Strain et al. Microbiome Res Rep 2022;1:13
DOI: 10.20517/mrr.2021.10

Microbiome Research
Reports

Review

Open Access

Effect of diet on pathogen performance in the
microbiome
Ronan Strain1,2, Catherine Stanton1,2, R. Paul Ross1,3
1

APC Microbiome Ireland, Biosciences Institute, University College Cork, Cork T12 YT20, Ireland.
Teagasc Food Research Centre, Moorepark, Fermoy, Co. Cork P61 C996, Ireland.
3
School of Microbiology, University College Cork, College Road, Cork T12 K8AF, Ireland.
2

Correspondence to: Prof. R. Paul Ross, APC Microbiome Ireland, Biosciences Institute, University College Cork, College Road,
Cork T12 YT20, Ireland. E-mail: p.ross@ucc.ie
How to cite this article: Strain R, Stanton C, Ross RP. Effect of diet on pathogen performance in the microbiome. Microbiome Res
Rep 2022;1:13. https://dx.doi.org/10.20517/mrr.2021.10
Received: 2 Dec 2021 First Decision: 29 Dec 2021 Revised: 17 Feb 2022 Accepted: 23 Feb 2022 Published: 26 Mar 2022
Academic Editor: Marco Ventura Copy Editor: Xi-Jun Chen Production Editor: Xi-Jun Chen

Abstract
Intricate interactions among commensal bacteria, dietary substrates and immune responses are central to defining
microbiome community composition, which plays a key role in preventing enteric pathogen infection, a dynamic
phenomenon referred to as colonisation resistance. However, the impact of diet on sculpting microbiota
membership, and ultimately colonisation resistance has been overlooked. Furthermore, pathogens have evolved
strategies to evade colonisation resistance and outcompete commensal microbiota by using unique nutrient
utilisation pathways, by exploiting microbial metabolites as nutrient sources or by environmental cues to induce
virulence gene expression. In this review, we will discuss the interplay between diet, microbiota and their
associated metabolites, and how these can contribute to or preclude pathogen survival.
Keywords: Colonisation resistance, gut microbiota, pathogen, diet, infection

INTRODUCTION
The gut microbiota has coevolved with its host over millions of years and augments the coding potential of
the human genome (~22,000 genes) by upwards of 500-fold[1]. Indeed, the human genome itself, encodes at
most only 17 enzymes involved in food digestion, mainly the digestion of starch, sucrose and lactose[2]. On
the other hand, our gut microbiota encodes upwards of 60,000 Carbohydrate-Active Enzymes, with diverse
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specificities, facilitating the depolymerisation and fermentation of complex dietary polysaccharides into host
utilisable short-chain fatty acids (SCFAs)[3]. This gut microbiota is heterogeneous and highly personalised,
and while bacterial enterotypes cluster independently of nationality, ethnicity, sex, age, or body mass
index[4], diet is the dominant selective force that defines microbiota membership and functionality[5]. Diet is
also the simplest to customise and therefore presents the most straightforward route for therapeutic
intervention.
The distribution of bacteria throughout the gastrointestinal (GI) tract varies, from 103-104 cells/mL in the
stomach and upper small intestine, to 1011 cells/mL in the colon[6]. Furthermore, the taxonomic composition
of these communities is niche-specific, and largely defined by the nutritional requirements of the residing
bacteria. These contentions are supported by observations in gnotobiotic mouse models whereby
concentrations of individual dietary components correlate with the relative abundance of specific
microbiota members[7]. For example, Bacteroides cellulosilyticus has the ability to be controlled by
administration of different concentrations of the prebiotic fibre arabinoxylan[8]. This phenomenon opens up
the potential for therapeutic probiotic colonisation, which has been demonstrated by Kearney et al.[9];
administration of the seaweed polysaccharide polyphyran and a polyphyran-degrading commensal
Bacteroides plebius enabled successful engraftment of this species.
The majority of human enteric pathogens are part of a small group of bacterial families that belong to the
phylum Proteobacteria; the Enterobacteriaceae, i.e., Escherichia coli (E. coli), Yersinia, Salmonella, Shigella;
the Vibrionaceae (Vibrio cholera) and the Camplyobacteriaceae (Camplyobacter)[10]. Bacterial pathogens
must overcome an array of obstacles such as oesophageal peristalsis, stomach pH and locating a permissible
niche in the intestine in order to access nutrients to begin replication and to achieve successful colonisation
in the GI tract. The final hurdle is to overcome resident commensal bacteria of the large intestine.
Continuous competition for nutrients, and compartments, the production of antimicrobial substances by
commensals, and the barrage of immune responses evoked by the commensals themselves collectively give
way to the phenomenon of colonisation resistance. For example, commensal symbionts and their related
pathogens often compete with each other for metabolic resources compared with distant unrelated species.
These metabolites include diverse carbon sources, bile acids, trace metals and vitamins. An overview of
some metabolites influencing pathogen virulence and fitness can be found in Table 1. Those bacteria which
possess high-affinity transporters for available nutrients will ultimately define the microbial community
structure, but also serve as a barrier for GI pathogens. However, many pathogens confer the ability to
subvert competition with commensal bacteria, often by generating their own specific niche to suit their
metabolic needs. As an example, invasion of epithelial cells provides an environment suited to intracellular
pathogens. Additionally, there is accumulating evidence to suggest that intestinal pathogens/pathobionts
may subvert and exploit the host immune response to induce microbial dysbiosis and improve conditions
for their subsequent colonisation[11]. Furthermore, intestinal pathogens have evolved unique nutrient
utilisation pathways in relation to their symbiotic counterparts; Escherichia can utilise alternative sugar
sources to that of their commensal rivals[12], and gain a competitive advantage. In this regard, what we
consume may have the potential to alter bacterial networks and shift the balance in favour of or against
pathogen survival.
Accumulating evidence over the past decade has linked the high-fat/high-sugar/low-fibre “Western diet”
with a myriad of the ever-increasing glycemic index and metabolic disorders. It is widely acknowledged that
the microbial dysbiosis resulting from this lifestyle is a major contributing factor to the epidemic of
glycemic index and metabolic disorders[13]. One could speculate whether long-term dietary regimes could
increase or decrease the host’s colonisation resistance to enteric pathogens or opportunistic pathobionts. In
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Table 1. Metabolites influencing pathogen virulence and fitness

Pathogen

Gene expression

Gene function

Metabolite

Ref.

EHEC

LEE-encoded T3SS

Adherence

↑Butyrate

[87]

EHEC

LEE-encoded T3SS

Adherence

↑Ethanolamine

[165]

EHEC

LEE-encoded T3SS

Adherence

↑Succinate

[166]

EHEC

LEE-encoded T3SS

Adherence

↑Oxygen

[167]

EHEC

LEE-encoded T3SS

Adherence

↓D-serine

[168]

EHEC

Adhesions

Adherence

↑Ethanolamine

[169]

EHEC

Adhesions

Adherence

↑Choline

[169]

EHEC

iha

Adherence

↑Butyrate

[74]

EHEC

FliC

Motility

↑Acetate

[73]

EHEC

GvrA/LEE-encoded T3SS

Acid resistance

↑Bicarbonate

[170]

EHEC

Qse

Quorum sensing

↑Ethanolamine

[169]

EHEC

Qse

Quorum sensing

↑Fucose

[171]

EHEC

Stx

Toxin

↑Ethanolamine

[169]

EHEC

SdhA

Respiration

↑Fumarate

[172]

EHEC

EspA/EspB

A/E lesions

↑Indole

[134]

AIEC

tdc/sda

Inflammed gut colonisation

↑L-serine

[137]

Salmonella

SPI-1

Invasion

↑Acetate

[68]

Salmonella

SPI-1

Invasion

↑Formate

[66]

Salmonella

Hyb

Invasion

↑Hydrogen

[173]

Salmonella

SPI-2

Intracellular replication

↑Ethanolamine

[174]

Salmonella

ttrSR ttrBCA

Inflammed gut respiration

↑Tetrathionate

[175]

Salmonella

fraBDAE

Carbon/nitrogen utilisation

↑Fructose-asparagine

[176]

Salmonella

pduA-X

Inflammed gut respiration

↑1,2-propandiol

[177]

Salmonella

SPI-1

Invasion

↓Indole

[133]

C. difficile

TcdAB

Toxin

↑Butyrate

[178]

C. difficile

TcdAB

Toxin

↓Pyruvate

[179]

C. difficile

Slec

Germination

↑Taurocholate

[180]

C. difficile

CD2344

Respiration

↑Succinate

[181]

C. difficile

PrdB

Nutrient utilisation

↑Proline

[139]

C. difficile

tcdB/Spo0A

Toxin/sporulation

↓Secondary bile acids DCA LCA

[182]

V. cholerae

tcpA

Pilus/colonisation

↑Autoinducer-2 (AI-2) synthase

[183]

V. cholerae

rtxA/hylA

Toxin

↑Autoinducer-2 (AI-2) synthase

[183]

V. cholerae

flrA

Motility

↑Cholesterol

[184]

V. cholerae

ctxAB/tcpA

Toxin/motility

↓Sodium

[185]

↑Upregulates. ↓Downregulates.

this review, the interactions among diet, the microbiota, colonisation resistance and pathogen performance
will be examined by focusing on the keystone taxa and metabolites involved.

BREAST MILK AND SOLID FOODS IN EARLY LIFE PROTECT AGAINST ENTERIC
INFECTION BY MODULATING THE GUT MICROBIOTA
Neonates face an increased susceptibility to GI infections. This susceptibility in newborns has been generally
attributed to the immaturity of the adaptive and innate immune systems; premature newborns often display
a heightened risk of suffering from excessive inflammation, which decreases as they age[14]. Given that the
gut microbiota is involved in the development of the immune system[15] and the neonatal microbiota is less
diverse than the adult microbiota, research is shifting toward the potential role that specific gut taxa play in
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the maturation of immune function and colonisation resistance.
Naturally delivered infants are generally dominated by bacterial groups associated with maternal vaginal
microbiota (e.g., Atopobium, Bacteroides, Clostridium, E. coli, Streptococcus spp. and Prevotella), whereas Csection-born infants are dominated by the taxa associated with the skin microbiota such as Staphylococcus
spp.[16]. Breastfeeding aids in the initial colonisation of key taxa: Bifidobacterium and Lactobacillus[17], with
the former involved in the digestion of human milk oligosaccharides (HMOs), which are resistant to human
enzymatic digestion[18]. The resulting fermentation of these compounds produces lactate[19] and SCFAs,
specifically acetate, which accounts for 80% of the total SCFA production in the infant gut[20] compared with
50% in the adult gut[21]. The acidic end products of HMO fermentation are linked to a lower intestinal pH
and may be crucial to maintaining colonisation resistance in infants [Figure 1]. The interactions between
pathogens and SCFAs will be discussed later.
The distinction between microbiota community composition of human breast milk-fed and formula-fed
infants is clear, with the general consensus that human breast milk directs the propagation of beneficial
bacteria and their related metabolites[22]. Lactation drives the colonisation of Bifidobacterium in infants, and
has been shown to play a key role in the maturation of the immune system (for a review, see Ref.[23]).
Moreover, in mice, IgG in breast milk derived from mothers previously infected with Citrobacter
rodentium, is passed to the offspring, enhancing colonisation resistance when challenged by this
pathogen[24]. Probiotics derived from breast milk have shown great promise in mitigating the risk of
necrotising enterocolitis (NEC), the most common GI disease in preterm infants and the leading cause of
death in extremely preterm infants from 2 weeks to 2 months of age[25]. Perhaps the most promising
“probiotic” is Bifidobacterium longum subsp. infantis, an extremely proficient coloniser of the infant gut,
and exhibits decreasing NEC incidence in neonates[26]. More recently, a human breast milk-derived
commensal Propionibacterium strain UF1, belonging to the same phylum as Bifidobacterium, the
Actinobacteria, has been shown to mitigate NEC-like injury in mice[27] and conferred protection against
Listeria monocytogenes infection[28].
Along with Bifidobacterium, the other key taxa involved in the fermentation of HMOs are Bacteroides[29].
Vaginal birth and breastfeeding significantly improve Bacteroides colonisation[30], suggesting a long
coevolved symbiotic relationship between the host and taxa, and this symbiosis is reflected in studies
demonstrating their role in immune system development[31,32]. For example, the immunosuppressive effect
of the capsular exopolysaccharide, polysaccharide A from B. fragilis is achieved by promoting differentiation
of regulatory T cells (Treg)[32], which may be beneficial to the host given that many pathogens favour a gutinflamed environment. However, the supposed reliance on Bacteroides spp. for the development of the
infant immune system is not clear, as an observational study in Northern Europe observed reduced
prevalence of Bacteroides and Type I diabetes (T1D) in Russian children, relative to their counterparts from
Finland and Estonia, where Bacteroides and T1D were more common[33]. The Bacteroidetes phylum
primarily produces acetate and propionate[34]. Acetate has been observed to decrease the frequency of
autoreactive T cells, and a diet designed to release large amounts of acetate protected against the
development of T1D in mice[35]. However, Bacteroides spp. that may be a risk factor for T1D, might be
unrelated to the production of acetate and its associated metabolites, but more likely related to the
overexposure to Bacteroides - associated LPS derived from HMO-utilising Bacteroides[33].
As the diet changes from maternal milk to fibre-rich foods as the infant matures, the infant microbiome
acquires members of Bacteroidales and the butyrate-producing Clostridiales. Clostridium species have been
associated with the increasing abundance and activity of Treg cells in the colon[36] by providing bacterial
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Figure 1. Metabolism of human milk oligosaccharides (HMOs) lowers gut pH boosting colonisation resistance; HMOs are metabolised
by initial colonisers (Bifidobacterium longum ssp. infantis and Bacteroides) in the infant gut, producing SCFAs and subsequently lowering
pH & increasing colonisation resistance against gastrointestinal pathogens. SCFAs: Short-chain fatty acids.

antigens. Administration of members of the Clostridiales, but not Bacteroidales, provided protection to
germ-free adult mice, colonised with neonatal microbiota, against infection from Salmonella and
Citrobacter[37]. These researchers hypothesise that in the first days of life, oxygen consumption by aerobic
bacteria or facultative anaerobes enhances the ability of the strict anaerobes, Clostridiales, to colonise the
gut, which, in turn, provides protection against pathogen infection. Furthermore, when succinate was
administered in the drinking water to mice, it reduced oxygen intestinal content, which in turn, enhanced
Clostridales colonisation. Interestingly, the authors demonstrated that it was these bacterial groups that
abrogated infection and that host immunity did not contribute to the Clostridia-mediated effect. Similarly, a
longitudinal study examining faecal samples from an asymptomatic infant carrier of Clostridioides difficile
(an infant female born by C-section), from pre-weaning to weaning, revealed a dramatic change in
microbiota composition within the first five days of transition from breast milk to cow’s milk and solid
foods[38]. A rapid decline and eventual disappearance of C. difficle, accompanied by an increase in the
relative abundance of Bacteriodales/Clostridiales observed during weaning, were likely responsible for the
expulsion of C. difficile.

THE ROLE OF DIETARY FIBRE IN PROMOTING MICROBIAL DIVERSITY, MAINTAINING
THE MUCUS BARRIER AND THE LINK WITH COLONISATION RESISTANCE
There is an appreciation that the diet of westernised nations has declined in the quantity of fermentable
fibre intake, which has been associated with the coincidental rise in diseases such as heart disease, diabetes
and colorectal cancer[39]. Human populations with a diet rich in dietary fibre exhibit increased diversity of
the microbiota, such as experienced by the Hadza tribal people from Tanzania[40]. Conversely, a
“westernised” low fibre diet can result in a progressive loss of microbial diversity[41]. While there is a greater
prevalence of GI pathogen infections in developing countries compared with their western counterparts[42],
this may be attributed to poverty-related risk factors and sanitation practices. Interestingly, in a study
comparing the microbiota of children from Burkina Faso and their European counterparts, it was observed
that Enterobacteriaceae (Shigella/Escherichia) were underrepresented in the Burkina Faso cohort relative to
European children[43]. The authors hypothesised that the high fibre diet consumed by the Burkina Faso
children selects for a bacterial community capable of maximising energy intake from the fibres, while at the
same time protecting them from potential enteropathogens. However, whether diet-induced increases in
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microbial diversity or specific taxa and their related metabolites can improve colonisation resistance in
humans is an intriguing but essential question to answer. The majority of studies to date supporting the
inverse link between diversity and infection stem from murine models. Both germ-free and antibiotictreated mice display increased susceptibility to enteric infections, which are associated with reduced
microbiota diversity[44,45]. While the bulk of studies supports microbial-induced benefits derived from
fermentable fibre, recent evidence suggests that cellulose, an insoluble fibre, also exerts enrichment in
protective microbial species and provides colonisation resistance[46]. A comparison of the impact of soluble
dietary fibre (oat β-glucan) versus insoluble dietary fibre (microcellulose) in mice gut microbiota reported
reduced alpha-diversity (distribution of species abundances) and higher relative abundance of fibredegrading Bacteroides and pathogenic Proteobacteria in the former[47], indicating potential cross-feeding
between commensals and pathogens. Higher alpha-diversity was observed when the two fibres were mixed,
and may be explained by an increase in carbon sources providing substrates for a larger range of bacterial
taxa. Such mixtures would reflect better a human diet, which contains a mixture of soluble and insoluble
fibres.
SCFAs are the end products of the fermentation of dietary fibres and have a broad range of effects on
mammalian host physiology, can attenuate inflammation, and alter the microbial composition and
pathogen virulence. SCFAs are saturated aliphatic organic acids comprised of one to six carbons, of which
acetate (C2), propionate (C3) and butyrate (C4) are the most abundant (> 95%)[48]. The success of the
invading pathogen depends on the biotic interactions within the community, including exchanging and
competing for metabolites[49]. The effect of SCFAs can be a double-edged sword for invading pathogens,
with beneficial or inhibitory effects depending on concentration and environmental pH.
The glycoprotein-rich layer that covers the gut epithelium provides the first line of defence against both
commensal and pathogenic bacteria. Evidence has suggested that reduced dietary fibre intake is associated
with a thinner colonic mucus[50]. Indeed, a recent study demonstrated that during chronic or intermittent
fibre deficiency in mice, the gut microbiota degraded the host-secreted glycoproteins as an energy source,
and in turn, resulted in an unstable mucus barrier function, increasing susceptibility to infection by
C. rodentium[51]. One of the key players in the mucosal-microbiota environment is Akkermansia
muciniphila, comprising 1%-4% of colonic microbes, which preferentially degrades mucin as its primary
nutrient source[52] and is inversely correlated with a myriad of GI diseases. The distribution of Akkermansia
in the GI tract of vertebrates is vast[53], suggesting a long-term co-evolutionary relationship with their hosts
and underlining their symbiotic importance. Mucus consists primarily of the heavily O-glycosylated
protein, mucin 2, which Akkermansia can degrade with an arsenal of enzymes[54]. Continuous production of
mucin by the goblet cells contributes to both mucin presence in the mucus layer and in the colonic
lumen[55]. Akkermansia turnover of mucin contributes to the maintenance of intestinal integrity and
microbial community homeostasis. Other species, including Bacteroides thetaiotaomicron and
Bifidobacterium bifidum, that possess the capacity to break down mucus O-glycans have been identified in
some studies[56]. Acetate producers like B. thetaiotaomicron may require a commensal adjuvant, e.g.,
Faecalibacterium prausnitzii, an acetate consumer and butyrate producer, in order to maintain colonic
epithelial homeostasis[57]. F. prausnitzii is capable of immunosuppression through blocking of NF-κB
activation and anti-inflammatory cytokine production, and reduced abundance of F. prausnitzii has been
observed in inflammatory bowel disease (IBD) subjects[58], indicating a harmonious relationship between
mucosal commensals and the host in a healthy gut environment. Conversely, the glycans released from the
mucin may actually provide a food source for GI pathogens. Ng et al.[59] demonstrated that Salmonella and
C. difficile thrived on B. thetaiotaomicron-liberated glycans following antibiotic-induced disruption of
mono-colonised mice compared to germ-free mice.
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The western-style diet (high-fat/low-fibre) has been associated with a decrease in Bacteroides,
Bifidobacterium and Akkermansia[60], subsequently affecting intestinal mucosal homeostasis and
permeability; the effects of which can be ameliorated by the addition of dietary fibres[60], and thereby
potentially protecting against infection[51]. Moreover, the Western diet is characterised by an increase in the
Firmicutes/Bacteroidetes ratio and weight gain in humans. A link between obesity and risk of infection with
the enteric pathogen C. difficile has been identified[61], and C. difficile colonisation has been attenuated in
mouse models by the addition of dietary fibre[62], suggesting a fibre deficient lifestyle may be a risk factor for
C. difficile infection (CDI) and persistence. Collectively, these data suggest that individual fibres select for
bacteria that are best at metabolising the specific fibre, leading to reduced diversity and hence a higher risk
for colonisation of pathogens. Mixtures of dietary fibres that better represent a human diet promote higher
gut microbiota diversity, and thus improve colonisation resistance and mucosal integrity.

THE DOUBLE-EDGED SWORD OF SHORT-CHAIN FATTY ACIDS
Of the three major SCFAs, acetate is the most abundant, constituting approximately 60% in the colon and
stool[63]. It can be produced from pyruvate via acetyl-CoA by most of the enteric bacteria (Akkermansia
muciniphila, Bacteroides spp., Bifidobacterium spp., Prevotella spp., Ruminococcus spp.) or from pyruvate
via the Wood-Ljungdahl pathway (Blautia hydrogenotrophica, Clostridium spp., Streptococcus spp.)[21].
Acetate may have anti-inflammatory effects in vivo, by decreasing the LPS-stimulated TNFα response from
neutrophils[64], albeit to a lesser extent than butyrate and propionate.
Many pathogens use SCFAs as environmental cues to determine their biogeographical location within the
gut and switch on genes accordingly, e.g., virulence factors to colonise the preferential location. For
example, Salmonella typhimurium preferably colonises the ileum[65], where the typical concentration of
acetate is 30 mM. This concentration enhances the expression of SPI-1 (Salmonella Pathogenicity Island 1)encoded T3SS (Type three secretion system), which is involved in the invasion of the host. Similarly, SPI-1
gene expression is promoted in the presence of minute concentrations of formate (~8 mM), like those
encountered in the ileum[66], suggesting S. typhimurium has multiple mechanisms to determine its
biogeographical location. Furthermore, streptomycin-treated mice were more susceptible to S. typhimurium
infection in the ileum compared with untreated mice, where the SCFA concentrations remained unchanged,
suggesting that ileal commensal bacteria can also affect S. typhimurium virulence, likely by physically
blocking colonisation or contributing to the immune response[67]. On the contrary, higher concentrations of
propionate and butyrate, or the absence of formate, i.e., similar to conditions found in the colon, suppress
the expression of T3SS[68], and invasion is inhibited. Colonic environmental cues likely initiate adaptation of
S. typhimurium gene expression to endure environmental insults and/or preparation for transmission to a
new host. Interestingly, a recent study observed reduced ileal colonisation of Salmonella in mice which were
pre-treated with a consortium of Bacteroides spp. with a high capacity for production of propionate[69],
through disruption of intracellular pH homeostasis.
Similarly, Enterohaemorrhagic E. coli (EHEC) utilises SCFAs for virulence gene regulation; its preferred site
of colonisation and infection is the colon[70], where the ratio of acetate/butyrate tends to be lower. However,
some studies have demonstrated that acetate can be refractory to the virulence of EHEC[71] by lowering
intestinal pH[72]. Mixtures of SCFAs that represent the small intestine significantly upregulate EHEC flagellar
genes and motility, whereas colonic SCFA concentrations have a down-regulatory effect[73]. Expression of
the iha gene that encodes an adherence-conferring outer membrane protein, however, is upregulated by
EHEC in the small intestine[74], and is crucial for colonisation and infection. Consequently, ileal SCFA
concentrations activate EHEC flagellar production and motility, followed by expression of genes involved in
type III secretion and adherence when approaching colonic SCFA concentrations[75], thereby permitting
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efficient adherence in EHEC’s preferred niche. Production of acetate by Bifidobacterium has been
demonstrated to inhibit the translocation of Shiga toxin of the EHEC 0157:H7 from the gut lumen[76] and
prevent 0157:H7-induced colonic epithelial cell death via Bifidobacterium acetate-upregulated carbohydrate
transporters[77]. Campylobacter jejuni has similar mechanisms to sense metabolites and hence spatial
distribution. In avian hosts, where C. jejuni behave as symbionts in the lower GI tract, concentrations of
acetate are high and allow for the expression of genes that permit commensal colonisation[78]. Conversely,
high concentrations of lactate, similar to those observed in the upper GI tract, where C. jejuni colonises less
efficiently, repress the genes involved in colonisation. The authors speculate whether C. jejuni utilises
similar environmental cues in order to colonise humans and, thereby, cause diarrhoeal disease.
SCFAs have also been associated with concentration-dependent negative effects on C. difficile growth[79], and
as SCFA concentrations are reduced following antibiotic treatment, this could be a contributing factor to its
subsequent colonisation. Other studies have demonstrated that SCFAs increase the expression of Toxin B
(TcdB), an essential virulence factor[80]. SCFAs may serve as a signal to C. difficile of an inhospitable and
competitive environment; therefore, upregulation of TcdB may provide a survival mechanism. The success
of faecal microbiota transplants (FMT) in the treatment of CDI reinforces the role of commensal microbiota
(Bacteroides, Clostridium clusters IX and XIVa) in the treatment of CDI[81]. Early in vitro studies have
demonstrated that dietary fibre polysaccharides induce a bifidogenic effect and hence increase SCFA
production, which may result in enhanced colonisation resistance against C. difficile[82]. Likewise, an in vivo
study found that C. difficile-infected mice fed a diet rich in dietary fibre had stimulated the growth of fibreutilising taxa (Bacteroides spp.) and their associated metabolites, i.e., SCFAs[62], with decreased C. difficile
fitness and numbers, while toxin expression was increased[62].
Among the major SCFAs, butyrate is the most extensively studied, largely due to its beneficial effects on
both colonocyte energy metabolism and intestinal homeostasis[83]. Butyrate is the least abundant of the three
SCFAs produced, comprising 15% of the total SCFA pool in humans[84]. Butyrate can upregulate mucin 2,
reinforcing the mucus layer of the intestinal mucosa, and leading to enhanced protection against luminal
pathogens[85]. Butyrate is formed in the so-called “classical pathway”, by the condensation of two molecules
of acetyl-CoA, and the subsequent reduction to butyryl-CoA, which can be converted to butyrate by
members of the Clostridia family (Anaerostipes spp., Coprococcus catus, Eubacterium rectale, Eubacterium
hallii, F. prausnitzii, Roseburia spp.)[21,86]. Anaerostipes spp. and E. hallii are also capable of utilising lactate as
the substrate for the production of butyrate. Alternatively, butyrate can be synthesised from butyryl-CoA by
the phosphotransbutyrylase/butyrate kinase route (Coprococcus comes, Coprococcus eutactus)[86].
Butyrate is at its highest concentration in the colon, and specific pathogens use the high concentrations of
butyrate as an environmental cue in order to express virulence factors. For example, EHEC exhibited high
adherence to Caco-2 cells in the presence of butyrate, whereas acetate and propionate had little effect[87].
Similarly, Shiga toxin-producing E. coli (STEC) exhibit increased adherence in the presence of SCFA
concentrations that reflect those that are found in the colon[74]. In a study by Zumbrun et al.[88], the authors
demonstrated that a high fibre diet contributed to elevated butyrate and reduced commensal Escherichia
compared to a low fibre diet; these resulting changes led to higher STEC colonisation, more weight loss and
higher mortality in high fibre diet-fed mice. In IBD patients, faecal butyrate concentrations are higher than
healthy controls, despite the lower abundance of butyrate-producing taxa[89], and this may be explained by
its impaired uptake and oxidation by inflamed colonocytes. While colonic SCFA concentrations seem to
exacerbate certain Escherichia pathologies, colonic concentrations of butyrate[90] and propionate[91] have an
antagonistic effect towards invasion gene expression in Salmonella, by down-regulating expression of SPI-1.
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The butyrate-producing Clostridia are obligate anaerobes capable of maintaining healthy gut homeostasis.
Under eubiosis, the Clostridia-derived butyrate is the major energy source for the colonocytes and activates
epithelial signalling through the intracellular butyrate sensor PPAR-y, driving mitochondrial β-oxidation of
this substrate. Salmonella virulence factors induce inflammation during the early stages of infection, and
these virulence factors have been shown to deplete the butyrate-producing Clostridia from the gutassociated community, leading to an epithelial aerobic environment which ultimately favours the aerobic
expansion of the pathogen[92]. Moreover, antibiotic treatment resulting in a reduction of PPAR-y signalling,
i.e., increased bioavailability of oxygen, has been shown to exacerbate this effect[93]. The reduced butyrate
concentrations observed during Salmonella infection stimulate the colonocytes to switch from β-oxidation
of butyrate to lactate fermentation and increase luminal lactate. Salmonella exploits this increase in lactate
and utilises this carbon source for subsequent expansion[94]. Recently, genes involved in the direct βoxidation of butyrate have been identified in Salmonella, and excision of the operon drove the transition
from a GI to an extraintestinal pathogen, i.e., non-typhoidal to typhoidal[95], suggesting utilisation of
butyrate plays a crucial role in Salmonella GI disease. Moreover, specific members of Clostridia are some of
the few bacterial species capable of utilising fructose-asparagine, a known food source for Salmonella, which
improves its fitness[96], and could explain an evolutionary competition between these species.
In silico analysis of butyrate production pathways in GI pathogens has identified members of the
Fusobacterium genus and a few pathogenic strains of Clostridium (C. tetani and C. tetanomorphum) with
the ability to produce butyrate[97]. However, their capacity to synthesise butyrate involves amino acids,
primarily glutamate and lysine, as substrates, and are different to those observed in commensals, which
primarily ferment pyruvate for butyrogenesis. The end product of this amino acid fermentation yields
ammonia, higher concentrations of which are associated with colorectal cancer (CRC)[98]. Additionally,
increased Fusobacterium nucleatum abundances have been observed in CRC patients when compared with
healthy controls, and has been suggested as a possible microbial biomarker in CRC development[99]. It
remains to be seen whether CRC tumorigenesis is a cause or consequence of microbiota alterations;
however, there are associations of an “inflammatory diet”, i.e., high consumption of red meat, processed
meat and refined grains, with the prevalence of F. nucleatum-positive colorectal carcinomas[100].
On the whole, the effects of SCFAs on pathogen colonisation are concentration-dependent, with higher or
lower concentrations having the capacity to be either antagonistic or hospitable, respectively, depending on
the species and its preferred niche. Some examples of these differential effects of SCFAs can be found in
Figure 2. The studies mentioned here only skim the surface on the complexity of the microbial and chemical
interactions in the microbiota that influence health and disease.

PREBIOTICS
Prebiotics are selectively fermented ingredients that beneficially affect the host by stimulating the growth
and/or functional activity of one or a limited number of bacteria in the colon, and thus improve host
health[101]. The premise that these can potentially inhibit or obstruct the growth or virulence of pathogens is
nothing new, and has been suggested as an alternative to antibiotic growth promoters in animals. The bestdocumented benefits stem from the use of indigestible oligosaccharides, such as fructans and galactans[102];
however, consideration into the ability of pathogens to ferment or utilise the prebiotics or the associated
metabolites should be taken into account[103]. Cereals, fruits and legumes are natural sources of prebiotics,
whilst the active components are often synthesised using industrial chemical and enzymatic methods. The
majority of prebiotic studies on pathogen inhibition to date involve livestock and animal models, which
vary in terms of physiology and microbiota composition; therefore, care should be taken in translating these
results to humans.
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Figure 2. Differential effects of dietary metabolites on pathogens; metabolites from fibre degradation by commensals have differential
effects on the success of an invading pathogen. Acetate promotes the growth of Enterohemorrhagic E. coli (EHEC), whereas butyrate
and propionate repress growth. Conversely, acetate represses Salmonella growth, whereas butyrate and propionate promote growth.
Colonisation of Clostridioides difficile is increased by the cholesterol metabolites, primary bile acids. The commensal Clostridium scindens
can limit the availability of primary bile acids by converting these to secondary bile acids, thus increasing colonisation resistance to C.
difficile. SCFAs: Short-chain fatty acids.

Prebiotics such as fructo-oligosaccharides (FOS) and galacto-oligosaccharides (GOS) are preferentially
fermented into SCFAs by Bifidobacterium and Lactobacillus which have historically been viewed as
beneficial bacteria, resulting in lowered luminal pH. The addition of oligosaccharides to poultry feed has
been shown to increase Bifidobacterium and Lactobacillus populations, while also being refractory to
E. coli[104] and Salmonella colonisation[105,106]. This outgrowth of prebiotic-utilising taxa has also been
demonstrated to eliminate C. difficile in mice[62]. The prebiotic inulin is primarily composed of FOS and has
been shown to ameliorate low-grade inflammation through microbiota-dependent induction of IL-22
expression[107] and was able to prevent increased bacterial mucus penetration in high-fat diet-fed mice[108].
Furthermore, supplementation of high-fat diet-fed mice with B. longum restored mucus growth[108],
suggesting that prebiotic and probiotic treatments have the potential to prevent intestinal mucus
abnormalities, which is a consequence of a high-fat diet. However, a study by Miles et al.[109] demonstrated
that inulin may actually have the potential to exacerbate disease severity in response to inducers of colitis
such as dextran sodium sulphate (DSS) in both low-fat and high-fat diets. Moreover, inflammation is crucial
for the successful colonisation of Salmonella, through the inflammatory-mediated expression of virulence
factors; studies in rats have shown increased translocation of Salmonella when FOS is added to the diet[110].
Although the overwhelming data suggest the beneficial effects of inulin supplementation, more care is
needed to define the specific mechanisms by which inulin impact the gut microbiota to protect against the
effects of inflammation and improve mucosal integrity.
The other extensively studied prebiotic is GOS, which is commercially produced from lactose using
glycoside hydrolases that catalyse transgalactosylation reactions[111]. In vitro studies have demonstrated the
protective effect of GOS against EHEC and Cronobacter sakazakii, through an anti-adherence
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mechanism[112]. Interestingly, a recent study on the in vivo protective effects of GOS on the murine EHEC
model pathogen, C. rodentium, showed that GOS treatment prevented pathogen-induced intestinal tissue
damage, independent of anti-adherence activity and C. rodentium abundance[113]. In terms of the effect of
GOS on microbiota composition, studies have identified a clear bifidogenic effect of GOS, while
simultaneously lowering E. coli, Helicobacter and Clostridium spp. abundances[114]. The combined effects of
the prebiotic on SCFA production, microbiota composition, pathogen virulence and fitness make it difficult
to pinpoint the exact mechanism involved in providing a protective effect. This lack of a known mechanism
underscores the importance of thorough analysis in animal studies before extrapolating results to humans.

DIETARY LIPIDS AND BILE ACIDS
Bile acids are amphipathic biological detergents produced by the liver with the primary function of
metabolising lipids in the GI tract[115], and their production is linked to the ingestion of fatty foods. Those
bile acids, which are not reabsorbed into the liver (~5%), can serve as substrates for colonic microbial
metabolism, i.e., hydrolysis of conjugated bile acids by bile salt hydrolases or biotransformed into secondary
bile acids by 7α-dehydroxylation, where they are either excreted in faeces or recirculated back into the liver
through the enterohepatic circulation[116]. Thus, changes in microbiota composition culminate in changes in
the bile acid pool, and this homeostatic imbalance is associated with a range of disease states, including
CRC, IBD and recurrent CDI[117]. Recent advances have identified specific operational taxonomic units, i.e.,
closely related bacteria, involved in bile acid biotransformations and correlate to a loss of specific taxa with
the development of disease. For example, the previous infection of mice with Yersinia pseudotuberculosis
remodels the microbiota to enrich for Deltaproteobacteria, a taurine metabolising class of bacteria which
provide colonisation resistance to the pathogen Klebsiella pneumoniae[118]. Thus, commensal bile acid
interactions are intrinsically linked in both mitigation and amplification of colonisation resistance.
Identifying the biochemical mechanisms which underpin the effect on colonisation resistance will improve
our knowledge going forward and open up new avenues for therapeutic manipulation of the microbiota.
Antibiotic-induced destruction of the microbiota is associated with recurrent CDI. The protective role of
the microbiota against C. difficile can be consolidated by the success of FMT[81]. C. difficile spores must
germinate in vivo to develop into actively growing bacteria to produce enough toxins to initiate infection. In
vitro, primary bile acids stimulate germination, and secondary bile acids inhibit this process[119]. Indeed,
these interactions [Figure 2] have been shown in vivo, whereby depletion of secondary bile acids in the
ileum resulted in C. difficile germination and growth[120]. Moreover, inflammation induced by C. difficile
toxins subsequently changes this pathogen’s nutrient metabolism pathways and enables it to thrive in the
inflamed gut, particularly on products of collagen degradation, outcompeting commensal bacteria aside
from members of the Bacteroides genus, which can also utilise collagen degradation products[121]. In a study
by Buffie et al.[122], the authors identified a single commensal that conferred resistance to C. difficile;
Clostridium scindens, a bile acid 7α-dehydroxylating intestinal bacterium, which enhanced resistance in a
secondary bile acid-dependent fashion. C. scindens-mediated restoration of secondary bile acids from hostderived bile salts were sufficient in inhibiting C. difficile germination, underpinning the pivotal role
commensal bile acid-metabolising bacteria play in preventing recurrent CDI. Patients successfully treated
for recurrent CDI have an enrichment of bile salt hydrolase-producing bacteria, the abundance of which
negatively correlates with faecal concentrations of taurocholic acid, a primary bile acid[123]. While obesity has
been identified as a risk factor for CDI[61], and the microbiota composition of obese subjects is characterised
by a decrease in the Bacteroidetes/Firmicutes ratio, there is no evidence to suggest that bile acid synthesis or
enterohepatic circulation is altered by obesity. However, an obesity-driven altered and less diverse
microbiota coupled with antibiotic elimination of bile-acid metabolising bacteria may very well contribute
to an increased risk of CDI.
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High-fat diets promote the biosynthesis of bile, which can impact commensal microbiota that are sensitive
to bile acid concentrations. Additionally, pathogens such as S. typhimurium are quite resilient to high bile
acid concentrations, and colonisation resistance to this pathogen is alleviated upon oleic acid or high-fat
diet supplementation in mice[124], and colonisation resistance is improved when switched back to a plantbased diet. Commensal E. coli that can compete with S. typhimurium through bile acid[124] or oxygen[125]
competition could provide a means of protection against this pathogen.

PROTEIN AND AMINO ACIDS
Aberrations in microbiota community structure driven by antibiotics, infection and/or diet will affect
protein homeostasis and can increase free amino acids in the gut, providing a nutritional niche upon which
some pathogens can capitalise. Indeed, many gut pathogens such as EHEC[126], Vibrio cholerae[127],
C. jejuni[128], and C. rodentium[129] have genes involved in amino acid biosynthesis upregulated upon gut
colonisation. Moreover, the host relies on amino acid metabolism to support its immune responses against
invading pathogens, with diets deficient in protein having a counterproductive effect on immune function,
independent of the microbiota[130]. On the other hand, dietary administration of high protein and amino
acid by-products stimulates the growth of pathogens[129] and protein-fermenting bacteria contribute to
disease susceptibility[131]. Therefore, identifying commensal competitors and pathogen metabolic pathways
involved in protein fermentation and amino acid biosynthesis may help in developing new strategies to
encourage colonisation resistance through diet.
D-amino acids are biosynthesised by gut bacteria as opposed to L-amino acids which humans biosynthesise
or obtain from the diet. Tryptophan is an essential amino acid from the diet in mammals and is primarily
catabolised by commensal bacteria into various indole-containing metabolites. While tryptophan is required
for optimal immune responses, such as T-cell proliferation, the commensal-mediated tryptophan
metabolites can have differential effects on gut pathogens. In S. typhimurium, the tryptophan metabolite
indole induces expression of genes related to efflux-mediated multidrug resistance[132], while concomitantly
decreasing the expression of genes involved in invasion located on the SPI-1 pathogenicity island[133]. On the
other hand, indole upregulates EHEC secretion of EspA and EspB via the type III secretion system,
enhancing this pathogen’s ability to form attaching and effacing (A/E) lesions[134], while other indolederivatives can inhibit biofilm formation, motility and formation of A/E lesions[135]. The enzyme
indoleamine 2,3-dioxygenase (IDO) catalyses the conversion of tryptophan into kynurenine, reducing the
tryptophan pool in the gut, and thereby directly impacting various immune responses. C. difficile infection
upregulates the expression of IDO, increasing the production of kynurenine, subsequently depleting the
tryptophan pool, and thereby diminishing the immune responses of the host toward this pathogen[136]. All in
all, tryptophan and its associated metabolites have direct effects on immune function and pleiotropic effects
on gut pathogens, suggesting that this molecule will be of interest in colonisation resistance studies moving
forward.
Many gut pathogens switch metabolic pathways depending on the environment, e.g., in inflammation. The
pathobiont Adherent Invasive E. coli (AIEC) shifts its metabolism to catabolise L-serine in the inflamed gut
to maximise growth potential[137], with L-serine having little effect on AIEC fitness in a healthy gut
environment. Interestingly, AIEC bloom in the inflamed gut, and are significantly reduced when amino
acids are decreased in the diet. C. difficile exploits the niche created following particular antibiotic
treatments, and this dysbiotic environment has increased the availability of amino acids. Specifically, a
recent study demonstrated that C. difficile is dependent on L-proline metabolism, as L-proline knockout C.
difficile strains were unable to colonise the gut of germ-free mice transplanted with either a dysbiotic or
healthy microbiota[138]. Furthermore, low-protein or low-proline diets given to mice substantially decreased
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wild-type C. difficile expansion suggesting that C. difficile is dependent on proline for adequate colonisation,
which can potentially be mediated through dietary intervention. Furthermore, commensals such as
members of the Clostridia class, decreased the fitness advantage of C. difficile’s ability to ferment proline,
through competition for this amino acid[139]. Likewise, EHEC was found to be reliant on proline for
colonisation, with commensal E. coli that compete for proline attenuating the expansion of EHEC[140].
As discussed above, the microbiota can limit the colonisation of invading pathogens by depleting the
concentration of amino acids in the gut. Some pathogens can overcome this problem by inducing amino
acid biosynthesis to subvert such a deficiency. Transposon sequencing is a powerful tool and allows for the
generation of a library of random pathogen mutants, for example, those defective in amino acid
biosynthesis pathways[141]. This technique provides a means to estimate the fitness contribution or
essentiality of each genetic component in a bacterial genome. Caballero-Flores et al.[129] applied this to C.
rodentium and found that specific mutants deficient in the production of arginine, threonine, histidine,
tryptophan, or isoleucine lost their competitive advantage in mice, compared to wild-type C. rodentium.
Moreover, these genes were significantly upregulated in conventional mice as opposed to germ-free mice,
suggesting that C. rodentium specifically use these pathways to outcompete the microbiota. Feeding of a
high-protein diet to mice produced markedly better colonisation of C. rodentium compared to normal
chow. While mouse studies like these inform a mechanistic understanding of pathogen colonisation, the
importance of these findings in relation to human disease warrant further investigation.

TRACE ELEMENTS
As mentioned earlier, the majority of human enteric pathogens belong to the phylum Proteobacteria. In the
normal intestine, which is largely inhabited by commensals, mainly Bacteroidetes and Firmicutes,
Proteobacteria only constitute < 1% of microbiota populations. The outgrowth of Proteobacteria “blooms”
are a hallmark of gut “dysbiosis” resulting from microbial perturbations caused by antibiotic therapy,
dietary changes or inflammation.
The availability of micronutrient trace elements is essential to the successful colonisation of pathogens
during infection. Nearly 60% of known enzymes contain at least one metal cofactor, with zinc being the
most common, followed by iron and manganese[142]. In the inflamed gut, these dietary trace elements are
heavily sequestered by high affinity binding proteins or kept in organelles that are not accessible to bacteria,
in a process known as “nutritional immunity”[143]. Many proteobacterial pathogens are equipped with an
array of high affinity siderophores, to help them overcome the restriction of available metals and ultimately
drive key cellular processes, which in turn sustains and propagates infection. Deficiency or increased
supplementation of dietary trace elements may disrupt the commensal microbial populations and
predispose individuals to infection.
Zinc deficiency is associated with increased Enterobacteriaceae and Enterococcus, with concomitant
decreases in abundance of Clostridiales and Verrucomicrobia (A. muciniphilia)[144]. Moreover, in a mouse
model of enteroaggregative E. coli (EAEC), a cause of traveller’s diarrhoea, zinc-deficient mice exhibited
altered immune responses and an increase in EAEC virulence factors[145]. Furthermore, dietary zinc
supplementation abrogated disease progression, reduced EAEC colonisation and expression of virulence
factors[146]. In another study, zinc supplementation protected from uropathogenic E. coli haemolysininduced gut barrier dysfunction[147]. These observations indicate a beneficial impact of zinc supplementation
on zinc-deficient subjects; conversely, excessive zinc supplementation can have a detrimental impact on
microbial homeostasis and host immune responses. In a study by Zackular et al.[148] zinc supplementation
stimulated the growth of Enterococcus and Clostridium XI cluster while concomitant reductions in
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Turicibacter and Clostridium (unclassified) were observed. Ultimately, excess zinc selected for a microbiota
that was much more prone to destruction by antibiotics, thus exacerbating C. difficile colonisation and
associated disease[148].
For many bacterial pathogens, the availability of iron is often the limiting factor for colonisation and
infection. During inflammation, nutritional immunity limits the bioavailability of iron in the gut, and thus
bacterial species equipped with an array of iron acquisition systems are often the most successful and
pathogenic. Given the ability of bacterial siderophores to hijack host iron homeostasis, it is not surprising
that the innate immune system has evolved mechanisms to counteract bacterial iron acquisition, such as the
production of Lipocalin-2 (LCN2). In the acute phase response to infection, LCN2 is expressed to bind
bacterial siderophores and neutralises bacterial capacity to sequester iron. However, some bacteria have
evolved resistance mechanisms to counteract this immune response, such as the stealth siderophore
salmochelin produced by Salmonella, thereby gaining a competitive advantage in the inflammatory
milieu[149]. Interestingly, the probiotic E. coli strain Nissle shares many fitness properties to uropathogenic E.
coli, including iron uptake systems. In the presence of LCN2, Nissle is capable of outcompeting Salmonella
in a mouse model[150], underscoring the evolved synergy between commensal and host immune response in
thwarting pathogen colonisation. Some pathogens, such as V. cholerae, have the ability to obtain iron from
haem only when Cholera toxin (CTX) is produced[151]. The production of CTX induces inflammation and
thus decreases gut iron concentrations but enables the bioavailability of host haem, while concurrently
changing the transcriptomic gene signature of V. cholerae to one that is capable of utilising iron from haem.
This change allows the expansion of V. cholerae by providing an iron-limited metabolic niche and a
competitive advantage over commensals by this pathogen’s unique ability to acquire iron from haem.
In both developing and developed nations, iron deficiency remains the most common form of nutritional
deficiency, in many cases prompting iron supplementation to alleviate symptoms of malnutrition. Given the
importance of iron to GI pathogens, the effect of iron in bolstering colonisation resistance should perhaps
be considered as a detrimental effect by inducing microbial dysbiosis. Indeed, an outgrowth of
Enterobacteriaceae and increased risk of infection has been observed in both mice[152] and humans[153],
following iron supplementation. Intriguingly, the adverse effects can be mitigated simply by the addition of
prebiotics to the diet[154,155], inducing growth of beneficial Bifidobacterium and Lactobacillus. Bifidobacterium
have also been demonstrated to efficiently sequester iron[156]. The reliance of the host immune system on
sequestration of iron, coupled with commensal sequestration capacity and subsequent SCFA production,
play multifactorial roles in reducing pathogen colonisation.
In addition to the production of LCN2, the host can produce another antimicrobial molecule, Calprotectin,
whose primary function is to bind to free zinc and manganese in the gut lumen. Bacteria utilise manganese
as a cofactor for a number of proteins; perhaps the best studied is the role of manganese as a detoxifier of
reactive oxygen species, of which numerous are encountered following an immune response. Salmonella has
evolved high-affinity cation transporters to bypass the action of calprotectin and therefore promote growth
in an inflamed intestine[157]. It is unclear how excess or deficient dietary manganese influences gut
microbiota populations. It is possible many pathogens behave similarly to Salmonella in subverting
calprotectin when manganese is in excess, or perhaps behave similarly to Staphylococcus aureus, which can
switch to iron in manganese-deplete conditions; thereby bypassing nutritional immunity and causing
infection[158].
Pinpointing the delicate balance between trace element toxicity and deficiency while simultaneously
understanding the mechanisms involved in both nutritional immunity and colonisation resistance remains
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complicated. Understanding the complex pathways dietary trace elements play in microbial respiration in
infection and inflammation will undoubtedly uncover novel treatments. For example, recently, dysbiotic
Enterobacteriaceae blooms were ameliorated by tungstate treatment, which inhibited molybdenumcofactor-dependent respiratory pathways and reduced the severity of inflammation in mouse models[159].

CONCLUSION
Disentangling the direct and indirect impact of dietary ingredients and nutrients on commensal bacteria in
the gut, their associated metabolites, immune function and pathogen virulence will no doubt be challenging.
This knowledge will require multidisciplinary collaborations between experts in nutrition, immunology,
and microbiology, to name a few. Given that gnotobiotic and antibiotic-treated mice are more susceptible to
infection, and that this phenotype can be reversed upon supplementation with even a simplified consortium
of commensal bacteria[160] strongly supports the paradigm of colonisation resistance. Reductionist or
modular approaches like these can help identify potential probiotic or synbiotic candidates and generate
insights into diet-microbe/host-microbe/microbe-microbe interactions.
Studies in neonates and infants support the importance of breast milk-feeding, in providing antibodies and
colonisation of human breast milk-metabolising taxa, both of which have been shown to enhance
colonisation resistance in the offspring. Moreover, C-section delivery disrupts the mother to infant
transmission of specific commensals, resulting in a reduced immunostimulatory potential passed to the
offspring[161]. Perhaps a critical, yet, unexplored area of research would be the impact of infant formulametabolising taxa in reducing/providing protection against pathogens. Identifying specific species and their
associated functions, which improve neonatal colonisation resistance, has the potential to optimise the
production of infant formula through the selection of desired carbon sources.
The mucus layer provides the first line of defence against exogenous microorganisms, the integrity of which
is greatly determined by microbial composition, which in turn, is influenced by dietary components, in
particular fibre. Patients with IBD should be cautious when consuming specific dietary fibre or prebiotics;
inulin has been demonstrated to exacerbate DSS-induced colitis in mice, whereas others such as psyllium
have been successful in ameliorating gut inflammation[162]. In the context of human GI disease, it is equally
ambiguous, as a study observed avoidance of dietary fibre associated with flares in Crohn’s disease patients
but not in ulcerative colitis patients[163]. Research focusing on individual fibres or prebiotics must be
interpreted cautiously as they may inadvertently select a small subset of taxa, while care must be taken when
comparing mouse chow diet controls, which contain a mixture of fibres, and thus selecting for a larger
subset of taxa. More research is required in humans, in terms of the impact of dietary fibre and prebiotics
on the function, stability and characterisation of specific taxa and their associated metabolites. These data
could complement in vitro, ex vivo and “humanised” mouse studies to identify mechanisms when the host is
challenged with a GI pathogen.
Microbiota alterations, driven either by pathogen-induced inflammation or other diseases such as IBD, will
ultimately impair normal SCFA homeostasis through changes in commensal SCFA producers and/or
pathogen/pathobiont utilisation of SCFAs. Given that SCFAs provide an energy source for colonocytes and
the majority of human studies measure SCFA concentrations from excreted faeces, faecal SCFA
concentrations may not be representative of those found in other parts of the GI tract. Thus, extrapolating
findings from human dietary intervention studies in providing SCFA-mediated effects should be
approached with caution.
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Mechanisms of protein or trace element homeostasis in the gut, with respect to interactions with complex
and diverse commensal and pathogenic bacteria, are largely uncharacterised, especially in the context of
human disease. This uncertainty is further complicated by interindividual variations underpinned by yet-tobe-determined genetic, environmental or epigenetic factors. While simplified mouse models may fail in
recapturing the complexities observed in humans, they can be valuable assets in identifying commensal
bacteria with, for example, a high degree of affinity for trace elements, e.g., iron siderophores. Uncovering
dietary ingredients that promote their growth could, in theory, boost colonisation resistance through
nutrient competition. Future research into the role of branched-chain fatty acids derived from the catabolic
products of branched-chain amino acids and how they impact colonisation resistance could be an attractive
area of research, given that they may influence metabolic homeostasis in the gut.
Seasonal variations in the mouse chow diet, industrial variations in the processing of prebiotics and feed
supplements, choice of laboratory pathogen/commensal strains and breed of the mouse all contribute to
disparities among research groups. Thus, tightly controlled models are a necessity, before translating to
novel therapeutics and functional foods. Moreover, the fine line between commensal and pathogen in
genetically predisposed individuals only adds to the uncertainty and personalised dietary interventions[164] in
these individuals for the prevention of infection is an interesting prospect, but further research is warranted.

DECLARATIONS
Authors’ contributions

Conceived the idea for the review: Ross RP, Stanton C
Researched the literature and wrote the review: Strain R
Corrected and edited the review: Ross RP, Stanton C
Availability of data and materials

Not applicable.
Financial support and sponsorship

This publication has been supported by a grant from Science Foundation Ireland (SFI; www.sfi.ie) under
grant number SFI/12/RC/2273-P2.
Conflicts of interest

All authors declared that there are no conflicts of interests.
Ethical approval and consent to participate

Not applicable.
Consent for publication

Not applicable.
Copyright

© The Author(s) 2022.

REFERENCES
1.
2.
3.

Li J, Jia H, Cai X, et al; MetaHIT Consortium. An integrated catalog of reference genes in the human gut microbiome. Nat Biotechnol
2014;32:834-41. DOI PubMed
El Kaoutari A, Armougom F, Gordon JI, Raoult D, Henrissat B. The abundance and variety of carbohydrate-active enzymes in the
human gut microbiota. Nat Rev Microbiol 2013;11:497-504. DOI PubMed
Sonnenburg ED, Sonnenburg JL. Starving our microbial self: the deleterious consequences of a diet deficient in microbiota-accessible

Strain et al. Microbiome Res Rep 2022;1:13

4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.
28.
29.
30.
31.
32.

https://dx.doi.org/10.20517/mrr.2021.10

Page 17 of 23

carbohydrates. Cell Metab 2014;20:779-86. DOI PubMed PMC
Wu GD, Chen J, Hoffmann C, et al. Linking long-term dietary patterns with gut microbial enterotypes. Science 2011;334:105-8. DOI
PubMed PMC
David LA, Maurice CF, Carmody RN, et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014;505:55963. DOI PubMed PMC
Sender R, Fuchs S, Milo R. Revised estimates for the number of human and bacteria cells in the body. PLoS Biol 2016;14:e1002533.
DOI PubMed PMC
Faith JJ, McNulty NP, Rey FE, Gordon JI. Predicting a human gut microbiota’s response to diet in gnotobiotic mice. Science
2011;333:101-4. DOI PubMed PMC
Wu M, McNulty NP, Rodionov DA, et al. Genetic determinants of in vivo fitness and diet responsiveness in multiple human gut
Bacteroides. Science 2015;350:aac5992. DOI PubMed PMC
Kearney SM, Gibbons SM, Erdman SE, Alm EJ. Orthogonal dietary niche enables reversible engraftment of a gut bacterial
commensal. Cell Rep 2018;24:1842-51. DOI PubMed PMC
Stecher B, Maier L, Hardt WD. ‘Blooming’ in the gut: how dysbiosis might contribute to pathogen evolution. Nat Rev Microbiol
2013;11:277-84. DOI PubMed
Stecher B, Robbiani R, Walker AW, et al. Salmonella enterica serovar typhimurium exploits inflammation to compete with the
intestinal microbiota. PLoS Biol 2007;5:2177-89. DOI PubMed PMC
Fabich AJ, Jones SA, Chowdhury FZ, et al. Comparison of carbon nutrition for pathogenic and commensal Escherichia coli strains in
the mouse intestine. Infect Immun 2008;76:1143-52. DOI PubMed PMC
Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI. The effect of diet on the human gut microbiome: a metagenomic
analysis in humanized gnotobiotic mice. Sci Transl Med 2009;1:6ra14. DOI PubMed PMC
Kollmann TR, Levy O, Montgomery RR, Goriely S. Innate immune function by Toll-like receptors: distinct responses in newborns
and the elderly. Immunity 2012;37:771-83. DOI PubMed PMC
Kamada N, Seo SU, Chen GY, Núñez G. Role of the gut microbiota in immunity and inflammatory disease. Nat Rev Immunol
2013;13:321-35. DOI PubMed
Dominguez-Bello MG, Costello EK, Contreras M, et al. Delivery mode shapes the acquisition and structure of the initial microbiota
across multiple body habitats in newborns. Proc Natl Acad Sci U S A 2010;107:11971-5. DOI PubMed PMC
Solís G, de Los Reyes-Gavilan CG, Fernández N, Margolles A, Gueimonde M. Establishment and development of lactic acid bacteria
and bifidobacteria microbiota in breast-milk and the infant gut. Anaerobe 2010;16:307-10. DOI PubMed
Sela DA, Mills DA. Nursing our microbiota: molecular linkages between bifidobacteria and milk oligosaccharides. Trends Microbiol
2010;18:298-307. DOI PubMed PMC
Yu ZT, Chen C, Kling DE, et al. The principal fucosylated oligosaccharides of human milk exhibit prebiotic properties on cultured
infant microbiota. Glycobiology 2013;23:169-77. DOI PubMed PMC
Bridgman SL, Azad MB, Field CJ, et al. Fecal short-chain fatty acid variations by breastfeeding status in infants at 4 months:
differences in relative versus absolute concentrations. Front Nutr 2017;4:11. DOI PubMed PMC
Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and colorectal cancer. Nat Rev Microbiol 2014;12:661-72.
DOI PubMed
Lara-Villoslada F, Olivares M, Sierra S, Rodríguez JM, Boza J, Xaus J. Beneficial effects of probiotic bacteria isolated from breast
milk. Br J Nutr 2007;98 Suppl 1:S96-100. DOI PubMed
Ruiz L, Delgado S, Ruas-Madiedo P, Sánchez B, Margolles A. Bifidobacteria and their molecular communication with the immune
system. Front Microbiol 2017;8:2345. DOI PubMed PMC
Caballero-Flores G, Sakamoto K, Zeng MY, et al. Maternal immunization confers protection to the offspring against an attaching and
effacing pathogen through delivery of IgG in breast milk. Cell Host Microbe 2019;25:313-23.e4. DOI PubMed PMC
Patel RM, Kandefer S, Walsh MC, et al; Eunice Kennedy Shriver National Institute of Child Health and Human Development
Neonatal Research Network. Causes and timing of death in extremely premature infants from 2000 through 2011. N Engl J Med
2015;372:331-40. DOI PubMed PMC
Underwood MA, German JB, Lebrilla CB, Mills DA. Bifidobacterium longum subspecies infantis: champion colonizer of the infant
gut. Pediatr Res 2015;77:229-35. DOI PubMed PMC
Colliou N, Ge Y, Sahay B, et al. Commensal Propionibacterium strain UF1 mitigates intestinal inflammation via Th17 cell regulation.
J Clin Invest 2017;127:3970-86. DOI PubMed PMC
Colliou N, Ge Y, Gong M, et al. Regulation of Th17 cells by P. UF1 against systemic Listeria monocytogenes infection. Gut
Microbes 2018;9:279-87. DOI PubMed PMC
Marcobal A, Barboza M, Sonnenburg ED, et al. Bacteroides in the infant gut consume milk oligosaccharides via mucus-utilization
pathways. Cell Host Microbe 2011;10:507-14. DOI PubMed PMC
Jakobsson HE, Abrahamsson TR, Jenmalm MC, et al. Decreased gut microbiota diversity, delayed Bacteroidetes colonisation and
reduced Th1 responses in infants delivered by caesarean section. Gut 2014;63:559-66. DOI PubMed
Round JL, Mazmanian SK. Inducible Foxp3+ regulatory T-cell development by a commensal bacterium of the intestinal microbiota.
Proc Natl Acad Sci U S A 2010;107:12204-9. PubMed PMC
Telesford KM, Yan W, Ochoa-Reparaz J, et al. A commensal symbiotic factor derived from Bacteroides fragilis promotes human

Page 18 of 23

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

51.
52.
53.
54.
55.
56.
57.

58.

59.
60.

Strain et al. Microbiome Res Rep 2022;1:13

https://dx.doi.org/10.20517/mrr.2021.10

CD39(+)Foxp3(+) T cells and Treg function. Gut Microbes 2015;6:234-42. DOI PubMed PMC
Vatanen T, Kostic AD, d’Hennezel E, et al; DIABIMMUNE Study Group. Variation in microbiome LPS immunogenicity contributes
to autoimmunity in humans. Cell 2016;165:842-53. DOI PubMed PMC
Macfarlane S, Macfarlane GT. Regulation of short-chain fatty acid production. Proc Nutr Soc 2003;62:67-72. DOI PubMed
Mariño E, Richards JL, Mcleod KH, et al. Gut microbial metabolites limit the frequency of autoimmune T cells and protect against
type 1 diabetes. Nat Immunol 2017;18:552-62. DOI PubMed
Atarashi K, Tanoue T, Oshima K, et al. Treg induction by a rationally selected mixture of Clostridia strains from the human
microbiota. Nature 2013;500:232-6. DOI PubMed
Kim YG, Sakamoto K, Seo SU, et al. Neonatal acquisition of Clostridia species protects against colonization by bacterial pathogens.
Science 2017;356:315-9. DOI PubMed PMC
Davis MY, Zhang H, Brannan LE, Carman RJ, Boone JH. Rapid change of fecal microbiome and disappearance of Clostridium
difficile in a colonized infant after transition from breast milk to cow milk. Microbiome 2016;4:53. DOI PubMed PMC
Burkitt DP, Walker AR, Painter NS. Effect of dietary fibre on stools and the transit-times, and its role in the causation of disease.
Lancet 1972;2:1408-12. DOI PubMed
Schnorr SL, Candela M, Rampelli S, et al. Gut microbiome of the Hadza hunter-gatherers. Nat Commun 2014;5:3654. DOI PubMed
PMC
Sonnenburg ED, Smits SA, Tikhonov M, Higginbottom SK, Wingreen NS, Sonnenburg JL. Diet-induced extinctions in the gut
microbiota compound over generations. Nature 2016;529:212-5. DOI PubMed PMC
Fletcher SM, McLaws ML, Ellis JT. Prevalence of gastrointestinal pathogens in developed and developing countries: systematic
review and meta-analysis. J Public Health Res 2013;2:42-53. DOI PubMed PMC
De Filippo C, Cavalieri D, Di Paola M, et al. Impact of diet in shaping gut microbiota revealed by a comparative study in children
from Europe and rural Africa. Proc Natl Acad Sci U S A 2010;107:14691-6. PubMed PMC
Kamada N, Kim YG, Sham HP, et al. Regulated virulence controls the ability of a pathogen to compete with the gut microbiota.
Science 2012;336:1325-9. DOI PubMed PMC
Antonopoulos DA, Huse SM, Morrison HG, Schmidt TM, Sogin ML, Young VB. Reproducible community dynamics of the
gastrointestinal microbiota following antibiotic perturbation. Infect Immun 2009;77:2367-75. DOI PubMed PMC
Morowitz MJ, Di Caro V, Pang D, et al. Dietary supplementation with nonfermentable fiber alters the gut microbiota and confers
protection in murine models of sepsis. Crit Care Med 2017;45:e516-23. DOI PubMed PMC
Luo Y, Zhang L, Li H, et al. Different types of dietary fibers trigger specific alterations in composition and predicted functions of
colonic bacterial communities in BALB/c mice. Front Microbiol 2017;8:966. DOI PubMed PMC
Cook SI, Sellin JH. Review article: short chain fatty acids in health and disease. Aliment Pharmacol Ther 1998;12:499-507. DOI
PubMed
Kinnunen M, Dechesne A, Proctor C, et al. A conceptual framework for invasion in microbial communities. ISME J 2016;10:2773-5.
DOI PubMed PMC
Hedemann MS, Theil PK, Bach Knudsen KE. The thickness of the intestinal mucous layer in the colon of rats fed various sources of
non-digestible carbohydrates is positively correlated with the pool of SCFA but negatively correlated with the proportion of butyric
acid in digesta. Br J Nutr 2009;102:117-25. DOI PubMed
Desai MS, Seekatz AM, Koropatkin NM, et al. A dietary fiber-deprived gut microbiota degrades the colonic mucus barrier and
enhances pathogen susceptibility. Cell 2016;167:1339-53.e21. DOI PubMed PMC
Ottman N, Davids M, Suarez-Diez M, et al. Genome-scale model and omics analysis of metabolic capacities of Akkermansia
muciniphila reveal a preferential mucin-degrading lifestyle. Appl Environ Microbiol 2017;83:e01014-17. DOI PubMed PMC
Belzer C, de Vos WM. Microbes inside--from diversity to function: the case of Akkermansia. ISME J 2012;6:1449-58. DOI PubMed
PMC
Ottman N, Huuskonen L, Reunanen J, et al. Characterization of outer membrane proteome of Akkermansia muciniphila reveals sets
of novel proteins exposed to the human intestine. Front Microbiol 2016;7:1157. DOI PubMed PMC
Johansson ME. Fast renewal of the distal colonic mucus layers by the surface goblet cells as measured by in vivo labeling of mucin
glycoproteins. PLoS One 2012;7:e41009. DOI PubMed PMC
Martens EC, Chiang HC, Gordon JI. Mucosal glycan foraging enhances fitness and transmission of a saccharolytic human gut
bacterial symbiont. Cell Host Microbe 2008;4:447-57. DOI PubMed PMC
Wrzosek L, Miquel S, Noordine ML, et al. Bacteroides thetaiotaomicron and Faecalibacterium prausnitzii influence the production of
mucus glycans and the development of goblet cells in the colonic epithelium of a gnotobiotic model rodent. BMC Biol 2013;11:61.
DOI PubMed PMC
Lopez-Siles M, Enrich-Capó N, Aldeguer X, et al. Alterations in the abundance and co-occurrence of Akkermansia muciniphila and
Faecalibacterium prausnitzii in the colonic mucosa of inflammatory bowel disease subjects. Front Cell Infect Microbiol 2018;8:281.
DOI PubMed PMC
Ng KM, Ferreyra JA, Higginbottom SK, et al. Microbiota-liberated host sugars facilitate post-antibiotic expansion of enteric
pathogens. Nature 2013;502:96-9. DOI PubMed PMC
Everard A, Lazarevic V, Derrien M, et al. Responses of gut microbiota and glucose and lipid metabolism to prebiotics in genetic
obese and diet-induced leptin-resistant mice. Diabetes 2011;60:2775-86. DOI PubMed PMC

Strain et al. Microbiome Res Rep 2022;1:13
61.
62.
63.
64.
65.
66.
67.

68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

79.
80.
81.
82.
83.
84.
85.

86.

87.
88.

https://dx.doi.org/10.20517/mrr.2021.10

Page 19 of 23

Bishara J, Farah R, Mograbi J, et al. Obesity as a risk factor for Clostridium difficile infection. Clin Infect Dis 2013;57:489-93. DOI
PubMed
Hryckowian AJ, Van Treuren W, Smits SA, et al. Microbiota-accessible carbohydrates suppress Clostridium difficile infection in a
murine model. Nat Microbiol 2018;3:662-9. DOI PubMed PMC
Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT. Short chain fatty acids in human large intestine, portal, hepatic
and venous blood. Gut 1987;28:1221-7. DOI PubMed PMC
Tedelind S, Westberg F, Kjerrulf M, Vidal A. Anti-inflammatory properties of the short-chain fatty acids acetate and propionate: a
study with relevance to inflammatory bowel disease. World J Gastroenterol 2007;13:2826-32. DOI PubMed PMC
Carter PB, Collins FM. The route of enteric infection in normal mice. J Exp Med 1974;139:1189-203. DOI PubMed PMC
Huang Y, Suyemoto M, Garner CD, Cicconi KM, Altier C. Formate acts as a diffusible signal to induce Salmonella invasion. J
Bacteriol 2008;190:4233-41. DOI PubMed PMC
Garner CD, Antonopoulos DA, Wagner B, et al. Perturbation of the small intestine microbial ecology by streptomycin alters
pathology in a Salmonella enterica serovar typhimurium murine model of infection. Infect Immun 2009;77:2691-702. DOI PubMed
PMC
Lawhon SD, Maurer R, Suyemoto M, Altier C. Intestinal short-chain fatty acids alter Salmonella typhimurium invasion gene
expression and virulence through BarA/SirA. Mol Microbiol 2002;46:1451-64. DOI PubMed
Jacobson A, Lam L, Rajendram M, et al. A gut commensal-produced metabolite mediates colonization resistance to salmonella
infection. Cell Host Microbe 2018;24:296-307.e7. DOI PubMed PMC
Croxen MA, Law RJ, Scholz R, Keeney KM, Wlodarska M, Finlay BB. Recent advances in understanding enteric pathogenic
Escherichia coli. Clin Microbiol Rev 2013;26:822-80. DOI PubMed PMC
Shin R, Suzuki M, Morishita Y. Influence of intestinal anaerobes and organic acids on the growth of enterohaemorrhagic Escherichia
coli O157:H7. J Med Microbiol 2002;51:201-6. DOI PubMed
Cherrington CA, Hinton M, Pearson GR, Chopra I. Short-chain organic acids at ph 5.0 kill Escherichia coli and Salmonella spp.
without causing membrane perturbation. J Appl Bacteriol 1991;70:161-5. DOI PubMed
Lackraj T, Kim JI, Tran SL, Barnett Foster DE. Differential modulation of flagella expression in enterohaemorrhagic Escherichia coli
O157: H7 by intestinal short-chain fatty acid mixes. Microbiology (Reading) 2016;162:1761-72. DOI PubMed
Herold S, Paton JC, Srimanote P, Paton AW. Differential effects of short-chain fatty acids and iron on expression of iha in Shigatoxigenic Escherichia coli. Microbiology (Reading) 2009;155:3554-63. DOI PubMed
Tobe T, Nakanishi N, Sugimoto N. Activation of motility by sensing short-chain fatty acids via two steps in a flagellar gene
regulatory cascade in enterohemorrhagic Escherichia coli. Infect Immun 2011;79:1016-24. DOI PubMed PMC
Fukuda S, Toh H, Hase K, et al. Bifidobacteria can protect from enteropathogenic infection through production of acetate. Nature
2011;469:543-7. DOI PubMed
Fukuda S, Toh H, Taylor TD, Ohno H, Hattori M. Acetate-producing bifidobacteria protect the host from enteropathogenic infection
via carbohydrate transporters. Gut Microbes 2012;3:449-54. DOI PubMed
Luethy PM, Huynh S, Ribardo DA, Winter SE, Parker CT, Hendrixson DR. Microbiota-derived short-chain fatty acids modulate
expression of Campylobacter jejuni determinants required for commensalism and virulence. mBio 2017;8:e00407-17. DOI PubMed
PMC
Rolfe RD. Role of volatile fatty acids in colonization resistance to Clostridium difficile. Infect Immun 1984;45:185-91. DOI PubMed
PMC
Lyras D, O’Connor JR, Howarth PM, et al. Toxin B is essential for virulence of Clostridium difficile. Nature 2009;458:1176-9. DOI
PubMed PMC
van Nood E, Vrieze A, Nieuwdorp M, et al. Duodenal infusion of donor feces for recurrent Clostridium difficile. N Engl J Med
2013;368:407-15. DOI PubMed
Hopkins MJ, Macfarlane GT. Nondigestible oligosaccharides enhance bacterial colonization resistance against Clostridium difficile
in vitro. Appl Environ Microbiol 2003;69:1920-7. DOI PubMed PMC
Guilloteau P, Martin L, Eeckhaut V, Ducatelle R, Zabielski R, Van Immerseel F. From the gut to the peripheral tissues: the multiple
effects of butyrate. Nutr Res Rev 2010;23:366-84. DOI PubMed
Spiller GA, Chernoff MC, Hill RA, Gates JE, Nassar JJ, Shipley EA. Effect of purified cellulose, pectin, and a low-residue diet on
fecal volatile fatty acids, transit time, and fecal weight in humans. Am J Clin Nutr 1980;33:754-9. DOI PubMed
Willemsen LE, Koetsier MA, van Deventer SJ, van Tol EA. Short chain fatty acids stimulate epithelial mucin 2 expression through
differential effects on prostaglandin E(1) and E(2) production by intestinal myofibroblasts. Gut 2003;52:1442-7. DOI PubMed
PMC
Duncan SH, Barcenilla A, Stewart CS, Pryde SE, Flint HJ. Acetate utilization and butyryl coenzyme A (CoA):acetate-CoA
transferase in butyrate-producing bacteria from the human large intestine. Appl Environ Microbiol 2002;68:5186-90. DOI PubMed
PMC
Nakanishi N, Tashiro K, Kuhara S, Hayashi T, Sugimoto N, Tobe T. Regulation of virulence by butyrate sensing in
enterohaemorrhagic Escherichia coli. Microbiology (Reading) 2009;155:521-30. DOI PubMed
Zumbrun SD, Melton-Celsa AR, Smith MA, Gilbreath JJ, Merrell DS, O’Brien AD. Dietary choice affects Shiga toxin-producing
Escherichia coli (STEC) O157:H7 colonization and disease. Proc Natl Acad Sci U S A 2013;110:E2126-33. PubMed PMC

Page 20 of 23
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.

100.
101.

102.
103.

104.

105.

106.
107.
108.
109.
110.
111.
112.
113.
114.

115.

Strain et al. Microbiome Res Rep 2022;1:13

https://dx.doi.org/10.20517/mrr.2021.10

Ferrer-Picón E, Dotti I, Corraliza AM, et al. Intestinal inflammation modulates the epithelial response to butyrate in patients with
inflammatory bowel disease. Inflamm Bowel Dis 2020;26:43-55. DOI PubMed PMC
Gantois I, Ducatelle R, Pasmans F, et al. Butyrate specifically down-regulates salmonella pathogenicity island 1 gene expression.
Appl Environ Microbiol 2006;72:946-9. DOI PubMed PMC
Hung CC, Garner CD, Slauch JM, et al. The intestinal fatty acid propionate inhibits Salmonella invasion through the posttranslational control of HilD. Mol Microbiol 2013;87:1045-60. DOI PubMed PMC
Rivera-Chávez F, Zhang LF, Faber F, et al. Depletion of butyrate-producing clostridia from the gut microbiota drives an aerobic
luminal expansion of salmonella. Cell Host Microbe 2016;19:443-54. DOI PubMed PMC
Byndloss MX, Olsan EE, Rivera-Chávez F, et al. Microbiota-activated PPAR-γ signaling inhibits dysbiotic Enterobacteriaceae
expansion. Science 2017;357:570-5. DOI PubMed PMC
Gillis CC, Hughes ER, Spiga L, et al. Dysbiosis-associated change in host metabolism generates lactate to support salmonella growth.
Cell Host Microbe 2018;23:54-64.e6. DOI PubMed PMC
Bronner DN, Faber F, Olsan EE, et al. Genetic ablation of butyrate utilization attenuates gastrointestinal salmonella disease. Cell Host
Microbe 2018;23:266-73.e4. DOI PubMed PMC
Wu J, Sabag-Daigle A, Borton MA, et al. Salmonella-mediated inflammation eliminates competitors for fructose-asparagine in the
gut. Infect Immun 2018;86:e00945-17. DOI PubMed PMC
Anand S, Kaur H, Mande SS. Comparative in silico analysis of butyrate production pathways in gut commensals and pathogens.
Front Microbiol 2016;7:1945. DOI PubMed PMC
Corpet DE, Yin Y, Zhang XM, et al. Colonic protein fermentation and promotion of colon carcinogenesis by thermolyzed casein.
Nutr Cancer 1995;23:271-81. DOI PubMed PMC
Fukugaiti MH, Ignacio A, Fernandes MR, Ribeiro Júnior U, Nakano V, Avila-Campos MJ. High occurrence of Fusobacterium
nucleatum and Clostridium difficile in the intestinal microbiota of colorectal carcinoma patients. Braz J Microbiol 2015;46:1135-40.
DOI PubMed PMC
Liu L, Tabung FK, Zhang X, et al. Diets that promote colon inflammation associate with risk of colorectal carcinomas that contain
Fusobacterium nucleatum. Clin Gastroenterol Hepatol 2018;16:1622-31.e3. DOI PubMed PMC
Gibson GR, Hutkins R, Sanders ME, et al. Expert consensus document: The International Scientific Association for Probiotics and
Prebiotics (ISAPP) consensus statement on the definition and scope of prebiotics. Nat Rev Gastroenterol Hepatol 2017;14:491-502.
DOI PubMed
Rastall RA, Gibson GR. Recent developments in prebiotics to selectively impact beneficial microbes and promote intestinal health.
Curr Opin Biotechnol 2015;32:42-6. DOI PubMed
Schouler C, Taki A, Chouikha I, Moulin-Schouleur M, Gilot P. A genomic island of an extraintestinal pathogenic Escherichia coli
Strain enables the metabolism of fructooligosaccharides, which improves intestinal colonization. J Bacteriol 2009;191:388-93. DOI
PubMed PMC
Baurhoo B, Letellier A, Zhao X, Ruiz-Feria CA. Cecal populations of lactobacilli and bifidobacteria and Escherichia coli populations
after in vivo Escherichia coli challenge in birds fed diets with purified lignin or mannanoligosaccharides. Poult Sci 2007;86:2509-16.
DOI PubMed
Azcarate-Peril MA, Butz N, Cadenas MB, et al. An attenuated salmonella enterica serovar typhimurium strain and galactooligosaccharides accelerate clearance of salmonella infections in poultry through modifications to the gut microbiome. Appl Environ
Microbiol 2018;84:e02526-17. DOI PubMed PMC
Agunos A, Ibuki M, Yokomizo F, Mine Y. Effect of dietary beta1-4 mannobiose in the prevention of Salmonella enteritidis infection
in broilers. Br Poult Sci 2007;48:331-41. DOI PubMed
Zou J, Chassaing B, Singh V, et al. Fiber-mediated nourishment of gut microbiota protects against diet-induced obesity by restoring
IL-22-mediated colonic health. Cell Host Microbe 2018;23:41-53.e4. DOI PubMed PMC
Schroeder BO, Birchenough GMH, Ståhlman M, et al. Bifidobacteria or fiber protects against diet-induced microbiota-mediated
colonic mucus deterioration. Cell Host Microbe 2018;23:27-40.e7. DOI PubMed PMC
Miles JP, Zou J, Kumar MV, et al. Supplementation of low- and high-fat diets with fermentable fiber exacerbates severity of DSSinduced acute colitis. Inflamm Bowel Dis 2017;23:1133-43. DOI PubMed PMC
Ten Bruggencate SJ, Bovee-Oudenhoven IM, Lettink-Wissink ML, Van der Meer R. Dietary fructooligosaccharides increase
intestinal permeability in rats. J Nutr 2005;135:837-42. DOI PubMed
Gänzle MG. Enzymatic synthesis of galacto-oligosaccharides and other lactose derivatives (hetero-oligosaccharides) from lactose. Int
Dairy J 2012;22:116-22. DOI
Shoaf K, Mulvey GL, Armstrong GD, Hutkins RW. Prebiotic galactooligosaccharides reduce adherence of enteropathogenic
Escherichia coli to tissue culture cells. Infect Immun 2006;74:6920-8. DOI PubMed PMC
Kittana H, Quintero-Villegas MI, Bindels LB, et al. Galactooligosaccharide supplementation provides protection against Citrobacter
rodentium-induced colitis without limiting pathogen burden. Microbiology (Reading) 2018;164:154-62. DOI PubMed PMC
Monteagudo-Mera A, Arthur JC, Jobin C, Keku T, Bruno-Barcena JM, Azcarate-Peril MA. High purity galacto-oligosaccharides
enhance specific Bifidobacterium species and their metabolic activity in the mouse gut microbiome. Benef Microbes 2016;7:247-64.
DOI PubMed PMC
Chiang JY. Bile acids: regulation of synthesis. J Lipid Res 2009;50:1955-66. DOI PubMed PMC

Strain et al. Microbiome Res Rep 2022;1:13
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.

135.
136.
137.
138.
139.
140.

141.
142.
143.
144.

https://dx.doi.org/10.20517/mrr.2021.10

Page 21 of 23

Ridlon JM, Kang DJ, Hylemon PB. Bile salt biotransformations by human intestinal bacteria. J Lipid Res 2006;47:241-59. DOI
PubMed
Staley C, Weingarden AR, Khoruts A, Sadowsky MJ. Interaction of gut microbiota with bile acid metabolism and its influence on
disease states. Appl Microbiol Biotechnol 2017;101:47-64. DOI PubMed PMC
Stacy A, Andrade-Oliveira V, McCulloch JA, et al. Infection trains the host for microbiota-enhanced resistance to pathogens. Cell
2021;184:615-27.e17. DOI PubMed PMC
Francis MB, Allen CA, Shrestha R, Sorg JA. Bile acid recognition by the Clostridium difficile germinant receptor, CspC, is important
for establishing infection. PLoS Pathog 2013;9:e1003356. DOI PubMed PMC
Theriot CM, Koenigsknecht MJ, Carlson PE Jr, et al. Antibiotic-induced shifts in the mouse gut microbiome and metabolome
increase susceptibility to Clostridium difficile infection. Nat Commun 2014;5:3114. DOI PubMed PMC
Fletcher JR, Pike CM, Parsons RJ, et al. Clostridioides difficile exploits toxin-mediated inflammation to alter the host nutritional
landscape and exclude competitors from the gut microbiota. Nat Commun 2021;12:462. DOI PubMed PMC
Buffie CG, Bucci V, Stein RR, et al. Precision microbiome reconstitution restores bile acid mediated resistance to Clostridium
difficile. Nature 2015;517:205-8. DOI PubMed PMC
Mullish BH, McDonald JAK, Pechlivanis A, et al. Microbial bile salt hydrolases mediate the efficacy of faecal microbiota transplant
in the treatment of recurrent Clostridioides difficile infection. Gut 2019;68:1791-800. DOI PubMed PMC
Wotzka SY, Kreuzer M, Maier L, et al. Escherichia coli limits Salmonella Typhimurium infections after diet shifts and fat-mediated
microbiota perturbation in mice. Nat Microbiol 2019;4:2164-74. DOI PubMed PMC
Litvak Y, Mon KKZ, Nguyen H, et al. Commensal enterobacteriaceae protect against salmonella colonization through oxygen
competition. Cell Host Microbe 2019;25:128-39.e5. DOI PubMed
Warr AR, Hubbard TP, Munera D, et al. Transposon-insertion sequencing screens unveil requirements for EHEC growth and
intestinal colonization. PLoS Pathog 2019;15:e1007652. DOI PubMed PMC
Fu Y, Waldor MK, Mekalanos JJ. Tn-Seq analysis of Vibrio cholerae intestinal colonization reveals a role for T6SS-mediated
antibacterial activity in the host. Cell Host Microbe 2013;14:652-63. DOI PubMed PMC
Gao B, Vorwerk H, Huber C, et al. Metabolic and fitness determinants for in vitro growth and intestinal colonization of the bacterial
pathogen Campylobacter jejuni. PLoS Biol 2017;15:e2001390. DOI PubMed PMC
Caballero-Flores G, Pickard JM, Fukuda S, Inohara N, Núñez G. An enteric pathogen subverts colonization resistance by evading
competition for amino acids in the gut. Cell Host Microbe 2020;28:526-33.e5. DOI PubMed PMC
Ochi T, Feng Y, Kitamoto S, et al. Diet-dependent, microbiota-independent regulation of IL-10-producing lamina propria
macrophages in the small intestine. Sci Rep 2016;6:27634. DOI PubMed PMC
Ma N, Tian Y, Wu Y, Ma X. Contributions of the interaction between dietary protein and gut microbiota to intestinal health. Curr
Protein Pept Sci 2017;18:795-808. DOI PubMed
Nikaido E, Giraud E, Baucheron S, et al. Effects of indole on drug resistance and virulence of Salmonella enterica serovar
Typhimurium revealed by genome-wide analyses. Gut Pathog 2012;4:5. DOI PubMed PMC
Kohli N, Crisp Z, Riordan R, Li M, Alaniz RC, Jayaraman A. The microbiota metabolite indole inhibits Salmonella virulence:
involvement of the PhoPQ two-component system. PLoS One 2018;13:e0190613. DOI PubMed PMC
Hirakawa H, Kodama T, Takumi-Kobayashi A, Honda T, Yamaguchi A. Secreted indole serves as a signal for expression of type III
secretion system translocators in enterohaemorrhagic Escherichia coli O157:H7. Microbiology (Reading) 2009;155:541-50. DOI
PubMed
Bommarius B, Anyanful A, Izrayelit Y, et al. A family of indoles regulate virulence and Shiga toxin production in pathogenic E. coli.
PLoS One 2013;8:e54456. DOI PubMed PMC
El-Zaatari M, Chang YM, Zhang M, et al. Tryptophan catabolism restricts IFN-γ-expressing neutrophils and Clostridium difficile
immunopathology. J Immunol 2014;193:807-16. DOI PubMed PMC
Kitamoto S, Alteri CJ, Rodrigues M, et al. Dietary L-serine confers a competitive fitness advantage to Enterobacteriaceae in the
inflamed gut. Nat Microbiol 2020;5:116-25. DOI PubMed PMC
Battaglioli EJ, Hale VL, Chen J, et al. Clostridioides difficile uses amino acids associated with gut microbial dysbiosis in a subset of
patients with diarrhea. Sci Transl Med 2018;10:eaam7019. DOI PubMed PMC
Lopez CA, McNeely TP, Nurmakova K, Beavers WN, Skaar EP. Clostridioides difficile proline fermentation in response to
commensal clostridia. Anaerobe 2020;63:102210. DOI PubMed PMC
Momose Y, Hirayama K, Itoh K. Competition for proline between indigenous Escherichia coli and E. coli O157:H7 in gnotobiotic
mice associated with infant intestinal microbiota and its contribution to the colonization resistance against E. coli O157:H7. Antonie
Van Leeuwenhoek 2008;94:165-71. DOI PubMed
van Opijnen T, Lazinski DW, Camilli A. Genome-wide fitness and genetic interactions determined by Tn-seq, a high-throughput
massively parallel sequencing method for microorganisms. Curr Protoc Microbiol 2015;36:1E.3.1-1E.3.24. DOI PubMed PMC
Andreini C, Bertini I, Cavallaro G, Holliday GL, Thornton JM. Metal ions in biological catalysis: from enzyme databases to general
principles. J Biol Inorg Chem 2008;13:1205-18. DOI PubMed
Hood MI, Skaar EP. Nutritional immunity: transition metals at the pathogen-host interface. Nat Rev Microbiol 2012;10:525-37. DOI
PubMed PMC
Lopez CA, Skaar EP. The impact of dietary transition metals on host-bacterial interactions. Cell Host Microbe 2018;23:737-48. DOI

Page 22 of 23

145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.

159.
160.
161.
162.
163.
164.
165.
166.

167.
168.
169.
170.

171.
172.

Strain et al. Microbiome Res Rep 2022;1:13

https://dx.doi.org/10.20517/mrr.2021.10

PubMed PMC
Bolick DT, Kolling GL, Moore JH 2nd, et al. Zinc deficiency alters host response and pathogen virulence in a mouse model of
enteroaggregative Escherichia coli-induced diarrhea. Gut Microbes 2014;5:618-27. DOI PubMed PMC
Medeiros P, Bolick DT, Roche JK, et al. The micronutrient zinc inhibits EAEC strain 042 adherence, biofilm formation, virulence
gene expression, and epithelial cytokine responses benefiting the infected host. Virulence 2013;4:624-33. DOI PubMed PMC
Wiegand S, Zakrzewski SS, Eichner M, et al. Zinc treatment is efficient against Escherichia coli α-haemolysin-induced intestinal
leakage in mice. Sci Rep 2017;7:45649. DOI PubMed PMC
Zackular JP, Moore JL, Jordan AT, et al. Dietary zinc alters the microbiota and decreases resistance to Clostridium difficile infection.
Nat Med 2016;22:1330-4. DOI PubMed PMC
Raffatellu M, George MD, Akiyama Y, et al. Lipocalin-2 resistance confers an advantage to Salmonella enterica serotype
Typhimurium for growth and survival in the inflamed intestine. Cell Host Microbe 2009;5:476-86. DOI PubMed PMC
Deriu E, Liu JZ, Pezeshki M, et al. Probiotic bacteria reduce salmonella typhimurium intestinal colonization by competing for iron.
Cell Host Microbe 2013;14:26-37. DOI PubMed PMC
Rivera-Chávez F, Mekalanos JJ. Cholera toxin promotes pathogen acquisition of host-derived nutrients. Nature 2019;572:244-8.
DOI PubMed PMC
Constante M, Fragoso G, Calvé A, Samba-Mondonga M, Santos MM. Dietary heme induces gut dysbiosis, aggravates colitis, and
potentiates the development of adenomas in mice. Front Microbiol 2017;8:1809. DOI PubMed PMC
Jaeggi T, Kortman GA, Moretti D, et al. Iron fortification adversely affects the gut microbiome, increases pathogen abundance and
induces intestinal inflammation in Kenyan infants. Gut 2015;64:731-42. DOI PubMed
Lin F, Wu H, Zeng M, Yu G, Dong S, Yang H. Probiotic/prebiotic correction for adverse effects of iron fortification on intestinal
resistance to Salmonella infection in weaning mice. Food Funct 2018;9:1070-8. DOI PubMed
Paganini D, Uyoga MA, Kortman GAM, et al. Prebiotic galacto-oligosaccharides mitigate the adverse effects of iron fortification on
the gut microbiome: a randomised controlled study in Kenyan infants. Gut 2017;66:1956-67. DOI PubMed
Vazquez-Gutierrez P, Lacroix C, Jaeggi T, Zeder C, Zimmerman MB, Chassard C. Bifidobacteria strains isolated from stools of iron
deficient infants can efficiently sequester iron. BMC Microbiol 2015;15:3. DOI PubMed PMC
Kehres DG, Janakiraman A, Slauch JM, Maguire ME. SitABCD is the alkaline Mn(2+) transporter of Salmonella enterica serovar
Typhimurium. J Bacteriol 2002;184:3159-66. DOI PubMed PMC
Garcia YM, Barwinska-Sendra A, Tarrant E, Skaar EP, Waldron KJ, Kehl-Fie TE. A superoxide dismutase capable of functioning
with iron or manganese promotes the resistance of staphylococcus aureus to calprotectin and nutritional immunity. PLoS Pathog
2017;13:e1006125. DOI PubMed PMC
Zhu W, Winter MG, Byndloss MX, et al. Precision editing of the gut microbiota ameliorates colitis. Nature 2018;553:208-11. DOI
PubMed PMC
Brugiroux S, Beutler M, Pfann C, et al. Genome-guided design of a defined mouse microbiota that confers colonization resistance
against Salmonella enterica serovar Typhimurium. Nat Microbiol 2016;2:16215. DOI PubMed
Wampach L, Heintz-Buschart A, Fritz JV, et al. Birth mode is associated with earliest strain-conferred gut microbiome functions and
immunostimulatory potential. Nat Commun 2018;9:5091. DOI PubMed PMC
Llewellyn SR, Britton GJ, Contijoch EJ, et al. Interactions between diet and the intestinal microbiota alter intestinal permeability and
colitis severity in mice. Gastroenterology 2018;154:1037-46.e2. DOI PubMed PMC
Brotherton CS, Martin CA, Long MD, Kappelman MD, Sandler RS. Avoidance of fiber is associated with greater risk of Crohn’s
disease flare in a 6-month period. Clin Gastroenterol Hepatol 2016;14:1130-6. DOI PubMed PMC
Zeevi D, Korem T, Zmora N, et al. Personalized nutrition by prediction of glycemic responses. Cell 2015;163:1079-94. DOI
PubMed
Kendall MM, Gruber CC, Parker CT, Sperandio V. Ethanolamine controls expression of genes encoding components involved in
interkingdom signaling and virulence in enterohemorrhagic Escherichia coli O157:H7. mBio 2012;3:e00050-12. DOI PubMed PMC
Curtis MM, Hu Z, Klimko C, Narayanan S, Deberardinis R, Sperandio V. The gut commensal Bacteroides thetaiotaomicron
exacerbates enteric infection through modification of the metabolic landscape. Cell Host Microbe 2014;16:759-69. DOI PubMed
PMC
Carlson-Banning KM, Sperandio V. Catabolite and oxygen regulation of enterohemorrhagic escherichia coli virulence. mBio
2016;7:e01852-16. DOI PubMed PMC
Connolly JP, Roe AJ. Intracellular d-serine accumulation promotes genetic diversity via modulated induction of RecA in
enterohemorrhagic Escherichia coli. J Bacteriol 2016;198:3318-28. DOI PubMed PMC
Gonyar LA, Kendall MM. Ethanolamine and choline promote expression of putative and characterized fimbriae in enterohemorrhagic
Escherichia coli O157:H7. Infect Immun 2014;82:193-201. DOI PubMed PMC
Morgan JK, Carroll RK, Harro CM, Vendura KW, Shaw LN, Riordan JT. Global regulator of virulence A (GrvA) coordinates
expression of discrete pathogenic mechanisms in enterohemorrhagic Escherichia coli through interactions with GadW-GadE. J
Bacteriol 2016;198:394-409. DOI PubMed PMC
Pacheco AR, Curtis MM, Ritchie JM, et al. Fucose sensing regulates bacterial intestinal colonization. Nature 2012;492:113-7. DOI
PubMed PMC
Kuo CJ, Wang ST, Lin CM, et al. A multi-omic analysis reveals the role of fumarate in regulating the virulence of enterohemorrhagic

Strain et al. Microbiome Res Rep 2022;1:13

173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.

https://dx.doi.org/10.20517/mrr.2021.10

Page 23 of 23

Escherichia coli. Cell Death Dis 2018;9:381. DOI PubMed PMC
Lamichhane-Khadka R, Benoit SL, Maier SE, Maier RJ. A link between gut community metabolism and pathogenesis: molecular
hydrogen-stimulated glucarate catabolism aids Salmonella virulence. Open Biol 2013;3:130146. DOI PubMed PMC
Anderson CJ, Clark DE, Adli M, Kendall MM. Correction: ethanolamine signaling promotes salmonella niche recognition and
adaptation during infection. PLoS Pathog 2015;11:e1005365. DOI PubMed PMC
Winter SE, Thiennimitr P, Winter MG, et al. Gut inflammation provides a respiratory electron acceptor for Salmonella. Nature
2010;467:426-9. DOI PubMed PMC
Sabag-Daigle A, Blunk HM, Sengupta A, et al. A metabolic intermediate of the fructose-asparagine utilization pathway inhibits
growth of a Salmonella fraB mutant. Sci Rep 2016;6:28117. DOI PubMed PMC
Faber F, Thiennimitr P, Spiga L, et al. Respiration of microbiota-derived 1,2-propanediol drives salmonella expansion during colitis.
PLoS Pathog 2017;13:e1006129. DOI PubMed PMC
Martin-Verstraete I, Peltier J, Dupuy B. The regulatory networks that control clostridium difficile toxin synthesis. Toxins (Basel)
2016;8:153. DOI PubMed PMC
Dubois T, Dancer-Thibonnier M, Monot M, et al. Control of clostridium difficile physiopathology in response to cysteine availability.
Infect Immun 2016;84:2389-405. DOI PubMed PMC
Burns DA, Heap JT, Minton NP. SleC is essential for germination of Clostridium difficile spores in nutrient-rich medium
supplemented with the bile salt taurocholate. J Bacteriol 2010;192:657-64. DOI PubMed PMC
Ferreyra JA, Wu KJ, Hryckowian AJ, Bouley DM, Weimer BC, Sonnenburg JL. Gut microbiota-produced succinate promotes C.
difficile infection after antibiotic treatment or motility disturbance. Cell Host Microbe 2014;16:770-7. DOI PubMed PMC
Usui Y, Ayibieke A, Kamiichi Y, et al. Impact of deoxycholate on Clostridioides difficile growth, toxin production, and sporulation.
Heliyon 2020;6:e03717. DOI PubMed PMC
Hsiao A, Ahmed AM, Subramanian S, et al. Members of the human gut microbiota involved in recovery from Vibrio cholerae
infection. Nature 2014;515:423-6. DOI PubMed PMC
Chatterjee A, Dutta PK, Chowdhury R. Effect of fatty acids and cholesterol present in bile on expression of virulence factors and
motility of Vibrio cholerae. Infect Immun 2007;75:1946-53. DOI PubMed PMC
Häse CC, Mekalanos JJ. Effects of changes in membrane sodium flux on virulence gene expression in Vibrio cholerae. Proc Natl
Acad Sci U S A 1999;96:3183-7. PubMed PMC

