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ABSTRACT
Competition and cooperation are fundamental to the stability and evolution of ecological com
munities. The human gut microbiota, a dense and complex microbial ecosystem, plays a critical 
role in the host’s health and disease, with competitive interactions being particularly significant. As 
a dominant and extensively studied group in the human gut, Bacteroidales serves as a successful 
model system for understanding these intricate dynamic processes. This review summarizes recent 
advances in our understanding of the intricate antagonism mechanisms among gut Bacteroidales 
at the biochemical or molecular-genetic levels, focusing on interference and exploitation competi
tion. We also discuss unresolved questions and suggest strategies for studying the competitive 
mechanisms of Bacteroidales. The review presented here offers valuable insights into the mole
cular basis of bacterial antagonism in the human gut and may inform strategies for manipulating 
the microbiome to benefit human health.
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1. Introduction

Humans, animals, plants, and microbes coexist 
within vast, interconnected ecosystems populated 
by closely interacting organisms. Within these sys
tems, competition and cooperation play crucial 
roles in maintaining ecological balance.1–9 

Competition, in particular, plays a pivotal role in 
driving species diversity and evolution, shaping 
survival outcomes and social behaviors.1–3,10–13 

Microorganisms, with their simple structures, 
short lifecycles, high density, and genetic diversity, 
serve as ideal models for studying these complex 
interactions.14,15

The gut microbiota, a dense and diverse microbial 
community within the gastrointestinal tract, pro
foundly impacts human health,15–21 earning its mon
iker as a “microbial organ”. Among its members, 
competition is a crucial factor in microbial adaptation 
and survival.10,11,22 Yet, how these interactions influ
ence community structure and dynamics remain lar
gely unknown.

As a dominant bacterial group in the human gut, 
Bacteroidales maintains a stable, long-term relation
ship with the host.10,15,16 This group possesses 
diverse polysaccharide utilization systems, enabling 
the efficient utilization of dietary long-chain 

polysaccharides inaccessible to the host.15–17 

Certain Bacteroidales strains also produce short- 
chain fatty acids, critical for intestinal mucosal 
integrity and immune regulation.16,17,20 However, 
under dysbiotic conditions or compromised intest
inal barriers, Bacteroidales can become opportunis
tic pathogens.16 Additionally, certain strains of 
Bacteroidales like Enterotoxigenic Bacteroides fragi
lis (ETBF) have been found to produce Bacteroides 
fragilis toxin, which has been closely associated with 
inflammatory bowel disease and colorectal 
cancer.16,23,24

Given their ease of cultivation and genetic manip
ulability, Bacteroidales serve as a valuable model for 
studying microbial interactions in the gut.15,16 

Residing predominantly in the densely populated 
colon, these bacteria rely on two primary strategies 
to compete:10,11,20,25,26 interference competition, 
where they directly attack competitors through the 
production of harmful compounds, with the ‘winner’ 
acquiring the resource, and exploitative competition, 
where they indirectly compete by consuming 
resources needed by others (Figure 1). Despite recent 
advancements, the mechanisms underlying 
Bacteroidales antagonism remain poorly understood.
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This review explores the competitive interac
tions of gut Bacteroidales, with an emphasis on 
toxin-mediated interbacterial antagonism. By 
providing a comprehensive overview of these 
mechanisms, we aim to guide future research 
on microbial interactions and offer insights into 
the assembly and regulation of the gut 
microbiota.

2. Interference competition

Interference competition is a key strategy among 
bacteria, particularly in the densely populated 
environment of the gut. It involves direct antagon
ism, where bacteria inhibit or eliminate competi
tors to secure resources. Bacteroidales utilize 
sophisticated interference mechanisms to maintain 

Figure 1. Competitive antagonism mechanisms within gut Bacteroidales. (a) Interference competition mediated by T6SS exhibits 
a relatively broad bactericidal range but operates within a short action distance. It primarily inclines to help establish the strain’s own 
spatial niche, thereby restricting the invasion of other Bacteroidales members. (b) Interference competition mediated by diffusible 
toxins has a longer action range but a relatively narrower bactericidal spectrum and is inclined to target closely related species that 
tend to compete for similar ecological niches. (c) Bacteroidales have evolved specialized mechanisms to acquire and utilize nutrients 
efficiently, granting them a competitive advantage and allowing them to occupy distinct ecological niches.
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community stability and diversity.10 These 
mechanisms fall into two main categories 
(Figure 1): contact-dependent antagonism 
mediated by the Type VI secretion system 
(T6SS)27 and contact-independent antagonism 
mediated by the diffusible bacterial toxins.28 T6SS 
systems mediate antagonism between spatially 
adjacent cells, providing a competitive advantage 
for resource acquisition at the same location and 
time. These systems do not confer advantages for 
resources that are distant or readily diffusible. In 
contrast, diffusible toxins exert antagonistic effects 
over broader spatiotemporal scales. As such, they 
confer a competitive advantage to resources that 
are specific competitive targets for both strains.

2.1. Contact-dependent antagonism mediated by 
T6SS

The T6SS is widely acknowledged as the prevalent 
and extensively investigated interbacterial antagon
ism molecular weapon, employed by many Gram- 
negative bacteria for contact-dependent interbac
terial antagonism.29 T6SS-positive strains deliver 
toxic effectors into target cells, specifically targeting 
essential bacterial components. These effectors can 
damage cellular envelopes,30,31 disrupt enzymatic 
functions,32 or modify essential molecules,33,34 

thereby effectively eliminating competitors. 
Effector-encoding strains neutralize the toxicity of 
effectors by expressing cognate immunity genes 
adjacent to the effectors to avoid self-killing. By 
outcompeting susceptible strains, T6SS-positive 
bacteria gain a competitive advantage, shaping 
microbial community composition and establish
ing dominance in specific ecological niches.

2.1.1. Overview of T6SS in Bacteroidales
The identification of T6SS in Bacteroidota was 
delayed until 2014 due to the absence of primary 
or profile sequence similarity between the 13 core 
T6SS proteins in Pseudomonodota and those in 
Bacteroidota. Unlike the general Pseudomonodota 
T6SS (T6SSi) and Francisella T6SS (T6SSii), the 
Bacteroidota T6SS has distinct features and is clas
sified as a separate subtype (T6SSiii).35

The Bacteroidales T6SS is further divided into 
three subtypes based on their genetic architectures 
(GAs): GA1, GA2, and GA3 (Figure 2(a)).36 While 

GA1 and GA2 T6SS loci are encoded on integrative 
conjugative elements (ICEs) and are commonly 
transferred among Bacteroidales species, the GA3 
T6SS is uniquely found in B. fragilis .37 Analysis of 
the predicted coding sequences (CDS) of the 
Bacteroidales T6SS loci reveals a conserved region 
and multiple variable regions. The conserved 
region encodes structural components required 
for the T6SS apparatus, including membrane, base
plate, spike, and tube complexes.36 The variable 
regions encode diverse effector-immunity protein 
pairs and proteins with unknown functions 
(Figure 2(a)).

2.1.2. Distinct structure of Bacteroidales T6SS 
suggests unique effector delivery mechanisms
Bioinformatics analysis highlights that the 
Bacteroidales T6SS differs significantly from the 
Pseudomonodota T6SS in genetic architecture.36 

Specifically, it lacks several conserved core proteins 
(TssJ, TssM, and TssL) found in Pseudomonodota 
T6SS membrane complex (Figure 2(b)).37 Recent 
findings have identified TssNOPQR as the unique 
membrane complex in Bacteroidales T6SS, suggest
ing a novel docking mechanism for the baseplate 
complex onto the membrane complex 
(Figure 2(b)).38

The inner tube complex of T6SS is composed of 
TssD proteins (Hcp), which facilitate the delivery 
of diverse low-molecular weight effectors.39,40 

While most Pseudomonodota typically encode 
a single Hcp in the individual T6SS locus, the 
Bacteroidales T6SS locus encodes up to six distinct 
Hcp variants.36 Given the genetic linkage between 
Hcp and predicted effectors in the Bacteroidales 
T6SS loci, diverse Hcp may facilitate the delivery 
of various effectors (Figure 2(b)).

Further analysis of the variable regions within 
GA3 T6SS reveals distinct functional roles. 
Variable region 1 (V1) only encodes effector- 
immunity protein pairs, whereas variable region 2 
(V2) also includes proteins of unknown function, 
potentially acting as adaptors for forming diverse 
spike complexes. We further conducted the analy
sis and quantification of various distribution pat
terns and abundances of the V2 region across all 
sequenced GA3 T6SS, revealing the potential pre
sence of multiple representative T6SS delivery 
mechanisms (Figure 2(c)). Additionally, a recent 
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study revealed the structure of the B. fragilis cargo 
delivery complex (VgrG-PAAR-Hcp, without 
effectors), which represents a subset of the GA3 
T6SS.41 To fully elucidate the unique assembly 
and delivery mechanisms of the Bacteroidales 
T6SS, further biochemical experiments and high- 
resolution structural studies are required.

2.1.3. Mobile GA1 and GA2 T6SS loci in interbacterial 
competition
Genomic and metagenomic analysis has revealed 
the widespread presence of GA1 and GA2 T6SS 
(mobile T6SS) in Bacteroidales isolated from the 
human gut microbiota. Frequent horizontal gene 
transfer of these mobile T6SS loci suggests that they 

confer fitness advantages to the encoding strains.42 

Interestingly, the integration of GA1 T6SS into the 
genome of GA3 T6SS-encoding B. fragilis strains 
deactivates the antagonistic activity of the GA3 
T6SS.43 This finding implies that acquiring GA1 
T6SS may alter the antimicrobial spectrum of GA3 
T6SS encoding strains, reversing their roles as 
attackers and defenders and influencing gut micro
biota composition.

Recent studies have identified multiple toxic 
effectors in the variable regions of certain GA2 
T6SS loci, including predicted DNase, amidase, 
endotoxin, and bacteriocin domains.44 While peri
plasmic toxicity of some effectors has been con
firmed, no significant antagonism (1–3 log killing 

Figure 2. Interbacterial competition mediated by Bacteroidales T6SS. (a) Schematic representation of the three distinct genetic 
architectures (GA) of T6SS loci in gut Bacteroidales is illustrated. Predicted encoding products are shown above each gene region. (b) 
Structural components of Bacteroidales T6SS (right) are contrasted with Pseudomonodota T6SS (left). Both T6SS machineries share 
four key complexes – membrane complex, baseplate complex, sheath-tube, and distal end. Components unique to Bacteroidales T6SS 
are highlighted in red, while Pseudomonodota-specific elements are in blue. Notably, the Bacteroidales T6SS (GA3 T6SS) features 
a distinct membrane complex and a different Hcp inner tube. (c) GA3 T6SS V2 region of the five B. fragilis strains, representing five 
different V2 regions. The proportion of each V2 region within all publicly available B. fragilis genomes is indicated following the T6SS 
loci. Predicted encoding products are depicted above each gene region, with a scale bar representing 2.5 kb of T6SS loci. Hypothetical 
proteins (HP) of unknown function are identified in white. (d) Diverse effectors secreted by Bacteroides T6SS.
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was considered significant antagonism) of GA1 
and GA2 T6SS was observed in vitro .44 The phy
siological functions of these loci remain to be clar
ified (Figure 2(d)).

2.1.4. Ecological impact of GA3 T6SS-mediated 
interbacterial antagonism
GA3 T6SS demonstrates strong antagonistic activ
ity in vitro. Effector proteins from GA3 T6SS, such 
as Bte1 and Bte2 in B. fragilis NCTC9343,45 and 
Bfe1 and Bfe2 in B. fragilis 638 R,46 exhibit specifi
city for targeting Bacteroidales but show limited 
activity against Pseudomonodota (Figure 2(d)). 
Multiple studies utilizing gnotobiotic mice have 
demonstrated the crucial role of GA3 T6SS in 
mediating competition between different 
B. fragilis strains in the mouse gut.45,46 

A compelling study on antibiotic cocktail-treated 
mice demonstrated that non-enterotoxigenic 
B. fragilis (NTBF) NCTC9343 effectively restricts 
enterotoxigenic B. fragilis (ETBF) ATCC43858 
colonization through GA3 T6SS, potentially miti
gating ETBF-associated disease in a murine host.47 

Unfortunately, the lack of homology with pre
viously characterized proteins has posed significant 
challenges in characterizing the functional 
mechanisms of effectors from GA3 T6SS.

While the specific mechanisms of GA3 effector- 
mediated interbacterial antagonism remain 
unclear, studies have indicated that GA3 T6SS is 
associated with composition changes in human gut 
microbiota. An analysis of the human metage
nomic datasets revealed a significant association 
between GA3 T6SS presence and the reduced 
abundances of Bacteroides and specific Firmicutes 
genera in the test samples. Frequent replacement of 
GA3 T6SS effectors was observed during early life, 
suggesting that at least one GA3 T6SS genotype 
enhances B. fragilis colonization in the infant gut. 
In stabilized adult gut microbiota, a reduced diver
sity of GA3 T6SS was observed, with a single GA3 
T6SS genotype being dominated.48 These findings 
indicate intense early-life competition among 
B. fragilis strains potentially shape long-term gut 
microbiota composition.

Given the diverse effectors used by GA3 T6SS to 
overcome Bacteroidales species, multiple mechan
isms have been evolved to counteract T6SS effec
tors during intense interbacterial competition. 

Prevalent members of Bacteroidales in the human 
gut encode an acquired interbacterial defense 
(AID) gene cluster with multiple orphan immunity 
proteins for defending against T6SS-mediated 
interbacterial competition.49 Acquisition of the 
AID system confers the ability of Bacteroidales to 
survive T6SS-mediated killing and maintain com
munity diversity.

While GA3 T6SS exhibits robust antagonism 
in vitro, its activity in vivo may vary due to niche 
partitioning within the gut microbiota. Strong 
antagonism is expected among strains occupying 
overlapping spatial and nutritional niches but may 
be less apparent in species with limited direct con
tact. The fitness costs associated with maintaining 
functional T6SS have led to frequent inactivation 
or loss of these systems in closed gut 
communities.50 Notably, despite the observed pat
terns of GA3 T6SS loss and the fitness costs of 
production in the mice gut, the majority of 
sequenced human gut isolated B. fragilis strains 
retained an intact T6SS. This suggests that lineages 
losing GA3 T6SS are not evolutionary successful 
over longer time scales. This is likely due to the 
strong selective pressures exerted by vertical trans
mission and early-life interbacterial competition, 
under which strains with an intact GA3 T6SS 
tend to outcompete others.48,51

2.2. Contact-independent antagonism mediated by 
diffusible toxins

In addition to the contact-dependent antagonism 
mediated by T6SS, gut Bacteroidales can also pro
duce and secrete diffusible peptide or protein tox
ins capable of antagonizing a limited spectrum of 
targets over long distances, constituting a contact- 
independent antagonistic system. Currently, six 
types of contact-independent bactericidal toxins 
have been identified in gut Bacteroidales: 
Bacteroidales secreted antimicrobial protein 
(BSAP),28,52–54 the Bacteroides fragilis ubiquitin 
(BfUbb),55–57 the bacteroidetocins (Bd),58,59 the 
Bacteroidales conjugally transferred plasmid- 
encoded toxin (BcpT),60 the fragipain-activated 
bacteriocin 1 (Fab1),61 and the cholesterol- 
dependent cytolysins like toxins (CDCL).62 These 
molecules demonstrate unique bactericidal 
mechanisms and diverse distributions, reflecting 
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the intricate interactions within the gut microbiota 
(Figure 3; Table 1).

2.2.1. Bacteroidales secreted antimicrobial protein 
(BSAP)
BSAP represents the first identified class of secreted 
antimicrobial toxins in gut Bacteroidales, charac
terized by membrane attack complex/perforin 
(MACPF) domains with eukaryotic-like 
features.28,52–54 These toxins likely exert their bac
tericidal effects through pore formation, similar to 
MACPF proteins in eukaryotes. Currently, four 
types of BSAP toxins (BSAP1-BSAP4) have been 
shown to possess clear antibactericidal 
toxicity.28,52–54 They are produced by specific 
Bacteroidales species, with some species producing 
multiple BSAP toxins (for example, both BSAP1 
and BSAP4 are produced by B. fragilis), capable of 
antagonizing strains of the same or closely related 
species, respectively.

BSAP1-BSAP4 target either the β-barrel outer 
membrane proteins (BSAP1 and BSAP4)28,54 or 
O-antigen glycan of lipopolysaccharides (LPS) 
(BSAP2 and BSAP3)52,53 on susceptible strains, 
respectively (Figure 3(a,b)). Notably, the gene loca
tion of the target gene for BSAP in BSAP-sensitive 
strains corresponds to the BSAP gene location in 
BSAP-production strains. Moreover, BSAP- 
producing strains overcome toxicity by synthesizing 
an orthologous nontargeted surface molecule near the 
BSAP’s gene, indicating that they are acquired jointly. 
The target of BSAP1 (OMP) and the target of BSAP2 
(LPS) were shown to be essential for the adaptive 
colonization of corresponding strains in mice, offer
ing a physiological explanation for BSAP-sensitive 
strains to retain these genes and BSAP-production 
strains to encode orthologous surface molecules.52

Moreover, unlike the Bacteroidales species cap
able of producing either BSAP-1, −2, or −3, where 
strains typically either contain the BSAP gene and 
produce the corresponding BSAP toxin or lack the 
gene and are sensitive to the toxin, there are several 
B. fragilis strains that do not produce BSAP-4 yet 
display resistance to it due to harboring the resis
tant ortholog receptor.54 Additionally, the sensitiv
ity of certain strains to BSAP4 depends on the 
expression status of its target gene. Moreover, bac
terial cocolonization investigations in mice or 
human gut metagenomes suggest that BSAP1 or 

BSAP2 can confer a certain fitness advantage to 
its producing strains compared to sensitive 
strains.52 However, the specific mechanism of bac
tericidal action remains unclear after binding 
between BSAPs and their respective targets.

Despite conserved MACPF motifs, BSAP toxins 
have a low amino acid identity, indicating diversity 
in target specificity and mechanisms. Notably, over 
320 MACPF domain-containing proteins have 
been identified in Bacteroidota. With a few excep
tions, they are classified into clusters based on their 
species, producing 68 distinct clusters.52 Currently, 
including BSAP1-BSAP4, bactericidal activity has 
been identified in these MACPF-containing pro
teins from seven clusters (clusters 1, 2, 10, 14, 15, 
16, and 19).28,52–54 A comprehensive exploration of 
their functions and targets remains a critical ave
nue for future research.

2.2.2. Bacteroides fragilis ubiquitin-BfUbb
BfUbb is the second diffusible antimicrobial mole
cule identified in intestinal B. fragilis and also exhi
bits eukaryotic-like features.55 After cleavage of its 
signal peptide, the mature BfUbb protein consists 
of 76 amino acids, sharing approximately 84% 
similarity with human ubiquitin (HmUbb). A key 
distinction between BfUbb and HmUbb is the sub
stitution of glycine at the C-terminus of HmUbb, 
crucial for covalent substrate binding, with cysteine 
in BfUbb. This cysteine enables the formation of 
a unique intramolecular disulfide bond, absent in 
HmUbb, which is essential for BfUbb’s interaction 
with its substrate, peptidyl-prolyl isomerase 
(PPIase), and its antimicrobial activity.56

BfUbb was first discovered in 2011, when it was 
shown to covalently bind to the human E1- 
activated enzyme under non-reducing conditions, 
effectively inhibiting ubiquitination in vitro .63 

This, along with observed antigenic cross- 
reactivity between BfUbb and HmUbb, suggested 
a potential role for BfUbb in B. fragilis-host 
interactions,63,64 although further validation is 
needed. In 2017, Comstock and her colleagues 
identified the bactericidal activity of BfUbb 
through transposon mutagenesis screening.55 

Subsequent studies elucidated BfUbb’s mechanism 
of action against B. fragilis and how other 
Bacteroides species resist it.56,57

6 K. JIANG ET AL.



Figure 3. Schematic diagram illustrating the postulated functional mechanism of six diffusible toxins produced by Bacteroidales. (a,b) 
BSAP1-BSAP4 target the outer membrane protein (OMP) or lipopolysaccharides (LPS) of sensitive strains. Resistance arises from the 
expression of orthologous, non-targeted receptors. (c) BfUbb enters the periplasmic space of B. fragilis via ButCD and targets the 
PPIase that contains a tyrosine (Y) at position 119. (d) Bd-A toxin targets the BamA protein, which contains a conserved aspartic acid 
residue in extracellular loop 3, in sensitive strains. (e) BCPT targets the lipid A-core glycan of LPS in sensitive strains. Proteolytic 
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BfUbb gains access to the periplasmic space of 
B. fragilis via a specialized TonB-dependent 
transporter SusCD-like complex (designated as 
ButCD). Once inside, BfUbb targets an essential 
PPIase protein, disrupting its enzymatic and cha
perone functions to exert potent bactericidal 
effects. Despite the universal presence of ButCD 
in B. fragilis strains (ButCDBf), some strains 
evade BfUbb’s effects through a single-point 
mutation in PPIase, substituting tyrosine at posi
tion 119 with aspartate, which prevents BfUbb 
binding. Additionally, other Bacteroides species 
avoid BfUbb-mediated interspecies antagonism 
by encoding ButCD variants with limited 
sequence similarity to ButCDBf, thereby hinder
ing BfUbb transport into their cells56,57 

(Figure 3(c)).
Co-culture assays, murine colonization studies, 

and human gut metagenome analyses demonstrate 
that BfUbb provides a significant competitive 
advantage in its producing strains over sensitive 
strains.56 Notably, BfUbb exhibits exceptional effi
cacy in eliminating ETBF strains harboring BfUbb- 
sensitive PPIase in mice.57 These findings highlight 
the potential of BfUbb as a therapeutic agent for 
preventing and treating ETBF-associated diseases.

2.2.3. Bacteroidetocins (Bd)
Bacteroidetocins (Bd) are a family of anti- 
Bacteroidales peptide toxins produced by various 
members of the Bacteroidota phylum.58 Among 
these, Bd-A and Bd-B were primarily found in 
Bacteroidales and have been the most extensively 
studied, exhibiting properties similar to class IIa 
bacteriocins of Gram-positive bacteria.58,65,66 

These peptides are initially synthesized with a 15- 
amino-acid leader sequence, which is cleaved fol
lowing a double glycine motif to yield mature pep
tides of 42 amino acids. Each mature peptide 
includes four cysteine residues involved in intra
molecular disulfide bond formation. Additionally, 

the chemically synthesized mature Bd-A toxin 
exhibits effective bactericidal activity, indicating 
that it can correctly self-fold in vitro as well. Bd 
toxins specifically target members of the 
Bacteroidota phylum, including Bacteroides, 
Parabacteroides, and Prevotella species.58,59

Long-term evolutionary studies revealed that 
resistance to Bd-A in Bacteroidales strains is linked 
to mutations in the bamA gene, which encodes an 
essential β-barrel outer membrane protein (OMP) 
responsible for the assembly and insertion of β- 
barrel proteins into the outer membrane59 

(Figure 3(d)). A conserved aspartate residue at the 
N-terminus of extracellular loop 3 (el3) in BamA 
has been identified as critical for Bd-A sensitivity. 
While Bd-A-resistant BamA mutants exhibit no 
apparent growth defects in vitro, studies in mice 
demonstrated significant fitness attenuation, sug
gesting that these mutants are not competitive in 
the mammalian gut.59 This highlights the potential 
of Bd toxins as therapeutic anti-Bacteroidales 
agents with a reduced likelihood of resistance 
evolution.

To date, 19 bacteroidetocin-like peptides have 
been identified from Bacteroidota through tblastn 
searches.58 Among these, four Bd toxins – Bd-A, 
Bd-B, Bd-C, and Bd-D – have been validated for 
bactericidal activity. Bd-A, Bd-B, and Bd-D share 
a common feature of four cysteines and exhibit rela
tively broad-spectrum activity against Bacteroidales. 
In contrast, Bd-C, which contains only two cysteines, 
is less broadly toxic but targets specific strains resis
tant to the other three variants.58 Differences in 
amino acid composition likely underlie the distinct 
activities of these toxins, suggesting that the remain
ing 15 Bd variants may possess unique bactericidal 
properties yet to be characterized.

Most Bd genes are located within a conserved 
gene locus that includes at least three additional 
genes: a protein with five transmembrane regions, 
a thiol oxidoreductase, and an ABC-like 

activation by DpnA or DpnB is required for toxicity. Resistance arises through the immune protein BcpI. (f) Upon cleavage by Fpn, the 
proteolytically activated C-terminal fragment of Fab1 can be secreted into the supernatant and exert its toxicity on sensitive B. fragilis 
strains, whereas resistant strains possess resistance to Fab1 through encoding the immune protein Rfab1. (g) After being proteoly
tically activated by DpnB or Fpn, activated BfCDCLLacts as a membrane-anchored platform to recruit activated BfCDCLS and form the 
β-barrel pore, exerting bactericidal toxicity. Resistant strains possess resistance to BfCDCL by encoding the immune protein BcdI. The 
inner membrane (IM) and outer membrane (OM) of recipient bacteria are illustrated.

8 K. JIANG ET AL.



Ta
bl

e 
1.

 T
he

 k
ey

 in
fo

rm
at

io
n 

on
 t

he
 r

ep
re

se
nt

at
iv

e 
di

ffu
si

on
 t

ox
in

s 
of

 B
ac

te
ro

id
al

es
.

BS
AP

-1
BS

AP
-2

BS
AP

-3
BS

AP
-4

Bf
U

bb
Bd

s
Fa

b1
Bc

pT
Bf

CD
CL

Pr
od

uc
tio

n 
st

ra
in

B.
 fr

ag
ili

s
B.

 u
ni

fo
rm

is
p.

 v
ul

ga
tu

s 
an

d 
p.

 d
or

ei
B.

 fr
ag

ili
s

B.
 fr

ag
ili

s
D

iv
er

se
  

m
em

be
rs

 o
f t

he
 

Ba
ct

er
oi

do
ta

B.
 fr

ag
ili

s
P.

 v
ul

ga
tu

s 
an

d 
P.

 d
or

ei
Si

x 
or

 m
or

e 
Ba

ct
er

oi
de

s 
sp

ec
ie

s 
in

cl
ud

in
g 

B.
 fr

ag
ili

s

Ta
rg

et
  

sp
ec

ifi
ci

ty
B.

 fr
ag

ili
s

B.
 u

ni
fo

rm
is

p.
 v

ul
ga

tu
s 

an
d 

p.
 d

or
ei

B.
 fr

ag
ili

s
B.

 fr
ag

ili
s

D
iv

er
se

 m
em

be
rs

 o
f t

he
 

Ba
ct

er
oi

do
ta

B.
 fr

ag
ili

s
P.

 v
ul

ga
tu

s/
P.

 d
or

ei
 a

nd
 s

om
e 

st
ra

in
s 

in
 

Ba
ct

er
oi

de
s,

 P
ho

ca
ei

co
la

 a
nd

 
Pa

ra
ba

ct
er

oi
de

s

So
m

e 
st

ra
in

s 
of

 P
. d

or
ei

, 
P.

 v
ul

ga
tu

s, 
an

d 
B.

 u
ni

fo
rm

is
St

ru
ct

ur
e

U
N

U
N

U
N

U
N

Ye
s

U
N

U
N

U
N

U
N

Eu
ka

ry
ot

ic
/ 

pr
ok

ar
yo

tic
 li

ke
 

fe
at

ur
es

M
AC

PF
M

AC
PF

M
AC

PF
M

AC
PF

H
um

an
 u

bi
qu

iti
n

Cl
as

s 
IIa

 b
ac

te
rio

ci
ns

 o
f 

G
ra

m
-p

os
iti

ve
 b

ac
te

ria
N

o
N

o
Ch

ol
es

te
ro

l-d
ep

en
de

nt
 

cy
to

ly
si

ns
 (C

D
C)

Pr
ot

eo
ly

tic
 

ac
tiv

at
io

n
U

N
U

N
U

N
U

N
N

o
N

o
Ye

s (F
pn

)
Ye

s 
(D

pn
A 

an
d 

D
pn

B)
Ye

s 
(D

pn
B 

or
 F

pn
)

Tr
an

sp
or

te
r

U
N

U
N

U
N

U
N

Bu
tC

D
U

N
U

N
U

N
N

o
Re

ce
pt

or
/T

ar
ge

t
O

M
P

O
-a

nt
ig

en
 

gl
yc

an
 o

f 
LP

S

O
-a

nt
ig

en
 

gl
yc

an
 o

f 
LP

S

O
M

P
PP

Ia
se

Ba
m

A
U

N
Li

pi
d 

A-
co

re
 g

ly
ca

n 
of

 t
he

 L
PS

U
N

Im
m

un
ity

 p
ro

te
in

N
o

N
o

N
o

N
o

N
o

N
o

RF
ab

1
Bc

pI
Bc

dI

U
N

, u
nk

no
w

n;
 M

AC
PF

, m
em

br
an

e 
at

ta
ck

 c
om

pl
ex

/p
er

fo
rin

; O
M

P,
 o

ut
er

 m
em

br
an

e 
pr

ot
ei

n;
 L

PS
, L

ip
op

ol
ys

ac
ch

ar
id

e;
 F

pn
, f

ra
gi

pa
in

; D
pn

A,
 d

or
ip

ai
n 

A;
 D

pn
B,

 d
or

ip
ai

n 
B;

 B
ut

CD
, B

U
bb

 t
ra

ns
po

rt
er

 S
us

CD
; P

PI
as

e,
 p

ep
tid

yl
- 

pr
ol

yl
 is

om
er

as
e;

 R
Fa

b1
, r

es
is

ta
nc

e 
to

 fr
ag

ip
ai

n-
ac

tiv
at

ed
 b

ac
te

rio
ci

n 
1;

 B
cp

I, 
Bc

pT
 im

m
un

ity
 p

ro
te

in
; B

cd
I, 

Ba
ct

er
oi

da
le

s 
CD

CL
 im

m
un

ity
 p

ro
te

in
.

GUT MICROBES 9



bacteriocin transporter. Deletion of any of these 
genes results in reduced Bd-B activity of its produ
cing strains, and co-expression of all four genes in 
Escherichia coli is sufficient to confer upon it the 
ability to inhibit the growth of Bacteroides thetaio
taomicron VPI-5482, confirming their collective 
role in active Bd-B toxin production.58

Interestingly, strains producing Bd-A, Bd-B, or 
Bd-D were found to possess BamA variants sensi
tive to their own toxins and remain susceptible to 
self-intoxication in vitro.59 Furthermore, Bd- 
B-producing strains and Bd-B-sensitive strains 
have been observed to coexist stably in the human 
gut while retaining sensitivity to Bd-B in vitro. 
These findings raise compelling questions about 
the mechanisms enabling Bd-producing strains to 
tolerate self-intoxication, their fitness for gut colo
nization, and the broader physiological roles of Bd 
toxins in the human intestine.

2.2.4. Bacteroidales conjugally transferred 
plasmid-encoded toxin (BcpT)
BcpT is another diffusible toxin identified in 
Bacteroidales, distinct from other known toxins in 
several aspects.60 Encoded on a mobile plasmid, 
BcpT is named for its mode of transmission as 
the Bacteroidales conjugally transferred plasmid- 
encoded toxin. Genomic and metagenomic ana
lyses indicate that this plasmid is primarily 
restricted to closely related species, Phocaeicola 
vulgatus and Phocaeicola dorei. However, the anti
bacterial specificity of BcpT is not only limited to 
P. vulgatus and P. dorei, as purified BcpT exhibits 
antibacterial activity against a broader range of 
species, including Bacteroides, Phocaeicola, and 
Parabacteroides .60

Unlike most proteolytically activated bacterial 
toxins,24,58,61,65,67–70 BcpT requires cleavage at 
two distinct sites for activation. Cysteine pro
teases of the C11 family, doripain A (DpnA) or 
doripain B (DpnB), cleave BcpT at residues R65 
and R199, resulting in a three-fragment active 
state.60 Among these, DpnB is considered to 
play a dominant role in activating BcpT 
(Figure 3(e)). Although the exact mechanism fol
lowing BcpT cleavage remains incompletely 
understood, the C-terminal fragment (residues 
200–499) is thought to mediate receptor binding 
and antibacterial activity, while the N-terminal 

fragment (residues 20–199) may initially inhibit 
the function of C-terminal domain.60

Receptor blot studies identified the lipid 
A-core glycan of lipopolysaccharide (LPS) as 
the BcpT receptor, which could be bound by 
the proteolytically activated toxin60 

(Figure 3(e)). A small lipoprotein, BcpI, encoded 
by a 174-bp gene downstream of bcpT, provides 
an eightfold increase in resistance to BcpT, ser
ving as its immunity protein. However, the pre
cise antibacterial mechanism of BcpT and the 
protective role of BcpI remain areas for further 
research.

2.2.5. Fragipain-activated bacteriocin (Fab1)
Fab1 is a bacteriocin discovered in B. fragilis 
with activity exclusively targeting B. fragilis 
strains.61 It was identified through transposon 
mutagenesis screening together with fragipain 
(Fpn), a C11 family cysteine protease responsi
ble for its activation. Fab1 is produced as an 
approximately 50 kDa protoxin, which is 
cleaved by Fpn between residues R200 and 
A201 to generate a ~ 28 kDa C-terminal active 
fragment with bactericidal properties 
(Figure 3(f)). Additionally, without Fpn, Fab1 
cannot be detected in the culture supernatant, 
indicating that Fpn is essential for both the 
secretion and activation of Fab1.61

The gene encoding Fab1 is accompanied by 
rfab1, an immunity gene located immediately 
downstream. RFab1 provides resistance to Fab1 
in producing strains61 (Figure 3(f)). While the 
fpn gene is nearly ubiquitous across B. fragilis 
genomes, fab1 and rfab1 are found in only ~  
20% of strains, reflecting the multifunctional 
roles of this protease family beyond toxin 
activation.67 Some B. fragilis strains harbor 
rfab1 but lack fab1, rendering them also insen
sitive to Fab1.61 Despite these insights, the spe
cific target and bactericidal mechanism of Fab1 
remain unknown.

2.2.6. Cholesterol-dependent cytolysin-like toxins 
(CDCL)
Cholesterol-dependent cytolysin-like toxins 
(CDCL) represent a newly discovered class of dif
fusible toxins, named for their resemblance to 
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cholesterol-dependent cytolysins (CDC).62,71 

Initially identified in Elizabethkingia anophelis 
from the midgut of malarial mosquitoes,72 CDCL 
have since been found widely distributed in 
Bacteroidota, including gut-inhabiting species.62 

In B. fragilis, CDCL (BfCDCL) are encoded by 
two adjacent CDC-like genes, producing a small 
component (BfCDCLS) and a larger component 
(BfCDCLL). Together, these components exhibit 
bactericidal activity against related Bacteroides spe
cies, though their receptor remains unidentified.62

BfCDCL activation also requires cleavage by 
C11-type proteases, including Fpn or DpnB, at 
residues R70 (BfCDCLL) and R62 (BfCDCLS), 
respectively (Figure 3(g)). The activated BfCDCLL 

likely serves as a membrane-anchored platform via 
its domain 4, recruiting activated BfCDCLS to form 
β-barrel pores that mediate bactericidal activity. 
A predicted outer surface localized lipoprotein, 
encoded upstream of the BfCDCL genes, functions 
as an immunity protein for BfCDCL (BcdI) 
(Figure 3(g)).62

Beyond the CDCL genomic pattern identified in 
B. fragilis, six additional CDCL toxin patterns have 
been identified in gut Bacteroidales genomes.62 

Among these, one pattern includes three adjacent 
CDCL genes confined to P. vulgatus and P. dorei. 
These patterns show varying sequence similarities, 
warranting further research to elucidate their bac
tericidal specificities, mechanisms, and physiologi
cal relevance.

3. Exploitative competition

Beyond interference competition, exploitative 
competition also plays an irreplaceable role in 
maintaining Bacteroidales’ stable colonization of 
the mammalian gut (Figure 1). This form of com
petition involves limiting the growth of rivals by 
efficiently utilizing scarce resources. Unlike inter
ference competition, where direct interactions 
between cells occur, exploitative competition oper
ates indirectly, becoming especially significant 
under nutrient-limited conditions, such as in bio
film-like dense microbial communities.73 

Resources critical to microbial survival include 
nutrients (e.g., carbon, nitrogen, phosphorus, sul
fur, hydrogen, calcium, iron, and trace metals) and 
spatial niches.74–77 As microbes grow and 

accumulate biomass, they expand their spatial dis
tribution and compete with other populations to 
colonize regions with higher nutrient availability.

3.1. Competition for nutrient resources

Competition for nutrients can occur through two 
main mechanisms: increased nutrient absorption 
or secreting factors that enhance nutrient acquisi
tion. It is observed in Saccharomyces cerevisiae and 
E. coli, switching from fermentation to aerobic 
respiration under aerobic conditions, increasing 
their growth rate and absorbing nutrients more 
rapidly than their competitors.78,79 The secretion 
of nutrient acquisition factors enhances competi
tive ability by producing digestive enzymes that 
hydrolyze complex nutrient molecules or synthe
sizing siderophores-like molecules to chelate and 
sequester essential metals. As commensal and 
mutualistic organisms, Bacteroidales have distinct 
advantages in resource acquisition, such as carbon, 
metals, and corrinoids.

3.1.1. Carbon
Bacteroidales exhibit a strong capacity for poly
saccharide metabolism, supported by specialized 
genetic regions known as polysaccharide utiliza
tion loci (PULs), which enhance their ability to 
recognize and degrade complex carbohydrates.80 

Beyond benefiting themselves, Bacteroidales also 
establish cross-feeding networks that facilitate 
nutrient exchange within microbial 
communities.81 However, when primary degra
ders restrict the release of free oligosaccharides 
or monosaccharides into the extracellular envir
onment, they adopt a “selfish” mode of glycan 
catabolism.82,83 This strategy promotes the dom
inance of these “selfish degraders” over other 
species (Figure 4(a)).

For example, B. thetaiotaomicron metabolizes 
yeast mannan by using surface endo-mannanases 
to produce large oligosaccharides, which are imme
diately captured and transported into the cell for 
further breakdown by periplasmic mannanases 
(Figure 4(a)).82 This process ensures efficient utili
zation of the resource. In the co-culture experi
ments, the carbon is the only limiting nutrient, 
while other nutrients, such as nitrogen and trace 
metals, are provided in excess. Yeast mannan, as 
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the sole carbon source, B. thetaiotaomicron out
competed B. cellulosilyticus and B. xylanisolvens 
.82 However, B. thetaiotaomicron may not have 
growth advantage under other carbon sources 
such as mannose, or other limiting nutrients. 
Under varying carbon source concentrations or 
different growth rates, the dominant strain may 
either further enhance or lose its growth advantage. 
Similarly, B. ovatus efficiently degrades various 
xylan polysaccharides, such as wheat arabinoxylan 
and glucuronoarabinoxylan. While the degradation 

products of wheat arabinoxylan, rather than glu
curonoarabinoxylan, can support the growth of 
Bifidobacterium adolescentis (which cannot utilize 
the intact polysaccharide). This provides B. ovatus 
a competitive edge when using glucuronoarabinox
ylan (e.g., corn bran xylan) as the sole carbon 
source.83 However, in competition with B. ovatus 
and Roseburia intestinalis (both of which exhibited 
comparable growth on xylan as a carbon source), 
R. intestinalis eventually emerged as the dominant 
species, seemingly outcompeting B. ovatus after 

Figure 4. Examples of exploitative competition among Bacteroidales species. (a) B. thetaiotaomicron employs a specialized mannan 
degradation system that breaks down yeast mannan into large oligosaccharides on its cell surface. These oligosaccharides, 
inaccessible to B. cellulosilyticus and B. xylanisolvens, are subsequently depolymerized into mannose by periplasmic enzymes for 
exclusive utilization by B. thetaiotaomicron. (b) During inflammation, Salmonella scavenges iron using siderophores. 
B. thetaiotaomicron exploits Salmonella siderophores through its xenosiderophore utilization system, enhancing its fitness in iron- 
limited conditions during Salmonella infection. (c) Bacteroidales encode diverse transporters to acquire multiligand corrinoids, 
increasing their competitive advantage within the gut environment. (d) Germ-free mice colonized with wild-type (WT) B. fragilis 
exhibit colonization resistance to subsequent exposure to the same species. However, this resistance does not prevent colonization by 
other Bacteroidales species. In contrast, germ-free mice colonized with B. fragilis ccf mutants permit colonization by WT B. fragilis.
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propagation of the co-culture for two additional 
passages.84 Nonetheless, these observations were 
made under controlled laboratory conditions with 
single-nutrient limitations. To more accurately 
reflect natural environments and achieve more rea
listic competition outcomes, it is imperative to 
introduce additional layers of complexity.

Bacteroidales enhance their adaptability by 
inducing specific outer membrane polysacchar
ide-binding proteins and glycoside hydrolases in 
response to dietary conditions.85 In the absence 
of dietary polysaccharides, they switch to utiliz
ing host mucus polysaccharides, thereby main
taining their stability in the intestinal 
environment.86 An often-overlooked resource is 
genetic material, which can also serve as 
a nutrient. For example, B. thetaiotaomicron 
metabolizes ribose via its ribokinase-encoded 
ribose-utilization system, enhancing its coloniza
tion fitness in a diet-specific manner.87 These 
effective glycan acquisition strategies provide 
Bacteroidales with a diet-specific competitive 
advantage in vivo .87

3.1.2. Iron
Iron is an essential element for most organisms, 
serving as a cofactor for metalloproteins involved 
in vital cellular processes such as DNA replication. 
A common strategy for acquiring iron is the secre
tion of siderophores, molecules that scavenge iron 
from the environment. Numerous studies have 
highlighted cross-species competition mediated 
by siderophores, with variations in siderophore- 
binding affinities and uptake capabilities influen
cing competitive dynamics.88 For example, under 
iron-limited conditions, strains producing low- 
affinity siderophores may grow normally, but 
their growth is inhibited when high-affinity side
rophores from other species are introduced.89 

Siderophores, as public goods, can also be utilized 
by non-producing strains with appropriate sidero
phore receptors, effectively transferring production 
costs to the siderophore producers.90,91

To date, there is no evidence that Bacteroides 
produce siderophores. However, Zhu et al. identi
fied a xenosiderophore utilization system 
(xusABC) in B. thetaiotaomicron by analyzing its 
transcriptional response in the cecum of mice 

during Salmonella infection.92 This system enables 
B. thetaiotaomicron to use siderophores produced 
by Enterobacteriaceae family members, enhancing 
its colonization resilience under nutritional immu
nity induced by Salmonella infection or noninfec
tious colitis (Figure 4(b)).92,93 However, the 
xenosiderophore utilization system is not wide
spread in Bacteroidales, potentially giving 
B. thetaiotaomicron a unique competitive advan
tage during enteric Salmonella infection.

Heme, the host’s largest iron reservoir, is typi
cally bound to macromolecules like hemoglobin, 
and free heme is scarce.94 Bacteroides and 
Porphyromonas gingivalis, as heme-deficient bac
teria, cannot synthesize protoporphyrin IX de novo 
and must acquire heme from the environment. 
Previous studies have identified several hemo
phores in Porphyromonas gingivalis, such as HusA 
and HmuY, critical for competitive advantage 
in vivo .95,96 While HmuY homologs have been 
identified in Bacteroides, deletion of these genes 
does not affect their in vitro growth.97 The mechan
isms underlying heme transport and competition 
in Bacteroidales remain largely unexplored.

3.1.3. Other metals
The acquisition of transition metals such as zinc 
and manganese is critical for microbial survival, 
alongside iron. Zinc is predicted to interact with 
4–6% of bacterial proteins, playing key roles in 
gene regulation, cellular metabolism, and as 
a cofactor for various virulence factors.98 

Manganese, another essential cofactor, supports 
numerous bacterial enzymes involved in lipid, pro
tein, and carbohydrate metabolism.99 Under metal- 
limited conditions, microorganisms adapt by upre
gulating high-affinity transporters to import these 
nutrients. For instance, E. coli primarily uses the 
low-affinity ZupT transporter for zinc uptake 
under moderate availability but relies on the high- 
affinity ZnuACB system under extreme zinc scar
city. The deletion of ZnuA in Campylobacter jejuni 
significantly impairs intestinal colonization.100 

While homologs of ZupT and ZnuACB exist in 
Bacteroidales, their specific mechanisms and 
impact on competitive colonization under metal- 
limiting conditions remain unclear.

Additionally, the T6SS in pathogens like Yersinia 
pseudotuberculosis and Burkholderia thailandensis 
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has been shown to mediate exploitative competi
tion by secreting protein-based carriers that facil
itate manganese and zinc acquisition.101,102 

However, whether T6SS in Bacteroidales performs 
a similar role remains unexplored.

3.1.4. Corrinoids
Corrinoids, especially vitamin B12, are essential 
cofactors for methionine synthesis, propionate 
production, and other metabolic pathways. These 
compounds significantly influence the structure 
and function of the human gut microbiota.103,104 

Due to the incomplete or absent corrinoid synth
esis pathways in Bacteroidales, these bacteria 
depend entirely on extracellular transporters for 
corrinoid acquisition.105 Redundant corrinoid 
transporters are a common feature in gut micro
biota. In B. thetaiotaomicron, three distinct vitamin 
B12 utilization systems have been identified 
(Figure 4(c)).104 Among these, BtuB1 and 
BtuB3 have lower specificity or affinity for cobala
min compared to BtuB2, and each transporter 
exhibits distinct preferences for various 
corrinoids.104 For example, strains encoding only 
BtuB1 outperform those with BtuB3 when pro
vided with adeninylcobamide or benzimidazolylco
bamide, but not with cobalamin, 
2-methyladeninylcobamide, 5-methoxybenzimida
zolylcobamide, or 
5-methylbenzimidazolylcobamide.104

The diversity of vitamin B12 transporters in 
B. thetaiotaomicron is vital for its fitness in vivo, 
particularly in response to diet and community 
composition.104 A dietary deficiency in vitamin 
B12 drastically increases the reliance on BtuB2 for 
microbial fitness. For instance, the relative abun
dance of BtuB2-deficient strains in mice on 
a vitamin B12-depleted diet is nearly two orders 
of magnitude lower compared to mice on a vitamin 
B12-enriched diet. Pre-colonization with 
a Bacteroidales community exacerbates this com
petitive disadvantage, whereas pre-colonization 
with Firmicutes and Actinobacteria, which can 
synthesize sufficient corrinoids, completely miti
gates the defect.104,106

Corrinoid transport mirrors iron transport, as 
many gut microbes, including B. thetaiotaomicron, 
lack the ability to synthesize corrinoids but possess 
extensive machinery to capture these compounds 

from other species. Consequently, microbes cap
able of acquiring diverse corrinoids gain 
a significant competitive advantage over those 
with transporters specific to modified molecules.

3.2. Taking and holding the ecological niche

Space occupation is pivotal in microbial competi
tion, encompassing both the colonization of new 
ecological niches and the prevention of competitor 
encroachment over the long term.107 B. fragilis 
expresses specific mucosal colonization factors, 
such as the sulfatase BF3086 and glycosyl hydrolase 
BF3134, which are upregulated in both mucus and 
tissue environments.108 These factors enable 
B. fragilis to penetrate the mucus layer and inhabit 
deeper crypt regions. When germ-free mice were 
colonized with either wild-type B. fragilis or the 
∆BF3134 mutant individually, bacterial popula
tions in feces and the colonic lumen remained 
comparable. However, in co-colonization experi
ments, the proportion of ∆BF3134 steadily 
declined, indicating the importance of mucosal 
colonization factors in occupying new niches.108

When a bacterial population occupies 
a favorable ecological niche, it must limit the inva
sion of competitors to ensure prolonged survival. 
Prior studies have demonstrated that germ-free 
mice mono-associated with a single Bacteroidales 
species are resistant to colonization by the same 
species but not different species (Figure 4(d)).109 

This colonization resistance is attained via species- 
specific nutrients or unique niches. In vivo genetic 
screening identified a conserved and unique class 
of PULs called commensal colonization factors 
(ccf), essential for B. fragilis robust mucosal colo
nization, preventing reinvasion by the same species 
(Figure 4(d)).109 Additionally, the mucosal coloni
zation-defective mutant ∆BF3134 and the capsular 
polysaccharide-deficient strain ∆PSB/C could not 
maintain colonization resistance by excluding 
competitors of the same species.108,110

4. Conclusion and future perspectives

The competitive interactions within the gut micro
biota are as complex as the microbial communities 
themselves. Strong natural selection, driven by 
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exploitative competition among different genotypes, 
is often accompanied by interference competition. 
Both forms of competition are widespread in bacter
ial communities and play a significant role in shap
ing the outcomes of natural selection. This review 
has summarized recent advances in understanding 
the competitive interactions among dominant 
Bacteroidales strains in the gut, focusing primarily 
on interference and exploitative competition. We 
have aimed to distill and highlight the intricacies of 
these interactions to provide a foundation for future 
research on bacterial interplay within the gut. 
However, despite these advancements, numerous 
questions remain unresolved.

While the activities of certain toxins and mole
cules involved in Bacteroidales competition have 
been validated in vitro or through simplified 
in vivo models, much remained unknown about 
their mechanisms of action and specific roles 
within the host. This underscores the need for 
further exploration. Moreover, it is likely that 
many molecules and mechanisms mediating 
competition among Bacteroidales are yet to be 
discovered. Beyond traditional biochemical and 

genetic screening methods, emerging techniques 
such as bioinformatics-based mining and artificial 
intelligence-driven machine learning offer signifi
cant promise for the rapid, high-throughput 
identification of competitive molecular players 
from Bacteroidales genomes, proteomes, and 
metabolomes.

To fully understand both known and newly 
identified molecules, several critical questions 
need addressing: How are antimicrobial molecules 
secreted, delivered to target bacteria, and recog
nized by their receptors? What are their intrinsic 
properties, mechanisms of action, and regulation 
within the host environment? For nutrient- 
acquisition molecules, how are they secreted, how 
do they recognize and bind substrates, and how are 
these substrates recycled during passive competi
tion? The lack of clarity in these areas hampers 
a complete understanding of the mechanisms and 
ecological roles of competitive antagonism 
mediated by these molecules.

In the intricate and densely populated micro
bial communities, various forms of competitive 
dynamics emerge, ultimately leading to 

Table 2. The co-occurrence of T6SS genes or diffusible toxin genes in the selected Bacteroidales strains.

Strain Accession number Diffusable Toxin

T6SS

Effectors The type of T6SS

Bacteroides cellulosilyticus 
CL02T12C19

GCF_000273015.1 BSAP-3 Putative  
GA1 effectors

GA1 T6SS

Bacteroides fragilis 3-1-12 GCF_000157015.1 BSAP-1 Putative GA1 effectors GA1 T6SS
Bacteroides fragilis 638 R GCF_000210835.1 BfUbb, BSAP-1, BSAP-4 Bfe1, Bfe2 GA3 T6SS
Bacteroides fragilis GS077 GCF_032190595.1 BSAP-1, BSAP-4, Fab1 Bte1 and other putative GA3 effectors GA3 T6SS
Bacteroides fragilis CL05T00C42 GCF_000273765.1 ND Putative GA2 effectors GA2 T6SS
Bacteroides fragilis NCTC9343 GCF_000025985.1 BfUbb, Fab1 Bte1, Bte2 GA3 T6SS
Bacteroides fragilis YCH46 GCF_000009925.1 BSAP-1, BSAP-4, CDCL Bfe1, Bfe2 and other putative GA1 

effectors
GA1 T6SS, GA3 T6SS

Bacteroides fragilis US326 GCF_002811035.1 CDCL Bfe2 and other putative GA3 effectors GA3 T6SS
Bacteroides salyersiae BIOML-A1 GCF_008565595.1 CDCL ND ND
Bacteroides thetaiotaomicron 

CL15T12C11
GCF_019896115.1 BSAP-3, Bacteroidetocin B Putative effectors GA1 T6SS

Bacteroides thetaiotaomicron CMU108 GCF_015831785.1 BSAP-3, CDCL ND ND
Bacteroides uniformis BIOML-A5 GCF_009020755.1 ND Putative GA1 and GA2 effectors GA1 T6SS, GA2 T6SS
Bacteroides uniformis CL03T00C23 GCF_000273785.1 BSAP-2 Putative GA1 effectors GA1 T6SS
Bacteroides uniformis CL03T12C37 GCF_018292165.1 BSAP-2 Putative GA1 and GA2 effectors GA1 T6SS, GA2 T6SS
Parabacteroides distasonis ATCC 8503 GCF_000012845.1 BSAP-2, CDCL ND ND
Phocaeicola dorei CL02T00C15 GCF_000273035.1 BcpT Putative GA1 effectors GA1 T6SS
Phocaeicola dorei BIOML-A5 GCF_008572125.1 CDCL ND ND
Phocaeicola vulgatus BIOML-A11 GCA_009018855.1 ND Putative effectors GA1 T6SS, GA2 T6SS
Phocaeicola vulgatus CL01T12C17 GCF_007556405.1 BSAP-3, BcpT 

Bacteroidetocin A
ND ND

Phocaeicola vulgatus CL09T03C04 GCF_000273295.1 BSAP-3 ND ND
Phocaeicola vulgatus CL14T03C19 GCF_007556395.1 BSAP-3, BcpT 

Bacteroidetocin A
ND ND

Phocaeicola vulgatus ATCC 8492 GCF_002959625.1 CDCL ND ND

ND, non-detected.
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ecologically stable outcomes. Currently, research 
on the diverse competitive mechanisms among 
gut Bacteroidales is predominantly characterized 
by isolated and unilateral studies. However, gut 
bacteria, including Bacteroidales, coexist within 
a complex intestinal ecosystem. By integrating 
insights from previous studies, it has become 
evident that the concurrent presence of differing 
T6SS or diffusible toxin genes within 
Bacteroidales strains is prevalent (Table 2). 
Therefore, further exploration is essential to elu
cidate how these competitive interactions collec
tively function under different temporal, spatial, 
and environmental conditions.

Additionally, current studies on Bacteroidales 
competition often focus on interactions between 
two species or employ overly simplistic models. 
Most predictions derived from in vitro experiments 
have yet to be validated in more physiologically rele
vant environments, and varying culture conditions 
may also yield divergent outcomes. Consequently, 
the conclusions drawn from in vitro studies may not 
reliably reflect the competition dynamics and ulti
mate outcomes of Bacteroidales within complex 
microbial communities. Expanding research to 
include more complex, multispecies, or community- 
based models is essential for accurately reflecting the 
dynamics of these interactions within the intricate 
intestinal environment.

In conclusion, Bacteroidales form a highly 
dynamic and systematic competitive system that is 
central to maintaining stability and diversity within 
the gut microbiota. A deeper understanding of these 
competitive interactions will shed light on the com
plex processes underpinning gut microbiome 
assembly. Such insights could inform the develop
ment of therapeutic strategies aimed at sustaining or 
manipulating these intricate microbial communities.
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