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Abstract 

Human gut microbiome composition is shaped by multiple host intrinsic and extrinsic factors, 

but the relative contribution of host genetic compared to environmental factors remains 

elusive. Here, we genotyped a cohort of 696 healthy individuals from several distinct ancestral 

origins and a relatively common environment, and demonstrate that there is no statistically 

significant association between microbiome composition and ethnicity, single nucleotide 

polymorphisms (SNPs), or overall genetic similarity, and that only 5 of 211 (2.4%) previously 

reported microbiome-SNP associations replicate in our cohort. In contrast, we find similarities in 

the microbiome composition of genetically unrelated individuals who share a household. We 

define the term biome-explainability as the variance of a host phenotype explained by the 

microbiome after accounting for the contribution of human genetics. Consistent with our finding 

that microbiome and host genetics are largely independent, we find significant biome-

explainability levels of 16-33% for body mass index (BMI), fasting glucose, high-density 

lipoprotein (HDL) cholesterol, waist circumference, waist-hip ratio (WHR), and lactose 

consumption. We further show that several human phenotypes can be predicted substantially 

more accurately when adding microbiome data to host genetics data, and that the contribution 

of both data sources to prediction accuracy is largely additive. Overall, our results suggest that 

human microbiome composition is dominated by environmental factors rather than by host 

genetics. 
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Introduction 

The gut microbiome is increasingly recognized as having fundamental roles in multiple aspects 

of human physiology and health including obesity, non-alcoholic fatty liver disease, 

inflammatory diseases, cancer, metabolic diseases, aging, and neurodegenerative disorders1–14. 

Humans acquire bacteria at birth and are exposed to bacteria from the environment throughout 

their lifespan15–18. Although mammalian microbiome composition may change during life19, it is 

considered relatively stable20,21.  

A fundamental question is the extent to which microbiome composition is determined by host 

genetics as opposed to being shaped by the environment. Previous studies identified several 

heritable bacterial taxa and SNPs associated with the gut microbiome, but the effect of host 

genetics on the overall microbiome composition has not been investigated. For example, a study 

of twins identified 33 significantly heritable bacterial taxa22,23, but did not evaluate the 

combined relative abundance of these taxa. Another study identified several bacteria taxa 

shared among non-twin family members24, but could not distinguish between genetic and 

environmental factors, because teasing these two factors apart is typically only done with twin 

studies25. 

Several recent studies tested for association between host SNPs and individual taxa or 

pathways24,26–28. However, a major statistical challenge in such studies is the large number of 

hypotheses tested, since there are millions of human SNPs and thousands of bacterial taxa and 

pathways29–33. Consequently, most of the associations reported in these studies are not 

statistically significant after multiple hypothesis testing correction. To alleviate the multiple 

hypothesis burden that results from examining associations to individual bacteria, one study 

tested for associations between each SNP and gut microbiome -diversity, and found 42 

significant loci that together explain 10% of the variance of the β-diversity27. However, this study 

did not provide an assessment of the statistical significance of this result.  Thus, given the overall 

limited number of significant findings reported to date, the extent to which human genetics 

shapes microbiome composition remains unclear.  

In this work, we studied microbial-genetic associations using a cohort of 696 healthy Israeli 

individuals for whom we obtained information on genotypes, metagenome and 16S-sequenced 

gut microbiomes, numerous anthropometric and blood phenotypes, and dietary habits34. 

Notably, individuals in our cohort represent several different ancestral origins yet they share a 

relatively homogeneous environment, since most Israeli individuals lead similar ‘Western’ life 

styles. 

Our results demonstrate that environmental factors have a substantially stronger effect on 

microbiome composition than host genetics, suggesting that microbiome composition is 

predominantly shaped by environmental factors. Specifically, we show that there is no 

statistically significant association between microbiome composition and individual SNPs, 

genetic ancestry, or overall genetic similarity. Notably, our study is well powered to find 

microbiome associations with ancestry or genetic similarity, as such tests do not suffer from a 

multiple hypothesis burden. We further show that family relatives with no history of a shared 
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household do not have similar microbiomes, whereas we find microbiome similarity among 

genetically unrelated individuals who share a household.  

As our findings suggest that microbiome and host genetics are largely independent, we aimed to 

disentangle and compare the association of human phenotypes with microbiome and with host 

genetics. Several bacterial taxa have been shown to explain a significant fraction of the variance 

of BMI, HDL cholesterol, and triglycerides, after accounting for host genetics35, but the 

association of the overall microbiome composition with these and other phenotypes has not 

been quantified to date. We define the term biome-explainability, which analogously to genetic 

heritability quantifies the overall association between the microbiome and host phenotypes 

after accounting for the association of host genetics. We find significant biome-explainability 

levels of 16-33% for BMI, fasting glucose, glycemic status, HDL cholesterol, waist circumference, 

waist-hip ratio, and lactose consumption. Finally, we demonstrate that adding microbiome data 

on top of human genetics substantially improves human phenotype prediction accuracy and 

that the contribution of both data sources to the accuracy is mostly additive. These results 

suggest that the microbiome should be routinely considered in addition to genetics in studies 

aimed at explaining the variance of human phenotypes. 

 

Results 

Cohort and analysis description 

We studied a cohort of 696 healthy Israeli adults for whom we collected for every participant 

blood for genotyping and phenotyping, stool for metagenome and 16S rRNA-gene sequencing, 

anthropometric measurements, and answers to a food frequency questionnaire34 (Table 1). We 

performed genotyping at 712,540 SNPs and imputed them to 5,578,121 SNPs (Methods). Stool 

samples were profiled using both metagenome and 16S rRNA-gene sequencing. Metagenomes 

were subsampled to 10M reads per sample to achieve even sequencing depth across individuals.  

Unless stated otherwise, we excluded a subset of the individuals so that no pair of individuals 

are close relatives (having a fifth or stronger degree of relation) or share a household (Methods). 

Finally, we included covariates for age, gender, stool collection method, and self-reported daily 

average caloric, fat, protein and carbohydrates consumption (Methods). When not examining 

association of bacteria with ancestry or kinship, we also included the top five principal 

components (PCs) of the genotypes as covariates. 

 

Microbiome composition is not associated with ancestry or genetic kinship 

Our population is one of the largest cohorts of diverse Jewish individuals genotyped in a single 

study, consisting of self-reported Ashkenazi (n=346), North African (38), Middle Eastern (23), 

Sephardi (8), Yemenite (7), admixed (243) and unknown/other (31) ancestries (Methods). 

Genetic ancestry is often reflected in the top principal components (PCs) of the genotypes36. We 

therefore computed the PCs via PC-AiR37, which is robust to relatedness and admixture 
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(Methods), and verified that there is a close correspondence between the top two PCs and self-

reported ancestry of individuals with a single ancestral origin (P<10-21 for both PC1 and PC2, 

Kruskal-Wallis test; Fig. 1a, Table 2 column 1 row 1, Supplementary Table 1). 

In contrast to the association between ancestry and genetics, we found no significant 

association between ancestry and microbiome composition. Specifically, there was no 

significant correlation between any of the top five host genetic PCs and any of the top five 

microbiome β-diversity principal coordinates (computed using Bray-Curtis dissimilarity at the 

genus level; P>0.16 for all pairwise associations, Spearman correlation; Supplementary Table 2). 

We next tested if individuals sharing an ancestry have a more similar (1) microbiome 

composition (quantified by PCos of Bray-Curtis dissimilarities); (2) microbiome α-diversity 

(quantified by Shannon diversity index38); and (3) abundance of specific taxa. In all cases, we 

found no significant association (Kruskal-Wallis test; Fig. 1b-c, Table 2 column 1, Supplementary 

Table 1).  

The lack of microbiome-ancestry associations does not rule out the possibility that individuals 

who are more ancestrally or genetically similar have more similar microbiomes. To test this 

hypothesis, we first constructed an ancestral similarity matrix (using Euclidean distances of 

ancestry proportions; Methods) and a genetic similarity matrix (using genetic kinship; Methods) 

for all pairs of individuals, including individuals with more than one ancestral origin. We then 

tested if pairs of individuals who are more ancestrally or genetically similar have a more similar 

(1) microbiome composition (quantified by Bray-Curtis dissimilarity at the genus level); (2) α-

diversity; and (3) abundance of specific taxa. As before, in all cases we found no significant 

association (Mantel test39; Methods, Fig. 1d-f, Table 2 columns 2-3, Supplementary Tables 3-4). 

As a control, we verified that ancestrally similar individuals are significantly similar genetically 

(P<10-5, Mantel test; Table 2 column 2 row 1, Supplementary Table 3). 

We also applied several different machine learning prediction algorithms to try and predict 

ancestry proportions from microbiome but none were successful (prediction R2<0.01 for all 

ancestries; Methods). Additionally, canonical correlation analysis40, a well-known technique for 

testing for low rank linear dependencies between high dimensional objects, showed no 

association between host genotypes and microbiome abundances (P=0.21, permutation testing; 

Methods, Supplementary Table 5). 

While the above results are based on metagenome-derived genus level abundances after 

regressing out covariates, we obtained similar results also when using any of the following: 

Other metagenome-derived taxonomic and functional levels (phylum, class, order, family, 

species, and bacterial genes; see Methods); 16S data; non-metric multidimensional scaling41 

instead of PCoA; and when omitting covariates (Supplementary Figs. 1-3, Supplementary Tables 

1-5).  

 

Finally, we asked whether our results are in line with data from previous studies showing that 

several bacterial taxa are significantly heritable23,24,26–28, by analyzing data from the twins study 

of Goodrich et al23. First, we found that the sum of the relative abundances of all 33 taxa 

reported as significantly heritable in Goodrich et al.23 is only 5.6% (Methods).  Next, we found 
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that the combined heritability of significantly heritable taxa in this data set (weighted by their 

relative abundance) was only 1.9%, or at most 8.1% when not correcting for multiple 

comparisons (Methods, Figure 1g, Supplementary Table 6). These numbers can serve as 

estimates of the lower and upper bound of the true overall microbiome heritability. These 

results are thus consistent with the results obtained on our cohort and collectively, they suggest 

that host genetics is not a major determinant of gut microbiome composition. 

 

Microbiome β-diversity is not associated with individual SNPs 

We next tested for associations between individual SNPs and microbiome β-diversity, by testing 

if individuals with a smaller Bray-Curtis dissimilarity are more likely to share the same allele via 

MiRKAT42  (Methods), and found no significantly associated SNPs (Fig. 2a).  

In addition, our data did not replicate significant associations for any of the 42 SNPs reported by 

Wang et al. to be significantly associated with microbiome β-diversity27 (P>0.05 for all previously 

reported SNPs). To verify that this is not due to the different testing methods used, we also 

tested all SNPs in our cohort using the method of Wang et al. and again could not replicate 

these SNPs (P>0.05 for all SNPs; Methods). 

Wang et al. also reported that their 42 reported SNPs accounted for 10% of the β-diversity, but 

did not report statistical significance for this result. To assess the potential significance of such a 

result, we first applied the method of Wang et al. to our data and found that the 42 top ranked 

SNPs accounted for 13.5% of the β-diversity. We then estimated the significance of this result by 

randomly permuting the microbiome assignment of individuals in our data 100 times, so that 

every individual has the microbiome of a randomly selected individual. In each permutation, we 

ranked all SNPs, and explained the β-diversity variance using the 42 top ranked SNPs (which 

were all top ranked by chance due to the random permutations; Methods). The explained 

variance fractions across the permutations ranged from 11.2% to 20.0%, with 85% of the results 

being greater than the one obtained with non-permuted data, thus yielding P=0.85.  We 

conclude that accounting for >10% of the microbiome composition via top ranked SNPs may be 

an inherent property of the method employed and not a biologically meaningful result. 

Thus, we find no evidence in our data for association of any individual SNP with microbiome β-

diversity, including for SNPs previously reported to exhibit such association. 

 

Limited evidence for SNP associations with specific taxa 

We next tested for association between individual SNPs and specific taxa. Due to the large 

number of tested hypotheses, we maximized power by including pairs of individuals with a 

shared household or with close genetic relatedness, while appropriately controlling for these 

potential cofounding sources via a linear mixed model (LMM) (Methods). We dichotomized taxa 

with a zero-inflated distribution (Supplementary Table 7) and only tested for presence/absence 

patterns for these bacteria, in order to alleviate modeling violations (Methods). This analysis 
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identified 167 SNPs with P<      , corresponding to a false discovery rate (FDR) of 29%, but 

none remained statistically significant at an FDR of 5% (Fig. 2b, Supplementary Table 8). 

We next examined the association of 225 SNPs in 211 genetic loci reported as significantly 

associated with specific taxa or with β-diversity in any of five previous studies23,24,26–28 

(Methods). To maximize replication power, we used the minimal P value obtained for each SNP 

across all taxa belonging to the same phylum. Only 5 of the 211 loci (2.5%) replicated at P < 

0.05/211 (Fig. 2c, Supplementary Table 9; Methods). Two of these 5 loci reside in close vicinity 

to the LCT gene, and were found by several previous studies to be associated with the 

Bifidobacterium genus, possibly owing to its association with lactose consumption43,44.  

Notably, the LCT gene is the only case in which there was an overlap between the SNPs reported 

in any pair of five previous studies. Moreover, no pair of previously reported SNPs from any two 

studies were within 100Kb of each other, or within 1Mb of each other and associated with taxa 

belonging to the same phylum (Supplementary Table 9).  

 

Microbiome composition is not associated with familial relations but is moderately 

associated with household sharing 

We next asked whether family members with no history of household sharing have similar 

microbiome compositions. To this end, we extracted 11 pairs of individuals from our data whose 

kinship coefficient was between the standard cutoffs for 2nd degree and 5th degree relatives45 

and who do not share a household. We then asked whether their average Bray-Curtis 

dissimilarity is significantly smaller than across non-related pairs who do not share a household 

via permutation testing (Methods), and found no such evidence at any taxonomic level or at the 

level of bacterial gene abundance (P>0.9 for phylum, class, order, family, genus, species, and 

bacterial gene abundance; Fig. 3, Supplementary Table 10). In contrast, we found borderline 

significant microbiome sharing in 22 first-degree relative pairs, who are likely to have a history 

of household sharing, at the phylum (P=0.033) and order (P=0.006) taxonomic levels, but no 

significant sharing at other levels (Fig. 3, Supplementary Table 10). 

To test the effect of present household sharing, we repeated the above analysis for 12 pairs of 

genetically unrelated individuals who reported living in the same household during data 

collection. Although we did not detect microbiome sharing at any taxonomic level, we did find 

statistically significant microbiome sharing at the level of bacterial gene abundance (P=0.004; 

Fig. 3, Supplementary Table 10). 

Thus, these results suggest that past or present household sharing may partly determine gut 

microbiome composition, whereas we find no supporting evidence for microbiome sharing 

among family relatives with no past household sharing. While these results do not rule out the 

possibility of specific heritable bacterial taxa, it suggests that such taxa likely compose a small 

portion of the microbiome, with a minor effect on overall microbiome sharing. Our results 

corroborate those of Goodrich et al.22, who showed using larger samples than ours that twins 

have significantly correlated microbiomes compared to non-related individuals (P<0.009), and 

that microbiome similarity among monozygotic twins compared to dizygotic twins is only 
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borderline significant (P=0.032 under an unweighted UniFrac dissimilarity, P>0.05 under Bray-

Curtis and weighted UniFrac dissimilarity). 

 

Biome-explainability can be assessed more accurately than genetic heritability 

Given the lack of evidence for strong genetic-microbiome associations, we next asked how well 

different host phenotypes can be inferred based on the microbiome, as compared to host 

genetics. In statistical genetics, the fraction of phenotypic variance explained by genetic factors 

is called heritability, and is typically evaluated under an LMM framework46. Intuitively, LMMs 

estimate heritability by measuring the correlation between the genetic kinship and the 

phenotypic similarity of pairs of individuals. We define the analogous term of biome-

explainability, which corresponds to the fraction of phenotypic variance explained by the 

microbiome. Specifically, we construct the microbiome “kinship” matrix as a microbiome-

similarity matrix based on presence-absence patterns of bacterial genes extracted from 

metagenomic samples (Methods). 

Genetic heritability estimation requires samples with thousands of individuals to yield reliable 

estimates47. We therefore first asked whether biome-explainability can be reliably estimated 

with our sample size. To this end, we computed confidence intervals (CIs) for a large number of 

biome-explainability values via parametric bootstrap, which constructs CIs by repeatedly 

drawing random realizations of the phenotypes according to the principle of test inversion48. We 

find that biome-explainability can be estimated more accurately than genetic heritability in our 

sample, with an average 95% biome-explainability CI width of 32.8% (averaged over different 

biome-explainability levels), compared with 98.7% for a genetic heritability CI in our cohort 

(Supplementary Table 11). 

We also verified that the reported results are not specific to our cohort, by using individuals 

from the Wellcome Trust Case Control Consortium 2 control cohorts49 (Methods). This sample 

yielded genetic heritability CIs similar to those of our cohort when subsampling to 540 

individuals to match our cohort size (average 95% CI width=98.7%). Genetic heritability CIs 

comparable to our biome-explainability CIs were only reached when increasing the sample size 

to 3000 genotypes (average 95% CI width=32.0%; Fig. 4a; Supplementary Table 11). 

This result demonstrates that microbiome data provides a larger effective sample size than host 

genetics towards the task of explaining host phenotypes, indicating that there is more 

microbiome diversity than host genetic diversity in a given sample size. Consequently, biome-

explainability estimation can be carried out with cohorts of hundreds rather than thousands of 

individuals. 

 

Microbiome explains a substantial fraction of the variance of several host 

phenotypes 

We next estimated the biome-explainability of several host phenotypes of interest (Table 1). To 

account for genetic factors, we made use of publicly available genetic summary statistics50 
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computed from tens of thousands of individuals, by computing a polygenic risk score (PRS) for 

every individual and including it as a covariate in the analysis (Methods). The resulting model 

corresponds to the formula: phenotype = genotype effect + microbiome effect + environmental 

effect. An alternative approach to include genetic information in the model is to directly 

estimate both genetic heritability and biome-explainability in the same analysis, but as noted 

above, doing this for genetics requires substantially larger sample sizes than ours. We therefore 

restricted our analysis to phenotypes with available summary statistics and to lactose 

consumption, as the genetic component of lactase persistence can be largely explained via only 

two SNPs in European populations43 (Methods). 

 
Our analysis identified several host phenotypes with a statistically significantly biome-

explainability component (Method, Fig. 4b-c, Supplementary Table 12). Specifically, we found 8 

of 12 traits that we tested to be significantly explained by the microbiome, with estimated 

biome-explainability levels of 33% for non-fasting HDL cholesterol levels, 32% for waist-hip ratio, 

29% for fasting glucose, 29% for lactose consumption, 27% for glycemic status, 21% for waist 

circumference, and 16% for BMI. 

 

Our estimated fraction of microbiome-explained variance for BMI and for HDL cholesterol are 

substantially greater than those of ref.35, which used a linear regression model to identify 

several bacterial taxa that jointly explained 4.5% of the variance of BMI and 5% of the variance 

of HDL cholesterol, after accounting for host genetics. We hypothesized that the difference 

could partly stem from our use of bacterial genes rather than bacterial taxa to explain 

phenotypic variance. Indeed, when using abundance of bacterial taxa rather than genes we 

obtained lower biome-explainability estimates (Supplementary Fig. 4, Supplementary Table 

13), suggesting that bacterial gene abundance is more informative of human phenotypes than 

other microbiome characteristics.  

 

Notably, the above biome-explainability estimates were obtained after accounting for genetic 

factors by including a PRS as a covariate. These biome-explainability estimates are comparable 

to existing SNP heritability estimates for these traits from the literature based on thousands or 

tens of thousands of individuals51–58 (Fig. 4b, Supplementary Table 12), indicating that the 

microbiome is an important factor associated with these traits. 

 

Microbiome data improves human phenotype prediction 

As another comparison between host genetics and microbiome, we evaluated their ability to 

predict human phenotypes of interest. To this end, for each phenotype, we constructed 

predictive machine learning models that use bacterial gene abundances, genetic polygenic risk 

score (PRSs), age, sex, and daily average caloric, carbohydrates, fats and proteins consumption. 

The contribution of a specific data source to the phenotype can be assessed by the reduction in 

prediction power when excluding this data source. A small reduction indicates that either the 

data source is not important or that other data sources can compensate for it, whereas a large 

reduction indicates high predictive power. Predictions were performed with an LMM59 

(Methods). 
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We found that prediction accuracy for 7 of 12 traits, including BMI, HDL cholesterol, and fasting 

glucose, is substantially improved when adding microbiome data on top of genetic PRSs (Fig. 4d, 

Supplementary Table 14). For example, in predicting HDL, a model without genetic or 

microbiome information achieves R2=0.17, while adding a genetic PRS improves to R2=0.21, and 

adding microbiome results in R2=0.27. Moreover, the contribution of both data sources is largely 

additive, consistent with our finding that microbiome and host genetics are mostly independent 

(Fig. 4e). We also attempted to construct predictive models by directly using our genotypes 

without a PRS, and obtained substantially inferior results (Supplementary Table 15), indicating 

that our sample size is not large enough to directly predict complex traits with human genomes. 

Taken together, these results demonstrate that host genetics and microbiome can serve as two 

separate and complementary factors that explain many host phenotypes of interest. Thus, 

phenotype prediction can often be substantially improved by combining host genetics and 

microbiome data within the same prediction model. 

 

Discussion 

In this study, we investigated the extent to which the gut microbiome composition is shaped by 

human genetics, using a cohort of 696 healthy Israeli individuals.  Our cohort is characterized by 

the presence of individuals of different ancestral origins living in a relatively shared 

environment, and is thus particularly well suited for testing the association between 

microbiome and host genetics while controlling for environmental factors. 

We did not detect any statistically significant microbiome-genetic associations, including 

associations between the microbiome and genetic ancestry, genetic kinship, or specific SNPs. 

From a statistical standpoint, our analysis was liberal towards trying to find a signal, as we did 

not apply a multiple hypothesis correction when repeating the same analysis using both 

metagenome and 16S data, or when using different taxonomic levels. 

In contrast to the lack of association between host genetics and gut microbiome, we found 

significant correlations between the functional composition of gut microbiomes among 

individuals sharing the same household. This result corroborates previous studies showing that 

the human oral microbiome is dominated by household sharing60, and that diet reproducibly 

alters the gut microbiota of mice with diverse genotypes61. Thus, an increasing body of evidence 

suggests that microbiome composition is dominated by environmental factors rather than by 

host genetics. As several recent studies reported that the microbiome is not only stable over 

time20,21, but also resilient to some extent to perturbations like antibiotics and pathogens62–66, an 

interesting unresolved question is the extent and determinants of such stability. As a small 

minority of heritable microbes are unlikely to bring it about, it will be interesting to further 

establish which mechanisms underline microbiome stability, and which perturbations cause 

dysbiosis that can lead to disease susceptibility2,67–70. 

We propose biome-explainability as a means of quantifying microbiome association with host 

phenotypes, show that it can be reliably estimated using metagenomic cohorts of only hundreds 
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of individuals, and find that several phenotypes exhibit substantial biome-explainability levels in 

the range of 16-33%. Finally, we show that adding microbiome data to host genetics data 

improves prediction accuracy for several host phenotypes and that the two data sources 

contribute additively. We note, however, that since microbiome composition can both affect 

and be affected by host phenotypes, biome-explainability and microbiome-based predictions 

cannot be used to infer causality. 

Previous studies identified heritable bacteria by observing co-occurrence among family 

members22,23, or by reporting associations between specific SNPs and bacterial taxa23,24,26–28. Our 

results are consistent with these published data, and collectively suggest that only a small 

number of bacteria are likely strongly heritable, and that most SNP-bacteria associations are 

either weak or population-dependent. These conclusions are supported by the fact that there is 

no overlap between the significant loci reported by any two previous studies, except for 2 SNPs 

in close vicinity to the LCT gene that are associated with the Bifidobacterium genus, which is 

likely an indirect effect as both the LCT gene and Bifidobacterium are associated with lactose 

consumption43,44. Additionally, only 5 of 211 previously reported loci replicated in our cohort. 

Our re-analysis of a recent twin study23 further estimates that the overall microbiome 

heritability lies between 1.9% and 8.1%. Future studies with larger sample sizes will likely 

identify additional heritable taxa, but are unlikely to change the overall conclusion that 

microbiome composition is predominantly shaped by non-genetic factors. 

 

Methods 

Cohort Description 
This study used a cohort of individuals collected in Israel, first described in ref.34 Study 

participants were healthy individuals aged 18–70 (see full inclusion and exclusion criteria in 

ref.34). Prior to the study, participants filled medical, lifestyle, and nutritional questionnaires. All 

participants were monitored by a continuous glucometer (CGM) for 7 days. During that period 

participants were instructed to record all daily activities, including standardized and real-life 

meals, in real-time using their smartphones. All participants were genotyped using Illumina 

metabochip71 and provided stool samples using either a swab or an OMNIGENE-GUT (OMR-200; 

DNA Genotek) stool collection kit, which were metagenome-sequenced using Illumina NextSeq 

and HiSeq, and 16S sequenced using PCR amplification of the V3/4 region using the 515F/806R 

16S rRNA gene primers followed by 500 bp paired-end sequencing Illumina MiSeq72. We 

validated that SNPs extracted from human reads in pre-filtered metagenomic sequences match 

SNPs extracted from the blood of their human host. 

Genotypes preprocessing and imputation 
We performed stringent quality control in our initial set of 712 individuals and 712,540 SNPs. 

We excluded SNPs with a missingness rate >5%, Hardy-Weinberg P< 10-9, minor allele frequency 

<5%, P<0.01 for differential missingness between two batches of individuals, or a logistic 

regression P<10-6 for separation of the two batches, using PLINK73, yielding 554,279 SNPs for 

subsequent analyses.  We additionally excluded individuals with >10% missing SNPs, leaving 696 

individuals. 
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Genotypes were pre-phased using EAGLE274 without a reference panel, and imputed using 

IMPUTE275 using the 1000 genomes data set76 and 128 Ashkenazi Jewish individuals77 as 

reference panels. We retained only SNPs with imputation probability > 90%, and applied the 

filtering stages above to the imputed data, yielding 5,578,121 imputed SNPs.  

Microbial preprocessing 
16S rRNA preprocessing was performed as described in our previous study34. For metagenome 

analysis, we filtered metagenomic reads containing Illumina adapters, filtered low quality reads 

and trimmed low quality read edges. We detected host DNA by mapping with GEM78 to the 

Human genome (hg19) with inclusive parameters, and removed human reads. We subsampled 

all samples to have at most 10M reads. Relative abundances from metagenomic sequencing 

were computed via MetaPhlAn279 with default parameters. MetaPhlAn relative abundances 

were capped at a level of     .  We removed individuals with <10 observed species from the 

analysis. 

When testing for association between specific taxa and specific SNPs, we log transformed the 

data and only used taxa present in at least 5% of individuals in our cohort, leaving us with 7/19 

(remaining / total) phyla, 12/28 classes, 16/43 orders, 32/100 families, 68/229 genera and 

153/673 species.  

Additional Quality Control 

After all filtering stages, 665 individuals with metagenome data and 493 individuals with 16S 

data remained in the analysis. After additionally excluding 70 individuals with a close relative 

(using a kinship coefficient > 2-11/2, which corresponds to fifth or greater degree relatives45), and 

21 individuals with a shared household, 573 individuals with metagenome data and 418 

individuals with 16S data remained in the analysis. In the biome-explainability and phenotype 

prediction analyses, we used the relative abundance of genes, which required excluding 

individuals sequenced with only single-end reads, leaving 540 individuals. 

Gene mapping 
Biome-explainability estimation and phenotype prediction were performed using bacterial gene 

abundances. We performed gene mapping by computing the length-normalized relative 

abundances of genes, obtained by similar mapping with GEM to the gene reference catalog80,  

abundance correction using an iterative algorithm based on Pathoscope81, and normalization to 

sum to 1.0. Individuals that were only sequenced with single-end reads were excluded from this 

analysis. 

Fasting glucose phenotyping 
In the biome-explainability and phenotype prediction analyses, the fasting glucose phenotype 

was taken from data recorded by CGMs over a week, as described in ref.34 The median glucose 

measurement over a period of 30 minutes from self-reported wake-up time was used as a 

surrogate measure for fasting glucose.  

Glycemic status 
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For each patient we computed a quantity which we term "glycemic status" that can serve as an 

indicator of hyperglycemia, based on HbA1c, fasting glucose, response to standardized meals34, 

and top glucose percentiles and glucose noise as obtained from the CGM over one week. Each 

individual was first ranked according to each feature. The glycemic status of each individual was 

the median of the ranks of (1) HbA1C; (2) fasting glucose; (3) median response to standardized 

meals; (4) median of 90%, 95%, and 98% glucose percentiles; and (5) glucose noise. We used 

fasting glucose summary statistics as a surrogate measure for the PRS of this measure. 

 

Lactose consumption computations 
We computed an estimate of average monthly lactose consumption (in grams), using a 

questionnaire of consumption frequency of 23 dairy products. As lactose consumption was 

exponentially distributed in our data, we log transformed it to induce normality for the biome-

explainability and phenotype prediction analyses. 

 

Genetic kinship, principal components and relatedness estimation 

We used PC-Relate82 for estimating genetic kinship and PC-AiR37 for genetic PC computation, as 

these tools are robust to the presence of relatedness and admixture. We used a filtered data set 

of 75,384 SNPs in approximate linkage equilibrium (r2<0.15), and ran an iterative estimation 

procedure (with the initial kinship estimates provided by KING-Robust45) until the PC 

computation converged, as described in ref.83 We estimated the degree of relatedness between 

individuals via their kinship coefficient, using the cutoffs proposed in ref.45 When testing kinship-

ancestry associations we used the kinship matrix estimated by GCTA84, as the kinship matrix of 

PC-Relate is by definition not associated with ancestry. 

 

Ancestry proportions computation 
For each individual, the proportion of Ashkenazi, North African, Yemen, Sephardi, Middle 

Eastern or unknown/other ancestry is the fraction of self-reported grandparents with that origin 

(Supplementary Table 16). 

 

Multiple hypothesis correction 
Multiple hypothesis correction was performed via a Bonferonni correction. Note that while the 

Benjamini-Hochberg procedure is less conservative, it by definition cannot identify significant 

results when no result is significant under the Bonferonni correction. Unless stated otherwise, P 

values reported in the main text are corrected for multiple hypothesis testing. 

 

Mantel Tests 
Mantel tests used were performed using Spearman correlation with 100,000 permutations. 

When associating a matrix to a vector, we constructed a distance matrix for the vector and then 

performed the test. When including covariates, they were partialed out of the matrix prior to 
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performing the test, which is equivalent to regressing them out of its eigenvalues39. Unless 

stated otherwise, we used Euclidean distance between every pair of individuals. 

 

Ancestry proportions prediction 
We attempted to predict ancestry proportions from microbiome composition using a variety of 

different techniques: Ridge regression85, Lasso regression85 and extreme gradient boosting 

(XGB)86. We used as features either the top 100 PCos of the relative abundances (using Bray-

Curtis distances), the raw bacterial abundances (under various taxonomic levels) transformed to 

a logarithmic scale, or the PCs of the genes relative abundances, using presence/absence 

encoding. Prediction accuracy was measured via a 10-fold cross validation. The hyper-

parameters of the methods were determined in each fold via cross validation, using only the 

training set of each fold. 

 

Canonical correlation analysis 
We tested for microbiome association with host genetics via canonical correlation analysis 

(CCA)40, which takes two sets of high dimensional vectors and projects them to lower 

dimensional vectors that are maximally correlated. Here, the SNP vectors included all SNPs and 

the microbiome vector included log abundances. We regressed the covariates out of the log 

abundances and estimated the P value of the correlation via permutation testing. We ran CCA 

with either 1,2,5 or 10 components, using the implementation in Scikit-learn87. 

Analysis of twins data 
We estimated the overall microbiome heritability, and the abundance of heritable taxa, from a 

data set of 3,358 twins reported by Goodrich et al.23, using the same table of operational 

taxonomic units (OTU) used by Goodrich et al.  The abundance of each taxon was estimated via 

the sum of the relative abundances of all OTUs associated with this taxon. The overall 

microbiome heritability was estimated under the assumption that only taxa with heritability P 

value smaller than some cutoff are heritable, (using multiple cutoffs) as follows. We first 

assigned a heritability estimate to each OTU, given as the maximal heritability estimate among 

all heritable taxa associated with it. We then computed for every individual the weighted sum of 

the heritability estimates of OTUs associated with heritable taxa, weighted by their relative 

abundance.  The overall microbiome heritability was estimated by averaging the computed 

quantity over all individuals. 

 

Testing for microbiome association with SNPs 
We tested for associations between SNPs and microbiome β-diversity computed at various 

taxonomic and functional levels (phylum, class, order, family, genus, species and bacterial 

genes) via the MiRKAT test42 and with all covariates described in the main text, using the 

efficient implementation of RL-SKAT88.  We note that it is also possible to use a Mantel test here, 

but this is computationally challenging for millions of SNPs.  
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Testing for SNP-microbiome associations via the Vegan package 
We repeated the technique proposed in ref.27 for testing SNP associations with the microbiome 

via the envfit function in the vegan package89. We used both a regular analysis as done in ref.27 

and a partial analysis, which includes covariates in the model to prevent confounding. However, 

one disadvantage of this technique compared to our LMM-based test is that even if covariates 

are included in the model, the permuted SNP is assumed to be independent of these covariates, 

leading to an incorrect null distribution. We estimated the fraction of variance of the β-diversity 

matrix explained by the top ranked SNPs via the ordiR2step function in vegan. 

  

Testing for SNP associations with individual taxa 
Association testing between individual bacteria and individual SNPs was performed using FaST-

LMM90. We used all 665 individuals who passed quality control, including related individuals and 

individuals with a shared household, and controlled for these potential sources of confounding 

via two variance components that encode kinship (as computed via PC-Relate82) and household 

sharing (using a binary covariance matrix   where       if individuals   and   share a 

household and zero otherwise). When testing each SNP, we used the covariates described in the 

main text and a genetic kinship matrix based only on SNPs from other chromosomes to avoid 

proximal contamination91. 

The abundance of bacteria present in at least 95% of individuals was encoded via the log-

abundance (we excluded outlier individuals more than five standard deviations away from the 

mean). Otherwise, we dichotomized bacteria into presence/absence patterns and encoded the 

phenotype as a binary vector in order to prevent zero inflation, as it leads to a bimodal 

distribution (it has been demonstrated that LMMs handle binary phenotypes properly if the data 

was not collected via case-control sampling92).  

 

Comparing results of different studies 
We compared results of previous studies by counting the number of SNPs previously reported in 

different studies that were in the same locus and associated with taxa belonging to the same 

phylum (two SNPs were considered to be in the same locus if they were <100Kb apart).  We 

attempted to use our data to replicate results in previous studies by counting the number of 

SNPs with p<0.05/211, where 211 is the number of previously reported loci associated with a 

distinct locus and taxon. We used the closest imputed SNP when the reported SNP was not in 

our data. 

 

 

Relatives and household sharing tests 
We tested for significant microbiome sharing among related individuals or individuals sharing a 

household, by comparing their average Bray-Curtis dissimilarities to that of pairs with no family 

relation or household sharing, via a permutation test. In each permutation, we randomly divided 
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the combined set of all pairs into two disjoint sets while preserving the original set sizes, and 

asked whether the mean difference in Bray-Curtis dissimilarity between individuals in the two 

sets is greater than the difference observed with the real data.  To prevent confounding, we only 

considered individuals whose stool was collected with a swab (one of the two stool collection 

methods). We note that standard statistical tests such as a Kolmogorov-Smirnov test cannot be 

employed here because of dependencies between pairs associated with the same individual. 

 

Computing polygenic risk scores 
PRSs for traits of interest were computed using summary statistics as follows. For each 

phenotype, the PRS of individual  ,    , was given by        
 

             , where   is the 

set of SNPs found in both the genotyping array and in the summary statistics file,   
 
 is the value 

of the     SNP in the set   of individual  ,     is the reported effect of SNP  ,    is the reported 

univariate P value of SNP  ,      is an indicator function, and   is a P value cutoff. SNPs were 

normalized to have a zero mean and a unit variance (as used in the summary statistics) 

according to the allele frequency reported in the summary statistics. We used the original rather 

than the imputed set of SNPs for this task, as we empirically verified that using the imputed set 

of SNPs in conjunction with linkage disequilibrium pruning did not improve prediction results. 

The list of summary statistics used is provided in Supplementary Table 17.  

 

 The value of   was selected by searching over the grid 

                                     and finding the value that maximizes the 

Spearman correlation between the true and estimated phenotypes. To prevent overfitting, we 

divided the data into 10 disjoint folds, estimated the value of   separately for every division of 

9/10 of the folds, and then computed the PRS of the remaining individuals using the selected 

value. Similarly, when performing cross validation in the phenotype prediction analysis, we 

estimated the value of   using only individuals in the training set of each fold, and then 

computed the PRS for individuals in the left-out fold using this value. 

 

Construction of a kinship matrix based on microbiome genes 
To construct a kinship matrix based on microbiome genes, we encoded the kinship of individuals 

    via    
   

 
 /N, where   iterates over all genes,   

    
  are the presence/absence indicators of 

gene   in individuals   and  , respectively (using a relative abundance cutoff of 10-6, and 

normalized to have a zero mean and a unit variance), and   is the number of genes (809,665). In 

the phenotype prediction analysis, we regressed the stool collection method out of all genes 

after normalizing them, to prevent confounding (this was not required in the biome 

explainability analysis, where this variable was included as a covariate). 
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Biome-explainability estimation 
Biome-explainability was estimated using GCTA84, using the genes-based kinship matrix. For all 
phenotypes (except lactose consumption), the covariates included (1) the PRS of the 
investigated phenotype; and (2) the covariates used in other analyses.  In the analysis of lactose 
consumption, we replaced the PRS with the SNPs rs4988235 and rs182549, which largely explain 
the genetic component of lactase persistence in European populations43. P values were 
computed via RL-SKAT88 and confidence intervals were computed via FIESTA93. Outlier 
individuals with phenotypes more than five standard deviations away from the mean were 
excluded from the analysis. In several experiments reported in the Supplementary material we 
used a taxonomy based β-diversity matrix, which we transformed to a kinship matrix as 
described in ref.42 
 
In the experiments analyzing the accuracy of biome-explainability estimation, the average CI 
width was estimated by computing the CI widths for assumed biome-explainability values in the 
grid [0, 0.01, 0.02, ...., 1] and averaging the results. 

 
 

Analysis of data from the Wellcome Trust 
We computed confidence intervals for genetic heritability estimation using 5,652 control 

individuals from the Wellcome trust national blood service and 1958 birth cohorts49. SNPs were 

removed with >0.5% missing data, p<0.01 for allele frequency difference between the two 

groups, p<0.05 for deviation from Hardy-Weinberg equilibrium, or minor allele frequency<1%. 

The genetic kinship matrix was computed via GCTA84 and confidence intervals were estimated 

via FIESTA93. 

 

 

Phenotype prediction 
Phenotype prediction was performed with an LMM59 when including bacterial gene abundances 

in the model, and with linear regression otherwise. This is because LMMs reduce to linear 

regression in the absence of a kinship matrix. We note that LMMs are mathematically 

equivalent to a Ridge regression that uses the PCs of the kinship matrix as additional covariates, 

where only the PCs are regularized, and the regularization strength is determined via restricted 

maximum likelihood94. The LMM covariance matrix was the genes-based kinship matrix. The 

covariates for both models included age, sex, and daily average caloric, carbohydrates, fat and 

protein consumption. In some experiments we additionally included covariates for host genetic 

effects, represented either as a PRS (for all phenotypes except lactose consumption) or as the 

SNPs rs4988235, rs182549  for lactose consumption.  Prediction performance was evaluated via 

a 10-fold cross validation. Outlier individuals with phenotypes more than five standard 

deviations away from the mean were excluded from all analyses.  

We additionally performed experiments where we attempted to fit SNP effects directly rather 

than via a PRS, by including SNPs with a univariate linear regression P value <10-5 (estimated 

separately in each fold using only the training set of the fold), as additional covariates. We note 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 19, 2017. ; https://doi.org/10.1101/150540doi: bioRxiv preprint 

https://doi.org/10.1101/150540


that it is possible in principle to include two kinship matrices corresponding to both microbiome 

and genetic effects, but this was not done here due to the small sample size, which leads to 

inaccurate LMM training (Fig. 4a). 

 

Human Cohorts 

The study was approved by Tel Aviv Sourasky Medical Center Institutional Review Board (IRB), 

approval numbers TLV-0658-12, TLV-0050-13 and TLV-0522-10; Kfar Shaul Hospital IRB, approval 

number 0-73; and Weizmann Institute of Science Bioethics and Embryonic Stem Cell Research 

oversight committee. Reported to http://clinicaltrials.gov/, NCT: NCT01892956. 

 

Data Availability 

The accession number for the data reported in this paper is ENA: PRJEB11532. 

 

Acknowledgements 

We thank the Segal and Elinav group members for fruitful discussions. S. C. thanks the Abisch-

Frenkel Foundation. We thank Julia Goodrich for sharing the processed twins microbiome data 

with us. This study makes use of data generated by the Wellcome Trust Case Control 

Consortium. A full list of the investigators who contributed to the generation of the data is 

available from www.wtccc.org.uk. Funding for the project was provided by the Wellcome Trust 

under award 076113. E.S. is supported by the Crown Human Genome Center; the Else Kroener 

Fresenius Foundation; Donald L. Schwarz, Sherman Oaks, CA; Jack N. Halpern, New York, NY; 

Leesa Steinberg, Canada; and grants funded by the European Research Council and the Israel 

Science Foundation. D.R. received a Levi Eshkol PhD Scholarship for Personalized Medicine by 

the Israeli Ministry of Science. 

 

References 
1. Turnbaugh, P. J. et al. A core gut microbiome in obese and lean twins. Nature 457, 480–4 

(2009). 

2. Qin, J. et al. A metagenome-wide association study of gut microbiota in type 2 diabetes. 
Nature 490, 55–60 (2012). 

3. Kau, A. L., Ahern, P. P., Griffin, N. W., Goodman, A. L. & Gordon, J. I. Human nutrition, the 
gut microbiome and the immune system. Nature 474, 327–36 (2011). 

4. Marchesi, J. R. et al. Towards the human colorectal cancer microbiome. PLoS One 6, 
e20447 (2011). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 19, 2017. ; https://doi.org/10.1101/150540doi: bioRxiv preprint 

http://clinicaltrials.gov/
https://doi.org/10.1101/150540


5. Jeffery, I. B., Quigley, E. M. M., Öhman, L., Simrén, M. & O’Toole, P. W. The microbiota 
link to irritable bowel syndrome: an emerging story. Gut Microbes 3, 572–6 (2012). 

6. Clarke, S. F. et al. The gut microbiota and its relationship to diet and obesity: new 
insights. Gut Microbes 3, 186–202 (2012). 

7. Le Chatelier, E. et al. Richness of human gut microbiome correlates with metabolic 
markers. Nature 500, 541–6 (2013). 

8. Ridaura, V. K. et al. Gut microbiota from twins discordant for obesity modulate 
metabolism in mice. Science 341, 1241214 (2013). 

9. Clemente, J. C., Ursell, L. K., Parfrey, L. W. & Knight, R. The impact of the gut microbiota 
on human health: an integrative view. Cell 148, 1258–70 (2012). 

10. Koren, O. et al. Human oral, gut, and plaque microbiota in patients with atherosclerosis. 
Proc. Natl. Acad. Sci. U. S. A. 108, 4592–4598 (2011). 

11. Ley, R. E. et al. Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. U. S. A. 102, 
11070–5 (2005). 

12. Turnbaugh, P. J., Bäckhed, F., Fulton, L. & Gordon, J. I. Diet-Induced Obesity Is Linked to 
Marked but Reversible Alterations in the Mouse Distal Gut Microbiome. Cell Host 
Microbe 3, 213–223 (2008). 

13. Ley, R. E. Obesity and the human microbiome. Curr. Opin. Gastroenterol. 26, 5–11 (2010). 

14. Turnbaugh, P. J. et al. An obesity-associated gut microbiome with increased capacity for 
energy harvest. Nature 444, 1027–131 (2006). 

15. De Filippo, C. et al. Impact of diet in shaping gut microbiota revealed by a comparative 
study in children from Europe and rural Africa. Proc. Natl. Acad. Sci. U. S. A. 107, 14691–6 
(2010). 

16. Azad, M. B. et al. Gut microbiota of healthy Canadian infants: profiles by mode of 
delivery and infant diet at 4 months. Can. Med. Assoc. J. 185, 385–394 (2013). 

17. Cho, I. & Blaser, M. J. The human microbiome: at the interface of health and disease. 
Nat. Rev. Genet. 13, 260 (2012). 

18. Mueller, N. T., Bakacs, E., Combellick, J., Grigoryan, Z. & Dominguez-Bello, M. G. The 
infant microbiome development: mom matters. Trends Mol. Med. 21, 109–17 (2015). 

19. Morowitz, M. J. et al. Strain-resolved community genomic analysis of gut microbial 
colonization in a premature infant. Proc. Natl. Acad. Sci. U. S. A. 108, 1128–33 (2011). 

20. Antonopoulos, D. A. et al. Reproducible Community Dynamics of the Gastrointestinal 
Microbiota following Antibiotic Perturbation. Infect. Immun. 77, 2367–2375 (2009). 

21. Caporaso, J. G. et al. Moving pictures of the human microbiome. Genome Biol. 12, R50 
(2011). 

22. Goodrich, J. K. et al. Human Genetics Shape the Gut Microbiome. Cell 159, 789–799 
(2014). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 19, 2017. ; https://doi.org/10.1101/150540doi: bioRxiv preprint 

https://doi.org/10.1101/150540


23. Goodrich, J. K. et al. Genetic Determinants of the Gut Microbiome in UK Twins. Cell Host 
Microbe 19, 731–743 (2016). 

24. Turpin, W. et al. Association of host genome with intestinal microbial composition in a 
large healthy cohort. Nat. Genet. 48, 1413–1417 (2016). 

25. Kendler, K. S. & Neale, M. C. ‘Familiality’ or Heritability. Arch. Gen. Psychiatry 66, 452 
(2009). 

26. Bonder, M. J. et al. The effect of host genetics on the gut microbiome. Nat. Genet. 48, 
1407–1412 (2016). 

27. Wang, J. et al. Genome-wide association analysis identifies variation in vitamin D 
receptor and other host factors influencing the gut microbiota. Nat. Genet. 48, 1396–
1406 (2016). 

28. Blekhman, R. et al. Host genetic variation impacts microbiome composition across 
human body sites. Genome Biol. 16, 191 (2015). 

29. Turnbaugh, P. J. et al. The human microbiome project. Nature 449, 804–10 (2007). 

30. Sachidanandam, R. et al. A map of human genome sequence variation containing 1.42 
million single nucleotide polymorphisms. Nature 409, 928–933 (2001). 

31. Jandhyala, S. M. et al. Role of the normal gut microbiota. World J. Gastroenterol. 21, 
8787–803 (2015). 

32. Frazer, K. A. et al. A second generation human haplotype map of over 3.1 million SNPs. 
Nature 449, 851–861 (2007). 

33. Qin, J. et al. A human gut microbial gene catalogue established by metagenomic 
sequencing. Nature 464, 59–65 (2010). 

34. Zeevi, D. et al. Personalized Nutrition by Prediction of Glycemic Responses. Cell 163, 
1079–1094 (2015). 

35. Fu, J. et al. The Gut Microbiome Contributes to a Substantial Proportion of the Variation 
in Blood Lipids. Circ. Res. (2015). 

36. Price, A. L. et al. Principal components analysis corrects for stratification in genome-wide 
association studies. Nat. Genet. 38, 904–909 (2006). 

37. Conomos, M. P., Miller, M. B. & Thornton, T. A. Robust Inference of Population Structure 
for Ancestry Prediction and Correction of Stratification in the Presence of Relatedness. 
Genet. Epidemiol. 39, 276–293 (2015). 

38. Shannon, C. E. A Mathematical Theory of Communication. Bell Syst. Tech. J. 27, 379–423 
(1948). 

39. Legendre Pierre & Legendre, L. Numerical Ecology. 24, (Elsevier, 2012). 

40. Wegelin, J. A. A Survey of Partial Least Squares (PLS) Methods, with Emphasis on the Two-
Block Case. (2000). 

41. Borg, I. & Groenen, P. Modern Multidimensional Scaling : Theory and Applications. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 19, 2017. ; https://doi.org/10.1101/150540doi: bioRxiv preprint 

https://doi.org/10.1101/150540


(Springer New York, 1997). 

42. Zhao, N. et al. Testing in Microbiome-Profiling Studies with MiRKAT, the Microbiome 
Regression-Based Kernel Association Test. Am. J. Hum. Genet. 96, 797–807 (2015). 

43. Ingram, C. J. E., Mulcare, C. A., Itan, Y., Thomas, M. G. & Swallow, D. M. Lactose digestion 
and the evolutionary genetics of lactase persistence. Hum. Genet. 124, 579–591 (2009). 

44. Goodrich, J. K., Davenport, E. R., Waters, J. L., Clark, A. G. & Ley, R. E. Cross-species 
comparisons of host genetic associations with the microbiome. Science 352, 532–5 
(2016). 

45. Manichaikul, A. et al. Robust relationship inference in genome-wide association studies. 
Bioinformatics 26, 2867–2873 (2010). 

46. Yang, J. et al. Common SNPs explain a large proportion of the heritability for human 
height. Nat. Genet. 42, 565–9 (2010). 

47. Visscher, P. M. et al. Statistical Power to Detect Genetic (Co)Variance of Complex Traits 
Using SNP Data in Unrelated Samples. PLoS Genet. 10, e1004269 (2014). 

48. Schweiger, R. et al. Fast and Accurate Construction of Confidence Intervals for 
Heritability. Am. J. Hum. Genet. 98, 1181–92 (2016). 

49. Genetic Analysis of Psoriasis Consortium & the Wellcome Trust Case Control Consortium 
2, A. et al. A genome-wide association study identifies new psoriasis susceptibility loci 
and an interaction between HLA-C and ERAP1. Nat. Genet. 42, 985–90 (2010). 

50. Pasaniuc, B. & Price, A. L. Dissecting the genetics of complex traits using summary 
association statistics. Nat. Rev. Genet. 18, 117–127 (2016). 

51. Shi, H., Kichaev, G. & Pasaniuc, B. Contrasting the Genetic Architecture of 30 Complex 
Traits from Summary Association Data. Am. J. Hum. Genet. 99, 139–153 (2016). 

52. Speed, D. et al. Reevaluation of SNP heritability in complex human traits. Nat. Genet. 
(2017). doi:10.1038/ng.3865 

53. Ge, T. et al. Phenome-wide heritability analysis of the UK Biobank. PLOS Genet. 13, 
e1006711 (2017). 

54. Zaitlen, N. et al. Using Extended Genealogy to Estimate Components of Heritability for 23 
Quantitative and Dichotomous Traits. PLoS Genet. 9, e1003520 (2013). 

55. Vattikuti, S., Guo, J., Chow, C. C., Visscher, P. & Kong, A. Heritability and Genetic 
Correlations Explained by Common SNPs for Metabolic Syndrome Traits. PLoS Genet. 8, 
e1002637 (2012). 

56. Arpegård, J. et al. Comparison of heritability of Cystatin C- and creatinine-based 
estimates of kidney function and their relation to heritability of cardiovascular disease. J. 
Am. Heart Assoc. 4, e001467 (2015). 

57. Xia, C. et al. Pedigree- and SNP-Associated Genetics and Recent Environment are the 
Major Contributors to Anthropometric and Cardiometabolic Trait Variation. PLOS Genet. 
12, e1005804 (2016). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 19, 2017. ; https://doi.org/10.1101/150540doi: bioRxiv preprint 

https://doi.org/10.1101/150540


58. Heckerman, D. et al. Linear mixed model for heritability estimation that explicitly 
addresses environmental variation. Proc. Natl. Acad. Sci. U. S. A. 113, 7377–82 (2016). 

59. de los Campos, G., Vazquez, A. I., Fernando, R., Klimentidis, Y. C. & Sorensen, D. 
Prediction of Complex Human Traits Using the Genomic Best Linear Unbiased Predictor. 
PLoS Genet. 9, e1003608 (2013). 

60. Shaw, L. et al. The human oral microbiome is shaped by shared environment rather than 
genetics: evidence from a large family of closely-related individuals. bioRxiv (2017). at 
<http://biorxiv.org/content/early/2017/04/26/131086> 

61. Carmody, R. N. et al. Diet Dominates Host Genotype in Shaping the Murine Gut 
Microbiota. Cell Host Microbe 17, 72–84 (2015). 

62. Langdon, A., Crook, N. & Dantas, G. The effects of antibiotics on the microbiome 
throughout development and alternative approaches for therapeutic modulation. 
Genome Med. 8, 39 (2016). 

63. Lozupone, C. A., Stombaugh, J. I., Gordon, J. I., Jansson, J. K. & Knight, R. Diversity, 
stability and resilience of the human gut microbiota. Nature 489, 220–230 (2012). 

64. Dethlefsen, L. & Relman, D. A. Incomplete recovery and individualized responses of the 
human distal gut microbiota to repeated antibiotic perturbation. Proc. Natl. Acad. Sci. 
108, 4554–4561 (2011). 

65. Jernberg, C., Löfmark, S., Edlund, C. & Jansson, J. K. Long-term ecological impacts of 
antibiotic administration on the human intestinal microbiota. ISME J. 1, 56–66 (2007). 

66. Jakobsson, H. E. et al. Short-Term Antibiotic Treatment Has Differing Long-Term Impacts 
on the Human Throat and Gut Microbiome. PLoS One 5, e9836 (2010). 

67. Pflughoeft, K. J. & Versalovic, J. Human Microbiome in Health and Disease. Annu. Rev. 
Pathol. Mech. Dis. 7, 99–122 (2012). 

68. Manichanh, C., Borruel, N., Casellas, F. & Guarner, F. The gut microbiota in IBD. Nat. Rev. 
Gastroenterol. Hepatol. 9, 599–608 (2012). 

69. Sokol, H. et al. Faecalibacterium prausnitzii is an anti-inflammatory commensal 
bacterium identified by gut microbiota analysis of Crohn disease patients. Proc. Natl. 
Acad. Sci. U. S. A. 105, 16731–6 (2008). 

70. Gevers, D. et al. The treatment-naive microbiome in new-onset Crohn’s disease. Cell Host 
Microbe 15, 382–92 (2014). 

71. Voight, B. F. et al. The Metabochip, a Custom Genotyping Array for Genetic Studies of 
Metabolic, Cardiovascular, and Anthropometric Traits. PLoS Genet. 8, e1002793 (2012). 

72. Caporaso, J. G. et al. Ultra-high-throughput microbial community analysis on the Illumina 
HiSeq and MiSeq platforms. ISME J. 6, 1621–4 (2012). 

73. Purcell, S. et al. PLINK: a tool set for whole-genome association and population-based 
linkage analyses. Am. J. Hum. Genet. 81, 559–75 (2007). 

74. Loh, P.-R. et al. Reference-based phasing using the Haplotype Reference Consortium 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 19, 2017. ; https://doi.org/10.1101/150540doi: bioRxiv preprint 

https://doi.org/10.1101/150540


panel. Nat. Genet. 48, 1443–1448 (2016). 

75. Howie, B. N., Donnelly, P. & Marchini, J. A flexible and accurate genotype imputation 
method for the next generation of genome-wide association studies. PLoS Genet. 5, 
e1000529 (2009). 

76. Auton, A. et al. A global reference for human genetic variation. Nature 526, 68–74 
(2015). 

77. Carmi, S. et al. Sequencing an Ashkenazi reference panel supports population-targeted 
personal genomics and illuminates Jewish and European origins. Nat. Commun. 5, 4835 
(2014). 

78. Marco-Sola, S., Sammeth, M., Guigó, R. & Ribeca, P. The GEM mapper: fast, accurate and 
versatile alignment by filtration. Nat. Methods 9, 1185–8 (2012). 

79. Truong, D. T. et al. MetaPhlAn2 for enhanced metagenomic taxonomic profiling. Nat. 
Methods 12, 902–903 (2015). 

80. Li, J. et al. An integrated catalog of reference genes in the human gut microbiome. Nat. 
Biotechnol. 32, 834–841 (2014). 

81. Hong, C. et al. PathoScope 2.0: a complete computational framework for strain 
identification in environmental or clinical sequencing samples. Microbiome 2, 33 (2014). 

82. Conomos, M. P. et al. Model-free Estimation of Recent Genetic Relatedness. Am. J. Hum. 
Genet. 98, 127–148 (2016). 

83. Conomos, M. P. et al. Genetic Diversity and Association Studies in US Hispanic/Latino 
Populations: Applications in the Hispanic Community Health Study/Study of Latinos. Am. 
J. Hum. Genet. 98, 165–184 (2016). 

84. Yang, J., Lee, S. H., Goddard, M. E. & Visscher, P. M. GCTA: A tool for genome-wide 
complex trait analysis. Am. J. Hum. Genet. 88, 76–82 (2011). 

85. Hastie, T., Tibshirani, R. & Friedman, J. The Elements of Statistical Learning: Data Mining, 
Inference, and Prediction. (Springer, 2009). 

86. Chen, T. & Guestrin, C. Xgboost: A scalable tree boosting system. in Proceedings of the 
22nd ACM SIGKDD International Conference on Knowledge Discovery and Data Mining - 
KDD ’16 785–794 (ACM Press, 2016). doi:10.1145/2939672.2939785 

87. Pedregosa, F. et al. Scikit-learn: Machine Learning in Python. J. Mach. Learn. Res. 12, 
2825–2830 (2011). 

88. Schweiger, R. et al. RL-SKAT: An exact and efficient score test for heritability and set tests. 
bioRxiv (2017). at <http://biorxiv.org/content/early/2017/06/03/140889> 

89. Oksanen, J. et al. vegan: Community Ecology Package. Community ecology package, 
version (2017). 

90. Widmer, C. et al. Further Improvements to Linear Mixed Models for Genome-Wide 
Association Studies. Sci. Rep. 4, 6874 (2015). 

91. Listgarten, J. et al. Improved linear mixed models for genome-wide association studies. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 19, 2017. ; https://doi.org/10.1101/150540doi: bioRxiv preprint 

https://doi.org/10.1101/150540


Nat. Methods 9, 525–526 (2012). 

92. Yang, J., Zaitlen, N. A., Goddard, M. E., Visscher, P. M. & Price, A. L. Advantages and 
pitfalls in the application of mixed-model association methods. Nat. Genet. 46, 100–106 
(2014). 

93. Schweiger, R. et al. Using Stochastic Approximation Techniques to Efficiently Construct 
Confidence Intervals for Heritability. in RECOMB 241–256 (Springer, Cham, 2017). 

94. Gianola, D. Priors in Whole-Genome Regression: The Bayesian Alphabet Returns. 
Genetics 194, (2013). 

95. Devlin, B. & Roeder, K. Genomic control for association studies. Biometrics 55, 997–1004 
(1999). 

 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 19, 2017. ; https://doi.org/10.1101/150540doi: bioRxiv preprint 

https://doi.org/10.1101/150540


Property Value (mean±SD) 

Number of participants 696 

Age 43.6±13.0 

Gender (%female) 62% 

Avg. calories consumed daily (kcal) 1806±509 
Avg. carbohydrates consumed daily (gr) 207.4±61.0 

Avg. fat consumed daily (gr) 74.0±26.4 
Avg. protein consumed daily (gr) 68.1±23.4 

BMI 26.5±4.9 
Waist circumference (cm) 87.4±13.1 
Hips Circumference (cm) 104.4±12.9 

Waist-hip ratio 0.84±0.09 

Height (cm) 167±9.1 
Total cholesterol (mg/dl) 187±36 
HDL cholesterol (mg/dl) 57.8±17.5 

HbA1C% 5.47±0.49 
Fasting glucose (mg/dl) 92.7±11.8 

Creatinine (mg/dl) 0.86±0.18 
Lactose consumption (gr) 581±613 

 

Table 1. Baseline characteristics of the cohort. Shown are the mean and standard deviation of 

all properties used either as covariates or as investigated phenotypes. Dietary properties are 

based on information recorded in real time by study participants on their smartphones (see 

Methods). 
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Ancestry 

(categorical) 
Ancestry 

(proportions) 
Genetic kinship 

Host genetics 
(control) 

Kinship <0.03 <10-5 - 

Microbiome 

β-diversity >0.13 0.84 0.58 

α-diversity 0.25 0.92 0.67 

Specific taxa >0.05 >0.05 >0.05 

 

Table 2: No significant association between ancestral or genetic similarity and the gut 

microbiome. Each cell contains the P value of a single or multiple statistical tests, testing if 

individuals who are more similar according to ancestry or genetic kinship (in columns) are also 

more similar according to (1) microbiome β-diversity (using Bray-Curtis dissimilarity); (2) 

microbiome α-diversity (using Shannon diversity); (3) abundance of specific taxa; or (4) genetic 

kinship (in rows). The first column includes n=353 individuals with a single ancestral origin. The 

second and third columns include n=573 individuals. P values in the first column are based on 

Kruskal-Wallis tests (using the top 5 microbiome PCos for Bray-Curtis dissimilarity, and the top 5 

genetic PCs for genetic kinship); P values in the other columns are based on Mantel tests (using 

Euclidean distances for ancestry proportions; see Methods). 
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Figure 1: Genetic similarity is not associated with similarity in microbiome composition. (a)  

Principal component analysis of host genotypes. Markers represent individuals, with self-

reported ancestry being represented by different colored shapes. Admixed individuals and 

individuals with a partly unknown origin are assigned to the group Other. Note the clear 

separation of individuals by genetic ancestry, with the top two PCs significantly associated with 

genetic ancestry (Kruskal-Wallis test). (b) Same as (a), but for principal coordinate analysis of the 
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microbiome at the genus level, based on Bray-Curtis dissimilarity. Note that here individuals do 

not separate by ancestry, and no significant association is detected (Kruskal-Wallis test). (c) 

Distribution of average phylum abundance among individuals with a single ancestral origin (in 

log scale, normalized to sum to 1.0), for each phylum with an average study-wide relative 

abundance >0.1%. There is no significant difference in phyla distribution across different 

ancestral origins (Kruskal-Wallis test for each phylum).  (d) Box plots showing the distribution of 

Bray-Curtis dissimilarities at the genus level across pairs of individuals with a single ancestral 

origin (first five box plots), and across pairs with a single but different ancestral origin (right box 

plot). The numbers of pairs are Ashkenazi (n=41,905), North African (n=435), Yemenite (n=21), 

Sephardi (n=21), Middle Eastern (n=171) and pairs with different origins (n=57,575). The 

markers represent the (5%, 95%) percentiles of the distribution. There is no significant 

difference in Bray-Curtis dissimilarities across the different groups (Kruskal-Wallis test for the 

top five Bray-Curtis PCos). (e) Box plots showing the distribution of Bray-Curtis dissimilarities at 

the genus level across pairs of individuals, organized according to shared ancestry fraction (the 

fraction of grandparents born in countries associated with the same ancestry), for pairs with 0% 

(n=11,4254), 25% (n=23,880), 50% (n=77,142), 75% (n=24,430) and 100% (n=88,623) shared 

ancestry fractions. Pairs of individuals who are more ancestrally similar do not have significantly 

more similar microbiomes (Mantel test). (f) Genetic kinship values (x axis) versus Bray-Curtis 

dissimilarities at the genus level (y axis) between pairs of individuals. Markers represent pairs of 

individuals. The black line is the regression slope, and the Pearson correlation (r) is displayed. 

Pairs of individuals who are more genetically similar do not have significantly more similar 

microbiomes (Mantel test). (g) Analysis of the overall heritability of the microbiome, based on 

bacterial heritability estimates reported in the twins study of Goodrich et al.23. The x axis 

represents P values of heritability estimates of bacterial taxa, as reported in Goodrich et al. The 

y axis represents  (1) cumulative bacterial abundance, whose value at any point k along the x-

axis is the sum of relative abundances of all taxa with P<k (dark curve); and (2) cumulative 

estimated microbiome heritability, whose value at any point k along the x-axis is the sum of 

heritability estimates of all taxa with P<k, weighted by their relative abundance (light curve). 

When P corresponds to a 5% FDR, the overall microbiome heritability is 1.9%. 
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Figure 2: Limited evidence for microbiome associations with specific SNPs. (a) A quantile-

quantile (qq) plot of a genome-wide test which tests every genotyped SNP for association with 

microbiome β-diversity, by examining whether individuals with a smaller Bray-Curtis 

dissimilarity tend to carry more similar alleles at this SNP (using a linear mixed model based on 

Bray Curtis dissimilarities at the genus level, with n=573 individuals; see Methods). Markers 

represent obtained P values (y axis) versus their expected value under the null hypothesis of no 

association (x axis). No SNP is significantly associated with the microbiome β-diversity at a level 

of 5% FDR.  GC is the genomic control inflation factor95, where deviation from 1.0 indicates 

an inflation or deflation of P values.  (b) A Manhattan plot showing the lowest p-value obtained 

for every SNP tested for association with 288 taxa and with microbiome β-diversity, using n=665 

individuals. The dashed lines represent a genome-wide significant P value for a single tested 

taxon (      ), and corrected for testing 288 different taxa (            ). (c)  A 

Manhattan plot with the lowest P-value obtained for 225 SNPs in 211 loci previously reported in 

one or several previous studies to be significantly microbiome-associated23,24,26–28, using n=665 

individuals. The dashed line represents the P value for successful replication (0.05 / 211). Five 
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SNPs are successfully replicated (rs4988235, rs6730157, rs7581129, rs1360741, rs7801810), 

with two SNPs (rs4988235 and rs6730157) residing in close vicinity to the LCT gene. 

 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 19, 2017. ; https://doi.org/10.1101/150540doi: bioRxiv preprint 

https://doi.org/10.1101/150540


 

Figure 3: Individuals who share a household at present or in the past have significantly 

correlated microbiomes. Shown are box plots depicting the distribution of Bray-Curtis 

dissimilarities across pairs of individuals at the (a) phylum; (b) genus; and (c) bacterial genes 

level. Each panel shows the Bray-Curtis dissimilaries among all pairs of (1) individuals who are 

1st degree relatives, and hence likely to once have shared a household (n=22 pairs); (2) 

individuals who are 2nd, 3rd, 4th or 5th degree relatives, and hence unlikely to have a present 

or past shared household (n=11 pairs); (3) individuals self-reported to currently share a 

household (n=12 pairs); and (4) all other pairs of individuals (n=53,923 pairs). P values were 

computed via 100,000 permutation tests. First degree relatives have significantly similar 

bacterial phyla and bacterial gene abundances, and individuals with present household sharing 

have significantly similar bacterial gene abundances. * P<0.05; ** P<0.005.  
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Figure 4: The microbiome explains a significant fraction of the variance of several human 
phenotypes.  (a) Biome-explainability, defined as the phenotypic variance explained by the 
microbiome, can be estimated more accurately than genetic heritability. For each sample size, 
the values shown (y-axis) are the average 95% CI width of biome-explainability (using a kinship 
matrix based on bacterial genes from the present study; green curve), and of genetic heritability 
(using a kinship matrix of SNPs from WTCCC2 control cohorts; blue curve), computed via a 
parametric bootstrap and averaged over different values in the range [0,1] (Methods). Smaller 
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CI widths indicate a greater confidence in the estimation. Biome-explainability estimation using 
540 individuals provides nearly the same accuracy as genetic heritability estimation using 3,000 
individuals (dashed line). Genetic heritability CIs based on our cohort of 696 individuals have a 
width greater than 98% for all evaluated subsets, and are omitted for clarity.  (b) Biome-
explainability estimates from our study (left column) are comparable to genetic heritability 
estimates from the literature (right column)51–58 for several human phenotypes of interest. 
Genetic heritability estimates are given as a range of values corresponding to the different 
literature estimates. (c) Biome-explainability estimates of several human phenotypes. Horizontal 
bars represent 95% confidence intervals. Glycemic status is an indicator of hyperglycemia, based 
on HbA1c%, fasting glucose, response to standardized meals, and data collected from 
continuous glucose monitors (see Methods).   * FDR<0.05;  ** FDR<0.01. (d) Phenotype 
prediction accuracy when using different sets of predictive features: (1) Basic: Age, gender, and 
self-reported daily average caloric, fat, protein and carbohydrates consumption; (2); 
Microbiome: Presence/absence patterns of 809,665 microbiome genes; and (3) Genetics - 
genetic factors, encoded via a polygenic risk score, which consists of obtaining effect size 
estimates for 554,279 SNPs from summary statistics, and then assigning a score for every 
individual by summing their SNPs (under a 0/1/2 encoding which corresponds to the number of 
minor alleles carried at each SNP), weighted by their reported effect. Prediction performance 
     was evaluated via a 10-fold cross validation, using ridge regression with regularization of 
bacterial genes (Methods). (e) The additive contribution of microbiome and genetics to 
prediction performance over the basic features. The shown quantities are the difference in    
prediction performance of a model that includes either microbiome, genetics or both, compared 
with a model that includes only basic features (gray bars in Figure 4d). Notice that the joint 
contribution of microbiome and genetics is similar to the sum of the individual contributions, 
suggesting that the contributions of microbiome and host genetics to phenotype prediction are 
additive and independent. 
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