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The composition of the intestinal microbiome varies considerably between
individuals and is correlated with health’. Understanding to what extend and how host
genetics contributes to this variation is paramount yet has provendifficult as few
associations have beenreplicated, particularly in humans?. We herein study the effect
of host genotype on the composition of the intestinal microbiotain alarge mosaic pig

population. We show that, under conditions of exacerbated genetic diversity and
environmental uniformity, microbiota composition and abundance of specific taxa
are heritable. We map a quantitative trait locus affecting the abundance of
Erysipelotrichaceae species and show that it iscaused by a2.3-Kb deletionin the
N-acetyl-galactosaminyl-transferase gene underpinning the ABO blood group in
humans. We show that this deletion is a>3.5 million years old trans-species
polymorphism under balancing selection. We demonstrate that it decreases the
concentrations of N-acetyl-galactosamine in the gut thereby reducing the abundance
of Erysipelotrichaceae that can import and catabolize N-acetyl-galactosamine. Our
results provide very strong evidence for an effect of host genotype on the abundance
of specific bacteria in the intestine combined with insights in the molecular
mechanisms that underpin this association. They pave the way towards identifying
the sameeffect in human rural populations.

Itisincreasingly recognized that comprehensive understanding of the
physiology and pathology of organisms requires integrated analysis of
the hostand its multiple microbiota’. Inhumans, intestinal microbiota
compositionisassociated with physiological and pathological param-
etersincluding HDL cholesterol, fasting glucose levels and body mass
index (BMI)?. In livestock, ruminal microbiome composition is associ-
ated with methane production andfeed efficiency®. These correlations
reflect a complex interplay between host and microbiota, which may
include direct (“causal”) effects of the microbiome on the host’s physiol-
ogy*.Several phenotypes correlated with microbiota composition are
heritable®®. Thisleads to the hypothesis that the genotype of the host
may in part determine the composition of the microbiotawhichmayin
turn affectthe host’s phenotype®. Itimplies that the composition of the
microbiota be partially heritable. While studies inrodents support this’,
evidence has been shallower in humans. Initial reports didn’t reveal a
higher microbiota resemblance between monozygotic than dizygotic
twins suggesting limited impact of host genotype®. Better-powered
studies provided evidence for a significant impact of host genetics
onthe abundance of taxa, particularly Christensenellaceae’. Loci that
underpin microbiota heritability have remained difficult to identifyin
humans. Apart from variants that cause persistent expression of lactase

(LCT) and are associated with decreased Bifidobacterium abundance,
other GWAS loci have proven difficult to replicate*'° ™. The analysis of
larger human cohorts is needed to gain better understanding of the
genetic architecture of microbiota composition.

To decipher the genetic architecture of intestinal microbiota com-
positioninalarge monogastricomnivore, we report the generation of
amosaic pig population and the longitudinal characterization of its
intestinal microbiota. We observe a strong impact of host genotype
on microbiota composition and identify alocus with large effect on
the abundance of specific taxa by controlling the concentration of
N-acetyl-galactosamine in the gut thereby affecting some of the spe-
cies that use this metabolite as a carbon source.

Results

A mosaicpig population to study complex traits

We generated alarge (> 7,500) mosaic population by intercrossing off-
spring of 61FO founders from four Chinese and four western breeds for
>10 generations (STable 1, Extended Data Fig. 1). Animals were reared
inuniform housing and feeding conditions. We measured >200 pheno-
types (pertaining to body composition, physiology, disease resistance
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and behavior), transcriptome, epigenome and chromatin interaction
data on multiple tissues, plasma metabolome, and microbiome data
inupto 954 F6 and 892 F7 animals. FO were whole-genome sequenced
ataverage 28.4-fold depth,and F6 and F7 at average 8.0-fold depth. We
called genotypes at23.8 million SNPs and 6.4 millionindels with MAF >
0.03(>1/100-bp). The nucleotide diversity (1) (i.e. proportion of nucleo-
tide sites that differ between homologous sequences in two breeds)
between two Chinese breeds and between two European breeds was
similar to that between H. sapiens and H. neanderthalensis (-3x107%)",
while thatbetween a Chinese and a European breed approached halve
thatbetween human and chimpanzee (- 4.3x107%)*. The proportion of
the eight founder genomesin F6 and F7 ranged from 11.2% to 14.7% at
genome level, and from 4.9%to 22.1% at chromosome level. The median
number of variants in high linkage disequilibrium (LD) (> 0.9) withan
index variant was 30, and the median maximal distance with a variant
in high LD (r*> 0.9) was 54 Kb (Extended Data Fig. 1).

Theintestinal microbiota of the healthy pig

We collected feces at days 25 (suckling period), 120 (growing period)
and 240 (slaughter day), aswell as cecal andileal content (F6 & F7) and
cecalandileal mucosal scrapings (F7 only) at day 240 (7 sample types,
12 data series). We generated 16S rRNA tags (V3-V4) for an average of
426 animals per dataseries (5,110 samples) (STable 2.1). Tags were rare-
fied and clusteredin 32,032 OTUs. 12,054 OTUs amounting to 98.7% of
reads were kept and annotated to 41 phyla, 87 classes, 149 orders, 207
families, 360 genera and 150 species. Average microbiota composition
of the 12 data series indicated remarkable consistency across F6 and
F7, yet marked differences between sample types (Fig. 1a&b, STable
2.2).Even at family-level, some taxa were found to be nearly sample
type-specific (Extended Data Fig. 2). The proteobacteria Enterobac-
teriaceae, Pseudomonadaceae, Pasteurellaceae, the firmicutes Clostri-
diaceae, Peptostreptococcaceae, Bacillaceae, Leuconostocaceae, and
the actinobacteria Microbacteriaceae were at least ten times more
abundantinileal than in any other sample type. Amongst those, Leu-
conostocaceae were nearly digesta-specific, while Pseudomonadaceae
were nearly mucosa-specific. The Bacteroidetes Odoribacteraceae and
Rikenellaceae were at least ten times more abundant in day 25 feces
thaninany other sample type. The firmicutes Christensenellaceae were
nearly tentimes more abundantin feces thanin any other sample type.
This confirms that limiting the analysis of the intestinal microbiota
to adult feces can only provide a partial view of its complexity and
the factors that determine it". a-diversity of feces was lower at day 25
than at days 120-240, reminiscent of the enrichment of the intestinal
florabetween child-and adult-hood in humans®®, It was lower forileal
content than for cecal content and mucosa (Fig. 1c). S-diversity tended
tobeinversely proportional to a-diversity, being higher for day 25 than
for day 120 and 240 feces. Variation of pair-wise Bray-Curtis dissimi-
larities was highest for ileal content which had the lowest a-diversity
(Fig. 1d, STable 2.3). Microbiota composition of pig D240 feces was
more similar to that of human than of mice feces (Extended DataFig.2).

Microbiota heritability in mosaic pigs
We first examined the relationship between genetic relatedness
(genome-wide SNP identity-by-state) and microbiota dissimilarity
(Bray-Curtisdistance, all taxa combined)?. We used two approaches to
mitigate confounding of genetics and environment: (i) we restricted the
analysesto full-sib litter-mates raised in the same environment, and (ii)
we confronted genetic similarity and microbiota dissimilarity across
generations (F6 and F7). Both approaches supported an effect of genetics
on microbiota composition manifested by significant negative correla-
tions between genetic similarity and microbiotadissimilarity (Fig.2a&b).
We then evaluated the heritability (h?) of the abundances of indi-
vidual taxa/OTUs using F6 and F7 jointly (STable 3.1, Fig. 2c). We com-
puted total heritabilities (average heritability weighted by abundance)?
separately by sample type and taxonomic level. Total heritabilities
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were generally low (£11.8%), yet higher for fecal (average D240:10.2%)
thanfor content samples (average IC:5.7%), and lower for OTUs (aver-
age: 6.6%) than for higher taxonomic levels (average: 7.5%) (Fig. 2d).
The correlation between h” estimates obtained separately in F6
and F7 was positive and significant for D120 (p = 4.2x107°), D240
(p=2.2x107") and CC (p=2.3x107%), supporting genuine genetic effects
(Extended DataFig. 3). We established alist of 55 most likely heritable
taxa/OTUs based on congruent h%estimates in F6 (=0.15), F7 (=0.15)
and across F6 and F7 (=0.10)(STable 3.1). Itincluded the order Campy-
lobacteralesin D240 feces, the species Bacteroides coprophilusin D25
feces, and 53 OTUs of which two (D240, CC) were assigned to Chris-
tensenellaceae, five to Ruminococcaceae (4x D240, CC), one (D25) to
Ruminococcus, one (D25) to Phascolarctobacterium,and one (D240)
to RF32,i.e.taxons characterized by 2 >0.10 in human studies™. With
the exception of RF32, all these belong to the order Clostridiales.

AmiQTL affecting Erysipelotrichaceae species

Heritability quantifies the proportion of additive genetic variance but
doesnot foretell genetic architecture: phenotypes with low heritability
may be affected by variants with major effects, while highly heritable
traits may be very polygenic. To gaininsightin the genetic architecture
of gut microbiota composition inthis population we performed GWAS.
We applied two statistical models testing SNP effects on taxaabundance
and taxa presence/absence, respectively". We ran GWAS separately by
sample type, taxon and generation for a total of 57,557 GWAS (involving
8,490 taxa) (STable 4.1). This yielded 1,527 genome-wide significant
signals (<5x1078). For these we performed meta-analyses across sample
types, separately inF6 and F7 (Extended Data Fig. 4). We identified six
signalsexceeding the experiment-wide discovery threshold (1.5x10™)
in one cohort and the experiment-wide replication threshold (0.007)
inthe other (Fig. 3a, STable 4.2 and 4.3). All lead SNPs mapped within
3,037 base pairs from each other (chromosome 1) and werein high LD
(Fig.3b). They affected two OTUs (OTU476 and OTU327) as well as genus
p-75-a5towhich OTU476is assigned. All three are Erysipelotrichaceae.

To determine whether this miQTL affects other taxa, we plotted the
F6 and F7 association log(1/p-values) for lead SNP 1272907239 and the
8,490 studied OTUs. OTU476 and OTU327 were standing out, highly
significantinF6 and F7 (Fig. 3c). Yet the p-values for the 31 other p-75-a5
OTUs and the 83 other Erysipelotrichaceae OTUs were significantly
shifted towards lower p-values inboth cohorts (Fig. 3c), with sign con-
sistent withthat for OTU476,0TU327 and p-75-a5 (Extended Data Fig. 4).
This suggests that the chromosome 1 miQTL affects other species in
this family. Of note, A” for p-75-a5 and OTU476 deviated significantly
from 0 in D240 (0.10 and 0.14) and D120 (0.13 and 0.13) feces, and A?
estimates for OTU327 in D120 feces (0.13) (STable 4.4).

QQ-plots obtained after removing chromosome 1 variants (272.8-
273.1Mbinterval) did not show convincing evidence for residual infla-
tion oflog(1/p-values) (Extended DataFig. 4). Hence, the residual A%is
most likely highly polygenic.

A3.5MY-old deletionin the pig ABO orthologue

Alllead SNPs map to the 3’ end of the porcine N-acetyl-galactosaminyl
transferase gene underlying the ABO blood group in humans (Fig. 3b).
This is a strong candidate that modulates interactions with several
pathogens?, recently suggested to affect the intestinal microbiota
in healthy humans® 2. A 2.3 Kb deletion encompassing the last exon
has been reported in pigs®. We showed that it was in near-perfect LD
(r=0.94) with the lead SNPs in our population (Fig. 3d). We confirmed
its boundaries and showed that it results from an intra-chromosomal
recombination between SINEs. We showed by RNA-Seq and eQTL analy-
sisin300 F7 cecum samples that the deleted allele produces reduced
amounts (-1/3"of normal) of a 7.4-Kb transcript (with alternative 8" and
9" exons) encoding a protein that lost 62% of its amino-acids including
7/8 active sites® (Fig. 4a). Our resultsindicate that the 2.3 Kb deletion
creates a null allele (henceforth referred to as “O” allele) and that it is



avery strong candidate for the causative miQTL mutation (see also
Extended DataFig.5 & 6).

We examined the effect of AO genotype onthe abundance of OTU476,
OTU327 and p-75-a5. It showed that (i) the effect of the A allele is domi-
nant over the O allele (STable 5.1), and (ii) that the effect manifests in
D120 and D240 feces, cecal content as well as mucosa, but not in D25
feces and D240 ileal content and mucosa (Fig. 4b and STable 5.1). In
these samples (D120, D240, CC,CM), AO genotype explained 7.9%, 3.2%
and 6.6% of the variationin abundance for 0TU476, 0TU327 and genus
p-75-a5(STable5.2). Of note, the abundance of 0TU476 and OTU327 was
highestin cecal content (-0.92% and ~0.02% of reads in AA/AO animals,
and-0.47% and ~-0.003% of reads in OO animals; Extended Data Fig. 5).

In primates, the ABO locus is under strong balancing selection that
has perpetuated identical-by-descent (IBD) alleles segregating in
humans, gibbons and Old-World monkeys for tens of millions of years®.
We analyzed the sequences of the 61 FO (Sus scrofa domestica), 18 wild
boars (9 Asian, 9 European)(Sus scrofa), one Indonesian wild boar from
Sumatra (Susscrofavittatus), one Visayan warty pig fromthe Philippines
(Sus cebifrons), one Javan warty pig from Indonesia (Sus verrucosus),
and one common warthog from Africa (Phacochoerus africanus) in a
50 Kb window spanning the AO gene. Asian and European wild boars
have diverged from a common Sus scrofa ancestor ~1 million years
ago (MYA), Sus scrofa and Sus scrofa vittatus ~1.5 MYA, Sus scrofa and
Sus cebifrons/verrucosus -3.5 MYA, and Sus scrofa and Phacochoerus
africanus 10 MYA?. The 2.3Kb deletion segregated in all eight FO
breeds, inall Asian and European/American wild-boar populations, and
inSus cebifrons (STable 5.3). The sequence of the deletion breakpoint
wasidenticalin all samples confirming the IBD of the porcine “O” allele
(Extended DataFig. 7). Consistent with the hypothesis of an ancestral
trans-species polymorphism (rather than hybridization), the O allele
of Sus cebifrons lay outside the cluster of Sus scrofa O alleles (Fig. 4c,
Extended DataFig.7). Further supporting balancing selection, the AO
gene showed amarked drop in population differentiation maximizing
at the 2.3 Kb deletion (Fig. 4d). Thus, although largely unknown, the
underlying selective forces have operated in at least two mammalian
branches (primates and suidae), over exceedingly long periods and
broad geographic ranges, pointing towards their pervasive nature
(Extended Data Fig. 7).

The miQTL affects caecal GaINAc concentrations

As in humans, the porcine AO gene is broadly expressed yet
particularly in the intestines (Extended Data Fig. 7). The
N-acetyl-galactosaminyl-transferase encoded by the A allele adds
N-acetyl-D-galactosamine (GalNAc, al-3 linkage) to H and Lewis anti-
gens present on glycan substrates, including the heavily glycosylated
mucins which can be used as carbon source by intestinal bacteria®*?%%
(Extended Data Fig. 8). We reasoned that, because of the abundance
of intestinal mucus, the “O” allele might reduce the concentration of
GalNAcintheintestine, thereby reducing the growth of bacterial spe-
cies dependent on this sugar. We measured the concentration of free
HexNAc (= GalNAc, GIcNAc and ManNAc isomers) in caecum content
of 278 D240 animals (124 F7 and 154 Duroc x Landrace x Large White)
by LC-MS/MS. Intestinal HexNAc in pigs comprises approximately
equalproportions of the GIcNAc and GalNAc isomers*. Dosage of the
Aalleleincreased (P,aq moder = 5.7 X10™°) caecal HexNAc concentrations
(Fig. 5a). Assuming that the increase is only due to GalNAc (given the
enzymatic activity of the A allele), AA animals have at least twice the
amount of free GaINAc compared to OO (Fig. 5a, Extended Data Fig. 9).
Non-zero values in OO animals are primarily due to GIcNAc/ManNAc,
as well as likely to non-A antigen host and dietary GalNAc (GalNAc is
ubiquitousatthe core of all O-glycans, including intestinal mucins, and
isacomponent of glycosaminoglycans such as chondroitin sulfate). It
isnoteworthy that the effect of the A allele appears dominant on bac-
terial abundance, yet additive on GalNAc concentrations (p-value of
LR-test against additive model=0.12). This indicates that the additional

increase in GalNAc availability in AA animals (vs AO animals) does not
further favor growth of 0TU476, OTU327 and p-75-a5.

Showingthat the O deletion (i) reduces caecal GaINAc concentrations
on the one hand, and (ii) reduces the abundance of 0TU476, OTU327
and p-75-a5onthe other, does not prove that one causes the other. The
effect on bacterial abundance could be mediated by an unidentified
mechanismindependent of GaINAc. However, the hypothesis accord-
ing towhichitis the change in GaINAc concentrations that causes the
change in bacterial abundance makes a testable prediction. We may
expectinthiscasetoobserve a“residual” correlation between GaINAc
concentrations and bacterial abundance “within” AO genotype, i.e. by
blocking the effect of AO genotype and exploiting other sources of
variation of GaINAc and bacterial abundance (Extended Data Fig. 8).
We performed these analyses and observed the predicted positive
correlationfor 0TU476 (p=0.012) and p-75-a5 (p = 0.010), consistently
within the three genotypes (44,40 and 00). The correlation was posi-
tive (and consistent within the three genotypes) albeit not significant
(p=0.3)forthelessabundant OTU327 (Fig. 5b&c, Extended DataFig. 9).

Taken together, these results make a strong case that AO genotype
affectsintestinal GalNAc concentrations, and that this affects the abun-
dance of some Erysipelotrichaceae species.

miQTL-responsive bacteria utilize GaINAc

Tobe used as carbonsourceby intestinal bacteria, GaINAc needs (i) to
bereleased from the glycan structures by secreted glycoside hydrolases
(GHs), (ii) to be imported across the bacterial membranes by dedicated
transport systems (TR), and (iii) to be converted into intermediates of
central metabolism by a specific catabolic pathway (CP). While some
bacteriahave both GHs and TR/CP for specific monosaccharides, other
onlyhave the GHs (“donors”) or the TR/CP (“acceptors”)*®. Wereasoned
that the bacteria that would respond to the miQTL would have acom-
plete GalNAc TR/CP system (with or without GHs). To test this, we
(i) isolated two bacterial strains (4-8-110 and 4-15-1) with V3-V4 sequence
similarity of 100% and 99.8% with OTU476 and sequenced their genome
on an Oxford Nanopore Promethion, and (ii) built 3,111 metagenomic
assembled genomes (MAGs) from shotgun data of 92 porcine intestinal
samples, including 248 Erysipelotrichaceae. We compiled a list of 24
genesimplicated in GalNAc utilization (TR/CP)?***, These encode (i) 11
components of three GalNAc transporter systems (AgaPTS: agak, agaF,
agaV, agaW; TonB dependent transporter: omp, agaP, agaK; GnbPTS:
gnbA, gnbB, gnbC, gnbD), (ii) two GalNAc-6P deacetylases (agaA, nagA),
(iii) two galactosamine-6P (GalN-6P) isomerase and/or deaminases
(agal, aga$), (iv) three tagatose-6P kinases (pfka, lacC, fruK), (v) four
tagatose-1,6-PP aldolases or aldolase subunits (gatY-kbaY, gatZ-kbaZz,
lacD, fba), and (vi) two regulon repressors (agaR, gntR), for a total of
six essential pathway constituents (Fig. 5d, STable 6). Genes involved
in the utilization of specific sugars tend to cluster and form operons
of potentially coregulated genes (regulons) that support all or most of
the essential TR/CP steps. The steps thatare notencoded by the operon
may be complementedin trans by genes encoding enzymes that may be
less substrate-specific®*®, We searched for orthologues of the 24 genes
in the two OTU476-like genomes and 3,111 MAGs. We generated two
scores toevaluate the capacity of bacterial species to utilize GalNAc. The
first (pathway score) counted the number of essential steps in GaINAc
utilization (out of six) that could be accomplished by the orthologues
detectedinthe genome, irrespective of map position. The second (regu-
lonscore) counted the number of essential GalNAc utilization steps that
couldbefulfilled by orthologues that were clustered in the genome, i.e.
formingapotential operon. We used agas$ as anchor gene to establish
theregulonscore®. The first striking observation was that at least one
orthologue of agaS was found in the two (=100%) OTU476-like strains,
in 31% of Erysipelotrichaceae MAGs (n=248), yet in only 2.9% of other
MAGs (n=2,863). The second was that both scores were significantly
higher for Erysipelotrichaceae than for other MAGS (P,thway=2.0€-16
and peguon=2.0€-16), and for the two OTU476-like strains than for
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Erysipelotrichaceae and non-Erysipelotrichaceae MAGs combined
(Ppathway=2-2€-3 and pP,guon=1.2€-5) (Extended Data Fig. 10). The two
OTU476-like strains were characterized by a cluster with eight GaINAc
genes, including orthologues of the four components of the AgaPTS
transporter system (agak, agaf, agaV, agaW), of nagA deacetylase, of
aga$ deaminase/isomerase, of fruK kinase, and of the gatZ-kbaZ aldo-
lase subunit (Extended Data Fig.10). Thisamounted to ascore of five for
both pathway and regulon, corresponding respectively to the top 4.7%
and 0.35% of 3,113, demonstrating the uncommon status of OTU476-like
strains with regards to GalNAc utilization. Neither the 4-15-1 nor 4-8-
110 genome encode GHs known to have a-N-acetylgalactosaminidase
activity specific for the A antigen®*, suggesting that these strains
are “acceptors” only.

To confirm that the OTU476-like strains are able to import and
catabolize GalNAc, we grew the 4-8-110 strain in the presence of
BC-labelled GalNAc and checked the appearance of *C-labelled cat-
abolitesin the bacterial pellet by GC-MS. After 13 hours of culture, ~29%
of glyceraldehyde-3-P (GAP) and -25% of dihydoxyacetone phosphate
(DHAP) (the products of conversion of tagatose-1, 6-PP by the gatZ
aldolase) were labelled with *C, demonstrating the utilization of GaINAc
by strain4-8-110. Approximately 23% of 3-phosphoglycerate and ~17%
of lactate molecules but none of TCA metabolites were *C-labelled,
underscoring the predominance of glycolysis over oxidative phos-
phorylationin this anaerobe (Fig. 5d&e).

We further performed a gavage experiment in germ free mice to
test the effect of GalNAc addition on the relative growth of 4-8-110
and E. coli, in vivo. We gavaged mice either with GaINAc (200mg/kg
live weight, yielding caecal GaINAc concentrations comparable to AA
pigs, Extended DataFig. 9) or phosphate-buffered saline (PBS), as well
asamixture of E. coliand the 4-8-110 OTU476-like strain. We sacrificed
the mice at day 12 and measured the relative abundance of E. coli and
4-8-110 by 16S rRNA sequencing in caecum and feces. 4-8-110 was in
essence not detectablein PBS-gavaged mice, while it accounted foran
average of 0.9% of reads in caecum content (p = 0.0079) and 0.7% of
readsin feces (p = 0.0097) of GaINAc-gavaged mice (Fig. 5f).

GalNAc operon of miQTL-sensitive bacteria

At least 65 MAGs (including E. coli and other non-Erysipelotrichacea
species) contain orthologues for the five key GaINAc TR/CP steps as
do 4-15-1and 4-8-110. Why is the chromosome 1 miQTL not affecting
these species? The organization of their GaINAcoperons may provide
ahint. The GalNAc clusters of non-Erysipelotrichaceae species have the
features of genuine regulons. The relevant ORFs tend to be adjacent to
each other (spanning ~10Kb) and on the same strand, compatible with
poly-cistronic mRNAs enabling coregulated expression. In contrast,
the ORFs of the GalNAc clusters of the two OTU476-like strains and at
least one studied Erysipelotrichaceaeare spanning respectively ~50 and
~30Kb, and distributed on both strands. Neither genome contained
orthologues of agaR or gntR, which are negative regulators of GaINAc
regulons and were observed inall other GaINAc-rich MAGs (Fig. 6aand
Extended DataFig.11). This suggests that, contraryto E. coli and other
species, the OTU476-like strains and some Erysipelotrichaceae cannot
sense GalINAc concentrations and induce expression of the genes nec-
essary for GalNAc utilization only when needed®?>*¢, but may rather
express these constitutively. To test this hypothesis, we grew the two
OTU476-like strains and £. coli with and without GaINAc in the medium
and analyzed their transcriptome by RNA Seq. The GalNAc regulon of
E. coliwas tightly regulated, with near complete absence of transcrip-
tionin the absence of GalNAc, and ~300-fold upregulation inits pres-
ence. Inthe OTU476-like 4-15-1 strain, on the contrary, GaINAc TR/CP
genes were expressed at nearly equal levels with and without GalNAc,
as predicted. 4-15-1 expression levels in the absence of GaINAc were
higher than E. coli expression levels in the presence of GalNAc. The
expression pattern in the 4-8-110 strain was intermediate between
E.coliand 4-15-1: GalNAc genes were expressed in the absence of GaINAc
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(albeit at low levels) yet were upregulated (-5-10-fold) in its presence
(Fig. 6a). The difference inthe response of the transcriptome to GaINAc
addition between OTU476-like strains and E. coli response was not
limited to the GalNAc operon. While GalNAc addition did not have
noticeable effects on genes outside of the GalNAc regulon in E.coli, it
altered the expression of > 605 and 225 genes (q < 0.05) in 4-15-1 and
4-8-110, respectively (Fig. 6b). Six KEGG pathways were consequently
perturbedinbothstrains (FDR < 0.05): metabolic pathways, pyrimidine
metabolism, alanine, aspartate and glutamate metabolism, biosyn-
thesis of antibiotics, ABC transporters and biosynthesis of secondary
metabolites (STable 7).

Discussion

Inhumans, ABO genotype affects susceptibility to various viral (includ-
ing SARS-CoV-1&2), bacterial and protozoan pathogens?****, and possi-
bly the composition of the intestinal microbiota®. Invoked mechanisms
are usuallyimmune, including pathogen adhesion, toxin binding, solu-
ble decoys and natural antibodies?***, We provide strong evidence that
the miQTL reported in this workacts “simply” by affecting intestinal
GalNAc concentrations, and thereby the growth of GalNAc-utilizing
bacteria. A puzzling finding is that not all species capable of utiliz-
ing GalNAc as a carbon source appear to be affected. We suggest that
this could be connected to the observation that the GaINAc operonis
inducible in species like E. coli, while being constitutively expressed
at high levels in‘at least some of the OTU476-like strains. The GalNAc
gene clusterasseenin the OTU476-like strains is a possible evolution-
ary intermediate towards the formation of a genuine regulon as seen
in E.coli, facilitating horizontal transmission of a “selfish” functional
gene ensemble even if not yet adaptively coregulated”. The distinct
behavior of the GalNAc operon 4-15-1 and 4-8-110 strains in response
to GalNAc may be indicative of an evolving regulatory mechanism
distinct from the canonical repressor-based regulon system. These
findings suggest an alternative modus operandi of the miQTL. Bacteria
affected by it may not be at an advantage when GalNAc is present at
relatively higher concentrationin the intestinal content (asin A4 and
AOanimals), but rather at adisadvantage when GalNAcis present at low
concentrations (asin OO animals) because wasting energy transcribing
and translating useless genes. By tightly regulating expression of their
operon in response to ambient GalNAc availability, species like E. coli
may fair equally well in the gut of AA/A0 as in that of OO pigs, hence
not be affected by the miQTL. We note that, in addition to the distinct
organization of their GaINAc operon, the transcriptome of the two
studied OTU476-like strain responds more dramatically to GaINAc
addition than that of E. coli. The precise significance of this observa-
tion remains to be established but may point towards alternative or
additional factors that underpin differential sensitivity to the miQTL.

Null FUT2 alleles segregate in humans, precluding synthesis of the
type | Hantigen in homozygotes, and hence epistatically of the type
1A and/or B antigens in non-0 individuals®** (Extended Data Fig. 8).
Although an HI117R FUT2 variant segregated in our population, there
was no evidence for an effect of that or any other FUT2 variant on the
abundance of 0TU476, 0TU327 or p-75-a5with or without conditioning
on AO genotype (data not shown).

The effect of ABO genotype on intestinal microbiota composition
in humans remains somewhat controversial. Despite suggestive evi-
dence in a small (n=71) cohort of separate microbiota-based cluster-
ing of ABand Bvs A and O individuals*, a subsequent study in a larger
cohort (n=1,503) could not detect experiment-wide significant effects
of ABO genotype on gut microbiota composition*. More recently,
an effect of ABO genotype was reported on the abundance of OTUs
assignedrespectively to Faecalobacterium and Bacteroidesin acohort
0f ~9,000 Germans?, but this was not confirmed in asubsequent study
(-18,000individuals)*. We examined the effect of ABO blood group on
the abundance of -75 OTUs assigned to Erysipelotrichaceae in human



gut samples (Extended Data Fig. 12). None of the OTUs detected in
human were as closely related to the pig OTU476, OTU327 or p-75-a5
asthese were to each other. We found no evidence for an effect of ABO
blood group onthe abundance of any of these. What underlies the dif-
ference between pigs and humansis unclear. Either Erysipelotrichaceae
strains susceptible to ABO genotype are not present at sufficient levels
inhumans, or the carbohydrate composition of humanintestinal con-
tent makes these strains less sensitive to variations in GaINAc concen-
trations. The abundance of p-75-a5 was found to differ significantly
between African subsistence categories and to be highestin pastoralists
(ascompared to hunter-gatherers and agro-pastoralists) possibly asa
result of interaction with livestock*®*°. Repeating the experiments in
pastoralists may reveal the same miQTL effect detected in this study.
Note: While this paper was in the last phase of the publication process
two papers came out reporting an effect of ABO genotype onintestinal
microbiota composition in human, albeit on distinct taxa?*?,
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Fig.1|Intestinal microbiota of the healthy pig. (a) Joint Principal Coordinate
Analysis (PCoA) of 5,110 16S rRNA profiles. (I) F6: day 25 feces (D25, mauve), day
120feces (D120, red), day 240 feces (D240, green), ileal content (IC, light blue),
cecum content (CC, darkblue). (II) F7:asin L. (Il) F7: ileal content (IC, light blue),
cecum content (CC, dark blue), ileal mucosa (IM, pink), cecalmucosa (CM,
brown). (b) Average microbiota composition of the 12 data series. Taxa colored
by phylum and family within phylum, highlighting 43 families amongst the top

15inatleast one dataseries. Names of the corresponding phylaand families are
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inthelegend. Average composition of 106 human feces and 6 mouse feces
(C57BL/6). (c) a-diversities (Shannon’s index) for the 12 data series
color-labelled asin A. Sample sizes are as in STable 2.1. Boxplots show median
(lineinbox), interquartile range (IQR, box), 1.5x IQR span (whiskers), and
outliers (dots). (d) B-diversities (Bray-Curtis distance) for the 12 dataseries
colored asin A. Distances computed for all sample. Sample numbers and
boxplotsasinC.
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were measured separately for the 12 data series. P-values (one-sided) were asin(A).r-values were below the 50-ties percentile of the permutation values

computed by permutation. Adjusted r-values were below the 50-ties percentile  for the five analyzed sample types (p=0.03). Empirical p-value (one-sided) of r
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(one-sided) of rwas<0.05/12=0.004 (i.e. Bonferroni corrected) for two. sample types were combined yielding an overall p-value of 0.013. (c)
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Fig.4|A3.5MY-olddeletioninthe pig ABO orthologue causes the miQTL.
(a) Structure of the porcine AOblood group gene. IGV view of the genotypes
ofthe 61F0 for145variantsina-~5Kbinterval spanning the 2.3 Kb deletion. Two
upper red rectangles:2.3 Kb deletion. Light blue: homozygousalternate; dark
blue: heterozygous; gray: homozygous reference. Horizontal blue arrows mark
SINEs that have mediated intra-chromosomal recombination. Vertical black
arrows mark top variants from Fig. 3b. Effect of the 2.3Kb deletion on
acetyl-galactosaminyl transferase transcripts: (i) creation of alternate exon 8
and 9, and (ii) reduction of transcript levels to -1/3th of normal. (b) Effect of AO
genotype (A4, AO or 00) on abundance of 0TU476. (i) The effect of the A
alleleisdominant over that of the O allele,and (ii) the miQTL effectis detected
incecum (contentand mucosa) andin day120 and 240 feces. Sample sizesasin

STable 4.1. Boxplotsasin Fig.3d. (c) UPGMA dendrogram based onsequence
similarity between14 AAand 34 OO animalsina5-Kb window centered on
2.3Kbdeletion. PHAC_AFR: common warthog, SUS_VERR: Javan warty pig,
SUS_CEB: Visayan warty pig, SUS_SCR_VII: Sumatran wild boar, CH/RU/EU_WB:
Chinese/Russian/European wild boars, CH/EU/AM_DOM: Chinese/European/
American domestic pigs. Breed acronyms asin ED 1. (d) Peak of reduced
population differentiation coinciding with the 2.3 Kb deletion (red) in the
porcine AO gene (blue). X-axis: position on chromosome 1. Y-axis: 1/(mean F
statistic) for all variantsin a2Kb sliding window. F statistic computed as the
ratio of the “between-breed mean squares” and the “within-breed mean
squares” for the dosage of O allele.
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Fig.5| ThemiQTL acts by increasing GaINAc concentrations and affects
GalNAc utilizing bacteria. (a) Effect of AO genotype on GalNAc
concentrationsin caecal content (n,,=33, n,,=118, ny,=127). Concentrations
corrected for batch effectand scaled between 0 and 1to equalize residual
variance. P-values (two-sided and nominal) for genotype contrasts computed
using Wilcoxon’s test. Boxplots asin Fig. 1c. (b) Correlation between GalNAc
concentrationand OTU476 abundance “within AO genotype”. Areas Under the
Curve (AUC) for GalNAc corrected for batch effectand AO genotype and scaled
asabove. P-value (nominal, two-sided) of Spearman’s correlation is given
(p=0.012). Shaded area correspondsto the 95% confidence region for the
regression fit. (c) Same as in (B), with animals colored by AO genotype.

(d) GalNAc transportand catabolic pathway in OTU476-like strains. GalNAc:
N-acetylgalactosamine, GalNAc-6-P:N-acetylgalactosamine-6-phosphate,
GalN-6-P:galactosamine-6-P, Tag_6-P: tagatose-6-phosphate, Tag-1,6-PP:
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tagatose-1,6-biphosphate, GAP: glyceraldehyde-3-phosphate, DHAP:
dihydroxyacetone-phosphate, 3PG: 3-phosphoglycerate, Pyr: pyruvate, Lact:
lactate. Enzymes encodedinthe GaINAc operonareinblue. Metabolites
considered inthe metabolic flux analysis are in bold. (e) Proportion of
B3C-labelled metabolites determined by GC-MSin OTU476-like strain (4-8-110)
fed ®C-labelled (red) versus regular GalNAc (green). (f) Invivo (germ free mice)
E.coliversus OTU476-like strain competition with and without GalNAc.
Proportion of 16S rRNA reads mapping to the 4-8-110 reference rRNA sequence
versus E. colirRNA sequence (i.e.1minus the proportions shownin the figure
correspond toreads mappingto the E.coli16SrRNA) in caecum content and
feces of10 germ free mice (Kunmingline) inoculated by gavage with pure
culture of 4-8-110 and E. coli and force-fed with GalNAc (red bars) versus
phosphate-buffered saline (PBS)(green bars). P-values (nominal, two-sided,
uncorrected) of the difference inabundance determined using Wilcoxon test.
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Fig.6|GalNAc operon organizationand transcriptome response of miQTL
responsive bacteria. (a) GaINAc operon organizationand local
transcriptomeresponse to GalNAcadditionin 0TU476-like strains and

E. coli. Upper: GaINAc operon organization: Identified Open Reading Frames
(ORFs) represented as colored boxes. Genesimplicated in GaINAcimportand
catabolisminrediftheyare partofthe clusterandin greeniflocated elsewhere
inthe genome. Genes with aknown functionunrelated to GaINAcin blue. ORFs
withuncharacterized gene productingray. Gene acronyms are given next to
the corresponding boxes. ORFstranscribed from the top (respectively bottom)
strand are above (below) the dotted line. The respective transcriptional
directions are marked by the arrows. Lower: Local gene expression levels
(FPKM) with (dark color) and without (light color) addition of GaINAcin the

Gene position

growth medium. The colors for the ORFs with known function (GaINAc gene:
red, othergene:blue) are asintheupper panels. Theerror bars are SE from
threereplicates (individual values shown as dots). (b) Global transcriptome
response to GaINAc additionin 0TU476-like strains and E. coli: Log2-fold
expression change for allgenesin therespective genomes (4,419in E. coli, 1,119
in OTU476-like strains, ranked according to genomic position) after addition of
GalNAcinthe medium.Red: GaINAc genes. Blue: other genes. Insets:
corresponding QQ plots, showing the near absence of effects on genes other
than GalNAcreguloninE. coliversus widespread response in OTU476-like
strains. P-values used to generate the QQ plots are nominal, obtained with
DISEQ2.
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Methods

Animal rearing and sample collection

This study focused on the sixth (F6) and seventh (F7) generation of a
mosaic population generated as follows. An average of 3.6 boars (range:
3-4)and4sows (range: 2 - 5) from four indigenous Chinese pig breeds
(Erhualian (EH), Bamaxiang (BX), Tibetan (TB), Laiwu (LA)) and four
commercial European/American pig breeds (Landrace (LD), Large
White (LW), Duroc (WD) and Piétrain (PT)) were successfully mated,
constituting the FO generation. For each Chinese breed, the boars were
mated with the ewes of one European breed, and the sows with the boars
of another European breed to produce the F1generation. Thus, every
Chinese and every European breed is parent breed of two distinct F1
hybrid combinations each, for atotal of eight F1 combinations (BX-LW,
BX-PT,LA-PT,LA-LD, TB-LD, TB-WD, EH-WD, EH-LW). The F2 generation
was obtained by mating each F1 hybrid combination with two others
that did not share parental breeds for atotal of eight F2 combinations
(BX-LW x LA-PT, BX-PT X LA-LD, LA-PT x TB-LD, LA-LD x TB-WD, TB-LD
x EH-WD, TB-WD x EH-LW, EH-WD x BX-LW, EH-LW x BX-PT). Every F2
combination was obtained by reciprocally crossing an average of 4
boars from one F1 combination with an average of 7.25 sows from the
other. The F3 generation was obtained by mating each of the eight F2
hybrid combinations with the only complementary F2 combination
that did not share any parental breeds for a total of four F3 combina-
tions (BX-LW-LA-PT x TB-LD-EH-WD, BX-PT-LA-LD x TB-WD-EH-LW,
LA-PT-TB-LD x EH-WD-BX-LW, LA-LD-TW-WD x EH-LW-BX-PT) expected
to each have ~12.5% of their genome from each of the founder breeds.
Every F3 combination was obtained by reciprocally crossing an aver-
age of 7 boars from one F2 combination with an average of 10.8 sows
from the complementary one. The F4, F5,F6 and F7 generations were
obtained by intercrossing 57 boars x 75 sows (F3->F4), 62 boars x 97
sows (F4->F5), 85 boars x 170 sows (F5->F6), and 82 boars x 111 sows
(F6->F7)(STable1).

AllF6 and F7 animals wereborn and reared at the experimental farm
of the National Key Laboratory for swine Genetic Improvement and
Production Technology, Jiangxi Agricultural University (Nanchang,
Jiangxi) under standard and uniform housing and feeding conditions.
Pigletsremained with their mother during the suckling periodand were
weaned at -46 days of age. Litters were transferred to 12-pig fattening
pens with automatic feeders (Osborne Industries, US), minimizing
splitting and merging of litters. All pigs were fed twice per day with
formuladiets containing 16% crude protein, 3,100 k] digestible energy,
0.78% lysine, 0.6% calcium and 0.5% phosphorus. Water was available
ad libitum from nipple drinkers. Males were castrated at 80 days. Fecal
samples were manually collected from the rectum of experimental pigs
attheages of 25,120 and 240 days, dispensed in 2ml tubes, flash frozen
inliquid nitrogen, and stored at-80°C. Animals were slaughtered at
day 240.lleum and cecumwere sealed at both ends with a sterile rope
and extracted from the carcass. Within 30 min after slaughter, ileal
and cecal luminal content were collected (F6 and F7 animals), ileum
and cecumrinsed with sterile saline solution, and samples of ileal and
cecal mucosa scraped with a sterile microscopic slide (F7 animals
only). Approximately one gram of content or scrapings was packed in
2-ml sterile freezer tubes, flash frozen in liquid nitrogen, and stored
at-80 °C. The number of samples of the different types available for
further analysis are provided in STable 2.1. All the animals included in
the analyses were healthy and did not receive any antibiotic treatment
within one month of sample collection. All procedures involving ani-
malswere approved by the Ethics Committee of the Jiangxi Agricultural
University (No.JXAU2011-006).

Genotyping by sequencing of the FO, F6 and F7 generations

Genomic DNA was extracted from ear punches using a standard
phenol-chloroform-based DNA extraction protocol. DNA concentra-
tions were measured using a Nanodrop-1000 instrument (Thermo

Scientific, USA), and DNA quality of all samples assessed by agarose
(0.8%) gel electrophoresis. Genomic DNA was sheared to 300-400 bp
fragment size. 3’-ends were adenylated and indexed primers ligated.
Libraries were amplified by PCR using Phusion High-Fidelity DNA poly-
merase (NEB, USA) following the recommendations of the manufacturer
(Illumina, US). Thelibraries were loaded on Illumina X-10 instruments
(IMluminaInc., San Diego, CA) for 2x150 bp paired-end sequencing by
Novogene (Beijing, China). We removed reads with quality score <
20 for 250% of bases or 210% missing (="N”) bases. Read quality was
checked using Fastqc (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Clean reads were aligned to the Sus scrofareference
genome assembly 11.1°° using BWA (v0.7.17)". Bam files of mapped reads
were sorted by chromosome position using SAMTools (v1.6)%. Indel
realignment and marking of duplicates were done with Picard (v2.21.4,
http://broadinstitute.github.io/picard). Individual genotypes were
called from BAM files using Platypus (v0.8.1)*. Individual genotypes
were merged into asingle VCF file using PLINK (v1.9)** encompassing a
total of39.3 million variantsincluding 31,094,663 SNPs and 8,266,390
INDELSs. Missing genotypes were imputed with Beagle (v.40)%. Genomic
variants with minor allele frequencies (MAF) < 0.03 were removed.

Computing nucleotide diversities
Nucleotide diversities between pairs of breeds were computed from
variant frequencies as follows:

n[z 1 (58 ) - ((1-12) (1-rg))]/w

where m; is the nucleotide diversity in window i, n; is the number of
variantsinwindowi, fi’?is the frequency of variantjof windowiinbreed
A,fﬁisthe frequency of variantjof windowiinbreed B, and wis the size
ofthe windowsin base pairs. The overall nucleotide diversity for a pair
of breeds A and Bwas computed as the average of T;across all windows.
The numbers reported are averages of overall nucleotide diversities
for multiple pairs of breeds (within European, within Chinese, between
European, between Chinese, between European and Chinese), com-
puted for awindow size of 1 million base pairs.

Estimating the contribution of the eight founder breeds in the
F6 and F7 generation at genome and chromosome level

We estimated the proportion of the genome of the eight founder breeds
in the F6 and F7 generation following Coppieters et al*®. Assume that
the total number of variants segregating in the mosaic population is
n. Each of these variants has a frequency in each one of the founder
breeds whichwe denote f}"! > f'for breed1, ;> f *for breed 2, etc
...aswellas afrequencyinthe F6 (or F7) generation which we refer to
asfy> fﬁT. We assume that there is a total of B breeds. We denote the
proportion of the genome of breed 1in generation F6 (or F7) as P, of
breed2ingeneration F6 (or F7) asP,, etc.... We estimated the values of
P, P, etc. ... using a set of linear equations:

HOMCELS)

=31 (rxF0Y)

for= Z?:I(Pj x fg'Tj)

We used standard least square methods (Im function in R) to find
the solutions of P;that minimize the residual sum of squares. This was
done for the entire genome, as well as by autosome.


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://broadinstitute.github.io/picard

16S rRNA data collection and processing

Microbial DNA was extracted from feces, luminal content and mucosal
scrapings using the QIAamp Fast DNA stool Mini Kit following the manu-
facturer’s recommendations (Qiagen, Germany). DNA concentrations
were measured using aNanodrop-1000 instrument (Thermo Scientific,
USA), and DNA quality assessed by agarose (0.8%) gel electrophoresis.
TheV3-V4 hypervariableregion of the 16S rRNA gene was amplified with
the barcode fusion primers (338F: 5-ACTCCTACGGGAGGCAGCAG-3,
806R: 5-GGACTACHVGGGTWTCTAAT-3) with 56 °C annealing tem-
perature. After purification, PCR products were used for construct-
ing libraries and sequenced on an lllumina MiSeq platform (Illumina,
USA) at Major bio (Shanghai, China). The 16S rRNA sequencing data
were submitted to the CNGB database and have accession number
CNP0001069. The raw 16S rRNA gene sequencing reads were demul-
tiplexed and primer and barcode sequences trimmed using Trim-
momatic (V.0.39)%. Reads with =10 consecutive same or ambiguous
bases were eliminated. Clean paired-end reads were merged (minimum
10 bp overlap) into tags using FLASH (v.1.2.11)*%. The average number
oftags per sample was -40,888 (Suppl. Table 2.1). Chimeric reads were
removed using USEARCH (v.7.0.1090)%. Sequence data were rarefied to
19,632 tags, i.e. the lowest number of tags per sample. Tags were clus-
tered in operational taxonomic units (OTUs) with VSEARCH (v.2.8.1)*°
using 97% as similarity threshold. OTUs that would not have >3 reads
inatleast two samples or were detected in < 0.2% of the samples were
ignored. In the end, 12,054 OTUs accounting for an average of 98.7%
of total reads per sample were used for further analysis. The mean
number oftags for the 12,054 OTUs retained for further analyses was 1.6
(range: 0.01-702.2). OTUs were matched to taxa using the Greengenes
(v13.5) database and the RDP classifier (v2.2)®.. Principal coordinate
analysis (PCoA) was performed with the “ape” and “vegan” R packages
(v3.5.3) using Bray-Curtis dissimilarities. Shannon’s index was used as
a-diversity metricand computed using mothur (v1.43.0)%. Bray-Curtis
dissimilarity was used as 3-diversity metric and computed using vegdist
of the vegan package in R (v3.5.3). The mouse fecal microbiome data
were from Cheema et al®®. The human fecal microbiome data were 16S
rRNA datafrom106 healthyindividuals (Shagametal., in preparation).

Measuring the heritability of microbiota composition (all taxa
combined)

We first estimated the impact of host genetics on the composition
of the intestinal microbiome by measuring the correlation between
genome-wide kinship and microbiome dissimilarity. We computed
genome-wide kinship (0) for all pairs of relevantindividuals (see here-
after) using the SNP genotypes at the above-mentioned 30.2 million
DNA variants using either GEMMA (v0.97)** or GCTA (v1.26)%. Both
programsyielded estimates of © withsame distribution after standardi-
zation, albeit different raw values. We herein report results obtained
with GEMMA (v0.97). Microbiome dissimilarity was measured using the
Bray-Curtis dissimilarity computed using the “vegan” R function® and
abundances of all OTUs. We computed Spearman’s (rank-based) correla-
tions using the “corrtest” functioninR (v3.5.3). Wefirst performed this
analysis for each sample type and generation separately within litter,
i.e.onlyconsidering pairs of full-sibs born within the samelitter, hence
in essence following Visscher et al*”. We then performed the analysis
across the F6 and F7 generations. The pairs of individuals considered
were all F6-F7 animal pairs, which included no parent-offspring pairs.
To account for dependencies characterizing the data, p-values were
determined empirically by permutation testing. We performed 1,000
permutations of kinship coefficients and Bray-Curtis dissimilarities
withinlitter. Vectors of OTU abundances were permuted within litters,
Bray-Curtis distances recomputed, and correlated with the unpermuted
kinships. The empirical p-value was determined as the proportion of
permutations thatyielded aSpearman’s correlation that was aslow or
lower than that obtained with the real data.

Measuring the heritability of the abundance of individual taxa
Heritabilities of log-transformed abundances of specific taxa/OTUs
were estimated using a linear mixed model implemented with the
Ime4QTL R-package (v3.5.3)%. P-values for the heritability estimates
were computed using the associated Irt h2 function®, We first esti-
mated heritabilities using information from the F6 and F7 generation
jointly (“F6 plus F7”). The model included “individual animal” (i.e.
polygenic effect), “dam”, “litter”, “pen” and “batch” as random effects
and “generation” as fixed effect. The additive genetic relationship
matrix determining covariances between “individual animal” effects
was computed with GCTA (v1.26)%. This “F6 plus F7” analysis extracts
information from the correlation between kinship and phenotypic
resemblance (i) between F6 animals (“within F6”), (ii) between F7 ani-
mals (“within F7”), and (iii) between F6 and F7 animals (“between F6
and F7”). To evaluate whether these three sources of information were
consistent, we also estimated - for each taxon/OTU - the three herit-
abilities separately. The “within F6” and “within F7” heritabilities were
estimated using the same mixed model (except for the absence of the
fixed “generation” effect) and Ime4QTL package as for the “F6 plus F7”
analysis. The “between F6 and F7” heritabilities were estimated by
regressing squared difference inabundance on additive relationship
following Haseman-Elston®:narrow sense heritability was estimated
as —B/(Zé,z,) were fis the least square regression coefficient and 62an
estimate of the phenotypic variance (see Extended Data Fig. 3). The
“total heritability” of the intestinal microbiome was further computed
from the heritabilities and abundance of individual taxa/OTU following
Rothschildetal®.

Mapping microbiota QTL (miQTL)

miQTL were mapped using the GenABEL R package (v3.5.3)° applying
two models following Turpin et al'’. The first fitted a linear regression
between allelic dosage and log,,-transformed taxa abundance (additive
model). It was applied to all SNPs with MAF > 0.05 (in the correspond-
ing data series) and taxa (i.e. at all taxonomic levels including OTU)
withnon-nullabundanceinatleast 20% of samples (in the correspond-
ing data series), ignoring samples with null abundance if those repre-
sented more than 5% of samples. The second fitted alogistic regression
model between allelic dosage and taxon presence/absencein the cor-
responding sample (binary model). It was applied only to taxa present
in>20% and <95% of individuals and SNPs with MAF >10% (as the test
statistic was inflated under the null when using this model with MAF <
10%; Extended Data Fig. 4). Both modelsincluded sex, slaughter batch
(21for F6,23 for F7) and the three first genomic principal components
as fixed covariates. GWAS were conducted separately for each taxon
x data series combination and p-values concomitantly adjusted for
residual stratification by genomic control. P-values were combined
across traits and/or taxa using a z-score. P-values were converted to
signed z-values using the inverse of the standard normal distribution
and summed to give a “z-score”. Z-scores were initially calculated using
METAL (v3.0)”. To compute the p-value of the corresponding Z-score
while accounting for the correlation that exists between the phenotypic
values of agivencohortacross traits we alsocomputed the genome-wide
(i.e.across all tested SNPs) average (Z) and standard deviation () of
theZscore. The p-value of Z scores was (conservatively) computed by
assumingthat (Z - Z)/ois distributed as N (0,1) under the null hypoth-
esis. Both approaches yielded similar results.

De novo assembly of the A allele of the porcine AO
acetyl-galactosaminyl transferase gene

We extracted high-quality genomic DNA from longissimus dorsi of
a Bamaxiang female using a phenol-chloroform-based extraction
method (Novogene Biotech, Beijing, China). A 40 kb SMRTbell DNA
library (Pacific Biosciences of California, CA, USA) was prepared using
BluePippin for DNA size selection (Sage Science, MA, USA) and then
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sequenced onaPacBio Sequel platform (Pacific Biosciences of California,
CA, USA) with P6/C4 chemistry at Novogene Biotech, Beijing, China.
We obtained a total 0f 18,148,470 subreads with N50 length of 17,273
bp.Additionally, a paired-end library withinsert size of 350-bp was con-
structed and sequenced on an Illumina Novaseq 6000 PE150 platform
(2x150bp reads) at Novogene Biotech, Beijing, China. PacBio reads were
self-corrected using Canu (v1.7.1) before assembly with Flye (v2.4.2)".
Errorsinthe primary assembly werefirst corrected using PacBio subreads
usingracon (v1.4.10)”, and lllumina paired-end reads were then mapped
to the contigs using bwa-mem”™ to polish the contigs using Pilon (v1.23,
BroadInstitute, MA, USA)”. Lastz (v1.02.00)® and Minimap2 (v2.17-r941)”
were used to compare the Bamaxiang contig and the 40k sequence span-
ning the ABO gene of the Sus scrofa Build 11.1 reference genome.

Developing a PCR assay to distinguish AA, AO and OO pigs

We designed two pairs of primers to genotype the deletion in the F6
and F7 populations. The first pair of primers was located respectively
within intron 7 of the ABO gene and downstream of the deletion
(FP: 5-GAGTTCCCCTTGTGGCTCAGT-3', RP: 5- TTGCCTAAGTCTA
CCCCTGTGC-3’). The second pair of primers was located in exon 8
(FP2:5-CGCCAGTCCTTCACCTACGAAC-3,RP2:5-CGGTTCCGAATCT
CTGCGTG-3’). PCR amplification was performed in a 25-pl reaction
containing 50 ng genomic DNA and 1.5 U of LA Taq DNA polymerase
(Takara, Japan) under thermocycle conditions of 94 °C for 4 minutes,
35 % (94 °C for 1 min, 1 min at specific annealing temperature for each
set of primers and 72 °C for 2 min), and 72 °C for 10 minutes on a PE
9700 thermal cycler (Applied Biosystem, USA).

RNA seq and eQTL analysis

A total of 300 cecum tissue samples from F7 pigs which also had
microbiota and genotype data were used to extract total RNA with
TRIzol™ (Invitrogen, USA) following the manufacturer’s manual. Total
RNA was electrophoresed on 1% agarose gels. RNA purity and integ-
rity were assessed using an eNanoPhotometer® spectrophotometer
(IMPLEN, USA) and a Bioanalyzer 2100 system (Agilent Technologies,
USA). A Qubit3.0 Fluorometer (Life Technologies, CA, USA) was used
to measure RNA concentrations. 2-pg total RNA of each sample were
used to constructed RNA sequencing libraries, using the NEBNext®
UltraTMR NA Library Prep Kit for lllumina (NEB, USA) following the
manufacturer’s protocol. Briefly, Oligo (dT) magnetic beads (Invit-
rogen, USA) were used to enrich mRNA, which was then fragmented
using a fragmentation buffer (Ambion, USA). cDNA was synthesized
using 6-bp random primers and reverse transcriptase (Invitrogen,
USA). After purification, cDNA was end-repaired, and index codes and
sequencing adaptors ligated. After PCR amplification, purificationand
quantitation, thelibraries were sequenced on aNovaseq-6000 platform
using 2x150-bp paired-end sequencing. Clean data were obtained by
removing adapter reads, poly-N and low-quality reads from raw data.
Cleaned reads from each sample were mapped to the complete ABO
sequence from the Bamaxiang reference genome with the A allele at
the ABO locus constructed by the authors using STAR (v020201)7%.
Samtools (v1.6)*?was used to convert SAM format to BAM format. The
read counts mapping to ABO (exon 1to 7) were quantified for each
sample using featureCounts (v1.6.4)”°. The expression abundance of
the ABO gene was normalized to fragments per kilobase of exon model
per million mapped reads (FPKM). Gender and batch were treated as
covariates to correct for gene expression levels, and the corrected
residuals used for subsequent analyses. GEMMA (v0.97)%* was used
toanalyze the association of ABO expression level with genome-wide
variants using a linear mixed model.

Whole-genome sequencing and bioinformatic analysis for wild
boars, Sus verrucosus and Sus cebifrons

The genomes of six Russian wild boars, one Sumatran wild boar,and one
Africanwarty hog were sequenced onan Illumina HiSeq X Ten platform

at Novogene Biotech, Beijing, China. Additionally, six Chinese wild
boars were sequenced in a previous study®’, and we downloaded the
genome sequence data for eight other pigs from NCBI. Finally, we used
atotal of 22 genomes to call SNPsin the porcine ABO gene using GATK
(v4.2)%. Wereplaced the ABO gene of the Sus scrofabuild 11.1genome
with the 50 Kb Bamaxiang contig sequence containing the A allele of
ABO gene. The cleaned reads of the 22 individuals were aligned to the
modified Sus scrofareference genome (build 11.1) using BWA (v0.7.17)".,

Phylogenetic analysis of the O alleles in the Sus genus

We applied GATK (v4.2) to performindel realignment, and proceeded to
SNPand INDEL discovery and genotyping with UnifiedGenotyper across
all 83 samples simultaneously using standard hard filtering parameters
according to GATK Best Practices recommendations®®% We restricted
the analysis to the 14 AA and 34 OO animals, hence circumventing the
need to phase the corresponding genotypes. We defined windows of
varying size (0.5 to 50Kb) centered around the 2.3 Kb deletion. For all
pairs of individuals, we computed arunning sumover all variantsin the
window adding O when both animals had genotype AA (alternate) or
RR (reference)’, when one animalwas AA and the other RR, and 0.5 in
all other cases. The nucleotide diversity for the corresponding animal
pair was then computed as the running sum divided by the window
sizeinbp. Weignored the variantslocated inthe 2.3 Kb deletionin this
computation. The ensuing matrix of pair-wise nucleotide diversities
was then used for hierarchical clustering and dendrogram construc-
tion using the hclust (method="average”) R function corresponding
to the unweighted pair group method with arithmetic mean (UPGMA).

Analysis of population differentiation

We quantified the degree of population differentiation by computing
the effect of breed on the variance of allelic dosage using a standard
one-way ANOVA fixed effect model and a F-statistic computed as the
ratio of the “between breed mean squares” (BMS) and “within breed
mean squares” (WMS)®. BMS and WMS were computed as:
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wherey;istheallelicdosage of the alternate alleleinindividual j (of n)
ofbreedi (of B), yis the average allelic dosage in breed i (of B), and 'y,
is the average allelic dosage in the entire data set. We computed the
average of the corresponding F-statistic for all variants within asliding
window of fixed physical size (f.i. 2-Kb in Fig. 5e), and took the inverse
of thismean as measure of population “similarity”. The corresponding
profiles were nearly identical to those obtained by computing average
Fe; values across variants (and taking the inverse) following Nei®*.

Profiling ABO gene expression level at various adult and embryo
tissues

Total RNA was extracted using Trizol from 15 tissues (lung, hypophysis,
skin, spinal cord, liver, spleen, muscle, hypothalamus, heart, blood,
brain, cecum, stomach, duodenum andkidney) collected from an adult
Bamaxiang sow and a Duroc pigembryo (day 75). RNA quality was moni-
tored by agarose (1%) gel electrophoresis, and using the RNANano 6000
Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA,
USA).RNA concentration was measured using Qubit® RNA Assay Kitin
Qubit®2.0 Flurometer (Life Technologies, USA).1-pg total RNA of each
sample were used to constructed RNA sequencing libraries. Sequenc-
ing libraries were generated using TruSeq RNA Library Preparation
Kit (Illumina, USA) following manufacturer’s recommendations and
index codes were added to attribute sequences to each sample. Briefly,



mRNA was purified from total RNA using poly-T oligo-attached mag-
netic beads. First strand cDNA was synthesized using random hexamer
primer and M-MuLV Reverse Transcriptase (RNase H-). Second strand
cDNA synthesis was subsequently performed using DNA Polymerase
Iand RNase H. Remaining overhangs were converted into blunt ends
via exonuclease/polymerase activities. After adenylation of 3’ ends
of DNA fragments, lllumina adaptors were ligated. In order to select
cDNA fragments of preferentially 350~400 bp in length, the library
fragments were purified with AMPure XP system (Beckman Coulter,
USA). PCR was performed with Phusion High-Fidelity DNA polymerase,
Universal PCR primers and Index (X) Primer. PCR products were puri-
fied (AMPure XP system) and library quality was assessed on an Agi-
lent Bioanalyzer 2100 system. Clustering of the index-coded samples
was performed on a cBot Cluster Generation System using TruSeq PE
Cluster Kit v3-cBot-HS (Illumia, USA) according to the manufacturer’s
instructions. Sequencing was performed on an Illumina Novaseq plat-
formand150 bp paired-end reads were generated. Reads were filtered
obtained by removing adapter sequences, poly-N and low-quality reads.
Cleaned reads were mapped to the complete ABO sequence from the
Bamaxiang reference genome sequence using HISAT2 (v2.2.1)®. Sam-
tools (v1.6)* was used to convert SAM format to BAM format. The read
counts mappingto ABO (exon1to 7) were quantified for each sample
using featureCounts (v1.6.4)”°. To adjust for the effect of sequenc-
ing depth, the expression abundance of ABO gene was normalized
to Transcripts Per Million (TPM). Expression abundance of ABO was
used to cluster and visualize the expression level of the 15 tissues from
an adult Bamaxiang sow and a Duroc pig embryo via function dist(),
hclust(), as.dendrogram() and set() implemented in R package stats
and dendextend.

Testing the effect of AO genotype on other phenotypes

The associations between the 2.3Kb ABO deletion and 150 traits were
calculatedinthe F6 and F7 populations based on ameta-analysis com-
bining the effects. The observed P value for a trait was calculated by
testing aweighted mean of Z scores from F6 and F7 generations as fol-
lows: Z=71W1+72W2/(W1+ W2), where Z1=b1/SEland Z2=b2/SE2, W1
=1/(SE1)*’and W2=1/(SE2)? where the subscripts1and 2denote F6 and
F7 generations, respectively; bl, b2, SE1 and SE2 were additive effects
and standard errors of ABO locus on a given trait estimated from a
linear mixed model, which accounted for population structure using
agenomic relationship matrix derived from whole genome marker
genotypes. Atotal of 250 and 254 traits were testedin F6 and F7 genera-
tion, while 150 traits that were shared in F6 and F7 generations were
used for meta-analysis.

Determination of the concentration of N-acetyl-galactosamine
incecallumen

Targeted LC-MS/MS analysis was performed to determine the concen-
tration of the mixture of GalNAc, GlcNAc and ManNAc isomers (referred
to as HexNAc) in cecal lumensamples. Samples of cecal content were
collected at D240 for 124 F7 and 154 animals from a Duroc x Landrace
x Large White commercial population. The samples were lyophilized,
groundedintopowder by aMixer MillMM 400 (30 Hz, 1 min) (Retsch,
Germany), and stored at-80 °C until use. Approximately 15 mg of pow-
der was weighted and extracted with 500 pL of 70% methanol/water.
The mixture was vortexed for 10 min, and centrifuged at -16,000 g
and 4 °Cfor10 min. 300 pL of supernatant was transferred into a new
centrifuge tube, placed at -20 °C for 30 min, and centrifuged again at
16,128 g at 4 °C for 3 min. Finally, 150 pL of supernatant was collected
for further LC-MS analysis. Separation was performed in a 50 mm x
2.1mm x 1.8 pum ACQUITY UPLC BEH C18 Column (Waters, USA) in an
ExionLC™ AD System (AB Sciex, USA). Linear ion trap (LIT) and triple
quadrupole (QQQ) scans were performed on an Applied Biosystems
6500 Triple Quadrupole (QTRAP® 6500) equipped with an ESI Turbo
lon-Spray interface. The operation was carried out under positive ion

mode and controlled by Analyst software (v1.6.3) (Sciex, USA). The
ESI source parameters were set as follows: ion source: ESI+, source
temperature: 550 °C, ion spray voltage (IS): 5500 V (Positive), curtain
gas (CUR): 35 psi. The GalNAc was analyzed using multiple reaction
monitoring (MRM). We established a standard curve using increas-
ing and known amounts of GalNAc standard and used it to determine
GalNAc concentrations per gram of dried caecal content.

Measuring the correlation between GalNAc concentrations and
bacterial abundance within AO genotype

Raw AUC (GalNAc) or bacterialabundances were showing considerable
batch-to-batch variation both with regards to means and variances. We
therefore transformed them to ranks within batch and projected these
uniformly between 0 and 1, yielding equalized means of 0.5 and stand-
ard deviations = 0.3 (scaled batch-corrected ranks). We then applied
the same approachwithin AO genotype to the scaled batch-corrected
ranksyielding scaled, batch- and genotype-corrected ranks. We com-
puted Spearman’s correlations between the GalNAc and abundance
scaled ranks.

Isolating 4-8-110 and 4-15-1

Fecal samples were collected from the rectum of healthy pigs at about
120 days and transferred immediately to anaerobic conditions. Fresh
samples were homogenized with sterile 1 x PBS (pH7.0) in an anaero-
bic glovebox (Electrotek, UK), which contained 10% hydrogen, 10%
carbon dioxide and 80% nitrogen. The fecal suspension was diluted
107%,107,107*and 10"°-fold, and plated on GAM medium (Nissui
Pharmaceutical, Japan). Plates were incubated at 37 °C for 3 days in
an anaerobic glovebox. Single clones were picked and streaked until
pure colonies were obtained on GAM medium. Full-length 16S rRNA
gene sequencing was performed after amplification using primers
(27 forward: 5-AGAGTTTGATCCTGGCCTCAG-3’ and 1492 reverse:
5-GGTTACCTTGTTACGACTT-3'). The isolates were stored at -80 °C
in GAM broth containing 16% of glycerol until further use.

Oxford nanopore sequencing

The strains 4-8-110 and 4-15-1 were recovered on GAM medium. Cells
were harvested at the period of logarithmic growth. Genomic DNA
was extracted using the Blood & Cell Culture DNA Midi Kit (Qia-
gen, Germany) following the manufacturer’s protocol. Libraries
for whole-genome sequencing of the strains were constructed and
sequenced onan ONT PromethION (Oxford Nanopore Technology, UK)
at NextOmics (Wuhan, China). To correct sequencingerrors, alibrary
for second-generation sequencing was also constructed for each of
the two strains and sequenced (2x100 bp) ona BGISEQ platform (BGlI,
China). Bioinformatic analyses of sequencing data were performed fol-
lowing Kolmogorov et al’2. and Hunt et al*. In brief, after quality control,
the sequence data were assembled with flye (v2.6)”> with parameter:
--nano-raw, and the assembled genomes were corrected by combining
the Oxford Nanopore data with the second-generation sequencing
data using pilon under default parameter. The encoded genes were
predicted using prodigal (v2.6.3) (parameter: -p none-g 11)¥’.

MAGs assembly

Atotal of 92 fecal samples from eight pig populations, four intestinal
locations and different ages were used for metagenomic sequenc-
ing and construction of metagenome-assembled genomes (MAGS).
Microbial DNA was extracted as described above. The libraries for
metagenomic sequencing were constructed following the manufac-
turer’s instructions (Illumina, USA), with an insert size of 350 base
pairs (bp) for each sample, and 2x150 bp paired-ends sequenced ona
Novaseq 6000 platform. Raw sequencing data were filtered to remove
adapter sequences and low-quality reads using fastp (v0.19.41)%%. Host
genomic DNA sequences were filtered out using BWA (V.0.7.17)*. The
cleanreads of eachsample were assembled into contigs using MEGAHIT
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(v1.1.3) with the option --min-count 2 --k-min 27 --k-max 87 --k-step 10
--min-contig-len 500’%. Single-sample metagenomic binning was per-
formed with two different binning algorithms ‘--metabat2 --maxbin2’
using the metaWRAP package (v1.1.1)°°. The bins (metagenomic
assembly genomes, MAGs) generated by the two binning algorithms
were evaluated for quality and combined to form a MAG set using the
bin_refinement module inmetaWRAP (v1.1.1). Metagenomic sequences
were further assembled to optimize MAGs using the reassemble_bins
module of metaSPAdes (v3.15.3) in the metaWRAP pipeline. CheckM
(v1.0.12) was used to estimate the completeness and contamination of
each MAG®.. The MAGs with completeness <50% and contamination
>5% were filtered out. Non-redundant MAGs were generated by dRep
(v2.3.2) at threshold of 99% average nucleotide identity (ANI)*%.

Bioinformatic analyses

Gene predictionin MAGs was carried out using the annotate_bins mod-
uleinmetaWRAP (v1.1.1). The FASTA file of amino acid sequences trans-
lated from coding genes was used to perform KEGG annotation using
Ghost KOALA tool (v2.2)* on the KEGG website (https://www.kegg.jp/
ghostkoala/). Taxonomic classification of MAGs was performed using
PhyloPhlAn (v.0.99)%*. The graphs in Fig. 5b and 5c were generated
using custom made perl (v5.10.1) and R scripts (v3.5.3). Pathway and
regulon scores were computed using a custom-made perl script. Both
scoresincluded (i) one point forimport (having orthologues of either
the four components of AgaPTS (agaE, agaF, agaV and agaW) and/or
the three components of the TonB dependent transporter (omp, agaP
and agaK) and /or the four components of the GnbPTS transporter
(gnbA, gnbB, gnbC and gnbD), (ii) one point for GaINAc deacetylase
activity (having an orthologue of agaA and/or nagA), (iii) one point for
GalN deaminase/isomerase (having on orthologue of agaS), (iv) one
point for tagatose-6-P kinase (having an orthologue of pfkA and/or lacC
and/or fruK), and (v) one point for tagatose-1,6-PP aldolase (having an
orthologue of gatY and/or gatZ and/or lacD and/or fba). For the pathway
score the orthologues could be located anywhere in the MAG, for the
regulonscorethey had tobelocated on the same sequence contig and
in close proximity (2.5% of genome size) to the anchor gene agaS*. For
the top hits we manually checked whether proximity was confirmed
either by the replication of the order in more than one MAG and/or by
the colocalisation of the genes on one and the same sequence contig.
The effect of MAG-type (OTU476-like, Erysipelotrichaceaeand others),
-completion, -contig, -genome size on pathway and regulon scores
were estimated using the R Im function, and were highly significant.
The p-values for the Erysipelotrichaceae versus Other contrast were
directly obtained from the Im function. To (conservatively) estimate
the p-value of the OTU476-like versus [Erysipelotrichaceae + Others]
we generated score residuals corrected for completion, contig number
and genome size and determined how many MAGs had scores as high or
higher than the OTU476-like strains. The p-values reported in Extended
Data Fig. 10 correspond to the square of these proportions as there
are two OTU476-like strains with same GalNAc cluster organization.

Determination of metabolic flux ratios from>C - experiments by
gas chromatography-mass spectrometry

BC-labelled GaINAc (N-acetyl-D-[UL-13Cé]galactosamine) (99% isotopic
purity of C) was bought from ZZBIO CO., LTD (Shanghai, China). The
4-8-110 strainwas cultured in 6 ml of GAM medium (Nissui Pharmaceuti-
cals,Japan) adding 1g/L of ®C-labelled GalNAc or regular GalNAc (as con-
trol) inananaerobic glovebox (Electrotek, UK) intriplicate as described
above. After 13 h of culture, the cultures were centrifuged for 5 min at
1500 x g. Bacterial cells were re-suspendedin 0.6 ml of cold (-40 °C) 50%
aqueous methanol containing 100 uM of norvaline as internal standard,
plungedindryice for30 mins, and then thawed onice. We added 0.4 ml
of chloroform, vortexed for 30 seconds, centrifuged for 10 minat17,530
g (4 °C), transferred the supernatant to new 1.5 ml tubes, and dried
at-105°CinaFreeZone Freeze Dryers (Labconco, USA). Metabolites

were derivatized for GC/MS analysis as follows. First, 70pl of pyridine
was added to the dried pellet and incubated for 20 min at 80 °C. After
cooling, 30 pl of N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
(Sigma) was added and the samples were re-incubated for 60 min at
80 °C before centrifugation for 10 min at 17,530 x g (4 °C). The super-
natant was transferred to an autosampler vial for GC/MS analysis. A
Shimadzu QP-2010 Ultra GC-MS was programmed for an injection
temperature of 250 °C and injected with 1 pul of sample. The GC oven
temperature started at 110 °C for 4 min, rising to 230 °C at 3 °C/min
and then to 280 °C at 20 °C /min with a final hold at this temperature
for 2 min. The GC flow rate with helium carrier gas was 50 cm/s. The
GCcolumnusedwasa20 mx0.25mm x 0.25 mm Rxi-5ms. The GC-MS
interface temperature was 300 °C and the ion source temperature
was set at 200 °C, with 70 V ionization voltage. The mass spectrom-
eter was set to scan m/z range 50-800, with 1kV.detector. GC/MS data
were analyzed to determine isotope labeling. To determine *C labe-
ling, the mass distribution for known fragments of metabolites was
extracted from the mass spectra. Foreach fragment, the retrieved
data comprised massintensities forthe lightest isotopomer (without
any heavy isotopes, M0), and isotopomers with increasing unit mass
relative to MO. The mass distributions were normalized by dividing by
the sum over all isoptomers and corrected for the natural abundance
of heavy isotopes of the elements H, O and C, using 7x7 matrix-based
probabilistic methods as described” *” and implemented in MATLAB
(Release R2021a). Labeling results are expressed as average fraction the
particular compound that contains isotopic label from the particular
precursor.

Gavage experiment

4-8-110 and anE. colistrainisolated from cecal content (with 4-15-1and
4-8-110) were cultured in GAM medium (Nissui Pharmaceuticals, Japan)
for13and 4 hours, respectively,inananaerobic glovebox (Electrotek,
UK) as described above. OD’s were adjusted to 0.2 by addition of GAM
medium, glycerol added to 1/6 of the final volume, and aliquots were
stored at-80 °C. Germ free mice (Kunming line) were kindly provided
by Huazhong Agricultural University (Wuhan, China). All experimental
proceduresinvolving mice were approved by the Ethics Committeein
Huazhong Agricultural University (HZAUMO-2021-0077). Two groups
(A and B) of five females each were housed in two separate cages (tem-
perature, 25 + 2°C; humidity, 45-60%; lighting cycle, 12 h/day; light
hours, 06:30-18:30). Mice were gavaged 100ul of PBS (group A) or 100yl
of PBS + 80g/L GalNAc (corresponding to 8mg/100 ul or ~200mg/kg
of live weight) (group B) directly in the mouth with a sterile syringe
twice per day (9:00 am and 16:00 pm) for 10 consecutive days (days
2to11). Allmice were further gavaged with 150l of the 4-8-110 glycerol
stocks (see above) once per day (16:00 pm) for five consecutive days
(days3to7),and with150ul of the E. coliglycerol stocks (see above) once
per day (16:00 pm) for three consecutive days (days 5 to7). Mice were
sacrificed 5 days after the last bacterial inoculation (on day 12, based
on”), and caecal contentand feces collected for each mouse. Bacterial
DNA was extracted using the QIAamp fast DNA stool mini kit (Qiagen,
Germany). The V3-V4 region of the 16S rRNA gene was amplified and
sequenced using the methods described above. Reads were mapped
tothe V3-V4 sequence of the previously determined 4-8-110 and £. coli
strains. Anaverage of 99.74% of the reads mapped either to the 4-8-110
or E. colireference sequences.

Testing the inducibility of the GaINAc operon and transcriptome
response upon GalNAc addition in E coli and the OTU476-like
strains

Bacterial growth. Bacteria were grown in an anaerobic glovebox
(Electrotek, UK) containing 10% hydrogen, 10% carbon dioxide and 80%
nitrogen at 37 °C. 4-ml samples were pipetted after gentle shaking to
measure optical density (OD) at 600nm using a UV spectrophotometer
(Yoke instrument, China). Experiments were conducted in triplicate.
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RNA extraction. The cultured bacterial cells of the two OTU476 like
strains (4-8-110 and 4-15-1) and E. coli were harvested at the end of the
exponential growth phase (respectively 11and 4 hours). Total RNA was
extracted from bacterial cells using TRIzol® Reagent following the man-
ufacturer’s manuals (Thermofisher scientific, USA),and genomic DNA
was removed using DNase I (TaKara, China). The quantity and quality of
total RNA were evaluated using a 2100 Bioanalyser (Agilent, USA) and
NanoDrop-2000 (Thermofisher scientific, USA). The RNA samples with
0D260/280=1.8-2.0,0D260/230>2.0, RIN=6.5,285:185>1.0, 2100ng/pl,
and >2pg were used to construct libraries for RNA sequencing.

Construction of libraries and Sequencing. The libraries for RNA
sequencing were constructed following TruSeq™ RNA sample prepara-
tionKit (Illumina, USA) using 2ug of total RNA. In brief, ribosomal RNA
(rRNA) was removed from total RNA by Ribo-Zero Magnetic kit (epi-
center, USA). AIlmRNAs were broken into short fragments (200nt) by
adding fragmentation buffer. Double-stranded cDNA was synthesized
using a SuperScript double-stranded cDNA synthesis kit (Invitrogen,
CA, USA) with random hexamer primers (Illumina, CA, USA). cDNA
was subjected to end-repair, phosphorylation and ‘A’ base addition
according to library construction protocol (Illumina, USA). The con-
structed libraries were sequenced on a Novaseq 6000 platform with
2 x150bp pair-end strategy. Base-calling and quality value calculations
were performed using the lllumina GA Pipeline (v1.6) (Illumina, USA).

Bioinformatics Analysis. To obtain clean reads, low-quality sequences,
reads with more than 5% of N bases (unknown bases) and reads contain-
ing adaptor sequences were removed from raw datawith a Perl script.
The clean sequences were mapped to the reference genomic sequences
of two OTU476 like strains (generated by ourselves as described above)
andE. coli (accession number: NC_000913.3) using Bowtie2 (V 2.4.2)%°.
The read counts mapping to the reference genomes were quantified
for each sample using featureCounts (v1.6.4). FPKM (Fragments per
kilobase of exon model per million mapped reads) method was used
to calculate the gene expression level. We used DESeq2 package!®in
R (v3.5.3) to test for differential expression.

Analyzing the effect of ABO genotype on abundance of
Erysipelotrichaceae inhumans

Samples. The data used correspond to the previously described CEDAR
cohort™. It included 300 healthy individuals of European descent
that were visiting the University Hospital (CHU) from the University
of Liége as part of a national screening campaign for colon cancer.
Blood samples and intestinal biopsies (ileum, colon and rectum) were
collected with full consent. The experimental protocol was approved
by the ethics committee of the University of Liege Academic Hospital.
Informed consent was obtained prior to donation in agreement with
the recommendations of the declaration of Helsinki for experiments
involving human subjects.

Sequencing. For microbiota analysis, DNA was extracted from biop-
sies using the QIAamp DNA Stool Mini Kit (QIAgen, Germany). Three
16S rRNA amplicons corresponding respectively to the V1-V2, V3-V4
and V5-Vé variable regions were generated in separate PCR reactions
and subjected to paired-end (2x300bp) NGS sequencing on a MiSeq
instrument (Illumina, USA) following the standard protocol at the GIGA
genomics core facility.

Data processing. Reads were QV20 trimmed from the 3’ end, demul-
tiplexed, primer sequences removed using the bbduk tool (BBMap -
Bushnell B. - sourceforge.net/projects/bbmap/). Reads mapping to the
human genome were eliminated using the BBTools suite (v38.82). The
corresponding pipeline was constructed using Snakemake (v7.0.1)'%%,
Further analyses were performed using QIIME 2 (2018.11)'°%. The paired

end reads were denoised and joined using the DADA2 plugin (v1.16)***
using batch-specific trimming length parameters yielding 9.1+2.0K
ampliconsequence variants (ASVs) per runfor V1-V2,4.5+1.6K for V3-V4
and 6.8+0.67K for V5-V6 amplicon. ASVs mapping to known contami-
nant taxa as well as ASVs with abundance negatively correlated with
coverage depth wereremoved. Samples that more than20% contami-
nant ASVs were eliminated from further analyses. ASVs were then clus-
tered to 97% identity level OTUs using the DNACLUST program (v.r3)'%.
After OTU assignment, read counts were rarefied to10,000 (V1-V2 and
V5-V6) and 5,000 (V3-V4). Asintestinal location only explored a minor
proportion of the variancein OTU abundance (Shagam, in preparation),
OTU abundances were averaged across locations. Local alignment
identity of the detected ASVs with the OTU476 and OTU327 fromthe
pig microbiome were measured using blastn'®,

Association analysis with ABO blood group. The effect of ABO blood
group onstandardized abundances of individual OTUs was performed
using alinear model (ImR function) including (i) ABOblood group (A, B,
ABor 0), (i) secretor status, (iii) sex, (iv) smoking status, (v) age and (vi)
BMI. Analyses were conducted separately for the differentamplicons.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Allthe 165 rRNA sequencing data, the metagenomics sequence data
and the RNA sequencing data were submitted to the GSA database
under accession numbers: CRA006230, CRA006239, CRA006240
and CRA006216, respectively. The genotype data was deposited at the
GVM under the GSA database under accession number: GVM000310.
The GWAS summary statistics is available through Figshare with
https://doi.org/10.6084/m9.figshare.19313960. The whole-genome
sequencing data of experimental pigs have been deposited in the
GSA database under accession number: GRA0O06383. The source
dataareavailablein the repository: https://github.com/yanghuijxau/
Manuscript-microbiota-ABO.
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Extended DataFig.1| Generating alarge mosaic pig population for genetic
analysis of complex phenotypes. (a) Rotational breeding design used for the
generation of alarge mosaic pig population for the genetic analysis of complex
phenotypes, withsampling scheme for feces (D25, D120, D240), luminal
content of theileum (IC) and cecum (CC), and mucosal scrapingsin the ileum
(IM) and cecum (CM). BX: Bamaxiang, EH: Erhualian, LA: Laiwu, TB: Tibetan, LW:
Large White, LD: Landrace, PT: Piétrain, WD: White Duroc. (b) Average
similarity (1- m) between allelic sequences sampled withinand between the
eight founder breeds. The color intensity ranges from black (breeds with
lowest allelic similarity: BX vs WD, 1- 4.3x107) to bright red (breed with highest
allelic similarity: WD, 1-1.8x107%). The acronyms for the breeds are asin (a).
More than 30 million variants with MAF > 3% segregate in this population, i.e.
more than one variant every 100 base pairs. Thisis slightly lower than the 40
million high quality variants segregating in the mouse collaborative cross'”’. (c)
Comparison of the average nucleotide diversity (m, i.e. the proportion of sites
that differ between two chromosomes sampled at randomin the population(s))
withinand between European (Eur) and Asian (As) domestic pigs, and between
modern European (HSg,,), Asian humans (HS,,), Neanderthal (Neand) and
Chimpanzee (Pan Trogl). The average nucleotide diversity within the four
Chinese founder breeds was ~2.5x10®and within the four European founder
breeds-2.0x107%. By comparison, -values within African and within Asian/
European human populations are -9x10~* and -8x10™*, respectively'®'%°. Thus,
againstintuition (as domesticationis often assumed to have severely reduced
effective population size) the within population diversity is > 2-fold higherin
domestic pigs thanin human populations, as previously reported!° 2,
Nucleotide diversities between Chinese founder breeds and between European
founderbreeds were -3.6x10and ~2.5x107, respectively, i.e. 1.44-fold and
1.25-fold higher than the respective within-breed m-values. These n-values are
ofthesame order of magnitude as the sequence divergence between Homo
sapiensand Neanderthals/Denosivans (-3x1073, ref. '*). By comparison, n-values
between Africans, Asians and Europeans are typically <~1x107 (ref.'%). The

nucleotide diversity between Chinese and European breeds averaged
~4.3x107%, This m-value is similar to the divergence between M. domesticus and
M. castaneus™, and close to halve the -1% difference between chimpanzee and
human’®. Note that Chinese and European pig breeds are derived from Chinese
and European wild boars, respectively, whichare thought to have diverged -1
million years ago”, while M. domesticus and M. castaneus are thought to have
diverged <500,000 years ago'>. (d) Autosome-specific estimates of the
genomic contributions of the eight founder breedsinthe F6 and F7 generation.
Weused alinear modelincorporatingall variants to estimate the average
contribution of the eight founder breedsinthe F6 and F7 generation at genome
and chromosome level*. At genome-wide level, the proportion of the eight
founder breed genomes ranged from11.2% (respectively 11.5%) to 14.1% (14.7%)
intheF6 (F7) generations. At chromosome-specific level, the proportion of the
eight founder breeds ranged from 6.7% (respectively 4.9%) t020.7% (22.1%) in
theFé6 (F7) generations. The genomic contribution of the eight founder breeds
inthe F6 and F7 generationis remarkably uniformand close to expectations
(i.e.12.5%) both at genome-wide and chromosome-wide level, suggesting
comparablelevels of genetic diversity across theentiregenome. This does not
preclude that more granular examination may reveal local departures from
expectations, or under-representation ofincompatible allelic combinations at
non-syntenicloci. (e-f) Indicators of achievable mapping resolutionin the F6
generation: (e) Frequency distribution (density) of the number of variantsin
high LD (r*>0.9) with an “index” variant (was computed separately for all
variants considered sequentially as the “index”), corresponding to the
expected size of “credible sets” in GWAS™. Thered vertical line corresponds to
the genome-wide median. Thegreen vertical line corresponds to the mapping
resolution achievedin this study for the ABO locus (see hereafter). (f)
Frequency distribution (density) of the maximum distance between anindex
variantand avariantin highLD (r*> 0.9) with it, defining the spread of credible
sets.Redandgreen vertical linesare asin (D).
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Extended DataFig.2|Characterizing the age-andlocation-specific
composition oftheintestinal microbiome of the healthy pig. (a) Definition
ofacoreintestinal microbiome of the pig. Atotal of 58 OTUs that were
annotated to 21 taxawereidentified in >95% of day 120 and 240 feces and
cecum contentsamples of both F6 and F7 generations, hence defined as core
bacterial taxa. (b) The compositions of the porcine and humanintestinal
microbiota are closer to each other thaneitheris to that of the mouse. Boxplots
areasis Fig.1c. The number of samples available for analysis were 1281 pigs, 106
humans and 6 mice. (c) Abundances (F6-F7 averages when available) of the 43

families represented in Fig.1bin the seven sample types relative to the sample
typeinwhichtheyare the most abundant (red - blue scale). The families are
ordered according tothesample typeinwhich they are the mostabundant. The
color-codefor phylaisasinFig.1b. Columns are added for comparison with
mouse and human. Mouse data are from Fig.1in Suzuki & Nachman'®, and
human data fromFig. 6 in Vuik et al"®. P_I: proximal ileum, D_IL: distal ileum,
C:caecum, CO: colon, RE: rectum, F: faeces. The families differing the most
withregards to location-specific distribution between speciesinclude
Helicobacteriaceae, Veillonellaceae, Lactobacillaceae and Streptocaccaceae.
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Extended DataFig. 3 | Evaluating the heritability ofintestinal microbiota account for the observed correlations between F6 and F7 estimates in D120,
composition in the mosaic pig population. Correlation between heritability D240 and CC, hence pointing towards genuine genetic effects. The shaded
estimates oftaxa/OTUs inF6 and F7 generation by sample type (D25, D120, areas correspond to the 95% confidence region for the regression fit.
D240, CCandIC). Correlation coefficients (r) and associated p-values (p) were Correlation coefficients and two-sided p-values were computed using
computed using heritability estimates that were pre-corrected for bacterial Spearman’s rank-based method. Reported p-values are nominal (i.e.
abundance (residuals of linear model). Heritability estimatesindeed tend to uncorrected for multiple testing).

slightly increase with taxaabundance. Yet, results show that this effect cannot




a T .0
@
22
LoE Individualsused fomiQTL analysis SNPMAF > 0.05
8 § e S
2 >20%
é § < Nonzéros >
% Abundance: o % o -o < w0 2017 17 -15 .-
Log transformationﬁ
Proportion of reads: 0.00 0.00 0.00 0.00 ... 0.00 0.00 0.01 0.02 0.02 0.03 ... 0.100.12 ... 0.23
Ovs1
——mPresense/absencey g g o 0 %L 1 11 1 1 1 1
o .
29 < Nonzéros >
3w <95% >20%
o @ N _
ER T
o _g Individualsused fomiQTL analysis SNPMAF = 0.10
(72}
£ 3
Ko}
b
SNP Taxon frequency in samples
MAF 50 05%(Binary) 20-95%(Quantitaive) 95-100%(Quantitative) ~ C f
© 5 9 ©
§ of < - 0.4~ 201 © Otu476 25{ 0327
b5 N o o % ’ r=0.07 . 0476 20
g S oali P=2.04e-04 15 Otu476
T o o o 5 : > 15
o 07274 00 15 0123 2 H S0
< ‘é-, < - o | < CloEo02] S o327 10
8 = o~ S E i f 5
&8N o~ by y . 5
- 2 -~ ] 0.1 T
S S o o} i 3 0 0
Qa 0123 00 1.5 00 15 3. 2z e -0 -5 0 5 10 -10 -5 0 5 10
e 5 5 o S 0.0 { o o Meta Z score(F6) Meta Z score(F7)
0 1 2 3 -75-
§ © - |0 o s Average (F6-F7) nr of mQTL (<5e-8) OIS from /589
1o = S <~ Otus from Erysipelotrichaceae
8 N _—
(=)
o o o
00 15 3.0-00 15 00 15
Expected log10 (1/p)
Taxon frequency in samples
20-95%(Binary) 20-95%(Quantitaive) 95-100%(Quantitative) d e
9 A © 9
° ™
) © o| \2 ey .
7 o~ o | «— - 00 . Real_quantitative . o «Real_quantitative
[Te) g_ < y /a -Rca[bmary . = «Real_binary o
T o < O. . « Random_quantitative £+ on | -Random_quantitative
o o -~ _ -
8 0 2 4 (=] 00 1.5 01234 = © « SNPs in other region OOO =
o (2] 9 < 2 o oSNPs in ABO gene o
L O m . o <4 R O o4
S T~ £ S
T %o 2 © § 1 /?/ §
§ 0123 00 15 0 2 4 § > o} ,
o e o 4 - o - /
N 0 " o 1 2 3 o 1 2 3
B @ - < Expected logso(1/p) Expected logio(1/p)
& o o o
€0.0 15 30°00 15 00 15

Expected log10 (1/p)

Extended DataFig. 4 |See next page for caption.
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Extended DataFig. 4 |Identifying amicrobiota QTL (miQTL) with major
effect onthe abundance of Erysipelotrichaceaespecies by whole genome
sequence based GWAS. (a) Schematicillustration of thesamples and SNPs
used for the two types of analyses (abundance and presence/absence)
performed for miQTL mapping. (b) (Upper) Distribution of log(1/p) values for
1,527 sets of 11 p-values obtained in 11 data-series for a SNP x taxon x analysis
model combination thatyielded agenome-wide significant signal (p <5x107%)
inthe12™ data-series. (Lower) Distribution of log(1/p) values for 1,527 sets of 11
p-values obtainedin the same data-series and with the same analysis model as
in (upper) but withrandomly selected SNP x taxon combinations matching the
onesin (upper) for MAF and taxa abundance. Log(1/p) values were computed
using GenABEL as described in Methods. Corresponding p-values are nominal
and two-sided. (c) Correlation between the average (F6 and F7) taxon
heritability, and the average (F6 and F7) number of genome-wide significant
(p<5x107%) miQTL for D240 fecal samples. The shaded area corresponds to the
95% confidenceregion for the regression fit. Correlation coefficient and
associated p-values are Spearman’s. (d) QQ plot for 1,527 (number of signals

(SNP x taxon xmodel x one dataseries in one cohort) exceeding the genome-
widelog(1/p) threshold value of 7.3) sets of < 5-7 p-values (same SNP x taxon x
model, alldataseriesin the other cohort) for real SNPs (Blue: quantitative
model; Green: binary model), and matched sets of < 5-7 p-values corresponding
torandomly selected SNP x taxon combinations matched for MAF and
abundance or presence/absence rate (Brown: quantitative model; Yellow:
binary model). Log (1/p) values were computed using GenABLE as described in
Methods. Corresponding p-values are nominal and two-sided. (e) Same QQ plot
asin (C) afterremoval of all SNPsinthe chromosome1:272.8-273.1Mb interval.
Log(1/p) values were computed using GenABLE as described in Methods.
Corresponding p-values are nominal and two-sided. (f) Distribution of the
associationlog(1/p) values and corresponding signed z-scores for SNP
1.272907239 and 31 p-75-a5 OTUs (red) and 83 Erysipelotrichaceae (yellow)
OTUs, showing an enrichment of effects with same sign as forOTU476 and
0TU327.Log(1/p) values were computed using Metal (v3.0) as described in
Methods. Corresponding p-values are nominal and two-sided. See also
Supplemental discussion1.
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Extended DataFig.5| Thechromosome1miQTLiscausedbya2.3-Kb
deletioninthe orthologue ofthe human ABO gene. (a) Breakpoints of the
2.3kbdeletionshowingtherole of aduplicated SINE sequence in mediating an
intra-chromosomal recombination. (b) Illustrative example of allelic balance
for the cGI46CSNPinan AA homozygote and of allelicimbalance for the same
SNPinan AO heterozygote. (c) (Upper) eQTL analysis for the porcine AO gene
maximizing at the exact position of the 2.3Kb deletion (p =1.9x10™**) and
showing the additive effect of the A alleleincreasing transcript levels -3-fold
(inset; FPKM: Fragments Per Kilobase of transcript per Million mapped reads).
The“n’s” correspond to the number of animals of each genotype available for
analysis. Boxplotsare asin Fig.1c. (Lower) Genome wide eQTL scan for the

porcine ABO gene showing the strong cis-eQTL signal on chromosome1.eQTL
analysis was conducted with GEMMA (v0.97)%*. Reported log-transformed
p-valuesare nominal and two-sided. (d) Effect of N-acetyl-galactosaminyl
transferase genotype (AA, AO or 00) onabundance of OTU327 and p-75-a5in
the twelve dataseries. Absence of an effect of N-acetyl-galactosaminyl
transferase genotype (AA, AO or 00) on abundance of . coliin the twelve data
series.Samplesizesare asinSTable 4.1. Boxplots are asin Fig. 3d. (e) Abundance
of OTU476,0TU327 and p-75-aSinthe twelve dataseries. Violin plots with
indication of the median. Numbers (n’s) are asin STable 4.1. See also
Supplemental discussion 2.
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Extended DataFig. 6 | cis-eQTL analysesin the vicinity ofthe chromosome1l
miQTLK supportsthe causality of the 2.3 Kb deletion. (a) Cis-eQTL analysis
forthe porcine N-acetyl-galactosaminyl transferase (“ABO”), GBTG1, LCNI
(=0BP2B), MED22 and SURF6 genesin caecum. Theblue triangle corresponds to
the top SNP for the miQTL. Thered triangles correspond to the top SNPs for the
respective cis-eQTL. Only for N-acetyl-galactosaminyl transferase are blue and
red variants the same. eQTL analyses were conducted with GEMMA (v0.97)%*.
Reported log-transformed p-values are nominal and two-sided. (b) Effect of AO
genotype onthe expression levels of the corresponding genes in caecum.
Therewas no evidence for an effect of AO genotype on the expression of any of

Genotype

these genesotherthan ABO. The number of AA,AO and OO samples available
for cis-eQTL analysis for each gene are given (n). Boxplots areasin Fig.1c. We
tested the differencein gene expression level between pairs of genotype
classes using atwo-sided t-test. (c) Effect of the top cis-eQTL SNPs (blue
trianglesin A) on OTU476 abundance. Only the top cis-eQTL SNPs for ABO has
an effect on OTU476 abundance. The number of AA, AO and OO samples
available for miQTL analysis for each gene are given (n). Boxplotsare asin
Fig.1c. We tested the difference in bacterial abundance between pairs of
genotypeclasses using atwo-sided t-test.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|The2.3-Kbdeletionin the orthologue of the human
ABO geneis 3.5 millionyears old and under balancing selection. (a) UPGMA
treebased on nucleotide diversitiesbetween 14 AAand 34 OO animalsin
windows of increasing size (0.5t040-Kb) centered onthe2.3Kb deletioninthe
porcine N-acetyl-galactosaminyl transferase gene (porcine O allele). PA:
Phacochaerus Africanus, SC: Sus cebifrons, SV: Sus verrucosus, SU: Sus scrofa
vittatus, CB: Chinese wild boar, RB: Russian wild boar, EB: European wild boar,
ERH: Erhualian, BX: Bamaxiang, T: Tibetan, LA: Laiwu, LR: Landrace, LW: Large
White, PI: Piétrain, WD: White Duroc. Context: To gain additional insightsin the
age ofthe porcine O allele, we generated phylogenetic trees of the Aand O
alleles of 14 AAand 34 OO0 animals including domestic pigs, wild boars, Visayan
andJavanese warty pigs, and common African warthog. Examination of their
local SNP genotypes (50K window encompassing the ABO gene) reveals traces
ofancestral recombinations between O and A haplotypes as close as 300 and
800 base pairs from the proximal and distal deletion breakpoints, respectively,
aswellasmultiple instances of homoplasy that may either be due to
recombination, gene conversion or recurrent de novo mutations. On their own,
these signatures supporttheold age of the O allele. We constructed UPGMA
trees based onnucleotide diversity for windows ranging from 500-bp to 40-Kb
centered onthe 2.3-Kb deletion. Smaller windows have a higher likelihood to
compare the genuine ancestral O versus A states, yet yield lessrobust trees
because they are based on smaller number of variants. Larger windows will
increasingly be contaminated with recombinant A-O haplotypesblurring the
soughtsignal.Indeed, for windows >20-Kb or more, the gene tree corresponds
tothespeciestree, while for windows <15-Kb the tree sorts animals by AAvs OO
genotype. For all windows <15-Kb the Sus cebifrons O allele maps outside of the
SusscrofaOallele supporting adeep divergence (rather than hybridization)
and hence the old age of the O allele. Of note, for windows <1.2-Kb, the warthog
Aalleleismore closely related to the Sus A alleles than to the Sus O alleles
(ED7A).This suggests that the O allele may be older than the divergence of the
Phacochoerusand SusAalleles,i.e.>10 MYA. It willbe interesting to study
larger numbers of warthog to see whether the same 2.3-Kb deletion exists in
thisand otherrelated species as well. (b) Alignment of ~-900 base pairs of the
Oalleles of domestic pigs (Bamaxian), European and Asian wild boars, and Sus
cebufrons demonstrating that these are identical-by-descent. The SINE
element thatis presumed to have mediated the recombinational event that
causedto2.3Kbdeletionis highlightedinred. Context: To further support
theiridentity-by-descent we aligned ~900 base pairs (centered on the position
ofthe2.3Kb deletion) of the O alleles of domestic pig, European and Asian wild

boarsand Sus cebifrons. The sequences were nearly identical further
supporting our hypothesis. Itis noteworthy that the old age of the “O” allele
must have contributed to the remarkable mapping resolution (< 3Kb) that was
achieved in this study. Intotal, 42 variants were in near perfect LD (r*> 0.9) with
the2.3Kbdeletioninthe FO generation,spanning 2,298 bp (1,522 onthe
proximalside, and 762 on the distal side of the 2.3 Kb deletion). This 2.3 Kb span
islower than genome-wide expectations (17th percentile), presumably due to
the numerous cross-oversthat have accrued since the birth of the 2.3 Kb
deletionthatoccurredinthedistant past. Yet the number of informative
variants within this small segment is higher than genome-wide average of (57%
percentile) also probably due atleastin partto the accumulation of numerous
mutations since the remote time of coalescence of the Aand O alleles (see
Fig.1d inmaintext). (c) QQ plots for the effect of AO genotype on 150
phenotypes pertaining to meat quality, growth, carcass composition,
hematology, health, and other phenotypesinthe F6 and F7 generation.
P-values were obtained using amixed model followed by meta-analysis
(weighted Zscore) across the F6 and F7 generationsas describedin Methods.
Log-transformed p-values used for the QQ plot are nominal and two-sided.
Context: Our findings in suidae are reminiscent of the trans-species
polymorphism of the ABO genein primates attributed to balancing selection®.
The phenotype driving balancing selection remainlargely unknown yet a tug of
war with pathogensis usually invoked: synthesized glycans may affect
pathogen adhesion, toxinbinding oractas soluble decoys, while naturally
occurring antibodies may be protective?***. In humans, the O allele may
protectagainst malaria'’, E. Coli and Salmonella enteric infection®, SARS-
CoV-1*2, SARS-CoV-2** and schistosomiasis"®?, while being a possible risk
factor for cholera'?, H. pylori*** and norovirus infection'?*, Whatever the
underlying selective force, it appears to have operated independently inat
least two mammalian branches (primates and suidae), over exceedingly long
periods of time, and over broad geographic ranges, hence pointing towardsits
pervasive nature. To gain insights in what selective forces might underpin the
observed balanced polymorphism, we tested the effect of porcine AO
genotypeon>150traits measuredinthe F6 and F7 generations pertaining to
carcass composition, growth, meat quality, hematological parameters, disease
resistance and behavior. Nosignificant effects were observed whenaccounting
formultiple testing, including those pertaining toimmunity and disease
resistance. (d) Expression profile of the AO genein a panel of adult and
embryonic porcine tissues (own RNA-Seq data).
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Extended DataFig. 8| The chromosome 1 miQTL affects caecalN-acetyl-D-
galactosamine (GalNAc) concentrations which are correlated with the
abundance of Erysipelotyrichaceaespecies within A0 genotype: theory.

(a) ABO and a-gal epitopesin pigs and human. The glycosyltransferase gene
located on9q34.2 and underpinning the human ABO blood groupis
characterized inmost human populations by three major alleles: (i) /* encoding
aa-3-N-acetyl-D-galactosaminyltransferase thatis adding GaINActo H and
Lewis antigens (yielding the A antigen) on various glycoproteins including
mucinssecreted in theintestinal lumen, (i) / encoding a a-3-D-
galactosyltransferase thatisadding galactose to the same antigens (yielding
the Bantigen), and (iii) the inactive /° null allele that precludes expression of
either the Aand/or the Bantigen. Mutationsin the fucosyltransferase 2 gene
(FUT2) preclude formation of the Hantigen on secreted proteins and hence the
detection of Aand B antigens insecretions®. The pig orthologue of the human
ABO glycosyltransferase geneislocated onthe telomeric end of porcine
chromosome1lq, andis characterized by two major alleles: (i) the A allele,
encodingaa-3-N-acetyl-D-galactosaminyltransferase thatis adding GaINAc to
Hand Lewis antigens, similar to the human M allele, and (ii) the O allele
correspondingtoanullalleleasaresult ofa2.3kb deletion similar to the human
[°allele?. Thus, the B antigen (Galal-3(Fucal-2)GalB1-4GIcNAc-R) is not
observedin pig populations. However, what is found abundantly on the surface
of cellsin many tissuesis the so-called “a-gal epitope” (Galal-3GalS1-
4GIcNAc-R), whichresults from the addition of agalactose to the Gal1-

4GIcNAc-R precursor by aal,3galactosyltransferase encoded by the GGTAI
gene. Theorthologue of the GGTAlgeneis non-functionalinhumanand Old
World non-human primates, which, however, have high titers of circulating
anti-a-gal antibodies contributing to acute rejection of xenografts!126712,

(b) Identifying whether changesin GaINAc concentration are the cause of the
observed changesinabundance of Erysipelotrichaceae species by searching for
acorrelation between the two phenotypes “within AO genotype”. (bl) If AO
genotypeisassociated with the abundance of Erysipelotrichaceae species and
GalNAc concentrations by virtue of different molecular mechanisms (for
instance because they involved distinct causative mutations albeitin linkage
disequilibrium, or because the gene has an as of yet unknown other activity
thatis causingthe changeinbacterial abundance, independently of its
glycosyltransferase activity), thereis noreason to expecta correlation
betweenbacterial abundance and GalNAc concentration within AO genotype
(red horizontal linesin the dotted circles). There s of course a correlation
across genotypesthatis dueto the fact that AO genotypehasa (direct or
indirect) effect onboth phenotypes. (b2) If, on the other hand, AO genotype
causesthe changein GaINAc concentration (whichis very likely givenits known
enzymaticactivity) which then causes the change inthe abundance of
Erysipelotrichaceae species, one can expect thatbacterial abundance and
GalNAc concentration will be correlated, alsowithin AO genotype, asindicated
by theslopedredlines within the dotted ellipses. Thisis whatis observed with
thereal data.
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Extended DataFig.9|The chromosome 1 miQTL affects caecal N-acetyl-D-
galactosamine (GalNAc) concentrations which are correlated with the
abundance of Erysipelotyrichaceaespecies within A0 genotype: results.
(a) Positive correlation between caecal GaINAc concentrations and bacterial
abundance (upper panels: p-75-a5; lower panels: 0TU327) “within AO
genotype”. GaINAc concentrations and bacterial abundances were corrected
forbatch effectsand AO genotype and scaled between O and1to equalize
residual variance. Correlations were computed using all samples jointly and
Spearman’s rank-based test; corresponding p-values (nominal; two-sided) are
given (left panels). Regression lines are shown for the different AO genotypes

separately (right panels); all of them are positive. Note that the scatter plots for
p-75-aSare notidentical but very similar to those for OTU476 (Fig. 5b&c). This s
because OTU476 accounts for most of the p-75-a5 genusin caecum content (see
also Extended Data Fig.5). These data can therefore not be considered to be
independent. The shaded areas correspond to the 95% confidence regions for
theregressionfit. (b) Comparison of the free GaINAc concentrationsin caecal
contentof 00, AO and AA pigs as well asin caecal content of germ-free mice
gavaged with200mg/kg GalNAc. Concentrations were determined in freeze-
dried caecal content powder using LC-MS/MS. Number of analyzed samples are
given (n). BoxplotsareasinFig.1c.
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Extended DataFig.10|The chromosome1miQTL affects bacteriawitha
functional GaINAcimportand catabolic pathway. Presence anywhereinthe
genome (green), presence in close proximity to agaS (red), or absence (black)
oftheorthologues of 24 genes implicated in the GaINAc TR/CP pathway inthe
genome of (i) two OTU476 like strains (4-15-1and 4-8-110), (ii) 248 MAGs
assigned to the Erysipelotrichaceae family, and (iii) 2,863 MAGs assigned to

model described in Methods.

other bacterial families. The two laneson theright of the three panels
correspond to the Regulon (red) and Pathway (green) score respectively. Both
scoresrange from O (black) to 6 (bright red or green). Means (range) for the
corresponding dataset are given on top. P-values (nominal, two-sided,
uncorrected) of the pathway and regulon scores were computed using alinear
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Extended DataFig.11|Different GaINAc operonstructure and
transcriptomeresponse in miQTL-sensitive versus -insensitive GaINAc
utilizing bacteria. Maps of GaINAc “operons” inone of the two OTU476-like
strains (NB: The organization of the GaINAc gene cluster wasidenticalinboth
4-15-1and 4-8-110 strains), and six MAGs assigned respectively to an
Erysipelotrichaceae, E. coli (an Enterobacteriaceae), a Collinsella (a
Coriobacteriaceae), a Fusobacteriaceae, a Firmicutes and a Clostridium.
Identified Open Reading Frames (ORFs) are represented as colored boxes.

Genesimplicatedin GaINAcimportand catabolismareinred iftheyare part of
theclusterandingreeniflocated elsewherein the genome. Genes withaknown
function unrelated to GaINAc are in blue. ORFs with uncharacterized gene
productingray. Gene acronymsare given next to the corresponding boxes.
ORFs transcribed fromthe top (respectively bottom) strand are above (below)
the dotted line. The respective transcriptional directions are marked by the
arrows. The source of information used to confirm the map orderis given
(finished genome, multiple MAGs, single contig).
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Extended DataFig.12|No effect of ABO genotype onintestinal

Erysipelotrichaceae abundance in human. Volcano and QQ plots for 43
(V1-V2),20 (V3-V4) and 9 (V5-V6) OTUs classified as Erysipelotrichaceae for the
contrasts (a) [AA,AO and AB] versus [BB,BO and OO], (b) [BB, BO and AB] versus
[AA,AO and 00], and (c) [OO] versus [all others]. The shaded areas correspond
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tothe 95% confidenceintervals of the spread of the QQ plot under the null

hypothesis of no QTL. The actual points are always within these intervals
precluding us toreject the null hypothesis. P-values (nominal, two-sided) were
computed using the linear model described in Methods and hereafter. See also
Supplemental discussion 3.
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Software and code
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Data collection  Genotype data of the mosaic population: BWA(v0.7.17); Samtools (v1.6); Picard (v2.21.4); Platypus (v0.8.1); Plink (v1.90); Beagle (v.40).
16S rRNA data of the mosaic population: Trimmomatic (v.0.39); FLASH (v.1.2.11); USEARCH (v.7.0.1090); VSEARCH (v.2.8.1); Greengenes
(v13.5); RDP classifier (v2.2).

Metagenome data: fastp (v0.19.41); BWA (v.0.7.17); MEGAHIT (v1.1.3); metaWRAP (v1.1.1); dRep (v2.3.2); metaSPAdes (v3.15.3);
CheckM(v1.0.12).

RNA sequencing data of cecum tissues: STAR (v020201); Samtools (v1.6); FeatureCounts (v1.6.4).

Nanopore sequencing data of Erysipelotrichaceae strains: Flye (v2.6); Prodigal (v2.6.3).

PacBio sequencing data of Bamaxiang pig: Canu (v1.7.1); Flye (v2.4.2); racon (v1.4.10); Pilon (v1.23); bwa-mem (0.7.17-r1188); Lastz
(v1.02.00); Minimap?2 (v2.17-r941).

Whole-genome sequencing data for wild boars, Sus verrucosus, Sus cebifrons, six Russian wild boars, one Sumatran wild boar, and one
African warty hog : GATK(v4.2), BWA (v0.7.17).

RNA sequencing data of E. coli and two Erysipelotrichaceae strains: Bowtie2 (V 2.4.2), FeatureCounts (v1.6.4); R (v 3.5.1) “DESeq2”.
Determination of the concentration of N-acetyl-galactosamine in cecal lumen: ExionLCTM AD System, Applied Biosystems 6500 Triple
Quadrupole (QTRAP® 6500), Analyst software (1.6.3).

metabolic flux measurement: A Shimadzu QP-2010 Ultra GC-MS.

Data analysis Estimating the contribution of the eight founder breeds: “Im” in R (v3.5.3) ; PCoA: “vegan” and “ape” in R (v3.5.3); alpha-diversity: mothur
(v1.43.0); Heritability: Ime4QTLin R (v3.5.3) ; genome-wide kinship: GEMMA (v0.97); GCTA (v1.26); Spearman's rank correlations: "corrtest"
function in R (v3.5.3); Microbiome dissimilarity: “vegan” in R (v3.5.3); mGWAS: “GenABEL”in R (v3.5.3); GWAS meta-analysis: METAL (v3.0),
Perl (v5.10.1); eQTL analysis: GEMMA (v0.97); Phylogenetic analysis of the O alleles in the Sus genus: GATK (v4.2), "hclust" in R (3.5.3);
Population differentiation: ANOVA in R (v3.5.3); Profiling ABO gene expression: HISAT2 (v2.2.1), Samtools (v1.6), FeatureCounts (v1.6.4),
R(v3.5.3); MAG bioinformatic analyses: Ghost KOALA (v2.2); PhyloPhlAn (v.0.99); R (v3.5.3); Perl (v5.10.1); Association analysis of ABO blood
group: R (v3.5.3) “Im”. RNA sequencing data analysis of E. coli and OTU-476 like strain: Perl (v5.10.1); Bowtie2 (v2.4.2); FeatureCounts
(v1.6.4); R (v 3.5.1) “DESeq2”. metabolic flux data analysis: MATLAB (Release R2021a). 16S rRNA data of human: bbduk tool (BBMap —

-]
Q
—t
<
=
@)
=
D
w
D
Q
=
(@)
o
=
D
o
]
=
-]
(e]
w
C
3
)
=
=

020z judy




Bushnell B. —sourceforge.net/projects/bbmap/); BBTools (38.82); Snakemake (7.0.1); QIIME 2 (2018.11); DADA2 (v1.16); DNACLUST (v. r3).
KEGG pathway analysis: Ghost KOALA tool (v2.2). The custom codes developed in the study are available in the repository: https://
github.com/yanghuijxau/Manuscript-microbiota-ABO.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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All the 16S rRNA sequencing data, the metagenomics sequence data and the RNA sequencing data were submitted to the GSA database with accession numbers:
CRA006230, CRA006239, CRA006240 and CRA006216. The genotype data was deposited at the GVM under the GSA database with accession numbers:
GVMO000310, and the link: http://bigd.big.ac.cn/gvm/getProjectFile?t=307e8d7e.

The whole genome sequences of experimental pigs are available at: http://jxlab.jxau.edu.cn/. The source data are available in the repository: https://github.com/
yanghuijxau/Manuscript-microbiota-ABO. The GWAS summary statistics is available through Figshare with doi: 10.6084/m9.figshare.19313960.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size This is an observational study. We used all the samples that were collected during the study. The detailed information about the sample size
was described as follows. This study focused on the sixth (F6) and seventh (F7) generations of a mosaic population generated from 61 FO
founders. A total of 954 and 892 individuals were generated for F6 and F7, respectively. Among them, 836 F6 and 668 F7 pigs had genotypes
data. A total of 5,110 feces and intestinal content samples from F6 and F7 were used for 16S rRNA sequencing, including feces at days 25, 120
and 240, as well as cecal and ileal content (F6 & F7) and mucosal scrapings (F7 only) at day 240 (7 traits, 12 data series). Three hundred cecum
tissue samples from F7 pigs were collected and used for RNA sequencing. Ninety-two samples from eight pig populations, four intestinal
locations and different ages were used for metagenomic sequencing. Cecum content samples from 278 pigs at the age of 240 days were used
to determine the concentration of N-acetyl-galactosamine by targeted LC-MS/MS. Ten germ-free female mice were used to gavage
experiments. Six samples were used for metabolic flux analysis of GaINAc. We confirmed that our sample size was well powered to answer the
questions in this research. The details were described in the paper and supplementary information.

Data exclusions  Samples with both whole-genome resequencing data and 16S rRNA sequencing data were retained for GWAS analysis. Samples with whole-
genome sequencing data and RNA sequencing data were used for eQTL analysis.

Replication We used the F6 and F7 generations as two experimental pig populations. As two independent populations, Experimental replication was
performed by repeating microbiome composition analysis heritability estimate and GWAS analysis. Furthermore, a GWAS meta-analysis was
performed in the F6 and F7 generations.

Randomization  Randomization was not relevant to this study and was not employed. We controlled for potential sources of confounding by (a) animals were
reared in standardized housing and feeding conditions. (b) collection method of samples was unified. (c) including covariates encoding

gender, sample collection batches, and the top three principal component of the host genotypes

Blinding Blinding is not relevant to this study and was not employed because this is an observational study.
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Materials & experimental systems Methods

Involved in the study
Antibodies

Eukaryotic cell lines
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IZ D ChlIP-seq
IZ D Flow cytometry

Palaeontology and archaeology IZI |:| MRI-based neuroimaging
Animals and other organisms

Human research participants

Dual use research of concern

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals

Field-collected samples

Ethics oversight

Atotal of 954 (449", 5059 ) and 892 (4944", 398 &) individuals were generated for the sixth (F6) and seventh (F7) generation of a
mosaic population constructed with four indigenous Chinese pig breeds including Erhualian (267, 2 ; at the age of 1-3 years),
Bamaxiang (247, 2% ; at the age of 1-3 years), Tibetan (20", 2% ; at the age of 1-3 years) and Laiwu (2d", 29 ; at the age of 1-3
years), and four commercial European/American pig breeds including Landrace (247, 2% ; at the age of 1-3 years), Large White (247,
22 ; at the age of 1-3 years), Duroc (24", 2% ; at the age of 1-3 years) and Piétrain (2d", 2% ; at the age of 1-3 years). These F6 and
F7 pigs were slaughtered at the age of 240 days and phenotyped more than 200 traits throughout the whole growth stage. Ten
germ-free female mice (Kunming line, 6 weeks of age) were used for gavage experiment. Mice were housed in two separate cages
(temperature, 25 + 2 centigrade; humidity, 45-60%,; lighting cycle, 12 h/day; light hours, 06:30-18:30) with free access to water and
food. Cecum contents from 278 pigs were used to determine GalNAc concentration.

The ear tissues of six Russian wild boars, one Sumatran wild boar, and one African warty hog were collected and performed the
whole-genome resequencing. These eight wild boars were captured using tranquilizer guns and collected ear tissue immediately. In
addition, feces and intestinal content samples were collected from six Chinese wild boars. These six wild boars were also captured
using tranquilizer guns. After anesthetized and transported to the laboratory, all six wild boars were slaughtered by bleeding after
electrical stunning. We didn’t know the exact sex and age of these wild boars. All experiments involving wild boars were permitted by
Wildlife conservation organization.

All F6 and F7 pigs were born and reared at the experimental farm of the National Key Laboratory for swine Genetic Improvement and
Production Technology, Jiangxi Agricultural University (Nanchang, Jiangxi). Piglets remained with their mother during the suckling
period and were weaned at ~46 days of age. Litters were transferred to 12-pig fattening pens (~20 m2/pen) with automatic feeders
(Osborne Industries, US), minimizing splitting and merging of litters. The farm houses was under natural temperature and
photoperiod. All pigs were fed twice per day with formula diets. Water was available ad libitum from nipple drinkers. Fecal samples
were manually collected from the rectum of experimental pigs at the ages of 25, 120 and 240 days in farm houses. Cecum content
samples were collected from standard commercial slaughter house within 30 min after slaughter.

All procedures involving animals were performed according to the guidelines for the care and use of experimental animals
established by the Ministry of Agricultural and Rural Affairs and the Ethics Committee in Jiangxi Agricultural University. The
experiment Protocol involving mice was approved by the Ethics Committee in Huazhong Agricultural University
(HZAUMO-2021-0077). The experimental protocol involving humans was approved by the ethics committee of the University of Liege
Academic Hospital. Informed consent was obtained prior to donation in agreement with the recommendations of the declaration of
Helsinki for experiments involving human subjects.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

The data used correspond to the previously described CEDAR cohort (Momozawa, Y. et al. IBD risk loci are enriched in
multigenic regulatory modules encompassing putative causative genes. Nat Commun 9, 2427, 2018). It comprised 323
healthy individuals of European descent including 182 women and 141 men averaging 56 years of age (range: 19-86).

The CEDAR1 cohort corresponds to healthy individuals of European descent that were visiting the University Hospital (CHU)
from the University of Liége as part of a national screening campaign for colon cancer. Yet individuals with polyps or other
diseases were excluded from the cohort. We therefore are not aware of any biases that may have affected the results.

The experimental protocol was approved by the ethics committee of the University of Liége Academic Hospital. Informed
consent was obtained prior to donation in agreement with the recommendations of the declaration of Helsinki for
experiments involving human subjects.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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