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Research into gut microbiome is one of the most productive
areas of life sciences in the last decade, revealing great po-
tential for both fundamental and translational researches. The
effects of microbiota on host immunity and metabolism in
healthy humans as well as in disease have been widely re-
ported; however, how hosts regulate the composition of the
gut microbiota, which requires large populations to mitigate
interference from confounding environmental factors (Fal-
ony et al., 2016), has been comparatively slow. In humans, a
series of genome-wide association studies (GWASs) have
revealed that multiple host genes may have a significant role
in these regulations (Bonder et al., 2016; Wang et al., 2016)
since 2016. Among these, LCT that encodes lactase enzyme
to hydrolyze lactose, has been shown to determine host di-
gestibility of dairy products and regulates the abundance of
Bifidobacteria which metabolize lactose (Blekhman et al.,
2015). Another gene vitamin D receptor (VDR) forming
heterodimerization with the retinoid X receptor (RXR), and
participating in the sensing of microbial and dietary meta-
bolites, most importantly bile acids, was shown to be able to
affect the abundance of bile acid-producing bacteria and then
the composition of the microbiome (Wang et al., 2016).
Another set of genes, namely ABO-related genes have been
associated with the abundance of the gut microbiome in
several more recent genome-wide association studies (Riih-
lemann et al., 2021). And a recent study by Huang group in
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Nature provides more compelling evidence for ABO blood
types’ effect in shaping microbiome as well as feedback on
the hosts, using a large population of swines and multi-omics
approach (Yang et al., 2022).

Indeed, ABO and other blood group-related genes have
been reported to be functionally important in host-patho-
genic microbial interactions. A range of genes that determine
blood group simultaneously determine the structure of oli-
gosaccharide chain and type of glycosyl groups of glyco-
proteins on the mucosal surfaces of the intestinal, respiratory
and reproductive tracts, as well as the oral cavity, serving as
the key molecules in the process of pathogen attachment and
invasion of the host cells (Ewald and Sumner, 2016). The
original host of one of the most common infectious agents,
influenza viruses, is waterfowl, but some influenza viruses
have adapted to several mammalian species, including hu-
mans because the viruses’ key protein haemagglutinin (HA)
can bind to the specific sialic acid on cell surface glyco-
proteins. Furthermore, numerous influenza subtypes (HI,
H2, H3) that were previously only able to attach to the 2,3-
linked sialylated glycan receptor in avians, can now bind to
the 2,6-linked sialylated glycan receptor in humans due to
the mutations in the receptor-binding region, allowing for
host jumps (Shi et al., 2014). The ABO blood group is also a
genetically important factor associated with disease severity
and fatality in the SARS-CoV-2 pandemic, but the exact
mechanism is not yet elucidated (Ellinghaus et al., 2020). In
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contrast, one of the blood type-related genes FUT?2 has been
repeatedly implicated in the research of host gene interac-
tions with better understanding of the mechanisms (Knights
et al., 2014). This gene has been identified in GWAS of
inflammatory bowel disease (IBD), an autoimmune disease
including Crohn’s disease and ulcerative colitis, more pre-
valent in specific European populations, and regulated by an
interaction of genetic and environmental factors (particularly
gut microbial factors). FUT2 encodes fucosyltransferase 2
and add erminal fucose residues to mucosal glycans on in-
testinal epithelial cell, thus regulates both the expression of
blood group antigens and the physiological characteristics of
the gastrointestinal tract, and its genotype can be classified as
secretors or non-secretors based on the presence or absence
of terminal fucose residues on mucosal glycans. Although
the FUT?2 non-secretors were reported to have a high risk for
IBD in Caucasians and significantly affect the composition
of the gut microbiome (Rausch et al., 2011), the phenotype
was not selected against in long-term evolution; one essential
explanation is that the secretory phenotype in turn enhances
host sensitivity to Norwalk and respiratory viruses, hence
heterozygotes are most favorable in long-term selection
(Lindesmith et al., 2003).

In the Nature study, Huang et al. established a large mosaic
population of swines with strictly uniform rearing standards,
thus reducing the interference of complex environmental
factors. Comprehensive 16S analyses of different growth
periods (25, 120, and 240 d) and different sample types
(ileum, cecum, feces) were conducted, and it was discovered
that the variations in microbial compositions across sampling
types were higher than the differences across generations
(F6, F7), highlighting the limitation of previously used,
single sampling type in humans. Subsequently, significant
negative correlations between genetic similarity and micro-
biota dissimilarity supported an effect of genetics on mi-
crobiota composition. They used F6 and F7 jointly to
evaluate the heritability (hZ) of the abundances of individual
taxa and, respectively, identified 1,050 and 955 in F6 and F7,
of which 55 were considered to be stably heritable. Some of
the identified taxa/OTUs, such as Christensenellaece, were
consistent with the results in the human studies. To further
investigate the genetic structure of the gut microbiome, they
conducted a genome-wide association analysis (GWAS) of
the abundance and presence/absence on 8,490 bacterial taxa,
and to identify SNPs with a consistent effect, a cross sample-
type, meta-analysis was run in F6 and F7. Ultimately, six
most significant SNPs and their strong associations with
three OTUs (OTU476, OTU327, and p-75-a5) in the Er-
ysipelotrichaceae were identified. All of these lead SNPs
mapped to the ABO blood group gene (N-acetyl-galactosa-
minyl transferase gene) and had a high degree of linkage
disequilibrium (LD) with a 2.3 kb deletion containing exon
8, resulting from a 3.5 million-year-old ABO blood type
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gene mutation. The transcript of this gene shows that the
mutation results in a deletion of 62% of the amino acids in
the protein encoded by the gene, which in turn results in
losing glycosyltransferase activity and ultimately a reduction
in the concentration of GalNAc (N-acetyl-galactosamine) in
the gut.

To further verify that the change in the abundance of
miQTL-responsive bacteria was caused by a decrease in the
concentration of GalNAc in gut, a series of validation ex-
periments were carried out. GaINAc concentrations in the
cecum contents of different blood group individuals were
measured using targeted metabolomics, from which a posi-
tive correlation between GalNAc concentrations and the
abundance of some Erysipelotrichaceae species was found.
The genomes of two OTU476-like strains cultured from this
population were compared to 3111 metagenomic assembled
genomes, and a more complete GalNAc transport and me-
tabolic pathway was found in Erysipelotrichaceae species
influenced by ABO blood type. Further in vitro culture and
gavage experiments in mice have demonstrated that the
concentration of GalNAc in gut significantly affects the
abundance of Erysipelotrichaceae that can import and cata-
bolize GalNAc. Thus, this landmark work provides a de-
tailed and systematic association analysis of bacterial
abundances, more importantly in various intestinal locations,
eventually revealing the interaction between microbiota and
host genes. Experimentally, the study provided the functional
link and mechanism in which the ABO blood type gene in-
teracts with bacteria species with particular functional
adaptation. This study is the first to show how host genetics
impacts gut microbiome in pigs, both an important com-
mercial animal for agriculture and model organism of in-
creasing medical importance.

To summarize, the findings in this study echo previous
discoveries of the interactions between genes, such as ABO
blood groups, and symbiotic microbiome in humans, pro-
viding new evidence in non-primate mammals. At the same
time, the Huang group focuses on research in pig genetic
breeding and has interpreted biological processes such as
microbial-host interactions, fat deposition (Zhang et al.,
2021), and chromosomal inactivation (Zhu et al., 2022) from
a genetic perspective, which provides an important frame-
work and data for subsequent research in both genetic
breeding and medical research (Lunney et al., 2021). In
particular, considering that while AB antigen is expressed in
the most commonly used mouse model, there is no blood
group corresponding to humans, hindering many functional
validations and the emerging blood group- microbiome-
disease axis. In this aspect, pigs are more similar to humans
in terms of the physiological structure and the composition of
the gut microbiome than the mouse model, and future studies
in pigs can certainly provide a higher reference value. More
attention should be paid to investigate the relationship be-
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tween health, disease, and the microbiome in future studies,
and systematically explore the mechanisms of their interac-
tions through more functional analysis.

Compliance and ethics  The author(s) declare that they have no conflict
of interest.

Acknowledgements This work was supported by National Key Research
and Development Program of China (2018YFC2000500), and the Strategic
Priority Research Program of the Chinese Academy of Sciences
(XDB29020000).

References

Blekhman, R., Goodrich, J.K., Huang, K., Sun, Q., Bukowski, R., Bell, J.T.,
Spector, T.D., Keinan, A., Ley, R.E., Gevers, D., et al. (2015). Host
genetic variation impacts microbiome composition across human body
sites. Genome Biol 16, 191.

Bonder, M.J., Kurilshikov, A., Tigchelaar, E.F., Mujagic, Z., Imhann, F.,
Vila, A.V., Deelen, P., Vatanen, T., Schirmer, M., Smeekens, S.P., et al.
(2016). The effect of host genetics on the gut microbiome. Nat Genet
48, 1407-1412.

Ellinghaus, D., Degenhardt, F., Bujanda, L., Buti, M., Albillos, A.,
Invernizzi, P., Fernandez, J., Prati, D., Baselli, G., Asselta, R., et al.
(2020). Genomewide association study of severe covid-19 with
respiratory failure. N Engl J Med 383, 1522-1534.

Ewald, D.R., and Sumner, S.C.J. (2016). Blood type biochemistry and
human disease. WIREs Mech Dis 8, 517-535.

Falony, G., Joossens, M., Vieira-Silva, S., Wang, J., Darzi, Y., Faust, K.,
Kurilshikov, A., Bonder, M.J., Valles-Colomer, M., Vandeputte, D., et
al. (2016). Population-level analysis of gut microbiome variation.
Science 352, 560-564.

Knights, D., Silverberg, M.S., Weersma, R.K., Gevers, D., Dijkstra, G.,
Huang, H., Tyler, A.D., van Sommeren, S., Imhann, F., Stempak, J.M.,
et al. (2014). Complex host genetics influence the microbiome in

Sci China Life Sci 3

inflammatory bowel disease. Genome Med 6, 107.

Lindesmith, L., Moe, C., Marionneau, S., Ruvoen, N., Jiang, X., Lindblad,
L., Stewart, P., LePendu, J., and Baric, R. (2003). Human susceptibility
and resistance to norwalk virus infection. Nat Med 9, 548-553.

Lunney, J.K., Van Goor, A., Walker, K.E., Hailstock, T., Franklin, J., and
Dai, C. (2021). Importance of the pig as a human biomedical model. Sci
Transl Med 13, eabd5758.

Rausch, P., Rehman, A., Kiinzel, S., Hisler, R., Ott, S.J., Schreiber, S.,
Rosenstiel, P., Franke, A., and Baines, J.F. (2011). Colonic mucosa-
associated microbiota is influenced by an interaction of Crohn disease
and FUT?2 ( Secretor ) genotype. Proc Natl Acad Sci USA 108, 19030—
19035.

Rithlemann, M.C., Hermes, B.M., Bang, C., Doms, S., Moitinho-Silva, L.,
Thingholm, L.B., Frost, F., Degenhardt, F., Wittig, M., Késsens, J., et al.
(2021). Genome-wide association study in 8,956 german individuals
identifies influence of abo histo-blood groups on gut microbiome. Nat
Genet 53, 147-155.

Shi, Y., Wu, Y., Zhang, W., Qi, J., and Gao, G.F. (2014). Enabling the 'host
jump’: structural determinants of receptor-binding specificity in
influenza A viruses. Nat Rev Microbiol 12, 822-831.

Wang, J., Thingholm, L.B., Skiecevi¢iené, J., Rausch, P., Kummen, M.,
Hov, J.R., Degenhardt, F., Heinsen, F.A., Rithlemann, M.C., Szymczak,
S., et al. (2016). Genome-wide association analysis identifies variation
in vitamin d receptor and other host factors influencing the gut
microbiota. Nat Genet 48, 1396-1406.

Yang, H., Wu, J., Huang, X., Zhou, Y., Zhang, Y., Liu, M., Liu, Q., Ke, S.,
He, M., Fu, H., et al. (2022). Abo genotype alters the gut microbiota by
regulating galnac levels in pigs. Nature 606, 358-367.

Zhang, Y., Sun, Y., Wu, Z., Xiong, X., Zhang, J., Ma, J., Xiao, S., Huang,
L., and Yang, B. (2021). Subcutaneous and intramuscular fat
transcriptomes show large differences in network organization and
associations with adipose traits in pigs. Sci China Life Sci 64, 1732—
1746.

Zhu, Y., Zhou, Z., Huang, T., Zhang, Z., Li, W., Ling, Z., Jiang, T., Yang, J.,
Yang, S., Xiao, Y., et al. (2022). Mapping and analysis of a spatio-
temporal h3k27ac and gene expression spectrum in pigs. Sci China Life
Sci 65, 1517-1534.


https://doi.org/10.1186/s13059-015-0759-1
https://doi.org/10.1038/ng.3663
https://doi.org/10.1056/NEJMoa2020283
https://doi.org/10.1002/wsbm.1355
https://doi.org/10.1126/science.aad3503
https://doi.org/10.1186/s13073-014-0107-1
https://doi.org/10.1038/nm860
https://doi.org/10.1126/scitranslmed.abd5758
https://doi.org/10.1126/scitranslmed.abd5758
https://doi.org/10.1073/pnas.1106408108
https://doi.org/10.1038/s41588-020-00747-1
https://doi.org/10.1038/s41588-020-00747-1
https://doi.org/10.1038/nrmicro3362
https://doi.org/10.1038/ng.3695
https://doi.org/10.1038/s41586-022-04769-z
https://doi.org/10.1007/s11427-020-1824-7
https://link.springer.com/article/10.1007/s11427-021-2034-5
https://link.springer.com/article/10.1007/s11427-021-2034-5

	Blood group-gut microbiome–health axis gains further support from landmark multi-omics study in swines 

