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Abstract

In this study, a newn vitro continuous colonic fermentation model@dImonellanfection

with immobilized child fecal microbiota ar8hlmonellaserovar Typhimurium was developed
for the proximal colon. This model was then usetetd the effects of two amoxicillin
concentrations (90 and 180 mg dpn microbial composition and metabolism of thé gu
microbiota and oisalmonellaserovar Typhimurium during a 43-day fermentatidddition

of gel beads (2%, v/v) colonized wiSalmonellaserovar Typhimurium in the reactor resulted
in a high and stabl8almonellaconcentration (log 7.5 cell number MLin effluent samples
and a concomitant increasekiterobacteriaecea€lostridium coccoides- Eubacterium
rectaleandAtopobiumpopulations and a decrease of bifidobacteria. uaimoxicillin
treatmentsSalmonellaconcentrations decreased while microbial balanceaativity were
modified in agreement witim vivo data with a marked decreaseGibstridium coccoides-
Eubacterium rectaland an increase nterobacteriaceaéAfter interruption of antibiotic
addition,Salmonellaconcentration increased again to reach values ambfe to that
measured before antibiotic treatments, showingdbatnodel can be used to simulate
Salmonellashedding in children as obserniadsivo. Thisin vitro model could be a useful

tool for developing and testing new antimicrobiadgminst enteropathogens.
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Introduction

Salmonellosis is one of the most common and widdiributed foodborne diseases
worldwide. It is associated with two types of syoms, caused by different serovars of
Salmonella entericaubspenterica typhoid fever (mainly caused by serovar Typhi,
Paratyphi and Sendai) which is more common in ag@ieg countries; and gastroenteritis
(mainly caused by serovar Typhimurium and Enteasjidlso encountered in developed
countries (Coburet al, 2007). In Europe, 176,395 cases of salmonellogstions (i.e. 38
for 100 000 habitants) have been declared in 28@B,a major proportion (20%) of young
children less than 5 years of age (The Europead Badety Authority & European Center for
Disease Prevention and Control, 2006). In childdemydration associated with diarrhea can
become severe and life-threatening (Rosamb\&., 2002), therefore effective antimicrobials
are essential drugs for treatment. Antimicrobiatstwidely regarded as optimal for treating
diarrheal diseases caused3simonellaserovar Typhimurium in children are third-geneyati
cephalosporins, because quinolones and fluoroqumesl are generally not recommended due
to their toxicity on immature cartilage and the gibke emergence of resistant pathogens
(Schaad, 2005). The earlier drugs, chloramphenrggoipicillin, amoxicillin and
trimethoprim-sulfamethaoxazole, are also usedtasndtives (Frye & Fedorka-Cray, 2007,
World Health Organization, 2008). However, the egrace ofSalmonellasolates with
multiple-drug resistance urges the need for alteresto antibiotherapies (Whit al, 2001;
World Health Organization, 2008). Valuable moddlSalmonellanfection are therefore
needed to develop and test new treatments, ircphatifor young human populations.

To our knowledge, there is currently no suitabledeido test the effects of new
antimicrobials on both enteropathogens and intastiacteria. Animal models, such as
bovine or streptomycin-pretreated mice modelsSaimonellanfection do not reproduce the
human intestinal microbiota and are dedicatedtiaolysng host-pathogen interactions
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(Hapfelmeier & Hardt, 2005). Moreoven, vivo studies are difficult to perform due to cost,
ethical problems and high interindividual variagoBy contrastin vitro models are much

less expensive, simpler to handle and could beod gtiernative for testing new

antimicrobial treatments in a first screening phase current models are not suitable for
intestinal infections. The continuous culture medel human intestinal microbiota are
mainly based on the original model of Macfarlatal. (1998) and inoculated with diluted
feces. These systems have several limitationsaltreetplanktonic state of bacterial
populations, leading to limited microbial stabilapd cell density compared to the colon; they
are also not suited for long-term experiments witteropathogens since exogenous bacteria
are rapidly washed out of the system (Blakal, 2003; Carmaset al, 2004; Carman &
Woodburn, 2001; Payret al, 2003). Recently, we developed and validated amedel of
infant and adult colonic fermentation with fecaknobiota immobilized in gel beads in
anaerobic continuous-flow cultures (Cingeinal, 2006a; Cinquiret al, 2006b; Cleusiet

al., 2008; Macfarlane & Macfarlane, 2007). This newdelchas conditions that are more akin
to that of the intestinal system and has the falhoweharacteristics: bacteria growing in
biofilm structures; high cell density in gel beaudsl in reactor effluents (up to*t@ells mL*

or g%); high stability and reactivity to changing corialits of the intestinal fermentation; good
protection of sensitive bacteria from shear andyexystresses; and prevention of washout
and loss of less competitive bacteria.

In this study we developed amvitro model of intestinal fermentation with immobilized
feces simulating intestin&almonellainfections and long-term shedding in children. We
hypothesized that addition of colonized beads Wahmonellaserovar Typhimurium in the
intestinal fermentation model containing an immialedi child microbiota would cause a
stable infection oBalmonellan gel beads and in effluent samples. The effetivo

antibiotic treatments o8almonellaserovar Typhimurium, as well as on the main béaadter



95 populations and metabolism of child’s microbiotaeveested during the same continuous

culture and compared with vivo data to validate the model.

Materials and methods

Bacterial strain

Salmonella entericaubspentericaserovar Typhimurium M55seD::aphT4invG)

100 (S Typhimurium) was supplied by Prof. W. Hardt (ihge of Microbiology, ETH, Zurich,
Switzerland). Sensitive to amoxicillin, this stragna low virulent derivative d&.
Typhimurium wild-type strain SL1344 lacking SPI{feetor proteins (Hapfelmeiest al,
2004). It was routinely cultivated in tryptone sdyath (TSB, Oxoid, Basel, Switzerland)

overnight at 37 °C in aerobiosis.
105 Antibiotic

In human practice, Clamox3tRC (GlaxoSmithKline) containing amoxicillin astae
compound, is a moderate-spectrg#actam antibiotic that can be used to treat sabtiosis
in children (25-75 mg Kgday') (Moulin et al, 2003; Fachinformation des Arzneimittel-
Kompendium der Schwéiz 2007). It is bactericidal against a wide rang&tdm-positive

110 and Gram-negative bacteria, including sensiBaémonellavith minimum inhibitory
concentrations (MIC) ranging from 1 to 5 pg Tlor 90% of tested strains (Fachinformation
des Arzneimittel-Kompendium der Schw®i2007). For the experiment, pure amoxicillin

(Sigma-Aldrich, Buchs, Switzerland) was used.
Feces collection and bacterial immobilization

115 The fecal sample used for immobilization was cedlddrom a healthy 2 year-old child, who
had not received antibiotics at least 3 monthsregtoe experiment. The fecal sample was

maintained in anaerobiosis and immobilized in 148 gel beads composed of gellan (2.5%,
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w/v) and xanthan (0.25%, w/v) gums and sodium t&t(8.2%, w/v), as already described
(Cleusixet al, 2008). Gel beads (60 mL) were then transferremlarstirred glass reactor
(Sixfors, Infors, Bottmingen, Switzerland) with 144 of fresh nutritive medium simulating
a child chyme (presented below). The entire prosesscompleted undanaerobic
conditions within 3 h after defecation.

S Typhimurium immobilization was done one day befogactor inoculation using the same
procedure as for fecal samples, but in aerobigsieua sterile bencsalmonellabeads

(10 mL) were colonized overnight in 200 mL TSB &t°€ in aerobiosis without pH-control.
A fresh bead sample (0.5 g) was used to inocutegedactor on day 11 and the rest was

stored frozen (0.5 g aliquots) in 20% glycerol& <C.
Nutritive medium

The nutritive medium used to feed the reactor iadar to that previously described by
Macfarlaneet al. (1998) for simulating an adult ileal chyme, witheomodification; the bile
salt concentration was reduced from 0.4 to 0.05 goLreproduce the ileal chyme of a young
child. A solution of vitamins described by Micletlal. (1998) and sterilized by filtration
(Minisart 0.2 um, Sartorius, Géttingen, Germanyywaeded (0.5 mL?) separately to the

autoclaved (15 min, 121 °C) medium.
Experimental setup and sampling

A single-stage reactor based on the model deschpé&inquinet al. (2004) was used to
mimic the microbial ecosystem of a child’s proxinsalon. Batch fermentations were first
carried out to colonize the fecal beads for 2 dBysing colonization, the nutritive medium
was aseptically replaced by fresh nutritive medawery 12 h. Temperature (37 °C) was
automatically controlled and pH was maintained.@ttdy adding NaOH (5N). Anaerobic
conditions were maintained during the whole ferragah by a continuous flow of pure GO

in the headspace. The continuous fermentation aa&d out in the same reactor connected
-6 -
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to a stirred feedstock vessel containing sterikeithnee medium continuously flushed with

CO, and maintained at 4 °C and to an effluent recgiviessel. Continuous medium feeding
was carried out using peristaltic pumps (Reglo@mpasmatec, Glattbrugg, Switzerland)
delivering a feed flow rate of 40 mLtfor a mean retention time of 5 h. This time wasdus

to simulate the residence time in a child proxiowbn, with a pH of 5.7 (Fallingboret al,
1990).

The 43-day continuous fermentation was divided éperiods of 5 to 9 days (Figure 1). First
the system was stabilized (STyphi 0; days 3-1@n .5 g of beads colonized with

S Typhimurium (days 11 and 13) were added to tistesy followed by a second stabilization
period (STyphi I; days 14-20) and two antibiotieatments (ATB [214pg mL™ thrice a

day]; days 21-25 and ATB [428ug mL™* thrice a da}; days 35-39) intercalated with a third
stabilization period without antibiotic (STyphi Hay 26-34). Amoxicillin was added directly
in the reactor three times per day (at 9 a.m.n2 pnd 6 p.m.) to reach total concentrations of
90 mg day (ATB I) and 180 mg day (ATB I1). According to theFachinformation des
Arzneimittel-Kompendium Schw®ithe average oral dose (divided into three doskes)
Clamoxyf’/- RC is 50 mg kg day™ for young children (2 to 12 year-old), with an aiggion
rate between 70 and 90% in the gastrointestined. t&n the basis of two absorption rates of
70 and 85% we calculated that 90 to 180 mg'dayoxicillin should reach the colon for a

12 kg-child receiving 600 mg amoxicillin per dayn @e last evening of ATB | (day 25) and
Il (day 39), the reactor was briefly stopped ar@rtedium was entirely pumped out of the
reactor after beads had settled. A new medium withatibiotic (Stab Il and Ill) was
immediately added. Effluent samples (10 mL) weréected daily for metabolites (short-
chain fatty acids [SCFA], and lactate) and fluoeggm situ hybridization (FISH) analyses.

The pseudo-steady state for each period was readhenl bacterial populations in the reactor
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effluent did not change by more than 0.5 log uditsng 4 consecutive days (Cinquin et al.,
2006).
During antibiotic treatments, effluent samples waskected before adding the first daily

antibiotic dose.
Bacterial enumeration with FISH and microscopy

FISH analyses coupled with microscopy were perfarifoe total bacteria an8almonella
enumeration as described by Cingeatral. (2006a) on fermentation samples (1.5 mL) from
the last 3 days of each pseudo-steady-state pdnudl bacteria were stained with 4’, 6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich, BushSwitzerland) an& Typhimurium
was targeted with Sal 3, a Cy3-labelled oligonutitksoprobe (Microsynth, Balgach,

Switzerland) with hybridization conditions descddgy Nordentofet al.(1997).
Bacterial enumeration with FISH and flow cytometry

FISH analyses coupled with flow cytometry were perfed based on the method described
by Zoetendakt al. (2002) with some modifications. Briefly, 100 pLfofed fermentation
samples (1.5 mL) and fixed feces (1.5 mL) wererteiged (9000 g, 3 min) and the pellet
was washed once in Tris-EDTA buffer (100 mM TrisiH&DO mM EDTA, pH 8) before
incubation for 10 min at room temperature in 100giIris-EDTA buffer supplemented with
lysozyme (170’800 U mt) and proteinase K (6 pg rif).to destroy protein-clusters formed
during both antibiotic treatment periods which rfeeed with flow cytometry detection. After
removing the lysozyme solution by centrifugatiof@® g, 3 min) and washing the pellet
once with 100 pL of fresh hybridization buffer (9001 NaCl, 20 mM Tris/HCI, 0.1% SDS,
30% formamide, pH 8), cells were resuspended ind06f hybridization buffer,
homogenized and divided into 10 aliquots of 25 With exception of the negative control,
aliquots were hybridized overnight at 35 °C withr&uL* of Cy5-labeled probes (Table 1).

Since hybridization conditions described for S@N8rdentoftet al, 1997) slightly differed
-8-
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from conditions used in flow cytometry, the SalrBlpe specificity was tested again with
hybridization conditions used for flow cytometrya(dle 1).

After hybridization and to remove non-specific bimglof probes, 900 pL of warm washing
buffer (64 mM NacCl, 20 mM Tris/HCI, 5 mM EDTA, 0.18DS, pH 8) was added and
samples were incubated at 37 °C for 20 min. Adastrifugation step was performed

(9000 g, 3 min) before resuspending the pelleOd BL of cold potassium citrate buffer

(10 mM Tris/HCI, 1 mM EDTA, 30 mM potassium citratgH 7.4). A 50 pL aliquote was
diluted with 400uL of potassium citrate buffer to obtain a final tea@l concentration of
about 16 bacteria per mL. A volume of 0.5 pL of diluted4@/000) SYBR Green |
(Invitrogen AG, Basel, CH) was added at least 15 ba@fore each measurement in order to
differentiate bacteria from non-bacterial materfal.determine bacterial cell numbers, 50 pL
of Flow-Count™ Fluorospheres (Beckman Coulter International Spomy CH) at known
concentrations (1012 beads f)lwere added just before data acquisition. Sampées

passed through a Cytomics FC 500 (Beckman Coulterdational SA, Nyon, Switzerland)
equipped with an air-cooled argon ion laser engt20 mW at 488 nm and a Red Solid State
Diode laser emitting 25 mW at 633 nm. The 633 ngeldavas used to detect red fluorescence
of bacteria hybridized with Cy5-labeled probes (RMit a 655 nm long pass filter) and the
488 nm laser was used to measure the forward #iggtescatter (FSC), the side angle light
scatter and the green fluorescence conferred byRS@Been | (PMTL1 in a 525 nm band pass
filter). The acquisition threshold was set in tberdfard scatter channel to the minimum. The
flow rate was set at 1,000-3,000 everitssd 100,000 events were stored in list mode files.
Data were analyzed using the CXP software (Beck@uulter International SA, Nyon,
Switzerland). A PMT1 histogram (green fluorescenvea$ used to evaluate the total number
of bacteria stained with SYBR Green I. In this dggam, a gate which included the total

number of bacterial cells in the sample was desigmel used to make a PMT4 histogram

-9-
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(red fluorescence). This PMT4 histogram was thedie determine the bacterial groups
marked with Cy5-labelled probes. To quantify baategroups and total cells, a correction
was made to eliminate background fluorescence, imnedsising the negative control NON-
EUB338-Cy5 probe, as described by Rigottier-Gaial. (2003). Analyses were done in

duplicate.
Metabolite analyses

SCFA (acetate, propionate, butyrate and formate)actate concentrations were determined
by HPLC as previously described (Cleusbal, 2008). Each analysis was done in duplicate.

Mean metabolite concentrations were expressed in mM
Statistical analyses

A one-way ANOVA was performed using SPSS 13.0 fand@ws (SPSS Inc., Chicago, IL,
USA) to test the effects of the different treatnsesr bacterial and metabolite concentrations
measured during the pseudo-steady-state periodm(ofe8 successive days) in effluent
samples. Treatment means were compared using KeyEuest with the probability level of

P < 0.05. Data in the text are means + SD.

Results

Microbial populations analyzed by FI SH-flow cytometry

The child fecal sample used for immobilization skdva total population of 10.2 £ 0.1 lgg
cells g*, and was highly dominated by bifidobacteria (9.8.% log, cells g'). Mean
concentrations of major bacterial populations messin protease treated fermentation
samples by FISH-Flow cytometry during the last¢hdays of each experimental period are
shown in Table 2. The predominant bacterial genuke reactor effluents during the whole

fermentation (except during STyphi 1) wagidobacteriumspp., initially followed by

-10 -



240 Clostridium coccoides-Eubacterium rectaledBacteroides-Prevotellgroups. No
Salmonellaor otherEnterobacteriaceaeere detected during STyphi 0. Following addition
of S Typhimurium-colonized beads (11.1 legells (g bead)) to the reactor (days 11 and
13; STyphi 1), a high concentration 8&lmonella7.5 + 0.1 logo cells mL!) was measured in
effluent samples at the end of the first stabil@aperiod (STyphi I, Table 2). Furthermore,

245 the intestinal microbial balance largely changeshpgared with STyphi O, with a significant
decrease of bifidobacteria (minus 1.2:lpgnit) and a significant increase of
EnterobacteriaceagAtopobiumspp. and th€. coccoides- E. rectalgroup. During this
period (STyphi 1), th&. coccoides- E. rectalgroup became the predominant bacterial group.
Addition of amoxicillin (90 mg day, ATB 1) induced a significant decreaseSalmonella

250 concentration (more than 1.5 lg@inits) compared with STyphi | (Table 2) and atsinithe
different bacterial concentrations, which returt@dalues not significantly different from
STyphi 0 P > 0.05). The only exception wahterobacteriaceawhich in contrast to
Salmonelladid not decrease during ATB | and remained sigaiitly higher than during
STyphi 0. During STyphi Il with no antibiotic, mos#acterial populations (including

255 Salmonelldwent back to values similar to STyphi |, exceptBifidobacteriumspp. andC.
coccoides- E. rectaleoncentrations which were significantly higher émaer, respectively.
The second amoxicillin treatment (180 mg da#TB I1) induced similar changes as during
ATB I, but the effects on bacterial populations swead during the last three days were
significant only forSalmonellaand theC. coccoides- E. rectalgroup. Finally, during the last

260 stabilization period without antibiotic (STyphi)Jlbacterial populations went back to values
similar to STyphi 0, except f@almonellaand totaEnterobacteriaceawhich remained
significantly higher than for STyphi Blo effect of treatments was observed on total Ioiacte

or onBacteroidexoncentrations during the whole fermentation.

-11 -
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Microbial populations analyzed by FI SH-microscopy

Bacterial analyses with FISH coupled to microscauoiants for total bacteria and
S.Typhimurium used to monitor overtime the fermetaprocess corroborated data
obtained with flow cytometry, with a significantaease irSalmonellaconcentration during
ATB | and Il. No protease treatment was appliethese samples. However, a more
pronounced inhibition oB. Typhimurium was measured with ATB | (minus 1.3;kpgnits
compared with STyphi 1) compared with ATB Il (minQL5 log units compared to
STyphi ll) (Figure 2). Furthermore cell aggregatisas enhanced during antibiotic
treatments. Total bacteria counts measured withifificroscopy were significantly lower
(minus 1.2 logp units) than by FISH-flow cytometry, decreased fi&fryphi 0 to STyphi |

and remained stable during the subsequent treatment
Metabolites analyses

The profiles of metabolite concentrations during dhifferent fermentation periods are shown
in Figure 3. Acetate was the main metabolite deteduring STyphi 0 and throughout the
fermentation (40-80 mM), whereas propionate angrhatg were present at low
concentrations{20 mM). Lactate was also detected, although iratsée concentrations (1-
20 mM), during the whole fermentation. Addition®fTyphimurium induced a significant
increase in butyrate (6.0 £ 0.1 and 13.5 £+ 1.8 mMSTyphi 0 and STyphi I, respectively),
whereas the other metabolites were not modified/den the two periods (Table 3). ATB |
dramatically decreased total metabolite concewimatompared with STyphi I, especially due
to a strong decrease in acetate, while formatdaatdte increased. During STyphi I,
metabolite concentrations went back to their presilevels of STyphi I, except for acetate
and butyrate which remained significantly lowerrttltauring STyphi I. ATB Il induced

slightly different metabolite concentration changempared with ATB I. A less pronounced
decrease in acetate concentration was observedeasiactate and formate were

-12 -
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significantly more increased. During the last dtasiion period (STyphi Ill) metabolite
concentrations returned to their previous levelSByphi Il, except for propionate and

formate (Table 3).

Discussion

Recently we successfully developed a mewitro model of intestinal fermentation with
immobilized fecal microbiota (Cinquiet al, 2004; Cinquiret al, 2006a; Cinquiret al.,
2006b; Cleusiet al, 2008). One major advantage of cell immobilizatioimtestinal
fermentation models is the very high microbial ametabolic stability due to entrapment and
growth of fecal microbiota in polysaccharide beadsich was tested over long fermentation
periods (up to 7 weeks).

In this study, we used the same approach with f&alple immobilization and continuous
fermentation to develop an original model simulg@almonellagut infection in children.

We showed that cell immobilization can circumverdijjems due to wash-out of exogenous
enteropathogens observed in conventiamaitro intestinal fermentation models operated
with planktonic cells (Blaket al, 2003; Carmaret al, 2004; Paynet al, 2003). According
to our initial assumption, addition & Typhimurium immobilized in polysaccharide beads
allowed to recover and maintas Typhimurium in the reactor effluents during thriee
fermentation of 43 days. Seven days after addafd®. Typhimurium colonized beads (days
18-20; STyphi ), the strain was detected at highcentrations (7.5 lagcells mL?Y) in

effluent samples, in agreement withvivo concentrations of non-typhofalmonella
shedding of up to Pa10’ organisms per gram of faeces measured in somaehittiring
early convalescence (Cruickshank & Humphrey, 198®aily analysis o Typhimurium
and commensal bacteria was then performed in effls@mples. A protease treatment was
used to destroy aggregates before bacterial entiorergith FISH-flow cytometry. However,
no sample protease treatment was done before @saiyis FISH-microscopy. Therefore the

-13 -
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aggregation phenomena can explain the lower tothEalmonellacell counts detected with
FISH-microscopy compared to FISH-flow cytometryrtharmore the higher inhibition
effects of antibiotics o®Salmonelladetected with FISH-microscopy compared to FIShvflo
cytometry can also be due to enhanced cell aggoegabserved during antibiotic treatments.
Total bacteria and bifidobacteria populations meagduring STyphi 0 and in feces were
high and very close. Unfortunately, the other papahs could not be determined in feces
due to a lack of sample. We showed in previousiasuthat the main populations of child and
adult fecal samples were well preserved during ifilization and long-term continuous
fermentation. However, differences of microbialdrade between the fecal inoculum and
reactor effluents occurred due to changes of enmental conditions between the host
intestine and the fermentation model, such as medomposition, pH, and retention time
(Cinquinet al, 2004; Cinquiret al, 2006b, Cleusiet al, 2008). Such differences are often
observed withn vitro intestinal fermentation systems (Macfarlane & Maleine, 2007).
Furthermore, conditions of the proximal colon apglin the fermentation model are very
different to that of the distal colon where comgiosi of fecal material is more akin to feces.
Compared with STyphi & Typhimurium colonization (STyphi I) induced acstg
modification in the microbial balance. Bifidobadgempresent in high numbers during
STyphi 0 were significantly decreased, wher€asocoides- E. rectalgroup andAtopobium
spp. were strongly increased € 0.05). In contrast to bacterial populations, abetites were
only slightly modified, with only a significant inease in butyrate concentrations during
STyphi I. This butyrate accumulation may be expdiby an increase in tl@&& cocoides- E.
rectalegroup,which contains most of the butyrate producers (Baitta et al, 2000).

As expected, addition of amoxicillin in the reacsagnificantly reduce®. Typhimurium
concentration in effluent samples and changed tleotyial balanceC. coccoides- E. rectale

andAtopobiumpopulations were strongly inhibited by amoxicillimhereaBBacteroides

-14 -
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bifidobacteria and totdEnterobacteriaceawere not affected. Marked decreases inGhe
cocoides- E. rectalgroup have already been described by Baw@. (2004) in human fecal
flora-associated mice receiving amoxicillin-clawitaacid (150 mg (kg of body weigH)

for 7 days. The lack of activity of amoxicillin @dacteroides-Prevotelland
Enterobacteriaceawas also expected because it is known that ceéBtateroidessuch as
Bacteroides fragiliand soménterobacteriaceaéKlebsiellaspp.,E. coli) are not inhibited
during amoxicillin treatments in humans (Sullivetral, 2001; Flooret al, 1994). Indeed,
resistance t@-lactams vig-lactamase production has been largely describBadteroides
spp. andEnterobacteriaceaéKaderet al, 2004; Papaparaskevassal, 2005).

Unexpectedly, bifidobacteria were not inhibiteddmgoxicillin treatments and their growth
was even stimulated during ATB 1. Although it isngeally admitted that bifidobacteria are
highly sensitive t@-lactams (Moubarecgt al, 2005) some strains are resistant to
amoxicillin (Lim et al, 1993; Vlkovéet al, 2006). However, bifidobacteria overgrowth
during ATB | may not be directly associated witle &ffects of antibiotics. It could also be
due to the strong decrease in @ecoccoidesE. rectalegroup, which allowed the growth of
bifidobacteria that came back to their previouscemrrations (STyphi 0). It seems that
bifidobacteria were particularly competitive in thgstem and that they prevented the
overgrowth oBacteroidesspp. during amoxicillin treatment, contrary to samvivo
observations (Christensson et al., 19%hterobacteriaceawere not significantly decreased
during ATB I, and ATB Il despite a significant deese oSalmonellaand became the
second most dominant group during STyphi Il, takimg place of th€. coccoides- E rectale
group. Such increasesinterobacteriaceabave also been frequently described in the
literature after amoxicillin treatments in humag@h(istenssort al, 1991; Sullivaret al,

2001).
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In parallel to modifications of microbial balancershg ATB | and Il, metabolite ratios were
also strongly modified. ATB | decreased acetateinockased lactate and formate
365 concentrations, whereas butyrate and propionate m@rchanged compared with STyphi .
Doubling the amoxicillin concentration (ATB II) @ded to a similar decrease in acetate
concentration compared with STyphi II, but alséviece as much lactate and formate and to a
decrease in propionate and butyrate concentrati@tsate and formate are intermediate
metabolites produced by many different bacterianf@ings & Macfarlane, 1991), further
370 metabolised by other bacteria into £&ahd major SCFA (acetate, propionate or butyrate)
(Duncanet al, 2004; Seeligeet al, 2002). These metabolites generally do not accatauh
the human colon (Bernaliet al, 1999). Their accumulation together with the clemnig
SCFA ratios during ABT | and Il suggest that laetaind formate-utilizing bacteria were
inactivated during amoxicillin treatments. The netldecrease in the. cocoides-E. rectale
375 group, which harbours many lactate-utilizing baetéDuncanret al, 2004) is likely
responsible for lactate accumulation during thesegs.
Immobilization ofS. Typhimurium and its addition to the recently depedin vitro model
of intestinal fermentation with immobilized fecalarobiota led to stable high levels of
S Typhimurium in the effluent of the continuous geactor simulatingalmonellashedding
380 observed in certain children. Moreover, immobiliaatprevented washout of
S. Typhimurium during antibiotic treatments, whicloaled comparison of two treatments
during the same fermentation with the same fea@aulum. The effects of amoxicillin
measured with this neim vitro colonic fermentation model f@almonellanfections are in
agreement witlin vivo observations showing a high disturbance of thestital microbiota
385 balance with decreases in t@ecoccoides E. rectalegroup and increases in
Enterobacteriaceaeatios. Furthermore, metabolic ratios tested @irthvitro model

correlated with microbial change, providing furthvatidation to this model. Therefore, this

-16 -



new model is a promising tool for simulating inteat infections in humans with the aim of
developing and testing the effects of differenirarmdrobials on intestinal enteropathogens as

390 well as commensal bacteria.
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Tables

Table 1 Oligonucleotide probes and hybridization conditiossd to target predominant

bacterial groups

Probes Dyes*  Target organisms Formamide Temperature Probe references

(%) (°C)
Sal 3 Cy-3 Salmonella enterica 0 45 Nordentofet al, 1997
NonEub338 Cy-5 NA 30 35 Wallnet al, 1993
Bif 164 Cy-5 Bifidobacterium 30 35 Langendijlet al, 1995
Bac 303 Cy-5  Bacteroides-Prevotella 30 35 Manzt al, 1996
Erec 482 Cy-5 C. coccoides-E. rectale 30 35 Franket al, 1998
Ato 291 Cy-5 Atopobium 30 35 Harmseant al, 2000
Enter 432 Cy-5 Enterobacteria 30 35 Sghtial,, 2000
Sal 3 Cy-5 Salmonella 30 35 Nordentofet al, 1997

*The oligonucleotide probe labelled at the 5’ enthvCy-3 was detected with microscopy

whereas Cy-5 labelled probes were used in flowmngtoy. DAPI and SYBR Green I-stains

were used for total bacteria enumeration in miapgand flow cytometry, respectively.



Table 2 Bacterial populations in fermentation samples dupseudo-steady states of each treatment

period measured by FISH-flow cytometry

Bacterial counts (log cells mL* medium)*

Bacterial popualtions STyphi 0 STyphi | ATB | STyph ATB I STyphi 1l

Bifidobacterium 10.2 +0.1c 9.0+0.2a 10.5%0.3c 9.9+0.3bc 9.7+0.5ab 10.3+0.1c

C. coccoides-E. rectale 9.1 +0.1bc 10.3+0.3d 85+0.1ab 9.5+0.3c 8.4 £ 0.4a 8.5+ 0.4ab

Bacteroides 8.8+0.2a 9.0+0.2a 9.0 £0.5a 9.0+0.2a 8.6 £0.1a 9.0 £0.02a
Atopobium 7.3+0.04a 9.2+0.1c 7.5+ 0.4a 87+03bc 8.0x05ab 7.2+0.7a
Enterobacteriaceae NDc 8.9+0.2b 82+03ab 83x02ab 7.4+03a 9.4+0.3b
Salmonella ND 7.5+0.1a NDb 8.1+0.2a NDb 7.6 £0.2a
Total bacteria 10.3+0.4a 104+0.2a 105+0.1a 10.3+x0.1la 100%x0.3b 104+0.2a

*Data are means + S.D. for the lasi&ys for each fermentation periods 2. Values with different
letters in a row are significantly different withet Tukey's tes® < 0.05.

ND, not detected, below detection limit of the nuettflog 6 cells mLY).
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Table 3 Metabolite concentrations in effluent samples dypseudo-steady states of each treatment

period measured by HPLC

Metabolite concentration (mM)*

Metabolites STyphi O STyphi | ATB | STyphi Il ATH | STyphi Il
Acetate 69.6 +2.1bc 725+36c 459+51a 63.6+27b 50.1+x37a 64.8+1.7bc
Propionate 52+05b 6.1+20bc 6.2+06bc 7.5+1.0c 2.2+0.4a 3.8+ 0.2ab
Butyrate 6.0+0.1ab 13.5+1.8c 13.3+2.6¢C 8.2+1.5b 3.9+15a 7.9+ 1.5ab
Formate ND& NDa 3.8+£0.8b NDa 7.2+18bc 105=*1.4c
Lactate 1.3+02a 1.2%04a 7.9+1.0b 20+05a 17.1+3.0c 41+1.6d

Total metabolites 82.1 + 1.6abc93.3 £+ 4.0c 77.1+42a 8l1.3*2.4abc 80.5+5.1ab 91.2 +3.5bc

*Data are means = S.D. for the last 3 days for daghentation period) = 2. Values with different
letters in a row are significantly different withet Tukey's tes® < 0.05.

ND, not detected, below detection limit of the noeth
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Figure legends

Fig. 1. Time schedule of continuous intestinal fermentaggperiments during different
treatment periods: BC, beads colonization; STyplst&bilization of the system, days 3-10; SB,
addition ofS. Typhimurium M557 beads, days 11 and 13; STypsiabilization of

S. Typhimurium M557 concentrations in effluent sansplgays 14-20; ATB I, daily addition of
90 mg amoxicillin, days 21-25; STyphi Il, stabilima period, days 26-34; ATB I, daily

addition of 180 mg amoxicillin, days 35-39, STyjplli stabilization period, days 40-43.

Fig. 2. Total bacteria an8almonelleenumerated by FISH coupled with microscopy. DARI a
Cy3 labeled Sal 3-probe were used to detect taiztelia andbalmonellarespectively, during
the different fermentation periods. STyphi O, diahtiion period | withouSalmonellaSTyphi

|, stabilization period Il afteBalmonellaaddition; ATB I, first antibiotherapy, 90 mg dgy
STyphi Il, stabilization period; ATB I, second #sibtherapy, 180 mg day STyphi IlI,

stabilization period. Significance is based on taste days of each period.

Fig. 3. Short chain fatty acids and lactate concentratioreffluent samples during the 43-day
continuous fermentation. Total metabolite} @cetatef), butyrate A), propionate 4), formate

(o), lactate ¢). Data are means of triplicate analyses.
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Figure 3
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