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Obesity 

 

The adoption of a modern/Western type lifestyle, characterized by a high 
consumption of energy-dense foods and reduced physical activity, has been 
accompanied by the growth of obesity in developed and industrialized countries 
[1,2]. According to the World Health Organization (WHO), more than 1.9 billion 
adults (> 18 years old) were overweight in 2014. From this number, it was 
estimated that around 600 million were obese [3]. 
The long-held belief of considering obesity as mainly associated with an imbalance 
in energy consumed when compared to energy expenditure, seems to be incomplete 
given the recent mechanisms proposed to underlie obesity [1]. Namely, growing 
evidence suggests a less simplistic event which involves a combination of factors 
including: environment, genetics, diet and lifestyle, adipose tissue and systemic 
inflammation [1,4,5]. Moreover, the gut microbiota has been proposed as an 
environmental factor that plays a crucial role in obesity [1].  
The human gut can be considered a bioreactor that harbors a complex ecosystem of 
microbes, collectively termed the microbiota, which is estimated to include at least 
1014 cells ml-1 [6]. Nearly 1.5 kg of bacteria reside in the human gut [7] and 
approximately 50% of the wet-weight of fecal biomass in humans is estimated to 
come from bacterial cells [8]. Not surprisingly, the gut microbiota has been studied 
the most in adults [9]. It consists of a community of primarily Firmicutes, 
Bacteroidetes, Actinobacteria, Fusobacteria, Proteobacteria and Verrucomicrobia 
[9]. The combination of the proteins/enzymes encoded by their genomes (more 
than 5 million genes) yields additional molecules and grants special functions 
exceeding the host's own genetic potential by 2 orders of magnitude [10,11]. 
Interesting examples about the influence of the metabolic activity of the microbiota 
on humans include the observations by Hehemann et al. [12], who identified β-
porphyranase, an enzyme previously found in the seaweed-associated bacterium 
Zobellia glactanivorans, in the genome of Bacteroides plebeius, a bacterium that 
has been only isolated in Japanese individuals. Strikingly, β-porphyranase confers 
the capacity to hydrolyze indigestible polysaccharides present in marine plants. 
Another interesting example includes the study in which it was found that African 
children could digest cellulose due to their unique gut microbiota [13]. 
Obesity, in terms of microbiota, is a complicated disequilibrium that presents many 
complications (Fig. 1). Chronic low-grade endotoxemia, modulation of secretion of 
gut-derived peptide hormones, regulation of active adipose tissue composition and 
increased energy harvest from host diet have been suggested as mechanisms 
through which the gut microbiota may contribute to obesity [14]. Still, the role of 
the gut microbiota in human obesity remains unclear. Different reasons may 
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explain this lack of consensus. On the one hand, most studies have been done in 
rodent models which carry some disadvantages due to the differences in terms of 
gut microbiota composition, fermentation process (location, rates of digesta 
passage, etc) and dietary practices (coprophagia) [15,16]. On the other hand, 
studies in humans have shown a large inter-individual variation in the gut 
microbiota composition and the different methods used to analyze the bacteria 
together with involving participants with different backgrounds (food habits and 
ethnicity) constitute factors that influence the sometimes contradictory results 
found [17,18]. It is also because of such reasons that it is difficult to clearly provide 
a definition for a healthy microbiota. Nevertheless, diversity, richness and evenness 
in the composition of the gut bacterial community have been found to be altered or 
to have an effect in obese subjects [19]. Backhed et al. [6] observed that germ free 
mice remained lean when raised without microbiota despite their genetic 
predisposition to obesity. Interestingly, the conventionalization of mice with gut 
microbiota led to an improved absorption of monosaccharides. Findings also 
suggest that microbes colonizing a mucosal surface interfere in the formation of 
microvasculature, which suggests microbial regulation of angiogenesis [20]. 
 

 
Fig. 1. The gut microbiota may lead to obesity by disturbing host 
homeostasis.  

 
Diet is also believed to influence the composition and activity of the gut 
microbiota. For instance, increasing evidence shows the modulation of the gut 
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bacterial members after following a high-fat diet, which is accompanied, in 
particular, with a reduction in bifidobacteria [21,22,23,24]. The high-fat diet has 
been shown to lead to an increase in gut permeability which influences 
lipopolysaccharide (LPS) plasma levels, potentially leading to inflammation [23]. 
Obesity could lead to an important number of metabolic diseases that include 
increased morbidity and mortality which implies, besides a detrimental quality of 
life, high health care costs [1]. Therefore, a better understanding of the interaction 
of diet, microbiota and host are fundamental in recommending lifestyle and 
therapeutic approaches to tackle obesity in humans.  
 

Dominant gut microbiota in obese individuals 

 
It has been suggested that the microbiota from obese individuals has an 
uncharacterized property that notably favors the balance towards Firmicutes when 
compared to Bacteroidetes [19]. Ley et al. [25] found a lower relative abundance 
of Bacteroidetes and a proportional increase in Firmicutes in obese mice. Such 
changes were observed to be independent from food consumption. However, 
differences in the abundance of these two phyla were also observed in individuals 
under a carbohydrate or fat restricted low calorie diet [19]. The increase in 
Bacteroidetes was correlated to weight loss in these subjects.  
Others have not detected such a relationship in the proportion or ratio of these 
populations and obesity, or have shown the complete opposite results [26,27,28]. 
Possible reasons behind the contradictory observations could be attributed to 
differences among the subjects studied (age, diet, geographical origin) [29,30] and 
the study design (whether weight loss or weight gain were studied, or a comparison 
between obese and lean was carried out) which has a major impact on finding 
differences in the data. In addition, biases inherent to the techniques used to study 
the composition of the microbiota can contribute to contradictory observations 
[31]. 
Interestingly, molecular analysis of the gut microbiota in obese Indian individuals 
revealed a predominance in Bacteroides genus [32]. Furthermore, high archaeal 
densities together with high short-chain fatty acids (SCFA) levels were identified 
in these subjects. Therefore, as commonly referred to, the Firmicutes/Bacteroidetes 
ratio is likely to be just the tip of the iceberg.  
Increasing evidence emphasize that different phyla (including both Firmicutes and 
Bacteroidetes) are composed of a wide variety of genera and species whose role in 
obesity has not been evaluated, promising future research [26,33]. For instance, 
Staphylococcus aureus (Firmicutes) have been associated with an obese phenotype 
[34]. However, also Halomonas, and Sphingomonas (Proteobacteria) have been 
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found in higher abundances accompanied with low Bifidobacterium 
(Actinobacteria) numbers when compared to lean individuals [35].  
It has also been suggested that obese individuals present an increased energy 
uptake mediated by an important mechanism involving interspecies hydrogen (H2) 
transfer (e.g., H2 producing bacteria and H2 utilizing methanogens) [36]. Zhang et 
al. [36] proposed that such mechanism stimulates the fermentation of non-
digestible carbohydrates and, therefore, an increased production of SCFA. 
However, as observed by Venema et al. [26], it remains unclear from such 
hypothesis how increased energy harvest can take place while there is loss of 
carbon. 
Commensal mucosal bacteria interacting with the mucus layer may also have an 
effect on obesity [37]. Everard et al. [37] inversely correlated the abundance of A. 
muciniphila and obesity. The study clearly shows the importance of this mucin 
degrading bacteria in the regulation of the cross-talk between gut microbiota and 
the host. Their results provide good insight into the improvement in the metabolic 
profile in the host when this species is present as well as its role in controlling gut 
peptide secretion, inflammation and gut barrier function.  
Recently, enrichment of the family Christensenellaceae has been found in lean 
individuals which, when transplanted to mice, have shown to promote a lean host 
phenotype and had an impact on the diversity of the community [38]. 
Finally, there is also the hypothesis that lower diversity in the gut microbiota may 
have an effect on satiety and eating behavior [39]. Studies have found that the gut 
microbial community from obese twins is less diverse when compared with lean 
twins [40]. In addition, antibiotic treatment studies indicate that there is an impact 
of long-term exposure of antibiotics on acquired obesity and weight gain 
[41,42,43]. In fact, antibiotics have been used in animals as growth-promoting 
agents prior to their ban by regulatory bodies [44].  
 

Contribution to energy balance and satiety  

 
In the context of energy balance and satiety, two pathways that may play an 
important role in obesity represent the potential interaction between host and the 
microbiota.  
First, the regulation of adenosine monophosphate activated protein kinase (AMPK) 
which is a key enzyme that controls cellular energy [1]. The activation of AMPK 
stimulates the activity of several transcription factors that are crucial in the 
regulation of glucose, cholesterol and lipid metabolism, enhancing fatty acid 
oxidation [45]. Correspondingly, the down-regulated expression of AMPK by gut 
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microbiota increases adipose tissue weight by inhibiting fatty-acid oxidation, which 
results in obesity [46,47].  
The second pathway is via the activation of important G-protein coupled receptors 
(GPCR) that are associated with glucose and lipid metabolism [45]. SCFA 
produced by fermentative bacteria may play a role as signaling molecules of such 
GPCR which may contribute to regulation of nutrient uptake and fat deposition 
(Figure 1). Acetate, propionate and butyrate have been found to be ligands for 
GPCR41 and GPCR43 (also known as free fatty acid receptors (FFAR)-3 and 
FFAR-2, respectively) [48,49]. However, their affinity differs: for GPCR43: 
acetate = propionate > butyrate, whilst for GPCR41: butyrate = propionate > 
acetate [45]. The activation of GPCR41 and GPCR43 may increase gut hormones 
such as glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) [45]. GLP-1 
stimulates insulin secretion which slows down gastric emptying and promotes 
satiety [2]. PYY secretion decelerates intestinal transit and suppresses gut motility, 
and in turn, food digestion and absorption of nutrients are up-regulated [2]. 
Furthermore, it has been found that PYY boosts the action of insulin on glucose 
absorption in adipose and muscle tissue [17,45]. Strikingly, energy expenditure 
may be also down-regulated by SCFA via GPCR41 by alternatively activating, at 
the ganglionic level, the sympathetic nervous system [50]. On the other hand, 
leptin expression, a hormone that increases energy metabolism and inhibits the 
feeling of hunger, has also been found to be stimulated by GPCR41 activation [51].  
GPCR may also regulate the inhibition of lipolysis by a joint activation of 
hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) [52]. The 
GPCR41 ligand butyric acid has been reported to inhibit lipolysis [53], however, it 
has not been demonstrated that the effects are directly mediated by GPCR41 
activation [52]. Furthermore, GPCR43 has been found to inhibit lipolysis in murine 
adipocytes but its expression in human subcutaneous adipose tissue (SAT) has not 
been detected so far [52,54]. 
Some studies in knockout mice have shown conflicting results: on the one hand, 
the activity of GPCR41 and GPCR43 receptors have been found beneficial in 
regard to metabolic diseases and obesity, while others have proposed that their 
inhibition could also tackle the consequences of excess of energy intake [9]. For 
instance, in the study from Kimura et al. [55] the role of GPCR43 in fat storage 
was shown in mice. The authors observed that GPCR43-overexpressing mice were 
protected against obesity whilst deficient mice were obese when fed with a normal 
diet. However, Bjursell et al. [56] showed that GPCR43 deficient mice had an 
increased energy expenditure, lower body fat mass and improved insulin sensitivity 
under a high-fat diet showing that the deficiency of GPCR43 protected from 
obesity. 



                                                                           General introduction 

13 

Experimental evidence on the influence of gut microbiota in the 

development of obesity 

 
Experimental models used to try to elucidate the role of gut microbiota in obesity 
include in vitro systems, animal models and humans. Human trials are considered 
as the golden standard. Still, the use of other approaches is prioritized before 
undertaking sometimes rather invasive and costly human interventions. Therefore, 
animal models have been considered as an ethically more acceptable, cheaper 
technique than human studies. Yet, these models do also include certain limitations 
to fully represent the complexity of a human being. For instance, despite the fact 
that it has been found that mice and humans share microbes from the main phyla, 
numerous bacterial genera and species from one are not detected in the other and 
vice versa [25,57]. Therefore, even though results from studies including native 
communities in mice are interesting, there is a high possibility that the animal’s 
genotype strongly influences such results [57]. In order to overcome such bias, 
improved animal [57] and in vitro models [58] in which human fecal 
transplantation is performed have been developed and, even with the implicit 
limitation of not directly studying a human being as such, they represent a viable 
alternative for trying to elucidate the complex role of the gut microbiota in human 
health. Due to the scope of this thesis, only the evidence derived from in vitro 
studies about the potential role that the microbiota plays on human obesity is 
discussed in detail below: 
 

Evidence from in vitro studies  

Experiments involving in vitro fermentations have helped to simulate an ample 
number of different conditions such as age, diseases and disorders [59]. In vitro 
models closely mimicking the microbial metabolism in the human intestine can be 
used to get further insight in the complex mechanistic processes mediated by the 
gut microbiota. Hence, an in vitro study offers the great opportunity to examine 
microbe-microbe and microbe-substrate interactions in depth, by carefully 
controlling all variables and avoiding host derived interactions. However, findings 
need to be further validated in studies performed in either animals or humans. 
There have been a limited number of in vitro reports investigating the differences 
of lean and obese microbiota. Few studies have provided evidence of the plasticity 
of the human gut microbiota in relation to dietary interventions. For instance, 
Payne et al. [91] evaluated three different Western dietary trends: high, normal and 
low energy reflecting obese, normal and anorectic dietary intakes in microbiota 
from obese and normal weight children. Their results demonstrate a metabolic 
adaptation of the microbiota in response to the different nutrient loads together 
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with a reorganization of the structure of the bacterial community. Moreover, our 
own recent studies add to knowledge by suggesting that not all substrates are 
fermented in an identical manner by the gut microbiota, as clearly shown by the 
different measurements of SCFA and branched-chain fatty acids (BCFA) produced 
by lean and obese microbiota pointing to the possible implications in energy 
extraction if similar effects happen in vivo [60,61]. On the other hand, Yang et al. 
[62] observed non statistically significant differences in the microbiota activity 
from obese subjects when compared to lean after the in vitro fermentation with 
different dietary fibers but small differences in propionate and butyrate production 
were found. Nevertheless, different in vitro fermentation patterns between lean and 
obese microbiota have not been found by others. Sarbini et al. [63] studied the 
fermentation of α-gluco-oligosaccharides and inulin and observed that they 
produced similar effects on bacterial population and metabolic activity in both lean 
and obese microbiotas. The same effect was observed by the authors when 
fermenting dextrans of different molecular weights [64]. 
Some other interesting studies such as the ones from Bussolo de Souza et al. [60] 
and Condezo-Hoyos et al. [65] observed clear differences in lean and obese 
subjects at the compositional level when studying the effects of in vitro 
fermentation of fibers from cassava bagasse and apple cultivars, respectively. 
Cassava bagasse is a by-product from starch production and cassava flour. Bussolo 
de Souza et al. [60] observed that cassava could modulate the microbiota 
composition from lean and obese individuals. The obese microbiota, in particular, 
became similar to the lean composition after the 72h fermentation experiments 
which gave a nice indication of the improvement of the community’s health. It is 
noteworthy that acetate production was higher in the obese microbiota, and due to 
the role of acetate in lipogenesis, the authors therefore speculate that such increase 
could be not “protective” against lipogenesis and further research is needed. 
Condezo-Hoyos et al. [65] observed an inverse trend in the proportion of 
Firmicutes and Bacteroidetes in feces from obese and lean. As explained by the 
authors, such differences may be the result of a complex and highly specific 
microbial ecosystem characteristic from subjects. Interestingly, these authors also 
found that after the administration of the fibers of different apple cultivars, the 
microbiota composition from obese mice tended to be similar to the lean controls. 
Due to the conflicting pieces of evidence from in vitro data, animal models and 
human interventions it is important to understand and reduce the inconsistencies in 
the current scientific data. Still, though scarce, there are some in vitro studies that 
after investigating the influence of diet on microbes and optimal health have 
stressed the gut microbiota as a potential therapeutic treatment to tackle obesity.  
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Strategies to manipulate gut microbiota in obesity 

 
There are many promising strategies to manipulate the gut microbiota. In one of 
our reviews [66] the use of antimicrobials, probiotics, fecal microbial therapy, 
prebiotics and diet was highlighted (Fig. 2). However, for the purpose of this thesis 
it is important to focus the discussion on the impact of fecal microbial therapy 
(focusing mainly on synthetic fecal transplantations -SFT), prebiotics and diet. 
 

 
Fig. 2. Strategies to manipulate the gut microbiota in the context of 
obesity. 

 

Fecal microbial therapy 

Fecal matter has been traditionally considered a waste. Yet, the potential of fecal 
microbial therapies demonstrate the value of a fecal donation [67]. Currently, there 
are two innovative and non-invasive ways of fecal microbial therapy with a 
promising future in treating or preventing obesity: fecal microbiota transplantation 
(FMT) and (SFT). 
In SFT, well characterized strains derived and cultured from a fecal donation from 
a healthy individual are transplanted to a recipient [67]. The strains are grown in 
cultures (defined communities that aim to be representative to a native fecal 
microbiota) and are administered in a suspension to the recipient [67,68]. This type 
of fecal substitute has shown to be a feasible and effective alternative to the use of 
the transplantation of real feces from a donor [69], which seems to overcome the 
limitations from FMT in terms of transmission of a donor’s infection, and patient 
acceptance. As explained by Petrof et al. [69] the benefits from using a synthetic 
transplant over a conventional transplant are that the composition of the mix of 
bacteria to be transplanted is known which guarantees: i) an enhanced safety 
profile: the reduced contamination of potential pathogens including viruses, while 
the bacteria included are selected based on their sensitivity to antimicrobials; and 
ii) reproducibility: the preparation could be replicated in case of future treatment in 
a chemostat allowing the species to grow in a continuous culture under conditions 
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resembling the gut without affecting its stability [67,69]. The pilot study from 
Petrof et al. [69] in which they evaluated the use of a synthetic stool comprising 33 
isolates recovered from the fecal sample from a healthy donor seems promising for 
the treatment of Clostridium difficile infection. Interestingly, the authors also 
observed that the transplanted bacteria seemed to stably colonize the colon which 
offers an advantage over the consumption of probiotics due to their transient effect. 
However, conclusions about the potential effects of SFT cannot be easily drawn 
from the study due to the small patient population studied (n=2). Therefore, 
rigorous clinical trials are also needed to study the utility, effectiveness and safety 
of SFT [67], as well as its potential as a therapy for obesity. Furthermore, a 
perceived difficulty of this technique comes from the experience that the microbial 
ecosystem from the human gut is difficult to culture. Yet, Petrof et al. [68] allude 
to recent technological advances to make progress in this area. 
 

Prebiotics 

The so-called “Western” diet is characterized by an unbalanced high content of 
refined carbohydrates when compared to other diets from the early human history, 
or those typical for developing countries [70]. The potential of prebiotics to reduce 
food intake, fat-mass development and body weight was demonstrated more than 
10 years ago by changing the gut microbiota (with prebiotics such as inulin and 
oligofructose) and the cross-talk between the brain and gut microbiota [71,72,73]. 
Therefore, the future of prebiotics use to decrease the incidence and morbidity of 
obesity in humans is an interesting field to explore.  
Prebiotics are defined as “nondigestible food ingredient that beneficially affects the 
host by selectively stimulating the growth and/or activity of one or a limited 
number of bacteria in the colon, and thus improving host health” [74]. Prebiotic 
treatment offers a wide range of benefits. It does not only promote the growth of 
specific bacteria but also inhibits the growth of certain other groups. Such effect 
was observed for instance by Everard et al. [75] in ob/ob mice after prebiotic 
treatment. The extensive gut microbiota analysis identified a catalogue of more 
than 100 operational taxonomic units (OTUs) that were different after the 
administration of the prebiotic feeding. Furthermore, fold changes 
(increase/decrease) of certain bacteria of more than 10 fold were observed in some 
cases.  
The administration of prebiotics also stimulates the production of SCFA which 
may modulate the secretion of gut peptides [48,50,51,54]. Prebiotics may exert a 
satietogenic effect as demonstrated and confirmed in studies with mice in which 
the effects of acetate on production of appetite suppression were shown, even in 
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absence of increased levels of GLP-1 and PYY [76]. In humans, the satietogenic 
effects of prebiotics such as oligofructose have also been shown [77,78]. 
Some data suggests that prebiotics also have the potential of enhancing the gut 
barrier which consequently improves metabolic disorders [57]. Cani et al. [79] 
observed that prebiotic (oligofructose) consumption in mice stimulated the 
production of GLP-2 which, at the same time, may lower plasma LPS, enhancing 
mucosal barrier function by improving tight junctions. As described by the authors, 
a wide range of specific tight-junction proteins controls gut permeability. ZO-1 and 
occludin proteins, in particular, have been considered as key markers of tight-
junction integrity. Furthermore, oligofructose also stimulated the growth of 
Bifidobacterium spp which was also linked to a reduction in gut permeability. In 
addition, an increased production of SCFA is thought to be characteristic of the 
obese microbiome and it has been paradoxically observed to be reversed with the 
use of prebiotics [80]. 
The mechanisms through which prebiotics act have been suggested to be dose-
dependent [81]. Therefore, the full assessment of the therapeutic potential of 
prebiotics for treating obesity needs further study. 
 

Diet 

A high diverse microbiota is believed to be more resistant to changes when 
compared to less diverse communities [82]. As explained by Alcock et al. [39], the 
competing groups from a diverse microbiota may invest resources in counteracting 
and cooperating with each rather than manipulating the host. 
Diet in general has been shown to exert an important impact on the gut microbiota 
regardless of other variables such as sanitation, ethnicity and climate [46]. For 
instance, a study comparing the composition of the microbiota from omnivores, 
carnivores and herbivores (in mammalian species and humans) revealed a 
separation of carnivores and omnivores from herbivores [83]. The authors 
emphasized the relevance of diet in establishing this differentiation among the 
analyzed communities. Another study correlated a long-term diet with gut 
microbial enterotypes [84]. The enterotype concept consists of clustering the gut 
bacterial community in three different consortia: Bacteroides-, Prevotella- or 
Ruminococcus-enriched, respectively. The Bacteroides enterotype has been found 
in subjects with a diet rich in animal fat, protein and saturated fats, whereas a diet 
low in these dietary components but rich in carbohydrates and simple sugars has 
been associated with the Prevotella enterotype [84].  
Therefore, it is of great interest to identify dietary compounds for the re-
establishment of the disturbed balance of the microbiota from obese subjects as a 
potential alternative to treat obesity. So far, these dietary compounds have been 
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restricted to carbohydrates. However, more general approaches using the 
combination of weight-loss, weight maintenance diets and diets supplemented in 
prebiotic content have been also studied in humans. Some of these dietary 
interventions show that there is a very strong individual variation in responses 
[85,86]. Salonen et al. [85] attributed only 10% of the changes in the microbiota 
composition to diet after the study of obese subjects following four different fully 
controlled diets in a weight loss program.  
Earlier, it was estimated that approximately 57 % of the total structure (i.e., 
composition) of the gut microbiota could be explained by dietary changes, while 
some 12 % could be attributed to host genetics [29]. However, this has been 
observed in studies with mice. As explained by Salonen et al. [85], the differences 
in their outcome and such reference value could be attributed to the fact that there 
is smaller total variance in the mice microbiota due to a better control of 
environmental and genetic variables in these animals. Therefore, it has been 
suggested to stratify human individuals into responders and non-responders based 
on their gut microbiota as previously proposed in fecal microbial transplantations. 
Another factor to consider is that highly targeted specific dietary approaches can 
potentially affect the diversity of the gut microbial community and promote a 
dysbalance. For instance, the findings from Salonen et al. [85] provide an 
indication that a specific prebiotic may elicit the highly targeted dominance of 
certain groups, affecting the natural balance. Therefore, the promotion of a diverse 
community is suggested to be accomplished by providing complex or multiple 
substrates [85]. 
Compared to animal data, the data from human dietary interventions are less 
conclusive, which could be due to the fact that the high degree of variation in 
individuals makes it hard to find a "normal" response, or normal/healthy 
microbiota composition for that matter. This represents considerable frustration in 
nutritional studies which bears two questions: i) is there any strategy that could be 
applied to understand better this individuality?; and, ii) since variation has been 
considered a standard noise, can it really be handled or does it preclude to identify 
any effect on the microbiota composition? Furthermore, an important aspect to 
consider in dietary studies is the choice of its design which will make a major 
impact on finding statistically differences in the data. 
 
Outline of the thesis 

 
As described above, the potential role of gut microbiota in obesity has emerged as 
a novel subject in weight management research. 
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Therefore, this work aimed to: 
 

1. Contribute to know what the impact of the gut microbiota is in obesity 
when fermenting indigestible dietary compounds.  

2. Elucidate the plasticity of this microbiota to manipulation and potential 
modification of an obese gut phenotype.  
 

As such, this study set a precedent about how changes in the composition and 
activity of the microbiota from lean and obese subjects were during an in vitro 
fermentation process. Previous studies evaluated metabolites produced by colonic 
bacteria in feces from both type of donors. However, measurement of final content 
of short-chain fatty acids in feces has been considered an inaccurate prediction 
since at least 95% of these acids are absorbed in the gut. In contrast, in vitro 
fermentation using a fecal inoculum from this group of volunteers is a non-invasive 
alternative which allows a more complete following up through time about the 
different responses from the microbiota. Furthermore, in vitro testing about the 
impact of the gut microbiota on human obesity has been poorly performed in this 
field. Thus, use was made of a very well-known and validated in vitro system that 
simulates the proximal colon (TIM-2) to keep detailed track of possible 
compositional and functional disturbances caused by different fermentable 
substrates (Fig.3).  
 

 
Fig. 3. Approach taken in this thesis: in vitro model of the large 
intestine TIM-2 

 
The TIM-2 system is equipped with sensors to control pH (5.8), temperature (37 
ºC) and volume (120 ml) of the fecal suspension studied (lumen). Such suspension 
is derived from fecal donations (from volunteers complying specific selection 
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criteria) and is prepared under strict anaerobic conditions. The TIM-2 system 
includes a unique dialysis system which consists of a dialysate preparation running 
through a dialysis membrane which is placed inside the lumen in the model. This 
dialysis system contributes to maintain the physiological concentration of small 
molecules such as short-chain fatty acids (SCFA; 80-120 mM) and prevents their 
accumulation and therefore, reduces microbial death due to built-up of metabolites 
[87]. Furthermore, this dialysis system also contributes to maintain the 
concentration of electrolytes [88]. The TIM-2 system also incorporates four 
compartments with flexible walls which allows to recreate peristaltic movements at 
regular intervals. Such movements are computer controlled and mixes the luminal 
content avoiding separation of solids and fluids as commonly observed in other 
fermentors [89]. The model is kept anaerobical by flushing with gaseous nitrogen 
and the microbiota is fed through a feeding syringe at a controlled rate. All these 
advanced features have been shown to allow the growth of a highly complex, stable 
and dense (~1011 CFU/ml) active microbiota [90] and have demonstrated the 
sensitivity of the TIM-2 system for reproducibly detecting changes in the 
composition and activity of the bacteria under strictly controlled study designs 
[61]. 
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The contribution of the different chapters to the aims of the present thesis and their 
context on the study of obesity is shown in Fig. 4. 
 
This thesis starts with a set of studies in chapters 2-5 evaluating specific 
methodological challenges related with: i) the optimization of the preparation of 
inocula for in vitro fermentation studies, as well as ii) testing the suitability of the 
TIM-2 system as a tool to be used for the follow-up of the response of the 
microbiota to changes to dietary compounds. Specifically, in chapter 2, 
comparisons of the compositional and metabolic differences of the fermentation of 
a standard diet by the microbiota from different donors and a pool of prepared from 
them were made. Chapter 3 describes an optimal method for the preparation of 
human gut microbiota for fermentation studies which resembles metabolically and 
compositionally the closest to the reference (freshly collected microbiota). The 
focus of chapter 4 is the evaluation of the TIM-2 system as a sensitive tool to 
reproducibly show the diet-microbe interaction at metabolic, compositionally and 
gene level. Lastly, chapter 5 shows how the fermentation profiles change and how 
fast it is possible to detect the response from the microbiota after providing a diet 
with modified carbohydrate/protein ratios in TIM-2. In chapters 6 and 7 we 
proceeded with the evaluation of the differences on the fermentation profiles from 
microbiota derived from lean and obese individuals. In these studies we 
(separately) tested the fermentation of a wide range of prebiotics: 
galactooligosaccharides (GOS), lactulose, apple fiber, sugar beet pectin (chapter 
6), arabinogalactan and inulin (chapter 7). The energy extracted from the different 
prebiotics fermented was estimated from the short-chain fatty acids produced and 
compositional changes of both microbiotas were also followed. In chapter 8 we 
explored: i) the impact of the addition of mucin in the development of complex 
(lean and obese) and defined (14-members comprising the 5 most dominant phyla 
in the healthy human gut) communities in TIM-2, as well as ii) how the functional 
(metabolic and gene-expression) and compositional performance of the defined 
community was with respect to the complex community. In chapter 9, the main 
findings of this thesis are discussed and are put into a broader perspective. 
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Fig. 4. Contribution of the different chapters to the aims of this 
thesis. 
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Abstract 

 

This study investigated the stability as well as the activity of the microbiota from a 
single and a pool of donors in the TNO in vitro model of the colon (TIM-2 system). 
Our findings underscore the substantial functional overlap in the microbiota of 
individuals when compared to a pool prepared from them, despite the differences 
observed in certain groups of bacteria detected during the fermentations. In all 
cases, high levels of acetate were produced followed by n-butyrate and propionate. 
The averaged cumulative amount of SCFA produced in the experiments was 206.3 
± 5.4 mmol for the individual microbiotas while it was 210.3 mmol for the pool. 
The sequencing analysis showed communities enriched in Firmicutes followed by 
Bacteroidetes, Actinobacteria, Proteobacteria and Verrucomicrobia. 
These results show that the use of a pool of microbiota for in vitro studies does not 
result in a bacterial community with an aberrant profile and activity compared to 
that normally obtained from single donors. This demonstrates the suitability of the 
preparation of a pool of fecal samples to be used for fermentation experiments. 
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Introduction  

 
Monitoring the in vivo fermentation of carbohydrates in humans is difficult, due to 
the inaccessibility of the proximal colon, the ethical considerations and the medical 
supervision required. Validated in vitro models using human feces as an inoculum 
are much simpler systems that allow the study of the fermentation of any 
compound accompanied by the assessment of metabolites such as short-chain fatty 
acids (SCFA) and other bacterial products. Moreover, such systems constitute a 
powerful tool to follow disruptions in the microbial equilibrium in detail. 
Therefore, it is crucial to guarantee the development of a representative gut 
community in any of these systems without any confounding factor, unrelated with 
the aim of the study that would affect the composition of the microbiota. 
TIM-2, the TNO in vitro model of the colon, is such an in vitro model that closely 
mimics the fermentation by the microbiota in the human large intestine allowing 
the growth of a highly complex, stable and dense (~1011 CFU/mL) active 
microbiota [1]. Studies performed in this system generally use a standardized 
inoculum which is derived from a pool of subjects of interest and is stored frozen. 
However, the use of an inoculum prepared from either a single donor or a pool of 
donors remains debatable among experts. The main argument relies in the concern 
about how representative such inoculum is in regard to the colonic ecosystem 
taking into account the abundance and the variety of bacterial species. 
Consequently, the use of an individual or a mixed inoculum is believed to lead to a 
degree of variation among experiments, even when the single inoculum is 
repeatedly taken from the same individual over time. Although it has been shown 
that the microbiota of adults is relatively stable over time, differences in the 
composition of the microbiota of a single individual over a 4 year period have been 
observed [2]. With respect to the TIM-2 system, no studies have been performed in 
order to find out differences related to the individual or pooling preparation of the 
inoculum in its composition and activity during a standard fermentation process 
with the use of a Standard Ileal Efflux Media (SIEM) as substrate. Still, previous 
data in this system using the individual inocula from 10 donors has shown that the 
microbial activity of the individual donors was extremely similar in functionality, 
despite a different microbiota composition [3,4] corroborating the hypothesis that a 
standardized pool of gut microbiota can be used for these type of experiments. 
It is also important to consider the report in which the effect of arabinoxylan and 
inulin has been tested using an inoculum prepared from a pooled donation (in TIM-
2) and from a single volunteer (in SHIME; Simulator of the Human Intestinal 
Microbial Ecosystem; another in vitro model) where a similar metabolic activity of 
the microbiota in both set ups was observed [5]. 
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Thus, the purpose of this study was to compare both ways of preparing a fecal 
inoculum to be used in in vitro studies. Changes were identified by monitoring the 
composition and activity of the microbiota under standard fermentation 
experiments in TIM-2. To the best of our knowledge this is the first time that this 
direct comparison has been performed. 
 

Materials and Methods 

 
Microbiota: source, collection and processing 
Individual fecal homogenates were prepared from a group of 4 healthy volunteers 
(age range 29-62; 3 males, 1 female). A homogenate with the pool of the 
microbiota from these individuals was also used. The group of participants was 
recruited at TNO (Zeist, The Netherlands). The individuals were non-smokers and 
had not used antibiotics, prebiotics, probiotics or laxatives 3 months prior to the 
donation. Informed consent was provided by each volunteer prior to the 
participation in the study. 
Fresh fecal samples were directly collected in a tightly closed box with an 
anaerobic strip (AnaeroGenTM, Oxoid, Cambridge, UK) inside. Within 1 hour after 
being collected, the donations were homogenized under strict anaerobic conditions 
in an anaerobic chamber (Bactron IV, Sheldon manufacturing, Cornelius, OR 
USA) containing 5% H2, 5% CO2, and 90% N2. 8.75 g of the fecal donation 
(individually as well as pooled) was mixed with a Turrax (IKA Ultra turrax T25 
digital, Fisher Scientific Nederland) with a physiological saline 
preparation/dialysate (content per liter: 4.7 g K2HPO4 

. 3H2O, 8.4 g NaCl, 0.009 g 
FeSO4 

. 7H2O, 0.8 g MgSO4 
. 7H2O, 0.8 g CaCl2 

. 2H2O, 0.7 g ox bile and 0.3 g 
cysteine hydrochloride) and glycerol (as cryo-protective agent).  

 
Feed used for fermentation: source and preparation 
The feeding substrate used for fermentation in TIM-2 simulates the average non-
digestible carbohydrates consumed in a normal western diet [6]. SIEM is prepared 
with 0.5 g pectin, 0.5 g xylan, 0.5 g arabinogalactan, 0.5 g amylopectin and 4.5 g 
starch (Tritium Microbiology; Veldhoven, The Netherlands) per day. Specific 
details have been previously described [7,8]. 

 
TIM-2 Experimental protocol  
The TIM-2 system was flushed for 4 h with N2 prior to the introduction of the 
inoculum and it was maintained under this condition at 37 °C for 96 h with the pH 
kept at or above 5.8 by automatic titration with 2M NaOH. Water and fermentation 
products were removed from the lumen with a dialysate system (described in the 
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following section) consisting of a semi-permeable hollow membrane which ran 
through the lumen. For all the experiments, the speed of the dialysis was set at 1.5 
ml/ min.  
The feed preparation mentioned above was gradually introduced into the system in 
a total volume of 45 ml in the adaptation period and 180 ml over the 72 h of the 
test period at a rate of 2.5 ml/h. Luminal content was maintained at a level of 
approximately 120 ml in each unit by a level sensor (liquiphant FTL20-0025, 
Endress+Hauser).  
After 24 and 48 h of fermentation 25 ml of lumen sample was removed (Fig.1) 
through the system’s sample port using a sterile syringe to mimic the transit of 
material from the proximal to the distal colon [7]. The dialysate fluid used in the 
system contained per liter: the dial preparation described under “Microbiota: 
source, collection and processing” section and 1 ml of vitamin mixture containing 
per litre: 1 mg menadione, 3 mg D-biotin, 0.8 mg vitamin B-12, 15 mg 
pantothenate, 7 mg nicotinamide, 7 mg para-aminobenzoic acid, and 6 mg thiamine 
(all from Tritium Microbiology). 
 

 
Fig. 1. Experimental set up (not at scale). L-Sampling = luminal 
samples ; D-Sampling = Dialysate. 

 
Design of the study  
Approximately 30 ml portions of fecal homogenate (± 25% w/v) were used to 
inoculate the separate TIM-2 units for each experiment. Each unit was then filled to 
120 ml with dialysate (dial). Right after the inoculation, the microbiota was left to 
adapt (16 h) to the new environment. After this adaptation period, the culture was 
deprived from SIEM for 2 h which aims at full use of fermentable carbohydrates 
prior to feeding of a test carbohydrate. Minekus et al. [9] explained that this 
starvation period was established when the lack of production of acids was 
observed in the system when the feeding line was turned off.  
Next, units were fed with SIEM until the end of the experiment. Samples were 
taken from the lumen after -16, -14, -8, 0, 24, 48 and 72 h. Dial was collected after 
0, 24, 48 and 72 h (Fig.1). Both luminal and dial samples were first snap frozen in 
liquid nitrogen (-196 oC) immediately after collection and were stored at -80 °C 
previous to analysis. 
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Analytical methods 
With the samples from lumen and dialysate the production of SCFA and branched-
chain fatty acids (BCFA) were calculated. Microbial composition was sequenced at 
t-16 and t72. 
SCFA (acetate, propionate, and n-butyrate) and BCFA (iso-butyrate and iso-
valerate) 
Samples for SCFA and BCFA analyses were determined by analyzing their 
concentration by GC (Stabilwax-DA, length 15 m, ID 0.53 mm, film thickness 0.1 
mm; Varian Chrompack, Bergen op Zoom, the Netherlands). Samples were 
prepared as previously described by van Nuenen et al. [8]. 

 
Phylogenetic analysis of the microbiota 
DNA from the luminal samples was isolated using the AGOWA mag Mini kit 
(DNA Isolation Kit, AGOWA, Berlin, Germany), according to the manufacturer’s 
instructions. 
The generation of the PCR amplicon library was performed by amplification of 
V5-V7 hypervariable region of the small subunit ribosomal DNA gene (16S 
rDNA). Amplification was performed using the forward primer 785F 
(5’GGATTAGATACCCBRGTAGTC-3’) and reverse primer 1175R (‘5- 
ACGTCRTCCCCDCCTTCCTC-3). The primers were fitted with the Roche 454 
(Branford, CT, USA) Adapter A (forward primer) and B (reverse primer), fused to 
the 5’ end of the 16S rDNA bacterial primer sequences. The forward primer also 
included a unique nucleotide barcode. The amplification mix contained 2 units of 
PfuUltra II Fusion HS DNA polymerase (Stratagene, La Jolla, CA, USA) and 1x 
PfuUltra II reaction buffer (Stratagene), 200 µM dNTP PurePeak DNA polymerase 
Mix (Pierce Nucleic Acid Technologies, Milwaukee, WI, USA), and 0.2 µM of 
each primer.  
After an initial denaturation (94°C; 2 min), 30 cycles were performed that 
consisted of denaturation (94°C; 30 sec), annealing (50°C; 40 s), and extension 
(72°C; 80 s). Samples with DNA recovery of equal or less than 10 pg/µl of DNA 
were cycled 35 times using the same protocol. 
Amplicons were size checked and quantified by gel electrophoresis and Quant-iT 
Picogreen dsDNA Assay (Invitrogen, Carlsbad, CA, USA) on the Tecan Infinite 
M200 (Tecan Group Ltd, Männedorf, Switzerland). Amplicons of the individual 
samples were equimolar pooled and purified from agarose gel after electrophoresis 
by means of QIAquick Gel Extraction Kit Protocol (Qiagen, Hilden, Germany). 
The library was sequenced unidirectionally in the forward direction (A-adaptor) in 
one run in the 454 GS-flx-Titanium Sequencer (Roche) by Keygene (Wageningen, 
The Netherlands).  
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FASTA-formatted sequences and corresponding quality scores were extracted from 
the .sff data file generated by the GS-FLX-Titanium sequencer using the GS 
Amplicon software package (Roche).  
All data extraction, pre-processing, analysis of operational taxonomic units 
(OTUs), and classifications were performed using modules implemented in the 
Mothur v. 1.22.2. software platform [10] as in Roeselers et al. [11]. 
In brief, unique barcodes were used to sort sequences by sample of origin. 
Subsequently, barcodes, primer sequences and low quality data (containing 
ambiguous base calls (N) in the sequence, more than 8 homopolymers anywhere in 
the sequence, shorter than 50 nt after trimming with a window average below 35 or 
a length >500 or <200 bp) were removed. The data set was simplified by using the 
“unique.seqs” command to generate a non-redundant (unique) set of sequences. 
Sequences were ‘denoised’ using the “pre.cluster” command [12]. Unique 
sequences were aligned using the “align.seqs” command and an adaptation of the 
Bacterial SILVA SEED database as a template [13]. In order to ensure that 
comparable regions of the 16S rDNA gene were analyzed across all reads, 
sequences that started before the 2.5-percentile or ended after the 97.5-percentile in 
the alignment were filtered. 
A total of 16814 potentially chimeric sequences were detected and removed using 
the “chimera.uchime” command [14]. High quality aligned sequences were 
classified by using the RDP-II naïve Bayesian Classifier [15] using a 60% 
confidence threshold. Aligned sequences were also clustered into operational 
taxonomic units (OTUs; defined by 97% similarity) and were calculated by the 
average linkage clustering method. Unclassified sequences were also grouped in 
OTUs and were represented with a random number to distinguish them from other 
unclassified OTUs found within the same phyla. A matrix table that reports the 
taxonomic assignment and the frequency obtained for each OTU was used to 
generate a biom table file which was subsequently employed for diversity analysis 
using Quantitative Insights Into Microbial Ecology (QIIME) software [16] . 
Rarefaction curves were computed with the "alpha_rarefaction.py" QIIME script, 
using Simpson metric and a rarefaction depth value of 5000 sequences. Principal 
Coordinate Analysis (PCoA) plots were obtained using the 
"beta_diversity_through_plots.py" command, selecting Weighted UniFrac as 
desired metric to generate the distance matrix. Community profiles were compared 
using this metric [17]. 

 
Data presentation 
The experiments were performed in series of one (n=1) per type of inoculum (i.e., 
individual or pool). To avoid unnecessary repetition, this is not indicated further in 
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the text or graphs in the Results section. Because of this, no statistical analysis 
could be executed. We have shown before that the TIM-2 system is very 
reproducible.  
 
Results  

 
Microbiota activity 

 
SCFA 
There was a substantial functional overlap in the microbiota of the four different 
individuals and the pool (Fig.2a). The averaged cumulative amount of SCFA 
produced in the TIM-2 was 206.3 ± 5.4 mmol (Fig. S1a and b) for the individuals 
while it was 210.3 mmol for the pool. Especially the daily cumulative production 
of SCFA for individual (Ind.) 1, 4 and the pool was similar. In all the fermentations 
acetate was highly produced followed by butyrate and propionate (Fig. 3).  
 
BCFA 
In the case of BCFA production, more inter-individual variation was observed. The 
production obtained with the inocula prepared from the Ind. 1 and 4 was lower 
when compared to that from Ind. 2 and 3 (Fig.2b). Still, similar kinetics for BCFA 
production could be observed between Ind. 2, 3 and the pool (Fig. 4). The averaged 
cumulative amount of BCFA produced in the TIM-2 was 5.9 ± 2.2 mmol (Fig. S1c 
and d) for the individuals while it was 7.3 mmol for the pool. 
 

 
Fig 2. a) Final SCFA production (t72) for all the fermentations; b) 
Final BCFA production (t72) for all the fermentations. 

 
Microbiota composition 
The ratio between a sampling time point and t-16 was calculated (e.g., t72/t-16). The 
ratio for this value and the pool was then determined to obtain fold changes. A 
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value equal to 1 indicates no change; a value of >1 indicates an increase; and a 
value of <1 indicates a decrease of the respective microbial genera (Fig. 5; Table1). 
 

 
Fig. 3. Cumulative production of SCFA in (a) Ind. 1, (b) Ind. 2, (c) 
Ind. 3, (d) Ind. 4 and (e) pool during 72 h fermentation of SIEM. 

 

 
Fig. 4. Cumulative production of BCFA in (a) Ind. 1, (b) Ind. 2, (c) 
Ind. 3, (d) Ind. 4 and (e) pool during 72 h fermentation experiments. 
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Fig. 5. Fold change in the microbiota from the different inocula at 
the genus level.  

 
At the genus level it could be observed that many bacterial groups from the 
individuals remained similar in abundance to the pool (fold change between 1 and -
1). Some groups presented higher levels in some individuals (e.g., Prevotella, 
Roseburia, Clostridium IV and Turicibacter in Ind. 3; Table 1). 
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Table 1. Fold change in the individuals with respect to the pool at 
the genus levela. 

  Fold change with respect to the pool 
Genus Ind. 1 Ind. 2 Ind. 3 Ind. 4 

Methanobrevibacter 0.2 0.5 0.1 
Methanosphaera 0.5 
Bifidobacterium 0.8 2.0 1.3 2.0 
Barnesiella 0.4 
Parabacteroides 0.1 1.2 1.3 0.9 
Paraprevotella    0.3 
Prevotella 2.6 3.1 35.2 
Unclassified OTU 625214 0.3 
Alistipes 0.8 1.5 1.9 1.0 
Bacteroides 1.4 0.7 1.3 1.6 
Unclassified OTU 625217 1.5 5.3 
Gemmiger 25.1 0.5 0.1 0.4 
Parasutterella 32.5 5.5 
Sutterella 0.2 1.7 0.8 0.8 
Desulfovibrio 3.1 
Unclassified OTU 22161 1.8 0.9 
Unclassified OTU 622171 3.7 0.9 
Lactobacillus 2.3 
Clostridium_sensu_stricto 1.2 1.0 5.2 1.2 
Anaerovorax 8.7 
Mogibacterium 0.7 
Anaerostipes 0.7 
Blautia 8.0 2.4 1.2 0.9 
Clostridium_XlVa 0.1 1.5 1.1 0.5 
Clostridium_XlVb 0.8 6.2 7.6 
Coprococcus 1.9 0.5 1.2 0.6 
Dorea 0.9 1.3 0.9 0.5 
Lachnospiraceae incertae sedis 0.2 0.7 0.1 0.2 
Roseburia 2.0 0.9 18.9 63.5 
Unclassified OTU 623021 0.7 1.0 2.1 0.4 
Clostridium_XI 2.1 2.1 1.1 
Acetivibrio 0.1 0.5 
Clostridium_IV 4.2 0.5 34.3 5.1 
Faecalibacterium 0.9 3.7 2.1 3.2 
Flavonifractor 1.5 
Oscillibacter 1.3 0.9 1.8 1.5 
Unclassified OTU 623021 0.4 0.9 1.5 
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Unclassified OTU 623025 0.2 0.6 0.2 1.4 
Catenibacterium 0.5 
Erysipelotrichaceae_incertae_sedis 0.6 
Turicibacter 3.6 2.8 29.3 
Dialister 0.5 0.7 
Unclassified OTU 623061 1.4 2.6 
Unclassified OTU 623611 8.0 0.6 14.1 0.1 

aFor each fermentation the ratio between a sampling time point and t 
= -16 was calculated (e.g., t72/t-16). The ratio for this value and the 
pool was then determined to obtain fold changes. A value equal to 1 
indicates no change; a value of >1 indicates an increase; and a value 
of <1 indicates a decrease of the respective microbial genera. 

 
PCoA plots (Fig. S2) show that the different individuals clustered together to the 
pool at both times (t-16 and t72). In addition, ranking the diversity in the individuals 
versus the pool using the refraction curve (Simpson metric) demonstrated that they 
were similar among each other (Fig. S3). 
 

Discussion 

 
The characterization of the microbiota composition in well-established in vitro 
systems has been possible using high phylogenetic resolution. These analyses 
confirm the use of in vitro systems as effective tools to study the influence of 
medication and food components on the composition and activity of gut bacteria 
[18,19]. Nevertheless, limitations such as variations in carbohydrate content of the 
feeding media, lack of host interactions, variations in oxygen levels, among others, 
may result in discrepancies between studies [20]. 
Despite this, it has been observed that models such as TIM-2 can effectively 
maintain a stable and highly reproducible gut microbiota similar to the donors from 
whom it was prepared, as well as mimicking its microbial functionality [6,21]. 
Importantly, the design of the studies in TIM-2 includes a control setup which is 
operated in parallel with the test experiment in order to ensure that the changes 
observed originate from the treatment itself.  
Experiments involving in vitro fermentations have helped to simulate an ample 
number of different conditions such as age, diseases and disorders [18]. One 
challenge has been the lack of literature information related with the ability of in 
vitro systems in developing representative and reproducible bacterial communities 
from fecal samples of a single individual or a pool of individuals [20]. It is 
presumed by many that any of these two variations may account for significant 
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changes in the functional aspect and general diversity from the inoculum, although 
we have shown before that there is an enormous overlap in functionality within 
fecal samples from different (n=10) individuals [4]. The use of pooled microbiota 
as an inoculum for in vitro fermentation studies brings important advantages: i) a 
standardized microbiota can be used for multiple (up to 100) different experiments, 
and ii) it is presumed to have a more diverse population of bacteria and thus the use 
of a more representative microbiota for the whole population, 
The present study demonstrates a similar metabolic activity in terms of SCFA 
production in experiments using inocula prepared from individuals and a pool of 
these. The fact that the cumulative SCFA production was similar (Fig. 2) provides 
a good indication that the metabolic response of the microbiota present in both 
types of inoculum was the same under both conditions. Nevertheless, small 
differences in fermentation kinetics occurred (Fig. 3), which indicates that such 
variation could be attributable to the composition of the community present in the 
collected feces. 
In all cases, high levels of acetate were reported followed by n-butyrate and 
propionate. It is suggested that the similar concentrations of SCFA detected in all 
experiments are the result of a unique induction and utilization of specific 
metabolic pathways proper for the substrates provided to the inocula. Indeed, the 
integration of metabolite and molecular data has suggested that a metabolic cross-
feeding occurs in in vitro systems such as TIM-2 [22]. During cross-feeding, 
several microbes contribute in the production of the metabolites [6]. Therefore, 
certain metabolites could be used as substrate for the metabolism of another [23]. 
For instance, one of the major pathways to butyrate production is via the 
conversion of acetate to butyrate which is catalyzed by butyryl coA-acetate coA 
transferase [24]. 
It was observed that the main BCFA produced was iso-valerate followed by iso-
butyrate (Fig. 4). This was expected since it has been found that the population of 
bacteria capable of producing BCFA as major end products may range from 0.6% 
(iso-valerate) to 40% (iso-butyrate) in healthy subjects [25]. 
The different cumulative amounts observed in BCFA production (Fig. 2b) could be 
explained due to the fact that fresh inocula (inoculum immediately used after its 
collection) was used in the present study. Fresh inocula still contains an important 
part of unfermented proteinaceous components from the host which makes it 
metabolically active. It has been observed that trichloroacetic acid-soluble peptides 
and proteins are present in high concentrations in the intestine and feces of humans 
[25]. Furthermore, amino acid pools have been also detected in proximal and distal 
contents which are highly influenced by host diet and the release of desquamated 
epithelial and bacterial intracellular contents, colonic and pancreatic secretions and 
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intestinal absorption [25]. Since BCFA are only produced in small amounts 
compared to SCFA, a larger inter-individual variation is not unexpected. This inter-
individual variation, together with the similar production of SCFA, argues in favor 
of a pool of fecal samples to be used in in vitro studies. 
Individual fecal inocula from each experiment were compared against the pool 
inoculum before and after performing the experiments to examine how the 
community composition changed in the in vitro study. In both sampling times (i.e., 
t-16 and t72), the sequencing analysis of all the experiment runs showed 
communities enriched in Firmicutes followed by Bacteroidetes, Actinobacteria, 
Proteobacteria and Verrucomicrobia (Fig. S4). The results also demonstrate high 
individual specificity in the different inocula at the genus level (Table 1) which 
was expected based on previous studies [26,27]. Despite this, the majority of 
OTU’s are shared among the pooled inoculum and the individuals. Members of the 
genera Oscillibacter, Alistipes, Bacteroides and Dorea in the individual inocula 
were detected at similar levels when compared to the pooled inoculum (1.2 average 
fold change; Fig. 5). Data from studies analyzing the composition of gut bacteria in 
healthy subjects indicate that, at least in some participants, members of the last 
three genera mentioned above prevail and constitute a significant part of their 
bacterial consortium [26,28]. 
Prevotella, Gemmiger, Parasutterella, Roseburia, Clostridium cluster IV and 
Turicibacter members were also found to be prevalent in some of the individual 
libraries and the pool. In the present study, a considerable abundance of Prevotella, 
Clostridium cluster IV and Turicibacter was detected in Ind.3 compared to the 
pooled inocula (29 to 35 fold change). Such difference is suggested to come from 
the diversity naturally expected within the host’s bacterial community of 
individuals, influenced by many factors, including diet. Increasing evidence shows 
that diet influences the composition of the microbiota. Perhaps one of the most 
important clinical studies performed in humans in order to elucidate the interaction 
between diet and microbiota shows that short-term diets do not have any influence 
on the gut bacterial composition while long-term diets do [29]. The composition of 
gut microbiota in subjects following a diet rich in animal fat, protein and saturated 
fats differs from subjects with a diet low in these components but rich in 
carbohydrates and simple sugars [30].  
Overall, despite the pronounced differences observed in certain groups of bacteria 
detected during the (individual) fermentations our analyses highlight that there is 
no big difference in terms of diversity (Fig. S3). We found that in a pooled sample 
there is a variation which determines how rich the bacterial community is; such 
variation is slightly larger than a normal individual but it is more stochastic (Fig. 
S2). Furthermore, our findings underscore the substantial functional overlap in the 
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microbiota of individuals when compared to a pool prepared from these, and argue 
in favor of using a pool when comparing different experimental conditions, such as 
changes in carbohydrate substrate, or addition of more protein or fat. The next step 
to proceed is to determine the number of donors which could be used in the 
preparation. This makes it feasible in finding a representative inoculum to perform 
a wide range of in vitro studies for food and pharmaceutical studies. 
 

Conclusion 

 
The assessment of specific microbiota effects can be performed with several 
donors tested in separate fermentation systems with the limitation of the use of 
significant monetary and human resources [31]. The relevance of the current 
findings is that the use of a pool of microbiota for in vitro studies does not result in 
a bacterial community with an aberrant profile and activity compared to that 
normally obtained from single donors. This demonstrates the suitability of the 
preparation of a pool of fecal sample to be used for fermentation experiments. 
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Supplemental material 

 

 
Fig. S1. Average metabolites produced in the experiments with the 
individuals (n=4). (a) Final SCFA production (t72), (b) cumulative 
production of SCFA and (c) final BCFA production (t72) and (d) 
cumulative production of BCFA. 

 

 
 

Fig. S2. Principal Coordinates Analysis using Weighted UniFrac 
distances a) coordinate 1 and 2 together explain 59.69% of the 
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variability, b) coordinate 2 and 3 together explain 40.78% of the 
variability. Pool samples are represented by squares while individual 
samples are represented by circles. Samples at time -16 hours are 
depicted in red and samples at time 72 hours are depicted in blue.  

 

 
Fig. S3. Rarefaction curves were made using Simpson metric and a 
rarefaction depth value of 5000 sequences. 

 
 

 
 

Fig. S4. Phyla level abundance (%) analyzed in the fermentations 
with the different inocula at t-16 and t72. 
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Abstract 

 
This study investigated the optimal preservation approach to prepare human feces 
as inoculum for in vitro fermentations as an alternative to the use of fresh feces. 
The four treatments studied were: Treatment 1) fresh feces resuspended in 
dialysate solution + glycerol; Treatment 2) fresh feces resuspended in dialysate 
solution + glycerol and then stored at -80 °C; Treatment 3) fecal sample frozen 
with 1.5 g glycerol; and Treatment 4) fecal sample frozen. All the treatments 
contained 8.75 g of feces, 3.5 ml dialysate and 4.9ml glycerol when inoculated in 
the TIM-2 in vitro system. Treatment 1 (fresh fecal preparation) was used as a 
reference.  
The effects were evaluated in terms of i) metabolic activity and ii) composition of 
the microbiota using fermentation experiments in the TIM-2 in vitro system. In all 
treatments, high levels of acetate were produced followed by n-butyrate and 
propionate. However, the metabolic activity of the bacteria, in terms of short-chain 
fatty acid production, was affected by the different treatments. Microbiota 
composition was analyzed using the IS-pro profiling technique. Diversity in 
Actinobacteria, Firmicutes, Fusobacteria and Verrucomicrobia and Proteobacteria 
groups seemed to be preserved in all treatments whereas it was observed to decline 
in the Bacteroidetes group. Preparing a human fecal inoculum resuspended in 
dialysate solution with glycerol and then stored at -80 °C showed high similarities 
to the results obtained with fresh feces, and is proposed as the optimal way to 
freeze fecal material as an alternative to fresh feces for in vitro fermentation 
studies. 
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Introduction 

 
The human gut harbors a community of microorganisms commonly known as the 
microbiota. This community is dominated by anaerobic bacteria and consists of at 
least 1014 members with a wide variety of species (± 500-1000) [1].  
The intestinal microbiota in humans has been demonstrated to be highly active and 
able to ferment indigestible compounds from the host’s diet [2]. The type of diet 
determines whether the fermentation process occurring in the gut is predominantly 
saccharolytic or proteolytic [3]. The metabolites from these two types of 
fermentation include mainly short-chain fatty acids (SCFA), specifically acetate, 
propionate and n-butyrate [2], and branched-chain fatty acids (BCFA) including 
principally iso-butyric, iso-valeric and 2-methylbutyric acids [4]. Metabolites such 
as acetate, propionate and butyrate are of particular interest since they have been 
found to be involved in lipid metabolism, reduction of food intake, improvement of 
tissue insulin sensitivity and intestinal barrier, and energy balance [5-10]. As a 
consequence, increasing evidence shows that the composition and activity of the 
intestinal microbiota is associated with the overall health state of humans, 
including obesity. Food components affect the composition and activity of the gut 
microbiota. Therefore, the fermentation characteristics of an ample number of 
substrates have been studied [11-13]. 
Part of these studies include experiments performed in in vitro systems which offer 
a high flexibility in their design since there are less limitations in regard to costs 
and ethical constraint when compared to human trials. For such in vitro studies, the 
use of a well-preserved fecal sample or inoculum is crucial to perform reproducible 
experiments and to guarantee the robustness and reliability of these experiments. 
The use of a standardized inoculum provides the opportunity to perform a large 
number of studies with the same microbiota for different substrates. This 
contributes to more reproducible assays that can be performed over a long period 
of time, which is impossible with a single fresh fecal sample.  
There is a lack of literature addressing the possible variations in the microbial 
activity and composition induced by storage and preparation of a human fecal 
inoculum for in vitro studies. In experiments performed in rumen fluid, canine, and 
equine feces, freezing has been found to damage and disrupt the bacterial cell 
membrane, which causes the release of intracellular contents that subsequently led 
to loss of (members of the) communities [14-17]. Moreover, some groups of 
bacteria have been observed to be seriously damaged after freezing and thawing 
such as certain Gram-negative bacteria [16]. Alterations in the kinetics of 
fermentation as well as production of gases have also been found to occur after 
manipulation [16,18]. However, these negative effects were not observed during 
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the preparation of the human fecal inoculum by Rose et al. [17] which, to our 
knowledge, is one of the few studies that have validated the use of fresh and frozen 
human microbiota. These authors observed that the viable cells in the microbiota 
stored for 44 weeks at -80 ˚C were not affected and the microbial diversity of this 
inoculum did not substantially differ from a fresh one, although in that previous 
study the direct comparison between a frozen and fresh inoculum were not 
performed as the main goal. As explained before, there is a lack of information 
about an appropriate treatment to preserve human feces for in vitro fermentation 
experiments. Furthermore, these previous findings need to be expanded. Thus, the 
purpose of this study was to determine the optimal conditions to prepare a human 
fecal inoculum to be used in the TNO dynamic in vitro proximal colon model 
(TIM-2) [19]. Four different treatments to prepare human fecal inocula were 
studied and their efficacy was evaluated by monitoring the composition and 
activity (in terms of SCFA and BCFA production) of the microbiota under standard 
fermentation experiments. A potential alternative to fresh feces was successfully 
found. 
 

Material and methods 

 
Fecal samples 
Participants involved in this study were non-smokers and had not used antibiotics, 
prebiotics, probiotics or laxatives 3 weeks prior to the donation. Fresh fecal 
samples were directly collected in a closed box containing an anaerobic strip 
(AnaeroGenTM, Oxoid, Cambridge, UK). Donations and treatment preparations 
were handled under strict anaerobic conditions in an anaerobic chamber (Bactron 
IV, Sheldon manufacturing, Cornelius, OR USA) containing 5% H2, 5% CO2, and 
90% N2. A pool of feces was prepared from a group of 4 healthy volunteers (age 
range 29-62; 3 males, 1 female) recruited at TNO (Zeist, The Netherlands). Pooling 
has been previously shown to not drastically affect microbiota composition or 
activity [20].  
The pooled fecal slurry was divided into four aliquots to prepare the different 
treatments as follows (Fig. 1): Treatment 1) fresh fecal slurry resuspended in 
dialysate solution + glycerol, this inoculum was tested right upon preparation; 
Treatment 2) fresh fecal slurry resuspended in dialysate solution + glycerol, frozen, 
stored and resuscitated prior to testing; Treatment 3) fresh fecal slurry frozen with 
1.5 g glycerol, stored, resuscitated and, prior to testing, resuspended in dialysate 
solution + portion of glycerol; and Treatment 4) the fecal sample was frozen, 
stored, resuscitated and, prior to testing, resuspended in dialysate solution + 
glycerol. All inocula (Treatments 2-4) that were stored (-80 °C, 1 week) were 
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immediately snap frozen in liquid nitrogen (-196 oC) following their preparation 
and were resuscitated by immersion in a water bath (37 °C, 1 h) before parallel 
testing. Freezing in liquid nitrogen was performed in order to guarantee cell 
viability [21,22]. All the treatments contained 8.75 g of feces, 3.5 ml dialysate and 
4.9 g glycerol when inoculated in TIM-2. Treatment 1 (fresh fecal preparation) was 
used as a reference. The dialysate preparation has been previously described by 
Maathuis et al. [23]. The dialysate content per liter was as follows: 2.5 g 
K2HPO4•3H2O, 4.5 g NaCl, 0.005 g FeSO4•7H2O, 0.5 g MgSO4•H2O, 0.45 g 
CaCl2•2H2O, 0.05 g ox bile and 0.4 g cysteine hydrochloride. The dialysate 
preparation included bile salts in order to partly reproduce the environment that the 
gut microbiota is usually exposed to in the colon [24]. Therefore, bile salts were 
included in the preparation of the different treatments to keep the tolerance of the 
cells. The impact of bile in fresh and freeze-dried prepared axenic cultures has been 
tested before [25] but not in fecal samples constituting a complex microbiota. 
 

 
Fig. 1. Treatments for the different preparations of the inocula. 
Samples were frozen immediately, or mixed with glycerol and/or 
dialysate solution before freezing in liquid nitrogen. All the 
treatments contained 8.75 g of feces, 3.5 ml dialysate and 4.9 g 
glycerol when inoculated in TIM-2. 

 
Standard Ileal Efflux Medium (SIEM) 

A growth medium prepared with complex, indigestible carbohydrates (pectin, 
xylan, arabinogalactan, amylopectin and starch), protein, vitamins, Tween 80 and 
bile (Tritium Microbiology; Veldhoven, The Netherlands) was used to feed the 
bacteria at a rate of 2.5 ml/h during fermentation experiments. Specific details 
about this SIEM preparation have been previously described [23,26]. 

 
In vitro fermentation 
The TNO in vitro model of the proximal colon (TIM-2) has been described in 
detail before [17,19,26]. The system was flushed with N2 before the introduction of 
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the inoculum and was maintained under this condition at 37 °C for 96 h with the 
pH kept at or above 5.8 by automatic titration with 2M NaOH. To remove water 
and fermentation products from the lumen, a dialysis system (described in 
Maathuis et al. [23]) ran through the lumen.  
After 24 and 48 h of fermentation, a 25ml lumen sample was removed from the 
system to mimic the transit of material from the proximal to the distal colon [23].  
 
Design of the study  
A 30 ml portion of fecal homogenate was used to inoculate four units of TIM-2 
separately. Each unit was then filled to 120 ml with 90 ml of dialysate and 
maintained at this volume by a level sensor (liquiphant FTL20-0025, 
Endress+Hauser). 
Immediately after the inoculation, the microbiota was left to adapt (16 h) to the 
new environment. After this adaptation period, the microbiota was deprived from 
any carbohydrate source (starvation) for 2 h. The starvation period is performed in 
order to completely use the carbohydrates in SIEM [27] which provides the best 
condition to assess the effects of a test compound without bias of the SIEM 
component from the adaptation phase. Minekus et al. [28] explained that this 
starvation period was established when a lack of production of acids was observed 
in the system when the feeding line was turned off. This could be interpreted as the 
depletion of the fermentable carbohydrate.  
After the starvation period, units were fed with SIEM until the end of the 
experiment. Samples were taken from the lumen before t=0 (-16, -14 and -8 h) and 
after t=0 (24, 48 and 72 h). Dialysate was collected after 0, 24, 48 and 72 h. 
 
Analytical methods 
With samples from the lumen and dialysate, the cumulative production of SCFA 
and BCFA was calculated. Microbial composition was profiled using IS-pro (see 
below) in all samples from the lumen. 
 
Bacterial metabolites 
Analysis of SCFA (acetate, propionate, and butyrate) and BCFA (iso-butyrate and 
iso-valerate) 
Samples were prepared and analyzed as described previously [26]. Briefly, samples 
were centrifuged (12000 r.p.m. at 4 ºC for 10 min). A mixture of formic acid (20%), 
methanol, and 2-ethyl butyric acid (internal standard, 2mg/ml in methanol) was 
added to the supernatant. Samples were measured by gas-chromatography 
(Stabilwax-DA, length 15m, ID 0.53mm, film thickness 0.1 mm; Varian 
Chrompack, Bergen op Zoom, The Netherlands) after acidification. Standard 



             Optimal preparation of human standardized fecal inocula  
 

             57 

curves were obtained by injecting calibrated quantities of a blend of volatile fatty 
acids and amounts were calculated from the graph obtained correlating peak height 
and time measured (all reagents from Sigma-Aldrich with the exception of formic 
acid which was from Merck). 
 
Characterization of bacterial population using IS-profiling 
DNA isolation 
DNA was extracted from the luminal samples using the easyMAG extraction kit 
according to the manufacturer's instructions (Biomérieux, Marcy l’Etoile, France). 
In brief, 200 µl of lumen was placed in an Eppendorf tube. Then, 400 µl of 
nucliSENS lysis buffer was added. This content was vortexed and further 
centrifuged (14000 rpm; 2 min), 100 µl of the preparation was transferred to an 
easyMAG isolation boat containing 2 ml of nucliSENS lysis buffer. This 
suspension was incubated for 10 min at room temperature and 70 µl of magnetic 
silica beads were added. The easyMAG automated DNA isolation machine was 
used following the “specific A” protocol, and the lysed workflow and elution with 
110 µl buffer for further DNA extraction. DNA was diluted 10 times before 
proceeding with using the IS-pro Kit. 
 
16S-23S intergenic spacer (IS) profiling of the microbiota 
Amplification of IS-regions was performed with the IS-pro assay (IS-diagnostics, 
Amsterdam, The Netherlands). IS-pro differentiates bacterial species by the length 
of the 16S–23S rDNA intergenic spacer (IS) region with taxonomic classification 
by phylum-specific fluorescently labeled PCR primers. The procedure consists of 
two multiplex PCRs: a first PCR has two different fluorescent colored labels. One 
for the phyla Actinobacteria, Firmicutes, Fusobacteria and Verrucomicrobia 
(further abbreviated as Act/Fir/Fus/Verr) and a second color for the phylum 
Bacteroidetes. A separate PCR is performed for the phylum Proteobacteria. The 
assay was performed according to the protocol provided by the manufacturer. 
Amplifications were carried out on a GeneAmp PCR system9700 (Applied 
Biosystems, Foster City, CA). After PCR, 5µl of PCR product was mixed with 
20µl formamide and 0.2µl Mapmaker 1500 ROX-labeled size marker 
(BioVentures, Murfreesboro, TN, USA). DNA fragment analysis was performed 
on an ABI Prism 3500 Genetic Analyzer (Applied Biosystems).  
 
Data analysis 
Pre-processing was carried out by the IS-pro proprietary software suite (IS-
Diagnostics, Amsterdam, The Netherlands) and resulted in microbial profiles. Each 
profile consisted of a set of color-labelled peaks, with each peak related to a 
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specific IS fragment (measured in nucleotides) and the color to a specific phylum 
group (Act/Fir/Fus/Verr, Bacteroidetes or Proteobacteria). The intensity of peaks 
reflected the quantity of PCR product (measured in relative fluorescent units). As 
discussed above, a bacterial species was characterized by a specific set of peaks. 
For simplicity, we considered each peak as an operational taxonomic unit (OTU) 
and its corresponding intensity as abundance, as these were previously shown to be 
highly correlated [29,30]. 
 
Diversity analysis 
Diversity was calculated per phylum using the Shannon index that was recently 
shown to be a robust estimation of microbial diversity [31]. Dissimilarities between 
samples were calculated as the cosine distance between each pair of bacterial 
profiles. These were summarized and visualized in a low-dimensional space using 
principal coordinate analysis (PCoA). OTUs with at least a Log2 intensity > 13 
(intensity > 8192 RFU) were selected and represented using a relative abundance 
visualization.  
 
Data presentation 
The in vitro fermentation model is computer controlled and over the past two 
decades it has been shown to be highly reproducible [17,32,33]. Therefore, the 
experiments were performed in series of one per treatment (n=1). To avoid 
unnecessary repetition, this is not indicated further in the text or graphs in the 
results section. Since the sample size is small no statistical analysis was executed. 
However, for treatments 2, 3 and 4 the ratio between the metabolites produced at 
each sampling time point was calculated with respect to the metabolic values 
corresponding to each sampling time point of treatment 1 which was considered as 
a reference (i.e., t-16 treatment 2/ t-16 treatment 1 and so forth). A value equal to 1 
indicates no change; a value of >1 indicates an increase; and a value of <1 indicates 
a decrease of the respective metabolite. 
 

Results 

 
The use of a freshly collected fecal sample is the optimal way to guarantee minimal 
perturbation of a microbial inoculum for in vitro fermentation experiments. 
Therefore, Treatment 1 (fresh fecal preparation) was considered as a reference in 
the study. 
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Microbiota activity 
SCFA 
Despite the similarities in the cumulative amounts of SCFA, differences between 
the treatments occurred in the fermentation kinetics during the entire experimental 
period. Fig. 2 shows similarity in kinetics of SCFA production between Treatment 
1 (reference) and Treatment 2 whereas Treatment 3 and 4 are different when 
compared with these first two but similar to each other.  
The total cumulative amounts and ratios of SCFA produced in the TIM-2 system 
after 72 h fermentation with the simulated standard media were similar between the 
4 differently treated inocula (Fig. S1 and S2). Inocula prepared under Treatment 1 
produced 210.3 mmol SCFA after 72 h, followed by Treatment 4 (210.2 mmol), 
Treatment 2 (201.5 mmol) and Treatment 3 (198.4 mmol). Small differences in 
acetate and in total SCFA production were observed in Treatment 2 as compared to 
Treatment 1. Treatment 3 showed lower amounts of propionate and total SCFA 
than Treatment 1. Treatment 4 also presented lower propionate amounts when 
compared to Treatment 1. 
 

 
Fig. 2. Kinetics of cumulative production of SCFA during the 72 h 
experimental time. Samples were taken in time and analyzed by gas-
chromatography. The cumulative production of each individual 
SCFA (acetate, propionate and butyrate) and their sum (total) was 
calculated using the concentration from the GC analysis and volumes 
of the compartments of the model (lumen and dialysate). (a) 
Treatment 1: feces mixed with dialysate and glycerol; (b) Treatment 
2: feces mixed with dialysate and glycerol and then frozen; (c) 
Treatment 3: feces mixed with glycerol and frozen; (d) Treatment 4: 
feces frozen immediately. 
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BCFA 
The fermentation experiments with inocula prepared under Treatment 1 resulted in 
a higher total cumulative production of BCFA when compared with the other 
treatments (Fig. 3). In all treatments less i-butyrate was produced than i-valerate. 
The total cumulative BCFA production of the inoculum prepared under Treatment 
2 was lower than it was in Treatment 1. Treatment 3 and Treatment 4 total 
cumulative BCFA values were also lower when compared to Treatment 1. 
The same similarities observed in the fermentation kinetics for SCFA (emergence 
of two distinct groups: Treatments 1 and 2 different from Treatments 3 and 4) were 
also observed for BCFA (Fig. S3). 
 

 
Fig. 3. Cumulative BCFA production (t=72) from the fermentations. 
Samples were analyzed as described in the legend of Fig. 2. The 
cumulative amount produced after 72 h incubation is shown. 
Treatment 1: feces mixed with dialysate and glycerol; Treatment 2: 
feces mixed with dialysate and glycerol and then frozen; Treatment 
3: feces mixed with glycerol and frozen; Treatment 4: feces frozen 
immediately. 

 
Characterization of bacterial composition by IS-profiling 
First, an analysis was done on the diversity of each phylum group over time (Fig. 
S4). 
In general, diversity seemed to be affected most during the adaptation period. 
Despite this, two distinct groups (Treatments 1 and 2; Treatments 3 and 4) were 
formed based on the similarities on the diversity indices and the shifts in OTUs 
over time in agreement with what we observed for microbiota activity. 
After inoculation, diversity decreased for all phyla for all treatments until t=-8. For 
Treatment groups 1 and 2 there is a marked increase in diversity for all phyla 
during the period from t=-8 to t=0. For Treatments 3 and 4 this effect is less 
outspoken (Act/Fir/Fus/Verr) or absent (Bacteroidetes and Proteobacteria). The 
whole procedure that the microbiota was exposed to (e.g., inoculation, conditions 
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in the system, medium, etc.) showed to be less favorable for Bacteroidetes for all 
treatments. This was shown by a decrease in diversity over time when compared to 
Act/Fir/Fus/Verr and Proteobacteria in which these effects were less severe. 
Shifts in OTUs over time are highly similar for Treatments 1 and 2 on the one hand 
and for Treatments 3 and 4 on the other, thus forming two distinct groups (Fig. S4 
and S5). In the case of Act/Fir/Fus/Verr, the final diversity index (t=72) decays in 
Treatment 1 when compared to Treatments 2, 3 and 4. In Bacteroidetes, it is 
Treatment 3 which presents the lowest diversity at t=72. Interestingly, Treatments 
2 and 4 show the higher diversity at this sampling time in this phylum (diversity 
index: 2.53 and 2.52, respectively). 
Treatment 1 exhibits a higher diversity in Proteobacteria when compared to 
Treatments 2, 3, and 4 at the end of the study. 
This grouping was confirmed when differences in overall bacterial community 
composition were assessed using cosine distances between the bacterial profiles of 
the samples and visualized in a PCoA plot (Fig. 4). These distances, often referred 
to as beta-diversity, quantify the compositional dissimilarity between sets of 
samples. This type of analysis is used extensively to compare different microbial 
communities. The PCoA visualization showed samples that were prepared under 
Treatments 1 and 2 were segregated from samples that were prepared under 
Treatments 3 and 4. Also, when observed through time, samples from Treatments 1 
and 2 were grouped closely together at each time point confirming the similarities 
that were observed at the metabolite level. 
 

 
Fig. 4. PCoA plot of the treatments. The three principal coordinates 
from the PCoA analysis of the cosine distances that were calculated 
between the bacterial compositions of the samples. Each color 
corresponds to a Treatment group (blue: T1; pink: T2; yellow: T3; 
green: T4. The variance explained by the PCs is indicated in 
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parentheses on the axes. The size of the groups increases in order to 
represent the different sampling times. 

 
Discussion 

 
Freshly collected fecal samples may not always be available. In some 
circumstances, the use of fresh human microbiota is not possible because donors 
live far away from the laboratory or because they are not continuously available to 
repeatedly participate at various times during the study. In addition, the 
composition and activity of repeated donations are likely to be different from day 
to day. Therefore, these samples are not always identical.  
To guarantee a constant inoculum over time for different studies, most studies use 
prepared and stored inocula. In these cases, the use of frozen feces provides more 
flexibility for this type of experiments. However, preparation and storage of fecal 
samples have been shown to impact microbial composition, viability and activity 
[14-16]. It is unknown to what extent various preparation and storage methods 
impact the microbiota and what preservation method is best. Hence, the effects of 
different treatments used to prepare human feces as inocula for in vitro 
fermentation experiments must be studied before any preservation method is 
chosen as an alternative to the use of fresh feces. For this reason, the aim of this 
study was to find the optimal way to prepare an inoculum for in vitro studies that 
could be stored for future experiments. Treatments were selected based upon 
routinely used materials (i.e. glycerol, saline suspension, vitamins, and minerals) 
and procedures (deep freezing in liquid nitrogen and storage at -80 ºC) in a lab 
acquainted with preparing long-term stocks of fecal suspensions. The use of a 
saline preparation is common in the homogenization of slurry for fecal transplants 
[34,35]. Furthermore, for technical practicalities of working with stocks of gut 
microbiota, dialysate (a composite previously described Maathuis et al. [23]) was 
selected to prevent the cells from osmotic shock/stress . Glycerol has also been 
recommended when creating stocks of bacterial cultures [36] as well as a 
cryoprotectant capable of preserving the viability of cells [37]. And importantly, 
freezing regime in liquid nitrogen has been shown to provide a maximum recovery 
of cells [38]. The effects of the treatments were evaluated in terms of metabolic 
activity and composition of the microbiota using fermentation experiments in the 
TIM-2 in vitro system with Treatment 1 (fresh fecal preparation) as a reference. 
 
Microbiota activity 
Metabolic functions of the microbiota have been found to be influenced by a wide 
range of factors including temperature and the preservation media used [39]. 
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Functions such as the deconjugation of glycosylated metabolites, an essential 
activity of the gut microbiota, can be especially altered by changes in temperature 
[40,41]. Flores et al. [39] observed that enzymatic activity of β-glucuronidase 
decayed after freezing and thawing. In regard to the preservation media, bacteria 
kept in glycerol have  been shown to rapidly use it as a source of energy after 
thawing [14]. Rémond et al. [42] demonstrated the utilization of glycerol and the 
consequent increase in n-butyrate proportions that occur at the expense of acetate. 
For this reason, freezing with glycerol has been recommended as a treatment to 
maintain the diversity in a bacterial community, but it has been considered 
inadequate for fermentation studies [14]. 
Despite the changes in the metabolic function observed among the treatments, it is 
important to consider the similarities between Treatments 1 and 2 in the ratios and 
the kinetics for SCFA and BCFA production throughout the experiment (Fig. 2, S1, 
S3, Table S1). This suggests that processing the inoculum with Treatment 2 did 
improve activity recovery in contrast with earlier findings where the use of a 
cryoprotectant to fecal biomass did not enhance functionality in the mixed 
community [43]. The functional recovery of the community could be the result of 
functional overlap in the microbiota. This could be explained by the fact that 
different bacteria in a community share metabolites with their partners in cross-
feeding such as acetate [44], glucose [45,46], fixed nitrogen [45], amino acids [47] 
or hydrogen [48] as well as by the fact that there is a tremendous functional overlap 
in the multiple pathways dedicated to production of e.g., organic acids.  
The relative high BCFA production in Treatment 2 compared to Treatments 3 and 
4 (Fig. 3, S3) demonstrates that the microbes which have the ability to catabolize 
more protein compounds are better preserved in this treatment. 
 
Characterization of bacterial population by IS-profiling 
Diversity was affected during the 16 h adaptation period (Fig. S4). The changes 
observed are suggested to be influenced by different factors such as thawing, redox 
potential, and osmotic stress caused by the change of environment (from human 
gut to in vitro model). 
Firstly, the inoculum was thawed at 37 ˚C during 1 h. This condition could have 
influenced the stability of the microbial community since it has been found that 
DNA can be fragmented when thawing during this period of time [49]. Cardona et 
al. [49] observed that abundance of certain bacterial taxa was affected between 
frozen and unfrozen samples which were thawed for 1 to 3 h, especially in the 
Bacteroides genus. 
Secondly, it may be that the redox potential (Eh) in the system may have 
influenced the stability of the community during the experiment in all treatments. 
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The Eh range in the TIM-2 lumen is within -200 to -300 mV, similar to 
physiological values [50]. Although some reducing and buffering agents are used 
in the system, reaching an Eh close to -300 mV is not rapidly achieved during the 
adaptation period (unpublished data). Obligate anaerobes require a reducing 
environment to be metabolically active [50] since the redox potential influences the 
activity of their enzymes involved in the reduction and oxidation of compounds. 
Therefore, an inappropriate redox potential in the environment could alter the 
performance of their metabolic functions affecting the growth of these bacteria and 
their survival. 
Thirdly, the change of environmental conditions encountered by the bacteria in 
terms of different solute concentrations (substrates, salts, among others) may cause 
water to be drawn out of the cells. Many cells are sensitive to this phenomenon 
known as osmotic shock/stress. The use of hypertonic solutions such as NaCl 
(which is also contained in the dialysate preparation used in this study) has been 
found to reduce this kind of stress on bacteria. Nevertheless, NaCl has been found 
to cause surface lesions which could be ameliorated by the addition of glycerol. 
Glycerol also protects against osmotic shock, it decreases the freezing-point of 
biological fluids and water by colligative action and it prevents eutectic 
crystallization. Furthermore, membrane vesicles containing enzymes are protected 
by glycerol [36]. However, the prevention of loss of viable cells by glycerol was 
shown not to be equal for all members of a diverse and complex community 
characteristic for a fecal sample [37]. Therefore, in this study we decided to include 
a preparation with a low or absent concentration of glycerol (treatments 3 and 4) 
which showed that, irrespective of the presence of this cryoprotectant, bacterial 
diversity was reduced by the damaging effects of processing the fecal sample as 
previously also observed by others [37].  
It is important to realize that despite the different factors mentioned above that 
could have influenced the composition of the microbiota in the TIM-2 system, it 
has been observed that this model is highly reproducible. The TIM-2 system has 
been demonstrated to preserve the composition of the microbiota similar to its 
original source since Kovatcheva-Datchary et al. [51], showed that the composition 
of the microbiota from (fresh) feces and TIM-2 samples could not be distinguished. 
In addition, microbial activity and composition can be successfully reproduced 
throughout several weeks using the model as confirmed by performing 
fermentation experiments using inocula from two different groups of donors (lean 
and obese). These experiments showed a high similarity within the groups in all the 
measured parameters forming two different groups depending on the microbiota 
used [52]. 
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Despite the diversity being similar for some samples over time (e.g., for 
Proteobacteria for Treatment 1 at t=0 and 72 h; Shannon index around 3.3), this 
does not mean that the microbiota composition at these time points was the same 
(Fig. S5 - Proteobacteria). Kerckhof et al. [43] also observed no significant 
differences in overall community structure in a fecal community treated with 
several cryopreservation protocols based on a diversity index. However, the 
authors did observe that not all OTUs were preserved. Therefore, choosing a 
specific preservation technique in this case must be based on the importance of 
preserving single OTUs or the community structure as a whole for the study. 
In general, diversity in Act/Fir/Fus/Verr and Proteobacteria seemed to be 
preserved in Treatments 2, 3, and 4 while it is observed to decline in Bacteroidetes. 
Still, the shifts in the composition of the microbiota due to death of microbial 
species and the selective growth appeared to be similarly overcome in Treatments 1 
and 2 and in Treatments 3 and 4, forming two distinct groups (Fig. 4 and S4). In 
contrast to earlier findings where there was no clear effect of several 
cryopreservation protocols on taxonomic groups in a human fecal community [43], 
we found in this study that Treatment 2 was an optimal treatment to preserve the 
characteristic phylogenetic groups in a fecal inoculum resembling the closest to the 
reference (fresh feces). 
 

Conclusion 

 
We conclude that preparing a human fecal inoculum resuspended in dialysate 
solution with glycerol and then stored at -80 °C after snap-freezing in liquid 
nitrogen (Treatment 2) is a viable alternative to fresh feces (resuspended in the 
same buffer) for in vitro fermentation studies.  
Further experiments are recommended to i) test the optimal time and alternatives 
for thawing as e.g., discussed by Hamilton et al. [35] who tested thawing using an 
ice-bath, ii) study the extent of the effects of preparing a human fecal inoculum on 
in vitro experiments fermenting specific substrates and iii) determine the effect of 
different treatments on microbial enzyme activities and gas production. 
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Supplemental material 

 
Table S1. Fold change (metabolites) in treatments 2, 3 and 4 with 
respect to treatment 1 (reference).  

 

*Values below the detection level 
aFor each treatment, the ratio between each sampling time point was 
calculated with respect to the corresponding sampling time of the 
reference (i.e., t-16 treatment 2/ t-16 treatment 1). A value equal to 1 
indicates no change; a value of >1 indicates an increase; and a value 
of <1 indicates a decrease of the respective metabolite. 

 

 
Fig. S1. Ratios of acetate, propionate and butyrate produced after 72 
h fermentation. Samples were taken in time and analyzed by gas-
chromatography. The cumulative production of each individual 
SCFA (acetate, propionate and butyrate) and their sum (total) was 
calculated using the concentration from the GC analysis and volumes 
of the compartments of the model (lumen and dialysate). The ratio 
was calculated by dividing the concentration of each individual 
SCFA by the total. Treatment 1: feces mixed with dialysate and 
glycerol; Treatment 2: feces mixed with dialysate and glycerol and 
then frozen; Treatment 3: feces mixed with glycerol and frozen; 
Treatment 4: feces frozen immediately. 
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Fig. S2. Cumulative SCFA production (t=72) from the 
fermentations. Analysis was performed as described in Fig. S1. The 
final cumulative amount produced after 72 h is plotted. Treatment 1: 
feces mixed with dialysate and glycerol; Treatment 2: feces mixed 
with dialysate and glycerol and then frozen; Treatment 3: feces 
mixed with glycerol and frozen; Treatment 4: feces frozen 
immediately. 
 

 
Fig. S3. Kinetics of cumulative production of BCFA during the 72 h 
experimental time. Samples were taken in time and analyzed by gas-
chromatography. The cumulative production of each individual 
BCFA (iso-butyrate and iso-valerate) and their sum (total) was 
calculated using the concentration from the GC analysis and volumes 
of the compartments of the model (lumen and dialysate). (a) 
Treatment 1: feces mixed with dialysate and glycerol; (b) Treatment 
2: feces mixed with dialysate and glycerol and then frozen; (c) 
Treatment 3: feces mixed with glycerol and frozen; (d) Treatment 4: 
feces frozen immediately. 
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Fig. S4. Changes in Shannon index from (a) Act/Fir/Fus/Verr, (b) 
Bacteroidetes and (c) Proteobacteria over time. Using the data from 
the IS-Pro analysis, the Shannon index was calculated for the three 
individual groups that were analyzed. Treatment 1: feces mixed with 
dialysate and glycerol; Treatment 2: feces mixed with dialysate and 
glycerol and then frozen; Treatment 3: feces mixed with glycerol and 
frozen; Treatment 4: feces frozen immediately. 
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Fig. S5. Shifts of selected OTUs over time for each treatment. 
Changes in the abundance of peaks in the IS-Pro profiles were 
calculated over time. OTUs with at least a Log2 intensity > 13 
(intensity > 8192 RFU) were selected and represented using a 
relative abundance visualization. 
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Abstract 

 

Different criteria need to be fulfilled by in vitro gut models before they are 
considered valid for monitoring the effects of specific interventions/treatments on 
the microbiota. Important to ensure is the repeatability, robustness and 
reproducibility of the model. Therefore, the aim of this study was to identify these 
aspects and evaluate, in terms of functionality and composition, the characteristic 
communities developing in an in vitro gut model (TIM-2) fed either with a high 
carbohydrate or a high protein diet during 72 h. To elucidate this we focused on i) 
determining repeatability and the robustness of the metabolic response (in terms of 
metabolites produced and gene transcription of a standardized fecal microbiota 
inoculated in the gut model and on ii) assessing the reproducibility of the 
compositional development of the community. Diets were compared against each 
other and the standard, normal diet. Both the high carbohydrate diet and the high 
protein diet induced a lower production of total cumulative short-chain fatty acids 
(109.9 ± 11.5 mmol and 72.3 ± 3.9 mmol, respectively) when compared to the 
normal diet (150.4 ± 4.09 mmol, p < 0.01). Branched-chain fatty acids and 
ammonia production were remarkably higher in the fermentation of the high 
protein diet (5.3 ± 0.4 and 79.7 ± 3.78 mmol, respectively) contrary to the high 
carbohydrate diet (0.2 ± 0.3 and 8.12 ± 1.95 mmol, respectively) also when 
compared to the normal diet (2.87 ± 0.57 mmol, p < 0.01). Metabolite production 
was reproducible and those produced from the fermentation of the high 
carbohydrate diet were significantly different from the high protein diet (p < 0.01), 
with the exception of propionate, and were observed to be robust through time.  
It was clear that besides the reproducibility observed in the microbiota developing 
in each diet replicate, the largest variation in microbial composition was between 
the diets and not due to other technical variables. Before administrating the diet, 
the composition of the starting community was observed to be very similar in all 12 
replicates. Such similarity was also corroborated after finding no significant 
difference in diversity at t0. Communities were enriched in Streptococcus and 
Lactococcus species. After exposing the bacteria to the different diets, distinctive 
microbial compositions were formed. The high carbohydrate was characterized by 
a high relative abundance of Subdoligranulum, Blautia, Prevotella and 
Bifidobacterium whilst the fermentation of the high protein diet stimulated the 
growth of Bacteroides, Lachnospiraceae incertae sedis, Dorea and Prevotella. The 
largest change in composition occurred within the first 24h of the fermentation of 
the diets. 
When moving from a general diversity/compositional richness to a functionally-
relevant gene expression analysis, the contribution of the gut microbiota in each 
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diet proved to be reproducibly and robustly represented in the TIM-2 system 
through time. 
In conclusion, a high resolution analysis of the microbiota growing in the TIM-2 
system demonstrated the repeatable, robust and reproducible development of the 
microbiota at both functional and compositional level. 
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Introduction 

 

The human gut microbiota consists of a complex community with a higher coding 
capacity than the host [1]. This densely inhabited ecosystem performs different 
structural, protective and metabolic functions.  
Dysbiosis of human gut microbial communities has been shown to be associated to 
disease [2]. Therefore, many studies have been focused on investigating how to 
modulate the composition and metabolic activity of this ecosystem with the aim of 
improving host health or even to prevent or tackle serious health conditions, such 
as obesity. 
In vivo and in vitro models have served as valuable tools to investigate 
fermentation in the gastro-intestinal tract and to explore the complexity of microbe-
microbe interactions [2-4]. In the particular case of in vitro models, many setups 
have been developed in order to unravel the link between these microbes and 
multiple environmental components. For instance, different applications have been 
used to assess the bioavailability of environmental contaminants [5,6], impact of 
fermentation of prebiotics [7,8] on the gut ecosystem, with some mechanistic 
studies using stable isotopes [4,9,10] among others.  
In vitro gut fermentation models overcome many limitations from in vivo studies 
which include issues of costs, volunteer compliance, ethical approval [11], 
difficulties associated with sampling from different regions in the gut, and their 
inability to determine effects based solely on microbiota activity [12]. However, 
different criteria need to be fulfilled by in vitro gut models before they are 
considered valid for monitoring the effects of specific interventions/treatments on 
the microbiota. It is important to ensure repeatability, robustness and 
reproducibility of the model since these are crucial for i) comparing between 
several experiments in which it is vital to have similar starting communities [12] 
and ii) attributing the effects of the microbial composition/activity to the applied 
treatment and not to the adaptation of this microbiota to the artificial environment 
[4,12]. Furthermore, the model must be capable to maintain the characteristic high 
diversity [2] and functional complexity of human gut microbiota. 
In this study, we compositionally and functionally characterized a standardized 
microbial community in an in vitro model simulating the proximal colon: the TIM-
2 system [13]. The aim of this study was to evaluate the characteristic communities 
that develop in the in vitro gut model during 72 h when fed either a high 
carbohydrate or a high protein diet during 72 h. To elucidate this we focused on i) 
determining the reproducibility and robustness of both the metabolic response (in 
terms of metabolites produced and gene transcription) of a standardized fecal 
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microbiota inoculated in the gut model and on ii) assessing the reproducibility of 
the compositional development of such communities.  
 

Materials and methods 

 
Microbiota 
The inoculum used for the TIM-2 experiments consisted of an active, pooled fecal 
microbiota prepared from 7 healthy volunteers (male: n=3, female: n=4, average 
age= 42 ± 13 y, BMI= 24 ± 1.9 kg/m2). We have previously shown that pooling 
does not result in an aberrant microbiota composition or activity [14].  
Fecal samples were collected using a container kit which was maintained under 
anaerobiosis by using anaerobic packs (AnaeroGenTM, Oxoid, Cambridge, UK). 
Samples were homogenized in an anaerobic cabinet (80% N2, 10% CO2, 10% H2) 
and were used to inoculate a fed-batch fermentor simulating the human ‘cecum’ 
conditions as described earlier [13]. In short, 670ml food was inoculated with 80g 
of pooled stools. The incubation lasted 44h at 37˚C and was constantly flushed 
with gaseous nitrogen in order to guarantee anaerobic conditions. In addition, 
1250ml of food was supplied in fed-batch mode during the incubation time. The 
resulting slurry was aliquoted and snap-frozen in liquid nitrogen (-196˚C). This 
microbiota was stored at -80˚C before inoculation in TIM-2.  
 
Fermentation media  
During the period in which the microbiota was left to adapt to the conditions of the 
fermentation model (16h), all TIM-2 units were fed with simulated ileal efflux 
medium (SIEM) as described by Maathuis et al. [15]. After this adaptation period 
the units were fed with normal, high carbohydrate (CHO) and high protein diets 
(1:1, 10:1 and 1:10 (CHO: protein) diets) as described next.  
 
Normal diet; 1:1 (CHO: protein) 
This feeding containing the basal medium (normal preparation of SIEM) was used 
as a control. This preparation is always used for fermentation experiments in TIM-
2 and simulates the average non-digestible carbohydrates consumed in a normal 
Western diet [13]. 
 
High CHO diet; 10:1 (CHO: protein)  
The preparation of SIEM was modified by diluting the concentration of TBCO 10 
times (mixture of Tween 80, bacto-peptone, caseine and ox-bile) while keeping the 
proportions of the rest of the ingredients in the basal medium the same. 
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High protein diet; 1:10 (CHO: protein)  
The content of carbohydrates in the basal medium (pectin, xylan, arabinogalactan, 
amylopectin and starch) was diluted 10 times. The quantities of the rest of the 
ingredients were the same as in the basal medium. 
 
TIM-2 fermentation experiments 
The study was performed in two different experimental weeks in which six units 
were run in parallel per week. The TIM-2 system was flushed with N2 prior to the 
introduction of the inoculum and it was maintained under this condition at 37°C for 
96h. The pH was kept at or above 5.8 by automatic titration with NaOH (2M). 
Furthermore, the atmosphere in the system was progressively enriched by gases 
resulting from the fermentation process by the microbiota, contributing to the 
anaerobiosis in the system.  
A 30ml portion of fecal homogenate was used to inoculate the separate units for 
each experiment. Each unit was then filled to 120ml with 90ml of dialysate [15]. 
Right after the inoculation, the microbiota was left to adapt (16h) to the new 
environment. During this period, the basal medium preparation (SIEM) was 
gradually introduced into the system in a total volume of 40ml. After adaptation, 
the community was deprived from any medium for 2h (starvation) in order to 
maximize the use of the tested diets by the microbiota [16]. After the starvation 
period (at t0), the test diets were added. A volume of 180ml of the different diets 
and control was administrated over the 72h of the test period at a rate of 2.5ml/h.  
Throughout the experiment, luminal content was maintained at a level of 
approximately 120ml in each unit by a level sensor (liquiphant FTL20-0025, 
Endress+Hauser). In order to remove fermentation products and water from the 
lumen, a dialysis system (described in detail by van Nuenen et al. [17]) consisting 
of a semi-permeable hollow membrane ran through the lumen. For all the 
experiments, the speed of the dialysis was set at 1.5ml/min.  
After 24 and 48h of starting with the addition of the test diets, 25ml of lumen 
sample was removed from the system to mimic the transit of material coming from 
the proximal and reaching the distal colon [15].  
Luminal and dialysate sampling was performed at 0, 24, 48 and 72h. Samples were 
stored (-80˚C) until analysis. 
 
Metabolite production 
SCFA (acetate, propionate and butyrate) and BCFA (iso-butyrate and iso-valerate) 
analyses were performed as described by van Nuenen et al.[17]. In brief, samples 
were centrifuged (~12.000 g, 5 min) and to the clear supernatant a mixture of 
formic acid (20%), methanol and 2-ethyl butyric acid (internal standard, 2 mg/ml in 
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methanol) was added. A 3 µl sample with a split ratio of 75.0 was injected on a 
GC-column (ZB-5HT inferno, ID 0.52 mm, film thickness 0.10 um; Zebron; 
phenomenex, USA) in a Shimadzu GC-2014 gas chromatograph. Ammonia 
analyses were performed by Bio-aNAlytiX (Mook, The Netherlands) [18]. 
 
Statistical analysis 
The experiments were performed in series of four per diet (n=4). Results are 
presented as mean ± SD. Statistical analysis was performed using the SAS 
statistical software package (SAS version 9: SAS Institute, Cary, NC). All 
metabolites were compared with a mixed analysis of variance (ANOVA) model. 
Data were visually checked on normality and on constant variance of residuals by 
plots of residuals vs. corresponding predicted values. If data was not normally 
distributed, log transformation was applied for further analysis of the data as was 
the case for all metabolites tested. No outliers were detected. The ANOVA model 
considered diet (normal, high CHO and high protein) and time (t0, t24, t48, t72) as 
fixed factors. The factor replicate, which is the number of experiments performed 
was included in the model as a random factor. The Tukey-Kramer post hoc test was 
used to correct for multiple comparisons. The concentration of all metabolites was 
artificially set to zero at t0. To avoid unnecessary repetition, this is not indicated 
further in the text or graphs in the results section. Data were considered significant 
at p < 0.05. 
 
Gut microbiota profiling 
Total DNA extraction 
For the extraction of genomic DNA, 250 µl of luminal sample was mixed with 250 
µl of TE buffer (Tris–HCl pH 7.6, EDTA pH 8.0), 50 µl 10% (v/v) SDS (Ambion, 
Austin, TX, USA) and 500 µl acid-phenol (Phenol:Water (3.75:1 v/v); pH = 
4.45−5.68; Invitrogen, Carlsbad, CA, USA). Samples were treated 3x in a FastPrep 
(Precellys 24, Bertin Technologies, USA) at speed 5.5 for 45s and later centrifuged 
at 13.400 g for 15 min at 4 ºC. Nucleic acids were subsequently purified by 
extraction with Maxwell MDx (Promega, Madison, USA) following the “16 Tissue 
LEV Total RNA” protocol according to manufacturer’s instruction. 
 
Primers 
Primer pairs 515F (5’-GTGCCAGCMGCCGCGGTAA) - 806R (5’-
GGACTACHVGGGTWTCTAAT) and BSF784F (5’-RGGATTAGATACCC) - 
1064R (5’-CGACRRCCATGCANCACCT) have been previously reported for 
amplification of the V4 [19] and V5- V6 [20] regions of the bacterial 16S rRNA 
gene, respectively. They were selected based on 1) experimental validation, 2) 
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taxonomic coverage of the relevant ecosystem adherence to specific rules 
associated with the sequencing platform, such as a maximum amplicon size of 
<500 nt. Unless noted otherwise all primers were ordered at Biolegio (Nijmegen, 
Netherlands). 
 
Barcoding strategy 
To achieve optimal sample throughput and phylogenetic depth, 70 primers 
containing a custom designed 8nt barcode were developed to combine with 
Illumina barcodes. Each set of 70 barcoded samples are referred to as “library”. 
Low diversity samples, such as 16S rRNA gene amplicons, can lead to problems 
with base calling due to overexposure of fluorescent labels. Therefore, the set of 70 
barcodes was specifically designed to possess an equal base distribution over their 
complete length. Additionally, to avoid differential amplification, a two-base 
“linker” sequence that is not complementary to any 16SrRNA sequence at the 
corresponding position was inserted between the primer and barcode. The resulting 
set of 70 barcoded primers was checked for avoidance of secondary structure 
formation within or between primers (i.e., primer-dimers) or between barcodes and 
primers, using PrimerProspector [21]. 
 
Barcoded PCR 
To ensure reproducible results, 2 variable regions (V4 and V5-V6) of the 16S 
rRNA gene were used. Each sample was amplified in duplicate using Phusion hot 
start II high fidelity polymerase (Thermo fisher scientific AG, Reinach, 
Zwitserland), checked for correct size and concentration on a 1% agarose gel and 
subsequently combined and column-purified with the High pure PCR cleanup 
micro kit (Roche diagnostics, Mannheim, Germany). PCR reactions were 
performed in 50 µl reactions according to the manufacturer’s instruction (Fisher 
Scientific, Landsmeer, the Netherlands). PCR reactions contained 36.5 µl 
nucleotide free water (Promega, Madison, USA), 0.5 µL of 2 U/µl polymerase, 10 
µl of 5x 10 µl buffer green HF (5x), 1 µl of 10 µM stock solutions of each of the 
forward (515F) and reverse (806R) primers, 1 µl 10mM dNTPs (Promega, 
Madison, USA) and 1 µL template DNA (103 x diluted 200 ng/ul stock). Reactions 
were held at 98 °C for 30 s and amplification proceeding for 25 cycles at 98 °C for 
10 s, 52 °C for 10 s, 72 °C for 10 s and a final extension of 7 min at 72 °C. Purified 
amplicons were quantified using Qubit. For primer pair BSF784F-1064R the 
thermal cycling conditions were identical to those detailed above except that the 
annealing temperature was 42 °C. A composite sample for sequencing was created 
by combining equimolar amounts of amplicons from the individual samples, 
followed by purification and concentration using magnetic beads to remove any 
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remaining contaminants. The resulting libraries were sent to GATC Biotech AG 
(Konstanz, Germany) for sequencing on an Illumina Hiseq2000 instrument. 
Unless specified, the data presented the combined information of both regions. The 
average number of reads per sample was 166311 ± 131574. 
 
Analysis of community structure 
Raw 16S rRNA gene amplicon data was analyzed using NG-tax (Ramiro-García et 
al, submitted) using default settings as described elsewhere. Statistical analysis and 
visualization were done with QIIME suite of software v 1.9 [22] and R version 
3.1.3. A heatmap showing the significantly different taxa (genus level) between the 
diets was made calculating the difference of relative abundance means using a 
Kruskal wallis test. 
 
Total RNA extraction and rRNA removal 
Total RNA was extracted from the luminal samples following the Macaloid-based 
RNA isolation protocol [23] which incorporated the use of a phase lock gel™ 
(GLP™) in order to effectively isolate the nucleic acid-containing phase from the 
sample as previously explained [24]. RNeasy mini kit (QIAGEN, CA, USA) was 
used for RNA purification and included the use of an on-column DNAse I (Roche, 
Germany) treatment [23] to remove DNA from the samples. RNA quantity and 
quality were assessed using a NanoDrop 2000/2000C spectrophotometer (Thermo 
Scientific, USA), Experion RNA Stdsens analysis kit (Biorad Laboratories Inc., 
USA) and plotting 23S/16S rRNA ratios (Experion™ Software V. 3.0, Bio-Rad, 
USA).  
Extracted RNA was enriched using the Ribo-Zero™ rRNA removal kit (Epicentre, 
Madison, USA) according to the manufacturer's instructions. The rRNA-depleted 
sample was purified by precipitation with ethanol. In brief, the volume of each 
RNA sample was adjusted to 180 µl using RNase-Free water and it was 
subsequently mixed with 18 µl of 3M sodium acetate, 2 µl of glycogen (10 mg/ml) 
and 3 volumes of ice-cold 100% ethanol. Tubes were stored overnight at -20 ºC 
and were subsequently centrifuged at >10.000 g at 4 ºC for 30 min. The 
supernatant was carefully removed and the pellet was washed twice with 600 µl 
ice-cold 70% ethanol. The pellet was allowed to air dry at room temperature for 5 
min. Finally, the pellet was dissolved in 10 µl of RNase-Free water. The quality of 
the treated RNA was assessed using a NanoDrop 2000/2000C spectrophotometer 
(Thermo Scientific, USA) and Experion RNA Stdsens analysis kit (Biorad 
Laboratories Inc., USA). 
The Ribo-Zero™ treated RNA was used for the ScriptSeq™ (Epicentre, Madison, 
USA) library preparation according to the manufacturer's instructions. For the 
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purification steps we used the HighPrep PCR kit (MagBio Genomics, Inc., 
US/Canada), according to the manufacturer's instructions. The samples were sent 
for sequencing at GATC-Biotech (Konstanz, Germany). 
 
Metatranscriptomic analysis 
Despite the mRNA enrichment step described above, rRNA depletions are 
generally incomplete, therefore to remove the remaining rRNA sequences form the 
RNA-seq datasets the software SortMeRNA [25] and the protocol described in 
Leimena et al. [26] was employed. The pipeline described in Davids et al. [27] was 
used to assembly the unfiltered reads (potential mRNA reads) into contigs, predict 
ORFs (Open Reading Frame) and annotate KEGG functions. Differential 
expression analyses of the KEGG functions were performed with the R package 
edgeR [28]. 
 
Ethics Statement 
Studies using fecal donations from healthy volunteers do not require medical 
ethical committee approval in The Netherlands since they are considered as non-
invasive. Nevertheless, all participants provided informed consent prior to the start 
of the study.  
 

Results 

 
pH 
The luminal pH in the TIM-2 system was maintained at 5.8. Therefore, it was not 
possible to observe any differences in acidification among the interventions. 
However, by plotting the consumption of NaOH (used to titrate the pH) as a proxy 
for the produced acids in the lumen, it was possible to observe a significantly 
higher alkaline consumption (reflecting higher acid production) for the high CHO 
diet (p < 0.01 at t72), and a significant lower consumption for the high protein diet 
(p < 0.01 for t24, 48 and 72) compared to the normal diet (Fig. 1, Table S1). In 
addition, both high CHO and high protein diets were significantly different from 
each other (p < 0.01 from t24 to t72). Interestingly, there was no statistically 
significant difference in the alkali consumed after the adaptation period at t0 
among the three diets. 
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Fig. 1. Cumulative consumption of NaOH (2M) to titrate the system 
after the adaptation period (bars at t0) and during the 72h 
fermentation. The different diets correspond to: normal: 1:1 (control 
or basal SIEM medium); high CHO: 10:1 and high protein 1:10 
(CHO: protein) diets. Key: *p < 0.01 specific time point is 
significantly different compared to the control diet; †p < 0.01 
specific time point is significantly different compared to the high 
CHO diet. 

 
Microbiota activity 
SCFA 
Table 1 shows the total amount of SCFA (sum of acetate, propionate and butyrate) 
produced after 72 h of fermentation. The fermentation of the high CHO diet 
resulted in higher total cumulative SCFA (109.9 ± 11.5 mmol) compared to the 
high protein diet which produced the lowest amount (72.3 ± 3.9 mmol) although 
both were lower than the control (150.4 ± 4.09 mmol; p < 0.01). 
 

Table 1. Total average (+/- SD) amount of SCFA (sum of acetate, 
propionate and n-butyrate; mmol) produced in the TIM-2 system 
during the 72h fermentation experiments with the three diets 
(normal, high CHO and high protein)1. 

 
Diet 

 
Total SCFA (mmol) 

t0 t24 t48 t72 
Normal 0 41.8 ± 3.12 95.0 ± 2.10 150.4 ± 4.09 
High CHO 0 38.3 ± 4.88 72.3 ± 8.37* 109.9 ± 11.5* 
High protein 0 22.9 ± 2.29*† 46.8 ± 3.44*† 72.3 ± 3.85*† 
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1Key: Values were artificially set to zero at the start of feeding the 
different test diets (t0) *p < 0.01 specific time point is significantly 
different compared to the normal diet; †p < 0.01 specific time point 
is significantly different compared to the high CHO diet. The 
different diets correspond to: normal: 1:1 (control or basal SIEM 
medium); high CHO: 10:1 and high protein 1:10 (CHO: protein) 
diets. 

 
As observed for the total SCFA (Table 1), the total cumulative production of the 
individual SCFA acetate, propionate and n-butyrate were higher with the normal 
diet when compared to the other diets. Both high CHO and high protein diets 
showed significant differences in the total cumulative amounts of acetate and n-
butyrate compared to the normal diet (p < 0.01 at t72) (Fig. 2). There was no 
significant difference in the propionate production over time among the diet high in 
CHO and the diet high in protein. 
 

 
 
Fig. 2. Average (+/- SD) kinetics of cumulative SCFA production 
(mmol) of (a) acetate, (b) propionate (c) and n-butyrate in the 
experiments. Values were artificially set to zero at the start of 
feeding the different test diets (t0). The different diets correspond to: 
normal: 1:1 (control or basal SIEM medium); high CHO: 10:1 and 
high protein 1:10 (CHO: protein) diets. Key: *p < 0.01 specific time 
point is significantly different compared to the normal diet; †p < 
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0.01 specific time point is significantly different compared to the 
high CHO diet. 

 
BCFA and ammonia 
Table 2 shows that after 72h of fermentation of the high CHO diet, lower amounts 
of total cumulative BCFA (0.23 ± 0.29 mmol) were produced whilst the 
fermentation of the high protein diet resulted in a higher production (5.33 ± 0.36 
mmol) when compared to the normal diet (2.87 ± 0.57 mmol; p < 0.01). 
 

Table 2. Total average (+/- SD) BCFA (sum of iso-butyrate and iso-
valerate; mmol) produced in the TIM-2 system during the 72h 
fermentation experiments with the three diets (normal, high CHO 
and high protein)1. 
 

Diet 
 

Total BCFA (mmol ) 
t0 t24 t48 t72 

Normal 0 0.45 ± 0.32 1.32 ± 0.54 2.87 ± 0.57 
High CHO 0 0.00 ± 0 0.02 ± 0.02* 0.23 ± 0.29* 
High protein 0 0.89 ± 0.33† 2.66 ± 0.29*† 5.33 ± 0.36*† 

 
1Key: Values were artificially set to zero at the start of feeding the 
different test diets (t0) *p < 0.01 specific time point is significantly 
different compared to the normal diet; †p < 0.01 specific time point 
is significantly different compared to the high CHO diet. The 
different diets correspond to: normal: 1:1 (control or basal SIEM 
medium); high CHO: 10:1 and high protein 1:10 (CHO: protein) 
diets. 

 
The cumulative iso-valerate production was higher when compared to iso-butyrate 
in the experiments with the high protein diet (Fig. 3). As expected, both 
metabolites were produced in significantly higher amounts with this diet when 
compared to the others. The same was observed for ammonia amounts (Fig. 4). The 
production of putrefactive metabolites was remarkably lower in the experiments 
with the high CHO diet (p < 0.01; Figs. 3 and 4).  
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Fig. 3. Average (+/- SD) kinetics of cumulative BCFA production 
(mmol) in the experiments. (a) iso-butyrate, and (b) iso-valerate. 
Values were artificially set to zero at the start of feeding the different 
test diets (t0). The different diets correspond to: normal: 1:1 (control 
or basal SIEM medium); high CHO: 10:1 and high protein 1:10 
(CHO: protein) diets. Key: *p < 0.01 specific time point is 
significantly different compared to the normal diet; †p < 0.01 
specific time point is significantly different compared to the high 
CHO diet. 
 

 
Fig. 4. Average (+/- SD) kinetics of cumulative ammonia production 
(mmol) in the experiments. Values were artificially set to zero at the 
start of feeding the different test diets (t0). The different diets 
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correspond to: normal: 1:1 (control or basal SIEM medium); high 
CHO: 10:1 and high protein 1:10 (CHO: protein) diets. Key: *p < 
0.01 specific time point is significantly different compared to the 
normal diet; †p < 0.01 specific time point is significantly different 
compared to the high CHO diet. 

 
Microbiota profiling 
To ensure reproducible results with 16S rRNA gene amplicons sequencing, two 
variable regions were amplified and duplicate technological replicates were 
performed. Finally, the data was sequenced at two separate occasions. All datasets 
were found to be in complete agreement. 
 
Population dynamics 
After inoculation and during the stabilization phase the phylogenetic diversity [29] 
dropped (Fig. S1). After the stabilization phase, each diet formed its specific 
microbiological composition (Fig. 5). The unweighted Unifrac showed the largest 
separation between the diets and t0, which indicates not only changes in the 
abundance, but also which OTUs were above the cutoff. Since unweighted Unifrac 
puts large emphasis on this (arbitrary) cutoff and is more sensitive to sequencing 
error, we used weighted Unifrac for the remainder of the analysis. However, both 
metrics were in complete concordance (Fig. 5). 
The compositional similarity within all TIM-2 units at the start (t0) of the 
experiments was corroborated after finding no significant difference in relative 
abundance at genus level between units (FDR p>0.05) and diversity. 
After the administration of the different diets, the composition of the microbiota 
started to deviate in time, in a specific way for each diet as shown with the 
weighted Unifrac distances (Fig 5). Similarly, the diversity increased through the 
72h fermentation of the diets (Fig. 6), suggesting a continued change in 
composition, although after the first 24h the change was observed to slow down.  
Despite that there were minor differences in composition within the TIM-2 units, 
the diet effect was clearly visible (Fig. 7) and within diet Unifrac distances were 
smaller than between diet distances (Fig.8; p<0.001). Overall, the reproducibility of 
the system was clear from the weighted Unifrac distance analysis (Fig. 8): i) the 
distances between experimental days and runs were significantly shorter than 
between “random variables” (all variables combined), ii) the distances “within the 
diets” are shorter than the “between diet” distances, and iii) the distances between 
the PCR replicates were significantly smaller than the biological findings. All in 
all, from Fig.8 it was clear that besides the reproducibility observed in the 
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microbiota developing in each diet replicate, the largest variation in microbial 
composition was between the diets and not due to other technical variables. 
 
 

 
Fig. 5. PCoA plots with Unweighted (left) and Weighted (right) 
Unifrac distances. 

 
 

 
Fig. 6. Phylogenetic diversity of the diets at each time point 
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Fig 7. Heatmap of significantly different taxa at genus level between the diets (difference of relative 
abundance means using a Kruskal wallis test). Colors show relative abundance compared to the same 
unit at t0. Blue is a decrease, red increase. 
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Fig. 8. Boxplots showing weighted Unifrac distances for different 
categories (notches not overlapping = significant) 

Development of the microbiota fermenting the diets in the TIM-2 units 
As mentioned earlier, the composition of the microbial community before initiating 
the diet administration was observed to be reproducible in all replicates. The 
composition at t0 was characterized by high relative abundances of mainly 
facultative anaerobes, such as Streptococcus, and Lactococcus.  
The fermentation of the different diets showed a distinct microbial composition, 
however some patterns were clearly visible within all diets and units: Clostridium, 
Enterococcus and Streptococcus decreased and Prevotella increased (Fig. 7; except 
for Ob, which shows a slightly deviant pattern compared to the other units with the 
same diet). At t24 significant compositional differences were observed between the 
diets, mainly in Prevotella, Bacteroides and Lachnospiraceae incertae sedis 
abundances. The bacteria that increased after the 24h fermentation of the high 
CHO and normal diets were Subdoligranulum, Blautia, Prevotella and 
Bifidobacterium. Bacteroides, Lachnospiraceae incertae sedis, Dorea, and 
Prevotella where highly abundant in the microbiota fermenting the high protein 
diet after 24h. At 48h, these bacteria were seen to increase with the exception of 
Prevotella which decreased. Differences were also observed at t48 between the 
normal and high CHO diets in the abundance of Dorea, Ruminococcus and to a 
lesser degree Lachnospiraceae incertae sedis. At 72h a slight change in the 
composition was observed in all three diets, but the overall pattern was similar to 
that observed at 48h. 
 
 

PCR replicates

Between experimental days

Between runs

After stabilisation

Within Diets

Between Diets

Random

0.00 0.05 0.10 0.15 0.20 0.25
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Rate of change 
Using the weighted Unifrac distance analysis we observed that the largest change 
in composition occurred within the first 24h of the fermentation of the diets (Fig. 
9). The average Unifrac distance between t0 and t24 was significantly higher for 
the normal diet compared to the high protein diet (p <0.0001). For both microbiotas 
fermenting the high protein and the normal diet, they kept deviating from the 
composition at t0. 
 

 
Fig. 9. Compositional difference between t0 at each timepoint for all 
diets. Unifrac distances were calculated between t0 and each 
timepoint. 

 
Although the compositional changes based on weighted Unifrac seems to stagnate 
(especially for the microbiota fermenting the high CHO diet), the phylogenetic 
diversity showed an almost linear increase for all diets (Fig. 6). The microbiota 
fermenting the high protein diet showed the highest diversity, but also stabilized 
after t48. The diversity of the microbiota fermenting the high protein diet is higher 
when compared to the high CHO diet at all timepoints (p<0.0001) 
 
Metatranscriptomic analysis 
KEGG functionality distance analysis showed clustering of samples based on 
functionality (Fig. 10). As observed for the compositional analysis, at t0 all the 
samples grouped together. From a total of 114573 genes, no single function was 
found to be differentially expressed between the high CHO and the high protein 
diet at this time point (t0; Fig. S2a). After 24h of administrating the different diets, 
differences were bigger in terms of functionality and samples were divided in two 
groups: i) one comprising the high CHO and the normal diet and ii) one which 
contains the high protein diet. Less than 9% of the functions analyzed were found 
to be differentially expressed in the high CHO and the high protein diet (t24; Fig. 
S2b). 
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Fig. 10. KEGG functionality distance plot of timepoint t0 and t24. 

 

Discussion 

 

Multiple versions of in vitro gut models are currently available, all of them 
presenting different levels of complexity in their design. Some in vitro models 
consist of a simple batch culture, some others of sophisticated continuous 
multistage (semi) continuous cultures [2,4,11]. Both are characterized by the use of 
fecal microbiota as inoculum and their operation is strictly controlled. The more 
sophisticated models mostly performed under physiological temperature, pH, food 
intake and anaerobic conditions [2,12].  
Despite the efforts in closely simulating the human gut, in vitro gut models cannot 
be considered as an attempt to reproduce an exact replicate of the human intestine 
[2,30]. The complexity of host physiology is not fully reproduced in these models 
[30]. However, they constitute a potential tool to understand how fermentation in 
the human intestine occurs together with the possible mechanistic processes 
behind. Furthermore, the use of gut models clearly reduces laboratory animal use. 
Therefore, efforts should be focused on their adequate conditioning that ensures 
their repeatability, robustness and reproducibility for experimental studies [2].  
The TNO dynamic in vitro model of the proximal colon (TIM-2) is one example of 
a widely used model for studying compositional and functional changes in the gut 
microbiota caused by different fermentable substrates. The operational conditions 
in TIM-2 are rigorously controlled and standardized. Furthermore, as described by 
Minekus et al., [31], the model was validated analyzing i) the composition, ii) the 
enzymatic activity and iii) production and concentration of SCFA from the 
microbiota with data from sudden death individuals. Thus, the system has been 
used for a wide range of analyses including the study of metabolism of phenolic 
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compounds [32], the effect of prebiotics on the growth of bacteria [13,15,17,33] 
and the use of different diets and intestinal microbiota [34,35].  
Current new molecular techniques represent powerful instruments to demonstrate 
the reproducibility, robustness and repeatability of TIM-2. 16S rRNA sequencing 
and metatranscriptomics offer a high resolution to the understanding of the 
dynamics of specific microbial communities including the impact on their 
metabolic behavior [36-38]. Therefore, we compositionally (using 16S rRNA 
amplicon sequencing) and functionally (metabolite quantification and 
metastranscriptome sequencing) characterized the microbial community 
developing in TIM-2 in a 72 h fermentation on a normal diet, a diet high in CHO or 
a diet high in protein, and studied reproducibility of the system with 4 replicates 
per diet. 
 
Metabolites 
In this study, we observed that in terms of the metabolites produced, the dietary 
components (high CHO and high protein) were important determinants for the 
metabolic activity of the microbiota (Fig. 2, 3 and 4).  
The high protein diet (with low carbohydrates) lead to a reproducible increased 
production of toxic metabolites (BCFA and ammonia) while the normal and high 
CHO diets yielded a reproducible higher production of health-promoting 
metabolites (SCFA). The differences in the total cumulative SCFA produced in the 
diets (150.4 ± 4.1 mmol, 109.9 ± 11.5 mmol and 72.3 ± 3.9 mmol for normal, high 
CHO and high protein diets, respectively) presented little variation among 
replicates and the two very different versions of the diets: high CHO and high 
protein were statistically different. Our results corroborated previous reports 
indicating that the gut microbiota preferably ferment carbohydrates but switches to 
protein fermentation in case of carbohydrate depletion [1,39,40]. In addition, low 
production of SCFA can also indicate a less efficient fermentation and, 
consequently, a lower generation of energy for the host, as shown in the following 
chapters 6, 7 and 8. 
 
Microbiota profiling 
The observed decrease in the diversity index found between the t-16 and t0 
samples, indicates that the microbiota was affected during the adaptation period 
(Fig. S1. In this regard, substrate limitation, dilution and product inhibition, pH, 
redox potential and anaerobiosis may constitute the main causes that may limit the 
optimal propagation of the inoculum in an in vitro system [31,36,41].  
Rajilic-Stojanovic et al. [42] also observed an initial drop in the microbial diversity 
(around 40%) in TIM-2 samples during the adaptation period. Still, the authors did 
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also find that the microbiota became more complex during the subsequent growth 
in the system, as also observed in the present study (Fig. 6, 7). In fact, the effect of 
the operational conditions on the development of the microbiota has been 
previously observed in other in vitro models of the human large intestine. For 
instance, SHIME has been shown to selectively stimulate the growth of 
Bacteroidetes and Clostridium cluster IX and reduce Clostridium clusters IV and 
XIVa [12]. Furthermore, in the present study we observed that the microbiota 
growing in the TIM-2 system presents a high abundance of Streptococcus and 
Lactococcus which is not representative for the colon. 
Despite the transition of the microbiota from gut to in vitro, the development of the 
communities in the TIM-2 seemed to recover and showed to consistently increase 
in diversity through time suggesting that possibly the operational conditions of the 
system: strict pH control, continuous nutrient administration and removal of 
microbial metabolites (dialysis system) promoted the gradual growth of a complex 
community (Fig. 6, 7). Furthermore, after the adaptation period, the composition of 
samples from all 12 experiments at t0 showed highly similar communities when 
compared to each other (Fig. 5) which evidenced that the composition of the 
community seemed to be similarly affected in all experiments during the adaptation 
period, again indicating reproducibility. 
Streptococcus, and Lactococcus were found to be highly abundant in the microbial 
community at t0. These are well-known genera of lactic acid bacteria previously 
found to grow in the TIM-2 model [43]. The use of a complex growth medium 
(such as SIEM) with a high amount of carbohydrates (especially starch), proteins, 
vitamins and minerals may have particularly increased the growth of this group of 
bacteria during the adaptation period. However, the decrease observed in the 
subsequent sampling times (t24, 48 and 72) may indicate that their growth 
dynamics could have been affected by consistently providing the diets either with 
fermentable CHO or high in protein content. 
 
Development of the community structure during fermentation of the diets in TIM-2 
As observed before, our data suggests the effect of dietary components as a major 
determinant in the composition of gut microbiota. After initiating the feeding with 
the different diets, it was possible to observe that specific subpopulations of the 
microbiota seemed to be reproducibly affected depending on the composition of 
the diet (Fig. 5-7).  
In agreement with the production of the different metabolites, the composition of 
the microbiota fermenting the normal and the high CHO presented more 
similarities when compared to each other than when compared to the microbiota 
fermenting the high protein diet.  
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The high CHO and the normal diet were observed to increase the abundance of 
Subdoligranulum. Our findings are in agreement with another study in which a low 
protein diet was found to increase the abundance of Subdoligranulum [44]. 
Furthermore, this group of bacteria has been reported to be highly abundant in 
vegetarians [45].  
Blautia was also found to be highly abundant in the microbiota fermenting the 
normal and the high CHO diet. This finding is expected since the total human 
microbiome is estimated to comprise between 2.5 to 16% of Blautia spp. members 
[46]. Moreover, this genus has been positively correlated with the fermentation of 
resistant starch (which was more available in these diets) suggesting this genus to 
play an important role in starch degradation [47]. 
A microbial community high in Prevotella was also found in the experiments with 
the normal and high CHO diet. The Prevotella genus is known to degrade 
carbohydrates, both insoluble plant fiber and soluble carbohydrates [48,49]. 
Furthermore, an increase of Bifidobacterium populations was also observed in the 
microbiota fermenting these diets. Usually the increase in Bifidobacterium is 
associated with supplementation of galactooligosaccharides (GOS) and/or 
fructooligosaccharides (FOS) [50,51]. However, data from several studies suggest 
that Bifidobacterium species also have the ability to use starch to grow [52,53] and 
to primarily consume the intermediates produced by Ruminococcus related species 
(which were also detected in our study) during the primary degradation of starch 
[53].  
The increase in Bacteroides observed in the diet with a low carbohydrate (but 
relatively higher protein) content is consistent with the nutrient preferences 
reported for this genus. A long-term diet rich in protein has been suggested to be 
dominated by Bacteroides [54,55]. Furthermore, levels of Bacteroides have been 
observed to increase after a shift in pH (5.5 to 6.5) in cultures supplied with 
peptides and a mixed carbohydrate source [56]. Interestingly, Lachnospiraceae 
incertae sedis was also observed to increase in the microbiota fermenting the high 
protein diet. This has been previously described as an emerging taxon of interest 
due to its potential role in irritable bowel syndrome (IBS) which suggests future 
research about the importance of these bacteria and their association with health 
status [57]. 
Dorea spp. have been found to be carbohydrate utilizing bacteria [58]. In this 
study, it was found to increase through time when fermenting the high protein diet. 
However, these bacteria also increased in the normal diet which also indicates 
more research is needed in order to elucidate their impact on gut health. 
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Metatranscriptomics 
It is a challenge to define when a community stabilizes since it is questionable how 
much variation can be accepted to reach such stability [59]. However, our weighted 
Unifrac distance analysis showed that there is a fast change in the microbiota 
composition between t0 and t24, especially in the microbiota fed with the high 
protein diet (Fig. 9). After this time it seemed that the microbiota tended to 
stabilize. This is in agreement with previous observations by us and others about 
the resilience of the gut microbiota [40,60].  
Based on these findings we zoomed in to the community gene expression level at 
t0 and t24. Again, we observed a consistent robust and reproducible response in all 
diets (Fig. 10). The fact that we did not find any differentially expressed functions 
at t0 matched our expectations of reproducibility, allowing us to verify that after 
the adaptation period the microbiota grew consistently in the system and the 
starting point for every of the 12 experiments is very similar even at the gene 
expression level. 
We also expected a low abundance of differentially expressed genes after 24h. As 
previously observed, there are household genes in the microbiota that are expressed 
similarly under multiple different conditions [26] revealing high degree of 
similarity on metatranscriptomic profiles. This must mean that the genes that are 
differentially expressed on the different diets are important under the new dietary 
regimes. Detailed characterization of those genes fell outside the scope of this 
reproducibility study and will be reported elsewhere. 
 
Conclusion 

 
The effects of different diets on the microbiota composition and activity were 
repeatable, robust and reproducible in the different replicates through all 
experimentation weeks. This is demonstrated statistically and is reflected even at 
the gene expression level. Our findings not only showed the gut microbiota as a 
rapidly metabolically adaptable organ as previously reported [40,60] but also 
highlighted the sensitivity and the potential of the TIM-2 system as a tool for 
investigating the role of the microbiota on human health or disease through 
investigating reproducible changes in community structure and activity. 
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Supplemental material 

 
Table S1. Fermentation metabolites produced during 72 h 
fermentation experiments.  

 
Diet  mmol 

 t0 t24 t48 t72 
Normal acetate 0 26.8 ± 2.10 55.9 ± 3.94 83.1 ± 7.54 
  propionate 0 7.49 ± 3.39 20.5 ± 6.16 34.7 ± 7.51 
  n-butyrate 0 7.51 ± 0.70 18.7 ± 1.91 32.5 ± 1.27 
  Total SCFA 0 41.8 ± 3.12 95.0 ± 2.10 150.4 ± 4.09 
  ammonia 0 12.6 ± 1.56 32.1 ± 2.08 54.5 ± 2.62 
  iso-butyrate 0 0.15 ± 0.13 0.45 ± 0.27 1.01 ± 0.31 
  iso-valerate 0 0.31 ± 0.20 0.87 ± 0.27 1.86 ± 0.28 
  Total BCFA 0 0.45 ± 0.32 1.32 ± 0.54 2.87 ± 0.57 
 Alkali 13.88 ± 1.91 36.3 ± 4.85 53.9 ± 7.13 69.4 ± 7.86 
High CHO acetate 0 27.2 ± 4.89 47.6 ± 7.71 70.4 ± 8.54* 
  propionate 0 3.73 ± 1.49 8.77 ± 2.56 * 13.7 ± 3.59* 
  n-butyrate 0 7.38 ± 1.76 15.8 ± 1.97 25.8 ± 2.02* 
  Total SCFA 0 38.3 ± 4.88 72.3 ± 8.37* 109.9 ± 11.5* 
  ammonia 0 3.17 ± 0.83* 5.48 ± 1.38* 8.12 ± 1.95* 
  iso-butyrate 0 0.00 ± 0 0.00 ± 0* 0.07 ± 0.14* 
  iso-valerate 0 0.00 ± 0 0.02 ± 0.02* 0.16 ± 0.17* 
  Total BCFA 0 0.00 ± 0 0.02 ± 0.02* 0.23 ± 0.29* 
 Alkali 13.33 ± 2.38 39.1 ± 3.54 60.2 ± 4.66 84.0 ± 6.76* 
High 
protein acetate 0 

12.4 ± 
1.35*† 24.7 ± 1.57*† 37.8 ± 2.47*† 

  propionate 0 6.24 ± 1.08 13.4 ± 2.52 20.7 ± 3.12* 
  n-butyrate 0 4.24 ± 0.76 8.50 ± 1.82*† 13.8 ± 3.00*† 

  Total SCFA 0 
22.9 ± 
2.29*† 46.8 ± 3.44*† 72.3 ± 3.85*† 

  ammonia 0 
19.9 ± 
2.74*† 47.5 ± 4.05*† 79.7 ± 3.78*† 

  iso-butyrate 0 0.24 ± 0.17 0.86 ± 0.12*† 1.86 ± 0.16*† 
  iso-valerate 0 0.65 ± 0.17† 1.80 ± 0.18*† 3.47 ± 0.25*† 
  Total BCFA 0 0.89 ± 0.33† 2.66 ± 0.29*† 5.33 ± 0.36*† 

 Alkali 14.28 ± 1.80 
16.1 ± 
2.40*† 16.1 ± 2.40*† 16.1 ± 2.40*† 

 
1Key: *p < 0.01 specific time point is significantly different 
compared to the normal diet; †p < 0.01 specific time point is 
significantly different compared to the high CHO diet. The 



Reproducibility of the TIM-2 system 

105 

different diets correspond to: normal: 1:1 (control or basal SIEM 
medium); high CHO: 10:1 and high protein 1:10 (CHO: protein) 
diets. 

 

 
 

Fig. S1. PD whole tree (α-diversity) from TIM-2 samples through 
time . 

 
Fig. S2a. Differentially expressed functions between the high 
CHO and the high protein diet at t0.  
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Fig. S2b. Differentially expressed functions between high CHO 
and the high protein diet at t24.  
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Abstract 

 

The aim of this study was to screen how quick the human gut microbiota responds 
to diet in an in vitro model of the proximal colon (TIM-2 system). Two 
experimental diets were provided to the gut bacteria: a high carbohydrate and a 
high protein diet. The metabolic response and the composition of the microbiota 
were compared to a control diet simulating an average western meal. Short-chain 
and branched-chain fatty acids (SCFA and BCFA, respectively) production, in 
addition to changes in the community composition (profiling), were measured. The 
activity of the microbiota reflected differences between the diets exhibiting a trade-
off between saccharolytic and proteolytic fermentation when compared to the 
control. Diversity analysis revealed a phylum-specific response depending on the 
diet tested. Most changes in the microbiome composition occurred during the first 
24h of the experiment. The outcome of this study allowed to elucidate that the 
human gut bacteria quickly respond to changes in diet. In addition, it confirms that 
variations in the concentration of carbohydrates and proteins modify the activity 
and composition of the microbiota and these changes can potentially have an 
impact on the health of the host. 
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Introduction 

 
Increasing evidence shows that varied nutrient loads and nutritional ingredients 
influence the composition and the production of metabolites by the gut microbiota, 
which has been shown to be involved in obesity [1], increased risk of colon cancer 
[2] and atherosclerosis [3], although the exact mechanism(s) so far are unclear.  
Studies with mice have indicated that a high-fat, high-sugar or low-fiber diet may 
induce an aberrant microbial composition which may be related to high 
inflammation and increased intestinal permeability [4]. Long-term diets have also 
been observed to shape the composition of the human gut microbiota. A clinical 
study performed in humans showed that long-term diets influenced the so-called 
enterotypes [5]. The enterotype concept consists of clustering the gut bacterial 
community in three different consortia: Bacteroides-, Prevotella- or 
Ruminococcus-enriched, respectively. Bacteroides enterotype has been found in 
subjects with a diet rich in animal fat, protein and saturated fats, whereas a diet low 
in these dietary components but rich in carbohydrates and simple sugars has been 
associated with the Prevotella enterotype [5]. However, the classification of 
microbial profiles into distinct categories such as the so-called enterotypes has 
been highly criticized. The discussion is mainly based on the fact that these 
bacterial clusters are oversimplified, neglecting the complexity and uniqueness of 
the human microbiota. 
Currently, there is no consensus on how fast and reproducibe the human gut 
microbiota can respond to short-term changes in the diet and there is scarce 
available information addressing this question. One of the few studies was 
performed by David et al. [6] who elegantly demonstrated that the microbiota can 
rapidly respond during the exposure of five consecutive days to an altered diet and 
how this triggered changes in microbial gene expression.  
Together with alterations in the composition of the microbiota it has been observed 
that its metabolic activity changes as well. For instance, Duncan et al. [7] found a 
decrease in the production of short-chain fatty acids (SCFA) mainly acetate, 
butyrate and valerate in feces from obese individuals during consumption of a high 
protein/medium carbohydrate and a high protein/low carbohydrate diet. 
Furthermore, a study evaluating the impact of different substrates on the microbiota 
from lean and obese subjects demonstrated differences in metabolite production 
accompanied by changes in energy extraction [8]. 
Due to these microbiota-host and -diet interactions, strategies using dietary 
interventions can be used to tackle, prevent or even treat worldwide epidemics such 
as obesity [9-11]. To this end, more information is required about how different 
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and how fast dietary compounds affect the composition and activity of the human 
gut microbiota.  
Studies performed in human individuals are the ideal way to assess these types of 
effects. However, the limitation of performing these experiments are mainly 
attributed to ethical concerns, difficulties in sampling, and the high costs associated 
with these studies. An alternative to this is the performance of in vitro studies, 
which in addition offer the possibility to fill the gap in knowledge of the 
mechanisms behind end point observations in humans such as weight loss, reduced 
body mass, improvement of insulin sensitivity, etc. 
The TIM-2 system, developed by The Netherlands Organization for Applied 
Scientific Research (TNO) [12], represents a powerful, reproducible and validated 
tool to monitor the fermentation of dietary compounds using human feces as an 
inoculum accompanied by the assessment of metabolites such as SCFA and other 
bacterial products. 
This study aimed to provide insight about how fast changes in bacterial activity and 
composition can be induced in a 72 h fermentation using the validated TIM-2 
system when major modifications in carbohydrate and protein content were 
supplied in the diet provided to the microbiota. To this end, profiling of the 
microbiota by means of IS-pro [13] was employed to determine the changes in the 
community upon the assimilation of the different diets.  
 
Materials and methods 

 
Microbiota source 
A standardized homogenate was prepared from fecal donations from a group of 10 
healthy volunteers (age range 31-57 y; 8 male, 2 female; BMI 23.3 ± 2.7 kg/m2). 
Individuals provided a signed informed consent prior to participation and were 
non-smokers and had not used antibiotics, prebiotics, probiotics or laxatives 1 
month before the donation. Feces samples were pooled and inoculated (44 h) in a 
batch fermentor which simulated the conditions in the cecum as described by 
Venema et al. [14]. The extent to which this standardization procedure affects the 
composition of the microbiota has been previously studied. Despite that diversity 
declined in the standardized inoculum when compared to the feces from which it 
was derived, the standardized microbiota was more similar to fecal samples than to 
microbiota from the small intestine [15]. 
Aliquots from the microbiota obtained after such standardization were snap-frozen 
in liquid nitrogen and stored in a freezer at -80 ˚C. Before being introduced into the 
system, the inoculum was thawed by 1 h immersion in a 37 °C water bath. 
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Substrate used for fermentation: source and preparation 
During the adaptation period (16 h) all TIM-2 units were fed with simulated ileal 
efflux medium (SIEM) as described by Maathuis et al.[16]. After this adaptation 
period the units were fed either with two experimental diets or SIEM (control) 
which simulates the undigested part and nutrients characteristic of a western diet 
[17]. The two experimental diets that were studied were modifications of this 
control medium and differed in the carbohydrate and protein content as described 
next: 
 
Normal diet; 1:1 (CHO: protein) 
A feeding containing basal medium (normal preparation of SIEM) was used as a 
control. The composition of this medium has been described before [16]. Briefly, it 
contains TBCO (mixture (g/L) of Tween 80 (34.0), casein (47.0), bacto-peptone 
(47.0), and ox bile (0.8)); CHO (pectin (9.4), xylan (9.4), arabinogalactan (9.4), 
amylopectin (9.4) and starch (78.4)); and a vitamin mixture (containing (per liter) 1 
mg menadione, 2 mg D-biotin, 0.5 mg vitamin B12, 10 mg pantothenate, 5 mg 
nicotinamide, 5 mg p-aminobenzoic acid and 4 mg thiamine). 
 
High carbohydrate diet; 10:1 (CHO: protein)  
The preparation of SIEM was modified by diluting 10 times the concentration of 
TBCO while keeping the proportions of the rest of the ingredients in the basal 
medium the same. 
 
High protein diet; 1:10 (CHO: protein)  
The content of carbohydrates in the basal medium was diluted 10 times. The 
amounts of the rest of the ingredients were the same as in the basal medium. 
 
TIM-2 experimental protocol 
The TIM-2 system was flushed with N2 prior to the introduction of the inoculum 
and it was maintained under this condition at 37 °C for 96 h with the pH kept at or 
above 5.8 by automatic titration with 2M NaOH. In order to remove water and 
fermentation products from the lumen, a dialysate system (described in detail by 
van Nuenen et al. [18]) consisting of a semi-permeable hollow membrane ran 
through the lumen. For all the experiments, the speed of the dialysis fluid was set at 
1.5 ml/ min. After 24 and 48 h of fermentation 25 ml of lumen sample was 
removed from the system to mimic the transit of material from the proximal to the 
distal colon [16]. The basal medium preparation (SIEM) was gradually introduced 
into the system in a total volume of 40 ml during the adaptation period (see below), 
and 180 ml of the different experimental diets or control over the 72 h of the test 
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period at a rate of 2.5 ml/h. Luminal content was maintained at a level of 
approximately 120 ml in each unit by a level sensor (liquiphant FTL20-0025, 
Endress+Hauser). Details of the system have been described before [16]. 
 
Design of the experiments 
A 30 ml portion of fecal homogenate was used to inoculate the units for each 
experiment. Each unit was then filled to 120 ml with 90 ml of dialysate [16]. Right 
after the inoculation, the microbiota was left to adapt (16 h) to the new 
environment. After this adaptation period, the culture was deprived from any 
medium for 3 h (starvation) in order to maximize test substrates use by the 
microbiota which permits a better detection sensitivity of the effect of the test 
substrates in the media [19]. Since TIM-2 is a computer controlled model and it has 
been shown to be highly reproducible during the last two decades [16,20,21], 
experiments were performed in series of two per diet formulation (n=2). Due to the 
small sample size no statistical analysis was executed. Luminal and dialysate 
sampling were performed at 0, 24, 48 and 72 h. In both cases samples were stored 
(-80 ˚C) until analysis. 
 
Analytical methods 
Metabolite production 
SCFA (acetate, propionate, and n-butyrate) and BCFA (iso-butyrate and iso-
valerate) samples were prepared and analyzed by gas chromatography as 
previously described by van Nuenen et al. [18]. Calibration lines were obtained by 
injecting known quantities of standard solutions, and amounts in the samples were 
calculated based on the calibration lines. 
 
Data presentation 
The standard deviation based on the entire population was calculated, data are 
shown as average ± SD. To avoid unnecessary repetition, this is not indicated 
further in the text or graphs in the results section.  
  
Characterization of bacterial populations by IS-pro  
DNA from the luminal samples was isolated using the AGOWA mag Mini kit 
(DNA Isolation Kit, AGOWA, Berlin, Germany), according to the manufacturer’s 
instructions. 
Amplification of ribosomal interspacer (IS)-regions was performed with the IS-pro 
kit (IS-diagnostics, Amsterdam, The Netherlands). IS-pro differentiates bacterial 
taxa on phylum level by phylum-specific fluorescent labeled primers. Then, 
differentiation up to species level can be done by analysis of the length of 
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amplicons. Each bacterial species has its unique signature of IS-fragment lengths, 
which is highly differentiating (>99% of species can be discriminated). Analyses 
are thus based on species level information unless indicated differently. Where 
necessary, taxa were assigned names based on translation with a database 
containing information on fragment lengths per individual species (IS-diagnostics). 
The procedure consists of two multiplex PCRs: a first PCR had two different 
fluorescent color labels. One for the phyla Firmicutes, Actinobacteria, 
Fusobacteria and Verrucomicrobia (FAFV) and a second color for the phylum 
Bacteroidetes [13]. A separate PCR was performed for the amplification of species 
of the phylum Proteobacteria. The assay was performed according to the protocol 
provided by the manufacturer. Amplifications were carried out on a Peltier 
Thermal Cycler PTC-225 (Bio-rad, California, USA). After PCR, 5µl of PCR 
product was mixed with 20µl formamide and 0.5µl Mapmaker 1500 ROX-labeled 
size marker (BioVentures, Murfreesboro, TN, USA). DNA fragment size analysis 
was performed on an ABI Prism 3500 Genetic Analyzer (Applied Biosystems).  
 
Data analysis and correlation with metabolites 
Pre-processing was carried out by the IS-pro proprietary software suite (IS-
Diagnostics) and resulted in microbial profiles. Each profile consisted of a set of 
color-labelled peaks, with each peak related to a specific IS fragment (measured in 
nucleotides) and the color to a specific phylum group (FAFV, Bacteroidetes or 
Proteobacteria). The intensity of peaks reflected the quantity of PCR product 
(measured in relative fluorescent units). As discussed above, a bacterial species is 
characterized by a specific set of peaks. For simplicity, we considered each peak as 
an operational taxonomic unit (OTU) and its corresponding intensity as abundance, 
as these were previously shown to be highly correlated [13,22]. 
Diversity was calculated per sample as the Shannon index that was recently shown 
to be a robust estimation of microbial diversity [23]. Dissimilarities between 
samples were calculated as the cosine distance between each pair of samples. 
These were summarized and visualized in a low-dimensional space using principal 
coordinate analysis (PCoA). 
Longitudinally differentially abundant OTUs were identified using the function 
fitTimeSeries, implemented in the metagenomeSeq Bioconductor package [24,25]. 
This method is intended for estimating and detecting OTUs due to differential 
abundance of a quantitative measurement. It uses a smoothing spline ANOVA to 
model longitudinal data while incorporating other covariates in the model (as the 
diet in our case). This approach was applied twice to compare the microbial 
profiles of samples of each of the varied diets (high carbohydrate diet and high 
protein diet) to those of samples with normal diet. Abundance was first normalized 
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and log 2 transformed. P-values were calculated and adjusted by false discovery 
rate (FDR) for each OTU. OTUs at an FDR of 0.05 were considered to be 
differentially abundant. A clustered heat map was made by generating a cosine 
correlation matrix of all log2 transformed profile data followed by clustering with 
the unweighted pair group method with arithmetic mean (UPGMA). 
Spearman correlations were calculated between the abundance of the OTUs that 
were identified to be differentially abundant between each of the varied diets and 
the normal diet, and the measured amounts of the metabolites produced. 
 
Ethical approval 
Studies using fecal donations from healthy volunteers do not require medical 
ethical committee approval in The Netherlands since they are considered as non-
invasive. Nevertheless, all participants provided informed consent.  
 
Results 

 
Diet modulates microbial activity 
Luminal pH 
We visualized how fermentations of the diets influenced the luminal pH in the 
system by recording the sodium hydroxide (2M NaOH) consumption used to titrate 
the production of SCFA in time (Fig. 1). As mentioned in the description of the 
TIM-2 system protocol, the luminal pH is maintained by default at 5.8. However, 
an indicator of how the pH might be influenced by the fermentative substrates is by 
checking the titration system. If the pH drops below 5.8 more consumption of the 
NaOH occurs in order to bring the pH back to 5.8. Whilst, if the pH turns higher 
than 5.8, there is no consumption of NaOH. The normal and the high carbohydrate 
diets led to more acid production as reflected by the increase in NaOH use, while 
an increase in pH (average of 6.3) was observed in the experiment with the high 
protein diet when compared to the other diets, which resulted in no NaOH use after 
the adaptation period (Fig. 1). These results are in line with those reported in 
Chapter 4 of this thesis. 
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Fig. 1. Cumulative consumption of NaOH (2M) used to titrate the 
system during the 72 h fermentation with the different diets. Values 
used by the high protein diet are not depicted since no consumption 
of NaOH was observed in this diet. Values were artificially set to 
zero at the start of feeding the different test diets (t0). 

 
SCFA production 
During the 3 day fermentation of the normal and high carbohydrate diet, the main 
SCFA produced was acetate followed by n-butyrate and propionate (Fig. 2a and 2b, 
respectively). In the case of the high carbohydrate diet (Fig. 2b), n-butyrate and 
propionate remain lower when compared to the control (Fig. 2a).  
In the high protein diet, acetate was still the main product of the fermentation while 
propionate and n-butyrate were similar during the 72 h experiment (Fig. 2c). The 
cumulative amounts of acetate and n-butyrate were lower than the control and the 
high carbohydrate diet, as expected. However, the amount of propionate produced 
was very similar to the other two diets. This corroborates findings in Chapter 4 of 
this thesis.  
 
The final cumulative amount of total SCFA (Fig. S1) was the highest in the 
fermentation with the normal diet (169.4 mmol) followed by high carbohydrate and 
the high protein diet (137.3 and 82.3 mmol, respectively).  
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Fig. 2. Average kinetics of cumulative SCFA production (mmol) in 
the experiments with the (a) normal (control or basal SIEM 
medium), (b) high carbohydrate and (c) high protein diet. The 
concentration at t0 was artificially set to zero. 

 
BCFA production 
The amounts for iso-valerate and iso-butyrate started to rise after 48 h of the 
experiment with the normal diet whilst their production increased after 24 h in the 
high protein diet (Fig. 3). Production of BCFA was below the limit of detection in 
the experiments with the high carbohydrate diet emphasizing the TIM-2 system as 
a sensitive tool for the measurement of changes in the gut microbiota activity. 
Cumulative iso-valerate production was remarkably higher when compared to iso-
butyrate in the high protein diet (Fig. S2).  
 

 
Fig. 3. Average kinetics of cumulative BCFA production (mmol) in 
the experiments with (a) normal diet, (b) high protein diet. 
Production of BCFA was below the limit of detection in the 
experiments with the high carbohydrate diet. The concentration at t0 
was artificially set to zero. 
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Diet modulates microbial composition  
The analysis on the diversity change over time of each phylum group showed 
different responses of the communities depending on the diet tested (Fig. 4). In 
general, the high protein diet showed to be less favorable for FAFV species while it 
kept a constant diversity value in Proteobacteria species. An increase in diversity 
in this diet was observed in the Bacteroidetes group after the first 24 h of the study. 
However, such increase was less pronounced when compared to the normal and 
high carbohydrate diet which further increased (t48). Interestingly, when the 
microbiota was exposed to the normal and high carbohydrate diets, it exhibited a 
similar change in diversity in all phyla during the study. These diets showed a 
tendency to keep diversity values constant in FAFV species while for 
Bacteroidetes and Proteobacteria they tended to increase (t48) and after that 
stabilized (t72).  

 
Fig. 4. Phylum specific effect of diet on microbial diversity. 
Average Shannon diversity index was calculated at each time point 
per sample and is presented per phylum and for species of all phyla 
combined. The high protein diet was less favorable for species of the 
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FAFV phyla, while the high carbohydrate diet was less favorable for 
species of the Bacteroidetes and Proteobacteria phyla. 

 
The PCoA in Fig. 5 shows the dissimilarity in microbiome composition in the 
experimental diets based on cosine distance measures. The analysis displays a clear 
effect of the diet. Most changes in the microbiome composition occurred during the 
first 24h of the experiment (long distances). After this period, the community 
seemed to stabilize (short distances). Furthermore, all changes observed in the 
duplicates were similar which gives a nice indication of the reproducibility of the 
TIM-2 system.  
Zooming in on the effects of the different diets on the composition of the 
microbiota, a longitudinal analysis that identifies differentially abundant OTUs was 
applied. When the high carbohydrate and the high protein diets were compared to 
the normal diet, the set of identified marker OTUs for each of these diets (Fig. 6) 
showed similar effects as observed for the complete microbiota (Fig 5). Species 
that were detected both in samples that were fed by the high protein diet and 
control samples were mostly of the Bacteroidetes phylum, including Bacteroides 
ovatus and Bacteroides fragilis, while species that were detected both in samples 
of the high carbohydrate diet and control samples were mostly of the FAFV group, 
including a Streptococcus species and Eubacterium ventriosum. In the case of 
Proteobacteria, Escherichia coli was observed to be shared between the high 
carbohydrate and the normal diet. Based on the set of marker OTUs, samples were 
clustered into three distinct groups, each representing one of the three diets (Fig. 
6a). Within each of these clusters, microbial profiles at t24 clustered separately 
from profiles of samples taken at t48 and t72 indicating that the effect of the diet on 
these species occurs mostly during the first 24 hours and is later stabilized and 
confirming the observations from the PCoA analysis (Fig. 5). 
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Fig. 5. Phylum specific effect of diet on microbial composition 
dynamics. Principle coordinate analysis (PCoA) reflects the 
between-sample diversity and is presented per phylum. A phylum-
specific effect of the different diets is observed: Bacteroidetes and 
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Proteobacteria species diverged in their response to the high 
carbohydrate diet compared to the normal diet, while FAFV species 
diverged in their response to the high protein diet compared to the 
normal diet. Most changes in the microbial composition occurred 
during the first 24h of the experiment (indicated by longer 
distances). 

 

 
 
Fig. 6. Samples are clustered according to diet based on a subset of 
differentially abundant marker species. a) Columns correspond to 
diet at a certain time point; b) rows correspond to bacterial OTUs 
identified by IS-pro. Red and green denote relatively high and low 
averaged abundance of each OTU over the two duplicates, 
respectively. HC: High carbohydrate diet (orange); Nor: normal diet 
(brown); HP: high protein diet (green). Time points are indicated at 
the top of each column. Columns and rows are clustered by cosine 
correlation. 
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Fig. 7. Correlation of metabolites and a subset of marker bacterial 
species. Columns correspond to bacterial taxa quantified by IS-pro; 
rows correspond to measured metabolites. Red and green denote 
positive and negative correlation, respectively. The intensity of the 
colors represents the degree of association between the taxa 
abundances and metabolites as measured by the Spearman's 
correlations. The ‘*’ and ‘**’ indicate the associations that are 
significant at an FDR of 10% and 5%, respectively. Columns and 
rows are clustered by Euclidean distance. 

 
Diet modulates microbial activity through modulation of its composition 
In correspondence with our results above, Spearman correlations between the main 
OTUs that where modulated by the diet and the produced metabolites amounts 
corroborated our findings regarding the modulation of the microbiota activity by 
the diet (Fig. 7). OTUs in general were clustered into two distinct groups: OTUs 
that were negatively correlated with propionate and BCFA and OTUs that were 
positively correlated with BCFA and propionate. OTUs that belong to the former 
are found in higher abundance in samples of the high carbohydrate diet compared 
to samples of the high protein diet, in agreement with our findings presented in Fig. 
6. OTUs that belong to the latter were found in higher abundance in samples of the 
high protein diet compared with samples of the high carbohydrate diet. 
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More specifically, the correlation analysis performed showed a significant 
correlation of E. ventriosum, Clostridium spp., an unknown Bacteroidetes and an 
unknown Proteobacteria with acetate and n-butyrate production; propionate 
production was significantly correlated with Bacteroides and Prevotella species; 
BCFA were mostly correlated with Bacteroidetes and Proteobacteria OTUs (Fig. 
7). 

 

Discussion 

 
Designing carefully controlled, large-scale human trials investigating the impact of 
diet on gut microbiota composition and activity have several limitations [26]. 
Ethical and social considerations [27] restrict the execution of invasive human 
studies. Besides, it is difficult to guarantee the strict compliance to diets of 
participants, and their imprecision in self-reporting data has to be considered [28]. 
Moreover, metabolite measurements in feces do not reflect the activity of the 
microbiota along the entire large intestine, and hence may give a skewed picture. 
Additionally, these types of studies fail to properly establish the mechanisms 
behind changes in the gut community and their promotion of disease. A solution to 
these limitations is performing carefully controlled in vitro studies in validated 
models. In such studies samples are assessed by innovative technological tools 
such as cell models, microarrays, sequencing and profiling platforms. This 
provides helpful insight to answer fundamental still unanswered questions 
regarding: i) the potential of certain dietary compounds in promoting a specific 
microbial composition and/or activity; ii) the role of certain bacteria in the 
treatment/prevention of diseases. 
The aim of this study was to screen how fast changes in bacterial activity and 
composition can be induced when major modifications in carbohydrate and protein 
content were supplied in the diet provided to the microbiota.  
The detectable differences when diet is changed in a human individual have not 
been fully explored and it is unclear how fast and reproducibly the microbiota can 
respond to these changes [6,29]. However, one of the few studies in this area was 
performed by David et al. [6], who nicely demonstrated that the consumption of a 
diet, mainly composed either from plant or animal products, modifies the 
composition and the activity of the gut microbiota of healthy subjects in only five 
days. The authors found that even only one day after initiating the study, there was 
an increase in β-diversity in the microbiota from the feces of the individuals 
following the animal diet and that their original structure recovered after two days 
of finishing with the study. Furthermore, a higher concentration of products 
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associated with amino acid fermentation was found in the animal based diet 
consumers when compared to the plant based one. 
Although high levels of fat are most of the time associated with unhealthy diets 
(e.g. Western diet [30]) and hence link it with different diseases, it is unclear how 
much fat makes it to the colon. Some initial studies have provided some insight in 
this and indicate that from a load of 70g/day 3.5 g of fat reaches the colon [31]. 
Nonetheless, healthy and unhealthy diets have been also associated with 
differences in fiber, protein and sugar content, providing nutritional choices (other 
than fat) to focus on with in vitro studies related to diets and microbiota [32]. In 
general, healthy diets have been associated with the consumption of foods with the 
adequate essential nutrition supporting energy needs, while unhealthy diets have 
been characterized by the consumption of high energy-dense foods rich in sugar or 
saturated fat with a poor nutritional quality [33]. The current study provided 
valuable insight into the ability of the gut microbiota to respond and adapt to 
different protein/carbohydrate ratios in the medium, which consequently suggests 
what could happen under in vivo conditions. 
 
Diet modulates microbial activity 
The activity of the microbiota reflected differences between the high protein and 
the high carbohydrate diet exhibiting a trade-off between saccharolytic and 
proteolytic fermentation when compared to the normal diet (Fig. 2 and 3). This is 
confirmed by the different cumulative total amounts and ratios of SCFA and BCFA 
(Fig. S1 and S2) observed in each diet. Furthermore, despite the fact that the 
experiments were maintained at a pH of 5.8 to mimic the conditions in the 
proximal colon [16], differences were also observed in the amount of NaOH used 
to titrate the production of acids in the lumen (Fig. 1). All these observations were 
found after the first 24 h of experimenting with the diets, though the differences 
were accentuated through time. 
The pH in the proximal colon has been found to be slightly acidic due to the 
production of SCFA from the degradation of carbohydrates by bacterial 
exoenzymes and subsequent fermentation of liberated sugars and oligosaccharides 
[34,35]. As fermentable carbohydrates become depleted, protein fermentation and 
pH increase in the distal colon. Correspondingly, a high fecal pH has been found in 
subjects following a high animal protein diet [36]. Therefore, an adequate supply of 
fermentable carbohydrates has been suggested to help to maintain an optimal 
(acidic) pH in the colon [7]. Lowering the pH is a strategy to improve gut health in 
humans as it has been shown to inhibit the growth of groups of pathogenic bacteria 
including E. coli and other Enterobacteriaceae [36,37]. Moreover, an increase of 
carbohydrate consumption has been suggested as a means to limit the proteolytic 



Chapter 5 
 

124 

fermentation [38] the products of which are considered detrimental to the host due 
to their toxicity [18].  
In contrast to metabolites produced from protein fermentation, the physiological 
effects of acetate, propionate and butyrate, have been extensively reviewed due to 
their contribution to energy balance and their particular significance in maintaining 
gut health [39-41]. These SCFA are associated with carbohydrate fermentation 
although their production has been also shown from many amino acids [42]. 
Effects of butyrate as an anti-inflammatory and anti-carcinogenic molecule have 
been well documented [34,43] whilst acetate and propionate have been found to be 
involved in supporting de novo lipid synthesis in the liver and as a substrate in 
gluconeogenesis, respectively [34]. As mentioned before, products from proteolytic 
fermentation include SCFA. However, BCFA, which are principally iso-butyrate, 
iso-valerate and 2-methylbutyrate, exclusively originate from proteolytic 
fermentation [35]. Therefore, their excretion is normally used as a marker to 
evaluate the level of fermentation of proteins in the colon [35]. In this study, as 
expected, the production of BCFA was inhibited by a diet high in fermentable 
carbohydrates. Furthermore, it was possible to detect the metabolic response from 
the microbiota already after the first 24 h of experimenting with the diets. Such a 
fast effect suggests, once again, that the manipulation of the metabolic activity of 
the microbiota via dietary means can be achieved in order to counteract the 
negative effects of certain dietary components characteristic from a western diet 
such as elevated amounts of protein. 
It has been suggested that a prolonged exposure to BCFA and other products from 
fermentation of proteins, such as ammonia, phenol, p-cresol, biogenic amines and 
hydrogen-sulfide may principally affect the viability of colonic epithelial cells [44], 
promote genomic DNA damage [45] and increase colonic adenocarcinomas [46]. 
Also systemically, these metabolites have been reported to have detrimental 
effects. Still, proteolytic fermentation is less studied when compared to 
carbohydrates [34]. Therefore, further research is required that focuses on the 
production of metabolites from protein fermentation. 
 
Diet modulates microbial composition 
In this study we observed changes in the diversity of the microbiota (Fig. 4) 
dependent on the availability of the fermentable substrate. For instance, the high 
protein diet decreased the diversity of species of the Firmicutes phylum which have 
been found to metabolize dietary plant polysaccharides [6] and increased the 
diversity of Bacteroidetes species (Fig. 4; Fig. 6). Such changes were already 
found after the first 24 h of providing the diets to the microbiota. 
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 It has been observed that several proteolytic bacteria characterized from human 
feces belong to the Bacteroides genus, of which peptidase activity is considered to 
be high [38]. Furthermore, our findings indicating the elevated abundance of 
certain Bacteroidetes species in the high protein diet when compared to the high 
carbohydrate diet (Fig. 6) are also in agreement with Maier et al. [47] and Zimmer 
et al. [36]. These authors observed a high abundance of Bacteroides species in 
subjects who followed a high protein diet [47] but lower counts in subjects 
following a vegetarian and vegan diet [36]. 
Bacteroides species including B. thetaiotaomicron, B. fragilis and B.ovatus were 
found to be differentially abundant between the diets (Fig. 6b). Though many 
studies have focused on the growth of B. thetaiotaomicron from polysaccharide 
fermentation, this organism has been considered as metabolically flexible. It has 
been observed that B. thetaiotaomicron can direct its metabolism from host-derived 
(in particular mucus, a gel composed mainly of water and glycoproteins) to dietary 
polysaccharides according to nutrient availability [48]. With respect to B. fragilis, 
lower abundance was observed in obese subjects when compared to lean subjects 
[49] suggesting that this microorganism could be associated with an healthy diet. 
Interestingly, B. ovatus has been found to be involved in the production of 
phenylpropanoid-derived metabolites [50] suggesting its ability to ferment 
proteins, which is confirmed in this study. 
Identifying the most discriminative species also provided evidence about the rapid 
response of the microbiota to diet. From the samples’ clustering, based on a 
selected subset of differentially abundant species (Fig. 6a), we can infer that the 
effect of diet on the microbiota occurs in the first 24 h, as samples at this time point 
cluster separately from samples taken at 48 h and 72 h. 
We acknowledge the limitations of working with an in vitro system for 
fermentation studies. Despite that in these experiments the operational conditions 
are rigorously controlled and standardized, the microbiota is often exposed to 
factors (for instance, redox potential, osmotic stress, temperature) that affect the 
development of the community after an adaptation period to the system (from 
human gut to in vitro model) [51]. Therefore, some OTUs were observed to be 
highly present at t0, that is: before the intervention with the diets. This highlights 
the importance of including a control which in this case is the normal diet which is 
used as a reference for measuring the impact of diet on the microbiota. 
 
Diet modulates microbial activity through modulation of its composition 
The ratio for propionate production in the high protein diet was higher when 
compared to the other diets (Fig. S1). Furthermore, this metabolite showed a 
significant correlation with Bacteroides and Prevotella species (Fig. 7). This is in 
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line with the fact that Bacteroidetes has been considered as the largest group in the 
gut microbiota producing propionate [52,53]. Another interesting finding from this 
study is the high ratio of n-butyrate produced in the normal diet (Fig. S1), which 
could be explained by the high abundance of E. ventriosum, a known butyrate 
producer [54] (Fig. 6b) and its positive correlation with this metabolite (Fig. 7). 
As also observed by Durban et al. [55] the reduction of carbohydrate content in the 
diet caused an effect of instability in the diversity of the community as reflected by 
the larger variation in the diversity values. Furthermore, these authors also 
observed similarities in the production of propionate despite the differences in the 
nutrient load provided to the microbiota. 
Importantly, and confirming our hypothesis, this study showed a very short time-
dependent response of the gut microbiota, both in composition and activity, after 
being exposed to different diets (Fig. 5). In general, substantial changes occurred 
during the first 24 h after providing the different diets. After this initial period, the 
community tended to stabilize. 
 
We conclude that the intentional modulation of human gut microbiota is possible 
using a dietary approach. This study confirms a fast response (metabolically and 
compositionally) of the gut microbiota to diet. However, inter-individual 
differences have to be considered for a full assessment of the impact of certain 
dietary compounds on the microbiota. Therefore, future studies, including in vivo 
trials, are suggested to explore the similarities in the response of diet in different 
individuals. 
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Supplemental material  

 
Table S1. List of OTUs that were identified as differentially 
abundant between each of the varied diets (high protein diet and high 
carbohydrate diet) and the control diet, including P-values adjusted 
by false discovery rate (FDR) for each OTU. 
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thetaiotaomicron 2 4 0 0 

unknown Bacteroidetes 2 4 0.002 0.010 

unknown Bacteroidetes 2 4 0 0 
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Bacteroides fragilis group 2 4 0.001 0.011 

Prevotella spp. 3 4 0.001 0.011 

Prevotella spp. 3 4 0.004 0.030 

Bacteroides ovatus 3 4 0.012 0.049 

Bacteroides ovatus 2 4 0.008 0.040 
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 unknown Proteobacteria 3 4 0.005 0.032 

Strenotrophomonas 
maltophilia 3 4 0.001 0.011 

unknown Proteobacteria 2 4 0.003 0.027 
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Fig. S1. SCFA ratios (%) from the different diets at t72. Absolute 
total SCFA levels are indicated above each bar (mmol). 

 
 

 
Fig. S2. BCFA ratios (%) from the different diets at t72. *: the levels 
measured in the high carbohydrate experiments were below the level 
of detection. Absolute total BCFA levels are indicated above each 
bar (mmol). 
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Abstract 

 

The aim of this study was to investigate the effect of galacto-oligosaccharides, 
lactulose, apple fiber and sugar beet pectin on the composition and activity of 
human colonic microbiota of lean and obese healthy subjects using an in vitro 
model of the proximal colon: TIM-2 
Substrate fermentation was assessed by measuring the production of short-chain 
and branched-chain fatty acids, lactate and ammonia and by studying the 
composition of the bacterial communities over time. The results suggest that 
energy harvest (in terms of metabolites) of lean and obese microbiotas is different 
and may depend on the fermentable substrate. For galacto-oligosaccharides and 
lactulose, the cumulative amount of short-chain fatty acids plus lactate produced in 
TIM-2 was lower in the fermentation experiments with the lean microbiota (-L) 
(123 and 155 mmol, respectively) compared to the obese (-O) (162 and 173 mmol, 
respectively). This was reversed for the pectin and the fiber. The absolute amount 
produced of short-chain fatty acids including lactate was higher after 72 h in the 
fermentation experiments with apple fiber-L (108 mmol) than with apple fiber-O 
(92 mmol). Sugar beet-L was also higher (130 mmol) compared to sugar beet-O 
(103 mmol). 
Compositionally, Firmicutes were more predominant in the microbiota prepared 
from feces of obese subjects compared to lean subjects. The average abundance at 
time zero was 92 ± 3.3 % (n=10) and 74 ± 1.0 % (n=11), respectively. On the other 
hand, Bacteroidetes were more dominant in the microbiota prepared with 
homogenates from lean subjects with an average abundance of 22 ± 0.9 % 
compared with the microbiota prepared with homogenates from obese subjects (3.6 
± 1.9 %). Several groups of bacteria showed changes in their relative abundance. 
Bifidobacterium was increased in the lean and obese microbiota fermenting 
galacto-oligosaccharides (600 fold and 100 fold, respectively for lean and obese) 
and lactulose (4338 and 890 fold). The growth of Catenibacterium spp., Dorea 
spp., Clostridium cluster XIVb spp. and Faecalibacterium spp. were most 
stimulated when fermenting apple fiber-L (215 fold), apple fiber-O (46 fold), sugar 
beet-L (21 fold) and sugar beet-O (8 fold), respectively.  
This study provides evidence that different fermentable carbohydrates are 
fermented differently by lean and obese microbiotas, which contributes to the 
understanding of the role of diet and the microbiota in tackling obesity. 
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Introduction 

 
Overweight and obesity constitute two of the main risk factors for a wide range of 
chronic disorders, including diabetes (with a 44% increased risk in obese 
individuals), cardiovascular disease (23%), high blood pressure and cancer (7-
41%) [1,2]. 
A complex set of interactions have been unraveled between the colonic microbiota 
and humans, including a role in overweight and obesity. Studies with germ-free 
mice demonstrated that this group was leaner compared with mice with a normal 
gut microbiota, even when the latter were fed with a lower caloric diet. When 
microbiota was transplanted from normal into germ-free mice, an increase in body 
fat of 60% was observed [3]. In other studies, also mainly performed in rodents, 
obesity has been linked with increased levels of Firmicutes [4]. However, others 
have not been able to confirm this [5-7].  
Given the importance of the intimate association between colonic microbiota and 
host, the microbiota has been acknowledged as a metabolic organ [8]. This 
metabolic function highly depends on the type of substrates available to be 
fermented by the microbiota in the gut [9]. The major fermentation processes in the 
colon are saccharolytic and proteolytic fermentation. The main metabolites formed 
during saccharolytic fermentation are short-chain fatty acids (SCFA: namely: 
acetate, propionate and butyrate) with some intermediate metabolites including 
succinate, acrylate, lactate, formate, ethanol, and gases such as H2, CH4 and CO2 
[10]. On the other hand, proteolytic fermentation leads to the production of acetate, 
propionate, butyrate and branched-chain fatty acids (BCFA) including principally 
iso-butyric, iso-valeric and 2-methylbutyric acids [11]. Furthermore, it also results 
in the production of phenols, indoles, ammonia, and amines, which are recognized 
as potentially toxic metabolites to the host [9]. 
Acetate, propionate and butyrate have been of particular interest in many studies. 
Ferchaud-Roucher et al. [12] observed that acetate may interfere directly with lipid 
metabolism and compelling evidence has shown propionate to lower fatty acid 
content in liver and plasma. Furthermore, it has been found that propionate reduces 
food intake, exerts immunosuppressive actions and probably improves tissue 
insulin sensitivity [13,14]. On the other hand, butyrate is metabolized by gut 
epithelial cells. It is responsible for 70% of their energy needs [15,16] and acts as a 
signaling metabolite, affecting epithelial cell proliferation and differentiation 
[17,18]. Although L- and D- lactate are found to be present in low concentrations 
in stools from healthy subjects, it has been observed that humans have the ability to 
metabolize both isomers to pyruvate via the L-lactate dehydrogenase (L-LDH) and 
D-2-hydroxy acid dehydrogenase [19]. Furthermore, significant amounts of lactate 
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could be converted to SCFA, especially to butyrate, by some bacteria [20,21]. For 
these reasons, its analysis was included in the present study. 
As mentioned above, the concentration and ratio of SCFA produced in the gut 
depends, among others, on substrate availability and the composition of the 
intestinal microbiota [22]. Substrates for colonic fermentation include prebiotics. 
Prebiotics are defined as "non-digestible food ingredients that beneficially affect 
the host by selectively stimulating the growth and/or activity of one or a limited 
number of bacteria in the colon, thereby improving host health" [23]. Prebiotics 
also impact on the acidity of the lumen via the metabolic end-products (SCFA). By 
lowering the pH of the luminal content, prebiotics may exert a negative effect on 
harmful bacteria since acidification of the gut has been proposed as a mechanism 
that prevents the growth of pathogens [24]. The prebiotic property of influencing 
SCFA production in the gut may play an important role in the prevention and/or 
treatment of obesity. 
With the increase of overweight and obesity worldwide and their devastating 
consequences on human health there is a growing interest to unravel the complex 
relationship between diet, gut microbiota, and host health. However, there is a lack 
of in vitro studies addressing such interaction experimenting with human gut 
microbiota. To our knowledge, one of the few studies that have investigated this 
role was performed by Sarbini et al. [25]. In this study, the fermentation of α-
gluco-oligosaccharides and inulin produced similar effects on bacterial population 
and metabolic activity in both lean and obese microbiotas. Therefore, besides 
including microbiota from lean and obese subjects, this study incorporated the 
analysis of different fermentable prebiotics: galacto-oligosaccharides (GOS), 
lactulose, apple fiber and sugar beet pectin.  
The reasons why the tested substrates were chosen are: i) the potential of GOS and 
lactulose to beneficially influence gut microbiota composition has not been widely 
studied [26]. Rowland and Tanaka [27] reported that GOS increased lactobacilli 
and bifidobacteria and decreased enterobacteria in rats colonized with human fecal 
microbiota. This was supported by Bouhnik et al. [28] and Maathuis et al. [29] 
who found that GOS administered to adults [28] and to the TIM-2 system [29] led 
to a significant increase in (fecal) amounts of bifidobacteria. Nevertheless some 
studies have not been able to replicate the bifidogenic impact of GOS [24]. 
Furthermore, little is known about the metabolic products from the fermentation of 
GOS and most of the time it has been studied in combination with fructo-
oligosaccharides (FOS). ii) Lactulose has been found to selectively stimulate and 
decrease the growth of certain bacterial groups [23], contribute to colonization 
resistance [24], increase the absorption of calcium [30] and is fermentable by the 
gut microbiota [24]. The use of lactulose has been mainly in the pharmaceutical 
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industry, and it has been commercialized in the last years as a drink additive or 
food [24]. Therefore, the impact of its consumption on the host microbiota is of 
particular interest. iii) Dietary fibers like pectins are important for nutritional 
companies because of their cheap production and their beneficial effects on 
reducing glucose absorption, hypocholesterolemic effects and delayed gastric 
emptying [31,32]. Moreover, pectins may reduce the generation of ammonia [33] 
and the adhesion of pathogens to intestinal epithelial cells [34], in addition to their 
contribution in maintaining intestinal integrity [35]. Therefore, the influence of 
pectins on the intestinal microbiota composition was included here. 
In the present work, the validated dynamic in vitro proximal colon model (TIM-2) 
developed by The Netherlands Organization for Applied Scientific Research 
(TNO) [36] was used to evaluate potential differences between the microbiotas 
originating from lean and obese individuals, and elucidate how energy is extracted 
from non-digestible carbohydrates or prebiotics in the form of SCFA products. The 
work contributes to the understanding whether dietary intervention helps to reduce 
obesity by suggesting that different fermentable carbohydrates are fermented 
differently by lean and obese microbiotas. 
 
Materials and Methods 

 
Test compounds and control 
The compounds used as the carbohydrate source for the microbial fermentation in 
the in vitro system were GOS (97%, degree of polymerization (DP) 2-6, average 
DP 3, FrieslandCampina, Beilen, The Netherlands), lactulose (98%, Sigma-
Aldrich, Zwijndrecht, The Netherlands), apple fiber (with a 60% content of total 
sugars 45% of them from glucose and 23% of uronic acid residues; CSM, Bingen, 
Germany) and sugar beet pectin (average degree of methylation of 53, and a 58% 
w w-1 content of uronic acids; GENU® BETA pectin, CPKelco, Nijmegen, The 
Netherlands). A standard ileal efflux medium (SIEM; Tritium Microbiology, 
Veldhoven, The Netherlands) was used as a control and was modified from [37]. 
This medium contained the major non-digestible carbohydrates found in a normal 
western diet [29]. The preparation of starch (amylopectin and amylose) and non-
starch polysaccharides (NSP; pectin, xylan and arabinogalactan) present in SIEM, 
have been used by other authors to simulate the dietary carbohydrate portion in 
fermentation studies [29,38,39]. In absence of mucin, Gibson et al. [37] proposes 
this composite to provide a source of carbon during fermentation. As described by 
these authors, starch is included as a major polysaccharide due to evidence 
showing that this carbohydrate is highly abundant in the large intestine when 
compared with NSP. Furthermore, it is considered that resistant starch provides the 
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largest proportion of energy to the colon [38]. Feed preparations were made 
containing approximately 7.5g of fermentable carbohydrate per day, which 
constitutes 12% w w-1 of the total medium. 
 
Microbiota 
Homogenates of human feces were made from subgroups of healthy volunteers 
who were selected depending on their body mass index (BMI). The groups of 
participants were non-smokers and had not used antibiotics, prebiotics, probiotics 
or laxatives for at least 3 months prior to the donation.  
Lean participants (n=4) were recruited from a pool of volunteers at TNO Healthy 
Living (Zeist, The Netherlands). This group had an average BMI of 23.5±1.3 kg m-
2. 
Obese participants (n=4) were recruited from a pool of volunteers at Maastricht 
University Medical Center (The Netherlands). The group had an average BMI of 
33.5±2.6 kg m-2. 
Fresh fecal samples were directly collected by all the donors in a closed box with 
an anaerobic strip (AnaeroGen, Oxoid, Cambridge, UK) inside. The collection of 
boxes for the study was carried out in a time frame of 5h. As soon as a box was 
ready, it was stored in an anaerobic chamber (Bactron Anaerobic IV, Shel Lab, 
Cornelius, USA) to guarantee the best conditions for pooling. Donations from each 
category (lean or obese), were homogenized and mixed under strict anaerobic 
conditions to create a standardized microbiota stock. This allowed the performance 
of all experiments to start with the same microbial composition. Mixing was done 
with a Turrax (IKA Ultra turrax T25 digital, Staufen, Germany) with a 
physiological saline preparation/dialysate (content per litre: 2.5g K2HPO4•3H2O, 
4.5g NaCl, 0.005g FeSO4•7H2O, 0.5g MgSO4•H2O, 0.45g CaCl2•2H2O, 0.05g ox 
bile and 0.4g cysteine hydrochloride), and glycerol (14% w w-1) as cryoprotective 
agent. Aliquots of the fecal homogenates (±11% w w-1) were snap-frozen in liquid 
nitrogen (-196°C) and were stored in a freezer at -80°C [40]. Before being 
introduced into the system, the inoculum was thawed by 1h immersion in a 37°C 
water bath.  
Since this study demanded high throughput experiments, it was decided to use a 
pool of microbiota as an inoculum for the different experiments. We have 
previously shown that pooling does not affect microbiota composition [41]. 
 
TIM-2 Experiments 
The TIM-2 system (Fig. 1) has been described in detail before [42]. In brief, the 
units were flushed with N2 (Fig. 1f) prior to the introduction of the inoculum, and 
throughout the remainder of the experiment. The system was maintained under this 
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condition at 37°C using a temperature sensor (Fig. 1j; Easytem R31, 
Endress+Hauser, Nesselwang, Germany) for 96h with the pH kept at or above 5.8 
by automatic titration with 2M NaOH (Fig. 1c). In order to remove water and 
fermentation products from the lumen a dialysate system (Fig. 1d; described in the 
following section) consisting of a semi-permeable hollow membrane ran through 
the lumen. For all the experiments, the speed of the dialysis fluid was set at 1.5 ml 
min-1.  
After 24 and 48h of fermentation 25ml of lumen sample was removed from the 
system to mimic the transit of chyme from the proximal to the distal colon [42].  
The SIEM preparation mentioned above was gradually introduced into the system 
through a feeding syringe (Fig. 1i) in a total volume of 40ml in the adaptation 
period, while 180ml of a modified SIEM-preparation (in which the standard 
carbohydrate source in the medium was replaced by the test compound) was used 
over the 72h of the test period at a rate of 2.5 ml h-1. Luminal content was 
maintained at a level of approximately 120ml in each unit by a level sensor (Fig. 
1e; liquiphant FTL20-0025, Endress+Hauser, Maulburg, Germany). 
 

Fig. 1. TIM-2 schematic, 
slightly modified from 
Maathuis et al. [42]. a) 
peristaltic compartments 
with a hollow membrane 
inside, b) pH sensor, c) 
NaOH secretion, d) 
dialysate system, e) level 
sensor, f) gaseous N2 inlet, 
g) sampling port, h) gas 
outlet, i) test compound + 
SIEM feeding syringe, j) 
temperature sensor. 

Dialysate system 
The dialysate fluid used in the system contained per litre: in addition to the dial 
preparation described under “microbiota” section, 1ml of vitamin mixture 
containing per litre: 1mg menadione, 2mg biotin, 0.5mg vitamin B12, 10mg 
pantothenic acid, 5mg nicotinamide, 5mg p-aminobenzoic acid, and 4mg thiamin 
(all from Tritium Microbiology). 
 
Fermentation 
Each experimental unit of TIM-2 was filled to 120ml with approximately 70ml 
portion of fecal homogenate and 50ml of dialysate. After inoculation, the 
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microbiota was left to adapt (16h) to the new environment. After this adaptation 
period, the microbiota was deprived from any carbohydrate source (starvation) for 
4h in order to completely use the carbohydrates in SIEM [43], which provides the 
best condition to assess the effects of the desired test compound without bias of the 
SIEM component from the adaptation phase. Minekus et al. [36] explained that this 
starvation period was established when a lack of production of acids was observed 
in the system when the feeding line was turned off. This could be interpreted as the 
depletion of the fermentable carbohydrate.  
After the starvation period, an initial lumen and dialysate portion were taken for 
later analysis (t=0) and the microbiota was immediately fed with preparations 
containing the substrates under study (Fig. 2). With samples from lumen and 
dialysate taken every 24h of the experiment the production of SCFA, BCFA, 
lactate and ammonia was calculated. The concentration of metabolites at t=0 was 
artificially set to zero. The microbial composition was measured at t=0 and t=72 in 
the luminal samples. 
 

 
Fig.2. Study design. 

 
Analytical methods 
SCFA (acetate, propionate and butyrate), BCFA (iso-butyrate and iso-valerate), 
lactate and ammonia analyses were performed as described by Van Nuenen et 
al.[44]. Calibration lines were obtained by injecting known quantities of standard 
solutions, and amounts in the samples were calculated based on the calibration 
lines. Lactate and ammonia analyses were performed by Bio-aNAlytiX (Mook, The 
Netherlands). 
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Energy extraction 
Energy extraction in the form of SCFA was calculated using the following kJ mol-1 
values for acetate, propionate, butyrate and lactate respectively: 874, 1536, 2192, 
and 1364 [45,46]. 
 
Molecular techniques 
DNA from the luminal samples was isolated using the AGOWA mag Mini kit 
(DNA Isolation Kit, AGOWA, Berlin, Germany), according to the manufacturer’s 
instructions. 
Generation of the PCR amplicon library was performed by amplification of V5-V7 
hypervariable region of the small subunit ribosomal DNA gene (16S rDNA). 
Amplification was performed using the forward primer 785F 
(5’GGATTAGATACCCBRGTAGTC-3’) and reverse primer 1175R (‘5- 
ACGTCRTCCCCDCCTTCCTC-3). The primers were fitted with the Roche 454 
(Branford, CT, USA) Adapter A (forward primer) and B (reverse primer), fused to 
the 5’ end of the 16S rDNA bacterial primer sequences. The forward primer also 
included a unique nucleotide barcode. The amplification mix contained 2 units of 
Pfu Ultra II Fusion HS DNA polymerase (Stratagene, La Jolla, CA, USA) and 1x 
Pfu Ultra II reaction buffer (Stratagene), 200µM dNTP PurePeak DNA polymerase 
Mix (Pierce Nucleic Acid Technologies, Milwaukee, WI, USA), and 0.2µM of 
each primer.  
After an initial denaturation (94°C; 2min), 30 cycles were performed that consisted 
of denaturation (94°C; 30sec), annealing (50°C; 40sec), and extension (72°C; 80 
sec). Samples with DNA recovery of equal or less than 10 pg µl-1 of DNA were 
cycled 35 times using the same protocol. 
Amplicons were size checked and quantified by gel electrophoresis and Quant-iT 
Picogreen dsDNA Assay (Invitrogen, Carlsbad, CA, USA) on the Tecan Infinite 
M200 (Tecan Group Ltd, Männedorf, Switzerland). Amplicons of the individual 
samples were equimolar pooled and purified from agarose gel by means of 
QIAquick Gel Extraction Kit Protocol (Qiagen, Hilden, Germany). 
The library was sequenced unidirectionally in the forward direction (A-adaptor) in 
one run in the 454 GS-FLX-Titanium Sequencer (Roche) by Keygene 
(Wageningen, The Netherlands).  
 
Sequence processing and analyses 
FASTA-formatted sequences and corresponding quality scores were extracted from 
the .sff data file generated by the GS-FLX-Titatium sequencer using the GS 
Amplicon software package (Roche).  
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All data extraction, pre-processing, analysis of operational taxonomic units 
(OTUs), and classifications were performed using modules implemented in the 
Mothur v. 1.20.0. software platform [47] as in Roeselers et al. [48]. 
In brief, unique barcodes were used to sort sequences by sample of origin. 
Subsequently, barcodes, primer sequences and low quality data (containing 
ambiguous base calls (N) in the sequence, more than 8 homopolymers anywhere in 
the sequence, shorter than 50 nt after trimming with a window average below 35, 
or a length >500 or <200 bp) were removed. The data set was simplified by using 
the “unique.seqs” command to generate a non-redundant (unique) set of sequences. 
Sequences were ‘denoised’ using the “pre.cluster” command [49]. Unique 
sequences were aligned using the “align.seqs” command and an adaptation of the 
Bacterial SILVA SEED database as a template [50]. In order to ensure that 
comparable regions of the 16S rDNA gene were analyzed across all reads, 
sequences that started before the 2.5-percentile or ended after the 97.5-percentile in 
the alignment were filtered. 
A total of 149220 potentially chimeric sequences were detected and removed using 
the “chimera.uchime” command [51]. High quality aligned sequences were 
classified by using the RDP-II naïve Bayesian Classifier [52] using a 60% 
confidence threshold. Aligned sequences were also clustered into operational 
taxonomic units (OTUs; defined by 97% similarity) and were calculated by the 
average linkage clustering method. Unclassified sequences were also grouped in 
OTUs and were represented with a random number to distinguish them from other 
unclassified OTUs found within the same phyla. Community profiles were 
compared using the weighted Unifrac metric [53]. 
 
Data presentation 
The experiments were performed in duplicate (n=2) per substrate, except for 
control (n=3). To avoid unnecessary repetition, this is not indicated further in the 
text or graphs in the results section. Results are displayed as average of these 
duplicates/triplicates. Since the sample size is small no statistical analysis was 
performed. For simplicity of reading, substrates in the following sections are 
tagged with the letter L or O (e.g. substrate-L, substrate-O) in order to refer to the 
fermentation experiments using the inoculum from lean (-L) or obese (-O) subjects. 
 
Ethical approval 
Studies using fecal donations from healthy volunteers do not require medical 
ethical committee approval in The Netherlands since they are considered as non-
invasive. Nevertheless, all participants provided informed consent. 
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Results 

 
Metabolites 
The cumulative amount of SCFA including lactate produced in TIM-2 (Fig. 3) was 
lower after 72 h in the fermentation experiments with GOS-L (123 mmol) 
compared to GOS-O (162 mmol). Also lactulose-L resulted in lower production 
than lactulose-O with values of 155 mmol and 173 mmol, respectively. In contrast 
to the results obtained for GOS and lactulose, the fermentation of apple fiber and 
sugar beet pectin with microbiota from lean subjects exhibited a higher cumulative 
production of SCFA compared with microbiota from obese subjects. With respect 
to apple fiber-L, the amounts were higher (108 mmol) than with apple fiber-O (92 
mmol). Sugar beet-O (103 mmol) was lower than sugar beet-L (130 mmol). The 
amount for the SIEM control-L (125 mmol) and that for control-O (124 mmol) 
were very similar. The averaged molar ratios (% of total SCFA) are shown in Fig. 
S1. In general, acetate was the main product in the different fermentations followed 
by n-butyrate (with the exception of lactulose-O and sugar beet-L in which it was 
exceeded by lactate and propionate, respectively) and propionate. Specifically in 
the case of lactate, it can be observed that its production was higher in GOS-O and 
lactulose-O experiments when compared to the other substrates (Fig. 3 and Fig. 
S1). 
 

 
Fig. 3. Cumulative production of SCFA. A) acetate, B) propionate, 
C) n-butyrate and D) lactate produced during 72h fermentation of 
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apple fiber, sugar beet pectin, GOS and lactulose using microbiota 
from lean or obese subjects.  

 
Fermentations of the different substrates using microbiota from lean subjects in 
TIM-2 resulted in higher amounts of BCFA and ammonia compared to 
fermentations using the obese inocula (Table 1). An approximately 4.5 and ~10.5 
fold increase of BCFA were observed for GOS-L and lactulose-L compared to the 
O-microbiota, whilst both presented 1.1 fold increase in ammonia. Interestingly, 
for GOS and lactulose, the amounts of BCFA and ammonia were lower than their 
respective controls for both L and O inocula. The cumulative BCFA produced by 
the lean microbiota in the incubations with apple fiber and sugar beet pectin were 
also higher: ~1.7 fold for apple fiber and ~2.9 fold for sugar beet pectin. The 
ammonia increase in both substrates was ~1.1 and ~1.3 fold, respectively.  
 

Table 1. Cumulative production of BCFA and ammonia after 72h of 
addition of apple fiber, sugar beet pectin, GOS or lactulose. 
 

Total amount (mmol) after 3 day experiments 
Substrate i-butyrate + 

 i-valerate 
Ammonia 

Apple fiber-L 4.5 65 
Sugar beet-L 4.1 74 
GOS-L 1.8 44 
Lactulose-L 2.1 36 
Apple fiber-O 2.6 59 
Sugar beet-O 1.4 59 
GOS-O 0.4 39 
Lactulose-O 0.2 33 
Control-L 3.9 74 
Control-O 0.7 52 

 
Energy extraction 
Three day fermentation of GOS provided an energy value in the form of SCFA and 
lactate of 180 kJ in experiments with both L and O microbiota, despite their total 
SCFA concentrations (and ratios) being different. The amount of energy extracted 
is higher as their respective controls (176 and 162kJ, respectively for control-L and 
-O). Fermentation of lactulose-L extracted 185kJ in the form of SCFA and lactate, 
whereas for lactulose-O this was 195kJ (Fig. 4). These results suggest that GOS 
and lactulose had a greater energy value per gram carbohydrate when compared to 
control.  
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Fig. 4. Energy extraction. Values obtained after 72h fermentation of 
GOS, lactulose, apple fiber and sugar beet using microbiota from 
lean or obese subjects. Total energy extraction for control-L and -O 
were 176 and 162 kJ, respectively. The calculation was performed by 
multiplying the SCFA and lactate produced by their corresponding kJ 
mol-1 value as explained in the materials and methods section. 

 
Apple fiber had an energy value of 149 and 132kJ after 72h of fermentation, for 
experiments with lean and obese inocula, respectively. That is less compared to 
their respective controls. Fermentation of sugar beet-L extracted 162kJ of energy 
whereas for sugar beet-O this was 125kJ. These results suggest that apple fiber and 
sugar beet pectin in both types of fermentations had a lower energy value per gram 
when compared to control, and that contrary to expectations, the lean microbiota 
extracted more energy from these two substrates than the obese microbiota.  
 
Phylogenetic analysis of the microbiota at t=0 
After the adaptation period in the TIM-2 system, Firmicutes were more 
predominant in the microbiota prepared with the homogenates of obese subjects 
compared to that prepared with the homogenates from lean subjects (Fig. 5). The 
average abundance at time zero was 92±3.3% (n=10) and 74±1.0% (n=11), 
respectively. On the other hand, Bacteroidetes were more dominant in the 
microbiota prepared with homogenates from lean subjects with an average 
abundance of 22±0.9% (n=11) compared with the microbiota prepared with 
homogenates from obese subjects (3.6±1.9%; n=10). 
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Fig. 5. Abundance (%) of Firmicutes, Bacteroidetes, Actinobacteria, 
Proteobacteria and others. Phyla were analyzed in the fermentations 
with microbiota from lean (L) or obese (O) subjects at time zero. 
Data from all runs (fermentation-L n=11; fermentation-O n=10) were 
taken. The category presented as “Other” includes the sum of 
Verrucomicrobia, Lentisphaerae, Tenericutes and unclassified 
bacteria which constituted a low abundance in the samples. 

 
A low proportion of Actinobacteria and Proteobacteria was observed in the 
microbiota from the obese (0.7±0.3% and 3.3±1.1%) and lean individuals 
(0.5±0.2% and 1.0±0.3%). 
 
Changes observed in the microbiota after the experiments in TIM-2 
A phyla and genus level analysis was performed using the sequencing data in 
which changes in bacterial abundance were measured by considering the changes 
in the two controls (-L and –O) as the baseline. The ratio between the shift in the 
composition of the microbiota in the experiments using different substrates and the 
shift of the microbiota fed with the control carbohydrate was calculated, presented 
as a “fold increase or decrease”. Several groups of bacteria showed changes in their 
relative abundance (Table 2), as detailed below.  

 
Table 2. Relative change of bacterial genera after 72h of 
fermentation experiments in TIM-21. The ratio between a sampling 
time point and t-16 was calculated (e.g., t72/t-16). The ratio for this 
value and the control was then determined to obtain fold changes. A 
value equal to 1 indicates no change; a value of >1 indicates an 
increase; and a value of <1 indicates a decrease of the respective 
microbial genera. Sequences of the 16S rDNA gene that are not fully 
available in the database but represent a high similarity in the genus 
tagged are presented as unclassified groups and are listed in the table 
as OTU###, with ### being a number. 
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GOS and lactulose 
The dynamics for Firmicutes and Bacteroidetes was different in all the 
fermentations with GOS and lactulose. GOS-L presented an increase in Firmicutes 
with the biggest raise in Streptococcus with a fold increase of 33, whereas GOS-O 
exhibited the biggest increase in Dorea spp. (39 fold). The fermentation with 
lactulose-L stimulated the growth of Anaerostipes spp. (23 fold) whilst lactulose-O 
exhibited a remarkable increase of Blautia spp. (51 fold).  
A modest increase in Bacteroidetes was observed in the experiments with the 
inoculum prepared from lean subjects. GOS-L fermentation led to an increase in 
Bacteroides spp. (9 fold) whereas lactulose-L exhibited a moderate increase in 
Alistipes spp. (4 fold). Both GOS-L and lactulose-L presented a 2 fold increase in 
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Parabacteroides spp. In the case of the experiments with the inoculum from obese 
subjects a general decrease of Bacteroidetes with respect to control was observed 
for both GOS and lactulose. The bacterial group corresponding to Parabacteroides 
spp. presented the lowest values: 0.38 fold (or 2.6 fold decrease) and 0.21 fold (4.8 
fold decrease) for GOS and lactulose, respectively. 
An outstanding growth in the group of Actinobacteria was found after 3 days of 
experiments with both GOS and lactulose as shown in Table 2. Lactulose-L 
presented a robust increase (4300 fold) compared with control followed by 
lactulose-O (890 fold), GOS-L (600 fold) and GOS-O (100 fold). 
In the case of Proteobacteria there was a substantial increase in Parasutterella spp. 
in lactulose-L (28 fold). Although reported as an unclassified OTU (1144) by the 
sequencing analysis, a large increase was also observed for GOS-O (21 fold) and 
lactulose-O (9 fold) in this genus. A decrease of 0.52 fold of Proteobacteria was 
found in GOS-L in the specific case of Parasutterella spp. 
 
Apple fiber and sugar beet pectin 
OTUs from Firmicutes which were observed to increase the most for each 
fermentation that was carried out with apple fiber and sugar beet pectin 
corresponded to Catenibacterium spp. (215 fold; apple fiber-L), Dorea spp. (46 
fold; apple fiber-O), Clostridium XIVb (21 fold; sugar beet pectin-L) and 
Faecalibacterium (8 fold; sugar beet pectin-O). 
For Bacteroidetes, the fermentations with apple fiber-L and sugar beet pectin-O 
presented the same increase of Parabacteroides spp. (each 6 fold). Bacteroides 
spp. was found to increase (22 fold) in sugar beet pectin-L. 
The proliferation of microorganisms from the group of Actinobacteria was not 
stimulated in both fermentations (-L and –O) with apple fiber. On the other hand, 
experiments with sugar beet pectin-L were found to stimulate the growth of 
Bifidobacterium (12 fold) whilst a moderate increase (2 fold) of unclassified 
Actinobacteria (OTU 4114) was observed in sugar beet pectin-O. 
On the other hand, increases in some Proteobacteria groups were observed in 
experiments with the lean microbiota such as the case apple fiber-L and sugar beet 
pectin-L which showed a similar increase in Parasutterella spp. (11 and 10 fold, 
respectively). 
 

Discussion 

 
The differences between human microbiotas from lean and obese individuals in 
terms of composition and activity, and their contribution to obesity through energy 
extraction in the form of SCFA and lactate was studied in vitro by fermenting 
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several non-digestible, but fermentable carbohydrates. The golden standard to test 
this would be in a clinical trial. However, such trials are highly expensive and 
present certain limitations in design due to throughput and ethical constrains. 
Therefore, before going to sometimes rather invasive human intervention studies, 
in vitro models closely mimicking the microbial metabolism in the human intestine 
can be used to get further insight in the complex fermentation processes mediated 
by the gut microbiota. 
TIM-2 is such an in vitro model that closely mimics the fermentation by the 
microbiota in the human large intestine by allowing the growth of a highly 
complex, stable and dense (~1011 colony forming units/ml) active microbiota 
[43,54]. The variations in the system are small, due to the fact that the experiments 
are computer-controlled and a standardized microbiota is used for each set of 
experiments which is derived from host subjects of interest [6]. In addition, the 
system has been validated analyzing i) the composition, ii) the enzymatic activity 
and iii) the production and concentration of SCFA of the microbiota used for the 
experiments [36], based on data from sudden-death individuals. Overall, the model 
provides the opportunity to study the human microbial ecosystem and the 
metabolism of test substrates under standardized conditions [40,42]. However, a 
limitation of the study set up may be the fact that a pool of microbiota rather than 
the microbiota from a single individual was used in the experiments. This is 
criticized mainly due to lack of stability of the mixed inoculum due to bacterial 
interactions. Nevertheless, this was done with the aim of working with i) a 
standardized microbiota that can be used for multiple (up to 100) different 
experiments, and ii) a more diverse population of bacteria and thus the use of a 
more representative microbiota for the whole population.  
To our knowledge no comparative experiments have been performed using a single 
or mixed fecal inoculum. However, in a recent study performed by us in TIM-2, it 
was possible to demonstrate that the use of a pool of microbiota for in vitro studies 
does not result in a bacterial community with an aberrant profile and activity 
compared to that normally obtained from single donors [41]. In other studies using 
TIM-2 (pooled microbiota) as well as by the Ghent University in their Simulator of 
the Human Microbial Ecosystem (SHIME) (single fecal inoculum) with 
arabinoxylan very similar metabolic activity of the microbiota was observed [55]. 
In addition, previous data using the individual inocula from 10 donors has shown 
that the microbial activity of the individual donors was extremely similar, despite 
differences in microbiota composition [56], corroborating the hypothesis that there 
is substantial functional overlap in the microbiota of different individuals and that a 
standardized mixture of gut microbiota can be used for these types of experiments.  
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Metabolites produced 
Based on experiments with 13C-labeled substrates, it was shown that SCFA make 
up >95% of the metabolites produced by the microbiota when fermenting a 
carbohydrate substrate [43]. Therefore, we focused on these metabolites when 
determining energy extraction. The fermentation of complex carbohydrates by 
bacteria has been considered as the major quantitative source of SCFA in the colon. 
Nevertheless, it is important to consider that breakdown of peptides and proteins do 
also contribute to the formation of SCFA as seen in vivo and in vitro [57]. 
Therefore, the possibility exists that some of the observed SCFA produced in the 
different experiments could also come from the fermentation of proteins. However, 
only the carbohydrate part of the medium was changed between the different 
variables tested. Consequently, the levels of protein in the diet used in the 
experiment and their conversion to SCFA are expected to be fairly similar for 
every experiment as well (including controls). Hence, the contribution of proteins 
to the energy extracted by the microbiota in terms of SCFA is also believed to be 
fairly similar regardless of the type of the test compound studied. 
In the current experiments, low levels of lactate were found for both GOS-L and 
lactulose-L. On the other hand, high proportions of butyrate found in both 
fermentations were observed (Supplemental Online Material; Fig. S1) likely as a 
result of conversion of lactate into butyrate [58]. Butyrate is considered a healthy 
microbial metabolite [59]. From this, it is proposed that GOS and lactulose in lean 
people could boost a healthier colonic environment through conversion of lactate 
into butyrate.  
In fermentations with GOS-O and lactulose-O there is a slight increase in total 
SCFA produced from both test compounds (1.3 fold for GOS-O and 1.1 fold for 
lactulose-O) compared to lean. It is important to highlight the fact that an increase 
in lactate was observed in these experiments as well which can be interpreted that 
GOS and lactulose are fermented faster in obese than in lean subjects, since lactate 
normally only accumulates when fermentation is fast [44]. 
Apple fiber and sugar beet pectin were more poorly fermented in all the 
experiments when compared with control, GOS and lactulose, as observed by the 
total production of SCFA and energy extraction. It can be observed that these 
substrates were not equally used by the microbiota from lean and obese subjects as 
evidenced by the nature of SCFA produced from the fermentation of these 
compounds. In contrast to the results obtained for GOS and lactulose, the 
fermentation of pectins with microbiota from lean subjects exhibited a higher 
cumulative production of SCFA compared with microbiota from obese subjects 
(1.2 fold for apple fiber-L and 1.3 fold for sugar beet pectin-L), suggesting a 
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potential relative reduction of the presence of pectate lyases and other enzymes 
involved in pectin fermentation in the obese microbiota.  
It is proposed that the sugar composition from the different test compounds could 
influence the type of the SCFA produced. Salvador et al. [60] found a correlation 
between high concentrations of acetate and uronic acid content from sugar beet in 
fermentations with fresh feces from healthy volunteers in an in vitro batch system. 
The results from the present study are in agreement with Salvador et al. 
Fermentations with sugar beet pectin in our experiments exhibited a higher amount 
of acetate when compared to apple fiber (1.4 fold in fermentation-L and 1.5 fold in 
fermentation-O) (Fig. 3). The sugar beet pectin contained 80 mol% of uronic acid 
whereas apple fiber only had 23 mol%. Furthermore, Salvador et al. also 
demonstrated that butyrate production from fiber fermentation could be positively 
associated with the content of xylose. Taking into account that apple fiber 
contained 6 mol% of xylose whilst sugar beet lacked xylose, the present study is in 
accordance with the findings from these authors, as we show here that apple fiber 
exhibited a higher butyrate production when compared to sugar beet pectin (1.3 
fold in fermentation-L and 1.6 in fermentation-O).  
In the experiments with microbiota-O, the addition of GOS and lactulose 
suppressed the formation of putrefactive metabolites compared to control. The 
results obtained demonstrate the potential of GOS and lactulose to reduce toxic 
metabolic products by repressing protein fermentation in obese subjects, providing 
good indication of their prebiotic effect. 
 
Energy extraction 
A higher production of SCFA by the microbiota will consequently lead to a higher 
energy input to the host, as 95% of the SCFA produced by the microbiota are 
absorbed, and only 5% is excreted in feces [61]. Yet, it is important to realize that 
each SCFA contributes differently to the energy extracted from fermentable 
carbohydrates. Butyrate contains more energy than acetate and propionate (2192, 
874 and 1536kJ mol-1, respectively) [6]. In this study, the energy extracted from 
GOS and lactulose for both types of fermentation was similar. However, it was 
observed that n-butyrate was higher in the fermentations with the lean inocula and 
therefore, the caloric input through n-butyrate was increased. Both apple fiber and 
sugar beet pectin exhibited more energy input in experiments with the lean inocula. 
The obese microbiota fermenting the fiber and the pectin produced less energy 
from acetate and propionate compared with the lean one. The energy input from 
propionate was higher in sugar beet-L when compared to the other fermentations 
(Fig. 4). It could be that, as obese subjects have a different type of diet (low in 
complex carbohydrates), this results in a non-adapted microbiota, not fully capable 
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of degrading pectins. Important to consider as well is the pH of the system (pH 5.8, 
simulating the proximal colon) which might also have inhibited the activity of 
pectate lyases. Further experiments are carried out in order to confirm these 
hypotheses. 
It is believed that the additional energy input to the host from its microbiota could 
be used for glucose and de novo hepatic triglyceride synthesis [62]. A slight 
increase of just 1% in the microbial metabolic activity may increase the input of 20 
kcal day-1 to the host (based on a diet of 2000 kcal day-1) which could lead to a 
weight gain of approximately 1 kg per year [62]. For this reason, the impact of the 
activity of gut bacteria on obesity in humans should not be underestimated. 
 
Phylogenetic analysis of the microbiota at t=0 
The phylogenetic analysis of the inoculum prepared with microbiota-L and 
microbiota-O at time zero (after the adaptation period) demonstrates that both 
individual groups cluster closely together depending on the source of the inoculum 
(Supplemental Online Material; Fig. S2). This demonstrates the difference between 
these two types of inocula at the starting point of the experiments. Furthermore, 
this shows the high reproducibility of the in vitro model. 
When calculated, the ratio of Firmicutes/Bacteroidetes in the starting microbiota 
prepared with donations from obese subjects at time zero was found to be higher 
(87±168) compared to the starting microbiota prepared with donations from lean 
subjects (4.5±4.2). In studies, mainly performed in rodents, obesity has been linked 
with reduced levels of Bacteroidetes [5-7]. In fact, in a study conducted in obese 
mice resulting in more efficient energy harvesting compared to lean counterparts, 
this was associated with a higher ratio of Firmicutes/Bacteroidetes in these animals 
[4], which corroborates our observations. Although it is hypothesized that this 
increased ratio might either promote fat storage or lead to a different energy 
uptake/storage in the body, the exact mechanisms are not known. In contrast, other 
studies such as the one conducted by Duncan et al. [5] did not find any evidence 
about the function of proportions of Bacteroidetes and Firmicutes in human 
obesity.  
 
Changes observed in the microbiota after the experiments in TIM-2 
Bifidobacterium from both lean and obese subjects were clearly stimulated by GOS 
and lactulose during the 3 day fermentation period, as the increase in this group of 
microorganisms was much higher compared with the other genera. The metabolic 
activity of bifidobacteria has been found to be beneficial to the host, e.g., it has 
shown to inhibit the colonisation of pathogenic microorganisms, and have anti-
carcinogenic effects [63]. Important to realize is that not all strains of 
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bifidobacteria have probiotic effects. It has been found that some bacteria from this 
genus are implicated in mucin degradation, whilst others are recognized as β-
glucosidase producers hypothesized to be involved in colon cancer promotion [64]. 
A robust increase of Bifidobacterium spp. likely causes a higher production of 
acetate and lactate [29], which is indeed evidenced by the higher ratios of these 
SCFA in those experiments where bifidobacteria are increased.  
The markedly increased abundance of Catenibacterium spp in apple fiber-L could 
explain why the cumulative SCFA ratios were higher compared with sugar beet-L. 
According to Kageyama and Yoshimi [65], the major end products from the 
fermentation of carbohydrates by Catenibacterium spp. are acetate, butyrate and 
lactate. Thus, this demonstrates the high yield in the energy extraction from the 
fermented apple fiber in lean subjects.  
The results also evidence the potential benefit of apple fiber and sugar beet pectin 
for obese and lean individuals, respectively. On the one hand, it is presumed that 
Dorea spp. (46 fold increase in apple fiber-O) are related to blunting inflammatory 
processes [66,67]. On the other hand, Clostridium cluster XIV spp. (21 fold 
increase in sugar beet-L) may lead to a reduced circulation of inflammatory 
markers and body weight [68]. 
The prebiotic effect of sugar beet pectin is also demonstrated by the stimulation of 
the growth of Faecalibacterium spp. F. prausnitzii is considered as an anti-
inflammatory species which stimulates the production of butyrate [69]. As Furet et 
al. [70] found low abundance of this bacteria in obese subjects, the potential 
beneficial effect of sugar beet pectin for these subjects is highlighted by the 
observed increase in Faecalibacterium. More studies at the level of bacterial 
species and the measurement of other markers including especially inflammatory 
ones are recommended in order to assess the effect of these two substrates in the 
colonic homeostasis in humans. 
 
The results from the present study suggest differences in the extraction of energy in 
the form of SCFA as well as dynamic changes in the composition of the gut 
bacteria which may be strongly associated with the substrate provided to the 
microbiota and its origin (i.e., lean or obese individuals). 
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Supplemental material 

 

 
Fig. S1. Averaged molar ratios for acetate, propionate, n-butyrate 
and lactate (% of total SCFA).  

 

 
Fig. S2. (A) Weighted UniFrac tree of 16S rDNA pyrosequences. 
Spanning of the V5–V7 hypervariable regions derived from the 
different TIM microbiotas (green for L; red for O). Data shown 
corresponds to a single run after the adaptation period without the 
addition of the test compound. Scale bars indicate distance between 
the samples in UniFrac units. (B) The relative abundance of bacterial 
orders observed in these data sets is represented in a heatmap, 
showing those bacterial groups that contribute largely to the 
difference between the two clusters. 
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Abstract 

 

An aberrant metabolic activity or a compositional alteration of the gut microbiota 
has been proposed as a factor that makes us more prone to disease. Therefore, we 
explored the effect of two dietary fibers (arabinogalactan and inulin) on the 
microbiota from lean and obese subjects during 72 h in vitro fermentation 
experiments using the validated TNO dynamic in vitro model of the proximal 
colon: TIM-2. 
Metabolically, arabinogalactan fermentation showed a higher production of 
propionate when compared to n-butyrate in the obese microbiota fermentations. In 
general, lean microbiota produced more n-butyrate from the fermentation of both 
substrates when compared to the obese microbiota. Furthermore, the obese 
microbiota extracted more energy from the fermentation of both fibers.  
Compositionally, bacteria belonging to Gemmiger, Dorea, Roseburia, Alistipes, 
Lactobacillus and Bifidobacterium genera were found to be highly abundant or 
stimulated by the prebiotics in the lean microbiota suggesting a potential role in 
leanness. Furthermore, a significant correlation between known butyrogenic strains 
including B. adolescentis, an unclassified Bifidobacterium and F. prausnitzii with 
this metabolite in the fermentation of inulin in both microbiotas was found. 
Although supplementary in vivo studies are needed, the current study provides 
more evidence for the consumption of specific ingredients with the aim of 
modulating the gut microbiota in the context of obesity. 
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Introduction 

 
The discovery of the potential impact of the gut microbiota on human health and 
disease has fuelled research on characterizing the role that this community plays in 
the causality or prevention of many diseases elicited by dangerous lifestyles such 
as sedentary and bad eating habits, among others [1,2].  
Part of the efforts have been focused on identifying a balanced and thus, healthy 
community [3]. Though provocative, it is difficult to define a “most desirable” 
composition for the human gut microbiota. Reports providing contradictory 
findings, due to either i) a large inter-individual variation or ii) the application of 
different analytic methods, are at the order of the day. However, another factor 
which seems to play an important role in influencing health and disease, besides 
the community composition, is the interaction of the microbial metabolites with the 
host.  
The fermentation of dietary fiber by the gut microbiota leads primarily to the 
production of short-chain fatty acids (SCFA; mainly acetate, propionate and 
butyrate) and the gases hydrogen, methane and carbon dioxide [4]. Furthermore, 
branched-chain fatty acids (BCFA; mainly iso-butyrate and iso-valerate often 
accompanied by phenol and ammonia production) are also produced to a lesser 
extent but these originate from protein fermentation [5]. A proposed mechanism by 
which fiber may protect us against obesity is based on the beneficial effects that 
such metabolites have on host energy balance, e.g. by mediating the secretion of 
gut hormones involved in the regulation of energy metabolism and food intake 
(including leptin, peptide YY and glucagon-like peptide-1) [6,7]. Thus, it may be 
tempting to say that high intake of fiber would be a way to reduce the risk of 
obesity [8,9]. After all, it is estimated that the production of SCFA by the 
microbiota accounts for 5 to 10% of total dietary energy requirements in humans 
[10]. However, recent research has questioned such risk-reduction role. There is 
growing evidence indicating that the production of SCFA differs between the 
microbiota originating from obese and lean individuals (hereafter referred to as 
obese and lean microbiota). Such difference lies in the fact that the obese 
microbiota may produce more SCFA which could be translated into more energy 
extraction from diet [11,12]. As a consequence, more energy extracted from diet 
may be stored as fat, promoting host’s weight gain. Such mechanisms place fiber 
fermentation by the gut microbiota as a causative factor in obesity. Still, as 
previously remarked, there is a lack of consistency, different studies show 
contrasting results by finding either no correlation between fiber and weight 
gain/obesity, a reverse trend or effects to be substrate dependent [12-14]. 
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Vast amounts of research are needed to answer the chicken or the egg causality 
dilemma before any strategy can be designed with the aim of manipulating the gut 
microbiota in the context of obesity. Currently, there is a limited number of in vitro 
fermentation experiments mimicking the fermentation of different substrates by 
human obese or lean microbiota. So far, these studies have provided evidence 
about the metabolic adaptation of the microbiota in relation to different nutrient 
loads or single testing of specific prebiotics, as well as the plasticity of the 
microbiota in configuring the structure of the community in response to this kind of 
interventions [14-19]. Importantly, these studies have also endorsed in vitro 
systems as tools facilitating the medium to high-throughput validation of multiple 
hypotheses at lower costs with no ethical constraints when compared to human or 
animal studies.  
The purpose of the current study was to compare the profiles of fermentation of 
arabinogalactan (AG) and the well-studied prebiotic inulin (IN) by obese or lean 
microbiota. Both AG and IN are natural polysaccharides commonly found in foods. 
They have been found to be fermented by human intestinal bacteria and stimulate 
the production of SCFA and the growth of specific bacteria generally believed to 
be beneficial to the host [20-22]. AG is an interesting compound to evaluate not 
only because its potential to improve gut barrier function [23], but also because it 
has been observed that it may induce production of (both pro and anti-
inflammatory) cytokines [24,25], factors which both may play an important role in 
inflammation. In the context of obesity, low grade inflammation has been 
suggested to contribute to the development of insulin and leptin resistance [26].  
In order to compare the two prebiotics, we performed 72h fermentation 
experiments in the validated TNO dynamic in vitro model of the proximal colon 
(TIM-2), which was inoculated with either obese or lean microbiota. The present 
work provides evidence about how fermentable carbohydrates are differently used 
by the microbiota from lean and obese subjects which contributes to the 
understanding on how dietary compounds could be used as therapeutic tools in 
obesity. 
 
Materials and Methods 

 
Gut microbiota 
The inocula used for the TIM-2 experiments consisted of an active, pooled fecal 
microbiota prepared from: i) 8 healthy lean volunteers (male: n=4, female: n=4, 
average age=31 y (range: 25-42), BMI= 20 ± 1.48 kg/m2); ii) 7 healthy obese 
volunteers (male: n=3, female: n=4, average age=51 y (range: 29-68), BMI= 32 ± 
1.17 kg/m2). We have previously shown that pooling does not result in an aberrant 
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microbiota composition or activity [27]. The exclusion criteria for lean and obese 
volunteers included the use of antibiotics during the preceding 3 months, 
gastrointestinal disease, severe chronic disease or food allergy and intake of 
probiotics and prebiotics. 
Whole fecal samples were self-collected in a container kit which was maintained 
under anaerobiosis by using anaerobic packs (AnaeroGenTM, Oxoid, Cambridge, 
UK). A sample aliquot (100 mg) from each individual donation was collected in an 
anaerobic cabinet (80% N2, 10% CO2, 10% H2), snap-frozen in liquid nitrogen (-
196 ˚C) and stored at -80 ˚C for measurement of metabolites (SCFA and BCFA). 
Feces were homogenized under anaerobic conditions as described by Aguirre et al. 
[28]. The resulting culture homogenate was aliquoted and snap-frozen in liquid 
nitrogen. This microbiota was stored at -80 ˚C before inoculation in TIM-2.  
 
Gut fermentation experiments 
The TIM-2 system was flushed with N2 prior to the introduction of the inoculum 
for 3 h and it was maintained under this condition at 37 °C for 96 h with the pH 
kept at or above 5.8 by automatic titration with 2M NaOH. A 30 ml portion of 
culture homogenate was used to inoculate the units for each experiment. The 
microbiota was left to adapt (16 h) to the new environment after inoculation and 
during this period the basal simulated ileal efflux medium (SIEM) was gradually 
introduced into the system in a total volume of 40 ml. After the adaptation, the 
culture was deprived from any medium for 2 h (starvation). A volume of 180 ml of 
the different diets and control was administrated over the 72 h of the test period at a 
rate of 2.5 ml/h. 
In order to remove water and fermentation products from the lumen, a dialysate 
system (described in detail by van Nuenen et al. [29]), consisting of a semi-
permeable hollow membrane, ran through the lumen. For all the experiments, the 
speed of the dialysis fluid was set at 1.5 ml/ min.  
After 24 and 48 h of fermentation 25 ml of lumen sample was removed from the 
system to mimic the transit of material from the proximal and reaching the distal 
colon [30]. Luminal and dialysate samples were taken after t=0, 24, 48 and 72 h. In 
all cases samples were snap-frozen in liquid nitrogen and stored (-80 ˚C) until 
analysis.  
  
Fermentation media  
During the adaptation period (16 h) all TIM-2 units were fed with SIEM as 
described by Maathuis et al.[31]. After this adaptation period and the 2h starvation 
period, the units were fed with preparations which were made containing 
approximately 7.5 g of AG or IN instead of the standard carbohydrates in SIEM. 
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The specific AG used in this study was (+)-Arabinogalactan- from larch wood 
(Sigma-Aldrich, St Louis, USA) with a molecular weight ranging from 72-92 kDa 
and ≥ 84.8% purity. The IN tested had degree of polymerization (DP) of 9; 84.9% 
> DP5 (Sensus, Frutafit® IQ, Roosendaal, The Netherlands). Control units were 
fed with SIEM. 
 
Analysis of SCFA (acetate, propionate, and n-butyrate) and BCFA (iso-butyrate 
and iso-valerate) 
Samples were prepared and analyzed as described previously [14]. Before 
centrifuging, the fecal aliquots from the individuals were suspended in PBS (1:1; 
w:w). Briefly, both suspended aliquots and TIM-2 luminal samples were 
centrifuged (12000 r.p.m. at 4 ºC for 10 min). To the clear supernatant a mixture of 
formic acid (20%), methanol and 2-ethyl butyric acid (internal standard, 2 mg/ml in 
methanol) was added. A 3 µl sample with a split ratio of 75.0 was injected on a 
GC-column (ZB-5HT inferno, ID 0.52 mm, film thickness 0.10 um; Zebron; 
phenomenex, USA) in a Shimadzu GC-2014 gas chromatograph. Standard curves 
were obtained by injecting known quantities of a blend of volatile fatty acids and 
amounts were calculated from the graph obtained correlating peak height and time 
measured (all reagents from Sigma-Aldrich with the exception of formic acid 
which was from Merck). 
 
Energy extraction 
Energy extraction in the form of SCFA was calculated using the following kJ mol-1 
values for acetate, propionate and n-butyrate respectively: 874, 1536 and 2192 
[32,33]. 
 
Characterization of bacterial populations  
RNA was isolated from luminal samples using standard molecular biology kits 
from ZYMO Research (Zymo Research Co., CA, USA) following manufacturer’s 
instructions. Reverse-transcriptase amplification of the 16S rRNA gene (V3-V4), 
barcoding and library preparation (1st step PCR and 2nd PCR) were performed by 
BaseClear, Leiden, The Netherlands. 
Short paired-end sequence reads were generated using the Illumina MiSeq system 
and converted into FASTQ files using the BCL2FASTQ pipeline version 1.8.3. 
Quality trimming was applied based on Phred quality scores. Subsequently, the 
Illumina paired reads were merged into single reads (so-called pseudoreads) 
through sequence overlap (16S rRNA V3-V4 region of about 500bp). Chimeric 
pseudoreads were removed and the remaining reads were aligned to a combination 
of the GreenGenes and RDP 16S gene databases [34,35]. Based on the alignment 
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scores of the pseudoreads, the taxonomic classes were assigned by associating each 
pseudoread to the best matching Operational Taxonomic Unit (OTU). The 
taxonomic depth of the lineage is based on the identity threshold of the rank; 
Species 99%, Genus 97%, Family 95%, Order 90%, Class 85%, Phylum 80%. 
 
Data analysis 
The experiments were performed in series of two per tested substrate (n=2). To 
avoid unnecessary repetition, this is not indicated further in the text or graphs in the 
results section. Results are displayed as average of these duplicates. For simplicity 
of reading, substrates in the following sections are tagged with the letter L or O 
(e.g. substrate-L, substrate-O) in order to refer to the fermentation experiments 
using the inoculum from lean (-L) or obese (-O) subjects. 
Statistics analyses for determining the differences in metabolite production and 
energy extraction in the fecal samples from each individual were performed using 
Microsoft Excel (2010). Comparison between the two groups (lean and obese) was 
performed using t-test with significance p<0.05. 
For the calculation of fold compositional changes the ratio between a sampling 
time point and t0 was calculated (i.e., t72/t0). The ratio for this value and the 
control was then determined to obtain fold changes. A value equal to 1 indicates no 
change; a value of >1 indicates an increase; and a value of <1 indicates a decrease 
of the respective microbial taxa.  
Differentially abundant bacterial species growing on the different tested substrates 
were calculated from a ratio based from the specific growth of the species found on 
each substrate and the control. Spearman correlations were calculated between the 
ratio of the species identified as being differentially abundant and the measured 
amounts of metabolites produced (SPSS for Windows, version 21, SPSS, Chicago, 
US). Equal variance was assumed and calculations were performed from two-tailed 
distribution. Correlations were considered significant at the 0.01 level (2-tailed). 
 
Ethics Statement 
Studies using fecal donations from healthy volunteers do not require medical 
ethical committee approval in The Netherlands since they are considered as non-
invasive. However, volunteers who donated the inoculum were informed prior to 
initiating the study and their participation was considered after providing a signed 
informed consent. The group of obese donors was recruited at Maastricht 
University Medical Center (The Netherlands). These were patients from the 
university medical center who voluntarily responded to a recruiting call for inviting 
to donate their feces. The group of lean donors was recruited at TNO (The 
Netherlands). These participants responded to an advertisement inviting subjects to 
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voluntarily collect their feces. Bouke Salden and Carlota Bussolo de Souza 
personally collected the fecal samples from the participants who exclusively 
donated their feces for the present study. Bouke Salden received the fecal samples 
directly from the obese participants and none of the authors was involved in the 
direct collection of these samples. Carlota Bussolo de Souza received the fecal 
samples directly from the lean participants. The origins of the both lean and obese 
fecal donations were blinded using a code whose identity was known only by the 
responsible scientist (Carlota Bussolo de Souza, co-author of the present study). 
Results in this manuscript are referred to an individual sample or a pooled fecal 
inoculum and do not directly refer to a particular person. 
 

Results 

 
Screening of metabolites and energy extraction in feces from the volunteers 
The average amount of SCFA found in the feces from lean and obese subjects were 
not statistically different (259.6 ± 100.2 mmol and 215.1 ± 66.9 mmol, 
respectively). However, it was clear that there was a great inter-individual 
difference regarding the amount of each SCFA in both groups (Table S1). When 
comparing the amount of each SCFA and the amount of energy content, no 
statistically significant differences were found. 
BCFA were higher in the feces from lean volunteers (p<0.05). On average, feces 
from lean subjects contained 7.88 ± 2.54 mmol of iso-butyrate and 11.45 ± 3.64 
mmol of i-valerate, while feces from obese subjects contained on average 3.11 ± 
1.98 mmol of i-butyrate and 4.85 ± 2.92 mmol of i-valerate. BCFA amounts also 
presented a great inter-individual difference among subjects. 
 
Fermentation experiments with lean and obese microbiota 
Microbial activity 
Total SCFA production was higher in fermentations using the obese microbiota 
when compared to the lean (Fig 1). Fermentation kinetics in terms of SCFA 
production observed from both inocula differed in AG, IN and control experiments. 
Fermentation of AG showed major differences in propionate and n-butyrate 
production compared to the other fermentations, with propionate even higher than 
n-butyrate in the obese microbiota fermentations. In general, n-butyrate production 
is higher in the lean fermentations for all substrates when compared to obese, while 
propionate is observed to be higher in the fermentations with the obese microbiota 
when compared to lean. 
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Fig. 1. Cumulative production of SCFA (mmol) during the 72 h of 
fermentation of the tested substrates.    
 
 

Table 1 shows the cumulative production of BCFA after 72 h of fermentation of 
AG, IN and control. Lean microbiota produced more BCFA from AG fermentation 
and less from IN than control. For AG this was also observed in the obese 
microbiota. The values from the obese fermentations were lower when compared to 
lean for control and AG, but not for IN. 
 

Table 1. Cumulative production of BCFA after 72 h of fermentation 
of AG, IN and control.  

 
 
Energy extraction 
The microbiota from obese volunteers fermenting AG and IN extracted (slightly) 
more energy when compared to the lean fermentations, in accordance with the 
higher SCFA production. Controls remained quite similar with respect to energy 
extraction (Fig 2). 
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Fig. 2. Energy extraction. Values for the individual SCFA and the 
sum (total) obtained after 72h fermentation experiments of AG, IN 
and control using lean or obese microbiota.  

 
Compositional changes 
At genus level, it was observed that differences among the inocula are driven by 
the abundances within the same groups of bacteria (Fig S1): the major groups in 
the lean microbiota were Bifidobacterium, Clostridium, Lactobacillus and 
Enterococcus (23, 34, 14 and 13%, respectively) and in the obese microbiota were 
also Clostridium, Lactobacillus, Enterococcus, Bifidobacterium but at different 
abundances (46, 17, 15 and 10%). 
Analysis of the species found in the inoculum (t0) suggests that the lean microbiota 
has a more diverse population of Bifidobacterium which included B. adolescentis, 
B. longum and an unclassified group (7, 4 and 8%, respectively) whilst the obese 
microbiota mainly contains B. longum and an unclassified group (6 and 3%, 
respectively). Both microbiotas share a high abundance of C. butyricum (lean: 
23%; obese: 30%). 
By calculating L/O ratios (at the genus level), it was found that the lean microbiota 
had an increased relative abundance of Faecalibacterium (75 fold), Dorea (30 
fold), Roseburia (6 fold), Blautia (3 fold) when compared to the obese microbiota 
at t0 (Table S2; for more information about the starting inocula refer to 
supplemental material Fig. S1).  
The fermentation of AG and IN resulted in the growth or decrease of specific 
genera. Tables 2 (AG) and 3 (IN) show the effects observed in the different 
microbiotas per substrate tested, compared to the control. 
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Table 2. Relative change of bacterial genera after 72h of 
fermentation experiments of arabinogalactan in TIM-2 compared to 
control. 
 

 
 
Table 3. Relative change of bacterial genera after 72h of 
fermentation experiments of inulin in TIM-2 compared to control. 

 
 Inulin 

Genus Lean Obese 
Bifidobacterium 0.77 1.96 
Lactobacillus 0.15 1.08 
Unclassified 0.83 2.57 
unclassified 
Bifidobacteriaceae 

1.09 1.83 

unclassified Lactobacillaceae 0.15 1.57 
Faecalibacterium 0.97 2.70 
Bacteroides 2.84 0.89 
Collinsella 1.10 0.36 
unclassified Ruminococcaceae 0.98 3.27 
unclassified 
Coriobacteriaceae 

9.06 0.69 

Blautia 0.49 4.53 
unclassified Bacteroidaceae 2.62 0.88 
Fusicatenibacter 0.21 27.99 
unclassified Lachnospiraceae 0.73 2.50 



Chapter 7 
 

174 

Arabinogalactan 
Genera that increased after the fermentation of AG by the obese microbiota but 
decreased in the experiments with the lean microbiota are the well-studied: 
Lactobacillus (3 vs 0.49 fold), Dorea (14 vs 0.95 fold), Fusinibacter (17 vs 0.03 
fold), Parabacteroides (10 vs 0.31 fold), Faecalibacterium (2 vs 0.35 fold), and 
Blautia (2 vs 0.84 fold). At the species level the growth of B. longum was 
stimulated in the fermentation with the lean microbiota while it decreased in the 
obese (2 vs 0.21 fold, respectively; Table S3) this effect was opposite for L. 
mucosae (0.50 vs 2 fold, respectively). When compared to the control, B. caccae 
and B. thetaiotaomicron notably increased in the lean microbiota (44 and 7 fold, 
respectively) whilst the growth of L. gasseri (12 fold) was stimulated in the 
fermentations with the obese microbiota. 
 
Inulin 
After the fermentation of IN by the obese microbiota an increase in 
Bifidobacterium (2 vs 0.8 fold), Faecalibacterium (3 vs 0.97 fold), Blautia (5 vs 
0.5 fold) and Fusicatenibacter (28 vs 0.2 fold) was observed with respect to the 
lean microbiota. The fermentation of IN promoted the growth of B. adolescentis 
and an unclassified Bifidobacterium in the obese microbiota when compared to 
lean (5 vs 0.66 fold; 2 vs 0.76 fold, respectively; Table S3). Enterococcus faecalis 
was increased in the fermentations with the lean microbiota when compared to 
control (6 fold). 
 
Modulatory effect of the substrates on activity and composition of the microbiota 
Species in general were found to be divided in two groups: species that were 
positively correlated with n-butyrate (found in O-inulin and L-inulin experiments) 
and species that were negatively correlated to acetate, propionate and BCFA 
production (found in L-Inulin and L-arabino). 
More specifically, correlation analysis performed showed a significant positive 
correlation of B. adolescentis, an unclassified Bifidobacterium, F. prausnitzii, an 
unclassified Faecalibacterium and an unclassified Eubacterium with n-butyrate 
production; acetate, propionate and BCFA production were significantly negatively 
correlated with F. prausnitzii and unclassified Faecalibacterium but with an 
unclassified Bacteroides as well (Fig 3). 
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Fig. 3. Correlation of metabolites and a subset of marker bacterial 
species. Rows correspond to bacterial species; columns correspond to 
measured metabolites. Red and green denote positive and negative 
correlation, respectively. The intensity of the colors represents the 
degree of association between taxa abundances and metabolites as 
measured by Spearman's correlations. ** indicate associations 
significant at the 0.01 level (2-tailed). 

 

Discussion 

 
The addition of fiber to food products has been proposed to reduce the caloric 
density and glycemic impact of meals [36]. Therefore, there is growing interest in 
the use of functional fibers in the form of food ingredients, additives or 
supplements in order to fortify the Western diet without compromising the 
palatability of the food, especially in long-term weight management programs 
[36,37]. 
Other properties of dietary fiber have been well documented and it has been 
observed that it exerts a wide array of biochemical, neurohormonal and 
microbiological effects in the human body [36]. Here the gut microbiota, as a 
metabolic organ, has been found to be influenced by fiber consumption.  
The amount and type of dietary fibers consumed have a direct impact on the 
microbial fermentation capacity [38]. In this respect, studies have found that the 
gut microbiota from obese subjects could be more efficient in extracting energy 
from diet than lean subjects [11,39,40]. However, findings are controversial and it 
has been proposed that fermentation of fibers, and consequently their health 
effects, may be substrate dependent. Substrate dependency could be explained by 
the fact that dietary fibre reflects a heterogeneous group of compounds that differ 
in their chemical structure and physico-chemical properties, therefore reflecting on 
different physiological functions or health benefits [41,42]. 
In this study, AG and IN were provided to the microbiota from lean or obese 
subjects and 72 h fermentation experiments were performed. The aim was to 
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compare the differences in the fermentation profiles of these two fibers with 
respect to microbiota composition, but particularly with respect to production of 
the microbial metabolites SCFA, which are an energy source for the host.  
Determination of fiber fermentation in humans and rats is a common approach to 
characterize the capacity of the gut microbiota to ferment a specific substrate. 
However, these studies are expensive, time consuming and in the case of rats the 
yield of metabolic products from the fermentation of several types of fiber have 
been found to be significantly lower when compared to humans [43-45]. Moreover, 
studies in humans are limited because of the limited sampling capacity (non-
invasively only feces can be collected), while most of the SCFA produced are 
taken up during transit of the chyme through the colon (estimated at 95% of 
produced SCFA) [46]. Here, we used the TIM-2 system as an alternative tool to 
animal and human studies. Despite the limitations that in vitro systems carry, such 
as lack of host interaction, this systems has been validated and found to accurately 
predict the fermentation of fibers in human subjects by presenting the same 
magnitude of the differences in SCFA production [43]. The current study provides 
more evidence for the consumption of specific ingredients with the aim of 
modulating the gut microbiota in the context of obesity. 
 
Impact of the substrates on metabolic activity  
When compared against each other and against the control, both fibers presented 
different fermentation kinetics (in terms of SCFA production) (Fig 1). The 
difference between the proportion of propionate and n-butyrate in AG experiments 
using both microbiotas (Fig S2) is interesting in the light of the discussion of the 
impact of microbial metabolites on obesity. The increase in propionate production 
in the experiments with the obese microbiota suggests that via this metabolite AG 
could be protective against inflammation and promote satiety in obese subjects.  
Despite that most studies about the anti-inflammatory role of SCFA have been 
focused on the effects of n-butyrate and acetate [47,48], there is evidence pointing 
to propionate as a metabolite with a strong role against inflammation [49]. On the 
one hand, propionate acts as a ligand of G-protein-couple receptors (GPCR) 41 and 
43 [50]. These receptors when activated, induce an increase of GLP-1 (which slows 
down gastric emptying and promotes satiety) and PYY (which up-regulates food 
digestion and absorption). Besides this, it has also been shown that when they are 
absent (at least for GPCR43 in knockout mice) there is an exacerbated 
inflammation in inflammatory-disease models [51]. Moreover, propionate has been 
found to decrease fatty acid levels in plasma [47]. As there is also evidence 
indicating that high plasma levels of fatty acids cause inflammation and 
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consequently insulin resistance, the postulation of propionate as a molecule with 
anti-obesity properties is reinforced. 
On the other hand, propionate has also been linked to autism [52] and hence, an 
increase in this metabolite may not be desirable, although the mechanism is not 
entirely clear. 
In this study, IN was found to increase the production of n-butyrate in the 
fermentations with the lean microbiota (Fig S2) when compared to the obese. The 
butyrogenic effect of IN has been previously observed in vivo and in vitro 
[16,18,53-57]. n-Butyrate has been postulated as a molecule with health benefits 
for the human host since it has been found to be an important source of energy for 
colonocytes, with a potential protective role against colon cancer. In addition, it has 
been inversely correlated with inflammatory bowel diseases such as Crohn’s 
disease [58-61]. To our knowledge only two studies have tested in vitro the 
fermentation of IN in both microbiotas (lean and obese). Both Sarbini et al [16] 
and Bussolo de Souza et al [18] found that the obese fermentation of IN produced 
higher concentrations of n-butyrate when compared to the lean fermentation. The 
inocula composition is not the same all the time (Table S2) and that may have 
contributed to our results. Nevertheless, we have observed that there are some 
compositional similarities in both inocula despite being prepared in different years 
(Table S2). 
The fermentation of AG showed decreased BCFA concentrations in the 
fermentations with the obese microbiota when compared the lean. This supports the 
work from Vince and colleagues [62] and Robinson & Slavin [20] who observed a 
significant decreased in products from proteolytic fermentation (specifically 
ammonia) by intestinal bacteria after the supplementation of AG. However, our 
study brings evidence, for the first time, about this beneficial effect of AG in 
microbiota from obese subjects. 
Though production of BCFA was not lower in the obese microbiota fermenting IN 
when compared to lean, at least, when it is compared to control, the fermentation of 
IN with the lean microbiota is lower, giving also a good indication of the prebiotic 
effect of IN in ameliorating proteolytic fermentation. This effect has been 
previously observed in vitro as well as in vivo [29,63,64]. 
 
Energy extraction 
The hypothesis that the gut microbiota in obese individuals facilitates the 
additional extraction of calories from diet has been previously reviewed [38,65,66]. 
In the current study we were not able to confirm that the energy yield (in terms of 
SCFA produced) was higher in the feces from the obese donors in comparison with 
the lean donors (Table S1). However, the absorption of SCFA has been described 
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as a very efficient process since only 5-10% is excreted in the feces [67]. 
Furthermore, in a study performed by Jumpertz and colleagues [68] overfeeding in 
lean subjects was associated with a greater decrease in stool energy loss showing a 
relation between loss of energy in feces and energy load. Therefore, based on our 
results we could hypothesize that obese individuals may have higher capacity of 
absorbing SCFA in their gut and, therefore, may have lower amounts of these 
metabolites in their feces compared with lean subjects. 
However, we found a substrate dependent effect on the metabolic activity and 
consequently energy extraction when fermentations with both AG and IN were 
performed. These findings confirm our previous observations where a higher 
amount of energy extracted from the fermentation of IN was also found after 
fermentation by obese microbiota when compared to lean [18]. Although the 
difference is small, over a prolonged period this may add up to several kilos of 
body weight, since, as previously mentioned, an elevated production of SCFA 
contributes to a higher energy input to the host. But at the same time these 
metabolites have also been found to present satiety-enhancing properties via the 
activation of GPCRs. Thus, it could be that the enhancement of the production of 
these metabolites could be protective against obesity in this population, despite 
their energy content. Therefore, more research is needed in this area. 
 
Compositional changes 
When the inocula prepared from both lean and obese subjects (previous study; 
2012) is compared to the inocula from the present study (2014), we observed some 
compositional differences in the shared bacterial groups. This shows that not all 
inocula are the same. However, there are some similarities in some increased 
groups observed from the L/O ratios (Table S2) making it possible to distinguish 
certain bacteria belonging for example to Gemmiger, Dorea, Roseburia, Alistipes 
genera which both times were highly abundant in the lean microbiota and deserve 
being more investigated about their potential role in leanness. 
After fermenting AG by the different microbiotas the growth of some groups of 
bacteria was highly stimulated in one microbiota whilst they decreased in the other. 
Between the groups that were benefited from the fermentation of AG in the obese 
microbiota we found Faecalibacterium, Dorea and Blautia. Judging from the ratios 
calculated in order to compare both inocula (L/O 2014; Table S2), it seems that the 
community from obese donors tend to re-structure towards the microbiota from 
lean donors after the fermentation of AG (Table 2). This effect was also previously 
observed by Bussolo de Souza et al [18] and Condezo-Hoyos et al [19] when 
testing the prebiotic effects of cassava bagasse and different apple cultivars on the 
composition from lean and obese microbiota. 
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Lactobacillus was observed to increase in the obese microbiota fermenting AG 
(Table 2). Furthermore, we also described an increase of the species L. mucosae 
and L.gasseri in the obese microbiota after fermenting AG. Our results are in 
agreement with Robinson & Slavin [20] when showing that a diet supplemented 
with AG increased the concentration of Lactobacillus in the feces from healthy 
participants. In addition, a study conducted by Santacruz et al [69] showed a 
parallel reduction of body mass index (BMI) and increase of Lactobacillus spp. 
concentrations in obese adolescents suggesting a potential role of this species in 
obesity and body weight control. Based on these findings we suggest that our study 
brings more evidence about how a prebiotic such as AG can beneficially influence 
the composition of the microbiota from obese subjects in weight management. 
The lean microbiota fermenting AG presented an increase in B. thetaiotaomicron. 
The growth of this species on AG has also been found by others [70]. B. 
thetaiotaomicron colonization has been observed to elicit gene expression involved 
with the fortification of the intestinal barrier function and the maintenance of 
mucosal integrity which may suggest to be specially beneficial in obese subjects 
[71]. 
The obese microbiota composition on IN shifted the simulated gut environment 
into a more healthy milieu with increase of beneficial bacteria belonging to the 
Faecalibacterium, Blautia, Fusicatenibacterium and Bifidobacterium genera. The 
bifidogenic effect of IN was demonstrated to be more pronounced in the obese 
microbiota when compared to lean (Table 3). Interestingly, this effect was shown 
to selectively stimulate the growth of B. adolescentis (Table S4). This is in 
agreement with the selective upregulation of B. adolescentis by IN also found by 
Ramirez-Farias et al [22] and the selective upregulation of B.animalis by Venema 
and Maathuis [72]. In fact the latter authors hypothesized that within the 
Bifidobacterium genus, the diversity was diminished by inulin. This was also 
observed to some degree in our experiments (Table S4). 
The difference in the bifidogenic effect of IN in the obese microbiota, especially in 
the specific case of B. adolescentis growth, can be explained by i) a long-known 
inverse relation between initial amounts present and the observed increase [73]. As 
observed e.g. by Korpela et al [74] and other authors, the lower the abundance of 
Bifidobacterium spp. at the starting point of an intervention, the more the increase 
observed after the administration of an specific prebiotic, and vice versa [74-76]; or 
ii) the high specificity of IN for stimulating the growth of certain bifidobacterial 
species as observed by Venema & Maathuis [72]. A high abundance of 
bifidobacteria could be protective in obesity since it is speculated that this bacteria 
may decrease pro-inflammatory cytokines and decrease endotoxaemia which can 
improve glucose-induced insulin and glucose tolerance [16,77]. 
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Conclusion 

 
First line strategies to combat obesity include exercise and/or a balanced dietary 
regime. Though apparently simple, such changes in people’s life are difficult to 
maintain and in most of the cases subjects struggle to follow these 
recommendations. Due to the complexity of this condition, it is vital to identify 
weight loss methods by which subjects can successfully achieve long-term results. 
In this respect, using fibers is a potential tool to supplement diet in weight 
management due to their satiety aspects, as well as in modulating the gut 
microbiota. Here in this study we have identified the potential of arabinogalactan 
and inulin in stimulating a gut community more related to a lean profile. However, 
these effects should be studied further in humans focusing especially on the role of 
these fibers in satiety. 
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Supplemental material 

 
Table S1. Metabolites and energy content (in terms of SCFA) 
measured in the feces from the volunteers. 
 

 
 
Table S2. Ratio L/O. Relative ratio of bacterial genera different 
between lean and obese at t0 in TIM-2 in the current study and in a 
study by Bussolo de Souza et al [18] in 2012.  

2014 2012 
Bifidobacterium 2.33 1.05 
Lactobacillus 0.78 0.07 
Enterococcus 0.85 0.31 

Lactococcus 53.63 0.24 
Shigella 0.21 0.34 

Streptococcus 20.01 0.35 

Faecalibacterium 74.82 680.58 
Bacteroides 2.81 3.99 
Weissella 2.09 0.99 
Collinsella 0.76 6.60 

Gemmiger 23.77 11.87 

Blautia 2.93 58.96 

Roseburia 5.64 205.17 

Dorea 30.39 17.83 
Coprobacillus 1.12 7.92 
unclassified Erysipelotrichaceae 0.16 14.14 
Parabacteroides 0.55 19.13 
Anaerostipes 1.30 131.47 

Alistipes 3.91 59.01 
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Table S3. Relative change of bacterial species after 72h of 
fermentation experiments of arabinogalactan and inulin in TIM-2 
using microbiota from lean and obese individuals. 
 

Species 
L-

Arabino 
O-

Arabino L-Inulin O-Inulin 
Clostridium butyricum 0.40 0.24 0.19 0.30 
Bifidobacterium adolescentis 0.01   0.66 4.68 
unclassified Clostridium 0.41 0.80 0.28 0.62 
unclassified Bifidobacterium 0.17 0.07 0.76 1.90 
Lactobacillus mucosae 0.50 2.06 1.08   
unclassified Lactobacillus 0.58 3.14 0.71   
Unclassified 1.03 2.29 0.89 2.02 
Bifidobacterium longum 2.00 0.21 0.15 0.04 
Enterococcus faecium 0.50 1.48 0.90 0.58 
unclassified Enterococcus 0.58 2.08 1.11 0.73 
Faecalibacterium prausnitzii 0.40   1.20   
unclassified Bacteroides 1.12   3.91 0.59 
unclassified Faecalibacterium 0.33   0.84   
Bacteroides vulgatus 0.07       
Bacteroides caccae 44.35       
unclassified Eubacterium 0.51   6.39   
unclassified Lactococcus 0.00       
Bacteroides thetaiotaomicron 6.80       
Bifidobacterium 
pseudocatenulatum   0.03 0.19   
Lactobacillus gasseri   11.16     
Enterococcus faecalis     5.78   
Lactococcus lactis     0.94   
Enterococcus gallinarum     0.81   

 
Table S4. Bifidobacterium species abundance from the fermentation 
of inulin.  
In both cases (L and O-fermentations) B.adolescentis dominated the 
Bifido species after 72 h. In lean microbiota a complete domination 
is observed while in the obese microbiota it is about 25 fold higher 
(whereas at the start it was only ~8%). 
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Species 
Abundance (% from total 

reads) 
L-Inulin-t0 L-Inulin-t72 

Bifidobacterium adolescentis 5.3 3.6 

Bifidobacterium animalis 0.3 0 

Bifidobacterium 
pseudocatenulatum 

0.2 0 

Species 
Abundance (% from total 

reads) 
O-Inulin-t0 O-Inulin-t72 

Bifidobacterium adolescentis 0.4 24.8 

Bifidobacterium longum 4.6 0.2 

Bifidobacterium 
pseudocatenulatum 

0.2 1 

Bifidobacterium bifidum 0 0.1 

 
 

 
Fig. S1. Abundance (%) of the major groups of genera in the 
microbiota in feces of lean and obese subjects. 
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Fig. S2. SCFA ratios (%) from the different diets at t72. 
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Abstract 

 

The successful manipulation of the human gut bioreactor (also known as gut 
microbiota) requires to fully understand how it operates. This study is an attempt to 
evaluate the impact of mucin in the development of a defined (14 strains) and 
complex (lean and obese) fecal derived microbial communities colonizing an in 
vitro model of the large intestine (TIM-2 system). All communities were evaluated 
during 72 h fermentation of a diet containing mucin. The production of SCFA, 
BCFA and the extraction of energy (in terms of SCFA) was estimated. 
Furthermore, an array was used to determine the transcriptome of the bacteria 
before and after mucin addition. 
Both metabolic and compositional data indicate that microbial communities present 
mucin specificity at a different degree. Complex communities were more efficient 
in metabolizing and extracting energy from mucin when compared to the defined 
community. The fermentation of mucin lead to a higher production of metabolites 
from proteolytic fermentation in all cases. Remarkably, the defined community 
presented the highest amount.  
The addition of mucin facilitated the growth of species known by their mucolytic 
activity (e.g. Bifidobacterium bifidum, Lactobacillus mucosae, Bacteroides 
thetaiotaomicron). Furthermore, we also observed the growth of F. prausnitzii 
from mucin contributing to the scarce evidence currently available about the ability 
of this bacterium to metabolize (in vitro) this substrate. 
The fermentation of mucin stimulated the expression of genes encoding enzymes 
involved in glycosaminoglycan degradation; valine, leucine and isoleucine 
biosynthesis; pyruvate metabolism; propanoate metabolism; butanoate metabolism; 
and pentose phosphate pathway. However, conclusions about this data need to be 
carefully done since due differences in the hybridization of the samples in the array 
were observed. Therefore, a normalization of the data needs to be performed. 
Overall, our study highlights the relevance of including mucin as a dietary 
substrate in an in vitro simulation of the human gut in order to increase the 
physiological relevance of the model as well as it sets a precedent for encouraging 
the exploration of distinctive health markers (metabolites and species). 
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Introduction 

 

Due to the many roles in human health that the gut microbiota has been proposed 
to be involved in, there is growing interest in the identification and analysis of gut 
microbial communities in order to unfold specific characteristics from healthy and 
unhealthy individuals [1-3].  
The human gut microbiota is dominated by two phyla: Bacteroidetes and the large 
phylum Firmicutes. However, Actinobacteria, Verrucomicrobia and 
Proteobacteria are also found in many people but in lower proportions [4]. 
Specific studies testing the effect of changes in diet on the gut microbiota evidence 
a major influence of nutrients on the composition and activity of this complex 
community. It has been proposed that the dominance in the composition of the 
human gut microbiota by the Bacteroidetes and Firmicutes phyla is an adaptive 
response to a continuous changing nutrient environment characteristic for the 
dynamic conditions in the human gut [5]. Despite this, our understanding of the 
diet-microbiota interactions is still in its infancy [5]. The particular response by 
different taxa in terms of utilization of specific nutrients and their interactions is 
not well understood.  
Different models have been successfully used to follow up the effect of diet on the 
gut microbiota as a determinant in host health. In this regard, findings from studies 
using gnotobiotic mice are particularly interesting. Mouse models colonized with a 
defined community ranging from 2 to 12 bacterial species have been tremendously 
informative since the complexity of the gut microbiota is reduced and it has been 
shown that there is niche specialization and functional redundancy within members 
[5-8]. Some of these studies highlight the importance of host glycans for 
guaranteeing the stability in this ecosystem [8,9]. In this context, it would be 
tempting to suggest that the incorporation of a mucosal environment in a gut model 
may play an important role when studying the dynamics of the microbial 
community in response to different stimuli (e.g. prebiotic or probiotic 
consumption) due to the fact that mucin could increase the ecological significance 
of the model. 
Physiologically relevant gut models are urgently needed to continue the effort of 
elucidating diet-microbiota interactions. Despite the substantial value of human 
studies as a golden model, these interventions are mostly limited to end-point 
measurements (fecal samples) which provide restricted information about mucosal 
microbes [10,11]. The latter also applies to in vitro models simulating the human 
gut. Although the integration of modules incorporating mucus is limited in in vitro 
models, some studies have included the use of microcosms covered in mucin (in 
SHIME [10]), mucin beads encased within a dialysis membrane [12] and mucin 
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gels inserted in glass tubes [13] showing that via these models the dynamics 
between the mucosal and the luminal bacteria could be simulated. Moreover, in 
vitro models offer the great opportunity of studying microbe-microbe and microbe-
substrate interactions in depth by carefully controlling all variables and avoiding 
host derived interactions which is, in this case, an advantage compared to animal 
and human models. 
Here, we inoculated an in vitro system simulating the proximal colon (TIM-2; [14]) 
with i) a defined community harboring 14-members which represents the 5 most 
dominant phyla in the healthy human gut, ii) a pooled microbiota prepared from the 
feces from obese, or iii) lean volunteers.  
The selection of the members of this defined consortium was based on 
phylogenetic diversity. Furthermore, these strains represent important gut 
commensals and have been identified as fermenters of amino acids and 
undigestible carbohydrates [6], shown to influence gut physiology [9,15-19], 
provide energy to the colonocytes [20,21], encode ABC-transporter associated 
substrate-binding proteins [22] and protect against pathogenic bacteria [15,23-25]. 
Interestingly, some of these species have been used as indicators of gut health since 
they are presumed to play a role in many disorders including cancer [16,26], 
obesity [16], irritable bowel syndrome [16], inflammatory bowel diseases [16,27] 
and glucose intolerance [28].  
The aim of this study was to gain insight in how the presence of mucin plays a role 
in the development of bacteria in an in vitro model closely simulating the human 
gut. For this reason, fermentation experiments using three different types of 
communities (i.e. defined community, and lean and obese fecal microbiota) were 
performed in the presence or absence of mucin in order to compare metabolic 
fermentation profiles as well as changes in the composition and gene expression 
during the fermentation experiments. 
 
Materials and methods 

 

Bacterial strains and culture conditions 
Anaerobic culture methods were used for cultivation of the consortium. Table S1 
shows the information about the strains used, which were obtained from public 
strain repositories (ATCC, Manassas, VA, USA or DSMZ, Braunschwei, 
Germany) and kept as frozen stocks with glycerol at -80 ºC. Strains from frozen 
stocks were grown as monocultures to early log phase at 37oC (atmosphere 80% 
N2, 10% CO2 and 10% H2; Whitley A45 anaerobic workstation, West Yorkshire, 
England) in RCM, TS, M17, MRS or Chopped Meat Medium for 2 to 3 days in 15 
ml tubes. After autoclaving, different media were supplemented with filter 
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sterilized: glucose, hemin and vitamin K (RCM and Chopped Meat Medium), just 
glucose (M17) or cysteine (added as a redox buffer; RCM, MRS and Chopped 
Meat Medium). For the specific case of F. prausnitzii, the strain was grown in 
YCFAG medium as described by Lopez-Siles et al. [29] and Duncan [30]. 
The cultures were collected at different OD600 values prior the pooling and 
inoculation in the in vitro system in an effort to ensure that none of the species had 
an early advantage during establishment and that E. coli would not overgrow the 
community as previously experienced in a pilot study (not shown).  
 
Complex microbiota 
The human fecal inocula used for the TIM-2 experiments consisted of an active, 
pooled fecal microbiota prepared from: i) 8 healthy lean volunteers (male: n=4, 
female: n=4, average age=31 y (range: 25-42), BMI= 20 ± 1.48 kg/m2); ii) 7 
healthy obese volunteers (male: n=3, female: n=4, average age=51 y (range: 29-
68), BMI= 32 ± 1.17 kg/m2). The exclusion criteria for lean and obese volunteers 
included the use of antibiotics during the preceding 3 months, gastrointestinal 
disease, severe chronic disease or food allergy and intake of probiotics and 
prebiotics. We have previously shown that pooling does not result in an aberrant 
microbiota composition or activity [31].  
Fecal samples were collected using a container kit which was maintained under 
anaerobiosis by using anaerobic packs (AnaeroGenTM, Oxoid, Cambridge, UK). 
Samples were homogenized in an anaerobic cabinet (80% N2, 10% CO2, 10% H2) 
as described by Aguirre et al. [32]. The resulting slurry was aliquoted and snap-
frozen in liquid nitrogen (-196˚C). This microbiota was stored at -80˚C before 
inoculation in TIM-2.  
 
Gut fermentation experiments 
The TIM-2 system [14] was flushed with N2 for 9 h prior to the introduction of the 
inoculum and it was maintained under this condition at 37°C for 96 h with the pH 
kept at or above 5.8 by automatic titration with 2M NaOH. A 30 ml portion of 
culture homogenate was used to inoculate the units for each experiment. The 
microbiota was left to adapt (16 h) to the new environment after inoculation and 
during this period the basal medium preparation (SIEM) was gradually introduced 
into the system in a total volume of 40 ml. Subsequently, a volume of 180 ml of the 
different diets and control was administrated over the 72 h of the test period at a 
rate of 2.5 ml/h. 
In order to remove water and fermentation products from the lumen, a dialysate 
system, consisting of a semi-permeable hollow membrane (described in detail by 
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van Nuenen et al.[33]), ran through the lumen. For all the experiments, the speed of 
the dialysis fluid was set at 1.5 ml/ min.  
After 24 and 48 h of fermentation 25 ml of lumen sample was removed from the 
system to mimic the transit of material coming from the proximal and reaching the 
distal colon [34]. Luminal and dialysate samples were taken after t=0, 24, 48 and 
72 h. In all cases samples were snap-frozen in liquid nitrogen and stored (-80 ˚C) 
until analysis (short-chain –SCFA- and branched-chain –BCFA- fatty acids 
performed in both luminal and dialysate samples from t0, 24, 48 and 72; 
composition and gene expression performed in luminal samples at t0 and t72). 
The experiments were performed in duplicate per tested compound (n=2). To avoid 
unnecessary repetition, this is not indicated further in the text or graphs in the 
results section. Results are displayed as average of these duplicates. In order to 
refer to the fermentation experiments using the inoculum from lean (L), obese (O) 
subjects or defined community (DC), in the following sections the letters L, O or 
DC are tagged with -muc (for mucin) or -control (e.g. L-muc, O-muc, DC-muc). 
 
Fermentation media  
During the adaptation period (16 h) all TIM-2 units were fed with simulated ileal 
efflux medium (SIEM) as described by Maathuis et al. [34]. After this adaptation 
period the units were fed with the same medium, without the 7.5 g standard 
carbohydrates, which were replaced by approximately 7.5 g of mucin from porcine 
stomach (Type II, Sigma) which constituted 12% w w-1 of the total medium. SIEM 
was used as a control. 
 
Analysis of SCFA (acetate, propionate, and n-butyrate) and BCFA (iso-butyrate and 
iso-valerate) 
Samples from the complex communities were prepared and analyzed as described 
previously [34]. Briefly, samples were centrifuged (12000 rpm at 4 ºC for 10 min). 
To the clear supernatant a mixture of formic acid (20%), methanol and 2-ethyl 
butyric acid (internal standard, 2 mg/ml in methanol) was added. A 3 µl sample 
with a split ratio of 75.0 was injected on a GC-column (ZB-5HT inferno, ID 0.52 
mm, film thickness 0.10 um; Zebron; Phenomenex, USA) in a Shimadzu GC-2014 
gas chromatograph. Standard curves were obtained by injecting calibrated 
quantities of a blend of volatile fatty acids and amounts were calculated from the 
graph obtained correlating peak height and time measured (all reagents from 
Sigma-Aldrich with the exception of formic acid which was from Merck). Samples 
from the DC-experiments were analyzed as described by Ladirat et al. [35]. 
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Energy extraction 
Energy extraction in the form of SCFA was calculated using the following Kcal 
mol-1 values for acetate, propionate and n-butyrate respectively: 209, 367 and 524 
[36,37]. 
 
Characterization of bacterial population  
RNA was isolated from luminal samples using standard molecular biology kits 
from Invitrogen (ChargeSwitch® total RNA cell kit, CA, US) with some 
modifications. 
RNA quantity and quality were assessed spectrophotometrically (ND-1000, 
NanoDrop Technologies, Wilmington, USA). Furthermore, gel electrophoresis was 
performed to study integrity of the RNA. 
Reverse-transcriptase amplification of the 16S rRNA gene (V3-V4), barcoding and 
library preparation (1st step PCR and 2nd PCR) were performed by BaseClear, 
Leiden, The Netherlands. 
Short paired-end sequence reads were generated using the Illumina MiSeq system 
and converted into FASTQ files using the BCL2FASTQ pipeline version 1.8.3. 
Quality trimming was applied based on Phred quality scores. Subsequently, the 
Illumina paired reads were merged into single reads (so-called pseudoreads) 
through sequence overlap (16S rRNA V3V4 region of about 500bp). Chimeric 
pseudoreads were removed and the remaining reads were aligned to a combination 
of the GreenGenes and RDP 16S gene databases [38,39]. Based on the alignment 
scores of the pseudoreads, the taxonomic classes were assigned by associating each 
pseudoread to the best matching Operational Taxonomic Unit (OTU). The 
taxonomic depth of the lineage was based on the identity threshold of the rank; 
Species 99%, Genus 97%, Family 95%, Order 90%, Class 85%, Phylum 80%. 
Fold changes were calculated in order to discriminate the differential groups that 
were affected after the intervention when compared to control. The calculation was 
based on the ratio between a sampling time point and t0 (e.g., t72/t0). Then the 
ratio for this value and the control was determined to obtain fold changes compared 
to the control. A value within the range 0.95-1.05 indicates no change; a value of 
>1.05 indicates an increase; and a value of <0.95 indicates a decrease of the 
respective microbial genera/species (depicted in the manuscript as →, ↑ and ↓, 
respectively) .  
 
Microarray procedures 
An RNA-based multi-species array was designed using a SurePrint™ G3 Custom 
Gene Expression Microarray (one glass slide formatted with four high-definition 
180K arrays; 4x180K; Agilent Technologies, US). This microarray contained 
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175.000 probe sets and covered the complete genomes of the members of the DC 
and it allowed the analysis of the different transcription profiles. In silico, the full 
genome of each of the 14 strains was chopped in pieces of 500 base pairs for the 
preparation of the array. Then all those fragments were studied in silico and 
fragments that were in more than one species were discarded as a suitable probe. 
DNA fragments that were unique to one of the 14 strains were used as a probe 
target. Since all the homologous parts from genes were removed as described 
above, very homologous genes are underrepresented in this data set compared to 
the ones that are more divergent.  
The obtained RNA from TIM-2 samples was transcribed into cDNA and then 
subjected to microarray hybridization. Targets for a one-color microarray 
experiment were generated. Cy3-labeled samples were produced and hybridized 
following the manufacturer’s protocol (Stratagene Fairplay III Microarray Labeling 
Kit; Agilent Technologies). The hybridization procedure was performed according 
to the Agilent 60-mer oligo microarray processing protocol using the Agilent Gene 
Expression Hybridization Kit (Agilent Technologies). Subsequently, 600 ng Cy3-
labeled fragmented cDNA in hybridization buffer was hybridized 17 h at 65 °C to 
the microarray using Agilent's recommended hybridization chamber and oven. 
Finally, the microarrays were washed once with the Agilent Gene Expression wash 
buffer 1 for 1 min at room temperature followed by a second wash with preheated 
Agilent Gene Expression wash buffer 2 (37 °C) for 1 min. The last washing step 
was performed in the presence of acetonitrile. Scanning of the fluorescence signals 
of the hybridized Agilent microarrays was performed with 5µm resolution using 
Agilent's Microarray Scanner System (Agilent Technologies, Palo Alto, USA) with 
XDR extended range. The Agilent Feature Extraction Software (v11.5) was used to 
obtain the microarray data. 
Data were collected by using microarrays spots whose intensities were 
reproducibly higher than the background level. All the expression values (Expr) 
that were in the dynamic range were background subtracted and averaged for each 
array yielding an array-specific normalization factor (N) that was used for 
calculating a normalized gene-expression values (Nexpr) per array. At the end, the 
set of data was 2log transformed. 
Normalized expression was made per array as specified in equation 1: 
 

Nexpr = [(Expr-avgBKGR)/N*avgNAllArrays]+avgBKGRAllArray (1) 
Where: 
 
Expr = raw expression value per gene per array (including background). 
Nexpr = normalized expression per gene of each array 
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N = average (signal-background) per array, filtered for probes with significant & 
not saturated signals (Expr>2*avgBKGR & Expr<50000). 
avgBKGR = average background per analyzed array 
avgNAllArrays = average normalization factor for all the arrays. 
avgBKGRAllArray = average standard background of all arrays. This background 
value reduced noise in expression values around background level, leading to false 
differentials. 
 
A bias control was performed in order to find if the arrays presented certain 
grouping, beyond the bias expected for the tested conditions. Hierarchical 
clustering, correlation and PCA analyses were performed (TIGR MeV, MA, US). 
Comparative measurements of transcript abundance was performed on time-course 
samples by directly comparing the abundance of each gene’s transcripts relative to 
the t0 sample (R = Nexpr[t=72h]/Nexpr[t=0h]). All probes were split in non-
responsive (Abs[2logR]<2) from those that were responsive (Abs[2logR]>2). Over 
175.000 probes, 22.000 showed significant differential expression. We used t-test 
(P<0.01) to select the most significant differentially expressed genes (DEGs) for 
either of 3 comparisons (Muc-Control at 72h for DC, obese or lean fecal groups). 
Comparisons were made in time (t=72h vs t=0h) or between treatments (e.g. mucin 
vs control at t=72h) 
A heat map was made of the data from the genes differentially expressed in each 
experiment (Mucin DC, Obese, Lean; t72) and that were present in the metabolic 
gene sets derived from the Kyoto Encyclopedia and Genes and Genomes (KEGG). 
 
Quantitative PCR of selected expressed genes 
To test the validity of the microarray results, we performed reverse transcription-
quantitative PCR (RT-q-PCR) to compare the abundance of Amu_0666, 
BAD_0688 and BT_0618 from mucin-treated and untreated communities. As 
internal control we analyzed the relative abundance of 16S gene. The three genes 
were selected because they were differentially expressed with respect to their own 
control (i.e., Amuc_0666 was differentially expressed in DC; BAD_0688 in lean 
and obese; BT_0618 in lean and DC). 
 
The primers used in the amplifications are listed in Table 1. All primers were 
designed by using Primer Express® 2.0 software (Applied Biosystems, US). The 
GC content of the primers was in the range of 48 to 60% and Tm from 79 to 84 °C.  
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Table 1. Primer sequences of target and reference genes used for 
RT-q-PCR. 

 

 
*Ta= temperature of annealing 

 
RT-q-PCR was performed for gene expression in a 7500 Real-Time PCR system 
(Applied Biosystem, US) with Relative Quantification Software (Applied 
Biosystem V.1.4) with fluorescence signal detection after each amplification cycle. 
Probes used for the targeted genes (Table 1) were labeled with VIC, NED or Cy5, 
and for the control gene (16S) with FAM. 
Each reaction was performed in a 26 µl volume containing 12.5 µl of 1X 
QuantiTec® Multiplex PCR Mix (Qiagen), 5 µl RNA template, 1.0 µl of reverse 
primer at 0.4 µM, 0.5 µl of forward primer at 0.2 µM, 0.5 µl of fluorophore at 0.1 
µM and 0.25 µl reverse transcriptase enzyme. Negative controls (with no RNA 
template) for each primer set were included in each run. To assess the contribution 
of contaminating DNA templates in the RNA samples, RNA controls without the 
RT-step were performed in parallel. Serial dilutions of DNA isolated from single 
strains were performed to generate a standard curve for each primer-probe 
combination in order to define the efficiency of the RT-q-PCR reaction. The 
thermal cycle conditions included reverse transcriptase reaction (50 °C for 20 min), 
HotStarTaq DNA Polymerase activation (95 °C for 15 min), followed by 2-step 
program for amplification and quantification of 45 cycles (15 s at 95 °C, 60 °C for 
1 min with fluorescence measurement).  
 
Ethics Statement 
Studies using fecal donations from healthy volunteers do not require medical 
ethical committee approval in The Netherlands since they are considered as non-
invasive. However, volunteers that donated a sample were informed prior to 
initiating the study and their participation was considered after providing a signed 
informed consent. The obese donors were recruited at Maastricht University 
Medical Center+ (The Netherlands). The lean donors were recruited at TNO (The 
Netherlands). The origins of the fecal donations were blinded using a code whose 
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identity was known only by the responsible scientist. All results in the present 
study are referred to the pooled fecal inoculum and do not directly refer to a 
particular person. 

 
Results 

 

Metabolic activity 
In the fermentation experiments with the complex microbiota mucin led to as high 
SCFA production as the control medium, SIEM. This was also the case for the DC, 
however, with the DC the production of SCFA was decreased notably in both 
control and the mucin intervention compared to the complex microbiotas (Fig. 1). 
The fermentation of mucin with the lean microbiota produced a higher amount of 
total SCFA (152.86 ± 1.30 mmol) when compared to the fermentation with the 
obese microbiota and DC (142.01 ± 3.60 mmol and 112.11 ± 15.09 mmol, 
respectively). 
 

 
Fig. 1. Cumulative production of SCFA (mmol) during the 72 h 
fermentation.  

 
Fermentation kinetics of mucin with both complex microbiotas was very similar. 
There was a clear dominance of acetate production through time, while propionate 
and n-butyrate values resembled each other quite closely throughout the 
fermentation. Kinetics of fermentation with the DC were different when compared 
to the complex microbiota. Production started slow. The production of propionate 
through time was higher than n-butyrate. Still, acetate was the metabolite produced 
in highest quantities (Fig. 1). Fermentation of the control medium (SIEM) showed 
similar characteristics as that of mucin, with butyrate higher than propionate with 
all three communities, with highest proportions for the lean microbiota. 
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BCFA 
The fermentation of mucin with the lean microbiota and DC stimulated the 
production of BCFA to a higher degree than the obese microbiota (Table 2). Values 
of BCFA in control experiments remained lower when compared to the respective 
mucin interventions. However, it is worth noticing that the DC experiments 
presented the highest cumulative production of BCFA when compared to the other 
two communities, also already in the control experiments. 
 

 
 
Energy extraction 
Lean microbiota extracted more energy (47.3 Kcal; in the form of SCFA) from the 
fermentation of mucin when compared to the obese microbiota (42.2 Kcal) or the 
DC (32.2 Kcal), in line with the higher production of SCFA (Fig. 2). The DC 
community grown on mucin extracted more energy from propionate when 
compared to the other microbiotas. Controls from the complex community were 
quite similar, whereas the DC-Control extracted less energy.  
 

 
Fig. 2. Energy extraction. Values obtained after 72h fermentation of 
mucin and control using microbiota from lean or obese subjects, or a 
defined community. 

 
Compositional changes 
Genus level 
At the genus level, the majority of the bacteria responding to the fermentation of 
mucin in the DC experiments were also found in the L- and O- complex 
community (except 2 groups: Lachnoclostridium and Staphylococcus) (Table 3). 
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Similarities in how the growth of these common groups was affected after the 
fermentation experiments (increase/decrease either in the 3 microbiotas or in 2) 
were observed, but also differences were found. The fold changes observed were at 
a different order of magnitude. For instance, the growth of Bifidobacterium in the 
DC community was highly stimulated upon the addition of mucin (12.2 fold 
change with respect to control), the increase in this group of bacteria was also 
observed in L-Muc, though not to the same degree (1.74 fold change with respect 
to control) while it decreased in O-Muc (0.17 fold change -read as 1/0.17= 5.88 
fold decrease- with respect to control). With respect to Lactobacillus, it seemed 
that the addition of mucin to the lean microbiota highly benefited this group of 
bacteria when compared to the obese and the defined communities (6.80, 2.91 and 
1.10 fold change with respect to control, respectively). 
 

Table 3. Relative change of shared bacterial genera after 72h 
fermentation of mucin in TIM-2 with the defined and complex 
community. → indicates no change; ↑ indicates an increase; and ↓ 

indicates a decrease with respect to control. % Values correspond to 
the relative abundance of the bacterial group in the mixtures at t72. 
Cells with no value correspond to bacteria that were not detected. 
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Table 4 shows the additional genera which were found to considerably change with 
respect to control in the L- and O- experiments after fermenting mucin for 72h, 
genera which were absent in the DC. Mucin stimulated the growth of 
Faecalibacterium, Dorea and Catenibacterium in the obese microbiota (2.12, 
11.95 and 120.86 fold change with respect to control, respectively). In the lean 
microbiota of these groups both Faecalibacterium and Dorea were found to 
decrease (0.59 and 0.54 fold change with respect to control, respectively) and 
Catenibacterium was not detected. 

 
Table 4. Relative change of bacterial genera after 72h fermentation 
of mucin in TIM-2 with the complex communities. → indicates no 
change; ↑ indicates an increase; and ↓ indicates a decrease with 
respect to control. % Values correspond to the relative abundance of 
the bacterial group in the mixtures at t72. Cells with no value 
correspond to bacteria that were not detected while cells not 
containing an arrow represent groups that were detected in the 
intervention but not in the control, thus a fold change could be not 
estimated. 
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Species level 
The sequencing analysis detected more than 14 strains in the DC samples (Table 
5). Ten of the detected strains belonged to our inoculated consortium (grey cells) 
and represented 38% of the total reads.  
 

Table 5. Relative change of species after 72h of fermentation 
experiments of mucin in TIM-2 in the DC- experiments. → indicates 
no change; ↑ indicates an increase; and ↓ indicates a decrease with 
respect to control. % Values correspond to the relative abundance of 
the bacterial group in the mixtures at t72. 
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The growth/decrease of the detected species in both complex communities was 
different (Table 6). However, when compared, both lean and obese microbiota 
coincided in the growth stimulation of an unclassified Clostridium (2.76 and 1.65 
fold change with respect to control, respectively), L. mucosae (8.22 and 3.41 fold 
change with respect to control, respectively), and an unclassified Lactobacillus 
(9.63 and 3.08 fold change with respect to control, respectively).  
 

Table 6. Relative change of species after 72h of fermentation 
experiments of mucin in TIM-2 with the complex communities. → 
indicates no change; ↑ indicates an increase; and ↓ indicates a 
decrease with respect to control. % Values correspond to the relative 
abundance of the bacterial group in the mixtures at t72. Cells with 
no value correspond to bacteria that were not detected while cells 
not containing an arrow represent groups that were detected in the 
intervention but not in the control, thus a fold change could be not 
estimated. 
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Gene expression 
The hierarchical clustering analysis (Fig. S1) showed a difference among the 
Obese/Lean/DC samples and the time effect (samples split: all t0 and t72). It was 
also possible to observe that there were two outliers: sample #8 (Obese, Control, 
t72) and #18 (DC, Mucin, t72). The results from the correlation analysis (Fig. S2) 
were similar when compared with the clustering: i) all the t0 samples (L and O) 
were similar. Obese was placed in one block and lean in other block but generally 
they were similar and after 72 h they started to re-accommodate in another cluster; 
ii) DC was very different from the rest of the samples. For the outliers: #8 did not 
correlate with anything suggesting that it was very different when compared to the 
others. The RNA in this sample appeared to be degraded. 
The PCA analysis (Fig. S3; PC1 28.14% of all variation and PC2 20.14% of 
variation) was in agreement with the hierarchical clustering: i) DC samples were 
different from L and O with one exception: sample #8; ii) t0 clustered separately 
from t72 (expected). However, there was something new which was possible to 
observe from this analysis: all samples tagged with numbers above 20 tended to 
form a separate group. This was due to two different hybridization experiments. 
Normalization will be carried out to correct for this.  
The analysis of the differentially expressed probes showed that only 3 genes were 
differentially expressed in both the DC and the two complex communities (i.e., 
lean and obese; Table S2). 
In the heat map (Fig. 3), the differentially expressed genes were grouped per 
pathway and in some cases they were present i) in multiple pathways, or ii) 
multiple times in the same pathway.  
Mucin was found to have an effect on the expression of genes encoding enzymes 
involved in glycosaminoglycan degradation; valine, leucine and isoleucine 
biosynthesis; pyruvate metabolism; propanoate metabolism; butanoate metabolism; 
and pentose phosphate pathway. Our heatmap revealed an interesting contrast 
between the lean and obese communities in the expression of different genes by F. 
prausnitzii, B. fragilis, B. thetaiotaomicron, B. vulgatus, and B. longum subs. 
infantis (Fig. 3). Some genes were downregulated or upregulated in the lean 
community while it seemed to be the opposite in the obese community. These 
genes were found to be associated with glycosaminoglycan degradation, pyruvate 
and propanoate metabolism. 
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Fig. 3. Heat map. The data from the heat map is 2Log ratio and 
correspond to the subtraction Muc-Control at 72h. The intensity of 
the colors indicates upregulation (red) or downregulation (green). 

 

Discussion 

 

Some species in the human gut have the ability to use mucus glycans (directly or 
indirectly) as a carbon source to grow [40-42]. Yet, this is estimated to be a low 
proportion (around 1% of the total colonic species). Mucin is a major constituent of 
the mucus layer in the gastrointestinal tract [43-45]. Not surprisingly, it has been 
estimated that around 3 to 5 grams of mucin and related host-associated 
glycoproteins are used as a substrate for bacterial fermentation every day [46,47]. 
Still, a limited number of studies have addressed how changes in host glycan 
landscape make an impact on gut microbial functionality and composition [48].  
It is believed that host-glycans play an important role in functionality and stability 
of the gut microbiota. Reasons supporting this important trait are based on the fact 
that [8,40]: i) mucus can be potentially used as a niche for specific groups of 
bacteria (e.g. Bacteroidetes spp., Akkermansia muciniphila) remaining present in 
the gut ecosystem by avoiding their washout; ii) glycans represent an abundant 
constant source of nutrients for some bacteria; iii) sugars liberated from the 
breakdown of mucus and other products from its fermentation generated by mucus-
associated bacteria could be utilized by other microorganisms in the gut in cross-
feeding. For the latter we speculate that it could be of key importance for 
microbiota stability during fasting of the host. 
Currently, there are a number of in vitro gut models that simulate the gut 
microbiota. The majority of these models do not contain the addition of mucin, 
which results only in the simulation of luminal microbiota, excluding 
microorganisms which profit from a mucosal environment to grow optimally.  
This lack of mucin makes it more challenging in achieving a representative 
simulation of the human gut compared to the in vivo situation. In the current study, 
mucin was provided to three different communities (i.e. defined community, and 
lean and obese fecal microbiota) in order to evaluate the role of this component in 
the development (metabolically and compositionally) of the bacteria in an in vitro 
system simulating the human gut.  
 
Metabolic activity and energy extraction 
When compared to their respective controls, differences compared to control in 
both kinetics and quantitative metabolite production by the three communities were 
observed to be driven by mucin. However, the shifts induced by the presence of 
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mucin were also different when the communities were compared among each 
other. This indicates that microbial communities might present substrate specificity 
to a different degree, depending on the presence of mucin (Fig. 1, Table 2). This 
was also observed in the compositional analysis as discussed later. 
Remarkably, the total cumulative production of SCFA in the mucin experiments 
was about as high as in the control experiments for all three communities (but 
differed between communities). This confirmed that microbes in a mixed co-
culture are engineered to interact by sharing degraded glycan-components or 
metabolites in cross-feeding, exhibiting dynamics of complementary metabolism as 
previously suggested [49].  
Not all microorganisms in the gut are properly equipped for degrading mucin. The 
ones that are capable possess glucosidases which degrade mucin molecules into 
monosaccharides and amino acids which could be released in the surrounding 
environment and used by less specialized bacteria [50,51]. Yet, the efficiency of 
such cooperation dynamics depends on how easily the exchange of nutritional 
components or metabolites occurs. It has been observed that in some cases the 
efficiency of dietary polysaccharides fermentation is boosted in some species by 
the presence of others [8,52]. On the other hand, the growth of some groups could 
be inhibited when added in a co-culture [51]. This is not surprising, microbes in the 
human gut live under a selective pressure characterized by fierce competition 
among members in an overpopulated community ranging from 1011 to 1012 
organisms per gram of luminal content [8] and sometimes not everything is about 
cooperation, it is also about survival. By just adding mucin, a synergetic activity is 
induced which has an impact on the fermentation activity of bacteria, especially on 
the less competitive groups whose survival becomes more challenging due to their 
limited capability of using mucus to grow [53-55]. 
An efficient cooperation among microbes implies that donor microorganisms, of 
metabolites or degraded substrates, are more likely to share growth-cheap (low 
value) metabolites with recipients demanding less energy investment [49]. The 
steady increment of SCFA as observed in the kinetics from the complex 
communities (i.e. lean and obese microbiota) suggest a more efficient interaction 
compared to the DC which despite of producing a cumulative value almost as high 
as its respective control exhibited a slow starting production of metabolites (Fig. 1). 
This is in agreement with the study from Willis et al. [56] who found that fecal 
bacteria are much more efficient in degrading and metabolizing mucin when 
compared to pure cultures. 
The metabolite production and kinetics from the DC indicated that this consortium 
is still far from representing a complex community such as the one found in the gut 
from lean or obese individuals. Still, what is remarkable from these results is that 
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despite the uniqueness of each microbial species included in the DC in terms of 
individual enzyme machinery and therefore metabolism, tasks, etc., there were 
certain synergy actions together as a group which was reflected in terms of 
metabolic activity and energy extraction. Not only the relatively high total 
cumulative amounts of metabolites for the DC were surprising, but also it 
corroborates the metabolic differences evident among intestinal communities. 
Clear differences were identified in the metabolic profiles of the communities 
studied, this encourages to explore more in the identification of distinctive health 
markers as pointed out by Yen et al. [57], especially in the context of obesity. 
Another interesting point is that despite a low abundance of Akkermansia, several 
genes were expressed under the experimental conditions. One of these, Amu_0666 
(encoding an enzyme involved C5-Branched dibasic acid metabolism), was 
differentially affected by mucin all in three communities. However, at this moment 
the results should be interpreted with some care, as the array and RT-q-PCR data 
do not match for all samples (data not shown). 
The addition of mucin to the growth media, particularly in the defined and the lean 
communities, caused an elevated production of BCFA when compared to their 
respective controls and the obese community. This shows evidence that mucins as 
glycosylated proteins can potentially change the fermentation metabolites of 
bacterial populations [55]. However, the media containing mucin used for this 
study had a higher content of protein when compared to the control media. 
Therefore, this could have influenced the results. Still, the fermentable protein 
available in the mucin containing media was the same in all the experiments with 
mucin, also for the obese microbiota. Further research is needed in order to 
elucidate what the impact of the higher production of BCFA, normally regarded as 
potentially toxic from proteolytic fermentation, may be on host health. 
Under the conditions tested, the extraction of energy was higher in the lean 
microbiota when compared to the other communities (Fig. 2). Suggesting, once 
again (Chapters 6 and 7), that the energy derived from the fermentation of 
indigestible compounds may not only be microbiota but certainly is also substrate 
dependent as previously observed by us when testing the energy extraction from 
different prebiotics in lean and obese microbiota [58]. 
Composition 
The presence of mucin did favor the increase in beneficial bacterial abundance 
such as Lactobacillus and Bifidobacterium in the studied communities.  
Lactobacillus was observed to increase in both lean and obese communities whilst 
it did not change in the DC after the incorporation of mucin in the media (Table 3). 
In both lean and obese L. mucosae increased considerably with respect to control 
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(8.22 and 3.41 fold change respectively) (Table 6). This species was not present in 
the DC community. 
Our findings are in agreement with Van den Abbeele et al. [10] who observed that 
incorporating a mucosal environment in an in vitro model improved the growth of 
L. mucosae. This species was detected in the luminal environment when mucin was 
administrated to the dynamic model simulating the human gut (SHIME) [10]. 
However, it has also been found, both in vitro and in vivo, that it can attach to 
epithelial cells, which suggests that this microorganism could have the ability to 
interact with the host, potentially influencing the host’s immune system [10,59]. 
In our studies we also confirmed the mucolytic activity from B. bifidum on porcine 
mucin, which, judging from the relative abundance from this species (t72), was 
more efficient in the lean community when compared to the obese (12.98 and 
2.64%, respectively). The genome sequencing of B.longum showed that this 
species has a higher carbohydrate degradation capacity than lactobacilli [60]. 
However, the growth of B. longum can be affected by Bacteroides [61]. 
The effect of mucin on Lactobacillus and Bifidobacterium suggests that the 
addition of mucin to an in vitro model simulating the human gut affects the 
development of specific bacteria which could be dependent on an ecosystem and 
which requires mucus in order to develop optimally. It should be mentioned 
however that from our results this seems to be restricted to selected species within 
the two genera, namely L. mucosae and B.bifidum. Furthermore, this observation is 
interesting in the context of investigating the effect of probiotics in the human gut. 
Incorporating mucin in an in vitro model testing the performance of a probiotic 
may help to elucidate better how the colonization and the functionality of the tested 
bacteria in an existing community is under optimal conditions. We speculate that 
there may be a difference in the colonization and metabolic activity when a 
probiotic, able to use mucin as an energy source, is introduced to a mucin free 
environment. Therefore, if the latter happens, we hypothesize that the response of 
the probiotic to this new environment may be a stress response which implies some 
bias in the outcome. 
Enterococcus was observed to be benefited in the DC upon feeding mucin. This 
could be explained by a possible cooperation with other groups of bacteria which 
could have facilitated their growth. Enterococci have been suggested to gain some 
nutritional support from Bacteroides species and Bifidobacterium species after 
being found on biofilms formed on the surface of food particles in which these 
groups have also been found to be present [45,62]. Furthermore, Pultz et al. [45] 
showed that although some E. faecium strains were unable to metabolize bovine 
submaxillary mucin or hog gastric mucin, they could ferment metabolites derived 
from this substrate. This was evident in the DC experiments where this species 
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increased (1.81 fold change with respect to control). The fact that Enterococcus 
species have been shown to facilitate digestion of proteins by the production of 
proteases could also explain the high cumulative amounts of BCFA produced in 
these experiments [63]. 
Members of Escherichia were seen to increase in all communities. Despite that this 
species does not produce enzymes capable of degrading polysaccharides it has 
been observed that at least in the colonization of the gastrointestinal system of the 
mouse it can harvest energy from mucosal glycoproteins or monossacharides 
derived from mucin [45,64]. 
As indicated in the analysis at the genus level, the Bacteroides group from the 
obese microbiota particularly benefited by the addition of mucin to the media (6.27 
fold change with respect to control; Table 3). This genus has been observed to 
rapidly colonize mucus [13]. The growth of species belonging to the Bacteroides 
species was found in the mucin experiments but not in the control. Species 
identified were B. vulgatus and B. fragilis (Table 6). In the case of B. vulgatus it 
has been observed that monocultures of this species have previously shown some 
mucolytic activity after the administration of porcine mucin [51]. Our study 
showed that this species was one of the most abundant in the obese community 
after adding mucin. B. fragilis also benefited by this substrate though its abundance 
was relatively low probably due to competition with the other members of the 
community. Huan et al. [65] found that B. fragilis can grow in the luminal colon of 
gnotobiotic mice as well as it can bind to intestinal mucin in in vitro assays. 
Therefore, it would be interesting to further explore in detail how these species are 
involved and the consequences of such colonization in the obese microbiota. 
Interestingly, although overall the genus Bacteroides in the DC group was not 
observed to increase, when this genus was checked at the level of species we found 
that B. thetaiotaomicron increased after the addition of mucin (1.88 fold change 
with respect to control). Previous functional genomic studies focusing on the 
responses of B. thetaiotaomicron to co-culture with L. casei or B. longum in a 
gnotobiotic mice found that B. thetaiotaomicron can easily adapt to the presence of 
other bacteria due to its metabolic flexibility [8,66]. There is evidence indicating 
that depending on the availability of dietary or host polysaccharides, B. 
thetaiotaomicron can harvest energy, however it presents some preference for 
dietary polysaccharides [42]. 
Blautia and Roseburia genera increased in the fermentations with the obese 
microbiota. The Lachnospiraceae family includes the Roseburia and Blautia 
genera which are known to be involved in the transformation of carbohydrates to 
SCFA [67]. These genera have been considered key members of a balanced 
microbiota since their decrease declines the levels of SCFA production, especially 
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butyrate, compromising the intestinal barrier [68,69]. There is evidence indicating 
that butyrate is involved in the induction of mucin synthesis [70]. Roseburia 
species have been seen to increase after the inclusion of mucus in another in vitro 
model [71]. 
The presence of F. prausnitzii is considered as an indicator of a healthy 
gastrointestinal tract [72]. It is estimated that its relative abundance is around the 
25% of all bacteria in a healthy human gut [73]. Interestingly, the abundance of this 
species has been found to be reduced in obese individuals and has also been 
negatively correlated with inflammatory markers [74]. In our study, F. prausnitzii 
increased in the experiments with the obese community after adding mucin to the 
media (2.12 fold change with respect to the control; Table 4). Given the fact that 
the evidence about the use of mucin as energy source by this species is scarce 
[29,75], we believe that the addition of mucin in in vitro studies particularly 
focusing on obesity could be of great value. 
Members from the Oscillospira genus were detected in both lean and obese 
microbiota. This genus has been negatively correlated with BMI. Tims et al. [76] 
found a high abundance of O. guillermondii in siblings with a low BMI. These 
authors speculated that the presence of members from the Oscillospira genus may 
be involved on the metabolism of nutritional fibers. Still, there is a lack of studies 
investigating the presence of this bacteria and their potential role in energy 
homeostasis, requiring more research. 
Akkermansia muciniphila is currently one of the most studied mucin degrading 
bacteria. Interestingly, A. muciniphila is suspected to play an important role in 
metabolic disorders and inflammatory bowel diseases [77]. Despite that there is 
evidence that A. muciniphila can degrade both human (MUC2) and porcine gastric 
mucus (MUC5AC) [78,79] the growth of this bacterium was not really stimulated 
in any of our experiments. However, this is not the first time that A. muciniphila is 
observed not to grow even with a mucus source added to the media. Png et al. [51] 
found that A. muciniphila was unable to grow in co-culture. Yet, it did facilitate the 
growth of other bacteria studied: B. vulgatus and B. bifidum. It may be that 
growing in vitro in complex communities (e.g. lean and obese) demanded much 
more competition for A. muciniphila when compared to in vivo. Though less 
complex, the growth in a DC may also be challenging for the bacteria. Of note, we 
did observe gene expression of gene in Akkermansia as discussed below. 
 
Gene expression  
The analysis of the differentially expressed probes showed that only 3 genes were 
differentially expressed in both the DC and the two complex communities (i.e., 
lean and obese) (Table S2). Although many more genes were also expressed they 
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did not follow the same expression pattern in the three communities. We expected 
a low abundance of differentially expressed genes among the three communities. 
As previously found, there are household genes in the microbiota that are 
expressed similarly under multiple different conditions [80] which underscores the 
high degree of similarity on functional genomic profiles. We speculate from the 
fact that there were more differentially expressed probes detected in the lean 
community (4414) in comparison to DC (2300) and obese (1457) that the 
microbiota from lean subjects may be better equipped to the degradation of host’s 
glycans. 
Our heatmap revealed an interesting contrast between the lean and obese 
communities in the expression of different genes by F. prausnitzii, B. fragilis, B. 
thetaiotaomicron, B. vulgatus, and B. longum subs. infantis (Fig. 3). Some genes 
were downregulated or upregulated in the lean community while they seemed to be 
the oppositely expressed in the obese microbiota. These genes were found to be 
associated with glycosaminoglycan degradation, pyruvate and propanoate 
metabolism. However, after the normalization of the data this needs to be further 
explored. 
 
Conclusion 

 

Our results illustrate how a simplified defined microbial community is useful for 
the understanding of the dynamics that shape the human gut microbiota in terms of 
metabolite production, compositional changes and gene expression. However more 
efforts are needed in order to find the correct balance of the members of such 
defined community and promote their growth when they are all incorporated in the 
in vitro system. 
The present study highlights how some bacterial groups (from both defined and 
complex communities) are able to shift their substrate utilization as a response to 
dietary changes (as previously presented in Chapter 5-7). Furthermore, the addition 
of mucin in an in vitro model gives room to speculate how host physiology can 
affect the functionality and composition of the microbiota increasing the 
opportunity of identifying potential health markers. Moreover, a model that 
incorporates mucin during its operation will be particularly useful when studying 
the response of the gut microbiota during prebiotic, probiotic and antibiotic 
treatment. 
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Supplemental material 

 
Table S1. Bacterial strains included in this study. 

 

 
*OD = optical density at which cultures were harvested. 
 
Table S2. Summary of Differentially Expressed Probes t72. 

 
 

Community 
# Muc- Control 

Diff. 
Expr. Probes 
p-ttest<0.01 

DC 2300 
Lean 4414 
Obese 1457 

DC or Lean or Obese 7968 
DC and Lean and Obese 3 

DC and Lean 76 
DC and Obese 19 

Lean and Obese 111 
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Fig. S1. Hierarchical clustering showing a difference among the 
Obese/Lean/DC samples and time effect. 

 

 
Fig. S2. Correlation analysis. Matrix calculated from 26 conditions 
(total of samples analyzed in this batch). When the correlation index 
is close to 0 samples were very similar, when it is 1 they were very 
different. 
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Fig. S3. PCA analysis PC1 28.14% of all variation and PC2 
20.14% of variation). 
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Introduction 

 
The research described in this PhD thesis was part of a large project embedded in 
the Gastrointestinal Health theme from the Top Institute of Food & Nutrition 
(TIFN). The project was entitled “Molecular interactions of mucosal tissues, 
bacteria and fibers”. The aim was to understand the mechanisms involved in the 
interactions between diet (fibers), intestinal bacteria and intestinal mucosa 
function. As part of this project, the research in this thesis aimed to investigate 
obesity considering three important factors: microbiota, energy balance and 
metabolism. The approach used was the in vitro fermentation of fibers with 
microbiota from lean or obese subjects in the TIM-2 system combined with 
powerful molecular analytical techniques. Hence, the differences in the 
fermentation of fibers by lean and obese microbiota could be monitored. The 
knowledge gained provides a basis for further research, which should be focused 
on targeted dietary interventions to improve human health via de modulation of gut 
microbiota. 
In this last chapter the main findings of this thesis are discussed and 
recommendations for further research are addressed in each section of the 
discussion. Last but not least, a conclusion is presented at the end of this chapter. 
 

Methodological considerations and challenges 

 
Challenges in reproducing the community from the human intestine: from 

guts to facts 

Most studies evaluating the impact of the intestinal microbiota and its metabolic 
products on host health have been conducted in animal models, human feces, in 
vitro batch or continuous culture systems simulating the human gastrointestinal 
tract. 
Determining the fermentation of indigestible compounds by the colonic microbiota 
is relatively easy in in vitro systems simulating the human gastrointestinal tract. 
Earlier studies indicate that the use of these tools offers a rapid approach for the 
estimation of the energy input from specific substrates to the host. Furthermore, 
these techniques are faster, cheaper and ethically superior than in vivo studies. 
Fecal samples are used to conduct research in this area. The analysis of feces 
allows the estimation of a wide catalogue of information from individuals, their 
unique genetic fingerprinting, pathogens and food habits. Furthermore, numerous 
metabolites can be analyzed from fecal material. Non-invasive molecular 
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techniques increase the resolution of the analysis of feces. Therefore, considering 
fecal matter as waste is called into question.  
In our letter to the Editor of the European Journal of Epidemiology [1] we raised 
these facts in reply to an opinion from Raoult & Henrissat [2] who considered the 
analysis of feces as an indirect and non-optimal method to study the role that 
microbiota plays in obesity. Raoult & Henrissat [2] suggest, instead, to study the 
small intestine to overcome the bias that studying feces implies. However, the 
community from the small intestine is much simpler compared to the colonic 
microbiota with respect to diversity, number of different species present, metabolic 
activity and microbial density. In contrast, the fecal microbiota has been considered 
representative to the luminal microbiota of the colon [3]. 
Though interesting, the suggestion of studying the microbiota in the small intestine 
also carries the inconvenience of the availability of samples and the high invasive 
procedures to obtain them. The small intestine in healthy individuals is poorly 
accesible and volunteers from whom samples are taken via intraluminal naso-ileal 
catheters are fasted and they often require luminal flushing which represents a bias 
for the analysis of a representative community [4]. We, however, also acknowledge 
the limitations of using feces for studying human obesity. In some circumstances, 
the use of fresh human microbiota is not possible because donors live far away 
from the laboratory or because they are not continuously available to repeatedly 
participate at various times during the study. In addition, the use of feces for 
fermentation studies requires the strict anaerobic handling of the samples, although 
this is also the case for samples from the small intestine. However, collecting feces 
is a fast and harmless method which could be standardized. Therefore, we argue 
that the analysis of feces supported by the revolutionary molecular techniques 
available can incorporate (non-invasively) a complete picture of which microbes 
play a crucial role in our health and how, metabolically speaking, they impact our 
lives, also in obesity.  
 

Subject selection  

A challenge in in vitro fermentation experiments has been the improvement of the 
current standard operational procedures from in vitro systems in order to guarantee 
the representative, reproducible and stable growth of bacterial communities from 
fecal samples [5]. For instance, involving participants from different backgrounds 
(including gender, diet, geographic location, ethnicity, age and antibiotics-use) is 
one of the factors that influence the sometimes contradictory results in gut 
microbiota research [6].  
Given the inter-individual diversity in the composition of the human gut microbiota 
and the convenience of having a more representative stock of microbiota of the 
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general population, the inclusion of different subjects sharing a wide range of 
characteristics (i.e. age, diet, geographic location) for the preparation of the inocula 
for in vitro fermentation studies has been performed [7-11]. However, the 
fermentation profiles resulting from using a pool of microbiota have been 
considered as merely the reflection of competitive exclusion (niche exclusion 
principle) among the bacteria [12] and, therefore, not physiologically relevant. In 
this scenario, the competition of the most dominant species from one or a certain 
number of donors is reflected. Based on this, this has been considered an unnatural 
ecosystem [12].  
Yet, some studies provide indication that a pool of microbiota does not present an 
abnormal metabolic activity or bacteria distribution. The fermentation patterns of 
arabinoxylan and inulin tested using a pooled inocula (TIM-2) vs. a single 
volunteer (SHIME), unfolded similar changes in the composition and activity of 
both types of bacterial communities [13]. Though the direct comparison between 
the single vs. pooled microbiota was not the scope of the study, the results stressed 
the enormous functional overlap within the microbiota of different individuals, 
probably as a result of metabolic cross-feeding [14,15]. Furthermore, the 
cultivation of feces from three different donors and a pooled sample of these 
subjects in minibioreactor arrays (MBRAs) also showed that despite the differences 
in the developed communities, the pooled fecal sample seemed to be an average of 
the composition and structure of the communities from the different donors. Bray-
Curtis and Sorrenson analyses for dissimilarity in shared OTUs to total OTUs 
showed in this study that, although the composition and structure of the donors 
represented the characteristic uniqueness of an individual’s gut microbial 
community by forming separate clusters, the data from the pool indicated that this 
microbiota included a large proportion of the community members from the donors 
[16]. 
In order to have a proper estimation about the impact of preparing an inoculum 
either from a single donor or a pool of donors, the composition as well as the 
activity of the microbiota in these two different preparations was investigated in 
TIM-2 (chapter 2). To the best of our knowledge this was the first time that this 
direct comparison has been performed.  
Our findings underscored the substantial functional overlap in the microbiota of 
individuals when compared to a pool prepared from them, despite the differences 
observed in certain groups of bacteria detected during the fermentations. The 
results showed that the use of a pool of microbiota for in vitro studies does not 
result in a bacterial community with an aberrant profile and activity compared to 
that normally obtained from single donors demonstrating the suitability of the 
preparation of a pool of fecal sample to be used for fermentation experiments.  
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As previously explained by Payne et al. [17], it is possible to test the effects of 
different compounds on the gut microbiota from different donors. However, as 
noted by these authors, this implies high costs due to the experimental set up and 
the use of labor force. Although differences are observed in certain groups of 
bacteria affecting diversity values, the variation in community richness is slightly 
larger but more stochastic in pooled samples [18]. The next step to proceed is to 
determine the number of donors which would be required in the preparation. 
 

Preparation of fecal inocula 

A highly even and highly diverse microbiota translates into functional stability 
despite its exposure to possible hostile conditions characteristic from the gut to in 
vitro environment transition. In fact, high initial microbiota evenness has been 
recommended for good functionality even under non-stressed conditions [19,20]. 
Therefore, a well-defined and stable community from the start of in vitro 
experiments guarantees a reliable interpretation of the data that are generated [21]. 
There is a lack of studies investigating the effects on microbiota diversity and 
fermentative activity caused during the preparation and storage at low temperatures 
of (standardized) human fecal inocula for in vitro fermentations. Differences in the 
composition and activity of the community may occur from adding different 
supplements (such as buffer, glycerol, bile salts) or the way of freezing [22]. 
Furthermore, the addition of such supplements may also have an effect on the 
redox potential and osmotic stress in the cells contained in the inoculum [23,24]. 
Part of the studies investigating the optimal preparation of inocula for in vitro 
studies have focused on testing equine, canine or pig feces or rumen fluid [25-28]. 
From such studies drastic effects have been found on bacterial cell membrane and 
DNA integrity affecting the phylogenetic structure and leading to the decline of 
diversity in the community as well as alterations in the production of gases and 
kinetics of fermentation. However, these negative effects were not observed during 
the preparation of a human fecal inoculum by Rose et al. [29] which, to our 
knowledge, is one of the few studies that have validated the use of fresh and frozen 
human microbiota. These authors observed that the viable cells in the microbiota 
stored for 44 weeks at -80 ˚C were not affected and the microbial diversity of this 
inoculum did not substantially differ from the fresh one, although in that previous 
study the direct comparisons between a frozen and fresh inoculum were not 
performed as the main goal. 
Therefore, chapter 3 explored different treatments to prepare a standardized 
pooled fecal inoculum in order to determine the most efficient alternative similar to 
a fresh inoculum. Treatments were selected based upon routinely used materials 
(i.e. glycerol, saline suspension, vitamins, and minerals) and procedures (deep 
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freezing in liquid nitrogen and storage at -80 ºC) in a lab acquainted with preparing 
long-term stocks of fecal suspensions. The use of a saline preparation is common in 
the homogenization of slurry for fecal transplants [30,31]. Furthermore, for 
technical practicalities of working with stocks of gut microbiota, dialysate (a 
composite previously described Maathuis et al. [32]) was selected to prevent 
osmotic shock/stress of the cells. Glycerol has also been recommended when 
creating stocks of bacterial cultures [24] as a cryoprotectant capable of preserving 
the viability of cells [33]. And importantly, a freezing regime in liquid nitrogen has 
shown to provide a maximum recovery of cells [34]. 
In this study, it was demonstrated that it is possible to preserve the characteristic 
phylogenetic groups in the human gut microbiota, as well as the metabolic activity, 
both closely resembling fresh feces.  
Investigating the optimal preparation and storage of an inoculum for fermentation 
studies is of high relevance since this may also allow the creation of a large batch 
of inocula, which can be used for many different experiments, assuring 
reproducibility and allowing comparison between experiments. Further 
experiments are recommended to i) test the optimal time and alternatives for 
thawing as e.g., discussed by Hamilton et al. [31] who tested thawing using an ice-
bath, ii) study the extent of the effects of preparing a human fecal inoculum on in 
vitro experiments fermenting specific substrates, and iii) determine the effect of 
different treatments on microbial enzyme activities and gas production. 
 

The in vitro gut simulation 

The implementation of reproducible, accurate and biologically significant in vitro 
modeling of the human gut is a real need to unravel the role of the gut microbiota 
in human health. Despite that many of the current in vitro models simulating the 
human gut use their specific standard protocols, further research is needed in order 
to reach consistency of the results obtained from these models. Important to ensure 
is the repeatability, robustness and reproducibility of the model since these are 
crucial for i) making comparisons among several experiments in which it is vital to 
have similar starting communities [35] and ii) attributing the effects on the 
microbiota composition/activity due to the applied treatment and not due to the 
adaptation of this microbiota to the artificial environment [17,35]. Furthermore, the 
model has to be capable of maintaining the high diversity [5] and functional 
complexity of the microbiota remaining representative to the human gut. In 
chapter 4 we characterized compositionally (16S rRNA sequencing) and 
functionally (metabolite quantification and metatranscriptomics sequencing) the 
microbial community developed in TIM-2 in a 72 h fermentation of a normal diet, 
a diet high in carbohydrates or a diet high in protein. Our results corroborated that 
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the gut microbiota preferably ferments carbohydrates but switches to protein 
fermentation in case of carbohydrate depletion. This observation is consistent with 
previous reports [36,37]. Furthermore, our study highlighted the sensitivity and the 
potential of the TIM-2 system as a tool for investigating the role of the microbiota 
on human health or disease through investigating reproducible changes in 
community structure and activity, statistically demonstrated and reflected even at 
the gene expression level. This allows for comparison of multiple different 
experiments and even potentially the creation of a large database of substrate-
microbiota interactions, which may allow for correlations between certain dietary 
substrates and microbiota changes. E.g., deciphering structure-function 
relationships of fermentative fibers and prebiotics may be possible, as this requires 
a highly reproducible starting microbiota and robust conditions. 
 

Impact of different substrates on the fermentation by lean and obese 

microbiota  

 
Due to the effects on satiety and colon health, the impact of carbohydrate and 
protein fermentation on the gut environment from obese subjects warrants further 
research. First, the fermentation of carbohydrates may lead to a reduction of food 
intake, development of fat mass and body weight [38]. Therefore, fermentable 
carbohydrates may constitute an attractive tool to decrease the incidence of obesity. 
Second, the consumption of proteins has been proposed as an effective strategy for 
losing weight in overweight or obese subjects [39]. Protein has been found to have 
more than 3 times the thermic effect of carbohydrates or fat [40] and provides a 
higher satiety feeling when compared to the other macronutrients [40,41] with a 
lower contribution to entire energy requirements (10-30%) [42]. However, the 
effect of putrefactive protein fermentation by the microbiota has to be further 
studied, in order to allow safe use of protein consumption in treating obesity. The 
breakdown of peptides and proteins do contribute to the formation of short chain 
fatty acids (SCFA) as seen in vivo and in vitro [43]. However, the characteristic 
products from proteolytic fermentation: branched chain fatty acids (BCFA; 
principally iso-butyric, iso-valeric), phenolics (phenol, indole, p-cresol, skatole) 
and ammonia are considered detrimental to the host. A wide variety of negative 
effects, such as increase of DNA synthesis, disturbances in morphology and 
intermediate metabolism of colonocytes, have been suggested to be caused by these 
metabolites [44,45]. Therefore, an increase in dietary carbohydrate to decrease the 
concentration of proteolytic metabolites has been suggested in order to counteract 
such effects [46]. Studies evidence that shifts in carbohydrate:protein ratio alters 
the products from the fermentation. However, the influence of such shifts on the 



Chapter 9 
 

236 

composition of the microbiota is still unclear. Furthermore, there is no consensus 
about how fast and reproducibly human gut microbiota can respond to short-term 
changes in the diet and there is scarce available information addressing this 
question. One of the few studies was performed by David et al. [47] who elegantly 
demonstrated that the microbiota can rapidly respond during the exposure of five 
consecutive days to an altered diet and how this triggered changes in microbial 
gene expression.  
Once all the methodological challenges discussed in chapters 2-4 were evaluated 
and improved, we further proceeded with assessing the diet-microbe interaction in 
TIM-2. In chapter 5 we evaluated the potential use of the TIM-2 model as a tool to 
follow effects of different diets on production of metabolites and microbiota 
composition. In this study, we investigated the response of gut microbiota obtained 
from healthy individuals to specific diet changes: high carbohydrate diet vs. high 
protein diet. Different bacterial communities increased or decreased during the 
feeding of the diets. Such effect was accompanied by a variation in the SCFA and 
BCFA production. Importantly, the response of the microbiota reflected a trade-off 
between saccharolytic and proteolytic fermentation. This study brought evidence 
about the impact of diet on the gut microbiota and the plasticity of this microbiota 
which effects can be rapidly observed after 24h of exposing the microbiota to 
different proportions of dietary compounds. Furthermore, we concluded that the 
TIM-2 system provides a high resolution view on the modulatory effects of diet on 
the gut microbiota. 
After corroborating the suitability of the TIM-2 to investigate the network 
connecting diet, microbiota and metabolites, we focused our efforts on exploring 
the differences in the fermentation profiles between lean and obese microbiota. 
Dietary loads from a Western diet are believed to confer an evolutionary pressure 
on the gut microbiota [48]. This evolutionary pressure forces the community to 
adapt to high energy loads derived from highly processed foods and are believed to 
subsequently determine microbial niches [48] and possibly confer an increased 
metabolic activity. When studying obesity, increased microbial activity can also be 
translated into an increased energy harvest from diet which has an impact on host 
energy metabolism [48,49]. The mechanism behind the redefined microbial niches, 
mediated by more abundant or even new species, urgently requires: first, i) to reach 
a consensus about the definition of a healthy or normal microbiota (which is not 
available yet) and ii) more studies focusing on the modulatory effect of the diet on 
the microbiota [48,50]. 
As described in chapter 1, there has been a limited number of reports (in vitro) 
dealing with the differences of lean and obese microbiota. In regard to dietary 
fibers, their consumption has been found to have a direct impact on the microbial 
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fermentation capacity [51]. In this respect, studies suggest that the gut microbiota 
from obese subjects could be more efficient in extracting energy from diet than 
lean subjects [52-54]. However, in chapter 6 and 7 we proposed that fermentation 
of fibers by lean or obese microbiota, and consequently their health effects, may be 
substrate dependent.  
The studies in chapter 6 and 7 add to knowledge by suggesting that not all 
substrates are fermented in an identical manner by the gut microbiota, as clearly 
shown by the measurements of SCFA and BCFA, and the different abundance 
shifts observed in both microbiotas. Substrate dependency could be explained by 
the fact that the different dietary fibres tested reflect a heterogeneous group of 
compounds that differ in their chemical structure and physico-chemical properties, 
therefore acting on different physiological functions or health benefits [55,56]. 
Additionally, the results point to the possible implications in energy extraction if 
similar effects happen in vivo. The new information provided on substrate 
differences between lean and obese subjects is important for researchers to 
understand if dietary intervention is of help to reduce obesity. However, inter-
individual differences have to be considered for a full assessment of the impact of 
certain dietary compounds on the microbiota. Therefore, future studies including in 
vivo trials are suggested to explore the similarities in the response of diet in 
different individuals. 
 
Last but not least: mucins 

Planktonic, or luminal populations, constitute the biggest part of the complex 
microbiota found in the large intestine [57]. Most of the information regarding 
colonic microbiota has been derived from planktonic bacteria typically found in 
feces [57]. However, (sessile) bacteria forming biofilms in the mucus layer of the 
gut intestine has also been suggested to play an important role in human health 
[58].  
The microenvironment created by the mucus layer exists in an equilibrium state 
between the bacteria growing from the mucus gel and the shedding of epithelial 
cells and mucus into the lumen [57]. Some bacteria have the ability to grow on 
colonic mucus and mucin from the upper gastrointestinal tract (gastric, biliary, 
bronchial and small intestinal) which are used as sources of carbon, nitrogen and 
energy [59-65]. For instance, intestinal bacteria such as Bacteroides, 
Bifidobacterium and Akkermansia can use the mucus layer as a source of nutrients 
[66,67]. However, determining the exact composition of mucin-degrading bacteria 
from the human gut is limited due to i) difficulties in sampling and compositional 
differences of the studied mucosal samples (rectal swabs, mucus, biopsies), and ii) 
characteristic inter-individual variability at the taxonomic level of the bacteria [68]. 
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Despite this, studies often refer to Bacteroidetes, Actinobacteria and 
Verrucomicrobium as phyla groups presenting enriched mucosa-associated bacteria 
[69]. 
Integrating mucin as a carbon source in an in vitro system simulating the human 
gut increases the ecological significance of the model since it avoids the washout 
of adherent microbes (e.g. lactobacilli) [70]. Basically, these species do form part 
of a normal gut community and their growth may be stimulated, which contributes 
to a more diverse and stable gut community [65]. Therefore, in chapter 8 we 
described a study performed in order to elucidate the impact of adding mucin in 
TIM-2 when growing a defined community (harboring 14-members of the 5 most 
dominant phyla in the human gut) and a complex community (derived either from 
lean or obese individuals). 
The inclusion of mucin (degrading bacteria) is important in the context of obesity. 
For instance, evidence indicates that the abundance of A. muciniphila inversely 
correlates with body weight [71-74]. However, findings are controversial since the 
abundance of A. muciniphila has been found to be high in type 2 diabetic patients 
[75]. Still, the development of an approach using a mucus colonizer for the 
treatment or prevention of human obesity has been proposed from findings in 
which the growth stimulation of A. muciniphila has improved the metabolic profile 
in mice [76]. Examples integrating modules to determine (in vitro) how bacteria 
colonize and degrade mucus include: microcosms covered in mucin (in SHIME 
[70]), insertion of mucin gels in glass tubes [65] and mucin beads encased within a 
dialysis membrane [77]. 
Partially purified porcine gastric mucin is used in fermentation studies with gut 
microbiota aiming to incorporate mucin as a carbon source. Though the origin is 
different (gastric mucin vs. colonic mucin), it has been observed that there is a high 
similarity (compositionally and structurally) to human colonic mucin [78]. Our 
results illustrate how some members of the gut microbiota can adapt their 
metabolic activity to the utilization of mucin. The presence of mucin modified the 
fermentation in the three different communities in terms of fermentation kinetics, 
metabolites produced and compositional profiles, which were shifted in the 
presence of mucin when the communities were compared among each other and 
against their respective controls. Furthermore, given these effects, the results 
suggest the possible inclusion of mucin when growing defined communities for 
synthetic stool transplantations. Yet, our defined community was far from 
representing the complex communities studied and more efforts are needed in 
tuning the right compositional balance from different species to closely simulate 
the human gut ecology.  
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Concluding remarks 

 
This thesis raises the awareness that there are differences in the fermentation 
patterns of fibers in lean and obese microbiota. The metabolites (primarily SCFA) 
produced and the changes in the composition of the communities observed 
resulting from the fermentation of the different substrates may play a role in the 
mechanisms by which dietary components are physiologically beneficial or 
harmful to the host depending on their microbiota. However, the effects of such 
fibers should be tested in vivo. The combination of in vitro systems, including cell 
models, in order to elucidate host-microbe interactions represents a potential tool 
for these means. The complex and multiple bioactivities observed for SCFA (such 
as on the one hand contribution to energy load, while on the other being able to 
induce satiety through induction of gut hormones), shows that we far from 
understand these host-microbe interactions. Therefore, more efforts are needed for 
developing and validating in vitro guts for future research in this area. 
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There is an elevated incidence of cases of obesity worldwide. The World Health 
Organization estimated that by 2014 over 600 million of adults were obese. 
Furthermore, this health problem also extends to children: 42 million children 
under the age of 5 were overweight or obese in 2013. For the first time in human 
history there are more obese people in the world than underweight people. Obese 
subjects are not only more prone to disease but also suffer from a lower quality of 
life and they lead to more cost to the health care system. Therefore, the 
development of strategies to tackle this condition is of vital importance. The 
potential role of gut microbiota in obesity has recently emerged as a promising 
therapeutic tool. Therefore, this work aimed to: i) contribute to know what the 
impact of the gut microbiota is on obesity when fermenting indigestible dietary 
compounds, and ii) elucidate the plasticity of the microbiota to manipulation and 
the potential to modify an obese gut phenotype. The literature evidence on the role 
of the microbiota in obesity is reviewed in Chapter 1. 
Chapter 2 focuses on the differences related to the composition and activity of an 
individual or a pooled preparation of human fecal inoculum during a standard 
fermentation process. Many in vitro studies generally use a standardized inoculum 
which is derived from a pool of subjects of interest and is stored frozen. However, 
the use of an inoculum prepared from either a single donor or a pool of donors 
remains debatable among experts. The main argument lies in the concern about 
how representative such inoculum is in regard to the colonic ecosystem taking into 
account the abundance and the variety of bacterial species. Consequently, the use 
of an individual or a mixed inoculum is believed to lead to a degree of variation 
among experiments, even when the single inoculum is repeatedly taken from the 
same individual over time. With respect to the TIM-2 system, no studies were 
performed before in order to characterize such possible variations. Therefore, the 
purpose of this study was to compare both ways of preparing a fecal inoculum to 
be used in vitro. The results obtained after assessing the suitability of using the two 
types of inocula showed that the microbiota prepared from a pool of volunteers 
does not result in an aberrant composition or functional performance. These 
findings are a keystone for performing an evaluation and improvement of the 
standardized methods for preparing the inoculum itself.  
Chapter 3 investigated an optimal preservation approach to prepare human feces 
as inoculum for in vitro fermentations as an alternative to the use of fresh feces. 
Freshly collected fecal samples may not always be available. In some 
circumstances, the use of fresh human microbiota is not possible because donors 
live far away from the laboratory or because they are not continuously available to 
repeatedly participate at various times during the study. To guarantee a constant 
inoculum over time for different studies, most studies use prepared and stored 
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inocula. In these cases, the use of frozen feces provides more flexibility for this 
type of experiments. However, preparation and storage of fecal samples have been 
shown to impact microbial composition, viability and activity. It is unknown to 
what extent various preparation and storage methods impact the microbiota and 
what preservation method is best. Hence, the effects of different treatments used to 
prepare human feces as inocula for in vitro fermentation experiments were studied. 
This study allowed us to propose an easy and optimal preparation for the 
conservation of feces for in vitro fermentation studies which compositionally and 
functionally resembled quite closely the golden standard or reference (fresh feces). 
These findings contribute to increase the reproducibility of the in vitro assays that 
can be performed over a long period of time with the same microbiota batch, which 
is impossible with a single fresh fecal sample. 
Chapter 2 and 3 are chapters in this thesis which partially covered the study of 
different criteria needed to be fulfilled by in vitro gut models before they are 
considered valid for monitoring the effects of specific interventions/treatments on 
the microbiota. However, it is equally important to ensure the repeatability, 
robustness and reproducibility of the model itself. Chapter 4 investigated 
compositionally and functionally the microbial community developed in TIM-2 in 
a 72 h fermentation on a diet high in carbohydrate or high in protein using 
powerful molecular techniques. This study was performed in order to test if the 
network connecting diet, microbiota and metabolites production was reproduced in 
different replicate experiments using the TIM-2 system under the same 
experimental conditions. Our results indicate the strong reproducibility of the 
communities developing in TIM-2 at both the level of composition and 
functionality. 
After evaluating the methodological considerations and challenges mentioned in 
the three chapters above, the following step was to study the effects of diet on the 
microbiota. Currently, there is no consensus on how fast and reproducibly human 
gut microbiota can respond to short-term changes in the diet and there is scarce 
available information addressing this question. Chapter 5 presented a screening 
study in which the effects of a high carbohydrate and a high protein diet on pH, 
SCFA and BCFA were characterized. This study aimed to provide insight about 
how fast changes in bacterial activity and composition can be induced in a 72 h 
fermentation when major perturbations were performed in the diet supplied to the 
microbiota. 
With chapter 5, knowledge was gained about the impact of diet on the gut 
microbiota by observing a fast response (24h) from the microbiota to the different 
diets tested. The sensitivity of the TIM-2 as an in vitro system detecting such 
impact was also confirmed. Therefore, a comparison was performed between 
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fermentation by microbiota from lean and obese subjects. Hence, chapters 6 and 7 
monitored the fermentation of different prebiotic substrates (galacto-
oligosaccharides, lactulose, apple fiber, sugar beet pectin (chapter 
6),arabinogalactan and inulin (chapter 7) by the microbiota from lean or obese 
subjects. These studies helped to elucidate how different the contribution of energy 
by the microbiota to the host was during a fermentation process, in terms of 
metabolites produced. Contrary to expected, the extraction of energy from the 
obese microbiota differed per substrate and it was not higher in most of the cases 
when compared to the lean microbiota.  Furthermore, the chapters also showed the 
specific modulation of the composition of the microbiota by these substrates.  
Chapter 8 presents a study performed with the aim of: i) gaining insight about how 
the presence of mucin plays a role in the development of bacterial communities (in 
vitro), and ii) explore how representative a defined community harboring 14-
members (comprising the 5 most dominant phyla in the healthy human gut) is in 
comparison to a complex community (derived either from lean or obese 
individuals). The majority of current in vitro models do not use the addition of 
mucin to the culturing media which results only in the simulation of luminal 
microbiota excluding microorganisms which profit from a mucosal environment to 
grow optimally. This lack of mucin makes it more challenging in achieving a 
representative simulation of the human gut compared to the in vivo situation. 
Although we found that more efforts are needed in achieving a better simulation of 
a complex microbiota by using a defined community, this chapter contributes with 
more insight about the growth of defined communities in vitro and evaluating their 
response to substrates derived from the host. 
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Wereldwijd komt er een steeds hoger aantal obesitas-gevallen voor. Volgens 
schattingen van de Wereldgezondheidsorganisatie (WHO) waren er in 2014 600 
miljoen mensen obees. Bovendien breidt dit probleem zich ook uit naar kinderen: 
42 miljoen kinderen onder de leeftijd van 5 jaar waren te zwaar of obees in 2013. 
Voor het eerst in de menselijke geschiedenis zijn er meer obese mensen dan 
mensen met ondergewicht op de wereld. Personen met obesitas zijn niet alleen 
gevoeliger voor ziektes, maar ervaren ook een lagere kwaliteit van leven en ze 
leiden vaak tot hogere kosten in de gezondheidszorg. Derhalve is de ontwikkeling 
van strategieën om deze situatie aan te pakken van levensbelang. De rol die het 
darmmicrobioom speelt bij obesitas is recentelijk aan het licht gekomen als 
veelbelovende geneeswijze. Daarom had dit werk als doelstelling: i) een bijdrage 
leveren aan de kennis over de impact van het darmmicrobioom op obesitas bij het 
fermenteren van onverteerbare bestanddelen van voedingsmiddelen, en ii) meer 
inzicht geven in de reactie van het microbioom op manipulatie en het potentieel het 
fenotype van een obese darm te modificeren. Bewijs uit de literatuur betreffende de 
rol van het microbioom bij obesitas wordt besproken in hoofdstuk 1. 
Hoofdstuk 2 concentreert zich op de verschillen gerelateerd aan de samenstelling 
en activiteit van een individuele of een samengestelde bereiding van een menselijk 
fecaal inoculum gedurende een gestandaardiseerd fermentatie proces. Over het 
algemeen gebruiken veel in vitro studies een gestandaardiseerd inoculum dat 
voortkomt uit een groep interessante personen en dat ingevroren wordt bewaard. 
Het gebruik van een inoculum van een enkele donor of van een groep donoren 
blijft onder experts echter een bron van discussie. Het belangrijkste argument 
betreft de zorg over hoe representatief zo’n inoculum is vergeleken met het 
ecosysteem van de darm, rekening houdende met de veelheid en de variëteit van de 
soorten bacteriën. Dientengevolge kan het gebruik van een individueel of een 
gemengd inoculum leiden tot een mate van variatie in experimenten, zelfs wanneer 
een individueel inoculum herhaaldelijk wordt genomen van dezelfde persoon 
gedurende een bepaalde periode. Wat betreft het TIM-2 systeem werd er nog geen 
enkele studie uitgevoerd om zulke mogelijk variaties in kaart te brengen. Derhalve 
was het doel van dit onderzoek het vergelijken van beide bereidingswijzen voor 
een fecaal inoculum voor in vitro gebruik. De verkregen resultaten over de 
bruikbaarheid van de twee types van inoculum, lieten zien dat het microbioom dat 
werd bereid uit een groep van vrijwilligers niet resulteert in een afwijkende 
compositie of werking. Deze bevindingen zijn erg belangrijk voor de uitvoering 
van een evaluatie en verbetering van de gestandaardiseerde methoden voor de 
bereiding van het inoculum zelf 
In hoofdstuk 3 is onderzoek gedaan naar een optimale conserveringsaanpak voor 
het bewaren van menselijke feces als inoculum voor in vitro fermentaties, als 
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alternatief voor het gebruik van verse feces. Het zou kunnen dat een vers verkregen 
fecaal monster niet altijd beschikbaar is. Onder bepaalde omstandigheden is het 
gebruik van een vers menselijk microbioom niet mogelijk, omdat donoren ver van 
het laboratorium vandaan wonen of omdat ze niet continu beschikbaar zijn om 
verschillende keren deel te nemen gedurende de studie. Om toch een constant 
inoculum te kunnen garanderen voor diverse onderzoeken gedurende een periode, 
gebruiken de meeste onderzoeken voorbereide en opgeslagen inocula. In deze 
gevallen voorziet het gebruik van ingevroren feces in meer flexibiliteit voor dit 
type van experimenten. Voorbereiding en opslag van fecale samples hebben echter 
een effect laten zien op de microbiële samenstelling, levensvatbaarheid en 
activiteit. Het is onbekend in hoeverre verschillende bereidings- en 
opslagmethoden het microbioom beïnvloeden en welke conserveringsmethode het 
beste is. Daarom werden de effecten van verschillende behandelingen, die worden 
aangewend om menselijke feces, gebruikt als inocula voor in vitro fermentatie, te 
bereiden, bestudeerd. Deze studie maakte het ons mogelijk een makkelijke en 
optimale bereiding op te stellen voor feces die gebruikt worden in in vitro 
fermentatie onderzoeken, welke in samenstelling en functionaliteit erg dicht bij de 
gouden standaard of referentie (verse feces) komen. Deze bevindingen dragen bij 
aan het vergroten van de reproduceerbaarheid van in vitro onderzoeken die kunnen 
worden uitgevoerd gedurende langere tijd met hetzelfde microbioom, hetgeen 
onmogelijk is met een enkel vers fecaal monster. 
Hoofdstuk 2 en 3 zijn hoofdstukken in dit proefschrift die een gedeelte van het 
onderzoek naar de verschillende criteria beschrijven, waaraan voldaan moet 
worden door in vitro darmmodellen voordat zij worden beschouwd als 
representatief voor het monitoren van effecten van specifieke ingrepen aan en 
behandelingen van het microbioom. Het is echter even belangrijk om de 
robuustheid en de reproduceerbaarheid van het model zelf te waarborgen. In 
hoofdstuk 4 is de samenstelling en de functionaliteit onderzocht van de microbiële 
populatie die zich ontwikkelde in TIM-2 gedurende een 72 uur durende fermentatie 
op een dieet dat ofwel veel koolhydraten ofwel veel eiwitten bevatte. Hierbij werd 
gebruik gemaakt van krachtige moleculaire technieken. Dit onderzoek werd 
uitgevoerd met het doel te testen of het netwerk dat dieet, microbioom en 
metabolietenproductie met elkaar verbindt, reproduceerbaar was in verschillende, 
op dezelfde manier opgezette, experimenten, waarbij TIM-2 werd gebruikt onder 
gelijkblijvende experimentele omstandigheden. Onze resultaten wijzen in de 
richting van een grote reproduceerbaarheid van de zich in TIM-2 ontwikkelende 
populaties, zowel op het vlak van samenstelling als op het vlak van functionaliteit. 
Na het evalueren van de methodologische overwegingen en uitdagingen genoemd 
in de drie voorgaande hoofdstukken, was de volgende stap het bestuderen van de 
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effecten van een dieet op het microbioom. Momenteel is er geen concensus over 
hoe snel en hoe reproduceerbaar het menselijke darm microbioom zich kan 
aanpassen aan korte termijn veranderingen in het dieet en er is maar weinig 
informatie te vinden met betrekking tot deze vraag. In hoofdstuk 5 werd een 
screenings-onderzoek gedaan waarin de effecten werden gekarakteriseerd van een 
dieet met een hoog gehalte aan koolhydraten en een dieet met een hoog gehalte aan 
eiwitten op pH, korte-keten vetzuren en vertakte-keten vetzuren. Dit onderzoek had 
als doel inzicht te verschaffen in hoe snel veranderingen in bacteriële samenstelling 
en activiteit teweeg kunnen worden gebracht binnen een 72 uur durende 
fermentatie als er belangrijke veranderingen in het, aan het microbioom verstrekte, 
dieet worden aangebracht.  
In hoofdstuk 5 werd er kennis verzameld over de impact van het dieet op het 
darmmicrobioom door het waarnemen van een snelle respons van de microbiomen 
op de verschillende geteste diëten. De gevoeligheid van TIM-2 als in vitro 
waarnemingssysteem voor zo’n impact werd ook bevestigd. Derhalve werd er een 
vergelijking gedaan tussen fermentatie door het microbioom van dunne personen 
en van personen  met overgewichtig. Daarvoor werd in hoofdstuk 6 en 7 de 
fermentatie gemonitord van verschillende prebiotische substraten (galacto-
oligosacchariden, lactulose, appelvezel, suikerbietpectine (hoofdstuk 6) en 
arabinogalactaan en inuline (hoofdstuk 7) door het microbioom van ofwel dunne 
personen ofwel personen met overgewicht. Deze onderzoeken hielpen te 
verduidelijken hoe verschillend de bijdrage van energie door het microbioom aan 
de gastheer was gedurende het fermentatieproces, kijkend naar de geproduceerde 
metabolieten. In tegenstelling tot wat werd verwacht, was de extractie van energie 
door de obese microbiomen verschillend per substraat en niet verhoogd in de 
meeste gevallen, in vergelijking met het microbioom van dunne personen. Verder 
lieten de hoofdstukken ook de specifieke modulatie van de samenstelling van de 
microbiomen door deze substraten zien. 
Hoofdstuk 8 presenteert een onderzoek uitgevoerd met als doel: i) inzicht 
verschaffen in de rol die de aanwezigheid van mucine speelt bij de ontwikkeling 
van bacteriële populaties (in vitro), en ii) onderzoeken hoe representatief een 
gedefinieerde populatie van 14-bacteriele species (die de 5 meest dominantie 
species van een gezonde menselijke darm bevat) is in vergelijking met een 
complexe populatie (verkregen van ofwel dunne ofwel obese personen). Het 
grootste gedeelte van huidige in vitro modellen maken geen gebruik van de 
toevoeging van mucine aan de groeimedia. Dit heeft tot gevolg dat alleen luminale 
microbiomen gesimuleerd worden en de micro-organismen welke profiteren van 
een slijmerige omgeving om tot een optimale groei te komen, worden 
buitengesloten. Dit gebrek aan mucine maakt het moeilijker om tot een 
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representatieve simulatie van de menselijke darm te komen in vergelijking tot de in 
vivo situatie. Hoewel er, volgens onze bevindingen, meer inspanningen nodig zijn 
om een betere simulatie van een complex microbioom te bewerkstelligen door het 
gebruik van een gedefinieerde populatie, draagt dit hoofdstuk bij aan meer inzicht 
in de groei van gedefinieerde populaties in vitro en het evalueren van hun respons 
op substraten verkregen van de gastheer. 
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Social relevance 

 
According to the World Health Organization (WHO), over 600 million adults 
around the world were obese in 2014 (Fig. 1) [1]. A 39 % of adults were 
overweight and around 13% were obese. Facts also show that obesity is killing 
more than underweight (!). If this is not disturbingly enough, an increase in obesity 
is not only seen in adults, but this health problem also extends to children: 42 
million children under the age of 5 were overweight or obese in 2013. However, 
the important message here is that obesity is preventable.  
A lot of research has been performed in obesity and associated diseases. Looking at 
genetics it appears to be the case that the most common gene-environment 
interactions do not seem to explain the major part of the obesity problem. In the 
last 10 years the gut microbiota has been increasingly recognized as a contributing 
factor for obesity. This was the main focus of this project: looking at the diet-
microbe relationship including microbial products like short chain fatty acids 
(SCFA: acetate, propionate, butyrate) which are produced by the microbiota when 
they ferment indigestible dietary compounds. These microbial products may have 
an important impact in our metabolism. On the one hand they may affect signaling 
of satiety-coupled receptors and on the other hand SCFA may enter the circulation 
and have more systemic effects (fat accumulation, substrate metabolism in the 
skeletal muscle, adipose tissue and liver, processes of inflammation, etc.) [2] .  
 

 
Fig. 1. Key facts about obesity and overweight.  
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It is clear that there is an urgent need to tackle obesity, and the possibility of 
manipulating the gut microbiota as a therapeutic way for either prevention or 
treatment has taken force in recent years. The scientific outcome of this thesis 
describing how the fermentation of different dietary compounds occurs in the 
microbiota from different subjects is one concrete step to elucidate the impact of 
these communities on host energy balance. This project sets a precedent for future 
in vivo studies aiming on personalized nutrition research. 
 

Target groups 

 
Besides the large portion of the population suffering from overweight or obesity 
specified in the above section, the results from the present study benefit the sector 
of the food industry focused on prebiotic and probiotic products. Scientific 
evidence from this project is provided for the use of some prebiotics and how they 
could modulate the intestinal community as well as for identifying microorganisms 
which could be key players in a lean profile. 
 

Activities/Products 

 
The results from the present study could be translated and shaped into: 
 

Bacterial cocktails to be used for treating obesity 

As explained in the introduction chapter, the modification of the gut bacteria could 
be achieved by administrating different bacteria isolated from the human gut. The 
concept of having a cocktail of a defined community containing specific bacteria 
could be used to replace dysfunctional ecosystems with a healthy customized 
ecosystem [3]. As explained by Petrof et al. [4], the use of a defined community to 
manipulate the gut microbiota offers a wide range of advantages which include: i) 
the freedom of selecting specific bacteria for making a defined composition, ii) the 
capacity for indvidual growth of bacterial species within such defined composition, 
and iii) better safety profile when compared to complex communities derived from 
feces. The optimal design and growth of defined communities can be a biological 
relevant model not only as a new approach to study gut microbial dysbiosis but 
also for its treatment. 
 
Optimizing in vitro models when studying obesity 

The development of physiological relevant in vitro models for studying the role of 
the human gut microbiota in obesity could accelerate the development of strategies 
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to tackle the elevated incidence of cases of obesity in the worldwide population as 
well as the potential reduction of animal testing. It is of high importance to 
optimizae in vitro systems to model human colonic fermentation in obesity. Special 
attention needs to be focused on: culturing media, the use of a representative 
control, study of the effect of fats, shear stress, redox potential, anaerobiosis and 
the simulation of transit time.  
 

Culturing media, when sometimes the proof of the pudding is in the eating 

The main substrates available for microbial fermentation in the large intestine are a 
mixture of components which, for different reasons, were not (efficiently) digested 
or absorbed in the small intestine [5,6]. These include dietary oligosaccharides, 
polysaccharides, peptides and proteins as well as host epithelial cells, mucins and 
pancreatic secretions [7,8]. Members of the gut microbiota preferably ferment 
carbohydrates [9]. For this reason, the metabolic activity of the residing bacteria in 
the proximal colon is mostly dedicated to the production of SCFA (with some 
intermediate metabolites, such as lactate, formate, succinate, acrylate, ethanol) and 
gases including H2, CH4, CO2, which consequently causes a low pH (~5.4-5.9) in 
this part of the colon [10]. Due to the depletion of available carbohydrates and the 
relative increased protein content, the metabolic activity of the bacteria reaching 
the distal colon switches to proteolytic fermentation with the production of 
branched-chain fatty acids (BCFA) and toxic compounds including phenols, 
indoles and ammonia, increasing the pH (~6.6-6.9) [10]. 
A culture medium mimicking the terminal ileal chyme from an average Western 
diet has been widely used in fermentation studies. The composition of this medium 
has been developed by testing a wide range of different nutritional ratios of 
polysaccharides (mainly arabinogalactan, pectin, xylan, dextrins and starch), 
proteins (peptone, caseine), glycoproteins (mucin) and minerals and vitamins 
against in vivo values of composition and activity (metabolite and gas production, 
and enzymatic essays) of the microbiota found in samples of the intestinal content 
of sudden death individuals [11-13]. In the case of batch fermentations, the trophic 
status can be classified as oligotrophic or eutotrophic as described by Long et al. 
[14]. Oligotrophic systems are typically inoculated with a high dense fecal slurry (5 
to 20% w/v) which is meant to also provide nutrients, and the media (usually 
consisting on a phosphate-buffered saline system –PBS-) is not always 
supplemented with vitamins or minerals [14]. In contrast, the concentration of the 
inoculum of eutrophic systems is lower (~1% w/v) but a basal medium (usually 
basal culture medium –BCM-) fortified with bile salts, yeast extract and peptone is 
used [14]. 
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It has been observed that differences in the nutritional availability in fermentation 
systems account for discrepancies in the development of the microbiota even in the 
presence or absence of a prebiotic [14-16]. Part of the media’s modulatory effect is 
hypothesized to be derived from differences in the availability of bile salts and 
peptides [14]. 
When studying obesity, the use of a proper medium has to be evaluated in order to 
properly reproduce the nutritional components to which the microbiota from obese 
subjects are exposed. Despite the efforts of closely simulating the Western diet, fats 
are not incorporated in the media for in vitro studies yet. In fact, to our knowledge, 
there is no in vitro research performed so far on the effect of fats on the 
composition and activity of the human gut microbiota. Many of these studies 
focused on testing primarily carbohydrates, also excluding research on the effect of 
proteins, a drawback that limits the evaluation of the impact of microbe and diet 
interaction. In an average Western diet, about 15.4% and 32.8% of the energy 
intake comes from protein and fat, respectively [17]. Another important aspect to 
take into consideration is the concentration of the test compound to be evaluated. 
Short-term studies preferably use a high concentration of the test compound while 
long-term studies use relatively lower concentrations with the aim to detect more 
gradual changes such as the case of experiments in TIM-2 or SHIME [18]. 
 

The use of a representative control   

A representative control for the in vitro investigation of the role of the gut 
microbiota in obesity is needed. Basically, two important points need to be 
addressed: one is reaching a consensus about what could be considered as a control 
in the experimental set up and the other one about the complexity of the media 
which is provided to the microbiota to grow. First, part of the inconsistency in the 
results of testing the effect of prebiotics in batch fermentations may come from the 
differences in the control used [14]. As explained by Long et al. [14], some studies 
regard samples taken at the initial point (t0) as the baseline control to measure the 
response of the microbiota to the different substrates. Others, use a negative control 
which is basically a parallel fermentation in which the tested substrate is not added 
[14]. However, the use of the last case is not recommended due to the fact that 
these fermentations present a minimal production of SCFA accompanied by 
minimal changes in pH which has been interpreted as an indicator of lack of 
fermentation [19]. Second, as previously mentioned, the preparation of a complex 
media which primarily contains polymerized carbon and nitrogen sources has been 
considered representative to stimulate the optimal growth of communities 
simulating those residing in the intestine in in vitro fermentation studies [20]. 
However, this does not reflect entirely the environment to which the gut microbiota 
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from obese subjects is exposed. The microbiota from obese subjects has been 
exposed to a repeated high energy diet [21]. To our knowledge only one study has 
attempted to replicate the high energy content in the media composition simulating 
a Western diet. In this study, the authors also compared the administration of 
normal energy and low energy in the simulation of a child gut. In order to 
accurately simulate the different nutrient loads and dietary conditions, the 
composition of the media used in this study was based on an extensive 
investigation of dietary records from anorexic, normal weight and obese children 
[21]. 
 

The importance of testing the effect of fats on gut microbiota 

Dietary fat supplies around 9 kcal/g of energy, more than double of what is 
contributed by carbohydrate or protein (estimated to be around 4 kcal/g) [22]. The 
nutritional dietary lipid recommendations for adults is around 20-35% of daily 
calories ingested [23].  
Nowadays it is widely acknowledged from animal studies that fat overconsumption 
leads to obesity [24]. However, it is unclear how much fat reaches the colon. Some 
initial studies have indicated that from a load of 70g/day, 3.5g enters the large 
intestine [25]. Still, more research is needed in this area. 
There is evidence that indicates that dietary fat has a larger effect on the 
modulation of the composition of the gut microbiota than on the development of 
obesity itself. Such evidence mainly comes from studies in mice and to our 
knowledge there are no in vitro studies focusing on this matter. For instance, de 
Wit et al. [26] observed that the overflow of fat to the distal intestine triggered 
changes in the composition of the microbiota in mice. Specifically, it may reduce 
diversity and increase the Firmicutes-to-Bacteroidetes ratio. In addition, the 
microbiota from mice fed with a high fat diet for 12 weeks showed a strong 
response in terms of composition but returned indistinguishably to baseline after 10 
weeks of switching back to the normal diet when compared to the control [27]. 
Therefore, it has been suggested that the response of the microbiota to fat exposure 
can be reversible indicating diet as a treatment for obesity [28]. Still, some studies 
indicate that the response may also depend on the specific diet composition as 
observed in conventional and germ-free mice [29]. 
 

Mechanics of a dynamic environment 

The simulation of the mechanically dynamic environment characteristic for the 
human intestine, which includes intraluminal fluid flow and peristaltic motions, is 
poorly simulated in the current available in vitro continuous models of the human 
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gut [30]. However, though limited, there are a number of models where at least 
shear forces are applied from peristaltic to stirring motions.  
Shear forces are a key factor regulating bacterial gene expression and physiology, 
stress resistance, and adhesion of bacteria to the gut wall [31-34]. In general, shear 
stress (stirring) is applied in a bioreactor with the aim of increasing oxygen transfer 
in the media. In such case agitation speed has been found to be crucial for 
achieving high yields of enzyme production [35]. However, current models of the 
human gut solely aim to simulate the luminal colon. In an anaerobic system as 
such, the stirring of the culture media is performed with the purpose of 
homogenizing the suspension to guarantee that heat and food distribution is even in 
the system. The application of shear forces in an in vitro system simulating the 
human gut becomes crucial when it comes to the integration of cell lines in the 
experimental design. The cells in the human intestinal epithelial layer are exposed 
to rhythmic mechanical deformations originating from the peristaltic motion of the 
intestine [30]. Such conditions promote the differentiation of the cells and shape 
the height and polarization of these cells [30], which are factors that are important 
in microbe-host interaction. 
 
Redox potential  

The redox potential has been defined as the predisposition for a compound to gain 
electrons [36]. The interpretation of values measuring the redox potential in the 
media where cells are found can be used as an indicator of intracellular metabolism 
in which redox balance and electron transfer play an important role [36]. Therefore, 
redox potential has been considered as a sensitive tool to provide information about 
subtle changes in intracellular metabolism [36].  
Environmental factors that affect the redox potential in a fermentation process 
include anaerobic conditions, dissolved oxygen, temperature and ratio of oxidizing 
to reducing compounds (represented most of the time by nutritional substrates 
provided in the medium, such as cysteine) [36-38]. These factors form part of the 
typical stress conditions to which the gut microbiota is exposed after the transfer 
from human gut to in vitro model.  
Biologically speaking, many functions of the cells are affected by fluctuating redox 
potential values. These include altered gene expression, enzyme synthesis (directly 
affecting signal sensing and transduction) and metabolic profiles [39-41]. 
Therefore, it is important to reach homeostasis in terms of redox potential in the 
gut model to optimally simulate in vivo conditions. Such homeostasis is crucial for 
an optimal intracellular metabolism in the cells stimulating growth of these bacteria 
and their survival. 
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Anaerobiosis 

Linked to redox-potential is maintenance of physiological oxygen gradient 
concentration values, which is also important for proper simulation of the human 
gut. This implies a high level of complexity because oxygen is supplied by host 
tissue which consequently explains the higher oxygen content found close to the 
mucosal surface when compared to the anaerobic lumen [42], and the existence of 
an oxygen gradient along the radial axis of the gut. At present it is unclear whether 
there also is a longitudinal gradient along the proximal to distal gut.  
Many in vitro models are restricted to the simulation of the colonic lumen where 
N2 is continuously flushed in order to maintain an O2-free atmosphere [11-
13,43,44]. However, an anaerobic atmosphere can also be established by initially 
flushing with N2 and then be kept by the usual gases produced by the fermentative 
activity of the microbiota as suggested by Feria-Gervasio et al. [45]. According to 
the authors, this method is believed to represent in vivo conditions better since it 
facilitates the action of hydrogenotrophs and decreases the H2 pressure. This could 
offer the advantage of studying reductive acetogens, sulphate reducing prokaryotes 
and methanogens at a higher resolution [45]. Furthermore, bacteria utilizing 
hydrogen are needed to prevent that fermentation reactions are blocked [46], this 
may be important in obesity research. For instance, it has been observed that 
propionate production increases by the inhibition of methanogens which are the 
main hydrogen utilizers [47]. 
 

pH 

In in vitro systems, pH has been found to influence the total amount of SCFA 
produced by the microbiota and their ratio. Furthermore, previous studies indicate 
that gut bacteria differ in their growth performance in response to changes in the 
pH of the media [48]. Such response, in terms of susceptibility or tolerance, could 
be directly associated with specific groups, including Bacteroides [48]. 
Examples of the effect of pH on the development of in vitro cultures include the 
study by Rajilic-Stojanovic et al. [49] who observed that the total amount of SCFA 
were lower for fermentations at pH 5.8 when compared to pH 6.4 and 7.0. 
Additionally, not only the final amounts were found to be affected but also the 
different molar ratios and diversity of the microbiota [49]. In the same manner, 
Walker et al.[48] observed substantial butyrate production in a static in vitro 
system using human microbiota fed with a polysaccharide composite and 
maintained at pH 5.5. However, when all conditions were maintained with the 
exception of pH, which was increased to 6.5, the authors observed a drastic drop in 
the concentration of butyrate accompanied with a substantial decreased of some 
bacteria (mainly Roseburia spp.). This emphasizes the fact that even a one-unit 
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shift in pH shows a significant effect on metabolic profiles produced by the 
microbiota. 
As mentioned earlier colonic pH varies as a function of host dietary intake [50]. 
Therefore, in view of the importance of reproducing a dense and active microbiota 
which will be physiologically relevant to understand its role in health and disease, 
it is crucial to set a proper pH value in the in vitro fermentation system when 
simulating obese subjects whose consumption of fermentable carbohydrates may 
vary when compared to lean subjects. 
 

Transit time 

Transit time is a physiological parameter that defines the time frame for the 
fermentation of a substrate in the colon [46]. Small intestinal transit time has been 
considered to play an important role in weight balance since it determines how 
much of the nutrients from the diet can be absorbed [51]. Therefore, a prolonged 
transit time has been suggested to promote a higher absorption and consequently 
the promotion of weight gain [51]. In contrast, a short transit time may be 
interpreted as a shorter time for absorption and it probably leads to weight loss or 
weight maintenance [51]. 
Obese subjects are part of the population where transit time is believed to be 
different when compared to other groups [52-55]. Furthermore, differences in 
transit time have shown to be dependent on the energy content of meals. For 
instance, low and high energy meals clearly differed in the small intestinal transit 
time in obese subjects (64 and 123 min, respectively) [56]. 
Despite that a large part of nutrients are absorbed in the small intestine, differences 
in transit time in this part of the tract influence the substrates which are finally 
available in the colon for both fermentation and absorption. This can also have an 
impact on host energy balance. 
Average transit time in the colon of a healthy subject has been reported to range 
from 12 to 24 h [57]. Unfortunately, studies addressing colonic motility in obesity 
are limited [51]. However, evidence indicates a delayed total colonic transit time in 
obese children when compared to lean [54]. 
With respect to in vitro fermentation systems, the modification of the retention 
time has previously been shown to have an effect on the establishment of certain 
types of bacteria together with changes in their metabolic activities [58]. This is 
explained by the fact that substrate availability highly depends on retention time, 
and the growth rate of bacteria is based on how fast microorganisms are able to 
metabolize the available substrate and compete with others [58]. For instance, 
changes in retention time have been shown to significantly affect quantities of 
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lactobacilli and bifidobacteria [45], carbohydrate degradation patterns [12,59] and 
production of specific metabolites such as butyrate [60,61]. 
Special emphasis in in vitro models simulating the human gut in obesity has 
therefore also to be done with respect to the correlation between transit time and 
the reciprocal dilution rate as suggested by Cinquin et al.[43]. 
 

Future perspectives  

 
The next step to proceed in the area of research described in this thesis is to 
determine the number of donors which could be used in the preparation. This 
makes it feasible in finding a representative inoculum to perform a wide range of in 
vitro studies for food and pharmaceutical studies. Further experiments are 
recommended to i) test the optimal time and alternatives for thawing as e.g., 
discussed by Hamilton et al.[62] who tested thawing using an ice-bath, ii) study the 
extent of the effects of preparing a human fecal inoculum on in vitro experiments 
fermenting specific substrates and iii) determine the effect of different treatments 
on microbial enzyme activities and gas production.  
Future research should also be focused on improving the standard operating 
procedures of the TIM-2 system. This includes the inoculation of the model, the 
stabilization during the propagation of the inoculum during the first hours in the 
system, the pH chosen for the fermentation protocol, to name a few. Furthermore, 
studies including in vivo tests are suggested to explore the similarities in the 
response of diet in different individuals. 
Another interesting area to explore in the (in vitro) study of human obesity is the 
investigation of the role of methanogens in energy balance. Although the 
prevalence of methanogens in the human gut has not been directly related with 
gender, it is believed to be affected by age, diet, geography and host genetic 
background [63]. In obesity, the study of archaeal species might be of interest due 
to the hypothesis that hydrogen transfer between bacteria and archaea may 
optimize the uptake of energy in individuals by increasing the production of SCFA 
[64].  
The potential influence of methanogens in energy balance has been corroborated 
after finding an elevated presence of archaea in anorexic patients, speculated to be 
due to an adaptation of the microbiota with the aim to optimally use the low calorie 
diet ingested by the anorexic host. In obese and type 2 diabetic patients an 
enrichment in archaea has also been observed [65,66]. However, findings about the 
abundance of archaea after a diet intervention in obese subjects are contradictory. 
Methanogenic archaea did not show a significant change during a controlled diet in 
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overweight men [67] while it was found to be more prevalent (together with 
Akkermansia) after a weight reduction intervention [68]. 
In vitro models of the human gut are of great potential to study the impact of 
methanogens in the dynamics of a gut bacterial community since the establishment 
of M. smithii in conventionalized rodents with human gut microbiota has failed 
[69,70] while it has shown to be successful in an in vitro model [71].  
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