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ABSTRACT (50 words)

Bacteroides are increasingly used as model gut commensals in co-colonization studies with
enteropathogens. Recent findings imply common themes of colonization resistance, but also
pathogen cross-feeding. We discuss how cutting-edge transcriptomics may help disentangle the
molecular basis of the divergent roles of Bacteroides in either protecting against or promoting

infection.
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Bacteroides occupy a hub position in the human gut

Bacteria of the genus Bacteroides belong to the most prevalent and abundant members of the
human intestinal microbiota. While occasionally acting as pathogens outside the gut, these
bacteria are considered commensal colonizers of the colonic lumen and mucous layer, and are
long known to provide colonization resistance against enteric pathogens. However, fecal
metagenomics-based correlation studies often yield conflicting results regarding their
contributions to host health versus disease, arguing that the role Bacteroides play in intestinal

infections is more nuanced than anticipated.

Recently, the field has embraced simplified microbial consortia to move beyond
correlation and unravel molecular mechanisms, with Bacteroides spp. included as representative
gut commensal [1-9]. Consequently, there is a growing appreciation of the molecular aspects
underlying Bacteroides-mediated colonization resistance, yet also their exploitation by different
enteric pathogens to establish infection. Here, we will discuss Bacteroides’ interplay with the
intestinal immune system and integrate findings from infection studies with different
enteropathogens to compile an overarching picture of Bacteroides’ role in intestinal infections
(Fig. 1a). We will then illustrate how advanced transcriptomics are beginning to be leveraged to

gradually extend this emerging model.

Cross-talk with the intestinal mucosa

According to the microbiota-nourishing immunity concept [10], the host applies habitat filters to
actively shape its microbiota and maintain a mutualistic state. One such habitat filter is epithelial
hypoxia, a consequence of mitochondrial -oxidation in mature colonocytes. The low oxygen
concentration at the mucosal surface fosters the dominance of obligate anaerobic bacteria,
including Bacteroides spp. In turn, these bacteria actively modulate their intestinal environment
and influence host physiology (e.g. [11]). The responsible immunomodulatory molecules are, at
least in parts, delivered to their eukaryotic target cells through outer membrane vesicles—

bacterial surface-derived bilayered spheres that can diffuse through the mucous barrier.

Host habitat filters not only ensure that the ‘right’ microbes are preserved in the gut, but
also that they do ‘the right thing’. For instance, plasma B cells produce immunoglobulins (mostly
IgA) against Bacteroides surface structures with proinflammatory potential, to mitigate mucosal
inflammation, maintain the diversity of bacterial taxa, and modulate Bacteroides metabolism

[12]. Interestingly, recent findings imply that certain Bacteroides spp. co-opt IgA responses.
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Bacteroides fragilis, for example, deliberately expresses [gA-reactive surface polysaccharide C to
get decorated with antibodies that improve mucus adherence, granting the bacterium access to

defined spatial niches and promoting long-term symbiosis with the host [13].

Bacteroides pose a double-edged sword for enteric infections

Preemption of host niches by Bacteroides spp., education of the immune system, and cross-
feeding of ‘probiotic’ bacteria provide colonization resistance against pathogenic invaders.
Besides, Bacteroides competing with pathogens for host-derived amino acids (specifically for
proline and hydroxyproline) and monosaccharides (including ribose, fucose, arabinose,
rhamnose, and fructose) and producing short-chain fatty acids (SCFAs) can directly counteract
pathogenesis. Mechanistically, the latter is best understood for propionate, whose protonated
form diffuses into Salmonella enterica (and probably other Enterobacteriaceae), acidifying the
recipient’s cytosol and slowing down growth [1]. Further, intestinal Bacteroides produce
commensal colonization factors (CCFs), i.e., species-specific carbohydrate utilization systems to
fortify the intestinal immune barrier, defending the host against Klebsiella pneumoniae

colonization and transmission [2].

Bacteroides-derived metabolites—carboxylic acids and simple sugars (green in Fig. 1a)—
may, however, also act toward the detriment of the host. For example, enterohemorrhagic
Escherichia coli (EHEC) sense Bacteroides as landmark organisms to find their infection niche
along the gastrointestinal tract. Particularly, detection of Bacteroides-derived succinate and
fucose kicks off a transcriptional cascade leading to the transcriptional reprogramming of EHEC
metabolism and virulence factors [9]. Effector proteins secreted by EHEC and other pathogens
cause epithelial inflammation, in the course of which the energy metabolism of colonocytes
shifts from (-oxidation to anaerobic glycolysis. This disrupts this host habitat filter and opens up
new niches that get preferentially filled by Enterobacteriaceae (Fig. 1b). In an inflamed gut,
Bacteroides-derived SCFAs no longer exert protective functions, but may instead be exploited by
facultative anaerobic pathogens as a carbon source for anaerobic respiration [5, 6, 8]. Similarly,
upon antibiotics-induced dysbiosis, succinate and simple sugars, liberated from complex
polysaccharides by Bacteroides’ metabolic activities, cross-feed S. enterica and Clostridioides
difficile [3, 7]. In turn, C. difficile releases bacteriostatic compounds to inhibit the growth of
Gram-negative competitors, including Bacteroides spp. However, Bacteroides have evolved
mechanisms to adapt to the new environment associated with an inflamed, dysbiotic gut.

Bacteroides thetaiotaomicron, for example, employs its ‘xenosiderophore utilization system’



(encoded by the xusABC operon) to hijack Salmonella and E. coli iron chelators, granting it access

to this essential cofactor during colitis [4].

Together, these examples illustrate the complex inter-species interactions occurring at
the intestinal mucous layer, from homeostasis to pathology, with Bacteroides spp. taking center
stage. In fact, Bacteroides seem to pose a double-edged sword for enteric infection. While
providing initial colonization resistance against pathogen invasion, they can be exploited by the
same pathogens as a niche indicator and resource provider during inflammation and antibiotics
treatment (Fig. 1b). As of now, we have an incomplete understanding as to what factors—other
than mere infectious dose—tip the outcome of these encounters toward either the benefit or
detriment of the host, but recent developments in the field of host-microbe transcriptomics

could become game-changers in this quest.

In-vivo transcriptomics to dissect Bacteroides interplay with the host and pathogens

Transcriptomics have been extensively applied to Bacteroides spp. The sensitivity of state-of-
the-art RNA-seq technology allows for the purification and analysis of ever more defined
microbial subpopulations, increasing resolution of the molecular processes that underlie their
interaction with one another and their host (reviewed in [14]). B. fragilis, for example, populates
a range of different microhabitats in the gut, which gets reflected in its gene expression. A recent
study determined niche-dependent transcriptome signatures, comparing the expression profiles
of B. fragilis in the gut lumen with bacteria adhering to the mucous layer or associating with the
epithelial lining in mono-colonized mice [15]. While the luminal samples consisted almost
exclusively of bacterial RNA, samples from the two host-associated fractions were heavily
dominated by murine transcripts. Accordingly, the authors applied an approach referred to as
‘hybrid selection’, which enriches bacterial sequences using B. fragilis-specific biotinylated DNA
probes (Fig. 2a). Analysis of the resulting spatial transcriptome profiles led to the discovery of
two new colonization factors—a putative sulfatase and glycosyl hydrolase—that B. fragilis
upregulates when in close contact with the host mucosa and whose deletion compromises

mucosal colonization as compared to wild-type bacteria.

Rather than depleting host transcripts, multi-species RNA-seq approaches sequence
them alongside bacterial RNA for joint host-microbe gene expression analyses [14]. For example,
Triple RNA-seq may be suited to study the molecular basis of host-pathogen-commensal
interactions (Fig. 2b) and thus bears potential for dissecting the role of Bacteroides in the

prevention or promotion of enteric infection. The technology could be applied to host tissue



models pre-colonized with intestinal Bacteroides and subsequently infected with
enteropathogens. The resulting host and microbial transcriptome data would then be

integratively analyzed to infer molecular microbe-microbe and microbe-host interaction nodes.

Single-cell RNA-seq to resolve Bacteroides cellular heterogeneity

Individual bacteria—even within the same host niche—may not necessarily behave identically.
For instance, Bacteroides phase-variably express cell surface structures, resulting in
phenotypically diverse subpopulations, and seem to form metabolically distinct clusters. The
physiological state of individual Bacteroides cells may therefore significantly contribute to the
outcome of their interactions with pathogens and the host. Recent advances in single-cell RNA-
seq—long a monopoly of eukaryotic systems—could thus spur a new phase in microbiome
research. Although not yet on a genome-wide scale, the 200-300 bacterial genes covered by
current protocols represent a huge leap forward [16]. With respect to Bacteroides, single-
bacterium transcriptomics may address a variety of questions. It could help uncover division-of-
labor strategies, e.g. addressing whether Bacteroides populations heterogeneously express
factors involved in the communication within the same species and cross-talk with host tissues,
such as CCFs, or with enteropathogens, whose single-cell transcriptomes might be sequenced in
parallel to deduce heterogenic virulence strategies (Fig. 2c). Single-bacterium RNA-seq holds
further promise to understand the triggers and consequences of microbial bet-hedging. For
example, it could provide deeper functional insight into surface structure switching within
intestinal Bacteroides populations for survival during antibiotics exposure and as immune
evasion/attraction mechanisms [12, 13]. Collectively, high-resolution transcriptomics could thus
help devise strategies to rationally manipulate the manifold interactions of Bacteroides in the gut

toward the benefit of the human host.



FIGURE CAPTIONS

Figure 1: Bacteroides occupy a hub position in the human gut and pose a double-edged sword to
enteric infections. a, Interplay of mutualistic Bacteroides spp. with the intestinal mucosa [11-13],
and with the frank pathogens enterohemorrhagic Escherichia coli and Salmonella enterica
serovar Typhimurium as well as with the opportunistic pathogens Clostridioides difficile and
Klebsiella pneumoniae, compiled from recent literature [1-9]. ‘SCFA’ refers to short-chain fatty
acid, ‘T3SS’ to type-lll secretion system, ‘OMV’ to outer membrane vesicle, ‘PUL" to
polysaccharide utilization locus, ‘CCF’ to commensal colonization factor (i.e. a unique class of
PUL), ‘PSA’ and ‘PSC’ to capsular polysaccharides A and C, respectively, of B. fragilis, “TLR2’ to
Toll-like receptor 2, ‘M®’ to macrophage, ‘DC’ to dendritic cell, ‘Tre¢’ to CD4*Foxp3* regulatory T
cell, ‘IgA’ to immunoglobulin A, and ‘IL-36’ to interleukin 36. Intestinal Bacteroides spp. may also
influence one another, e.g. via secreted antimicrobial proteins or through sharing ‘public goods’,
which is, however, not depicted here for clarity. b, Simplistic view on the transition from a
pristine microbiota to dysbiosis by either pathogen-induced (inflammation) or therapy-induced
(antibiotics) disruption of microbiota-nourishing immunity. Whereas [-oxidation in the
mitochondria of colonocytes consumes oxygen, creating luminal anaerobiosis, glycolysis does
not consume oxygen, resulting in increased epithelial oxygenation. Although not depicted here
for reasons of simplicity, note that Bacteroides spp. not only cross-feed pathogens, but—in a
healthy gut environment—cross-feed ‘probiotic’ species, which contributes to colonization

resistance.

Figure 2: RNA-seq-based approaches to Bacteroides spp. during host colonization. a, Spatial
gene expression profiling by hybrid-selection RNA-seq (hsRNA-seq) [15]. b, Triple RNA-seq [14]
to profile Bacteroides gene expression in context with an invading enteropathogen and the
corresponding host response. ¢, Single-bacterium RNA-seq [16] to study Bacteroides
heterogeneity. ‘cDNA’ refers to complementary DNA, ‘RT’ to reverse transcription, and ‘PC’ to

principle component.
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