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Abstract

The gut microbiota plays a pivotal role in human health, with Akkermansia

muciniphila emerging as a keystone species due to its mucin-degrading capabili-

ties and probiotic potential. This study conducted a comparative genomic anal-

ysis of 280 Akkermansia muciniphila strains to delineate genetic diversity, func-

tional adaptations, and safety profiles relevant to probiotic development. Utilizing

pangenome and phylogenomic approaches, identification of an open pangenome

structure was identified with 227 strains retained after species delimitation (ANI

>95%). The core genome revealed conserved pathways for mucin degradation, nu-

trient transport, and stress response, while accessory genes highlighted metabolic

flexibility and ecological adaptations. Antibiotic resistance genes (ARGs) were

detected in 14.5% of strains, including lincosamide, tetracycline, and macrolide

resistance determinants, with plasmids and rare virulence factors observed in se-

lected isolates. Biosynthetic gene clusters (BGCs) for terpenes and arylpolyenes

were widespread, whereas niche-specific clusters (e.g., lassopeptides) were strain-

restricted. These findings emphasize the importance of strain-specific evaluation

for therapeutic applications, balancing metabolic benefits against risks of ARG dis-

semination. The study highlights A. muciniphila’s potential as a next-generation

probiotic while advocating for rigorous genomic screening to ensure safety.

Keywords: Comparative genomics, pangenome analysis, Akkermansia muciniphila,

antibiotic resistance genes, probiotic potential.
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Chapter 1

Introduction

Gram-negative, oval-shaped, non-motile, and non-spore-forming, Akkermansia

muciniphila is a bacterium that resides in the mucous layer of the human digestive

system. It utilizes specialized enzymes, including mucinases, glycosidases, sulfa-

tases, and sialidases, to utilize mucin as its primary energy source and thrives

in anaerobic environments [1]. Although A. muciniphila lacks traditional mucus-

binding domains, it successfully colonizes the mucosal layer, because of surface

lipo-oligosaccharides and the outer membrane protein Amuc_1100 [1, 2].The bac-

teria A. muciniphila demonstrate metabolic flexibility by digesting substitute sub-

strates such as glucose and amino sugars in conditions where mucin is low. Al-

though the bacteria A. muciniphila are anaerobic but certain strains show oxygen

tolerance, indicating that they can adapt to oxic-anoxic interface of the gut mucosa

[1]. In natural gut ecosystems, A. muciniphila plays a critical role in gut health

by supporting intestinal barrier function and controlling immunological responses.

Its ability to degrade mucin promotes homeostasis and preserves the integrity of

the mucus layer [1].

The bacteria A. muciniphila is actively involved in maintain health of the gut

and it is reported that in the case of the metabolic and inflammatory conditions

such as obesity, type 2 diabetes, inflammatory bowel disease (IBD), and non-

alcoholic fatty liver disease (NAFLD) a significant decrease is observed in levels of

A. muciniphila [3]. The association with health maintenance initiates an interest in

1
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A. muciniphila as a treatment option as a probiotic against chronic inflammation

and metabolic diseases including the immunotherapy in case of colorectal cancer

as well as in improvement in cognitive outcomes in neurodegenerative disease [1].

Figure 1.1: Potential significance of A. muciniphila as a next-generation pro-
biotic [4]

Evolutionary plasticity of A. muciniphila, i.e., the ability of this bacterium to mod-

ify its phenotype, including the physical traits, behavior, and physiology, in re-

sponse to environmental changes, is a major observation regarding A. muciniphila.

Although this change or variation is not a direct outcome of genetic change but

the modifications in phenotypes are observed due to gene expression. This evo-

lutionary plasticity indicates an open pangenome, which supports the idea that

new genes are added in each strain due to variations in the environment to which

they belong. The argument is strongly supported by comparative genomics and

pangenomic analysis of A. muciniphila [5].
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The genome plasticity gene pool comprises both essential genes, like core genes, as

well as accessory genes related to the generation of vitamin B12, mucin breakdown,

and changeable surface antigens [6, 7]. This genetic adaptability of A. muciniphila

makes it a potential next generation probiotic with numerous probiotic character-

istics, such as immunological regulation and gut barrier preservation, which are

supported by strain-level diversity (AmI–AmIV) [7]. But at the same time it raises

eyebrows on the safety of the bacterium to be used as a probiotic.

Figure 1.2: Methods to increase the abundance of Akkermansia muciniphila
in Gut [8]

1.1 Pangenome Analysis

The set of orthologous and distinct genes found in a certain group of organisms

is known as the pan-genome. The core genome, accessory genome, and genes

specific to a species or strain make up the pan-genome. Depending on the Heap
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law’s alpha value, the pan-genome is categorized as open or closed. In a closed pan-

genome, the number of gene families will not significantly increase, but in an open

pan-genome, the number of gene families will steadily rise as more genomes are

added to the analysis [9]. Compared to conventional genomic research, pangenome

analysis has a number of benefits. A pangenome, for instance, can capture greater

genetic heterogeneity since it is not constrained by the physical limitations of a

single genome [10].

1.1.1 Components of Pangenome

Core and accessory genomes are two subtypes of pan-genomes. A target clade’s

core genome is a collection of gene families that are present in every genome and are

probably necessary for the clade’s development or survival. An accessory genome

is a group of genes found in one or more, but not all, in a particular clade. To

comprehend the differences in the clade’s genomes and, consequently, their distinct

lifestyles and evolutionary paths, the accessory genome is seen as optional [11].

Figure 1.3: Organization of a pangenome composed of core and dispensable
components of the genome [12]
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1.1.2 Types

1.1.2.1 Open Pangenome

An open pangenome is one in which the total number of genes continues to increase

with the addition of each new genome, indicating ongoing acquisition of genetic

material, often through horizontal gene transfer (HGT) [13].

1.1.2.2 Characteristics

• High genomic plasticity

• High rates of gene acquisition and recombination

• Gene discovery curve does not plateau

• Common in bacteria inhabiting diverse, fluctuating, or competitive environ-

ments

1.1.2.3 Biological Examples

• Escherichia coli

• Streptococcus agalactiae

• Pseudomonas aeruginosa

These species encounter various ecological niches and exhibit high HGT rates,

supporting a constantly growing gene repertoire [14].

1.1.2.4 Implications

Open pangenomes reveal a species ability to adapt and evolve in response to

environmental pressures, antimicrobial exposure, or host defenses [15].
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1.1.2.5 Closed Pangenome

A closed pangenome is one in which the total number of genes reaches a saturation

point, and adding more genomes yields few or no new genes. This pattern implies

limited genetic diversity and low rates of HGT [16].

1.1.2.6 Characteristics

• Low genomic variation

• Large, stable core genome

• Limited gene gain or loss

• Common in clonally reproducing or host-restricted organisms

1.1.2.7 Biological Examples

• Mycobacterium tuberculosis

• Bacillus anthracis

• Symbionts like Buchnera aphidicolas

Such organisms often live in stable environments or are highly specialized, reducing

the need for gene acquisition [13].

1.1.3 Goal of Pangenome Analysis

The goal of pangenomes is to fully capture genetic heterogeneity within a collec-

tion of organisms, addressing the shortcomings of conventional linear reference

genomes. This all-encompassing method improves knowledge of genetic variation

and makes more precise genomic analysis possible [17]. By increasing analysis

precision and recall, pangenomes improve the detection of large genetic variants,

especially in cardiomyopathies. They overcome the disadvantages of standard gene

sections, which have trouble handling larger insertions and deletions, and expedite

diagnostic procedures while cutting expenses [13].
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1.1.4 Comparative Genomics

Comparative genomics is the study of genome content, sequence, and structure

across species or strains to infer evolutionary history, detect functionally important

genes, and understand genome dynamics. It includes analysis of orthologs, synteny

blocks, gene duplications, and structural variations [? ].

It has been widely used to annotate newly sequenced genomes, understand phy-

logenetic relationships, and detect evolutionary events such as genome rearrange-

ments or selective pressures [? ].

Figure 1.4: Evolutionary relationships among more than 70 mammalian
species inferred from genomic sequence data.Color-coded clades highlight major
mammalian lineages, revealing patterns of divergence and common ancestry [6]
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1.1.5 Tools & Applications

Recent tools such as PanACoTA enable large-scale microbial genome comparisons

through automated workflows for genome downloading, quality filtering, annota-

tion, and tree construction [18]. These approaches facilitate the reconstruction of

species phylogeny and the identification of both core and strain-specific genomic

features.

Comparative genomics has also advanced into next-generation microbiology, inte-

grating genome-wide studies with functional characterization [18].

Table 1.1: Comparison of key features between comparative genomics and-
pangenome analysis highlighting scope, methods, and functional insights [18]

Aspect Comparative Genomics Pangenome Analysis

Scope Between species or strains Within species or clades

Primary methods Alignment, synteny, orthology,

evolutionary models

Gene presence – absence,

graph-based genome compar-

ison

Variants analyzed SNPs, CNVs, indels, synteny

blocks

Gene gain/loss, presence –

absence variation (PAV), SVs

Outcomes Conserved genes, divergence,

phylogenetic relationships

Pangenome curves, core/ac-

cessory genome structure

Examples of tools MUMmer, SyRI, VISTA PanACoTA, PGGB, Pan-

graph, minigraph

1.1.6 Pangenome of Akkermansia muciniphila

Comparative genomic analysis of several strains provides a comprehensive overview

of genetic diversity, evolutionary paths, and strain-specific roles. This analysis pro-

vides several classified phylogroups based on substantial genomic diversity among

A. muciniphila with unique functional characteristics [19].

This approach makes it possible to identify the variable genes associated with the

formation of Short Chain Fatty Acids (SCFA), sulfur assimilation, and oxygen

tolerance. Additionally, it highlights the mobile genetic components that support
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ecological adaptability and host adaptation, such as genomic islands and horizontal

gene transfer events [20].

Figure 1.5: Protective role of Akkermansia muciniphila in intestinal home-
ostasis [14]

Pangenome Analysis further enhances the results of comparative genomic anal-

ysis. Pangenome analysis evaluates the entire gene repertoire of strains of A.

muciniphila. As discussed above, A. muciniphila has an open pangenome, which

means that with every new strain, new genes are found, which demonstrates re-

markable evolutionary flexibility [5].

Figure 1.6: Role of Akkermansia muciniphila in metabolic diseases [17]
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The pangenome consists of core genes, which are also considered essential genes

present in all the strains, as well as accessory genes that are acquired due to envi-

ronmental adaptation. Genes encoding for key features such as mucin breakdown,

variable surface antigens, and vitamin B12 production are among them [6, 7].

Akkermansia muciniphila is an essential component of intestinal homeostasis due

to its mucin-degrading capacity, and is commonly found in the mucus layer of the

intestine. Promoting the synthesis of mucins and strengthening tight junction pro-

teins, A. muciniphila helps to maintain the integrity of the gut barrier by blocking

the entry of inflammatory chemicals and harmful bacteria [21]. Additionally, by

encouraging anti-inflammatory responses, especially through the control of reg-

ulatory T cells and cytokine profiles, A. muciniphila boosts the host immunity

[1].

Figure 1.7: Role of Akkermencia Muciniphila in gut health [22]

Its protective and health-promoting properties are highlighted by the fact that its

abundance has been inversely linked to metabolic illnesses such as obesity, type 2

diabetes, and inflammatory bowel diseases. These observations supports the fact

that A. muciniphila is a helpful commensal microbe that is necessary for intestinal

health.

The capacity of A. muciniphila to form biofilms on mucin-rich surfaces, which im-

proves colonization and stress tolerance, demonstrates its extraordinary flexibility
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[12]. With the help of outer membrane proteins as Amuc_1100, these biofilms

promote immunological regulation and gut adherence without having any harm-

ful effects [23]. Although typically thought to be benign, A. muciniphila produces

lipooligosaccharides that could cause immunological reactions, and the breakdown

of mucin could affect the integrity of the gut when inflammation is present [12].

Long-term safety monitoring is still crucial, although human trials show it is well

tolerated in both live and pasteurized versions [8].

1.2 Problem Statement

Akkermansia muciniphila is considered a potential probiotic strain against obesity

and other inflammatory and metabolic diseases, but its biofilm production and

genome plasticity initiate discussions about its safety to be used as probiotic.

1.3 Research Objectives

This study aims to conduct a detailed comparative genomic analysis of various

Akkermansia muciniphila strains to highlight the extent of their genetic diversity

and to explore the potential links between this diversity and their diverse roles in

maintaining human health and contributing to disease pathogenesis.

Specific objectives of the study are given below:

1. To delineate the genetic diversity and population structure of A. muciniphila.

2. To characterize its core and accessory genomes, including horizontally ac-

quired genes.

3. To assess strain-specific traits such as antibiotic resistance and virulence

potential.

4. To explore secondary metabolites and metabolic pathways, highlighting their

probiotic functions.



Chapter 2

Literature Review
This chapter provides a critical review of previous research work on the topic.

2.1 General Characteristics of Akkermansia

muciniphila
Akkermansia muciniphila is a Gram-negative, oval-shaped, non-motile, and non-

spore-forming bacterium, typically measuring between 0.6 and 1.0 µm in diame-

ter. It was first isolated in 2004 from human fecal samples by Muriel Derrien and

Willem de Vos at Wageningen University, Netherlands [24]. This species predom-

inantly inhabits the mucus layer of the gastrointestinal tract, particularly near

host epithelial cells lining the intestinal mucosa.

Figure 2.1: Microscopic image of Akkermansia muciniphila [2]

12
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2.2 General Characteristics of Akkermansia

muciniphila

Property Description

Morphology Oval-shaped, 0.6–1.0 µm diameter

Motility Non-motile

Spore Formation Non-spore-forming

Oxygen Requirement Strictly anaerobic (initially); some strains tolerate low oxygen lev-

els

Primary Energy Source Mucin

Other Substrates Glucose, N - acetylglucosamine, N - acetylgalactosamine (with

protein source)

Mucinase Activity Yes, possesses numerous mucinase-encoding genes

Mucus Binding Lacks canonical mucus-binding domains

Key Surface Molecules Lipooligosaccharide (LOS), Outer Membrane Protein Amuc_1100

2.2.1 Mucin Degradation

Mucin degradation is the most significant feature of the bacterium. Mucin is

a complex glycoprotein that forms a major component of the mucus layer. A.

muciniphila achieves this via a diverse array of mucinolytic enzymes, including

mucinases, glycosidases, sulfatases, and sialidases [24]. These enzymes convert

oligosaccharide chains into monosaccharides, acetate, propionate, and butyrate

short-chain fatty acids (SCFAs) critical for host gut health and microbial nutrient

cycling.

Figure 2.2: Interaction at the host mucus layer between secreted mucins and
bacteria. Bacteria can bind to mucins through adhesins and/or lectins that

recognize O-glycans [15]
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Despite its specialization in mucin degradation, A. muciniphila lacks canonical

mucus-binding domains, suggesting alternative mechanisms for adhering to the

mucus layer [2]. It also displays metabolic flexibility, growing on substrates like

glucose, N - acetylglucosamine, and N - acetylgalactosamine [23]. Some strains

exhibit potential for vitamin B12 biosynthesis [1].

The bacterium interacts with the host immune system via surface molecules. Its

lipooligosaccharide (LOS), lacking the O-antigen unit, activates TLR4 and TLR2

signaling pathways [12]. Additionally, the Amuc_1100 outer membrane protein is

a potent TLR2 activator [2], indicating a possible role in immune modulation and

molecular mimicry.

2.3 Classification of Akkermansia muciniphila

A. muciniphila is a critical bacterium present in the gut microbiota and plays a sig-

nificant role in human health and immunomodulation. Akkermansia muciniphila

is classified as a Gram-negative, anaerobic, oval-shaped bacterium belonging to

the Verrucomicrobia phylum. It is a mucin-degrading bacterium found in the

intestinal tract, particularly colonizing the mucus layer of humans and animals.

A. muciniphila is known for its ability to utilize mucin as its primary source of

carbon and nitrogen.

Table 2.2: Classification of Akkermansia muciniphilas

Characteristic Description

Phylum Verrucomicrobiota (formerly Verrucomicrobia)

Class Verrucomicrobiae

Order Verrucomicrobiales

Family Akkermansiaceae

Genus Akkermansia

Species Akkermansia muciniphila
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2.4 Genomic Characteristics of Akkermansia

muciniphila

The genome of a bacterium is characterized by a circular chromosome with no

plasmids and possesses 55.8% GC content with unique evolutionary characteristics

with high degree of genetic diversity across various strains [1, 19]. Reference strain

of Akkermansia muciniphila ATCC BAA-835 is 2.6 MB, but the genome size of A.

muciniphila ranges from approximately 2.6 to 3.0 Mb, reflecting its niche-specific

adaptation [1].

The genome encodes for 2176 predicted protein-coding sequences, out of which

65%, i.e., 1408 sequences, have putative functions assigned to them. Most of

the CDS or coding sequences are shared with other species of Verrucomicrobia,

indicating unique evolutionary features, but high genetic diversity is observed

among A. muciniphila isolates, even classified as subtypes and distinct clades.

The genome of A. muciniphila, due to its open pangenome, is considered to be

acquiring new genes by horizontal gene transfer from other bacteria, indicating

that A. muciniphila possesses a flexible genome.

The bacteria can synthesize various essential amino acids and can metabolize

multiple sugars present in mucin. The major categories of protein prodiced aby

bacteria are [1]:

Mucin degradation enzymes (e.g., glycoside hydrolases, sialidases, sulfatases)

• SCFA synthesis enzymes (acetate, propionate)

• Adhesion-related proteins

• Vitamin B12 synthesis genes (in some strains)
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Figure 2.3: Graphical circular map of the chromosome of Akkermansia
muciniphila KGMB01988. From outside to the center: Genes on forward strand
(color by COG categories), Genes on reverse strand (color by COG categories),
GC content (black), GC skew (light green/Orange), and gained gene families on
forward strand and negative strand after speciation (color by branching times)

[2]

2.5 Diversity in Akkermansia muciniphila

Akkermansia muciniphila is divided into various distinct clades or phylogroups

from AmI to AmIV as it exhibits genomic flexibility, hence diversity. Each clade

is reported from a single host, mostly, and it rarely happens that two clades co-

occur in one host simultaneously. The lack of co-occurrence suggests a competitive

dynamic of these phylogroups. Each phylogroup has unique genomic and pheno-

typic characters based on their metabolic capabilities and host gut environment

as well as oxygen sensitivity, details of each phylogroup are as under
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• AmI: available as a probiotic and represented by MucT strain

• AmII: exhibits aerotolerance and outcompetes AmI

• AmIII: predominant phylogroup in Chinese population

• AmIV: highly sensitive to oxygen

2.6 Significance of Akkermansia muciniphila

The human gut hosts a lot of microbial species that not only reside on the human

body but also contribute significantly to maintaining health and avoiding disease.

Akkermansia muciniphila, due to its mucin degradation properties, plays an im-

portant role in maintaining gut health and host homeostasis. It is well reported

that the number of A. muciniphila is reduced in patients with metabolic disorders

and obesity. A. muciniphila occupies a crucial ecological niche at the oxic-anoxic

interface of the intestinal mucus layer, where it contributes significantly to mucin

turnover and nutrient cycling [9]. The species helps maintain gut homeostasis and

barrier integrity through mucin degradation, generating SCFAs that benefit both

the host and other microbial residents. It supports microbial balance, potentially

inhibits pathogen colonization, and may enhance host metabolic health [2].

Figure 2.4: Impact of low number of Akkermansia muciniphila on gut home-
ostasis [2]
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A. muciniphila is also reported to be associated with the enhancement of anti-

tumor immunotherapy, inhibition of proinflammatory cytokines, protection of

mucin resulting in an intestinal barrier, an increase healthier gut profile by modu-

lating microbial diversity, and enhances glucose metabolism and insulin sensitivity.

Figure 2.5: Health benefits of Akkermansia muciniphila [2]

2.7 Significance of Akkermansia muciniphila as

Probiotic

Though not yet approved as a commercial probiotic, A. muciniphila has garnered

attention for its health-promoting properties:

• Strengthens the gut barrier by thickening the mucus layer [25]

• Modulates immune responses via TLR signaling [12].

• Exhibits anti-inflammatory properties in obesity, type 2 diabetes, and IBD
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• Extracellular vesicles (AmEVs) and the outer membrane protein Amuc_1100

show potential for therapeutic applications, including immune modulation

and metabolic benefits [12].

• In case of inflammatory bowel disease, ulcerative colitis, and Crohn’s dis-

eaes A. muciniphila improves the intestinal mucosal barrier’s which includes

physical barrier; as well as immune barrier; it stablises the colonisation of

healthy bacteria.

Figure 2.6: A. muciniphila’s function in inflammatory intestinal disorders [26]

2.8 Genome Plasticity

Bacterial genome is flexible in nature, and show multiple changes during their life

time especially when they are living inside host. For survival in the intestinal

region, bacterial species encounter various stresses and to survive in this condi-

tion they undergo multiple changes in their genome. This adaptability is the

key feature contributing in evolution, virulence or pathogenicity or even acquisi-

tion of antibiotic resistance. Figure 2.7 summarizes that how bacterial specie can
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loose or gain virulent genes contributing in its pathogenicity. Multiple features of

bacteria which contribute in genome plasticity include Horizontal Gene Transfer

including acquisition of new genes through transformation, transduction and con-

jugation. Horizontal gene transfer is the quickest way by which bacteria get new

genes especially genes associated with antibiotic resistance. Genomic islands and

pathogenicity islands are also outcome of horizontal gene transfer. Mobile genetic

elements including plasmids, transposons, integerons and insertion sequences also

contribute in genomic variations resulting in change in gene expression or altered

surface proteins which help in host evasion during infection, one of the important

virulence factor. Genome plasticity contributes majorly in antibiotic resistance

both addition or shedding of genes, acquisition of virulence factors contributing

in evolution, but in general it contributes in making bacteria able to survive in

diverse environment.

Figure 2.7: Impact of genome plasticity on bacterial pathogenesis

Genome plasticity of A. muciniphila is evident through the fact that this bacteria

has flexible and expanding pangenome, i.e. with each new strain sequenced, new

and novel gene families are reported from this bacterial species indicating that

there is continuous genome expansion. These new genes mostly lie in category of

accessory gene that indicates that genes are acquired as a result of environmental

stress. Core gene of this bacteria however shows genes associated with mucin

degradation.
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Open pangenome suggests functional adaptations in A. muciniphila [7] as the

bacterial has to survive in multiple and diverse gut environments ranging from

human to mice to pig and many more mammals. In addition to variations in gut

environment A. muciniphila has to cope up with diverse gut microflora, coexisting

with which requires A. muciniphila to acquire genes or gene clusters/ islands via

horizontal gene transfer. The acquired gene cluster or island are rich in mobile

genetic elements which are key regions for genetic variations. These unique or

accessory genes are the fundamental differences in various phylogroups. Therefore

it could be concluded that open pangenome shows that A. muciniphila is adaptive

enough to survive in gut environment.

2.9 Gap Analysis & Concerns about

A. muciniphila

Metabolic diseases are one of the most prevalent group of diseases not only in Pak-

istan but also worldwide whether its Diabetes or nonalcoholic fatty liver disease

and more importantly obesity, making these diseases as global health challenges.

Pakistan faces a high disease burden because of these diseases due to rapid ur-

banization and change in food habits. As these diseases have only few solutions

including life style changes and potential probiotics. Various bacterial strains [27]

are reported to be useful against various disease such as

• Lactobacillus gasseri, Lactobacillus rhamnosus, and Bifidobacterium breve

against obesity.

• Lactobacillus casei, Bifidobacterium lactis against Type II diabetes

• Lactobacillus plantarum, Bifidobacterium bifidum, Lactobacillus acidophilus

and Lactobacillus reuteri against metabolic syndrome

• Lactobacillus rhamnosus and Bifidobacterium longum against nonalcoholic

fatty liver For all these probiotic strains it is observed that although these

bacterial species have shown promising results but individual variations
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among strains matters. Similarly, not all probiotics work for everyone. Due

to these reasons new bacterial species other than lactobacillus were explored

and A. muciniphila is considered as next generation probiotic as it offers

health benefits through different mechanisms.

• A good probiotic bacterial strain requires [24] to be able to Tolerate harsh

environment of gut, i.e. the bacterial strain should have acid resistance

and stomach has very low pH. In addition resistance to bile salts is also

required.there are lot of different enzymes present in gut and bacterial strain

should be able to cope with those proteolytic enzymes

• In order to colonize (transient or permanent) and to compete with other

bacteria in gut, the bacterial species should be able to adhere with intestinal

epithelium or mucosal surfaces

• The bacterial strain should exhibit antimicrobial activity to out compete

competitor bacteria by using nutrients and attachements sites as well as

production of bacteriocins or organic acids to inhibit growth of competitors.

• Probiotic strain should be able to stimulate immune system for enhancement

of innate and adaptive immunity, in addition anti-inflammatory properties

should also be exhibited

• GRAS: to be considered as probiotic, bacterial strain should be Generally

Recognized As Safe i.e. it should not produce pathogenicity or toxicity.

• The probiotic strain should have some health benefits either help in digestion

or metabolisms or reduce toxicity etc.

A. muciniphila is considered to have next generation probiotic potential [28] due

to the reason that it imparts health benefits by supporting gut barrier by living in

mucus layer and using mucins as food and results in decreasing the chance of gut

inflammation and endotoxemia. Clinical trials have shown that pasteurized form

of A. muciniphila can result in improved insulin sensitivity, reduced body weight

and decreased cholesterol and inflammation. A. muciniphila is also reported to

produce short chain fatty acids [29] which modulate gut health and compete with
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pathogens while it can interact with immune cells and metabolic receptors such

as TLR2.

As mentioned in last section genome of A. muciniphila shows genome plasticity

which enables it to survive in mucosal layer and in harsh gut environment but

it highlights a concern to use A. muciniphila as probiotic as genome plasticity

often results in strain level genetic variations which affects probiotic efficacy as

well as its immunoregulations thus raining concerns about safety of probiotic.

Therefore using A. muciniphila as probiotic or in microbiome based therapies it

is recommended to closely monitor genomic changes in each strain. The is the

reason because of which A. muciniphila is not yet approved as probiotic in many

regions and long term safety is still under consideration [7].



Chapter 3

Material and Method

This study employed a comparative genomics approach to investigate the ge-

netic diversity and potential functional variations among Akkermansia muciniphila

strains. The methodology involved several key steps, including genome retrieval

and selection, pangenome analysis, and functional annotation.

Figure 3.1: Graphical abstract of pangenome analysis of Akkermansia
muciniphila [2]

24
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3.1 Genome Retrieval and Selection

A comprehensive set of 280 Akkermansia muciniphila genomes was retrieved from

the BV-BRC (Bacterial and Viral Bioinformatics Resource Center) database on

March 16, 2025 [27]. This dataset comprised 71 complete genomes, including the

reference genome JCM 30893, and 209 Whole Genome Sequencing (WGS) entries.

To ensure the relevance of this study to human health, only genomes derived from

human hosts were selected. Genomes originating from other hosts, such as black

rats, chickens, mice, patents, and pigs, were excluded. Stringent quality control

measures were applied during the retrieval process. Only high-quality genomes

were included in the dataset, while deprecated and poor-quality genomes were

excluded. This selection criterion aimed to maximize the reliability and accuracy

of subsequent comparative genomic analyses. The resulting dataset of 280 A.

muciniphila genomes provided a robust foundation for investigating the species’

genetic diversity.

3.2 Genome Annotation and Average Nucleotide

Identity (ANI) Analysis

Gene prediction and functional annotation were performed using Prokka (Galaxy

Version 1.14.6+galaxy1) [30]. Prokka utilizes Prodigal for the identification of

protein-coding regions, followed by functional prediction through similarity searches

against various protein and protein domain databases [31]. The annotation pro-

cess included the identification of RNA genes, specifically tRNA and rRNA, using

Barrnap and Aragorn, respectively. Analyses were conducted using default pa-

rameters, with a similarity e-value cut-off of 1e-06. The bacterial kingdom and

genetic code 11 were specified to ensure accurate annotation for the A. muciniphila

genomes.

Average Nucleotide Identity (ANI) was calculated using FastANI (Galaxy Version

1.3) to determine the taxonomic relatedness of the retrieved genomes (Jain et
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al., 2018). This analysis was performed to validate the species classification and

to ensure the selection of genomes within the A. muciniphila species boundary.

All selected genomes were compared against the reference genome A. muciniphila

JCM 30893. A standard ANI cut-off of >95% was applied to define the species

boundary. Genomes exhibiting ANI values below this threshold were excluded

from subsequent analyses, ensuring the inclusion of only actual A. muciniphila

strains in the comparative genomic study. This selection aimed to capture a

broad spectrum of the species’ genetic diversity while excluding highly redundant

or potentially misclassified genomes.

3.3 Pangenome Estimation and Phylogenetic

Analysis

Pangenome analysis was conducted to characterize the genomic diversity of A.

muciniphila. This analysis was performed on both the initial set of genomes

and the shortlisted set of genomes, which were selected based on Average Nu-

cleotide Identity (ANI) and gene presence-absence patterns. Roary (Galaxy Ver-

sion 3.13.0+galaxy3) was employed for pangenome estimation [32]. The minimum

percentage identity for BLASTp was set to 70%, and the percentage of isolates

required for a gene to be considered part of the core genome was set to 95%. These

parameters were chosen to ensure robust identification of orthologous gene clus-

ters and to define a stringent core genome. The pangenome was determined using

a gene-based approach, where genes present in all strains were classified as core

genes, genes present in a subset of strains as accessory genes, and genes unique to a

single strain as unique genes. The resulting pangenome was further characterized

to assess its openness or closedness, indicating the potential for further gene ac-

quisition within the species. To visualize the pangenome structure, a phylogenetic

tree was generated and compared against a presence/absence matrix of core and

accessory genes using ‘roary_plots.py v0.1.0‘. This allowed for the assessment of

the relationship between genomic variation and gene content. Additionally, the

dynamics of the pangenome, specifically the distribution of conserved and unique
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genes, were visualized using a custom R script, ‘create_pan_genom_plots.R’. This

script, which utilizes the R programming language and the ggplot2 library, pro-

cessed the Roary output files (*.Rtab) to generate plots depicting the variation of

the pangenome as genomes were added in random orders. This analysis provided

insights into the openness or closedness of the A. muciniphila pangenome and the

rate of gene acquisition or loss. The core genome multiple sequence alignment

was used for the inference of phylogenetics using iTOL v7. This analysis provides

insights into the genomic diversity and evolutionary dynamics of A. muciniphila.

3.4 Functional Annotation and Enrichment Anal-

ysis

The functional annotation of both pan genes was performed using EggNOG-

mapper v5.0.2. A minimum e-value threshold of 0.001 was applied to ensure

the reliability of the annotation [28]. EggNOG-mapper was specifically utilized

to assign genes to functional categories based on the EggNOG database, provid-

ing insights into the metabolic pathways, cellular processes, and other functional

attributes of the analyzed genomes.

3.5 Identification of Antibiotic Resistance Genes

(ARGs), Virulence Factors (VFs), and Plas-

mids

Antibiotic resistance genes (ARGs), virulence factors (VFs), and plasmids were

identified using ABRicate (Galaxy Version 1.0.1) and staramr (Galaxy Version

0.11.0 + galaxy0). These tools utilized the VFDB (Virulence Factors Database),
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CARD (Comprehensive Antibiotic Resistance Database), ResFinder, and Plas-

midFinder databases for comparative sequence analysis [33–36]. A minimum cov-

erage of 30% and a minimum sequence identity of 75% were applied as thresholds

for the identification of these genetic elements.

3.6 Prediction of Secondary Metabolite Biosyn-

thesis Gene Clusters (BGCs)

Antimicrobial peptides and secondary metabolite biosynthesis gene clusters (BGCs)

were predicted using antiSMASH (Galaxy Version 6.1.1+galaxy1) [25]. Anti-

SMASH was employed to identify genomic regions with the potential to produce

secondary metabolites such as antibiotics, siderophores, and other bioactive com-

pounds. This analysis contributed to the understanding of the diverse metabolic

capabilities of A. muciniphila strains.



Chapter 4

Results and Discussion

4.1 General Characteristics of the Genomes

The genomic characteristics of the retrieved 280 A. muciniphila strains revealed

significant variability. The average genome size was determined to be 2.84 Mb,

with observed sizes ranging from 1.3 Mb in strain N1191.18, representing the

smallest genome, to 3.3 Mb in strain Akk1863, the largest. The average guanine-

cytosine (GC) content was 55.8%, exhibiting a range from 53.12% in strain BIOML-

A18 (minimum) to 58.46% in strain CSUN-56 AmIII (maximum). The number of

contigs varied substantially, with strain P048L1-35 displaying the highest number

at 558. The number of coding sequences (CDS) also showed considerable vari-

ation, ranging from 1306 in strain N1191.18 (comprising 13 contigs) to 3336 in

strain DFI.6.92 (comprising 462 contigs). The average number of CDS across all

strains was calculated to be 2829.

4.2 Species Delimitation and Exclusion of Diver-

gent Strains

Species boundaries were determined using Average Nucleotide Identity (ANI) anal-

ysis, with a standard cutoff of >95%. This analysis identified 53 out of 280 strains

29
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exhibiting ANI values below this threshold, indicating potential interspecies di-

vergence (Table 4.1). Subsequent gene presence-absence analysis revealed that

these 53 strains formed a distinct, distant cluster, displaying significant genetic

dissimilarity from the remaining strains. Consequently, these 53 divergent strains

were excluded, resulting in a refined dataset of 227 strains for further analysis.

The phylogenetic relationships among the accessory binary genes of the excluded

divergent strains are illustrated in Figure 4.1 and Figure 4.2.

Table 4.1: Table of ANI results (>95%) used for species boundary determina-
tion of 227 selected strains, detailing Query and Reference strain comparisons,

ANI values, Fragment alignment, and Alignment Length.

No Query Reference ANI Fragments Alignment

_Length

1 40 _2 _59 JCM_30893 96.4741 222 227

2 43 _2 _06 JCM_30893 96.583 321 336

3 GP43 JCM_30893 96.9739 823 927

4 D6 _3 _FMU JCM_30893 96.9865 824 907

5 CSUN _12 _AmI JCM_30893 96.9895 832 912

6 H1 JCM_30893 96.9984 827 913

7 H2 JCM_30893 97.0048 841 939

8 GP04 JCM_30893 97.0323 854 935

9 NBRC _115032 JCM_30893 97.0327 848 947

10 Akk0500b JCM_30893 97.0347 842 929

11 43 _1 _43 JCM_30893 97.0456 837 920

12 Marseille _P5162 JCM_30893 97.0479 833 947

13 N1170 _24 JCM_30893 97.0536 822 895

14 GP03 JCM_30893 97.0561 852 932

15 Map _156 _012 JCM_30893 97.062 740 798

16 Map _3 _010 JCM_30893 97.0658 800 869

17 CBA5201 JCM_30893 97.0801 863 953

18 OMN02 _HAM

_0033

JCM_30893 97.0885 858 988

continued on next page
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No Query Reference ANI Fragments Alignment

_Length

19 Akk16115 JCM_30893 97.0969 855 1000

20 DOME _MAG

_9332

JCM_30893 97.0978 820 884

21 EB _AMDK _16 JCM_30893 97.1042 834 923

22 Akk1613 JCM_30893 97.1088 856 996

23 C4 _44 JCM_30893 97.1117 814 894

24 B189 _010 JCM_30893 97.1124 807 891

25 Akk1610 JCM_30893 97.1131 854 1000

26 Akk16145 JCM_30893 97.1204 857 1000

27 Akk1616 JCM_30893 97.1216 857 1000

28 EB _AMDK _18 JCM_30893 97.1246 831 923

29 Map _48 _015 JCM_30893 97.1248 806 876

30 GP36 JCM_30893 97.1253 847 913

31 EB _AMDK _17 JCM_30893 97.1264 831 923

32 EB _AMDK _15 JCM_30893 97.1273 831 923

33 39 _2 _104 JCM_30893 97.1286 863 998

34 DFI _6 _92 JCM_30893 97.1396 851 952

35 L2 _040 _365G1

_dasL2 _040

_3651 _dasL2

_040 _365G1

_concoct _4

JCM_30893 97.1439 818 896

36 AK32 JCM_30893 97.1464 875 1001

37 COPD431 JCM_30893 97.1632 833 908

38 Akk2030 JCM_30893 97.164 836 934

39 UBG017 JCM_30893 97.1685 800 949

40 C043 _18 JCM_30893 97.1686 855 969

41 Akk2090 JCM_30893 97.1709 835 934

42 C039 _28 JCM_30893 97.174 861 980

continued on next page
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No Query Reference ANI Fragments Alignment

_Length

43 Akk1990 JCM_30893 97.1744 836 934

44 DFI _6 _69 JCM_30893 97.1779 850 952

45 Map _95 _020 JCM_30893 97.1782 765 857

46 HB03 JCM_30893 97.18 832 902

47 B32 _bin _24 JCM_30893 97.1841 797 879

48 COPD433 JCM_30893 97.1911 799 848

49 39 _1 _31 JCM_30893 97.1987 846 942

50 CSUN _59 _AmI JCM_30893 97.203 838 955

51 C029 _35 JCM_30893 97.2036 809 892

52 D1169bin22 JCM_30893 97.2071 853 954

53 DFI _5 _32 JCM_30893 97.2128 845 950

54 C047 _04 JCM_30893 97.2142 861 1010

55 D3120bin17 JCM_30893 97.2231 851 965

56 CLA _AP _H31 JCM_30893 97.2249 832 924

57 14 _2 _60 JCM_30893 97.2274 845 959

58 MGS _154 JCM_30893 97.2287 808 871

59 GP21 JCM_30893 97.2299 871 939

60 47 _2 _14 JCM_30893 97.2311 849 923

61 Map _12 _014 JCM_30893 97.2414 836 913

62 B86 _013 JCM_30893 97.2559 740 834

63 Akk2650 JCM_30893 97.2581 855 944

64 Akk0880 JCM_30893 97.2603 858 988

65 COPD435 JCM_30893 97.2621 592 625

66 Akk1756 JCM_30893 97.2642 872 980

67 COPD434 JCM_30893 97.2669 831 913

68 Map _115 _032 JCM_30893 97.2678 789 848

69 Map _111 _039 JCM_30893 97.268 790 854

70 GP05 JCM_30893 97.2727 833 925

71 B210 _019 JCM_30893 97.2826 822 900

continued on next page
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No Query Reference ANI Fragments Alignment

_Length

72 COPD430 JCM_30893 97.2855 854 936

73 225S _18FAA JCM_30893 97.2858 834 938

74 B14 _bin _17 JCM_30893 97.2877 812 870

75 Akk1683 JCM_30893 97.29 843 999

76 GP39 JCM_30893 97.298 839 949

77 Map _2 _013 JCM_30893 97.2981 805 891

78 Akk1576 JCM_30893 97.3011 859 992

79 Akk1570 JCM_30893 97.3054 856 988

80 N1157 _9 JCM_30893 97.3087 846 916

81 GP41 JCM_30893 97.3094 834 916

82 P002 _10 JCM_30893 97.3126 833 913

83 B9 _maxbin _004 JCM_30893 97.3146 805 893

84 B13 _bin _15 JCM_30893 97.3172 786 843

85 Map _38 _014 JCM_30893 97.3208 829 908

86 CSUN _33 _AmI JCM_30893 97.3264 848 922

87 Akk14745a JCM_30893 97.3286 844 932

88 GP06 JCM_30893 97.3295 832 915

89 47 _1 _05 JCM_30893 97.3304 857 941

90 GP38 JCM_30893 97.3326 835 941

91 YGMCC2645 JCM_30893 97.3458 826 907

92 Marseille _P6566 JCM_30893 97.3514 836 907

93 Marseille _P7245 JCM_30893 97.3514 836 907

94 GP29 JCM_30893 97.3583 822 909

95 Akk14745b JCM_30893 97.3601 844 932

96 KGMB01988 JCM_30893 97.3621 846 948

97 C017 _30 JCM_30893 97.3691 854 951

98 KGMB01990 JCM_30893 97.3695 845 948

99 N1164 _13 JCM_30893 97.3711 830 899

100 KGMB01989 JCM_30893 97.3765 844 948

continued on next page
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No Query Reference ANI Fragments Alignment

_Length

101 KGMB02009 JCM_30893 97.3796 844 948

102 BIOML _A32 JCM_30893 97.3845 832 907

103 Akk13715 JCM_30893 97.3896 838 934

104 Akk1376 JCM_30893 97.3898 839 934

105 Akk1370 JCM_30893 97.3923 837 934

106 BIOML _A2 JCM_30893 97.4092 835 908

107 BIOML _A22 JCM_30893 97.4101 835 906

108 EB _AMDK _14 JCM_30893 97.4199 845 921

109 BIOML _A19 JCM_30893 97.421 831 909

110 B30 _bin _40 JCM_30893 97.4283 679 703

111 BIOML _A33 JCM_30893 97.4305 827 916

112 EB _AMDK _8 JCM_30893 97.431 843 941

113 EB _AMDK _11 JCM_30893 97.4321 844 921

114 BIOML _A15 JCM_30893 97.4335 832 905

115 BIOML _A28 JCM_30893 97.4363 832 909

116 BIOML _A14 JCM_30893 97.4392 830 917

117 BIOML _A20 JCM_30893 97.4462 829 904

118 BIOML _A23 JCM_30893 97.4491 831 906

119 BIOML _A16 JCM_30893 97.4495 830 909

120 BIOML _A40 JCM_30893 97.4513 830 912

121 BIOML _A9 JCM_30893 97.4521 828 931

122 BIOML _A44 JCM_30893 97.4523 825 904

123 BIOML _A41 JCM_30893 97.4531 833 909

124 BIOML _A1 JCM_30893 97.4548 832 905

125 BIOML _A25 JCM_30893 97.462 832 912

126 BIOML _A18 JCM_30893 97.4627 830 1026

127 EB _AMDK _13 JCM_30893 97.4631 839 921

128 BIOML _A39 JCM_30893 97.4639 832 907

continued on next page
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No Query Reference ANI Fragments Alignment

_Length

129 OB21 _FAA _NB

_28

JCM_30893 97.4643 833 950

130 BIOML _A26 JCM_30893 97.4649 829 906

131 29 _2 _27 JCM_30893 97.4659 746 811

132 bin _844 JCM_30893 97.4663 845 925

133 EB _AMDK _10 JCM_30893 97.4664 837 921

134 BIOML _A13 JCM_30893 97.4666 830 919

135 BIOML _A38 JCM_30893 97.4669 830 908

136 BIOML _A21 JCM_30893 97.4673 832 983

137 BIOML _A6 JCM_30893 97.4713 832 913

138 BIOML _A42 JCM_30893 97.4763 832 907

139 BIOML _A8 JCM_30893 97.4776 826 906

140 Marseille _P9642 JCM_30893 97.4782 828 896

141 BIOML _A4 JCM_30893 97.4787 831 912

142 BIOML _A37 JCM_30893 97.479 830 909

143 BIOML _A36 JCM_30893 97.4806 826 905

144 BIOML _A30 JCM_30893 97.4808 828 906

145 GP01 JCM_30893 97.4828 833 920

146 EB _AMDK _12 JCM_30893 97.4844 842 921

147 P012L1 _26 JCM_30893 97.4859 758 797

148 BIOML _A43 JCM_30893 97.4868 829 907

149 BIOML _A45 JCM_30893 97.4878 831 908

150 BIOML _A7 JCM_30893 97.4895 831 906

151 17 _1 _17 JCM_30893 97.4907 834 916

152 BIOML _A24 JCM_30893 97.4915 829 906

153 BIOML _A27 JCM_30893 97.4935 829 906

154 BIOML _A11 JCM_30893 97.4964 829 912

155 BIOML _A29 JCM_30893 97.498 826 905

156 BIOML _A31 JCM_30893 97.4983 827 905

continued on next page
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No Query Reference ANI Fragments Alignment

_Length

157 am _0171 JCM_30893 97.4995 823 902

158 EB _AMDK _19 JCM_30893 97.502 829 908

159 DFI _9 _24 JCM_30893 97.5024 806 887

160 BIOML _A34 JCM_30893 97.5033 827 906

161 COPD429 JCM_30893 97.5069 816 878

162 EB _AMDK _22 JCM_30893 97.5077 829 908

163 BIOML _A35 JCM_30893 97.5086 827 906

164 EB _AMDK _21 JCM_30893 97.5094 826 908

165 EB _AMDK _20 JCM_30893 97.5116 827 908

166 BIOML _A3 JCM_30893 97.5137 826 908

167 29 _1 _57 JCM_30893 97.5239 832 905

168 N1191 _18 JCM_30893 97.6271 419 433

169 2218st1 _C6

_22035

JCM_30893 98.0324 811 880

170 2218st1 _G7

_22035

JCM_30893 98.072 796 868

171 2218st1 _A7

_22035

JCM_30893 98.0789 814 886

172 2218st1 _D7

_22035

JCM_30893 98.0948 821 896

173 Marseille _P9184 JCM_30893 98.5315 843 910

174 COPD426 JCM_30893 98.5423 812 877

175 CSUN _7 _AmI JCM_30893 98.5908 836 933

176 EB _AMDK _7 JCM_30893 98.5989 853 933

177 rmaize _MAXBIN

_ _011

JCM_30893 98.6095 876 935

178 GP27 JCM_30893 98.6382 846 901

179 Marseille _Q2586 JCM_30893 98.6394 869 915

180 CHE528 _008 JCM_30893 98.6422 822 873

continued on next page
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No Query Reference ANI Fragments Alignment

_Length

181 GP14 JCM_30893 98.6433 831 895

182 P058 _15 JCM_30893 98.6436 830 914

183 GP28 JCM_30893 98.665 858 901

184 P015L1 _1 JCM_30893 98.6703 827 871

185 OF08 _9 JCM_30893 98.698 619 656

186 Akk2670 JCM_30893 98.7119 864 920

187 N1167 _9 JCM_30893 98.7122 843 906

188 GP02 JCM_30893 98.7167 846 885

189 P059 _25 JCM_30893 98.7258 811 892

190 MRD1520 JCM_30893 98.7397 849 887

191 COPD428 JCM_30893 98.7409 842 881

192 H4 JCM_30893 98.7473 820 859

193 H6 JCM_30893 98.7498 844 890

194 I42XC9 JCM_30893 98.7502 816 852

195 COPD432 JCM_30893 98.7505 841 888

196 Akk1713 JCM_30893 98.7553 860 908

197 H5 JCM_30893 98.7582 822 869

198 DOME _MAG

_8722

JCM_30893 98.7593 819 871

199 DSM _22959 JCM_30893 98.7593 853 888

200 Akk0500a JCM_30893 98.7634 859 908

201 H3 JCM_30893 98.7634 823 876

202 Akk0200 JCM_30893 98.7665 851 887

203 AM06 JCM_30893 98.7679 853 888

204 AMU JCM_30893 98.768 853 888

205 Akk007 JCM_30893 98.7688 853 888

206 I42XC8 JCM_30893 98.7751 817 849

207 P061 _22 JCM_30893 98.7836 784 839

208 S05B _meta _bin JCM_30893 98.7991 787 814

continued on next page
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No Query Reference ANI Fragments Alignment

_Length

209 S05 _meta _bin JCM_30893 98.8084 766 792

210 GP16 JCM_30893 98.8094 850 885

211 P048L1 _35 JCM_30893 98.8188 484 491

212 AKK JCM_30893 98.8349 863 941

213 S05A _meta _bin JCM_30893 98.8438 779 813

214 P010L1 _2 JCM_30893 98.8544 686 705

215 P052L1 _43 JCM_30893 98.8699 707 722

216 P037 _81 JCM_30893 98.9227 820 862

217 GP40 JCM_30893 98.9694 884 925

218 GP19 JCM_30893 98.987 880 925

219 VEG01 _HAM JCM_30893 99.015 874 925

220 GP23 JCM_30893 99.4819 905 950

221 GP35 JCM_30893 99.5369 898 948

222 GP20 JCM_30893 99.5542 905 934

223 NBRC _114322 JCM_30893 99.7536 890 916

224 Akk0096 JCM_30893 99.7801 892 918

225 P007L1 _24 JCM_30893 99.819 872 878

226 JCM_30893 JCM_30893 100 955 958

227 L3 _069 _242G1

_dasL3 _069

_242G1 _maxbin

_044s _strain

JCM_30893 99.8926 869 923

4.3 Pangenome Analysis Reveals Significant Re-

duction in Gene Pool Following Strain Ex-

clusion

Pangenome analysis was initially conducted on the complete dataset of 280 genomes.

This analysis revealed a core genome comprising 429 genes present in 95-100% of
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the strains. The soft-core genome, defined as genes present in 94-95% of the strains,

consisted of 53 genes. The shell genome, encompassing genes present in 15-94% of

the strains, contained 2811 genes. The cloud genome, representing genes present

in less than 15% of the strains, comprised 21743 genes. The total pangenome size

for the 280 genomes was determined to be 25036 genes.

Following the exclusion of 53 divergent strains, a subsequent pangenome analysis

was performed on the remaining 227 genomes. This refined analysis demonstrated

a substantial shift in pangenome characteristics. The core genome increased to

1237 genes. The soft-core genome decreased to 41 genes. The shell genome was

reduced to 1725 genes. Notably, the cloud genome exhibited a significant reduc-

tion, decreasing to 10441 genes. The total pangenome size for the 227 genomes

was calculated to be 13444 genes. These results indicate a substantial reduction

in the accessory gene pool and an increase in core gene conservation following

the exclusion of divergent strains, thus, highlighting the importance of accurate

species delimitation in pangenome analysis.

Figure 4.1: Comparative pangenome analysis represented as pie charts, show-
ing the distribution of core, soft core, shell, and cloud genes in the initial dataset

of 280 A. muciniphila genomes [49]



Results and Discussion 40

Figure 4.2: Comparative pangenome analysis represented as pie charts, show-
ing the distribution of core, soft core, shell, and cloud genes in the refined
dataset of 227 genomes following the exclusion of divergent strains, highlighting
the reduction in cloud genes and increase in core genes after removing divergent

strains[51]

Pangenome analysis of the 280 A. muciniphila genomes revealed a dynamic and

diverse genomic landscape. The cumulative gene count in the pangenome exhibited

a continuous increase with the addition of each genome, as illustrated in Figure

4.2, indicative of an open pangenome. This observation was further supported

by the consistent identification of new genes throughout the analysis, particularly

prominent during the initial stages, as shown in Figure 4.3, highlighting substantial

initial genomic diversity.

In contrast, the number of conserved genes rapidly reached a plateau, as depicted

in Figure 4.5 and Figure 4.6, suggesting a relatively stable core genome was es-

tablished early in the analysis, with a decrease in number as new genomes were

added.
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Figure 4.3: Cumulative number of genes in the pangenome as a function of
added genomes, demonstrating an open pangenome

Figure 4.4: Number of new genes added with each additional genome, high-
lighting high initial diversity and ongoing gene acquisition.
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Figure 4.5: Trend of total and conserved genes with increasing genomes,
showing a stable yet very small core genome.

Figure 4.6: Detailed view of the number of conserved genes across all genomes
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Figure 4.7: Trend of new and unique genes as genomes are added.

Furthermore, the analysis of new and unique genes, shown in Figure 4.7, 4.8,

demonstrated a persistent influx of unique genes, reinforcing the notion of a highly

variable accessory genome. This continuous acquisition of new and unique genes,

coupled with the expanding total gene pool, highlighted the adaptability and evo-

lutionary flexibility of this bacterial population.

Figure 4.8: Number of unique genes added with each genome, indicating a
high degree of accessory gene diversity.

The pangenome analysis of the 227 A. muciniphila strains revealed a more con-

served and less diverse genomic landscape compared to the initial 280-strain dataset.

This is a direct consequence of excluding divergent strains, which were likely re-

sponsible for a significant portion of the observed genomic variability. The refined

dataset highlights a larger core genome and a reduced accessory genome, indicat-

ing a more cohesive and closely related group of strains. This suggests that the
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227 strains represent a more accurate reflection of the core genomic characteris-

tics of A. muciniphila, while the 280 strains captured a broader range of genomic

diversity, including potentially distinct subspecies or ecotypes (Figure 4.8).

Figure 4.9: Cumulative number of genes in the pangenome as a function of
added genomes, showing a gradual increase indicative of a less pronounced open

pangenome compared to the initial dataset.

Figure 4.10: Number of new genes added with each additional genome,
demonstrating a reduced rate of novel gene acquisition.



Results and Discussion 45

Figure 4.11: Trend of total and conserved genes with increasing genomes,
revealing a larger core genome and a more stable core gene set.

Figure 4.12: Detailed view of the number of conserved genes across all
genomes, showing minimal variation.
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Figure 4.13: Trend of new and unique genes as genomes are added, showing
a lower rate of new gene accumulation and very few unique genes.

Figure 4.14: Number of unique genes added with each genome, highlighting
a significant reduction in unique gene content compared to the initial dataset.

Phylogenetic analysis, based on accessory gene presence-absence, revealed a dis-

tinct clade comprising 53 strains, visually highlighted in red within the circu-

lar phylogram (Figure 4.13 and Figure 4.14). These strains, including CSUN-37
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AmIV, Akk2750, and others, formed a well-separated cluster, indicating a signifi-

cant degree of genetic divergence from the remaining strains. This divergence was

supported by substantial branch lengths separating this clade from the rest of the

tree.

Figure 4.15: Phylogenetic analysis of A. muciniphila genomes. Circular phy-
logram depicting the phylogenetic relationships among 280 bacterial genomes,
constructed using accessory gene presence/absence data from Roary pangenome
analysis and visualized with iTOL. The red-colored branches highlight the 53
divergent strains that formed a distinct clade, indicating significant genetic dis-

similarity from the remaining strains
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Figure 4.16: Phylogenetic analysis of A. muciniphila genomes. Circular phy-
logram constructed using accessory gene presence/absence data from Roary
pangenome analysis and visualized with iTOL using the refined dataset of 227

genomes after the exclusion of 53 divergent strains

The formation of this distinct clade, coupled with observed dissimilarities in gene

content and ANI values, justified the exclusion of these 53 strains from subse-

quent analyses. Their removal ensured a more accurate representation of the phy-

logenetic relationships among the remaining, more closely related strains (Figure

4.13B). This phylogenetic separation suggested the potential for these 53 strains
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to represent a distinct species, subspecies, or ecotype, warranting further investi-

gation into their taxonomic classification. The Tree scale of 1 provided a metric

for interpreting the extent of evolutionary

4.4 Functional Annotation Reveals Metabolic Ro-

bustness

Functional annotation analysis of A. muciniphila genes revealed a functional dis-

tribution consistent with its role as a gut commensal (Figure 4.15). The largest

proportion of genes (2,200) were assigned to “Metabolism and Transport” func-

tions, highlighting the bacterium’s capacity for nutrient acquisition and utilization

within the gut environment. A significant proportion of genes (1,542) were cate-

gorized under “Information, Storage, and Processing,” indicating a well-developed

system for gene expression and regulation. Cellular processes and signaling, rep-

resented by 1,502 genes, further emphasized the bacterium’s ability to interact

with its environment and respond to stimuli. Notably, a substantial portion of

genes (1,317) remained uncharacterized, highlighting the significant knowledge gap

regarding the full functional potential of A. muciniphila.

The KEGG pathway analysis using KAAS of pangenome of 227 A. muciniphila

strains revealed a genomically streamlined species exquisitely adapted to thrive in

the mucus-rich gut environment, with metabolic capabilities finely tuned for mucin

degradation, energy efficiency, and host interaction. Central carbon metabolism

is dominated by robust glycolysis (19 genes) and a complete TCA cycle (15 genes),

enabling efficient ATP production from mucin-derived sugars like N-acetylglucosamine

and galactose. This is complemented by strong pyruvate metabolism (16 genes)

and propanoate/butanoate pathways (9-11 genes), which drive the production of

short-chain fatty acids (SCFAs) such as propionate and acetate-key metabolites

known to enhance gut barrier function and regulate host immunity. The pentose

phosphate pathway (8 genes) further underscores metabolic flexibility, balancing

NADPH synthesis for redox homeostasis with nucleotide precursor generation.
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Figure 4.17: Functional annotation of A. muciniphila genes, highlighting the
abundance of genes with unknown functions.

A. muciniphila’s specialization in mucin utilization is evident in its arsenal of gly-

coside hydrolases (e.g., starch/sucrose metabolism: 12 genes) and sulfatases, sup-

ported by ABC transporters (29 genes) that facilitate uptake of mucin breakdown

products. Pathways for amino sugar metabolism (20 genes) and glycosaminogly-

can degradation (4 genes) highlight its evolutionary focus on dismantling com-

plex glycans, while lipopolysaccharide (9 genes) and teichoic acid biosynthesis

(4 genes) reflect adaptations to persist within the mucus layer. Strikingly, amino

acid metabolism pathways-particularly glycine/serine (18 genes) and cysteine/me-

thionine (18 genes)-suggest nitrogen scavenging from mucin, with glutathione

metabolism (1 gene) and arginine biosynthesis (15 genes) further supporting redox

balance and immunomodulatory nitric oxide production.

The pangenome also reveals niche-specific adaptations. While terpenoid biosyn-

thesis (10 genes) and ubiquinone pathways (9 genes) likely stabilize membranes

under oxidative stress, rare clusters for antibiotic biosynthesis (e.g., streptomycin:

6 genes) and secondary metabolites (e.g., lassopeptides) hint at ecological competi-

tion strategies. However, the detection of beta-lactam (14 genes) and vancomycin

resistance genes (6 genes) raises safety considerations for probiotic applications,
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necessitating stringent strain selection. Vitamin auxotrophy-limited biosynthesis

of B6 (3 genes) and biotin (8 genes)-suggests reliance on host/microbiota-derived

nutrients, positioning A. muciniphila as a metabolic collaborator in the gut ecosys-

tem.

Duplicated pathways (e.g., glycolysis@2x, TCA@2x) indicate genomic redundancy,

possibly enhancing metabolic robustness in fluctuating gut conditions. Meanwhile,

sulfur metabolism (12 genes) and oxidative phosphorylation (28 genes) underscore

adaptations to microaerophilic mucosal niches. The near-absence of xenobiotic

degradation pathways aligns with its specialization in host-derived substrates,

while folate (13 genes) and cobalamin metabolism (4 genes) suggest roles in host

nutrient provisioning.

4.5 Distribution and Diversity of ARGs in A.

muciniphila Strains

Analysis of the 227 A. muciniphila strains revealed the presence of diverse antibi-

otic resistance genes (ARGs) across 33 distinct genomes. Specifically, resistance

determinants were identified for multiple clinically relevant antibiotic classes. Lin-

cosamide resistance genes (lnuC) were detected in strains AKK, Akk2670, GP16,

GP20, GP28, Marseille-Q2586, OF08-9, and L3_069_242G1_dasL3_069_242G1

_maxbin2.maxbin.044s_ta_sub_strain.

Resistance to sulfonamides (sul2) and aminoglycosides (APH(3”)-Ib, APH(6)-Id)

was observed in strains Akk0500b. Akk1756, C047_04, C4_44, GP36, and P002-

10.

Tetracycline resistance genes (tetW, tet32, tet(40), tet(W/N/W)) were identified

in strains C047_04, GP05, GP14, GP36, GP38, and Map_95_020. Macrolide

resistance genes (Mef(En2)) were present in strains GP19, GP27, and GP40.

Macrolide - lincosamide - streptogramin B (MLSB) resistance genes (ErmB) were

found in strains EB-AMDK-15, EB-AMDK-16, EB-AMDK-17, EB-AMDK-18,

KGMB01988, KGMB01989, KGMB01990, KGMB02009, and N1170.24.
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The distribution of these ARGs was heterogeneous, with some strains harboring

multiple resistance genes and others lacking detectable ARGs. This observed

variability suggests differential selective pressures or diverse mechanisms of ARG

acquisition among the strains.

Genomic context analysis, including contig coordinates and strand orientation,

provided data conducive to investigating the potential for horizontal gene transfer

of these ARGs.

Notably, the presence of clinically significant resistance genes, such as ErmB and

Mef(En2) (macrolide resistance), and various tetracycline resistance genes, raises

concerns regarding the potential dissemination of antibiotic resistance within the

gut microbiome.

Consequently, the observed inter-strain variation in ARG presence highlights the

necessity for comprehensive monitoring of antibiotic resistance in A. muciniphila

and detailed investigations into the mechanisms governing ARG acquisition and

transfer within this bacterial species.

4.6 Limited Detection of Virulence Factors in A.

muciniphila Strains

Virulence factor analysis, using the Virulence Factor Database (VFDB), identi-

fied virulence-associated genes in only two out of the 227 A. muciniphila strains

analyzed.

Specifically, Map_156_012 harbored genes encoding EtpA and EtpB, components

of the Enteropathogenic Escherichia coli (EPEC) type IV bundle-forming pilus

(BFP), known to mediate adhesion.

In contrast, BIOML-A13 exhibited the sat gene. The limited presence of these

genes, associated with host interaction, suggests that while most A. muciniphila

strains analyzed lack known virulence factors, a small subset possesses genes po-

tentially influencing their interaction with host cells.
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4.7 Distribution of Plasmid Replicons

Among the 227 A. muciniphila strains analyzed, 5 isolates were found to har-

bor plasmids. Specifically, strains BIOML-A11, BIOML-A13, BIOML-A40, and

BIOML-A9 each contained multiple plasmid replicons, including Col(MG828),

Col156, Col8282, and ColRNAI. Additionally, strains BIOML-A28 and BIOML-

A40 also carried the repUS2 plasmid replicon.

The presence of these plasmids suggests the potential for horizontal gene transfer

within these A. muciniphila populations, which could contribute to the dissemi-

nation of antibiotic resistance genes or other adaptive traits.

The multiple plasmid replicons observed in some isolates indicate the potential for

complex plasmid dynamics and interactions within these bacterial genomes.

4.8 Biosynthetic Gene Cluster (BGC) Detection

antiSMASH analysis of the 227 A. muciniphila strains revealed a consistent pat-

tern of biosynthetic gene cluster (BGC) distribution, with the majority of strains

possessing two terpene BGCs and one arylpolyene BGC.

Terpenes are known for their diverse biological activities, including antimicrobial,

antifungal, and signaling functions, potentially contributing to A. muciniphila’s

interactions within the gut microbiome. Arylpolyenes, often associated with pig-

ments and antioxidants, may play a role in stress response or protection against

oxidative damage. Notably, lassopeptide BGCs, associated with the production

of ribosomally synthesized and post-translationally modified peptides (RiPPs)

with potential antimicrobial or signaling properties, detected in only one strain,

BIOML_A9

Similarly, ranthipeptide BGCs, which also produce RiPPs with diverse bioactivi-

ties, were identified solely in BIOML_A18. This limited distribution of lassopep-

tide and ranthipeptide BGCs indicates that these secondary metabolite biosyn-

thetic capabilities are rare within this A. muciniphila population.
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The predominant presence of terpene and arylpolyene BGCs suggests that these

metabolite classes may play significant roles in the ecological or physiological func-

tions of A. muciniphila, potentially influencing interactions within the gut micro-

biome. While the overall BGC profile was largely uniform, the presence of unique

BGCs in a few strains highlights potential biosynthetic diversity.

4.9 Discussion and Interpretation of Results

Akkermensia muciniphila from phylum Verrucomicrobia lives in mucus layer of

intestine and considered as next generation probiotic against metabolic diseases

especially obesity, fatty liver and diabetes [37].

This potential was the motivation to explore the genome of A. muciniphila for its

safety and genome plasticity. The first step was to explore genomic characteristics,

GC content which indicates genome stability and extent of gene expression was

explored. GC content ranging between 55-58 indicates that this moderately high

content is reason for thermal stability of genome and its adaptability to variable

environments [38].

CDS or Coding DNA Sequences is the indication of the genome part which would

be actually expressed. Instead of whole genome sequence most of the comparative

analysis, phylogenetic analysis and pangenome analysis requires CDS.

When multiple strains of bacterial species are analyzed, a reference strain is se-

lected. Reference strain is the standardized strain which is well characterized

and could be used as representative or benchmark for genomic analysis. For A.

muciniphila MucT or ATCC BAA835 is use as reference strain.

ANI or average Nucleotide Identity is a genomic matric which is used to infer

genetic similarity between prokaryotic genomes. When we compare two genomes

ANI refers to the average percent identity of homologous genomic regions. The

results shown in table 1.1 show ANI between 97-99% that indicates that despite

variation, compared genomes should be considered between same species (to be

considered same species ANI should between 95-99%) [38].
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In this case ANI values indicate genomic divergence between different strains of

the bacteria.

As the ANI indicated divergence, Pangenome analysis was performed to under-

stand the full genetic diversity within all reported strains of A. muciniphila.

Pangenome provides a comprehensive picture of genetic capabilities, adaptations

and evolutionary flexibilities. It gives information about what is shared by all

strains and what is different or unique in each strain shedding light on the process

of evolution and adaptation. Pangenome analysis also helps to identify genomic

clusters and phylogroups.

Major components of pangenome analysis include Core genome which signifies the

genes found in all strains indicating that these genes are essential functions, in

case A. muciniphila mucin degradation genes are part of core genes and present

in all species. Soft core genes are the genes which are not essentially present in all

but are present in most of the strains. The criteria is that the gen is considered

core if it is preset in 100% genomes, soft core if present in 95-99% genomes and if

less than 95 then it is considered part of accessory genome [39].

Accessory genome consists of genes found in some species but not all strains and

these genes indicate the adaptation due to diverse environment. Unique genes are

found in only one strain while cloud genes indicate the genes which are rare or

highly variable and indicate genomic instability or plasticity. The shell genome

comprises 15-95% genomes and indicate adaptive or niche specific functions.

The pangenome analysis in this study revealed that each strain indicates variations

owing to host interactions and health benefits they can impart. A. muciniphila

shows open pangenome which refers that gene pool kept on expanding which sig-

nifies that there is high genetic diversity in this specie which is most oftenly due

to genetic variability caused by Horizontal gene transfer, diverse ecological niche

and frequent recombination.

Due to variable gut environment the bacteria face pressure for adaptation to dif-

ferent hosts, diets and metabolic versatility. It also indicates that the bacteria has

high ecological flexibility [40].
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In general it could be concluded that A. muciniphila is genetically dynamic, eco-

logically versatile and continuously evolving.

The diversity among different strains required to understand that how these strains

are related. Phylogenetic analysis provides insight into evolutionary relationship

based on genetic similarity among strains [41].

In case of A. muciniphila it was found that 53 strains indicated significant diver-

gence that they could be considered as separate clade. This analysis indicated

that how genes evolved in various strains resulting in functional divergence.

To understand functional divergence amongst various strains and to understand

the probiotic potential of each strain, Antibiotic resistance genes were explored.

These genes enable microorganism to survive in the presence of a particular antibi-

otic. A. muciniphila strains indicate the presence of genes against Lincosamide, a

commonly used antibiotic against gram positive anaerobes. It is a bacteriostatic

antibiotic which inhibit protein synthesis and are used in variety of infection in

humans including dental infections, osteomyelitis, pneumonia and colitis.

Some species indicated the presence of resistant genes against sulfonamides which

inhibit folic acid synthesis and are used against various Gram positive as well

Gram-negative bacteria involved in urinary tract infections, respiratory infections

and eye infections.

Tetracycline resistance is one of the common capability found in pathogenic bacte-

ria, probiotics and even in environmental strains. Tetracycline is extensively used

bacteriostatic antibiotic used to inhibit bacterial protein synthesis. Macrolides are

protein synthesis inhibiting bacteriostatic antimicrobial agents used against vari-

ety of Gram negative and Gram positive bacteria as well as atypical pathogens

such as Mycoplasma [42].

This observed variation in strains of A. muciniphila indicates that differential se-

lective pressures due to variations in host gut environment and exposure to various

antimicrobial compounds have resulted in diverse mechanisms for acquisition of

antimicrobial resistance genes.
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With reference to acquisition of virulence factors by A. muciniphila, the bacterial

strains were found to lack known virulence factors but few adherence molecules

were found which could be due to their mechanism of interaction with host. Vir-

ulence factors are the capabilities acquired by bacterial species enabling them to

cause disease, these include capabilities to invade host, evade immune system, case

cell damage or obtain nutrients from host [43]. A. muciniphila express capabilities

of adherence to host and enzymes for mucus degradation, which are not classified

as typical virulence factors but are essential for colonization

Owing to genome plasticity and open pangenome A. muciniphila has four distinct

phylogroups which also show functional adaptations [44]. Major functional vari-

ations are in accessory genome, while core genome is majorly mucin degrading

genes. Accessory genome or variable genes include majorly carbohydrate active

enzymes, especially GT4 glycosyltranferases. Surface structures and host inter-

actions i.e. variations in exopolysaccharides contribute in its activities related to

immunoregulation and host recognition. In addition its oxygen sensitivity and its

ability to outgrow it competitors is also encoded as accessory genome.



Chapter 5

Conclusion & Future

Recommendations
This study reveals Akkermansia muciniphila as a genetically diverse gut symbiont

with a dynamic pangenome shaped by niche-specific adaptations. While its core

genome supports mucin degradation and host interactions, strain-level variations

in ARGs, plasmids, and secondary metabolites necessitate precision in probiotic

development. The discovery of divergent clades suggests unresolved taxonomic

complexity, urging re-evaluation of species boundaries. Future work should pri-

oritize functional characterization of unannotated genes, particularly those linked

to immunomodulation and gut barrier enhancement, to clarify mechanistic roles.

Figure 5.1: Summary of main objectives of the project and results achieved
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Despite the concerns, the safe strains of A. muciniphila are already used in var-

ious probiotics such as Pendulum Akkermansia probiotic (Live), Nature Akk11

(live), Akkermensia Co Gut support (pasteurized), Vitamatic (Live) and Codeage

synbiotic (live). The feedback of these probiotics included the gut discomfort

or no colonization, very high expenses due to high oxygen sensitivity of bacteria

which requires oxygen free facilities. Although A. muciniphila is considered next

generation probiotic, concerns about its mucin degradation are discussed. This ca-

pability in one hand is beneficial as thin mucus is better but degradation can cause

leaky gut or inflammation in few cases. Although A. muciniphila is not known as

pathogen but presence of some putative virulence associated genes suggest that

it could be opportunistic pathogen. Similar concerns are raised against its im-

mune interactions and stimulation of TLR2 genes. Live strains of A. muciniphila

are oxygen sensitive and feedback of pasteurized strains is that they do not colo-

nize. Although A. muciniphila posses a high potential as probiotic for metabolic

health, but concerns related to development, clinical trails and population specific

risk assessments cannot be undermined.

In future Clinical trials are critical to validate strain-specific benefits in metabolic

and inflammatory disorders, while ecological studies must unravel its interplay

with host immunity and microbiota. Addressing ARG transmission risks through

horizontal gene transfer and elucidating evolutionary drivers of genomic diversity

will further ensure safe therapeutic deployment. By bridging genomics with trans-

lational medicine, A. muciniphila could emerge as a tailored probiotic, offering

novel strategies to combat dysbiosis-linked diseases. Future efforts must focus on

functional validation of uncharacterized genes, clinical validation of strain-specific

benefits, and ecological studies to unravel its interactions within the gut micro-

biome, ultimately unlocking its full therapeutic promise.
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