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Abstract Ethical and technical difficulties for in vivo
studies on gut microbiotas argue for the development of
alternative in vitro models: here, we describe a system
simulating the proximal part of a human colon both
nutritionally and physico-chemically with a procedure
aimed to limit experimental variations over the time
(Proximal Environmental Control System For Intestinal
Microbiota—P-ECSIM). The continuous culture system P-
ECSIM is first inoculated by a —20°C glycerol stock
established from the batch culture of a stool-inoculated
medium. The anaerobic atmosphere is self-maintained by
the gases produced in the ordinary metabolism of fermen-
tations. The monitoring of metabolic activities and micro-
bial constitutions indicates that different steady states are
obtained according to the dilution rate. Finally, the glycerol
conservation of the batch culture-derived inoculum gives a
similar differential response between the two dilution rates
(D=0.08 h™" and D=0.04 h™") after a 1-year storage time as
well for their metabolism and constitution in steady states,
but with a lower abundance. Molecular fingerprints of the
microbiota reveal however alterations over the time. Further
efforts are needed concerning the preservation of standard-
ized inoculums in order to improve the process for intra-
and inter-lab comparison. Combined with appropriate
analytical techniques, this system provides an efficient
alternative means of studying functionally human micro-
biota in its constitution, metabolism and adaptation to
environmental changes, particularly nutritional.
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Introduction

Our understanding of human microbiota and its metabolic
impact on host health has considerably evolved in recent
years, partly due to new molecular techniques (Zoetendal et
al. 2008; Brugere et al. 2009). These tools permit the
description of gut microbial diversity (Eckburg et al. 2005;
Tap et al. 2009) in various situations (Dethlefsen et al.
2008; Zhang et al. 2009; Claesson et al. 2009). The potent
metabolic behaviour of microbiota can also be inferred
from these studies, especially when using metagenomics
(Qin et al. 2010). Functional studies (metabolism, host—
microbes and microbes—microbes interactions,...), however,
are still difficult for in vivo ethical and technical reasons.
The development of an in vitro system able to simulate
environmental conditions of the human gut can partially
facilitate such studies. Such in vitro O,-free models are
principally based on either batch or chemostats cultures.
Batch cultures have the advantage of providing results
within a relatively short time period of about 24-48 h
(Gibson and Fuller 2000) but do not reflect the near stable
in vivo conditions, even for such short incubation times
(Rumney and Rowland 1992). Continuous culture systems
are, therefore, preferred, formed either of one or of more
vessels depending on complexity and/or purpose. A single-
stage chemostat simulating the human colon was developed
20 years ago, mimicking the nutrient availability and
environmental conditions extrapolated from our knowledge
of the in vivo conditions (Allison et al. 1989). This was
further developed into a three-stage continuous system to
simulate the three different functional parts of the human
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colon, i.e. the proximal, transversal and distal parts (Gibson
et al. 1988; Macfarlane et al. 1998). In this type of system,
the growth medium was continuously sparged with O,-free
N, and each reactor maintained anaerobically under CO,. A
different system called “simulator of the human intestinal
microbial ecosystem” (SHIME) was developed (Molly et
al. 1993), which allows for the assessment of the dynamics
of microbial ecology in the gastrointestinal tract. The
stomach and small intestine are simulated in one vessel of
0.3 L each and the large intestine by three vessels of
different volumes. The anaerobic conditions are obtained by
a continuous N, flux. An evolution of this system is the
Twin-SHIME, which consists of two identical SHIME units
(Van den Abbeele et al. 2010). Another computer-controlled
system (called TIM-2) integrates a simulation of metabo-
lites and water absorption in the proximal human colon
(Minekus et al. 1999). Microbial diversity was assessed
using phylogenetic DNA chips during the first 88 h
(Rajili¢-Stojanovi¢ et al. 2010). It was shown to vary
throughout the duration of the experiment, with the most
similar time (compared to the stool) obtained for the last
experimental point. It is suggested that immobilized faecal
microbiotas be used in continuous fermentations to solve
the problems of long stabilization delay coupled with
washing effects (Cinquin et al. 2004). This phenomenon
is particularly important when simulating the digestive
system of an infant. Immobilization could also be applied to
pathogens in order to allow their implantation (Le Blay et
al. 2009). In this model, anaerobiosis is guaranteed by a
continuous flow of CO,. Here, we propose an alternative
continuous culture system called “Environmental Control
System for Intestinal Microbiota” (ECSIM), which differs
from others by the maintaining of an anaerobic atmosphere
initially established with a N, flush and then kept by the
fermentative activity of the microbiota itself. Furthermore,
attempt for limiting inoculum variations over the time were
realized by preparing and storing at —20°C batch-derived
inoculums from an initial stool sample.

Materials and methods
Bacterial media composition

For the Proximal ECSIM (P-ECSIM) procedure, the so-
called artificial gut medium was used as the fermentative
medium. It is derived from the one used by Molly et al.
(1993) and Macfarlane et al. (1998) and is a mix of three
solutions: the trace elements solution, the vitamin solution
(1 mL of each for 1 L of artificial gut medium) and the
core medium (all compounds are expressed in grams per
litre): mucin, 4.0; starch, 5.0; pectin, 2.0; guar gum, 1.0;
xylan, 2.0; arabinogalactan, 2.0; inulin, 1.0; L-cystein-HCI,
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0.8; casein, 3.0; peptone, 5.0; tryptone, 5.0; yeast extract,
4.5; bile salts, 0.4; tween 80, 1.0; FeSO4-7H,O, 0.005;
NaCl, 4.5; KCl, 4.5; KH,PO,, 0.5; MgS0,47H,0, 1.25;
CaCl,2H,0, 0.15; NaHCO3, 1.5 and Hemin, 0.05, pH
adjusted to 6.0. The solution of trace elements contains (in
grams per litre): MnSO42H,0, 0.5; FeSO47H,0, 0.1;
CoS0y, 0.1; ZnSOy, 0.1; CuSO45H,0, 0.01; AIK(SO,),
001, H3BO3, 001, N32M0042H20, 001, N1C126H20,
0.1 and Na,SeOs, 0.01. The vitamin solution contains (in
milligrams per litre): menadione, 1; d-biotin, 2; pantothenate,
10; nicotinamide, 5; vitamin Bj,, 0.5; thiamin, 4 and para-
aminobenzoic acid, 5.

All the microbiological procedures (cultivation, inocula-
tion,...) were performed under strict anaerobic conditions.
For bacterial enumeration, samples were anaerobically
diluted under CO, flux (serial 10-fold dilution). The
reductive dilution medium was composed of (in grams per
litre) K,HPO43H,0, 0.3; KH,PO,4, 0.3; (NH,),SO4, 0.6
NacCl, 0.6; MgS0,4-7H,0, 0.06; CaCl,-2H,0, 0.06; cysteine
HCIl, 0.5; Na,S-9H,0, 0.3; NaHCOs3, 5.0 and resazurin,
0.001. The solid bacterial media were Wilkins—Chalgren
agar for total anaerobes and total facultative anaerobes
(Bearne et al. 1990), Bacteroides mineral salt for Bacteroides
spp- (Allison et al. 1989), Beerens agar for bifidobacteria
(Beerens 1991), Reinforced Clostridial Medium for
Clostridium spp., MacConkey agar for enterobacteria and
Rogosa for lactobacilli (Mitsuoka and Hayakawa 1973). For
each counting, triplicate plates were inoculated with 0.1 mL
of each dilution and incubated at 37°C for 5 (facultative
anaerobes) or 7 days (anaerobes).

Faeces, batch cultures, glycerol stocks and ECSIM
procedure

Fresh faeces were obtained from a healthy female volunteer
(29 years old), without recent treatment with antibiotics and
known not to be a carrier of methanogens. Preculture of the
faecal slurry at 20% (w/v) of medium was carried out on a 5-
mL tube of medium at 37°C for 10 h. The culture in growth
phase was transferred into a 1-L Erlenmeyer flask containing
95 mL of medium at pH 5.75. After 15 h of growth at 37°C,
100 mL of the broth was used to inoculate 900 mL of the
same medium in a 2-L bioreactor (pH=5.75, 400 rpm, 37°C)
and stored after a new 8-h growth at —20°C, in aliquots of
2 mL of 20% (v/v) glycerol stock. A correlation of measures
of turbidity and dry weight was established (R=0.994, data
not shown) in order to facilitate the rapid follow-up of the
culture (see below). For ECSIM experiments, one of these
aliquots was unfrozen on ice and used to inoculate a
preculture of 5 mL of artificial gut medium, grown at 37°C
for 10 h. It was then transferred for 15 h into a 1-L
Erlenmeyer flask containing 95 mL of artificial gut medium.
This was further transferred into 900 mL of complete
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artificial gut medium in a stirred tank 2-L bioreactor,
previously N, flushed (GPC—Global Process Concept Inc.,
France), for a 24-h batch culture. Then, a continuous
cultivation was launched (Table 1) with in initial dilution
rate of D=0.08 h' (experiment P1), followed by D=
0.04 h™' (P2) then back to D=0.08 h™' (P3). The same
procedure was used 1 year later with a dilution rate of D=
0.08 h™! (experiment P4), followed by D=0.04 h™"' (P5). The
acquisition and control software C-BIO (GPC—Global
Process Concept Inc.) was used for the batch culture and
continuous conditions. The stirring rate was adjusted at
400 rpm, the temperature maintained at 37°C and the pH at
5.75 by the automatic addition of 2 M NaOH. The oxidation/
reduction potential (ORP) was monitored every 5 min using
an Argenthal reference probe from Mettler Toledo (Inpro®
3253i/SG/225 probe). Measured redox potentials E were
corrected into an E, value, at 37°C, by adding +199 mV.
Steady states were expected to be obtained after five
residence times (i.e. after more than 62.5 h for P1, P3 and
P4 and 125 h for P2 and P5). Each one was maintained at
least during 2 days during which samples were collected for
microbial and biochemical analyses. Microbiota growth was
evaluated by spectrophotometric (620 nm, Beckman Coulter®
DU 640B spectrophometer) and dry weight measurements.
The biomass was measured on 5 mL of culture that was first
centrifuged (13,000xg, 10 min), then the pellet was washed
three times with distilled water before being deposited under
vacuum and dried at 104°C onto a pre-weighted membrane
(Polyamid 0.45 pum, Sartorius). Anaerobic conditions were
continuously checked during the experimentation (at least
three times a day), by off-gas analysis of the atmosphere
using gas chromatography (HP 6890 series columns:
Molecular Sieve SA and Porapack Q, Agilent Technologies,
USA; coupled with an FID detector) permitting the detection
of 02, COz, CH4, and Hz.

Biochemical analyses of P-ECSIM reactors

For short-chain fatty acids (SCFA) measurements, a
bioreactor volume of about 200 uL was quickly sampled,
deproteinized using 400 pL of cold methanol and
centrifuged (8,000%g, 10 min). Supernatant allowed the
assay of acetate, propionate, butyrate, isobutyrate, iso-
valerate, valerate, caproate, isocaproate and heptanoate
using gas chromatography (HP 6890 series, column HP-
INNOWAX 30 mx250 umx0.25 pum, split ratio=25:1,
Agilent Technologies). 2-Ethyl-butyrate was used as an
internal standard.

Molecular fingerprints

Molecular fingerprints of the microbiota were performed by
ribosomal intergenic spacer amplifications (RISA). Total

DNA was extracted from 1-mL samples (Yu and Morrison
2004) and RISA performed using conditions and primers
ITSF/ITSReub described by Cardinale et al. (2004). After
electrophoresis (20 h run on a 30-cm-long 2% (m/v) agarose
gel, at 35 V, 0.5x TBE), fingerprints were analysed using
the Bio-RAD Quantity One software. The DICE method
was used for similarity matrix calculation and the clustering
was done by the neighbour-joining method.

Statistics

Data was analysed using KaleidaGraph 4.03 (Synergy
Software). Results were expressed as mean+standard
deviations. Means were further analysed using one-way
ANOVA variance analysis. Multiple comparison tests were
further performed using Tukey's test, and differences were
considered significant for p values less than 0.05.

Results

Technical principles, operating features and course
of the P-ECSIM experiments

A procedure ending with a continuous culture system (the
P-ECSIM) was developed in order to maintain the diversity
of a gut microbiota and its metabolic properties (Fig. 1).
Conceptually, the process was standardized as much as
possible. It was performed using a microbiological engi-
neering approach simulating the environmental conditions
encountered in the proximal part of a human colon. Firstly,
this concerns the inoculation of the P-ECSIM realized after
an anaerobic culture regeneration of a permanent stock
stored at —20°C and originating from a human faecal
sample (see “Materials and methods” section for further
explanations). The different experiments were initiated the
month after the realization of the inoculum stock (experi-
ments P1, P2 and P3) or 1 year later (P4 and P5). Secondly,
this was achieved with a culture medium derived from
those previously described (Macfarlane et al. 1998; Molly
et al. 1993) which mimics the terminal ileal chyme from a
common western diet. As mentioned in Table 1, this was
also achieved by choosing a fermentation parameters/
components ratio simulating the proximal colon environ-
ment (volume, retention time, stirring, pressure, tempera-
ture, pH,...). Moreover, pH was maintained at 5.75 using a
volume-controlled alkaline solution. This indirectly evalu-
ated the acidification of the medium, being the metabolic
activity of the microbiota. The experiment was also
technically designed to lower variations during sampling
(liquid and gaseous parts). There was no alteration of the
sterility, nor of the anaerobic atmosphere, and modifications
of volume due to sampling were transient and inferior to
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Table 1 Operating features of
the experiments in the P-ECSIM

in vitro model

ND Non-detected

*Experiments performed 1 year
later O, (umol per g of biomass)

°For each organism to not dis-

Steady-state conditions P1 P2 P3 p4? p5*
Dilution rate (h™") 0.08 0.04 0.08 0.08 0.04
Retention time (h) 12.5 25 12.5 12.5 25
Minimum doubling time® (h) 8.65 17.3 8.65 8.65 17.3
Biomass (g of dry weight per bioreactor) 2.3£0.3 2.5+0.4 3.2+£0.2 3.7£0.2 3.4+0.2
CO, (umol per g of biomass) 10.0+0.7 8.6+1.3 7.4+0.1 4.3+0.3 42+04
H, (umol per g of biomass) 0.3+0.3 0.1+0.0 0.7+0.1 0.1+0.0 0.1+0.0
ND ND ND ND ND
CHy4 (umol per g of biomass) ND ND ND ND ND
On-line redox potential (mV) —212+£5 —211+8 —220+5 -173£10 —221+2

appear from the reactor due to
the dilution effect

2% of the total volume. Therefore, dilution effects due to a
sustained constant volume were limited. Two different
retention times were used: a short one of 12.5 h (P1, P3
and P4) and a longer one (25 h, experiments P2 and P5) to
simulate the part of the transit time in a proximal colon for
a total 48 or 96-h transit time, i.e. a physiological transit
time or a slow transit time (Table 1). Also, no N, (or any
other gas/gases mix) was flushed during the course of the
continuous culture, as is usually the case to maintain a
controlled anoxic environment. In this case, it was obtained
from an initial N, atmosphere which was progressively and
dynamically enriched by the gases originating directly from
the microbiota metabolism (H, and CO,, no detectable O,
and CHy in all our experiments, Table 1). H, was very low
all over the experiments, while CO, was about twice lower
1 year after (experiments P4 and P5). Redox potential

P1/P2/P3

SAMPLE

(Faeces)
P4/P5
Cinses uut‘_‘_\__

(=1 year later)
S | \'J'“ /L'ﬂodmpmbc
Condenser—_ | 2M NaOH control
I
l |u ;L

Sample 0
Waterout —— t:.-.'
Samplings
and storage
Spuger — (-20°C)

Fig. 1 Schematic representation of the different stages leading to
maintaining a microbiota in P-ECSIM. A fresh stool sample was
progressively cultured (three-stage procedure) and stored as glycerol
stocks at —20°C for future use, either 1 month later (simulations P1,
P2 and P3) or | year later (simulations P4 and P5). At that time, a
preculture was performed with a two-stage procedure in batch and
used for inoculating the bioreactor, first with a batch culture without
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values were recorded as stable near —200 mV among the
different experimental conditions (Table 1).

Facultative and total anaerobes monitoring

Microbiological enumeration of total anaerobes and facul-
tative anaerobes were performed on Wilkins—Chalgren agar
plates during the entire process (from fresh stools to the
various steady states in P-ECSIM). Data are reported in
Fig. 2a. In all the samples (faeces, batch before storage and
P-ECSIM cultures), there were between 10° and 10'° total
anaerobes per mL, without any significant differences from
one stage to another. A more contrasted view was obtained
with the enumeration of facultative anaerobes, with a
significant increase in the batch culture vs faeces (about
10 vs 10° mL™", p<0.0001) and vs experiments in the P-

S P-ECSIM
preculture [ ‘ J H s

substrates limitation then continued as a chemostat in conditions
simulating the proximal human colon. This continuous culture was
considered to have reached a steady-state after a five-residence time
delay. This marked the beginning of an experimental condition (called
P1 to P5) in the P-ECSIM. The “Materials and Methods” section
provides more details
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Fig. 2 Enumeration of anaerobes (a) and RISA fingerprints (b) from
the faecal sample, the culture batch for inoculum storage and the
different P-ECSIM experiments. The enumeration of total anaerobes
(left part of a) and of facultative anaerobes (right part of a) are
indicated in log;o of CFU per millilitre (or per gram for the faecal

ECSIM (about 10’ mL™', p<0.006). Differences between
faeces and several P-ECSIM presented a p value of between
0.0012 and 0.0062. Differences were not significant among
the diverse P-ECSIM steady-states analyses.

Evolution of molecular bacterial fingerprints during the pre-
inoculation stages and the steady states in the P-ECSIM

A molecular fingerprint was obtained by RISA in each stage
of our procedure (Fig. 2). The lack of enough differentiable
bands on gels (less than 20) prevented any robust statistic
comparisons of similarities. When compared to the faeces
sample, however, the fingerprints from both the glycerol
stock and the P-ECSIM looked different. Among the P-
ECSIM experiments, samples taken at two different times
during a steady-state looked highly similar (compare lanes
Pla and Pl1b, Fig. 2b, corresponding to two samplings
separated for ~24 h). This was also the case for P1 and P3,
two experiments conducted similarly just after a retention
time change. However, experiments conducted identically
1 year apart gave different fingerprints (compare P1 and P4,
or P2 and PS5 fingerprints, Fig. 2b). This indicated probable
shifts between bacterial populations in these samples due to
retention time modifications (P2, P5 vs P1, P3 and P4) and
inoculum preservation over a 1-year period.

Bacterial variations in P-ECSIM experiments

Bacteroides spp., Bifidobacterium spp., Clostridium spp.,
Enterobacteriaceae and Lactobacillus spp. were enumerated
using selective media (Fig. 3). No significant differences
were observed over all the experiments concerning the

sample). Mean values + SD are obtained from four independent
samples collected along the supposed “steady-state” condition of an
experiment. Asterisk indicates a significant difference (p<0.05)
between ex vivo (the faecal sample) and the in vitro values

number of Bacteroides, Clostridium and Enterobacteria.
They were all present at about 10%°, 10%° and 10> per
mL, respectively (Fig. 3a, c, d). Some significant differ-
ences were detected among P-ECSIM experiments for
bifidobacteria and lactobacilli: values ranging from 10° to
10®° per mL for bifidobacteria (respectively experiment
P2 and P4 Fig. 3b) and from 10° to 107 per mL for
lactobacilli (respectively experiment P2 and P3, Fig. 3e).
The experiment P2 was different to P1, as was P5 with P4
for bifidobacteria and lactobacilli (p<0.002). This was
also the case between P2 and P3, markedly so for
lactobacilli (»p<0.0001), less for bifidobacteria (»<0.026).
Similarly, significant differences (p<0.0001) could be
detected in the counts of lactobacilli between P1 or P3
compared to P4, and between P2 compared to P5. This effect
was present but attenuated for bifidobacteria (p values
ranging from less of 0.0001 to 0.0155)

SCFA production in P-ECSIM experiments

In the P-ECSIM, total SCFA concentration was around
134 mM for P1, P2 and P3 (range 131-138) or 103 mM
for P4 and P5 (range 96-110 mM), indicating a high
fermentative activity devoted to SCFA production (Table 2).
Major SCFAs were respectively acetate, propionate and
butyrate, while the others (isobutyrate, isovalerate and
valerate) represented around 10% (Table 2). The amount
of each major SCFA displayed significant differences
between experiments. Concerning the ratio level between
major SCFAs, percentages were relatively homogenous
between all the experiments, with acetate values represent-
ing 58+2%, propionate 25+2% and butyrate 17+1%.
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Discussion

The aim of this work was to propose an alternative method
for studying the metabolism and constitution of human gut
microbiotas in an in vitro model, specifically the proximal
part, where studies are made difficult due to ethical and
technical limitations. Ideally, conditions have to be rigor-
ously standardized to allow for reproducibility, and the
model has to be stable over a long period to allow testing of
abiotic or biotic factors (for example responses to nutri-
tional, physical or microbial modifications). Here we have
tried to control several important factors (such as pressure,
volume, pH, residence time, sterility, medium, temperature,
stirring, redox potential, gas flow, gas condensation) in
order to obtain a simulation of the proximal human colon

environment. The atmosphere during the steady states was
composed of N,, CO, and H,, with no detectable O, or
CH,. This at least partly reflected the metabolic activity of
the microbiota and probably exerted feedback controls on
microbial populations and their metabolisms. In other in
vitro models (Cinquin et al. 2004; Gibson et al. 1988;
Macfarlane et al. 1998; Minekus et al. 1999; Molly et al.
1993), N, is continuously flushed during the experiments.
By this method, we believe to be closer to in vivo
conditions and to facilitate the action of hydrogenotrophs
(by keeping H, be disposable for them) and, in turn, the
action of fermentative microbiota, by decreasing the H,
pressure. High levels of bacteria in the bioreactor (around
103 anaerobes) agree with this hypothesis, together with
the high level of SCFAs [around 130 mM for the three first

Table 2 Short-chain fatty acids

production in the P-ECSIM SCFA Pl P2 P3 P4 P5
Acetate 69+5 (53) 7245 (52) 6746 (48) 5042 (49) 60+39 (51)
Propionate 30+3 (23) 3342 (24) 3542 (25) 20+1 (20) 23+1 (19)
Butyrate 2445 (18) 2442 (17) 2042 (18) 1442 (17) 171 (18)
o Isobutyrate 3+1(2) 4+1 (3) 4+1 (4) 540 (6) 540 (5)
Data are reported in millimolars
as the mean value + SD for six Isovalerate 3+1 (3) 4+0 (3) 4+0 (4) 4+1 (5) 4+0 (4)
independents samples. The Valerate 241 (2) 2+1 (1) 240 (2) 3+£0 (4) 3+0 (3)
percentage of each SCFA is Total 131 138 133 96 110

indicated in parenthesis
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experiment part, i.e. quite similar in quality, quantity and
proportion with in vivo data (Cummings et al. 1987)].
Moreover, by facilitating hydrogenotrophs, the P-ECSIM
model could help the study of methanogens, sulphate-
reducing prokaryotes and reductive acetogens on the gut
microbiota. This could be of particular interest for studying
the microbiota of elderly people and the role of metha-
nogens, as they are more prevalent with age (Mihajlovski et
al. 2010) or the original lineage of intestinal Thermoplas-
matales (Mihajlovski et al. 2008) for which no in vitro
culture has been described to date.

One of the main difficulties for simulating a proximal
part is the initial inoculums. Ideally it should be a luminal
content from a human proximal colon, limiting microbes
exclusively to the habitants of this part of the gastrointes-
tinal tract and allowing for an efficient comparison between
in vivo and in vitro measurements. On the other hand, we
found it important to be able to reproduce an in vitro model
of the proximal part with a faecal sample in order to have a
more convenient process. It was postulated, therefore, that
faecal bacteria encompassed qualitatively the proximal
ones, at least for the most part. As stools may contribute
to modify the in vitro cultures by adding uncontrolled
substrates, we decided to initially amplify the faecal
bacteria using a batch reactor. This led to the use of a
small inoculum and reduced the impact of substrate
contamination, thereby obtaining larger homogenous
amounts. This was useful for storage and for addressing
long-term reproducibility. This stage clearly lowered the
apparent diversity, but this seemed transient (see the
number of total facultative anaerobes and the RISA finger-
prints, between the batch culture and the stools/the ECSIM
experiments, Fig. 2). The RISA fingerprints also demon-
strated an apparent lower diversity between stools and P-
ECSIMs. The protocol used, therefore, was able to reveal
the diversity and the richness of its components, from a
faecal inoculum (compare lane 1 with lanes from P-ECSIM
experiments in Fig. 2). The loss of species within the batch
reactor stage seemed limited. More exhaustive techniques
like sequencing or phylogenetic chips would confirm this
vision. However, reproducibility tested with similar experi-
ments performed 1 year later was partly obtained using
metabolic and bacterial indicators: total anaerobes and total
facultative anaerobes seemed not to be modified (Fig. 2)
but RISA fingerprints showed some alterations (compare
lanes P1/P3 and P4, lanes P2 and PS5, Fig. 2b). Based on the
few bands on gels, P4 and P5 were more closely related
together than with those obtained a year before (data not
shown). This illustrates the need for further efforts to
determine the best conditions to preserve (store and/or
regenerate) gut microbiota for long periods. This must be
done using stools and biopsies so that microbiotas can be
shared between labs for a more efficient comparative

analysis. Once again, molecular techniques with a higher
resolution (16S sequencing, phylogenetic DNA chips) will
greatly improve our knowledge of lost bacteria if any
during the preservation steps, in order to apply selective
corrective processes.

Another important feature of the P-ECSIM model is the
efficient control of several parameters which could disturb a
steady-state continuous culture. One such feature is
sampling. The subtracted volume should be kept as low
as possible in order not to influence fermentation (dilution
effect due to the maintenance of a constant volume). Here,
we managed to obtain a stable microbiota for a few days, as
shown by the bacterial constitution (enumerations of anae-
robes and of some genera, molecular fingerprints) and some
final metabolites (SCFAs). This was also indicated by the
stability of indirect factors, such as dry weight, ORP or the
linear addition of NaOH for stabilizing pH. Even when
taken over a long period in the same steady-state (more
than 4 days), the P-ECSIM experiments were characterized
by relatively low standard deviations. Tests have to be made
over a longer period for this observation to be generalised.

As an example of the adaptability of the P-ECSIM to
various conditions, we easily modified the retention time by
changing the dilution rate from 0.08 to 0.04 h™'. This
corresponded to a retention time of 12.5 and 25 h
respectively, and, if compared to the length of the different
parts of the colon, to a global transit time of ~48 and ~96 h.
For western populations, this is supposed to represent a
standard transit time and a very slow one (Cummings et al.
1992). This modification significantly affected the quanti-
ties of bifidobacteria and lactobacilli (p<0.05), without
significantly altering the total anaerobic bacteria or SCFAs
production, regardless of storage duration. Previously
described in vitro studies have also revealed the importance
of retention time in a three-stage continuous culture model
(Child et al. 2006). Retention times were different in the
two studies (corresponding to a total transit time of 20 or
60 h in a three-stage system vs 12.5 and 25 h here),
together with a different bacterial counting methodology
(FISH vs culture media); therefore, no comparison can be
made. However, taken together, this highlights the impor-
tance of the retention time/transit time parameter that
should not be eluded in in vitro and in vivo studies,
particularly when studying human populations where transit
time is known to have changed. For example less bifidobac-
teria have been reported in elderly people (Hopkins et al.
2001), a population known to have an increased transit time
(Probert et al. 1993; Woodmansey 2007). This highlights the
relevance of flexible in vitro models like the P-ECSIM,
and a probable underestimated role of abiotic factors in
the human gut. On the other hand, the consequence for
the microbiota of a change in retention time was at least
partly reversible in the P-ECSIM, indicating a potent
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resilience of the microbiota. This is further illustrated by
closely related RISA fingerprints (compare P1 and P3 in
Fig. 2b), although there was a stage with an alteration of
the retention time between these two experiments (P-
ECSIM P2). A more precise analysis of the RISA
fingerprints (similarity matrix, neighbour-joining algo-
rithm) confirms this view, although obtained from few
differentiated bands (data not shown).

In summary, these studies show the potentiality of this
alternative fermentation system to better understand the
human proximal colon. Particularly, P-ECSIM should
facilitate in vitro studies on microbiota from elderly people
characterized by particular biotic (methanogens) and abiotic
(transit time) components. Further developments are need-
ed, particularly relative to long-term storage in order to
improve reproducibility and inter-lab comparisons. The
same approach is now used to validate a three-part
continuous fermentation system. This three-stage ECSIM
would provide a mean for more closely simulating the
proximal, transversal and distal parts of the human colon.

Acknowledgements This work was supported by a postdoctoral
scholarship support from the European Union (UE) and the Auvergne
Council, to DF-G. (FEDER). We thank Pascal Vandekerckove from
Lesaffre SA and Zsolt Popse from Global Process Concept (France)
for their support. J-FB thanks Céline Vidal and Claire Ardaens for
their technical help. The authors are grateful of the assistance of
Meghan Schaut (Michigan State University) and William Tottey for
their remarks on the English version of the manuscript.

References

Allison C, McFarlan C, MacFarlane GT (1989) Studies on mixed
populations of human intestinal bacteria grown in single-stage
and multistage continuous culture systems. Appl Environ Micro-
biol 55(3):672-678

Bearne CA, Mallett AK, Rowland IR, Brennan-Craddock WE (1990)
Continuous culture of human faecal bacteria as an in vitro model
for the colonic microflora. Toxicol In Vitro 4(4-5):522-525

Beerens H (1991) Detection of bifidobacteria by using propionic acid
as a selective agent. Appl Environ Microbiol 57(8):2418-2419

Brugere JE Mihajlovski A, Missaoui M, Peyret P (2009) Tools for
stools: the challenge of assessing human intestinal microbiota
using molecular diagnostics. Expert Rev Mol Diagn 9(4):353—
365

Cardinale M, Brusetti L, Quatrini B Borin S, Puglia AM, Rizzi A,
Zanardini E, Sorlini C, Corselli C, Daffonchio D (2004)
Comparison of different primer sets for use in automated
ribosomal intergenic spacer analysis of complex bacterial
communities. Appl Environ Microbiol 70(10):6147-6156

Child MW, Kennedy A, Walker AW, Bahrami B, Macfarlane S,
Macfarlane GT (2006) Studies on the effect of system retention
time on bacterial populations colonizing a three-stage continuous
culture model of the human large gut using FISH techniques.
FEMS Microbiol Ecol 55(2):299-310

Cinquin C, Le Blay G, Fliss I, Lacroix C (2004) Immobilization of
infant fecal microbiota and utilization in an in vitro colonic
fermentation model. Microb Ecol 48(1):128-138

@ Springer

Claesson MJ, O'Sullivan O, Wang Q, Nikkila J, Marchesi JR, Smidt
H, de Ws WM, Ross RP, O'Toole PW (2009) Comparative
analysis of pyrosequencing and a phylogenetic microarray for
exploring microbial community structures in the human distal
intestine. PLoS One 4(8):¢6669

Cummings JH, Pomare EW, Branch WJ, Naylor CR Macfarlane GT
(1987) Short chain fatty acids in human large intestine, portal,
hepatic and venous blood. Gut 28(10):1221-1227

Cummings JH, Bingham SA, Heaton KW, Eastwood MA (1992) Fecal
weight, colon cancer risk, and dietary intake of nonstarch poly-
saccharides (dietary fiber). Gastroenterology 103(6):1783—1789

Dethlefsen L, Huse S, Sogin ML, Relman DA (2008) The pervasive
effects of an antibiotic on the human gut microbiota, as revealed
by deep 16S rRNA sequencing. PLoS Biol 6(11):¢280

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent
M, Gill SR, Nelson KE, Relman DA (2005) Diversity of the
human intestinal microbial flora. Science 308(5728):1635-1638

Gibson GR, Fuller R (2000) Aspects of in vitro and in vivo research
approaches directed toward identifying probiotics and prebiotics
for human use. J Nutr 130(2S Suppl):391S-395S

Gibson GR, Cummings JH, Macfarlane GT (1988) Use of a three-
stage continuous culture system to study the effect of mucin on
dissimilatory sulfate reduction and methanogenesis by mixed
populations of human gut bacteria. Appl Environ Microbiol 54
(11):2750-2755

Hopkins MJ, Sharp R, Macfarlane GT (2001) Age and disease related
changes in intestinal bacterial populations assessed by cell
culture, 16S rRNA abundance, and community cellular fatty acid
profiles. Gut 48(2):198-205

Le Blay G, Rytka J, Zihler A, Lacroix C (2009) New in vitro colonic
fermentation model for Salmonella infection in the child gut.
FEMS Microbiol Ecol 67(2):198-207

Macfarlane GT, Macfarlane S, Gibson GR (1998) Validation of a
three-stage compound continuous culture system for investigat-
ing the effect of retention time on the ecology and metabolism of
bacteria in the human colon. Microb Ecol 35(2):180-187

Mihajlovski A, Alric M, Brugere JF (2008) A putative new order of
methanogenic Archaea inhabiting the human gut, as revealed by
molecular analyses of the mcrAd gene. Res Microbiol 159(7—
8):516-521

Mihajlovski A, Doré J, Levenez F, Alric M, Brugere J-F (2010)
Molecular evaluation of the human gut methanogenic archacal
microbiota reveals an age-associated increase of the diversity.
Environ Microbiol Rep 2:272-280

Minekus M, Smeets-Peeters M, Bernalier A, Marol-Bonnin S,
Havenaar R, Marteau P, Alric M, Fonty G, Huis in't Veld JH
(1999) A computer-controlled system to simulate conditions of
the large intestine with peristaltic mixing, water absorption and
absorption of fermentation products. Appl Microbiol Biotechnol
53(1):108-114

Mitsuoka T, Hayakawa K (1973) The fecal flora in man. I.
Composition of the fecal flora of various age groups. Zentralbl
Bakteriol Orig A 223(2):333-342

Molly K, Vande Woestyne M, Verstracte W (1993) Development of a
S-step multi-chamber reactor as a simulation of the human
intestinal microbial ecosystem. Appl Microbiol Biotechnol 39
(2):254-258

Probert CJ, Emmett PM, Heaton KW (1993) Intestinal transit time in
the population calculated from self made observations of
defecation. J Epidemiol Community Health 47(4):331-333

Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen
T, Pons N, Levenez F, Yamada T, Mende DR, LiJ, Xu J, Li S, Li D,
Cao J, Wang B, Liang H, Zheng H, Xie Y, Tap J, Lepage P, Bertalan
M, Batto JM, Hansen T, Le Paslier D, Linneberg A, Nielsen HB,
Pelletier E, Renault P, Sicheritz-Ponten T, Turner K, Zhu H, Yu C, Li
S, Jian M, Zhou Y, Li Y, Zhang X, Li S, Qin N, Yang H, Wang J,



Appl Microbiol Biotechnol (2011) 91:1425-1433

1433

Brunak S, Dore J, Guarner F, Kristiansen K, Pedersen O, Parkhill J,
Weissenbach J, Bork P, Ehrlich SD, Wang J (2010) A human gut
microbial gene catalogue established by metagenomic sequencing.
Nature 464(7285):59-65

Rajili¢-Stojanovi¢ M, Maathuis A, Heilig HG, Venema K, de Vos WM,
Smidt H (2010) Evaluating the microbial diversity of an in vitro
model of the human large intestine by phylogenetic microarray
analysis. Microbiology 156(11):3270-3281

Rumney CJ, Rowland IR (1992) In vivo and in vitro models of the
human colonic flora. Crit Rev Food Sci Nutr 31(4):299-331

Tap J, Mondot S, Levenez F, Pelletier E, Caron C, Furet JP, Ugarte E,
Munoz-Tamayo R, Paslier DL, Nalin R, Dore J, Leclerc M
(2009) Towards the human intestinal microbiota phylogenetic
core. Environ Microbiol 11(10):2574-2584

Van den Abbeele P, Grootaert C, Marzorati M, Possemiers S, Verstraete
W, Gerard P, Rabot S, Bruneau A, El Aidy S, Derrien M,
Zoetendal E, Kleerebezem M, Smidt H, Van de Wiele T (2010)

Microbial community development in a dynamic gut model is
reproducible, colon region specific, and selective for Bacteroi-
detes and Clostridium cluster IX. Appl Environ Microbiol 76
(15):5237-5246

Woodmansey EJ (2007) Intestinal bacteria and ageing. J Appl
Microbiol 102(5):1178-1186

Yo Z, Morrison M (2004) Improved extraction of PCR-quality
community DNA from digesta and fecal samples. Biotechniques
36(5):808-812

Zhang H, DiBaise JK, Zuccolo A, Kudrna D, Braidotti M, Yu Y,
Parameswaran P, Crowell MD, Wing R, Rittmann BE,
Krajmalnik-Brown R (2009) Human gut microbiota in obesity
and after gastric bypass. Proc Natl Acad Sci U S A 106(7):2365—
2370

Zoetendal EG, Rajilic-Stojanovic M, de Vos WM (2008) High-
throughput diversity and functionality analysis of the gastroin-
testinal tract microbiota. Gut 57(11):1605-1615

@ Springer



	In vitro maintenance of a human proximal colon microbiota using the continuous fermentation system P-ECSIM
	Abstract
	Introduction
	Materials and methods
	Bacterial media composition
	Faeces, batch cultures, glycerol stocks and ECSIM procedure
	Biochemical analyses of P-ECSIM reactors
	Molecular fingerprints
	Statistics

	Results
	Technical principles, operating features and course of the P-ECSIM experiments
	Facultative and total anaerobes monitoring
	Evolution of molecular bacterial fingerprints during the pre-inoculation stages and the steady states in the P-ECSIM
	Bacterial variations in P-ECSIM experiments
	SCFA production in P-ECSIM experiments

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


