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ABSTRACT

Enterotoxigenic Escherichia coli (ETEC) is one of the most common causes of acute traveler’s
diarrhea. Adhesins and enterotoxins constitute the major ETEC virulence traits. With the dramatic
increase in antibiotic resistance, probiotics are considered a wholesome alternative to prevent or
treat ETEC infections. Here, we examined the antimicrobial properties of the probiotic
Saccharomyces cerevisiate CNCM [-3856 against ETEC H10407 pathogenesis upon co-
administration in the TNO gastrointestinal Model (TIM-1), simulating the physicochemical and
enzymatic conditions of the human upper digestive tract and preventive treatment in the
Mucosal Simulator of the Human Intestinal Microbial Ecosystem (M-SHIME), integrating microbial
populations of the ileum and ascending colon. Interindividual variability was assessed by separate
M-SHIME experiments with microbiota from six human individuals. The probiotic did not affect
ETEC survival along the digestive tract. However, ETEC pathogenicity was significantly reduced:
enterotoxin encoding virulence genes were repressed, especially in the TIM-1 system, and a lower
enterotoxin production was noted. M-SHIME experiments revealed that 18-days probiotic treat-
ment stimulate the growth of Bifidobacterium and Lactobacillus in different gut regions (mucosal
and luminal, ileum and ascending colon) while a stronger metabolic activity was noted in terms of
short-chain fatty acids (acetate, propionate, and butyrate) and ethanol production. Moreover, the
probiotic pre-treated microbiota displayed a higher robustness in composition following ETEC
challenge compared to the control condition. We thus demonstrated the multi-inhibitory proper-
ties of the probiotic S. cerevisiae CNCM |-3856 against ETEC in the overall simulated human digestive
tract, regardless of the inherent variability across individuals in the M-SHIME.
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Introduction

The number of diarrheal diseases related to enter-
otoxigenic Escherichia coli (ETEC) amounts to
44 million cases annually and represents one of
the leading causes of morbidity in countries or
regions with limited access to resources, such as
safe drinking water'. ETEC is also one of the most
frequent bacterial causes of diarrhea for people
traveling in damp tropical regions, including mili-
tary personnel deployed in these areas.’
Sporadically, such infections extend to industria-
lized nations of temperate regions.* ETEC virulence
is initiated by a large set of colonization factors and

adhesins (e.g., CFA/I, FimH) mediating attachment
to the intestinal epithelial cells in distal part of the
small intestine. The subsequent release of heat
labile (LT) and/or heat stable (ST) enterotoxins
leads to the onset of profuse watery diarrhea and
consecutive dehydration.’

ETEC infections are treated according to general
clinical recommendations applicable to diarrheal
episodes with standard treatment of care including
antibiotic therapy in the case of acute diarrhea.®™®
Prophylactic strategies or therapies specifically tar-
geting ETEC pathogenesis are currently not avail-
able on the market. The lack of such targeted
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approach, the absence of successful preventive
measures against ETEC and moreover the dramatic
increase of antibiotic-resistance and its concomi-
tant health repercussions further challenge the
health-care system,”'° highlighting the importance
to expedite the development of prophylactic natural
approaches. In this context, probiotics are consid-
ered a wholesome alternative.

The last two decades of probiotic research have
established scientific support for the use of bacterial
and yeast probiotic strains by showing interference
with ETEC survival, adhesion to mucins and/or
expression of virulence genes.” However, most of
these studies were carried out in piglets with ETEC
F4" or F5" strains that are strongly associated with
neonatal and post-weaning enteric colibacillosis in
animals, but wunlikely to be pathogenic in
humans.'"'* Health effects from bacterial patho-
gens are strain dependent. Therefore, assessing pro-
biotic strategies against human ETEC pathotypes
requires studies on human strains with an experi-
mental setup that is representative for the human
gut. For obvious reasons, reports on human trials
are limited. Only two human clinical trials have
investigated the prophylactic effect of probiotics
when orally challenged with live attenuated
human ETEC strains.">'* Unfortunately, the use
of a single strain of Lactobacillus acidophilus or
a blend of probiotic bacteria and yeast in these
studies failed to provide convincing evidence to
use probiotics in the prevention of ETEC-
associated symptoms. Other studies with probiotics
administered prophylactically such as
Saccharomyces cerevisiae var. boulardii have
shown a significant reduction in the risk of con-
tracting traveler’s diarrhea, yet the etiology behind
this protective effect remains unknown.'>'® An
expert panel of the International Society of Travel
Medicine concluded that evidence is insufficiently
available to recommend the use of commercial pre-
or probiotics to prevent or treat traveler’s
diarrhea.'® We previously set out to investigate
the anti-infectious properties of the probiotic
Saccharomyces cerevisiae CNCM 1-3856 against
the human ETEC reference strain H10407."” This
probiotic was found to display beneficial effects
against enteric E. coli pathogens'®?° including
ETEC H10407 in in vitro batch cultures, intestinal

epithelial cell cultures and in an in vivo mouse
model."”

The purpose of the present study was to investi-
gate the modulatory effects of the probiotic
S. cerevisiste CNCM 1-3856 on the dynamics of
ETEC H10407 survival, physiological state and its
virulence features, along successive human gastro-
intestinal niches from stomach to ascending colon
simulated by using complementary in vitro diges-
tive models, the TNO gastrointestinal Models
(TIM-1) and Mucosal Simulator of the Human
Intestinal Microbial Ecosystem (M-SHIME). The
capacity of the probiotic to shape the functionality
and composition of the gut microbial ecosystems
was explored by means of next-generation 16S
rRNA gene amplicon sequencing.

Results

Probiotic treatment has no direct inhibitory effect
on ETEC survival in the in vitro gut

The overall study design from the two complemen-
tary models TIM-1 and M-SHIME is presented in
Figure 1. The fate of the probiotic S. cerevisiae was
followed up in the upper (Figure 2 (a-d)) and lower
simulated gastrointestinal tract (Figure 2(e-f)) by
plate counts. Probiotic survival in TIM-1 was not
impacted by gastrointestinal stressors, such as low
gastric pH or bile salts (Figure 2(a-d)). In
M-SHIME, administration of the probiotic at
a dose of 7.5 log; mL™! twice a day was sufficient
to maintain a concentration between 5 and 6 log;,
mL ! over time, in mucosal and luminal regions of
ileum and ascending colon (Figure 2(e-f)).

Plate count-based analysis of gastric or intestinal
effluents from TIM-1 revealed no significant differ-
ence in ETEC survival when S. cerevisise CNCM
1-3856 was co-administered at 7.4 log;, CFU mL ™"
or not (Figure 3(a-d)). ETEC was neither affected
by S. cerevisiae in presence of a simulated human
gut microbiota. Targeting the ETEC specific gspD
gene to cope with the complexity of a background
microbiota, qPCR analysis of luminal and mucosal
samples from terminal ileum and proximal colon
regions from M-SHIME did not show ETEC to be
negatively affected by continuous probiotic treat-
ment (Figure 3(e-f)). This was biologically
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Figure 1. TIM-1 and M-SHIME set-up. (a) Picture of the TIM-1. Gastro-intestinal digestions (without microbiota) were performed in 3
separated conditions, in quadruplicate: (i) control experiment consisted of feeding the stomach compartment with mineral water
(200 mL) experimentally contaminated with ETEC (7.5 log,q CFU mL™"); (ii) probiotic control condition consisted in the administration
of the yeast S. cerevisiae alone (7.5 log;o CFU mL™"); and (iii) probiotic treatment condition consisted in the co-administration of ETEC
(7.5 log1o CFU mL™") and the probiotic yeast (7.5 log;o CFU mL™"). (b) Picture of the M-SHIME system mimicking the digestive and
fermentative conditions. The stomach (STO) /combined duodenum-jejunum (SI) vessel was connected to three ileum bioreactors
coupled to three respective ascending colon vessels. The run was performed twice (in total six distinct microbiota from healthy
individuals). Each microbiota has been cultivated in parallel under 2 conditions, probiotic vs control. Probiotic treatment consisted of
yeast S. cerevisiae CNCM 1-3856 resuspended in 30 mL sterile water (7.5 log;o CFU mL™") and added in the SHIME stomach, twice a day
(9 a.m and 5 p.m) during 18-days from day 2 to 20. Under control condition, a sham treatment with 30 mL sterile water was performed
during day 2 to 20. In addition, ETEC challenge was tested under both conditions, and the pre- (negative ETEC control) vs post-ETEC
(positive) infection were discriminated as following: (i) the days 7 to 12 were kept as pre-infection period; while (i) at day 13, both
control and probiotic treated systems were challenged with ETEC by inoculation of 7.5 log;o CFU mL™" in SHIME ileum vessels, defining

days 13 to 20 as post-infectious period.

reproducible across experiments with microbiota
from all six donors. Altogether, these results sug-
gest that the probiotic yeast does not elicit a direct
inhibitory effect toward ETEC survival.

Probiotic treatment affected ETEC membrane
integrity in the upper digestive tract

Viability staining and subsequent flow cytometry
analysis of TIM-1 samples revealed four different
ETEC subpopulations. By gating on the cytogram,
ETEC cells were distinguished from the probiotic S.
cerevisiae cells when co-existing in the same med-
ium (Supplementary Data Figure S1). As viability
staining primarily depends on bacterial cell wall
permeability, these subpopulations reflect the
degree of damage of ETEC cells (Figure 4 (a-b)).
The probiotic treatment tended to increase the
number of damaged and dead ETEC cells over
time compared to the control condition, both for
gastric and ileal effluents (Figure 4 (a-b)). Gastric

effluents displayed a clear shift from viable/
damaged cells under control conditions to
damaged/dead cells under probiotic condition
(Figure 4a). Consequently, at the end of the gastro-
intestinal digestion (300 min in the ileal effluents),
about 25% of the total ETEC cells entering the
colon had an intact membrane under control con-
ditions, compared to 19% under probiotic supple-
mentation (Figure 4b). In luminal phase of the
M-SHIME, due to complex microbial background,
ETEC specific PMA-qPCR was applied to analyze
ETEC viability (Figure 4c-d). Averaging the results
from all six M-SHIME runs, no difference in live/
death ratios for ETEC from ileum and ascending
colon samples were found between probiotic treat-
ment and control (Figure 4c-d). Clear interindivi-
dual differences were, however, noted. M-SHIME
ileum from donor 3 and 5 displayed a clear drop in
ETEC viability under the probiotic condition. For
instance, a fall of 22% ETEC viability was found in
donor 3, 27 h post-infection (Figure 4c). Yet, this
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Figure 2. Dynamics of the probiotic yeast S. cerevisiae survival along the in vitro human gastrointestinal tract. (a, b, ¢, d) Average of the
probiotic yeast log;o CFU mL™" + SD (n = 4) (in orange), determined by plate counts in each gastrointestinal region reproduced by TIM-
1 system compared with an inert non-absorbable transit marker indicating 100% survival (in pink). Probiotic curves below that of the
transit marker reflect cell mortality, while curves above the transit marker are indicative of a growth. The level of the pH in each region
is indicated by a green dashed line. No statistically significant difference over time between the probiotic and the transit marker was
found, as determined by pairwise wilcoxon rank sum tests with holm correction. Confidence level intervals (95%) are displayed in gray.
(e, ) The number of probiotic yeast log,o CFU mL~" + SD, determined by plate counts, over 18-days fermentation in each microbial
niche reproduced by M-SHIME system. The experiment was repeated with the fecal microbial communities from six different healthy
donors. Average of these biological replicates is indicated with a “*" and the SD is shown. No statistically significant difference over time
between the probiotic and the transit marker was found, as determined by pairwise wilcoxon rank sum tests with holm correction.

decrease in viability was not consistent toward the
ascending colon. For instance, the probiotic treat-
ment favors the number of viable ETEC in donor 1
and 3, 29 h post-infection (Figure 4d).

ETEC membrane potential was followed up by
flow cytometry with DiOC,(3) staining in TIM-1
(Table 1). In response to probiotic treatment, ETEC
membranes were less polarized in gastric effluents.
A sharp depolarization was found after 60 min
gastrointestinal digestion in ileal effluents under

probiotic treatment, in comparison with control
condition (Table 1). Intracellular pH of ETEC
cells in all gastrointestinal regions simulated by
TIM-1 was not affected by probiotic amendment
(Supplementary Data Table S1).

Probiotic treatment affects ETEC-virulence

The expression of ETEC HI10407 virulence
genes was monitored in the simulated upper
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Figure 3. Effect of the probiotic treatment on ETEC survival along the in vitro human gastrointestinal tract over time. (a, b, ¢, d) Average
of the ETEC log;o CFU mL™" £ SD (n = 4) (in purple), determined by plate counts in each gastrointestinal region reproduced by TIM-1
system compared with ETEC co-administered with the probiotic S. cerevisiae (in blue). The level of the pH in each region (stomach,
duodenum, jejunum and ileum) is indicated by a green dashed line. (e, f) The ETEC log;o gspD copy number mL™" (in purple),
determined by qPCR, in each microbial niche reproduced by the M-SHIME system, compared with ETEC administered to a continuous
probiotic-treated microbial community (in blue). The experiment was repeated with the fecal microbial communities from six different
healthy donors. The average of these biological replicates is indicated with a “*" and the SD is shown. No statistically significant
difference over time between the control and probiotic conditions was found, as determined by pairwise wilcoxon rank sum tests with
holm correction. Confidence level intervals (95%) are displayed in gray, in each figure panel.

digestive tract with TIM-1 (Figure 5(a-b)) and
in the lower digestive tract lumen with
M-SHIME (Figure 5(c-d)). By averaging repli-
cates/donors, we compared over time the sta-
tistical difference of log, fold changes (log,FC)
in control versus probiotic treatment for genes
encoding for attachment and colonization fac-
tors (cfa/Ib, tia, imH), enterotoxin production
(eltB, estP) and enterotoxin release (leoA, tolC)
(Figure 5).

Simulation of the upper digestive tract in TIM-1
resulted in most of the virulence genes to be sig-
nificantly repressed during gastric conditions with
probiotic (Figure 5a), while ileal digestion with
probiotic displayed an overexpression of virulence
genes (Figure 5b). The genes encoding for ETEC
adhesins, fimH, tia, cfa/Ib genes were all signifi-
cantly repressed in gastric effluents under probiotic
condition, and significantly over-expressed in ileal
effluents (p < .05). Particularly, fimH gene encoding
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Figure 4. Effect of the probiotic treatment on ETEC physiological states in the in vitro human gastrointestinal tract over time. (a, b) ETEC
membrane integrity was measured by flow cytometry of live/dead stained samples in TIM-1. Four subpopulations were discriminated
after SYTO9 and Pl staining: intact membranes (green), partially damaged membranes (pale green), irreversibly damaged membranes
(pale pink) and dead cells (red). The bar plots represent the average percentages from two independent replicates over time under
control and probiotic conditions. (c, d) ETEC membrane integrity was measured by PMA-qPCR on the gspD gene 5 and 29 h post ETEC
infection (day 13) in the M-SHIME. The number of dead cells was obtained after deducting the number of viable cells from the total
ETEC cell count measured by gPCR. The bar plots in percentages are represented for each donor (1 to 6) under both control and

probiotic treatment conditions.

Table 1. Effect of the probiotic treatment on ETEC membrane
potential in TIM-1 system. According to the fluorescence inten-
sity (FI) ratio, membranes are considered to be depolarized (FI
ratio approaching 1) and polarized (Fl ratio exceeding 1.2). The
table shows the mean of two independent replicates + SD under
control and probiotic treatment conditions.

Digestive Time point  Fl ratio sample/ Fl ratio sample/
compartment (min) control treatment
Inoculum 0 1.39 £ 0.58 143 £0.15
Gastric effluents 20 1.78 £ 0.47 1.05 £ 0.79
60 1.33 £ 0.56 0.99 + 0.07
lleal effluents 60 2.52 £+ 0.65 0.49 + 0.05
120 245+ 0.14 1.79 £ 0.15
180 1.56 + 0.09 1.44 = 0.08
240 1.27 £ 0.07 1.63 =+ 0.24
300 1.40 + 0.02 1.21 £ 0.22

type 1 pili, exhibited a 3.6-fold induction under
probiotic treatment until 240 min, compared to

a — 1.7-fold repression under control condition
(p < .05) (Figure 5b).

The estP gene was repressed over time (log,
FC = —4) in stomach under probiotic treatment
while over-expressed the 10 first minutes (log,
FC = 5.5, p < .05) under control condition. An
opposite profile was found at 240 and 300 min in
ileal effluents with an over-expression of estP under
probiotic treatment (log,FC = 1, p < .05) (Figure 5
(a-b)). Under probiotic treatment no significant
change was observed for eltB gene encoding for
the LT toxin, while the leoA gene expression,
encoding for delivery of that toxin was variable
over time. The gene was significantly over-
expressed under probiotic treatment at 20 min in
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gastric effluents and 300 min in ileal effluents, (log,
FC = 1.5, p < .05) (Figure 5(a-b)).

In the M-SHIME (Figure 5(c-d)), a strong
donor-variability was found, resulting in few statis-
tically significant differences between probiotic and
control conditions over time. In ileum (Figure 5c),
the eltB, leoA, tia, and fimH gene expression pat-
terns were unchanged between control and probio-
tic conditions. Three hours post-infection in ileum,
although not statistically different, the estP gene

was over-expressed is many donors under control
condition (donors 1, 2 and 3, mean log,FC = 2.3)
but only in one donor, the donor 3 (log,FC = 1.3),
under probiotic treatment (Figure 5c¢). This was
also observed in ascending colon (Figure 5d), 20
h post-infection where the estP gene was signifi-
cantly more expressed (log,FC = 3, p < .05) for 3
out of 6 donors (donors 1, 2, 3) under control
condition. The eltB gene also displayed
a significantly reduced expression in ascending
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colon 5 h post-infection under probiotic treatment
for two donors (donors 1 and 2) with a 1.9-fold
induction, while five donors exhibited a mean of
3.5-fold over-expression under control condition
(p < .05) (Figure 5d). Interestingly, the two donors
2 and 3 displayed simultaneous over-expression of
the estP, leoA, tolC and fimH genes 5 h post-
infection in ascending colon with probiotic.
Finally, cfa/lb- mRNA was not detectable (not
amplified) in both ileum and ascending colon con-
trary to the TIM-1 system (Figure 5).

Probiotic treatment affects LT toxin production

No production of LT toxin was found upon gastric
digestion, neither under control nor probiotic con-
ditions (Figure 5e). The probiotic treatment gener-
ally tends to reduce LT toxin production in
cumulated ileal effluents, although variability
between replicate experiments was noted. At
240 min gastrointestinal digestion, a significant
decrease (p = .044) was found, with a mean produc-
tion of 393 + 114 pg mL ™" and 238 + 62 pg mL™"
under control and probiotic conditions, respec-
tively (Figure 5e). In M-SHIME ileum under pro-
biotic condition, an approximate 4-fold decrease of
LT was measured 20 h post-infection in ileum for
all donors that originally exhibited a high produc-
tion under control condition (donors 1, 2, and 3,
p =.048) (Figure 5f). In ascending colon, LT toxin
levels were highly variable between donors. Upon
probiotic treatment 5 h post-infection, a 3-fold
decrease was found for donors 1, 3, and 4, with
a decrease from 3660 to 1315 pg mL™" for donor 3
(Figure 5f). As an exception, donor 2 was the only
one responding in an adverse way to probiotic
treatment with an increase in LT toxin production
up to 9910 pg mL ™" 5 h post-infection in ascending
colon compared to control condition.

Probiotic treatment induces significant changes in
the microbial community structure in a
niche-dependent way

The evolution of the microbial community compo-
sition subjected to ETEC infection (day 13) was
assessed in M-SHIME, under control and probiotic
treatment by considering the overall time-period
from day 7 to 20. The microbial community at

phylum, genus, and OTU level was affected by
probiotic amendment in a donor and niche-
specific way (Figure 6a, Supplementary Data
Figure S2-7). The significant probiotic effect on
the overall microbial community structure was
confirmed by a distance-based redundancy analysis
(5.2%, p = .001) (Figure 6b). The gut region was,
however, the dominant explanatory variable
(19.5%, p = .001) (Figure 6b). Globally, considering
the overall time-period from day 7 to 20, ileum
lumen was less diverse than the other gut niches,
but given the large niche effect size, the changes in
microbial community abundance under probiotic
and control conditions were assessed for each gut
niche separately (Figure 7). The following genera
belonging to Firmicutes were enriched under pro-
biotic treatment in ascending colon lumen/mucus:

Butyricicoccus,  Clostridiales  (order),  Dorea
(OTU164), Faecalibacterium  (OTU6,  14),
Fusicatenibacter (0OTU70), Intestinimonas,
Roseburia (OTU88,98), and Ruminococcaceae

(OTU103) (p < .05) (Figure 7, Supplementary
Data Figure S$8-9). Furthermore, in ascending

colon/ileum lumen/mucus probiotic induced
increases in Lactobacillus (OTU65,68),
Bifidobacterium  (OTUA47,83,151),  Citrobacter

(OTU19), Enteroccoccus (OTU55,77), Providencia
(OTU80), and Veillonella (OTU9) abundance,
while Achromobacter (OTU60), Akkermansia
(OTU107), and Klebsiella (OTU115) were signifi-
cantly decreased (p < .05) (Figure 7, Supplementary
Data Figure S8-9).

Probiotic-treated microbiota displayed higher
robustness following ETEC infection

To examine the effect of ETEC infection on pro-
biotic pre-treated versus control-microbiota, ETEC
pre-infection (from day 7 to 12) and post-infection
(from day 13 to 20) communities were compared in
each gut niche (Figure 8). Globally, most of signifi-
cant microbial changes (p < .05) following ETEC
infection happened under control condition in
ileum mucus (+ 10% of affected genera abundance,
Figure 8b, Supplementary Data Figure S10-11) with
an upsurge of rare genera such as Mycobacterium
(OTU201), Flavobacteriaceae (OTU130,152,193),
Achromobacter, Demequina (0OTU144),
Cellvibrionales (OTU482) replacing the pre-
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Figure 6. Microbial community composition in the M-SHIME according to the donor, gut region, and the probiotic treatment. (a) Genus
level relative abundance of the microbial community composition at day 13 (day of ETEC infection) for all donors according to the gut
region and treatment condition, as determined by 16S rRNA gene amplicon sequencing. (b) Triplots showing the significant effects of
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€1953246-10 e C. ROUSSEL ET AL.

5e+01 @-actobacilius

L 3

2.0e+011

£ ."'IOIEOCCIIS

1.5e+01
Baclllaceie

K/ewel/a

Lysinibacillus
4 L ]

1.0e+014

-log10(p-value)
uswini wna||

Providencia
Ve’oneilav Suttereila
5.0e+001 Bifidobaclggsim

B//ogh//a
00e+00{ k" »®

50 25 0.0 25
log2FoldChange

(o]

@.-actobacillus

Providencia ,Enterococcus
Cw&mm 1ellaceae
Ruminiclostridium

Ruminococcaceae
C.'!I()I).'u:.'()" Family_Xit Klebsiella
Gastanaero luﬂialeBiloph/la. Iicriva//is
Veillonella g Selenoméktiermans, cibacillus

ParasuttereNFL4Rb Agaiholat om“mc/mwbno
Fusicatenibacte Jorea

0.0e+00 v

2.5 0.0 2.5
log2FoldChange

Anaeroglobusgy

1.5e+011 Mcgasph.aofa

1.0e+011

-log10(p-value)

5.0e+00

uawn uojos Suipuadsy Ml

log2FC » =-1.2

b @sifidobacterium
1.5e+014 L‘cfobamllus $
> 2
T 1.0e+014 5
2
o Kiebsiefla <
=] 5
g 5
(=}
= 5.0e+007 Enterococcus Cellvibrionales
Vgl/lgrrel{ jlisonella VibrioTenasibaculum
Succinivibri erefla  BilophitagDonghicola
0.0e+00+
-2 0 2
d log2FoldChange
@ uminiciostridium
@ Christensenellaceae Anaeroglotw E
Roseburia Selenom“ms
Clostridiales ‘J;
~2.0e+014 Lacrobacﬂlt}s a
[} - y
3 F mrl/T i Megas )‘aela a
g mirfococcagbligibaculaceae 5
a Vef//onella'ln lestinimonas , CAG-56Achromobacter| 0Q
S G ~ 3
o 1.0e+01 4 Parasutte g °
£ Holdemane$§ 3
Outiges =
Mariysigyotelts 2
LOnbacterium I v
0.0e+001 Winogratstemkac ;98 Cter * Succinivibrio

50 25 00 25 5.0
log2FoldChange

12-1 e 21

Mean of the normalized counts * 1e+00 @ 1e+01 @ 1e+02 @ 1e+03 @ 1e+04

Figure 7. Volcano plots indicating the genera significantly enriched by the probiotic treatment compared to the control in each gut
niche over the course of the 20 days lasting M-SHIME run. Analysis was performed from day 7 (stabilized microbiota) to 20. A positive
log, fold-change indicates a stimulation of the genus in the control condition (in purple) compared to the probiotic condition (in blue).
The log transformed adjusted p-value is displayed on the y-axis and the a = .05 significance level is indicated by a dashed line. Only the
genera with an absolute log, fold-change value exceeding 1.2 are represented, as determined by deseq2 analysis.

infection common genera, such as
Lachnoclostridium (OTUS8,57), Enterobacteriaceae
(OTU4,19), Collinsella (OTU79), Bacteroidetes
(OTU12,15), and Bifidobacterium (OTU35). Still
under control condition, ascending colon lumen
was the second most significantly affected niche (-
7.7% of affected genera abundance, Figure 8c),
characterized by a decrease in Fusicatenibacter
(OTU70), Ruminococcaceae (0TU103,120,209),
Bifidobacterium (OTU47,151,376), Clostridium
family XIII (OTU94), and Sutterella (Figure 8c,
Supplementary Data Figure S10-11), and an enrich-
ment of Gastranaerophilales (OTU248) and

Victivallis. Remarkably, the probiotic pre-treated
microbiota did not show important alteration in
ileum lumen, mucus, and ascending colon mucus
following ETEC infection (Figure 8(e-h)). The lar-
gest changes appeared in ascending colon lumen,
with a drop (- 7.1% of affected genera abundance,
Figure 8g, Supplementary Data Figure S10-11) of

Lachnospira, Bifidobacterium (OTU47),
Akkermansia (OTU107), Ruminococcus
(OTU101),  Streptococcus,  Odoribacter, and
Fournierella. In contrast, Lactobacillus,

Christensenellaceae, Alloprevotella (OTU197), and
Tyzzerella were stimulated (Figure 8g).
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Deseq?2 analysis.
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Figure 9. Effect of the probiotic treatment on SCFA and ethanol concentrations in ileum and ascending colon lumen of M-SHIME. (a, b)
Total SCFA concentrations (in mM) are shown for each donor in the ileum (a) and (b) ascending colon lumen over the course of the
20 days lasting M-SHIME run. The vertical dashed line represents the day of ETEC infection, day 13. (c) The heatmap shows the average
difference in SCFA concentrations (day 7 to 20) under the probiotic versus control condition. Statistically significant differences
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concentrations under control and probiotic conditions measured at a few time points. Statistically significant differences between
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Probiotic treatment stimulates SCFA production in

ascending colon and enhances ethanol production

in ileum

The over-time impact of probiotic treatment
toward microbial functionality was assessed
through measurement of short-chain fatty acids
(SCFA) production (Figure 9). In ileum, which
displays a low metabolic activity, the effect of
probiotic was limited to an acetate stimulation
(Figure 9(a-c)). In ascending colon, the probiotic
significantly increased total SCFA concentrations
for all donors (Figure 9b) and all the measured
SCFA (i.e., acetate, propionate, butyrate, capro-
ate, valerate, and branched-fatty acids), com-
pared to control condition (Figure 9c). The
increases were most pronounced for acetate

and propionate, with a 20 + 3.1 mM and
8.5 = 4.3 mM over donors increase, respectively,
except for donor 6 where propionate concentra-
tion decreased upon treatment (Figure 9c).
Valerate, caproate, and branched-fatty acids
were generally low and highly similar across
donors. Butyrate concentration, on the contrary,
displayed a higher donor variability with a high
increase noted upon probiotic addition for
donors 4 and 6, compared to a small increase
for donors 1, 2, 3, and 5 (Figure 9c). Lastly,
ethanol, a metabolite known to be produced by
S. cerevisiae was measured (Figure 9d). Until day
14, significantly higher concentrations were
found in ileum under probiotic treatment
(1.6 g L™ compared to control condition



(04 ¢ L™ (Figure 9d). No difference in ethanol
concentration was found in ascending colon
between both conditions.

Discussion

Given our recent results on the anti-infectious
properties of the probiotic yeast strain S. cerevisiae
CNCM 1-3856 in simple in vitro models and in
rodents,'”” we set out to examine its antimicrobial
properties against the human ETEC reference
strain H10407 in the human upper and lower gas-
trointestinal tract, as simulated by the dynamic
systems TIM-1 and M-SHIME, respectively. In the
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context of enteric diseases, the mechanisms of
action of probiotics are globally classified as direct
antagonism, competitive exclusion, and immuno-
modulatory properties.™' In the present study, we
explored these mechanisms in detail (Figure 10),
except for the latter since intestinal epithelial cells
cannot be directly integrated into in vitro digestive
environments.

With respect to direct antagonism, the co-
administration of the probiotic with ETEC (TIM-
1), as well as its continuous administration over the
course of 18-days fermentation (M-SHIME) did
not inhibit ETEC survival along the different
in vitro digestive environments (Figure 10a). This

Figure 10. S. cerevisiae CNCM |-3856 regionalized mechanisms of action against ETEC H10407 in the in vitro human gut. On the left side,
gradients of the SCFA, O, and gut microbe concentrations are represented along the gastrointestinal tract as well as the region-specific
pHs. On the right side, the main mechanisms of action of S. cerevisiae against ETEC H10407 are displayed and classified into two classes,

i.e. direct antagonism and competitive exclusion.
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lack of effect on enteric pathogen survival in
a human simulated colon was consistent with
another study on enterohemorrhagic E. coli, using
the same probiotic strain.*® To gain further insight,
the viability of the pathogen under probiotic treat-
ment was assessed by flow cytometry (TIM-1) and
PMA-qPCR (M-SHIME). The probiotic treatment
seemed to contribute to the disruption of ETEC
membrane integrity, as evidenced by the increase
of dead and reversible damaged ETEC cells in gas-
tric and ileal effluents of TIM-1 (Figure 10b). In the
microbiota-colonized ileum and ascending colon
compartments of M-SHIME, a high inter-
individual variability between the six donors pre-
cluded clear-cut conclusion. The only marked effect
was seen for donors 3 and 5 in the ileum, and 5-6 in
the ascending colon, through the increase of dead/
damaged ETEC cells number under the probiotic
treatment. Interestingly, this corresponded with
a particularly high concentration of ethanol (1.5 g
L") observed for these donors in this specific ileal
niche. We therefore hypothesize that ethanol pro-
duction by the probiotic S. cerevisiae might contri-
bute to the disruption of ETEC membrane
integrity, as already suggested for EHEC in TIM-1
system and in other studies'®*>** (Figure 10c). To
further elucidate the probiotic mechanism of
action, membrane potential and intracellular pH
of ETEC were measured in gastric and ileal efflu-
ents of TIM-1. A modest depolarization of ETEC
membrane potential was found under the probiotic
condition, except at 60 min in the ileal effluents
with a sharp depolarization. We hypothesize that
ETEC membrane depolarization might be linked to
the increased ethanol production under the probio-
tic treatment. In support of this hypothesis,
Gyurova and Zhivkov*® have shown a linear
decrease of the E. coli K12 polarization upon
increasing ethanol concentrations (0 to 20 vol. %)
in standard Luria Bertani (LB) medium. Another
hypothesis explaining the profound ETEC mem-
brane depolarization at early time-point in the
ileal effluents might be associated with the high
concentration of bile acids and the likely capacity
of S. cerevisiae to deconjugate the bile salts, as
previously found.”* Indeed, unconjugated bile
acids are generally more hydrophobic than the cor-
responding conjugated forms, and therefore better
solubilize membranes.”> With respect to pH

measurements, probiotics can exert antimicrobial
effects by reducing the pH of luminal
microenvironment.”® However, in our study this
feature could not be verified as the pH was con-
trolled along the in vitro gastrointestinal tract. In
accordance, no change in ETEC intracellular pH
was found between the control and probiotic
condition.

Next, probiotics can exert direct antagonistic
properties through the modulation of virulence
gene expression. The spatial-temporal virulence
expression profile of ETEC H10407 was thus inves-
tigated under probiotic treatment in both in vitro
simulators of the human gastrointestinal tract. We
found that the probiotic co-administration trig-
gered profound changes in ETEC virulence in gas-
tric and ileal effluents of TIM-1. In M-SHIME,
overall effects of the continuous probiotic adminis-
tration were less apparent, probably due to the
complex microbial background, the inherent varia-
bility across individuals and the lack of a dynamic
sampling pattern to follow-up expression in a time-
revolved manner. Contrary to a marked expression
in ileal phase of the TIM-1, the probiotic yeast
treatment tends to repress the ST enterotoxin
encoding gene (estP) at early time-points in gastric
effluents (TIM-1), and between 5 to 20 hours post-
infection in ascending colon (M-SHIME)
(Figure 10d). This observation is in line with two
previous studies demonstrating the reduction of
estP gene expression in ETEC-infected piglets
receiving a  Lactobacillus  reuteri  probiotic
treatment.””*® In our study, though not significant,
the eltB gene encoding for the LT toxin tends to be
repressed under the probiotic treatment, compared
to the control (Figure 10d). Our ETEC strain
H10407 carries the LT enterotoxin variant 1
(LT1). The probiotic treatment induced a decrease
in LT1 production, significantly at some time-
points in both TIM-1 and M-SHIME ileum, though
inter-individual variability persisted (Figure 10e).
These outcomes validate our previous observations
in culture medium'” and are particularly relevant
since enterotoxin secretion triggers the diarrheal
symptoms. The underlying mechanisms of these
inhibitory properties at LT gene expression and
protein level remain, however, unidentified. Some
speculations were made in our previous study.'’
Other strains carrying different LT enterotoxin



variants, such as the variant LT2 displayed 5-fold
more toxin production.” It would be interesting to
assess the probiotic treatment response according
to different LT variants.

The genes encoding for adhesins (tia, fimH, and
cfa/Ib) were globally repressed in the stomach by
the probiotic supplementation. However, in the
main known site of action of ETEC, the ileum,
a reverse trend was found in the TIM-1 with
a significant over-expression of the genes. Said
over-expression was most profound for the fimH
gene, encoding for type 1 pili, in ileal effluents. This
could be associated to mannose related interactions
between ETEC and vyeast cells, as previously
observed in culture medium."” More in particular,
ETEC, through the expression of type 1 pili and its
FimH subunit protein can bind to mannan moieties
on the surface of yeast cells’>*" (Figure 10f). Even
though intestinal epithelial cells cannot be directly
integrated into our in vitro models, we assume that
at the protein level, the FimH interaction with
mannose residues at the surface of probiotic yeasts
may potentially play a role as targets for the com-
petitive exclusion of ETEC at mannose-containing
receptors on the intestinal epithelial surface. The
addition of soluble mannose in culture medium
interrupted FimH-mediated ETEC adhesion to
intestinal epithelium, as reported in the work of
Sheikh et al.”" using a subclone of Caco-2 cell line.
In contrast, the fimH gene was either basally
expressed or repressed in both control and treated
conditions in M-SHIME ileum and ascending
colon, indicating a possible modulatory role of the
gut microbiota in fimH gene expression. No studies
have yet explored the effect of probiotic treatment
on ETEC adhesin gene expression profiles even
more under human simulated digestive conditions.

Finally, competitive exclusion mechanisms by
S. cerevisiae were explored. Strategies adopted by
probiotics to make the gastrointestinal microenvir-
onment less hospitable for pathogens are broad and
include the modulation of gut microbiota, the
improvement of epithelium barrier function, the
interference with pathogen binding or transloca-
tion, and the enhanced production of defense-
associated factors, such as mucins.>*"** In the pre-
sent study, we only explored the effect of
S. cerevisiae on the gut microbiota and its metabolic
activity.

GUT MICROBES (&) e1953246-15

We first found that the 18-days treatment with
the probiotic S. cerevisiae positively affected the
structure of the human gut ecosystem simulated
in the M-SHIME, compared to the control condi-
tion. The induced changes were moreover consis-
tent across gut regions (i.e., ileum lumen, ileum
mucus, ascending colon lumen and ascending
colon mucus) and donors, with the largest effects
being found in the ascending colon. Generally, the
community shift induced by probiotic treatment
was marked by an upsurge in the abundance of
Lactobacillus and Bifidobacterium in all gut micro-
bial niches. Lactobacillus and Bifidobacterium are
considered  health  promoting  bacteria’>*’
(Figure 10g) which might augment the defense
against harmful bacteria, such as ETEC, by creating
an acidic environment, synthesizing exopolysac-
charides and bacteriocins, increasing antioxidant
activity, producing mediators that may involve the
perturbation of quorum sensing, or activating and
enhancing local cell-mediated immunity against
certain enteric pathogens.”> Other enriched genera
related with health were promoted under probiotic
treatment, i.e., Veillonella dispar in all gut niches,
and Ruminococcaceae, Ruminiclostridium,
Faecalibacterium  prausnitzii, — Fusobacterium,
Fusicatenibacter saccharivorans, Intestinimonas in
ascending colon lumen and mucus.”®’**
Enterococcus and Providencia were also promoted
by probiotic treatment. While some members of
these pathobionts might promote disease in dis-
turbed conditions, most of them normally act as
commensals, and are even used in probiotic pro-
ducts (e.g., Enterococcus faecalis).”® Under non-
treated control condition, a bloom of opportunistic
pathogenic species appeared following ETEC chal-
lenge, such as Klebsiella variicola, Achromobacter
xylosoxidans, and Bilophila wadsworthia. Those
genera have been linked to intra-abdominal infec-
tions and chronic metabolic disorders.>”*®

The observed changes in microbial composition
under the probiotic treatment correlated with sig-
nificant changes in metabolic activity, predomi-
nantly occurring in ascending colon. At this site,
an overall increase of SCFA concentrations was
found, likely resulting from the fermentation of
yeast cell wall material that can serve as
a substrate for other microbes. This increase was
dominated by acetate, the two health markers
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propionate and butyrate® followed by caproate and
valerate  (Figure 10g). Genera such as
Faecalibacterium, Butyricicoccus, and Roseburia
may have contributed to the butyrate
production,” while Bifidobacterium, Veillonella,
and S. cerevisiae itself are often associated with
acetate production.*’ The unusual increase in
caproate levels could be linked to the stimulation
of genera like Prevotellaceae and Dorea, as
described by Tap et al.** Alternatively, caproate
may result from the elongation of n-butyric acid
by using ethanol,” abundantly produced in the
ileum by S. cerevisiae itself but also by species
members stimulated under the probiotic treatment
such as Bifidobacterium longum, Enterococcus fae-
calis, and Lactobacillus fermentum.** Similar results
were reported for the yeast S. boulardii, where it
was suggested that a-mannan utilization by
Bacteroides thetaiotaomicron stimulated butyrate
production by other species.*>*°

Next, we explored the capacity of the probio-
tic treatment to counteract the microbiota
changes associated with ETEC infection by dis-
criminating the pre- and post-infection periods.
The probiotic treatment stabilized the relative
abundance of the dominant taxa in all microbial
gut niches, whereas larger detrimental changes
were found in ileum mucus and ascending colon
luminal communities under control conditions.
Those changes were characterized by a bloom of
opportunistic pathogens like Achromobacter,”
Mycobacterium® and Cloacibacillus*® as well as
the decrease of microbes with potential health
benefits such as Bifidobacterium,>
Fusicatenibacter® and Collinsella® in the post-
ETEC infection stage. This is in line with evi-
dence suggesting that ETEC associated traveler’s
diarrhea might trigger a chronic functional gas-
trointestinal disorder named post-infectious irri-
table bowel syndrome (IBS).”">*> No microbial
marker is so far attributed to the post-
infectious IBS, but decreased abundance of
Bifidobacterium and Lactobacillus members as
well as the actinobacterium Collinsella aerofa-
ciens have been reported to promote symptoms
of post-infectious IBS and diarrhea.”®™>> While
more research is required, these preliminary
results indicate that the probiotic S. cerevisiae
might aid in the prevention of the development

of post-infectious IBS. Intriguingly, the synergis-
tic effect of the probiotic treatment and ETEC
infection leads to the decrease of Akkermansia
muciniphila in the ascending colon lumen and
mucus compared with the non-treated control
condition. Akkermansia spp has been inversely
associated with obesity, diabetes, inflammation,
and metabolic disorders, displaying therefore
promising potential as a next-generation
probiotic.”® However, contrasting results regard-
ing the influence of Akkermansia spp on gut
health  exist.  Recently, enrichment of
Akkermansia muciniphila was associated with
neurodegenerative diseases (e.g., Alzheimer’s dis-
ease, Parkinson’s disease),”” and arthritis.”® It is
important to point out that multiple strains
belonging to the same Akkermansia species can
co-exist in the gut and the modulation of host-
response can be strain-specific.

Conclusion

This study provided new insights on the use of the
probiotic yeast S. cerevisiste CNCM 1-3856 with
multi-targeted actions against ETEC H10407 infec-
tion in humans. By combining the two most com-
plete in vitro models of the human upper (TIM-1)
and lower (M-SHIME) gastrointestinal tract in
a spatiotemporal research approach we have demon-
strated that the probiotic acted: (i) by suppressing
ETEC virulence gene expression and LT enterotoxin
production, (ii) by promoting the temporary disrup-
tion of ETEC membrane integrity through the
increase of reversible damaged ETEC cells without
affecting its survival, (iii) by stimulating the growth
of beneficial microbes such as Bifidobacterium and
Lactobacillus in the different gut microbial niches as
well as, (iv) stimulating metabolic SCFA and ethanol
production. Altogether, we have gathered mechan-
istic evidence demonstrating the probiotic activity in
a host-independent way, regardless of the inherent
variability across microbiome-specific individuals.
Such interpersonal differences in the probiotic
response fall within the emerging concept of indivi-
duality for personalized nutrition and/or medicine.”
Our encouraging results merit further investigations,
including host factors, by coupling the digestive
systems with human intestinal cells or organoids.



Methods
Strains and growth conditions

The prototypical ETEC strain H10407 serotype
078:H11:K80 (LT, ST", CFA/I") was used in this
study.®” ETEC was routinely grown under agitation
(37°C, 125 rpm, overnight) in LB broth (BD Difco,
Waltham, USA) until ODgpopm = 0.6 (stationary
phase). The probiotic yeast strain S. cerevisiae
CNCM 1-3856 was provided by Gnosis from
Lesaffre (a Business Unit of Lesaffre Group,
France). This strain is a proprietary and patented
strain of Lesaffre, registered in the French National
Collection of  Microorganisms (CNCM).
S. cerevisiae specie was determined using phenoty-
pic (API'ID32C, Biomerieux SAS, Marcy I’Etoile,
France) and genotypic methods (genetic amplifica-
tion and sequencing of 265 DNA).®"**> Moreover,
the strain 1-3856 has been characterized by poly-
merase-chain reaction (PCR) interdelta type
techniques® and complete genome sequencing.
Prior to an experiment, the probiotic was resus-
pended in sterile saline water and homogenized
with an ultra-turrax yellow line (IKA, Rawang,
Malaysia).

TIM-1 gastrointestinal system

The experimental set-up of TIM-1 was previously
described.®* The TIM-1 system was programmed
based on in vivo data to simulate the physicochem-
ical digestive conditions from the stomach to the
ileum, encountered in a healthy adult.®® The system
does not include microbial ecosystem, contrary to
the M-SHIME (section below). Three conditions
were tested in TIM-1 (Figure 1a): (i) control experi-
ment consisted of feeding the stomach compart-
ment with mineral water (200 mL) experimentally
contaminated with ETEC (7.5 log;o CFU mL™"); (ii)
probiotic control condition consisted in the admin-
istration of the yeast S. cerevisiae alone (7.5 log;
CFU mL™"); and (iii) probiotic treatment condition
consisted in the co-administration of ETEC (7.5
log;o CFU mL™") and the probiotic yeast (7.5 logo
CFU mL™"). Digestions were run in quadruplicate.
The initial bacterial suspension (T0) was collected,
and samples were regularly taken during in vitro
digestions from each digestive compartment (sto-
mach, duodenum, jejunum, and ileum). Gastric
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effluents were collected on ice and pooled after 0-
10, 10-20, 20-40 and 40-60 min of gastric diges-
tion, while ileal effluents were taken on an hourly
basis for a 5-h period. Samples collected for plating
and flow cytometry were processed immediately.
Pellets for DNA-extraction were stored at —20°C,
while RNA samples were resuspended in 500 pL
RNAlater® (Thermo Fisher Scientific, San José, US)
prior to storage at —80°C. Supernatants were stored
at —20°C for measurement of the LT enterotoxin by
ELISA assays.

M-SHIME fermentation system

The M-SHIME® consists of a series of connected
double-jacketed reactors (Pierreglas, Vilvoorde,
Belgium) mimicking conditions of the upper and
lower part of the human gastrointestinal tract, oper-
ated in a semi-continuous mode to mimic gastroin-
testinal transit.°>®” Three successive compartments
simulating the combined stomach/duodenum-
jejunum, the ileum and the ascending colon were
run in parallel for a probiotic vs control condition
(Figure 1b). Only ileum and ascending colon were
inoculated with fecal microbiota. To capture inter-
individual variability in ETEC behavior and probio-
tic effects, six healthy adults were inoculated the
M-SHIME (3 women and 3 men aged between 25
and 36 years old, including Belgian, African,
Turkish, and French origins with two vegetarians).
Fresh fecal samples were collected in sterile airtight
containers comprising anaerogen bags (BD
GasPak™, Erembodegem, Belgium). Consent for
fecal collection was obtained under registration
number BE670201836318 (Gent University). A 20%
(w/v) fecal slurry was prepared as previously
described.®” All vessels were flushed with N, imme-
diately after inoculation to generate anaerobic con-
ditions. In addition, the mucosal environment was
mimicked in both ileum and ascending colon com-
partments, through the incorporation of micro-
cosms (AnoxKaldnes K1 carrier, Lund, Sweden)
coated with type III porcine mucin-agar (Sigma-
aldrich, St. Louis, US), instead of type II mucin, as
described by Van den Abbeele et al.°® Functioning of
the system, mucin carrier replacement and media
composition have been presented in Roussel et al.®”

Microbiota derived from the six human donors
were tested under both control and probiotic
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conditions (Figure 1b), as following: (i) the probio-
tic treatment consisted of the introduction of the
yeast S. cerevisite CNCM 1-3856 resuspended in
30 mL sterile water (7.5 log;o CFU mL™) in the
SHIME stomach, twice a day (9 am and 5 p.m)
during 18-days from day 2 to 20; while under (ii)
control condition, a sham treatment with 30 mL
sterile water was performed during day 2 to 20.
Prior to ETEC challenge, both conditions control
and probiotic treatment include a stabilization per-
iod of 12 days that is typically applied in the
M-SHIME to ensure ecological stability as pre-
viously investigated.®” ETEC challenge was there-
fore tested under both conditions, the pre-
(negative ETEC control) vs post-ETEC (positive)
infection were discriminated as following: (i) the
days 7 to 12 were kept as pre-infection period
(bioreactors were stable from day 7 based on
SCFA measurements); while (ii) at day 13, both
control and probiotic treated systems were chal-
lenged with ETEC by inoculation of 7.5 logo
CFU mL™' in SHIME ileum vessels. The days 13
to 20 were kept as post-infectious period. Prior to
the challenge at day 13, ETEC and S. cerevisiae were
pre-digested 3 h under batch conditions, to repro-
duce the gastro-jejunal digestion of a glass of
mineral water, where physicochemical conditions
were close to those found in TIM-1 (without nutri-
tional medium, under aerobic conditions).®’
SHIME suspensions from ileum and ascending
colon vessels were sampled every two days for
SCFA analysis and ethanol production. DNA,
RNA samples, and supernatants for ELISA mea-
surement were collected at different hours
from day 13, and until 29 h post-infection and
stored as previously explained for TIM-1 samples.
Mucus samples were obtained every 2-3 days.”
250 mg mucus was aliquoted and stored at —20°C
before DNA extraction.

DNA extraction

Total DNA from TIM-1 and M-SHIME experi-
ments was extracted according to Geirnaert et al.”
DNA samples were stored at —20°C and the quality
was analyzed by gel electrophoresis (1.2% w/v agar-
ose) (Life technologies, Madrid, Spain). DNA
extracts were diluted 1:10 in 1X TE buffer (Tris
and EDTA) for ETEC qPCR quantification.

ETEC and probiotic quantification

The number of cultivable ETEC in each digestive
compartment of TIM-1 was determined by direct
plating onto LB agar (overnight incubation at 37°C).
Total ETEC bacteria and the viable ones were also
measured after DNA extraction of digestive samples.
DNA were pelleted in duplicate (6,339 x g,
10 min, 4°C). One aliquot was stained with 50 uM
propidium monoazide (PMA, Interchim, Montlugon,
France).” The qPCR procedure was performed using
the StepOnePlus Real-Time PCR system (Applied
Biosystems) with 16S Enterobacteriaceae primers for
TIM-1 and gspD primers for M-SHIME, as previously
described.”> Probiotic yeasts were plated onto
Sabouraud agar (BD Difco, Waltham, USA), supple-
mented with chloramphenicol (50 mg L™ (Sigma, St
Louis, USA) and incubated at 30°C for 48 h. All
statistical analyses were performed in R studio, ver-
sion 3.6.1 (R Core Team, 2019), using PMCMR pack-
age, version 4.3. All formal hypothesis tests were
conducted on the 5% significance level (p < 0.05).
Non-parametric tests were performed to assess the
pairwise comparison of: (i) the probiotic S. cerevisiae
survival in comparison with the transit marker given
by the TIM-1 system and (ii) ETEC survival under
control versus probiotic conditions in the TIM-1 and
M-SHIME using Mann-Whitney (Wilcoxon- Rank-
Sum) test with Holm correction.

Flow cytometry analysis

Those analysis were conducted only in the TIM-1
system. Five mL of gastric or ileal effluents from
TIM-1 were centrifuged (9,000 x g, 5 min, 20°C).
Pellets were resuspended into PBS 1X at pH 7.3 to
obtain approximately 6 log;, cells mL~". Flow cyto-
metry analysis was performed on a CyFlow SL
cytometer and data were collected with FlowMax
software version 2.3 (Sysmex Partec, Gorlitz,
Germany).

Live/Dead ETEC quantification. Bacteria were
stained using the Live/Dead BacLight™ Kit
(L34856 Molecular Probes, Waltham, US), consist-
ing of the green-fluorescent DNA stain SYTO9
labeling all bacteria and the red-fluorescent propi-
dium iodide only penetrating and staining cells
with damaged membranes, according to the proto-
col previously described.**



ETEC membrane potential. The probe 3,3'-
diethyloxacarbocyanine iodide (DiOC,(3) and the
proton ionophore carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) were used according to the man-
ufacturer’s instructions (BacLightTM Kit B34950
Thermo Fisher Scientific, Waltham, USA). Briefly,
DiOC,(3) at low concentration exhibits green fluor-
escence in all bacterial cells.”! However, the dye
becomes more concentrated in healthy cells that are
maintaining a membrane potential, causing the dye to
self-associate and the fluorescence emission to shift to
red. The CCCP was used as a control to eradicate the
proton gradient, eliminating thus the bacterial mem-
brane potential (depolarized membranes).”" Analysis
was performed using fluorescence emission ratio
detection for bacteria incubated with 30 pM DiOC,
(3) for 30 minutes at room temperature in the dark in
either the presence or absence of 5 uM CCCP. Based
on the fluorescence intensity (FI) ratio (sample/con-
trol), membranes are depolarized (FI ratio is
approaching 1) and polarized (FI ratio exceeding 1.2).

Transcriptional analysis by quantitative real-time
qPCR and LT-monosialoganglioside (GM1) ELISA

Total RNA was extracted from TIM-1 and SHIME
digestive samples using the TRIzol® method
(Invitrogen, Thermo Fisher Scientific, Waltham,
USA) according to the author recommendation.®
DNAse treatment and RNA quality control were
performed respectively, according to the manufac-
turer’s recommendation (TURBO DNA-free™,
Invitrogen, Thermo Fisher Scientific, Waltham,
USA) and Roussel et al.°> RT-qPCR was used to
analyze the expression of seven virulence genes
encoding for enterotoxins (eltB and estP), entero-
toxin release (leoA and tolC), and adhesins (cfa/Ib,
tia, fimH).%> Non-parametric test was used to com-
pare the log, fold change in gene expression under
control versus probiotic conditions using Nemenyi
post-hoc test conducted following significant
results for the Friedman test.

LT enterotoxins were measured in supernatants
collected from TIM-1 and M-SHIME.””> Optical
density was read at 450 nm using the multiscan
Tecan Infinite® 200 PRO. LT toxin concentrations
were expressed in pg mL~". Statistical comparison
of the LT enterotoxin production under control
versus probiotic condition was made with Fisher
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post-hoc test following significant results for the
Friedman test.

Microbial community analysis

Following SHIME experiments, next-generation
16S rRNA gene amplicon sequencing of the V3-
V4 region (341 F-785 R) was performed by LGC
Genomics (Teddington, Middlesex, UK), on an
[lumina MiSeq platform with Illumina V3 chem-
istry using the 600-cycle reagent kit (Illumina,
Hayward, US).”* The sequence data have been sub-
mitted to the NCBI (National Center for
Biotechnology Information) database under acces-
sion number PRJNA562529.

Bioinformatics analysis. The mothur software
package (version 1.40.5) and guidelines were used
to process the Illumina amplicon sequencing data
generated by LGC Genomics.”* OTUs were defined
as a collection of sequences with a length between
400 and 428 nucleotides that are found to be more
than 97% similar to one another in the V3-V4
region of their 16S rRNA gene after OptiClust
clustering.””””” Taxonomy was assigned using the
RDP database.”””® The shared file, containing the
number of reads observed for each OTU in each
sample, was loaded into R version 3.6.1 (R Core
Team, 2019). Singletons were removed”” and
UCHIME was applied to remove chimera.®’® For
the most abundant OTUs the sequences retrieved
from the 3% dissimilarity level FASTA file,
obtained in mothur, were classified through the
RDP web interface using the RDP SeqMatch tool
(restricting the search to type strains with only
near-full-length good quality sequences) and
blasted in NCBI against the 16S rRNA gene
sequences, selecting only type material, with opti-
mization of the BLAST algorithm for highly similar
sequences.”®®! Although a level of uncertainty is
introduced by classification to the species level
based on short 300 bp reads, the best hit returned
by both databases is used to refer to interesting
OTUs in the results section of this article. In case
of inconsistencies between the RDP SeqMatch tool
and NCBI BLAST, no species level classification
was mentioned.

Statistical analysis of amplicon data. All statisti-
cal analyses were performed in R, version 3.6.1 (R
Core Team, 2019). All formal hypothesis tests were
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conducted on the 5% significance level. To visualize
differences in microbial community composition
between treatments, donors, periods (e.g., pre-
and post-infection) and gut regions (e.g., ileum
lumen, ileum mucus, ascending lumen, and ascend-
ing mucus), ordination and clustering techniques
were applied. For these purposes, the shared file
was further processed to remove OTUs with too
low abundance according to the arbitrary cutofts
described by McMurdie and Holmes (2014).”° An
OTU should be observed in 5% of the samples and
read counts should exceed 0.5 times the number of
samples.79 Rarefaction curves were constructed to
assure that the samples were sequenced in sufficient
depth.®” To deal with differences in sampling depth,
proportional data transformed on the common
scale to the lowest number of reads was used.”
The influence of the treatments, gut regions,
donors, and periods was determined by applying
a distance-based redundancy analysis (db RDA)
using the abundance-based jaccard distance as
a response variable (vegan 2.5-6)5%
lized with ggplot2 3.2.1. The factor treatment (con-
trol, probiotic) was used as a constraint with the
effect of gut regions (ileum lumen, ileum mucus,
ascending colon lumen, ascending colon mucus),
donors (1 to 6) and periods (pre- and post-
infection) being partially out. Interpretation of the
results was preceded by a permutation test of the
RDA results to confirm that a linear relationship
exists between the response data and the explora-
tory variables. The constrained fraction of the var-
iance explained by the exploratory variables was
adjusted by applying Ezekiel’s formula.** This pro-
cedure was repeated on species and genus levels.
On the genus level, weighed averages of genera
abundances were a posteriori added to the ordina-
tion plot using the wascores function in vegan.** To
confirm the trends, observed data was clustered by
means of an Unweighted Pair-Grouped Method
using arithmetic Averages (UPGMA) clustering
method (cluster 2.1.0).*° The significance of the
observed group separation between gut region,
donor, and period in the PCoA was assessed with
a Permutational Multivariate Analysis of Variance
(PERMANOVA) using distance matrixes (vegan
2.5-6).%% Prior to this formal hypothesis testing,
the assumption of similar multivariate dispersions
was evaluated.

and visua-

In order to find statistically significant differences
in species abundance between the treatments and/or
pre- and post-infection periods, the DESeq2 package
1.26.0 was applied.””® The factors treatment, per-
iod, gut region and donor were used in the design of
LRT formula. Statistical differences between the
treatments and/or the pre- and post-infection peri-
ods were determined using a Wald Test.

Metabolite production

Luminal samples from M-SHIME were diluted 1:2
with milliQ® water (Merck, Darmstadt, Germany) to
a total volume of 2 mL. SCFA production was mea-
sured using capillary gas chromatography coupled to
a flame ionization detector after diethyl ether
extraction.*® SCFA concentrations were expressed in
mM. After a 10-fold dilution in milli-Q sterile water,
ethanol concentrations were determined using
a HPLC system (Shimadzu Prominence HPLC sys-
tem, Columbia, MD, US).*® Statistical hypothesis test-
ing to assess the effect of ETEC infection on the
metabolic activity (SCFA, ethanol) was performed by
using the Kruskal-Wallis rank sum test, followed by
Pairwise Wilcoxon Rank Sum Test with Holm correc-
tion for multiple testing.

Acknowledgments

We would like to acknowledge Tim Lacoere for assistance in
the molecular techniques.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by a fellowship from Ministére de la
Recherche (France) to Charléne Roussel. Experiments were
funded by Lesaffre Company (Marcq-en-Baroeul, France).

ORCID

Charléne Roussel
Kim De Paepe
Wessam Galia
Sylvain Denis
Francoise Leriche

http://orcid.org/0000-0002-7127-8152
http://orcid.org/0000-0002-7948-6765
http://orcid.org/0000-0003-4815-8723
http://orcid.org/0000-0003-2748-7472
http://orcid.org/0000-0002-3312-8196



Stéphanie Blanquet-Diot
8726
Tom Van de Wiele

http://orcid.org/0000-0003-0692-

http://orcid.org/0000-0001-6854-5689

Authors’ Contributions

CR designed the experimental work, performed the in vitro
digestions and fermentations, the molecular-based experi-
ments and drafted the manuscript. CR and KDP performed
the analysis and interpretation of the data. WG performed the
flow cytometry experiments. SC, SD, and JDB helped in per-
forming the in vitro digestions and fermentations. SBD and
TVW conceived the study and supervised the work. SBD,
TVW, KDP, WG, NB, and PV revised the manuscript. All
authors read and approved the final manuscript.

Availability of Data and Materials

Raw 16S rRNA gene sequence data were made publicly avail-
able online through the Sequence Read Archive (SRA) portal
of NCBI under accession number PRJNA562529 (https://
www.ncbi.nlm.nih.gov/bioproject/PRINA562529/).

Ethics approval

Consent for fecal collection was approved under the registra-
tion number BE670201836318 from Gent University.

References

1. Giddings SL, Stevens AM, Leung DT. Traveler’s
Diarrhea. Med Clin North Am. 2016;100(2):317-330.
doi:10.1016/j.mcna.2015.08.017.

2. Lamberti LM, Bourgeois AL, Fischer Walker CL,
Black RE, Sack D. Estimating diarrheal illness and
deaths attributable to shigellae and enterotoxigenic
escherichia coli among older children, adolescents,
and adults in south asia and africa. PLoS Negl Trop
Dis. 2014;8(2): €2705.

3. Walker RI, Wierzba TF, Mani S, Bourgeois AL.
Vaccines against Shigella and enterotoxigenic
Escherichia coli: a summary of the 2016 VASE
Conference. Washington, DC. Vaccine 2017;35(49 Pt
A):6775-6782.

4. MacDonald E, Moller KE, Wester AL, Dahle UR,
Hermansen NO, Jenum PA, Thoresen L, Vold L. An
outbreak of enterotoxigenic Escherichia coli (ETEC)
infection in Norway, 2012: a reminder to consider
uncommon pathogens in outbreaks involving imported
products. Epidemiol Infect. 2015;143(3):486-493.
doi:10.1017/50950268814001058.

5. Roussel C, Sivignon A, Van de Wiele T, Blanquet-Diot
S. Foodborne enterotoxigenic Escherichia coli: from gut
pathogenesis to new preventive strategies involving

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

GUT MICROBES (&) 195324621

probiotics.  Future  Microbiol.  2017;12(1):73-93.

do0i:10.2217/fmb-2016-0101.

. Zaman SB, Hussain MA, Nye R, Mehta V, Mamun KT,

Hossain N. A review on antibiotic resistance: alarm bells
are ringing. Cureus. 2017;9:e1403.

. Taylor DN, Hamer DH, Shlim DR. Medications for the

prevention and treatment of travellers’ diarrhea. ] Travel
Med. 2017;24(suppl_1):517-522. doi:10.1093/jtm/taw097.

. Ms R, HI D, Connor BA. ACG clinical guideline: diag-

nosis, treatment and prevention of acute diarrheal
infections in adults. Am ] Gastroenterol. 2016;111
(5):602-622. d0i:10.1038/ajg.2016.126.

. Bruzzese E, Giannattasio A, Guarino A. Antibiotic treat-

ment of acute gastroenteritis in children. 2018;F1000Res 7.
https://www.who.int/news-room/fact-sheets/detail/anti
biotic-resistance ,accessed on August 2020.

Dubreuil JD, Isaacson RE, Schifferli DM. Animal enter-
otoxigenic Escherichia coli. EcoSal Plus. 2016;7(1).
Fairbrother P, Pinnock H, Hanley J, McCloughan L,
Sheikh A, Pagliari C, McKinstry B. TELESCOT
Programme Team Continuity, but at What Cost? the
Impact of Telemonitoring COPD on Continuities of
Care. A Qualitative Study Prim Care Respir J.
2012;21:322-328.

Ac O, ten Bruggencate SJM, AJ S, Alhoniemi E, Sd F,
Bovee-Oudenhoven IM]. Lactobacillus acidophilus sup-
plementation in human subjects and their resistance to
enterotoxigenic Escherichia coli infection. Br ] Nutr.
2014;111(3):465-473. doi:10.1017/S0007114513002547.
Ten BSJM, Sa G, Egm F-V, Bhardwaj R, Tompkins TA.
The effect of a multi-strain probiotic on the resistance
toward Escherichia coli challenge in a randomized,
placebo-controlled, double-blind intervention study. Eur
J Clin Nutr. 201569(3):385-391.  doi:10.1038/
€jcn.2014.238.

McFarland LV, Evans CT, Goldstein EJC. Strain-
specificity and disease-specificity of probiotic efficacy:
a Systematic review and meta-analysis. Front Med.
2018;5:124. doi:10.3389/fmed.2018.00124.

Bae JM. Prophylactic efficacy of probiotics on travelers’
diarrhea: an adaptive meta-analysis of randomized con-
trolled trials. Epidemiol Health. 2018;40:e2018043.
Roussel C, Sivignon A, de Vallée A, Garrait G, Denis S,
Tsilia V, Ballet N, Vandekerckove P, Van de Wiele T,
Barnich N, et al. Anti-infectious properties of the pro-
biotic Saccharomyces cerevisiie CNCM 1-3856 on
enterotoxigenic E. coli (ETEC) strain H10407. Appl
Microbiol Biotechnol. 2018;102(14):6175-6189.
d0i:10.1007/500253-018-9053-y.

Etienne-Mesmin L, Livrelli V, Privat M, Denis S,
Cardot JM, Alric M, Blanquet-Diot S. Effect of a new
probiotic saccharomyces cerevisiae strain on survival of
escherichia coli O157:H7 in a dynamic gastrointestinal
model. Appl Environ Microbiol. 2011;77(3):1127-1131.
doi:10.1128/AEM.02130-10.

Sivignon A, Yan X, Alvarez Dorta D, Bonnet R,
Bouckaert J, Fleury E, Bernard J, Gouin SG, Darfeuille-


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA562529/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA562529/
https://doi.org/10.1016/j.mcna.2015.08.017
https://doi.org/10.1017/S0950268814001058
https://doi.org/10.2217/fmb-2016-0101
https://doi.org/10.1093/jtm/taw097
https://doi.org/10.1038/ajg.2016.126
https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
https://doi.org/10.1017/S0007114513002547
https://doi.org/10.1038/ejcn.2014.238
https://doi.org/10.1038/ejcn.2014.238
https://doi.org/10.3389/fmed.2018.00124
https://doi.org/10.1007/s00253-018-9053-y
https://doi.org/10.1128/AEM.02130-10

e1953246-22 (&) C.ROUSSEL ET AL.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Michaud A, Barnich N. Development of heptylmanno-
side-based glycoconjugate antiadhesive compounds
against adherent-invasive escherichia coli bacteria asso-
ciated with crohn’s disease. MBio. 2015;6(6):01298—
01215. doi:10.1128/mBio.01298-15.

Thévenot J, Cordonnier C, Rougeron A, Le Goff O,
Nguyen HTT, Denis S, Alric M, Livrelli V, Blanquet-
Diot S. Enterohemorrhagic Escherichia coli infection
has donor-dependent effect on human gut microbiota
and may be antagonized by probiotic yeast during inter-
action with Peyer’s patches. Appl Microbiol Biotechnol.
2015;99(21):9097-9110. doi:10.1007/500253-015-6704-
0.

Preidis GA, Hill C, Guerrant RL, Ramakrishna BS,
Tannock GW, Versalovic J. Probiotics, enteric and diar-
rheal diseases, and global health. Gastroenterology.
2011;140(1):8-14. doi:10.1053/j.gastro.2010.11.010.
Chiou RYY, Phillips RD, Zhao P, Doyle MP,
Beuchat LR. Ethanol-mediated variations in cellular
fatty acid composition and protein profiles of two gen-
otypically different strains of escherichia coli O157:H7.
Appl Environ Microbiol. 2004;70(4):2204-2210.
doi:10.1128/AEM.70.4.2204-2210.2004.

Gyurova AY, Zhivkov AM. Influence of low concentra-
tion ethanol on membrane permeability of E. Coli.
Biotechnology & Biotechnological Equipment. 2009;23
(sup1):480-483. doi:10.1080/13102818.2009.10818468.
Kelly CP, Nguyen CC, Palmieri L], Pallav K, Dowd SE,
Humbert L, Seksik P, Bado A, Coffin B, et al
Saccharomyces boulardii CNCM 1-745 modulates the
fecal bile acids metabolism during antimicrobial ther-
apy in healthy volunteers. Front Microbiol. 2019;10:336.
d0i:10.3389/fmicb.2019.00336.

Ridlon JM, Harris SC, Bhowmik S, Kang D],
Hylemon PB. Consequences of bile salt biotransforma-
tions by intestinal bacteria. Gut Microbes. 2016;7
(1):22-39. doi:10.1080/19490976.2015.1127483.

Anand S, Mandal S, Tomar SK. Effect of Lactobacillus
rhamnosus NCDC 298 with FOS in combination on
viability and toxin production of enterotoxigenic
escherichia coli. Probiotics Antimicrob Proteins.
2017;11(1):23-29. doi: 10.1007/s12602-017-9327-1.
Zhou M, Zhu J, Yu H, Yin X, Sabour PM, Zhao L,
Chen W, Gong J. Investigation into in vitro and
in vivo models using intestinal epithelial IPEC-]J2 cells
and Caenorhabditis elegans for selecting probiotic can-
didates to control porcine enterotoxigenic Escherichia
coli. Journal of Applied Microbiology. 2014;117
(1):217-226. doi:10.1111/jam.12505.

Yang Y, Galle S, Le MHA, Zijlstra RT, Génzle MG. Feed
fermentation with reuteran- and levan-producing lac-
tobacillus reuteri reduces colonization of weanling pigs
by enterotoxigenic escherichia coli. Appl Environ
Microbiol. 2015;81(17):5743-5752. doi:10.1128/
AEM.01525-15.

Joffré E, Sjoling A. The LT1 and LT2 variants of the
enterotoxigenic Escherichia coli (ETEC) heat-labile

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

toxin (LT) are associated with major ETEC lineages.
Gut Microbes. 2016;7(1):75-81. doi:10.1080/
19490976.2015.1127480.

Knutton S, Lloyd DR, Candy DC, McNeish AS.
Adhesion of enterotoxigenic Escherichia coli to
human small intestinal enterocytes. Infect Immun.
1985;48(3):824-831. doi:10.1128/iai.48.3.824-831.1985.
Sheikh A, Rashu R, Begum YA, Kuhlman FM, Ciorba MA,
Hultgren SJ, Qadri F, Fleckenstein JM. Highly conserved
type 1 pili promote enterotoxigenic Ecoli pathogen-host
interactions. PLoS Negl Trop Dis. 2017;

Suez J, Zmora N, Segal E, Elinav E. The pros, cons, and
many unknowns of probiotics. Nat Med. 2019;25
(5):716-729. d0i:10.1038/s41591-019-0439-x.

Sarkar A, Mandal S. Bifidobacteria—Insight into clinical
outcomes and mechanisms of its probiotic action.
Microbiol ~Res.  2016;192:159-171.  doi:10.1016/j.
micres.2016.07.001.

Sokol H, Seksik P, Furet JP, Firmesse O, Nion-
Larmurier I, Beaugerie L, Cosnes ], Corthier G,
Marteau P, Doré J. Low counts of Faecalibacterium
prausnitzii in colitis microbiota. Inflamm Bowel Dis.
2009;15(8):1183-1189. doi:10.1002/ibd.20903.
Takeshita K, Mizuno S, Mikami Y, Sujino T, Saigusa K,
Matsuoka K, Naganuma M, Sato T, Takada T, Tsuji H,
et al. A single species of clostridium Subcluster XIVa
decreased in ulcerative colitis patients. Inflamm Bowel
Dis. 2016;22(12):2802-2810. doi:10.1097/
MIB.0000000000000972.

de Almeida CV, Taddei A, Amedei A. The controversial
role of Enterococcus faecalis in colorectal cancer.
Therap Adv Gastroenterol. 2018;11:
1756284818783606. doi:10.1177/1756284818783606.
Otta S, Swain B, Panigrahy R, Panda K, Debata NK.
Achromobacter xylosoxidans: a rare pathogen for com-
munity-acquired acute pancreatitis. JMM Case Reports.
2014;1(3). doi:10.1099/jmmecr.0.T00022.

Feng Z, Long W, Hao B, Ding D, Ma X, Zhao L, Pang X.
A human stool-derived Bilophila wadsworthia strain
caused systemic inflammation in specific-pathogen-
free mice. Gut Pathog. 2017;9(1):59. doi:10.1186/
$13099-017-0208-7.

Rios-Covidn D, Ruas-Madiedo P, Margolles A,
Gueimonde M, de los Reyes-Gavilan CG, Salazar N.
Intestinal short chain fatty acids and their link with
diet and human health. Front Microbiol. 2016;7:185.
d0i:10.3389/fmicb.2016.00185.

Riviére A, Selak M, Lantin D, Leroy F, De Vuyst L.
Bifidobacteria and Butyrate-Producing Colon Bacteria:
importance and strategies for their stimulation in the
human gut. Front Microbiol. 2016;7:979. 10.3389/
fmicb.2016.00979.

Tang X, Lee J, Chen WN. Engineering the fatty acid
metabolic pathway in Saccharomyces cerevisiae for
advanced biofuel production. Metabolic Engineering
Communications. 2015;2:58-66. doi:10.1016/j.
meteno.2015.06.005.


https://doi.org/10.1128/mBio.01298-15
https://doi.org/10.1007/s00253-015-6704-0
https://doi.org/10.1007/s00253-015-6704-0
https://doi.org/10.1053/j.gastro.2010.11.010
https://doi.org/10.1128/AEM.70.4.2204-2210.2004
https://doi.org/10.1080/13102818.2009.10818468
https://doi.org/10.3389/fmicb.2019.00336
https://doi.org/10.1080/19490976.2015.1127483
https://doi.org/10.1007/s12602-017-9327-1
https://doi.org/10.1111/jam.12505
https://doi.org/10.1128/AEM.01525-15
https://doi.org/10.1128/AEM.01525-15
https://doi.org/10.1080/19490976.2015.1127480
https://doi.org/10.1080/19490976.2015.1127480
https://doi.org/10.1128/iai.48.3.824-831.1985
https://doi.org/10.1038/s41591-019-0439-x
https://doi.org/10.1016/j.micres.2016.07.001
https://doi.org/10.1016/j.micres.2016.07.001
https://doi.org/10.1002/ibd.20903
https://doi.org/10.1097/MIB.0000000000000972
https://doi.org/10.1097/MIB.0000000000000972
https://doi.org/10.1177/1756284818783606
https://doi.org/10.1099/jmmcr.0.T00022
https://doi.org/10.1186/s13099-017-0208-7
https://doi.org/10.1186/s13099-017-0208-7
https://doi.org/10.3389/fmicb.2016.00185
https://doi.org/10.1016/j.meteno.2015.06.005
https://doi.org/10.1016/j.meteno.2015.06.005

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tap WD, Wainberg ZA, Anthony SP, Ibrahim PN,
Zhang C, Healey JH, Chmielowski B, Staddon AP,
Cohn AL, Shapiro GI, et al. Structure-Guided
Blockade of CSF1R kinase in tenosynovial giant-cell
tumor. N Engl ] Med. 2015;373(5):428-437.
doi:10.1056/NEJMoal411366.

Ge S, Usack JG, Spirito CM, Angenent LT. Long-term
n-caproic acid production from yeast-fermentation beer
in an anaerobic bioreactor with continuous product
extraction.  Environ  Sci  Technol.  2015;49
(13):8012-8021. doi:10.1021/acs.est.5b00238.
Elshaghabee FMF, Bockelmann W, Meske D, de
Vrese M, Walte HG, Schrezenmeir ], Heller KJ.
Ethanol production by selected intestinal microorgan-
isms and lactic acid bacteria growing under different
nutritional conditions. Front Microbiol. 2016;7:47.
doi: 10.3389/fmicb.2016.00047.

Cuskin F, Lowe EC, Temple MJ, Zhu Y, Cameron E,
Pudlo NA, Porter NT, Urs K, Thompson AJ,
Cartmell A, et al. Human gut Bacteroidetes can utilize
yeast mannan through a selfish mechanism. Nature.
2015;517(7533):165-169. doi:10.1038/nature13995.
Schneider SM, Girard-Pipau F, Filippi J, Hébuterne X,
Moyse D, Hinojosa GC, Pompei A, Rampal P. Effects of
Saccharomyces boulardii on fecal short-chain fatty acids
and microflora in patients on long-term total enteral
nutrition.  World ]  Gastroenterol.  2005;11
(39):6165-6169. doi:10.3748/wjg.v11.i39.6165.
Chin'ombe N, Muzividzi B, Munemo E,
Nziramasanga P. Molecular identification of nontuber-
culous mycobacteria in humans in Zimbabwe using 16S
Ribosequencing. =~ Open  Microbiol J. 2016510
(1):113-123. doi:10.2174/1874285801610010113.

Looft T, Levine UY, Stanton TB. Cloacibacillus por-
corum sp. nov., a mucin-degrading bacterium from
the swine intestinal tract and emended description of
the genus Cloacibacillus. Int J Syst Evol Microbiol.
2013;63(Pt_6):1960-1966. doi:10.1099/ijs.0.044719-0.
Takada T, Kurakawa T, Tsuji H, Nomoto K.
Fusicatenibacter saccharivorans gen nov., sp. nov., iso-
lated from human faeces. Int J Syst Evol Microbiol.
2013;63(Pt_10):3691-3696. doi:10.1099/ijs.0.045823-0.
Bag S, Ghosh TS, Das B. Complete genome sequence of
collinsella aerofaciens isolated from the gut of a healthy
Indian subject. Genome Announc. 2017;

Principi N, Cozzali R, Farinelli E, Brusaferro A,
Esposito S. Gut dysbiosis and irritable bowel syndrome:
the potential role of probiotics. Journal of Infection.
2018;76(2):111-120. doi:10.1016/j.jinf.2017.12.013.
Nair P, Okhuysen PC, Jiang ZD, Carlin LG, Belkind-
Gerson ], Flores ], Paredes M, DuPont HL. Persistent
abdominal symptoms in US adults after short-term stay
in mexico. J Travel Med. 2014;21(3):153-158.
doi:10.1111/jtm.12114.

Lee BJ, Bak YT. Irritable bowel syndrome, gut micro-
biota and probiotics. ] Neurogastroenterol Motil.
2011;17(3):252-266. d0i:10.5056/jnm.2011.17.3.252.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

GUT MICROBES (&) e1953246-23

Malinen E, Rinttild T, Kajander K, Mitto ], Kassinen A,
Krogius L, Saarela M, Korpela R, Palva A. Analysis of
the fecal microbiota of irritable bowel syndrome
patients and healthy controls with real-time PCR. Am
] Gastroenterol. 2005;100(2):373-382. doi:10.1111/
j.1572-0241.2005.40312.x.

Rodifio-Janeiro BK, Vicario M, Alonso-Cotoner C,
Pascua-Garcia R, Santos J. A review of microbiota and
irritable bowel syndrome: future in therapies. Adv Ther.
2018;35(3):289-310. doi:10.1007/s12325-018-0673-5.
Depommier C, Everard A, Druart C, Plovier H, Van
Hul M, Vieira-Silva S, Falony G, Raes ], Maiter D,
Delzenne NM, et al. Supplementation with
Akkermansia muciniphila in overweight and obese
human volunteers: a proof-of-concept exploratory
study. Nat Med. 2019;25(7):1096-1103. doi:10.1038/
541591-019-0495-2.

Romano S, Sayva GM, Bedarf JR, Charles IG,
Hildebrand F, Narbad A. Meta-analysis of the
Parkinson’s disease gut microbiome suggests alterations
linked to intestinal inflammation. Npj Parkinson’s Dis.
2021;7(1):27. doi:10.1038/s41531-021-00156-z.

Stoll ML, Pierce KM, Watkins JA, Zhang M, Weiss PF,
Weiss JE, Elson CO, Cron RQ, Kumar R, Morrow CD,
et al. Akkermansia muciniphila is permissive to arthritis
in the K/BxN mouse model of arthritis. Genes Immun.
2019;20(2):158-166. doi:10.1038/s41435-018-0024-1.
Leshem A, Segal E, Elinav E, Gibbons SM. The gut micro-
biome and individual-specific responses to diet. mSystems.
2020;5(5):€00665-20. doi:10.1128/mSystems.00665-20.
Evans DG, Evans D], Tjoa W. Hemagglutination of
human group a erythrocytes by enterotoxigenic escher-
ichia coli isolated from adults with diarrhea: correlation
with colonization factor. Infect Immun. 1977;18
(2):330-337. doi:10.1128/iai.18.2.330-337.1977.
Kurtzman CP, Robnett CJ. Identification of clinically
important ascomycetous yeasts based on nucleotide
divergence in the 5’ end of the large-subunit (26S)
ribosomal DNA gene. J. Clin. Microbiol. 1997;35
(5):1216-1223. do0i:10.1128/jcm.35.5.1216-1223.1997.
Kurtzman CP, Robnett CJ. Identification and phylogeny
of ascomycetous yeasts from analysis of nuclear large
subunit (26S) ribosomal DNA partial sequences
Antonie Van Leeuwenhoek. Int ] Gen Mol Microbiol.
1998;73(4):331-371. doi:10.1023/A:1001761008817.
European Committee for Standardization, 15790:2008
PCR typing of probiotic strains of Saccharomyces cerevi-
siae (yeast); 2009; ISBN 978-0-580-61806-2.

Roussel C, Cordonnier C, Galia W, Goff OL,
Thévenot J, Chalancon S, Alric M, Thevenot-Sergentet
D, Leriche F, Van de Wiele T, et al. Increased EHEC
survival and virulence gene expression indicate an
enhanced pathogenicity upon simulated pediatric gas-
trointestinal ~ conditions.  Pediatr Res. 2016;80
(5):734-743. doi:10.1038/pr.2016.144.

Roussel C, De Paepe K, Galia W, De Bodt ],
Chalancon S, Leriche F, Ballet N, Denis S, Alric M,


https://doi.org/10.1056/NEJMoa1411366
https://doi.org/10.1021/acs.est.5b00238
https://doi.org/10.1038/nature13995
https://doi.org/10.3748/wjg.v11.i39.6165
https://doi.org/10.2174/1874285801610010113
https://doi.org/10.1099/ijs.0.044719-0
https://doi.org/10.1099/ijs.0.045823-0
https://doi.org/10.1016/j.jinf.2017.12.013
https://doi.org/10.1111/jtm.12114
https://doi.org/10.5056/jnm.2011.17.3.252
https://doi.org/10.1111/j.1572-0241.2005.40312.x
https://doi.org/10.1111/j.1572-0241.2005.40312.x
https://doi.org/10.1007/s12325-018-0673-5
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1038/s41531-021-00156-z
https://doi.org/10.1038/s41435-018-0024-1
https://doi.org/10.1128/mSystems.00665-20
https://doi.org/10.1128/iai.18.2.330-337.1977
https://doi.org/10.1128/jcm.35.5.1216-1223.1997
https://doi.org/10.1023/A:1001761008817
https://doi.org/10.1038/pr.2016.144

e1953246-24 (&) C.ROUSSEL ET AL.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Van de Wiele T, et al. Spatial and temporal modulation
of enterotoxigenic E. coli H10407 pathogenesis and
interplay with microbiota in human gut models. BMC
Biol. 2020;18(1):141. doi:10.1186/s12915-020-00860-x.
Van de Wiele T, Van den Abbeele P, Ossieur W,
Possemiers S, Marzorati M, Verhoeckx K, Cotter P,
Lopez-Exposito I, Kleiveland C, Tor L, et al. The
Simulator of the Human Intestinal Microbial
Ecosystem (SHIME®). In: Verhoeckx K, Cotter P,
Lépez-Exposito 1, Kleiveland C, Lea T, Mackie A, edi-
tors. The Impact of Food Bioactives on Health: in vitro
and ex vivo models. Cham: Springer International
Publishing; 2015. 305-317.

Boever PD, Deplancke B, Verstraete W. Fermentation
by gut microbiota cultured in a simulator of the human
intestinal microbial ecosystem is improved by supple-

menting a soygerm powder. ] Nutr. 2000;130
(10):2599-2606. doi:10.1093/jn/130.10.2599.
Van den Abbeele P, Roos S, Eeckhaut V,

MacKenzie DA, Derde M, Verstraete W, Marzorati M,
Possemiers S, Vanhoecke B, Van Immerseel F, et al.
Incorporating a mucosal environment in a dynamic
gut model results in a more representative colonization
by lactobacilli. Microb Biotechnol. 2012;5(1):106-115.
doi:10.1111/j.1751-7915.2011.00308.x.

Liu L, Firrman J, Tanes C, Bittinger K, Thomas-Gahring A,
Wu GD, Van den Abbeele P, Tomasula PM. Establishing
a mucosal gut microbial community in vitro using an
artificial simulator. PloS One. 2018;13(7):e0197692.
doi:10.1371/journal. pone.0197692.

Geirnaert A, Wang J, Tinck M, Steyaert A, Van den
Abbeele P, Eeckhaut V, Vilchez-Vargas R, Falony G,
Laukens D, De Vos M, et al. Interindividual differences
in response to treatment with butyrate-producing
Butyricicoccus pullicaecorum 25-3T studied in an
in vitro gut model. FEMS Microbiol Ecol. 2015;91(6):
fiv054. doi: 10.1093/femsec/fiv054.

Novo D, Perlmutter NG, Hunt RH, Shapiro HM. Accurate
flow cytometric membrane potential measurement in bac-
teria using diethyloxacarbocyanine and a ratiometric
technique. Cytometry. 1999;35(1):55-63. doi:10.1002/
(SICI)1097-0320(19990101)35:1<55::AID-CYTO8>3.0.
CO;2-2.

Salimian J, Salmanian A, Khalesi R, Mohseni M,
Moazzeni S. Antibody against recombinant heat labile
enterotoxin B subunit (rLTB) could block LT binding to
ganglioside M1 receptor. Iran ] Microbiol. 2010;2:120-127.
De Paepe K, Kerckhof F-M, Verspreet ], Courtin CM,
Van de Wiele T. Inter-individual differences determine
the outcome of wheat bran colonization by the human
gut microbiome. Environ Microbiol. 2017;19
(8):3251-3267. d0i:10.1111/1462-2920.13819.

Kozich JJ, Westcott SL, Baxter NT, Highlander SK,
Schloss PD. Development of a dual-index sequencing
strategy and curation pipeline for analyzing amplicon

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

sequence data on the MiSeq Illumina sequencing
platform.  Appl Environ  Microbiol.  2013;79
(17):5112-5120. doi:10.1128/AEM.01043-13.

Chen W, Zhang CK, Cheng Y, Zhang S, Zhao H.
A comparison of methods for clustering 16S rRNA
sequences into OTUs. PLoS ONE. 2013;8(8):e70837.
doi:10.1371/journal.pone.0070837.

Schloss PD, Westcott SL. Assessing and improving
methods used in operational taxonomic unit-based
approaches for 16S rRNA gene sequence analysis.
Appl Environ Microbiol. 2011;77(10):3219-3226.
doi:10.1128/AEM.02810-10.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive
Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl
Environ Microbiol. 2007;73(16):5261-5267.
doi:10.1128/AEM.00062-07.

Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM,
Sun Y, Titus Brown C, Porras-Alfaro A, Kuske CR,
Tiedje JM, et al. Ribosomal Database Project: data and
tools for high throughput rRNA analysis. Nucleic Acids
Res. 2014;42(D1):633-642. doi:10.1093/nar/gkt1244.
McMurdie PJ, Holmes S. Waste not, want not: why
rarefying microbiome data is inadmissible. PLoS
Comput Biol. 2014;10(4):e1003531. doi:10.1371/jour-
nal.pcbi.1003531.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R.
Uchime improves sensitivity and speed of chimera
detection.  Bioinformatics. 2011;27(16):2194-2200.
doi:10.1093/bioinformatics/btr381.

Altschul SF, Gish W, Miller W, Myers EW, Lipman D]J.
Basic local alignment search tool. ] Mol Biol. 1990;215
(3):403-410. doi:10.1016/S0022-2836(05)80360-2.
Oksanen J, Blanchet G, Friendly M, Kindt R,
Legendre P, McGlinn D, Minchin PR, O'Hara RB,
Simpson GL, Solymos P, et al. Vegan: community
Ecology Package. R package version 2.4-0. Accessed on
August 2020. https://CRAN.Rproject.org/package=
vegan. Tech. rep., 2016.

Ramette A. Multivariate analyses in microbial ecology.
FEMS Microbiol Ecol. 2007;62(2):142-160. doi:10.1111/
j.1574-6941.2007.00375.x.

Borcard D, Gillet F, Legendre P Numerical Ecology with
R. New York: springer-Verlag; 2011. (Use R!). Accessed
on August 2020. Available from: //www.springer.com/
la/book/9781441979766

Love MI, Huber W, Anders S. Moderated estimation of
fold change and dispersion for RNA-seq data with
DESeq2. Genome Biol. 2014;15(12):550. doi:10.1186/
s13059-014-0550-8.

De Paepe K, Kerckhof F-M, Verspreet ], Courtin CM.
Van de Wiele T. Inter-individual differences determine
the outcome of wheat bran colonization by the human
gut microbiome. Environ Microbiol. 2017;19
(8):3251-3267. doi:10.1111/1462-2920.13819.


https://doi.org/10.1186/s12915-020-00860-x
https://doi.org/10.1093/jn/130.10.2599
https://doi.org/10.1111/j.1751-7915.2011.00308.x
https://doi.org/10.1371/journal.pone.0197692
https://doi.org/10.1093/femsec/fiv054
https://doi.org/10.1002/(SICI)1097-0320(19990101)35:1%3C55::AID-CYTO8%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1097-0320(19990101)35:1%3C55::AID-CYTO8%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1097-0320(19990101)35:1%3C55::AID-CYTO8%3E3.0.CO;2-2
https://doi.org/10.1111/1462-2920.13819
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1371/journal.pone.0070837
https://doi.org/10.1128/AEM.02810-10
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1093/nar/gkt1244
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1016/S0022-2836(05)80360-2
https://CRAN.Rproject.org/package=vegan
https://CRAN.Rproject.org/package=vegan
https://doi.org/10.1111/j.1574-6941.2007.00375.x
https://doi.org/10.1111/j.1574-6941.2007.00375.x
http:////www.springer.com/la/book/9781441979766
http:////www.springer.com/la/book/9781441979766
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1111/1462-2920.13819

	Abstract
	Introduction
	Results
	Probiotic treatment has no direct inhibitory effect on ETEC survival in the in vitro gut
	Probiotic treatment affected ETEC membrane integrity in the upper digestive tract
	Probiotic treatment affects ETEC-virulence
	Probiotic treatment affects LT toxin production
	Probiotic treatment induces significant changes in the microbial community structure in a niche-dependent way
	Probiotic-treated microbiota displayed higher robustness following ETEC infection
	Probiotic treatment stimulates SCFA production in ascending colon and enhances ethanol production in ileum

	Discussion
	Conclusion
	Methods
	Strains and growth conditions
	TIM-1 gastrointestinal system
	M-SHIME fermentation system
	DNA extraction
	ETEC and probiotic quantification
	Flow cytometry analysis
	Transcriptional analysis by quantitative real-time qPCR and LT-monosialoganglioside (GM1) ELISA
	Microbial community analysis
	Metabolite production

	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Authors’ Contributions
	Availability of Data and Materials
	Ethics approval
	References

