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Abstract

Objectives. During gastrointestinal infection, dysbiosis can result
in decreased production of microbially derived short-chain fatty
acids (SCFAs). In response to the presence of intestinal pathogens,
we examined whether an engineered acetate- or butyrate-
releasing diet can rectify the deficiency of SCFAs and lead to the
resolution of enteric infection. Methods. We tested whether a
high acetate- or butyrate-producing diet (HAMSA or HAMSB,
respectively) condition Citrobacter rodentium infection in mice
and assess its impact on host-microbiota interactions. We analysed
the adaptive and innate immune responses, changes in gut
microbiome function, epithelial barrier function and the molecular
mechanism via metabolite sensing G protein-coupled receptor 43
(GPR43) and IL-22 expression. Results. HAMSA diet rectified the
deficiency in acetate production and protected against enteric
infection. Increased SCFAs affect the expression of pathogen
virulence genes. HAMSA diet promoted compositional and
functional changes in the gut microbiota during infection similar
to healthy microbiota from non-infected mice. Bacterial changes
were evidenced by the production of proteins involved in acetate
utilisation, starch and sugar degradation, amino acid biosynthesis,
carbohydrate transport and metabolism. HAMSA diet also induced
changes in host proteins critical in glycolysis, wound healing such
as GPX1 and epithelial architecture such as EZR1 and PFN1. Dietary
acetate assisted in rapid epithelial repair, as shown by increased
colonic Muc-2, Il-22, and anti-microbial peptides. We found that
acetate increased numbers of colonic IL-22 producing
TCRab+CD8ab+ and TCRcd+CD8aa+ intraepithelial lymphocytes
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expressing GPR43. Conclusion. HAMSA diet may be an effective
therapeutic approach for fighting inflammation and enteric
infections and offer a safe alternative that may impact on human
health.

Keywords: diet, GPR43, gut infection, IELs, IL-22, short-chain fatty
acids

INTRODUCTION

Alterations in microbial ecology or the imbalance
of commensals favoring overgrowth of pathogens
(dysbiosis) impacts gut homeostasis by decreasing
protection from the intestinal barrier and
promoting infection. Dysbiosis can lead the gut
microbiota to lose its anti-infectious/
immunoregulatory role because of deficient
production of short-chain fatty acids (SCFAs),
other beneficial metabolites and other regulatory
molecules critical for controlling persistent
infections and inflammatory responses.1 Many
inflammatory and autoimmune diseases such as
type 1 diabetes (T1D) and metabolic diseases like
type 2 diabetes (T2D) have been associated with a
deficiency in SCFA production.2-5

The gut microbiota produces the SCFAs acetate,
propionate and butyrate, from fermentation of
non-digestible carbohydrates. SCFAs have anti-
inflammatory properties and help maintain a
healthy gut barrier.6 Resistant starches are an
excellent source of fibre that can boost the
production of SCFAs by the gut microbiota.7 We
and others have shown that specially designed
diet based on high amylose resistant starches
(HAMS), which are acetylated and butyrylated
(HAMSA and HAMSB, respectively), enhance the
production of microbial acetate and butyrate in
the colon.3,8-11 These specialised diet have many
beneficial properties in restoring and maintaining
gut health. The use of HAMS supplementation by
itself in an oral rehydration solution decreases
diarrhoea duration in both adults and children
hospitalised for acute infectious diarrhoea.12 A
combination of HAMSA and HAMSB diets
improved gut homeostasis correlating with 99%
protection against autoimmune diabetes in mice.3

Improved gut homeostasis achieved by HAMSA
and HAMSB diets correlated with reduced serum
LPS translocation, reduced pro-inflammatory IL-21,
increased colonic Tregs, increased expression of
junction markers and also the level of serum IL-22,

an important cytokine that maintains the
commensal composition of the microbiota and
gut integrity.3,7 However, it is still unclear as to
how dietary SCFAs affect the host-microbiota
interactions during enteric infections, particularly
the intraepithelial lymphocyte (IELs) compartment.

To improve the clinical efficacy of dietary SCFAs
to minimise gut infections, it is important to
understand the fundamental changes in the gut
microbial ecology and its interactions with the
intestinal immune system. Likewise, efficient
crosstalk between the gut microbiota and the
mucosal immune system is critical to induce rapid
responses from immune cells and to limit
colonisation from opportunistic enteric bacteria.
Intestinal epithelium possesses a large and diverse
pool of innate and adaptive immune cells,13 with
protective functions against pathogenic bacteria
and viral infections.13-15

We hypothesise that HAMSA supplementation
protects from enteric infections, by improving
host-microbiota interactions. This study shows
that high SCFA-producing diets dramatically
affected C. rodentium infection in mice, and we
reveal mechanisms by which dietary SCFAs directly
affect the expression of pathogen virulence genes
and thus influence infection dynamics including
pathogen load, gut microbiota composition and
function, as well mucosal architecture and
immunity. Dietary SCFA offer an alternative
therapy for the prevention or treatment of
pathogenic gastrointestinal infections.

RESULTS

Deficiency in SCFA acetate production
increases the severity of C. rodentium
infection

After being fed a diet supplemented with 15%
HAMSA or HAMSB for 3 weeks prior and during
induced infection, mice had twofold higher
concentrations of faecal acetate (25 mM to
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50 mM) and butyrate (15 mM to 30 mM)
compared to control HAMS-fed mice (Figure 1a).
Similarly, the concentration of acetate was also
significantly higher at 14 days post-infection (DPI)
in mice fed HAMSA and HAMSB compared to
HAMS. In contrast, butyrate concentration was
only significantly increased in uninfected but not
infected HAMSB-fed mice. Thus, these results
suggest that enteric colonic infections affect the
capacity of certain commensal bacteria to release
butyrate from modified starch substrates. As such,
mice fed diets containing zero dietary fibre (ZF)
were more susceptible to C. rodentium infection
compared to mice receiving a chow (non-purified)
diet containing standard fibre (SF) or a higher
dietary fibre (HF) content (Supplementary
figure 1a, b). Reduced susceptibility to infection in
HF-fed mice compared to ZF-fed mice was
consistent with a lower number of faecal
C. rodentium bacteria 14 DPI (Supplementary
figure 1b). Therefore, HAMSA diet, that
exclusively boosts acetate, significantly
ameliorated the clinical severity of infection at
day 14 post-C. rodentium infection evidenced by
reduced weight loss and stool consistency scores
at 14 DPI (Figure 1b and c). In contrast, HAMSB-
fed mice showed significantly increased weight
loss and similarly severe stool consistency scores at
14 DPI compared to HAMS-fed mice (Figure 1b
and c). Colonisation of C57BL/6J fed on HAMS,
HAMSA or HAMSB diet peaked between 8 and 10
DPI, and there was no significant difference in
colonisation levels between groups of mice at 14
DPI (Figure 1d). Representative distal colon
sections and data from histological colitis scores
showed an increased inflammatory infiltrate in
infected HAMSA-fed mice at 14 DPI. Meanwhile,
HAMSB-fed mice presented increased epithelial
damage compared to HAMS-fed mice (Figure 1e-
g). No differences were found in the degree of
enterocyte hyperplasia (Supplementary figure 1c).

No changes were observed in energy or food
intake between groups of mice fed the
experimental diets, when compared to mice fed
SF diets (Supplementary figure 1d), similar to
what we found previously in the non-obese
diabetic (NOD) mouse model of autoimmune
diabetes.3 Clearance of C. rodentium from the
colon was completely resolved at day 22 in
HAMSA and HAMSB compared to control HAMS-
fed mice, indicating HAMSA and HAMSB diets are
effective mediating colonisation resistance at later
stages of infection (Supplementary figure 1e, f).

SCFAs inhibited C. rodentium growth
in vitro

Given that HAMSA diet ameliorated the clinical
severity at 14 DPI, we examined whether higher
concentrations of acetate had a bacteriostatic effect
and consequently reduced pathogenicity. We found
under anaerobic conditions, physiological doses of
acetate and butyrate found in the faeces of HAMSA-
and HAMSB-fed mice (50 mM and 35 mM,
respectively) had no significant effect on the growth
rate of C. rodentium over a 24-h period, which is
likely to reflect what occurs in vivo (Supplementary
figure 2a). Assessment of a dose-dependent
response revealed that higher concentrations of
butyrate significantly compromised C. rodentium
growth under anaerobic conditions (Supplementary
figure 2b–e), whereas under aerobic conditions,
high concentrations of both acetate and butyrate
significantly attenuated C. rodentium growth over
24 h (Supplementary figure 3a). Next, we pre-
cultured C. rodentium with 500 mM acetate or
butyrate for 2 h and showed normal growth when
returned to SCFA-free media (Supplementary
figure 2f), suggesting SCFA acetate and butyrate
exhibit a bacteriostatic rather than a bactericidal
effect on C. rodentium growth. Therefore, we
examined changes in gene expression levels of
C. rodentium virulence genes, Tir and EspB in
the colon tissues of infected mice. We found
both HAMSA- and HAMSB-fed infected mice
exhibited decreased expression of Tir and EspB
(Supplementary figure 2g), which are essential for
bacterial adhesion to host enterocytes.16-20

HAMSA diet regulates early acute
antibacterial response

Although butyrate displayed similar bacteriostatic
effects as acetate in vitro and can reduce
pathogenicity in vivo, we examined whether
worse clinical and histological scores observed in
HAMSB-fed mice were because of defects in
regulation of early acute antibacterial responses.
Neutrophils, group 3 innate lymphoid cells (ILC3s),
CD4+ T cells and IgA-producing B cells in the
lamina propria (LP) are essential for controlling
C. rodentium infection.21-23 We found that
CD45+Ly6G+ neutrophils were significantly
decreased in frequency and number in the LP of
HAMSA- and HAMSB-fed infected mice
(Figure 2a), and no differences were found in IL-
22-producing Ly6G+ neutrophils regardless of diet
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Figure 1. Restored concentrations of SCFA acetate by HAMSA diet is associated with reduced susceptibility to C. rodentium infection. (a) Acetate and

butyrate concentrations in the faeces of C57Bl/6J mice fed high amylose starch (HAMS), acetylated HAMS (HAMSA) or butyrylated HAMS (HAMSB)

supplement adlibitum from pre-infection (3 weeks, white bars) and post-infection (2 weeks, black bars) with C. rodentium. Pre-infection faecal SCFA

concentrations determined at day 0 of C. rodentium infection model, and 14 DPI (n = 5 per group). (b) Body weight changes and (c) stool scores in

faeces (0 = normal stool; 1 = soft stool; 2 = diarrhoea; 3 = diarrhoea and anal bleeding) from C57Bl/6J mice fed HAMS, HAMSA or HAMSB diets at

14 DPI (n = 9 or 13). (d) Bacterial load of C. rodentium in faeces from mice at day 14 DPI. Histological colitis scores showing (e) inflammatory infiltrate

and (f) epithelial damage of the distal colon as mean � SEM (n > 4). The scoring system is described in the Methods. Uninfected mice (not

represented) scored 0 in all categories (n = 4 or 5 mice per group). (g) Representative H&E slides from distal colon sections at 14 DPI. Single-headed

arrows indicate the degree of immune cell infiltration within the base of the mucosa, which appears to be greater in infected mice than uninfected

mice. Double-headed arrows indicate mucosal thickness, ▼ highlights noticeable tattering and erosion on the epithelial surface. Scale bar = 100 µm,

(n = 5). Data are expressed as mean � S.E.M. P-values determined by one-way ANOVA (a, d, e, f) or two-way ANOVA (b, c) with Bonferroni’s

correction. (b) *uninfected vs HAMS; #uninfected vs HAMSB. (c) *HAMSA vs HAMS (day 8, 12); #HAMSB vs HAMS. Graphs and disease incidence are

representative of 2 independent experiments. ns = not significant. * or #P < 0.05, ** or ##P < 0.01, *** or ###P < 0.001, **** or ####P < 0.0001.
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Figure 2. Increased regulatory IELs induced by HAMSA are associated with protection against C. rodentium. Frequency and numbers of

(a) CD45+Ly6G+ neutrophils; (b) IL-22+RORct+ILC3s; (c) IL-22+CD4+ T cells; (d) RORct+CD4+ T cells; (e) IL-17+CD4+ T cells; (f) IL-17+RORct+ILC3s;

(g) CD4+FoxP3+ Tregs; (h) number of total IELs; (i) TCRab+CD8ab+CD103+ and TCRcd+CD8aa+CD103+ IELs and (j) CD19+IgA+ B cells analysed by flow

cytometry. Data are expressed as mean � S.E.M. P-values were determined by one-way ANOVA with Bonferroni’s correction. Each symbol represents

data from an individual mouse. Graphs are representative of 2 or 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs HAMS.
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(data not depicted). ILC3s and CD4+T cells are the
major producers of interleukin-22 (IL-22) and
interleukin-17 (IL-17) and are key players in
preserving gut homeostasis.21 We found HAMSA
diet significantly increased the frequency and
numbers of total CD4+T cells and ILC3s in the
colon (data not shown), which was explained by
the increased number of IL-22-producing
RORct+ILC3s and IL-22-producing CD4+ T cells and
RORct+CD4+ T cells in the LP (Figure 2b, d).
HAMSA diet slightly reduced the number of IL-17-
producing CD4+ T cells but did not change the
frequency or number of IL-17-producing
RORct+ILC3s and in the LP (Figure 2e, f). In
contrast, infected HAMSB-fed mice showed a
significant decrease in frequency and number of
CD4+FoxP3+ Tregs and no changes in the IL-22-
and IL-17-producing RORct+ILC3s or CD4+ T cells in
the LP (Figure 2g).

We next examined the intraepithelial
lymphocytes (IELs) compartment as these cells are
the first line of immunological defence against
bacteria and include fast responding effector
innate immune cells and T cells that can mount
strong immunity and affect the ability of
C. rodentium to colonise IECs.24 We found
HAMSA but not HAMSB increased the number of
total IELs (Figure 2h), which could be explained by
the increased frequency and number of
TCRab+CD8ab+CD103+ and TCRcd+CD8aa+CD103+

IELs (Figure 2i). Immunoglobulin A (IgA) is the
most abundant antibody in the gut, which is
induced towards bacteria.25 IgA is a marker of the
intense activity of the gut immunity-
microbiota interaction, as it has the capacity to
bind bacteria and regulate the composition and
function of gut microbiota and provide protection
against enteric pathogens.26 IgA-producing B cells
in the LP were significantly increased in HAMSA-
fed infected mice compared to control HAMS-fed
infected mice (Figure 2j). In contrast, the HAMSB
diet decreased the numbers of IgA+CD19+B cells.
These data suggest HAMSA- but not HAMSB-
modified diet is capable of regulating acute
antibacterial immune responses, consistent with
previous studies using specific agonists of SCFA.21

An acetate-yielding diet remodelled the gut
microbial community associated with
protection against C. rodentium

Next, we determined whether production of
dietary SCFAs was linked to changes in the

microbial community structure within the gut.
Although feeding with HAMSA and HAMSB diets
for three weeks increased the concentrations of
acetate and butyrate in uninfected mice, only
HAMSA supplement resulted in a marked change
of the microbiota composition present in the
faeces, as shown by a principal component
analysis (PCA) plot (Figure 3a). In contrast, the gut
microbiota of HAMSB-fed mice was similar to
control HAMS-fed mice and did not show a strong
separation from the non-purified (NP) diet.
Further characterisation of the faecal microbiota
profile demonstrated that HAMSA supplement
decreased the prevalence of the Bacteroides
genus (P = 0.0002) and increased the population
of an unknown genus of Alphaproteobacteria
(P = 0.0187) compared to control HAMS
supplement and the conventional NP diet
(Figure 3b). Increased faecal acetate
concentrations negatively correlated with the
abundance of bacteria from the genera
Lactococcus, Anaeroplasma, Akkermansia,
Allobaculum, Oscillospira, Lactobacillus and
Clostridium (Figure 3c). This indicates that HAMSA
diet promotes the dominance of certain bacteria
like Alphaproteobacteria, which includes E. coli
species that have beneficial roles preventing the
bloom of competitive pathogenic bacteria.27,28

Correlation profiles between OTU and SCFA
concentrations from the same samples were very
distinctive (Figure 3d), especially between acetate
and butyrate where there was little overlap in
highly correlated OTUs. Altogether, these data
suggest that the amount of acetate induced by
HAMSA diet is a critical factor for protection
against pathogenic bacteria by controlling the
colonic microbiota colonisation.

An acetate-yielding diet remodels the host
and microbial faecal proteomic profile

After observing that HAMSA diet altered the
composition of the gut microbiota, we
investigated whether this diet impacted the
abundance of either microbiota or mouse derived
proteins found in faeces, which would indicate a
functional change. Soluble faecal proteins were
isolated from uninfected HAMS- and HAMSA-fed
mice or 14 DPI. Soluble faecal proteins were
analysed as these are enriched for host derived
proteins in addition to many microbial proteins
which can provide insight into host-microbiota
interactions.29 Spectra were searched against a
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database containing mouse and mouse gut
microbial proteins resulting in identification of
814 mouse proteins and 2309 microbial protein
clusters. When the combined mouse and microbial
protein abundance was analysed by principal
component analysis (PCA) (Figure 4a), the mice
perfectly separated by both diet and infection
status, indicating a profound remodelling of the
microbial and gut proteome. Univariate analysis
identified 362 proteins with an adj P < 0.05 that
differed between the four treatment groups
(Supplementary table 2). These included 84
microbial proteins and 18 mouse proteins
significantly altered by diet in the infected groups
(Supplementary tables 3 and 4).

The 84 microbial proteins that differed by diet
in the infected mice are involved in amino acid
biosynthesis (i.e. gdhA, asd, serA, dapdh),
carbohydrate transport and metabolism (i.e.
msmE, susA, Eno,Gpi), energy production (mdh,
sdhA) and protein translation and turnover (trxA,
tpx) as well as many proteins with unknown
functions (Supplementary figure 4 and
Supplementary tables 2 and 3). Enzymes involved
in the biosynthesis of lysine, glycine, serine and
threonine were increased in abundance by
HAMSA feeding. The gut microbiota is a major
source for systemic lysine availability30 and
arginine has many well-described effects on
immune regulation including myeloid cell
function and nitric oxide synthase activity.31

Amino acids including lysine, arginine and
glycine are also substrates for SCFA production
by the colonic bacteria.32 From the total 192
proteins that were differentially abundant in
bacteria, 77 proteins changed because of diet
(HAMSA vs HAMS) in uninfected mice. The top
changed proteins are involved in amino acid
biosynthesis (asd, dapdh), metabolism and energy
production (mdh), carbohydrate transport and
metabolism (susA, susC), antioxidant defence
(Sod2) and other involved in general functions
signalling and cellular processes (ffrc and tonB)
(Supplementary table 2). From these, 34 proteins
were no longer different between diets in mice
undergoing infection, which suggests that those
provide benefits to mice in processes not related
to infection. Noticeably, the top proteins that are
no longer different are also involved in
carbohydrate metabolism and energy production
(gapdh, galK, mdh), protein translation and
turnover (trxA), while others are involved in
general functions including signalling and

cellular processes (TonB hlpa, bmpA and
ABC.PE.S) (Supplementary table 2). The most
commonly assigned taxa amongst the proteins
that differed by diet in either infected or
uninfected mice was Bacteroides
thetaiotaomicron of which 34 of 39 were
upregulated, suggesting this species may increase
in change functional state. The second most
common taxa altered by HAMSA was a
Parabacteroides distasonis. Both of these species
are known starch degraders and acetate
producers.

We then focused on proteins with potential
relevance to infection resolution. Hence, from the
bacterial proteome, we identified 75 proteins
changed in HAMS because of infection
(Supplementary table 2). The top upregulated
proteins are involved in fatty acid and lipid
metabolism (acpP, buk), amino acid metabolism
(glsA, ilvC), carbohydrate transport and
metabolism (pgmPTS-Man-EIIB, msmE), protein
translation and turnover (trxA), and protein
metabolism (pqqL). 36 proteins were no longer
significantly different in HAMSA (infected vs non-
infected), meaning that HAMSA successfully
reverted the changes caused by C. rodentium
infection. The top 15 proteins that were no
longer different include proteins involved in fatty
acid and lipid metabolism acpP, cbh amino acid
metabolism (ilvD) and carbohydrate transport and
metabolism (Eno, Gapdh, rbsB) amongst others.
The remaining 18 were significant in HAMS and
HAMSA, which suggest that expression of these
genes is not affected or regulated by HAMSA diet,
rather by infection. Interestingly, the majority of
the changed proteins were associated to bacteria
from the phylum Bacteroidetes and Firmicutes.
Complete and detailed information on the
proteomic profile is shown in Supplementary
table 2.

We found 18 mouse proteins that were
significantly altered in HAMSA compared to
HAMS diet during infection (Figure 4b and
Supplementary table 4). The majority of these
proteins had maintained high expression levels in
HAMSA-fed infected mice similar to what was
found in uninfected mice while they were
downregulated in the HAMS-fed infected group.
These included proteins involved in carbohydrate
and protein digestion (Cela1a, Cela2a, Pnliprp2,
Ambp), glycolysis and carbohydrate metabolism
(Aldoa, Eno1, Pkm, Sord). Other proteins were
involved in amino acids biosynthesis (Cth), cell
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Figure 4. Acetylated diet and infection alter both host-intestinal and microbiota derived protein abundance in mouse faeces. Soluble faecal

proteins were isolated from HAMS- and HAMSA-fed uninfected mice or 2-weeks post-infection and analysed by LC-MS/MS. (a) Principal

component analysis of identified faecal proteins separates subject groups by both infection and diet status. (b) All mouse proteins that

significantly differed (FDR or adj P < 0.05) in HAMS- vs HAMSA-fed mice (either in uninfected or infected groups) in a one-way ANOVA model of

diet and infection were used for unsupervised hierarchal clustering. A full list of the significant proteins is provided in Supplementary table 2.
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adhesion (Ezr/Vil2, Pfn1), regulation of microvillus
and wound healing (Gpx1). This suggests that
dietary acetate helps to maintain a host glycolytic
state, which has been linked to pro-inflammatory
mechanisms needed for a rapid response to
infection or injury.33

GPR43 plays a crucial role in the integral
regulation of anti-microbial responses

Given that HAMSA diet impacted on the
susceptibility to C. rodentium infection, we
examined whether the effect of high acetate-
yielding diets such as HAMSA operated through
GPR43, a metabolite sensing receptor for acetate/
propionate/butyrate. We found that Gpr43�/�

mice were more susceptible to C. rodentium
infection than C57.Gpr43+/+ littermates, which is
similar to published studies.21,34,35 As expected,
control HAMSA-fed C57.Gpr43+/+ mice showed
reduced clinical severity of infection at 14 DPI
based on stool consistency (Figure 5a) and
bacteria load (Figure 5b), similar to the results in
WT C57Bl/6J mice (see Figure 1b-f). In contrast,
HAMSA-fed C57.Gpr43�/� mice had similarly high
clinical scores to control HAMS-fed C57.Gpr43+/+

littermates and no differences were found
compared to HAMS-fed C57.Gpr43�/� mice
(Figure 5a). Histological analysis of mouse distal
colons 14 DPI with C. rodentium showed an
increased epithelial damage in infected
C57.Gpr43�/� mice compared to C57.Gpr43+/+ mice
(Figure 5c, d). There were no pathological
changes induced by HAMSA supplementation
(Figure 5c, d and Supplementary figure 5a).
However, HAMS-fed infected C57.Gpr43+/+

littermates (***P < 0.0001 non-infected vs infected
mice) had reduced colon length, which was
significantly reverted when mice were fed HAMSA
diet ($$P = 0.0038 HAMSA vs HAMS-fed mice) but
not in infected C57.Gpr43�/� mice (Figure 5e). No
differences were observed in the course of
infection in C57.Gpr109�/� mice and C57.Gpr109+/+

littermates (Supplementary figure 5b, c), implying
that butyrate via sensing GPR109A receptor is
unlikely to contribute to C. rodentium protection,
consistent with the HAMSB results shown in
Figure 1.

The production of anti-microbial peptides and
mucus by enterocytes impair the ability of
pathogens to colonise the gut and maintain a
healthy epithelial barrier.36 Infected HAMS-fed
Gpr43�/� mice presented impaired expression of

b-defensin 1 (*P = 0.0432 HAMS-fed Gpr43�/� vs
HAMS-fed C57.Gpr43+/+), and a similar but to a
lesser extent, the same was observed for b-
defensin 3 (Figure 5f). In contrast, no significant
changes were observed in RegIIIc gene expression
and tight junction markers (data not depicted).
HAMSA diet significantly increased the expression
of both Muc-2 (*P = 0.0295, HAMS vs HAMSA)
and IL-22ra1 in isolated IECs (*P = 0.0224, HAMS
vs HAMSA (Figure 5f). During infection, the
interaction between the gut bacteria and IECs
induce a local cascade of mucosal immune
responses including promoting effector T-cell
function and antibody production by plasma B
cells.37 Infected Gpr43�/� mice presented a
significantly reduced number of IgA-secreting
CD19+ B cells (***P = 0.0007, HAMS-fed Gpr43�/�

vs HAMS-fed C57.Gpr43+/+; ****P < 0.0001
HAMSA-fed Gpr43�/� vs HAMS-fed C57.Gpr43+/+)
(Figure 5g), which is in line with previous
studies.38

Acetate enhances Gpr43 expression on
colonic IELs

We next investigated whether the HAMSA diet
might be stimulating IEL immune responses in a
GPR43 dependent manner. IL-22 and IL-17 are
reported to control C. rodentium infection by
stimulating epithelial cells to recruit immune cells
to the site of the infection.39,40 HAMSA diet
significantly elevated the expression of colonic Il-
22, Il-17 and Il-18 at 14-days following infection
(***P = 0.0005, ****P < 0.0001 and *P = 0.0168 for
HAMSA-fed mice vs HAMS-fed mice, respectively)
(Figure 6a). Increased IL-22 and IL-17 production
correlated with the protective effects of HAMSA
diet observed in WT C57Bl/6J mice and
C57.Gpr43+/+ littermates, but not in the
C57.Gpr43�/� mice as shown in Figures 1b and 5a.
These cytokines work at different phases of the
infection by maintaining gut mucosal integrity,
mediating host-microbial growth balance and
regulating immune responses.41-43 Neutrophils in
the LP were reduced by HAMSA feeding and were
also found to be reduced in GPR43 deficient mice,
indicating a low recruitment (Supplementary
Figure 6a). These results were supported by the
increased expression of chemokines CcL3 (MIP-1
alpha) and CcL4 (MIP-1 beta) in control HAMS-fed
C57.Gpr43+/+ but not C57.Gpr43�/� infected mice
compared to non-infected mice (****P < 0.0001
HAMS-fed mice infected vs non-infected)
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Figure 5. HAMSA-mediated protection from C. rodentium infection is GPR43 dependent. (a) Stool scores in C. rodentium infected C57.Gpr43+/+

or C57.Gpr43�/� mice fed HAMS or HAMSA supplement adlibitum 3 weeks prior to inoculation and for the length of the experiment. (b)

Bacterial load of C. rodentium in the faeces at the peak of disease, 14 DPI (n = 5). (c) Representative H&E slides from distal colon sections at 14

DPI. Single-headed arrows indicate the degree of immune cell infiltration within the base of the mucosa, which appears to be greater in infected

mice than uninfected mice. Double-headed arrows indicate mucosal thickness, ▼ highlights noticeable tattering and erosion on the epithelial

surface. Scale bar = 100 µm (n = 4 or 5). (d) Blinded histopathological scoring of infected C57.Gpr43+/+ or C57.Gpr43�/� mice fed HAMS or

HAMSA supplement 14 DPI based on the indicated markers of tissue pathology (n = 5). The scoring system is described in the Methods.

Uninfected mice (not represented) scored 0 in all categories. (e) Representative pictures and cumulative data of colon length comparing infected

and non-infected C57.Gpr43+/+ or C57.Gpr43�/� mice fed HAMS or HAMSA supplement 14 DPI. (f) Gene expression of anti-microbial peptides

(b-defensin1andb-defensin3) in colon tissues, and Muc-2 and Il-22Ra1 in isolated IECs of infected mice 14 PDI determined by qPCR (n = 6 or 8).

(g) Frequency and number of CD19+IgA+ B cells. Data are expressed as mean � S.E.M. P-values determined by one-way ANOVA (b, d, f, g) or

two-way ANOVA (a, e) with Bonferroni’s correction. (a) *HAMSA-fed C57.Gpr43+/+ vs HAMS-fed C57.Gpr43+/+; #HAMSA-fed C57.Gpr43+/+ vs

HAMSA-fed C57.Gpr43�/�. (e) *HAMS-fed C57.Gpr43+/+ non-infected vs infected; $$infected HAMS-fed C57.Gpr43+/+ vs infected HAMSA-fed

C57.Gpr43+/+. (f, g) *HAMS- vs HAMSA-fed C57.Gpr43+/+; $HAMS-fed C57.Gpr43+/+ vs HAMS-fed C57.Gpr43�/�; #HAMSA-fed C57.Gpr43+/+ vs

HAMSA-fed C57.Gpr43�/�. Each symbol in (e, g) represents data from an individual mouse. Graphs are representative of 2 or 3 independent

experiments. ns = not significant. * or $ or #P < 0.05, $$ or ##P < 0.01, *** or $$$P < 0.001, **** or ####P < 0.0001.
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Figure 6. HAMSA diet enhances IL-22, IL-17 and number of IELs via GPR43. (a) Expression of Il-22, Il-17 and Il-18 in the colon tissue of infected mice

14 DPI determined by qPCR.(b)Expression of Gpr43 in isolated colonic IELs from C57Bl/6J mice stimulated with PMA and with or without sodium

acetate by qPCR. (c)Number of total colonic IELS from infected and non-infected C57.Gpr43+/+ or C57.Gpr43�/� mice fed HAMS and HAMSA diets

analysed by flow cytometry. (d) Expression of Rorct, Ltbr and Kgf in isolated colonic IELS from C57Bl/6J mice stimulated with PMA and with or

without sodium acetate by qPCR (n = 5). (e) Number and FACS plots of TCRab+CD8ab+CD103+ and TCRcd+CD8aa+CD103+ IELs from C57.Gpr43+/+
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fed vs HAMS-fed C57.Gpr43+/+. Each symbol in b–f represents data from an individual mouse. Graphs are representative of 2 or 3 independent

experiments. ns = not significant. *P < 0.05, **P < 0.01, ***P < 0.001 **** or ####P < 0.0001.
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(Supplementary Figure 6b). Only HAMSA-fed
C57.Gpr43+/+ but not C57.Gpr43�/� infected mice
significantly decreased expression of these
chemokines (**P = 0.0045 and **P = 0.0030
HAMSA-fed vs HAMS-fed mice, respectively),
which impact on the migration and function of
many different innate cells and T cells.44,45 Our
findings suggest that recruitment of neutrophils is
dependent on SCFAs via activation of GPR43
receptor.

We sought to understand whether altered
recruitment of potential IL-17 or IL-22 producing
cells were coming from the draining lymph nodes.
Neither HAMSA diets nor the absence of the
GPR43 receptor change the frequencies of total
CD4+ T cells, CD4+CD25+Foxp3+ Tregs nor
CD4+IL17+IFNc+ Th17 cells in the mesenteric lymph
nodes (MLN) or draining lymph nodes from the
colon (data not depicted) of infected mice
(Supplementary figure 6c–e). Likewise, we found
that irrespective of diet, the frequency and
number of Tregs in the colon did not change in
C57.Gpr43+/+ nor C57.Gpr43�/� infected mice
(Supplementary Figure 6f). These data suggested
that dietary acetate can moderate the severity of
C. rodentium infection without potentiating an
acute immune response and by promoting the
resolution of inflammation in a faster manner.

To ensure intestinal homeostasis, IL-22 acts on
IECs to stimulate the mucosal immune system to
respond to pathogens quickly while maintaining
the state of tolerance to commensal microbes.21,46

Although GPR43 is expressed by IECs
(Supplementary figure 7a–c) and ILC3s,21,47 we
found that isolated colonic IELs from WT C57Bl/6J
mice also expressed Gpr43 and was highly
upregulated by sodium acetate under PMA
stimulation (S + Acetate), compared to IELs
stimulated without acetate (S) (~tenfold increase,
****P > 0.0001) (Figure 6b). IEL numbers remained
reduced in C57.Gpr43�/� mice compared to
control HAMS-fed matched C57.Gpr43+/+

littermates when compared to non-infected chow-
fed mice (P = 0.729, C57.Gpr43+/+vs C57.Gpr43�/�

mice; ####P < 0.0001, non-infected vs C57.Gpr43�/�

mice) (Figure 6c). Only HAMSA increased the
number of IELs similar to non-infected mice.

Next, we determined whether HAMSA was
affecting activation markers or the functional
status of IELs, using real-time PCR. To do this,
isolated IELs were examined following stimulation
with (S + Acetate) or without (S) sodium acetate.
Particularly TCRcd+ IELs produce a number of

factors such as keratinocyte growth factor (KGF)
to promote healing and protect intestinal
integrity.48,49 and lymphotoxin alpha receptor
(LTbR), which previously has been shown to be
essential for IL-22 production by innate cells and
protection against C. rodentium infection.50,51

There was no impairment in Ltbr or Kgf
expression in the absence of GPR43, and only
expression of Rorct significantly changed with
acetate treatment in WT Gpr43+/+ IELs
(**P = 0.0019 S vs S + Acetate) (Figure 6d).
Likewise, IL-17/IL-22-secreting cells are defined by
expression of the transcription factor RORct.39,50

Our data are consistent with the expansion of
RORct+CD4+ T cells, IL-22-producing RORct+ ILC3s
in HAMSA-fed C57.Gpr43+/+mice and numbers
were significantly reduced in C57.Gpr43�/� mice
or between diet groups (Supplementary figure 7d,
e and example of gating strategy Supplementary
figure 7g). No changes were observed in IL-22-
producing CD4+ T cells and IL-17-producing
RORct+ ILC3s in C57.Gpr43�/� mice compared to
HAMS-fed C57.Gpr43+/+mice (data not depicted).
However, in the absence of the GPR43 receptor,
mice showed an increased frequency and number
of IL-17-producing CD4+ T cells (Supplementary
figure 7f).

Analysis of colonic IELs following infection
showed that HAMSA-fed C57.Gpr43+/+ mice
presented a significantly increased frequency and
numbers of TCRab+CD8ab+CD103+ (~twofold
increase **P < 0.0011, HAMSA vs HAMS-fed mice)
and TCRcd+CD8aa+CD103+ IELs (****P < 0.0001,
HAMSA vs HAMS-fed mice) (Figure 6e and
example of gating strategy Supplementary
figure 7g). We established that both
TCRab+CD8ab+ and TCRcd+CD8aa+ IELs were free
of contaminating epithelial cells by expression of
CD103, which marks lymphocytes but not
epithelial cells. CD103 has been associated with
gut homing and retention. Moreover, HAMSA
increased the frequency and number of IL-
22+TCRab+CD8ab+ and IL-22+TCRcd+CD8aa+ IELs in
C57.Gpr43+/+ mice (Figure 6f). The majority of IELs
express T-cell receptors (TCR) that have cytotoxic
and repairing properties that are required to fight
off early microbial invasion and limit excessive
tissue damage at the end of infection.13,52 For the
first time, our data suggest a potential role for
HAMSA-delivering acetate and its sensing receptor
GPR43 for IEL function during intestinal infection.
Taken together, these results identify a novel
mechanism for SCFA acetate regulation, via
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GPR43, of IEL function and production of
cytokines that are important in preserving
epithelial barrier integrity and bacterial clearance.

DISCUSSION

HAMSA diets that target the gut microbiota to
produce high concentrations of acetate are a
novel approach to protect against intestinal
bacterial infections. We have shown that
deficiency in microbial acetate and butyrate
production occurs following C. rodentium
infection. Although both acetate and butyrate
have a bacteriostatic effect in vitro and can
reduce pathogenicity in vivo, only increased
concentrations of acetate delivered by HAMSA-
modified gut microbiota significantly ameliorated
the severity of C. rodentium infection. We show
HAMSA diet mediates functional microbiota
changes during gut infection. Restoration of gut
epithelial barrier integrity by HAMSA diet was
evidenced by the increased expression of anti-
microbial peptides genes, IgA-secreting B cells and
production of IL-22 associated with protection
against infection. We demonstrate that SCFA
acetate, through GPR43 signalling, not only
induced the expansion of RORct+CD4+ T cells,
IL-22+ILC3s, but also was required for the
regulation of IELs, with significant increase of
IL-22+TCRab+CD8ab+CD103+ and IL-22+TCRcd+CD8aa+

CD103+ IELs cells to limit C. rodentium infection.
Thus, HAMSA diet activates and expands IL-22-
producing IELs via GPR43, which is central to aid
in preserving epithelial barrier integrity and
bacterial clearance.

While many studies have used oral
administration of SCFAs in drinking water, that
approach does not model physiological sustained
release and absorption of SCFAs in the
colon,53,54questioning their physiological role and
translational application. As such, SCFA
administration in drinking water at higher than
physiological levels has been associated with
dysregulated T-cell responses and tissue
inflammation in the renal system.54 It is known
that SCFAs acetate and particularly butyrate
differentially affect bacterial growth and
pathogenesis.55 In addition to the beneficial
effects of SCFAs by limiting bacterial growth and
A/E lesions induced by pathogenic E. coli, when
acetate or butyrate is given in the form of
acylated resistant starch, it not only becomes an
effective vehicle for increasing SCFAs in the

gut11,56 but also promotes fluid and electrolyte
uptake to promote oral rehydration therapy in a
rat model of cholera.57 Furthermore, the
composition of these acylated high amylose
starches may also promote the adhesion of
bacteria to starch in the gastrointestinal tract, as
it has been shown that Vibrio cholerae, a gram-
negative pathogen that causes cholera, adhere to
granular corn-starches in vitro.58 Likewise, acetate
delivered to the large bowel of mice fed
acetylated high amylose maize starch (HAMSA)
improved survival against EHEC O157:H7 infection
by promoting acetate-producing bacteria.9 The
high amylose starches not only work as carriers of
SCFAs, but also may work by ‘encapsulating’ the
pathogenic bacteria and impeding their
attachment59 to the mucosal barrier,58 which
might explain the reduction in C. rodentium
colonisation at 22 DPI in the faeces. Acetate diet
can act synergistically by boosting the commensal
microbiota growth, stability and their beneficial
physiological effects,60 and slowing down the
growth of C. rodentium, when the access of
glucose becomes limiting.61 In line with this, the
administration of SCFAs, via dietary form,
constitutes an effective and physiological way to
increase the concentration of SCFAs to achieve
beneficial effects.3,9,10

The fact that HAMSB-delivered butyrate
concentrations did not ameliorate the severity of
C. rodentium infection, even though they had
bacteriostatic effects, suggests that HAMSB diet
may not be sufficient to modulate the innate
immune response as effectively as HAMSA
supplementation. Our results highlight the critical
importance of contrasting the effects of high and
low concentrations of acetate and butyrate in
modulating the immune system and challenge the
current notion that high concentrations of SCFAs
are needed for a beneficial outcome. Our data
also provide insights into new approaches to
maximise the efficacy of delivery of SCFAs.

Perturbations in the composition of the gut
bacteria communities result in a critical reduction
in production of the SCFAs necessary to maintain
a healthy gut homeostasis. We found that
increased acetate was associated with changes in
the activity of Bacteroides genus. Our proteomic
data showed altered proteins involved in acetate
production and starch degrading associated with
Bacteroides thetaiotaomicron and Parabacteroides
distasonis, a commensal member of the gut
microbiota, supporting bacteria functional
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changes. As such B. thetaiotaomicron can degrade
starches and produce butyrate.62 Although
Bacteroides can have beneficial effects in health,63

it has been reported that interaction between
B. thetaiotaomicron and the enteric pathogens
can enhance virulence and infection
progression.64,65 Furthermore, HAMSA feeding
increased the proportion of an unknown
Alphaproteobacteria in the faecal microbiota,
similar to what has been observed in pigs fed a
resistant starch diet.66 Some Alphaproteobacteria
(e.g. the Escherichia genus of which E.coli is a
member) are beneficial to human beings27,28 and
the environments in general, others are
pathogenic and thus cause diseases. Reports show
that Alphaproteobacteria has a particular
interaction with the host induced during
infection.67 In sublethal influenza infection within
the Proteobacteria phylum, the proportion of
Alphaproteobacteria and Gammaproteobacteria
(Escherichia genus) classes increased, whereas
Betaproteobacteria (Sutterella genus) decreased.68

However, little is known about the role of
Alphaproteobacteria in immunity. In both
uninfected and infected mice, substantial changes
in the microbial protein profile were induced by
HAMSA including proteins involved in acetate
utilisation, starch and sugar degradation and
amino acid metabolism.

In different natural ecosystems like soil and
groundwater, from the oxidation of organic
compounds to reduce iron, Alphaproteobacteria
produce significant amounts of acetate and to
lesser extent propionate but not butyrate.69,70

Alphaproteobacteria uses the glyoxylate cycle in
the conversion of Coenzyme A to succinate to
grow in the presence of acetate.71 These are
central pathways in metabolism and catabolic
routes like glycolysis, fatty acid beta-oxidation,
carbohydrate and amino acid degradation,71

which were impacted in HAMSA-fed mice as
shown by our microbial proteomic data
(Supplementary figure 4 and Supplementary
table 2, Supplementary table 3). Other bacteria
with an altered proteome in response to HAMSA
included acetate-producing and starch degrading
bacteria P. distasonis. Other studies utilising
resistant starch feeding have observed an increase
in P. distasonis abundance11 suggesting these taxa
may utilise the HAMSA starch and release acetate.
Within the microbiota as a whole, bacterial
proteins upregulated by HAMSA in infected mice
included proteins involved in bacterial metabolism

of glycine, serine and threonine. Non-essential
amino acids such as glycine produced by the
microbiota are thought to have beneficial effects
on the host including protective effects on the
intestinal epithelium from damage caused by
oxidative stress or DSS induced colitis.72 Likewise,
dietary serine is required for T-cell expansion and
promote T-cell activation and effector function.73

Interestingly, we observed that increased dietary
serine protein in HAMSA-fed mice was associated
with increased CD4+ T-cell expansion and
activation status as shown by increased expression
of RORct and IL-22. Acetate utilisation by bacteria
drives a metabolic ‘switch’, which drives bacteria
into the TCA cycle and gluconeogenesis producing
precursor molecules for biosynthesis of amino
acids, nucleotides, co-factors and vitamins,74

consistent with the functional changes we
observed in the proteome. This implies SCFAs,
particularly acetate, may target bacterial
metabolism critical for colonisation, growth and
competition for nutrients.75,76

In addition to directly acting on pathogenic
bacteria, our studies demonstrate high
concentrations of acetate in faeces represent a
key factor in maintaining gut integrity during
infection. Acetate and butyrate are also used by
epithelial cells (ECs) as an energy source.77,78 We
found that acetate particularly has multifactorial
properties that are effective at reducing the
pathogenesis of C. rodentium infection by
inducing IEC-producing anti-inflammatory
cytokines and increasing the abundance of
proteins linked to wound healing, cell adhesion
and microvillus regulation, as shown in the
proteomic data. Likewise, HAMSA diet was
effective at preventing the shortening of the
colon following infection, along with increased
levels of Muc-2 expression an important
component of the mucous barrier that is reduced
in colitis.79 Mice deficient in MUC-2 were lethally
susceptible to C. rodentium, highlighting its
essential role in gut health.80 The Muc-2 gene is
required for the production of mucus, and anti-
microbial peptides such as b-defensins
expression.81 Overall, this is consistent with the
role of acetate assisting in epithelial repair by
promoting mineral absorption, mucin production
and expression of anti-microbial peptides82 and
generally improved mucosal immune
functions.9,10,83,84

Both innate and adaptive arms of the immune
response are required to resolve C. rodentium
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infection. Innate cells and CD4+ T cells can both
secrete IL-22.17,85-87 During early infection with
C. rodentium, ILC3s are the major producers of IL-
22.88,89 Meanwhile, other innate cells such as
TCRcd cells secrete IL-22 at later stages of the
infection.86,87 HAMSA did change the frequency
and numbers of IL-22+CD4+ T cells and IL-22+ILC3s
in the LP as shown previously.21 Moreover,
HAMSA diet increased IL-22+TCRab+CD8ab+CD103+

and IL-22+TCRcd+CD8aa+CD103+ T cells in infected
mice, which correlated with ameliorated clinical
scores. It has been shown that SCFAs increase the
production of vitamin A,90 which stimulates IL-22
production from TCRcd+CD8aa+ T cells.91,92 On the
other hand, mucosal CD8ab+TCRab+ induced IELs
maintain a long-term effector phase with
repeated challenges, as they are functionally more
mature and show an enhanced and sustained
cytotoxic effector phenotype than memory T cells
from the spleen or other tissues.93 Although it is
known that GPR43 is expressed on the gut
epithelium and a myriad of immune cell subsets,7

for the first time we reveal that HAMSA-
delivering acetate via GPR43 stimulates IELs-
producing IL-22.

In the colon, the IELs are highly specialised
lymphoid cells that play an important
immunoregulatory function and help to maintain
tolerance to commensal bacterial and food
antigens alongside anti-microbial responses to
pathogenic bacteria.94,95 The remarkable effects
of acetate/GPR43 on IL-22-producing IELs have not
been studied. Just recently it has been shown that
SCFAs impact on ILC3s via GPR43.21,47 Acetate/
GPR43 can modulate TCRcd+ CD8aa+ CD103+ IELs
evidenced by enhanced anti-microbial effectors
such as Rorct, Ltbr and Kgf, which are required to
control microbial load and bacterial composition
within intestinal epithelial cells.95,96-98 Indeed, IELs
have been linked with a protective memory
response against mycobacterial infection,99 and
TCRd-deficient mice are fatally compromised in
their resistance to lung infection by the bacterium
Nocardia asteroids.100 TCRcd+ and TCRab+ IELs
have been shown to have dynamic and distinct
migratory patterns and regulatory functions
within the intestinal epithelium.101-103 We have
shown that high acetate-yielding diets may
influence the retention and function of both
TCRcd+CD8aa+CD103+ and TCRab+CD8ab+CD103+

IELs in the gut. The HAMSA-modified gut
microbiota may mediate immunoregulatory

mechanisms dependent on TCRcd+CD8aa+

activation of cytotoxic properties within
TCRab+CD8ab+ IELs by inducing IL-22, as they
typically encounter commensal bacteria rather
than invasive pathogenic microorganisms.
Following infection, protein clusters that were
altered by HAMSA diet included Npc2, which is
involved in lysosomal acidification and all-trans
retinoic acid triggered anti-microbial activity104

(Supplementary table 2). Taken together, these
findings demonstrated that changes in
TCRab+CD8ab+ and TCRcd+CD8aa+ IEL function
may be a major mechanism in breaking the
homeostasis of IELs in Gpr43�/� mice.

CONCLUSION

We demonstrate the impact of an engineered
acetate-releasing diet in subverting access of a
pathogen (C. rodentium) to the host. Our core
data showed that dietary SCFAs modulate the gut
microbiota function and composition, mucosal
immune system and host proteins to promote
protection against gut infection. This initial work
lays the groundwork for future studies by asking
if this dietary technology is efficient to shape
mutualism and if SCFAs as dietary
supplementation can be used as novel mucosal
therapy for a number of human infections.

METHODS

Mice

Pathogen-free C57Bl/6J mice were obtained from the
Monash Animal Research Platform, Melbourne Australia.
Gpr43�/� and Gpr109�/� mice105 were obtained from our
own specific pathogen-free breeding colony at Monash
Animal Services. From weaning, 4-week-old mice were
acclimatised and randomly mixed between cages three
times per week to homogenise the gut microbiota, prior to
C. rodentium inoculation. Mice were aged 8–10 weeks at
the starting point of experiments. Control mice for
knockout (KO) mice were age- and gender-matched with
conventional C57Bl/6J mice and Gpr43+/+ littermates. Same
cohort of mice were used for SCFA and microbiome
analysis. See Supplementary table 1 for a complete
description and formulation of the rodent diets. All
experimental procedures involving mice were carried out
according to protocols approved by the relevant Animal
Ethics Committee of Monash University, Melbourne,
Australia and complied with the NHMRC Australian code of
practice for the care and use of animals for scientific
purposes, as well as the ARRIVE guidelines,106 including
sample randomisation and blinding.
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Administration of diets and infection with
C. rodentium

Mice were fed their respective diets ad libitum for 3 weeks
prior and during induced infection and continued until the
endpoint of the experiment. Mice were orally gavaged with
200 µL of nalidixic acid resistant C. rodentium suspension in
PBS (strain ICC169) ~3-5 9 108 colony forming units (CFU).
Control groups were vehicle-treated non-infected mice. The
number of viable bacteria used was determined by
retrospective plating. Over the 14- or 21-day monitoring
periods, mice were weighed and monitored daily for stool
appearance and consistency as clinical score. Stool scores:
0 = normal stool; 1 = soft stool; 2 = diarrhoea;
3 = diarrhoea and anal bleeding. Upon sacrifice, number of
viable bacteria per gram of faeces and colon were
determined by serial dilution and plating on LB agar plates
supplemented with nalidixic acid.

SCFA analysis

SCFAs in faeces were analysed as previously described.107 In
brief, faecal samples were stored at –80 °C until processing
and acetate and butyrate were measured by gas
chromatography after liquid-liquid extraction. Briefly,
conventionally SCFA are directly measured without
derivatisation after solvent extraction using specialised
polar phase GC-MS Phenomenex Zebron ZBFFAP column
(Phenomenex, Torrance, California). 200 lL of supernatant
was mixed with internal standards (50 µL of 200 µM
heptanoic acid internal standard and 50 µL of 10%
sulfosalicylic acid). Samples were transferred into the glass
test tubes containing 30 µL of 0.2 M NaOH and mixed
vigorously. Samples were centrifuged, and the upper ether
layer was removed and dried at 40 °C. A volume of 30 µL of
cold phosphoric acid (1 M) was pipetted and mixed with
pellet to dissolve it properly and then transferred into the
GC vials. The residue was re-dissolved in 30 lL of 1 M
phosphoric acid in a glass insert GC vial. Samples were
analysed on an Agilent 7890A gas chromatograph (Agilent
Technologies, Santa Clara, California). Peaks were detected
with a flame ionisation detector at 210 °C and identified
and quantitated against calibration standards over the
range 0–400 mM. Intra-assay CVs were 14.2%, 11.8% and
10.3% for acetate, propionate and butyrate, respectively.

Mouse infection and enumeration of
bacterial load in faeces

Citrobacter rodentium strain ICC169 was cultured in Luria-
Bertani (LB) broth supplemented with 50 µg mL–1 Nalidixic
acid overnight and then pelleted by centrifugation and
resuspended in sterile PBS. Mice (6 to 8 weeks old, male
and female) were inoculated by oral gavage with 200 µL of
approximately 5 x 108 CFU of C. rodentium. The viable
count of the inoculum was determined retrospectively by
plating dilutions of the inoculum onto LB agar with
50 µg mL–1 Nalidixic acid. C57.Gpr43�/� mice were fed a
diet of either HAMS or HAMSA only. Mice were weighed
every day for 14 days and faecal samples collected at day 4,
8, 10 and 14 post-infection for enumeration of CFU. The

viable bacterial count per 100 mg of faeces was determined
by plating serial dilutions of faeces onto media containing
50 µg mL–1 Nalidixic acid for selection.

Histopathological analysis of mouse colons

Colons from representative groups of infected and
uninfected C57BL/6 or C57.Gpr43�/� mice fed on either
HAMS, HAMSA or HAMSB were collected following
euthanasia at 14 DPI. The tissues were fixed in 4% (wt/vol)
paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA), then
sectioned for H&E staining (University of Melbourne
Histology Department) and assessment of gut pathology
(APN Network, University of Melbourne). The scoring
system (0 to 3) was used by a blinded veterinary
pathologist to quantitate the morphological changes in
tissue damage represented as follows: 0 = no damage,
1 = discrete lesion, 2 = mucosal erosion and 3 = extensive
mucosal damage/ulceration (extending into muscularis and
deeper); inflammatory infiltrate as follows: 0 = occasional
infiltration, 1 = increasing leucocyte in lamina propria,
2 = confluence of leucocytes extending into submucosa and
3 = transmural extension of inflammatory infiltrate; and
epithelial hyperplasia represented as: 0 = none, 1 = mild,
2 = moderate and 3 = severe. Eight measurements were
taken from each section of distal colon from at least three
individual mice per group.

Growth curve of C. rodentium
supplemented with sodium acetate or
sodium butyrate

Citrobacter rodentium was tested for its ability to grow in
Luria-Bertani Broth (LB) supplemented with various
concentrations of either sodium acetate (500 mM, 250 mM,
125 mM, 60, mM, 50 mM) or sodium butyrate (500 mM,
250 mM, 125 mM, 60, mM, 35 mM). C. rodentium ICC169
was streaked onto LBA supplemented with 50 µg mL–1

Nalidixic Acid and incubated overnight at 37 °C. The
following day, a single colony was inoculated into 10 mL of
LB and incubated overnight at 37 °C in a shaking incubator.
The following day, a subculture was prepared using a 1:100
dilution, where 50 lL of overnight culture was added to
5 mL of LB and incubated in a shaking incubator at 37 °C
for 3 h. The optical density (OD600) was measured to
standardise the culture to 0.1 in each media type (LB, LB
plus sodium acetate, or LB plus sodium butyrate). Samples
were prepared in across two 96-well trays, one for
measuring growth under aerobic conditions and the other
for measuring growth under anaerobic conditions. Samples
were prepared in triplicate, each well containing 200 lL of
bacteria culture, or media alone as a blank. A CLARIOstar
plate reader (BMG Labtech, Offenburg, Germany) was used
to read the aerobic plate at and OD600 every 30 min for
24 h. A second plate reader, a FLUOstar OMEGA (BMG
Labtech) fitted with a nitrogen gas injector device, was
used to measure anaerobic growth. For both instruments,
programme settings were set to 50 cycles multiplied by
1800, with double-orbital shaking set to 200 rpm and
temperature at 37 °C. Each experiment was performed
three times.
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Sequencing and bioinformatics

Bacterial genomic DNA from faeces was extracted using
QIAamp DNA stool mini kit (QIAGEN). DNA samples were
amplified targeting the V1-V3 region of bacterial 16S rRNA
gene using forward primer 50-AGAGTTTGATCCTGG-30; and a
reverse primer, 50-TTACCGCGGCTGCT-30 and sequenced
using Roche 454 GS FLX + sequencer. Bioinformatics analysis
was performed with Quantitative Insights into Microbial
Ecology (QIIME) software. Chimeric sequences were
detected and removed using the Pintail algorithm108 and
de-noised and error-corrected with Acacia.109 OTUs were
picked de novo at 97% sequence identity using the UCLUST
algorithm in QIIME. Taxonomies were assigned in QIIME
using BLAST against the Greengenes database.110 The
Pearson correlation-based network showing relationships
between SCFA acetate, butyrate and propionate
concentrations detected in mouse faeces and bacterial
genera was visualised in Calypso.111 The data from the
bacteria DNA sequencing are publicly available in MG-RAST
database (accession code mgl640446).

Real-time quantitative PCR analysis

RNA from the colon was extracted and converted to cDNA
using Tetro cDNA synthesis kit (Bioline, Cincinnati, OH, USA)
using oligo (dT)18 primers to amplify mRNA. qPCR was
performed using AccuPower� 2X GreenstarTM qPCR Master
Mix (Bioneer, Daejeon, South Korea) or QuantiNova SYBR
Green PCR Kit (Qiagen, Hilden, Germany) on the CFX384
Touch Real-Time PCR Detection System following
manufacturer’s instructions (Bio-Rad, Hercules, CA, USA). All
expression were standardised to the housekeeping gene b-
actin. Gene expression of virulence genes Tir and EspB were
normalised to 16S. Primers used are shown in
Supplementary table 5a.

Isolation of colonic epithelial cells and
immune cells from the colon and MLNs

Draining lymph nodes within the mesenteric lymph nodes
(MLNs) were carefully removed and dissociated through a 70-
lm filter into FACS buffer as previously shown.112 Isolation of
immune cells from colon lamina propria and intraepithelial
layer was performed as previously described.113,114 Colons
were dissected and mesenteric fat was removed. Colons were
cut open longitudinally, washed with PBS to remove faeces
and debris, cut into 0.5–1 cm pieces and incubated in PBS
containing 5 mM EDTA, 1 mM DTT and 5% FBS for 20 min on
a shaking platform (37 °C, 200 rpm). After being vortexed
vigorously for 10 s, the dissociated cells containing IECs and
IELs were collected by filtering through a 40-lm cell strainer
and centrifuged at 1500 rpm at 4 °C for 5 min. Pelleted cells
were layered on a 40%/70% Percoll gradient (Sigma-Aldrich)
and centrifuged at 1,000 x g at room temperature for
20 min. IECs were collected from the top layer and pelleted
for RNA extraction. IELs were collected from the 40%/70%
interphase, washed with PBS and resuspended in FACS
buffer. For the isolation of lamina propria immune cells, the
remaining colonic tissues were digested in HBSS containing
0.5 mg mL–1Collagenase IV (Gibco, Waltham, MA, USA),

40 µg mL–1 DNase I (Roche, Basel, Switzerland) and 10% FBS
for 45 min on a shaking platform (37 °C, 200 rpm). Cells were
pelleted by centrifuging for 5 min (4 °C, 1500 rpm) and
resuspended in FACS buffer for analysis by flow cytometry.

Flow cytometric analysis

Single-cell suspensions were stained with a combination of
fluorescence conjugated monoclonal antibodies. For surface
marker staining, antibodies against CD3, CD4, CD8a, CD8b.2,
TCRc/d, TCRb, CD103, CD25, CD90.2, CD19, CD45 and Ly6G
were used. Intracellular staining was performed using Foxp3/
Transcription Factor Staining Buffer Set (eBioscience, San
Diego, CA, USA) using antibodies against FOXP3, IL-17A,
RORct, IL-22 and IgA. All antibodies (Supplementary
table 5b) were purchased from BD Biosciences (San Jose, CA,
USA), eBioscience or BioLegend (San Diego, CA, USA).
Samples were acquired using BD LSRII or LSRFortessa flow
cytometers (BD Biosciences) and analysed with FlowJo
version 9.3.2 (Tree Star, Inc., OR, USA).

In vitro IELs stimulation assay

Freshly isolated IELs (5 x 104) from the colon of 8 to 12-
week-old C57BL/6J and C57.Gpr43�/� mice were stimulated
or not with 40 ng mL–1 PMA (Sigma-Aldrich) and 4 lg mL–1

ionomycin (Sigma-Aldrich) for 4 h in complete RPMI 1640
media. Sodium acetate (50 mM) or sodium butyrate
(30 mM) was added where indicated. At the end of the
stimulation period, cells were pelleted, immediately lysed
with RLT buffer (RNeasy Mini kit, Qiagen) and stored at
�80 °C until real-time PCR analysis.

Proteomics and bioinformatics

Faecal samples were collected from the colon at time of
cull, immediately frozen on dry ice, and stored at �80 °C.
Soluble protein extracts, peptide digests and mass
spectrometry were performed as previously described.29

Peptide spectrum matching followed by protein inference,
grouping and quantitation was performed using the
MetaPro-IQ strategy with exceptions as follows.115 The X!
Tandem algorithm was implemented using RTandem and
the final database search was performed with Spectrum
Mill (Agilent, Santa Clara, CA, USA). Briefly, each raw file
was first converted to mgf format using msconvert
(Proteowizard) and searched against a custom database
containing protein predictions from mouse metagenomics
experiments116 and the reference mouse proteome from
Uniprot. Proteins identified in this search were then
extracted into sample-specific databases, and the spectra
were re-searched for the corresponding sample. All proteins
identified in this second search were combined into a final
non-redundant database and spectra were searched a final
time using Spectrum Mill (Agilent).

Carbamidomethylation of cysteine was included as a fixed
modification. Oxidation of methionine and deamidation of
asparagine were considered as variable modifications. A
maximum of two missed cleavages was allowed. A decoy
database, prepared by reversing the search database, was
searched to determine thresholds to achieve a false discovery
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rate of 0.01 Proteins which shared 1 or more peptide were
grouped. Proteins with only a single detected peptide were
discarded. Proteins detected in fewer than 9 of 19 mice were
excluded from univariate and multi-variate analysis.
Microbial proteins were assigned to KEGG orthologs using
BlastKOALA. Intensities for microbial and human proteins
were each scaled to the sum of the total microbial and
murine intensities, respectively, and normalised by constant
log ratio transformation with an offset corresponding to the
minimum detected intensity across the dataset. The mass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE117 partner
repository with the dataset identifier PXD008149.

Statistical analysis

GraphPad Prism (San Diego, CA, USA) (version 8.3.1) was
used to perform statistical analysis. For comparisons
between more than two independent groups, one-way
ANOVA and two-way ANOVA with Bonferroni’s multiple
comparison test was performed. Data are shown as
mean � S.E.M. as noted. P-values less than 0.05 were
considered significant. Each data point represents a
biological, not technical, replicate. Disease incidence studies
were analysed using two-way ANOVA with Bonferroni’s
multiple comparison test. Exclusion criteria are described in
each Methods section. For proteomics data, one-way
ANOVA, presented as false discovery rate (FDR < 0.05), was
performed to identify proteins with significance threshold
associated with infection or diet followed by Tukey post
hoc tests. Correction for multiple hypotheses was
performed according to the method of Benjamini and
Hochberg approach using R package.118 ****P < 0.0001,
***P < 0.001, **P < 0.01, *P < 0.05.
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