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Numerous studies have associated alterations in the gut microbiota composition with almost every known in
flammatory disease. However, proving the biological relevance of distinct microbial signatures and linking
specific microorganisms to host phenotypes, remains a considerable challenge. Correspondingly, increased
abundance of members of Prevotella genus within microbial communities colonizing distinct mucosal surfaces has
been found in individuals diagnosed with rheumatoid arthritis, periodontitis, metabolic disorders, and intestinal
and vaginal dysbiosis. Still, the role of Prevotella spp. in the incidence of these diseases continues to be debated.
For many years, poor understanding of Prevotella biology could be in large part attributed to the lack of
experimental tools. However, in the recent years significant advances have been made towards overcoming these
limitations, including increased number of isolates and improved understanding of genetic diversity. Besides
discussing the most relevant associations between Prevotella spp. and inflammatory disorders, in the present
review we examine the recent efforts to expand the Prevotella experimental “toolbox” and we highlight remaining
experimental challenges that should advance future research and our understanding of Prevotella-host interplay.

1. Introduction
Microbial communities that colonize the human body have been
recognized to promote the health of the host by performing essential
metabolic functions and regulating immune responses. However, in the
recent years, increasing numbers of diseases have been associated with
alterations in composition and function of these communities. Yet, it
remains in many instances unclear whether aforementioned changes are
the cause, a consequence, or just a bystander to the disease. One of the
major difficulties in answering this question comes from the inability to
define a distinct “healthy” microbiome as microbiota composition varies
greatly between healthy individuals (Huttenhower et al., 2012;
Mcburney et al., 2019). To simplify this variation the concept of enter
otypes was introduced grouping individuals based on the presence of
distinct or overabundant key species, specifically of three bacterial
genera, namely Bacteroides, Prevotella, or Ruminococcus (Arumugam
et al., 2011). Immediately a question emerged: Can higher incidence in
inflammatory diseases be associated to one of the enterotypes, namely
harboring Bacteroides- or Prevotella-enriched microbiomes? While the
question remains ultimately unresolved due to the emergence of both

beneficial and deleterious traits of these groups of bacteria, multiple
studies have advanced the knowledge about the associations and func
tions of Prevotella spp. in infections and inflammatory diseases in the last
years (Table S1).
While members of the genus Bacteroides have been one of the beststudied bacteria within the intestinal community (Wexler and
Goodman, 2017), much less had been known about the members of the
genus Prevotella until recently. With only a handful reports of opportu
nistic infections, such as lung abscesses and chronic pneumonia (Nagy,
2010), Prevotella species have been initially recognized as commensal
bacteria, living on mucosal surfaces of our body, i.e. the gastro-intestinal
tract including oral cavity and intestine as well as the lung and uro
genital tract (Larsen, 2017). Specifically, in the intestine, numerous
studies found Prevotella spp. to be nearly ubiquitous in agrarian,
non-westernized societies who are known to consume plant-rich diet
(Hansen et al., 2019; Smits et al., 2017), and less prevalent in European
and North American individuals (Tett et al., 2019; Vangay et al., 2018).
In Western populations, Prevotella species have been positively corre
lated with vegetarian and vegan dietary habits (De Filippis et al., 2016,
2019), likely linked to the extensive genomic capacity to break down a
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wide-range of plant-derived polysaccharides (Accetto and Avguštin,
2019; Fehlner-Peach et al., 2019). Accordingly, it has been shown that
Prevotella spp. can improve glucose metabolisms stimulated by the
intake of prebiotics (Kovatcheva-Datchary et al., 2015; De Vadder et al.,
2016). However, despite Prevotella spp. being less prevalent in Western
societies, where autoimmune and autoinflammatory diseases have
higher incidences, intriguingly, the presence of Prevotella-rich micro
biomes has been associated to a number of inflammatory disorders such
as rheumatoid arthritis (RA) (Alpizar-Rodriguez et al., 2019; Scher et al.,
2013; Wells et al., 2020), periodontitis (Ibrahim et al., 2021; Lundmark
et al., 2019), inflammation in HIV patients (Armstrong et al., 2018;
Dillon et al., 2014) and metabolic diseases (Pedersen et al., 2016). These
studies have positioned Prevotella spp. in the spotlight suggesting on the
one hand that Prevotella spp. might have health-beneficial properties
and on the other hand, that Prevotella spp. may play a contributing part
in these inflammatory diseases. Yet, in-depth investigations of Prevotella
biology and understanding whether Prevotella have disease-triggering
properties have been considerably restricted due to difficulty of
culturing, lack of diverse, publicly available Prevotella isolates and
reference genomes.
Nonetheless, recent studies have made significant steps forward in
expanding our comprehension of Prevotella. In this Review, we sum
marize and discuss the recent findings that have taken a deep dive into
exploring the genetic diversity of Prevotella genus and its ecology.
Furthermore, we delve into the experimental tools and models indis
pensable for advancing Prevotella research (Fig. 1). Owing to numerous
associations made between Prevotella and health disorders, the aim of
the review is to provide a critical analysis of the major inflammatory
diseases Prevotella have been implicated in, including periodontitis,
rheumatoid arthritis, and intestinal dysbiosis and inflammation in HIV
patients (Fig. 2).

2. From 16S rRNA gene signatures to functional strain-level
diversity of Prevotella spp
Given the difficulties to culture large portion of the anaerobic bac
teria colonizing our body, particularly those residing in the gut,
numerous microbiome studies have relied on culture-independent
methods. One of the most common approaches to investigate the
structure and composition of the microbiome is via sequencing of parts
of the 16S rRNA gene after PCR amplification and the clustering of the
amplicons into operational taxonomic units (OTUs) based on the
sequence similarity (>97 %). Although, this method provides a highthroughput access to the bacterial composition, for many bacterial
taxa including members of the genus Prevotella, the technique is not able
to distinguish strains from the same bacterial species and sometimes has
even problems distinguishing species with little differences in the
analyzed regions (Johnson et al., 2019). Recently, improvements in the
algorithms for statistical error modeling have allowed to infer so called
amplicon sequence variants (ASVs) with up to strain-resolved 16S
amplicons. However, few studies have explored the diversity of the
genus Prevotella though ASVs (Wells et al., 2020). Besides widely used
16S rRNA gene sequencing, the need to understand the functional ca
pacity of a given microbiome has increased the use of metagenome and
metatranscriptome sequencing. In particular, improvement of meta
genomic sequencing and ability to recover metagenome-assembled ge
nomes (MAGs) from high diversity environments has resulted in
hundreds of new reference genomes, whose availability was previously
restricted to cultivable organisms only (Albertsen et al., 2013; Parks
et al., 2017). This largely broadens our insight into phylogenetic di
versity that had never been captured by cultivation. By now, the number
of MAGs from bacteria have vastly increased the known diversity both
on the levels of species as well as strains (Almeida et al., 2020; Nayfach
et al., 2019; Parks et al., 2017; Pasolli et al., 2019). Most interestingly,
metagenomically recovered genomes of know species, such as

Fig. 1. Outline of current experimental approaches to examine host-microbiota interplay in human diseases.
Numerous cross-sectional studies in human have observed a shift in microbiota composition between healthy and diseased individuals. By performing fecal
microbiota transplants (FMT) from human to animal models variety of diseases have been associated to diverse microbial signatures. However, understanding the
roles of individual microbes in host physiology undoubtedly rely on isolation and culturing of the microbes of interest. Using gnotobiotic animal models combined
with available disease models, allows not only the investigation of the causal relationship between a specific microbe and a disease, but performing in-depth
mechanistic studies as well.
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Fig. 2. Integrated overview of present chal
lenges in understanding Prevotella biology.
Resolving the role of Prevotella spp. in inflam
matory diseases such as rheumatoid arthritis
and intestinal dysbiosis and inflammation re
quires continuous improvement of the neces
sary experimental tools. This includes large
collection of publicly available Prevotella iso
lates and detailed description of species and
strains genetic diversity. Comprehensive
mechanistic studies still require the use of ani
mal models in which the microbiota composi
tion should be easily manipulated i.e.
gnotobiotic or human microbiota-associated
(HMA) mice models. Like for many other
anaerobic bacteria, performing functional ge
netic studies in Prevotella spp. has been intan
gible and remains a future challenge.

Prevotella species have been considerably hindered due to the chal
lenging isolation and cultivation of these bacteria, the low number of
publicly available isolates from human and model organisms, specif
ically the mouse, and the lack of tools for genetic manipulation.
Current publicly available collections have registered over 80 Pre
votella species, but the majority of species have been isolated from the
oral cavity, and around 10 species were isolated from the human gut.
Notably, most of the species are represented by a single type strain in
public collections. For instance, P. copri, the most prevalent intestinal
Prevotella species in humans, is represented by a single strain P. copri
DSM 18205, which has been originally isolated from a Japanese donor
(Hayashi et al., 2007). Considering the recent insights into large clade
and strain diversity of P. copri, the lacking availability of diverse isolates
represents an experimental limitation in studying the causative role of
Prevotella in both homeostasis and inflammation. Thus, the recent
description of the isolation of 83 P. copri strains from 11 donors repre
sents an important step towards overcoming these limitations (Fehl
ner-Peach et al., 2019; Tett et al., 2019). Strikingly, whole genome
sequencing (WGS) of these 83 isolates showed that fewer than 60 % of
sequences mapped to the reference genome (Fehlner-Peach et al., 2019),
striking differences were observed in genetic elements e.g. required for
the degradation of plant-derived polysaccharides. Through the combi
nation of these genetic data with results from in vitro screens of isolates
cultured in media supplemented with distinct polysaccharides novel
associations between specific genetic elements and the ability to
degrade specific polysaccharides were made. Notably, functional vari
ations between isolates from different clades as well as within the same
clade were observed. Interestingly, genetically distinct P. copri strains
isolated from one specific individual showed complementary poly
saccharide degradation capabilities suggesting potential intraspecies

Bacteroides spp., have expanded their pangenomes and demonstrated
large intra-species genomic diversity, suggesting existence of diverse
strains and/or subspecies (Zhao et al., 2019). Similarly, metagenomic
studies have shown a correlation between the genetic diversity of Pre
votella copri and dietary habits such as omnivore and plant based diets
(De Filippis et al., 2019). Furthermore, Segata and colleagues combined
the sequencing of P. copri with large-scale metagenomic assemblies, and
recovered over 1,000 P. copri genomes from publicly available meta
genomes. The analyses demonstrated that P. copri is not a monospecific
taxonomic group and its expanded genomic diversity comprises at least
4 potential clades which co-exist and prevail in non-westernized pop
ulations (Tett et al., 2019). The functional biomarkers observed for the
four distinct clades (A, B, C, D, named consecutively based on the
decreasing number of reconstructed genomes) comprehends sulfur
assimilation, folate, vitamins and plant-derived carbohydrate meta
bolism. Specifically, the identification of the carbohydrate active en
zymes (CAZymes) revealed a wide heterogeneity in the potential to
degrade plant-derived carbohydrates. These observations revealed the
complexity of the genus Prevotella and the challenges in the identifica
tion of biomarkers and gene determinants of the debated phenotypes.
Further approaches such as high-throughput “culturomics” combined
with metagenomics and metatranscriptomics are necessary to expand
the understanding of Prevotella strain diversity and its link with disease.
3. Expanding the strain collections of diverse Prevotella spp
An important prerequisite for performing mechanistic studies with
gut commensals is the availability of cultivable isolates, i.e. to coculture
them with host cells or tissues as well as to perform intervention studies
in model organisms. Attempts to understand the puzzling biology of
3
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cooperation and niche separation in plant-rich diet in vivo. Certainly,
further in vivo experiments are needed to validate these findings.
Nonetheless, investigation of variations in other strain/clade specific
functions in Prevotella spp. are of high interest as it remains unclear
whether strain-specific differences could explain its dissimilar associa
tions to health and disease (Cani, 2018), and if only certain Prevotella
strains have disease-triggering properties. While specific clades were not
associated with distinct diseases (Tett et al., 2019), the described diverse
P. copri strain collection represents a first step towards experimentally
answering these questions. Yet, one limitation of this collection is that it
is not publicly available in a repository. This is in contrast to other strain
collections such as the Human Gastrointestinal Bacteria Culture
Collection (HBC) or the Mouse Intestinal Bacteria Collection (miBC),
which have spurred utilization by researchers and increased standardi
zation (Forster et al., 2019; Lagkouvardos et al., 2016). Ultimately, only
public collections including additional P. copri isolates from both
healthy and diseased humans will enable hypothesis validation as well
as characterization and in-depth experimental investigations (Fig. 2).
In parallel to the expansion of human-centered collections, bacterial
strain collections isolated from model organisms such as the mouse or
the pig have the potential to facilitate novel discoveries. Specifically, the
transfer of human-derived species into mice is hampered by incomplete
adaption of these strains to the host and other members of the
ecosystem. This often results in difficulties to colonize the model or
ganisms, such as the mice, with human-derived bacteria (Chung et al.,
2012; Hugenholtz and de Vos, 2018). Importantly this is not a rare
observation, but rather generally applicable as also metagenome data
sets from human and mouse gut microbiota demonstrated that only 4–6
% of the species are shared and can be found colonizing both hosts
(Lesker et al., 2020; Xiao et al., 2015). Despite the differences in
microbiota composition, mice are still the most widely used model or
ganism to study host-microbiome interplay, nevertheless, no
mouse-derived Prevotella species were described until recently despite
being reported as common part of the gut microbiota of mice (Rausch
et al., 2016). To overcome this limitation and expand the availability of
representative Prevotella species, we performed targeted isolation from
mouse intestine and were able to culture three novel Prevotella spp.
(Gálvez et al., 2020; Iljazovic et al., 2020). These isolates were then
utilized to investigate competition for specific plant-derived poly
saccharides and the induction of intestinal inflammation (see below for
more details), research areas of relevance also for human-derived Pre
votella spp. Of note, these mouse-derived strains have been deposited in
the German Collection of Microorganism (DSMZ), and are readily
available to other investigators. Together, this represents a valuable
resource to study Prevotella in mice models, and may allow further
studies to gain functional insight in Prevotella ecology and study Pre
votella in various mouse disease models.

predicted from genome sequences, only targeted gene deletions in Pre
votella species will ensure gene function elucidation as well as facilitate
detailed investigations into their microbial ecology and validation of
phenotypic features. Even more, large intra-genus and intra-species
heterogeneity in Prevotella highlights the requirement to perform
comprehensive functional genetic studies in diverse Prevotella strains
with the goal of uncovering possible disease-associated features.
Another area, which still requires improvement, are the in vivo
models for human Prevotella strains. Fecal microbiota transplantation
(FMT) from human to animal models has been an increasingly used
approach to demonstrate the causal relationship between a disease
phenotype and the microbiome composition (Fig. 1). From our own
experience, and other studies, we have learned that engraftment of
human microorganisms in mice has a varying success (Arrieta et al.,
2016; Chung et al., 2012; Lundberg et al., 2020; Zhang et al., 2017).
Some studies demonstrated this might be particularly challenging in
case of human Prevotella species. Independent of whether the transfer
was carried out to conventional or germ-free (GF) mice, either no Pre
votella were transferred or there was a striking difference in relative
abundances between the human donors and mouse recipients (Li et al.,
2019, 2018; Moreno-Indias et al., 2020). Interestingly, some reported on
giving a daily gavage of P. copri in order to achieve colonization
(Kovatcheva-Datchary et al., 2015; De Vadder et al., 2016), or reducing
colonization resistance by antibiotic pretreatment (Scher et al., 2013).
For proving causality and direct effect on the host by a single
microorganism, including Prevotella spp., monocolonization of GF mice
has become a prevailing strategy. In the case of P. copri, several studies
reported on the use of monocolonized GF mice (Kovatcheva-Datchary
et al., 2015; Maeda et al., 2016; Rolhion et al., 2019). Undoubtedly,
these reports offer valuable insight in Prevotella biology, however, these
observations should be taken with caution as the absence of abundant
microbial interactions within the gut community as well as an unnatural
physiology of these animals can introduces bias (Round and Palm,
2018). To mitigate these potential effects, several studies have favored
the use of gnotobiotic animals colonized with simplified and
well-defined intestinal communities (Brugiroux et al., 2016; Desai et al.,
2016; Kovatcheva-Datchary et al., 2019).
5. Prevotella’s role in inflammatory diseases
Commensal bacteria have emerged as major modulators of the im
mune responses. While in most instances this interplay is balanced and
kept in check, overabundance or translocation of the commensals over
the mucosal barriers has been linked to exacerbated immune response
and consequently contribution to the development of inflammatory
disorders (Belkaid and Harrison, 2017). In the last decade, number of
studies have attributed disease-triggering properties to Prevotella spe
cies, as they have been found in high abundance in inflammatory con
ditions, such as rheumatoid arthritis, periodontitis, intestinal dysbiosis,
and inflammation in HIV patients (Alpizar-Rodriguez et al., 2019; Dillon
et al., 2015; Larsen, 2017; Pedersen et al., 2016; Scher et al., 2013). In
the following section, we discuss the association and functional studies
on involvement of Prevotella with aforementioned diseases.

4. Remaining challenges to experimentally study Prevotella spp
Remarkable improvements in isolation and cultivation of anaerobic
members of the microbiota have been made in the last decade (Browne
et al., 2016; Lagier et al., 2016; Lagkouvardos et al., 2016). While this
has been demanding and laborious in itself, the ability to genetically
manipulate these organisms represents even a greater challenge. Tools
for genetic engineering have been established only in a fraction of
cultivable bacteria, such as Bacteroides, Clostridium, and Lactobacilli
(Bencivenga-Barry et al., 2020; Fang, 2009; García-Bayona and Com
stock, 2019; Heap et al., 2007). Moreover, not all tools can be easily
applied to patient-derived strains, but rather only work for specific
strains due to the requirement of specific properties, e.g. the presence of
specific auxotrophies or antibiotic selection markers. Although there is
an early report on genetic engineering in Prevotella ruminicola (Gardner
et al., 1996), currently, there are no known, well established genetic
tools available for other Prevotella species. Hence, while some pheno
typic properties, gene functions, and metabolic pathways can be

6. Prevotella spp. in rheumatoid arthritis and periodontitis
Rheumatoid arthritis (RA) is a complex autoimmune disease result
ing in severe joint and ultimately systemic inflammation. Despite
extensive research, the etiology of RA still remains mainly unclear, and
combinations of genetic and environmental factors are assumed to be
responsible for the development of RA (Mankia and Emery, 2016). A
first connection between the microbiome and the development of RA has
already been proposed more than 40 years ago. Specifically, rats
harboring a complex microbiota developed a milder disease course than
germ free rats in an adjuvant-induced arthritis model suggesting that
commensal microbes suppress the development of arthritis (Kohashi
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et al., 1979). In contrast, SKG mice (a mouse strain spontaneously
developing chronic autoimmune arthritis) developed arthritis when
being conventionally raised, but not under germ free conditions (Maeda
et al., 2016). These opposing results suggest specific interactions be
tween distinct commensals and certain host genotype(s) and immune
pathways may influence the development of inflammation and ulti
mately RA. Accordingly, specific bacteria have been reported to have
pro-arthritogenic effects after mono-colonization of germ free rats which
resulted in inflammatory responses and supported arthritis development
(Rath et al., 1996), yet, whether results from mono-colonization can be
generalized to more complex communities remains unclear.
Following these observations linking intestinal microbes and RA in
animal models, multiple clinical studies have analyzed the potential
connection in humans. Most studies so far employed 16S rRNA gene
sequencing comparing stool samples from different RA patient groups
and healthy controls. This revealed an increased prevalence of P. copri in
a group of new-onset rheumatoid patients (NORA) from the US (Scher
et al., 2013) as well as in a group of Japanese chronic RA patients
(Maeda et al., 2016). Although this suggested a key role of a single
species, i.e. P. copri in RA, various Prevotella species were enriched in
patients at high risk of RA (‘preRA’) (Alpizar-Rodriguez et al., 2019).
Similar findings of an association of Prevotella spp. with RA rather than
only P. copri were recently reported by a metagenome-wide association
study (MWAS) performing metagenome shotgun sequencing of Japanese
RA patients and healthy controls (Kishikawa et al., 2020) as well as by a
cross-sectional study of the TwinsUK cohort using 16S rRNA sequencing
(Wells et al., 2020). Together, this data strongly indicated Prevotella spp.
to be specifically enriched in RA patients and people with a high genetic
risk of developing RA. However, in contrast two other studies analysing
Chinese and American cohorts did not observe associations between the
abundance of Prevotellaceae in RA patients compared to healthy con
trols, leading overall to somewhat conflicting associations between
Prevotella and RA (Chen et al., 2016; Zhang et al., 2015). Importantly, all
these observations were made in relatively small case-control studies
with the group sizes widely varying with ranging from 14 (Maeda et al.,
2016) to 94 individuals per group (Zhang et al., 2015). Moreover, none
of these studies reported in detail the dietary habits of their study par
ticipants and gave only limited information on the medication of active
and treated RA patients. Specifically, two trials solely recruited un
treated RA patients (Maeda et al., 2016) or NORA patients (Scher et al.,
2013), other studies did not include detailed information about medi
cation of the study group (Alpizar-Rodriguez et al., 2019; Kishikawa
et al., 2020) or consisted of patient groups being (partially) treated with
DMARDs (Disease-modifying anti-rheumatic drugs) (Chen et al., 2016;
Scher et al., 2013; Zhang et al., 2015). While DMARDs have been
revealed to be able to modify the microbiome in RA patients (Bodkhe
et al., 2019; Zhang et al., 2015), particularly methotrexate, an important
primary medication in RA, has been identified to alter the microbial
diversity in the intestine leading to a relative reduction of bacteria from
the order Bacteroidales (Zhou et al., 2018). Hence, the patients’ medi
cation status has to be considered with respect to the microbial
composition and diversity and needs to be carefully incorporated when
interpreting these study results.
So far, few authors have tried using mouse models to evaluate
possible immunogenic effects of Prevotella in arthritis models. Scher
et al. showed increased susceptibility to chemically induced colitis in
antibiotic treated C57BL/6 mice after colonization with P. copri DSM
18205 (Scher et al., 2013), however, it remained unclear whether
similar pro-inflammatory effects also occur in mouse models of RA.
Generating humanized SKG mice using a mixture of three fecal samples
from each group (Prevotella-dominated RA patients, Prevotella-absent RA
patients, healthy controls), Maeda et al. demonstrated that colonization
with Prevotella-dominated fecal samples derived from RA patients
induced severe arthritis and increased the numbers of pro-inflammatory
Th17 cells in the intestine. This was neither the case in mice colonized
with a RA Prevotella-absent microbiota nor in mice colonized with a

Prevotella-absent microbiota from healthy donors. But due to the limited
number of samples the study has to be considered preliminary (Maeda
et al., 2016). Monocolonization of P. copri DSM 18205 was able to
induce arthritis in SKG mice in the same study, which supports a causal
role for this species. While these results support the potential of P. copri
in enhancing hosts inflammation, another study demonstrated that
Prevotella histicola, isolated from a single human intestinal biopsy sam
ple, is able to decrease the incidence as well as severity of collagen
induced arthritis (CIA) in HLA-DQ8-transgenic mice. The P. histicola
strain enhanced the expression of tight junctions and antimicrobial
peptides (AMPs) which collectively decreased gut permeability (Mar
ietta et al., 2016).
Investigating the potential connection between the presence of
P. copri and the pathogenesis of RA, Pianta et al. identified a specific
HLA-DR-presented peptide of P. copri that was recognized by antigenspecific T-helper 1 cells (Pianta et al., 2017a). Moreover, the authors
discovered this single peptide as well as whole P. copri cells were bound
by IgG and IgA antibodies present in subgroups of NORA and chronic RA
patients. By showing sequence homology between two identified
RA-specific autoantigens and proteins encoded in the genome of Pre
votella spp., the same authors provided evidence for a molecular mim
icry between autoantigens and Prevotella-derived peptides (Pianta et al.,
2017b).
Additional to the reported enrichment of intestinal Prevotella species
in RA patients (Scher et al., 2013; Zhang et al., 2015), both authors
detected an increased prevalence of Prevotella spp. in oral samples of RA
patients (Zhang et al., 2015) and NORA patients (Scher et al., 2013).
Confirming these observations, Tong et al. used 16S rRNA sequencing to
report an expansion of Prevotella in the salivary microbiome of both
chronic RA patients and individuals at high risk for RA (Tong et al.,
2020). These outcomes hint that not only intestinal Prevotella but also
Prevotella species from the oral mucosal site may play a role in RA
pathogenesis.
Besides that, several studies found RA patients suffering more often
from periodontitis compared to controls (Corrêa et al., 2019; Fuggle
et al., 2016; Scher et al., 2012), implying an additional relationship
between RA and periodontitis. Periodontal disease, a common chronic
disorder, is associated with the presence of several bacterial species in
the mouth. Besides major periodontal pathogens like Porphyromonas
gingivalis, Tannerella forsythia and Aggretibacter actinomycetemcomitans,
multiple Prevotella spp. have been identified to be enriched in the saliva
of patients with periodontitis (Lundmark et al., 2019; Martinez-Martinez
et al., 2009).
RA patients were found to form antibodies against multiple peri
odontal microbes including Prevotella melaninogenica and Prevotella
intermedia, which suggests oral bacteria and in particular oral Prevotella
spp. to be important for the pathogenesis of RA (Ogrendik et al., 2005).
Moreover, analyzing the presence of bacterial DNA in serum and syno
vial fluids of RA patients by PCR (Martinez-Martinez et al., 2009) and a
DNA-DNA-hybridization setup (Moen et al., 2006), the two authors
revealed the presence of bacterial DNA from several periodontal path
ogens including Prevotella intermedia and Prevotella nigrescens in serum
and in synovial fluids. These findings reveal the possible translocation of
whole organisms or rather their DNA from the oral site to joints in RA
patients and strongly associates bacteria involved in periodontitis to RA.
However, it remains uncertain whether oral bacteria are able to actively
influence the pathogenesis of RA and appropriate animal models are
indispensable to evaluate pro-arthritogenic effects of bacteria colonizing
the oral cavity.
Together, members of the genus Prevotella colonizing oral and in
testinal ecosystems represent a potential link between the microbiome
and RA, but additional studies are needed to establish a causal link be
tween presence of specific species and the onset of disease that could
then represent novel therapeutic targets in the pathogenesis of RA and
periodontal diseases.
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7. Prevotella and sexually transmitted diseases – the curious case
of HIV

(Anahtar et al., 2015). A Prevotella spp. enriched vaginal microbiome
was defined by an increase in CD4 T helper cells expressing CCR5 and a
cytokine milieu that contributes to leukocyte recruitment, activation,
and maintenance of Th17 cells. As a potential consequence of enhanced
T cell recruitment in the tissue, Prevotella dominant “cervicotype” was
associated to 4-fold increase in the chances of HIV acquisition in South
African woman (Gosmann et al., 2017). Notably, vaginal colonization of
GF mice with Prevotella isolates resulted in recruitment of CD44 acti
vated T cells as well as the release of IL-6 and IL-8 cytokines by epithelial
cells in co-culture assays.
Altogether, it is now clear that Prevotella overabundance is not linked
to HIV infection but rather reflects an alteration more broadly observ
able in MSM, presumably as a consequence of specific sexual practices, i.
e. receptive anal intercourse, yet other factors such as lubricant use are
being discussed. The link of Prevotella spp. to inflammatory states in both
intestinal and cervical microbiota is interesting, but the functional
studies linking the two phenomena are still inconclusive.

Acquired immune deficiency syndrome (AIDS) is caused by infection
with HIV resulting in the depletion of CD4 T cells and subsequently in an
enhanced risk of viral, bacterial and fungal infections. Due to the
depletion of mucosal CD4 T cells already early during HIV infection it
had been speculated that loss of mucosal CD4 T cells may contribute to
development of imbalances in the intestinal microbiota, which could
then enhance the risk to infections and non-communicable comorbid
ities frequently observed in HIV-positive individuals. Indeed, initial
studies described alterations in the microbiota of HIV-positive patients
with an enhanced prevalence and relative abundance of Prevotella spp.
in HIV-positive individuals. A carbohydrate-rich, protein- and fat-poor
dietary intake, obtained from a questionnaire, were the first hypothe
sis proposed to explain the phenotypes (Lozupone et al., 2013, 2014).
However, several subsequent studies found a similar enrichment of
Prevotella spp. also in men who have sex with men (MSM) independent
of HIV status (Armstrong et al., 2018; Kelley et al., 2017; Noguera-Julian
et al., 2016). Specifically, enhanced Prevotella spp. prevalence was
linked in some studies to receptive anal intercourse in MSM and more
recently also in females (Vujkovic-Cvijin et al., 2020). Upon controlling
for sexual preferences, the microbial signature associated with HIV
positivity rather consists of an enrichment of pro-inflammatory bacterial
groups such as Enterobacteriacea and Desulfovibrionaceae and a loss of
beneficial butyrate-producing bacteria (Vujkovic-Cvijin et al., 2020).
Thus, while Prevotella spp. presence is not linked to HIV infection, Pre
votella spp. may have distinct effects on the intestinal mucosal tissue in
heavily colonized individuals. Along these lines, MSM have an increase
of proliferative Th17 cells and CD8 T cells producing inflammatory cy
tokines such as IFN-γ and TNF-α (Kelley et al., 2017). In these in
dividuals arachidonic acid positively correlated with the abundance of
Prevotella suggesting that Prevotella species have a particular metabolic
capacity. Notably, Prevotella spp. are also part of the bacterial commu
nities present in the semen of some individuals (Altmäe et al., 2019).
However, the potential transfer of Prevotella spp. via semen in MSM has
not been investigated in detail. In conclusion, the combination of injured
tissue caused by receptive anal intercourse, presence of Prevotella spe
cies in semen fluid and additional factors specific to MSM resulting to
the high prevalence of Prevotella spp. in MSM is not completely
understood.
Similar to the situation in RA and intestinal inflammation, Prevotella
spp. were hypothesized to contribute to intestinal inflammation in HIVpositive individuals. Innate cells have been demonstrated to recognize
the presence of Prevotella and blocking of TNF and TLR2 signaling
reduced the activation levels of monocytes in vitro indicating the pres
ence of polysaccharides as a primary mediator which later will lead to T
cell activation (Neff et al., 2018). To experimentally investigate whether
the presence of Prevotella spp. in the microbiota of HIV + patients
directly causes inflammation, Li et al. characterized immune activation
in formerly germ-free mice colonized with stool from HIV + and HIVMSM as well as MSW (Li et al., 2019). Strikingly, an increase of mucosal
homing markers in the intestine of MSM HIV-positive colonized mice
compared to MSW-colonized mice, yet no statistically significant dif
ferences were observed compared to HIV-negative MSM-engrafted mice.
Curiously, the MSM Prevotella rich microbiomes seem to have a unique
complexity that could not easily engraft the colon of GF animals
resulting in the loss of many species including Prevotella spp. Thus, while
the microbiome of MSM may directly promote intestinal inflammation, a
contribution of Prevotella could not be established.
Besides a potential pro-inflammatory role of Prevotella spp. in the
intestine, Prevotella-rich communities have been involved in regulating
the inflammatory state of other tissues. Specifically in the vaginal tract a
Prevotella-rich “cervicotype”, which contains Prevotella melaninogenica
and Prevotella bivia species, was linked to pro-inflammatory signatures
hypothetically due to the loss or reduction in beneficial Lactobacilli

8. Prevotella spp. in intestinal dysbiosis and inflammation
Alterations in gut microbiota composition have been suggested early
on as a major factor in the development of inflammatory bowel disease
(IBD) (Jostins et al., 2012; Sartor, 2006). As general characteristics of
microbiota in IBD patients, several studies observed reduction in overall
microbial diversity, depletion of obligate anaerobes with health pro
moting properties such as the production of SCFA, and the enrichment of
facultative anaerobes (Gevers et al., 2014; Lloyd-Price et al., 2019;
Morgan et al., 2012). While diverse microbial signatures have been
associated with intestinal inflammation, exact microbes contributing to
human IBD development are not known as the direct causal relationship
between microbiota and complex diseases has been difficult to prove
outside animal models.
Association of Prevotella genus with intestinal inflammation emerged
from studies performed in mouse models, in which Prevotella-dominated
microbiome was associated with higher susceptibility to chemically
induced colitis (Elinav et al., 2011). Following this report, Palm et al.
identified Prevotella spp. among the fraction of highly IgA coated bac
teria in the gut, which was suggested to be a response to their immu
nogenic features (Palm et al., 2014). Together, these studies suggested
Prevotella might have the ability to promote intestinal dysbiosis and
inflammation. Whether high abundance of Prevotella spp. was a cause or
a consequence of the gut inflammation remained unanswered at that
time as detailed investigation was limited by the lack of diverse intes
tinal Prevotella isolates. In a recent study, we isolated novel intestinal
Prevotella species (Prevotella intestinalis and Prevotella rodentium) from
the gut of mice highly susceptible to intestinal inflammation (Roy et al.,
2017) and investigated the impact of their colonization on the interplay
between host and the microbiota during intestinal homeostasis and
inflammation (Iljazovic et al., 2020). Using gnotobiotic mice and an
experimental colitis mouse model, we showed that Prevotella spp. can
causally exacerbate intestinal inflammation. Detailed microbial com
munity profiling combined with metabolome analysis revealed a strik
ing ability of Prevotella spp. to perturb the gut microbiome and to
decrease the levels of short-chain fatty acids (SCFA). Similar to previous
reports (Macia et al., 2015), decrease of SCFA in mice upon colonization
with Prevotella spp. was associated with reduced colonic IL-18 produc
tion. The ability to ameliorate Prevotella-induced disease severity by
supplementation of IL-18 suggested that remodeling of the microbial
metabolome and specifically SCFA production might be the dominating
pathomechanism. Interestingly, another study recently suggested Pre
votella spp. may act pro-inflammatory in the gut, however by decreasing
the protective mucus layer (Rolhion et al., 2019). Notably, the same
study showed an importance of P. copri presence on increased suscep
tibility to Listeria monocytogenes infection. Whether the presence of
Prevotella spp. in the gut can alter the susceptibility to enteric infection
by other pathogens has not yet been investigated.
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While reports from experimental models identify Prevotella spp. as an
important player in gut homeostasis, human studies provide no strong
association between IBD and increased Prevotella spp. abundance.
Although some early studies in ulcerative colitis patients found members
of Prevotella genus to be increased in the mucosal tissue (Kleessen et al.,
2002; Lucke et al., 2006), subsequent studies provided no support of
these findings (Gevers et al., 2014; Morgan et al., 2012). Last year, as a
part of the Integrative Human Microbiome Project, a comprehensive
longitudinal study was performed in which 132 individuals with IBD
were followed over a period of one year (Lloyd-Price et al., 2019). While
the study did not find an overabundance of Prevotella spp. in IBD in
dividuals, interestingly, it did note an “unexpected stability of relative
abundance P. copri in individuals with IBD”, while in non-IBD partici
pants of the study abundance of P. copri was highly variable at each time
point. While there has not been much evidence pointing to Prevotella
species as a cause of IBD, their potential ability to promote dysbiosis or
even amplify inflammation should to be addressed in future studies.
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9. Conclusion: moving from associations to causation – a
multifaceted process
The heightened interest in the link between alterations in the
microbiome and human diseases together with the reduction in cost for
NGS over the past years has resulted in a large growth in our knowledge
about microbiome diversity and the associations between specific gut
microbes and distinct disease. Markedly, in the recent years increasing
numbers of studies have investigated causative relationships, yet, spe
cific groups of prevalent microbes such as members of the genus Pre
votella are still relatively little functionally characterized. Moreover,
several studies have unveiled a large diversity of the genus Prevotella and
it is now being hypothesized that the seemingly opposing association
with human health and disease states could be potentially explained due
to the large strain-level variability of this genus. In order to close the gap
between correlation and causation in the next years joint efforts between
diverse groups of scientists will be necessary to continue expanding the
collections of strains and genomes in well-described cohorts through
large-scale metagenomics and culturomics. Furthermore, the availabil
ity of public Prevotella isolate collections, genetic engineering tools in
combination with in vivo experiments in murine models will allow the
identification of basic gene determinants responsible for the effects of
Prevotella strains in health and disease. Finally, the integration of basic
research, the metagenomic profiling of comprehensive human cohorts
and statistical machine learning techniques, leveraging causal inference
models, will help to advance the curious case of intestinal Prevotella spp.
as friends or as foes of their human host.
Acknowledgments
We thank the members of the Strowig laboratory for valuable dis
cussions. The project was kindly funded by the Deutsche For
schungsgemeinschaft (DFG, German Research Foundation, projects STR1343/1 and under Germany’s Excellence Strategy – EXC 2155 “RESIST”
– project ID 39087428).
Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.ijmm.2021.151472.
References
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