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Abstract

:

Humans harbor distinct commensal microbiota at various anatomic sites. There has been renewed interest in the contributions of microbiota activities to human health and disease. The microbiota of the gut is the most complex of all anatomic sites in terms of total numbers of bacteria that interact closely with the mucosal immune system and contribute various functions to host physiology. Especially in the proximal large intestine a diverse microbiota ferments complex substrates such as dietary fiber and host mucins, but also metabolizes bile acids and phytoestrogens that reach the large intestine. It is now well established that microbiota composition differs between but over time also within individuals. However, a thorough understanding of the sources of variations in microbiota composition, which is an important requirement for large population based microbiota studies is lacking. Microbiota composition varies depending on what kind of sample is collected, most commonly stool samples, stool swabs or superficial rectal or intestinal biopsies, and the time of collection. Microbiota dynamics are affected by life style factors including diet and exercise that determine what nutrients reach the proximal colon and how fast these nutrients pass through (transit time). Here we review sample collection issues in gut microbiota studies and recent findings about dynamics in microbiota composition. We recommend standardizing human microbiota analysis methods to facilitate comparison and pooling between studies. Finally, we outline a need for prospective microbiota studies in large human cohorts.
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1. Introduction


There has been a recurring interest in studying associations between the human commensal gut microbiota and health, ever since Metchnikoff suggested in the early twentieth century that microbiota composition can be positively modified by consuming ‘beneficial’ microbes, such as milk fermenting lactic acid bacteria [1]. Although microbiota have been studied ever since, using mainly conventional culture based methods until the development of molecular tools towards the end of the last century, it is the availability of high throughput sequencing technologies that now provides the tools needed for in depth studies. Through its immense metabolic capabilities the gut microbiota contributes to human physiology by transforming complex nutrients such as dietary fiber or intestinal mucins that otherwise would be lost to the human host into simple sugars, short chain fatty acids and other nutrients that can be absorbed [2]. Furthermore, the microbiota produces some essential vitamins including vitamin K, vitamin B12 and folic acid, contributes to intestinal bile acid metabolism and recirculation, transforms potential carcinogens such as N-nitroso compounds [NOCs] and heterocyclic amines [HCAs] and activates bioactive compounds including phytoestrogens [3,4]. Differences in environmental factors including diet as well as hosts genetics are thought to contribute to microbiota diversity [5].



1.1. Gut Microbiota and GI Diseases


Inflammatory bowel diseases [(IBD), ulcerative colitis and Crohn’s disease (CD)] are distinct chronic inflammatory disorders of the gastrointestinal tract. The etiology of IBD is not known, but it is believed that in at least a subset of genetically susceptible individuals an abnormal immune response directed against gut bacteria contributes [6]. CD is heterogeneous with varying locations of disease activity and a broad spectrum of disease severity. Immunosuppressive medications are often used but the remission rates for immune modulators and anti-TNF therapy are only about 40%. IBD is a disease of westernized, industrialized countries but is now being increasing recognized in developing countries including India and China, is increasingly occurring in children under the age of 10 years old, and in African Americans. Genome wide association studies have identified numerous CD risk loci including genes in the innate immune response that directly interact with intracellular bacteria such as NOD2 (CARD15) and the autophagy proteins, ATG16L1 and IRGM [7]. The increasing incidence of IBD cannot be explained by genetics and the environmental influences remain speculative but gut microbiota remains a focus of attention [6]. To date IBD has been linked to microbiota composition in a variety of studies [8,9] and successful interventions using antibiotics, prebiotics and probiotics have been reported. In addition to reports of differences in fecal microbiota composition mucosa adherent bacteria also differ between IBD cases and healthy controls and sample fixation is crucial for detecting this difference [10].



There is emerging evidence for the potential contribution of gut microbiota to colorectal carcinogenesis (CRC) [11,12,13]. Recent, data from our group suggests that specific groups of bacteria can be more frequently detected in subjects harboring large intestinal adenomas when compared to normal controls [14]. Colorectal adenomas are not necessarily good surrogate markers for CRC risk, only 10% of polyps are thought to have the potential to proceed to CRC. CRC is a relatively rare disease that can develop after decades of exposure to risk factors that might include distorted microbiota diversity or as of yet unknown pathogens that cause chronic infections. Determination of an association between gut microbiota and CRC will require long term prospective studies in large human cohorts. In order to be sufficiently powered such prospective cohort studies would have to follow thousands of individuals of many years to observe a sufficient number of cases to allow for an appropriate analysis.



Necrotizing enterocolitis (NEC) is a disease of preterm infants that recently has received interest for potential contributions of microbiota [15,16]. Preterm infants are often delivered by C-section, they frequently receive antibiotics and their feeding habits differ from those of full term infants [17]. Under these circumstances, the normal development of gut microbiota [18] likely is distorted and possibly can initiate a disproportional immune response that results in NEC. Currently, prospective cohort studies are underway that are aimed at elucidating this association.



A crucial requirement for the design of future studies aimed at correlating microbiota with various GI and other diseases is a thorough quantitative understanding of the variation in microbiota composition between individuals but also within them over time is. Below we discuss recent advances as well as remaining shortcomings in our knowledge of microbiota variations.




1.2. Gut microbiota Variation and Dynamics


Currently neither the extent of gut microbiota diversity and activities nor its dynamics within and between individuals are fully understood [2]. Bacteria belonging to a few phyla, particularly Firmicutes and Bacteroidetes, dominate in most healthy individuals [19,20,21]. Estimates for the total number of bacterial species comprising the collective gut microbiome have recently been extended up to 40,000 [22], but largely due to the large amount of emerging sequence data the bacterial species concept is prone to undergo revision. A recent study has explored variations in microbiota composition in nine subjects at different anatomic sites at four time points one day and three months apart [23]. This study showed different microbiota dynamics for each anatomic site. Unifrac, a bioinformatics tool for 16S rRNA sequence data analysis that uses shared branch length in a phylogentic tree generated with the combined sequence set of individual samples [24,25] was used to determine microbiota composition. Based on the Unifrac distance metric Costello et al. suggested that gut microbiota community exhibited minimal intra-individual variation over 90 days [23]. However, that claim appears somewhat subjective as their data shows variation both within (Unifrac distance = 0.58) as well as between unrelated individuals (Unifrac distance = 0.72). Another extensive gut microbiota study in twin pairs and their mothers (154 individuals) reported an intra-individual Unifrac distance of 0.69 over an average of 57 days, which compared to a Unifrac distance of 0.8 between unrelated individuals [26]. As the Unifrac distance within individuals in one study is very close to the Unifrac distance between unrelated individuals in the other study it appears arbitrary to assign labels such as minimal or extensive to the variation observed in these studies. What is clear from this body of work that has tremendously expanded our knowledge of human microbiota diversity is that each individual retains a distinct microbiota over time. This finding is encouraging for future efforts aimed at correlating microbiota diversity with health status. Overall microbiota diversity, which is expressed well by the Unifrac metric, is only one potential correlate with disease. The presence or absence of potentially beneficial/pathogenic microbes is another measure that can be linked with health status. As sequencing technologies have improved to allow for the generation of hundreds of thousands (454) or even millions (Illumina, Solid) reads/run the correct binning of sequences into operational taxonomic units is a daunting task that will require the development of new algorithms [27] and their implementation into user friendly software packages.




1.3. The Core Microbiome


The combined microbial gene pool, studied by metagenomic approaches, exceeds the complexity of the human genome, extending the metabolic abilities of the human/microbiota “supra- or superorganism” [8,28]. Extensive metagenomic sequencing has now given us deeper insight into prevalent intestinal microbial genes, identifying a core microbiome [26,29]. Although the bacterial species composition varies among individuals and over time (see above), the core activities encoded by the microbiome appear more consistent. This is not surprising as most microbes share a minimal gene set and those microbes best adapted to the gut environment either share a set of genes allowing them to outcompete other microbes or develop into synergistic partners. While it might not be relevant for studies aimed at associating microbiota metabolites with disease, such as recent work using microbial metabolite profiling in urine [30,31], interactions with the mucosal immune system likely depend heavily on structure. Thus, studying both the diversity and species composition of the microbiota as well as its metabolic capabilities has promise for investigating potential associations with health and disease.





2. Barriers in Population Based Microbiota Studies


2.1.Gut Microbiota Sampling


There has been an ongoing discussion in the field regarding appropriate sample collection. Specifically, mucosa attached microbiota, as determined in biopsy samples, and fecal microbiota, collected as fecal swabs or whole stools, have been utilized [32,33]. Although feces or fecal swabs are the most convenient samples they do not accurately reflect the microbiota composition or activities in the proximal large intestine. Due to changes in substrates, pH and water content etc. the composition of the microbiota changes while intestinal contents are slowly moved through the colon, collected in the rectum and excreted. Similarly, rectal biopsies are not representative of the proximal gut microbiota. Colon biopsies also do not represent microbiota in its physiologic state as the extensive colon preparation to clean intestinal contents removes some of the outer mucus layer and thus mucosa attached microbes as well as their normal attachment sites. The bowel prep has been shown to affect markers of proliferation in intestinal epithelium [34], suggesting that it affects colon physiology and thus likely the mucosa and associated microbiota. Indeed, a PEG bowel preparation results in moderate to severe loss of superficial mucus in 96% of patients [35].



There has been some work aimed at determining the biostructure of microbiota in a stool sample. Using pinched fecal cylinders to investigate changes in microbiota structure from the outside of formed feces (closest to the mucosa while inside the gut) towards the inside (luminal bacteria) Swidsinski et al. reported a clear structure that was distorted in subjects with idiopathic diarrhea [36]. The observation of structure would argue against the validity of using fecal swabs to evaluate overall microbiota composition. Feces form while the luminal contents move through the large intestine where water is reabsorbed. Luminal contents are then mixed in the rectum before they are evacuated as formed feces. The portion of the feces first evacuated might harbor microbiota different from that at the end of the pellet. To address this concern, we compared microbiota profiles in the front and the end of two fecal pellets from two individuals with the homogenized samples by DGGE (Figure 1). Pearson and Dice coefficient based similarity matrices were generated and Shannon Diversity indexes calculated to compare microbiota composition and diversity in the different parts of the stool samples. For both stools, microbiota was similar in all three parts. Thus, a pea sized piece from any part of the pellet, which is sufficient for most microbiota analyses, can be collected by individuals and transported safely in small vials containing DNA preserving solutions. This circumvents the need for subjects to deliver fresh samples within a few hours of defecation to a laboratory.
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Figure 1. Variation within stool sample. DGGE profiles (V6-V8) region of two stool samples (A and B) in the front of the fecal pellet (Lanes 1 and 4), the back (lanes 2 and 5) and a homogenized sample (lanes 3 and 6). DGGE was performed on an 8% [wt/vol] acrylamide gel with a gradient from 40% at the top to 50% at the bottom at a temperature of 60 °C. 100% denaturing conditions were defined as 7M urea and 40% formamide. Gels were run for 16 h at 65 V and stained with Cyber Green. Gels were scanned in using Quantity One (Biorad) and analyzed using Diversity Database software (Biorad). Microbiota diversity in profiles was compared (i) by generating dendograms based on similarity matrixes calculated using Pearson and Dice coefficients and (ii) by calculating the Shannon Diversity index for each profile based on the number and intensity of bands. 
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Gut evacuates, such as those induced by a colon prep, likely contain both luminal as well as mucosa attached microbiota. Although it might not be realistic to attempt collecting such samples in large population based studies, there clearly is a need to improve and validate gut microbiota sample collection procedures.




2.2. Understanding Microbiota Dynamics in Studies with Controlled Diets


Dietary intake is the origin for most of the substrates that reach the large intestine where they are available for microbial fermentation. Other substrates available for bacterial fermentation include mucins and bile acids that are released into the lumen. Thus, variations in diet are likely one of the most significant sources of microbiota dynamics. Exercise affects host physiology including hormone levels and transit time and thus is another factor that can shape microbiota composition. Genetic differences clearly can affect gut microbial ecology [37] but recent studies in twins and their mothers do not suggest that genetic differences are a major source of microbiota variation in humans [26].



We have previously reported microbiota variation in a mouse study with strictly controlled diets and an exercise regimen [11]. Mice for this study were bred in dedicated breeding colonies to reduce variation in genetics and age. Mice were single housed to avoid competition for food as a source of variation. In one group that was calorie restricted mice even received the same amounts of the same diet. As expected the different diets and exercise affected microbiota composition. Somewhat surprisingly, mice within each group also showed some differences in microbiota composition. This suggests that there are source other than host genetics, age, diet and exercise that contribute to microbiota dynamics. We hypothesize that initial gut colonization is a chance event that sets up a cascade of microbiota establishment that contributes to differences between individuals.



The effects of drastic dietary changes have recently been investigated in a mouse model inoculated with human fecal microbiota. Changing diets from a low-fat, plant rich diet to one high in fat and refined sugars shifted microbiota composition within one day [38]. Changes were fairly consistent in individual mice, but even on the class level differences between mice were clearly detectable.



From the variation observed in animals it is not surprising that microbiota also varies in individuals that consume controlled diets. Human feeding studies are frequently performed to study the effects of a dietary intervention on various aspects of human physiology. Subjects usually consume some diets under supervision, but frequently take meals to work or prepared food packages home for the weekend. A crossover design, in which individuals serve as their own controls, reduces inter-individual variation. Using such a study design we have previously reported effects of black tea drinking on gut microbiota composition [39]. Effects of tea drinking on microbiota, likely due to the tea polyphenols that have antimicrobial effects, were seen within two weeks using quantitative 16S rRNA based fluorescent in situ hybridization (FISH). We also observed in this study that microbiota variations within less than two weeks in individuals within the same intervention period in which they consumed the same amounts of the same foods in a weekly rotation.



Dietary fibers represent some of the main substrates that reach the large intestine. Resistant maltodextrin (RM) is a low caloric food ingredient that in many ways behaves similar to dietary fiber. RM contains a mixture of oligosaccharides and polysaccharides. In a double-blinded randomized crossover feeding study we have recently determined that RM supplementation has a prebiotic effect and enriches for Bifidobacteria (unpublished). Effects of RM could be detected by the appearance of a strong band generated by simple DGGE profiling (Figure 2). To determine variation within subjects we also performed an in depth 16S rRNA analysis using a bar-coded 454 pyrosequencing approach. For four individuals, two with four time points each and two others with two time points, we obtained a total of 283,672 sequence reads with an average read number of 23,639/sample and an average length of 225 nucleotides. The varying proportions of bacterial families between subjects showed that each of the subjects harbored a unique microbiota (Figure 3). Although subjects consumed a controlled diet, the proportions of dominant bacterial families changed to some extent during the same intervention period.
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Figure 2. Effects of RM on microbiota. DGGE profiles for subjects E, F, G, H on Day 24 during placebo (0), RM 25 (25) and RM 50 (50) intervention periods. M = molecular marker, black arrow indicates position of band increased during RM supplementation (box). DNA was eluted from the marked band and submitted to sequencing. DGGE gels were run and diversity in each profile was calculated as described in Figure 1. Profiles for each individual are presented in the order that they received each intervention. 
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Although we obtained an average of 23,639 reads/sample, for two of the individuals approximately 100,000 total sequences reads, we still did not reach saturation. This observation indicates that even with the current high throughput sequencing methods detecting rare bacterial species with high confidence will be difficult to achieve in large population studies with many samples. Although identifying rare species might not be crucial for describing overall diversity in microbiota composition it might be necessary to identify rare potentially opportunistic pathogens that cause low level but persistent localized infections.
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Figure 3. 454 sequencing for microbiota variation. 16s rRNA based abundance of dominant OTU’s on the family level. OTU’s grouping to each of the 15 most dominant OTU’s and all other OTU’s combined are color coded. 16S rRNA sequences were analyzed using the RDP pyrosequencing pipeline using standard settings for removal of low quality reads. Samples from subjects H, J, D, and C were analyzed during placebo(P), RM25 (F25) or RM50 (F50) on days 13 (D13) and Day 24(D24). Each column shows the bacterial composition of one fecal sample based on Megablast searches against the Greengenes database. Except for samples H.F25.D24 (H 25 in Figure 2) and H.P. D24 (H 0 in Figue 2) samples differ from those shown in Figure 2. 
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As the data from microbiota studies with controlled diets suggests, factors other than diet can affect microbiota composition. In some recent reports gut microbiota dynamics within individuals is described as minimal. We need to be careful with attaching subjective labels to microbiota variation and instead thrive to develop objective measures that allow us to compare variation across studies.




2.3.The Need for Standardization of Analysis Methodology


Although NIH is proceeding with an ambiguous Human Microbiota Project (HMP) (http://nihroadmap.nih.gov/hmp/) few attempts have to date been made to standardize methodology. There have been some efforts to standardize sample collection and validate DNA extraction protocols [40], but different groups use different primer/probe sets that target different regions of the 16S rRNA gene. Furthermore, large 16S rRNA sequence datasets are analyzed using different bioinformatics approaches and sequences are compared to different databases. In a time in which technology is rapidly developing it is natural that different groups explore various options to identify the methods and study designs best suited to pursue their specific interests. However, this results in the generation of extensive data sets that cannot easily be pooled to increase the statistical power needed to test the significance of potential associations with human health. Another group that explores vast microbial diversities, the International Census on Marine Microbes (http://icomm.mbl.edu/), has taken early steps to facilitate smoother exchange of results. We should standardize protocols and develop an efficient structure that better facilitates coordination of studies and data exchange.





3. Conclusions


We have entered an exciting period of discovering the multiple contributions of host associated microbiota to human health. New sequencing technologies are now facilitating studies at a depth that was previously not possible requiring the development of novel analytical tools for optimal data mining. Recent studies have crucially improved our understanding of the large variation in microbiota composition at various anatomic sites, between individuals and over time. Multiple studies have focused on comparing microbiota composition in diseased individuals with those in healthy controls. To study potential contributions of microbiota to the development of various diseases, and not simply continue to describe how a disease state is associated with changed microbiota, we need to design and perform prospective studies in which we evaluate microbiota in at risk individuals before the disease has developed. In the foreseeable future 16S rRNA based studies will continue to be of high utility for studying microbial diversity. However, an integrated function oriented approach that includes metagenomic, transcriptomic and proteomic studies will be instrumental in developing a better understanding of how complex microbial communities might contribute to host physiology. Such studies will require strong multidisciplinary teams and large cohorts that follow individual over long periods of time until a sufficient number of individual develops the disease(s) of interest. The recent explosion of detailed knowledge of ways in which microbiota can affect health seems to have justified the large additional investment that will be required to perform such studies.
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