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The genus Akkermansia is populated 
by a multitude of biological species with a wide 
distribution in the animal kingdom
Cristian Molteni1*, Diego Forni1, Rachele Cagliani1 and Manuela Sironi2 

Abstract 

Background  The mucin-degrading bacterium Akkermansia muciniphila has attracted enormous interest for its 
beneficial effects on human health. However, growing evidence suggests that the Akkermansia genus is populated 
by several species that differ in phenotypic characteristics and association with human traits.

Results  We present the most comprehensive phylotaxonomic analysis of Akkermansia genomes in terms of sample 
size and host representation. By applying approaches based on average nucleotide identities and on the biological 
species concept, we show that the Akkermansia genus comprises at least 31 species, 13 of which can be detected 
in humans. The largest species diversity is contributed by non-human and non-mouse animals, and limited evidence 
of species-specificity is evident, with several Akkermansia species detected in phylogenetically distant animals. 
Analysis of accessory gene content among species also failed to reveal species-specific or diet-specific associations, 
but rather reflected genome size. Thus, A. muciniphila and A. ignis have, on average, small genomes and retain a part 
of genes that characterize either A. massiliensis or A. sp004167605/A. biwaensis. Finally, investigation of the population 
structure of A. muciniphila, the species that has been more intensely investigated due to its effects on human health, 
clearly distinguished two phylogroups corresponding to AmIa and AmIb. However, analysis of laboratory mouse-
derived genomes revealed that additional populations, specific to these animals, exist. Such populations show limited 
evidence of admixture, suggesting bottleneck or competition effects.

Conclusions  Our data support the concept that the genetic diversity of Akkermansia should be taken into account 
in experimental settings. They also call for sequencing efforts to characterize the wider genetic diversity of Akkerman-
sia bacteria.

Keywords  Akkermansia, Population structure, Genetic diversity, Species classification, Gene flow

Background
Akkermansia muciniphila (phylum Verrucomicrobiota), 
a Gram-negative, mucin-degrading bacterium com-
mon in the mammalian gastrointestinal tract, was first 
characterized two decades ago [1]. The second spe-
cies described in the genus Akkermansia was A. glyca-
niphila, isolated from the feces of a captive reticulated 
python in 2016 and, later, from human stool [2, 3]. As 
more genomes have become available over the years, sev-
eral authors have proposed that the Akkermansia genus 
includes multiple species or subspecies, often referred to 
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as AmI (sometimes split into AmIa and AmIb) to AmVI 
[4, 5]. Consistently, in a large-scale metagenomic analy-
sis, Karker and coworkers identified four putative spe-
cies in the human gut in addition to A. muciniphila [6]. 
Recently, new species were formally proposed, including 
A. biwaensis, A. massiliensis, A. ignis, A. durhamii, A. 
timonensis, A. sp004167605, and A. sp001580195 [7–10]. 
Moreover, bacteria in the Akkermansia genus have been 
isolated from a number of mammalian and non-mamma-
lian hosts, both in captivity and in the wild [11]. On one 
hand, Akkermansia bacteria derived from non-human 
animals appear to be divergent so that co-evolution with 
their hosts was suggested [12, 13]. On the other hand, the 
failure to detect Akkermansia in the gut microbiomes of 
wild rodents led to the suggestion that the bacterium is 
present in the intestines of laboratory mice due to acqui-
sition from humans and that it has no evolutionary rela-
tionship with mice [14–18]. Nonetheless, a systematic 
analysis of Akkermansia genomes sampled in non-human 
hosts is presently missing.

In recent years, Akkermansia, which reaches an aver-
age estimated abundance of approximately 3–5% of the 
gut microbial community, has attracted great interest 
due to its association with beneficial effects for human 
health [19, 20]. Metagenomic studies have shown an 
inverse correlation between the abundance of Akkerman-
sia and the occurrence of metabolic diseases, including 
diabetes, obesity, and fatty liver disease [10]. Indeed, in 
experimental mouse models and in a proof-of-concept 
human study, A. muciniphila administration was shown 
to decrease insulin resistance and cholesterol levels [10]. 
Also, the bacterium was reported to increase gut barrier 
integrity and to exert anti-inflammatory effects [10], as 
well as to potentiate antitumor efficacy with chemother-
apy or immunotherapy in different cancer types [20, 21]. 
Negative associations of Akkermansia with human health 
were also reported, though, including the increased 
intestinal abundance of the bacterium in subjects suffer-
ing from Parkinson’s disease or IgA nephropathy [20, 22]. 
Whether the bacterium exerts beneficial or detrimental 
effects in the pathogenesis of multiple sclerosis is still 
controversial [23–25]. Because of these observations, 
and due to its intrinsic ability to degrade the mucin layer, 
several studies have thus warned that the use of Akker-
mansia as a probiotic needs further investigation [10, 19, 
20, 22]. A critical aspect in this respect is that multiple 
Akkermansia species and strains can colonize the same 
individual and that different species or phylogroups were 
shown to display distinct biological properties, especially 
in relation to metabolic traits [10, 20]. As a consequence, 
strain- or species-specific phenotypic differences and 
effects on the host were reported [4, 6, 9, 26–28]. For 
instance, a study showed that A. muciniphila, but not 

other Akkermansia species, associates with lower body 
mass index (BMI) [6], whereas a re-analysis of metagen-
omic studies found A. biwaensis to be less common in the 
fecal samples of obese children compared to controls [9]. 
Also, the culturing Akkermansia species remains techni-
cally challenging [29]. Thus, the isolates that have been 
phenotypically characterized in  vitro or in mouse mod-
els may represent only the ones that grow more readily in 
the current culture methods, rather than the full breadth 
of strains harbored in the animal hosts.

It is thus of paramount importance to gain insight into 
the genetic diversity and relationships within the Akker-
mansia genus, so that molecular profiling approaches can 
be developed to investigate the epidemiology of Akker-
mansia-associated host effects in humans and other 
animals.

Methods
Bacterial genomes and core gene sequences
The collection of Akkermansia genome accession IDs 
was sourced from the BV-BRC database (https://​www.​
bv-​brc.​org/), selecting only entries marked as having 
"good" genome quality. Specifically, the BV-BRC data-
base evaluates genome quality using metrics that evalu-
ate the completeness, contamination, and consistency of 
genome annotations [30]. However, genomes labeled as 
“good” do not necessarily have 100% coverage. Genome 
sequences, including both complete and draft assem-
blies, were downloaded from the NCBI database using 
the getGenome function provided by the R package 
biomaRt [31], resulting in a list of 1,887 bacterial sam-
ples. A subsequent selection was made using the Mash 
tool [32] implemented in the R package PATO [33]. After 
discarding strains with an average similarity to all other 
strains lower than 50%, we resulted in a final dataset of 
1,626 strains (Supplementary Table  1). Taxonomic clas-
sification was performed using the Genome Taxonomy 
Database Toolkit (GTDB-Tk) [34]. This tool classifies 
bacterial sequences based on a standardized set of 120 
single-copy marker proteins and extracts both nucleotide 
and protein sequences for each marker from the input 
genomes. The nucleotide sequences were then used for 
subsequent analyses. Due to incomplete genome cover-
age in some samples, not all markers could be retrieved 
from every genome. Missing genes in individual genomes 
were treated as gaps.

Average nucleotide identity and core gene network
The average nucleotide identity (ANI) of all 1,626 strains 
was computed using Pyani (v.0.2.12), a Python mod-
ule designed for microbial whole-genome classification 
[35]. The analysis specifically utilized the ANIm method, 
which is based on the MUMmer aligner to calculate 

https://www.bv-brc.org/
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Page 3 of 13Molteni et al. Biology Direct           (2025) 20:90 	

pairwise genome similarities [36]. To visualize the results, 
a heatmap plot was generated using the pheatmap R 
package.

A nucleotide core gene alignment based on the 120 
single-copy markers was constructed using MAFFT with 
default parameters [37]. A neighbor-net split network 
was generated throughout SplitsTree4 [38]. Distances 
between taxa were calculated using the uncorrected P 
method, that is the proportion of positions at which the 
two sequences differ.

Gene flow estimation
Ecologically meaningful populations can be defined by 
the amount of gene flow shared by pairs of strains. In par-
ticular, we applied the PopCOGenT tool [39], that defines 
species boundaries based on recent horizontal gene 
transfer by searching for stretches of high sequence iden-
tity. PopCOGenT estimates a metric defined as “length 
bias”, which represents the observed length distribution 
of identical regions between pairs of genomes compared 
to a null expectation of non-recombinogenic evolution 
[39]. Based on this metric, PopCOGenT infers micro-
bial populations and generates networks of gene flow, 
with strains as nodes and the length bias as a measure of 
their relationship. To make the analysis computationally 
feasible, we selected 409 Akkermansia strains based on 
their distribution in the analyzed species (Supplementary 
Table 1). In particular, we downsampled A. muciniphila 
(n = 1,066) and A. ignis (n = 312) to the same number of 
the third most represented species (A. sp004167605, 
n = 80). To ensure that the results were robust to genome 
number and choice, we repeated the analysis by including 
40 or 160 genomes for A. muciniphila and A. ignis.

The gene flow networks generated by PopCOGenT 
were visualized using Cytoscape v3.9.1 [40].

Accessory gene identification
Complete and draft genomes were used to identify acces-
sory genes using PPanGGOLiN [41]. PPanGGOLiN con-
structs pangenomes using a graphical model combined 
with a statistical approach to categorize gene families into 
three components: persistent, shell, and cloud genomes. 
Genes belonging to the cloud category (genes shared by 
at most 15% of the total strains) were considered for sub-
sequent analysis as accessory genes (n = 63,284).

PCA analyses on core and accessory genes
The core gene alignment described previously was used 
to extract biallelic (97% of the total) parsimony-inform-
ative (PI) sites; in particular, we focused on sites that 
had a minimum frequency of two, and we considered 
only those genomic positions where at least 50% of the 
sequences had non-missing data. Positions with gaps or 

any nonstandard nucleotide bases were excluded and 
treated as missing values. This approach ensured the 
inclusion of reliable data while accounting for potential 
sequencing errors or inconsistencies. This generated a list 
of 29,622 variable positions. Principal component analy-
sis (PCA) was carried out using the mixOmics R pack-
age [42], with the PI matrix serving as the input. This 
approach enabled the reduction of dimensionality and 
the visualization of the main sources of variation within 
the dataset, helping to identify patterns and relationships 
among the data points. Additionally, a matrix based on 
the presence and absence of accessory genes in our bac-
terial dataset was constructed using PPanGGOLiN and 
used for a second PCA analysis.

Population structure
A total of 519 A. muciniphila strains were selected to cre-
ate a new concatenated core gene alignment. This dataset 
included bacterial strains sampled from all non-human 
hosts (excluding mouse), all human-derived samples, 
and a random selection of mouse-derived samples equal 
to human-derived ones (Supplementary Table  1). From 
this new alignment, biallelic parsimony-informative sites 
were extracted as above. This resulted in a list of 8,424 
variable positions. This data was then used for STRU​
CTU​RE analysis [43, 44]. Initially, the software was run 
with K = 1 to estimate the frequency spectrum parame-
ter (λ), as recommended. The estimated value for λ was 
0.3087. Using this parameter, the linkage model with cor-
related allele frequencies was run for different values of 
K (ranging from 1 to 12). For each K value, ten runs were 
performed, each with a total Markov chain Monte Carlo 
(MCMC) chain length of 500,000 iterations and 50,000 
iterations of burn-in. The optimal K was determined 
using Evanno’s method [45], implemented in the HAR-
VESTER tool [46]. Replicate runs for each K were com-
bined using the CLUMPAK software [47] to generate the 
membership coefficient matrix.

Results
Bacteria in the Akkermansia genus can be classified 
in several distinct species
To perform a comprehensive analysis of bacteria that ten-
tatively belong to the Akkermansia genus, we retrieved 
sequence information for 1,887 genomes from the BV-
BRC database. Specifically, we selected all complete/
almost complete genomes that were labeled as “Akker-
mansia”, irrespective of host or isolation source (Sup-
plementary Table  1). To obtain a general overview of 
the diversity among these sequences, we applied Mash, 
which uses a dimensionality-reduction approach to 
compute an all-pairs distance matrix [32]. From this 
matrix, it was evident that some strains were largely 
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divergent (score > 0.5) and were thus not included in 
the following analyses, which were performed on a set 
of 1,626 genomes (Supplementary Fig. 1). Most of these 
genomes were sampled from humans (n = 352) and mice 
(n = 1118), but several also derived from a wide number 
of other animal species (Supplementary Table  1). For 
these ~ 1,600 genomes, an average nucleotide identity 
(ANI) matrix was calculated (Fig.  1A). A 96% cutoff is 
often used to define bacterial species in ANI analyses [10, 
48]. Using this criterion, we identified a number of can-
didate species, five of which comprised most genomes. 
Based on the taxonomy proposed in previous works [7–
10], we found that the most populous species correspond 
to A. muciniphila (AmI), A. ignis (AmV), A. massiliensis 
(AmII), A. biwaensis (AmIV), and A. sp004167605 (here-
after referred to as “common species”). These results 
were confirmed by a taxonomic classification performed 
using the Genome Taxonomy Database toolkit [34] on a 
set of 120 conserved genes.

To explore in more detail the representation of the less 
abundant species, we repeated ANI analysis after remov-
ing genomes of the five common species. The results 
revealed a quite intricate scenario. Other described spe-
cies were detected, namely AmIII, A. intestinavium, A. 
glycaniphyla, and A. intestinigallinarum (Fig.  1B). The 
latter had high similarity to 9 genomes derived from Chi-
nese giant salamanders (Andrias davidianus), which, in 
turn, showed a complex pattern of similarity with strains 
sampled in different mammals. Moreover, sequences 
clustering with A. intestinavium were sampled from 
either chickens or humans. As mentioned above, A. gly-
caniphila was also isolated from humans and other ani-
mals (pythons) [2, 3]. In addition, four other putative 
Akkermansia species (each represented by few genomes) 
were sampled from humans and other animals. Finally, 
some putative new species were accounted for by a sin-
gle genomic sequence. The human-derived genomes that 
contribute to these undescribed species were sampled in 
different geographic locations (Supplementary Table  1). 
Overall, these results indicate that the Akkermansia 
genus is divided in many species, several of which are 
also found in humans. They also suggest that Akkerman-
sia bacteria display limited or no species-specificity.

The Akkermansia genus includes at least 31 biological 
species
ANI analysis is widely used to define bacterial species. 
However, this approach is based on an arbitrary thresh-
old of identity. As a consequence, strategies based on 
the Biological Species Concept (BSC) have been pro-
posed as an alternative to ANI in the delineation of spe-
cies boundaries. The BSC defines a species as a group 
of interbreeding individuals that remain reproductively 

isolated from other groups. In the case of bacteria, the 
absence of gene-flow can be used to define biological spe-
cies. We thus applied PopCOGenT (populations as clus-
ters of gene transfer), an approach based on the BSC, to 
investigate the composition of biological species within 
the Akkermansia genus. PopCOGenT is based on the 
detection of recent gene-flow discontinuities that deline-
ate species. Specifically, it compares the length distribu-
tion of identical regions between pairs of genomes to that 
expected under a model of clonal evolution, and it pro-
vides a measure referred to as “length bias”. Because this 
approach performs pairwise comparisons of the entire 
genomes, we pruned our dataset to reduce the compu-
tational burden. In particular, we included all genomes 
of uncommon species and 80 genomes for each of the 
common ones (see Methods). Using this dataset of 409 
genomes, PopCOGenT identified 31 genetically isolated 
ecological units and revealed clusters with excellent 
congruence to ANI-defined species (Fig.  2). To assess 
whether these results were influenced by sequence selec-
tion and number, we repeated the analysis using 329 
genomes (40 genomes for each of the common species) 
and 569 genomes (160 for each of the common species). 
The same number of ecological units was detected in all 
analyses (Supplementary Fig.  2). Thus, using PopCO-
GenT, the five common species were confirmed to repre-
sent distinct biological units with no detectable gene flow, 
although A. biwaensis genomes were found to belong to 
two different populations. PopCOGenT also confirmed 
that A. glycaniphila, AmIII, and A. intestinavium denote 
independent biological species. In agreement with ANI 
analysis, PopCOGenT detected some gene flow between 
bacteria hosted by giant salamanders and those classified 
as A. intestinigallinarum (Fig. 2). Many other Akkerman-
sia species instead consisted of a single genome or very 
few genomes.

Genetic relationships of core Akkermansia genomes 
and host associations
To gain further insight into the relationships among 
Akkermansia species and their host associations, we used 
the Genome Taxonomy Database Toolkit to extract the 
sequences of 120 core genes from genomes in our data-
set. The neighbor-net split network of the core genome 
showed a complex reticulation pattern, suggestive of 
ancestral recombination (Fig.  3A). In line with previous 
reports, A. muciniphila was more closely related to A. 
ignis than to other known species [9]. A. massiliensis and 
AmIII showed close relationships, as did A. biwaensis and 
A. sp004167605. Most of the unclassified core genomes, 
as well as A. glycaniphyla, A. intestinavium, and A. intes-
tinigallinarum, formed a long tail of highly divergent 
sequences (Fig. 3A).
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Fig. 1  Average Nucleotide Identity among Akkermansia genomes. A The ANI heatmap is shown with a cut-off equal to 0.96 of identity. Akkermansia 
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Fig. 2  Gene flow among Akkermansia species. Gene flow network of Akkermansia genomes. Each node represents a bacterial strain or a clonal 
strain (all the strains that are closely related, < 0.035% divergence) and the size of the node is proportional to the size of the clonal cluster. Edges 
indicate the inferred magnitude of gene flow between nodes (i.e., the length bias). The width of the edges corresponds to the extent of gene flow 
between genome pairs
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To further explore the diversity of core genomes, we 
extracted parsimony-informative (PI) sites from the core 
gene alignment. PI information was used as the input for 
principal component analysis (PCA). In agreement with 
the neighbor-net split tree, the first PC, which explained 
36% of the variance, separated A. muciniphila and A. 
ignis from all other genomes (Fig. 3B). The second com-
ponent (17% of variance explained) separated most of 
the common species from the uncommon ones. Overall, 
the unclassified genomes showed closer relationships to 
each other than to the common species. In terms of host 
representation, human- and rodent-derived sequences 
populated all the common species clusters (Fig.  3C). 
Conversely, bacteria sampled from other animals strongly 
contributed to the large diversity of uncommon Akker-
mansia genomes. Some exceptions were also evident, 
with genomes derived from koalas, wombats, rabbits, and 
water buffaloes belonging to the common Akkermansia 
species (Fig. 3B). Because all these animals are domestic 
or were held in captivity, they may have acquired the bac-
teria from human hosts [49, 50]. When we assigned spe-
cies (as defined by PopCOGenT) to hosts, we found that 
the largest number of different species was detected in 
humans (n = 13). After humans, rabbits and koalas were 
found to host the largest number of species, followed by 
mice, goats, and chickens (Fig. 3D).

Accessory gene content depends on species membership 
and genome size, not on host association
We next sought to investigate how the genetic relation-
ships established using the core genomes related to 
accessory gene content and genome size. We thus used 
the PPanGGOLiN toolkit [41] to extract accessory genes 
from the Akkermansia genomes. A total of 63,284 acces-
sory genes were obtained, which were used for a PCA 
analysis. Results indicated a very different picture than 
the one obtained using core genome sequences (Fig. 4A). 
Genomes mostly grouped by species, but A. muciniph-
ila and A. ignis clustered together with the majority of 
uncommon species genomes, including A. glycaniphila, 
A. intestinavium, and A. intestinigallinarum. The most 
divergent species in terms of accessory gene content were 
A. sp004167605 plus A. biwaensis and A. massiliensis, 
that were separated along both components (Fig.  4A). 

Virtually no effect of host association on accessory gene 
content was evident.

Analysis of genome sizes indicated that most of the 
species that cluster together in the accessory protein 
PCA (A. muciniphila, A. ignis, A. intestinavium, A. intes-
tinigallinarum) have, on average, small genomes (Fig. 4B). 
The uncommon, unclassified species, despite showing a 
wide heterogeneity, had also relatively short genomes if 
compared to those of A. biwaensis, A. massiliensis, and 
A. sp004167605. Thus, the results of the PCA seem to 
be explained by the fact that some Akkermansia species 
have more essential genomes compared to others that 
display larger genomes and different accessory proteins. 
Thus, A. muciniphila and A. ignis (plus the uncommon 
species) probably retain a part of genes that characterize 
either A. massiliensis or A. sp004167605/A. biwaensis.

Population structure of A. muciniphila
We next sought to investigate the population structure of 
A. muciniphila, the Akkermansia species that has been 
more intensely investigated due to its potential effects on 
human health. To this aim, we used STRU​CTU​RE [43], 
a program that relies on a Bayesian statistical model for 
clustering genotypes into populations. STRU​CTU​RE can 
identify distinct clusters or ancestral subpopulations that 
account for the ancestry of individuals in the extant pop-
ulation. In our dataset, A. muciniphila accounted for the 
majority of genomes, which were sampled from humans 
(n = 246), mice (n = 800), and other animals (n = 27). 
To reduce the computation load, we sub-sampled the 
A. muciniphila genomes by including all those from 
humans and animals other than mice, plus 246 randomly 
selected genomes derived from mice. Using this dataset, 
we applied the linkage model with correlated allele fre-
quencies, which assumes that discrete genome “chunks” 
are inherited from K ancestral populations [44]. The opti-
mal number of populations (K) was estimated using the 
ΔK method [45] and resulted equal to 7 (Supplementary 
Fig. 3).

Previous studies indicated that A. muciniphila genomes 
belong to two different phylogroups, designated as 
AmIa and AmIb [4, 9]. Analysis of ancestry components 
revealed that this distinction is clearly visible: human-
derived genomes previously classified as AmIb have 
most of their ancestry contributed by two components 

Fig. 3  Relationships among Akkermansia species and host associations. (A) Neighbor-net split network based on all variant sites of the core 
genome alignment. Each sequence is shown as a dot, color-coded by species. (B) PCA plot based on parsimony-informative sites of the core 
genome alignment. The first two principal components are shown. Each strain is represented as a dot and colored based on sampling host (large 
image) or Akkermansia species (insert). (C) Barplot of host representation for different Akkermansia species. Hosts other than humans and mice are 
grouped together. (D) Barplot showing the number of different Akkermansia species in each host

(See figure on next page.)
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Fig. 4  Accessory genes content and genomes size variability. (A) PCA plot based on accessory genes presence/absence matrix. The first two 
principal components are shown, each strain is represented as a dot and colored based on sampling host (larger image) or Akkermansia species 
(insert). (B) Box and whiskers plot of genome size in Akkermansia species
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(AmIb_1 and AmIb_2), whereas AmIa genomes are more 
admixed with two components (AmIa_1 and AmIa_2) 
being the most common (Fig.  5). Analysis of mouse-
derived genomes showed that some of these belong to the 
AmIa and AmIb phylogroups. However, additional popu-
lations with little evidence of admixture were evident. In 
particular, three components (mouse_1, mouse_2, and 
mouse_3) contributed most of the ancestry of several 
genomes, whereas they were relatively uncommon in 
genomes derived from humans (Fig.  5). In non-human 
and non-mouse animals, most of the genomes belong 
to the AmIa phylogroup. Overall, these results indi-
cate that humans and mice host distinct A. muciniphila 
populations.

Discussion
In this study, we analyzed a large dataset of Akkerman-
sia genomes with the aim of determining the phylotaxo-
nomic relationships within the genus. Previous studies of 
Akkermansia genetic diversity mainly focused either on 

human- (and mouse-) derived sequences or on genomes 
obtained from captive non-human mammals [3, 6, 12, 
13]. Herein, in order to investigate host associations, 
we assembled a genome collection derived from a wide 
diversity of animals, including mammals, birds, reptiles, 
and amphibians. We show that the genus consists of a 
large number of species. In particular, ANI analysis and 
the application of a species definition criterion based on 
the BSC were highly concordant in revealing the presence 
of 31 biological species, at least 13 of which can colonize 
the human gut. In line with previous reports [12, 13], the 
largest species diversity was contributed by non-human 
and non-mouse animals, and the fact that several species 
were represented by a single or very few genomes clearly 
indicates the need of implementing sequencing efforts to 
characterize the wider genetic diversity of Akkermansia 
bacteria. In this respect, it is worth mentioning that, in 
order to generate interpretable results, we excluded from 
our analyses the most divergent sequences. Further anal-
yses will be required to assess whether these genomes 
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Fig. 5  Akkermansia muciniphila population structure. Bar plot representing the proportion of ancestral population components in a subset 
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represent additional species in the genus Akkermansia 
and if they have any effect on human health.

In terms of host associations, we found very little evi-
dence of species-specificity or adaptation, as several spe-
cies were detected in phylogenetically distant animals. 
This contrasts with previous data showing that microbial 
communities in the vertebrate gut differ considerably as 
an adaptation to host diet and other physiological param-
eters (e.g., body temperature) [51]. We thus investigated 
whether the repertoire of accessory proteins showed 
host-specific variations, but again we detected no such 
effect. As previously suggested, the presence of Akker-
mansia across multiple vertebrate hosts may relate to the 
specialization of the bacterium for the mucosal niche, 
where it can thrive using mucin as the sole nitrogen and 
carbon source [10, 12]. This may allow Akkermansia bac-
teria to colonize the mucus layer of different hosts, irre-
spective of diet or other physiological characteristics. It 
should also be noted that most of the bacterial strains we 
analyzed were sequenced from captive animals. It is thus 
impossible to ascertain whether the Akkermansia spe-
cies we identified in these hosts represent long-standing 
evolutionary relationships or recent acquisitions from 
humans. However, because A. muciniphila is the most 
abundant species in the human gut [10], we would expect 
it to be preferentially transferred to captive animals, as 
is the case of laboratory mice. Instead, a large diversity 
of Akkermansia species was evident in these hosts, with 
some animals (e.g., rabbits and koalas) carrying multi-
ple species. In this respect, it is somehow surprising that 
Akkermansia has never been found in the microbiome 
of wild mice [16, 17]. The gut of laboratory mice can be 
colonized by Akkermansia (indeed mouse-derived strains 
represented the majority of genomes in our database) 
and these rodents have a typical commensal behavior 
that may facilitate the exposure to human-derived bacte-
ria. Whether Akkermansia is out-competed in wild mice 
by other bacteria or the lack of detection simply reflects 
limited sampling efforts remains to be determined.

The analysis of accessory proteins clearly showed that 
differences among species largely reflect genome size. 
Three of the common Akkermansia species (A. biwaen-
sis, A. massiliensis, and A. sp004167605) have, on aver-
age, much larger genomes than A. muciniphila and A. 
ignis, and the latter retain a portion of the accessory gene 
content of the former. Differences in the pangenomes of 
A. biwaensis, A. massiliensis, and A. muciniphila were 
previously reported and were suggested to result in phe-
notypic differences [4]. Indeed, the three species display 
distinctive traits, in terms of doubling time, oxygen toler-
ance, adherence to epithelial cells, oligosaccharide usage, 
and optimal growth temperature [4, 10]. The ecological 
reasons why these species have diverged genetically and 

phenotypically are presently unclear, but may relate to 
competition among themselves or with other bacteria. 
Indeed, A. biwaensis outcompetes A. muciniphila and 
A. massiliensis in the colonization of the murine gut [4]. 
Whatever the underlying reasons, even subtler differ-
ences are likely to have an impact on human health. For 
instance, recent evidence indicated that A. muciniphila 
AmIa protects from Crohn’s disease and ulcerative coli-
tis, whereas AmIb is only protective from ulcerative coli-
tis. Likewise, AmIa and AmIb differ in their modulation 
of the efficacy of immune checkpoint inhibitor treatment 
[9]. In this respect, we should also add that the sequenc-
ing of A. muciniphila genomes revealed that some iso-
lates carry large inversions and rearrangements [52]. In 
different bacterial species, inversions were shown to 
change gene expression profiles and to modulate phe-
notypic traits, possibly enabling adaptation to stress-
ful conditions [53–57]. Thus, it is also possible that the 
genotypic/phenotypic characteristics of different isolates 
belonging to the same Akkermansia species have distinct 
effects on human health.

The observations above prompted us to analyze the 
population structure of A. muciniphila (although with 
this approach rearrangements and inversions cannot 
be analyzed). Inspection of ancestry components in 
human-derived genomes clearly distinguished the AmIa 
and AmIb phylogroups, characterized by variable lev-
els of admixture. However, a different picture emerged 
in genomes sampled from mice. Whereas some of these 
belong to the AmIa and AmIb phylogroups, others had 
ancestry components specific for these animals and very 
little evidence of admixture. The major components 
mouse_1, _2 and _3 contribute a very minor ancestry 
fraction of AmIa strains. The most likely explanation for 
these findings is that AmIa and AmIb sampled from mice 
represent recent, ongoing transfers from humans. Con-
versely, the mouse specific components are the result of 
bottlenecks (probably due to transfer or competition) 
experienced by AmIa bacteria that generated genetically 
drifted, mouse-specific populations over years of hus-
bandry. Strains of Akkermansia show competitive exclu-
sion in the colonization of the mouse intestine,which 
can only occur in animals with a microbiome devoid of 
A. muciniphila [58]. This creates the conditions for the 
emergence of mouse-specific populations. Whether 
such populations are also adapted to their hosts or sim-
ply derive from drift remains to be evaluated. In any 
case, their existence contributes to expand the concept 
that the genetic diversity of Akkermansia, not only in 
terms of species, but also of populations or phylogroups, 
should be taken into account in experimental settings 
[20]. Variability in the microbiome of laboratory mice 
among vivaria is considered a major confounding effect 
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and a cause of replication failure [59]. Thus, our findings 
are relevant to the translatability of the mouse model to 
human Akkermansia research. Also, the identification of 
several novel species, including some hosted by humans, 
suggests that some effects initially attributed to the A. 
muciniphila species may need to be recharacterized.
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