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SUMMARY

Contradicting observations have been made
regarding the relative contributions of immune sensors to shaping the microbiome, yet the reasons for
these discrepancies are not fully understood. Here,
we investigated the contribution of environmental
factors in shaping the microbiome in mice deficient
in adaptive immunity (Rag2 / ) and Nlrp6, an immune sensor proposed to be involved in regulation
of microbiota composition. In conventionally housed
Nlrp6 / mice, familial transmission has a significant
effect on microbiota composition, complicating
the analysis of genotype-dependent effects. Notably,
after rederivation into standardized specific pathogen-free (SPF) conditions devoid of pathobionts,
microbiota composition was indistinguishable between WT, Rag2 / , and Nlrp6 / mice. However,
upon reintroduction of a pathobiont-containing community host, genotype-dependent differences reappear, specifically affecting the relative abundance
of pathobionts such as Helicobacter spp. Our results
show that the impact of Nlrp6 and also of adaptive
immunity on microbiota composition depends on
community structure and primarily influences pathobionts but not commensals.
INTRODUCTION
The microbiota encompasses diverse populations of bacteria,
archaea, and eukaryota that populate many body sites of multicellular hosts, with the gastrointestinal (GI) tract harboring a large
majority of microbes in humans (Simon and Gorbach, 1984).
Each of these microbial ecosystems is dynamically shaped by
numerous factors, and, consequently, differences at all phylogenetic levels have been reported between individuals and populations around the globe (Clemente et al., 2015). Many of these
differences derive from the diverse environmental conditions in
which humans live, resulting in exposure to different microbes,

but contributions of genetic factors have also been identified
for a limited set of genes and microbes (Goodrich et al., 2014).
Hence, in emerging models, the composition of the microbiota
of each individual is considered a complex phenotype influenced
by both environmental and host factors, which are, in many
cases, interconnected, making it difficult to distinguish associations from causal relationships.
We have previously shown that deficiency in the Nlrp6 inflammasome results in distinct alterations of the microbiota that are
disease exacerbating in mouse models of inflammatory bowel
disease (IBD), intestinal tumorigenesis, and metabolic dysfunction (Elinav et al., 2011; Henao-Mejia et al., 2012; Hu et al.,
2013). Similar observations were made for other immune sensors such as TLR5 and NOD2, as well as adaptive immunity
(Rehman et al., 2011; Vijay-Kumar et al., 2010; Zhang et al.,
2015). However, conflicting results have been reported, raising
doubts as to whether distinct host-immune deficiencies directly
cause aberrations in the gut microbiota or whether they rather
reflect the influence of environmental factors such as familial
transmission (Mamantopoulos et al., 2017; Robertson et al.,
2013; Ubeda et al., 2012). Alternatively, it can be hypothesized
that contradictory results are caused by differences in the experimental setup, including the composition and structure of
the respective evaluated microbial ecosystems. Consequently,
distinct alterations may not be detectable under all conditions
tested. Along these lines, a recent study has challenged the proposed role of the Nlrp6 inflammasome in shaping the microbiome, claiming that a generalizable impact of this Nlrp6 was
not detectable upon rederivation of these mice into specific
pathogen-free (SPF) conditions (Mamantopoulos et al., 2017).
Whether the Nlrp6 inflammasome and other parts of the immune
systems, such adaptive immunity, are general regulators of
microbiome structure or, rather, influence the structure of the
community only under specific conditions is currently not known.
Hence, we investigate here the contribution of Nlrp6 and
adaptive immunity on the composition of the intestinal microbiome, using three distinct approaches. First, a large-scale
cross-sectional study of conventionally housed Nlrp6 / mice
was performed to estimate the influence of genotype, familial
transmission, and cage effects. Second is the rederivation of
gene-deficient Nlrp6 / and Rag2 / mice into standardized
enhanced specific pathogen-free (eSPF) conditions devoid of
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Figure 1. Environmental Factors Contribute to Diverse Microbiota Composition in Nlrp6 Inflammasome-Deficient Mice
(A) Scheme for cross-sectional characterization of fecal microbiota composition in WT, Nlrp6 / , Asc / , and Casp1/11 / mice maintained by inbreeding in
conventional housing conditions.
(B) NMDS ordination analysis of microbiota composition in mice using Bray-Curtis distances grouped by genotype.
(C) Individual effect size of tested covariates.
(D–F) NMDS ordination analysis of microbiota composition in Nlrp6 / (D), Asc / (E), and Casp1/11 / (F) mice using Bray-Curtis distances grouped by colony.
Ellipses indicate dispersion of samples within colony.

(legend continued on next page)
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known pathobionts. Finally, we analyzed the dynamic assembly
of the microbiota upon controlled introduction of a dysbiotic
community into isobiotic wild-type (WT) and gene-deficient
mice, using 16S rRNA gene sequencing to specifically survey
the structure and composition of metabolically active bacteria.
Our results highlight the large effect of familial transmission on
community structure that has not previously been demonstrated
for Nlrp6 inflammasome-deficient mice affecting the presence
of numerous bacterial families, including Prevotellaceae and
Helicobacteraceae. Moreover, characterization of mice raised
in eSPF conditions revealed that neither Nlrp6 nor adaptive
immune cells contribute to shaping the microbiota composition
under these conditions. However, upon reintroduction of a dysbiotic community into isobiotic WT, Nlrp6 / , and Rag2 / mice,
distinct differences in the composition of the metabolically active
microbiota became detectable, suggesting that Nlrp6 and
adaptive immunity specifically contribute to the regulation of microbiota composition in the presence of microbes with proinflammatory features.
RESULTS
Familial Transmission Significantly Influences
Microbiota Composition in Conventionally Housed Nlrp6
Inflammasome-Deficient Mice
Using a cross-sectional study of distinct lines of WT and genedeficient mice, we previously identified an altered microbial
community in Nlrp6 inflammasome-deficient mice (Elinav et al.,
2011). Taking into account recent advances in the understanding
of the contribution of environmental and experimental variables
on microbiome composition (Rausch et al., 2016; Stappenbeck
and Virgin, 2016; Ubeda et al., 2012), we wanted to estimate
the influence of host genetics and familial transmission in mice
deficient in components of the Nlrp6 inflammasome. To this
end, we surveyed microbiome composition in mice from 13 colonies of Nlrp6-, Asc-, and caspase-1-deficient mouse lines as
well as one colony of WT mice (n = 4–10 mice per group) (Figure 1A). All the colonies were housed in several different rooms
within one large animal facility using conventional housing conditions (Experimental Procedures). The fecal microbiota was characterized by 16S rRNA gene sequencing, followed by ordination
analyses using Bray-Curtis dissimilarity distances. Non-metric
multidimensional scaling (NMDS) revealed a complex pattern
of community structures (Figure 1B). We used permutational
multivariate ANOVA (ADONIS), considering the factors ‘‘genotype,’’ ‘‘colony,’’ and ‘‘cage’’ to evaluate their relative contribution to variability within the microbiota. This analysis identified
that gene-deficient mice clustered distinctively, compared to
WT mice bred and maintained in the same facility (Figure 1C;
R2 = 0.265, p < 0.001). However, an even larger effect was noted
to derive from the factor ‘‘colony’’ (R2 = 0.349, p < 0.001).
Notably, the factor ‘‘cage’’ had a lower but significant effect,
compared to ‘‘genotype’’ (R2 = 0.172, p < 0.05). Finally, when

only comparing mice with the same genotype, we confirmed
that association with different colonies explained a large fraction
of the variability in microbiota composition in Nlrp6 / , Asc / ,
and Casp1/11 / mice (Figures 1D–1F; R2s = 0.487, 0.555, and
0.408, respectively; p < 0.001). Prevotellaceae, which we previously identified to be enriched in Nlrp6 / mice (Elinav et al.,
2011), had the highest abundance in Nlrp6 / mice compared
to WT, Asc / , and Casp1/11 / mice (Figure 1G), but significant
differences were observed in colonies of Nlrp6 / mice (Figure 1H; p < 0.001, Kruskal-Wallis test). Moreover, operational
taxonomic units (OTUs) belonging to the genus Prevotella
differed strongly between mouse lines and even colonies further
supporting the high variability in the microbiome of these lines
(Figure S1). Beside the genus Prevotella, similar colony-specific
alterations in the abundance of distinct bacterial families were
observed in many colonies of gene-deficient mice (Figure 1I),
e.g., high abundances of Verrucomicrobiaceae and Helicobacteraceae in individual colonies but that were largely absent in
other colonies (Figure S1). Importantly, this cross-sectional
study of mice bred under conventional housing conditions highlighted that segregation of mouse lines even within the same
facility and kept under the same hygiene conditions has a
tremendous impact of microbiota composition, such as the presence or absence of putative pathobionts, including Prevotella
spp., Helicobacter spp., and Akkermansia muciniphilia. This supports the model that, beyond genotype, additional factors such
as maternal inheritance and stochastic events influence the
composition of the microbiome in conventionally housed mice,
even when they are maintained within the same facility.
Rederivation into Enhanced SPF Conditions Diminishes
the Effect of Nlrp6 Deficiency on Microbiota
Composition
Standardization of microbiota composition has recently been
proposed as an approach to overcome microbiota variability in
animal experimentation (Macpherson and McCoy, 2015). In order
to assess the microbiota composition in WT and gene-deficient
mice under controlled environmental conditions, we used rederivation of mice by embryo transfer (ET) through a cohort of foster
mothers with a semi-standardized microbiota (Figure 2A; Experimental Procedures). We focused our initial analysis on two strains
of gene-deficient mice, the aforementioned Nlrp6 / mice as well
as mice deficient in Rag2 (Rag2 / ), thereby lacking adaptive immunity. The latter strain was included, since previous studies had
reported conflicting results on the type of alterations in microbiota
composition in these mice (Garrett et al., 2007; Zhang et al.,
2015). Specifically, we compared the composition of the fecal microbiota in two cohorts of WT, Rag / , and Nlrp6 / mice each,
one cohort before and one cohort after ET. NMDS analysis
showed two main clusters corresponding to the samples before
(Figure 2B, Conv [conventionally housed) and after (Figure 2B,
eSPF) ET. As observed before, mice maintained under conventional housing (Figure 2B, Conv) clustered by genotype. In

(G and H) Relative abundance of the family Prevotellaceae in mice grouped by genotype (G) and in Nlrp6 / mice grouped by colony (H).
(I) Relative mean abundances of bacterial families in mice grouped by colony.
Permutational multivariate ANOVA (ADONIS) was used to calculate the variance explained by individual factors in (C). Mann-Whitney U test was used for
(G) and (H). *p < 0.05; **p = 0.01; ***p < 0.001.
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Figure 2. Rederivation of Immunodeficient Mice from Conventional Housing Conditions to eSPF Conditions Normalizes the Microbiota
(A) Scheme for rederivation of conventionally housed (Conv) mouse strains into enhanced SPF (eSPF) housing conditions via ET using CD1d foster mothers with
eSPF microbiota.
(B–E) Fecal samples were obtained from Conv-housed (circles) and eSPF-housed (asterisks) mice of indicated genotypes.
(B) NMDS ordination analysis of microbiota composition using Bray-Curtis distances.
(C) Similarity analysis of microbiota composition within housing condition using Bray-Curtis distances to the respective centroid.
(D) Estimation of a-diversity using the richness and inverse Simpson indices. The dots indicate the outlayers.
(E) Heatmap of detected OTUs clustered at family level; the samples were grouped by housing condition (Microbiota) and genotype as indicated.
Mann-Whitney U test was used in (C). ***p < 0.001.

contrast, rederivation of Rag2 / and Nlrp6 / mice resulted in
offspring with no obvious differences in gut microbiota composition as compared to WT mice (Figure 2B). Variability between
samples were calculated using Bray-Curtis distances to the
respective centroids (eSPF and Conv) demonstrating that beta diversity within eSPF mice is significantly lower than within Conv
mice (Figure 2C; p < 0.001, Mann-Whitney test). Notably, mice

with the eSPF microbiota have a similar alpha diversity compared
to Conv mice (Figure 2D). However, while the eSPF microbiota
contains mainly Firmicutes and only two families of Bacteroidales
(Rikenellaceae and Porphyromonadaceae), Conv mice contain a
larger fraction of distinct Bacteroidales families, e.g., Prevotellaceae and S24-7, as well as several representatives from the
phylum Proteobacteria, including pathobionts from the families
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Desulfovibrionaceae, Alcaligenaceae, and Helicobacteraceae
(Figure 2E) (Palm et al., 2014; Sonnenberg et al., 2012). Next,
we wanted to characterize whether other deficiencies in inflammasome components (Nlrp3 / , Nlrp6 / , Asc / , Casp1 / ,
Casp11 / , Casp1/11 / , Il1a / , and Il1b / mice) or specific
subsets of adaptive immune cells (Tcrb / Tcrd / and muMT /
Rag2 / mice) result in genotype-specific clustering when colonized with the eSPF microbiota. Analysis of microbiota composition in 336 mice from 13 colonies revealed that samples from
individual mice were interspersed between genotypes without
obvious clustering (Figures S2A and S2B). Specifically, genotype
did not contribute significantly to the variation observed between
WT mice and mice with inflammasome-related deficiencies
(R = 0.040, p = 0.106, ANOSIM) as well as deficiencies in adaptive
immune cell subsets (R = 0.154, p = 0.002, ANOSIM). The relative
abundance of bacterial families remained comparable between
all screened eSPF mice across 1 year of breeding (Figures S2C
and S2D). This indicates that, under SPF conditions, Nlrp6dependent effects on the microbiome are not detectable, which
is in accordance with the recent study from Mamantopoulos
and colleagues (Mamantopoulos et al., 2017). However, this
observation is not limited to Nlrp6, as it also occurs in mice deficient in adaptive immunity, which have been repeatedly shown to
feature microbiome aberrations under conventional housing conditions (Garrett et al., 2007; Kawamoto et al., 2014; Zhang et al.,
2015). Altogether, this highlights that, under eSPF conditions, a
stable genotype-independent bacterial community can be maintained in immunocompromised mice within a facility.
Introduction of Potential Pathobionts into
Immunodeficient Mice Reveals Host Genetics-Driven
Effects on the Microbiome
We hypothesized that unaltered microbiota composition in
immunodeficient mice housed in eSPF conditions may result
from the absence of distinct bacteria that are able to explore
specific ecological niches opened as a consequence of altered
host immune function. Therefore, we introduced the microbiota
of conventionally housed dysbiotic Nlrp6 / mice (Conv-Dys)
(Elinav et al., 2011) into eSPF WT, Rag2 / , and Nlrp6 / mice
through fecal transplantation (FT) (Figure 3A). Comparison
of fecal microbiota composition before (eSPF) and after
(eSPF+Conv-Dys) FT revealed two main clusters, one
comprising mice before challenge and another one comprising
mice receiving the FT as well as the donor mice (Figure 3B). Analysis of OTUs present in recipients and donor mice demonstrated
that 86% of the OTUs from the donor community were being
transferred into all three recipient lines (Figure 3C). Within the
cluster of FT recipient mice, further sub-clustering was observed
(Figure 3D), and pairwise comparisons between WT and genedeficient mice revealed no significant genotype-driven difference between WT and Nlrp6 / mice using fecal DNA after
4 weeks, but between WT and Rag2 / mice (Figures 3E
and 3F). Since Nlrp6 has been proposed to specifically modulate
the mucosal barrier (Levy et al., 2015; Wlodarska et al., 2014), we
next investigated the microbiota composition in the intestinal
lumen or the mucus layer of Nlrp6 / and Rag2 / mice. Moreover, in order to distinguish metabolically active from inactive
bacteria with high sensitivity, we performed 16S rRNA gene
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sequencing based on RNA rather than DNA (Berry et al., 2012;
Emerson et al., 2017; Rodrı́guez-Blanco et al., 2009). RNA was
isolated from luminal and mucosa-associated bacteria at four
different anatomic sites: i.e., ileum (SI), cecum (Cec), proximal
colon (PC), and distal colon (DC). Comparative analysis of
DNA- versus RNA-based microbiota analysis is described in Figure S3A. Analysis of 16S rRNA sequencing data using NMDS
showed several distinct clusters reflecting the different genotypes and anatomical sites (Figure 3G). Testing with ADONIS
indicated that the variable ‘‘GI location’’ contributes 67% to
the observed variability (R2 = 0.675, p < 0.001), followed by the
variable ‘‘genotype,’’ which explained 7% (R2 = 0.070, p <
0.001) (Figure 3G). Similar effects were observed when separating samples into luminal and mucosa-associated bacteria,
with the community in Rag-deficient mice clustering distinctively
from WT and Nlrp6 / mice (Figures 3H and 3I). After FT, the microbial relative abundance was dominated by Clostridiales, Bacteroidales, Campylobacterales, and Deferribacterales, which
represent 98% of the bacteria found at different GI sites (Figures
S3B–S3D). In the lumen, ‘‘GI location’’ and ‘‘genotype’’ have a
significant effect (R2 = 0.528 and R2 = 0.127, respectively; p <
0.001). In the mucosa, ‘‘GI location’’ presented a higher contribution in comparison with the lumen (R2 = 0.699, p < 0.001), and
‘‘genotype’’ also contributed, to a lower degree, to the differences (R2 = 0.0615, p < 0.001). Pairwise comparisons of WT
and Nlrp6 / mice revealed that communities in the colon, but
not cecum and SI, differed significantly, with ‘‘genotype’’ explaining up to 41% of variability, i.e., in the lumen of the DC (Figure S4). Communities in Rag2 / mice differed at most sites,
except the lumen of the small intestine and the mucosa in the
DC, from the ones in WT mice (Figure S4). This demonstrates
that, upon exposure to pathobiont-containing communities, deficiencies in adaptive immune cells have a broad impact on microbiota composition, while deficiency in Nlrp6 has a rather
distinctive, but readily detectable, influence on the metabolically
active communities in the colon.
Increased Abundance of Pathobionts in Mice Deficient
of Nlrp6 and Adaptive Immunity
We next explored the taxonomic composition of the bacteria,
which differs between genotypes in the lumen of the colon. For
this analysis, we included data from two independent FT experiments, i.e., transfer of Conv-DysM microbiota into eSPF mice
(WT, Rag2 / , and Nlrp6 / ), and employed complementary statistical approaches to identify biomarkers at higher taxonomic
levels by the linear discriminant analysis (as described in linear
discriminant analysis effect size [LEfSe]) (Segata et al., 2011)
and differentially abundant (DA) OTUs using the negative binomial Wald test (as described in Love et al., [2014]). Initial
NMDS analysis confirmed that samples readily clustered by
genotype in the lumen of the proximal and DC, which
was corroborated by statistical analysis (ADONIS, R2 > 0.10;
p < 0.01) (Figures 4A–4D). We next performed LEfSe analysis
(linear discriminant analysis [LDA] score > 3.0) to identify DA
bacterial families at the different sites in the colon. In the
DC of Nlrp6 / mice, the families of Helicobacteraceae, Deferribacteraceae, and Desulfovibrinaceae were enriched, while Lactobacillaceae and Bacteroidaceae were reduced (Figure 4B;
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Figure 3. GI Location and Host Genotype Regulate Spatial Organization of the Gut Microbiome
(A) Scheme for dysbiotic microbiota transfer experiment. WT (B/6N), Nlrp6 / (N6), and Rag2 / , (Rag2) mice bred in eSPF conditions were subjected to a fecal
transplantation (FT) from conventionally housed Nlrp6 / mice. Fecal samples were taken before and 4 weeks after FT for DNA isolation. Luminal and mucosaassociated samples for RNA isolation were taken from indicated locations (GI locations) 4 weeks after FT.
(B) NMDS ordination analysis of microbiota composition using Bray-Curtis distances from fecal DNA of donor Nlrp6 / mice (Conv-Dys) and recipient mice before
(eSPF) and after FT (eSPF+Conv-Dys). The zoomed section includes mice after FT as well as donor mice.
(C) Venn diagram indicating the number of shared OTUs between the donor mice and the FT recipients.
(D–F) NMDS of fecal samples after FT using DNA as template (D). NMDS analysis and individual effect size of ‘‘genotype’’ and ‘‘cage’’ using pairwise comparison
in Nlrp6 / versus WT mice (E) and Rag2 / versus WT mice (F).
(G–I) NMDS of samples across the GI tract after FT using RNA as template. NMDS ordination and effect size of GI location, genotype, and cage in all samples (G),
from lumen (H), or from mucosa (I).
Permutational multivariate ANOVA (ADONIS) was used to calculate the variance explained by individual factors in (E) and (F). *p < 0.05; **p < 0.01; ***p < 0.001.

Table S1). A similar observation was made for the DC of Rag2 /
mice (Figure 4D). Notably, a different pattern was detected in the
PC of Nlrp6 / mice showing an enrichment of Porphyromonadaceae and a decrease in the little described family/cluster Bacteroidales S24-7 (Figure 4A), while the DA bacteria in the PC of
Rag mice resembled the ones in the DC (Figure 4C). We then

performed an analysis of DA OTUs using DESeq2 (log2 fold
change > 2.0; p < 0.05, after correction for multiple test) for the
PC and DC, comparing each gene-deficient mouse line separately against WT mice. For Nlrp6 / mice, we identified 23
(PC, 13 up and 10 down) and 24 (DC, 15 up and 9 down) distinct
DA OTUs (Figures 4A and 4B). In Rag2 / mice, we identified 86
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(PC, 26 up and 60 down) and 70 (DC, 22 up and 48 down) distinct
DA OTUs (Figures 4C and 4D). Taking the results presented
earlier, we investigated whether certain microbial taxa could be
associated with immune deficiencies. To identify whether particular OTUs are associated to Nlrp6 / as well as Rag2 / , we
identify the fraction of shared OTUs from a total of 41 distinct
OTUs enriched in gene-deficient mice and then the ones shared
between the different colonic sites of Rag2 / and Nlrp6 /
mice, respectively (Figure 5A; Table S2). In total, 9 OTUs were
enriched in at least one site in both Rag2 / and Nlrp6 /
mice, but only 2 (OTU_198 and OTU_96) were enriched in all
sites. The first OTU belongs to a member of the Helicobacteraceae family (closest match, Helicobacter typhlonius strain MIT
97-6810, 99% of identity, NCBI BLAST), and the second belongs
to a member of the Clostridiaceae family (closest match, Butyricicoccus pullicaecorum strain 25-3, 96% of identity, NCBI
BLAST) (Figure 5B; Table S3). Additional OTUs that were partially
shared included Mucispirillum schaedleri OTU_37 (strain HRI
I17, 100% of identity), Desulfovibrio OTU_112 (closest match,
Desulfovibrio desulfuricans, 90% of identity), and OTU_454
(unknown Lachnospiraceae UCG-001) (Figure 5C). Notably, Prevotellaceae did not have significant changes in their relative
abundances (Figure S5). The relative low number of shared DA
OTUs between gene-deficient mice (9 of 41) supports the model
that specific OTUs are able to explore distinct niches opened as
a consequence of impaired host immunity. However, notably,
the shared OTUs are enriched in potential pathobionts from
the phylum Proteobacteria, suggesting that these bacteria
potentially benefit from deficiencies in Nlrp6 and adaptive
immunity.
Besides its function as inflammasome sensor, Nlrp6 has been
demonstrated to regulate nuclear factor kB (NF-kB) and
mitogen-activated protein kinase (MAPK) signaling as well as
to contribute to antiviral effector functions (Anand et al., 2012;
Grenier et al., 2002; Levy et al., 2017). Particularly, the Nlrp6mediated regulation of interleukin (IL)-18 processing, resulting
in the induction of antimicrobial peptides, has been shown to
contribute to shaping the microbiome (Levy et al., 2015). Hence,
we assessed the expression of inflammasome components as
well as inflammasome activation in differing housing conditions.
Specifically, we measured the concentration of active IL-18 and
the gene expression of Nlrp6, Casp1, and Il18 in the colon of WT
and Nlrp6 / mice housed under conventional and eSPF conditions as well as 4 weeks after reintroduction of the dysbiotic
community. In line with earlier findings, active IL-18 was reduced
3- to 4-fold in conventionally housed Nlrp6 / mice, compared
to WT mice housed in the same room (Figure S5). The expression

levels of Casp1 and Il18 only showed minor differences between
all housing conditions, suggesting that the amount of active
IL-18 in the colonic tissue is regulated by differential post-translation processing via caspase-1 and not via differential gene
expression in conventional housing conditions, supporting
recent observations (Levy et al., 2015). In contrast, both lines
of mice did not differ in colonic IL-18 production in eSPF conditions or after FT (eSPF+Conv-Dys). Notably, in eSPF conditions,
colonic IL-18 was relatively lower compared to conventional
conditions and increased upon FT, independent of Nlrp6, to
comparable levels observed in conventionally housed WT
mice. This suggests that inflammasome-independent effects of
Nlrp6 may be responsible for the observed effect on the microbiota or that Nlrp6 controls intestinal inflammasome activation
only during specific periods after colonization, which should be
carefully investigated in future studies involving time-resolved
global immune monitoring under differing housing conditions.
Together, our observation that the abundances of DA OTUs
vary strongly at different anatomical sites reiterates the notion
that specific immune mechanisms, as well as environmental
and ecological parameters, shape microbial colonization
throughout the GI tract.
DISCUSSION
Laboratory animals are an essential experimental model for
investigating the interplay between host and microbiota, and
our knowledge of the complexity of host-microbiota interaction
in laboratory animals is still growing (Rausch et al., 2016; Roy
et al., 2017; Stappenbeck and Virgin, 2016; Thiemann et al.,
2017). Importantly, previously underappreciated environmental
factors have been identified to strongly influence the microbiome
composition; hence, cofounding effects derived from these environmental factors may have led inadvertently to misinterpretations of results in animal experimentation, e.g., we recently
demonstrated that microbiota normalization in WT and genedeficient mice is able to reconcile the opposing functions of cas_
pase-1 during chemically induced colitis (B1azejewski
et al.,
2017). Specifically, familial transmission, i.e., vertical transmission of the microbiome from mothers to their offspring, and
exposure to specific communities have been suggested to be
large cofounding factors when investigating the influence of
the host genotype on the microbiome (Ubeda et al., 2012). Using
a cross-sectional approach, we previously identified an altered
microbiota composition in Nlrp6 inflammasome-deficient mice
(Elinav et al., 2011). Subsequent studies concluded that impaired
goblet cell function and reduced secretion of antimicrobial

Figure 4. Increased Abundance of Distinct Bacteria in Distal Colon of eSPF+Conv-Dys Nlrp6

/

and Rag2

/

Mice

/

RNA-based microbiome analysis in the proximal colon (PC) and distal colon (DC) of two cohorts of eSPF WT, Nlrp6 , and Rag2 / mice 4 weeks after receiving
independent FT from Conv-Dys Nlrp6 / mice.
(A–D) Active communities were analyzed using NMDS, LEfSe, and DESeq2. After LEfSe analysis, bacterial families with LDA scores > 3.0 are displayed. Log ratio
and mean average (MA) plots were used to visualize DA OTUs (up: red; down: blue; p < 0.05 after correction for multiple tests) identified using DESeq2. (A and B)
Analysis of active communities in PC (A) and DC (B) of WT and Nlrp6 / mice. (C and D) Analysis of active communities in PC (C) and DC (D) of WT and
Nlrp6 / mice.
Data shown summarize two independent experiments. Permutational multivariate ANOVA (ADONIS) was used to calculate the variance explained by individual
factors in (A) and (D). A significant effect was attributed when p < 0.05 and R2 > 0.10 (equivalent to 10% of explained variance).
*p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. Distinct Commensals Explore Specific Niches in Immunodeficient Mice
RNA-based microbiome analysis in the PC and DC of two cohorts of eSPF WT, Nlrp6
Conv-Dys Nlrp6 / mice.

/

, and Rag2

/

mice 4 weeks after receiving independent FT from

(legend continued on next page)
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peptides contribute to the development of dysbiosis under conventional housing conditions by modulating the mucosal barrier
(Levy et al., 2015; Wlodarska et al., 2014). In addition, a recent
study by independent investigators demonstrated the specific
expansion of the mucus-dwelling bacterium Akkermansia muciniphilia in Nlrp6-deficient Il10 / mice and linked it to the
enhancement of colitis (Seregin et al., 2017). However, the questions of whether specific microbial communities and environmental conditions are required to trigger imbalanced intestinal
communities in Nlrp6-deficient mice had not been addressed.
This is of particular interest, since a generalizable impact of the
Nlrp6 inflammasome was not observed in a recent study characterizing the microbiome of littermate mice under SPF conditions
(Mamantopoulos et al., 2017). By expanding the previously used
cross-sectional approach, we identified a significant influence of
familial transmission in different colonies of inflammasome-deficient mice. Together, environmental factors such as association
with a specific breeding colony and cage explained up to 52%
of the variance found in the microbial compositions, while, in
contrast, genotype contributed only 27% of the variance. These
findings reiterate the notion that familial transmission surpasses
the influence of host genotype on microbiome composition in
experimental animals and should be considered when designing
experiments.
To overcome familial transmission as a cofounding factor, we
standardized the microbiota between WT and gene-deficient
mice by performing rederivation through ET, using a colony of
inbred foster mothers maintained under enhanced hygienic conditions, resulting in a stable microbiota composition (Stehr et al.,
2009). Indeed, rederivation of WT and Nlrp6 / mice, as well as
of Rag2 / , via ET resulted in offspring that did not significantly
differ in their microbiota composition, which is in line with
the work of Mamantopoulos and colleagues (Mamantopoulos
et al., 2017). Moreover, similar observations were made for a
large number of mouse lines deficient in components of the inflammasome pathway or adaptive immunity, i.e., B cells and
T cells. The lack of large shifts in the microbiota between these
mouse lines supports the hypothesis that community structure
and exposure to specific pathobionts are required to cause imbalances in the microbiota of immunocompromised mice. To
specifically test this hypothesis, we introduced the dysbiotic
community containing pathobionts from conventionally housed
Nlrp6 / mice into isobiotic WT, Rag2 / , and Nlrp6 / mice
by FT. Four weeks later, we assessed the metabolically active
microbial communities in these mice as a sensitive, recently established readout. Notably, a comparison of live bacteria within
the lumen of the DC (DC-lum RNA) and total fecal communities
(Feces DNA) revealed a separation of samples based on
sampled nucleic acid, and we observed that OTUs belonging
to Clostridiales/Lachnospiraceae were enriched in the RNA fraction and that those belonging to Bacteroidales/S24-7 are rela-

tively decreased, similar to what has been recently reported
(Berry et al., 2012; Peris-Bondia et al., 2011). Comparing WT,
Rag2 / , and Nlrp6 / mice, we observed changes in the metabolically active communities in the lumen of the colon, the most
pronounced change being an increased relative abundance of
putative pathobionts from the families Helicobacteraceae and
Desulfovibrionaceae. While the changes in the lumen of Nlrp6 /
mice might be caused by imbalances at the mucosal layer, i.e.,
Helicobacteraceae are highly enriched in the mucosa-associated fraction, it alternatively suggests that Nlrp6 contributes in
a hitherto unknown pathway to shape luminal bacterial communities. In parallel to the experiments with Nlrp6 / mice, we introduced the dysbiotic microbiota in mice deficient in adaptive
immune cells. Particularly, secretory immunoglobulin (Ig)A contributes to shaping intestinal microbial communities by binding
to microbes and preventing attachment to the mucus layer
(Slack et al., 2012). In accordance to previous studies (Bunker
et al., 2015; Kawamoto et al., 2014; Planer et al., 2016), which
had largely focused on fecal samples, enriched OTUs in the
lumen and mucosa of the large intestine of Rag2 / mice
included Clostridiales (Lachnospiraceae), Burkholderiales (Sutterellaceae), and mucosa-associated bacteria such as Deferribacteraceae (Mucispirillum schaedleri). Moreover, similar to
Nlrp6 / mice, Rag2 / mice presented a dramatic overexpansion of an OTU highly related (99% of similarity) to
H. typhlonius was detected, suggesting that, in WT mice, IgA
or T cells reduce its colonization. In accordance, sequencing of
IgA-coated bacteria revealed that members of this family are
highly enriched in the IgA-bound fraction (Palm et al., 2014).
Notably, members of the family Prevotellaceae, which were
IgA coated in Nlrp6 / mice, were not expanded in Nlrp6 /
and Rag2 / mice. This is in line with our previous reports
demonstrating that they were rapidly transferred to WT mice
by cohousing (Elinav et al., 2011). We hypothesize that the relative abundances of Prevotellaceae in these colonies are potentially determined by microbial interactions within the respective
microbial ecosystems. Notably, a network analysis of the microbiome composition in a large number of humans suggested a
positive interaction of Prevotella with Ruminococcus and Dialister (Gorvitovskaia et al., 2016). Of note, OTUs belonging to the
genus Prevotella, which were detected in our dataset, did not
match to known species (data not shown), currently preventing
further investigation into the relationship between host genotype
and members of the Prevotellaceae family.
Hence, our detailed analysis of DA bacteria along the GI tract
showed genotype-specific patterns, supporting the model that
the host genotype contributes to the microbiota composition
and that only distinct bacterial species are able to benefit from
ecological niches that become available as a consequence
of specific immunodeficiencies. We believe that our experiments
also help to reconcile the opposing conclusions that have been

(A) Visualization of DA OTUs commonly enriched in Nlrp6 / and Rag2 / mice using UpSetR plot. The upper chart shows the number and taxonomy of shared
OTUs that were identified in higher abundance in Nlrp6 / and Rag2 / mice. The matrix in the bottom visualizes the set of intersections represented by the
connected dots.
(B and C) Relative abundance of selected DA OTUs in the DC shared between all (B) or at least one (C) luminal site in Nlrp6 / and Rag2 / mice. The p values are
from the Mann-Whitney U test, with Benjamini-Hochberg correction for multiple testing.
*p < 0.05; **p < 0.01; ***p < 0.001.
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reported regarding the role of Nlrp6 and, potentially, other molecules in shaping the microbiome. Importantly, littermate controls
or standardized rederivation of mice followed by housing under
well-controlled environmental conditions are required to enable
equal exposure to microbes and overcome factors such as familial transmission. However, a failure to observe differences in
microbiome composition between WT and gene-deficient mice
under specific environmental conditions does not automatically
mean that differences do not exist in other facilities, since we
show that it may be explained by the absence/presence of
distinct bacteria able to explore immunological niches such as
Helicobacter spp., and Desulfovibrio spp. or mucus-associated
bacteria such as Mucispirillum schaedleri and Akkermansia muciniphila that was recently described (Seregin et al., 2017).
Future studies investigating the interplay of host genotype and
microbiome composition need to take these considerations
into account, in particular since today, many animal vivaria strive
to maintain experimental mice under enhanced hygienic conditions that limit the exogenous exposure to intestinal bacteria,
creating conditions that have recently even been proposed to
be unphysiological (Beura et al., 2016; Rosshart et al., 2017).
In summary, our results demonstrate that the effect of Nlrp6,
but also adaptive immunity on microbiome composition, depends on microbial community structure, i.e., the presence of
pathobionts such as Helicobacteraceae. In the absence of pathobionts, effects of the immune system on microbiota composition are largely absent. Hence, in general, distinct community
structures and, particularly, exposure to specific pathobionts
are likely required to cause imbalances in the microbiota, as their
development depends on specific interactions between commensals, pathobionts, and the host immune system.
EXPERIMENTAL PROCEDURES
Mouse Lines, Housing Conditions, and Rederivation
The generation of Nlrp3tm1Flv (Nlrp3 / ), Nlrp6tm1Flv (Nlrp6 / ), B6.129Nlrp3tm1Flv-Nlrp6tm1Flv (Nlrp3 / Nlrp6 / ), Pycardtm1Flv (Asc / ), Casp1tm2Flv
(Casp1 / ), Casp4tm1a(KOMP)Wtsi (Casp11 / ), Casp1tm1Flv (Casp1/11 / ),
ll1btm1Yiw
(Il1b / ),
ll1atm1Yiw
(Il1a / ),
Ighmtm1Cgn
(muMT / ),
tm1Mom
tm1Mom
/
/
tm1Fwa
Tcrb
Tcrd
(Tcrb Tcrd ), and Rag2
(Rag2 / ) has
been previously described.
Colonies of conventionally housed WT, Nlrp6 / , Asc / , Casp1/11 / , and
Rag2 / mice on a C57BL/6N background were bred and maintained within
one large animal facility using standard housing conditions, i.e., housed in individually ventilated cages (IVCs) and provided with sterilized food, water, and
bedding from the same source. The distinct colonies of each genotype originally derived from a single colony of mice but were subsequently bred and
maintained in separated rooms for time periods ranging from several months
to years without exchange between the colonies. For the cross-sectional
study, samples were taken from 8- to 12-week-old mice from at least 3 separate cages per colony within a time span of 14 days.
Conventionally housed WT, Nlrp3 / , Nlrp6 / , Nlrp3 / Nlrp6 / ,
Asc / Casp1 / , Casp11 / , Casp1/11 / , Il1b / , Il1a / , muMT / ,
Tcrb / Tcrd / , and Rag2 / mice on a C57BL/6N background were rederived using CD1d foster mothers by ET at the animal facilities of the Helmholtz
Centre for Infection Research (HZI) (Stehr et al., 2009). Foster mothers used for
rederivation were taken at different time points from a continuing and self-contained breeding colony. Foster mothers and offspring obtained after rederivations were maintained and bred under eSPF conditions, i.e., housed in IVCs
and provided with sterilized food, water, and bedding from the same source.
Access to animal rooms was restricted to trained animal caretakers, and all
manipulations were performed in class II biosafety cabinets.
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All mice were provided with sterilized food and water ad libitum. Mice were
kept under strict 12-hr:12-hr light:dark cycle (lights on at 7:00 a.m. and off at
7:00 p.m.) and housed in groups of up to 6 mice per cage.

FT and Sample Collection
FT was done using luminal content of conventionally housed Nlrp6 / mice
(Elinav et al., 2011), which were derived from ‘‘colony 1’’ and subsequently
transferred to and bred within the conventional barrier of the HZI animal facility without losing their dysbiotic microbiota (Roy et al., 2017). Briefly, mice
were euthanized, and intestinal content from colon, cecum, and small intestine was pooled in anaerobic BBL thioglycollate medium and transferred to
an anaerobic chamber (70% N2, 20% CO2, 10% H2). After homogenization,
the luminal content was filtered through a 70-mm cell strainer and centrifuged
for 10 min at 500 3 g, at 4 C. The bacterial pellet was suspended in anaerobic brain heart infusion (BHI) medium, and each WT, Nlrp6 / , and Rag2 /
recipient mouse (males, 6–7 weeks old) received an aliquot of the same
preparation by oral gavage. Recipient mice were housed in three separate
cages per genotype after FT. Four weeks after FT, fecal pellets were
collected for DNA extraction as well as luminal content and tissue samples
from SI, Cec, PC, and DC for RNA isolation and 16S rRNA amplicon
sequencing.

DNA and RNA Isolation as well as cDNA Synthesis
For DNA-based 16S rRNA sequencing, fecal pellets were collected and stored
at 20 C until processing. DNA was isolated using an established protocol
(Turnbaugh et al., 2009). Briefly, each sample was treated with 500 mL extraction buffer (200 mM Tris, 20 mM EDTA, 200 mM NaCl [pH 8.0]), 200 mL 20%
SDS, 500 mL phenol:chloroform:isoamyl alcohol (24:24:1), and 100 mL zirconia/silica beads (0.1-mm diameter). Samples were homogenized twice with
a bead beater (BioSpec) for 2 min. After precipitation of DNA, crude DNA
extracts were resuspended in TE buffer with 100 mg/mL RNase I and column
purified to remove PCR inhibitors.
For RNA-based 16S rRNA sequencing, the GI tract was sampled at 4
different sites (SI, Cec, PC, and DC). For each site, luminal content and
mucosal tissue were collected separately and homogenized in TriReagent
(Molecular Research Center) using a FastPrep-24 Instrument (MP Biomedicals). RNA was isolated according to the manufacturer’s instructions and
treated with 2 U DNAase I (Ambion) for 25 min at 37 C. One microgram of total
RNA was used to generate cDNA (RevertAid Reverse Transcriptase) using
random hexamer primers.

16S rDNA Amplification and Sequencing
Amplification of the V4 region (F515/R806) of the 16S rRNA gene was performed according to previously described protocols (Caporaso et al., 2011).
Briefly, for DNA-based amplicon sequencing, 25 ng DNA was used per PCR
reaction (30 mL). For RNA-based amplicon sequencing, 150 pg (luminal samples from cecum/colon), 15 ng (luminal samples from SI) or 150 ng (mucosaassociated samples) of cDNA were used per PCR reaction (30 mL). The PCR
conditions consisted of initial denaturation for 30 s at 98 C, followed by 25
cycles (10 s at 98 C, 20 s at 55 C, and 20 s at 72 C). Each sample was amplified in triplicates and subsequently pooled. After normalization, PCR amplicons were sequenced on an Illumina MiSeq platform (PE250).

16S rRNA Analysis
Obtained reads were assembled, quality controlled, and clustered using the
Usearch 8.1 software package (http://www.drive5.com/usearch/). Briefly,
reads were merged using -fastq_mergepairs with -fastq_maxdiffs 30, and
quality filtering was done with fastq_filter (-fastq_maxee 1); minimum read
length, 200 bp. The OTU clusters and representative sequences were determined using the UPARSE algorithm (Edgar, 2013), followed by taxonomy
assignment using the Silva database v128 (Quast et al., 2013) and the RDP
Classifier (Wang et al., 2007), with a bootstrap confidence cutoff of 80%.
The OTU absolute abundance table and mapping file were used for statistical
analyses and data visualization in the R statistical programming environment
(R Core Team (2016) package phyloseq (McMurdie and Holmes, 2013).

Determination of Host Gene and Protein Expression in Colon Tissue
Colons were excised, washed in PBS, and divided into proximal and DC. Two
centimeters of DC was cut longitudinally into two samples: one for RNA
and other for protein extraction. RNA isolation and cDNA synthesis was
performed as described earlier. Real-time PCR was done using the
Kapa Probe Fast qPCR kit (Kapa Biosystems) and gene-specific probe
sets (Il18 Mm_00434225_m1; Casp1 Mm_00438023_m1; and Nlrp6
Mm_00460229_m1 [Applied Biosystems]; Hprt [F: CTGGTGAAAAGGACCT
CTCG; R: TGAAGTACTCATTATAGTCAAGGGCA; probe: TGTTGGATACAGG
CCAGACTTTGTTGGAT]) on a LightCycler 480 instrument (Roche). PCR conditions were 95 C for 60 s, followed by 40 cycles of 95 C for 3 s and 60 C for
30 s. Data were analyzed using the deltaCt method, with Hprt serving as the
reference housekeeping gene.
Protein extraction was performed by mechanical homogenization of DC tissue samples in NP-40 buffer, containing protease inhibitors (cOmplete Mini
EDTA-free, Roche), using Mini-Beadbeater-96 (BioSpec). Tissue homogenates were further centrifuged (10,000 rpm for 5 min at 4 C), and the supernatants were collected for IL-18 cytokine measurements using the IL-18 ELISA kit
(MBL International) according to the manufacturer’s instructions.
Statistical Analysis
Statistical analyses were performed using R v3.3.0 (2016-05-03), (http://www.
rproject.org) and the packages phyloseq (McMurdie and Holmes, 2013) and
ggplot2 (Wickham, 2009). We implemented DESeq2 with the Benjamini-Hochberg multiple testing correction (Love et al., 2014; McMurdie and Holmes,
2014) to identify OTUs that were DA in the gut lumen and mucosa of WT and
gene-deficient mice by performing pairwise comparisons. OTUs were considered significantly DA between genotypes if their adjusted p value was < 0.05
and if the estimated 2-fold change was >2 (Love et al., 2014). For Mann-Whitney U tests, p values lower than 0.05 were considered as significant after multiple testing correction (Benjamini-Hochberg false discovery rate correction).
The permutational multivariate ANOVA (ADONIS) and analysis of similarities
(ANOSIM) were computed with 999 permutations. For ADONIS tests, an
R2 > 0.1 (effect size, 10%) and p value < 0.05 were considered as significant.
For ANOSIM tests, an R > 0.2 and p value < 0.05 were considered as significant. The ANOSIM test was performed for datasets with large differences in
group sizes
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