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Abstract
Type 1 diabetes (T1D) is a complex autoimmune disease and first stages of the disease typically develop early in life. Genetic as well as environmental factors are thought to contribute to the risk of developing autoimmunity against pancreatic beta cells. Several environmental factors, such as breast feeding or early introduction of solid food have been associated with increased risk for developing T1D. During the first years of life, the gut microbial community is shaped by the environment, in particular by dietary factors. Moreover, the gut microbiome has been described for its role in shaping the immune system early in life and early data suggest associations between T1D risk and alterations in gut microbial communities. In this article, we discuss environmental factors influencing the colonization process of the gut microbial community. Furthermore, we review possible interactions between the microbiome and the host that might contribute to the risk of developing T1D.











Introduction
Type 1 diabetes (T1D) is an autoimmune disease being preceded with the development of autoantibodies against pancreatic beta cells. Islet autoimmunity typically occurs very early in life. Prospective cohorts with high risk individuals showed a peak at around 9 months of age [1]. While approximately 60% of T1D risk has been attributed to genetic factors [2], environmental risk factors such as diet, early infections or mode of delivery are thought to significantly contribute to the risk of developing the disease [3]. Interestingly, major priming of the immune system falls within the same time frame, and factors shaping immune maturation during this period are therefore likely to contribute to the development of autoimmune disorders. 
The human gastrointestinal tract constitutes a body site being equipped with a particularly high density of immune cells. Providing a major interface to the plethora of microorganisms colonizing the human gut, the role of microorganisms in priming of the immune system and their contribution to immune homeostasis has gained much interest [4]. Gut microbial colonization starts at birth and is strongly influenced by several environmental factors [5] that have also been related to autoimmunity. Apart from providing direct challenges to the immune system, the gut microbial community further interacts with the host organism through complementing its metabolism with capabilities to ferment unabsorbed nutrients, partnering the host immune system in colonization resistance, and by providing barrier against pathogenic attacks [6]. Thus, alterations in gut microbial community composition in early infancy potentially influence the autoimmune process and pathogenesis of T1D. Indeed, early data suggest correlations between altered gut microbial communities and T1D [7-15]. However, human studies have not yet provided a clear picture and concise mechanistic explanations of the causal relationship between the gut microbiome and pathogenesis of T1D are currently lacking. One of the first studies analyzed the gut microbiome of 8 children and reported a significant shift in the ratio of Firmicutes and Bacteroidetes comparing autoantibody positive and negative children [10]. In a follow up study, Brown et al. showed that healthy children had significantly higher numbers in butyrate producing bacteria and mucin degrading species [7]. Further evidence of a decreased potential to produce butyrate in autoantibody positive children has been provided by de Goffau et al. [14]. Recently, data from the Finnish DIPP cohort suggested increased abundances of Bacteroides dorei prior to autoantibody seroconversion [8]. In contrast, differences between autoantibody positive and negative children with respect to individual microbial taxa or microbial diversity could not be detected in the German BABYDIET cohort [9]. It rather turned out, that properties of microbial interaction networks are compromised in children who later developed autoantibodies [9]. A recent study including 33 children from Finland and Estonia reported a drop in diversity for T1D cases after seroconversion to autoimmunity [11]. Moreover, several studies indicate increased abundances of Bacteroides species after multiple autoantibody development or T1D onset [12-15]. Although these early results suggest associations between T1D risk and alterations in the gut microbial community, most human studies so far do not provide functional models for causal associations with disease development. One reason lies in the complexity of the wealth of interactions between environment, gut microbiome and the host organism. In this review, we summarize our current understanding of environmental factors shaping the gut microbial community in early infancy, the role of the gut microbiome in partnering the host immune system, and possible links to the development of autoimmunity and T1D.


Microbial waves of succession
The infant gut microbiome undergoes several waves of ecological succession that are strongly influenced by factors such as host genetics, mode of delivery, and diet. Further cofactors are hygiene, social status, and treatment with drugs, in particular antibiotics (see [16] for a detailed review). The gut microbiome in early infancy is characterized by low species richness [17, 18] and is comparatively unstable [5]. Initial colonization of the ecosystem mainly occurs at birth (Figure 1). Although recently published data indicates that the first encounter with microbial products already occurs in utero [19], mode of delivery seems to show longer lasting impact on the initial colonization of the infant gut. While vaginally delivered babies harbor a microbiome that more closely resembles the vaginal microbiome of the mother [20], infants delivered via C-section host gut microbiome more similar to the mothers skin microbiome [20].
Following the sequence of introduction of various food components, the gut microbial community embarks towards an adult like community composition being characterized by increased species richness [17, 18] and higher stability [5] (Figure 1). From the point of view of the microorganisms, initial availability of oxygen imposes a major selective pressure on the first colonizers of the neonatal gut. Therefore, aerobic or facultative aerobic species constitute the group of early colonizers (e.g. Enterobactericeae, Staphylococcus). Decreasing oxygen levels change the environment in favor of strictly anaerobic bacteria (e.g. Bifidobacterium, Clostridium, Eubacterium, Bacteroides) [16-18, 20]. 
The first wave of succession is then determined by the initial diet the baby is fed with (Figure 1). Breast milk provides a substantial source of bacteria such as Bifidobacterium, Staphylococcus, Lactococcus, Enterococcus and Lactobacillus [21-23]. Interestingly, several of the bacteria being detected in breast-milk are also being discussed for their probiotic potential [24]. High levels of Bifidobacterium spp. are commonly found in the gut of infants [25-27]. While early studies detected increased amounts of Bifidobacterium in breast-fed infants compared to bottle-fed infants, more recent studies do not confirm such differences (see [16] for a detailed review). Apart from technical issues such as the availability of suitable primers [18], it has been argued that such controversial results might follow from an increased similarity between human breast milk and modern formula milk being enriched with prebiotics  (e.g. galactooligosaccharides and fructooligosaccharides) [16, 28-30]. Indeed, a comparison of different brands of formula showed that enrichment of formula milk with oligosaccharides can be associated with increased abundances of Bifidobacterium and Lactobacillus in stool samples [31]. Human breast-milk contains large amounts of human milk oligosaccharides (HMOs) which show high similarity to O- and N-linked gylcans being part of mucin proteins found in the intestinal mucus layer [32]. As HMOs cannot be dissected by human enzymes, they might provide a competitive advantage  [32] for specialized bacteria that are able to use HMOs or their components as sources of energy (e.g. Bifidobacterium [33-36] or Lactobacillus [37, 38]). Taking into account that a significant portion of the energy provided by human breast milk cannot be absorbed by the infant, it is assumed that the similarity of HMOs with mucus derived glycans results from co-evolution of humans with intestinal commensals, preparing the gut ecosystem for the later colonization with mucus degrading bacteria [32].
After weaning, complex carbohydrates such as cereals, fruits and vegetables enrich infant diet and the variety of glycan sources increases rapidly [32] (Figure 1). Accordingly, the composition of the gut microbiome shifts from typical utilizers of HMOs towards bacteria that are able to ferment other dietary components managing to pass the gastro-intestinal passage. Typically, abundances of Firmicutes, Bacteroidetes and Actinobacteria increase while Bifidobacterium, Enterobacteriaceae and lactic acid bacteria decrease during this period [27]. Composition and sequence of introduction of dietary compounds further constitute primary factors of community composition. While generalists are able to feed on various dietary sources, the abundance of specialists strongly rely on the availability of the special type of host diet providing their favorite substrate. To survive over longer periods, specialists must have a constant supply with their preferred energy source. They will therefore only persist, if the latter is constantly available [32]. One prominent example is the mucus degrading specialist Akkermansia muciniphila, which is characterized by a high number of genes involved in the degradation of human derived glycans [39]. In contrast, generalists such as Bacteroides thetaiotaomicron may shift their metabolism towards fermentation of luminal content depending on other dietary sources being available [32]. In addition to the shift in microbial community composition due to the transition from breast-milk to a more complex diet, short-term fluctuations in nutrients on a meal-to-meal basis can also affect the microbial population [40-42]. Moreover, different processing of dietary components (e.g. cooking, milling) can potentially influence microbial composition, as, e.g., dietary starch changes its chemical properties depending on the type of processing [43]. 
Apart from any direct modulation of the intestinal community composition via dietary compounds, there are many indirect effects due to competition and facilitation within the bacterial ecosystem. For example, B. thetaiotaomicron consumes carbohydrates which are otherwise used by certain Clostridium species, thus executing competitive exclusion [44]. Direct colonization resistance is realized through the production of bacteriocins, targeting competitors via impairing growth or adhesion [44, 45]. Other mechanisms utilize the host immune system, such as the capability of B. thetaiotaomicron to enhance the expression of genes which lead to an increased production of antimicrobial peptides [44]. Less targeted drivers of community composition are given by a variety of cross-feeding effects which, for example, are thought to determine the distribution of short-chain fatty acid (SCFA) production to a large extent [46]. Successful niching therefore typically results from matching the species’ metabolic repertoire with the availability of energy sources as well as the ability to modulate environmental factors towards favorable conditions. Although major drivers of community composition are known, sensitivity and robustness of the complex network of microbial interactions need to be better understood. On top of that, it has to be expected that many more interactions and interrelations are yet to be discovered.     
Host microbiome interactions
Many commensal gut microbiota co-evolved with their host organisms and thus have developed specialized mechanisms of interaction with their human environment. Likewise, human metabolism and immune system rely in multiple ways on the presence of microbial partners. The most obvious contribution of the gut microorganisms is fermentation of non-soluble dietary compounds, which cannot be absorbed by the host without prior degradation. Products of microbial fermentation significantly contribute to the energy intake of the host. Apart from being an additional source of energy, end products of microbial metabolism also serve other health promoting functions. For example, SCFA have been shown to modulate immune function [47-50]. On the other side, microbial associated molecular patterns (MAMP) provide an early immunological challenge, guiding the human immune system from the first moment of contact on.
Shortly after birth, the immune system is considered to be relatively immature, enabling the colonization of the gut with commensal microbiota from the environment (see [4] for a detailed review). During the development of the host’s immune system MAMPs play a central role in learning to maintain a healthy balance between pro- and anti-inflammatory immune reaction [4, 51]. Apart from modulatory function, gut microbes interfere with colonization processes through mechanisms of colonization resistance, such as direct inhibition via bacteriocins, competition for nutrients or receptors, or direct barrier function via building of biofilms.
On the other side, the host protects itself from microbial invasion. There are several immune mechanisms confining the gut microbiota to the lumen. A first, physical barrier is provided by a mucus layer, consisting of a variety of glycoproteins secreted by goblet cells. In the large intestine, this layer consists of an inner and an outer mucus layer [52]. While the latter provides an attachment site and endogenous nutrient source for commensal bacteria [53], the inner layer is commonly not colonized by bacterial populations, thus providing a dense physical barrier against bacterial penetration of the epithelium [52]. There is increasing evidence suggesting that structure and composition of the mucosal barrier result from host-microbial interaction. For instance, a recent study showed that in contrast to an intact mucus layer in conventionally raised mice, the inner layer of germ-free mice can be penetrated by bacteria sized particles. After colonization of germ-free mice with microbiota from conventionally raised animals, mucus function has been recovered after 6 weeks [54]. 
In contrast to the large intestine, the mucosal surface in the small intestine consists of one layer of mucus, only, and host-derived antimicrobial peptides (AMPs) are heavily utilized to prevent the epithelium from microbial penetration [55]. Paneth cells located in the epithelium in the small intestine are an important source of AMPs [56]. Microbes can be sensed by Paneth cells in a MyD88 dependent manner, resulting in the production of AMPs (e.g. defensins and C-type lectins) [57]. The latter include the C-type lectin RegIII-γ which inhibits adhesion of Gram-positve bacteria to epithelial cells [58]. Furthermore, defensins such as α-defensin shape the microbial community by directly targeting the bacterial cell wall or by binding to the microbial cell surface (see [55] for a detailed review). Thus, AMPs contribute to the regulation of the composition of the bacterial community besides preventing the epithelium from microbial encounter. 
Another strategy to confine gut microbiota to the lumen relies on secreted immunoglobulin A (IgA). MAMPs are sensed by dendritic cells which, as a consequence, stimulate the production of IgA by B cells originating from Peyer’s patches [59]. Secreted IgA then is transcytosed into the lumen and protects further bacterial translocation through the epithelium by binding to microbial antigens [59]. Thus, being a first line of defense, IgA plays a key role in maintaining integrity of the epithelial barrier and thus prevents systemic immune responses resulting from breaches of the gut epithelium. Interestingly, experiments in mice indicate that alterations in the specificity of the IgA repertoire can lead to substantial shifts in microbial community composition [60].
In addition to the production of IgA and AMPs, gut microbiota substantially alter immune homeostasis by impacting the differentiation of immune cell subsets. A fine-tuned balance between pro- and anti-inflammatory immune responses is crucial to remain tolerogenic for commensals, and at the same time being able to defend against invasion by pathogens. With respect to the development of autoimmunity any excess in pro-inflammatory immune responses is clearly not desirable. As one line of evidence in this direction, increased Th17 (IL-17) responses have been associated with the development of autoimmune diseases [61, 62]. On the other hand, pro-inflammatory Th17 responses are necessary to prevent pathogenic infections, suggesting that a balanced degree of Th17 response is crucial for immune homeostasis [63].  Another concrete mechanism has been elucidated in the mouse model where segmented filamentous bacteria (SFB), have been shown to induce pro-inflammatory responses due to the differentiation of Th17 cells [61, 64, 65]. A similar effect has been shown via the production of adenosine 5'-triphosphate (ATP) by commensal bacteria [66]. 
On the other hand, commensal gut microbiota can also induce anti-inflammatory effects, for instance by the suppression of Th17 via regulatory T cells (Treg). One prominent example is the human commensal Bacteroides fragilis which induces differentiation of Foxp3+ Tregs from CD4+ T cells. This conversion is mediated by the MAMP polysaccharide A (PSA) from the outer membrane of B. fragilis [67]. Similarly, colonization of germ-free mice with bacterial strains from the Clostridium clusters IV and XIVa, or with bacteria from the altered Schaedler flora (ASF) resulted in the differentiation of Tregs in the lamina propria [68, 69]. Most Treg cells are selected in the thymus and suppress T cell subsets associated with autoimmune reactions [63]. However, induction of Treg cells from naïve T cells by gut microbiota likely occurs post-thymic in the periphery of the colon (see [70] for a detailed review). Supporting this line of thought, germ-free mice have been found to harbor reduced amounts of peripherally derived Treg cells (pTreg), suggesting that commensal microbiota drive pTreg cell generation [68, 69, 71]. 
Several studies suggest that end products of bacterial metabolism, such as SCFAs  provide a potential route by which commensals contribute to enhanced generation of pTreg cells [48-50]. Interestingly, among SCFAs butyrate has been found to have the most significant contribution to colonic pTreg induction [48, 49]. In addition, Chang et al. recently demonstrated that butyrate shows anti-inflammatory effects by down-regulating macrophage induced pro-inflammatory responses [47]. Apart from SCFAs, other microbial derived products such as bile acids, vitamins, amino acids and sphingolipids can also substantially influence immune homeostasis [72, 73].  
Butyrate does not only impact the generation of regulatory T cells but also has several other health promoting effects for the host organism. For instance, butyrate is considered to be the main energy source for intestinal epithelial cells [74] and enhances mucus production [75, 76]. Thus, in addition to its immune regulatory potential, increased butyrate production can have a profound impact on the integrity of the gut barrier. Production of SCFAs results from microbial fermentation of dietary glycans. In addition, endogenously derived glycans such as mucins can provide further sources. As outlined above, composition of dietary compounds strongly influences microbial community composition as various bacteria have different strategies to utilize different types of glycans (see [32] for a detailed review). 
For a detailed understanding of the interplay of various mechanisms of butyrate production in the intestinal microbial community, cross-feeding effects need to be considered. Co-fermentation experiments have documented butyrogenic effects in multiple bacterial compositions. A typical example is an enhanced butyrate production due to cross-feeding of Bifidobacterium adolescentis and the lactate utilizing butyrate producers Eubacterium hallii and Anaerostipes caccae  [77]. Moreover, some butyrate producing species such as Roseburia spp. and Faecalibacterium spp. require acetate for their growth [78, 79], and bacteria producing acetate therefore exhibit a significant impact on butyrate production. 
Two different pathways have been described for the production of butyrate from butyryl-CoA. Compared to the classical buk-pathway (phosphotransbutyrylase and butyrate-kinase via butyryl-phosphate) the recently described but-pathway (butyryl-CoA: acetate CoA-transferase) utilizes acetate as a co-substrate for butyrate synthesis. Interestingly, the but-pathway is far more prevalent among butyrate producing species [80]. In the presence of acetate, the net-output of butyrate from the but-pathway is higher than with butyrate production via the buk-pathway [78]. Hence, increased availability of acetate is a critical driver for butyrate production.  Fermentation of butyrate results in the production of hydrogen (H2) which has to be removed in order to not inhibit further butyrate production [81]. Consequently, hydrogen utilization by hydrogenotrophic bacteria has been shown to strongly influence SCFA production [82]. Acetate is a fermentation product of most enteric bacteria and is also produced by acetogens by utilizing H2 and CO2 [83]. Acetogens compete with other hydrogenotrophic bacteria (methanogens and sulfate-reducing bacteria (SRBs)) for the available H2. In the presence of sulfate, acetogens and methanogens are outcompeted by SRBs [84]. In contrast however, lower levels of sulfate lead to increased abundances of acetogens [84] which might enhance butyrate production via co-fermentation of acetate. One possible driver of sulfate availability might lie in the competition for mucins by various mucin degrading species. With mucins being a major source of endogenously derived sulfate, variability in sulfate utilization likely results in compositional changes of the microbial community. While most mucin degrading bacteria are not able to fully degrade mucins and therefore release sulfate [85], other specialists such as Akkermansia muciniphila are able to use sulfate in an assimilatory manner [86]. Lower levels of sulfate might then promote a butyrogenic effect through increased availability of acetate provided by acetogenic bacteria.  
Possible impacts on the pathogenesis of T1D
In patients developing T1D, T cell mediated autoimmune reactions lead to the destruction of pancreatic beta cells in the islet of Langerhans. There is a close immunological link between the gastrointestinal tract and the pancreas as antigens derived from dietary compounds or gut microbiota might impair pancreatic immune response (see [87] for a recent review). Several models have been proposed linking the gut microbiome with the development of T1D. These include the Leaky Gut Hypothesis, the Hygiene Hypothesis, the Old Friends Hypothesis, and the Perfect Storm Hypothesis. According to the Leaky Gut Hypothesis, increased permeability of the gut epithelium results from loss of tight barrier function [88]. Thus, diet derived macro-molecules and microbial antigens can pass the epithelial barrier and consequently trigger intestinal inflammation. Further downstream, this might possibly lead to pancreatic beta-cell attack [87]. Indeed, several studies indicate that individuals with T1D show increased permeability of the gut epithelium [89-93]. Impaired butyrate production provides one explanation for a loss of tight barrier function, since butyrate is known to be the major source of energy for gut epithelial cells [74]. 
On a somewhat more general basis, the Old Friends Hypothesis stresses the role of commensal gut microbiota having co-evolved with their host organisms over long periods of time. Therefore, loss of contact with these microbial partners may show significant effects on the ability of the host’s immune system in educating its regulatory arm and maintaining homeostasis [94]. In healthy individuals, autoreactive immune reactions can be suppressed by Tregs generated in the thymus as well as in the periphery. Thus, lack of encounter with co-evolved commensal bacteria might substantially influence self-/non-self-recognition patterns. 
The Perfect Storm Hypothesis combines ideas from the Leaky Gut Hypothesis and the Old Friends Hypothesis by suggesting that a combination of increased permeability of the epithelial barrier, an altered microbial community composition and an impaired intestinal immune responsiveness interact collectively, leading to the development of anti-islet autoimmunity [95]. 
Along the lines of the Old Friends Hypothesis, the Hygiene Hypotheses claims that increasing T1D incidences being observed in Western societies result from a lack of contact with infectious agents due to increased hygienic conditions (see [96] for a recent review). Missing out pathogenic encounter in early childhood, the immune system lacks important early challenges which are required for proper priming. On the long run, such impairment leads to over-reaction of the immune system resulting in autoimmunity. 
A key for deriving a mechanistic explanation for the described hypotheses might lie in shifts in the SCFA balance, especially regarding butyrate production. Support for this claim comes from several cohort studies, showing associations between autoimmune diseases and reduced butyrate levels [7, 14]. Taken together, the gut microbiome has to be considered being a key factor in the early development of the host’s immune system. Therefore, a detailed understanding of the functional interplay between the gut microbiome and the host will possibly provide valuable insights into some of the environmental factors driving autoimmunity early in life. 
The development of anti-islet cell autoantibodies against pancreatic beta cells nicely fits into this scheme. With autoimmunity peaking around 9 months of age [1], this period coincides with both, substantial shifts in infant diet as well as with early priming of the immune system. Being the major driver of microbial community composition in the gut, dietary factors are expected to contribute to functional associations between gut microbiome and development of the disease. Opposition might stem from controversially discussed observations, such as the association of breast feeding with T1D development [97-99]. Nevertheless, heterogeneity of microbiome composition might well provide a basis for seemingly opposing observations. For example, differences in the type of formula milk being provided might as well significantly contribute to the observed heterogeneity as might other social and geographical factors leading to variations in the composition of the intestinal microbial community. Taking into account that the composition of formula milk constantly changes based on new scientific insight and further differs between geographic locations, the impact of formula diet on the gut microbial community is highly variable [31]. Furthermore, early introduction of solid food components, such as cereals, fruits and berries have been identified as possible factors contributing to the development of the disease [97, 100, 101]. Again, these dietary factors do not only vary both, geographically as well as with social status [102], but can also lead to substantial shifts in the microbial community [103]. One line of argumentation is based on the exact compounds being used to replace HMOs in industrially produced formula [104]. Accepting the position that HMOs provide an evolutionary derived competitive advantage for mucin degrading specialists such as A. muciniphila, early introduction of additional glycan sources might well shift the microbial community, favoring generalists (e.g. Bacteroides spp.) rather than the co-evolved specialists. To understand the role of the gut microbiome in T1D it will be crucial to combine the analysis of dietary patterns with a better understanding on factors driving microbial community composition in the gut and its consequences for human metabolism and early development of the immune system [105]. 
In addition to dietary factors, microbial community composition in the infant gut is further influenced by other co-factors such as mode of delivery, drug treatment, or other factors, such as geographic location. Interestingly, several of those have been associated with an increased risk of development of T1D. Thus, the microbiome provides a suitable route for understanding such relations and at the same time explaining controversial findings. For instance, highest incidences of T1D have been reported in Finland [106], and recent results from the TEDDY cohort indicate that Finnish children show relatively low bacterial diversity, increased abundances of Bacteroides spp. in combination with decreased abundances of Akkermansia [107]. Thus, geographical differences in microbial community composition might explain the observed differences in T1D incidences. 
Along these lines, birth via Caesarean section has been associated with increased risk for T1D development [108, 109]. Several hypotheses have been discussed to explain a possible association of T1D and mode of delivery [110]. One possible explanation is that vaginally delivered babies obtain their initial microbiome from the vaginal microbiome of their mothers [20]. Hence, the initial microbial colonization with commensal and/or pathogenic microbiota might contribute in shaping the initial immune system. Again, non-conclusive observations might be explained with variations in the stage of dietary maturation of the children, which in most cases has not been accessed. Even more, a combination of altered gut microbial community composition coming along with certain genetic factors, such as the IFIH1 polymorphism can potentially enhance the risk for T1D in children delivered by Cesarean section [109]. Other genetic risk factors which also show a link to altered microbial colonization are HLA genotype [111] and secretor state FUT2 [112, 113]. Several other genes associated with the host immune system have also been described for their impact on gut microbial composition [5].
Conclusions and future directions
Due to significant improvements in sequencing technologies we are now more and more able to access the full diversity of the human gut microbial community and characterize its metabolic potential. However, with regard to T1D we are just beginning to understand associations between the gut microbiome and pathogenesis of the disease. Factors contributing to disease development might be highly heterogeneous between individuals and it is likely that a combination of diverse factors is responsible for autoimmunity development. To tackle the complexity and the heterogeneity of this disease, large sample size cohorts and approaches integrating data from various sources will be required in future. Data from the TEDDY cohort [114] is currently analyzed, aiming at the identification of various factors contributing to disease development. The amount of different data sources being provided, the dense longitudinal sampling starting shortly after birth, as well as the large number of individuals being included in this cohort, provide a unique opportunity to tackle the complexity of these questions. 
	Recent advances in sequencing technologies revealed the comprehensive significance of viruses in shaping the functional repertoire of bacterial associations. Notwithstanding being important, this aspect has deliberately been left out of discussion for this review. It well deserves consideration on its own. For instance, bacteriophages substantially shape the microbial community and most likely also contribute to dysbiosis (see [115] for a recent review). The role of bacteriophages in shaping the infant immune system has rarely been studied. Phages might influence the immune system either directly or by modifying bacterial functions [116]. Thus, the complexity of these associations provides an additional level of complexity for analysis. 
To understand microbial factors contributing to disease development it will be crucial to unravel environmental factors shaping microbial community composition early in life and its impact on the developing immune system. Among these microbial factors, the potential to produce various fermentation products is strongly influenced by the diet of the host. Early data suggest that alterations in the proportions of SCFAs, such as butyrate, might be a potential mechanism contributing to the risk of developing T1D [7, 14]. Since dietary changes strongly shift microbial community composition early in life, it will be of substantial importance for the success of the endeavor to include detailed dietary information into the analyses focusing on the association of the gut microbiome and T1D development. Furthermore, starting with birth, early gut microbial communities undergo several changes triggered by the environment. Thus, very early sampling of the microbiome might be required to unravel the functional impact of the microbial community with regard to the developing infant immune system. As the gut microbiome constitutes a full ecosystem with microbial species depending on each other and competing for nutrient sources, it might not be sufficient to focus on individual microbes only, but rather to focus on interaction patterns of the community as a whole. The latter bears the chance to unravel functional relationships regarding the complex system of host microbiota interactions with the potential towards future strategies for prevention. 
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Figure legends
Figure 1: Microbial waves of succession. Initial colonization occurs shortly after birth. While first colonizers of vaginally delivered babies are related to the vaginal microbiome of the mother, children delivered via C-section host gut microbial communities that are more similar to the mothers skin microbiome. In the first weeks of life, the gut microbial community is strongly influenced by breast or formula milk feeding. At the time of weaning, the variety of different glycan sources increases rapidly and the gut microbial community shifts towards and adult like community. The timing of the successional waves depends strongly on the patterns of introduction of dietary components. Here, we provide estimates which can vary strongly between individuals.
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