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Abstract

:

Environmental factors, including nutritional habits or birth mode, are known key determinants for intestinal microbial composition. Investigations of the intestinal microbiome in different species in a multiplicity of studies during recent decades have revealed differential microbial patterns and quantities along the gastrointestinal (GI) tract. Characterization of the microbial pattern in various aspects is a prerequisite for nutritional interventions. In this 16S rRNA amplicon-based approach, we present a characterization of the mucosa-associated microbiome in comparison with the luminal community of four infants at the time of the closure of ileostomies and perform a systematic characterization of the corresponding luminal and mucosal microbiome from jejunal, ileal and colonic regions, as well as collected feces in mice. The most dominant taxa in infant-derived samples altered due to individual differences, and in the mucosa, Enterococcus, Clostridium sensu stricto 1, Veillonella, Streptococcus and Staphylococcus were the most abundant. Two less abundant taxa differed significantly between the mucosa and lumen. In murine samples, relative abundances differed significantly, mainly between the intestinal regions. Significant differences between mouse mucosa- and lumen-derived samples could be found in the observed species with a trend to lower estimated diversity in mucosa-derived samples, as well as in the relative abundance of individual taxa. In this study, we examined the difference between the mucosal and luminal bacterial colonization of the gastrointestinal tract in a small sample cohort of preterm infants. Individual differences were characterized and statistical significance was reached in two taxa (Cupriavidus, Ralstonia). The corresponding study on the different murine intestinal regions along the GI tract showed differences all over the intestinal region.
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1. Introduction


Facilitated by the rapid developments in molecular biology techniques, our understanding of the human microbiome, the naturally occurring communities of microbes, has increased dramatically during recent decades [1]. Today, we know that the healthy, adult human body is colonized by a vast number of microbes, even in habitats thought to be sterile for a long time [2]. In infants, the main colonialization with microbes starts immediately after birth [3,4], and research on the dynamics and development of an emerging human microbiome is of superior interest to understand the human microbial community and subsequently use these findings for the development of future therapeutic strategies [5]. The early microbiome represents a very fragile and vulnerable community susceptible to negative perturbations [6] as well as for positive interventions by the application of, for example, pre- and probiotics [7,8,9], to develop a stable adult gut community [10].



One of the key questions that still need to be answered is “what is normal” during the shaping of the human microbial community. Therefore, accurate characterization and understanding of the infant gut microbiome during the first years of life and over the different intestinal regions is a fundamental prerequisite for all therapeutic aspects. Under physiological conditions, the healthy newborn microbiome during the first days of life is dominated by Actinobacteria (mainly Bifidobacterium), Firmicutes, Proteobacteria (with Lactobacillus spp. resembling the vaginal microbiome) and Bacteroidetes [11,12]. The newborn microbiome, however, is significantly affected by the mode of delivery [13] and nutritional habits such as breast or formula feeding [14] as well as environmental factors such as frequent disinfection or the application of antibiotics [15]. Breast milk oligosaccharides, fatty acids and other milk components have been described to promote the abundance of Bifidobacterium and other advantageous taxa and prevent pathogenic bacteria to bind to host cell receptors [16,17]. The introduction of plant oligosaccharides and solid food later during weaning causes a shift of the infant’s microbiome in the direction of the phyla Bacteriodetes (Bacteroides) and Firmicutes (Clostridium, Streptococcus) [18] and also reduces the abundance of Actinobacteria (Bifidobacterium) [12]. Finally, the interaction between the host immune system and the microbiota is known to shape the intestinal community during development as an essential factor for the training and development of the host’s innate and adaptive immune system [19,20].



The gut mucosa plays a unique role as an interaction space between the host’s immune system and the microbial community. Mucosa- and lumen-associated microbiota differ in their pattern, and nutritional supplementation might have a different impact on the respective microbial communities. In particular, the mucosa-associated microbiome plays a pivotal role in the development of the innate immune system in infants and in the long-term defense against bacterial pathogens such as Clostridium sp. or Salmonella sp. [21]. From studies of the entire gastrointestinal (GI) tract of adult patients, we know that the mucosa of the intestine is dominated by Bacteroidetes, Firmicutes and Proteobacteria, with distinct profiles along the different sections [22]. For example, Proteobacteria (Pseudomonadaceae) and Firmicutes (Veillonellaceae, Streptococcaceae) are reported to dominate the mucosa of the upper GI tract of adults but decrease in favor of Bacteroidetes (Bacteroidaceae, Rikenellaceaea, Bacteroides and Prevotella) in the lower GI tract [22,23]. A systematic analysis of the mucosa-associated landscape of the adult, healthy GI tract confirms the varying microbial profiles along the GI tract shaped by different niche factors along the intestine such as oxygen level, nutrients, ph and others [23].



However, data on the mucosa-associated microbiome of human neonates and infants and potential differences to the luminal microbiome are rare and valuable as this early time is of decisive meaning for the later mature microbiome. Studies performed in neonatal piglets have shed light on the development of the intestinal and mucosa-associated microbiome during the first days of life and the codevelopment of the immune system. The mucosa of the small and large intestine shows different dynamics concerning postnatal bacterial colonization related to divergent functions of the different intestinal regions [24]. Although a multiplicity of studies has analyzed the fecal microbiome of neonates and infants, the influence of administration of pre- and probiotics or the effect of formula feeding and nutritional supplementation [25,26,27,28], little is known about the differences of the infants’ microbiome along the GI tract and the particularities of mucosa and stool. It is precisely this information that is of great importance in order to develop therapeutic interventions in severe pediatric diseases, including necrotizing enterocolitis [29].



The aim of this study was therefore to characterize the luminal versus the mucosal bacterial microbiome in surgically treated preterm infants after enterostomy (ileostomy) creation. We show the bacterial colonization in both tissue types, and we thus provide data that represent an important basis for evaluating microbial development in early childhood. Further, we hypothesize to find corresponding differences in mucosa- and lumen-associated microbial colonization in a mouse model over the different intestinal regions. Therefore, we show the bacterial composition in mice by comparing the lumen and mucosa, and we analyze the course of the microbial composition along the GI tract in mice as a model organism. We sought to describe differences (1) between the mucosa-associated (resident) and luminal (transient) microbiome in the gastrointestinal tract in surgically treated pediatric patients the first time and (2) along the gastrointestinal tract in mice, demonstrating the overriding message of our work on preterms.




2. Materials and Methods


2.1. Human Measurements


Following ethical approval (EK 28-362 ex15/16) and informed written consent of the parents or legal guardians, the luminal and mucosal intestinal microbiome was assessed in four infants treated with ileostomies at the time of closure of the stomata. Before the operation, stool was collected from the proximal stoma and immediately stored at −80 °C. During the operation, an annular segment of the stoma was removed, carefully washed with phosphate-buffered saline (PBS) and stored at −80 °C. Detailed clinical information of the four included infants is shown in Table 1.




2.2. Murine Measurements


Fecal samples of eight nonpregnant female mice (B6CBAF2) were collected prior to euthanasia. Thereafter, mice were euthanized, the gastrointestinal tract was removed and the jejunum (3 cm distally of the ligament of Treitz), ileum (3 cm proximally of the ileocecal valve) and colon (3 cm distally of the ileocecal valve) were separated and opened on the antimesenterial side. The contents from each segment were collected to assess the luminal microbiome. Any residual contents were removed by thoroughly rinsing the bowel segments with PBS. Samples of 2 × 2 mm were collected for analysis of the mucosal microbiome. All samples were stored at −80 °C until further processing.




2.3. Total DNA Isolation, Library Preparation and Sequencing


Total DNA isolation was performed as published in Klymiuk et al. [30] with the MagNA Pure LC DNA III Isolation Kit (Bacteria, Fungi) (Roche, Mannheim, Germany) in a MagNA Pure LC device (Roche, Mannheim, Germany) with some modifications. Briefly, biopsy samples were homogenized in 500 µL of bacterial lysis buffer in MagNA Lyser Green Bead tubes (Roche, Mannheim, Germany) at 6500 rpm for 30 s three times. Samples were treated with 25 µL of Lysozyme (100 mg/mL) at 37 °C for 30 min and 43.4 µL of Proteinase K (43.4 µL at 20 mg/mL) at 65 °C overnight. After heat inactivation at 95 °C for 10 min, 250 µL of the sample was used in the MagNA Pure according to the manufacturer’s instructions, and total DNA was eluted in 100 µL of elution buffer. For stool or luminal samples, 75 mg sample was mixed thoroughly with 500 µL PBS. A 250 µL volume of the stool suspension was mixed with 250 µL of bacterial lysis buffer in MagNA Lyser Green Bead tubes (Roche, Mannheim, Germany) and mechanically treated at 6500 rpm for 30 s two times. Samples were treated with Lysozyme and Proteinase K (for 1 h) as described for the mucosa samples and loaded to and processed at the MagNA Pure LC device according to the manufacturer’s instructions. Total DNA was eluted in 100 µL as described above. DNA was stored at −20 °C until analysis. For PCR 16S rRNA amplification, 5 µL of biopsy-derived DNA and 2 µL of stool-derived DNA were used in a 30-cycle PCR reaction with the primers 27F-AGAGTTTGATCCTGGCTCAG and 357R-CTGCTGCCTYCCGTA spanning the V1-2 hypervariable regions [31], as published before [30]. Triplicates were pooled, 7.5 µL of the pool were used in an 8-cycle indexing PCR and 5 µL of each sample pooled to the final library. A 30 µL volume of the library was loaded to a 1.5% agarose gel and purified using the QIAquick Gel Extraction Kit (Qiagen, Hiden, Germany) according to the manufacturer’s instructions. After QC on an Agilent 2100 BioAnalyzer, samples were sequenced on an Illumina MiSeq desktop sequencer (Eindhoven, The Netherlands) with v3 chemistry for 2 × 300 cycles. FastQ files were used for data analysis.




2.4. 16S Data Analysis


A total of 976,241 (human) and 8,585,778 (mouse) MiSeq paired-end raw sequence reads were quality filtered, denoised, dereplicated, merged and checked for chimeras using the DADA2 pipeline [32] with standard settings as implemented in the QIIME2 2018.4 microbiome bioinformatics platform [33] integrated into an own nonpublic instance of Galaxy [34]. Taxonomic assignment of the DADA2 [32] representative sequences was provided with the QIIME2 sklearn-based classifier against the SILVA rRNA database Release 132 at 99% identity [35]. A phylogenetic tree was created with FastTree on Mafft-aligned representative sequences [36]. Further downstream statistical data analysis, including alpha and beta diversity, was conducted with the R 3.5.3 program for statistical computing. Summarized absolute counts from an OTU table on genus level were used to assess the abundant changes of each genus between the luminal and tissue samples. To calculate the size factors for the normalization of the feature table, we used the GMPR method, which was specially developed for microbiome (zero-inflated count) data [37]. Significant differential abundant changes between investigated groups were tested using the DESeq2 method [38] that uses shrinkage estimation for dispersions and fold changes by fitting a generalized linear model to each taxa. To correct for type I errors from multiple comparisons, the Benjamini–Hochberg approach was applied.





3. Results


On average, 122,030 raw sequence reads were analyzed per human sample (range: 11,092 to 232,757) and 153,317 per mouse-derived sample (range: 12,976 to 263,761). Rarefaction levels were set to 5800 in human-derived samples and to 9200 in murine samples. All FastQ raw data can be accessed through the SRA accession number PRJEB42814 at the European Nucleotide Archive (ENA).



3.1. Human-Derived Samples: Bacterial Pattern in the Mucosa and Corresponding Luminal Samples


For this study, four children (aged two to nine months) with ileostomies due to various reasons were included (Table 1). Differences in the bacterial pattern and abundance between the mucosa and lumen were analyzed in these pediatric cohort samples. Alpha diversity metrics analysis (phylogenetic diversity (PD) whole tree) revealed significantly higher phylogenetic diversity levels in mucosa-derived samples compared to luminal ones (p-value = 0.031). Other performed alpha diversity calculations (observed operational taxonomic units, OTUs, p-value = 1.00, Shannon diversity index p-value = 0.625, PD Faith = 0.125) did not result in statistically significant differences between luminal and mucosal samples. Beta diversity calculations did not result in statistically significant differences between the two sample groups (Anosim Bray–Curtis p-value = 0.725, Anosim weighted UniFrac p-value = 0.646, Adonis Bray–Curtis p-value = 0.827, Adonis weighted UniFrac p-value = 0.659). Weighted UniFrac-based PCoA clustering exhibited clustering according to the proband rather than the tissue type (Figure 1a). Furthermore, the five most abundant genera found in the human mucosa samples were Streptococcus, Clostridium sensu stricto 1, Enterococcus, Staphylococcus and Veillonella (Figure 1b and Supplementary Table S1). The most abundant phyla in lumen and mucosa samples were Firmicutes (mucosa: 77.24%, lumen: 85.63%) followed by Proteobacteria (mucosa 14.97%, lumen 5.52%) and Bacteroidetes (mucosa 4.62%, lumen 6.83%) but without statistically significant differences between the mucosa and lumen (adj. p-value Firmicutes = 0.804, p-value Proteobacteria = 0.675, p-value Bacteroidetes = 0.984). DSeq2 analysis at the genus level, however, revealed significant differences for Cupriavidus (adj. p-value = 0.029; 435 reads and 0.52% relative abundance in the mucosa) and Ralstonia (adj. p-value = 0.029; 314 reads and 0.38% relative abundance in the mucosa) with an increased abundance of all three taxa in the mucosa compared to luminal samples (Figure 2 and Supplementary Table S2). Elizabethkingia (adj. p-value = 0.078; 1120 reads and 1.35% relative abundance in the mucosa) just missed the statistical significance but should still be considered here as the most abundant from those three. However, there were no significant differences between the specimen types over all infants. In luminal samples of the probands, the five genera were found with different frequencies, and the most abundant genera were Clostridium sensu stricto 1, Enterococcus, Staphylococcus, Veillonella and Streptococcus (Figure 1c and Supplementary Table S2).




3.2. Mouse-Derived Samples: Differences in Tissue Type and Characterization along Intestinal Passages


To compare and interpret the rare and extremely valuable data derived from infant samples, we additionally analyzed the differences of the bacterial pattern between mucosal and luminal bacterial DNA in mice along the three intestinal regions (jejunum, ileum and colon) and finally in comparison to the freshly sampled fecal pellet. Alpha diversity calculations revealed significant differences in the observed species (adj. p-value = 0.047) but not in the Shannon diversity index (adj. p-value = 0.445) between the mucosa and lumen in the jejunum (Table 2). All other intestinal regions analyzed did not reveal statistically significant differences in alpha diversity calculations between the lumen and mucosa (Table 2). Adonis testing on weighted UniFrac distance values revealed statistically significant differences between the mucosa and lumen in the jejunum only but not in the other investigated intestinal regions (Table 2). PCoA clustering of weighted UniFrac distances showed clustering of samples according to the intestinal region rather than the sample origin (lumen/mucosa) with the exception of the jejunal samples (Figure 3). Correspondingly, DESeq-based analysis of differential abundances between the mucosa and lumen in jejunal samples calculated over all mice revealed Lachnospiraceae NK4A136 group sp., Romboutsia sp., Turicibacter sp., Escherichia-Shigella sp. and Akkermansia sp. to differ significantly (Supplementary Table S3). Nevertheless, the relative abundances of the ileal samples of the genera Romboutsia sp., Lachnospiraceae ssp., Lachnospiraceae NK4A136 group as in the jejunal tissue, Escherichia-Shigella sp., Akkermansia sp., Enterococcus sp. and four more taxa beyond a baseMean value of 100 (Supplementary Table S3) were significantly different in mucosa compared to lumen samples. Additionally, Lachnospiraceae other sp. and Roseburia sp. were taxa differentially abundant in colonic samples (Supplementary Table S3).



Shannon diversity indices did not differ between these sample groups in mucosa-derived specimens at all. The Shannon diversity indices in lumen-derived samples along the GI tract showed significance between jejunum vs. colon (adj. p-value = 0.047) and ileum vs. colon (adj. p-value = 0.047) but not between jejunum vs. ileum and colon vs. feces, respectively (Table 2). Observed species did not reveal statistically significant results in any of the described comparisons. In lumen-derived samples along the GI tract, we found significant beta diversity differences (Adonis, weighted UniFrac) in jejunum vs. colon (adj. p-value = 0.004) and ileum vs. colon (adj. p-value = 0.004) but not in the comparisons of jejunum vs. ileum or colon vs. feces (Table 2). Analyzing the different intestinal regions, we found beta diversity differences of mucosal samples (Adonis, weighted UniFrac) in the comparison of jejunum vs. colon (adj. p-value = 0.004) and ileum vs. colon (adj. p-value = 0.004) but no significant differences comparing jejunum and ileum (adj. p-value = 0.200) and neither in colon vs. feces (adj. p-value = 0.324) (Table 2).



As differential abundant genera from DESeq analysis in the mouse mucosa along the examined intestinal regions, we identified, with a baseMean over 100, Romboutsia sp. in the comparison of jejunum vs. ileum, Turicibacter sp., Lachnospiraceae NK4A136 group sp., an uncultured Lachnospiraceae genus, Romboutsia sp., two Enterobacteriaceae genera and Lachnoclostridium sp. in the comparison of ileum vs. colon and two Enterobacteriaceae genera and Lachnoclostridium sp. in the comparison of jejunum vs. colon (Supplementary Table S4). In the luminal samples, we found the differentially abundant genera Turicibacter sp., Lachnospiraceae NK4A136 group sp., an unclassified Lachnospiraceae genus, Romboutsia sp., Enterobacteriaceae, Enterobacter sp., Lachnoclostridium sp., Enterococcus sp. and Sporosarcina sp. in the comparison of ileum vs. colon (Supplementary Table S5). Analyzing jejunum vs. colon we found similar taxa to be differently abundant namely Turicibacter sp., Lachnospiraceae NK4A136 group, Lachnospiraceae, Romboutsia sp., Enterobacteriaceae, Enterobacter sp., Lachnoclostridium sp., Clostridium sensu stricto 1 sp. and Sporosarcina sp. (Supplementary Table S5). Moreover, the comparison of jejunum vs. ileum in the luminal samples resulted only in three relevant taxa with significant differences in abundances, namely Romboutsia sp., Enterobacteriaceae and Lachnoclostridium sp. (Supplementary Table S5). Additionally, for differential abundant taxa analysis, we performed LefSe calculations on lumen vs. mucosa in jejunum, ileum and colon samples (Figure 4a–c). On the D5 level in jejunum samples Turicibacter, Romboutsia and Elizabethkingia were significantly differentially abundant genera between the lumen and mucosa, although Elizabethkingia had a relative abundance of less than 1% (Figure 4a). In ileum-derived samples, the genera Romboutsia and Lachnospiraceae NK4A136 group were significantly different, with a relative abundance above 1% (Figure 4b), and in colonic samples, none of the significantly different genera had a relative abundance of more than 1%. The significant differences in this intestinal region were found at the family or order level (Figure 4c and Supplementary Table S6).



The overall relative abundance of bacterial genera in the lumen and mucosa along the analyzed intestinal regions is shown in Figure 5. In both luminal and mucosal samples, the most dominating taxa were Lachnospiraceae NK4A136 group, Turicibacter sp. and Lachnospiraceae other, Escherichia-Shigella sp. and Romboutsia sp. (Figure 5).





4. Discussion


Our human study provides for the first time an insight into the developing microbiome of the gastrointestinal tract of four surgically treated preterm infants, considering potential differences of the luminal and mucosal microbiome. Our mouse model analyzed correspondingly confirmed the data situation and gave our findings of differences in the luminal and mucosal microbiome to be considered before performing interventions, an overarching statement. Following the advent of refined microbiological techniques, there are a plethora of studies describing the developing gastrointestinal microbiome of healthy newborns and infants [39]. However, due to accessibility, the majority of these studies are based on a description of the fecal microbiome [40]. Additionally, it is a well-known fact that the bacterial microbiome differs significantly along the sections of the gastrointestinal tract [23]. In 2013, Barrett and coworkers described the microbial diversity and stability of the preterm neonatal ileum and colon of two infants and found that the human infant ileum and colon are dominated by bifidobacteria and the microbiota of the neonatal ileum/colon in ileostomy/colostomy infants is dynamic and unstable, with large changes observed at genus level over the duration of this study [41]. Nevertheless, potential differences of the mucosal and luminal microbiome have not been examined in detail before.



We were able to reveal significantly higher abundances in the mucosa-associated microbiota in two taxa compared to the luminal contents (Cupriavidus and Ralstonia), and one taxon showed a trend to become significant (Elizabethkingia) by DSeq2 analysis over all infants included. Ralstonia sp. and Cupriavidus sp. are overlapping genera known as environmental Gram-negative bacteria belonging to the class Betaproteobacteria of low virulence, rarely causing infections in nonimmunosuppressed humans [42,43]. Nevertheless, the gastrointestinal tract of neonates suffering from necrotizing enterocolitis was already described in a study by Smith et al. in 2011 to be colonized with Ralstonia sp. in seven out of eight studied cases [44]. In our study, Ralstonia sp. reads were present in all analyzed mucosa samples, although the relative abundance of the genus ranged from 0.05% to 1.24%, putting the biological or pathogenic relevance into question. Similarly, the occurrence of Cupriavidus sp. in all mucosa samples but in only one luminal sample, with relative abundances of 0% up to 1.63%, caused a significant difference between the mucosa and lumen. However, the biological importance also remains to be viewed critically due to the low relative frequency. In our mice samples, the relative abundance of Cupriavidus sp. also did not exceed the 1% threshold in any of the analyzed groups. Elizabethkingia sp. is a frequent but rarely pathogenic Gram-negative bacterium whose presence in children was reviewed in detail in Dziuban et al. in 2017 [45]. From intestinal studies, we know that the genus Elizabethkingia sp. is present in the mucosa of ulcerative colitis (UC) patients and significantly higher in exacerbated UC [43]. In our infant samples, we found an increased abundance of this genus in the mucosa compared to the lumen. From several studies on hospitalized patients, we know the genus was present in the hospital environment, and an uptake during the hospitalization period of the patients cannot be ruled out [44]. The same holds true for the infants included in the present study who all suffered from severe diseases necessitating the creation of an enterostomy. As a potential pathogen, monitoring of the Elizabethkingia ssp. load might be of interest, and nutritional interventions might be considered to prevent the colonization of infant’s mucosa with this genus. In the murine study cohort, the genus was present in the mucosa with significantly different abundance compared to the lumen only in the ileum but with a relative abundance of 0.05% (133 total reads), as such questioning the biological relevance of the genus in mice.



The lack of more significantly different taxa in all hierarchical levels might be caused by the low sample number as well as the interindividual differences of the patients. An insufficient washing procedure and residual nucleic acids of luminal taxa at the mucosa samples might be an additional explanation, although this was considered and performed at the best possible. The significant difference in PD whole tree diversity analysis between the mucosa and lumen might be based on biological conditions, but the number of samples analyzed here was limited and thus should be considered as preliminary results. The five most abundant genera that were found in the samples with different frequencies (Clostridium sensu stricto 1, Enterococcus sp., Staphylococcus sp., Streptococcus sp. and Veillonella sp.) were also found in the same manner in other studies on children’s gut microbiome [12]. For comparative analysis with further studies on children’s samples, we uploaded all data to the ENA archive, and the microbial pattern of not significantly different taxa can be reviewed in the provided Supplementary Material.



In our comparable study in mice, we also report significant differences between mucosa- and lumen-associated microbiota in the intestinal regions (jejunum, ileum and colon). Similarly, we encountered differences for each of the sample materials along the course of the GI tract. Alpha and beta diversity calculations showed statistically significant alterations between the sample sources (luminal vs. mucosal) within an intestinal region as well as within one sample type along the GI tract sections. Taxa with the highest relative abundance significantly different between the mucosa and lumen in the mouse jejunum were Turicibacter sp., Lachnospiraceae NK4A136 sp., Escherichia-Shigella sp. and Romboutsia sp. Considered more closely, Turicibacter is a genus in the phylum Firmicutes and frequently detected in GI tracts of humans and animals [46]. In our study, we found the genus Turicibacter in both sample types but overrepresented in the lumen compared to the mucosa-associated microbiome in all intestinal regions analyzed. This is in contradiction to the results of a recently published study on the comparison of luminal and mucosa-associated microbiota in mice reporting that the genus Turicibacter was associated with the mucosa in the duodenum [47]. The relative abundance decreased in our study from the jejunum to the ileum and to the colon, suggesting a main functional role of the genus in the upper GI tract. Although the genus was published to be present in human fecal samples too, no reads mapped to this taxon in infants-derived samples in our study. Lachnospiraceae NK4A136 sp. in mice was a very dominant, mucosa-associated genus corresponding to former studies [47], with slightly decreasing abundance from the jejunum to the colon indicating fermentative functions in the upper GI tract as altered in other functional studies [48]. Romboutsia significantly differed between the mucosa and lumen in the jejunum and ileum, with the far highest relative abundance was in the lumen of the ileum, confirming the results of former studies on the fermentative action of this genus in the small intestine of rats [49] as well as humans [50], although not present in our data of infants. Shigella and Escherichia are closely related strains, both belonging to the family Enterobacteriaceae and both with possibly pathogenic potential [51]. The occurrence of which should be observed in samples and possibly treatment with beneficial microbes should be considered.



Differences between the analyzed intestinal regions in the mucosa and lumen, e.g., characterized by Romboutsia, Turicibacter, Lachnospiraceae NK4A136 or Enterobacter, were of course expected due to the different functional requirements of the regions (Supplementary Tables S4 and S5).



Limitations of our study performed in infants are the low number of included patients and its observational design. Nevertheless, the creation of enterostomies is a relatively rarely performed procedure in infants suffering from severe diseases such as necrotizing enterocolitis, meconium-related ileus or spontaneous ileal perforation, and data on these diseases are of immense value. Further, the upload of these data to public databases is an important way to get more data for comparative analysis. In order to confirm our findings and deepen the understanding of the bacterial microbiome in the different sections of the gastrointestinal tract in infants larger multicentric studies are necessary.



In conclusion, we found a different pattern of mucosal and luminal bacterial microbiota in surgically treated infants, although only a small sample cohort on four ileum-derived samples was available. Our corresponding study on the different murine intestinal regions along the GI tract showed differences all over the intestinal region that should be characterized and considered regarding the effect of potential nutritional supplementation as mucosa- and lumen-associated microbiota might be affected in different ways and have different tasks for a healthy microbial community.
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Figure 1. PCoA clustering and the most abundant genera in human samples. (a) PCoA plot with weighted UniFrac analysis of human luminal and mucosa samples revealed clustering according to the proband rather than the tissue type. Dot colors indicate the different probands, circles are lumen-derived samples and triangles are mucosa-derived samples. Pie chart of the five most abundant genera of the (b) mucosal and (c) luminal bacterial microbiome. 
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Figure 2. Genus-level significance plots of two genera significantly different in their abundance between mucosa- and lumen-derived samples in human infant samples and one genus that just missed the statistical significance. Cupriavidus (adj. p-value = 0.029); Ralstonia (adj. p-value = 0.029). Elizabethkingia (adj. p-value = 0.078) just missed statistical significance. For relative abundances and absolute read numbers, see Supplementary Table S2. LU: lumen, MU: mucosa. 
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Figure 3. PCoA plot of weighted UniFrac analysis of mouse luminal and mucosa samples. Stool samples were collected from the anus. Clustering along the intestinal regions rather than the tissue type was observed, except for jejunal samples, where mucosa- and lumen-derived samples differed significantly (adj. p-value = 0.045). 
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Figure 4. Linear discriminant (LDA) and effect size (LefSe) analysis for mucosa versus luminal samples along the GI tract: (a) jejunum, (b) ileum and (c) colon in mice. 
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Figure 5. Bar charts of relative abundances of bacterial genera in the lumen (LU) and mucosa (MU) along the murine gastrointestinal tract (jejunum, ileum, colon, feces) over all mice studied. The 29 most abundant genera are presented (14 most dominant named individually), with at least 1% relative abundance in at least one of the analyzed groups. 
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Table 1. Detailed clinical information of the four infants included in the measurement of potential differences of the luminal and mucosal microbiome.
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	Patient ID
	Gender
	Gestational Age

(weeks)
	Birth Weight

(g)
	Diagnosis
	Age at Creation Stoma
	GI Region
	Age at Closure

Stoma





	1
	male
	27 + 6
	720
	Meconium-related ileus
	5 days
	ileostomy
	2 months



	3
	female
	25
	600
	Spontaneous perforation in ileum
	4 days
	ileostomy
	3 months



	4
	male
	29 + 2
	650
	Meconium-related ileus
	3 days
	ileostomy
	4 months



	5
	male
	24 + 5
	720
	Necrotizing enterocolitis
	27 days
	ileostomy
	9 months
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Table 2. Alpha diversity (Shannon, observed species, PD.faith) and beta diversity (weighted UniFrac) calculations of mouse-derived samples. Comparisons were calculated for the tissue differences MU: mucosa, LU: lumen, *: statistically significant with a p-value smaller than 0.05.
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	Jejunum (MU vs. LU)
	R2
	p-Value
	adj. p-Value





	Shannon div. index
	
	0.148
	0.445



	Observed species
	
	0.016 *
	0.047 *



	PD.faith
	
	0.844
	



	Adonis (weighted UniFrac)
	0.265
	0.015 *
	0.045 *



	Ileum (MU vs. LU)
	
	
	



	Shannon div. index
	
	0.547
	0.742



	Observed species
	
	0.055
	0.080



	PD.faith
	
	0.844
	



	Adonis (weighted UniFrac)
	0.657
	0.201
	0.302



	Colon (MU vs. LU)
	
	
	



	Shannon div. index
	
	0.742
	0.742



	Observed species
	
	0.195
	0.195



	PD.faith
	
	0.383
	



	Adonis (weighted UniFrac)
	0.057
	0.437
	0.437



	MUCOSA Shannon
	
	0.046 *
	



	Jejunum vs. Ileum
	
	0.250
	0.330



	Jejunum vs. Colon
	
	0.039 *
	0.156



	Ileum vs. Colon
	
	0.078
	0.156



	Colon vs. feces
	
	0.640
	0.640



	MUCOSA observed species
	
	0.745
	



	MUCOSA Adonis weighted UniFrac
	0.366
	0.002 *
	



	Jejunum vs. Ileum
	0.350
	0.155
	0.200



	Jejunum vs. Colon
	0.400
	0.001 *
	0.004 *



	Ileum vs. Colon
	0.103
	0.002 *
	0.004 *



	Colon vs. feces
	0.074
	0.324
	0.324



	LUMEN Shannon
	
	0.005 *
	



	Jejunum vs. Ileum
	
	0.945
	0.945



	Jejunum vs. Colon
	
	0.023 *
	0.047 *



	Ileum vs. Colon
	
	0.016 *
	0.047 *



	Colon vs. feces
	
	0.844
	0.945



	LUMEN observed species
	
	0.083
	



	LUMEN Adonis weighted UniFrac
	0.495
	0.001 *
	



	Jejunum vs. Ileum
	0.075
	0.260
	0.347



	Jejunum vs. Colon
	0.578
	0.001 *
	0.004 *



	Ileum vs. Colon
	0.486
	0.002 *
	0.004 *



	Colon vs. feces
	0.009
	0.895
	0.895
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