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ABSTRACT Dietary protein residue can result in microbial generation of various
toxic metabolites in the gut, such as ammonia. A prebiotic is “a substrate that is se-
lectively utilised by host microorganisms conferring a health benefit” (G. R. Gibson,
R. Hutkins, M. E. Sanders, S. L. Prescott, et al., Nat Rev Gastroenterol Hepatol 14:491–
502, 2017, https://doi.org/10.1038/nrgastro.2017.75). Prebiotics are carbohydrates that
may have the potential to reverse the harmful effects of gut bacterial protein fermen-
tation. Three-stage continuous colonic model systems were inoculated with fecal
samples from omnivore and vegetarian volunteers. Casein (equivalent to 105 g protein
consumption per day) was used within the systems as a protein source. Two different
doses of inulin-type fructans (Synergy1) were later added (equivalent to 10 g per day
in vivo and 15 g per day) to assess whether this influenced protein fermentation.
Bacteria were enumerated by fluorescence in situ hybridization with flow cytometry.
Metabolites from bacterial fermentation (short-chain fatty acid [SCFA], ammonia, phe-
nol, indole, and p-cresol) were monitored to further analyze proteolysis and the
prebiotic effect. A significantly higher number of bifidobacteria was observed with the
addition of inulin together with reduction of Desulfovibrio spp. Furthermore, metabo-
lites from protein fermentation, such as branched-chain fatty acids (BCFA) and ammo-
nia, were significantly lowered with Synergy1. Production of p-cresol varied among
donors, as we recognized four high producing models and two low producing models.
Prebiotic addition reduced its production only in vegetarian high p-cresol producers.

IMPORTANCE Dietary protein levels are generally higher in Western populations
than in the world average. We challenged three-stage continuous colonic model sys-
tems containing high protein levels and confirmed the production of potentially
harmful metabolites from proteolysis, especially replicates of the transverse and dis-
tal colon. Fermentations of proteins with a prebiotic supplementation resulted in a
change in the human gut microbiota and inhibited the production of some proteo-
lytic metabolites. Moreover, we observed both bacterial and metabolic differences
between fecal bacteria from omnivore donors and vegetarian donors. Proteins with pre-
biotic supplementation showed higher Bacteroides spp. and inhibited Clostridium cluster
IX in omnivore models, while in vegetarian modes, Clostridium cluster IX was higher and
Bacteroides spp. lower with high protein plus prebiotic supplementation. Synergy1 addi-
tion inhibited p-cresol production in vegetarian high p-cresol-producing models while
the inhibitory effect was not seen in omnivore models.
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Protein consumption is increasing annually worldwide, and 2.5% of British adult
males consume over 136 g protein per day according to a recent national dietary

survey (1, 2). Some protein is metabolized or absorbed in the small intestine, but
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residual dietary protein may enter the large intestine where colonic bacteria can utilize
it and produce various metabolites. Proteolysis gradually increases throughout the
colon, being highest in distal regions where carbohydrate is depleted (3, 4). Bacterial
degradation of amino acids produces ammonia, amines, CO2, short-chain fatty acids
(SCFA), branched-chain fatty acids (BCFA), occasionally H2S, and aromatic molecules,
such as indole, p-cresol, and skatole (5). These metabolites may interact with the host
and potentially affect human health in many ways. In cell culture experiments, ammo-
nia at relevant luminal concentrations was found to have a negative effect on barrier
function resulting in elevated permeability (6). Two animal studies illustrated how
ammonia can shorten mucosal cell life span and promote colon cancer in combination
with other carcinogens in vivo (7, 8). Hydrogen sulfide can be generated from sulfur
containing amino acids or reduction of dietary sulfates. Both rat and human colonocyte
cell lines showed that H2S had a negative effect on butyrate and acetate oxidation by
cells for energy uptake (9, 10). Bacterial H2S production rates are higher in ulcerative
colitis patients compared to healthy adults, which may contribute to the pathogenesis
of this inflammatory bowel disease (11). Aromatic amino acids, such as tyrosine,
phenylalanine, and tryptophan, can be degraded by colonic bacteria producing phenol,
indole, p-cresol, skatole, and other aromatic metabolites. Phenol and p-cresol have
been shown to damage epithelial barrier function in vitro and can be potentially
carcinogenic (6, 12, 13). Indole and p-cresol would be transformed to indoxyl sulfate
and p-cresol sulfate after conjugation in the human body, and indoxyl sulfate and
p-cresol sulfate levels in blood are correlated with renal disease progression and
vascular dysfunction in chronic kidney disease (14, 15).

A prebiotic has been defined as “a substrate that is selectively utilised by host
microorganisms conferring a health benefit” by Gibson et al. (16). One confirmed type
of prebiotic is inulin-type fructans, which are carbohydrates comprised of fructose
residues, sometimes with a glucose as the terminal residue. The D-fructose molecules
are linked by �(2¡1) linkages, and when there is a glucose, the chain is terminated by
a D-glucose molecule bonded to fructose by an �(1↔2) linkage. A randomized, double-
blind, placebo-controlled, crossover human study recently analyzed bacterial compo-
sitional changes after inulin-type fructan intervention by 16S rRNA gene sequencing
and found the following: bifidobacteria and Anaerostipes increased while Bilophila
decreased after prebiotic supplementation for 4 weeks, concomitant with an improve-
ment in constipation (17). Other human intervention studies have investigated various
health benefits of inulin-type fructans, such as mineral absorption, energy regulation,
and lipid-lowering properties (18–20). Metabolism of inulin-type fructans not only
promotes specific bacterial changes in the colon but also generates short-chain fatty
acids (SCFA). Bifidobacteria can produce acetate and lactate from carbohydrates, and
these two acids may be substrates for butyrate producers, such as Eubacterium rectale
and Anaerostipes caccae, resulting in enhanced butyrate production in the gut (21, 22).
SCFA, especially butyrate, can promote epithelial cell differentiation and apoptosis in
vitro; therefore, they may possibly have an impact upon colorectal cancer risk (23).

A batch culture fermenter was previously used to evaluate the effect of prebiotic
supplementation on the fecal microbiota of individuals consuming a high-protein diet
(24). Prebiotic addition inhibited protein fermentation by modulating microbiota com-
position and bacterial metabolism within 48 h. Fecal samples obtained from omnivores
and vegetarians showed different responses to protein/carbohydrate intervention and
showed adaptation to various dietary protein sources. In this paper, we are interested
in how changing the host diet would modify bacteria composition and metabolism in
the whole colon using a more realistic and well-established model system. This system
simulates the proximal, transverse, and distal colon using three interconnected fermen-
tation vessels with temperature and pH control. Samples are taken after equilibrium is
reached for each treatment, after at least 8 turnovers of the operating volume with a
stable medium flow rate. This system is a well-established tool in gut microbial ecology
research and allows study of the changes in the ecosystem along the colon (25). The
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model has been validated by comparing both microbial and chemical characteristics of
the model over time with human sudden death victims (25).

Out of four protein sources (meat protein, casein, soy protein, and Quorn protein)
that were studied in the batch culture experiment (24), casein was selected for the
continuous culture because dairy products are consumed both in vegetarians and
omnivores, and casein had the highest phenol and indole production in the batch
culture experiment.

In the present paper, prebiotic effects on the possible negative consequence of a
high-protein diet (change of bacterial composition and metabolism with higher pro-
duction of ammonia, phenols, and indoles) in the gut were studied using a validated in
vitro multiple-stage continuous culture system. How bacterial communities from dif-
ferent hosts respond to carbohydrates and protein was also studied.

RESULTS
Bacterial enumeration. High-protein feeding did not affect bacterial numbers in

the proximal colon simulation; however, the simulated transverse colon of omnivore
models and the simulated distal colon of vegetarian models had significantly higher
bacterial populations after protein feeding (Fig. 1 and 2). Following prebiotic addition,
total bacterial populations in gut models from both omnivore and vegetarian donors
were slightly higher, especially at the higher dose in the models inoculated with
omnivore donors (P � 0.001 in all three regions). Meanwhile, populations of bifidobac-
teria and lactobacilli increased by growth on Synergy1 in all models (P � 0.001) (Fig. 1
to 3).

FIG 1 Bacterial counts with different steady states as log10 CFU/ml in three different vessels of a human in vitro colonic model as analyzed by fluorescent in
situ hybridization (FISH). Values are means over 3 consecutive days from 3 omnivores’ microbiota � standard deviation. For each measurement, significant
differences in each vessel among four steady states are labeled. *, mean values were significantly different from the baseline steady state (P � 0.05). **, mean
values were significantly different from the baseline steady state (P � 0.01). ***, mean values were significantly different from the baseline steady state
(P � 0.001). #, mean values were significantly different from the high-protein steady state (P � 0.05). ##, mean values were significantly different from the
high-protein steady state (P � 0.01). ###, mean values were significantly different from the high-protein steady state (P � 0.001).
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Bacteroides species populations in the omnivore models displayed a trend to
increase when grown on the protein and kept growing on Synergy1, especially in the
transverse and distal colon simulations (Fig. 3). Meanwhile in the vegetarian models,
Bacteroides species populations decreased with protein addition and significantly so

FIG 2 Bacterial counts with different steady states as log10 CFU/ml in three different vessels of a human in vitro colonic model as analyzed by fluorescent in
situ hybridization (FISH). Values are means over 3 consecutive days from 3 vegetarians’ microbiota � standard deviation. For each measurement, significant
differences in each vessel among four steady states are labeled. *, mean values were significantly different from the baseline steady state (P � 0.05). **, mean
values were significantly different from the baseline steady state (P � 0.01). ***, mean values were significantly different from the baseline steady state
(P � 0.001). #, mean values were significantly different from the high-protein steady state (P � 0.05). ##, mean values were significantly different from the
high-protein steady state (P � 0.01). ###, mean values were significantly different from the high-protein steady state (P � 0.001).

FIG 3 Bacterial counts with different steady states as log10 CFU/ml in three different vessels of a human in vitro colonic model as analyzed by fluorescent in
situ hybridization (FISH).
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with Synergy1 in the transverse and distal colon. Bacteroides spp. are propionate
producers, and the genus contains proteolytic species (26). Clostridium cluster IX, which
is another propionate-producing group, decreased in the omnivore models with Syn-
ergy1 supplementation though not significantly, while in vegetarian models, the group
increased significantly in the transverse and distal colon with Synergy1 treatment.

Within Clostridium subclusters XIVa and XIVb, there are proteolytic bacteria, and this
group responded to a high-protein dose (Fig. 1 and 2) as follows: these bacteria from
omnivore donors increased in all vessels while vegetarian microbiota only had an
increasing trend. The Atopobium cluster from all donors grew through all steady states.

Desulfovibrio can reduce dietary sulfate to produce H2S (27). These organisms were
not affected by the protein-containing medium; however, both doses of prebiotics
decreased their numbers (Fig. 1 and 2). In omnivore-inoculated models, reduction was
significant, while in vegetarian-inoculated models, the change was only a trend.
Vegetarian models had lower Desulfovibrio counts at baseline (4.81 � 0.59 log10

CFU/ml) compared to those of omnivore models (5.11 � 0.84 log10 CFU/ml), which
could contribute to the reduction being less significant (proximal colon, P � 0.074 after
prebiotic addition) in vegetarian models; however, this difference was not significant
(P � 0.07).

Organic acids. Acetate levels were maintained with protein treatment but increased
significantly in all three regions after prebiotic steady state, which can be correlated
with higher total bacterial numbers in both prebiotic treatments (Fig. 4). As discussed
before, bifidobacterial numbers were significantly higher after adding the prebiotic. A
higher number of bifidobacteria would be expected to promote acetate production.
Butyric acid was significantly increased in the later steady states when grown on
Synergy1, which could be explained by increases in the butyrate-producing Clostridium
coccoides-Eubacterium rectale group (Fig. 4). Concentrations of propionic acid were
reduced by protein supplementation and further reduced by prebiotic supplementa-
tion (Fig. 5).

FIG 4 Acetate and butyrate concentrations in samples with different steady states in three different
vessels of a human in vitro colonic model as analyzed by gas chromatography (GC). Values are means
over 3 consecutive days from 3 omnivores’ microbiota or 3 vegetarians’ microbiota � standard deviation.
For each measurement, significant differences in each vessel among four steady states are labeled. *,
mean values were significantly different from the baseline steady state (P � 0.05). **, mean values were
significantly different from the baseline steady state (P � 0.01). ***, mean values were significantly
different from the baseline steady state (P � 0.001). #, mean values were significantly different from the
high-protein steady state (P � 0.05). ##, mean values were significantly different from the high-protein
steady state (P � 0.01). ###, mean values were significantly different from the high-protein steady state
(P � 0.001).
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Bacterial metabolism of valine and leucine produces isobutyrate and isovalerate,
respectively, and these metabolites indicate gut bacterial proteolysis (28). Both
isovaleric acid and isobutyric acid concentrations increased after extra protein was
added, especially in the transverse and distal colon simulations (Fig. 6). Increased
production from protein fermentation was inhibited by prebiotic supplementation.

Volatile organic compounds. Three potentially detrimental volatile organic com-
pounds (indole, p-cresol, and skatole) were quantified. Concentrations of skatole were
under the detection limit, and indole production was very low in all steady states (data
not shown). Production of p-cresol displayed high individual variation, as omnivore
donors 1 and 2 and vegetarian donors 1 and 3 displayed higher production than
omnivore donor 3 and vegetarian donor 2 (Tables 1 and 2). At high-protein steady state,
its concentration was significantly higher in distal vessels in these high-p-cresol-
producing models (211.92 � 125.55) compared to that of low producers (7.50 � 4.77)
(P � 0.001). Protein addition significantly promoted p-cresol production (from 45.72 �

24.00 to 211.92 � 125.55; P � 0.001) in vessel three (distal area) of the high producing
models. Vegetarian models had reduced p-cresol production after adding a lower dose
of prebiotics. Concentrations in omnivore models kept increasing with lower doses of
prebiotics and only started to decrease in steady state 4; however, the level was still not
lower than that of the high-protein steady state.

Ammonia. Ammonia is a major metabolite of the fermentation of protein by fecal
bacteria as a result of deamination of amino acids. Addition of protein to the colonic
model significantly increased the production of ammonia in all three regions, especially
in the transverse and distal vessels (Fig. 7). The higher prebiotic supplementation dose
suppressed ammonia production to a greater degree than the 10 g of prebiotic
addition (further reduced ammonia from 67% less than high-protein treatment to 55%
for omnivore models and 62% for vegetarian models after giving 15 g prebiotics per
day), with significant differences in all three regions of all six models.

DISCUSSION

Three subjects following omnivore diets and three following vegetarian diets were
recruited to donate their fecal samples for inoculation of the colonic models. Among

FIG 5 Propionate concentration in samples with different steady states in three different vessels of a
human in vitro colonic model as analyzed by gas chromatography (GC). Values are means over 3
consecutive days from 3 omnivores’ microbiota or 3 vegetarians’ microbiota � standard deviation. For
each measurement, significant differences in each vessel among four steady states are labeled. *, mean
values were significantly different from the baseline steady state (P � 0.05). **, mean values were
significantly different from the baseline steady state (P � 0.01). ***, mean values were significantly
different from the baseline steady state (P � 0.001). #, mean values were significantly different from the
high-protein steady state (P � 0.05). ##, mean values were significantly different from the high-protein
steady state (P � 0.01). ###, mean values were significantly different from the high-protein steady state
(P � 0.001).
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these six donors, some different patterns of microbiota were observed. At the genus
level, fecal bacterial composition differences between omnivores and vegetarians were
not clearly seen; however, metabolic activities of the microbiota may differ. After
feeding standardized medium until the fermentation equilibrated, total bacterial
counts were lower in vegetarian models than those in omnivore models, and this
difference persisted in all steady states. A possible explanation for in vitro culture
differences is that this three-stage continuous culture system has been previously
validated with six sudden death subjects who were probably not vegetarians (25).
Therefore, carbohydrate and protein content in vegetarians’ digesta can be different
from the validated medium used by Macfarlane et al. (25), resulting in differing bacterial
growth in the gut model. In the present study, some bacterial groups from omnivore-
and vegetarian-inoculated models displayed different responses on protein and pre-
biotic addition indicating that, at the genus level at least, bacteria have different
metabolic activities. With various food sources entering the digestive tract, bacteria
from different individuals adapt and may display different metabolic activities (29).

FIG 6 BCFA concentrations in samples with different steady states in three different vessels of a human
in vitro colonic model as analyzed by gas chromatography (GC). Values are means over 3 consecutive
days from 3 omnivores’ microbiota or 3 vegetarians’ microbiota � standard deviation. For each
measurement, significant differences in each vessel among four steady states are labeled. *, mean values
were significantly different from the baseline steady state (P � 0.05). **, mean values were significantly
different from the baseline steady state (P � 0.01). ***, mean values were significantly different from the
baseline steady state (P � 0.001). #, mean values were significantly different from the high-protein steady
state (P � 0.05). ##, mean values were significantly different from the high-protein steady state (P � 0.01).
###, mean values were significantly different from the high-protein steady state (P � 0.001).

TABLE 1 p-Cresol concentration in omnivore donor samples with different steady states of a human in vitro colonic model in three
different vessels as analyzed by GC

Steady state

p-Cresol concentration (�g/ml)a

Omnivore donor 1 Omnivore donor 2 Omnivore donor 3

v1 v2 v3 v1 v2 v3 v1 v2 v3

Baseline 0 � 0 45.59 � 26.92 73.13 � 28.65 0 � 0 23.77 � 3.12 46.29 � 1.38 0 � 0 0 � 0 5.79 � 1.24
High protein 0 � 0 98.01 � 36.86 153.56 � 39.77 88.57 � 36.76 162.26 � 16.71 207.42 � 27.61 0 � 0 7.47 � 7.45 7.85 � 7.48
High protein �

10 g Synergy1
0 � 0 150.19 � 16.65 244.35 � 25.00 17.29 � 14.39 284.24 � 19.27 549.94 � 141.86 0 � 0 3.58 � 3.15 15.26 � 4.11

High protein �
15 g Synergy1

1.67 � 1.45 43.11 � 16.44 113.77 � 63.18 10.32 � 1.95 227.45 � 32.60 353.66 � 17.33 4.60 � 5.81 16.53 � 0.52 36.41 � 16.71

aValues are means over 3 consecutive days from each donor � standard deviation.
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According to Gibson et al. (30), sulfate-reducing bacteria (SRB) are not always
present in human populations because some individuals possess methanogens to
dispose of hydrogen in the gut instead, which may explain the high variation of SRB
count in this study. Hydrogen sulfide possibly contributes to the pathogenesis of
ulcerative colitis, potentially offering a role for prebiotics in management of this disease
(31). In this study, SRB counts were slightly higher in the proximal region, which is the
opposite of that described in another three-stage continuous fermentation study
looking at mucin metabolism, sulfate reduction, and methanogenesis (32). By analyzing
colonic contents from three sudden death subjects, it was seen in subjects without
methanogenic activity that sulfate reduction rates decreased gradually from the prox-
imal to the distal colon (4).

Inulin-type fructans can promote bifidobacterial growth and be utilized by bifido-
bacteria to produce acetate and lactate. These organic acids can be further metabolized
by other bacteria, such as butyrate-producing clostridia, which might be why Clostrid-
ium coccoides-Eubacterium rectale group and butyrate increased after the prebiotic
intervention (22).

We saw interindividual differences in both batch culture and gut model work. Some
study groups are in favor of mixing volunteers’ fecal samples to diminish the variance;
however, these interindividual differences would not be seen in this case. Each indi-
vidual has a distinct microbial community with distinct function. Mixing multiple

TABLE 2 p-Cresol concentration in vegetarian donor samples with different steady states of a human in vitro colonic model in three
different vessels as analyzed by GC

Steady state

p-Cresol concentration (�g/ml)a

Vegetarian donor 1 Vegetarian donor 2 Vegetarian donor 3

v1 v2 v3 v1 v2 v3 v1 v2 v3

Baseline 0 � 0 27.22 � 3.05 44.92 � 7.64 0 � 0 0 � 0 0 � 0 10.83 � 0.84 13.62 � 2.64 18.55 � 7.20
High protein 0 � 0 119.52 � 18.33 194.43 � 10.09 0 � 0 0 � 0 7.15 � 0.73 5.19 � 0.77 16.66 � 11.56 146.78 � 52.17
High protein � 10 g Synergy1 0 � 0 131.04 � 46.17 138.24 � 14.74 0 � 0 0 � 0 27.49 � 9.32 2.55 � 0.28 6.20 � 1.78 36.98 � 5.97
High protein � 15 g Synergy1 0 � 0 87.75 � 36.79 106.11 � 48.15 0 � 0 0 � 0 24.66 � 6.62 0 � 0 6.59 � 5.41 15.63 � 14.94
aValues are means over 3 consecutive days from each donor � standard deviation.

FIG 7 Ammonia concentration in samples with different steady states of a human in vitro colonic model
in three different vessels. Values are means over 3 consecutive days from 3 omnivores’ microbiota or 3
vegetarians’ microbiota � standard deviation. Significant differences in each vessel among four steady
states are labeled. *, mean values were significantly different from the baseline steady state (P � 0.05).
**, mean values were significantly different from the baseline steady state (P � 0.01). ***, mean values
were significantly different from the baseline steady state (P � 0.001). #, mean values were significantly
different from the high-protein steady state (P � 0.05). ##, mean values were significantly different from
the high-protein steady state (P � 0.01). ###, mean values were significantly different from the high-
protein steady state (P � 0.001).
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ecosystems does not result in a natural ecosystem, and it does not represent any
individual.

p-Cresol had a similar pattern to SRB as follows: concentrations were highly variable
in different models. Out of six donors, four had gut bacteria producing high levels of
p-cresol with the simulated high-protein diet (two vegetarians and two omnivores). In
vegetarian models with high p-cresol levels, p-cresol concentration reduced with both
doses of prebiotic supplementation. However, in omnivore models with high p-cresol
content, its production was promoted by 10 g of prebiotic addition and only started to
decrease with 15 g of prebiotics. Vegetarians are more likely to have a high-fiber diet
compared to omnivores according to diet survey studies, and possibly their microbes
are better adapted to complex carbohydrates (33). Therefore, after a high-protein diet
challenge, it may be easier for bacteria from vegetarian donors to return to utilizing
carbohydrates.

The current study confirmed that the main proteolytic regions in the colon are the
transverse and distal regions (3, 4). Both BCFA and ammonia were detected at the
highest concentration in the distal colon simulation. This can result from accumulation
of metabolites due to a lack of absorption in this in vitro continuous culture system.
When comparing concentration differences, the transverse colon had the highest
production of BCFA and ammonia. The simulated transverse vessel has a pH of 6.2,
which is close to the optimum pH of proteolytic enzymes (4).

One study on rats revealed that protein dose was correlated with negative conse-
quences of colonic DNA damage, but DNA damage was not seen with whey protein
(34). In a human intervention study with 3 g or 10 g of prebiotic galactooligosaccha-
rides (GOS) fed to 5 healthy subjects with a sequential design, proteolysis inhibitory
effects of GOS were seen; however, there was no difference between 3 g and 10 g of
GOS per day (35). This may due to huge variation among the volunteers, small sample
size (n � 5), and the short time of intervention (1 week). A better proteolysis inhibitory
effect of higher dose prebiotics was seen in this in vitro study, which may result from
elimination of variation by standardized medium flow.

Vegetarian models had lower production of ammonia and p-cresol than omnivore
models. Potentially, a vegetarian diet has more complex carbohydrates, and vegetari-
ans’ gut bacteria had adapted to a relatively low-protein diet. Therefore, it is likely that
there was less potential for proteolytic metabolism within the microbiota. In the
previous batch culture study, we also showed that nonanimal-based protein (soy
protein and Quorn protein) produce less phenol and indole (24). In terms of gut
health, this may indicate that a vegetarian diet is beneficial if consuming a
high-protein diet. As a vegetarian diet is usually accompanied by a considerable
amount of dietary fiber, this would further support that vegetarians are less likely
to get high proteolysis product accumulation in the gut.

In the batch distal colon simulation setup, without continuous feeding, we also
observed increased bifidobacterial growth, less BCFA, and ammonia production while
adding prebiotics in a high-protein diet (24). We observed lower BCFA production
in models with vegetarian donors’ samples in batch fermentation. In our continuous
models, with addition of prebiotics, BCFA in the proximal colon in the vegetarian
models (0.90 � 0.62) were less than those in omnivore models (4.70 � 5.63) (P � 0.01).
This showed that even under 2 weeks high-protein selection pressure, communities
from vegetarian donors did not evolve to express high proteolytic activities. Production
of p-cresol by prebiotics was inhibited in high p-cresol producers from both omnivore
and vegetarian donors in batch fermentation; however, in continuous fermentation, its
production was inhibited only in vegetarian models. Under carbohydrate selection
pressure after communities adapted to high-protein feeding, microbes from vegetari-
ans are still able to evolve to lower p-cresol production. According to host-diet-driven
BCFA and p-cresol differences, adaptation to protein source in the omnivore models is
more likely to happen, whereas adaptation to carbohydrate source in the vegetarian
models is more likely. These findings in different models might have practical implica-
tions as follows: different results could be obtained when translating in vitro work to in
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vivo experiment if there is a different time scale and human clinical trials often find
responders and nonresponders when using diet to modulate the gut microbiome.

In conclusion, supplementation of prebiotic Synergy1 to three-stage, continuous,
pH-controlled, colonic fermentation models shifted the microbiota to a more favorable
profile by stimulating bifidobacteria and lactobacilli while repressing Desulfovibrio spp.
The prebiotic addition also significantly decreased the concentration of protein me-
tabolites (ammonia and BCFA); however, inhibitory effects of Synergy1 on p-cresol
production was only seen in vegetarian high producing models. Our study also implies
that host diet consumption plays an important role in response to prebiotic interven-
tions.

MATERIALS AND METHODS
Proteins. Protein substrates used were casein hydrolysates (Sigma-Aldrich, Poole, UK).
Prebiotic. Inulin-type fructan was a mixture of oligofructose and inulin as follows: 50% � 10%

degree of polymerization (DP) of 3 to 9 and 50% � 10% DP � 10 (Orafti Synergy1; BENEO-Orafti, Tienen,
Belgium).

Protein and prebiotic dose determination. A miniature gut model system, 33% of the size of the
version described by Macfarlane et al. (25), was used in this study. Prebiotic dosage was 33% of what
would be used in human adults. Approximately 16 g protein will reach the colon following ingestion of
105 g protein/day of which 8 g are endogenous and 8 g are exogenous (36, 37). Steady state 1, which
was the baseline, was just with standardized medium flow. The in vitro dose required to simulate
prebiotic and protein effects in vitro was calculated as follows (Table 3).

In vitro gut model fermentation. (i) Fecal sample preparation. Ethical approval of collecting fecal
samples from healthy volunteers was obtained from the University of Reading Research Ethics Commit-
tee in 2014. Fecal samples were obtained from three healthy meat-eating individuals and three healthy
vegetarian volunteers between the ages of 18 and 60 (vegetarians, 26.67 � 5.69 years old; omnivores,
28.00 � 4.36), who had not taken antibiotics for at least 6 months prior to the experiment and had no
history of gastrointestinal disorders. All volunteers were following their diet for at least 5 years.

Fecal samples were diluted 1 in 20 (wt/vol) using 1 M phosphate-buffered saline (PBS) (Oxoid,
Hampshire, UK), pH 7.4. This suspension was homogenized in a stomacher (Stomacher 80 Biomaster;
Seward) for 120 s at normal speed.

(ii) Gut model medium. Gut model medium was prepared with chemicals obtained from Sigma-
Aldrich (Poole, UK) unless otherwise stated. In 1 liter, 5 g starch, 5 g peptone water, 5 g tryptone, 4.5 g
yeast extract (Oxoid, Hampshire, UK), 4.5 g NaCl, 4.5 g KCl, 4 g mucin (porcine gastric type III), 3 g casein,
2 g pectin (citrus), 2 g xylan from beech wood pure (Serva, Heidelberg, Germany), 2 g arabinogalactan
(larch wood), 1.5 g NaHCO3 (Fisher Scientific, Loughborough, UK), 1.25 g MgSO4·7H2O (Fisher Scientific,
Loughborough, UK), 1 g guar gum, 1 g inulin (BENEO-Orafti, Tienen, Belgium), 0.8 g L-cystine HCl, 0.5 g
KH2PO4, 0.5 g K2HPO4, 0.4 g bile salts number 3, 0.15 g CaCl2·6H2O, 0.005 g FeSO4·7H2O, 0.05 g hemin,
10 �l vitamin K, 1 ml Tween 80, and 4 ml resazurin (0.025 g/100 ml, pH 7).

(iii) Three-stage continuous pH-controlled, gut model fermentation. A three-stage continuous
fermentation culture system was used to simulate luminal conditions in each of the three distinct regions
of the human colon, the proximal, transverse, and distal colon (V1, V2, and V3) (25). Vessels with
operating volumes of 80 ml, 100 ml, and 120 ml were set up in sequence. Autoclaved culture medium
(51.43 ml [V1], 66.67 ml [V2], 82.5 ml [V3]) was aseptically poured into sterile vessels. This system was left
overnight with oxygen-free nitrogen pumping through the medium at a rate of 15 ml/min. Each vessel
was temperature controlled at 37°C and stirred using a magnetic stirrer. Fecal slurry at 20% (wt/vol) was
inoculated into the culture vessels (28.57 ml [V1], 33.33 ml [V2], 37.5 ml [V3]) and left to equilibrate for
24 h as a batch culture system prior to commencing the continuous medium flow. Control of pH was
achieved by pH meters (FerMac 260 pH controller; Electrolab, Tewksbury, UK) connected to each vessel
to regulate pH at 5.4 to 5.6 (V1), 6.1 to 6.3 (V2), and 6.7 to 6.9 (V3) with the aid of 0.5 M HCl and NaOH.
Oxygen-free nitrogen flow and pH were maintained throughout the whole experiment.

After 8 turnovers (16 days) of the operating volume (300 ml in total) at a medium flow rate of
6.25 ml/h, SCFA were analyzed for three consecutive days to confirm the establishment of steady state.
Samples were taken for three consecutive days after confirmation of the equilibrium for analysis of
bacterial populations and metabolite concentrations.

TABLE 3 Protein dosage calculation for continuous gut model fermentation

Steady state

Protein dosage (g/day)

In vivo In vitro fermentation

2 8 (dietary protein) 2.67
3 8 (dietary protein) 2.67

10 (prebiotic) 3.33
4 8 (dietary protein) 2.67

15 (prebiotic) 5
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Enumeration of fecal microbial populations by flow cytometry fluorescence in situ hybridiza-
tion. A 750-�l sample of batch culture fluid was centrifuged at 11,337 � g for 5 min and the supernatant
discarded. The pellet was then suspended in 375 �l filtered 0.1 M PBS solution. Filtered cold (4°C) 4%
paraformaldehyde (PFA) (1,125 �l) was added and samples stored at 4°C for 4 h. These were then washed
thoroughly with PBS to remove PFA and resuspended in a mixture containing 300 �l PBS and 300 �l 99%
ethanol. Samples were then stored at �20°C prior to fluorescence in situ hybridization (FISH) analysis by
flow cytometry. Filtered cold (4°C) 0.1 M PBS (500 �l) was mixed with fixed samples (75 �l) before being
centrifuged at 11,337 � g for 3 min. The pellets were then resuspended in 100 �l of TE-FISH (Tris-HCl 1
M, pH 8; EDTA 0.5 M, pH 8; and filtered distilled water with the ratio of 1:1:8) containing lysozyme solution
(1 mg/ml of 50,000 U/mg protein). Samples were then incubated in the dark at room temperature for 10
min and then centrifuged at 11,337 � g for 3 min. Pellets were washed with 500 �l filtered cold PBS and
then washed with 150 �l hybridization buffer (5 M NaCl, 1 M Tris-HCl [pH 8], formamide, double-distilled
H2O, and 10% SDS in the ratio 180:20:300:499:1) and centrifuged at 11,337 � g for 3 min. Pellets were
then resuspended in 1 ml of hybridization buffer. Aliquots (50 �l) with 4 �l of different probes (50 ng
�l�1) were incubated at 35°C for at least 10 h. The probes used in this study are listed in Table 4. Non-EUB
and EUB338-I-II-III (equal mix of EUB338 I, II, and III) are attached with fluorescence Alexa 488 at the 5=
end, and other specific probes are attached with Alexa 647. A set of non-EUB and EUB338-I-II-III (equal
mix of EUB338 I, II, and III) is attached with fluorescence Alexa 647 at the 5= end to be the controls. For
samples to detect specific groups, 4 �l of EUB338-I-II-III was added together with 4 �l specific probes.
Hybridization buffer (150 �l) was added to each aliquot after incubation, followed by 3 min centrifuga-
tion at 11,337 � g. Supernatants (150 �l) were carefully removed before samples were centrifuged at
11,337 � g for 3 min. Remaining supernatant was then removed, and pellets were resuspended in 200 �l
washing buffer. Washing buffer was prepared as 12.8 �l of 5 M NaCl, 20 �l of 1 M Tris-HCl (pH 8), 10 �l
of 0.5 M EDTA (pH 8), and 1 �l of 10% SDS in 956.2 �l of filtered cold distilled water. Samples were then
incubated at 37°C for 20 min and centrifuged at 11,337 � g for 3 min. After supernatant removal, pellets
were resuspended in different volume of filtered cold PBS based on flow cytometry load. Bacterial counts
were then calculated through consideration of flow cytometry reading and PBS dilution.

Short chain fatty acid and volatile organic compounds analysis by gas chromatography.
Samples (1 ml) were collected and extractions performed with some modifications of a method from
Richardson et al. (38). The sample (1 ml) was transferred into a 100-mm by 16-mm glass tube (Interna-
tional Scientific Supplies Ltd, Bradford, England) with 50 �l of 2-ethylbutyric acid (0.1 M internal standard)
(Sigma, Poole, UK). Concentrated HCl (500 �l) and 1 ml diethyl ether were added to each glass tube and
samples vortexed for 1 min. Samples were centrifuged at 2,000 � g for 10 min. The diethyl ether (upper)
layer of each sample was transferred to a clean glass tube. Ether extract (400 �l) and 50 �l N-(tert-
butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA; Sigma-Aldrich, Poole, UK) were added into a
gas chromatography (GC) screw-cap vial. Samples were left at room temperature for 72 h to allow lactic
acid in the samples to completely derivatize.

An Agilent/HP 6890 gas chromatograph (Hewlett Packard, UK) using an HP-5MS 30-m by 0.25-mm
column with a 0.25-�m coating of cross-linked (5%-phenyl)-methylpolysiloxane (Hewlett Packard, UK)
was used for analysis of SCFA. Temperatures of injector and detector were 275°C, with the column
temperature programmed from 63°C to 190°C at 15°C min�1 followed by 190°C for 3 min. Helium was
the carrier gas (flow rate, 1.7 ml min�1; head pressure, 133 KPa). A split ratio of 100:1 was used.
Quantification of samples was achieved by calibration with lactic, acetic, formic, propionic, butyric, and
valeric acids and branched SCFA (isobutyric and isovaleric) in concentrations between 12.5 and 100 mM.

Ammonia analysis. Samples were diluted 1 in 50 vol/vol prior to analysis. Ammonia concentrations
in diluted fermentation samples were analyzed by using a Sigma-Aldrich (Poole, U.K.) FluoroSelect
ammonia kit. Reagent was prepared by combining 100 �l assay buffer, 4 �l reagent A, and 4 �l reagent
B provided in the kit. H2O (10 �l) served as a blank, and 10 �l of each sample was added to a glass vial.

TABLE 4 Name, sequence, and target group of oligonucleotide probes used in this study for bacterial enumeration by fluorescent in situ
hybridization

Probe name Sequence (5= to 3=) Target group(s) Reference

Non Eub ACTCCTACGGGAGGCAGC Control probe complementary to EUB338 39
Eub338I GCTGCCTCCCGTAGGAGT Most bacteria 40
Eub338II GCAGCCACCCGTAGGTGT Planctomycetales 41
Eub338III GCTGCCACCCGTAGGTGT Verrucomicrobiales 41
Bif164 CATCCGGCATTACCACCC Bifidobacterium spp. 42
Lab158 GGTATTAGCAYCTGTTTCCA Lactobacillus and Enterococcus 43
Bac303 CCAATGTGGGGGACCTT Most Bacteroidaceae and Prevotellaceae, some Porphyromonadaceae 44
Erec482 GCTTCTTAGTCARGTACCG Most of the Clostridium coccoides-Eubacterium rectale group

(Clostridium subclusters XIVa and XIVb)
45

Rrec584 TCAGACTTGCCGYACCGC Roseburia genus 46
Ato291 GGTCGGTCTCTCAACCC Atopobium cluster 47
Prop853 ATTGCGTTAACTCCGGCAC Clostridium cluster IX 46
Fprau655 CGCCTACCTCTGCACTAC Faecalibacterium prausnitzii and relatives 48
DSV687 TACGGATTTCACTCCT Desulfovibrio genus 49
Chis150 TTATGCGGTATTAATCTYCCTTT Most of the Clostridium histolyticum group (Clostridium clusters I and II) 45
EC 1531 CACCGTAGTGCCTCGTCATCA Escherichia coli BJ4 50
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Reagent (100 �l) was then added to each tube. Samples were kept in the dark for 15 min at room
temperature before they were read in a fluorimeter. Ammonia standards were prepared by diluting
20 mmol/liter NH4Cl into distilled water, and the concentration range was 0.25 to 1 mmol/liter.

Statistical analysis. All statistical tests were performed with the use of IBM SPSS Statistics version 24
(IBM Corp., USA). Results are presented as means � standard deviation (SD). Changes in specific bacterial
groups, organic acids, volatile organic compounds, and ammonia were assessed among different
treatments/steady states using one-way analysis of variance (ANOVA). Significant differences were
assessed by post hoc Tukey honestly significant difference (HSD) test among the four steady states.
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