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Abstract 
Akkermansia are mucin-degrading bacteria commonly found in the human 

gastrointestinal (GI) tract. The prevalence and abundance of these bacteria, notably Akkermansia 

muciniphila, are correlated with immunological and metabolic health in humans and have gained 

notoriety as a potential next-generation probiotic. Until recently, A. muciniphila was the only 

species of the phylum Verrucomicrobia identified in the human GI tract. However, it is 

increasingly clear that Akkermansia in the GI tract are diverse and that there are several human-

associated Akkermansia species with significantly larger genomes than A. muciniphila. I 

hypothesize that this added genetic content may impact how various subgroups of Akkermansia 

modulate host immunological and metabolic health. 

To define the breadth of diversity within the genus Akkermansia, I conducted a 

pangenomic analysis of 234 Akkermansia genomes. My findings based on average nucleotide 

identity, full-length 16S rRNA gene identity, and conservation among core Akkermansia genes 

identified a novel group of Akkermansia and indicated that the genus Akkermansia should be split 

into several species. Further analysis of fatty acid composition and biochemical characterization 

of representative isolates supported this notion. Additionally, I found that A. muciniphila sensu 

stricto, the most prevalent Akkermansia species in humans, should be subdivided into two 

subspecies clades. 

Having defined species boundaries between strains that were previously all classified as 

one, I next sought to determine if these distinctions are relevant to the previously established 

correlations between Akkermansia and human health. To this end, I employed high-resolution 

species and clade assignments to reanalyze publicly available metagenomic datasets to determine 
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if there are species or clade-specific relationships between Akkermansia and various disease 

outcomes. I observed species-specific correlations between Akkermansia abundance and obesity 

in a pediatric cohort. For a set of inflammatory bowel disease cohorts, I identified species-specific 

and clade-specific decreased abundance of Akkermansia in patients with Crohn’s disease or 

ulcerative colitis. In patients who had undergone hematopoietic cell transplantation, I found no 

correlation between Akkermansia species or phylogroups and graph-versus-host-disease 

development. In patients undergoing immune checkpoint inhibitor therapies for non-small cell 

lung cancer, I observed a significant association between one A. muciniphila clade and survival 

outcomes. Additionally, I showed that these species-predictive methods could be applied to 

additional species of Akkermansia and another mucophilic gastrointestinal bacterium, 

Ruminococcus gnavus. 

Finally, I described variability in biofilm production across isolates of the Akkermansia 

genus. I describe the generation of a library of transposon mutants in one biofilm-producing 

strain, Akk147, providing a possible link between mucin degradation and biofilm production in 

modulating the association between Akkermansia and the host. Finally, I tested whether biofilm 

production enhances the colonization ability of three A. muciniphila isolates of varying biofilm-

production and determined that in vitro biofilm production does not enhance colonization of the 

murine GI tract. 

Overall, my findings suggest that the prevalence of specific Akkermansia species and 

clades may be crucial in evaluating their association with host health, and thus their usefulness in 

promoting health. As these associations differ between disease contexts, making these 
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distinctions should be an important consideration when using Akkermansia as a probiotic or 

therapeutic supplement. 
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1. Introduction 
The human gastrointestinal (GI) tract harbors complex communities of bacteria, archaea, 

fungi, and viruses, collectively referred to as the microbiota. While the exact composition of the 

GI microbiota varies across individuals, time, and dietary intake[1-3], these collections of microbes 

are integral to the proper development of the GI tract and modulation of host health well into 

adulthood[4-6]. Much of this influence is attributed to the fact that the estimated metabolic capacity 

of the GI microbiota exceeds that of the human genome by orders of magnitude[7]. Alterations in 

microbial composition have been implicated in a broad range of conditions, including metabolic 

and neurodegenerative diseases, healthy aging, response to cancer immunotherapy, and 

inflammatory bowel disease[8-12]. Additionally, the use of fecal microbiota transplantation, 

whereby the GI microbiota from one individual is administered to another, has shown utility in 

the treatment of recurrent Clostridium difficile infection[13]. Thus, modulation of the microbiota, 

be it by large-scale changes as with FMT or by supplementation with individual species, to 

promote human health is emerging as a significant new therapeutic approach to treat multiple 

human diseases[14]. Of the many interesting microbes found in the human GI tract that have been 

implicated in human health, our laboratory has focused on the study of one bacterial clade, and 

next-generation probiotic, Akkermansia. 

1.1 Akkermansia and you 

1.1.1 Akkermansia muciniphila 

Akkermansia muciniphila is a Gram-negative, strictly anaerobic bacterium, which was 

first isolated from human feces in 2004[15]. These bacteria are early colonizers of the infant GI 

tract, reaching adult-like levels within one year of age[16,17]. A. muciniphila is often cited as 
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comprising 1-4% of the bacterial population within the adult GI tract, though this estimate is 

based on early profiling of only 76 Finnish and Dutch individuals[16]. The relative abundance of 

A. muciniphila, however, is variable and subject to change across time, diet, host species, health 

status, and geographic region[3,10,18-20].  

Notably, A. muciniphila occupies a unique niche in the GI tract, as it preferentially 

utilizes GI mucins as its primary means to fuel growth[15]. Unlike other mucin-degrading bacteria, 

A. muciniphila captures mucin and accumulates it in periplasmic structures, called mucinosomes, 

where it is further degraded[21]. This mucin utilization is not necessary for the survival of A. 

muciniphila in monoculture, when other carbon and nitrogen sources are available, or for mono-

colonization of mice. However, mucin utilization is necessary for GI colonization by A. 

muciniphila in the presence of other microbes[21]. The byproducts of mucin metabolism by A. 

muciniphila strengthen epithelial integrity, modulate homeostatic transcription, and support 

regeneration within the GI tract[6,22-24]. Colonization by A. muciniphila alters the expression of 

genes associated with immune regulation, and the links between A. muciniphila and inflammation 

in the GI tract quickly led to interest in this bacterium as a modulator of human health in the 

context of metabolic disease[25,26]. 

1.1.2 Akkermansia as a marker and driver of human health 

A decade after its discovery, A. muciniphila became recognized for its correlation with 

protection from diet-induced obesity and type 2 diabetes. Early studies indicated that the 

abundance of A. muciniphila within the GI tract was decreased in mice with obesity and type 2 

diabetes and was associated with physiological markers of obesity[26-28]. Additionally, oral 

administration of A. muciniphila resulted in the reversal of several markers of obesity, such as fat-
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mass gain, insulin resistance, and inflammation within adipose tissue[26]. Human subjects, as well 

as mice fed a high-fat diet displayed increased levels of A. muciniphila during treatment with 

metformin, a commonly prescribed therapy for type 2 diabetes. A. muciniphila administration 

alone resulted in improved glucose tolerance and decreased inflammation in adipose tissue in 

mice[29,30]. Supplementation of either live or pasteurized A. muciniphila in humans is safe, well 

tolerated, and effective at reducing body weight, fat mass, and total cholesterol[14,31]. Further 

efforts demonstrated that administration of live A. muciniphila can prevent the development of 

obesity in mice. Additionally, the recombinantly expressed Amuc_1100 outer membrane protein 

of A. muciniphila is stable at room temperature and can partially recapitulate these effects, 

suggesting its potential therapeutic utility[14]. The relative abundance of A. muciniphila, or 

fraction of the total bacterial microbiota represented by A. muciniphila, may also be used as a 

predictive marker of responsiveness to caloric restriction in weight loss, even without 

supplementation before or during caloric restriction[32]. 

The associations observed between A. muciniphila and metabolic health, in addition to a 

successful early-stage clinical trial, have now led to interest in this bacterium across a wide 

variety of human health conditions. Our laboratory has recently shown that mucin metabolism by 

A. muciniphila represses cholesterol biosynthesis in the mouse colon[21]. The relative abundance 

of A. muciniphila is also associated with longevity, as one study found that humans greater than 

80 years of age had significantly higher levels of A. muciniphila than both non-elderly adults and 

younger elderly individuals[33]. This association with aging was recapitulated in a mouse model 

where oral administration of A. muciniphila resulted in increased lifespan and improvement of 
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several age-related markers, such as neuromuscular performance, anxiety, and immune 

function[34]. 

The immunomodulatory impacts of Akkermansia may also extend to influence the 

effectiveness of existing therapies. For instance, immune checkpoint inhibitors, such as those 

targeting programmed death-1/programmed death-ligand-1 (PD-1/PD-L1) interaction, are 

successful in the treatment of several types of cancer. However, a significant number of patients 

do not respond to these therapies, and this may be partially explained by the patients 

microbiota[35]. A. muciniphila has been identified as a predictor of clinical responsiveness to anti-

PD1 treatment of non-small-cell lung cancer (NSCLC) and renal cell carcinoma[35,36]. Although it 

did not rise to the level of statistical significance, a separate study found that A. muciniphila was 

detected in responders to anti-PD1 treatment of metastatic melanoma, but not in non-

responders[11]. In a mouse model of NSCLC, a non-responder phenotype can be transferred to 

mice receiving an FMT of stool from non-responding humans. Notably, the effects of PD-1 

blockade treatment are then restored when these mice are subjected to oral administration of A. 

muciniphila[36]. The association between A. muciniphila and health during the treatment of cancer 

is context-dependent, however. Treatment of hematological malignancies involves undergoing 

irradiation, chemotherapy, and hematopoietic cell transplantation, which can be accompanied by 

mortality from neutropenic fever and graft-versus-host-disease (GVHD). In mouse models, A. 

muciniphila has been shown to increase GVHD mortality[37]. In human patients with acute 

myeloid leukemia, increased abundance of A. muciniphila at the onset of neutropenia was 

associated with later development of subsequent fever. These findings were reflected in a mouse 

model, demonstrating an increase in A. muciniphila abundance before the development of 
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neutropenic fever. The effect of A. muciniphila on the development of neutropenic fever has been 

attributed to an outsized degradation of intestinal mucins by Akkermansia, resulting in a 

compromised epithelial barrier and intestinal inflammation[38].  

The presence of A. muciniphila has also been found to play a role in modulating seizures 

and neuroinflammation. In humans with progressive multiple sclerosis, increased levels of A. 

muciniphila are associated with lower disability. Additionally, A. muciniphila strains isolated 

from these patients ameliorate disease when orally administered to an induced experimental 

autoimmune encephalomyelitis mouse model[8]. Supplementation with A. muciniphila also 

ameliorates the symptoms of a mouse model of amyotrophic lateral sclerosis. The relative 

abundance of A. muciniphila in these mice is correlated with the accumulation of nicotinamide in 

the central nervous system, which itself is associated with improved motor function[39]. In each of 

these cases, the presence of A. muciniphila is correlated not with the presence of disease, but with 

improved severity of disease. Finally, the relative abundance of A. muciniphila increases under 

the ketogenic diet, which is used to treat epilepsy. Moreover, FMT from mice fed a ketogenic diet 

to antibiotic-treated mice is sufficient to restore the anti-seizure effect of this diet. Oral 

administration of A. muciniphila is also sufficient to restore the anti-seizure effect[40]. 

Finally, the association of A. muciniphila with inflammatory bowel disease (IBD) is 

controversial. Some of the largest IBD-focused studies have found no statistically significant 

association between A. muciniphila relative abundance and disease[41,42]. However, A. muciniphila 

is often less abundant in individuals with Crohn’s disease and ulcerative colitis when compared to 

healthy controls[9,43,44]. Lowered abundance of A. muciniphila has been associated with both a 

reduced percentage of sulfated mucin and increased inflammatory scores in individuals with 
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active ulcerative colitis[43,45]. The efficacy of treatment for IBD using washed microbiota 

transplant is also correlated to the relative abundance of A. muciniphila in the donor stool[44]. 

Additionally, supplementation with A. muciniphila has been shown to improve inflammation in a 

dextran sulfate sodium-induced colitis mouse model[46]. In pediatric patients, the relative 

abundance of A. muciniphila is not correlated with disease status, but greater levels of A. 

muciniphila are correlated with improved responsiveness to standard-of-care treatment[47]. 

Generally, these studies suggest that A. muciniphila may hold potential for the diagnosis and/or 

successful treatment of IBD. 

1.1.3 Revisiting the phylogeny of Akkermansia 

As interest in A. muciniphila as a modulator of human health grew, more isolates and 

whole genome sequences of those isolates became available. In 2017, Guo et al. compared the 

average nucleotide identity (ANI) of 39 A. muciniphila whole genome sequences, determining 

that the species could be split into three distinct phylogroups, named AmI, AmII, and AmIII[48]. 

Then, in 2020, an additional 35 metagenome-assembled genomes (MAGs) led to the discovery of 

an additional phylogroup, AmIV. Genomic analysis of predicted functions indicated that the 

AmII and AmIII phylogroups should have the ability to synthesize vitamin B12, which other 

phylogroups lacked. This estimated phylogroup-specific phenotype was then confirmed in 

representative isolates, and the authors suggested that these phylogroups could be classified as 

separate species, but did not follow up on this postulation[49]. In 2021, our group isolated and 

sequenced the genomes of an additional 43 new A. muciniphila strains and found that the AmI 

phylogroup could be further subdivided into AmIa and AmIb. Additionally, each of the AmI, 

AmII, and AmIV phylogroups were phenotypically distinct[50]. AmV is the most recent addition 



 

 
7 

to the list of A. muciniphila phylogroups following this naming convention, with the inclusion of 

three mouse-derived isolate genomes[51]. For ease of reference, these studies will be referred to as 

the Guo-lineage. 

Several additional studies have been published since the Guo paper, leading to similar 

conclusions about the need to define sub-groups from isolates of A. muciniphila. However, these 

studies have devised their own naming conventions for these groups and have used different sets 

of genomes or MAGs, limiting comparability between these studies and those utilizing the Guo-

lineage nomenclature. These studies included a range of 18 to 188 genomes and 0 to 2226 MAGs 

for their analyses, largely using similar methods, such as phylogenetic analysis and comparison of 

nucleotide identity. Two studies determined that the Akkermansia genus should be split between 

four species[52,53]. Another determined that Akkermansia should be split into five species[54], and 

yet another determined that A. muciniphila should simply be split into two sub-species[55]. Two 

more studies filtered out all A. muciniphila genomes that did not reach an 95% ANI threshold 

compared to the type-strain MucT, which is indicative of species boundaries, to focus on the 

“true” A. muciniphila. These utilized 149 and 130 genomes and determined that this “true” A. 

muciniphila consists of three to four sub-species clades[56,57]. 

Each of the studies mentioned outside of the Guo-lineage utilized different genomes, and 

thus could not be directly compared to any other study. However, the proposed number of 

potential species and sub-species of A. muciniphila does generally line up with the five-

phylogroup, two-sub-phylogroup structure of the Guo-lineage. Most recently, it was proposed 

that the AmII phylogroup be renamed as the new species Akkermansia massiliensis and that the 

AmIV phylogroup be renamed as the new species Akkermansia biwaensis[58,59]. Each of these 
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studies utilized genomes from Guo-lineage studies and a comparison of whole-genome nucleotide 

identity to come to these conclusions. While many of the suggestions to split A. muciniphila have 

largely come from the computational analysis of genome sequencing data, this matter of 

speciation may also be of importance to our understanding of how the Akkermansia genus affects 

human health. In particular, the Guo-lineage studies have demonstrated that these phylogroups 

may be differentiated from each other in vitro in terms of growth in mucin medium, 

aerotolerance, production of vitamin B12, activation of immune signaling, and metabolism[49,50,60]. 

Thus, these phylogroups may also impact human health in distinct ways. 

1.2 Tools of Analysis 

1.2.1 Pangenomic analysis 

Bacteria are genetically diverse, and, as useful as it may be to designate type strains to 

study these species more uniformly, even closely related strains may display important 

differences in their genetic content. The genomes of strains within any given species undoubtedly 

contain a multitude of sequences that are shared by all, but individual strains may contain unique 

genes, plasmids, indels, single nucleotide polymorphisms, and other forms of genetic variation 

that are selected to exploit new environmental niches. Unlike with animals or plants, we cannot 

make an easy zoological distinction between species (reproductive isolation of interbreeding 

groups), so what defines a bacterial species? How do we define taxonomic groups within the 

Bacteria kingdom, even at a sub-species level, in a way that is relevant to human health? 

With the advent of molecular techniques, DNA hybridization became the gold standard 

for defining the relationships between closely related strains and species. A phylogenetic species 

typically included strains that shared at least 70% DNA-DNA relatedness to a type-strain, and 
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this level of relatedness generally correlated with shared chemotaxonomic and serological 

traits[61,62]. However, the use of DNA hybridization was slow to execute, and highly variable 

between laboratories[63], thus leaving the need for a more reliable method for distinguishing 

between species. Eventually, it was recognized that a 95% average nucleotide identity (ANI) 

between common genes from whole genome sequencing data corresponded to the 70% DNA 

hybridization threshold for delineating species. The use of ANI was thus recommended as an 

accurate alternative to DNA hybridization when genome sequences were available[64,65]. Indeed, 

as obtaining whole genome sequencing became more cost effective and genomic sequences 

became increasingly available through entities such as the National Center for Biotechnology 

Information (NCBI), ANI has replaced DNA hybridization as the gold standard method for 

species-level taxonomic classification[66,67]. Of all the previously described works attempting to 

describe the Akkermansia phylogeny, all but one have utilized either ANI or digital DNA 

hybridization to define Akkermansia species and subspecies[48-53,55-59].  

While ANI is useful for defining strict cutoffs between species, it does not result in 

alignments that can be used for detailed phylogenetic analysis. Additionally, since no two strains 

within a bacterial species are 100% identical, it is useful to compile collections of many similar 

genomes into pangenomes describe the genetic potential of a species more thoroughly. The genes 

in a pangenome may then be categorized depending on the frequency with which they are found 

in a species. The core genome, which represents genes that are present in all or nearly all strains 

of a species, includes genes that code for necessary functions like housekeeping, regulatory 

functions, and cell envelope maintenance[68,69]. The accessory genome, then, represents genes 

unique to an individual strain or shared by only a subset of strains. These may include genes 
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involved in virulence, antibiotic resistance, and other traits that are convenient to group for 

clinical or research purposes[68]. The nucleotide or protein sequences of core genes may be 

aligned and used to generate phylogenies which may more accurately reflect the relationships 

between strains[70]. Variations on these techniques have been used by most of the previously 

described works to characterize the Akkermansia phylogeny[48,49,52-58]. 

Bacterial taxonomy is established by considering both genomic and phenotypic 

descriptors[62], and there are several methods by which the latter is described. These methods 

include descriptions of colony morphology, Gram staining, and antibiotic susceptibility. 

Biochemical characterization is encouraged, often in the form of standardized kits including 

arrays of colorimetric assays. Additionally, chemotaxonomic descriptors such as matrix-assisted 

laser desorption ionization time-of-flight mass spectrum (MALDI-TOF MS), and fatty acid 

methyl ester (FAME) composition are frequently required in the description of novel taxa[71,72]. In 

particular, (FAME) composition has been used previously to refine the Akkermansia genus[58,59]. 

However, the identification of taxa in these manners is often database-dependent and resolvable 

only down to the genus level[63]. Notably, there is some pushback challenging the necessity of 

doing these chemotaxonomic characterizations in the era of genomics. This is particularly due to 

the high cost and expertise needed to perform such analyses and the availability of 

chemotaxonomic characterization by in silico reconstruction of biosynthetic pathway analysis[73]. 

1.2.2 Microbiota composition 

Species with at least 70% DNA similarity also tend to have at least 97% sequence 

identity in the 16S ribosomal RNA (rRNA) gene. With advances in rapid sequencing and the 

creation of large databases, the comparison of 16S rRNA gene identity thus became a relatively 
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easy alternative to DNA hybridization. However, the relationship between DNA hybridization 

and 16S rRNA gene identity is not linear. 16S rRNA gene identity serves well in differentiating 

higher taxonomic orders, but above 97.5% identity, the corresponding DNA hybridization values 

vary wildly. Likewise, an ANI cutoff of 95% corresponded to 98.65% 16S rRNA gene identity, 

but the problem of low-genome identity/high 16S rRNA gene identity species remained[66]. Thus, 

even as early as 1994, the use of 16S rRNA gene identity was not recommended as a reliable 

method of taxonomically separating closely related strains[62]. However, the combination of 

modern computing, rapid sequencing, large databases, and genus-level resolution still makes 16S 

rRNA gene identity useful in the analysis of large-scale microbial community datasets. 

In theory, a microbial community could be subjected to amplification of a marker gene, 

such as the 16S rRNA gene, and the resulting sequencing reads could be directly compared to 

databases of known taxa to determine the identity of individual microbes. Unfortunately, some 

rate of error is inherent to all DNA sequencing platforms, and those errors need to be accounted 

for during processing. Historically, this has been done through quality filtering and the generation 

of operational taxonomic units (OTUs). These OTUs are clusters of sequences that display 

similarity to each other within some predefined threshold; 97% in the case of 16S rRNA gene 

amplicons[74,75]. Unfortunately, merging amplicons that are 97% similar means that variants with 

real, but small, variations are not considered further. Additionally, some of the OTU-generating 

methods demonstrated a high output of chimeric errors, wherein sequences from two different 

amplicons were merged, resulting in spurious OTU generation[76]. DADA2 was introduced as a 

method by which fine-scale variation could be maintained, while still correcting for sequencing 

errors. Rather than collapsing sequences into OTUs, DADA2 infers sequences based on an error 
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model that incorporates sequence abundance and the probability that any nucleotide may be 

substituted for another during sequencing. The result of this process is a series of amplicon 

sequence variants (ASVs), which provide exact sequences that can be compared against 

taxonomic databases for identification. This method has become the standard for determining 

microbial composition from 16S rRNA gene amplicons because of its increased sensitivity to 

fine-scale variation and lower rate of erroneous output[76]. 

As sequencing has become less costly and more computational tools have become 

available, the use of shotgun metagenomic data has risen as a more informative alternative to 

sequencing single marker genes. Early studies demonstrated that the genomes of individual 

species within simple environmental communities can be reconstructed from shotgun 

metagenomic sequencing reads and may be utilized to infer the metabolic capabilities of those 

communities without the need to isolate and characterize each member[77]. Later, culture- and 

reference-free methods were developed to assemble shotgun metagenomic reads into larger 

contig sequences and group them into bins based on coverage and nucleotide frequency[78,79]. This 

allowed for the generation of metagenome-assembled genomes (MAGs), which represent 

potential genomes. MAGs are assigned to taxonomic bins through matching to sequences of 

marker genes from known species, and the prevalence of these MAGs can be determined to 

profile the microbial composition of any given sample[80,81]. Thus, metagenomic sequencing can 

provide the same insights into the composition of microbial communities that 16S rRNA gene 

sequencing can. Additional tools have been created to complement these analyses, providing for 

functional, phylogenetic, and strain-level profiling of metagenomes[82-84], thus allowing for insight 

as to how individual microbes in those communities may act upon each other and their host. 
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These tools combined allow for the analysis of large-scale microbial genome sequencing 

datasets and for the generation of hypotheses about how individual microbial taxa likely influence 

human health. However, more in-depth studies to confirm and elucidate the mechanisms behind 

these associations require the use of isolated strains. These isolates are likely to display extensive 

strain-level variation that is unresolvable by marker genes or 16S rRNA gene identity[82,85,86], and 

this variation may result in clade-specific variation in phenotypes relevant to microbe-host 

interactions[50,87,88]. Thus, after delineating the genetic boundaries between clades, whole-genome 

sequencing could be used to then identify distinct clades from 16S rRNA gene or metagenomic 

sequencing data. Chapters two and three will collectively describe the process by which I have 

gone about making these distinctions from both types of data. 

1.3 Outline of Dissertation 

The analysis of diversity within the Akkermansia genus has been using different 

collections of genomes from isolated strains or MAGs. The goal of my thesis was to establish a 

unified structure to the Akkermansia genus and to demonstrate that making these distinctions 

matters not just from a strictly taxonomic perspective, but because it can also guide our 

understanding of how Akkermansia diversity impacts human health.  

In chapter two, I obtained more than 200 genomes from Akkermansia isolates and 

performed an analysis of whole-genome nucleotide identity that suggests both a new species 

belonging to the genus and that what was previously considered the species A. muciniphila is 

comprised of several new distinct species. I then corroborated this finding through phylogenetic 

analyses, comparison of core genome sizes, and analysis of 16S rRNA gene identity. I further 
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supported these conclusions with fatty acid compositional analysis and biochemical assaying of 

several representative strains from each proposed species. 

In chapter three, I demonstrate that the splitting of A. muciniphila into several new 

species, as described in chapter two, is relevant as to how Akkermansia may associate with 

human metabolic and immune health. To do this, I designed methods by which the dominant 

species of Akkermansia could be determined from both 16S rRNA gene and metagenomic 

sequencing data, when before sub-Akkermansia resolution was not possible. I then applied these 

methods to several metagenomic datasets, demonstrating species-specific associations to obesity, 

inflammatory bowel disease, and responsiveness to cancer immunotherapy. 

In chapter four, I found that Akkermansia isolates show variability in their ability to 

produce of biofilms and hypothesized that the capability to make biofilms may impact the ability 

of Akkermansia to colonize the GI tract. To test this, I generated a collection of transposon 

mutants in a biofilm-producing strain of A. muciniphila and performed mouse colonization 

experiments to compare the engraftment of biofilm-forming versus non-biofilm-forming isolates. 

In chapter five, I discuss the impact that these findings may have on the future study of 

Akkermansia and the utility of using these microbes to promote human health.
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2. Examination of genomic diversity reveals speciation in 
human associated Akkermansia 

The material presented in this chapter has been adapted from a manuscript that is 

currently under review in Microbiome Research Reports. The isolation and genome sequencing 

of the unpublished Akkermansia isolates used in this chapter was performed by my co-authors, 

Emilia Panzetta and Lauren Davey. The other authors were Jessica McCann, John Rawls, 

Gilberto Flores, and Raphael Valdivia. 

2.1 Introduction 

Akkermansia muciniphila is a Gram-negative, mucin-degrading bacterium that is 

prevalent in the mammalian GI tract[15,16]. The relative abundance of A. muciniphila is associated 

with improved human health in a variety of contexts, such as obesity, metabolic disorders, 

responsiveness to cancer therapy, seizures, neuroinflammation, inflammatory bowel disease, and 

healthy aging[8,14,22,26,27,33,36,40,43]. Indeed, these associations with positive health outcomes have 

generated interest in developing A. muciniphila into a new class of probiotics for the treatment 

and prevention of multiple metabolic and immunological disorders[31,89-92]. 

Most studies on the biology of A. muciniphila have focused on the original MucT (BAA-

835) strain, which was isolated from human stool in the Netherlands[15-17,25]. When additional A. 

muciniphila isolates became available, Guo et. al. first proposed three genetically distinct sub-

species level phylogroups, AmI, AmII, and AmIII[48]. As more isolates and genome sequences 

became available, additional phylogroups were proposed, including AmIV and AmV[50,51]. In 

addition, the A. muciniphila AmI phylogroup could be further subdivided into two sub-

phylogroups, AmIa and AmIb[50]. Whole genome analyses revealed potential phylogroup-specific 

metabolic differences. These were confirmed through the characterization of representative 
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isolates demonstrating variations in growth rates in mucin medium, aerotolerance, ability to 

metabolize human milk oligosaccharides, vitamin B12 production, and activation of Toll-like 

receptors (TLR)[49-51,60]. Based on the comparison of additional genomes from newly isolated 

human strains and near complete metagenome-assembled genomes (MAGs), there is an emerging 

consensus that genomes that were originally referred to as A. muciniphila should be sub-divided 

into several distinct species based on whole genome nucleotide identity or conserved gene 

alignment[52,54-57]. Not all sub-species terminology used has been consistent with the original 

description of Akkermansia phylogroups[48], and the overlap in genomes used between studies has 

been limited. Recently, it was proposed that the AmIV phylogroup met the criteria of a new 

species of Akkermansia and was renamed Akkermansia biwaensis[59]. A similar proposal was 

made for the AmII phylogroup to be renamed Akkermansia massiliensis[58]. For consistency, I 

will refer to the AmII phylogroup as A. massiliensis and the AmIV phylogroup as A. biwaensis 

for this and future chapters. Whether this assignment of new Akkermansia species or A. 

muciniphila phylogroups leads to different health outcomes remains an open question, especially 

since only one Akkermansia species at a time predominates within a single human host[50]. Of 

note, most reports exploring the role of A. muciniphila in human trials or preclinical murine 

models have focused on the AmIa strain MucT [31,46]. 

In this chapter, I combined all the previously, but independently, described genomes from 

isolated strains into a single, large pangenome. My pangenomic analysis defined a novel clade of 

Akkermansia and supported a species re-assignment for phylogroups AmII, IV, and V, which I 

then corroborated with phenotypic characterizations of representative strains for each species and 

subspecies. Making these new species assignments and separating Akkermansia into its 

constitutive species when performing associative analyses should provide greater clarity in 
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establishing the links between specific, genetically similar, groups of Akkermansia and human 

health. 

2.2 Results  

2.2.1 Genomic analysis of multiple Akkermansia isolates supports the 
establishment of new species and A. muciniphila subspecies 

To perform my analysis, I retrieved 221 publicly available genome sequences originally 

identified as Akkermansia muciniphila from NCBI. In addition to these, I added 13 new 

Akkermansia strains that the Valdivia lab isolated from human and animal fecal samples. The 

final collection included 207 genomes from human Akkermansia isolates, 87 of which had been 

previously phylo-typed as AmIa, AmIb, AmII, AmIII, AmIV, and AmV[48-51,92], and 26 genomes 

derived from non-human sources. 

The average nucleotide identity (ANI) between two pairs of genomes has become the 

gold standard for identifying the genetic boundary between species from genome sequencing 

data[64,65]. My pairwise analysis of ANI between Akkermansia genomes reinforced the previously 

established phylogroup structure[48-50] and added a new phylogroup (Figure 1A). This phylogroup, 

which I termed AmVI, is represented by Akkermansia isolated from a patient undergoing cancer 

immunotherapy and a patient with amyotrophic lateral sclerosis. Current standards use 95% ANI 

as a threshold to define new species[64,65], and a 98% ANI threshold has been used to define sub-

species[93]. I calculated the average ANI between each pair of phylogroups and determined that 

the established phylogroups of A. muciniphila should be considered as separate species based on 

the 95% threshold, with Akkermansia AmI being considered A. muciniphila sensu stricto, as it 

includes the genome for the A. muciniphila type strain MucT. At a 98% threshold, A. muciniphila 

splits into two sub-species: AmIa and AmIb (Figure 1B). Two genomes that belonged to the 
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AmIII group, BAA-2869 and CSUN-56, each share an average ANI of less than 90% with all 

other phylogroups, indicating that these represent additional Akkermansia species (Supplemental 

Figure 1, supplemental figures found in Appendix A). I have chosen to exclude the BAA-2869 

and CSUN-56 genomes from further analyses, as they are likely single representatives of new 

species. 

 

Figure 1. Genomic analysis of Akkermansia genomes and evidence of 
speciation among seven major phylogroups. A) Average nucleotide identity (ANI) 

based on whole genome comparisons, as calculated using pyANI in anvi’o. The heatmap 
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displays levels of ANI similarity between pairwise comparisons and grouping is set at a 
95% similarity threshold. Red denotes a pairwise ANI of 95% or above. Major 

phylogroups are highlighted and labeled to maintain consistency with those previously 
published[48-51]. Note the presence of the new AmV and AmVI phylogroups. B) 

Comparison of average ANI between Akkermansia phylogroup. Differences in average 
ANI below 95% were used to denote new species among phylogroups and an average 
ANI between 95% and 98% was defined to assign new sub-phylogroups within those 

new species (dotted lines on each subplot). C) Comparison of average (red line) genome 
sizes of high-quality complete genomes of representative members of Akkermansia 

phylogroups. 

As further evidence of the distinctiveness of Akkermansia species, an ANOVA test 

indicated that there are statistically significant differences in their average genome sizes (F(6,225) 

= 92.77, p < 0.0001).  A. muciniphila genomes were the smallest with AmIa and AmIb displaying 

averages of 2.743 Mbp and 2.816 Mbp, respectively. Similarly, AmV had an average genome 

size of 2.809 Mbp. A. massiliensis (AmII), AmIII, and AmVI were larger with average genome 

sizes of 3.112 Mbp, 2.956 Mbp, and 3.161 Mbp, respectively (Figure 1C). A. biwaensis (AmIV) 

had the largest genomes with an average size of 3.213 Mbp. 

I next refined the evolutionary relatedness among Akkermansia genomes by identifying a 

total of 137 single-copy, core gene clusters among Akkermansia groups. I included A. 

glycaniphila to anchor into a deeper branch of the Akkermansia evolutionary tree. The aligned 

amino acid sequences predicted to be encoded by these gene clusters were concatenated to 

generate a phylogenetic tree. After rooting the tree to A. glycaniphila, I found a similar clustering 

of Akkermansia core proteins into the same phylogroups as predicted by ANI (Figure 2A). 
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Figure 2. Phylogenetic clustering supports the establishment of ANI-based 
splitting of A. muciniphila into several species. A) Phylogenetic analysis of core 

Akkermansia proteins. The predicted amino acid sequences encoded by single-copy 
Akkermansia genes were aligned and concatenated using anvi-get-sequences-for-gene-
clusters. anvi-gen-phylogenomic-tree was used to generate a phylogenomic tree with 

FastTree. A. glycaniphila was used as an outgroup, and individual strains are highlighted 
by the proposed species and subspecies. Numbers denote main branch lengths. B) 

Phylogenetic grouping of full-length 16S rRNA gene sequences were extracted from 
genome sequences within anvi’o. Clustal Omega was used to perform the alignment of 

those sequences, and the resulting phylogenetic tree was used for visualization. A. 
glycaniphila was used as an outgroup, and individual strains have been highlighted by 

phylogroup. 

The divergence of 16S rRNA sequence identity is commonly used to distinguish between 

species[62,66]. I extracted full-length representative 16S rRNA gene sequences for 217 genomes 

and generated a phylogenetic tree rooted on A. glycaniphila. As with genome level ANI and core 

protein divergence, Akkermansia 16S rRNA sequences clustered by phylogroup, except for AmIa 

and AmIb sub-phylogroups, which could not be resolved. While these observations further 

support the phylogroup-level separation by ANI and core phylogeny, the average 16S rRNA gene 

sequence identity between any pair of phylogroups does not meet the commonly used threshold 

of 97%. At a higher species-demarcating threshold of 98.65%, only A. biwaensis and the AmVI 

phylogroup together would be considered a new Akkermansia species (Figure 2B, Supplemental 

Figure 2). 

2.2.2 Akkermansia species are differentiated by their core genomes and 
predicted metabolic function 

To further differentiate between A. muciniphila, A. massiliensis, and A. biwaensis, I first 

identified gene clusters that were present in every genome of a single species, but not in the other 

species. I then identified gene clusters that were present in all genomes of two species, but not the 

remaining, and gene clusters present in all genomes of all three species (Figure 3A). I found that 
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43% of these gene clusters (1192/2748) are present in all three species. A. biwaensis contains 664 

gene clusters which are not core to A. muciniphila or A. massiliensis, A. massiliensis contains 

153, and A. muciniphila only contains 85. That is, while 95% (1524/1609) and 91% (1568/1721) 

of the total A. muciniphila and A. massiliensis core genomes, respectively, are shared with the 

other species, only 73% (1792/2456) of the total A. biwaensis core genome is shared. This 

decrease in core genome size from A. biwaensis to A. massiliensis to A. muciniphila correlates 

with the relatedness of these species relative to A. glycaniphila. 

 

Figure 3. Akkermansia species are distinguishable by their estimated metabolic 
capabilities. A) Unique core gene clusters were defined as those present in all genomes 
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of one species, but not present in every genome of another species. Shared core gene 
clusters (n=1192) were defined as those present in all genomes of multiple species. All 

core gene clusters were categorized by these definitions and tallied to define the sizes of 
the A. muciniphila, A. massiliensis, and A. biwaensis core genomes. B) Estimated metabolic 

enrichment analysis indicates the gain or loss of some metabolic pathways in 
Akkermansia phylogroups. Blue indicates pathway presence, calculated by pathway 

completeness of 50% or greater. 

To define the predicted metabolic capabilities of the new Akkermansia species and 

phylogroups, I assigned functions to predicted open reading frames (ORFs) based on the KEGG 

Orthology (KO). The resulting KOs were filtered to include only those that were annotated to be 

present, or absent, from at least three genomes in each phylogroup (Figure 3B). As previously 

reported, gene clusters involved in assimilatory sulfate reduction are absent in A. massiliensis and 

A. biwaensis[50], and gene clusters involved in cobalamin biosynthesis are unique to A. 

massiliensis[58]. Additionally, A. biwaensis was enriched for genes involving formaldehyde 

assimilation but lacks lipoic acid biosynthetic genes.  A. massiliensis and A. biwaensis are 

enriched for genes associated with chondroitin sulfate degradation, while multidrug resistance 

pumps present in the AmIa and AmIb phylogroups are missing from A. massiliensis, A. 

biwaensis, and AmV Akkermansia. The predicted metabolic capabilities of AmIII are largely the 

same as those of A. massiliensis, except that AmIII lacks lipoic acid biosynthesis. Likewise, 

AmVI is similar to A. biwaensis, however, the AmVI strains are not enriched for formaldehyde 

assimilation. 

2.2.3 Phenotypic characterization of Akkermansia species 

Analysis of Akkermansia pangenomes suggests there is significant diversity amongst 

Akkermansia species in terms of metabolic capabilities[49,50,53]. Additional studies corroborated the 

phenotypic diversity between isolates of these species in vitro[50,60]. Two studies further 
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characterized isolates using biochemical test kits and fatty acid methyl ester (FAME) 

analysis[58,59]. However, these studies were restricted to a single strain of A. muciniphila (MucT), 

A. glycaniphila (PytT), and one isolate of A. massiliensis and A. biwaensis. To account for strain 

differences within a species, I performed FAME analysis and API 20A biochemical assays on 16 

Akkermansia isolates, including multiple isolates from each species and both A. muciniphila 

phylogroups. 

Fatty acid composition is a recommended means to phenotype microorganisms in clinical 

settings and has been used to differentiate closely related species, such as those of 

Legionella[71,94]. FAME analysis was performed on six representative A. muciniphila isolates, in 

addition to two AmV, three A. massiliensis, three A. biwaensis, and two AmVI isolates. To 

compare the results across phylogroups, I then performed a Principal Component (PC) Analysis 

(Figure 4A). Three clusters of isolates were distinguished from PC1 and PC2, which account for 

61.61% of the overall variance. These clusters primarily consist of i). A. muciniphila and AmV; 

ii) A. massiliensis, and iii) A. biwaensis and AmVI. Distinguishing between the A. muciniphila 

and A. biwaensis by individual fatty acids was not possible. However, of the fatty acids present at 

an abundance greater than 1%, I found that C14:0 iso and C15:0 iso distinguished A. massiliensis 

from the other species (Figure 4B, Supplemental Figure 3).  
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Figure 4. Akkermansia species are distinguishable by their fatty acid 
composition. A) A principal components analysis was performed to compare fatty acid 
composition across species. The principal component scores distinguish between three 

clusters comprised primarily of either A. muciniphila and AmV, A. massiliensis, or A. 
biwaensis and AmVI, as indicated by dotted ellipses. Isolates are colored by species. B) 
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Average fatty acid composition by C14:0 iso and C15:0 iso distinguish A. massiliensis 
from other Akkermansia species. 

Next, I used the API 20A system to perform metabolic/biochemical phenotyping on six 

A. muciniphila, two AmV, three A. massiliensis, four A. biwaensis, and one AmVI isolate 

(Supplementary Tables 4 and 5). Out of the 21 assays performed, 15 yielded negative results for 

all isolates. All isolates were positive for glucose and lactose utilization, and the remaining four 

assays yielded varied results. Mannitol utilization was absent in all AmV, A. massiliensis, and 

AmVI isolates, but varied between isolates of A. muciniphila and A. biwaensis. Maltose 

utilization occurred in both AmV isolates, not in the AmVI isolate, and varied between isolates of 

A. muciniphila, A. massiliensis, and A. biwaensis. All isolates of AmV and A. biwaensis could use 

mannose but not the AmVI isolate, and mannose utilization varied between isolates of A. 

muciniphila and A. massiliensis. Catalase activity was present in all isolates of AmV and A. 

massiliensis, absent in the AmVI isolate, and varied between isolates of A. muciniphila and A. 

biwaensis. Interestingly, this variability in catalase activity correlates to the variable, low, and 

high sensitivity to growth in aerobic environments we described for A. muciniphila, A. 

massiliensis, and A. biwaensis in a prior study[50]. 

2.3 Discussion 

In this study, I performed a detailed analysis of genomic variance among human and 

animal-associated Akkermansia isolates and reinforced the existence of at least six phylogroups 

(AmI-AmVI)[48-51]. I also provided further support for the assignments of new Akkermansia 

species, A. massiliensis, and A. biwaensis, and for at least two A. muciniphila sub-species groups. 

These conclusions are based on meeting the threshold of separate species as assessed by a 95% 

genome ANI threshold, which was then further supported when comparisons were limited to 
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proteins encoded by Akkermansia core genes. Species assignments have traditionally used a 97% 

threshold of 16S rRNA gene identity, and at a less restrictive threshold of 98.65%, only one new 

species would be formed, containing the AmIV and AmVI phylogroups. However, discrepancies 

between ANI and 16S rRNA gene identities when making species classifications are not 

uncommon. Genome-based classifications of Burkholderia and Anaplasma isolates have 

identified strains that rise to the level of new species by ANI, but not 16S rRNA gene sequence 

identity, suggesting that the utility of 16S rRNA identity as a sole determinant of species 

classification is limited[95,96]. These studies suggest that whole genome data methodologies, such 

as producing single-copy core gene phylogenies and ANI clustering, are more appropriate for 

demarcating closely related species. Indeed, the AmII and AmIV phylogroups were recently 

renamed A. massiliensis and A. biwaensis, respectively[58,59]. The report that renamed 

Akkermansia AmII as A. massiliensis suggested that the AmIV phylogroup also met the criteria of 

a new species and proposed the name “Candidatus Akkermansia timonensis”. However, several 

AmIV strains had been previously isolated, and their genomes sequenced, making the candidatus 

term inappropriate[50,92]. Overall, the results of this study indicate that A. muciniphila should be 

split into several species including A. muciniphila, A. massiliensis, and A. biwaensis. The AmV, 

AmIII, and AmVI groups should be defined as novel species as well. Given that the two AmV 

isolates from Duke were from mice with different chronic intestinal inflammatory disorders[51], I 

propose for this phylogroup to be renamed Akkermansia ignis. Similarly, since both AmVI 

isolates were derived from patients in Durham NC, I propose to rename this phylogroup as 

Akkermansia durhamii. Both genomic and FAME analysis of multiple isolates indicate that A. 

ignis is more closely related to A. muciniphila, and A. durhamii is more related to A. biwaensis.  
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I noted marked differences in the genome sizes of the genus Akkermansia, with A. 

massiliensis, A. biwaensis, and A. durhamii displaying genomes >15% larger than A. muciniphila. 

Based on my phylogenetic analysis, it appears that the A. biwaensis/A. durhamii branch split from 

the A. massiliensis/A. muciniphila branches, and that these branches evolved separately with the 

smaller A. muciniphila becoming most prominent in human samples worldwide (Figure 1A).  

Several different methodologies have been applied for the pangenomic analysis of the 

Akkermansia genus to define genetic boundaries between various clades. However, these studies 

have not generally taken into consideration the impact that novel species or subspecies 

assignments may have on our understanding of the relationship between Akkermansia and 

health[49,53,54,57,97]. The new species outlined, both as previously suggested[49,50,60,92] and reinforced 

by the results presented in this study, highlight that there are clear phenotypic differences that 

may be relevant to the interaction between Akkermansia and their hosts. Likewise, prior 

associative studies have considered all human associated Akkermansia as A. muciniphila, and thus 

there is currently no knowledge as to whether these associations are applicable across the entire 

genus or vary from species to species. It is now possible to reexamine previously established 

correlations between Akkermansia and human health, which could be particularly relevant when 

considering the potential of Akkermansia strains to be developed into next-generation 

probiotics[31,89,90]. 

2.4 Methods 

2.4.1 Growth conditions and media 

Akkermansia strain isolation and growth were performed in a Coy Laboratory anaerobic 

chamber under 5% hydrogen, 5% carbon dioxide, and 90% nitrogen. Cultures were incubated at 
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37°C. Akkermansia isolates were grown in mucin medium, as defined previously[15], consisting of 

3mM KH2PO4, 3 mM Na2PO4, 5.6 mM NH4Cl, 1mM MgCl2, 1 mM Na2S ⸱ 9H2O, 47 mM 

NaHCO3, 1 mM CaCl2, 40 mM HCl, trace elements, vitamins, and 0.25% porcine gastric mucin 

(type III, Sigma-Aldrich). Isolates were also grown in synthetic medium, as defined previously, 

which replaces mucin for 0.2% GlcNAc, 0.2% glucose, 16 g/L of phytone peptone, and 4 g/L of 

threonine[14]. Where indicated, media was supplemented with, alone or in combinations, cysteine 

(0.5 mM), vancomycin (6 μg/ml), gentamicin (10 μg/ml), and kanamycin (12 μg/ml). 

2.4.2 Isolation of Akkermansia from fecal samples 

For “RCC” genomes (Supplemental Table 1), the isolation of strains was performed as 

described previously[50]. Approximately 75 mg of frozen stool was used to inoculate 1 ml of 

mucin medium, supplemented with vancomycin, gentamicin, and kanamycin, and incubated for 

48 hours. Three sequential passages were performed in mucin medium, and a sample was 

streaked on 1% agar BBL brain heart infusion plates, supplemented with 0.2% mucin, to facilitate 

the isolation of single colonies. 

For “PALS” genomes (Supplemental Table 1), approximately 100 mg of frozen stool was 

used to inoculate 1 ml of mucin medium, supplemented with cysteine, vancomycin, gentamicin, 

and kanamycin, and incubated for 48 hours. Three sequential passages at 1:10 dilutions were 

performed, and a sample was streaked on 1% agar mucin medium plates, supplemented with 

cysteine, to facilitate the isolation of single colonies. After 7 days at 37°C, individual colonies 

were picked and cultured in synthetic media supplemented with cysteine. 
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2.4.3 Genome sequencing and annotation 

Sequencing and annotation of “RCC” genomes was performed as described 

previously[50]. Genomic DNA extractions were carried out using a MagAttract high-molecular-

weight DNA kit (Qiagen catalog 67563) following the manufacturer’s protocol. DNA was 

ethanol precipitated, then concentrations were determined using the Qubit double-stranded DNA 

(dsDNA) broad-range kit (Thermo Scientific). Library preparation was performed using a 

SMRTbell template prep kit (Pacific Biosciences version 2.0), and genome sequencing was 

carried out on a PacBio Sequel Instrument. PacBio SMRTLink (v 8.0.0) was used to perform 

demultiplexing, and SAMtools was employed to convert the resulting BAM files to fasta files[98]. 

For “PALS” genomes, genomic DNA extractions were carried out using the DNeasy 

Blood & Tissue kit (Qiagen catalog 69504) following the manufacturer's protocol. DNA 

concentrations were determined using the Qubit dsDNA broad-range kit (Thermo Scientific). 

Library preparation and sequencing were performed by SeqCenter (www.seqcenter.com). The 

Oxford Nanopore Technologies (ONT) Ligation Sequencing Kit (SQK-NBD114.24) with 

NEBNext® Companion Module (E7180L) was used to prepare DNA sequencing libraries, 

adhering to the manufacturer's specifications. Genome sequencing was carried out on Nanopore 

R10.4.1 flow cells using the MinION Mk1B device. For base calling and demultiplexing, Guppy 

(v6.3.8) was employed due to its super high accuracy (SUP)[99]. 

In both cases, the resulting fastq files were assembled into a single contig using Flye[98]. 

We used the Illumina DNA Prep kit and IDT 10bp UDI indices to prepare additional libraries, 

which were then sequenced on an Illumina NextSeq 2000, generating 2x151bp reads. 

Subsequently, demultiplexing, quality control, and adapter trimming were performed using bcl-

convert (v3.9.3)[100]. To refine the Flye assembled genome, Pilon was used in combination with 
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the Illumina reads for autocorrection[101]. The assembly underwent annotation and quality 

evaluation using the PATRIC genome annotation service[102]. 

2.4.4 Data access 

Additional Akkermansia genomes (n=221) were retrieved from NCBI. A summary of 

each isolate can be found in Supplemental Table 1. Sequences for the Akkermansia durhamii 

isolates have been deposited in GenBank under BioProject accession number PRJNA1066260. 

2.4.5 Pangenomic analysis 

A comparison of 234 Akkermansia genomes was performed using the pangenomic 

workflow in anvi’o version 7.1[103]. The fasta files obtained from NCBI were converted into 

contigs-fasta format to meet the needs of further anvi’o programs using the parameters –

simplify_names and –seq-type NT. The reformatted files were then used to generate databases 

with anvi-gen-contigs-database. The resulting databases were annotated using anvi-run-hmms, 

anvi-run-cogs, and anvi-run-kegg-kofams[104,105]. Average nucleotide identity (ANI) between all 

genomes was calculated using anvi-compute-genome-similarity using the pyANI method. Based 

on the results of pyANI, each genome was assigned to a phylogroup. Phylogroup classification 

was then assigned as metadata using anvi-import-misc-data[106]. 

A default collection was created to summarize every gene cluster in the pangenome using 

anvi-script-add-default-collection and anvi-summarize. The core gene clusters unique to each 

species and those shared between species were determined by filtering for those gene clusters 

present in all genomes of at least one species. Additionally, the protein sequences of the single-

copy core gene clusters shared with A. glycaniphila were extracted and concatenated using anvi-
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get-sequences-for-gene-clusters, and anvi-gen-phylogenomic-tree was used to generate a 

phylogenetic tree of those sequences[107]. 

Estimation of functional enrichment was performed using anvi-estimate-metabolism 

using the parameter –module-completion-threshold 0.5[108]. Representative full-length 16S rRNA 

gene sequences for each genome were extracted using anvi-get-sequences-for-hmm-hits using the 

parameter –hmm-source Ribosomal_RNA_16S. Alignment of these sequences and tree 

generation was then performed using Clustal Omega[109].  

2.4.6 Phenotypic characterization 

For fatty acid methyl ester profiling, select Akkermansia strains were grown to saturation 

in 10 mL of synthetic medium, then harvested by centrifugation at 10,000g for five minutes. 

Harvested bacteria were resuspended in 2 mL of 1:1 PBS and 50% glycerol, then profiling was 

performed by EMSL Analytical Inc. The API 20A system (bioMérieux catalog 20300) was used 

to measure 21 different biochemical phenotypes, including indole formation, urease and catalase 

activity, gelatin and esculin hydrolysis, and 16 acidification reactions. Select Akkermansia strains 

were grown for one week on synthetic medium agar plates at 37°C. Biochemical tests were then 

performed according to the manufacturer’s protocol under anaerobic conditions for 48 hours. 

2.4.7 Statistics and visualization 

Figures were finalized using Inkscape[110]. Metabolic pathway completeness was 

visualized using the package pheatmap (v1.0.12) in R. Phylogenetic trees were visualized using 

the Interactive Tree of Life[111]. GraphPad Prism 10 (v10.1.0)[112] was used to generate all 

remaining graphs, calculate the average ANI and 16S rRNA sequence identity between 

phylogroups, and perform statistical analysis. Principal Component Analysis of FAME results 
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used the standardized method, which scales data to have a mean of zero and a standard deviation 

of one, in GraphPad Prism. 
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3. Novel species-identification methods redefine the association 
between Akkermansia and human health 

The material presented in this chapter has been adapted from a manuscript that is 

currently under review in Microbiome Research Reports. The isolation and genome sequencing 

of the unpublished Akkermansia isolates used in this chapter was performed by my co-authors, 

Emilia Panzetta and Lauren Davey. The other authors were Jessica McCann, John Rawls, 

Gilberto Flores, and Raphael Valdivia. The preliminary graph-versus-host-disease data was 

provided by the laboratory of Robert Jenq at MD Anderson Cancer Center. 

3.1 Introduction 

Akkermansia are common members of the human GI tract that have gained much 

attention over the past 20 years for their myriad associations with human health. While these 

studies have provided an encouraging basis for the engineering of Akkermansia strains for 

probiotic or therapeutic use, a majority of reports on the use of Akkermansia in preclinical or 

clinical trials have been primarily focused on the A. muciniphila AmI strain MucT[31,46]. In fact, 

most studies on Akkermansia biology generally have focused on this strain. In part, this is 

because all human associated Akkermansia have thus far been classified as A. muciniphila, with 

the subdivision of this species into several being a relatively recent point of consideration. 

However, as we begin to appreciate the diversity within Akkermansia, the need to investigate a 

range of isolates for their utility in promoting health becomes more relevant. 

In Chapter 2, I demonstrated that the genus Akkermansia may be subdivided into multiple 

species, of which A. muciniphila, A. massiliensis, and A. biwaensis are the most prevalent. I also 

showed that these species differ in their estimated metabolic capabilities, and phenotypic traits, 

such as their fatty acid composition and biochemical activity. These differences were further 
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substantiated by prior studies, which demonstrated in vivo differences between phylogroups 

which could be linked to interactions with its host, such as vitamin B12 biosynthesis, TLR 

stimulation, and adherence to epithelial cells[49,50]. Given the possible impacts on human health 

that these phenotypes may have, I postulated that different Akkermansia species present in the GI 

tract will have different impacts on their human hosts. Indeed, one prior study found that, based 

on gene markers from MAGs, the association observed between A. muciniphila and body mass 

index (BMI) did not apply to additional Akkermansia candidate species[54]. However, the most 

used analysis tools and databases, such as SILVA for 16S rRNA gene sequencing or the gene 

marker databases used by MetaPhlAn3 for metagenomic sequencing[113,114], currently do not 

distinguish between these Akkermansia phylogroups. 

In this chapter, I used the new classifications outlined in Chapter 2 to develop methods to 

identify Akkermansia species and subspecies from publicly available 16S rRNA and 

metagenomic sequences of stool samples. I provide several case studies to support the premise 

that the relationship between the relative abundance of Akkermansia and health outcomes can be 

dependent on which Akkermansia phylogroup is present. Finally, I demonstrated the potential for 

these methods to be applied to additional Akkermansia species and an additional health-relevant 

GI bacterium, Ruminococcus gnavus. 

3.2 Results 

3.2.1 Akkermansia species and subspecies-level assignments can be made from 
metagenomic sequences 

Akkermansia species and phylogroups have distinct metabolic, in vitro phenotypic, and in 

vivo competitive characteristics that could be linked to health or disease risks[49-51,60]. Based on 

these distinctions, I hypothesized that we could use existing 16S rRNA and metagenomic 
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sequencing data generated from various patient cohorts to clarify the relationships between 

Akkermansia species and human health. I leveraged my pangenomic analysis results from chapter 

two to enhance existing metagenomic sequencing tools, enabling me to achieve species and 

phylogroup-level resolution of the Akkermansia in these published datasets. 

To determine if existing bioinformatics tools to identify strains can distinguish between 

Akkermansia species, I used the data from POMMS, which has matching 16S rRNA gene 

amplicon and shotgun metagenomic sequencing datasets derived from stool samples[50,115]. Our 

group also previously identified and isolated Akkermansia strains from several of these 

samples[50]. I identified Akkermansia phylogroups from metagenomic sequencing data using a 

combination of three strain-finding programs, StrainPhlAn3, StrainR, and SMEG[83,87,116]. 

StrainPhlAn3 is broadly used to identify bacterial strains from metagenomic data based 

on single nucleotide polymorphisms (SNPs) within species marker genes[117]. To identify 

Akkermansia phylogroups, I ran metagenomic sequencing data from POMMS through the 

StrainPhlAn3 workflow, including 31 samples from which our group had previously identified 

and isolated the dominant Akkermansia species[50]. StrainPhlAn3 frequently failed to detect 

Akkermansia in samples where the relative abundance was less than 0.5% of total bacterial 

sequences and was therefore able to assign a species or phylogroup to only 85 out of 146 

POMMS metagenomes with detectable (greater than 0% relative abundance) levels of 

Akkermansia as assessed by MetaPhlAn3 (Supplemental Figure 4A).  

SMEG (Strain-level Metagenomic Estimation of Growth rate) is designed to identify 

closely related bacterial strains and to estimate their growth rate[116]. SMEG clusters are defined 

during database generation based on SNP prevalence among reference genomes, and the 
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predicted Akkermansia species or phylogroup is determined based on what cluster the POMMS 

control samples are assigned to during growth rate estimation. SMEG estimates the growth rate of 

bacteria in each sample by calculating the coverage of SNPs closer to the origin of replication, as 

compared to those closer to the terminus region. Therefore, the presence of Akkermansia in a 

sample is indicated by a non-zero estimated growth rate of those clusters. Using SMEG, I was 

able to assign a species or phylogroup to 108 out of 146 POMMS metagenomic samples with 

detectable levels of Akkermansia, which allowed for improved sensitivity in assigning 

phylogroups and for the estimation of growth rates in vivo. The results of a simple linear 

regression indicate that the relative abundance of A. muciniphila is a significant predictor of its 

estimated growth rate (R2=0.1281, F(1,52)=7.642, p=0.0079) (Figure 5). However, no significant 

association between growth rate and relative abundance was found for either A. massiliensis 

(R2=0.0043, F(1,22)=0.0956, p=0.7601) or A. biwaensis (R2=0.0094, F(1,5)=0.0473, p=0.8365). 

Several samples display high growth rates despite having a low abundance of A. massiliensis or 

A. biwaensis. Additionally, the relative abundance of A. muciniphila explains only 12.81% of the 

variation in the estimated growth rate. Thus, other factors, such as predation by phages, 

interbacterial competition, or differential adherence to the GI epithelia, may play significant roles 

in determining the prevalence of Akkermansia species in stool. 
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Figure 5. Estimated in vivo growth rate is a minor contributor to the relative 
abundance of Akkermansia species in stool samples. A simple linear regression was 

performed to determine if the relative abundance of Akkermansia in metagenomic 
sequencing samples is predictive of the estimated growth rate, as determined by SMEG. 
Each regression line is colored by, and represents, either A. muciniphila, A. massiliensis, or 

A. biwaensis. 

StrainR is designed for the relative quantification of highly related strains from 

metagenomic datasets[87]. StrainR does this by fragmenting reference genomes into Kmers, which 

are roughly equal in size to metagenomic sample read length. Then, these Kmers are filtered, 

keeping only Kmers that are unique to each reference genome. Metagenomic sequencing reads 

are then mapped to these fragments using only perfect matches, and abundance is calculated as 

the median of fragments per thousand unique Kmers per million reads mapped. I generated a 

StrainR database using one representative Akkermansia genome per species and phylogroup. 

StrainR assigned a species or phylogroup to 139 out of 146 POMMS metagenomic samples with 

detectable levels of Akkermansia, nearly doubling the sensitivity of StrainPhlAn3. Out of those 

146 POMMS samples with detectable levels of Akkermansia, 138 (94.52%) were found to 
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contain a single Akkermansia species. The remaining eight samples all contained A. muciniphila 

in addition to A. massiliensis and/or A. biwaensis. Of the samples containing only A. muciniphila, 

92 were predicted to contain both AmIa and AmIb. The ratio of AmIa and AmIb was consistent 

(~23% /72%) and independent of the total relative abundance of A. muciniphila in the samples 

(Supplemental Figure 4B). This could mean that StrainR is unable to reliably distinguish between 

AmIa and AmIb or, more unlikely, that AmIa and AmIb strains always co-occur at fixed ratios. 

To validate the effectiveness of these methods, the Akkermansia species and subspecies 

predicted bioinformatically in POMMS patients were compared against strains isolated from the 

corresponding stool samples. Out of 31 POMMS metagenomic samples with known matching 

isolates, I identified 26 samples with measurable levels of Akkermansia, as assessed by 

MetaPhlAn3, for which we could predict the prevalent phylogroup by a combination of 

StrainPhlAn3, StrainR, and SMEG.  For these samples, 24/26 (92%) of the isolated strains 

matched the predicted species or phylogroup. Eight samples in the entire dataset were predicted 

to contain more than one Akkermansia species, accounting for a range of 1.57 – 33.50% and a 

median of 13.83% of Akkermansia abundance being contributed by the additional minor species. 

Note that this method has only been validated to distinguish between the A. muciniphila, A. 

massiliensis, and A. biwaensis species, as the validation dataset does not include Akkermansia 

AmIII, A. ignis, or A.durhamii isolates. 

3.2.2 Akkermansia species-level assignments can be made from 16S rRNA V3-
V4 gene regions 

I noted that full-length 16S rRNA gene sequences clustered by the new proposed 

Akkermansia species nomenclature in chapter two (Figure 2). I then determined that this 

clustering is maintained if the analysis is restricted to the V3-V4 subregion of the 16S rRNA 
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gene, which is commonly used in 16S rRNA gene-based microbial community profiling 

(Supplemental Figure 5). Therefore, I looked at 16S rRNA V3-V4 sequences generated in the 

POMMS study to determine if species-level assignments can be made for this cohort. The 

sequences of amplified sequence variants (ASVs) annotated as genus Akkermansia were extracted 

and aligned to 16S rRNA gene sequences from our reference strains. Based on their co-clustering, 

the ASVs are then assigned to either A. muciniphila, A. massiliensis, or A. biwaensis. The 

phyloseq taxa table was edited to reflect these species reassignments, then the phyloseq object 

was collapsed at the species level to merge any ASVs which may belong to the same species. I 

then compared the predicted phylogroups to the known species isolated from those same samples. 

Out of 34 samples with both 16S rRNA gene sequencing data and an isolated strain, the predicted 

and isolated species matched in 10 samples, and an additional species was identified in 21 

samples (minimum abundance 0.0015%, maximum abundance 0.0752%, average abundance 

0.0124%). While there may be more than one Akkermansia strain present in the original stool, our 

group mostly isolated one strain from any one sample[50] and the isolated species matched a 

predicted species in 31/34 (91%) of cases. Overall, our validation of both 16S rRNA and 

metagenomic analysis suggests a high accuracy in identifying the most prevalent human 

Akkermansia species. 

3.2.3 Correlations between Akkermansia species and health in metagenomic 
studies 

I next re-analyzed metagenomic datasets of patients with obesity, inflammatory bowel 

disease, or undergoing immunotherapies to treat cancer – instances where Akkermansia has been 

reported to influence health outcomes – to determine if there are correlations between specific 

species of Akkermansia and the health status of their host. Among all the samples analyzed where 
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Akkermansia sequences were detectable, I found A. muciniphila to be the most prevalent species 

(354/1088, 32.54%), followed by A. massiliensis (11.86%) and A. biwaensis (5.15%). In some of 

those samples (78/1088, 7.17%), more than one Akkermansia species was present. Most samples 

(648/1088, 59.56%) did not have measurable levels of Akkermansia. 

There is a negative correlation between Akkermansia abundance and obesity in adult 

humans and mouse models of diet-induced obesity[14,22,26,27,118]. I performed Mann-Whitney U 

tests to compare the relative abundances of A. muciniphila, A. massiliensis, or A. biwaensis 

between children with obesity (case) and control samples in the POMMS dataset (Figure 6A). 

There was no significant difference in the relative abundance of A. muciniphila (U = 6971, p = 

0.1569) or A. massiliensis between case and control (U = 7367, p = 0.3087). There was a 

significant difference in A. biwaensis between case and control samples (U = 7262, p = 0.0368), 

however, the low prevalence of A. biwaensis (8.16% of control samples and only 2.22% of case 

samples had detectable levels of A. biwaensis) limits the power of such analysis. 
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Figure 6. The relative abundance of the three main Akkermansia species in 
different patient cohorts can correlate with disease outcomes. A) Comparison of the 
relative abundance of A. muciniphila, A. massiliensis, and A. biwaensis between children 
with obesity, defined as having a gender-specific BMI greater than the 95th percentile, 

and control samples from the POMMS dataset. B) Comparison of the relative 
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abundances of A. muciniphila, A. massiliensis, and A. biwaensis between healthy controls, 
Crohn’s disease (CD), and ulcerative colitis (UC) samples from the combined IBD 

dataset. C) Comparison of the relative abundances of A. muciniphila, A. massiliensis, and 
A. biwaensis between patients who did not develop graph-versus-host-disease (No 

GVHD) and those who did (GVHD). 

Akkermansia abundance has been linked to varying risk for Inflammatory Bowel disease 

(IBD). Akkermansia have been found to be depleted in adult human cases of Crohn’s disease 

(CD) and ulcerative colitis (UC), while other studies have found Akkermansia to only be depleted 

in the case of CD (in pediatric patients), or to be associated with responsiveness to treatment 

rather than with disease occurrence[9,44,46,47]. Other multi-omics studies have found no significant 

association between Akkermansia and IBD[41,42]. I combined three of the largest adult-IBD 

metagenomic studies[41,42,119] and processed them to make Akkermansia species and subspecies 

assignments. In this combined dataset, 34.64% of samples (124/358) contained detectable levels 

of Akkermansia. 

Kruskal-Wallis H tests were performed to compare the relative abundances of A. 

muciniphila, A. massiliensis, or A. biwaensis between CD, UC, and control samples (Figure 6B), 

and I found a statistically significant difference in the relative abundance of A. muciniphila 

between disease groups (H(3) = 20.08, p < 0.0001). Pairwise comparisons using Dunn’s multiple 

comparisons test indicated that A. muciniphila is significantly decreased in the UC group, relative 

to healthy controls (control mean rank = 207.1, UC mean rank = 157.8, p <0.0001). Similarly, 

there is a significant difference in A. massiliensis relative abundance between groups (H(3) = 

10.30, p = 0.0058). Pairwise comparisons did not yield any statistically significant results, 

possibly due to the low prevalence of A. massiliensis in all groups (16.46% in controls, 8.66% in 
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CD, and 8.33% in UC. I also found no significant difference in A. biwaensis relative abundance 

between groups (H(3) = 5.075, p = 0.0791). 

Akkermansia has been implicated in the onset of neutropenia and worsened outcomes of 

graft-versus-host-disease[37,38]. For a preliminary analysis, I obtained metagenomic sequencing 

samples derived from the stool of patients undergoing hematopoietic cell transplantation who 

either did or did not develop GVHD within the first two weeks after transplantation (range 9 to 19 

days). I performed Mann-Whitney U tests to compare the relative abundances of A. muciniphila, 

A. massiliensis, or A. biwaensis between patients who did not develop GVHD and those who did 

(Figure 6C). I found no significant difference in the relative abundance of A. muciniphila (U = 

524, p = 0.3188), A. massiliensis (U = 565, p = 0.6982), or A. biwaensis (U = 560, p = 0.3520) 

between these patient groups. In this case, there appears to be no association between 

Akkermansia and the development of GVHD after two weeks in patients undergoing 

hematopoietic stem cell transplantation. However, this analysis was also limited by the small 

number of samples (non-GVHD n = 74, GVHD n = 16). Combined with the rarity of species like 

A. biwaensis, this dataset may have simply been too small to draw reliable conclusions from. 

I next asked if the relative abundance of A. muciniphila subspecies (AmIa and AmIb), 

influenced their correlation with health. In the POMMS dataset, there was no significant 

difference in the relative abundance of A. muciniphila AmIa (U = 7574, p = 0.5084) or AmIb (U 

= 7115, p = 0.2384) between case (obese) and control samples (Figure 7). For the combined IBD 

dataset, I found that there is a significant difference in both AmIa (H(3) = 11.75, p = 0.0028) and 

AmIb (H(3) = 11.08, p = 0.0039) between healthy and IBD groups. Post hoc pairwise 

comparisons indicated that AmIa is significantly decreased in both the CD and UC groups 

(control mean rank = 192.8, CD mean rank = 177.9, p = 0.0178, UC mean rank = 173.8, p = 
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0.0015), while AmIb is only significantly decreased in the UC group relative to healthy controls 

(control mean rank = 192.4, UC mean rank = 163.3, p = 0.0121). For the GVHD dataset, there 

was no significant difference in the relative abundance of either AmIa (U = 548, p = 0.4957) or 

AmIb (U = 518.5, p = 0.2718) between patients who did not develop GVHD versus those that 

did. 
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Figure 7. The relative abundances of A. muciniphila phylogroups in different 
patient cohorts can correlate with disease outcome. A) Comparison of the relative 

abundance of AmIa and AmIb A. muciniphila between children with obesity and control 
samples from the POMMS dataset. B) Comparison of the relative abundance of AmIa 

and AmIb A. muciniphila between healthy controls, Crohn’s disease (CD), and ulcerative 
colitis (UC) samples from the combined IBD dataset. C) Comparison of the relative 

abundances of AmIa and AmIb A. muciniphila between patients who did not develop 
graph-versus-host-disease (No GVHD) and those who did (GVHD). 

Akkermansia is associated with improved outcomes following PD-1 blockade treatment 

of epithelial tumors[36] and the relative abundance of Akkermansia is predictive of clinical 

responsiveness to similar treatment of non-small-cell lung cancer (NSCLC)[35]. In particular, the 

presence of Akkermansia in patient stools was associated with improved responses to 

immunotherapy and overall survival, compared to patients with no Akkermansia. I reanalyzed 

stool metagenomes from one of these studies and assigned a dominant Akkermansia species and 

subspecies to each sample[35]. Based on a Cox regression model, adjusted for sex and age of 

patients (Figure 8A,B), I found a significant survival difference between patients colonized 

predominantly by A. muciniphila, compared to patients that were Akkermansia free (HR = 0.580, 

95% CI: 0.408-0.820, p = 0.002). There was no significant survival difference between patients 

colonized predominantly by A. massiliensis or A. biwaensis. 
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Figure 8. The association between Akkermansia and improved survival 
following PD-1 blockade treatment depends on the dominant Akkermansia species 

and phylogroup. A) Cox regression model was used to determine the factors associated 
with prolonged survival after treatment for non-small-cell lung cancer. Cumulative 
survival is displayed using dominant Akkermansia species as the predictive variable, 

colored by species. The line for A. massiliensis is dotted to make the line for Akkermansia-
negative samples visible. B) The tabular results of the Cox regression model reveal that 

the relationship between Akkermansia and prolonged survival is specific to A. 
muciniphila. C) A Cox regression model was used to determine the factors associated 
with prolonged survival after treatment for non-small-cell lung cancer. Cumulative 

survival is displayed using the dominant A. muciniphila phylogroup as the predictive 
variable. D) The tabular results of the Cox regression model reveal that the relationship 

between A. muciniphila and prolonged survival is specific to the AmIa phylogroup. 

Further refining my analysis on the survival of patients with NSCLC undergoing immune 

checkpoint inhibitor treatment, I found a significant difference between A. muciniphila AmIa and 

AmIb. After restricting my analysis to those samples with detectable A. muciniphila, I generated a 
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Cox regression model (Figure 8C,D) and found that patients colonized predominantly by AmIa 

had a significant increase in survival compared to patients with no detectable A. muciniphila (HR 

= 0.492, 95% CI: 0.319-0.744, p = 0.001). I did not detect this enhanced survival in patients 

predominantly colonized with A. muciniphila AmIb (HR = 0.689, 95% CI: 0.434-1.062, p = 

0.101). 

Overall, my findings indicate that in circumstances where A. muciniphila is associated 

with an impact on host physiology or immunity, which subspecies predominates can make a 

difference in its association with disease outcomes. In IBD, AmIa abundance is linked to 

protection from both CD and UC, while AmIb was only associated with protection from UC. 

Likewise, the increased survival noted in NSCLC patients is only significant for those patients 

who were colonized by predominantly AmIa. 

3.2.4 Additional analysis demonstrates utility of species and phylogroup-
predicting methods to identify A. durhamii 

As mentioned above, the methods used to predict Akkermansia species and phylogroup 

from metagenomic sequencing data were only validated to distinguish between the A. 

muciniphila, A. massiliensis, and A. biwaensis species because the validation dataset that I used 

does not include AmIII, A. ignis, or A. durhamii isolates. However, both A. durhamii isolates 

described in Chapter Two were isolated from stool samples for which there is corresponding 

metagenomic sequencing data. Thus, I generated a new StrainR database by adding the PD12 

genome to the reference genomes used previously and a new SMEG database by adding both A. 

durhamii genomes to the reference genomes used previously. To validate the effectiveness of 

prediction by these methods, while considering A. durhamii, the predicted Akkermansia species 

and subspecies in POMMS patients and the two A. durhamii-associated metagenomics samples 
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were once again compared against corresponding stool samples. Out of the 33 metagenomic 

samples with matching isolates, I identified 29 for which I could predict the dominant species or 

phylogroup by a combination of StrainPhlAn3, StrainR, and SMEG. For these samples, 26/29 

(89.66%) of the isolated strains matched the predicted species or phylogroup. Two of the samples 

for which the isolated and predicted species did not match were from patients who provided 

additional samples, and those additional samples yielded isolates of the predicted species. Given 

this, it is likely that these two mismatched samples contain both the predicted and isolated species 

of Akkermansia. Additionally, the two A. durhamii-associated metagenomics samples, and only 

those samples, were predicted to contain A. durhamii. Overall, incorporating A. durhamii into the 

species predictive pipeline seems to be appropriate, though further validation as more genomes 

and metagenomic samples become available may be warranted. 

3.2.5 Phylogroup-prediction methods are likely applicable to other 
gastrointestinal microbes 

Thus far, I have demonstrated the utility of distinguishing between closely related species 

and phylogroups of Akkermansia within metagenomic data, as there are differential associations 

between each of these groups and human health outcomes. I then hypothesized that this would be 

a useful distinction to make for other GI bacteria, where such taxonomic groupings exist. In fact, 

this does appear to be the case for another mucophilic bacterium, R. gnavus. In a study relying 

solely on StrainPhlAn, R. gnavus was found to be comprised of two phylogroups, Rg1 and Rg2. 

Of note, Rg1 strains were present in both patients with IBD and healthy controls, but Rg2 was 

exclusive to patients with IBD[117]. As StrainPhlAn was the least sensitive program when applied 

to Akkermansia, it appeared likely that the application of my entire prediction method may 

benefit the study of R. gnavus in the context of human health as well. To determine if this was the 
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case, I used the same samples from that study, which have matching shotgun metagenomic 

sequencing data and isolated R. gnavus strains, and applied StrainPhlAn3, StrainR, and SMEG. I 

identified a predicted phylogroup in all 59 samples with matching isolates. For these samples, 

57/59 (96.61%) of the isolated strains matched the predicted phylogroup.  

Despite the high accuracy of these predictive methods, the SMEG program poses some 

issues as a standalone method of phylogroup prediction for R. gnavus. After building a database 

using seven and eight representative genomes for the two phylogroups, SMEG produced four 

clusters (C1-C4). C1 occurred alone and in combination with C2, C3, and C4. When alone, C1 

was always associated with Rg2 isolates. C2 occurred alone and in combination with C1, C3, and 

C4. When alone, C2 was always associated with Rg1 isolates. For this reason, I determined that 

C1 corresponds to Rg2, and C2 corresponds to Rg1. However, C3 and C4 never occurred in the 

absence of either C1 or C2. Additionally, C3 and C4 were each associated with both Rg1 and Rg2 

isolates (C3: 7 Rg1 isolates, 3 Rg2 isolates. C4: 10 Rg1 isolates, 10 Rg2 isolates). For that reason, 

I determined that C3 and C4 could not unambiguously correspond to either phylogroup. Thus, 

any metagenomic sample with C1 alone or co-occurring with C3 or C4 would be considered as 

Rg2, and any sample with C2 alone or co-occurring with C3 or C4 would be considered as Rg1. 

In this manner, 55 of the 59 samples with matching R. gnavus isolates also had predicted 

phylogroups by SMEG. Of these, 47 met the assignment criteria listed above. In total, 45/47 

(95.74%) predicted phylogroups matched the isolated phylogroup. This is a high success rate, but 

the ambiguous identities of C3 and C4 decrease the sensitivity (Figure 9) and call into question 

the applicability of SMEG in the analysis of R. gnavus. Without the ability to use C3 and C4, 

samples containing both C1 and C2 were thrown out, as a dominant phylogroup could not be 

unambiguously determined, resulting in 7/12 Rg2 isolate samples being ignored. 
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Figure 9. SMEG experiences issues with sensitivity in the analysis of R. gnavus 
phylogroups. StrainPhlAn3, StrainR, and SMEG were each run on the entire Hall 

dataset[117] to determine for how many samples a phylogroup of R. gnavus could be 
predicted. Similarly to the analysis of Akkermansia, StrainPhlAn3 detected phylogroups 

of R. gnavus less often in samples where the relative abundance of R. gnavus was less 
than 1% of total bacterial sequences, and StrainR demonstrated the greatest sensitivity. 

However, SMEG demonstrated a high rate of unidentified phylogroups in samples 
across a large relative abundance range, owing to the ambiguity of SMEG clusters 3 and 

4. 

Generally, this analysis suggests a high accuracy in identifying the R. gnavus 

phylogroups from metagenomic data. However, care should be taken to validate each of the 

programs individually against a cohort of metagenomic samples with associated isolates to assure 

their applicability to datasets of unknown composition. 

3.3 Discussion 

Current methods to analyze community sequencing data depend heavily on the curation 

of databases against which sequences may be compared to determine the classification of 
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microbial taxa. Notable examples include the use of gene sequences compiled within databases, 

such as SILVA[113], for use in the analysis of ASVs generated from 16S rRNA gene sequencing 

data and clade-specific marker gene databases, as used by MetaPhlAn[83], for profiling 

metagenomic shotgun sequencing data. As described in Chapter 2, I found that Akkermansia 

species cannot be resolved at a threshold of 97% 16S rRNA gene identity, and thus 16S rRNA 

gene-based databases will likely never be able to resolve the newly separated Akkermansia 

species. Resolution of Akkermansia species from shotgun metagenomic data may yet be possible 

if sufficient marker genes are identified and incorporated into future versions of MetaPhlAn. For 

the time however, I have found that novel, more hands-on methods are required to distinguish 

between Akkermansia species as separate members of microbial communities. 

In this chapter, I have described methods by which species-level assignments can be 

applied to Akkermansia found in 16S rRNA gene amplicon and shotgun metagenomic data. 

Additionally, subspecies-level assignments may be made to refine the A. muciniphila identified 

from shotgun metagenomic data. In examining multiple datasets concerning various human health 

conditions, I found that A. muciniphila is the most common Akkermansia species found in human 

stool, reflecting the higher proportion of A. muciniphila strains isolated around the world, relative 

to other Akkermansia species. The relative abundance of A. muciniphila strains is also higher in 

human stool samples than other Akkermansia species, although their growth rates, as assessed by 

SMEG, are relatively equivalent (Figure 5).  This suggests that factors unrelated to replication 

rates (e.g. phage predation, susceptibility to host and microbiota antimicrobial compounds) may 

be a more prominent driver of overall Akkermansia abundance in the GI tract. It is also important 

to note that nearly 60% of all samples analyzed in these examples contained no detectable levels 

of Akkermansia of any kind. These zero-count data affect the overall power of our analyses, as 
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the average and median percent abundance is often 0% consequently. This means that, frequently, 

our interpretations of the data will often need to focus on the prevalence of Akkermansia in a 

population, rather than the relative abundance. 

Indeed, after applying the methods proposed in this chapter, I found that making species 

and subspecies level assignments refine the associations between Akkermansia and humans, 

where the prevalence of one sub-species may drive the associations observed in the past, as in the 

case of increased responsiveness to PD-1 blockade in patients colonized by AmIa Akkermansia. 

Thus, targeting specific strains to be developed into future probiotics should include an analysis 

of which species or phylogroup is most strongly associated with the health benefit of interest. 

Additionally, if one or more species of Akkermansia are determined to be negatively associated 

with health outcomes in a particular context, knowing what strains to avoid during therapeutic 

development will decrease the risk of failure or development of adverse effects. 

3.4 Methods 

3.4.1 Data access 

The 16S rRNA-based microbial community profiling results in the form of a phyloseq 

object and raw metagenomic reads for validation of the proposed phylogroup prediction methods 

were obtained from the Pediatric Obesity Microbiome and Metabolism Study (POMMS)[115]. 

Metagenomic sequencing samples for the IBD and non-small cell lung cancer (NSCLC) datasets 

were obtained from the Sequence Read Archive using Bioproject accessions PRJNA398089, 

PRJNA400072, PRJEB42151, PRJEB42155, PRJNA751792 and PRJNA782662[35,41,42,119]. 

Metagenomic sequencing samples for the GVHD dataset were provided by the laboratory of 

Robert Jenq at MD Anderson Cancer Center. Metagenomic sequencing data and isolate genomes 
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for the R. gnavus dataset were obtained from the Sequence Read Archive and NCBI using 

Bioproject accessions PRJNA385949 and PRJNA388337. 

3.4.2 Analysis of community profiling data 

The 16S rRNA-based microbial community profiling of the POMMS cohort was 

obtained as a phyloseq object[115], which included the prevalence of identified amplicon sequence 

variants (ASVs). Identification of Akkermansia species and phylogroups from this data was 

performed using Phyloseq (v1.32.0)[120] in R (v4.0.4)[121]. Alignment of ASV sequences and tree 

generation was performed using Clustal X (2.1)[122]. 

To determine species identity by StrainPhlAn 3.0, pre-processing with other tools in the 

bioBakery suite was necessary[83]. KneadData was applied to raw metagenomic sequencing reads 

to perform quality control. The indexed human hg37 reference database was used to filter out host 

sequencing reads. Then MetaPhlAn 3.0 was used to determine the relative abundance of genus 

Akkermansia in all samples. Finally, StrainPhlAn 3.0 was used on the resulting SAM files to 

determine the dominant species or phylogroup present in all samples using A. muciniphila clade 

markers[82]. I also ran POMMS samples for which we had previously identified and isolated 

Akkermansia. These samples of known species and phylogroup thus acted as controls. The 

resulting concatenated alignment files were subjected to Kimura 2-parameter correction using the 

distmat function of EMBOSS[123,124]. Finally, the species and phylogroup of Akkermansia in any 

given sample was determined based on which control had the shortest distance to that sample. 

To determine Akkermansia species identity by SMEG[116], I generated a SMEG database 

using the build_species module and 34 Akkermansia genomes representing different species and 

phylogroups (Table 1). I then ran SMEG on all raw metagenomic reads using module growth_est 
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and the R.0.9 generated database. POMMS samples with Akkermansia of known phylogroup 

were used as controls. To determine R. gnavus phylogroup identity by SMEG, I generated a 

SMEG database using 15 genomes representing the two phylogroups (Table 2). 

Table 1. Akkermansia genomes used to generate SMEG and StrainR databases. 
All genomes were used to generate a SMEG database. Genomes with an asterisk were 

also used to generate a StrainR database. 

A. muciniphila AmIa A. muciniphila AmIb A. massiliensis A. biwaensis 

MucT * Akk1570 * Akk0580 * Akk0196 * 

Akk0096 Akk0880 Akk1476 Akk0490 

Akk0200 Akk1370 Akk1573 Akk0496a 

Akk0500a Akk1376 Akk1863 Akk0496b 

Akk1713 Akk14745 Akk2000 Akk2750 

Akk2670 Akk0500b Akk2190  

 Akk1576 Akk2196  

 Akk1610 Akk2680  

 Akk1613 AkkB40  

 Akk1616   

 Akk1756   

 Akk1990   
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 Akk2030   

 Akk2090   

 

Table 2. R. gnavus genomes used to generate SMEG and StrainR databases. All 
genomes were used to generate a SMEG database. Genomes with an asterisk were also 

used to generate a StrainR database. 

Rg1 Rg2 

ATCC29149 * RJX1119 * 

RGNV35913 RJX1124 

S2789STDY5608852 RJX1128 

RJX1120 AGR2154 

CC55-001C RJX1125 

RJX1123 RJX1122 

RJX1121 RJX1127 

 RJX1126 

 

To determine species identity by StrainR[87], I generated a StrainR database using one 

representative Akkermansia genome per species and phylogroup (Table 1) using –kmersize 120. I 

then performed sample mapping, which resulted in the assignment of StrainR value to each 

species and phylogroup in all samples. I next determined the proportion of each phylogroup in a 
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sample, based on the summed StrainR values for that sample. These proportions were then 

multiplied by the relative abundance of Akkermansia, as determined by MetaPhlAn 3.0, to 

determine the relative abundance of each species and phylogroup. POMMS samples with 

Akkermansia of known phylogroup were used as controls. To determine R. gnavus phylogroup 

identity by StrainR, I generated a StrainR database using one representative R. gnavus genome 

per phylogroup (Table 2). 

3.4.3 Statistics and visualization 

Figures were finalized using Inkscape[110]. Phylogenetic trees were visualized using the 

Interactive Tree of Life[111]. GraphPad Prism 10 (v10.1.0)[112] was used to generate graphs and 

perform statistical analyses. Mann-Whitney U tests were used to compare relative abundances in 

datasets containing two disease groups, Kruskal-Wallis H tests were used to compare relative 

abundances in datasets containing more than two disease groups, and Cox regression was used for 

survival analyses. 

 



 

 
59 

4. Trials and tribulations in assaying the importance of biofilm 
production by Akkermansia 

Elizabeth Hughes provided a great deal of help in performing the mouse colonization 

experiments described in this chapter. Dustin Middleton assisted in the development of the 

protocol to quantify tissue-associated A. muciniphila. 

4.1 Introduction 

Biofilms are matrix-enclosed communities of microbes that are adherent both to each 

other and to biological and abiotic surfaces. To their residents, biofilms provide resistance to 

antimicrobial peptides, antibiotics, immune activity, and mechanical forces. These resistances 

thus allow for improved survival in otherwise hostile environments[125-127]. In the GI tract, the 

production of biofilm by the anaerobic bacterium Fusobacterium nucleatum has been implicated 

as a driver of colorectal cancer[128]. As healthy GI tissue with biofilm contains a microbiota more 

like tumor tissue than biofilm-negative healthy tissue, biofilm formation in the colon may then be 

predictive of increased risk for the development of colorectal cancer[128]. Biofilm production by 

another GI bacterium, Enterococcus faecalis, occurs in both its pathogenic and nonpathogenic 

states. Interestingly for the experiments described in this chapter, the biofilms produced by E. 

faecalis in vitro morphologically resemble biofilms produced in in vivo models[129]. 

During the isolation of the POMMS Akkermansia strain collection, a previous member of 

our laboratory, Lauren Davey, noticed that a newly isolated A. muciniphila strain, Akk147, 

produced biofilm after growth in synthetic medium in cell-culture-treated 96-well plates (Figure 

10). As most prior examinations of A. muciniphila were focused on the MucT strain, which does 

not produce biofilm under these same conditions, it is not surprising that biofilm production has 

never been reported in A. muciniphila. However, this focus on a single, non-biofilm-producing 
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strain, means that the function and consequences of biofilm production by A. muciniphila are 

unknown. Given that biofilm production confers competitive and protective benefits to other 

microbes within the GI tract, biofilm production may affect how A. muciniphila interacts with its 

host and the way it affects host health. 

 

Figure 10. An early addition to the POMMS isolate collection reveals the 
potential for biofilm production within the Akkermansia genus. The production of 

biofilm by strains MucT (BAA-835) and Akk147 was measured following crystal violet 
staining and extraction using an alcohol-acetate solution. While MucT displays minimal 
crystal violet staining, Akk147 is evenly stained across the entire surface of the 96-well 

plate well. 

In this chapter, I assayed our collection of Akkermansia isolates for biofilm production, 

finding variation within the genus that was not species-specific. I then generated a library of 

transposon mutants in one biofilm-forming isolate, finding several mutants that were deficient in 

biofilm production. These mutants implicated propionate, a byproduct of mucin degradation, in 
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the production of biofilm by A. muciniphila. Finally, I determined that in vitro biofilm production 

does not necessarily correlate with improved engraftment of A. muciniphila in a mouse model of 

GI colonization. These results indicate that there is not strong evidence to suggest that biofilm 

production is essential or beneficial for colonization of the GI tract in SPF mice on a normal diet. 

4.2 Results 

4.2.1 Akkermansia isolates are diverse in their ability to produce biofilms 

Previous analysis of Akkermansia isolates from the POMMS collection showed that these 

isolates vary across an array of phenotypes, including growth rate, aggregation, and oxygen 

sensitivity[50]. Because the initial characterization of two strains, MucT and Akk147, visually 

displayed differing biofilm production, I queried 71 additional strains for biofilm production 

(Figure 11A). To quantify biofilm production, I performed crystal violet staining of wells, as 

described in the methods section, and extracted the crystal violet into an alcohol-acetone solution. 

I performed a Kruskal-Wallis H test to compare the OD600 of those extractions between A. 

muciniphila, A. massiliensis, and A. biwaensis isolates. There was no significant difference in the 

amount of biofilm production between these species (H(3) = 4.330, p = 0.1147). Despite biofilm 

production not being a species-dependent phenotype, I did note that Akkermansia strains do 

generally vary in their ability to produce biofilm in synthetic medium within cell-culture treated 

plates. However, this assay was the result of three technical replicates within one biological 

replicate and needed to be reproduced.  
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Figure 11. Biofilm production varies across Akkermansia species and 
phylogroups. Biofilm production was measured following crystal violet staining of the 
POMMS collection of Akkermansia isolates. Biofilm production was determined across 
three technical replicates from all isolates in 2019. Three technical replicates for each of 

three biological replicates were repeated for the A. muciniphila isolates in 2022. Each 
point represents the mean of these nine replicates. Note that there exists variability in 
biofilm production within the genus and that biofilm production is not specific to any 

one group. The type strain, MucT is denoted in red. 

Unfortunately, biofilm production in Akkermansia has not been a reliable phenotype in 

my hands. Any further assaying of biofilm production was delayed by several months due to a 

lack of laboratory access in 2020 and a laboratory move between buildings. Upon resuming 

benchwork, I struggled for several months to successfully get strains to grow in either synthetic or 

mucin medium. Once I was able to determine which of my media components was preventing 

growth, I found that no isolates were producing biofilm in my assays. I found that this diminished 
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biofilm production was likely due to a change in one media component. Initially, our synthetic 

medium used soy peptone to serve as a mucin replacement. However, at the same time the 

aforementioned delays were occurring, our lab switched to using phytone peptone instead. 

Biofilm production appears to be sensitive to changes in media, as switching back to using soy 

peptone restored biofilm production in these isolates. After switching back to soy peptone, I 

repeated biofilm assays on the A. muciniphila isolates, incorporating three technical replicates 

within each of three biological replicates. I then performed Mann-Whitney U tests to compare the 

extracted biofilm OD600 between AmIa and AmIb (Figure 11B). There was no significant 

difference in the median OD600 (U = 29, p = 0.0622), though there is a trend of the AmIb isolates 

to produce more biofilm under these conditions than AmIa isolates. Overall, there is still diversity 

in biofilm production within this collection of isolates. 

To further demonstrate the effect that choice of media has on this phenotype, I queried 

biofilm production in synthetic medium, synthetic medium supplemented with mucin, BHI 

medium supplemented with mucin, or mucin medium. For this test, I used one non-biofilm-

producing strain (MucT), the biofilm-producing strain Akk147, and an additional strain 

(Akk1616) which I found to produce biofilm in greater quantities than Akk147 during screening 

of our isolate collection. For each combination of strain and medium, I assayed biofilm 

production across two biological replicates with three technical replicates each. I then performed 

a two-way ANOVA to determine the effect of media type and strain on biofilm production 

(Figure 12), finding a significant interaction between these two variables (F(6, 60) = 2.909, p = 

0.0148). Simple main effects analysis showed that strain had a statistically significant effect on 

biofilm production, (p < 0.0001) though this was expected, given my choice of strains. Media 

also had a statistically significant effect on biofilm production (p = 0.0137). After performing 
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post-hoc comparisons, I found that no medium type affects the non-productive nature of the MucT 

strain. Additionally, biofilm production by Akk147 was not affected by media type. However, 

biofilm production by Akk1616 in all three mucin-containing media was significantly decreased 

compared to biofilm production in synthetic medium (synthetic vs synthetic + mucin p = 0.0031, 

vs BHI + mucin p = 0.0002, vs mucin p = 0.0004). 

 

Figure 12. Biofilm production is influenced by choice of media. Biofilm 
production was measured in A. muciniphila isolates after growth in either synthetic 

medium, synthetic medium supplemented with mucin, BHI medium supplemented 
with mucin, or mucin medium. Biofilm quantification was not significantly affected by 
media choice in the non-biofilm-forming strain MucT or in the lower-biofilm-producing 
strain Akk147. Biofilm quantification by the highest biofilm-producing strain Akk1616 

was decreased after growth in any media containing mucin. 

4.2.2 Transposon mutagenesis of a biofilm producing strain reveals a 
potential link between propionate and biofilm production. 

To determine the genetic contributors to biofilm production in A. muciniphila, I 

performed transposon mutagenesis of the Akk147 strain, which at the time of selection, was the 

highest biofilm-producing isolate available. I assembled a library of ~1200 mutants, arrayed 
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across 14 96-well plates, and assayed each plate one time for biofilm production. From this initial 

series of assays, I identified 208 mutants that produced less biofilm than the wild-type Akk147 

strain. I then generated clonal stocks for the lowest biofilm producing mutants from each plate 

and re-assayed these mutants for biofilm production in triplicate. Arbitrary PCR was used to 

amplify the genomic region next to the transposons, the PCR products were sequenced, and the 

resulting sequences were aligned to the MucT genome to determine the transposon location in 

each mutant. 

From this process, I identified 12 unique insertion sites (Table 1) in low-biofilm-

producing mutants of strain Akk147. After comparison to the A. muciniphila KEGG database, I 

found that only three of these genes had identifiable KEGG pathways. Two of these genes may be 

of particular interest. Amuc_1974 is annotated as pyruvate phosphate dikinase, which is used by 

some bacteria to catalyze the conversion of phosphoenolpyruvate to pyruvate and ATP[130]. 

Amuc_1983 is annotated as the large subunit of methylmalonyl-CoA mutase, which is required 

for the fermentation of pyruvate to propionate[131]. This is interesting, as both genes may be 

involved in one pathway that results in the production of propionate. As relevant to Akkermansia 

and human health, the production of propionate by A. muciniphila is associated with improved 

host lipid metabolism, metabolic health, and immune signaling[22,132,133]. In Salmonella enterica, 

the addition of propionate to growth media results in reduced biofilm formation, quorum sensing, 

and bacterial adhesion to Caco-2 cells[134]. Additionally, co-culture with the propionate-producing 

Propionibacterium freudenreichii stimulates the methylmalonyl-CoA/propionate metabolic 

pathway of P. denitrificans, which then results in enhanced production of biofilm by P. 

denitrificans in a model system for biodenitrification[135]. It is thus possible that there is a 
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relationship between the byproducts of mucin degradation, biofilm formation by A. muciniphila, 

and host GI health. 

Table 3. Unique transposon insertions in biofilm deficient mutants of Akk147 

Gene Name Gene Function Pathways 

Amuc_0235 alpha-glucan 

phosphorylase 

Glycogen 

phosphorylase 

Starch and Sucrose metabolism 

Amuc_0335 ABC 

transporter 

related 

ABC transporter related 

protein (ATP-binding) 

 

Amuc_0355 hypothetical 

protein 

hypothetical protein 
 

Amuc_0710 Cation 

diffusion 

facilitator 

family 

transporter 

Cation diffusion 

facilitator family 

transporter, cobalt-zinc, 

cadmium resistance 

protein 

 

Amuc_0967 RNP-1 like 

RNA-binding 

protein 

RNP-1 like RNA-

binding protein 
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Amuc_1060 Membrane-

fusion protein-

like protein 

Membrane-fusion 

protein-like protein, 

CzcABC family efflux 

RND transporter 

 

Amuc_1283 outer 

membrane 

autotransporter 

barrel domain 

protein 

outer membrane 

autotransporter barrel 

domain protein 

 

Amuc_1554 hypothetical 

protein 

hypothetical protein 
 

Amuc_1974 pyruvate, 

phosphate 

dikinasae 

pyruvate, phosphate 

dikinasae 

Glycolysis/gluconeogenesis, 

pyruvate metabolism, carbon 

metabolism 

Amuc_1983 methylmalonyl

-CoA mutase, 

large subunit 

methylmalonyl-CoA 

mutase 

valine/leucine/isoleucine 

degradation, 

glyoxylate/dicarboxylate 

metabolism, propanoate 

metabolism, carbon metabolism 
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N/A 
 

CRISPR-associated 

protein, Csd2/Csh2 

family 

 

N/A 
 

hypothetical protein 
 

 

4.2.3 Biofilm production in vitro does not contribute to increased colonization 
of A. muciniphila in a mouse model. 

For Vibrio cholerae, biofilm-grown bacteria colonize the small intestine of mice up to ten 

times more effectively than planktonically grown bacteria, regardless of growth medium type[136]. 

Generally, biofilm production by V. cholerae and other bacteria within the GI tract has been 

associated with disease[128,136,137]. However, some solid-surface bacteria biofilms in the oral cavity 

have been shown to confer a protective effect against gingivitis-causing bacteria[138]. It has been 

postulated that biofilms may serve as a natural reservoir for the native microbiota to re-colonize 

the GI tract following a mass clearance due to infection or medical intervention[139]. For these 

reasons, I hypothesized that increased biofilm production by A. muciniphila may confer a greater 

capacity for colonization of the GI tract. 

To determine if in vitro biofilm production by A. muciniphila is correlated with 

colonization of the GI tract, I inoculated mice with low- and high-biofilm-producing strains of A. 

muciniphila from the POMMS collection described in previous chapters. MucT does not produce 

biofilm in synthetic medium, Akk147 was the first identified biofilm-producing strain from this 

collection, and Akk1616 was later found to produce the greatest amount of biofilm in the 

collection, based on initial screening (Figure 13). As the mice that we house in our vivarium are 
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often colonized with A. muciniphila, I cleared their native A. muciniphila with a 14-day regiment 

of tetracycline. PCR using Akkermansia-specific primers was used to confirm clearance, and then 

mice were orally gavaged with either one of the three strains or PBS without A. muciniphila. 

Stool samples were taken at regular intervals and pooled by cage (3 mice per cage). DNA was 

then extracted from those stool samples, and A. muciniphila was quantified using qPCR with 

Akkermansia-specific primers.  

 

Figure 13. Biofilm staining of the three strains used for mouse colonization 
experiments. Biofilm production was assayed by crystal violet staining. This image was 
taken after the extraction of crystal violet dye by an alcohol-acetone solution. Perimeter 

wells contained media. 

The same experiment was run four more times over the next two years (Figure 14). 

Attempt three utilized two cages of three mice per strain, and attempts four, five, and six utilized 

three cages of three mice per strain. Starting with attempt four, stool from individual mice was 

processed separately, rather than pooled by cage. Finally, attempt six did not include Akk147 as a 

gavaged strain, as at the time, in vitro biofilm production by this strain was unable to be 

reproduced. Overall, colonization by the type-strain, MucT, is generally stable. However, 
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colonization by Akk147 and Akk1616 is unpredictable. Some cages of mice maintained 

colonization by these strains at a similar level to that of MucT over a period of one month, other 

cages sloped towards zero over time, and yet more cages immediately lost detectable levels of A. 

muciniphila. 

 

Figure 14. Colonization of mice by biofilm producing strains of A. muciniphila 
yields variable results. After a two-week course of tetracycline treatment, mice were 

gavaged with either MucT, Akk147, Akk1616, or PBS (not shown due to undetectable A. 
muciniphila. Stool samples were collected from all mice regularly over the course of 28 
days. Quantification of A. muciniphila in mice gavaged with MucT is shown on the left, 

Akk147 is in the middle, and Akk1616 is shown on the right. Note that the quantification 
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of Akk147 and Akk1616, the biofilm producing strains, is inconsistent both between and 
within experiments. A) Attempt three. B) Attempt four. C) Attempt five. D) Attempt six. 

It is possible that more effective colonization of the GI tract may not manifest in the form 

of greater overall abundance in the stool but in greater adherence of A. muciniphila to the 

epithelial lining. Together with a postdoctoral researcher in the laboratory, I devised a method to 

discriminate between tissue-associated and lumen-associated A. muciniphila. At the endpoints of 

attempts three and four, I collected the colon and ileum from half of the mice from each group. 

These sections were filleted, and the luminal content was gently scraped out and processed with a 

DNA extraction kit. The remaining tissue was then gently washed with sterile PBS and processed 

to disrupt the tissue and separate the bacterial cells, as outlined in the methods section. These 

bacterial cells were then subjected to the same DNA extraction and quantification methods as the 

lumen contents. After quantification, I determined the fraction of tissue-associated A. muciniphila 

by dividing the quantified genomes per gram of tissue over the summed genomes per gram of 

tissue and per gram of lumen contents. In this manner, I anticipated that the biofilm-producing 

strains would display a higher proportion of tissue association. However, I yet again found great 

variability both within and between experiments (Figure 15). Generally, the MucT strain 

displayed more tissue association than either of the biofilm-producing isolates. 
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Figure 15. Quantification of tissue-associated A. muciniphila is variable 
between and within experiments. The colon and lumen tissue of mice colonized with 

strains of A. muciniphila was separated from the lumen contents and processed to 
separate bacterial cells from tissue. Both the lumen contents and separated tissue-

associated bacteria were further subjected to DNA extraction and qPCR to quantify A. 
muciniphila. The fraction of tissue-associated bacteria was calculated from these 
quantifications and compared across strains from two experiments. Despite the 

variability, there is a trend for the biofilm-producing strains to demonstrate decreased 
tissue association. A) Attempt three. B) Attempt four. 

4.3 Discussion 

In this chapter, I performed an analysis of biofilm production within Akkermansia and 

identified variability across the genus which was not species-specific. I next generated a 

transposon library in one of the biofilm-producing strains of A. muciniphila, identifying two 

mutants displaying loss of biofilm production in genes that may be indirectly related to mucin 

degradation. These conclusions, while small in scale, provide a reasonable basis for further 

elucidation behind the mechanisms and effects of biofilm production by A. muciniphila and 

related species. The most frequently studied strain of Akkermansia, MucT does not produce 

biofilm, making this the first study to touch upon the subject of biofilm production in the genus. 

If the conclusions drawn from this small-scale transposon mutagenesis library were to be 
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reinforced with further analyses, then biofilm production may become an important factor in the 

selection or engineering of Akkermansia strains for therapeutic use. Ideally, further investigation 

of mutants that lack biofilm in vitro would be accompanied by colonization of mice with these 

mutant libraries. In fact, a link between mucin degradation and host physiology has already been 

established. A previously generated library of transposon mutants in the MucT strain identified 

genes within the mucin utilization loci (MUL1 and MUL2), which repress the expression of lipid 

biosynthesis genes in the colon of germ-free mice[21].  

From the mouse experiments described in this chapter, I have determined that my 

hypothesis that in vitro biofilm production would be associated with more successful colonization 

of the GI tract was not supported by my experiments. The ability of any given strain was simply 

too variable from experiment to experiment, and even between cages during the same experiment. 

Indeed, it appears from this that the biofilm-forming strains may be less successful at establishing 

a stable presence in the mouse GI tract. I think that the primary benefit of having done these 

colonization experiments is the methods developed to distinguish between lumen and tissue-

associated A. muciniphila in the GI tract. Since developing these methods, I have shared them 

with other members of the laboratory. Collectively, we have learned that the PBS wash of tissue 

needs to be just rigorous enough to dislodge remaining fecal matter and that this increased 

caution has decreased the variability seen in final quantifications. Currently, two other members 

of the laboratory have incorporated these methods into their projects. 

Anecdotally, I have found that biofilm production tends to be associated with decreased 

capsule production within A. muciniphila. In collaboration with another member of the 

laboratory, I determined that capsule-deficient mutants of the MucT strain do produce biofilm. 

This was an interesting observation, as the wild-type MucT does not produce biofilm under the 
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same conditions. The assaying of biofilm production, as I found in this chapter, can be altered by 

seemingly small alterations in medium composition, and this media-specific variability has been 

noted in biofilm production by other bacteria[140]. Capsule production appears to be a less variable 

phenotype (regardless of media type) than biofilm production has been in my hands, and so I 

suspect that the study of capsule production may provide an alternative route to the study of 

biofilm production in A. muciniphila. 

4.4 Methods 

4.4.1 Growth conditions and media 

Akkermansia strain isolation and growth were performed in a Coy Laboratory anaerobic 

chamber under 5% hydrogen, 5% carbon dioxide, and 90% nitrogen. Cultures were incubated at 

37°C. Akkermansia strains were grown in synthetic medium, as defined previously, consisting of 

3mM KH2PO4, 3 mM Na2PO4, 5.6 mM NH4Cl, 1mM MgCl2, 1 mM Na2S ⸱ 9H2O, 47 mM 

NaHCO3, 1 mM CaCl2, 40 mM HCl, trace elements, vitamins, 0.2% GlcNAc, 0.2% glucose, 16 

g/L of phytone peptone or soy peptone, and 4 g/L of threonine[14].  

4.4.2 Biofilm production assay 

Biofilm production was measured by quantification of crystal violet staining. 96-well 

plates were inoculated with 1:40 dilution of Akkermansia into 200 μL synthetic medium and 

incubated anaerobically at 37°C for 72 hours. Media was aspirated from the corners of wells to 

avoid disturbing the biofilms. Wells were then washed with 200 μL of PBS to remove planktonic 

cells. After aspiration of PBS, the plate was incubated at 37°C for 10 minutes to dry. The adhered 

cells were then stained with 100 μL of 0.2% crystal violet at 37°C for 30 minutes. Wells were 

washed twice with 200 μL PBS to remove suspended crystal violet, then the incorporated crystal 
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violet dye was extracted with 200 μL of alcohol-acetone (80%/20%). Absorbance at OD600 was 

read to quantify biofilm production. 

4.4.3 Transposon mutagenesis 

Transposon mutagenesis of A. muciniphila was performed using E. coli carrying a 

previously described plasmid, pSAM_Akk[21]. To start, A. muciniphila was grown to saturation in 

5 mL of synthetic medium, then diluted 1:5 into synthetic medium. The cultures were grown to an 

OD600 of 1 and harvested by centrifugation at 10,000g for five minutes. E. coli carrying the 

pSAM_Akk plasmid were grown in LB medium with ampicillin (100 μg/mL) and 

chloramphenicol (1 μg/mL). Overnight cultures of E. coli were subcultured 1:50 and grown to an 

OD600 of 0.4 to 0.6, then harvested by centrifugation at 2,000g for five minutes. Pellets were 

washed with sterile LB media and then centrifuged again. The harvested A. muciniphila and E. 

coli were then combined, and the resulting slurry was spotted in 100 μL pools onto pre-reduced 

synthetic medium agar plates. These conjugations were then incubated aerobically at 37°C for 16 

hours. Then, the conjugation pools were scraped and resuspended into a 1:1 mixture of PBS and 

50% glycerol. This suspension was diluted 1:15 into synthetic medium containing gentamicin (10 

μg/mL) and kanamycin (12 μg/mL) to counter-select for E. coli. These cultures were grown 

anaerobically for 48 hours, then subcultured twice more for 24 hours each. Finally, 150 μL was 

plated onto synthetic medium agar plates containing gentamicin, kanamycin, and 

chloramphenicol (7 μg/mL). After 6 days of anaerobic incubation at 37°C, individual colonies 

were picked into 96 well plates containing synthetic medium. 

Arbitrary PCR was used to determine the transposon insertion location within the A. 

muciniphila genome as described previously[21]. The first reaction was run with primers arb3 and 

catseq_int (95°C for five minutes, then 6 cycles of 94°C for 30 seconds, 30°C for 30 seconds, 
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72°C for one minute, then 30 cycles of 94°C for 30 seconds, 45°C for 30 seconds, 72°C for one 

minute, then 72°C for five minutes). The second reaction was run using 1 μL of the first reaction 

as a template and primers arb2 and catseq_ext (95°C for five minutes, then 30 cycles of 94°C for 

30 seconds, 45°C for 30 seconds, 72°C for one minute, then 72°C for five minutes). The resulting 

PCR products were sent for Sanger sequencing using primer catseq_ext, and the sequences were 

compared against the A. muciniphila genome using BLAST (Basic Local Alignment Search 

Tool)[141]. 

4.4.4 Colonization of mice 

To prepare cultures for gavage, A. muciniphila was grown to saturation in 3 mL of 

synthetic medium, then diluted 1:7 into 21 mL of synthetic medium. Cultures were then 

normalized by OD600, harvested by centrifugation at 10,000g for five minutes, and then 

resuspended in 4 mL of 1:1 PBS and 50% glycerol. 

6-week-old C57B/6 female mice were ordered to assay colonization by biofilm-forming 

and non-biofilm-forming strains of A. muciniphila. Mice were cleared of endogenous A. 

muciniphila by treatment with tetracycline in the provided drinking water (3 g/L tetracycline with 

10 g/L sucrose) over a course of two weeks. To confirm clearance of A. muciniphila, stool 

samples were collected, DNA was extracted using a Qiagen DNAeasy PowerSoil Pro Kit (catalog 

number 47016), and clearance was confirmed by a negative PCR using Akkermansia-specific 16S 

rRNA gene primers 7_Akk and 8_Akk (95°C for three minutes, then 34 cycles of 95°C for 30 

seconds, 55°C for 30 seconds, 72°C for one minute, then 72°C for five minutes). Once A. 

muciniphila clearance was confirmed, antibiotics were withdrawn for 48 to 72 hours, mice were 

gavaged with 200 μL of either a A. muciniphila strain or PBS on two consecutive days. 
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Stool samples were collected 1, 3, 5, 7, 14, 21, and 28 days after gavage. DNA was 

extracted using a Qiagen DNAeasy PowerSoil Pro Kit, and qPCR using Akkermansia-specific 

16S rRNA gene primers 7_Akk and 8_Akk (hold 50°C for two minutes, then 95°C for two 

minutes; PCR 40 cycles of 95°C for 3 seconds, 60°C for 30 seconds; melt curve 95°C for one 

second, then 60°C for 20 seconds, then 95°C for one second) were used to quantify genome 

copies per gram of stool. 

On day 29 after gavage, mice were euthanized, and the colon and ileum of mice were 

obtained. The colon and ileum sections were filleted to expose the lumen contents, which were 

gently scraped out and saved. The remaining tissue was gently washed with sterile PBS and then 

rotated at room temperature for 45 minutes in 1 mL of a dissociation solution (2 mM DTT, 0.5 

mM EDTA in PBS). The incubated tissue was subjected to bead beating for 1 minute to 

mechanically disrupt the tissue. The resulting slurry was centrifuged at 200g for 15 minutes at 

4°C, and the supernatant was saved. The remaining slurry was centrifuged again at 1000g for 2 

minutes, and the supernatant was saved. The combined supernatants, containing bacterial cells, 

were then resuspended in the first buffer for DNA extraction using the Qiagen DNAeasy 

PowerSoil Pro Kit. The same kit was used to process lumen contents, and quantification of A. 

muciniphila in lumen and tissue was performed using qPCR with Akkermansia-specific primers, 

as described previously. 

4.4.5 Primers 

Table 4. Primers used in transposon mutagenesis and colonization 
experiments 

Primer Sequence 
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arb3[21] GGC CAC GCG TCG ACT AGT ACN NNN NNN NNN GAT AT 

catseq_int[21] ATA TCA ACG GTG GTA TAT CCA GTG 

arb2[21] GGC CAC GCG TGC ACT AGT AC 

catseq_ext[21] TTT CAT TAT GGT GAA AGT TGG AAC 

7_Akk[17] CAG CAC GTG AAG GTG GGG AC 

8_Akk[17] CCT TGC GGT TGG CTT CAG AT 

 

4.4.6 Statistics and visualization 

GraphPad Prism 10 (v10.1.0)[112] was used to perform statistical analysis and to generate 

all graphs. 
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5. Conclusions 
Akkermansia species, with their myriad connections to human health, provide an exciting 

opportunity to optimize the treatment and prevention of disease. As a potential probiotic, A. 

muciniphila specifically has shown promise in several proof-of-concept clinical studies. These 

studies have demonstrated that supplementation with A. muciniphila alone improves insulin 

sensitivity and reduces total plasma cholesterol, body weight, and inflammation in humans with 

obesity[31]. Supplementation with A. muciniphila, in combination with other bacterial species, 

improves both short and long-term glucose control in patients with type 2 diabetes[89]. 

Supplementation with A. muciniphila of non-diabetic humans with metabolic syndrome also 

results in modulation of amino acid metabolism and changes in several metabolites which have 

been previously demonstrated to factor into the relationship between Akkermansia and health in 

in vitro and mouse models[142]. In each of these studies and more, supplementation with A. 

muciniphila in humans was safe and tolerable over at least three months [91]. 

As I’ve discussed previously, most studies of Akkermansia have focused on the original 

MucT strain, which was isolated from human stool in the Netherlands[15]. Indeed, all the 

Akkermansia isolates used in clinical studies thus far have belonged to A. muciniphila, and at 

least one of these trials has used MucT specifically. But is the original strain isolated from a single 

person in the Netherlands the ideal strain of A. muciniphila to use as a supplement, or would 

another be more effective? Is A. muciniphila even the best option, given that there are now 

several new Akkermansia species that were previously all classified as A. muciniphila? Perhaps 

one species may be beneficial in preventing obesity, but another may be more efficient at 

ameliorating the symptoms of Crohn’s disease. There are several hundred published genomes of 

Akkermansia isolates, 234 of which I have discussed, and 57 of which are held by the Valdivia 
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lab alone. To maximize the utility of Akkermansia in promoting human health, I think that a more 

guided approach to choosing strains for further study and engineering is needed to reduce the 

costs and timeline to regulatory approval and to maximize the beneficial impact that 

supplementation with Akkermansia may have. 

In chapter two, I detailed a pangenomic comparison of over 200 Akkermansia genomes, 

finding that the species historically known as A. muciniphila may reasonably be split into at least 

six species. These findings were reinforced by analyses demonstrating the separation of species in 

terms of their core genomes, phylogenetic clustering, and 16S rRNA gene identity. Additionally, 

I found that these species differ in their estimated metabolic activity, chemotaxonomically, and in 

their biochemical activity. My findings reflected previous works that found species-specific 

phenotypes that imply differential metabolic capabilities and interaction with the host immune 

system[49,50,92]. This analysis did present some challenges in that some of the newly proposed 

species are rare. The AmIII phylogroup is represented by only two strains, which were both 

isolated in China. Given that most isolation attempts have been performed by groups in the 

United States and Europe (particularly the Netherlands), it may be that there are geological 

restrictions to some Akkermansia species and that these represent understudied potential. The 

proposed A. ignis species is currently represented by only five animal-derived strains. It is 

possible that either this species is irrelevant to human health, or that it is simply uncommon in the 

populations from which other isolates have been obtained. Additionally, it is the most closely 

related species to A. muciniphila. A. durhamii potentially represents the most interesting new 

species to the roster, given that it is currently represented by only two strains which were each 

isolated from humans with diseases whose treatment may benefit by supplementation with 

Akkermansia (ALS and renal cell carcinoma). Isolation of new strains is a time-intensive process 
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and based on the current distribution of Akkermansia species in known collections, blind isolation 

is not likely to result in the isolation of many strains of these new species. Instead, further 

isolation should likely take a guided approach, by which metagenomic sequencing is performed 

on many stool samples, MAGs are assembled, and those MAGs are compared against known 

isolates in a pangenomic analysis. This could identify the presence of rare species from stool 

samples before isolation, thus limiting the number of isolation attempts before larger collections 

of these species can be generated. While not detailed in the preceding chapters, an undergraduate 

mentee and I have assembled a pipeline to assemble Akkermansia MAGs from metagenomic 

sequencing datasets, and initial validation has shown high fidelity when applied to the POMMS 

dataset. Given more time, I would like to see this pipeline cleaned up for use by others in the 

laboratory and for more of these rare species to be found. 

Defining the lines between species of Akkermansia is interesting on its own as a practice 

in bacterial taxonomy, but how is this relevant to the importance of Akkermansia in promoting 

human health? In chapter three, I used the species definitions outlined in chapter two to devise a 

method by which Akkermansia species and A. muciniphila phylogroups could be distinguished 

from 16S rRNA gene sequencing and metagenomic sequencing. After determining that 

Akkermansia species and A. muciniphila phylogroups could be reliably predicted from these types 

of data, I demonstrated the utility of these methods on several previously published datasets. I 

found that the relationship between obesity, inflammatory bowel disease, and responsiveness to 

anti-PD1 treatment of non-small cell lung cancer changed depending on which Akkermansia 

species was considered. However, I also found that in other cases there is no difference between 

Akkermansia species in their association with health outcomes, such as in the development of 

graph-versus-host-disease. Thus, the potential applicability of Akkermansia to the promotion of 
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human health should be considered on a case-by-case basis, where publicly available datasets are 

reanalyzed to determine if there is a specific species of Akkermansia with the most therapeutic 

potential for a given condition. Additionally, I anticipate that the methods outlined in chapter 

three should be applicable beyond the described examples. I would like to see a larger dataset 

generated with matching metagenomic sequencing and isolates of A. durhamii, AmIII, and A. 

ignis. I demonstrated that these methods will likely work for A. durhamii, but a test set of only 

two samples is insufficient and does nothing to demonstrate applicability to the other two species. 

Additionally, I showed that these methods were applicable to another GI bacterium, R. gnavus. 

This demonstration showed that, for each bacterium one wishes to investigate, each program 

(StrainPhlAn, StrainR, and SMEG) should likely be validated using a matching metagenomic-

isolate dataset, as not all components of the methods will be equally reliable. 

Overall, the results of chapters two and three provide an opportunity to devise a guided 

method of choosing strains for clinical application. The current data-to-human pipeline entails the 

calculation of Akkermansia relative abundance to determine if Akkermansia is associated with a 

disease of interest. If so, there are hundreds of isolates to choose from when employing in vitro 

and in vivo models to confirm and further describe this association. Choosing strains at random 

would likely result in many failures to demonstrate value in these models, and out of the 

successes only a few would have the desired effect in humans. These failures take up precious 

resources, including time and funding, which could otherwise be used to further research on 

applicable strains. Integration of my species-predicting methods could be used to pare down this 

waste. When calculating the relative abundance of Akkermansia, one would be able to identify 

species within community sequencing data and thus calculate the relative abundance of each 

Akkermansia species. Then, the question becomes “Are there any particular Akkermansia species 
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that are associated with this health condition?”. If yes, rather than choosing randomly from a 

large pool of all Akkermansia isolates, further research could be performed on a smaller pool of 

one species (a very small pool in the case of rare species). Thus, a smaller proportion of strains 

are likely to fail as phenotype confirmation is performed in vitro and in vivo, and less time and 

resources will be spent trying to find an appropriate strain in human studies. 

In chapter four, I detailed an examination of biofilm production within the Akkermansia 

genus. I experienced many challenges during this project, ranging from laboratory shutdowns and 

moving, changes in media composition, and contamination during long mouse colonization 

experiments. Overall, I found that biofilm production is variable between Akkermansia isolates 

but does not differentiate between species. I generated a library of transposon mutants in one 

biofilm-forming A. muciniphila strain and discovered hints that there may be a connection 

between mucin degradation and biofilm production. This is interesting as mucin degradation, 

along with being the hallmark of Akkermansia biology, has been implicated in the role of 

Akkermansia as a promoter of host health. While my transposon library was small and in 

desperate need of replication and expansion, this does provide evidence that the engineering of 

Akkermansia strains could be guided by thoughtful consideration of health-relevant phenotypes. 

As an example, given two isolates of the same species (as identified using the methods from 

Chapter Three), one might preferentially choose the isolate that produces more biofilm if the host 

phenotype of interest is lipid biosynthesis[21]. 

I initially hypothesized that the ability to produce biofilm would confer more successful 

colonization of the GI tract by A. muciniphila. The idea was that if I could find a phenotype that 

improved engraftment, this could be incorporated when engineering probiotic strains to maximize 

the efficacy of supplementation. However, this proved not to be the case in a mouse model with 
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antibiotic pre-treatment. Biofilm production in vitro is highly variable, and the biofilm-producing 

isolates performed worse than the non-biofilm-producing MucT, both in terms of overall quantity 

in the GI tract and in tissue adherence. However, I only assayed colonization by two A. 

muciniphila biofilm producing isolates and one non-biofilm-producing isolate. Biofilm may not 

affect the success of colonization by A. muciniphila or may decrease the odds of engraftment, but 

the studies demonstrated in Chapter Four simply aren’t enough to draw any strong conclusions. 

Additionally, no strains of A. massiliensis or A. biwaensis were tested in the mouse model, even 

though they also displayed variation in biofilm production. 

Generally, I think the findings discussed in chapters two through four demonstrate a way 

forward for the guided use of Akkermansia as a therapeutic agent in the age of precision 

medicine. Akkermansia display such variety in their genomes, metabolic capabilities, and 

associations with an array of human health conditions that the use of a single strain will likely 

never be a one-stop-shopping solution for the prevention or treatment of disease. Rather, we will 

need to determine which types of Akkermansia are most likely to facilitate the treatment of 

specific health conditions on a case-by-case basis. Additionally, further work is needed to 

demonstrate which aspects of Akkermansia biology are driving these relationships. In some cases, 

it may be universally expressed proteins, like the products of Amuc_1100[14]. In others, there may 

be phenotypes, like species-specific assimilatory sulfate reduction or B12 biosynthesis[49,50] or 

variable phenotypes like biofilm production, which can be optionally included in therapeutic 

strains. Of course, Akkermansia do not exist alone in the GI tract. It may be that the differential 

relationships between Akkermansia species and human health are not driven directly by 

Akkermansia, but through the interaction between Akkermansia and other microbial residents of 

the GI tract. Thus, it would be prudent to determine how the Akkermansia species correlate with 
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both other Akkermansia species and other microbial taxa in these contexts. In any case, moving 

beyond a dependence on MucT will be key to maximizing the potential that Akkermansia holds. 
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Appendix A 

Chapter 2 supplementary material 

An in-depth description of the computational methods employed and the 

parameters used may be found at https://gitlab.oit.duke.edu/valdivia-lab/akkermansia-

species-and-phylogroups. 

 

Figure 16. (Supplemental Figure 1) Analysis of average nucleotide identity 
suggests that two strains previously classified as AmIII may represent two novel 
species. Average nucleotide identity (ANI) based on whole genome comparisons 

between ATT BAA2896, CSUN-56, and all other Akkermansia phylogroups, as calculated 
using pyANI in anvi’o. Differences in average ANI below 95% were used to denote new 
species among phylogroups, and an average ANI between 95% and 98% was defined to 
assign new phylogroups within those new species (dotted lines on each subplot). From 

this, it may be determined that ATCC BAA2896 and CSUN-56 should each be 
considered single representatives of new species. 
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Figure 17. (Supplemental Figure 2) The average 16S rRNA gene sequence 
identity between phylogroups does not meet common thresholds for delineating 

species. Full-length 16S rRNA gene sequences were extracted from genome sequences 
within anvi’o. Clustal Omega was then used to compare the average sequence identity 

between phylogroups. The dotted lines indicate 97% and 98.65% identity, which are 
commonly used thresholds to delineate species. 
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Figure 18. (Supplemental Figure 3) Loadings from principal components 
analysis suggest that the factors driving separation across PC2 include C14:0 iso and 

C15:0 iso. A principal components analysis was performed to compare fatty acid 
composition across species. The biplot (Figure 2A) revealed that A. massiliensis could be 
clearly separated from other Akkermansia species along PC2. Loadings indicate that the 

most informative fatty acid features along PC2 include C14:0 iso and C15:0 iso. 

Table 5. (Supplemental Table 1) Genomes used for pangenomic analysis 

Strain Study NCBI RefSeq Proposed Species 

AE01SA01 This study (PALS)  A. durhamii 

AE09SA01 This study (PALS)  A. biwaensis 

AE10SA01 This study (PALS)  A. biwaensis 

AE51RA01 This study (PALS)  A. biwaensis 



 

 
89 

Duke_Pig This study  A. massiliensis 

RCC_10PD This study (RCC)  A. muciniphila AmIb 

RCC_12PD This study (RCC)  A. durhamii 

RCC_15CR This study (RCC)  A. muciniphila AmIb 

RCC_17CR This study (RCC)  A. massiliensis 

RCC_19PR This study (RCC)  A. massiliensis 

RCC_24CR This study (RCC)  A. massiliensis 

RCC_29PR This study (RCC)  A. massiliensis 

RCC_7PR This study (RCC)  A. muciniphila AmIa 

AK32 Kim 2021[23] GCF_014170075.1 A. muciniphila AmIb 

akk_139 Zhai 2019[46] GCF_004319565.1 A. muciniphila AmIa 

Akk0096 Becken 2021[50] GCF_018847935.1 A. muciniphila AmIa 

Akk0196 Becken 2021 GCF_018847895.1 A. biwaensis 

Akk0200 Becken 2021 GCF_018847795.1 A. muciniphila AmIa 

Akk0490 Becken 2021 GCF_018847755.1 A. biwaensis 
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Akk0496a Becken 2021 GCF_018847695.1 A. biwaensis 

Akk0496b Becken 2021 GCF_018847615.1 A. biwaensis 

Akk0500a Becken 2021 GCF_018847575.1 A. muciniphila AmIa 

Akk0500b Becken 2021 GCF_018847595.1 A. muciniphila AmIb 

Akk0580 Becken 2021 GCF_018847555.1 A. massiliensis 

Akk0880 Becken 2021 GCF_018847535.1 A. muciniphila AmIb 

Akk1370 Becken 2021 GCF_018847495.1 A. muciniphila AmIb 

Akk13715 Becken 2021 GCF_018847515.1 A. muciniphila AmIb 

Akk1376 Becken 2021 GCF_018847475.1 A. muciniphila AmIb 

Akk14115 Becken 2021 GCF_018779745.1 A. biwaensis 

Akk14745 Becken 2021 GCF_018847455.1 A. muciniphila AmIb 

Akk1476 Becken 2021 GCF_018847415.1 A. massiliensis 

Akk1570 Becken 2021 GCF_018847395.1 A. muciniphila AmIb 

Akk1573 Becken 2021 GCF_018847375.1 A. massiliensis 

Akk1576 Becken 2021 GCF_018847355.1 A. muciniphila AmIb 
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Akk1610 Becken 2021 GCF_018847335.1 A. muciniphila AmIb 

Akk16115 Becken 2021 GCF_018847315.1 A. muciniphila AmIb 

Akk1613 Becken 2021 GCF_018847295.1 A. muciniphila AmIb 

Akk16145 Becken 2021 GCF_018847275.1 A. muciniphila AmIb 

Akk1616 Becken 2021 GCF_018847255.1 A. muciniphila AmIb 

Akk1683 Becken 2021 GCF_018779765.1 A. muciniphila AmIb 

Akk1713 Becken 2021 GCF_018847235.1 A. muciniphila AmIa 

Akk1756 Becken 2021 GCF_018847215.1 A. muciniphila AmIb 

Akk1826d Becken 2021 GCF_018779705.1 A. biwaensis 

Akk1863 Becken 2021 GCF_018847195.1 A. massiliensis 

Akk18645 Becken 2021 GCF_018779715.1 A. massiliensis 

Akk1990 Becken 2021 GCF_018847175.1 A. muciniphila AmIb 

Akk2000 Becken 2021 GCF_018847135.1 A. massiliensis 

Akk2030 Becken 2021 GCF_018847155.1 A. muciniphila AmIb 

Akk2090 Becken 2021 GCF_018847115.1 A. muciniphila AmIb 
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Akk2190 Becken 2021 GCF_018847095.1 A. massiliensis 

Akk2196 Becken 2021 GCF_018847075.1 A. massiliensis 

Akk2633 Becken 2021 GCF_018779665.1 A. biwaensis 

Akk2650 Becken 2021 GCF_018779675.1 A. muciniphila AmIb 

Akk2670 Becken 2021 GCF_018847055.1 A. muciniphila AmIa 

Akk2680 Becken 2021 GCF_018847035.1 A. massiliensis 

Akk2750 Becken 2021 GCF_018847015.1 A. biwaensis 

AkkB40 Becken 2021 GCF_018846995.1 A. massiliensis 

AM06 Hou 2023[143] GCF_028994115.1 A. muciniphila AmIa 

AMUC Perraudeau 2020[89] GCF_018140615.1 A. muciniphila AmIa 

An78 Medvekcy 2018[144] GCF_002161325.1 A. muciniphila AmIa 

ATCC BAA2869 www.atcc.org/products/baa-2869  

ATCC BAA835 Derrien 2004[15] GCF_000020225.1 A. muciniphila AmIa 

BIOML-A1 Poyet 2019[145] GCF_008423455.1 A. muciniphila AmIb 

BIOML-A11 Poyet 2019 GCF_008423275.1 A. muciniphila AmIb 
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BIOML-A13 Poyet 2019 GCF_008423265.1 A. muciniphila AmIb 

BIOML-A14 Poyet 2019 GCF_008423245.1 A. muciniphila AmIb 

BIOML-A15 Poyet 2019 GCF_008423215.1 A. muciniphila AmIb 

BIOML-A16 Poyet 2019 GCF_008423185.1 A. muciniphila AmIb 

BIOML-A17 Poyet 2019 GCF_008423165.1 A. muciniphila AmIb 

BIOML-A18 Poyet 2019 GCF_008423175.1 A. muciniphila AmIb 

BIOML-A19 Poyet 2019 GCF_008423135.1 A. muciniphila AmIb 

BIOML-A2 Poyet 2019 GCF_008423445.1 A. muciniphila AmIb 

BIOML-A20 Poyet 2019 GCF_008423115.1 A. muciniphila AmIb 

BIOML-A21 Poyet 2019 GCF_008423085.1 A. muciniphila AmIb 

BIOML-A22 Poyet 2019 GCF_008423095.1 A. muciniphila AmIb 

BIOML-A23 Poyet 2019 GCF_008423065.1 A. muciniphila AmIb 

BIOML-A24 Poyet 2019 GCF_008423015.1 A. muciniphila AmIb 

BIOML-A25 Poyet 2019 GCF_008423035.1 A. muciniphila AmIb 

BIOML-A26 Poyet 2019 GCF_008422985.1 A. muciniphila AmIb 
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BIOML-A27 Poyet 2019 GCF_008422965.1 A. muciniphila AmIb 

BIOML-A28 Poyet 2019 GCF_008422995.1 A. muciniphila AmIb 

BIOML-A29 Poyet 2019 GCF_008422925.1 A. muciniphila AmIb 

BIOML-A3 Poyet 2019 GCF_008423385.1 A. muciniphila AmIb 

BIOML-A30 Poyet 2019 GCF_008422875.1 A. muciniphila AmIb 

BIOML-A31 Poyet 2019 GCF_008422895.1 A. muciniphila AmIb 

BIOML-A32 Poyet 2019 GCF_008422865.1 A. muciniphila AmIb 

BIOML-A33 Poyet 2019 GCF_008422885.1 A. muciniphila AmIb 

BIOML-A34 Poyet 2019 GCF_008422805.1 A. muciniphila AmIb 

BIOML-A35 Poyet 2019 GCF_008422795.1 A. muciniphila AmIb 

BIOML-A36 Poyet 2019 GCF_008422765.1 A. muciniphila AmIb 

BIOML-A37 Poyet 2019 GCF_008422775.1 A. muciniphila AmIb 

BIOML-A38 Poyet 2019 GCF_008422815.1 A. muciniphila AmIb 

BIOML-A39 Poyet 2019 GCF_008422685.1 A. muciniphila AmIb 

BIOML-A4 Poyet 2019 GCF_008423375.1 A. muciniphila AmIb 
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BIOML-A40 Poyet 2019 GCF_008422705.1 A. muciniphila AmIb 

BIOML-A41 Poyet 2019 GCF_008422695.1 A. muciniphila AmIb 

BIOML-A42 Poyet 2019 GCF_008422715.1 A. muciniphila AmIb 

BIOML-A43 Poyet 2019 GCF_008422665.1 A. muciniphila AmIb 

BIOML-A44 Poyet 2019 GCF_008422635.1 A. muciniphila AmIb 

BIOML-A45 Poyet 2019 GCF_008422615.1 A. muciniphila AmIb 

BIOML-A5 Poyet 2019 GCF_008423405.1 A. muciniphila AmIb 

BIOML-A6 Poyet 2019 GCF_008423365.1 A. muciniphila AmIb 

BIOML-A7 Poyet 2019 GCF_008423335.1 A. muciniphila AmIb 

BIOML-A8 Poyet 2019 GCF_008423325.1 A. muciniphila AmIb 

BIOML-A9 Poyet 2019 GCF_008423295.1 A. muciniphila AmIb 

BSH01 Guo 2017[48] GCF_002885135.1 A. massiliensis 

BSH05 Guo 2017 GCF_002885105.1 A. massiliensis 

BSM09 Guo 2017 GCF_002885475.1 A. muciniphila AmIa 

GP01 Guo 2017 GCF_002885265.1 A. muciniphila AmIb 
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GP02 Guo 2017 GCF_002885465.1 A. muciniphila AmIa 

GP03 Guo 2017 GCF_002885255.1 A. muciniphila AmIb 

GP04 Guo 2017 GCF_002885655.1 A. muciniphila AmIb 

GP05 Guo 2017 GCF_002885625.1 A. muciniphila AmIb 

GP06 Guo 2017 GCF_002885615.1 A. muciniphila AmIb 

GP07 Guo 2017 GCF_002885095.1 A. massiliensis 

GP08 Guo 2017 GCF_002885075.1 A. massiliensis 

GP09 Guo 2017 GCF_002885715.1 A. muciniphila AmIa 

GP10 Guo 2017 GCF_002885555.1 A. massiliensis 

GP11 Guo 2017 GCF_002885055.1 A. massiliensis 

GP12 Guo 2017 GCF_002885015.1 A. massiliensis 

GP13 Guo 2017 GCF_002885455.1 A. muciniphila AmIa 

GP14 Guo 2017 GCF_002885425.1 A. muciniphila AmIa 

GP15 Guo 2017 GCF_002885025.1 A. massiliensis 

GP16 Guo 2017 GCF_002885415.1 A. muciniphila AmIa 
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GP19 Guo 2017 GCF_002885395.1 A. muciniphila AmIa 

GP20 Guo 2017 GCF_002885375.1 A. muciniphila AmIa 

GP21 Guo 2017 GCF_002885235.1 A. muciniphila AmIb 

GP22 Guo 2017 GCF_002884975.1 AmIII 

GP23 Guo 2017 GCF_002885355.1 A. muciniphila AmIa 

GP24 Guo 2017 GCF_002884915.1 AmIII 

GP25 Guo 2017 GCF_002885535.1 A. massiliensis 

GP26 Guo 2017 GCF_002885335.1 A. muciniphila AmIa 

GP27 Guo 2017 GCF_002885315.1 A. muciniphila AmIa 

GP28 Guo 2017 GCF_002885695.1 A. muciniphila AmIa 

GP29 Guo 2017 GCF_002885215.1 A. muciniphila AmIb 

GP30 Guo 2017 GCF_002884995.1 A. massiliensis 

GP35 Guo 2017 GCF_002885295.1 A. muciniphila AmIa 

GP36 Guo 2017 GCF_002885195.1 A. muciniphila AmIb 

GP38 Guo 2017 GCF_002885595.1 A. muciniphila AmIb 
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GP39 Guo 2017 GCF_002885575.1 A. muciniphila AmIb 

GP40 Guo 2017 GCF_002885675.1 A. muciniphila AmIa 

GP41 Guo 2017 GCF_002885165.1 A. muciniphila AmIb 

GP42 Guo 2017 GCF_002885515.1 A. massiliensis 

GP43 Guo 2017 GCF_002885155.1 A. muciniphila AmIb 

Chimpanzee_1 Geerlings 2021[20] GCF_900184845.1 A. muciniphila AmIa 

Chimpanzee_2_1 Geerlings 2021 GCF_900184865.1 A. ignis 

Chimpanzee_2_2 Geerlings 2021 GCF_900184975.1 A. muciniphila AmIb 

Elephant Geerlings 2021 GCF_900185045.1 A. muciniphila AmIa 

Horse Geerlings 2021 GCF_900184855.1 A. muciniphila AmIa 

MG2_JASPER Geerlings 2021 GCF_900185025.1 A. muciniphila AmIa 

Mouse_1_89 Geerlings 2021 GCF_900184985.1 A. muciniphila AmIa 

Mouse_2 Geerlings 2021 GCF_900184965.1 A. ignis 

MOUSE_M89 

JASPER 

Geerlings 2021 GCF_900184885.1 A. ignis 
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Pig Geerlings 2021 GCF_900185065.1 A. muciniphila AmIa 

Reindeer Geerlings 2021 GCF_900185005.1 A. muciniphila AmIa 

Siamang Geerlings 2021 GCF_900184905.1 A. muciniphila AmIa 

CSUN-12 Kirmiz 2020[49] GCF_018709815.1 A. muciniphila AmIb 

CSUN-17 Kirmiz 2020 GCF_018709805.1 A. massiliensis 

CSUN-33 Kirmiz 2020 GCF_018709785.1 A. muciniphila AmIb 

CSUN-34 Kirmiz 2020 GCF_018709765.1 A. massiliensis 

CSUN-7 Kirmiz 2020 GCF_018709865.1 A. muciniphila AmIa 

CSUN-19 Luna 2022[92] GCF_018709825.1 A. biwaensis 

CSUN-37 Luna 2022 GCF_018709725.1 A. biwaensis 

CSUN-50 Luna 2022 GCF_018709675.1 A. massiliensis 

CSUN-56 Luna 2022 GCF_018709685.1  

CSUN-58 Luna 2022 GCF_018709735.1 A. massiliensis 

CSUN-59 Luna 2022 GCF_018709665.1 A. muciniphila AmIb 

EB-AMDK-1 Kim 2022[55] GCF_003716915.1 A. muciniphila AmIb 
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EB-AMDK-10 Kim 2022 GCF_004015005.1 A. muciniphila AmIb 

EB-AMDK-11 Kim 2022 GCF_004015025.1 A. muciniphila AmIb 

EB-AMDK-12 Kim 2022 GCF_004015045.1 A. muciniphila AmIb 

EB-AMDK-13 Kim 2022 GCF_004015285.1 A. muciniphila AmIb 

EB-AMDK-14 Kim 2022 GCF_004015065.1 A. muciniphila AmIb 

EB-AMDK-15 Kim 2022 GCF_004015305.1 A. muciniphila AmIb 

EB-AMDK-16 Kim 2022 GCF_004015205.1 A. muciniphila AmIb 

EB-AMDK-17 Kim 2022 GCF_004015225.1 A. muciniphila AmIb 

EB-AMDK-18 Kim 2022 GCF_004015085.1 A. muciniphila AmIb 

EB-AMDK-19 Kim 2022 GCF_004015105.1 A. muciniphila AmIb 

EB-AMDK-2 Kim 2022 GCF_003716975.1 A. muciniphila AmIb 

EB-AMDK-20 Kim 2022 GCF_004015325.1 A. muciniphila AmIb 

EB-AMDK-21 Kim 2022 GCF_004015345.1 A. muciniphila AmIb 

EB-AMDK-22 Kim 2022 GCF_004015125.1 A. muciniphila AmIb 

EB-AMDK-23 Kim 2022 GCF_010229495.1 A. muciniphila AmIa 
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EB-AMDK-24 Kim 2022 GCF_010229695.1 A. muciniphila AmIa 

EB-AMDK-25 Kim 2022 GCF_010229955.1 A. muciniphila AmIa 

EB-AMDK-26 Kim 2022 GCF_010230155.1 A. muciniphila AmIa 

EB-AMDK-27 Kim 2022 GCF_010223015.1 A. muciniphila AmIb 

EB-AMDK-28 Kim 2022 GCF_010223075.1 A. muciniphila AmIb 

EB-AMDK-29 Kim 2022 GCF_010223095.1 A. muciniphila AmIa 

EB-AMDK-3 Kim 2022 GCF_003716935.1 A. muciniphila AmIa 

EB-AMDK-30 Kim 2022 GCF_010223115.1 A. muciniphila AmIa 

EB-AMDK-31 Kim 2022 GCF_010223135.1 A. muciniphila AmIb 

EB-AMDK-33 Kim 2022 GCF_010223155.1 A. muciniphila AmIb 

EB-AMDK-34 Kim 2022 GCF_010223175.1 A. muciniphila AmIb 

EB-AMDK-35 Kim 2022 GCF_010223255.1 A. muciniphila AmIb 

EB-AMDK-36 Kim 2022 GCF_010223195.1 A. muciniphila AmIb 

EB-AMDK-37 Kim 2022 GCF_010223405.1 A. muciniphila AmIb 

EB-AMDK-38 Kim 2022 GCF_010223575.1 A. muciniphila AmIb 
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EB-AMDK-39 Kim 2022 GCF_010231335.1 A. massiliensis 

EB-AMDK-4 Kim 2022 GCF_003716955.1 A. muciniphila AmIa 

EB-AMDK-40 Kim 2022 GCF_010230375.1 A. massiliensis 

EB-AMDK-41 Kim 2022 GCF_018336995.1 A. massiliensis 

EB-AMDK-46 Kim 2022 GCF_010230515.1 A. muciniphila AmIa 

EB-AMDK-47 Kim 2022 GCF_010230725.1 A. muciniphila AmIa 

EB-AMDK-48 Kim 2022 GCF_010230935.1 A. muciniphila AmIa 

EB-AMDK-49 Kim 2022 GCF_010231195.1 A. muciniphila AmIa 

EB-AMDK-5 Kim 2022 GCF_010229055.1 A. muciniphila AmIb 

EB-AMDK-6 Kim 2022 GCF_010229315.1 A. muciniphila AmIb 

EB-AMDK-7 Kim 2022 GCF_004015245.1 A. muciniphila AmIa 

EB-AMDK-8 Kim 2022 GCF_004015265.1 A. muciniphila AmIb 

KGMB01988 Kim 2022 GCF_017570525.1 A. muciniphila AmIb 

KGMB01989 Kim 2022 GCF_017570485.1 A. muciniphila AmIb 

KGMB01990 Kim 2022 GCF_017570505.1 A. muciniphila AmIb 
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KGMB02009 Kim 2022 GCF_017570425.1 A. muciniphila AmIb 

H1 Ouwerkerk 2022[146] GCF_024086545.1 A. muciniphila AmIb 

H2 Ouwerkerk 2022 GCF_004101765.1 A. muciniphila AmIb 

H3 Ouwerkerk 2022 GCF_024086675.1 A. muciniphila AmIa 

H4 Ouwerkerk 2022 GCF_024086755.1 A. muciniphila AmIa 

H5 Ouwerkerk 2022 GCF_024086775.1 A. muciniphila AmIa 

H6 Ouwerkerk 2022 GCF_024086795.1 A. muciniphila AmIa 

PytT Ouwerkerk 2022 GCF_900097105.1 A. glycaniphila 

JCM_30893 Ogata 2020[147] GCF_009731575.1 A. muciniphila AmIa 

Marseille_P5162 Ndongo 2022[58] GCF_024172975.1 A. muciniphila AmIb 

Marseille_P6566 Ndongo 2022 GCF_024172835.1 A. muciniphila AmIb 

Marseille_P6666 Ndongo 2022 GCA_023516715.1 A. massiliensis 

Marseille_P7245 Ndongo 2022 GCF_023516675.1 A. muciniphila AmIb 

Marseille_P9184 Ndongo 2022 GCF_023516695.1 A. muciniphila AmIa 

Marseille_P9185 Ndongo 2022 GCA_024135805.1 A. massiliensis 
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Marseille_P9642 Ndongo 2022 GCF_023516655.1 A. muciniphila AmIb 

Marseille_Q2586 Ndongo 2022 GCF_023516625.1 A. muciniphila AmIa 

MDA-JAX_AM001 Schwabkey 2022[38] GCF_026810105.1 A. muciniphila AmIa 

MmAkk2 Kelly 2023[51] GCA_030848265.1 A. ignis 

MmAkk3 Kelly 2023 GCA_030848305.1 A. ignis 

NB2A-8-WC Spreafico 2023[91] GCA_023497925.1 A. muciniphila AmIb 

YL44 Li 2015[148] GCF_001688765.2 A. muciniphila AmIa 

 

Table 6. (Supplemental Table 2) Summarized results of averaged ANI between 
Akkermansia groups 

 
AmIa AmIb AmII AmIII AmIV AmV AmVI 

AmIa 99.05 
      

AmIb 97.47 98.72 
     

AmII 87.66 87.74 98.77 
    

AmIII 85.9 85.92 90.84 98.66 
   

AmIV 81.86 81.87 83.52 83.18 99.94 
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AmV 93.73 94.42 87.65 85.88 81.87 98.97 
 

AmVI 81.67 81.67 83.39 83.15 93.92 81.66 98.95 

 

Table 7. (Supplemental Table 3) Summarized results of averaged 16S rRNA 
gene identity between Akkermansia groups 

 
AmIa AmIb AmII AmIII AmIV AmV AmVI 

AmIa 99.98 
      

AmIb 99.9 99.94 
     

AmII 99.18 99.13 99.96 
    

AmIII 99.01 98.93 99.58 100 
   

AmIV 98.15 98.18 98.14 97.93 100 
  

AmV 99.73 99.69 99.31 99 98.13 100 
 

AmVI 98.55 98.58 98.47 98.13 99.53 98.53 100 

 

Table 8. (Supplemental Table 4) Biochemical assay results for A. muciniphila 
and A. ignis strains 

 
A. muciniphila A. ignis 
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Akk 

0096 

Akk 

0200 

BAA 

835 

Akk 

0880 

Akk 

1616 

Akk 

1576 

Mm 

Akk2 

Mm 

Akk3 

Indole formation - - - - - - - - 

urease - - - - - - - - 

glucose + + + + + + + + 

mannitol - - - + - - - - 

lactose + + + + + + + + 

saccharose - - - - - - - - 

maltose + - - + - - + + 

salicin - - - - - - - - 

xylose - - - - - - - - 

arabinose - - - - - - - - 

gelatin hydrolysis - - - - - - - - 

esculin - - - - - - - - 

glycerol - - - - - - - - 
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cellobiose - - - - - - - - 

mannose + - - + - + + + 

melezitose - - - - - - - - 

raffinose - - - - - - - - 

sorbitol - - - - - - - - 

rhamnose - - - - - - - - 

trehalose - - - - - - - - 

catalase + - + + + + + + 

 

Table 9. (Supplementary Table 5) Biochemical assay results for A. massiliensis, 
A. biwaensis, and A. durhamii strains 

 
A. massiliensis A. biwaensis A. durhamii 

Akk 

2190 

Akk 

2000 

Akk 

0580 

Akk 

0490 

Akk 

0196 

AE09 Akk 

2750 

AE01 

Indole formation - - - - - - - - 

urease - - - - - - - - 
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glucose + + + + + + + + 

mannitol - - - + - - - - 

lactose + + + + + + + + 

saccharose - - - - - - - - 

maltose + + - + + - - - 

salicin - - - - - - - - 

xylose - - - - - - - - 

arabinose - - - - - - - - 

gelatin 

hydrolysis 

- - - - - - - - 

esculin - - - - - - - - 

glycerol - - - - - - - - 

cellobiose - - - - - - - - 

mannose - - + + + + + - 

melezitose - - - - - - - - 
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raffinose - - - - - - - - 

sorbitol - - - - - - - - 

rhamnose - - - - - - - - 

trehalose - - - - - - - - 

catalase + + + - - - + - 
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Chapter 3 supplementary material 

 

Figure 19. (Supplemental Figure 4) Each of the programs used in the 
identification of Akkermansia species from metagenomic sequencing data are 

imperfect. A) StrainPhlAn3, StrainR, and SMEG were each run on the entire POMMS 
dataset to determine for how many samples an Akkermansia species could be identified. 

StrainPhlAn3 frequently did not detect Akkermansia in samples where the relative 
abundance was less than 0.5% of total bacterial sequences. StrainR and SMEG each 

identified Akkermansia species and phylogroups in the same low-abundance samples 
with greater rates of success. B) The proportion of AmIa and AmIb present in samples, 
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as calculated using StrainR, was determined according to the total relative abundance of 
A. muciniphila in metagenomic samples. Black indicates AmIa and pink indicates AmIb. 

Note that the proportion of these A. muciniphila phylogroups does not change in 
association with relative abundance. 

 

Figure 20. (Supplemental Figure 5) Phylogroups of A. muciniphila are not 
resolvable by their V3-V4 16S rRNA gene sequences. The V3-V4 region of the 16S 

rRNA gene sequences of 39 Akkermansia isolates were aligned using Clustal Omega, and 
the resulting phylogenetic tree was used for visualization. A. glycaniphila and V. 
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spinosum were used as outgroups. Individual strains have been highlighted by species, 
showing clear clustering of A. massiliensis and A. biwaensis. However, the AmIa and 
AmIb isolates of A. muciniphila are not able to be differentiated by the V3-V4 region 

alone. 

An in-depth description of the computational methods employed and the 

parameters used may be found at https://gitlab.oit.duke.edu/valdivia-lab/akkermansia-

species-and-phylogroups. 
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