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The aim of this study was to determine the relationship between the composition and function of gut microbiota. Here, we com-
pared the bacterial compositions and fermentation metabolites of human and chicken gut microbiotas. Results generated by
quantitative PCR (qPCR) and 454 pyrosequencing of the 16S rRNA gene V3 region showed the compositions of human and
chicken microbiotas to be markedly different, with chicken cecal microbiotas displaying more diversity than human fecal micro-
biotas. The nutrient requirements of each microbiota growing under batch and chemostat conditions were analyzed. The results
showed that chicken cecal microbiotas required simple sugars and peptides to maintain balanced growth in vitro but that hu-
man fecal microbiotas preferred polysaccharides and proteins. Chicken microbiotas also produced higher concentrations of vol-
atile fatty acids than did human microbiotas. Our data suggest that the availability of different fermentable substrates in the
chicken cecum, which exist due to the unique anatomical structure of the cecum, may provide an environment favorable to the
nourishment of microbiotas suited to the production of the higher-energy metabolites required by the bird. Therefore, gut struc-
ture, nutrition, immunity, and life-style all contribute to the selection of an exclusive bacterial community that produces types of

metabolites beneficial to the host.

In monogastric animals, food passes through the esophagus and
stomach to enter the small intestine in a one-way fashion. The
upper digestive tract not only harvests the majority of the energy
from the diet to meet the energy requirements of the host but also
delivers fermentable materials to the lower digestive tract to nour-
ish the bacterial community inside (10). The bacterial communi-
ties in the large intestines of hindgut fermenters can be highly
complex. For example, over 1,000 bacterial phylotypes inhabit the
human gut (4). Approximately 15 to 20 g protein and 40 to 50 g
carbohydrates enter the large intestine daily to maintain highly
condensed bacterial populations (11, 18). The type and amount of
substrates available for fermentation in the colon play a significant
role in determining the diversity and metabolic functions of the
colonic gut microbiota. Analyses of 16S rRNA gene sequences of
the fecal microbiotas from 60 mammalian species have led scien-
tists to recognize both diet and host phylogeny as two of the most
important driving forces affecting the diversity of the colonic mi-
crobiota (25).

Although both human and chicken are classified as the mono-
gastric animals, the relative intensity of bacterial fermentation in
compartments of the gastrointestinal tract varies. For humans, the
primary fermentation site in the lower digestive tract is the colon.
However, in chickens, bacterial fermentation occurs mainly in the
cecum. The development of different digestion strategies in ani-
mals has been found to be related to each animal’s life-style (2).
The manner in which the environment of the chicken cecum se-
lects a unique microbial community beneficial to the host, how-
ever, remains unknown. The fermentable substrates in chicken
ceca are more water soluble and contain more uric acid than the
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fermentable substrates available in the human colon, which re-
ceives digesta directly from the terminal ileum (23). In this way, it
is reasonable to hypothesize that the composition of the microbi-
ota and its derived fermentation profiles in the chicken cecum
differ from those of the human colon. However, because the host
physiological background has significant influences on the com-
position of the gut microbiota, the lack of cross-species compari-
sons of microbiota compositions with a normalized in vitro system
hinders an understanding of the fermentation characteristics as-
sociated with each gut microbiota.

In vitro gut modeling systems, also known as chemostat sys-
tems, are some of the in vitro systems suitable for the study of
colonic bacterial interactions and metabolisms (28). With appro-
priate operation parameters, such systems can simulate the phys-
iological conditions of different regions within the gut, and the
major groups of colonic bacteria can be maintained in numbers
similar to those observed in vivo (1, 42). This system has been
successfully applied to the production of competitive-exclusion
products used in chicken and pig farming that prevent the colo-
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nization of pathogenic bacteria during early life (35, 39). The me-
dia used in the chemostat system to mimic the physiochemical
conditions of human colonic microbiota are completely different
from those used in chicken and pig chemostats. The former is
modified veal infusion broth (VI medium) containing mainly po-
lymerized carbon and protein (9, 29). The latter, Viande Levure
(VL) medium, contains mainly hydrolyzed nitrogen and simple
sugars (19). From this, it can be seen that medium preferences can
reflect the metabolic characteristics of microbial communities of
different origins. Therefore, the in vitro gut modeling system is an
effective tool for the study of the contribution of non-host-asso-
ciated factors to the shaping of the vertebrate gut microbiota com-
munity. The chemostat system allows direct measurements of fer-
mentation products derived from each microbiota, providing an
easy way to compare the functions of gut microbiotas from differ-
ent species.

In the current study, which is based on a survey of the ferment-
ability of human and chicken gut microbiotas in batch cultures,
we compared the fermentation characteristics of microbial popu-
lations of chicken and human gut microbiotas using chemostat
systems and two growth media, VI and VL media. The main
chemical compositions of chicken ileal digesta and feces were de-
termined, and the ability of chicken cecal microbiotas to digest
carbohydrates and proteins was compared to that of human colon
microbiotas. Based on these results, we conclude that the compo-
sition of the gut bacterial community and the corresponding fer-
mentation profiles coevolved with the host life-style to meet the
specific physiological requirements of each animal species.

MATERIALS AND METHODS

Origin of samples. All chickens used in the experiment (commercial
strain of the Hubbard strain layer) were obtained from a local chicken
farm (Zhejiang Zhenda Broilers Co., Ltd., Hangzhou, China). All birds
were free from coccidian infection and had received commercial vaccina-
tions. Throughout the experiment, they were fed antibiotic-free maize
and a soybean-based diet, according to the Feeding Standards of Chickens
in China (NY-T 33-2004) (43). The chicks were brooded in steel-wire
cages and grown under housing conditions described previously by Wang
etal. (44). A plastic sheet was placed under the cage to collect the excreta
from the birds, and the sheet was changed daily. All the animals used in the
current experiment were handled in strict compliance with the current
regulations and guidelines concerning the use of laboratory animals in
China. Procedures were approved by the Laboratory Animal Care and
Usage Committee of the Zhejiang Academy of Agricultural Sciences.

A total of six healthy human volunteers, aged 20 to 30 years old, were
recruited for these experiments. All volunteers gave informed, written
consent, and the study was approved by the Ethics Committee of the
Zhejiang Academy of Agricultural Sciences.

Batch culture fermentations. To compare the fermentation metabo-
lites of microbiotas derived from chicken cecum samples and human
colon samples, batch culture fermentations were first conducted accord-
ing to procedures described previously by Pieper et al. (34). Briefly,
100-ml serum bottles with rubber stoppers were filled with 40 ml of VL or
VI medium. VL medium was comprised of 2.4 g liter ! beef extract, 5.0 g
liter ! yeast extract, 2.5 g liter ! glucose, 10.0 g liter ' tryptose, 0.6 g
liter ! L-cysteine hydrochloride, and 5.0 g liter ' NaCl (19), and VI me-
dium contained 8.0 g liter ' starch, 3.0 g liter ! tryptone, 3.0 g liter '
peptone, 4.5 gliter ' yeast extract, 0.4 g liter ' bile salts no. 3, 0.8 g liter
L-cysteine hydrochloride, 0.05 g liter "' hemin, 4.5 g liter "' NaCl, 2.5 g
liter ' KCl, 0.45 g liter ' MgCl, - 6H,0, 0.2 g liter ' CaCl, - 6H,0, 0.4 g
liter ' KH,PO,, 1 ml Tween 80, and 2 ml of a solution of trace elements
(9). To test the effect of carbohydrates on volatile fatty acid (VFA) pro-
duction, 8 g of wheat bran (which had been thoroughly washed twice with
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boiling water to remove soluble materials) or maltose replaced the starch
in VI medium. Because uric acid is a source of nitrogen for the chicken
cecal microbiota, 0.7 g liter ! uric acid was also included (7). All media
were adjusted to pH 6.4, and 2 ml of 0.025% (wt/vol) resazurin were
added before autoclaving.

Six adult hens (approximately 120 days old; commercial strain of the
Hubbard strain) were anesthetized by using ether and were killed by cer-
vical dislocation. The contents of the ceca were weighed, mixed with an-
aerobic phosphate-buffered saline (PBS) (0.1 M, pH 6.8, and degassed
with N,), and homogenized in a stomacher bag in a stomacher (Huifeng,
Shanghai, China) to yield 10% (wt/vol) slurries. The fecal samples col-
lected from these six human volunteers were homogenized in stomacher
bags with 0.1 M anaerobic PBS to make 10% (wt/vol) slurries. Large food
residues were removed by passing the mixture through a 0.4-mm sieve
twice. Ten milliliters of human fecal slurry or chicken cecal slurry was
inoculated into the serum bottle and then incubated at 37°C for 24 hin an
anaerobic chamber (miniMACS Anaerobic Workstation; Don Whitley,
United Kingdom). Two milliliters of samples was removed at the end of
the experiment for analyses of VFA concentrations.

Single-stage chemostat fermentation. A parallel chemostat system
containing two single-stage chemostat systems (330-ml working volume)
was set up as described previously by Yin et al. (48). The pH (6.2) was
automatically controlled by using a pH controller (Baoxing, Shanghai,
China), and the temperature (37°C) was maintained by usinga circulating
water bath. The systems were kept anaerobic by continuous sparging with
O,-free N, and operated at dilution rate of 0.04 h ™, as described below.

Three chicken cecal slurries and three human fecal slurries were pre-
pared as described above and inoculated into the parallel chemostat sys-
tems containing VL or VI medium. After overnight equilibration, fresh
medium was supplied to the system by a peristaltic pump. The system was
equilibrated for at least 168 h before the samples (15 ml) were removed
from the chemostats.

DNA extraction and PCR-DGGE analysis. Genomic DNA was ex-
tracted from each sample by using a QIAamp DNA stool minikit (Qiagen,
Dusseldorf, Germany) according to the manufacturer’s instructions. The
concentration of extracted DNA was determined by the use of a Nano-
Drop ND-2000 instrument (Thermo, Waltham, MA), and its integrity
and size were checked by using 1.0% agarose gel electrophoresis. For anal-
yses of the microbial communities, the V3 region of the 16S rRNA gene
(positions 341 to 534 of the Escherichia coli gene) was analyzed by using
PCR-denaturing gradient gel electrophoresis (DGGE), as described pre-
viously (20, 26, 32). DGGE was performed by using a DCode universal
mutation detection system (Bio-Rad, Hercules, CA) in an 8% (wt/vol)
polyacrylamide gel containing a linear 30%-t0-60% denaturant gradient
with a constant voltage of 200 V at 60°C for 4 h (26). The gels were then
visualized by staining with SYBR green I nucleic acid (Sigma, St. Louis,
MO) for 45 min and washed twice with deionized water. The similarities
of the DGGE profiles were analyzed by using Quantity One software (ver-
sion 4.6.1; Bio-Rad, Hercules, CA) with a match tolerance of 4%.

Enumeration of the major bacterial populations by quantitative
PCR. The major bacterial groups in human and chicken microbiotas and
chemostat samples were assessed by quantitative PCR (qPCR) using a
7500 Fast real-time PCR system (Applied Biosystems, Carlsbad, CA). All
primers used are listed in Table S1 in the supplemental material. Each
reaction was performed in duplicate with a volume of 20 ul in 96-well
optical-grade PCR plates. The reaction mixture comprised 50 pmol each
primer, 1X SYBR green Realtime PCR Master Mix (Toyobo, Japan), and
40 ng template DNA. Amplifications were performed with the following
temperature profiles: 1 cycle of 95°C for 3 min, 40 cycles of 95°C for 155,
primer-specific annealing temperature for 25 s, and then 72°C for 30 s. In
order to determine the specificity of the PCRs, melt-curve analysis was
carried out after amplification by heating the PCR mixtures slowly from
60°C to 95°C. Fluorescence was assessed at 0.5°C intervals with a hold of
10 s at each decrement. A quantitative analysis of unknowns was achieved
by using standard curves, which were made from known concentrations
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of plasmid DNA containing the corresponding amplicon for each set of
primers. Copy numbers of 16S rRNA genes per mg of sample were trans-
formed into logarithms, and the major bacterial groups were detected by
using the abundance relative to the total bacterial population.

Pyrosequencing and sequencing process. PCR amplification of the
V3 region of the 16S rRNA gene was performed by using 8-bp key-tagged
primers, 341F (5'-CCT ACG GGA GGC AGC AG-3") and 533R (5'-ATT
ACC GCG GCT GCT-3'), as described previously (49). PCR mixtures (50
pwl) contained 0.2 M each primer (Integrated DNA Technologies), 1.8
mM MgSO,, 0.2 mM 2'-deoxynucleoside 5'-triphosphate, 1 unit of Plat-
inum Pfx DNA polymerase (Invitrogen), and 10 ng of DNA template. The
PCR program consisted of a 3-min initial denaturation step at 94°C and 30
cycles of 94°C for 35 s, 55°C for 45 s, and 72°C for 1 min, followed by a final
3-min extension step at 72°C. For each sample, amplicons of three repli-
cated PCRs were recovered by using a QIAquick gel extraction kit fol-
lowed by a QIAquick PCR purification kit (Qiagen, Dusseldorf, Ger-
many). Equimolar amplicons were combined and submitted to
pyrosequencing by using the Genome Sequencer GS-FLX system (454 Life
Sciences, Branford, CT) at the Chinese National Human Genome Center
in Shanghai.

Raw sequence reads were trimmed for quality according to an in-
house-developed program with the following criteria: (i) a perfect match
to at least one end of the barcode and 16S rRNA gene primer, (ii) a length
of at least 50 nucleotides (nt), and (iii) no ambiguous bases in the se-
quence read (8). A detailed analysis is provided in Fig. S1 in the supple-
mental material. A total of 8,659 of 11,394 sequences were then confirmed
to be high-quality sequences with an average length of 183 bp. Library
information, including operational taxonomic units (OTUs) (98% iden-
tity as the cutoff value), Shannon index, evenness, and Chao estimator of
OTUs, was obtained by using Mothur software (version 1.11.0) (38). The
taxonomy assignments were performed by RDP Classifier (RDP release
10.25 [http://rdp.cme.msu.edu/classifier/classifier.jsp]) with 50% boot-
strap support. Sequences in each OTU were then blasted with the
BLASTN algorithm of the NCBI database with all sequences except the
those from environmental samples, and the closest relatives were consid-
ered the most discriminatory species (see Fig. S1 in the supplemental
material). Uncultured bacteria were defined according to criteria estab-
lished previously by Eckburg et al. (17). Any sequence in each OTU that
failed to match any sequences already present in the public database (pref-
erably from named organisms) was designated a novel phylotype, and
any novel phylotypes that matched only the uncultured sequences in
GenBank were designated uncultured bacteria. The proportion of the
uncultured bacteria was calculated as the number of uncultured phylo-
types in the total numbers of sequences in each genus assigned by RDP
Classifier.

VFA analysis. Fermentation samples were centrifuged at 13,000 X g
for 10 min at 4°C to collect the supernatants. After filtration through a
0.22-pm membrane filter (GLScience, Tokyo, Japan), 0.5-ml samples
were acidified with 0.5 ml of 100 mM H,SO,, and 4 .l of tert-butyl acetate
was added as the internal standard to give a final concentration of 30 mM
(27). After extraction with diethyl ether, a quantitative analysis of acetic
acid, propionic acid, butyric acid, valeric acid, and isovaleric acid was
performed with a gas chromatograph (6820GE; Agilent, Santa Clara, CA)
equipped with a glass column (HP-innovax, 30 m by 0.320 mm). The
temperatures of the detector, injection port, and column were 225°C,
200°C, and 200°C, respectively. The concentrations of VFAs were deter-
mined by a comparison of sample peak heights with those of authentic
standards.

Chemical analysis. Eighteen female chickens (approximately 60 days
old; commercial strain of the Hubbard strain) were used for chemical
analysis. A plastic sheet was placed under the cage to collect the excreta
from birds, and the fecal samples were collected and rapidly frozen at
—20°C for chemical analysis. After the chickens were anesthetized by
ether and killed by cervical dislocation, the contents of the terminal ileum
(from 5 cm of the upper cecum) were squeezed out and rapidly frozen at
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—20°C for chemical analysis. All samples were dried and then analyzed for
total nitrogen (N), starch, sugar, and nonstarch polysaccharide (NSP)
contents.

The total nitrogen content was determined by using a 2300 Kjeltec
Auto Distillation instrument (Foss Benelux, Amersfoort, Netherlands).
The concentration of crude protein was calculated by using an N-to-
protein conversion factor of 6.25. Because chicken excreta include non-
protein nitrogen (NPN) such as that found in urea and ammonia, the true
level of protein in the feces was determined by using the Stutzer method
(5). The total sugar content was determined by using the phenol sulfuric
colorimetric method (15). The determination of the total starch content
was performed by the hydrochloric acid hydrolysis method. NSP levels in
each sample were determined by gas chromatography (6980N; Agilent,
Santa Clara, CA) using a 30-m- by 0.53-mm-internal-diameter (ID) cap-
illary column (Restek Corp., Canada) with alditol acetate derivatives. The
chicken cecum digestibility was calculated as the difference between the
terminal ileal output (g day™') and feces output (g day™') relative to
the terminal ileal output (g day ™).

Correlation coefficients and statistical analysis. For DGGE analysis,
Dice coefficients were used to evaluate the similarity between the chemo-
stat products. The DGGE gels were analyzed by using Quantity One soft-
ware (version 4.6.1; Bio-Rad, Hercules, CA) with a match tolerance of 4%.
After matching all bands in each lane, the similarity matrix under the
reports menu was exported by the Dice coefficient method by using the
unweighted-pair group method using average linkages (UPGMA) cluster-
ing algorithm to create dendrograms of DGGE profiles from the stabili-
zation period, taking into account both the band position and band den-
sity.

For comparisons of pyrosequencing data, correlation coefficients were
analyzed by using SPSS software (version 13.0; SPSS Inc., Chicago, IL) and
the Pearson correlation. The correlation coefficients of pyrosequencing
data between samples were calculated based on the percentage of each
bacterial classification unit at a different classified level.

The VFAs of each fermentation sample were measured in technical
triplicates. Means and standard deviations (SD) were calculated. The dif-
ferences between means were assessed by using an analysis of variance
(ANOVA) with a (post hoc) Bonferroni test by using SPSS software. P
values of <0.05 were considered statistically significant. To compare the
similarity of VFA productions between fermentation samples, correlation
coefficients were calculated by using SPSS based on the values of VFAs for
different fermentation samples.

Nucleotide sequence accession number. All sequences from pyrose-
quencing were submitted to the NCBI SRA database under accession
number SRA045744.1.

RESULTS

Production of VFAs by chicken cecal microbiotas and human
fecal microbiotas. To analyze the function of the gut microbiota,
we first conducted batch fermentations with microbiota derived
from human fecal and chicken cecal contents. VI and VL media,
which were previously used for the growth of human colonic mi-
crobiota and chicken cecal microbiota, respectively, were chosen
as the basic medium formulas. Results showed the overall VFA
production from the chicken cecal microbiota to be significantly
higher than that of human feces in both VI and VL media. Levels
of VFAs were 76.6 mM and 75.7 mM for chicken cecal microbiota
and 63.6 mM and 48.4 mM for human fecal microbiota, respec-
tively (Table 1). In addition to the acetate, propionate, and bu-
tyrate produced by both human and chicken microbiotas, valerate
and isovalerate were also detected in the chicken cecal microbiota
under all medium conditions. However, they were detected in the
human fecal microbiota under only some medium conditions.
Decreased VFA levels were detected when insoluble polysaccha-
rides in the form of wheat bran were substituted for soluble starch

aem.asm.org 5765


http://rdp.cme.msu.edu/classifier/classifier.jsp
http://www.ncbi.nlm.nih.gov/nuccore?term=SRA045744.1
http://aem.asm.org

Lei et al.

TABLE 1 Comparative analysis of VFA concentrations in batch fermentations of chicken cecal microbiota and human fecal microbiota in different

growth media”

Mean VFA concn (mM) =+ SD

Growth

Specimen medium Acetate Propionate Butyrate Isovalerate Valerate Total

Chicken vI® 395+ 7.1% 22.0 = 1.54 7.9+ 1.2° 2.7 +0.25¢ 45+ 04" 76.6 * 6.2°
VI-wheat bran 28.4 + 4.3 8.5 * 1.3¢ 3.5 + 0.2¢ 5.1 * 0.4* 3.2 + 0308 48.7 + 1.7°
VI-maltose 58.0 + 2.74 10.7 + 0.5 6.9 = 0.3% 2.0 = 0.2¢P 4.1 + 04" 81.7 + 1.14
VL 36.8 = 1.4° 17.5 + 1.78 12.0 = 0.74 3.9 + 0.4 5.6 = 1.74 75.7 * 3.5
VI + uric acid® 43.6 + 9,38 24.9 + 0.9% 9.5 + 1508 0.4 *+ 0.4° 1.1 =0.3° 79.5 + 6.9*
VL + uric acid® 40.6 + 7.5" 17.8 + 2.78 11.5 + 1.6* 4.8 + 14" 5.2+ 1.34 79.9 + 6.0%

Human VI 35.9 + 3.0% 15.0 + 0.8 12.6 + 0.9%¢ ND ND 63.6 = 2.7%C
VI-wheat bran 34.1 = 1.94 222 * 138 10.7 = 0.7€ 0.6 +0.1% 0.5 + 0.2¢ 68.1 = 1.28
VI-maltose 409 + 1.24 29.9 + 0.74 235 + 1.4 1.0 = 0.14 3.1 + 044 98.4 + 1.0*
VL 253 +2.7° 11.3 + 0.9%P 11.8 = 1.5 ND ND 48.4 +2.7°
VI + uric acid® 36.7 = 0.3% 14.9 + 2.1¢ 15.1 = 0.5% 1.1 =014 2.1 +0.1% 69.9 + 1.4°
VL + uric acid® 36.6 + 1.14 10.4 *= 1.1¢P 9.5 + 0.7¢ ND ND 56.5 + 1.1¢P

“ Data are the means of data from six individual human fecal or chicken cecal samples * SD (n = 6). Each sample was measured in triplicate. Mean values with unlike superscript
roman letters are significantly different (P < 0.05), as determined by an ANOVA with a (post hoc) Bonferroni test. ND, none detected.
b VI medium contained 8 g liter ' starch, VI-wheat bran medium contained 8 g liter ' wheat bran instead of starch, and VI-maltose contained 8 g liter "' maltose instead of starch.

¢ Uric acid (0.7 g liter ') was added to VI and VL media.

in VI medium incubated with chicken cecal contents. In contrast,
wheat bran increased the level of VFA production of human fecal
microbiotas. In addition, neither growth medium had much effect
on VFA production by the chicken or human gut microbiota after
24 h of fermentation when supplemented with uric acid (0.7 g
liter ).

Chemostat system as a model for analysis of gut microbiota.
Based on the results generated from batch fermentations, we pro-
pose that the microbiota from chicken cecum may generate dif-
ferent fermentation patterns than the human fecal microbiota. To
better simulate the growth dynamics of the gut microbiota, we
used chemostat systems to investigate the fermentation character-
istics possessed by the two microbiota communities. We first eval-
uated the stability and reproducibility of the chemostat system by
performing two experiments with the same operation parameters
with two fecal inocula taken from the same donor 10 months apart
(inocula HU08 and HU09). A parallel system containing two
growth media was constructed. VL and VI media were inoculated
into the fecal slurry. The structures of the bacterial communities
were checked daily by using PCR-DGGE profiles. The PCR-
DGGE profiles fluctuated significantly in the first 96 h and became
stable at 120 h (data not shown), suggesting that the chemostat
had reached the steady state. Samples were then taken at 168 h,
and the microbiota community was assessed by using PCR-DGGE
profiles, VFA production, and 454 pyrosequencing. As shown in
Fig. S2 in the supplemental material, the PCR-DGGE profile pat-
terns of the two inocula demonstrated a high level of similarity.
Correlation coefficient indexes of VI and VL chemostats between
the two experiments were 0.977 and 0.867, respectively, based on
a phylogenetic analysis of 454 pyrosequencing data at the genus
level; 96.2 and 92.1, respectively, based on PCR-DGGE profile
analysis; and 0.990 and 0.983, respectively, based on VFA produc-
tion levels (Table 2). The distributions of bacterial genera from
inocula HU08 and HU09 as well as the corresponding chemostat
samples are presented in Fig. S3 in the supplemental material.

Because the numbers of pyrosequencing reads may influence
the diversity and coverage of the microbiota community, we com-
pared the distributions and compositions of the microbiota com-
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munity of inoculum HUO8 produced by 129,934 reads to those
produced by 1,751 reads. There were a total of 116 genera gener-
ated from the 129,934 reads. Among them, 27 genera had an abun-
dance higher than 0.05%. From the 1,751 reads, there were 34
genera detected with a relative abundance higher than 0.05%. Af-
ter we combined the low-abundance genera from 129,934 reads
(designated “others”), a similar distribution of bacterial genera
was observed (see Fig. S4 in the supplemental material). Previous
studies indicated that at least 1,000 reads are required to describe
the structure of a microbial community (31, 46). For this reason,
approximately 1,000 reads were used in the following analysis of
the fermentation samples.

Effects of the composition of growth media on the structure
of the bacterial community and metabolic profiles. The effects of
VI and VL growth media on the structures of the microbial com-
munities in the chemostat systems were evaluated by using gut
microbial communities derived from three individual human fe-
cal samples and three chicken cecal samples. The populations of

TABLE 2 Evaluation of the reproducibility of duplicated chemostat
products at the steady state based on PCR-DGGE profiles,
pyrosequencing data, and VFA concentrations

Correlation coefficient

454 Pyrosequencing Volatile
PCR-DGGE  Phylum Family Genus fatty
Sample” profile® level level level acid®
HF08VI/HF09VI 96.2 0.995 0.991. 0.977 0.990
HFO8VL/HFOOVL  92.1 0.939 0.896 0.867 0.983

“ HFO8VI/HF09VI represents duplicate experiments conducted in chemostats
containing VI medium with the same operation parameters with two fecal inocula
collected from the same donor in 2008 and 2009, respectively. HFO8VL/HFO9VL
represents the same experiment conducted in chemostats containing VL medium.

b Correlation coefficients of PCR-DGGE profiles were calculated with Quantity One
software based on the similarity matrix of matched bands.

¢ For pyrosequencing and VFA analyses, correlation coefficients were calculated with
SPSS 13.0 software based on the percentage of bacterial classification units at different
phylogenetic levels and the concentrations of VFAs in fermentation samples.
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FIG 1 Relative abundances of major bacterial groups in human and chicken
microbiotas and their corresponding chemostat samples. Data are presented as
the percentages of the total bacterial population made up by each bacterial
group, as assessed by qPCR. The results are given as the means of measure-
ments from three individual human (HU) and three chicken (CH) gut micro-
biotas and their chemostat products in VI (HFVI and CFVI) and VL (HFVL
and CFVL) media.

major bacterial groups in VI and VL chemostats were measured by
using qPCR and are presented as the proportion of total bacteria
in Fig. 1. All tested samples showed statistically similar total bac-
terial cell densities (Table 3). However, the medium composition
significantly affected the proportions of major bacterial groups. VI
medium increased the number of Bacteroides bacteria in the hu-
man fecal chemostat, and the same medium enhanced the growth
of Bifidobacterium bacteria in the chicken cecal chemostat. VFA
productions from VI and VL media in chemostats were measured
and are expressed as specific products of VFA per unit of microbial
biomass (Table 3). Consistent with the results described above,
the overall VFA production level in the chemostat system inocu-
lated with chicken cecal microbiotas was higher in both VI and VL
media than that of those inoculated with human colonic microb-
iotas. Under the same conditions, the total amounts of VFAs pro-
duced by chicken cecal microbiotas in VL and VI media were 1.6
mM and 1.7 mM per 10" cells, respectively, but were only 1.1 mM
and 1.1 mM per 10'° cells, respectively, in the chemostats inocu-
lated with human fecal microbiotas.

Analysis of bacterial community structures in chemostats
inoculated with human fecal microbiota and chicken cecal mi-
crobiota. The bacterial communities of the human fecal inoculum

Metabolic Profiles of Gut Microbiotas

(no. 3) and chicken cecal inoculum (no. 3) at the equilibrium
stage in chemostats were further analyzed by pyrosequencing. A
total of 8,659 reads were generated, and the diversity of each mi-
crobiota community is presented in Table S2 in the supplemental
material as OTU numbers (98% cutoff), ACE (abundance-based
coverage estimator), Shannon index, evenness, and Chao estima-
tor of OTUs. In general, chicken cecum showed a higher level of
bacterial diversity than did human feces. However, the OTU num-
bers in both VI and VL media with the human fecal inoculum were
higher than those with chicken cecal contents, suggesting that the
operation parameters applied in the current study, such as growth
medium composition, dilution rate, temperature, and pH, closely
resembled the conditions of the human colon. The microbiota
communities of the initial inocula and the stabilized chemostat
samples were compared to the relative abundance at the genus
level using RDP Classifier (Fig. 2), and 25 genera with a relative
abundance of over 1% were detected in the chicken cecal micro-
biota, but only 8 genera were found in the human fecal microbi-
ota. Relative numbers of genera were more evenly represented in
chickens than in humans. Bacteroides, Roseburia, Faecalibacte-
rium, Parabacteroides, and unclassified Lachnospiraceae were the
major organisms found in both human and chicken samples. The
genus Bacteroides was the most predominant genus in both spe-
cies. As shown in Table S3 in the supplemental material, the Bac-
teroides organism in the human fecal sample was classified as Bac-
teroides vulgatus, but in chicken cecal samples, it included five
phylotypes, B. plebeius, B. uniformis, B. clarus, B. faecis, and B.
barnesiae. Similar observations were also made for Roseburia,
Parabacteroides, and unclassified Lachnospiraceae.

The enrichment effect of the composition of the growth me-
dium on the microbial communities in the chemostat was obvious
at the genus level (Fig. 2). In general, the similarity of microbial
communities produced from VI medium and the human inocu-
lum was higher than that of the microbial communities produced
from VL medium. Conversely, in chemostats inoculated with
chicken cecal microbiotas, the microbial community in VL me-
dium resembled the inoculum relatively closely. VI medium inoc-
ulated with chicken cecal contents maintained only four genera, of
which Bifidobacterium was the most predominant, taking up to
79.37% of the total. The remaining organisms were Lactobacillus
(7.30%), Veillonella (8.34%), and unclassified Bifidobacteriaceae
(3.53%). Of the 25 genera in the original chicken cecal microbiota
inoculum, 19 were detected in VL medium. Among them, the
populations of Weeksella, Oscillibacter, Fastidiosipila, and unclas-
sified Ruminococcaceae increased, while the populations of Para-

TABLE 3 Concentrations of VFAs and the ability for production of VFAs per 10'° bacterial cells in chemostat fermentation samples of chicken and

human microbiotas with VI and VL media

Total bacterial

" population (16 VFA concn
Mean concn (mM) * SD rRNA gene (mM per
Sample” Acetate Propionate Butyrate Isovalerate Valerate Total copies g™ ')° 10" cells)
CHVI 51.7 + 1.3% 21.7 *+ 2.6% 18.3 +2.78 ND ND 91.6 + 2.4° 5.8 X 10! 1.6
CHVL 46.5 = 0.8* 11.5 + 2.4 244 + 214 16.8 + 1.6 152 + 2.5 114.2 = 2.6* 6.6 X 10! 1.7
HUVI 34.1 = 0.8" 25.8 = 3.94 13.9 + 1.5% ND ND 73.9 + 2.2BC 7.0 X 10" 1.1
HUVL 239 + 1.67° 21.8 + 354 17.3 + 1.5 ND ND 62.9 + 2.3 5.9 X 10! 1.1

@ Data are shown as means * SD (n = 3). Mean values with unlike superscript roman letters are significantly different (P < 0.05). ND, none detected.
b Samples were obtained from hemostats containing VI or VI medium inoculated with chicken (CH) cecal microbiota or human (HU) fecal microbiota.

¢ Detected by qPCR.
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FIG 2 Compositional comparison of human and chicken gut microbiotas grown in chemostats with two media. The percentage of sequences in each of the
bacterial genera is shown according to pyrosequencing data assessed by RDP Classifier. The chicken microbiota (CH) and chemostat products in VI (CFVI) and
VL (CFVL) media were compared to human microbiotas (HU) and their chemostat products in VI (HFVI) and VL (HFVL) media.

bacteroides, Faecalibacterium, and Naxibacter decreased. The ef-
fects of the growth medium on changes in the structures of the
microbial community were also found in chemostat systems in-
oculated with human feces. For example, numbers of Anaero-
sporobacter and classified Lachnospiraceae bacteria increased from
negligible and 13.94%, respectively, in human feces to 8.44% and
70.76%, respectively, in VL medium. The populations of Faecali-
bacterium and Roseburia decreased from 23.42% and 15.59%, re-
spectively, to undetectable and 4.46%, respectively, although the
bacterial community structure in VI medium inoculated with hu-
man fecal samples resembled that of the original inoculum, and a
remarkable decline in numbers of Faecalibacterium bacteria was
detected in the chemostat. All bacterial genera that were abundant
in the inocula and corresponding chemostat samples are listed in
Table S4 in the supplemental material.

Estimation of levels of uncultured bacteria in the chemostat
systems. Uncultured bacteria are defined as sequences that do not
match any named organisms in any public databases but that
match only uncultured sequences in GenBank neighbors (17). In
the present study, if the first 100 sequences to appear after the
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blasting of an unknown sequence in the NCBI database were all
uncultured sequences, that unknown sequence was defined as an
uncultured phylotype. According to this criterion, 86.12% of phy-
lotypes in human fecal samples belonged to uncultured bacteria,
which is consistent with data from a previous study (17). In con-
trast, only 39.41% of phylotypes in chicken cecal samples be-
longed to uncultured bacteria (Fig. 3). The composition of the
medium also significantly influenced the percentage of uncul-
tured bacteria in chemostats. VL medium grown with human
fecal microbiota changed the proportion of unclassified Lach-
nospiraceae markedly, from 13.88% in inocula to 48.74%, in-
dicating that the medium may favor the Lachnospiraceae family
of human gut microbiota. The proportion of a single phylotype
of unclassified Lachnospiraceae increased from 0.01% in the
human inoculum to 39.40% in the VL chemostat (see Appen-
dix A1 in the supplemental material). For chicken cecal micro-
biota, 82.41% of the population in VL medium was made up of
uncultured bacteria. In contrast, the total percentage of uncul-
tured bacteria was only 2.70% in VI medium. The major com-
munities were made up of lactobacilli and bifidobacteria.
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FIG 3 Compositions of uncultured bacteria in human and chicken gut microbiotas grown in chemostats with two media. The uncultured bacteria were defined
according to criteria set up previously by Eckburg et al. (17). The percentage of uncultured bacteria in each of the bacterial genera was calculated according to the
pyrosequencing data assessed by RDP Classifier. The chicken microbiota (CH) and chemostat products in VI (CFVI) and VL (CFVL) media were compared to
the human microbiota (HU) and chemostat products in VI (HFVI) and VL (HFVL) media.

Digestibility of crude protein, starch, sugars, and nonstarch
polysaccharides in the lower digestive tracts of chickens. The
data generated from the in vitro modeling systems suggested that
the microbiota communities derived from human feces and
chicken cecum required different nutrients to maintain balanced
growth. We assumed that this difference in nutritional preferences
could be ascribed to the communities’ unique types of metabolic
activity, which were determined by the availability of substrates in
the lower gastrointestinal tract. We then collected the terminal
ileal contents and feces from 18 60-day-old chickens to analyze the
levels of crude protein, total sugars, starch, and nonstarch poly-
saccharides (NSPs). Due to the unique anatomical structure of
bird cecum, in which urine flows in a retrograde fashion from the
duodenum to the ceca, the true protein level, excluding nonpro-
tein nitrogen (NPN), of chicken excreta was also analyzed. Data
from a previous study indicated a difference of approximately 2.5
g dry matter between intact and cecectomized adult chickens (36).
We predicted that the daily ileal output in dry matter for adult
chickens would be the daily total dry matter concentration in the
excreta plus 2.5 g. Based on the predicted dry matter concentra-
tion, concentrations of crude protein, starch, total sugars, and
NSP were calculated and expressed as grams per chicken per day.
As shown in Table S5 in the supplemental material, 2.51 gday ™' of
crude protein, 1.37 g day ™! of starch, 0.17 g day*1 of NSP, and
4.02 g day~ ' of sugars were detected in the contents of terminal
ilea. The postileal digestibility was then calculated as the difference
between the terminal ileal output (g day ') and feces output (g
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day ™) relative to the terminal ileal output (g day'). Hence, the
digestibility of crude protein was 23.51%. The digestibilities of
starch, NSP, and sugars were 35.77%, 47.06%, and 88.06%, re-
spectively.

DISCUSSION

The correlation between the gut physiologies and dietary compo-
sitions within the structure of the microbiota community and of
the fermentation properties has generated perennial interest (25,
33). For mammals, food quality and abundance are the funda-
mental drivers of the evolution of the gut anatomy and its bacterial
residents (24, 47). Because both humans and chickens are omni-
vores, and the diversity of the microbial communities in the gas-
troenterological tracts of different animal species is related to the
host life-style, we initially proposed that the different nutritional
requirements for maintaining the homeostasis of the microbiota
communities in the chemostats would be ascribable to the differ-
ent fermentable substrates available in the terminal ilea. However,
due to the difficulty in obtaining human ileostomates, which
would have permitted direct measurements of nutrient levels, we
compared the concentrations of nutrients in the terminal ilea of
chickens and humans by using data reported previously by Coles
etal. (10). The study by Coles et al. evaluated four types of exper-
imental diets, but we chose to use the data from the high-fiber-diet
group because the nutrient composition of this diet is similar to
the Chinese daily dietary formula. As shown in Table S5 in the
supplemental material, a relatively high level of starch residues
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and alow level of NSP were detected in the chicken terminal ileum
samples. In addition, there was no obvious difference in the pro-
portions of crude protein between human terminal ileal samples
and chicken terminal ileal samples. However, the overall amounts
of carbohydrates outweighed total protein amounts in the termi-
nal ilea of chickens (see Table S5 in the supplemental material),
suggesting that there is no remarkable difference between chick-
ens and humans with respect to the types and amounts of sub-
strate excreted from the small intestine.

The fermentable substrates entering the lower digestive tract
are of both dietary (exogenous) and endogenous origins. Endog-
enous substrates include pancreatic enzymes, mucins, and other
secretions from epithelial cells, and they are species specific. Food
residues are the major sources of carbon and nitrogen for colonic
bacterial fermentation, but glycoproteins and mucins with host-
specific structures also have an impact on the compositions and
metabolic patterns of colonic microbiotas (12). On the other
hand, anatomical differences in the lower digestive tracts of chick-
ens and humans may affect the availability of fermentable sub-
strates. Unlike the human colon, the cecum has villi at its entrance
that act as a mesh, allowing only fluid and fine particles smaller
than 200 nm in diameter to enter (16). The substrates available in
the chicken cecum consist mainly of water-soluble carbohydrates
and peptides and extra uric acid refluxed from the cloaca to the
cecum. The morphology of the chicken gut microbiota, assessed
by using scanning electron microscopy (SEM), confirmed that
large particles of food residue existed in the digesta of the terminal
ileum and feces but not in the ceca (data not shown). In contrast,
water-insoluble plant materials constituted approximately 17% of
the total human digesta in the colon (27). Therefore, we propose
that the differences in anatomical structures between the chicken
and human lower intestinal tracts may affect the types and
amounts of fermentable substrates and that these differences
cause the different compositions of colonized microbiotas and
eventually the different nutritional requirements for maintain-
ing the homeostasis of the microbiota community in vitro. In
the present study, chemostat systems showed that chicken cecal
microbiotas require media containing simple carbohydrates
and hydrolyzed peptides but that human fecal microbiotas pre-
fer polysaccharides and proteins.

VFAs are the major end metabolites for gut bacterial fermen-
tation. The amount of acetate produced in vitro by the human gut
microbiota in current experiments seems to be relatively low. Af-
ter comparing our VFA data to those reported previously for other
chemostat modeling studies, we noticed that the origin of the fecal
inocula may influence the molar ratio of VFA production (see
Table S6 in the supplemental material) (30). The small amount of
acetate in current experiments could be ascribable to the typical
Asian food eaten by the volunteers. Fermentation by chicken cecal
microbiotas in tested media in vitro generates a significantly
higher yield of VFA than that of human microbiotas, suggesting
that the efficient production of VFA is one of the metabolic char-
acteristics associated with the chicken cecal microbiota commu-
nity. This is consistent with the in vivo situation. Cummings et al.
previously estimated the total concentration of short-chain fatty
acids in the human cecum to be around 131 = 9 mM (13). How-
ever, 179.5 mM VFA was detected in cecal samples of 21-day-old
chickens (6). The highly efficient production of VFAs is particu-
larly important for the maintenance of avian health because it not
only satisfies the intense energy demands of birds but also partic-
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ipates in the recycling of inorganic ions via an enhancement of the
ion transport processes within the ceca (37). The rapid utilization
of uric acid by chicken cecal microbiota was reported previously
by Braun and Campbell (7). However, in the current study, fer-
mentation supplemented with 0.7 g liter " uric acid in both VI
and VL media resulted in a slight increase in the level of VFA
production. Consistent with SEM observations, chicken cecal mi-
crobiotas were found to produce less VFA when wheat bran was
the sole carbon source rather than soluble starch or maltose. Con-
sidering birds’ special energy requirements, the ability to quickly
discharge large, slowly fermenting, high-fiber particles through
the excreta and recruit more easily fermentable substrates to effi-
cient cecal microbiotas, which would then produce higher levels
of VFA, would be extremely advantageous.

Our results revealed that human fecal microbiotas share many
major phylogenetic groups with chicken cecal microbiotas at the
genus level. However, the composition of chicken cecal microb-
iotas is more complex than that of human fecal microbiotas, and
there are significant differences at the species level. For example,
Bacteroides is the predominant genus in both human feces and
chicken cecum, but at the species level, the phylotype detected in
human feces was B. vulgatus, and those obtained from chicken
ceca were classified as B. plebeius and B. clarus. B. vulgatus is the
most common type of bacteria in the human large intestine. It is
well known for its ability to produce a wide range of polysaccha-
ride hydrolases (14, 41). In contrast, B. plebeius and B. clarus were
more recently isolated and identified in colonic samples, and little
metabolic information was available (22, 45). Among the five
common bacterial genera shared by chicken cecum and human
feces (see Table S3 in the supplemental material), Faecalibacte-
rium prausnitzii was the only common species identified. The
other species showed exclusive associations with host specificity.
Ochman et al. reported recently that among great ape species,
common components of the fecal microbiotas could be found
only at lower taxonomic levels (33). The significant difference at
the species level could be attributed to the metabolic characteris-
tics associated with each species.

The current study demonstrates that the chemostat system is a
reliable in vitro gut modeling system with good reproducibility.
However, because the transit times of the gastrointestinal tracts of
humans and chickens differ significantly, the converted retention
time, 24 h, used in the current experiments more closely resem-
bled the human gut transit time than the chicken gut transit time.
For example, the overall gastrointestinal transit time for humans
is 36.2 £ 5.1 h, but it is only 3.5 h for chickens (21, 40). The
dilution rate (0.04 h ™!, converted to a retention time of 24 h) used
in the current experiment is more close to the human gut transit
time than that of chickens. In addition, because we used the same
circulating water bath to control the temperature of both chemo-
stats, the temperature set for the chemostat inoculated with
chicken ceca was below the natural chicken body temperature.
Altogether, the operation parameters applied in the current study,
such as the composition of the growth medium, dilution rate,
temperature, and pH, all more closely resembled the conditions of
the human colon, which may have contributed to the overall sim-
ilarity of the structures of the microbiotas in the chemostat inoc-
ulated with the human sample to those in the chemostat inocu-
lated with the chicken cecal microbiota. Further study is needed to
improve the degree of microbiota community simulation in
chicken chemostats by using the operational parameters that
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more closely resemble the physiological conditions of the chicken
cecum.

One previous study demonstrated that 80% of the phylotypes
in human fecal samples belonged to uncultured bacteria, which is
consistent with current data (17). Based on the same criteria, only
39.41% of the phylotypes for chicken cecal samples were classified
as uncultured bacteria. Apajalahti et al. reported previously that
90% of the bacteria in the chicken gastrointestinal tract are of
unknown species and that 55% are of unknown genera (3). The
discrepancy in terms of the proportions of the uncultured bacteria
between the current experiments and the previous data could be
due to the different criteria used for classification: Apajalahti and
colleagues identified only unknown species, whereas we also
counted uncultured bacteria from unknown species. It is always
desirable to enrich human uncultured colonic bacteria with low
abundance in vitro. The in vitro model system demonstrates the
advantage of the enrichment of bacterial species with a relatively
low abundance. By using unbalanced medium, for example, VL
medium, in the current study, the prevalence of a single phylotype
of unclassified Lachnospiraceae from the Firmicutes increased
from 0.01% in the human inoculum to 39.40% in the chemostat
(see Appendix Al in the supplemental material). Therefore, our
results demonstrate that it is possible to use a chemostat system to
increase the number of individuals from rare species using me-
dium selection and then study the metabolic activity.

The goal of the current study was to identify differences in the
compositions of the microbiotas of the lower digestive tracts of
chickens and humans and to use these data to better understand
the functional differences. Although the current study has certain
limitations, a comparative analysis of the nutrient requirements
and fermentation metabolites of human and chicken gut microb-
iotas allowed us to find evidence to show that the composition of
the bacterial community colonizing the host colon could be de-
termined by using the nutritional substrates available in the host
colon. These nutritional substrates allow the production of a dis-
tinct fermentation profile beneficial to the respective animal spe-
cies.
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