]
72. Maqsood, R.; Rodgers, R.; Rodriguez, C.; Handley, S.A.; Ndao, I.M.; Tarr, P.I.; Warner, B.B.; Lim, E.S.; Holtz, L.R. Discordant

Transmission of Bacteria and Viruses from Mothers to Babies at Birth. Microbiome 2019, 7, 156. [CrossRef]
73. Shkoporov, A.N.; Clooney, A.G.; Sutton, T.D.S.; Ryan, F.J.; Daly, K.M.; Nolan, J.A.; McDonnell, S.A.; Khokhlova, E.V.; Draper, L.A.;

Forde, A.; et al. The Human Gut Virome Is Highly Diverse, Stable, and Individual Specific. Cell Host Microbe 2019, 26, 527–541.e5.
[CrossRef] [PubMed]

74. Baumann-Dudenhoeffer, A.M.; D’Souza, A.W.; Tarr, P.I.; Warner, B.B.; Dantas, G. Infant Diet and Maternal Gestational Weight
Gain Predict Early Metabolic Maturation of Gut Microbiomes. Nat. Med. 2018, 24, 1822–1829. [CrossRef] [PubMed]

75. Duranti, S.; Lugli, G.A.; Mancabelli, L.; Armanini, F.; Turroni, F.; James, K.; Ferretti, P.; Gorfer, V.; Ferrario, C.; Milani, C.; et al.
Maternal Inheritance of Bifidobacterial Communities and Bifidophages in Infants through Vertical Transmission. Microbiome 2017,
5, 66. [CrossRef]

76. Gregory, K.E.; LaPlante, R.D.; Shan, G.; Kumar, D.V.; Gregas, M. Mode of Birth Influences Preterm Infant Intestinal Colonization
with Bacteroides over the Early Neonatal Period. Adv. Neonatal Care 2015, 15, 386–393. [CrossRef] [PubMed]

77. Van Belleghem, J.D.; Clement, F.; Merabishvili, M.; Lavigne, R.; Vaneechoutte, M. Pro- and Anti-Inflammatory Responses of
Peripheral Blood Mononuclear Cells Induced by Staphylococcus Aureus and Pseudomonas Aeruginosa Phages. Sci. Rep. 2017,
7, 8004. [CrossRef]

78. Gogokhia, L.; Buhrke, K.; Bell, R.; Hoffman, B.; Brown, D.G.; Hanke-Gogokhia, C.; Ajami, N.J.; Wong, M.C.; Ghazaryan, A.;
Valentine, J.F.; et al. Expansion of Bacteriophages Is Linked to Aggravated Intestinal Inflammation and Colitis. Cell Host Microbe
2019, 25, 285–299.e8. [CrossRef] [PubMed]

79. Miedzybrodzki, R.; Switala-Jelen, K.; Fortuna, W.; Weber-Dabrowska, B.; Przerwa, A.; Lusiak-Szelachowska, M.; Dabrowska,
K.; Kurzepa, A.; Boratynski, J.; Syper, D.; et al. Bacteriophage Preparation Inhibition of Reactive Oxygen Species Generation by
Endotoxin-Stimulated Polymorphonuclear Leukocytes. Virus Res. 2008, 131, 233–242. [CrossRef]
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