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A stable intestinal microbiota is important in maintaining human physiology and health. Although there have been a number
of studies using in vitro and in vivo approaches to determine the impact of diet and xenobiotics on intestinal microbiota, there
is no consensus for the best in vitro culture conditions for growth of the human gastrointestinal microbiota. To investigate the
dynamics and activities of intestinal microbiota, it is important for the culture conditions to support the growth of a wide range
of intestinal bacteria and maintain a complex microbial community representative of the human gastrointestinal tract. Here, we
compared the bacterial community in three culture media: brain heart infusion broth and high- and low-carbohydrate medium
with different growth supplements. The bacterial community was analyzed using denaturing gradient gel electrophoresis (DGGE),
pyrosequencing and real-time PCR. Based on the molecular analysis, this study indicated that the 3% fecal inoculum in low-
concentration carbohydrate medium with 1% autoclaved fecal supernatant provided enhanced growth conditions to conduct in
vitro studies representative of the human intestinal microbiota.

1. Introduction

The human intestinal microbiota is a complex community
composed of at least several hundred different species of
bacteria with approximately 1011–1012 cells per gram of
feces [1–4]. The intestinal microbiota plays a critical role in
human health including colonization resistance, nutrition,
metabolism of nondigestible dietary components and xeno-
biotics, proliferation and differentiation of intestinal mucosal
epithelial cells, and homeostasis of the immune system
[5–7]. Direct analysis of the intestinal microbiota in the
human colon is inherently difficult for routine experiments.
Therefore, most studies are conducted with human fecal
specimens, animal models, in vitro batch culture, and contin-
uous culture systems that mimic the human gastrointestinal
tract. However, recently, a study using high-throughput
anaerobic culture techniques reported that 56% of human
fecal microbiota belongs to readily cultured species, over
40% of gut microbiota was uncultured species to date [3, 8,
9]. One of the reasons for this limitation generates from the
difficulty of providing all of the appropriate nutrients and
conditions for growth of the complex intestinal microbiota

community. Therefore, research to provide more informa-
tion on in vitro culture conditions as the study by Goodman
et al. [8] would enhance the evaluation of perturbation of the
intestinal microbiota by factors that might adversely affect
human health.

Molecular techniques that target the 16S rRNA gene and
other genetic markers have been used to analyze microbial
community ecology in the human intestine. Denaturing
gradient gel electrophoresis (DGGE) has been used to
monitor differences and changes in the overall microbial
community from fecal samples [10–12], and quantitative
real-time PCR has provided numerical abundance data for
fecal microbiota [13, 14]. Recently, application of high-
throughput techniques such as pyrosequencing and the
human intestinal tract chip (HITChip) microarray have been
used to obtain deep phylogenetic analysis of intestinal micro-
biota [12, 15–17]. In the present study, DGGE, real-time
PCR, and pyrosequencing were used to profile the abundance
and diversity of the bacterial community from human fecal
inoculum grown under different culture conditions.

The aim of this study was to compare various batch cul-
ture conditions for activating and maintaining a complex
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fecal microbiota community to mimic growth conditions of
the gastrointestinal tract. The culture conditions developed
in this investigation can be applied for future research to
determine the impact of antimicrobial agents, food contam-
inants, xenobiotics, probiotics, and dietary supplements on
the human intestinal microbiota.

2. Material and Methods

2.1. Fecal Microbiota Culture Conditions. Fecal samples were
obtained from 4 male volunteers aged 50–60 years. Volun-
teers were healthy and had not used antibiotics for the past 6
months. Fecal samples were stored at−80◦C and used within
1 week. Each fecal sample was coded Individual A, B, C, and
D.

Fecal samples were cultured in brain heart infusion (BHI)
broth, modified high-concentration carbohydrate medium
(HCM), or low-concentration carbohydrate medium (LCM)
[18, 19]. The composition of high- and low-carbohydrate
media is described in Table 1. Feces were diluted with
anaerobic maximum recovery diluent (MRD; LabM IDG,
Bury, UK) buffer to a final concentration of 25% (w/v).
To compare the difference of microbiota grown in three
media, fecal suspensions were diluted to give an inoculum
concentration of 1% (w/v), then inoculated in each medium
(10 mL of final volume), and cultured anaerobically at 37◦C.
The growth was analyzed by optical density (OD) and flow
cytometry on an Accuri C6 FCM (Accuri Cytometers, Ann
Arbor, Mich, USA) following the manufacturers instruction
with collected samples at each time point. To determine the
optimal incubation time and check the metabolic activity of
the microbiota, 1% fecal suspension was inoculated in cul-
ture medium with 6.5 μM gentian violet. Decolorization of
gentian violet indicates the metabolic activity of fecal micro-
biota [20, 21]. Fecal supernatants were assessed as medium
supplements to determine whether unknown growth factors
affect in vitro growth of intestinal microbiota. Individual
fecal supernatant was prepared from 25% diluted fecal
specimens with anaerobic MRD buffer after centrifugation
at 11,000 rpm for 30 minutes. Autoclaved fecal supernatant
was added to each medium with a final concentration 1%
(v/v). The optimal fecal inoculum concentration was also
determined by the inoculating 0.1 to 5% of inoculum to low
carbohydrate medium. The growth of each inoculum was
analyzed by optical density at 600 nm and by flow cytometry
(FCM).

2.2. DNA Extraction and DGGE Analysis. Genomic DNA
was extracted from 1 mL of samples at each time point
using the DNA Elution accessory kit of the RNA power soil
total RNA isolation kit (MoBio Laboratories, Carlsbad, Calif,
USA) by following the manufacturer’s protocol. Preliminary
experiments showed that this kit had the best extraction
efficiency (produce high concentration of DNA from same
amount of fecal material) among several kits (data not
shown). DNA extractions were performed from triplicate
samples independently.

Table 1: Medium components for the optimal growth of intestinal
microbiotaa.

Chemical
component

Conc. (g L−1) Chemical
component

Conc. (g L−1)

High Low High Low

Starch 5.0 0.5 FeSO4·7H2O 0.005 0.005

Pectin (citrus) 2.0 0.5 NaCl 4.5 4.5

Guar gum 1.0 0.5 KCl 4.5 4.5

Porcine gastric
typeIII mucin

4.0 0.5 KH2PO4 0.5 0.5

Xylan
(Oat-spelt)

2.0 0.5 MgSO4·7H2O 1.25 1.25

Arabinogalactan
(larch wood)

2.0 0.5 CaCl2·6H2O 0.15 0.15

Inulin 1.0 1.0 NaHCO3 1.5 1.5

Casein 3.0 3.0 Cysteine 0.8 0.8

Peptone water 5.0 0.5 Hemin 0.05 0.05

Tryptone 5.0 0.5 Tween 80 1.0 1.0

Bile salts no.3 0.4 0.4
Resazurin
(0.01%)

1 mL 1 mL

Yeast extract 4.5 4.5 Vitamin solution 1 mL 1 mL

Vitamin solution (mg L−1)

Menadione 1.0 Vitamin B12 0.5

Biotin 2.0 Thiamine 4.0

Pantothenate 10.0 ρ-Aminobenzoic
acid

5.0

Nicotinamide 5.0
a
Media were adapted and modified from previous studies [18, 19].

To conduct DGGE analysis, 16S rRNA gene fragments
of the V3 region were amplified using primers GC-clamp-
340f (5′-TCC TAC GGG AGG CAG CAG-3′) and 518r
(5′-ATT ACC GCG GCT GCT GG-3′) as described [22,
23]. The PCR reaction was performed using a Mastercycler
gradient instrument (Eppendorf, Hauppauge, NY, USA), in
a final volume of 50 μL with 10X Taq buffer, dNTP mixture
(Takara, Shiga, Japan), 10 μM of each primer (MWG-
Biotech, Ebersberg, Germany), 2 U of Taq polymerase (Ex
Taq; Takara), and 1 μL of template. After initial denaturation
at 94◦C for 5 minutes, amplification consisted of 30 cycles
of denaturation (30 seconds, 94◦C), primer annealing (30
seconds, 55◦C), and primer extension (30 seconds, 72◦C) and
a final extension step of 7 minutes at 72◦C. The PCR product
was checked by using 2% agarose gel electrophoresis and
visualized using a Gel doc system (Biorad, Hercules, Calif,
USA). PCR products were concentrated and purified with the
QIAquick PCR purification kit (Qiagen Inc., Valencia, Calif,
USA).

DGGE was conducted using a D-Code system (Biorad)
with 8% (w/v) polyacrylamide gels contained 40%–65%
denaturant gradient, 1 mm thick, in 1X TAE buffer. The
equal amounts of purified PCR products were loaded on gel,
and electrophoresis was performed at 25 V for 15 minutes
then at 70 V for 16 hours and 30 minutes at 60◦C. The
gel was stained in 250 mL of running buffer containing
ethidium bromide (50 μg mL−1) for 15 minutes and then
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rinsed in 250 mL of running buffer for 20 minutes. The
stained gels were photographed using a Gel doc system
(Biorad). The dominant bands were cut out from the
gel and sequenced. The sequences were identified using
BLAST search on the GenBank database and the database
of type strains at EzTaxon server [24]. The profile of DGGE
gel was analyzed with the BioNumerics program, version
6.0 (Applied Maths, St.-Martens-Latem, Belgium). Cluster
analysis of the band pattern was performed using the
unweighted pair group method using arithmetic averages
(UPGMA) and the similarity between lanes was calculated
based on the band position [25]. The Dice coefficient was
used to create dendrograms of the DGGE profiles obtained
from different samples.

2.3. Quantitative Real-Time PCR. Real-Time PCR were
performed in a final 25 μL volume containing 12.5 μL of 2X
iQ SYBR Green Supermix (Biorad), 10 μM of each primer
(MWG-Biotech), 1 μL of template DNA (tenfold dilution
series of standard and samples DNA) or distilled water
(negative control). Bact349F (5′-AGG CAG CAG TDR GGA
AT-3′) and Bact518R (5′-ATT ACC GCG GCT GCT GG-3′)
were used to quantify total bacteria, Btr275f (5′-CGA TGG
ATA GGG GTT CTG-3′) and Btr555r (5′-CCC TTT AAA
CCC AAT RAW TCC GG-3′) were used for Bacteroidetes,
Firm350f (5′-GGC AGC AGT RGG GAA TCT TC-3′) and
Firm814r (5′-ACA CYT AGY ACT CAT CGT TT-3′) were for
Firmicutes [26–28]. The quantifications were performed with
three independent real-time PCR runs using the CFX96 Real-
Time PCR Detection system (Biorad), associated with CFX
manager interface software (version 1.0.1035.131; Biorad).
The amplifications were carried out with the following steps:
50◦C for 2 minutes, 95◦C for 10 minutes, and 40 cycles of
95◦C for 10 seconds and 60◦C for 30 seconds. Fluorescent
signals were detected in the last step of each cycle. Melting
curve data were obtained from 60◦C to 95◦C at a rate of
0.5◦C sec−1 with continuous measurements of the SYBR
Green I signal intensities. Melting point analysis allowed the
confirmation of the specificity of the amplification prod-
ucts. DNAs from cultures of Escherichia coli ATCC25922,
Bacteroides eggerthii ATCC27754, and Clostridium butyricum
ATCC19398 were used to construct standard curves for
quantification by plotting the CT values obtained from
amplification of dilution series.

2.4. Pyrosequencing and Data Analysis. For pyrosequenc-
ing, amplification of genomic DNA was performed using
barcoded primers, which targeted the V1 to V3 region of
the bacterial 16S rRNA gene. The amplification, sequenc-
ing, and basic analysis were performed according to the
methods described by Chun et al. [29] and completed by
Chunlab Inc. (Seoul, Korea) using a 454 GS FLX Titanium
Sequencing system (Roche, Branford, Conn, USA). Briefly,
analyzed sequencing reads of each sample were separated
by unique barcode and filtered to remove reads, which
was shorter than 300 bp or the average quality score of
read was less than 25 or containing 2 more ambiguous
nucleotides (Ns), and then removed chimera products for
further analyses [29, 30]. The extended EzTaxon database

(http://www.eztaxon-e.org/), which contains representative
sequences of both cultured and uncultured bacteria with
hierarchical taxonomic classification, was used for taxo-
nomic assignments. The pyrosequencing reads were com-
pared with sequences in the EzTaxon-e database using
BLASTN search and obtained similarity using pairwise com-
parison, and then the sequences were assigned a taxonomic
classification through using the criteria of ≥97% sequence
identity for species, ≥94% identity for genus, ≥90% identity
for family, ≥85% identify for order, ≥80% identity for class,
and ≥75% identity for phylum. If the sequence identity was
below the cutoff value, the sequence was assigned to the
“unclassified” group at each phylogenetic level. The diversity
index and statistical analysis were performed using Mothur
program with the cutoff value of 97% similarity for assigning
phylotypes [31].

2.5. Nucleotide Sequences Accession Numbers. Bacterial
sequences from excised DGGE bands were submitted to
the GenBank database under accession numbers from
HQ645054 to HQ645071. The sequence reads from pyro-
sequencing are available in the EMBL SRA database under
the study accession number ERP000433 (http://www.ebi.ac
.uk/ena/data/view/ERP000433).

3. Results and Discussion

3.1. Comparison of Different Media and the Effect of Fecal
Supernatant. Brain heart infusion (BHI), low-concentration
carbohydrate (LCM), and high-concentration carbohydrate
media (HCM) were used for intestinal microbiota growth.
Previous studies used HCM in human intestinal continuous
culture [18, 19]. However, the digestible carbohydrate con-
centrations in the large intestine are lower than carbohydrate
concentration in high carbohydrate medium [32]. Therefore,
we wanted to compare HCM, LCM, and BHI media under
the same inoculum and growth conditions. Diluted feces
(1%) were inoculated in the different media, and the
intestinal microbiota growth was analyzed by spectropho-
tometer and quantitative real-time PCR (Supplementary
Figure 1 available at doi: 10.1155/2011/838040). The growth
of intestinal microbiota showed maximum OD at 18 hours
in LCM and HCM, while the maximum in BHI medium was
earlier in the incubation period.

The 16S rRNA genes of cultured bacteria in each medium
increased over the incubation period. The cell number of
cultured bacteria was enumerated by flow cytometer. The
cell number of inoculum was 4.8 × 109 cells/mL−1 (mean
value of cell numbers in inoculum of three media). The
highest cell number was detected at 18 hours in LCM
(1.85 × 1010 cells/mL−1) and HCM (1.19 × 1010 cells/mL−1),
whereas BHI reached maximum cell numbers (1.64 ×
1010 cells/mL−1) after 18 hours. To determine the metabolic
activity of cultured bacteria, the fecal microbiota cultures
were dosed with gentian violet, and the activity was mon-
itored by measuring color disappearance with time. The
microbiota completely decolorized gentian violet after 18
hours of incubation (Supplementary Figure 2). Eighteen



4 Journal of Biomedicine and Biotechnology

HCM 18 hr

BHI 18 hr

LCM 18 hr

LCM 0 hr

BHI 0 hr

HCM 0 hr

1008060

1

2

3

4 5

6

7

8

9

10

11 12 14

15

16

17

13

(a)

1009080

Inoculum 0 hr

1% WFS

2% WOF

1% WOF

(b)

Figure 1: Dendrogram based on Dice coefficient of the DGGE profiles of individual A. (a) The DGGE profiles of cultured sample from
individual A in the low-concentration carbohydrate medium (LCM), high-concentration carbohydrate medium (HCM), and brain heart
infusion medium (BHI) were compared at 0 hour and after 18 hours. The numbered bands were excised and sequenced. (b) The comparison
of 1% inoculum with 1% fecal supernatant (1% WFS), 1% inoculum without 1% fecal supernatant (1% WOF), and 2% inoculum without
fecal supernatant (2% WOF) after 18 hours growth time in individual A samples.

hours was chosen, because the residence time of readily
digestible compounds in intestinal tract is generally within
a day [33]. The growth of intestinal microbiota in different
media showed similar maximum OD and the total bacterial
16S rRNA gene increased over time (Supplementary Fig-
ure 1). However, this result did not correlate with the cell
numbers determined by flow cytometry. This difference was
most likely caused by the difference of rRNA gene copy
numbers in each species.

DGGE fingerprinting was used to evaluate the ability of
each medium to maintain the initial fecal microbiota. The
DGGE banding patterns derived from the initial cultures
were compared to those from the 18 hours cultures, and
similarity between inoculum and cultured sample was used
as the measure of microbiota stability. Overall, the number
of bands and the dominant bands were different in each
medium (Figure 1(a)). The band numbers from the in vitro
cultures were fewer than the fecal inoculum and formed
different profiles from the inoculum on the DGGE gel.
The analysis of excised bands from the DGGE gels is
given in Table 2. The sequences of bands were assigned
to the Firmicutes, Bacteroidetes, and Actinobacteria phyla.
Firmicutes and Bacteroidetes were major phyla in both the
fecal inoculum and the in vitro culture. Bands affiliated to
Bacteroidetes were more dominant in the in vitro culture
after 18 hours (band number 1, 6, and 11) than at zero
time. The dominant Firmicutes bands (band 2, 4, 5, 10, and
13) at zero time were less dominant in cultured samples.
This result was supported by previous studies that the
ratio of Bacteroidetes/Firmicutes was different between the
in vitro intestinal model and the inoculum [12, 34]. Band

number 5 contained pairs of DNA fragments, because similar
sequences had similar denaturant gradient and the length of
amplified fragment for DGGE (ranged from 150 to 180 bp)
was insufficient to distinguish similar sequences completely.

BHI and LCM had relatively similar numbers of bands
(20–22 bands) and HCM had fewer bands (14 bands). The
lower number of bands on HCM may be due to the high
carbohydrate content in the medium. High carbohydrate
promotes the proliferation of Bacteroidetes, which possess a
larger glycobiome than Firmicutes [34, 35]. The predomi-
nance of Bacteroidetes could affect the growth of other phyla.
Cluster analysis showed that the microbiota of LCM was
similar to inoculum population (Figure 1(a)). Although the
number of bands in BHI medium was similar to that of LCM,
their profiles and dominant bands were more different from
the inoculum than those in LCM. Moreover, the profile of
minor bands in LCM was similar to the profile of inoculum,
and the number of minor bands was more abundant than
BHI medium. Profiles of LCM after 18 hours displayed the
highest similarity (78.94%; mean value of triplicate samples)
with profiles of original inoculum at zero time. Therefore,
the LCM medium was used as basal medium for intestinal
microbiota growth culture conditions.

There are numerous unknown metabolites and potential
growth factors in fecal material. Furthermore, they are
unique in each individual because of interindividual dif-
ferences of intestinal microbiota population, dietary habits,
and metabolism [36]. Fecal supernatants added to in vitro
cultures could provide compounds that enhance microbial
growth. Three different culture conditions (1% of fecal
inoculum, 1% of fecal inoculum with 1% fecal supernatant,
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Table 2: The identification of the excised DGGE bands obtained from fecal samples of individual A in different medium at zero time and
after 18 hours. The position of each band in gel profile is shown in Figure 1(a). The numbers in parentheses refer to GenBank accession
number.

Band Phylum The closest type straina Similarity The nearest sequenceb Similarity

1 Bacteroidetes
Parabacteroides merdae ATCC
43184 (AAXE02000112)

100%
Uncultured bacterium clone
HFV09 495 (GU107934)

100%

2 Firmicutes
Ruminococcus torques ATCC
27756 (AAVP02000040)

99.34%
Uncultured bacterium clone
429C08 (HQ237429)

100%

3 Firmicutes
Ruminococcus lactaris ATCC
29176 (L76602)

98.61%
Uncultured bacterium clone
S2-190 (GQ898449)

100%

4 Bacteroidetes
Alistipes finegoldii ANH 2437
(AJ518874)

90.18%
Uncultured bacterium clone
(FP085183)

98.80%

5(1) Bacteroidetes
Bacteroides uniformis JCM 5828
(AB050110)

100%
Uncultured bacterium clone
425D06 (HQ237168)

100%

5(2) Firmicutes
Pseudobutyrivibrio ruminis
(X95893)

100%
Uncultured bacterium clone
426B02 (HQ237240)

100%

6 Bacteroidetes
Butyricimonas virosa MT12
(AB443949)

93.33%
Uncultured bacterium clone
HFV09 122 (GU107561)

100%

7 Firmicutes
Blautia luti DSM 14534
(AJ133124)

100%
Uncultured bacterium clone
428B12 (HQ237293)

100%

8 Firmicutes
Blautia wexlerae WAL 14507
(EF036467)

99.31%
Uncultured bacterium clone
HFV08 232 (GU107126)

99.31%

9 Firmicutes
Subdoligranulum variabile DSM
15176

98.04%
Uncultured bacterium clone
HFV08 426 (GU107320)

100%

10 Firmicutes
Phascolarctobacterium faecium
ACM3679 (X72865)

100%
Uncultured bacterium clone
BFV04 210 (GU099903)

100%

11 Bacteroidetes
Alistipes putredinis DSM 17216
(ABFK01000017)

98.18%
Uncultured bacterium clone
HFV09 155 (GU107594)

100%

12 Firmicutes
Ruminococcus flavefaciens ATCC
19208 (X83430)

93.10%
Uncultured bacterium clone
HFV07 265 (GU106646)

100%

13 Firmicutes
Faecalibacterium prausnitzii
ATCC 27768 (AJ413954)

98.69%
Uncultured bacterium clone
b 007 f03 (GQ179311)

100%

14 Firmicutes
Eubacterium tenue ATCC 25553
(DQ445863)

100%
Uncultured bacterium clone
429B01 (HQ237439)

100%

15 Firmicutes
Clostridium quinii DSM 6736
(X76745)

93.91%
Uncultured bacterium clone
429C11 (HQ237448)

100%

16 Firmicutes
Eubacterium eligens ATCC 27750
(CP001104)

98.68%
Uncultured bacterium clone
426G01 (HQ237235)

100%

17 Actinobacteria
Collinsella aerofaciens ATCC
25986 (AAVN02000013)

97.40%
Uncultured bacterium clone
RL307 aam06g08 (DQ807453)

99%

a
The closest type strain information obtained from EzTaxon database.

bThe nearest sequence was identified using GenBank database.

or 2% fecal inoculum) were compared using DGGE profile
(Figure 1(b)) and revealed relatively similar band patterns.
However, the inoculum with 1% fecal supernatant added to
LCM was more similar to original inoculum than cultures
without fecal supernatant in population cluster analysis
(80.37% similarity).

3.2. Optimization of Inoculum Concentration. The inoculum
concentration of feces is a significant factor for in vitro cul-
ture conditions, because the number and diversity of bacteria
can affect growth. Therefore, we determined using DGGE
and real-time PCR, the optimal inoculum concentration for
use in this type of in vitro human fecal culture experiments.
Different fecal inoculum suspensions (0.1%, 0.5%, 1%, 2%,

3%, 4%, and 5%) were used to compare the bacterial
communities at each concentration. We did not test concen-
trations over 5% because of the difficulty with handling
the dense and viscous fecal samples. The DGGE profiles
of different inoculum concentrations were relatively similar
to each other and as expected the interindividual variation
of microbial community was found (Figure 2). Although
profiles were relatively similar among different inoculum
concentrations, small variations of band intensity were
observed. Cluster analysis of profiles showed that 1%, 2%,
or 3% inoculum cultures were the most similar to original
inoculum in individual B and C (Figure 2). We investigated
the change of bacterial communities at each incubation time
(Supplementary Figure 3). The communities of original fecal
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Figure 2: The comparison of DGGE profiles from different inoculum amounts. The clustering analysis based on Dice coefficient and DGGE
profile obtained at zero time and after 18 hours. The percentage indicated the inoculum amount of fecal materials. (a) The profiles obtained
from individual B. (b) The cluster analysis were conducted with profiles of individual C.

Table 3: Quantification of total bacteria, Bacteroidetes and Firmicutes in different inoculum amounts of human feces from 3 individuals.
All of the copy numbers were obtained from triplicate real-time PCR analyses. The efficiencies were 91.2% for total bacteria, 72.6% for
Bacteroidetes, and 75.9% for Firmicutes.

Individual
Inoculum Total Bacteria Bacteroidetes Firmicutes

amount Log10 copies mL−1a Log10 copies mL−1a Log10 copies mL−1a

0 hr 18 hr 0 hr 18 hr 0 hr 18 hr

A

1% 7.67 ± 1.22 8.75 ± 81.16 7.56 ± 0.49 7.89 ± 0.34 7.13 ± 0.35 7.74 ± 0.26

2% 8.21 ± 0.68 8.78 ± 0.74 7.79 ± 0.21 8.09 ± 0.19 7.83 ± 0.19 8.04 ± 0.24

3% 8.30 ± 0.26 8.74 ± 0.52 7.71 ± 0.17 8.16 ± 0.06 7.98 ± 0.32 8.15 ± 0.13

4% 8.72 ± 0.39 9.12 ± 0.21 8.12 ± 0.21 8.59 ± 0.43 8.36 ± 0.21 8.53 ± 0.28

5% 8.86 ± 0.14 9.11 ± 0.32 8.18 ± 0.11 8.48 ± 0.26 8.39 ± 0.18 8.52 ± 0.31

B

1% 8.80 ± 0.14 8.92 ± 0.10 8.16 ± 0.61 8.52 ± 0.92 8.37 ± 0.17 8.51 ± 0.17

2% 9.22 ± 0.18 9.26 ± 0.10 8.38 ± 0.04 8.62 ± 0.46 8.88 ± 0.23 8.94 ± 0.10

3% 9.35 ± 0.15 9.47 ± 0.10 8.59 ± 0.08 8.77 ± 0.12 9.05 ± 0.07 9.12 ± 0.58

4% 9.42 ± 0.27 9.50 ± 0.10 8.74 ± 0.21 8.83 ± 0.59 9.14 ± 0.38 9.24 ± 0.06

5% 9.34 ± 0.10 9.63 ± 0.12 8.36 ± 0.08 8.46 ± 0.21 9.03 ± 0.03 9.40 ± 0.11

C

1% 8.32 ± 0.14 9.28 ± 0.19 8.13 ± 0.30 8.73 ± 0.56 7.77 ± 0.17 8.11 ± 0.24

2% 8.74 ± 0.24 9.37 ± 0.18 8.46 ± 0.05 8.76 ± 0.17 8.37 ± 0.18 8.52 ± 0.13

3% 8.79 ± 0.25 9.36 ± 0.16 8.48 ± 0.20 8.93 ± 0.74 8.36 ± 0.29 8.78 ± 0.15

4% 8.80 ± 0.14 9.42 ± 0.20 8.78 ± 0.12 9.27 ± 0.17 8.29 ± 0.27 8.74 ± 0.10

5% 9.11 ± 0.14 9.50 ± 0.14 8.82 ± 0.01 9.23 ± 0.12 8.76 ± 0.14 9.10 ± 0.13
a
Data are expressed as the means and standard deviation from samples.
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Table 4: The summary of pyrosequencing data and statistical calculations of fecal samples obtained from 3 individuals before and after 18
hours of incubation in low-carbohydrate medium.

Read length (bp) Phylotypeb

Individual Total Analyzed Mean Maximum Observed Chao1 Shannon Goods

reads readsa length length OTUs estimation index coverage

A
0 hr 9,903 8,898 386.68 508 615 1,007.04 5.13 0.97

18 hr 9,545 7,455 380.65 505 1,287 2,647.51 5.66 0.92

B
0 hr 8,986 8,158 379.22 513 631 1,190.03 5.12 0.96

18 hr 3,908 3,402 384.63 508 590 1,112.43 5.21 0.92

C
0 hr 8,593 7,786 394.68 511 835 1,725.74 5.20 0.95

18 hr 4,739 4,132 386.46 511 596 1,136.01 4.93 0.93
a
The analyzed reads are selected by the length over 300 bp, removing chimera sequences and containing ambiguous nucleotide (N) is 0 or 1 in each sequence.

bThe cutoff value of phylotype are equal to or greater than 97% similarity.

bacteria were similar to those of inoculum and the profiles of
bacterial communities were stable after 6 hours of incubation
in every inoculum concentration. In addition, the batch cul-
ture was reproducible, as determined by the cluster analysis
of triplicate cultures in DGGE analysis (data not shown).

The real-time PCR-based quantification was used to
enumerate total bacteria, Bacteroidetes and Firmicutes in cul-
tures with 1%–5% inoculum concentrations of individual-
coded A, B, and C samples at 0 and 18 hours of incubation
(Table 3). Different numbers of bacteria, Bacteroidetes and
Firmicutes were found in each sample at the varied inoculum
concentrations, and their growth was different in the same
medium. The 16S rRNA gene copy number of total bacteria
increased to 109 copies mL−1 for all cultured samples, and
Bacteroidetes and Firmicutes reached to 107–109 copies mL−1.
The 16S rRNA gene copies of total bacteria and Bacteroidetes
in cultured fecal materials from individual C were higher
than individual A and B. Firmicutes were more abundant in
18 hour cultured samples of individual B than individuals A
and C. These results indicated that the different community
composition affected the growth of each phylum in fecal
microbiota. The increased ratio of Bacteroidetes (2.29 fold;
mean value of increased copy number ratio) was more
abundant than that of Firmicutes (1.90 fold). This difference
indicated that Bacteroidetes grew more in the in vitro culture
than Firmicutes. This result is consistent with DGGE band
sequence analysis. We compared the 16S rRNA gene copies of
total bacteria in 0.1%–3% inoculum cultures of individual D
(Supplementary Figure 4) over time. The increased numbers
of total bacterial 16S rRNA gene copies were higher in low
concentration of inoculum (0.1% and 0.5%) than the high
concentration of inoculum (1%–3%). This might be due
to the cell number of inoculum. The batch culture with
higher cell numbers has limited nutrients and there would
be more competition for obtaining nutrients. However, the
high concentration of inoculum (1%–3%) added to the batch
culture could provide more fecal material to facilitate and
personalize the cultivation of indigenous microbiota as fecal
supernatant [36–38]. Therefore, 3% inoculum concentration
of fecal materials was chosen for in vitro culture conditions
since this level would maintain a high cell number of intesti-
nal microbiota and grow a variety of indigenous microbiota.

3.3. The Microbial Community Composition of Fecal Inoculum
and In Vitro Cultures. A comparison of the intestinal
microbiota of each individual fecal sample before and after
culturing was determined by pyrosequencing. A total of
45,674 reads were obtained from pyrosequencing and 5,843
sequences were removed by filtering process of chimera
check, length cutoff, ambiguous base call and average quality
check. Therefore, a total of 39,831 sequences were analyzed
(ranging from 3,402 to 8,898 per sample) after the filtering
process (Table 4). The average length of sequences was
385.39 bp and the observed number of phylotypes ranged
from 590 to 1,287 with 92% to 97% Good’s coverage.
The richness of samples was investigated by rarefaction
curves (Supplementary Figure 5). The changed numbers of
observed phylotype and diversity indices of samples from
three individuals were different at zero time and after 18
hours of incubation. Samples from individual B had the most
similar observed number of phylotypes and Shannon indices
between the zero time culture and the 18 hour culture among
the three individuals.

The dominant phyla (Firmicutes, Bacteroidetes, Acti-
nobacteria, Proteobacteria, and Verrucomicrobia) from fecal
samples of each person were maintained in improved
culture condition of this study (Figure 3). The abundance of
Firmicutes decreased after 18 hours (average from 72.39%
to 44.95%), while Bacteroidetes increased from 17.14% to
39.11% in cultured samples. Although the proportion of
each phylum was changed in the in vitro cultures, the dom-
inant phyla were maintained after 18 hours of incubation.
These trends are similar to those seen in a previous gut model
system analyzed using phylogenetic microarray [12]. They
reported that the abundance of Bacteroidetes increased from
52.49% to 75.50% (ascending model), 80.59% (transverse
model) and 75.60% (descending model), while the Firmi-
cutes decreased from 44.57% to 16.81% (ascending), 10.56%
(transverse), and 13.23% (descending). The abundances of
Actinobacteria (average 4.91%) and Verrucomicrobia (0.21%)
in the present study were higher than observed in the previ-
ous model system.

At the genus level, a total of 210 genera (read number
≥0.01% of total analyzed reads) were retrieved from the
zero time fecal cultures of individual A, B, and C, and 173
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Figure 3: The relative abundance of dominant phyla and genera identified from pyrosequencing data. The communities of each person
were compared at 0 hour and after 18 hours. The dominant phylotypes were determined by the abundance greater than 1% of total analyzed
sequences.

genera were obtained from the 18 hour cultured samples
(Figure 3). The dominant genera were Bacteroides, Sub-
doligranulum, Faecalibacterium, Parabacteroides, Bifidobac-
terium, Ruminococcus, Eubacterium, Blautia, Roseburia, Alis-
tipes, Clostridium, Escherichia, and Dorea (read number≥1%
of total analyzed reads). The trends of genera changes in
cultured samples were relatively similar in all samples. The
community profiles of the microbiota from individuals A
and C were more similar to each other than to that for indi-
vidual B, both at zero time and after the 18 hour incubation.
Therefore, the bacterial community of each in vitro cultured
sample reflected the interindividual uniqueness of the fecal
microbiota.

4. Conclusions

We tested a variety of conditions for the human intestinal
microbiota growth in short-term in vitro batch cultures. The
combination of DGGE, real-time PCR, and pyrosequencing
was sufficient to compare communities of intestinal micro-
biota in the different cultures. Of the combinations tested,
low-concentration carbohydrate medium (LCM) supple-
mented with 1% fecal supernatant and inoculated with a
fecal suspension to a final concentration of 3% performed
best in maintaining a metabolically active diverse population
of bacteria over the 18 hour incubation. The culture
conditions developed in this investigation should be suitable
for use in future studies on the impact of xenobiotics on the
human intestinal microbiota.
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