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IAU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:ntroduction

The human microbiome constitutes the collection of all the microorganisms living in associa-

tion with the human body with each body site being home to a unique microbial community

[1]. Human-associated microbial communities can include eukaryotes, archaea, bacteria, and

viruses and provide protection against foreign invaders, stimulate the immune response, pro-

duce antimicrobials, and aid in digestion among other functions. Our understanding of the

link between the human microbiome and disease is rapidly expanding in large part due to rev-

olutionizing advances in next generation sequencing. In fact, an ever-growing number of stud-

ies have demonstrated that changes in the composition of our microbiomes correlate with

numerous disease states or responses to treatment. However, understanding the impact of

shifts in microbial communities on health and disease and the mechanisms that confer stability

in the microbiome have been challenging to elucidate, due to the vast microbial diversity and

differences between individuals. Nevertheless, the notion that manipulation of microbial com-

munities may provide prophylactic or therapeutic tools to improve human health has been the

focus of much research [2]. Here, we highlight a collection of Pearls articles delving into the

current state of knowledge linking the microbiome to human disease.

The fungal microbiome—An overlooked kingdom of the

microbiome

Despite the considerable evaluations of bacterial communities, fungal constituents of the

microbiome, termed the “mycobiome,” have received much less attention. Yet increasing evi-

dence from studies in this emerging field have indicated that fungi are central to maintaining

gut and oral homeostasis and systemic immunity [3–6], highlighting the need for more com-

prehensive mycobiome characterization. In this collection of Pearls, 7 articles addressed the

role of fungi in health and disease at multiple body sites, namely the oral cavity, lungs, skin,

and the gastrointestinal tract (GAU : PleasenotethattheabbreviationGIhasbeenintroducedforgastrointestinaltractinthesentenceInthiscollectionofPearls; 7articlesaddressedthe::::Pleasecheckandcorrectifnecessary:I). Two Pearls tackled the oral microbiome, an exceptionally

complex ecosystem harboring diverse microbial communities. Combined, the 2 articles pre-

sented findings from animal and clinical studies demonstrating that perturbations that disrupt
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the oral microbial equilibrium may lead to the development of oral disease with a specific

focus on the clinical implications of fungal–bacterial interactions. An overview of the oral

microbiome was presented in a Pearl by Sultan and colleagues [7] where it was stressed that

unlike the oral bacteriome, the mycobiome in general is a new and poorly recognized biome.

In the article, the authors describe the interactions between the fungal pathogen Candida albi-
cans and the streptococci, as these diverse microbial species co-colonize the oral cavity. These

fungal–bacterial interactions are largely considered synergistic, where the bacteria provide

adhesion sites for the fungus to colonize the oral cavity, as well as a carbon source for growth

[8]. In return, by utilizing the lactic acid produced by streptococci, C. albicans lowers the oxy-

gen tension levels, which is advantageous to the bacteria [9]. This mutualistic fungal–bacterial

relationship may, however, have repercussions to the host, as was demonstrated by animal

studies indicating that the interactions between C. albicans and the cariogenic bacterial species

Streptococcus mutans may impact the development of dental caries (tooth decay) [10]. This

specific interspecies interaction was further dissected in a Pearl by Koo and colleagues [11],

where the authors elaborate that by enhancing bacterial colonization and biofilm formation on

oral surfaces, C. albicans becomes more invasive, exacerbating mucosal tissue infection and

destruction [12]. Furthermore, the physical co-adhesion between C. albicans with streptococci

mediated by surface adhesins and receptors on both organisms increases tooth surface coloni-

zation and enhances microbial burden, promoting biofilm formation on tooth surface [13].

Interestingly, the bacteria were also shown to promote hyphal formation and expression of

proteolytic enzymes, key virulence attributes in C. albicans, further facilitating tissue invasion

and inflammatory processes. By summarizing findings from clinical and animal studies, the

Pearl by Koo and colleagues underscores the importance of fungal–bacterial interactions in

the severity of oral mucosal diseases and dental caries. Collectively, the Pearls by Sultan and

colleagues [7] and Koo and colleagues [11] clearly establish fungi as a significant component

of the oral microbiome.

The GI, which extends from the oral cavity, houses the largest and most diverse populations

of microorganisms within the human body [14]. Several studies in recent years detailing the

importance of fungi in the human gut have highlighted the need for more comprehensive

investigations into the contributions of the intestinal mycobiome to health and disease. Gallo-

way-Peña and Kontoyiannis [15] focused on the role of the gut mycobiome in different patient

populations and the importance of bacterial–fungal dysbiosis in inflammatory GI disorders,

including Crohn disease and ulcerative colitis, as well as in the pathogenesis of colon adeno-

mas and pancreatic ductal adenocarcinoma as discussed further below. Lastly, the immuno-

modulatory role of the gut mycobiota in both innate and adaptive immunity was also

highlighted. The role of fungi in intestinal inflammation was also the topic in the article by

Wong and colleagues [16] within the context of microbes in inflammatory bowel disease

(IBD), which the authors state could be explained by an aberrant response to the gut microbial

community. In one described study, mice with the yeast Saccharomyces cerevisiae were shown

to promote colitis vAU : PleasenotethatasperPLOSstyle; italicsshouldnotbeusedforemphasis:ia enhanced purine metabolism [17]; although the contribution of S. cerevi-
siae remains unclear, a role for the fungal communities in the gut in IBD is supported by stud-

ies examining the innate immune receptor for fungal glucans Dectin-1 [18].

Although the oral and gut mycobiome are the best studied, an interesting Pearl by Hamm

and colleagues [19] discussed the lung microbiome; in the article, the authors propose that the

lung mycobiome may form a reservoir for opportunistic fungal mycoses caused by commensal

lung-adapted fungi. In regard to the skin mycobiome, a Pearl by Findley and Grice [20]

described a study identifying Malassezia as the most abundant skin fungal colonizer, which,

although a skin commensal, is associated with atopic dermatitis, tinea versicolor, dandruff,

and psoriasis. In addition to Malassezia, other skin fungal species such as Trichophyton and
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Candida species have also been linked to dermatological disorders. The majority of the articles

in the microbiome series dealt with the human microbiome and human diseases; however, an

intriguing Pearl by Vannier and colleagues [21] proposed that in nature, similar to humans,

plants may equally rely on their resident microbiota and immune system to restrict pathogen

invasion; in fact, microbiota-mediated disease resistance could confer extended immune func-

tions to the plant host. A case in point, the authors describe a recent study demonstrating that

the presence of coresident bacteria in the roots of the plant Arabidopsis thaliana colonized by

deleterious filamentous eukaryotes maintains fungal balance in plant roots and, in turn, the

health of the plants [22].

Recent advances in molecular biology have facilitated analyses of the human microbiome,

yet we do not understand a great deal about the processes underlying the transition from a

healthy to a disease-associated microbiome, and, specifically, the role of fungi in propagating

disease. Combined, the presented 7 articles provide crucial insights into the important role of

fungi as a component of the human microbiome and argue that the mycobiome should not be

excluded from future oral microbiome studies. Specifically, additional research is warranted to

understand the multifaceted interactions between fungi and the host, as well as between fungi

and other microbial species.

Bacterial microbiome Pearls

Over the last 5 years, 13 Pearls on the bacterial microbiome have been published as part of this

series. Several articles focus on microbial genetics and newly discovered species. For example,

Carrow and colleagues [23] drill down on the implications of immense genetic heterogeneity

within a single species of common gut commensal bacteria, Bacteroides fragilis, which is

known to promote immune tolerance in the gut but can be inflammatory in other contexts.

Two Pearls, one by Rowley and Kendall [24] and one by Putnam and Goodman [25], focus on

the uptake of B vitamins, in particular thiamine (B1) and cobalamin (B12), and the mecha-

nisms used by different members of the gut microbiome community to compete or cooperate

for these limiting resources. Vitamin A, which has profound effects on animal development as

while as immunity, is the focus of Iyer and Vaishnava [26]; acute phase responses decrease the

transport of retinols to the liver and mobilizes vitamin A activity locally in the gut, contribut-

ing to T helper 17 (TAU : PleasenotethatTh17hasbeendefinedasThelper17inthesentenceVitaminA;whichhasprofoundeffectson::::Pleasecheckandcorrectifnecessary:h17) responses in addition effects of microbes directly.

Other Pearls, including the one by Ludington and Ja [27], discussed microbiome studies

performed using model laboratory systems such as Drosophila. This model has a less complex

microbial community, compared to mammals, which is partly sustained in standard labora-

tory conditions through fecal shedding, growth in fly media, and re-ingestion. This article

reviews earlier studies highlighting the effect of the microbiome on fly behavior, life span, and

developmental growth. Additionally, recent elegant approaches that have been used to differ-

entiate passenger microbes from those that truly establish colonization and growth within the

insect gut are also described. These tools can be used to dissect how these various microbes

generate their effects on animal physiology using a model with less complex communities but

still robust intra-kingdom communication and competition.

Several other Pearls focus on mice and other vertebrate models of host–microbiome inter-

actions. Aleman and Valenzano [28] describe how the microbial communities in the gut

change as a function of aging, potentially contributing to the aging process(es). Using killifish,

which are a facile vertebrate model for aging due to their short life span, transfer of young

microbiota into middle-aged animals extended life span. The effect of immunity on the micro-

biome, and vice versa, was the subject of 4 Pearls; Roland and colleagues [29] review how

AU : PleasenotethatHLAhasbeendefinedashumanleukocyteantigeninthesentenceTheeffectofimmunityonthemicrobiome::::Pleasecheckandcorrectifnecessary:polymorphisms in the human leukocyte antigen (HLA)/major histocompatibility complex
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(MHC) locus affects healthy commensal communitiesAU : PleasenotethatMHChasbeendefinedasmajorhistocompatibilitycomplexinthesentenceTheeffectofimmunityonthemicrobiome::::Pleasecheckandcorrectifnecessary:through education of appropriate regu-

latory T cell (TAU : PleasenotethatTreghasbeendefinedasregulatoryTcellinthesentenceTheeffectofimmunityonthemicrobiome::::Pleasecheckandcorrectifnecessary:reg) and Th17 development in the gut. Wilson and colleagues [30], on the other

hand, described how microbial changes in the airways contribute to asthma, by altering the

activity of numerous immune cell types. Interestingly, Gilbert and Lewis [2] presented the

“covert pathogenesis” concept, whereby a bug may have a hit-and-run type of influence on a

later pathogenic event and how the ability of a microbe to cause this type of damage is influ-

enced by the microbiota in the local tissue. Another concept discussed in the Pearl by Litvak

and Baumler [31] is that of colonization resistance; here, once a niche is filled by a microbe,

for example, when acquired during early neonatal life, that niche becomes resistant to coloni-

zation by other microbes, in particular pathogens. In their discussion, the authors focus on the

interindividual variation in microbial communities that cannot be explained solely by differ-

ences in genetics or diet. Rather, they posit that colonization order, early in life, is key to setting

up these stable microbial communities.

The microbiome and the various ways it can affect human physiology through small mole-

cules was the topic of Pearl by Glowacki and Martens [32]. The described effects include inter-

action with and metabolism of drugs creating toxic metabolites, the ability of commensals to

de novo generate toxins including alcohol (in auto-brewery syndrome) or other toxins, by lib-

erating immunogenic peptides, by generating bioactive chemicals, or by releasing immune

modulation macromolecules. These molecules can affect multiple different organ systems,

including locally within the gut, as well as at more distant locations such as the brain and the

cardiovascular system. Foley and colleagues [33] focus specifically on one class of compounds

generated by the gut microbiome, the secondary bile acids. The microbiome can transform

bile acids, a product of the liver, into a variety of potentially bioactive compounds known as

secondary bile acids. The first required step in secondary bile acid production involves micro-

bial enzymes known as bile salt hydrolases, which de-conjugate bile acids, making them avail-

able for secondary modification by a variety of microbiota-derived enzymes. These secondary

bile acids enter circulation and signal via multiple receptors including farnesoid X receptor

(FAU : PleasenotethatFXRhasbeendefinedasfarnesoidXreceptorinthesentenceThesesecondarybileacidsentercirculation::::Pleasecheckandcorrectifnecessary:XR), other nuclear receptors, as well as G protein–coupled receptors (GAU : PleasenotethatGPCRshasbeendefinedasGprotein � coupledreceptorsinthesentenceThesesecondarybileacidsentercirculation::::Pleasecheckandcorrectifnecessary:PCRs).

Parasites and the microbiome

Few Pearls have been written on eukaryotic parasites in the microbiome, collectively referred

to as the parasitome, mainly because few studies have focused on the role that parasites play in

a healthy microbiome. This dearth of information was discussed during the first Parasite

Microbiome Project Workshop, and a grand challenge was written by conference attendees

[34]. Identification of parasites in the microbiome is complicated by the fact that they are

eukaryotes, and sequencing 18S ribosomal RNA provides largely host sequences. Additionally,

most parasites have complex life cycles with multiple stages that are difficult or not yet possible

to mimic in culture conditions. Another limitation for these studies is that many parasites

have their own microbiome with viral or bacterial symbionts [34].

Historically, protists and helminths have been considered parasites because of their negative

impact on the host, but emerging evidence suggests that protists are common residents of the

mammalian gut, including humans, and often have commensal or beneficial relationships

with the host [35]. While Blastocystis hominis and Dientamoeba fragilis are associated in the lit-

erature with gastrointestinal disease, they are actually at a higher prevalence in healthy individ-

uals than diseased ones. The loss of diversity in the parasitome of the gut has been correlated

with the rapid increase in autoimmune and inflammatory diseases [35]. For IBD, specifically,

there were noted protective effects from colonization with Tritrichomonas species [16]. As

many intestinal protists, such as Entamoeba spp., Endolimax nana, and Iodamoeba butschlii,

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009912 August 31, 2021 4 / 9

https://doi.org/10.1371/journal.ppat.1009912


are amoeba that can phagocytize bacteria, it follows logically that colonization with them will

change the composition of the bacteriome. The most studied is the global pathogen Entamoeba
histolytica, for which the bacteriome can provide nutrition after phagocytosis as well as serve

as an immune response trainer, a first line of defense against colonization, or processor of

metabolites that can be available as nutrition or inhibit parasite encystation [36]. The positive

and negative effects of nonpathogenic amoeba interactions with bacteria have not yet been

examined.

Viruses in the microbiome

Like fungi and parasites, viruses are underappreciated for their roles in microbiome communi-

ties. Four Pearls focus specifically on eukaryotic and bacterial viruses in the microbiome,

referred to as the virome. A Pearl contributed by Wang [37] discusses progress in characteriz-

ing viromes and the increasing recognition of the importance of different viruses in the con-

text of diverse clinical states such as HIV infection, IBD, malnutrition, graft-versus-host

disease, and type 1 diabetes. Challenges to defining the virome include the need for improved

reference databases, sampling methods that capture both DNA and RNA viruses, and an

enhanced spectrum of viral culture methodologies, and strong arguments are made for

increased leveraging of commonalities in the study of bacterial and eukaryotic viruses [37].

Duerkop [38] specifically focuses on phages within the mammalian microbiota and how

these viruses directly and indirectly influence microbial communities and host–microbe inter-

actions. Importantly, the recent studies included in this work highlight the differences in

phage communities observed between family members, upon diet changes, and after antibiotic

treatment independent of changes in the bacterial microbiome, and these dynamics suggest

functional roles for viruses.

Two Pearls highlight how microbiome members can affect the course of viral infections

and how viruses affect bacterial virulence and clearance. A Pearl by Sullender and Baldridge

[39] describes data indicating that commensal bacteria and parasites contribute to infections

by enteric viruses including human norovirus (HNoV), a major cause of acute diarrhea world-

wide. The means by which microbiome organisms promote infection is multifactorial and

includes physical interactions, effects on immune signaling, and the induction of specific intes-

tinal cell types that are targeted by the virus [39]. Neu and Mainou [40] discuss the mecha-

nisms by which eukaryotic and bacterial viruses shape microbial communities directly

through physical interactions. For example, viruses such as influenza A and respiratory syncy-

tial virus (RSV) directly bind specific gram-positive and/or gram-negative bacteria, thereby

affecting macrophage uptake and epithelial adherence; these interactions also promote virion

stability. At the same time, bacterial products may contribute to virus inactivation.

Cancer and the microbiome

The growing appreciation of the powerful effects of organisms within the microbiome on

inflammation and immunity, cell proliferation, and chemical resistance has stimulated

research on the roles of the microbiome in cancer etiology and treatment. Clinical studies sug-

gest that diverse cancers of the alimentary tract, female reproductive tract, and lymphoma are

influenced by microbiomes, and, over the past 3 years, PLOS Pathogens has published 5 Pearls

on these topics. These articles build on a previous PLOS Pathogens collection entitled “What

we can learn about infectious disease and cancer,” which was comprised of 18 Pearls that

highlighted diverse ways in which microbes contribute to cancers and affected cancer treat-

ments [41].
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One of the best studied examples of a microbe as a carcinogen is Helicobacter pylori in the

context of gastric cancer, and a Pearl by Butt and Epplein [42] focused on the potential rela-

tionships between H. pylori and other cancers, namely colorectal cancer (CRC). The authors

discuss the ways that H. pylori, a bacterium that is primarily localized to the stomach, may

influence CRC through effects on the intestinal microbiome, host endocrine signaling, metab-

olism, or inflammation. A piece by Ajayi and colleagues [43] highlights new work on the con-

nection between the microbiome and Barrett esophagus (BE), in which normal squamous

epithelial cells differentiate to a state that is linked to esophageal adenocarcinomas. Recent

molecular, culture-based, and histological studies found differences in associated microbes

between samples associated with BE or esophageal adenocarcinomas relative to comparator

samples with lower levels of gram-positive streptococci and higher levels of gram-negative bac-

teria (e.g., Escherichia coli, Campylobacter, and Fusobacterium) associated with disease. While

the ways by which esophageal microbiota contributes to BE and esophageal adenocarcinoma

are not yet known, hypotheses include effects on local inflammation.

Dheilly and colleagues [44] extend the concept of the indirect effects of microbes on cancers

by highlighting processes that are known to be modulated by pathogens (angiogenesis, host

cell death, host cell replication control, etc.), which can also impact the proliferation of cancer-

ous cells. Relationships between viruses and parasites are the focus of this review. For example,

immune suppression induced by the parasite Plasmodium falciparum allows Epstein–Barr

virus (EBV)-infected B cells to proliferate in Burkitt lymphoma. Similarly, the parasitic nema-

tode Strongyloides stercoralis hastens the development of cancer in human T-lymphotropic

virus type 1 (HTLV-1)-infected cells, Trichomonas vaginalis is linked to cervical cancer, and

Schistosoma haematobium, a urinary blood fluke, is a risk factor for squamous cell carcinoma

of the bladder. Furthermore, parasites can harbor other microbes in their own microbiomes,

which can provide protection and increase the spread of organisms that are oncogenic or that

attenuate native immune mechanisms that suppress the persistence and spread of cancerous

cells. The complex interplay between the host, viruses, and other microbes is also the focus of

Lin and colleagues [45], which describes factors that influence the development of invasive cer-

vical cancer driven by human papillomavirus (HPV). Data indicate that HPV alone does not

lead to the development of cancer; other factors in the mucosal environment such as epithelial

integrity, mucus, immune regulation, and the local microbiota also contribute. As in the case

of esophageal adenocarcinoma [43], invasive cervical cancer was associated with the decrease

of beneficial microbiome members (e.g., Lactobacilli) and increased levels of gram-negative

species such as Fusobacterium. Furthermore, Neu and Mainou [40] summarize recent studies

on ways that bacteria can promote fitness of diverse virus types by enhancing virion stability,

promoting infection of eukaryotic cells.

There is growing interest in the effects of the microbiome on the response to cancer thera-

pies [45], and this important topic was the focus in a piece by Galloway-Peña and Kontoyian-

nis [15]. It is now appreciated that bacteria in the microbiome affect treatment-related

toxicities and transplant outcomes. For example, Candida spp. are strongly implicated in

graft-versus-host disease, a condition in which donated bone marrow or peripheral blood

stem cells attack the recipient’s body. Thus, it is important to assess how potential therapies

affect fungal species composition and levels in the gastrointestinal microbiome and if changes

in the mycobiome impact outcomes.

Conclusions

Several common themes across the Pearls on the microbiome emerged including the need to

characterize the complete microbiome (bacteria, fungi, parasites, and bacterial and eukaryotic
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viruses), the value of longitudinal studies, and the need for robust nondisease reference groups

[42,43]. Galloway-Peña and Kontoyiannis [15] also highlighted the need for diagnostic mark-

ers for clinically relevant microbiome features. Furthermore, new sampling methods such as

nonendoscopic approaches may also facilitate microbiome research and diagnoses [43].

TAU : PleasecheckwhethertheeditstothesentenceThree � dimensionalð3DÞculturesderivedfrom:::arecorrect; andprovidecorrectwordingifnecessary:hree-dimensional (3D) cultures derived from pluripotent stem cells isolated from primary

clinical samples will also provide the ability to analyze microbe–microbe host interactions and

compete with innate immune responses and more specific tissue tropism, particularly, for

viruses [46], but also for other microbes. The use of clinical data to inform animal and cell cul-

ture models has revealed many complex mechanisms that participate in a web of interactions

that support microbiome stability and health but can also contribute to disease in either subtle

or overt ways. We hope that additional PLOS Pathogens contributions in this area will promote

cross-fertilization between microbiome subfields in ways that will hasten the discovery of uni-

fying concepts that ultimately lead to strategies to reduce disease risk and improve treatment

outcomes.
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