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ABSTRACT
Factors shaping the human intestinal microbiota range from environmental influences, like smoking
and exercise, over dietary patterns and disease to the host’s genetic variation. Recently, we could
show in a microbiome genome-wide association study (mGWAS) targeting genetic variation
influencing the b diversity of gut microbial communities, that approximately 10% of the overall gut
microbiome variation can be explained by host genetics. Here, we report on the application of a
new method for genotype-b-diversity association testing, the distance-based F (DBF) test. With this
we identified 4 loci with genome-wide significant associations, harboring the genes CBEP4, SLC9A8,
TNFSF4, and SP140, respectively. Our findings highlight the utility of the high-performance DBF test
in b diversity GWAS and emphasize the important role of host genetics and immunity in shaping
the human intestinal microbiota.
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Introduction

The human gut microbiota as an important focus of
medical research within the past few years, has been
investigated in the context of numerous inflammatory
and non-inflammatory disorders of the intestine, but
also in other systemic diseases, rendering gut health
and the underlying host-microbiota interactions as a
key component of well-being. While changes in a-
and b diversity, as well as changes in the presence or
absence and the abundance of specific microbial taxa
have been shown to be associated with numerous dis-
eases, the processes and factors shaping a ‘healthy’ gut
microbiota are still largely understudied. First studies
could show connections between host genotypes and
changes in the abundance of specific taxa. These stud-
ies were either rather underpowered, investigating

only roughly one hundred individuals,1,2 or based on
candidate genes to reduce multiple testing burden.3,4

An analysis approach, focusing on host-genetic
influences on b diversity using the microbiomeGWAS
framework,5 which uses linear models to correlate
genotype distance data with pairwise b diversity data,
correcting for skewness and kurtosis of the results,
identified 2 loci on chromosome 9 and chromosome 4
to be associated with variation in weighted UniFrac
distance and Bray-Curtis dissimilarity, respectively.4

Recently, we estimated in a host-microbiome
genome-wide association study (mGWAS), linking b

diversity to host genetic variation, that roughly 10% of
the variation in the gut microbiota is explained by the
host’s genetic architecture (model with 42 loci) in a
Northern German study population.6 This proportion
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of explained variation has about the same order of
magnitude as the proportion explained by non-genetic
factors (such as dietary and lifestyle factors) described
elsewhere.7,8 Additionally, we could show correlations
of serum bile- and fatty acids with the abundance of
microbial traits. Especially variants in the gene encod-
ing for the transcription factor Vitamin D Receptor
(VDR), among whose ligands are also bile acids, were
found to play an essential role in shaping of intestinal
communities.6

Here, we present the application of an alternative
analytical approach for the investigation of b diversity
host-genomic associations with shaping the gut
microbiota, which does not rely on extensive permuta-
tions, thus massively reducing the computational bur-
den, while exhibiting high concordance with
comparable permutation-based approaches.

Our findings highlight the role of the host’s
immune functions and signaling in the assembly and
homeostasis of gut-associated microbial communities
in humans. In addition, our identified loci are located
near known inflammatory bowel disease (IBD) genetic
susceptibility loci, previously identified through case-
control GWAS, implicating the host-microbiome
interplay in IBD disease etiology.

Approximate inference of null distribution
as an alternative to extensive permutative tests
in b diversity GWAS

Permutative distance-based analysis of variance,9 as
implemented in the adonis function of the vegan pack-
age10 for R,11 is an widely used approach to investigate
differences in b diversity based on categorical variables.
However, approaches relying on permutation are slow
regarding computation time, and thus, not applicable
to large data sets comprising several hundreds of sam-
ples and millions of genetic variants. The method of
moment matching tries to overcome these problems by
approximating an unknown null distribution based on
known distributions. In this case a Pearson Type III
distribution, and parameters estimated from the data
itself,12 provide the opportunity to analyze large data
sets in a GWAS setting comparably fast using this dis-
tance-based F test (DBF test). The Pearson Type III
distribution was chosen as its properties as a 3-parame-
ter Gamma distribution makes modeling of a multitude
of other distributions possible, using its first 3 moments
calculated from the data: mean, variance and skewness.

While the DFB test has been shown to be applicable to
different types of data sets and distance measures,12,13

it has not been used in large-scale studies investigating
factors shaping microbial communities. We applied
this method on b diversity data represented as Bray-
Curtis dissimilarity on genus level abundance data, in
analogy to the input data used in our previous publica-
tion.6 The genotype information used was the same as
described in the previously published article.6 The data
set consisted of 2 independent cohorts, PopGen and
FoCus, from Northern Germany, comprising 830 and
937 individuals, respectively, and 1767 individuals in
total. To account for influences of nutrition and
anthropometrics, the Bray-Curtis dissimilarity was cor-
rected for the covariates total energy intake, alcohol
consumption, and water intake, as well as age, gender,
and body mass index, respectively. Furthermore, b

diversity data was corrected for variation in the first 3
genetic principal components. This was done fitting a
distance-based Redundancy Analysis9 (capscale func-
tion of the vegan package10 for R11) using the afore-
mentioned covariates as constraints. The residual
variation of this model was subsequently used as dis-
tance matrix in the DBF-test. The DBF-test was per-
formed in R11 using the snpStats package14 to import
genotype data in plink format15 and applying the DBF.
test function imported from the R source code file
accompanying the original article describing the DBF
test (https://wwwf.imperial.ac.uk/»gmontana/soft
ware/dbf/dbf_test.R).12 To ensure the detection of
robust signals and to account for the different sample
sizes, a meta-analysis was performed only using geno-
type-information overlapping in both cohorts and
using a weighted Z-score based test.16 Association
results were classified as “significant,” if the meta-analy-
sis P-value passed the genome-wide significance thresh-
old of P < 5 £ 10¡8 in the meta-analysis, and both
cohorts displayed a significant P-value (P < 0.05).

Genes involved in host-immunity are associated with
shifts in b diversity

Using the afore-mentioned significance criteria, 4 loci
were found as significantly associated with variation
in b diversity in the meta-analysis. The locus with the
strongest signal is located on chromosome 5
(rs67909753; chr5:173306058; Pmeta D 3.61 £ 10¡9;
Fig. 1A in strong LD with the CPEB4 gene (Cyto-
plasmic Polyadenylation Element Binding Protein 4).
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CPEB4 is an effector by which RORgt, a key determi-
nant in the cell differentiation of Th17 cells, inhibits
proliferation of thymocytes.17 One variant at this locus
(rs7705502; R2

LeadSNP D 0.928) has previously been
reported to be associated with Crohn’s disease18,19 and
obesity-related traits.20 The second signal is located on
chromosome 20 (rs113738363; chr20:48449631; Pmeta

D 1.54 £ 10¡8; Fig. 1B). A variant at this locus in
strong linkage disequilibrium with the lead SNP
(rs4809760; R2 D 0.765) has been identified in our
previous mGWAS6 and is located in an intronic area
of the SLC9A8 gene, encoding for NHE8 (cation pro-
ton antiporter 8). This protein is expressed in goblet
cells in the intestine21 and is known to be essential for
mucosal integrity, with loss of expression leading to
increased bacterial adhesion and inflammation in
mice following dextran sodium sulfate (DSS) treat-
ment.22 Additionally, this locus was previously found
to be associated with psoriasis,23-25 a chronic disorder
of the skin with proposed links to the intestinal
microbiota.26

Our third hit is located on chromosome 2
(rs11678791; chr2:231223975; Pmeta D 1.19 £ 10¡8;
Fig. 1C) harboring the SP140 Nuclear Body Protein
and the SP140L genes. This locus was previously asso-
ciated with Crohn’s disease19 and SP140L is a key reg-
ulator of the macrophage transcriptional program,
whose depletion leads to a severely impaired microbe-
induced activation.27 The fourth and last association
finding is located on chromosome 1 (rs11811788;
chr1:173150727; Pmeta D 2.1 £ 10¡8; Fig. 1D). This
locus harbors the TNFSF4 (OX40L; CD252) gene that
is located 2.1 kbp downstream of rs11811788. The
OX40-OX40L signaling pathway has been shown to
regulate cytokines in T-cells, antigen-presenting cells
(APCs), NK cells and NKT cells, thus plays a central
role in inflammation.28

Permutation-based analysis

To confirm the validity of the signals, permutation
based testing was performed for the 4 variants

Figure 1. Regional association plots of the b diversity meta-analysis. (A) TNFSF4/OX40L, Chromosome 1: 173Mb-173.4Mb, Pmeta D 2.1 £
10¡8; (B) SP140 and SP140L, Chromosome 2: 231Mb-231.4Mb, Pmeta D 1.19 £ 10¡8; (C) CBEP4, Chromosome 5: 173.1Mb-173.5Mb,
Pmeta D 3.61 £ 10¡9; (D) SLC9A8/NHE8, Chromosome 20: 48.2Mb-48.7Mb, Pmeta D 1.54 £ 10¡8.
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identified as genome-wide significant in the analysis
based on approximate inference. Using the adonis
function from the vegan10 package for R11 and 106

random permutations of the genotypes, the DF distri-
bution was determined empirically. Comparing P-
Values from DBF test and permutation based test, we
see a large congruency of the results (Table 1). We
could not find any systematic deviations exhibited by
the permutation-free method, as all P-values are in the
same order of magnitude as those obtained from a
classical and widely used permutational approach
(Table 1). This is also made evident by the good con-
cordance of the empirical distribution with the
approximated probability density function obtained
from the DBF test for each of the respective variants
under investigation (Fig. 2). While 106 permutations
only allow to calculate P-values larger than 10¡6, all
variants with P-values below this threshold in the
DBF test showed no permutations with stronger sig-
nals than the actual genotype.

Replication of 42 loci identified in mGWAS

The boundaries of the loci provided in Table 1 in Wang
et al.6 were evaluated for their replicability using the DBF
test. The major difference between both approaches is
that the DBF test is based directly on the b diversity
matrix, while the previously published approach is based
on the ordination of this distance matrix. For 41 of the 42
loci we obtained a nominally significant P-value
(P < 0.05) at the exact respective position of the lead
SNPs. As mentioned earlier, the SLC9A8 locus on
chromosome 20 shows a genome-wide significant associ-
ation in both analysis strategies (see Table 2). Threemore
of the lead SNPs showing significant associations in the
original article have P-values <10¡5, and another 5 loci
reached this threshold when considering SNPs in the
neighborhood – using physical boundaries obtained

from the DEPICT analysis – of the lead SNP of the origi-
nal analysis (see Table 2). Among these loci is one that
spans the BANK1 (B-Cell Scaffold ProteinWith Ankyrin
Repeats 1; chr4:102901822) gene, which was previously
reported to be associated with IBD19 and which is in line
with the reported loci reaching genome-wide signifi-
cance. One locus on chromosome 8 (rs138022915;
chr8:19885934) covers the LPL (Lipoprotein Lipase)
gene. Gene expression of LPLwas shown to be influenced
by the microbiota through altered expression of fasting-
induced adipose factor (Fiaf) in mice. The only lead SNP
not exhibiting a significant P-value < 0.05 is the variant
rs225153 (chr11:8853177), however, within the only
0.94 kb spanning locus another variant reaches at least
nominal statistical significance (chr11:8852400;
PmetaD 2.38£ 10¡2).

Discussion

The effect of host-genetic variation on the complex
phenotype of b diversity of the intestinal microbiota is
still largely unknown. We could show, that our
adapted method is applicable to microbiome data and
yields results in line with classical permutation
approaches, without the need of doing millions of per-
mutations per variant, as at least 2£ 107 permutations
would be needed to approach the threshold of
genome-wide significance. For a typical data set of
several millions of imputed genetic variants, this num-
ber would easily exceed 1014 necessary permutations.

By applying this new method, the DBF test, to b

diversity data of 2 independent Northern German
cohorts, consisting of a total of almost 1,800 individu-
als, we could show that variants in genes primarily
involved in immune related functions and inflamma-
tory processes showed an association with changes in
the gut microbial community. While all for loci are
sensible targets with respect to the interactions

Table 1. Comparison of DBF test based [P(DBF)] and permutation based analysis [P(Perm)] of the 4 variants showing significant associa-
tions to changes in b diversity in 2 independent Northern-German cohorts. In the case that none of the permutations resulted in a larger
DF than the actual genotype, P(Perm) is set to <10¡6. Positions are given as chromosome and position (chr:pos) and are based on the
hg19 version of the human genome annotation.

Focus Popgen
Meta

rsID chr:pos DF P(DBF) P(Perm) DF P(DBF) P(Perm) P(meta)

rs11811788 chr1:173150727 0.0071569 1.08 £ 10¡8 < 10¡6 0.0034576 0.035664 0.033779 2.10 £ 10¡8

rs11678791 chr2:231223975 0.0052987 1.50 £ 10¡5 2.5 £ 10¡5 0.0050288 0.00019994 0.000234 1.19 £ 10¡8

rs67909753 chr5:173306058 0.0073541 4.10 £ 10¡9 < 10¡6 0.0036817 0.01813936 0.017608 1.45 £ 10¡8

rs113738363 chr20:48449631 0.0073984 5.82 £ 10¡9 < 10¡6 0.0035011 0.03922766 0.037279 1.54 £ 10¡8
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between host and associated microbes, especially the
SLC9A8/NHE8 gene locus is an intriguing candidate
for future studies. This is due to its high expression in
goblet cells,17 its crucial role for mucosal integrity22

and its potential role in selective bacterial adherence.29

The association signal in the TNFSF4 locus and its
role in regulation of cytokines is in line with recent
findings underlining the links of the gut microbiota to
cytokine production.30

Furthermore, 3 of the 4 loci found in our re-analy-
sis are also known to be overlapping with loci associ-
ated to different kinds of chronic inflammatory
disorders, namely Crohn’s disease and psoriasis. Espe-
cially for Crohn’s disease it was proposed, that host-
microbe interactions were, and probably are, a driving
factor in the manifestation of the disorder.18 More-
over, it was shown, that loci associated with Crohn’s
disease and psoriasis are overlapping to a certain
extent31 and comorbidities of the 2 diseases are widely
reported.32

Our findings emphasize the role of gut microbes as
potential triggers of these diseases, and possibly addi-
tional chronic disorders.

The observed differences in significance of the
results highlight the difficulties and challenges accom-
panying mbQTL (microbiome quantitative trait) asso-
ciation analyses of, for example, microbial diversity in
connection to host-genetics. The ordination-based
analysis described in Wang et al.6 reduces the dimen-
sions of the high-dimensional data to principal coor-
dinates, which has the benefit of removing stochastic
noises and pathways with relatively smaller contribu-
tions, and reveals the most important pathways affect-
ing the major variable patterns of microbial b

diversity, in this case, vitamin-related pathways and
bile-acid related genes centered by VDR. However,
variation not necessarily displayed by the 2 major axes
of the ordination might not be detected by this
method. Thus, the DBF test serves as an addition to
the previously published results on the connection
between b diversity and host-genetics, strengthening
especially the importance of those loci exhibiting
strong to intermediate results in both analyses.

However, while these results are intriguing, they
should mainly serve as a starting point and perspective
for subsequent analyses in larger and hence better
powered cohorts, investigating the genetic effects of
host-microbiota interactions, leading to additional
and potentially more robust signals for the complex
trait of b diversity, overcoming the challenges of small
effect sizes, sensitivity to technical differences and
confounding environmental factors. In a recent
review, Zhernakova and colleagues further discuss the
phenomenon that there is little overlap in the findings
between all the mbQTL studies with more than 1000
samples analyzed published so far, likely because there
were many significant differences between the data
sets and methods that were used.33 In summary, clas-
sical GWAS methodology cannot be used for mbQTL
studies, given the complexity of the trait under study,
and the development of best-practice workflows and
stringent thresholds are in its infancy. As shown in
this study, the DBF test deserves a careful consider-
ation for future studies.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Figure 2. Comparison of the empirical distribution of DF from 106 permutations of each of the 4 variants in both cohorts with probabil-
ity density function approximated by using moment matching to Pearson Type III distribution. Red lines indicate the DF of the actual
genotype distribution in the cohorts.
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