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ABSTRACT
Background: Alaska Native (AN) people have the world’s highest recorded incidence of sporadic colorectal cancer (CRC) (~91:100,000), whereas rural African (RA) people have the lowest risk (<5:100,000). Previous data supported the hypothesis that diet affected CRC risk through its effects on the colonic microbiota to produce tumorsuppressive or -promoting metabolites.
Objectives: Here, we investigate whether differences in these metabolites may contribute to the high risk of CRC in AN people.
Design: A cross-sectional, observational study assessed dietary intake from 32 AN and 21 RA healthy middle-aged volunteers prior to screening colonoscopy. Analysis of fecal microbiota composition by 16S rRNA gene sequencing and fecal/urinary metabolites by 1H-NMR spectroscopy was complemented with targeted quantification of fecal short-chain fatty acids, bile acids and functional microbial genes.
Results: Adenomatous polyps were detected in 16 of 32 AN, but not found in RA participants. The AN diet contained higher proportions of fat and animal protein and less fiber. AN fecal microbiota showed a compositional predominance of Blautia and Lachnoclostridium and higher microbial capacity for bile acid conversion, low abundance of some species involved in saccharolytic fermentation (e.g., Prevotellaceae, Ruminococcaceae), but no significant lack of butyrogenic bacteria. Significantly lower levels of tumorsuppressive butyrate (22.5 ± 3.1 vs. 47.2 ± 7.3 µmol/g) coincided with significantly higher concentrations of tumor-promoting deoxycholic acid (26.7 ± 4.2 vs 11 ± 1.9 µmol/g) in AN fecal samples. AN participants had lower quantities of fecal/urinary metabolites relative to RA and metabolite profiles correlated with abundance of distinct microbial genera in feces. The main microbial and metabolic CRC-associated markers were not significantly altered in AN participants with adenomatous polyps.
[bookmark: _GoBack]Conclusions:  The low-fiber, high-fat diet of AN people and exposure to carcinogens derived from diet or environment are associated with a tumor-promoting colonic milieu as reflected by the high rates of adenomatous polyps in AN participants.
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INTRODUCTION
Colorectal cancer (CRC) is the fourth leading cause of cancer deaths worldwide and shows rising incidence in most countries (1,2). The majority of sporadic CRC cases results from accumulated genetic alterations in response to detrimental environmental factors, in particular diet (3,4). Recent meta-analyses provided convincing evidence for red and processed meat (involving high amounts of fat) increasing and fiber reducing CRC risk (5,6). Dietary fiber is indigestible for the host and fermented by the gut microbiota to short-chain fatty acids (SCFA), particularly butyrate, that demonstrate potent anti-proliferative and anti-neoplastic effects in the colon (7). A high consumption of fat stimulates hepatic synthesis of bile acids and their delivery to the colon, where they undergo complex biotransformation performed by gut bacteria. This results in high concentrations of secondary bile acids such as deoxycholic acid (DCA), which shows experimental tumorigenic activity (8). A series of studies by our group has demonstrated that healthy rural Africans, who rarely get CRC (<5:100,000) and consume a diet rich in fiber and low in fat, show significantly higher levels of SCFA and lower levels of bile acids in feces than African Americans, who consume a low-fiber, high-fat diet and have the highest CRC incidence in the contiguous US (49:100,000) (9). A diet switch among volunteers from these two populations led to reciprocal changes in fecal SCFA, bile acids and related functional microbial genes of the gut microbiota (10). Critically, this correlated with changes in mucosal markers of CRC risk (10). 
While CRC rates are high in industrialized countries with “Western diets”, the world’s highest risk for CRC was paradoxically revealed in a population that still pursues a traditional lifestyle in remote communities: Alaskan Native (AN) people have the world’s highest reported risk for CRC (~91:100,000), but their frequency of genetic mutations predisposing for CRC seems to be similar to other populations in the US (11–14). We aimed to investigate how the diet of AN people impacts the composition and function of the gut microbiota and related metabolic markers that are associated with increased CRC risk. Since the diet of AN people is rich in fat and low in fiber, we evaluated our results by comparison to rural African (RA) people from South Africa, who have a low-fat, high-fiber diet. 
METHODS
Study population and sample collection
Healthy Alaska Native (AN) people and healthy rural African (RA) individuals were recruited for this study. Inclusion criteria were AN or RA heritage, respectively, and regional resident for at least the past 5 years. Exclusion criteria were: history of cancer, medical treatment for bowel conditions (e.g., ulcers, diarrhea), history of bowel disease (e.g., Crohn’s disease, ulcerative colitis), previous bowel surgery resulting in chronic diarrhea, diagnosis of HIV, antibiotics within past 12 weeks, on insulin, on pre-/probiotics, or on steroids (Supplemental Figure 1). Informed consent was acquired before enrollment of study participants. A colonoscopy was performed for every study participant, where number of polyps was quantified and polyps removed. Research nurses collected participant diet data using an annual food frequency questionnaire containing traditional AN or RA foods, respectively(15). The average dietary intake of all macro- and micronutrients was calculated using values normalized to 1000 kcal intake. Study participants were asked to collect a sample from the first stool and urine passed in the morning into sterile plastic containers. Samples were stored at 4°C, collected and transported on ice to be stored frozen at -70°C. The Alaska Area Institution Review Board (#2012-07-029), University of Pittsburgh Institution Review Board (PRO 08100243) and the University of KwaZulu-Natal Medical Ethics and Research Committee (REF: BE006/01) provided ethical review and approval for the study. Tribal approval was received from Alaska Native Tribal Health Consortium, Southcentral Foundation, Artic Slope Native Association and Samuel Simmonds Memorial Hospital Administration.  
16S rRNA gene sequencing and taxonomic analysis
DNA was extracted from frozen fecal samples using a DNA Stool Mini kit (Qiagen, Venlo, The Netherlands) according to the manufacturer’s recommendations. A bead-beating step was included to increase the yields of DNA extracted from gram-positive bacteria. Extracted DNA was PCR-amplified using the method/primers of Caporaso et al. and the Q5 HS High-Fidelity polymerase (NEB, Ipswich, MA, USA) (16). See online supplementary file for details on sample processing, taxonomic and statistical analysis.
1H-Nuclear Magnetic Resonance (1H-NMR) spectroscopy
Urine and fecal water samples were analyzed using 600 MHz 1H-NMR spectroscopy using established protocols (17,18). Spectra were referenced to an internal standard, baseline and phase corrected using in-house software, and imported into MATLAB (R2014a). Urine spectra were digitized to the chemical shift range δ 0.3 to 10, excluding the water resonance at δ 4.71 to 4.91 and urea at δ 5.48 to 6.10. Fecal water spectra were digitized to the chemical shift range δ 0.3 to 10, excluding the water resonance at δ 4.62 to 5.18 and polyethylene glycol signals at δ 3.63 to 3.81. Metabolites were identified using different statistical and analytical techniques (19). See online supplementary file for details on data analysis.
Quantification of short-chain fatty acids
Fecal SCFA were analyzed by gas chromatography (GC) as described previously (9). 
Quantification of bile acids
Fecal bile acids were quantified by high pressure liquid chromatography (HPLC) coupled with mass spectrometry (MS) using electrospray ionization in negative ion mode by monitoring the (M-H)- ion as described earlier (9). 
Analysis of functional microbial genes
As described before (9,10), we targeted functional microbial genes involved in butyrate synthesis, bile acid conversion, sulfite reduction and methane production. See online supplementary file for details.
Statistical analysis
The pre-declared primary outcome variables were fecal levels of tumorsuppressive butyrate and tumor-promoting deoxycholic acid (9,10). Secondary outcome variables were fecal SCFA and bile acids, composition and metabolome of fecal microbiota, functional microbial genes involved in butyrogenesis and bile acid conversion (9,10). In this context, CRC risk was defined as incidence of CRC previously identified for the respective ethnic group (7,14). Based on our previous studies (9,10), we expected a sample size of 20 participants per group to be adequate to detect differences in primary outcome measures (with an α set to 0.05 and β set to 0.1), especially considering the great disparity in CRC incidence of the two populations. Statistical analysis of data sets with one variable was performed by unpaired t-test (data normally distributed) or non-parametric Mann-Whitney-U-test (data not normally distributed) using Prism 7.0 software (GraphPad software Inc., San Diego, CA, USA). Data for SCFA, bile acids, functional microbial genes and relative taxonomic abundances is shown as box-and-whisker plots according to Tukey unless stated otherwise. 16S rRNA gene sequencing data was analyzed using Mann-Whitney-U-test and corrected for multiple testing by the Benjamini-Hochberg method using the R pipeline Rhea (20). 1H-NMR data was analyzed using Monte-Carlo Cross-Validated Projections to Latent Structures (21) and metabolic reactions networks using MetaboNetworks (22). See online supplementary file for details.
RESULTS
Diets of AN and RA participants are associated with diverse compositions of the gut microbiota
A total of 32 AN participants and 21 heathy RA individuals were recruited (Table 1). Among the AN participants, the majority (n=22) were from the largest concentration of AN people who live in the city of Anchorage (Alaska, USA) and remaining volunteers (n=10) were from Utqiagvik (formerly called Barrow, located in Alaska’s Arctic North Slope Borough). All RA participants (n=21) were recruited in rural KwaZulu-Natal, located in the North-East of South Africa. In 16 of 32 AN participants polyps were detected during colonoscopy, while no polyps were observed in RA individuals, reflecting the known difference in CRC risk. 
AN participants in this study consumed a diet that significantly differed from the diet of RA participants with greater total intake of fat, protein, calcium, β-carotene, calciferol and ascorbic acid (Table 2). The AN diet contained significantly higher amounts of animal-derived protein and retinol, likely reflecting a diet rich in meat, fish and seafood. In contrast, RA diets had a significantly greater intake of total carbohydrates, dietary fiber and vegetable-derived protein, indicating a plant-based diet (Table 2). The RA diet was also characterized by a low consumption of retinol, reflecting the vitamin A deficiency prevalent in South African populations (23).
[bookmark: OLE_LINK1]The analysis of AN fecal microbiota by 16S rRNA gene sequencing revealed a significantly lower α-diversity and a discrete clustering compared to the RA fecal microbiota on the supervised multidimensional scaling plot (Figure 1A,B). Among the dominant gut-related phyla, levels of operational taxonomic units (OTU) belonging to Actinobacteria and Verrucomicrobia were enriched in the AN fecal microbiota (Figure 1C and Supplemental Figure 2A). At family level, Ruminococcaceae and Prevotellaceae, both covering major genera involved in saccharolytic fermentation and SCFA synthesis, showed significantly lower abundance in the AN fecal microbiota (Supplemental Figure 2B). Surprisingly, OTU belonging to the family Lachnospiraceae, which includes butyrate-producing species from the Clostridium XIVa cluster, were more abundant in the AN samples (Supplemental Figure 2B). This may be explained by the large abundance of OTU related to Blautia and Lachnoclostridium, which belong to Lachnospiraceae family (Figure 1D). Within other most abundant genera, the AN fecal microbiota exhibited significantly greater numbers of OTU belonging to Bifidobacterium and Escherichia-Shigella (Figure 1D). In contrast, the RA fecal microbiota had significantly greater abundance of OTU related to Prevotella 9, Ruminococcaceae, Succinivibrio and the Eubacterium coprostanoligenes group (Figure 1D), covering complex carbohydrate-fermenting and butyrogenic species. OTU related to Bilophila were significantly more abundant in the AN samples, but this did not correlate with higher levels of Bilophila wadsworthia in feces from AN participants (Supplemental Figure 2C, D). Similarly, no difference was detected in the relative abundance of Fusobacteria in feces (Supplemental Figure 2E).
AN participants exhibit different metabolite profiles in feces and urine compared to RA subjects
Consistent with the significant compositional differences in diet and fecal microbiota, we detected distinct metabolite profiles in AN and RA feces and urine using 1H-NMR spectroscopy (Figure 2A,B). These differences were significant and can be clearly visualized in the scores plots and the corresponding kernel density estimates of the predictions (21) (Figure 2C,D), which showed a distinct separation between AN and RA samples in fecal and urinary metabolic profiles (Q2Y=0.65 and 0.56, respectively). The only colonic metabolites present in greater quantities in AN participants were choline and formate (Table 3). In the RA fecal samples, we detected significantly higher relative concentrations of amino acids, purine and pyrimidine derivatives and SCFA (Table 3), indicating a high functional diversity of the gut microbiota (24). With regard to urinary metabolites, bile acids and compounds involved in nicotinamide/niacin metabolism were detected in significantly greater amounts in AN samples (Table 3), likely indicating a diet rich in fat and meat or fish. AN urine samples contained higher levels of 2-furoylglycine, N-methylpyridinium, both associated with coffee intake, while RA samples had significantly higher levels of compounds associated with amino acid metabolism, consumption of cruciferous vegetables (S-methyl-cysteine sulfoxide and related metabolites) and legumes (dimethylglycine) (25).
Differences in colonic metabolism among healthy AN and RA participants are closely linked to diverging abundance of microbial genera
We plotted the fecal/urinary metabolites that showed significantly different concentrations between the AN and RA samples in a metabolic reaction network to analyze their interdependence linked to host and microbial metabolic pathways (22). The AN samples demonstrated a fecal/urinary metabolite profile suggestive of an increased turnover in nicotinamide metabolism (Figure 3A). In contrast, RA samples exhibited greater metabolic activity related to SCFA, sulfur, purine and pyrimidine, and aromatic and indole compounds, indicating the high diversity of metabolic reaction networks in that cohort (Figure 3A). We performed a correlation analysis between all significantly changed metabolites in urine or fecal water and the abundance of the microbial genera detected by 16S rRNA gene sequencing to explore potential associations of metabolites and specific microbial genera in the gut (Figure 3B). With regard to CRC risk, SCFA, which were present in higher levels in RA feces, showed a significant correlation with the abundance of various genera that cover SCFA producers or microbes (potentially) involved in fermentation of fiber (e.g., Prevotella genera and Butyrivibrio). These genera were also significantly more abundant in the RA fecal microbiota (Figure 3B). The high fecal SCFA levels detected in RA feces also show a significant negative correlation with genera significantly enriched in the AN fecal microbiota (e.g., Blautia), suggesting a distinct assembly of the fecal microbiota with respect to metabolic function (SCFA synthesis) and substrate (dietary fiber). In contrast, choline and formate, identified to be more abundant in AN fecal water, exhibit fewer significant correlations with microbial genera, suggesting that the presence of these two metabolites may be linked to multiple factors in addition to bacterial metabolism, e.g. dietary intake. As expected, there were fewer significant correlations detected between urinary metabolites and fecal microbial genera than for fecal samples. The bile acids detected in greater amounts in AN urine samples correlated significantly with high abundance of genera involved in bile acid biotransformation (Blautia, Lachnoclostridium) and low presence of saccharolytic bacteria (Prevotellaceae, Ruminococcaceae), suggesting an inverse correlation of bile acid biotransformation and SCFA synthesis at the microbial metabolism level. 
Lower levels of SCFA, but not butyrogenic bacteria in AN compared to RA fecal samples
Since the metabonomic analysis indicated lower levels of SCFA in feces of AN people, we performed a targeted quantification of SCFA levels. The levels of acetate, propionate, butyrate and total SCFA were significantly lower in AN compared to RA fecal samples (Figure 4A-D). The ratio of these three SCFA in feces remained similar between AN and RA samples (Figure 4E). Consistently, AN fecal samples had significantly lower levels of isobutyrate, isovalerate, valerate and hexanoate (Supplemental Figure 3A-D). Targeted bacterial genes that are involved in the main pathways of butyrate production, butyryl coenzyme A (CoA):acetate-CoA transferase (bcoA) and butyrate kinase (buk), were present at lower levels in the AN fecal samples compared with RA, but not reaching a statistical significant level (Figure 4F, G). Further analysis of selected genera belonging to major groups of butyrogenic bacteria (e.g. Roseburia, Faecalibacterium) (26,27) confirmed that most levels were not significantly different between AN and RA samples (Supplemental Figure 4A-C; Figure 1D). Alistipes, Eubacterium halli group and Flavonifractor were significantly more abundant in the AN fecal samples, while Butyrivibrio and Oscillibacter were present in greater numbers in the RA fecal microbiota (Supplemental Figure 4A-C). However, these genera tended to be present at low levels in both populations. Being a critical prerequisite for efficient microbial fermentation of fiber, we investigated the metabolic capacity of the fecal microbiota to remove hydrogen from the intestinal lumen through sulfate-reduction and methane synthesis. Gene copies of the dissimilatory sulfite reductase A (dsrA), which represents sulfate-reducing bacteria were significantly less abundant in the AN than the RA fecal samples (Figure 4H). In contrast, gene copy numbers of the methyl coenzyme-M reductase A (mcrA), representative of methanogenesis by Archaea, were not different between AN and RA samples (Figure 4I).
High levels of fecal bile acids and a high capacity for bile acid conversion by the AN gut microbiota
The levels of the main unconjugated primary bile acids, cholic acid (CA) and chenodeoxycholic acid (CDCA), were significantly higher in AN compared to RA samples (Figure 5A,B). Fecal levels of the main unconjugated secondary bile acid, deoxycholic acid (DCA), were more than two-fold higher in AN compared to RA participants (Figure 5C). Consistently, the abundance of 7α-dehydroxylating bacteria (indicated by gene copy numbers of the CD cluster of the bile acid-inducible operon (baiCD)) was significantly greater in the fecal microbiota of AN than RA participants (Figure 5D). Fecal levels of lithocholic acid (LCA) and ursodeoxycholic acid (UDCA), both showing inconsistent effects on CRC risk, were similar in both groups (Figure 5E,F). Although not significant for every single bile acid, AN participants showed higher amounts of fecal bile acids conjugated with glycine compared to their RA counterparts (Figure 5G). Similarly, taurine-conjugated bile acids were present in higher amounts in the bile acid pool of AN participants (Figure 5H).
Tumor-promoting capacity of the AN gut microbiota is not linked to adenomatous polyps in the colon
The gut microbiota composition of AN individuals with or without adenomatous polyps did not differ significantly (Figure 6A) and showed only minor alterations at genus level with Erysipelotrichaceae incertae sedis being significantly more and Fusicatenibacter being less abundant in AN participants with polyps (Figure 6B, C). All quantified fecal SCFA or bile acids did not show significant differences according to polyp status of AN individuals (Supplemental Figure 5A-C, F, G show main representative SCFA and bile acids). Consistently, presence of adenomatous polyps did not affect the expression of functional microbial genes involved in butyrate synthesis or bile acid conversion (Supplemental Figure 5D, E, H), sulfite reduction or methanogenesis and the abundance of Fusobacteria or B. wadsworthia in feces (data not shown). AN participants with polyps had a higher intake of protein, which was statistically not significant (51 ± 2.7 SEM vs. 45.2 ± 3.1 SEM g/1000kcal, p=0.17), and of calciferol (7.6 ± 0.9 vs 6.2 ± 1.3 mcg/1000kcal, p=0.04) compared to AN participants without polyps.
DISCUSSION
Here, we provide novel evidence how interactions of dietary and microbial factors may contribute to the high CRC risk observed in AN people: the AN low-fiber diet results in low levels of saccharolytic fermentation and tumorsuppressive butyrate in the colon, despite a conserved capacity for butyrate synthesis by the gut microbiota. This is complemented by a metabolic shift of the AN microbiota towards bile acid transformation characterized by high abundance of 7α-dehydroxylating bacteria and a compositional predominance of Blautia and Lachnoclostridium, leading to high concentrations of tumor-promoting DCA. Together, low butyrate and high DCA levels create a colonic microenvironment that opens susceptibility to carcinogenic stimuli such as N-nitrosamines or polycyclic aromatic hydrocarbons, derived from the high intake of meat or tobacco smoking (7,28,29). 
Numerous studies demonstrate anti-neoplastic effects of butyrate in the colon (30–32). It is tempting to speculate that AN people face a fundamental deficiency in butyrogenic bacteria due to low-fiber intake, especially considering that a low-fiber diet can promote an irreversible loss of taxa in the microbiota (33). To our surprise and inconsistent to previous studies in high risk cohorts (9,10), we did not detect significantly lower copy numbers of enzymes in the AN fecal microbiota that are involved in the major pathways of microbial butyrate synthesis, This may be, in parts, explained by differences in distinct environmental factors other than diet that contribute to the composition of the gut microbiota (34) and may also suggest the low intake of fiber to be the “metabolic bottleneck”. The similar levels of genera that cover major butyrogenic bacteria (e.g., Faecalibacterium, Roseburia) in the AN and RA fecal microbiota indicate a conserved abundance of butyrate-producing bacteria in the AN microbiota. Genera able to utilize protein-dependent pathways for butyrate synthesis were similarly abundant in AN and RA fecal microbiota (e.g., Odoribacter, Pseudoflavonifractor) or enriched in AN samples  (Alistipes and Flavonifractor, both able to utilize lysine for butyrate production) (27). However, the overall contribution of these genera to colonic butyrate production is low and may not compensate for the detrimental effects of nitrogenous metabolites resulting from high protein fermentation. The persistent levels of butyrogenic bacteria in AN participants with a low fiber diet indicate the conserved potential for fiber fermentation and suggest that the increased consumption of fiber-rich foods may be well tolerated in AN people. The re-activation of this metabolic capacity would support fiber supplementation as a promising approach to reduce CRC risk in healthy AN individuals.
The high-fiber intake among RA participants augments the saccharolytic fermentation capacity of the gut microbiota characterized by high abundance of Prevotellaceae, Ruminococcaceae, some genera of Lachnospiraceae and Succinivibrio as demonstrated previously (9,10,35). Besides the large quantities of indigestible carbohydrates coming from legumes and cruciferous vegetables, the plant-based diet of RA individuals is also likely to provide high amounts of phytochemicals, such as polyphenols and glucosinolates (as confirmed in the RA urinary metabolite profiles). It has been shown that phytochemicals released from cell walls during plant residue breakdown may augment the anti-proliferative effects of butyrate (7,36). Beyond the effect on butyrate synthesis, recent experimental studies demonstrated that low-fiber diets stimulate the activity and growth of mucus-degrading bacteria (e.g., Akkermansia muciniphila) leading to an impaired intestinal mucus barrier (37,38). Despite the large abundance of Verrucomicrobia in the AN fecal microbiota, we did not detect significantly greater levels of Akkermansia compared to RA participants (data not shown).
High levels of butyrate in the colon suppress intestinal tumor formation or inflammation in mice stimulated by high-fat or bile acid-supplemented diets (32,39). Aggravating the effects of low butyrate levels with regard to CRC risk, the high fat diet of AN participants stimulated hepatic synthesis of bile acids and their delivery to the colon, where 7α-dehydroxylating bacteria promote high levels of DCA demonstrating tumor-promoting activity (40–42). The metabolic shift towards bile acid metabolism is further supported by the high abundance of Blautia and Lachnoclostridium in the AN gut microbiota. Both genera belong to the Lachnospiraceae family that showed a positive association with secondary bile acids in murine cecum (43). They cover species comprising of or closely linked to 7α-dehydroxylating bacteria of the Clostridium genus, such as Clostridium scindens, that mediate the conversion of bile acids to DCA (44). The high abundance of Blautia in the AN fecal microbiota confirms experimental studies that demonstrated an expansion of Blautia and 7α-dehydroxylating bacteria when cholic acid was added to the diet of rodents (45,46). Lower levels of cholic acid correlated with fewer numbers of Blautia and 7α-dehydroxylating bacteria in feces of patients with cirrhosis (47,48). Though at low relative abundance level, the genus Blautia was also found to be enriched in the fecal microbiota of CRC patients (49), suggesting a potential contribution of Blautia species to colonic tumorigenesis in terms of bile acid metabolism, in particular generation of DCA. A recent meta-analysis confirmed a higher capacity of CRC metagenomes to produce secondary bile acids compared to healthy controls (50). The AN fecal microbiota also showed greater numbers of Escherichia-Shigella, a genus that includes several opportunistic pathogens and belongs to Gammaproteobacteria. These are highly resistant to bile salts and were also enriched under oral administration of cholic acid (45,51). In contrast to prior studies (10), we did not detect a significantly different abundance of B. wadsworthia, a pathobiont that grows when exposed to high levels of saturated dietary fat and that is associated with experimental colitis and CRC risk (52,53), or Fusobacteria that are associated with CRC (54) in fecal samples from both groups. For Fusobacteria most studies show a higher abundance in CRC patients and not in healthy individuals (54,55), supporting an association with CRC rather than CRC risk. However, B. wadsworthia was shown to be associated with CRC risk markers, suggesting that distinct AN environmental factors other than diet may affect the abundance of these two gut bacteria in healthy individuals. 
In addition, the high amount of meat in the AN diet may promote detrimental alterations in a colonic environment preconditioned by low butyrate concentrations. A metabolic shift of microbial metagenomes from carbohydrate fermentation to protein degradation was shown to be associated with CRC (50). A diet rich in meat promotes high levels of heterocyclic amines, N-nitrosamines or polycyclic aromatic hydrocarbons in the colon that have pro-carcinogenic effects (7). Critically, their tumor-promoting activity is ameliorated by supplementation with fiber or butyrate (56,57). Being another source of carcinogens, the prevalence of tobacco use, in particular smoking cigarettes, is high in AN communities (58,59) and a link between cigarette smoking and CRC risk has been demonstrated (28). Increased amounts of dietary meat may also limit the beneficial effects from the high intake of fish/seafood by AN people. The AN diet combines the increased abundance of microbial genera found in mice fed fish oil- or lard-based diet, the latter is associated with higher body weight, a risk factor for CRC (7,60). Finally, high levels of choline, as detected in AN fecal samples, and a stimulated choline metabolism were demonstrated in healthy individuals and rodents fed a Western diet (10,61). Choline can be converted by the gut microbiota to trimethylamine, which is then oxidized in the liver to produce trimethylamine N-oxide. Plasma levels of trimethylamine N-oxide are positively associated with and genetically related to CRC (62,63) or adverse cardiovascular advents (64,65).
In contrast to previous studies, we did not find major differences in microbiota signatures between AN participants with or without polyps. In a study by Zackular et al., adenoma polyp individuals had a lower abundance of Bacteroides, Lachnospiraceae, Clostridiales and some Clostridium genera compared to healthy controls (66), which was not confirmed in our AN study cohort. Colonic polyps have been reported to be associated with higher abundance of the genus Bilophila, Fusobacterium nucleatum, increased microbial bile acid metabolism and lower abundance of butyrate-producing bacteria (66–68). We detected most of these polyp-associated changes in AN individuals even when no polyps were present, highlighting the tumor-promoting colonic milieu in healthy AN individuals. This also suggests that compositional shifts in the gut microbiota may not serve as screening marker for polyps in this population, where other factors may determine whether this colonic environment triggers neoplastic change. Since diet was not analyzed/reported in the previous studies (66–68), our results also suggests that polyp-associated alterations in the (fecal) gut microbiota may be not primarily related to polyp presence but diet patterns associated with CRC risk. 
There are limitations to this observational study, which may have benefited from more participants, several time points of sampling and the collection of mucosal biopsies during colonoscopy. Being a general limitation of observational studies, we described associations of diets and metabolites linked to CRC risk, but not causation. However, this study provides an initial baseline characterization for a population at very high CRC risk and signifies which approaches, especially with regard to larger-scale follow-up intervention studies, might best reduce CRC risk. 
In conclusion, our results strongly support the hypothesis that a diet low in fiber and rich in fat promotes a colonic environment that contributes to the high rate of CRC in AN people. The loss of colonic butyrate may predispose the colonic epithelium to a high susceptibility towards tumor-promoting DCA, triggered by high-fat diet, and pro-carcinogenic metabolites, derived from high-meat intake. Critically, this is driven by altered metabolic activity in the AN microbiota, characterized by impaired metabolic and microbial diversity in the colon. At the other end of the CRC risk chart, the results from RA participants highlight the importance of a high-fiber, low-fat and -meat diet for colonic health. The RA diet provides a blueprint for efficient CRC risk reduction by improving butyrate synthesis of the gut microbiota, while containing biotransformation of bile acids, despite its relative deficiency in some micronutrients (e.g., vitamin A). Due to the very high CRC rates, AN people present a unique opportunity for proof-of-concept dietary modifications to prevent CRC and for mechanistic analysis of the antagonistic relationship of butyrate and DCA. Supplementation of the AN diet with fiber to increase luminal butyrate levels, followed by a reduction in saturated animal-derived fat to limit colonic DCA levels, is warranted to reduce the high rates of CRC in the AN population. 
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TABLES
 Table 1: Demographic data of study participants.
	
	Total
	Female
	Male
	Geographic area (n)
	Age (Mean ± SEM)
	Polyps detected1

	Alaska Native (AN)
	32
	24
	8
	Anchorage (22), Utqiagvik (10)
	51.0 ± 8.9 years
	16/32

	Rural African (RA)
	21
	12
	9
	Rural KwaZulu-Natal (21)
	53.3 ± 11.5 years
	0/21


SEM = Standard error of mean; 1polyps detected (participants with polyps/total number of participants) and removed during colonoscopy


Table 2: Mean dietary intake of macro- and micronutrients in Alaska Native and rural African study populations.
	Diet component
	Alaska Native (AN) (Mean ± SEM)
	Rural Africa (RA) (Mean ± SEM)
	p-value

	Energy (kcal)
	3414 ± 314
	2404 ± 140
	0.0739

	Total Fat (g/1000 kcal)
	45.15 ± 1.56
	18.39 ± 2.87
	<0.0001

	Total Carbohydrate (g/1000 kcal)
	101.6 ± 5.5
	164.6 ± 5.9
	<0.0001

	Total Protein (g/1000 kcal)
	47.89 ± 2.10
	28.75 ± 2.32
	<0.0001

	Total Animal Protein (g/1000 kcal)
	37.51 ± 2.41
	9.38 ± 2.60
	<0.0001

	Total Vegetable Protein (g/1000 kcal)
	10.38 ± 0.74
	19.38 ± 1.53
	<0.0001

	Total Dietary Fiber (g/1000 kcal)
	8.83 ± 0.72
	27.91 ± 1.601
	<0.0001

	Folate (mcg/1000 kcal)
	180.2 ± 15.4
	148.8 ± 40.0
	0.0562

	Calcium (mg/1000 kcal)
	317 ± 22.0
	118.7 ± 29.8
	<0.0001

	β-carotene equivalents (mcg/1000 kcal)
	2288 ± 840
	2206 ± 1205
	0.0390

	[bookmark: OLE_LINK2]Retinol (mcg/1000 kcal)
	1041 ± 371
	2.74 ± 1.79
	<0.0001

	Calciferol (mcg/1000 kcal)
	6.87 ± 0.80
	0.73 ± 0.25
	<0.0001

	Ascorbic acid (mg/1000 kcal)
	42.55 ± 7.0
	20.83 ± 6.25
	0.0207


1includes resistant starch +10% carbohydrates, which is predominantly resistant starch in the cooked African cornmeal diet (as described before (10)); SEM = Standard error of mean; Statistical analysis by unpaired t-test (data normally distributed) or non-parametric Mann-Whitney-U-test (data not normally distributed) with AN n=32, RA n=21 samples.


Table 3: Identified metabolites in feces and urine with statistically significant differences between Alaska Native (AN) and rural African (RA) participants. 
Lists the compound name, chemical shifts (in ppm) and peak multiplicity, p-value and Q-value (FDR).
	Compound name
	Chemical shift in ppm (multiplicity)
	p-value
	Q-value

	Significantly more abundant in AN compared to RA fecal samples

	Choline
	3.20 (s)
	5.44×10-3
	1.61×10-2

	Formate
	8.46 (s)
	7.05×10-4
	3.26×10-3

	Significantly more abundant in RA compared to AN fecal samples

	Valerate
	0.89 (t) 1.30 (m) 1.53 (m) 2.17 (t)
	4.71×10-8
	1.42×10-6

	Butyrate
	0.90 (t) 1.56 (tq) 2.16 (t)
	1.18×10-5
	1.25×10-4

	Propionate
	1.06 (t) 2.19 (q)
	2.71×10-8
	9.26×10-7

	Acetate
	1.92 (s)
	9.98×10-5
	6.95×10-4

	Glutamate
	2.36 (m)
	2.14×10-4
	1.27×10-3

	Glycine
	3.57 (s)
	3.56×10-3
	1.16×10-2

	Uracil
	5.81 (d) 7.54 (d)
	6.95×10-10
	6.41×10-8

	Tyrosine
	6.91 (d) 7.20 (d)
	1.11×10-3
	4.66×10-3

	Phenylalanine
	7.31 (d) 7.38 (u)
	1.33×10-12
	1.44×10-9

	Nicotinate
	7.53 (dd) 8.61 (dd) 8.94 (d) 8.26 (dt)
	5.30×10-6
	6.68×10-5

	Xanthine
	7.91 (s)
	2.69×10-10
	3.27×10-8

	Hypoxanthine
	8.21 (d)
	3.15×10-10
	3.62×10-8

	Significantly more abundant in AN compared to RA urinary samples

	Unknown bile acids
	0.75 (s) 0.76 (s)
	9.60×10-4
	5.51×10-3

	Creatine
	3.04 (s) 3.94 (s)
	5.00×10-4
	3.43×10-3

	N-methyl-2-pyridone-carboxamide
	3.65 (d) 6.67 (d) 7.83 (dd) 8.34 (d)
	1.01×10-7
	4.85×10-6

	2-furoylglycine
	3.93 (s) 7.71 (d) 7.19 (dd) 6.65 (dd)
	2.26×10-8
	1.52×10-6

	N-methylpyridinium
	4.40 (s) 8.79 (d) 8.55 (td) 8.05 (td)
	5.54×10-13
	3.60×10-9

	N-methylnicotinamide
	4.48 (s) 8.19 (t) 8.90 (d) 8.97 (d) 9.28 (s)
	1.09×10-5
	1.90×10-4

	Significantly more abundant in RA compared to AN urinary samples

	Fatty acids (C5-C10)
	0.84 (d) 1.3 (s) 1.56 (m)
	4.21×10-6
	9.46×10-5

	3-hydroxyisovalerate
	1.27 (s) 2.37 (s)
	7.63×10-5
	8.37×10-4

	2-hydroxyisobutyrate
	1.36 (s)
	3.98×10-4
	2.87×10-3

	Alanine
	1.48 (d)
	1.71×10-6
	4.81×10-5

	Acetate
	1.92 (s)
	9.81×10-6
	1.76×10-4

	Phenylacetylglutamine
	1.93 (m) 2.13 (m) 2.27 (t) 3.68 (q) 4.19 (dd) 7.36 (t) 7.43 (t)
	2.31×10-6
	5.95×10-5

	Dimethylamine
	2.72 (s)
	2.00×10-8
	1.38×10-6

	N-acetyl-S-methyl-cysteine sulfoxide
	2.78 (s)
	3.22×10-9
	3.39×10-7

	S-methyl-cysteine sulfoxide metabolite
	2.80 (s)
	2.92×10-4
	2.28×10-3

	S-methyl-cysteine sulfoxide
	2.83 (s)
	3.72×10-6
	8.56×10-5

	Dimethylglycine
	2.93 (s)
	2.63×10-5
	3.70×10-4

	Lysine
	3.02 (t)
	1.17×10-7
	5.51×10-6

	Creatinine
	3.05 (s) 4.06 (s)
	3.48×10-6
	8.10×10-5


s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets, tq = triplet of quartets, m = multiplet, td = triplet of doublets
FIGURE LEGENDS
Figure 1: The fecal microbiota of AN participants shows separate clustering and abundance pattern at genus level compared to RA participants.
(A) Shannon effective index and (B) multidimensional scaling (MDS) plot of generalized UniFrac distances (including PERMANOVA test to determine group separation) showing distinct clustering of fecal microbiota profiles detected in the fecal microbiota of Alaska Native (AN) and rural African (RA) study participants by 16S rRNA gene sequencing. (C) Cumulative relative abundance of the major gut-related phyla acquired by taxonomic binning of operational taxonomic units (OTU) detected in the fecal microbiota of AN and RA participants by 16S rRNA gene sequencing, each column represents one individual. (D) Relative abundance of most abundant genera assigned by taxonomic binning of OTU detected in the AN and RA fecal microbiota by 16S rRNA gene sequencing in box-and-whisker plots showing minimum to maximum. Statistical analysis using non-parametric Mann-Whitney-U-test corrected for multiple testing by the Benjamini-Hochberg method with AN n=29, RA n=20 or 21 samples, respectively. A value of p<0.05 was considered to be statistically significant with *=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001; ns=not significant.

Figure 2: Fecal water and urine of samples from AN participants show separate metabolite profiles and are less diverse compared to RA samples.
(A, B) Average 1H-NMR spectrum of Alaska Native (AN) and rural African (RA) (A) fecal water or (B) urine samples with significant peaks shown in red (higher in AN participants) and blue (higher in RA participants) in top panels (see table 3 for metabolites and their chemical shifts). The corresponding bottom panels show the Skyline significance (-log10 Q-value × sign of regression coefficient β). The horizontal dashed lines indicate the False Discovery Rate (FDR) of 5% on the log10 scale. (C, D) Scores plot of the Monte-Carlo Cross-Validated Partial Least Squares Discriminant Analysis model (21) with Kernel Density Estimate (KDE) and model statistics displayed on top of (C) fecal water and (D) urinary data. Average score is displayed in a red cross (for AN participants) and blue circle (for RA participants). The x-axis shows the average scores of the first component of the model, the y-axis the second component, and the x-axis of the top panel shows the predicted overall score with the KDE (distribution of scores across all models). For both data sets the groups show distinct separation (model goodness of prediction (Q2Y) is (c) 0.65 with a high RCV of 0.74 or (d) 0.56 with a high RCV of 0.64). Statistical analysis was performed with n=48 urine (27 AN, 21 RA) and n=53 fecal water samples.
Figure 3: The fecal water/urinary metabolite profiles of AN participants cluster in separate metabolic networks and correlate with distinct microbial genera compared to RA participants.
(A) Metabolic reaction networks of metabolites found differentially expressed between Alaska Native (AN) and rural African (RA) participants’ urine and feces. The network shows links between metabolites, if the reaction entry in KEGG indicates a main reactant pair and the reaction is either mediated by (1) an enzyme linked to human genes, (2) an enzyme linked to genes from identified bacterial groups or (3) it is part of a spontaneous process. The color of the metabolites indicate whether the metabolite is found in higher concentrations in the AN (red), RA (blue) urine/feces, or whether the metabolites are not significantly associated with any comparison but are part of the metabolic network (white). (B) Heatmap of Spearman correlations between fecal and urinary metabolites associated with differences in AN and RA participants with 16S rRNA gene sequencing data. Correlations were adjusted for multiple testing using the Benjamini-Hochberg FDR. Significant (at FDR of 1%) correlations are shown with a white ‘+’. A thick black line indicates a split between either kingdom (x-axis) and biofluid (y-axis), a solid line indicates different phyla and a dashed line indicates different class (x-axis) and different sign of association between AN and RA samples (y-axis). The color of the metabolites/microbial genera indicates whether it is found in greater concentrations in AN (red) or RA (blue) participants or if there is no significant difference between both groups (black). Statistical analysis was performed with samples numbers as listed for previous analyses in Fig. 1 and 2.
Figure 4: Levels of SCFA are significantly lower in AN compared to RA fecal samples, not correlating with the abundance of bacterial genes involved in butyrate synthesis.
Levels of (A) acetic acid, (B) propionic acid, (C) butyric acid and (D) total short-chain fatty acids (SCFA) detected by GC in feces of Alaska Native (AN) and rural African (RA) participants. (E) Percentaged ratio of major SCFA to total levels of SCFA in feces of AN and RA participants. Gene copy numbers of the (F) butyryl coenzyme A (CoA):acetate-CoA transferase (bcoA) and (G) butyrate kinase (buk) representative for butyrate-producing bacteria, (H) the dissimilatory sulfite reductase subunit A (dsrA) representative for sulfate-reducing bacteria and (I) the methyl coenzyme-M reductase A (mcrA) involved in production of methane by Archaea in the AN and RA fecal microbiota using qPCR. Dashed line indicates detection limit of qPCR. Statistical analysis was performed by unpaired t-test (data normally distributed) or non-parametric Mann-Whitney-U-test (data not normally distributed) with AN n=32, RA n=21 samples. A value of p<0.05 was considered to be statistically significant with *=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001.
Figure 5: Levels of major primary and secondary bile acids are higher in AN compared to RA fecal samples, consistent with a greater capacity for bile acid conversion and independent of conjugation status. 
Levels of (A) cholic acid (CA), (B) chenodeoxycholic acid (CDCA), (C) deoxycholic acid (DCA) detected by LC-MS in feces of Alaska Native (AN) and rural African (RA) participants. (D) Gene copy numbers of baiCD representative for 7α-dehydroxylating bacteria detected in the fecal microbiota of AN and RA participants by qPCR. Dashed line indicates detection limit of qPCR. Levels of (E) lithocholic acid (LCA), (F) ursodeoxycholic acid (UDCA), bile acids conjugated to (G) glycine (glycocholic acid (GCA), glycochenodeoxycholic acid (GCDCA), glycodeoxycholic acid (GDCA)) or (H) taurine (taurocholic acid (TCA), taurochenodeoxycholic acid (TCDCA), taurodeoxycholic acid (TDCA)) detected by LC-MS in AN and RA fecal samples. Statistical analysis was performed by unpaired t-test (data normally distributed) or non-parametric Mann-Whitney-U-test (data not normally distributed) with AN n=32, RA n=21 samples. A value of p<0.05 was considered to be statistically significant with *=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001.
Figure 6: Adenomatous polyps in the colon have minor impact on the fecal microbiota of AN participants.
(A) Multidimensional scaling (MDS) plot of generalized UniFrac distances (including PERMANOVA test to determine group separation) showing no distinct clustering of fecal microbiota profiles detected in the fecal microbiota of Alaska Native (AN) study participants with (AN +p) or without (AN -p) adenomatous polyps in the colon by 16S rRNA gene sequencing. (B, C) Relative abundance of genera of the fecal microbiota of AN participants that are significantly different abundant between AN study participants with (AN +p) or without (AN -p) adenomatous polyps in the colon assigned by taxonomic binning of OTU detected in the AN and RA fecal microbiota by 16S rRNA gene sequencing. Statistical analysis using non-parametric Mann-Whitney-U-test corrected for multiple testing by the Benjamini-Hochberg method with AN n=29 samples. A value of p<0.05 was considered to be statistically significant with *=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001; ns=not significant.




