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Enterotoxigenic Escherichia coli (ETEC) is the principal pathogen responsible for post-
weaning diarrhea in newly weaned piglets. Expansion of ETEC at weaning is thought to
be the consequence of various stress factors such as transient anorexia, dietary change
or increase in intestinal inflammation and permeability, but the exact mechanisms remain
to be elucidated. As the use of animal experiments raise more and more ethical
concerns, we used a recently developed in vitro model of piglet colonic microbiome
and mucobiome, the MPigut-IVM, to evaluate the effects of a simulated weaning
transition and pathogen challenge at weaning. Our data suggested that the tested
factors impacted the composition and functionality of the MPigut-IVM microbiota.
The simulation of weaning transition led to an increase in relative abundance of the
Prevotellaceae family which was further promoted by the presence of the ETEC strain.
In contrast, several beneficial families such as Bacteroidiaceae or Ruminococcaceae
and gut health related short chain fatty acids like butyrate or acetate were reduced
upon simulated weaning. Moreover, the incubation of MPigut-IVM filtrated effluents with
porcine intestinal cell cultures showed that ETEC challenge in the in vitro model led
to an increased expression of pro-inflammatory genes by the porcine cells. This study
provides insights about the etiology of a dysbiotic microbiota in post-weaning piglets.

Keywords: in vitro model of colonic microbiota, piglet, weaning, ETEC, intestinal cells, gene expression

INTRODUCTION

In early life, the gut microbiota is shaped by its host and by external factors, including diet
(Frese et al., 2015). At weaning, piglets are exposed to social, environmental and dietary stresses
engendering disruptions of the balance between intestinal microbial communities, also called
dysbiosis (Gresse et al., 2017). Gut dysbiosis in post-weaning piglets is associated with a higher
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risk of developing infectious post-weaning diarrhea (Gresse et al.,
2017), raising a major economic burden in swine industry
because of the reduced growth performance and high mortality
of infected animals (Amezcua et al., 2002; Fairbrother et al.,
2005; Luppi et al., 2016). Additionally, the massive use of
antibiotics as preventive and curative treatment increases public
health concerns due to the expansion of bacteria resistance
against antibiotics (Gresse et al., 2017). The major pathogenic
agent responsible for post-weaning diarrhea is Enterotoxigenic
Escherichia coli (ETEC) (Amezcua et al., 2002; Fairbrother et al.,
2005; Dubreuil et al., 2016; Luppi et al., 2016; Rhouma et al.,
2017). This pathotype is characterized by both the presence of
fimbrial adhesins inducing cell attachment to porcine intestinal
epithelial cells and secretion of enterotoxins which impact
intestinal homeostasis (Dubreuil et al., 2016; Luppi et al., 2016).
The most prevalent ETEC strains found in 45.1% of diarrheic
post-weaning piglets harbor the fimbriae F4 (also designated
K88) and secrete heat-labile toxin (LT) and heat-stable toxins
(St a or b) (Fairbrother et al., 2005; Dubreuil et al., 2016;
Luppi et al., 2016). If contributing factors to the progression
and severity of ETEC infections such as housing conditions,
early weaning, feed management, and genetic predispositions
were previously identified (Madec et al., 1998; Main et al., 2004;
Laine et al., 2008; Rhouma et al., 2016), the exact etiology
of post-weaning diarrhea and ETEC infections remains far
from understood. One hypothesis incriminates the reduced feed
intake encountered by piglets at weaning which contributes
to intestinal inflammation and morphology disruptions and
strongly correlates with the risk of developing enteric diseases
(McCracken et al., 1999; Le Dividich and Sève, 2000; Main et al.,
2004; Rhouma et al., 2017). In particular, the disturbance of
the mucosa intestinal environment and its associated microbiota
could promote the expansion of opportunistic pathogens such as
Enterobacteriaceae and increase the susceptibility toward bacteria
and their toxins (Gresse et al., 2017). At the end of the weaning-
induced feed deprivation period, the ingestion of plant-based
derived solid feed further remodels the composition of the
gut microbiota that was adapted to maternal milk during the
suckling period (Frese et al., 2015). Understanding the origin
of post-weaning diarrhea is challenging since the mechanisms
involved are very complex and probably caused by nutrition
and both host and microbe-derived factors. In vitro models of
the piglet intestine including gut microbiota are adequate tools
to remove host influence and thus exclusively evaluate factors
impacting or influenced by commensal microbes. Especially, the
use of such in vitro techniques offers advantageous conditions
when pathogenic strains are involved due to more standardized
conditions, good reproducibility and ethical reasons (Payne
et al., 2012). Hitherto, the PigutIVM (Piglet Gut In vitro
Model) and the BABY-SPIME (Baby Simulator of Pig Intestinal
Microbial Ecosystem) were the only developed in vitro models
mimicking the specific physicochemical and microbial conditions
encountered in the colon of piglets (Fleury et al., 2017; Dufourny
et al., 2019). However, the recently designed MPigut-IVM
(Mucin associated Piglet Gut In vitro Model) brought the unique
feature of reproducing the mucus-associated microbiota of piglet
colon using specifically developed mucin beads. In a previous

study using the MPigut-IVM, a 48 h feed deprivation stress
remodeled piglet gut microbiota composition and functionality
(Gresse et al., 2021).

In this study, we used the MPigut-IVM to evaluate the impact
of a dietary change on the gut microbiota of 4-week-old piglets
after a 48 h feed deprivation period. The MPigut-IVM was then
exposed to an ETEC strain isolated from diarrheic piglets to
study the interactions between the pathogen and gut microbiota.
Finally, to unravel the consequences of microbiota perturbation
on the host epithelium metabolism, filtrated effluents of control
and ETEC-inoculated MPigut-IVM bioreactors were incubated
with a porcine cell line.

MATERIALS AND METHODS

Fecal Sample Collection and Treatments
All animals were housed in a conventional pig farm located in the
Haute-Loire area of the Auvergne-Rhône-Alpes region in France.
Piglets remained with their mother and siblings during the
suckling period. In addition to sow milk, piglets received water
and pre-weaning diet ad libitum. None of the piglets had signs
of enteric or metabolic disturbances. The animals did not receive
any antibiotic in the 27 days prior to the day of fecal collection.
As freezing process showed to affect bacterial abundances in pig
feces (Metzler-Zebeli et al., 2016), fecal samples from six 4-weeks
old healthy male unweaned suckling piglets (Landrace × Large
White) were collected directly from the pig while holding
using sterile bottles and preserved under anaerobic conditions
using GENbag anaer gas pack systems (bioMérieux, Marcy-
l’Etoile, France) during transport to laboratory where they were
immediately processed upon their arrival.

MPigut-IVM Parameters
Five hundred milliliters MiniBio bioreactors (Applikon
Biotechnology, Delft, Netherlands) equipped with stirrers,
ports and probes and inoculated with fecal samples from piglets
were prepared as previously described (Gresse et al., 2021).
Briefly, 150 mL of fecal suspension prepared in an anaerobic
chamber were added in each bioreactor containing 150 mL of
nutritive medium (see below), previously reduced by flushing
with O2-free N2 gas. Ten minutes after inoculation and during
the fermentation course, flushing was stopped and anaerobic
conditions were maintained exclusively by the activity of the
resident microbiota and by ensuring the airtightness of the
system. The temperature of the fermentation was set up to
39◦C, pH was maintained to a physiological value of 6.0, and
redox potential was constantly measured. The fermentation
medium was stirred at a constant speed of 300 rpm. After
a 24 h-batch fermentation period, nutritive medium was
continuously introduced at a flow rate of 0.17 mL/min except
during the feed deprivation period (see below). The fermentation
medium volume was maintained at 200 mL using a drainage
pump controlled by a level sensor. Indeed, the system ensured a
retention time of 18 h to mimic the colonic transit time of 4-week
old piglets (Wilson and Leibholz, 1981). Anaerobic conditions
and gas composition were checked every day by analyzing N2,
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O2, CO2, CH4, and H2 present in the atmospheric phase of
the bioreactors using a 490 Micro gas chromatograph (Agilent
Technologies, Inc., Santa Clara, CA, United States) equipped
with two columns, Molecular Sieve 5A and PoraPlot U, coupled
with TCD detectors. Argon was used as gas carrier.

Composition of MPigut-IVM Nutritive
Media
Two nutritive media were used during in vitro fermentative
procedure (see Figure 1). A pre-weaning diet was given during
the first 7 days of fermentation (Stabilization period, Figure 1).
Its formula was elaborated as previously described (Gresse
et al., 2021) and considered as a digested pre-weaning diet
(Supplementary Table 1). Following the 48 h feed deprivation
period, which was simulated by stopping the nutrient supply
to MPigut-IVM bioreactors, corn meal, potato protein and
a higher concentration of soy proteins were included in the
diet whereas milk derived proteins and products were reduced
to simulate a post-weaning diet as commonly fed to piglets
(Supplementary Table 1).

Mucin Bead Production and
Compartment
Mucin beads were prepared as previously described (Gresse et al.,
2021). At the beginning of fermentation, 350 ± 20 mucin beads

were introduced into their specific glass compartment. The latter
was maintained at 39◦C in a water-bath and the fermentative
medium continuously flowed through it (re-circulating loop).
Mucin beads were completely replaced every 48 h to ensure a
continuous availability of mucin adherent surfaces. During the
time of bead replacement, the medium of the bead compartment
was kept under CO2 flushing to avoid oxygenation.

In vitro Fermentation Procedures and
Sampling
The first 7 days of the fermentation procedures represented the
stabilization period and corresponded to the appropriate time
to achieve stabilization of microbiota composition, diversity and
activity inside the MPigut-IVM (Gresse et al., 2021). At day 7,
the flow of nutritive medium was interrupted during 48 h to
simulate feed deprivation observed at weaning. At day 9, the
flow of nutritive medium restarted with a simulated post-weaning
diet. Taken together the feed deprivation stress and the dietary
change applied during the recovery period aimed to simulate
weaning transition (Figure 1). Experiments were designed as
presented on Figure 1, three independent runs of fermentation
were performed with different pools of piglet fecal samples.
Samples from the bioreactor medium were collected on day 7
(before the start of the feed deprivation period), day 9 (right
at the end of the feed deprivation), and days 10, 10.5, 11, 12,

FIGURE 1 | Experimental design of the in vitro fermentations and denomination of the conditions studied in the MPigut-IVM.
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and 15 (corresponding to the recovery period). Mucin beads and
bead medium from the bead compartment were collected on
days 7, 9, 11, and 15. Samples from the bioreactor medium and
bead medium were centrifuged (4◦C, 10,000 g, 45 min). Pellets
and supernatants were stored until analysis at −20 and −80◦C,
respectively. After collection, mucin beads were gently washed
three times in sterile 1X PBS and stored at−20◦C.

ETEC Strain, Culture and Challenge
Conditions
The ETEC Ec105 strain (F4, Stb+, East1+, LT+) was isolated
from a diarrheic piglet (Dr. J. J. Garrido, Department of Animal
Genetics, University of Córdoba, Spain). Prior to ETEC challenge
in the in vitro model, bacteria were grown until OD600nm = 0.6
in Luria Bertani (LB) broth (BD Difco, NJ, United States), at
39◦C to be consistent with the temperature of the MPigut-
IVM (body temperature of piglets). The bacterial culture was
then centrifuged (4◦C, 10,000 g, 15 min) and the pellet was
rinsed using sterile PBS 1X (Phosphate Buffered Saline, Sigma-
Aldrich), resuspended in 1 mL of sterile PBS and inoculated to
the bioreactor medium of the “ETEC” condition on day 10 (see
Figure 1) at a final concentration of 107 CFU/mL of fermentation
medium. The control condition, referred as “CTRL,” received
1 mL of sterile PBS 1X at the same time.

PMA Treatments for qPCR
Samples from the bioreactor medium and bead medium were
collected in duplicate at all time points. They were stained with
50 µM PMAxx (Interchim, Montluçon, France) as described by
Roussel et al. (2018) to avoid PCR amplification of DNA from
dead cells. The stained samples were incubated for 5 min in
the dark at room temperature, under shaking (100 rpm). After
incubation, samples were exposed to the blue light PMA-Lite
LED Photolysis (Interchim, Montluçon, France) during 15 min to
activate the PMAxx dye. Samples were then centrifuged (4,400 g,
4◦C, 45 min). Pellets were washed twice with milli-Q water and
stored at−20◦C until DNA extraction.

DNA Extraction From MPigut-IVM
Samples
Total DNA was extracted from all samples using the Quick-
DNA Fecal/Soil Microbe Miniprep Kit (Zymo Research, Irvine,
CA, United States) according to the manufacturer’s instructions.
The quality of the eluted DNA was assessed by agarose gel
electrophoresis. Extracts were quantified using the Qubit dsDNA
Broad Range Assay Kit (Invitrogen, Carlsbad, CA, United States)
with a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA,
United States). Samples were stored at−20◦C prior to analyses.

Microbial Quantification by qPCR
The list of primer pairs and their optimal conditions used
for quantitative PCR of total bacteria, Methanogenic archaea
and Escherichia/Shigella group are presented in Supplementary
Table 2 (Huijsdens et al., 2002; Yu et al., 2005; Ohene-Adjei et al.,
2008). Standard curves assessment was performed as specified in
Gresse et al. (2021). Real-time PCR assays were performed on a

Rotor-Gene Q (Qiagen, Venlo, Netherlands) in 20 µL reactions
with QuantiFast SYBR GREEN master mix (Qiagen, Venlo,
Netherlands) or TaqMan Fast Advanced Master mix (Applied
Biosystems, Foster City, CA, United States) with the addition
of each primer at their optimal concentration (Supplementary
Table 2). The 16S rDNA genes were amplified using the following
program: 2 min denaturation at 95◦C and 10 min denaturation
at 95◦C; 40 and 45 cycles of 20 s at 95◦C and 60 s elongation
and extension at the optimum annealing temperature, and when
performing SYBR GREEN based assay, a melting curve step
was performed from 60◦C to 95◦C. Each reaction was run in
duplicate. The melting curves of PCR amplicons from SYBR
GREEN based assays were checked to ensure primer specificity.
The 16S rDNA gene copy number was calculated using the
formula: copy number/µl = (C/X)∗0.912.1012 with C: DNA
concentration measured (ng/µL) and X: PCR fragment length
(bp/copy) and diluted in 10-fold dilution series to be used as
qPCR standards. Efficiency of the qPCR for each target varied
between 95 and 105% with a slope from −3.0 to −3.4 and a
regression coefficient above 0.95, which was in accordance with
the MIQE guidelines (Bustin et al., 2009). Ten-fold dilutions
series of DNA extracted from the ETEC Ec105 pure culture
stained or not with PMA were used to control the reliability of the
PMA treatment. A sample from the same bacterial pure culture
was subjected to a lethal treatment (95◦C, 15 min) and stained or
not with PMA and used as a negative control for PMA-qPCR.
The survival of the ETEC strain was monitored from day 10,
i.e., the time of inoculation, to day 15 in the bioreactor medium,
bead medium and on mucin beads via the quantification of the
labile enterotoxin (LT) gene [Supplementary Table 3, references
(Ngeleka et al., 2003; Rahman et al., 2006; Madoroba et al., 2009;
Nicklasson et al., 2012; Roussel, 2019)]. After log transformation
of the data, a mixed-model one-way ANOVA (lmer and ANOVA
functions) with time point (days of fermentation) and ETEC
treatment as fixed effects and fermentation experiment as a
random effect was used to compare the number of 16S gene
copy per g of samples between days of fermentation using the
R packages lme4 package version 1.1.21 and car package version
3.0-6. The means of each group were compared pairwise with the
lsmeans package (version 2.30-0) with the Tukey correction.

MiSeq 16S rDNA Sequencing and
Bioinformatic Analysis
The DNA concentration of all samples was measured using the
Qubit dsDNA High Sensitivity Assay Kit (Invitrogen, Carlsbad,
CA, United States) with a Qubit 2.0 Fluorometer (Invitrogen,
Carlsbad, CA, United States) and diluted to 2 ng/µL prior
to PCR amplification. The Bacterial V3–V4 region of 16S
rDNA and the Archaeal 16S rDNA were, respectively, amplified
with primers 357F 5′-CCTACGGGNGGCWGCAG-3′ (Yu et al.,
2005) and 805R 5′-GACTACHVGGGTATCTAATCC-3′ (Lane
et al., 1985) and primers 349F 5′-GYGCASCAGKCGMGAAW-
3′ and 806R 5′-GGACTACVSGGGTATCTAAT -3′ (Ohene-Adjei
et al., 2008). Amplicons were generated using a Fluidigm
Access Array followed by high-throughput sequencing on an
Illumina MiSeq system (Illumina, San Diego, CA, United States)
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performed at the Carver Biotechnology Center of the University
of Illinois (Urbana, IL, United States). The demultiplexed
paired end Illumina sequence reads in the FastQ format were
uploaded into the Galaxy instance (v.2.3.0) of the Genotoul
bioinformatics platform1 to be used in the FROGS (Find Rapidly
OTU with Galaxy Solution) pipeline (Escudié et al., 2018).
During the FROGS pre-process, sequences were depleted of
barcode and the sequences with a non-appropriate length or
containing ambiguous bases were removed. Next, reads were
clustered into de novo operational taxonomic units (OTUs)
using SWARM algorithm (Mahé et al., 2014) with, at first, a
denoising step to build very fine cluster using the minimal
distance equal to 1 and, secondly, with an aggregation distance
equal to 3. Chimeras were then detected and removed with
VSEARCH (Rognes et al., 2016). Additionally, filters were
applied to the OTUs in order to remove singletons (Bokulich
et al., 2013; Auer et al., 2017). The OTUs selected were
taxonomically assigned using the Silva release 132 reference
database (Quast et al., 2013).

Statistical Analysis of Sequencing Data
The Illumina MiSeq run generated a total of 8,107,484 and
1,467,731 high quality sequences, respectively, for the V3–V4 and
archaeal sets of primers. Removal of PhiX control reads, removal
of chimeras and filtering of singletons lead to a number of
51,703± 13,520 sequences for V3–V4 primers and 5,377± 4,645
sequences for archaeal primers per sample. To avoid any bias,
samples containing less than 500 sequences after abundance
filtering were removed from the dataset. Statistical analysis
was processed using the RStudio software version 1.0 (with
R software version 3.5.1, R Development Core Team)2. OTU
structure and composition analyses were performed using the
phyloseq R package version 1.30.0 (McMurdie and Holmes,
2013). Visualization of data was performed using the ggplot2
R package version 3.2.1. Prior to alpha and beta diversity
calculations, rarefaction using the transform count methods
was applied to the dataset. The following alpha diversity
indices were calculated: number of observed OTU phylogenic
diversity and Shannon index. Statistical differences in Bray
Curtis distance between the mucin beads, bead medium and
the bioreactor medium and between the pre and post-weaning
diet were tested using a multi-analysis of variance (MANOVA)
performed with ADONIS using the vegan R package with 9999
permutations and represented by principal coordinate analysis
(PCoA) plots. The relative abundances of bacterial groups
were log transformed prior to univariate statistical analyses.
All univariate statistical analyses were performed using linear
mixed-models (lme4 package version 1.1.21) with time point
(days of fermentation) and ETEC treatment as fixed effects
and fermentation experiment as a random effect. Analysis of
variance tables was calculated with the car package (version
3.0.6). The means of each group were compared pairwise with
the lsmeans package (version 2.30-0) with the Tukey correction
(Supplementary Table 4). Statistical comparisons of samples

1http://sigenae-workbench.toulouse.inra.fr
2www.R-project.org

from the recovery phase of the fermentation containing or not
the ETEC Ec105 strain were also performed using the Wald
test of the DESeq2 R package version 1.26.0 at the genus
level. In all statistical analyses, only P-values below 0.05 were
considered as significant.

RNA Isolation of MPigut-IVM Samples
Total RNAs from bioreactor medium, mucin beads, and bead
medium were extracted using Trizol reagent (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, United States) as described
by Comtet-Marre et al. (2017). DNAse treatment with the
rDNAse Set (Macherey-Nagel, Hśrdt, France) was performed
to remove any contamination of genomic DNA according to
the manufacturer’s instructions. The integrity of few samples
representative from the whole set was assessed using the Agilent
2100 Bioanalyzer using RNA Nano Chip (Agilent Technologies,
Inc., Santa Clara, CA, United States) to ensure sufficient
quality for RT-qPCR. Quantity and purity of RNAs were
measured using the Nanodrop One (Thermo Fisher Scientific,
Waltham, MA, United States) and RNAs were stored at −80◦C
until cDNA synthesis.

RT-qPCR of ETEC Virulence Genes
First, 1 µg of RNA per sample was reverse transcribed
into complementary DNA (cDNA) with the SuperScript
IV Reverse Transcriptase kit (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, United States) in conformity with
the manufacturer’s instructions. QPCR was performed on
the cDNAs as outlined in the section above. Primers and
conditions used for qPCR on cDNAs are listed in Supplementary
Table 3. cDNAs and DNA samples from the ETEC Ec105
pure culture and from the MPigut-IVM challenged with ETEC
were used as a positive control. The comparative E−11Ct
method was applied to calculate the relative fold changes
in the expression of ETEC virulence genes in the samples
from the MPigut-IVM. The BestKeeper excel-based tool (Pfaffl
et al., 2004) was used to determine the geometric means of
the three quantified reference genes, arcA, gapA, and rpos
considered for normalization. Primer efficiency was determined
using 10-fold dilution series of a set of samples representative
from mucin beads, bead medium, and bioreactor medium.
The efficiency was calculated from the slope of the standard
curves using the following equation E = 10 (−1/slope),
where E corresponds to high/acceptable amplification efficiency
equals to 90–110%.

Quantification of Short Chain Fatty Acids
(SCFAs) by Gas Chromatography
The SCFAs were quantified in the bioreactor medium and bead
medium by gas chromatography. Eight hundred microliters
of supernatants from bioreactor medium and bead medium
were mixed with 500 µL of 0.4% (w:v) crotonic acid and
2% (w:v) metaphosphoric acid solutions. This mixture was
centrifuged and the supernatant obtained was injected into a
PerkinElmer Clarus 580 gas chromatograph (Waltham, MA,
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United States) for quantification of SCFAs. A mixed-model one-
way ANOVA (lmer and ANOVA functions) with time point
and ETEC treatment (days of fermentation) as fixed effects
and fermentation experiment as a random effect was used to
compare the concentration of the main SCFAs between days of
fermentation using the R packages lme4 and car.

Metabolome Analysis by 1H Nuclear
Magnetic Resonance (NMR)
Supernatants of mucin bead medium collected on days 7 and 11
were used for metabolomic profiling using NMR spectroscopy.
After two centrifugation steps (18,000 g, 4◦C, 10 min) to
remove particles, 50 µL of supernatant were mixed with 600 µL
of buffer composed of sodium phosphate 0.2 M, pH 7.4,
trimethylsilylpropanoic acid 1 mmol/L, 80% deuterated water,
and 20% water. Spectra acquisition, processing, and metabolite
identifications were performed as described previously in
the MetaboHUB MetaToul-AXIOM metabolomics platform
(Beaumont et al., 2020). The list of metabolites identified in the
bead medium is presented in Supplementary Table 5.

Statistical analysis for NMR metabolomics was performed
using the R software (version 3.5.1). Partial-least square
discriminant analysis (PLS-DA) was performed with mixOmics
package (Rohart et al., 2017). Metabolite relative concentration
was used as variable matrix (X). Groups (Day 7, Day 11
CTRL, Day 11 ETEC) were used as predictors (Y) and time-
repeated measurement were considered by using a multilevel
approach. Univariate statistical analysis was also performed on
each metabolite relative concentration with the R packages lme4
and car. A mixed-model one-way ANOVA (lmer and ANOVA
functions) with group (Day 7, Day 11 CTRL, Day 11 ETEC) as
a fixed effect and fermentation experiment as a random effect
was used. A post hoc test was used to compare the mean relative
concentrations with Tukey correction. P-values were corrected
for multiple testing (false discovery rate).

Incubation of MPigut-IVM Effluents on
the IPI Porcine Cell Line
IPI-2I Cell Culture
The IPI-2I cell line is derived from the ileum of an adult male
pig and was immortalized by transfection with an SV40 plasmid
(pSV3-neo) (Kaeffer et al., 1993). IPI-2I cells were maintained
in Dulbecco’s Modified Eagle Medium (DMEM)/Ham’s F-12
(1:1) medium (Invitrogen Life Technologies, Carlsbad, CA,
United States) supplemented with 10% Fetal Calf Serum (FCS,
PAA Laboratories GmbH, Austria) and 4 mM L-glutamine
(Sigma, St. Louis, MO, United States). Cells were seeded onto 48-
well tissue culture plates at 25,000 cell/well in a volume of 200 µL
and grown 24 h in an atmosphere of 5% CO2 at 37◦C to allow for
confluency for the day of experiment.

Exposure of IPI-2I Cells to MPigut-IVM Effluents
Supernatants from bioreactor and bead medium at days 7, 9, 11,
13, and 15 were filtered using 0.2 µm sterile Minisart syringe
filters (Sartorius, Göttingen, Germany) and 30 times diluted
with DMEM (10% Fetal Calf Serum and 4 mM L-glutamine).

A thirty-fold dilution of each sample was established as the
best compromise following preliminary tests estimating the
survival of IPI-2I cells exposed to dilution series of MPigut-IVM
supernatants. After 2 h of incubation with the 30 fold diluted
supernatants, the viability of cells was comprised between 70
and 100% with a mean of 86.5% (n = 8, data not shown). The
diluted samples were added in duplicate to confluent monolayers
of IPI-2I cells in 48-well plates, as described above. Plates were
incubated for 2 h at 37◦C, 5% CO2. Then, the supernatants were
removed and IPI-2I cells were lysed by addition of 500 µL of
NucleoZOL (Macherey-Nagel, Hœrdt, France). Cell lysates were
stored at−80◦C prior to RNA isolation.

RNA Isolation From IPI-2I Lysates
Total cellular RNA was extracted from IPI-2I lysed cells
following the guidelines provided by the NucleoZOL user manual
(Macherey-Nagel, Hœrdt, France). The TURBO DNA-freeTM kit
(Applied Biosystems, Foster City, CA, United States) was used
according to the manufacturer’s instructions to prevent DNA
contamination. Purity and quality of the RNA extracts were
controlled on 1% agarose gels. RNAs were then quantified using
a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, United States) using an optical density of 260 nm.

RT-qPCR on IPI-2I RNA Extracts
Reverse transcription was performed using the qScript cDNA
Synthesis Kit (Quantabio, Beverly, MA, United States). Briefly,
350 ng of RNA per sample were added to 5 µL of sScript Reaction
Mix (5x) and 1 µL of qScript Reverse Transcriptase in a final
volume of 15 µL. The reverse transcription mix was successively
incubated 5 min at 22◦C, 30 min at 42◦C, and 5 min at 85◦C.
The synthetized cDNAs were stored at −20◦C until used. The
targeted genes are listed in Supplementary Table 5 (Mariani
et al., 2009). Quantifications were carried out in triplicate for
each cDNA using a QuantStudioTM 12K Flex Real-Time PCR
system (Applied Biosystems, Foster City, CA, United States).
The cyclophilin A and β-actin genes were used as reference
genes. PCR reactions were carried out in 96 well plates using
3 µL of 5x HOT FIREPol R© EvaGreen R© qPCR Mix Plus (ROX)
(Solis BioDyne, Tartu, Estonia), 0.4 µL of forward and reverse
primer, 9.2 µL of milli-Q water, and 2 µL of cDNA. Tenfold
dilution series of each primer pair were used as standard curves
to determine primer efficiencies. Real time PCR efficiencies
were calculated according to the equation: E = 10 (−1/slope).
The appropriate reference gene and the Log2 fold change of
each gene, compared with the IPI-2I cells which had not been
exposed to bead medium supernatants, were determined by
GenEx software3. A mixed-model one-way ANOVA (lmer and
ANOVA functions) with time point (days of fermentation) and
ETEC treatment as fixed effects and fermentation number as a
random effect was used to compare the significance between gene
expression profile of the IPI-2I cells which were exposed to bead
medium supernatants containing or not the ETEC Ec105 strain
using the R packages lme4 and car. In all statistical analyses, only
P-values below 0.05 were considered as significant.

3http://genex.gene-quantifcation.info/
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RESULTS

Analyses of the microbial profile and SCFA proportions of the
three pooled fecal inocula for the runs #1, 2, and 3 are available
in Supplementary Figure 1. Redox potential was followed
throughout the whole fermentation runs and was representative
of a feed deprivation stress by displaying an important increase
during this period such as detailed in Gresse et al. (2021) (data not
shown). Gas composition was also monitored every day during
the fermentation runs. At the end of the stabilization period [Day
7, the mean relative proportions of H2, O2, CO2, N2, and CH4
for the six bioreactors were, respectively, 2.1 ± 1.2, 0.3 ± 0.1,
73.7± 0.4, 5.9± 0.8, and 6.8± 1.1% (data not shown)].

Simulation of Weaning Transition Affects
the Metabolic Activity of the MPigut-IVM
Microbiota
In the bioreactor medium of the CTRL group, propionate and
caproate proportions increased while acetate, isovalerate and
butyrate proportions decreased from day 10 to 15 compared to
day 7 (Figure 2A). In the mucin bead medium of the CTRL
group, the proportions of propionate, isovalerate and valerate
increased while the proportions of acetate and butyrate decreased
from day 11 to 15 compared to day 7 (Figure 2A). The total
concentration of SCFA significantly (P < 0.05) increased between
day 9.5 and 15 both in the bioreactor medium and the bead
medium (Figure 2B).

Nuclear magnetic resonance-based metabolomics revealed
a strong modification of the mucin bead medium metabolome
between day 7 and day 11 in the CTRL group (Figure 3). The
relative concentration of isovalerate and 3-phenylpropionate
increased significantly after the simulation of weaning
transition (day 11 CTRL).

Simulation of Weaning Transition
Impacts MPigut-IVM Microbiota
Composition
Q-PCR quantifications of targeted bacterial groups showed that
total bacteria concentrations were not affected by the 48 h
feed deprivation stress nor the diet change (Figure 4A). The
abundance of Escherichia/Shigella group increased significantly
(P < 0.05) at day 9 and 15 in the bioreactor medium, when
compared to day 7. In the mucin beads, the concentration
of Escherichia/Shigella increased significantly (P < 0.05) at
day 15 compared to day 9 and 11 for both (Figure 4B).
PMA-qPCR confirmed that bacteria from Escherichia/Shigella
genus were viable across time for all the fermentation runs
in both the bioreactor and bead medium of the MPigut-IVM
(data not shown).

16S DNA sequencing analysis showed a certain variability of
microbiota composition between runs #1, 2, and 3. However,
several populations responded in a similar manner and were
significantly impacted by the simulated weaning transition. In
more details, on the mucin beads, the Spirochaetes phylum
significantly decreased from a relative abundance of 6.8 ± 5.7%
at day 7 to 0.3 ± 0.3% of mean relative abundance from day

10 to 15 (Supplementary Figure 2). In the bioreactor, the
Proteobacteria significantly increased from a relative abundance
of 4.0 ± 2.5% at day 7 to 17.1 ± 4.1% at day 9 and to
7.9± 5.6% from day 10 to 15 (Supplementary Figure 2). Looking
at lower taxonomy level, some families were also significantly
impacted by the simulation of weaning transition (Figure 5). In
the bioreactor medium, Coriobacteriaceae significantly decreased
from a mean relative abundance of 11.9 ± 6.6% at day 7 to
a mean relative abundance of 2.2 ± 2% from day 9 to day
15. In contrast, the Enterobacteriaceae and Erysipelotrichaceae
families significantly increased from a mean relative abundance
of, respectively, 0.9± 0.7% and 1.5± 2% at day 7 to mean relative
abundances of 6.2 ± 5.4% and 4.7 ± 4.1% from day 9 to day
15 (Figure 5A). Finally, the Prevotellaceae significantly decreased
from 6.5± 6.3% at day 7 to 4± 2.7% at day 9 prior to significantly
increase from day 10 to day 15 with a mean relative abundance of
27.1± 20%. On the mucin beads, the average relative abundances
of Bacteroidiaceae and Coriobacteriaceae for the day 11–day 15
period (10.3 ± 8.8% and 1.3 ± 0.9%, respectively) significantly
decreased as compared to those calculated for the day 7–day
9 period (24.9 ± 9% and 5 ± 2.7%, respectively) (Figure 5B).
In contrast, the average relative abundances of Prevotellaceae
and Atopobiaceae were significantly higher for the day 11–
day 15 period (9.7 ± 7% and 6.8 ± 4%, respectively) than
those calculated for the day 7–day 9 period (3.1 ± 2.4% and
2.4± 1.5%, respectively) (Figure 5B). The simulation of weaning
transition also led to modifications in relative proportions of
several genera, both in bioreactor medium and mucin beads
(Figure 6). Statistical results of this section are detailed in
Supplementary Table 6.

In the bioreactor medium and the mucin beads of control
fermentations, the Methanosphaera genus was found in
significantly higher mean relative abundance during the
recovery period compared to the end of the stabilization
period (Figure 7A), and feed deprivation stress also affected
Methanobrevibacter relative abundance which was significantly
lower after stress but only on mucin beads (Figure 7B).
Regarding qPCR data, on the mucin beads, the abundance of
archaea increased significantly (P < 0.05) at day 15 compared to
day 9 and 11 for the CTRL conditions (Figure 4B).

Survival of Ec105 in the MPigut-IVM
The presence of the ETEC strain was monitored in all the
MPigut-IVM samples by quantifying the LT gene using qPCR.
In the bioreactor medium of the ETEC condition, the LT gene
was quantified at a mean of 8.0 ± 0.2 log10 of gene copy/g of
sample at day 10 (ETEC inoculation) prior to slowly decrease
over time to reach a mean of 4.9 ± 1.1 log10 of gene copy/g
of sample at day 15 (end of recovery period). On the mucin
beads of ETEC condition, the LT gene was quantified at mean
values of 4.5 ± 1.6 and 3.3 ± 2.9 log10 of gene copy/g of
sample, respectively, at day 11 and 15. However, the LT gene
was quantified in higher concentration in the bead medium at
mean values of 7.6 ± 1.6 and 6.4 ± 2.1 log10 of gene copy/g of
sample, respectively, at day 11 and 15. It can be noticed that the
LT gene was quantified in much lower quantity from day 11 in
all samples from run #1 (Figure 8). Finally, a low copy number
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FIGURE 2 | Short chain fatty acids (SCFA) relative abundances (A) and Evolution of the total concentration of SCFAs (B) produced by fermentation activity of the
microbiota inhabiting the MPigut-IVM in the CTRL and ETEC conditions for the runs #1, 2, and 3. Groups (days) associated with different letters are significantly
different (P < 0.05).

of LT gene could also be detected in the CTRL condition at mean
values of 2.9 ± 1.6, 3.4 ± 1.6, and 3.9 ± 0.2 log10 of gene copy/g
of sample, respectively, in the bioreactor medium, mucin beads,
and bead medium, however, these values are close to the detection
limit (Figure 8). The activity of the ETEC strain in the MPigut-
IVM was evaluated by quantification of virulence gene expression
using RT-qPCR. Even though the expression of virulence genes
was detected in the bioreactor medium and bead medium in the
ETEC condition on the day 10, 11, and 15, none of the targeted
virulence genes (EAST1, LT, and K88 genes) was expressed in the
CTRL condition (data not shown).

Effects of the ETEC Ec105 Strain on
MPigut-IVM Microbiota Metabolic
Activity
Relative abundances of SCFAs were compared between the
conditions ETEC and CTRL during the recovery period from
day 10 to 15. The proportion of caproate and propionate
tended (0.05 < P < 0.1) to be higher in the ETEC condition

versus CTRL in the bead medium and bioreactor medium,
respectively (Figure 2A).

The mucin bead medium metabolome shifted strongly
between day 7 and day 11 in the presence of ETEC
Ec105 (Figure 3). Indeed, the relative concentrations of
isovalerate, valerate, 3-phenylpropionate and tyramine increased
significantly, while the relative concentration of ethanol
decreased. Multivariate PLS-DA analysis also suggested
metabolome differences between CTRL and ETEC groups at day
11 (Figure 3). However, the relative concentrations of individual
metabolites were not significantly different at this time point.

ETEC Challenge Triggers Microbiota
Composition Disruptions in the
MPigut-IVM Subjected to a Simulated
Weaning Transition
No effect of the presence of the ETEC Ec105 strain on bacterial
populations was detected by qPCR (Figure 4). However, a
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FIGURE 3 | NMR-based metabolomics analysis of mucin bead medium. Left panel: Individual plot of PLS-DA. Right panel: Heatmap representing the relative
concentrations of all identified metabolites (rows) in individual samples (columns). The color represents the Z-scores (row-scaled relative concentration) from low
(blue) to high values (red). The days sharing the same letters are not significantly different from each other (p > 0.05) whatever the conditions.

significant impact of the ETEC challenge on the microbiota was
highlighted by the Illumina MiSeq data from day 10 to 15. Indeed,
in the bioreactor medium, the presence of Ec105 led to significant
higher average relative abundance of the Bacteroidetes phylum
(35.4 ± 15.4% for the CTRL condition and 50.7 ± 10.5% for
the ETEC condition for the day 10 to day 15 period), and lower
mean relative abundance of Actinobacteria from 9.2 ± 7.4%
in the CTRL condition to 2.7 ± 2.7% in the ETEC condition
during the same period (Supplementary Figure 2A). On the
mucin beads, the Firmicutes were significantly increased from
48.9 ± 7.7% in the CTRL condition to 58.1 ± 6.6% in the
ETEC condition from day 11 to 15 (Supplementary Figure 2B).
At the family level in the bioreactor medium (Figure 5A),
the Prevotellaceae average relative abundance was significantly
increased (23.2 ± 23% in the CTRL condition, 30.9 ± 18.8% in
the ETEC condition for the day 10 – day 15 period) (Figure 5A).
In contrast, Acidaminococcaceae, Atopobiaceae, Veillonellaceae,
and Erysipelotrichaceae were significantly reduced with average
relative abundances of, respectively, 24.2 ± 8.4%, 6.3 ± 7%,
4.1± 2.8%, and 6± 4.8% in the CTRL condition to 18.2± 7.4%,
0.3 ± 0.4%, 2.2 ± 2.1%, and 2.7 ± 2.8% in the ETEC condition
during the same recovery period (Figure 5A). On the mucin
beads, the Atopobiaceae family was significantly decreased from
mean relative abundance of 11.5± 3.2% in the CTRL condition to
5.8± 2.1% in the ETEC condition while the Enterococcaceae was
significantly increased from 0.5± 0.6% in the CTRL condition to
10.3± 5.7% in the ETEC condition in the day 11 – day 15 period
(Figure 5B). At the genus level, the introduction of the ETEC
strain significantly affected the abundance of several genera. For
example, the genera Eisenbergiella, Peptoniphilus, Morganella,
Tyzzerella, and Enterococcus were particularly enhanced in the
ETEC-challenged bioreactors and mucin beads (Figures 6, 9).
The MPigut-IVM archaeal microbiota was not significantly
impacted by ETEC inoculation (Figure 7).

The MPigut-IVM microbiota alpha diversity indices were not
significantly modified by any of the treatment (Supplementary
Figure 4). Yet, beta diversity analysis using principal component
analysis on Bray-Curtis distance showed that samples of MPigut-
IVM clustered by diet (Supplementary Figure 4). No effect of
ETEC was detected (data not shown).

Gene Expression in IPI-2I Cells Is
Modulated When Exposed to the Bead
Medium of MPigut-IVM Challenged by
ETEC
The expression of selected genes involved in innate inflammatory
immune response targeting inflammatory cytokines and
chemokines, tight junctions or mucus secretion (Supplementary
Table 5) of IPI-2I porcine cells incubated with filtrated effluents
of the bead medium of MPigut-IVM were quantified using
RT-qPCR (Figure 10). The effluents from the ETEC-inoculated
bioreactors collected at day 15 led to a significant increase in
the expression of TNFα, MYD88, MUC1, and CLDN4 genes
compared to effluents from control bioreactors collected at same
day. Differences in IPI-2I gene expression caused by effluents
from the other days of fermentation (day 11 and 13) remained
non-significant.

DISCUSSION

The MPigut-IVM has been developed to simulate the gut
microbiome and mucobiome of weaning piglet (Gresse et al.,
2021). In this previous paper, we demonstrated that, due to
unique features such as the presence of mucin beads and a self-
maintained anaerobiosis, the MPigut-IVM harbored an in vitro
microbiota very close to that of the proximal colon of piglets
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FIGURE 4 | Q -PCR quantification of total bacteria, Escherichia/Shigella and methanogenic archaea populations in the bioreactor medium (A) and the mucin beads
(B) of the MPigut-IVM for the runs #1, 2, and 3 in the CTRL and ETEC conditions. The days sharing the same letters are not significantly different from each other
(p > 0.05) whatever the conditions.

originating from the same farm, after a stabilization period of
7 days (Gresse et al., 2021). To further understand the impact
of weaning stressors on the colonic microbiota of piglets and
their roles in the etiology of post-weaning diarrhea, a diet change

focused on the introduction of more diversified plant protein
sources and of higher amounts of these nutrients was introduced
into the MPigut-IVM right after the 48 h- feed deprivation
period to evaluate the impact of stressful events close to weaning
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FIGURE 5 | Relative abundances of the main bacterial families in the bioreactor medium (A) and the mucin beads (B) in MPigut-IVM during the runs #1, 2, and 3
which were subjected to a simulated weaning transition and challenged or not with the ETEC Ec105 strain.

as encountered in commercial pig farms. First, in the present
work, the simulated weaning transition induced modifications
in the archaeal microbiota of the MPigut-IVM, shifting from a
Methanobrevibacter to a Methanosphaera dominant microbiota.
Modifications of the archaeal microbiota associated with weaning
transitions are not yet well documented in piglets. This shift
could, however, impact the metabolites present in the piglet
gut, considering the high abundance of archaea populations in
piglet lower gut (Gresse et al., 2019). Indeed, Methanobrevibacter

and Methanosphaera are mainly known as hydrogenotrophic
and methylotrophic archaea genera, respectively, although recent
genomic studies suggest that they may have other metabolic
differences (Poehlein et al., 2018). Second, regarding bacterial
microbiota, the simulated weaning transition induced an increase
in the relative abundance of several bacterial communities in the
MPigut-IVM, including Prevotellaceae and Enterobacteriaceae
family members while the Bacteroidiaceae was decreased. Our
findings are in agreement with in vivo studies reporting a shift
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FIGURE 6 | Mean relative abundance of the 30 more abundant bacterial genera in the bioreactor medium (A) and mucin beads (B) of MPigut-IVM in the CTRL and
ETEC conditions (n = 3).

from a high relative abundance of Bacteroides in pre-weaning
piglet feces toward a high relative abundance of Prevotella
coupled with a reduced Bacteroides proportion in post-weaning
piglet fecal samples (Alain B. Pajarillo et al., 2014; Frese et al.,
2015; Guevarra et al., 2018; Trckova et al., 2018; Yang et al., 2019)
and Adhikari et al. (2019) reported similar results in the piglet
colon. Prevotella is a common commensal genus which plays
important roles in the digestion of nutrients, particularly in the
degradation of starch, proteins and other plant polysaccharides
(Ivarsson et al., 2014; Sandberg et al., 2019). In the study
from Yang et al. (2019), Prevotella was the most abundant
genus in both healthy and diarrheic weaning piglets. However,

piglets that developed diarrhea after weaning harbored a higher
relative abundance of Prevotella and less Escherichia coli in
their pre-weaning period compared to piglets that remained
healthy after weaning (Yang et al., 2019). A reduced number
of Bacteroides in weaned piglet feces was also associated with
diarrhea (Yang et al., 2019). Therefore, disturbed ratios between
Prevotella, Bacteroides, and Escherichia populations in early life
could be associated with the onset of post-weaning diarrhea.
Also, the simulated weaning transition in the MPigut-IVM led
to a decrease of the Collinsella genus from the Coriobacteriaceae
family. A decreased proportion of Collinsella in human gut was
previously linked to the development of a dysbiotic microbiota
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FIGURE 7 | Relative abundance of the archaeal genera in the bioreactor medium (A) and mucin beads (B) of the MPigut-IVM for the runs #1, 2, and 3, in the CTRL
and ETEC conditions. Day 7 and 9 of run #1 were removed due to their low number of sequences.

in inflammatory bowel disease (Kassinen et al., 2007) while an
increase of Collinsella was positively correlated with protection
against rotavirus diarrhea in gnotobiotic pigs (Twitchell et al.,
2016) suggesting of potential role of Collinsella in pigs’ health. In
our study, microbial activity was also significantly modified by the
simulated weaning transition probably associated to microbiota
composition changes. Redox potential was considerably impacted
by the feed deprivation period which is in agreement with

our previous findings (Gresse et al., 2021). In the bioreactor
and on the mucin beads, butyrate, acetate and isovalerate
relative abundances significantly decreased after the simulated
weaning transition. In contrast, propionate, valerate and caproate
increased both in the bioreactor and on the mucin beads of the
MPigut-IVM. The total SCFA concentration increased during
the feed deprivation period. This particular point could be due
to the accumulation of these metabolites inside the bioreactors
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FIGURE 8 | Quantification of the ETEC LT gene in the MPigut-IVM by qPCR for the runs #1, 2, and 3 in the CTRL and ETEC conditions (n = 3).

due the absence of feeding and consequently medium flushing.
Besides, the bacterial metabolite 3-phenylpropionate increased
after weaning simulation in the mucin bead medium, maybe due
to an increased availability of its polyphenol precursors present
in the post-weaning diet. Butyrate proved to be very beneficial
to piglet health by improving the performance of piglets around
weaning due to the stimulation of intestinal epithelium (Lu
et al., 2008), improved immune response (Melo et al., 2016), and
modulation of intestinal microbiota (Castillo et al., 2006; Xu et al.,
2016; López-Colom et al., 2019). Also, supplementation of early
weaned piglets with sodium butyrate was shown to attenuate
diarrhea symptoms and decrease intestinal permeability (Feng
et al., 2018). Thus, fluctuations of both bacterial composition
and activity were observed in the MPigut-IVM following the
simulated weaning transition which could favor the emergence
of opportunistic pathogens such as ETEC.

To further simulate the conditions leading to post-weaning
diarrhea at weaning (Gresse et al., 2017), a porcine ETEC
strain was inoculated to the MPigut-IVM after the simulated
weaning transition. Interestingly, 2 days after the inoculation
of ETEC Ec105, the Labile Toxin (LT) gene was detected in
high concentration in the bead medium of the MPigut-IVM,
showing a preferential localization of ETEC Ec105 close to an
area rich in mucins which are indeed known to be a privileged
site of adhesion in vivo (González-Ortiz et al., 2014). Only
one replicate displayed a strong decrease in the pathogenic
strain concentration after few days in the MPigut-IVM. This
difference could be explained by some variability in the microbial
composition of the fecal inocula, probably reflecting the in vivo
situation. A more robust microbial community could lead to less
susceptibility to the introduction of a pathogen. The differences
of microbiota composition observed between the three replicates

could also induces different responses toward the ETEC challenge
and the simulated weaning transition such as observed in vivo.
The ETEC challenge did not influence the relative abundance of
Escherichia/Shigella genus, probably because the concentration
of the ETEC strain after inoculation was in the range of that
of commensal Escherichia/Shigella. In addition, López-Colom
et al. (2019) reported previously that an ETEC challenge was
not associated with the increase of commensal E. coli in the
ileum and ileal mucosa of weaned piglets. In this study, piglets
which received butyrate and heptanoate preventive treatments to
ETEC F4 displayed higher levels of commensal Enterobacteria in
the ileum and ileal mucosa few days after the infection (López-
Colom et al., 2019). One hypothesis, supported by Leatham
et al. (2009), was the phenomenon of colonization resistance
described as an increase in coliforms in the gut to fight against
colonization of pathogenic strains. In the present work, several
families and genera were, however, significantly impacted by the
introduction of ETEC after the simulated weaning transition in
the MPigut-IVM. The most spectacular change was the increase
in Enterococcus in the ETEC conditions, especially on the mucin
beads. Some Enterococcus members are known to bind to mucus
in vivo (Hendrickx et al., 2015; Tytgat et al., 2016). Consistently
with our findings, several in vivo studies reported a higher relative
abundance or quantity of Enterococcus and E. coli or ETEC
strains in the digestive content or mucosa of neonatal diarrheic
piglets (Cheon and Chae, 1996; Jonach et al., 2014; Larsson
et al., 2014; Hermann-Bank et al., 2015). A co-occurrence of
Enterococcus and pathogenic E. coli could thus be involved in
the pathogenesis of diarrhea episodes in piglets. Considering
the several reports of this observation, it has been hypothesized
that Enterococcus and E. coli/ETEC members could be able to
naturally cooperate possibly by mechanisms of cross feeding
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FIGURE 9 | Differentially abundant genera between the samples of the recovery period containing the ETEC Ec105 strain or not in the bioreactor medium (A) and
mucin beads (B) of the MPigut-IVM. Only significant Log2 fold changes are represented on the figure. Positive Log2 fold changes indicate genera that were
significantly more abundant in the presence of the pathogen. P values were corrected for multiple testing.
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FIGURE 10 | Log2 fold changes of gene expression of IPI-2I cells incubated with bead medium supernatants of the MPigut-IVM collected at days 11, 13, and 15
and challenged or not with the ETEC Ec105 strain. Values were normalized with basal gene expression profiles for the targeted genes from IPI-2I cells incubated with
their usual glutamine and FCS complemented DMEM medium (n = 3).

or mutualism (Germerodt et al., 2016). Finally, the Morganella
genus, which was found to be four times more abundant in the
ETEC condition both in the mucin beads and the bioreactor
by the differential analysis, has been previously associated with
diarrhea in humans (Müller, 1986; Jertborn and Svennerholm,
1991; Ikeobi et al., 1996) and was even positively correlated
with diarrhea indices during an ETEC F4 challenge in mice (Xu
et al., 2020). The MPigut-IVM is thus able to reproduce several
characteristics of ETEC pathogenesis consistent with in vivo data.
In consequence, the other populations which correlated with the
ETEC conditions but are not currently described in the literature
such as Peptoniphilus or Eisenbergiella should be considered as
populations of interest for future investigations.

To increase our understanding of the etiology of post-weaning
diarrhea and how microbiota disruptions and pathogen presence
affect host cells, we incubated diluted filtrated effluents collected
from bead medium from MPigut-IVM with the IPI-2I pig
intestinal cell line. In vitro models of the human colon were
previously successfully coupled with eukaryotic cell cultures
(Marzorati et al., 2014; Defois et al., 2018) but, to our knowledge,

this is the first time that this was performed with an in vitro model
of the piglet colon. In this study, supernatants from the bead
medium of the ETEC condition induced significant increases
in expression of genes coding for the myeloid differentiation
primary response 88 (MyD88), tumor necrosis factor α (TNFα),
claudin 4 (CLDN4), and mucin 1 (MUC1) in IPI-2I cells. The
relation between mucins, commensals and pathogens have been
widely studied (Etienne-Mesmin et al., 2019). MUC1 is a high
molecular mass glycoprotein expressed at the apical surface of
mucosal epithelial cells. MUC1 secretion can be stimulated by
lipopolysaccharides produced by Gram negative bacteria and
mucin is thought to play an important role against infections of
epithelial cells (Kato et al., 2017). Expression of the MUC1 gene
notably limited the access of Helicobacter pylori in infected mice
(McGuckin et al., 2007). In our study, claudin 4 gene was over-
expressed in cells exposed to supernatants collected at day 15 of
ETEC conditions. This gene belongs to claudins’ family which
are, with occludin proteins, tight junction proteins located at the
apical side of piglet enterocytes (Pasternak et al., 2015) and thus
play a role in intestinal permeability and infection. Consistently
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with our findings, claudin protein higher gene expression was
previously associated with ETEC K88 infection in the porcine cell
line IPEC-J2 in several studies (Wu et al., 2016; Luo et al., 2019).
We could hypothesize that the higher expression of claudin genes
from enterocytes could be induced in order to repair disrupted
tight junctions due to the presence of toxins or other virulence
factors in the supernatants which, as reported by RT-qPCR,
were indeed expressed in the bead medium of the MPigut-IVM.
The MyD88-mediated innate immune response has been already
proven to be primarily important for protection against microbial
pathogen infection via the induction of inflammatory cytokine
production (Scanga et al., 2002; Campos et al., 2004; von Bernuth
et al., 2012; Issac et al., 2013, 2018). Indeed, MyD88 deficient
mice showed to be profoundly susceptible to infection (Issac
et al., 2013). In weaning piglets, an increased level of MyD88 was
already reported in enterocytes both in vivo and in vitro by several
studies after challenge with an ETEC K88 strain (Chytilová et al.,
2014; Finamore et al., 2014; Xu et al., 2014). TNFα is one
of the most widely studied proinflammatory cytokine involved
in numerous bacterial, parasitic and viral infections and was
suggested as a biomarker of digestive pathologies in weaned
piglets due to its correlation with villi/crypt ratio damages (Van
Reeth et al., 2002; Gustavo Hermes et al., 2013; Barba-Vidal et al.,
2017; López-Colom et al., 2019). Indeed, increased concentration
of TNFα or increased expression of the associated gene were
previously reported in the intestine of piglets orally challenged
with ETEC K88 (Pu et al., 2018; López-Colom et al., 2019)
as well as in IPEC-J2 cells co-incubated with ETEC K88 (Xia
et al., 2017a,b). Considering the matches between our results
and literature, the incubation of MPigut-IVM bead medium
supernatants with IPI-2I cells seemed to reproduce, at least in
part, the effects of ETEC infection on piglet enterocytes. However,
it is important to notice that significant differences were detected
only with effluent collected at day 15. These findings could
highlight that the introduction of a porcine ETEC strain in the
MPigut-IVM led to modifications of microbial metabolites which
could be secreted in sufficient quantity to induce differential
inflammatory responses in porcine epithelial cells at day 15
only. The high concentration of tyramine and valerate or the
low concentration of ethanol in the mucin bead medium after
weaning simulation in the ETEC group could contribute to the
transcriptomic regulation observed in epithelial cells in vitro.

To conclude, our studies reported that the reproduction of a
weaning transition in the MPigut-IVM impacted the microbiota
composition and functionality in a consistent manner compared
to previous in vivo findings. The introduction of a porcine
ETEC strain after the simulated weaning transition was positively
correlated with an increase in several genera which should be
considered in future investigations. If further research needs
to be undertaken to fully understand the interactions, our
results confirmed that members of Prevotella, Escherichia, and
Enterococcus genera could play a role in the onset of post-weaning
diarrhea in piglets. The incubation of the in vitro effluents with
pig intestinal cell lines, which was performed for the first time,
indicated that MPigut-IVM was able to report some effect of
microbiota metabolites change on host cells. The MPigut-IVM
seems to reproduce the effects of weaning transition and ETEC

colonization on the microbiota and will thus be used to evaluate
preventive strategies against post-weaning intestinal dysbiosis.
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(2014). Flax-seed oil and Lactobacillus plantarum supplementation modulate
TLR and NF-κB gene expression in enterotoxigenic Escherichia coli challenged
gnotobiotic pigs. Acta Vet. Hung. 62, 463–472. doi: 10.1556/AVet.2014.024

Comtet-Marre, S., Parisot, N., Lepercq, P., Chaucheyras-Durand, F., Mosoni, P.,
Peyretaillade, E., et al. (2017). Metatranscriptomics reveals the active bacterial
and eukaryotic fibrolytic communities in the rumen of dairy cow fed a mixed
diet. Front. Microbiol. 8:67. doi: 10.3389/fmicb.2017.00067

Defois, C., Ratel, J., Garrait, G., Denis, S., Le Goff, O., Talvas, J., et al. (2018).
Food chemicals disrupt human gut microbiota activity and impact intestinal
homeostasis as revealed by in vitro systems. Sci. Rep. 8, 1–12. doi: 10.1038/
s41598-018-29376-9

Dubreuil, J. D., Isaacson, R. E., and Schifferli, D. M. (2016). Animal enterotoxigenic
escherichia coli. EcoSal Plus 7, 1–47. doi: 10.1128/ecosalplus.ESP-0006-2016

Dufourny, S., Everaert, N., Lebrun, S., Douny, C., Scippo, M.-L., Bing, L.,
et al. (2019). Baby-SPIME: A dynamic in vitro piglet model mimicking gut
microbiota during the weaning process. J. Microbiol. Methods 167:105735. doi:
10.1016/j.mimet.2019.105735

Escudié, F., Auer, L., Bernard, M., Mariadassou, M., Cauquil, L., Vidal, K., et al.
(2018). FROGS: find, rapidly, OTUs with galaxy solution. Bioinformatics 34,
1287–1294. doi: 10.1093/bioinformatics/btx791

Etienne-Mesmin, L., Chassaing, B., Desvaux, M., De Paepe, K., Gresse, R.,
Sauvaitre, T., et al. (2019). Experimental models to study intestinal microbes-
mucus interactions in health and disease. FEMS Microbiol. Rev. 43, 457–489.
doi: 10.1093/femsre/fuz013

Fairbrother, J. M., Nadeau, E., and Gyles, C. L. (2005). Escherichia coli in
postweaning diarrhea in pigs: an update on bacterial types, pathogenesis, and

prevention strategies. Anim. Health Res. Rev. 6, 17–39. doi: 10.1079/ahr200
5105

Feng, W., Wu, Y., Chen, G., Fu, S., Li, B., Huang, B., et al. (2018). Sodium butyrate
attenuates diarrhea in weaned piglets and promotes tight junction protein
expression in colon in a GPR109A-dependent manner. Cell. Physiol. Biochem.
47, 1617–1629. doi: 10.1159/000490981

Finamore, A., Roselli, M., Imbinto, A., Seeboth, J., Oswald, I. P., and Mengheri,
E. (2014). Lactobacillus amylovorus inhibits the TLR4 inflammatory signaling
triggered by enterotoxigenic Escherichia coli via modulation of the negative
regulators and involvement of TLR2 in intestinal Caco-2 cells and pig explants.
PLoS One 9:e94891. doi: 10.1371/journal.pone.0094891

Fleury, M. A., Le Goff, O., Denis, S., Chaucheyras-Durand, F., Jouy, E., Kempf, I.,
et al. (2017). Development and validation of a new dynamic in vitro model of the
piglet colon (PigutIVM): application to the study of probiotics. Appl. Microbiol.
Biotechnol. 101, 2533–2547. doi: 10.1007/s00253-017-8122-y

Frese, S. A., Parker, K., Calvert, C. C., and Mills, D. A. (2015). Diet shapes the
gut microbiome of pigs during nursing and weaning. Microbiome 3:28. doi:
10.1186/s40168-015-0091-8

Germerodt, S., Bohl, K., Lück, A., Pande, S., Schröter, A., Kaleta, C., et al. (2016).
Pervasive selection for cooperative cross-feeding in bacterial communities.
PLoS Comput. Biol. 12:e1004986. doi: 10.1371/journal.pcbi.1004986

González-Ortiz, G., Pérez, J. F., Hermes, R. G., Molist, F., Jiménez-Díaz, R., and
Martín-Orúe, S. M. (2014). Screening the ability of natural feed ingredients
to interfere with the adherence of enterotoxigenic Escherichia coli (ETEC)
K88 to the porcine intestinal mucus. Br. J. Nutr. 111, 633–642. doi: 10.1017/
S0007114513003024

Gresse, R., Chaucheyras Durand, F., Denis, S., Beaumont, M., Van de Wiele,
T., Forano, E., et al. (2021). Weaning-associated deprivation stress causes
microbiota disruptions in a novel mucin-containing in vitro model of the piglet
colon (MPigut-IVM). J. Anim. Sci. Biotechnol. 12:75. doi: 10.1186/s40104-021-
00584-0

Gresse, R., Chaucheyras Durand, F., Dunière, L., Blanquet-Diot, S., and Forano,
E. (2019). Microbiota composition and functional profiling throughout the
gastrointestinal tract of commercial weaning piglets. Microorganisms 7:343.
doi: 10.3390/microorganisms7090343

Gresse, R., Chaucheyras-Durand, F., Fleury, M. A., Van de Wiele, T., Forano, E.,
and Blanquet-Diot, S. (2017). Gut microbiota dysbiosis in postweaning piglets:
understanding the keys to health. Trends Microbiol. 25, 851–873. doi: 10.1016/
j.tim.2017.05.004

Guevarra, R. B., Hong, S. H., Cho, J. H., Kim, B.-R., Shin, J., Lee, J. H., et al. (2018).
The dynamics of the piglet gut microbiome during the weaning transition
in association with health and nutrition. J. Anim. Sci. Biotechnol. 9:54. doi:
10.1186/s40104-018-0269-6

Gustavo Hermes, R., Molist, F., Francisco Pérez, J., Gómez de Segura, A.,
Ywazaki, M., Davin, R., et al. (2013). Casein glycomacropeptide in the diet
may reduce Escherichia coli attachment to the intestinal mucosa and increase
the intestinal lactobacilli of early weaned piglets after an enterotoxigenic
E. coli K88 challenge. Br. J. Nutr. 109, 1001–1012. doi: 10.1017/S000711451200
2978

Hendrickx, A. P. A., Top, J., Bayjanov, J. R., Kemperman, H., Rogers, M. R. C.,
Paganelli, F. L., et al. (2015). Antibiotic-Driven dysbiosis mediates intraluminal
agglutination and alternative segregation of Enterococcus faecium from the
intestinal epithelium. mBio 6:e01346-15. doi: 10.1128/mBio.01346-15

Hermann-Bank, M. L., Skovgaard, K., Stockmarr, A., Strube, M. L., Larsen, N.,
Kongsted, H., et al. (2015). Characterization of the bacterial gut microbiota of
piglets suffering from new neonatal porcine diarrhoea. BMC Vet. Res. 11:139.
doi: 10.1186/s12917-015-0419-4

Huijsdens, X. W., Linskens, R. K., Mak, M., Meuwissen, S. G. M., Vandenbroucke-
Grauls, C. M. J. E., and Savelkoul, P. H. M. (2002). Quantification of bacteria
adherent to gastrointestinal mucosa by Real-Time PCR. J. Clin. Microbiol. 40,
4423–4427. doi: 10.1128/JCM.40.12.4423-4427.2002

Ikeobi, C. C., Ogunsanya, T. O., and Rotimi, V. O. (1996). Prevalence of pathogenic
role of Morganella-proteus providencia-group of bacteria in human faeces. Afr.
J. Med. Med. Sci. 25, 7–12.

Issac, J. M., Mohamed, Y. A., Bashir, G. H., Al-Sbiei, A., Conca, W., Khan, T. A.,
et al. (2018). Induction of hypergammaglobulinemia and autoantibodies by
Salmonella infection in MyD88-deficient mice. Front. Immunol. 9:1384. doi:
10.3389/fimmu.2018.01384

Frontiers in Microbiology | www.frontiersin.org 18 July 2021 | Volume 12 | Article 703421

https://doi.org/10.3390/ijms20071630
https://doi.org/10.1111/1755-0998.12700
https://doi.org/10.3389/fmicb.2017.00533
https://doi.org/10.1080/19490976.2020.1747335
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.4049/jimmunol.172.3.1711
https://doi.org/10.4049/jimmunol.172.3.1711
https://doi.org/10.2527/jas.2004-556
https://doi.org/10.1177/104063879600800123
https://doi.org/10.1177/104063879600800123
https://doi.org/10.1556/AVet.2014.024
https://doi.org/10.3389/fmicb.2017.00067
https://doi.org/10.1038/s41598-018-29376-9
https://doi.org/10.1038/s41598-018-29376-9
https://doi.org/10.1128/ecosalplus.ESP-0006-2016
https://doi.org/10.1016/j.mimet.2019.105735
https://doi.org/10.1016/j.mimet.2019.105735
https://doi.org/10.1093/bioinformatics/btx791
https://doi.org/10.1093/femsre/fuz013
https://doi.org/10.1079/ahr2005105
https://doi.org/10.1079/ahr2005105
https://doi.org/10.1159/000490981
https://doi.org/10.1371/journal.pone.0094891
https://doi.org/10.1007/s00253-017-8122-y
https://doi.org/10.1186/s40168-015-0091-8
https://doi.org/10.1186/s40168-015-0091-8
https://doi.org/10.1371/journal.pcbi.1004986
https://doi.org/10.1017/S0007114513003024
https://doi.org/10.1017/S0007114513003024
https://doi.org/10.1186/s40104-021-00584-0
https://doi.org/10.1186/s40104-021-00584-0
https://doi.org/10.3390/microorganisms7090343
https://doi.org/10.1016/j.tim.2017.05.004
https://doi.org/10.1016/j.tim.2017.05.004
https://doi.org/10.1186/s40104-018-0269-6
https://doi.org/10.1186/s40104-018-0269-6
https://doi.org/10.1017/S0007114512002978
https://doi.org/10.1017/S0007114512002978
https://doi.org/10.1128/mBio.01346-15
https://doi.org/10.1186/s12917-015-0419-4
https://doi.org/10.1128/JCM.40.12.4423-4427.2002
https://doi.org/10.3389/fimmu.2018.01384
https://doi.org/10.3389/fimmu.2018.01384
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-703421 July 19, 2021 Time: 11:40 # 19

Gresse et al. ETEC Challenge in the MPigut-IVM

Issac, J. M., Sarawathiamma, D., Al-Ketbi, M. I, Azimullah, S., Al-Ojali, S. M.,
Mohamed, Y. A., et al. (2013). Differential outcome of infection with
attenuated Salmonella in MyD88-deficient mice is dependent on the route of
administration. Immunobiology 218, 52–63. doi: 10.1016/j.imbio.2012.02.001

Ivarsson, E., Roos, S., Liu, H. Y., and Lindberg, J. E. (2014). Fermentable
non-starch polysaccharides increases the abundance of Bacteroides-Prevotella-
Porphyromonas in ileal microbial community of growing pigs. Animal 8,
1777–1787. doi: 10.1017/S1751731114001827

Jertborn, M., and Svennerholm, A. M. (1991). Enterotoxin-producing bacteria
isolated from Swedish travellers with diarrhoea. Scand. J. Infect. Dis. 23, 473–
479. doi: 10.3109/00365549109075096

Jonach, B., Boye, M., Stockmarr, A., and Jensen, T. K. (2014). Fluorescence
in situ hybridization investigation of potentially pathogenic bacteria involved in
neonatal porcine diarrhea. BMC Vet. Res. 10:68. doi: 10.1186/1746-6148-10-68

Kaeffer, B., Bottreau, E., Velge, P., and Pardon, P. (1993). Epithelioid and
fibroblastic cell lines derived from the ileum of an adult histocompatible
miniature boar (d/d haplotype) and immortalized by SV40 plasmid. Eur. J. Cell
Biol. 62, 152–162.

Kassinen, A., Krogius-Kurikka, L., Mäkivuokko, H., Rinttilä, T., Paulin, L.,
Corander, J., et al. (2007). The fecal microbiota of irritable bowel syndrome
patients differs significantly from that of healthy subjects. Gastroenterology 133,
24–33. doi: 10.1053/j.gastro.2007.04.005

Kato, K., Hanss, A. D., Zemskova, M. A., Morgan, N. E., Kim, M., Knox, K. S., et al.
(2017). Pseudomonas aeruginosa increases MUC1 expression in macrophages
through the TLR4-p38 pathway. Biochem. Biophys. Res. Commun. 492, 231–235.
doi: 10.1016/j.bbrc.2017.08.056

Laine, T. M., Lyytikäinen, T., Yliaho, M., and Anttila, M. (2008). Risk factors for
post-weaning diarrhoea on piglet producing farms in Finland. Acta Vet. Scand.
50:21. doi: 10.1186/1751-0147-50-21

Lane, D. J., Pace, B., Olsen, G. J., Stahl, D. A., Sogin, M. L., and Pace, N. R.
(1985). Rapid determination of 16S ribosomal RNA sequences for phylogenetic
analyses. Proc. Natl. Acad. Sci. U.S.A. 82, 6955–6959. doi: 10.1073/pnas.82.20.
6955

Larsson, J., Lindberg, R., Aspán, A., Grandon, R., Westergren, E., and
Jacobson, M. (2014). Neonatal piglet diarrhoea associated with enteroadherent
Enterococcus hirae. J. Comp. Pathol. 151, 137–147. doi: 10.1016/j.jcpa.2014.04.
003

Le Dividich, J., and Sève, B. (2000). Effects of underfeeding during the
weaning period on growth, metabolism, and hormonal adjustments in the
piglet. Domest. Anim. Endocrinol. 19, 63–74. doi: 10.1016/s0739-7240(00)00
067-9

Leatham, M. P., Banerjee, S., Autieri, S. M., Mercado-Lubo, R., Conway, T., and
Cohen, P. S. (2009). Precolonized human commensal Escherichia coli strains
serve as a barrier to E. coli O157:H7 growth in the streptomycin-treated mouse
intestine. Infect. Immun. 77, 2876–2886. doi: 10.1128/IAI.00059-09

López-Colom, P., Castillejos, L., Barba-Vidal, E., Zhu, Y., Puyalto, M., Mallo, J. J.,
et al. (2019). Response of gastrointestinal fermentative activity and colonic
microbiota to protected sodium butyrate and protected sodium heptanoate in
weaned piglets challenged with ETEC F4 +. Arch. Anim. Nutr. 73, 339–359.
doi: 10.1080/1745039X.2019.1641376

Lu, J. J., Zou, X. T., and Wang, Y. M. (2008). Effects of sodium butyrate on the
growth performance, intestinal microflora and morphology of weanling pigs.
J. Anim. Feed Sci. 17, 568–578. doi: 10.22358/jafs/66685/2008

Luo, Y., Xu, J., Zhang, C., Jiang, C., Ma, Y., He, H., et al. (2019). Toll-like receptor
5-mediated IL-17C expression in intestinal epithelial cells enhances epithelial
host defense against F4+ ETEC infection. Vet. Res. 50:48. doi: 10.1186/s13567-
019-0665-8

Luppi, A., Gibellini, M., Gin, T., Vangroenweghe, F., Vandenbroucke, V.,
Bauerfeind, R., et al. (2016). Prevalence of virulence factors in enterotoxigenic
Escherichia coli isolated from pigs with post-weaning diarrhoea in Europe.
Porcine Health Manag. 2:20. doi: 10.1186/s40813-016-0039-9

Madec, F., Bridoux, N., Bounaix, S., and Jestin, A. (1998). Measurement of digestive
disorders in the piglet at weaning and related risk factors. Prev. Vet. Med. 35,
53–72. doi: 10.1016/S0167-5877(97)00057-3

Madoroba, E., Van Driessche, E., De Greve, H., Mast, J., Ncube, I., Read, J., et al.
(2009). Prevalence of enterotoxigenic Escherichia coli virulence genes from
scouring piglets in Zimbabwe. Trop. Anim. Health Prod. 41, 1539–1547. doi:
10.1007/s11250-009-9345-4

Mahé, F., Rognes, T., Quince, C., de Vargas, C., and Dunthorn, M. (2014). Swarm:
robust and fast clustering method for amplicon-based studies. PeerJ 2:e593.
doi: 10.7717/peerj.593

Main, R. G., Dritz, S. S., Tokach, M. D., Goodband, R. D., and Nelssen, J. L. (2004).
Increasing weaning age improves pig performance in a multisite production
system1. J. Anim. Sci. 82, 1499–1507. doi: 10.2527/2004.8251499x

Mariani, V., Palermo, S., Fiorentini, S., Lanubile, A., and Giuffra, E. (2009). Gene
expression study of two widely used pig intestinal epithelial cell lines: IPEC-J2
and IPI-2I. Vet. Immunol. Immunopathol. 131, 278–284. doi: 10.1016/j.vetimm.
2009.04.006

Marzorati, M., Vanhoecke, B., De Ryck, T., Sadaghian Sadabad, M., Pinheiro, I.,
Possemiers, S., et al. (2014). The HMITM module: a new tool to study the
Host-Microbiota Interaction in the human gastrointestinal tract in vitro. BMC
Microbiol. 14:133. doi: 10.1186/1471-2180-14-133

McCracken, B. A., Spurlock, M. E., Roos, M. A., Zuckermann, F. A., and Gaskins,
H. R. (1999). Weaning anorexia may contribute to local inflammation in the
piglet small intestine. J. Nutr. 129, 613–619. doi: 10.1093/jn/129.3.613

McGuckin, M. A., Every, A. L., Skene, C. D., Linden, S. K., Chionh, Y. T., Swierczak,
A., et al. (2007). Muc1 mucin limits both Helicobacter pylori colonization
of the murine gastric mucosa and associated gastritis. Gastroenterology 133,
1210–1218. doi: 10.1053/j.gastro.2007.07.003

McMurdie, P. J., and Holmes, S. (2013). phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:e61217. doi: 10.1371/journal.pone.0061217

Melo, A. D. B., Silveira, H., Bortoluzzi, C., Lara, L. J., Garbossa, C. A. P., Preis,
G., et al. (2016). Intestinal alkaline phosphatase and sodium butyrate may be
beneficial in attenuating LPS-induced intestinal inflammation. Genet. Mol. Res.
15:gmr15048875. doi: 10.4238/gmr15048875

Metzler-Zebeli, B. U., Lawlor, P. G., Magowan, E., and Zebeli, Q. (2016). Effect of
freezing conditions on fecal bacterial composition in pigs. Animals (Basel) 6:18.
doi: 10.3390/ani6030018

Müller, H. E. (1986). Occurrence and pathogenic role of Morganella-Proteus-
Providencia group bacteria in human feces. J. Clin. Microbiol. 23, 404–405.

Ngeleka, M., Pritchard, J., Appleyard, G., Middleton, D. M., and Fairbrother,
J. M. (2003). Isolation and association of Escherichia Coli AIDA-I/STb, rather
than EAST1 pathotype, with diarrhea in piglets and antibiotic sensitivity
of isolates. J. Vet. Diagn. Invest. 15, 242–252. doi: 10.1177/1040638703015
00305

Nicklasson, M., Sjöling, Å, von Mentzer, A., Qadri, F., and Svennerholm, A.-M.
(2012). Expression of colonization factor CS5 of enterotoxigenic Escherichia coli
(ETEC) is enhanced in vivo and by the bile component Na glycocholate hydrate.
PLoS One 7:e35827. doi: 10.1371/journal.pone.0035827

Ohene-Adjei, S., Chaves, A. V., McAllister, T. A., Benchaar, C., Teather, R. M., and
Forster, R. J. (2008). Evidence of increased diversity of methanogenic archaea
with plant extract supplementation. Microb. Ecol. 56, 234–242. doi: 10.1007/
s00248-007-9340-0

Pajarillo, E. A., Chae, J., Balolong, M., Kim, H. B., and Kang, D. (2014). Assessment
of fecal bacterial diversity among healthy piglets during the weaning transition.
J. Gen. Appl. Microbiol. 60, 140–146. doi: 10.2323/jgam.60.140

Pasternak, J. A., Kent-Dennis, C., Van Kessel, A. G., and Wilson, H. L. (2015).
Claudin-4 undergoes age-dependent change in cellular localization on pig
jejunal villous epithelial cells, independent of bacterial colonization. Mediators
Inflamm. 2015:263629. doi: 10.1155/2015/263629

Payne, A. N., Zihler, A., Chassard, C., and Lacroix, C. (2012). Advances and
perspectives in in vitro human gut fermentation modeling. Trends Biotechnol.
30, 17–25. doi: 10.1016/j.tibtech.2011.06.011

Pfaffl, M. W., Tichopad, A., Prgomet, C., and Neuvians, T. P. (2004). Determination
of stable housekeeping genes, differentially regulated target genes and sample
integrity: BestKeeper–Excel-based tool using pair-wise correlations. Biotechnol.
Lett. 26, 509–515. doi: 10.1023/b:bile.0000019559.84305.47

Poehlein, A., Schneider, D., Soh, M., Daniel, R., and Seedorf, H. (2018).
Comparative genomic analysis of members of the genera methanosphaera and
methanobrevibacter reveals distinct clades with specific potential metabolic
functions. Archaea 2018:7609847. doi: 10.1155/2018/7609847

Pu, J., Chen, D., Tian, G., He, J., Zheng, P., Mao, X., et al. (2018). Protective
effects of benzoic acid, bacillus coagulans, and oregano oil on intestinal injury
caused by enterotoxigenic Escherichia coli in weaned piglets. Biomed. Res. Int.
2018:1829632. doi: 10.1155/2018/1829632

Frontiers in Microbiology | www.frontiersin.org 19 July 2021 | Volume 12 | Article 703421

https://doi.org/10.1016/j.imbio.2012.02.001
https://doi.org/10.1017/S1751731114001827
https://doi.org/10.3109/00365549109075096
https://doi.org/10.1186/1746-6148-10-68
https://doi.org/10.1053/j.gastro.2007.04.005
https://doi.org/10.1016/j.bbrc.2017.08.056
https://doi.org/10.1186/1751-0147-50-21
https://doi.org/10.1073/pnas.82.20.6955
https://doi.org/10.1073/pnas.82.20.6955
https://doi.org/10.1016/j.jcpa.2014.04.003
https://doi.org/10.1016/j.jcpa.2014.04.003
https://doi.org/10.1016/s0739-7240(00)00067-9
https://doi.org/10.1016/s0739-7240(00)00067-9
https://doi.org/10.1128/IAI.00059-09
https://doi.org/10.1080/1745039X.2019.1641376
https://doi.org/10.22358/jafs/66685/2008
https://doi.org/10.1186/s13567-019-0665-8
https://doi.org/10.1186/s13567-019-0665-8
https://doi.org/10.1186/s40813-016-0039-9
https://doi.org/10.1016/S0167-5877(97)00057-3
https://doi.org/10.1007/s11250-009-9345-4
https://doi.org/10.1007/s11250-009-9345-4
https://doi.org/10.7717/peerj.593
https://doi.org/10.2527/2004.8251499x
https://doi.org/10.1016/j.vetimm.2009.04.006
https://doi.org/10.1016/j.vetimm.2009.04.006
https://doi.org/10.1186/1471-2180-14-133
https://doi.org/10.1093/jn/129.3.613
https://doi.org/10.1053/j.gastro.2007.07.003
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.4238/gmr15048875
https://doi.org/10.3390/ani6030018
https://doi.org/10.1177/104063870301500305
https://doi.org/10.1177/104063870301500305
https://doi.org/10.1371/journal.pone.0035827
https://doi.org/10.1007/s00248-007-9340-0
https://doi.org/10.1007/s00248-007-9340-0
https://doi.org/10.2323/jgam.60.140
https://doi.org/10.1155/2015/263629
https://doi.org/10.1016/j.tibtech.2011.06.011
https://doi.org/10.1023/b:bile.0000019559.84305.47
https://doi.org/10.1155/2018/7609847
https://doi.org/10.1155/2018/1829632
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-703421 July 19, 2021 Time: 11:40 # 20

Gresse et al. ETEC Challenge in the MPigut-IVM

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013).
The SILVA ribosomal RNA gene database project: improved data processing
and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks
1219

Rahman, M., Hasan, M. R., Oba, T., and Shimizu, K. (2006). Effect of rpoS gene
knockout on the metabolism of Escherichia coli during exponential growth
phase and early stationary phase based on gene expressions, enzyme activities
and intracellular metabolite concentrations. Biotechnol. Bioeng. 94, 585–595.
doi: 10.1002/bit.20858

Rhouma, M., Beaudry, F., Thériault, W., Bergeron, N., Beauchamp, G., Laurent-
Lewandowski, S., et al. (2016). In vivo therapeutic efficacy and pharmacokinetics
of colistin sulfate in an experimental model of enterotoxigenic Escherichia coli
infection in weaned pigs. Vet. Res. 47:58. doi: 10.1186/s13567-016-0344-y

Rhouma, M., Fairbrother, J. M., Beaudry, F., and Letellier, A. (2017). Post weaning
diarrhea in pigs: risk factors and non-colistin-based control strategies. Acta Vet.
Scand. 59:31. doi: 10.1186/s13028-017-0299-7

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a
versatile open source tool for metagenomics. PeerJ 4:e2584. doi: 10.7717/peerj.
2584

Rohart, F., Gautier, B., Singh, A., and Cao, K.-A. L. (2017). mixOmics: An
R package for ‘omics feature selection and multiple data integration. PLoS
Comput. Biol. 13:e1005752. doi: 10.1371/journal.pcbi.1005752

Roussel, C. (2019). Enterotoxigenic Escherichia coli (ETEC) physiopathology
and probiotic modulation in human gastrointestinal systems.
Spécialité: Biotechnologie, Microbiologie et Santé. Available online at:
http://www.theses.fr (accessed September, 2021).

Roussel, C., Galia, W., Leriche, F., Chalancon, S., Denis, S., Van de Wiele, T.,
et al. (2018). Comparison of conventional plating, PMA-qPCR, and flow
cytometry for the determination of viable enterotoxigenic Escherichia coli along
a gastrointestinal in vitro model. Appl. Microbiol. Biotechnol. 102, 9793–9802.
doi: 10.1007/s00253-018-9380-z

Sandberg, J., Kovatcheva-Datchary, P., Björck, I., Bäckhed, F., and Nilsson, A.
(2019). Abundance of gut Prevotella at baseline and metabolic response to
barley prebiotics. Eur. J. Nutr. 58, 2365–2376. doi: 10.1007/s00394-018-1788-9

Scanga, C. A., Aliberti, J., Jankovic, D., Tilloy, F., Bennouna, S., Denkers, E. Y.,
et al. (2002). Cutting edge: MyD88 is required for resistance to Toxoplasma
gondii infection and regulates parasite-induced IL-12 production by dendritic
cells. J. Immunol. 168, 5997–6001. doi: 10.4049/jimmunol.168.12.5997

Trckova, M., Lorencova, A., Babak, V., Neca, J., and Ciganek, M. (2018). The effect
of leonardite and lignite on the health of weaned piglets. Res. Vet. Sci. 119,
134–142. doi: 10.1016/j.rvsc.2018.06.004

Twitchell, E. L., Tin, C., Wen, K., Zhang, H., Becker-Dreps, S., Azcarate-Peril,
M. A., et al. (2016). Modeling human enteric dysbiosis and rotavirus immunity
in gnotobiotic pigs. Gut Pathog. 8:51. doi: 10.1186/s13099-016-0136-y

Tytgat, H. L. P., Douillard, F. P., Reunanen, J., Rasinkangas, P., Hendrickx,
A. P. A., Laine, P. K., et al. (2016). Lactobacillus rhamnosus GG outcompetes
Enterococcus faecium via mucus-binding pili: evidence for a novel and
heterospecific probiotic mechanism. Appl. Environ. Microbiol. 82, 5756–5762.
doi: 10.1128/AEM.01243-16

Van Reeth, K., Van Gucht, S., and Pensaert, M. (2002). In vivo studies on cytokine
involvement during acute viral respiratory disease of swine: troublesome but
rewarding. Vet. Immunol. Immunopathol. 87, 161–168. doi: 10.1016/S0165-
2427(02)00047-8

von Bernuth, H., Picard, C., Puel, A., and Casanova, J.-L. (2012). Experimental and
natural infections in MyD88- and IRAK-4-deficient mice and humans. Eur. J.
Immunol. 42, 3126–3135. doi: 10.1002/eji.201242683

Wilson, R. H., and Leibholz, J. (1981). Digestion in the pig between 7 and 35 d of
age. Br. J. Nutr. 45, 321–336. doi: 10.1079/BJN19810108

Wu, Y., Zhu, C., Chen, Z., Chen, Z., Zhang, W., Ma, X., et al. (2016). Protective
effects of Lactobacillus plantarum on epithelial barrier disruption caused
by enterotoxigenic Escherichia coli in intestinal porcine epithelial cells. Vet.
Immunol. Immunopathol. 172, 55–63. doi: 10.1016/j.vetimm.2016.03.005

Xia, L., Dai, L., Yu, Q., and Yang, Q. (2017a). Persistent transmissible gastroenteritis
virus infection enhances enterotoxigenic Escherichia coli K88 adhesion by
promoting epithelial-mesenchymal transition in intestinal epithelial cells.
J. Virol. 91:e01256-17. doi: 10.1128/JVI.01256-17

Xia, L., Dai, L., Zhu, L., Hu, W., and Yang, Q. (2017b). Proteomic analysis of IPEC-
J2 cells in response to coinfection by porcine transmissible gastroenteritis virus
and enterotoxigenic Escherichia coli K88. Proteomics Clin. Appl. 11:1600137.
doi: 10.1002/prca.201600137

Xu, B., Yan, Y., Huang, J., Yin, B., Pan, Y., and Ma, L. (2020). Cortex
Phellodendri extract’s anti-diarrhea effect in mice related to its modification of
gut microbiota. Biomed. Pharmacother. 123:109720. doi: 10.1016/j.biopha.2019.
109720

Xu, C., Wang, Y., Sun, R., Qiao, X., Shang, X., and Niu, W. (2014). Modulatory
effects of vasoactive intestinal peptide on intestinal mucosal immunity and
microbial community of weaned piglets challenged by an enterotoxigenic
Escherichia coli (K88). PLoS One 9:e104183. doi: 10.1371/journal.pone.0104183

Xu, J., Chen, X., Yu, S., Su, Y., and Zhu, W. (2016). Effects of early intervention
with sodium butyrate on gut microbiota and the expression of inflammatory
cytokines in neonatal piglets. PLoS One 11:0162461. doi: 10.1371/journal.pone.
0162461

Yang, Q., Huang, X., Wang, P., Yan, Z., Sun, W., Zhao, S., et al. (2019). Longitudinal
development of the gut microbiota in healthy and diarrheic piglets induced by
age-related dietary changes. Microbiologyopen 8:e923. doi: 10.1002/mbo3.923

Yu, Y., Lee, C., Kim, J., and Hwang, S. (2005). Group-specific primer and probe sets
to detect methanogenic communities using quantitative real-time polymerase
chain reaction. Biotechnol. Bioeng. 89, 670–679. doi: 10.1002/bit.20347

Conflict of Interest: FC-D and RG are employees of Lallemand SAS. The authors
declare that this study received funding from Lallemand SAS. The funder had the
following involvement in the study: study design, data analysis, interpretation of
the data and writing of the article.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Gresse, Chaucheyras-Durand, Garrido, Denis, Jiménez-Marín,
Beaumont, Van de Wiele, Forano and Blanquet-Diot. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Microbiology | www.frontiersin.org 20 July 2021 | Volume 12 | Article 703421

https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1002/bit.20858
https://doi.org/10.1186/s13567-016-0344-y
https://doi.org/10.1186/s13028-017-0299-7
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1371/journal.pcbi.1005752
http://www.theses.fr
https://doi.org/10.1007/s00253-018-9380-z
https://doi.org/10.1007/s00394-018-1788-9
https://doi.org/10.4049/jimmunol.168.12.5997
https://doi.org/10.1016/j.rvsc.2018.06.004
https://doi.org/10.1186/s13099-016-0136-y
https://doi.org/10.1128/AEM.01243-16
https://doi.org/10.1016/S0165-2427(02)00047-8
https://doi.org/10.1016/S0165-2427(02)00047-8
https://doi.org/10.1002/eji.201242683
https://doi.org/10.1079/BJN19810108
https://doi.org/10.1016/j.vetimm.2016.03.005
https://doi.org/10.1128/JVI.01256-17
https://doi.org/10.1002/prca.201600137
https://doi.org/10.1016/j.biopha.2019.109720
https://doi.org/10.1016/j.biopha.2019.109720
https://doi.org/10.1371/journal.pone.0104183
https://doi.org/10.1371/journal.pone.0162461
https://doi.org/10.1371/journal.pone.0162461
https://doi.org/10.1002/mbo3.923
https://doi.org/10.1002/bit.20347
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Pathogen Challenge and Dietary Shift Alter Microbiota Composition and Activity in a Mucin-Associated in vitro Model of the Piglet Colon (MPigut-IVM) Simulating Weaning Transition
	Introduction
	Materials and Methods
	Fecal Sample Collection and Treatments
	MPigut-IVM Parameters
	Composition of MPigut-IVM Nutritive Media
	Mucin Bead Production and Compartment
	In vitro Fermentation Procedures and Sampling
	ETEC Strain, Culture and Challenge Conditions
	PMA Treatments for qPCR
	DNA Extraction From MPigut-IVM Samples
	Microbial Quantification by qPCR
	MiSeq 16S rDNA Sequencing and Bioinformatic Analysis
	Statistical Analysis of Sequencing Data
	RNA Isolation of MPigut-IVM Samples
	RT-qPCR of ETEC Virulence Genes
	Quantification of Short Chain Fatty Acids (SCFAs) by Gas Chromatography
	Metabolome Analysis by 1H Nuclear Magnetic Resonance (NMR)
	Incubation of MPigut-IVM Effluents on the IPI Porcine Cell Line
	IPI-2I Cell Culture
	Exposure of IPI-2I Cells to MPigut-IVM Effluents
	RNA Isolation From IPI-2I Lysates
	RT-qPCR on IPI-2I RNA Extracts


	Results
	Simulation of Weaning Transition Affects the Metabolic Activity of the MPigut-IVM Microbiota
	Simulation of Weaning Transition Impacts MPigut-IVM Microbiota Composition
	Survival of Ec105 in the MPigut-IVM
	Effects of the ETEC Ec105 Strain on MPigut-IVM Microbiota Metabolic Activity
	ETEC Challenge Triggers Microbiota Composition Disruptions in the MPigut-IVM Subjected to a Simulated Weaning Transition
	Gene Expression in IPI-2I Cells Is Modulated When Exposed to the Bead Medium of MPigut-IVM Challenged by ETEC

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


