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Propositions

1.	 Exopolysaccharide production is a key function of 

Akkermansia muciniphila. 

(this thesis) 

2.	 A. muciniphila is a prevalent resident in the gastrointestinal 

tract of humans and animals throughout the mammalian 

kingdom.  

(this thesis) 

3.	 Scientists, who are also musicians, benefit from making 

music by conducting more creative research. 

4.	 Better guidelines should be developed for the classification 

of novel bacterial species. 

5.	 The practice of cooking translates into laboratory skills.

6.	 With the current level of human knowledge, collaboration is 

a must to remove boundaries. 

7.	 Horror games are scarier than horror movies.
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General introduction and thesis outline

Akkermansia muciniphila is a fascinating intestinal symbiont, which has received 

considerable attention over the last two decades due to its mechanisms of action 

to improve host health. In this thesis, A. muciniphila plays a main role in all the 

chapters. A. muciniphila MucT was isolated in 2004 at the laboratory of Microbiology at 

Wageningen University (Derrien et al. 2004). It is a Gram-negative bacterium belonging 

to the Verrucomicrobiota (formerly Verrucomicrobia) phylum. In the human gut, 

A. muciniphila is currently the only representative of this phylum and present in 

high numbers with an abundance ranging from 0.5-5% (Cani and de Vos 2017). The 

name A. muciniphila was derived from Dr. Antoon Akkermans, who was leading the 

Microbial Ecology group within the Laboratory of Microbiology at the time of isolation, 

shortly before his retirement. The isolation was performed on the fecal sample of a 

healthy individual using purified mucin as the sole source of carbon, nitrogen, and 

energy (Derrien et al. 2004, Cani et al. 2022, Belzer and de Vos 2012). The genome of 

A. muciniphila MucT is composed of one circular chromosome of 2.7 Mbp coding for 

2,176 protein-coding genes and is in terms of function mainly dedicated to mucus 

degradation (van Passel et al. 2011). Here an introduction is provided into the role of 

A. muciniphila in host health and other functions of this bacterium. In addition, we 

will introduce different models that may be used to study its performance.

A. muciniphila involvement in human health

Extensive studies have been performed on the correlation between the gut microbiota 

and health and disease (de Vos et al. 2022). The gut microbiota composition was 

found to be strongly correlated to several diseases, including pre-diabetes, type 2 

diabetes, obesity, non-alcoholic fatty liver disease and liver cirrhosis (Tims et al. 2013, Le 

Chatelier et al. 2013, Allin et al. 2018, Zhong et al. 2019, Jiang et al. 2015, Qin et al. 2014). 

The results from the use of fecal microbiota transplantations in various inflammatory 

and metabolic diseases, caused an emerging interest to develop interventions aiming 

to alter the gut microbiota (Hanssen et al. 2021, Fan and Pedersen 2021). In turn this 

has led to the increasing interest in the development of interventions using specific 

gut bacteria, called next-generation beneficial microbes (Cani and de Vos 2017, Bui 

and de Vos 2021).

Inverse correlation with disease states

Considerable interest in A. muciniphila derived from human association studies, 

showing inverse correlations to several disease states (Cani et al. 2022). However, it 

should be noted that a few exceptions have been reported, likely due to confounding 

factors (Cani and de Vos 2017). A reverse correlation of the abundance of A. muciniphila 

and disease states was found in several metabolic diseases, such as obesity, 

1

Sharon_Geerlings Binnenwerk V5.indd   9Sharon_Geerlings Binnenwerk V5.indd   9 15-12-2022   13:4415-12-2022   13:44



10

Chapter 1

prediabetes and type 2 diabetes (T2D) (Santacruz et al. 2010, Dao et al. 2016, Karlsson 

et al. 2012, Zhang et al. 2013). In turn, in adults a higher abundance of A. muciniphila is 

associated with a healthier metabolic status (Dao et al. 2016). Furthermore, individuals 

with a high baseline of A. muciniphila showed to have improved clinical outcomes 

after calorie restriction. Interestingly, the negative correlation of A. muciniphila with 

obesity was also observed in children (Karlsson et al. 2012). In addition to metabolic 

diseases, A. muciniphila was also found to be reversely correlated to intestinal 

disorders, including IBD and appendicitis (Png et al. 2010, Rajilic-Stojanovic et al. 2013, 

Swidsinski et al. 2011). For example, the abundance of A. muciniphila in mucosal 

biopsies was strongly reduced in ulcerative colitis (non-inflamed 92-fold and inflamed 

172-fold) and Crohn’s disease patients (14.8-fold) (Png et al. 2010). Finally, children with 

autism, a neurological and developmental disorder, were found to have lower relative 

abundances of A. muciniphila as well (Wang et al. 2011).

Direct evidence for the role of A. muciniphila on host health

Many studies have collected valuable information on the effect of administration of 

A. muciniphila MucT on host health using mice models and a clinical study (Everard 

et al. 2013, Plovier et al. 2017, Sheng et al. 2018, Depommier et al. 2020, Raftar et al. 

2021, Zhai et al. 2019). The administration of A. muciniphila MucT in mice models has 

been studied in both alive and pasteurized form, as well as the administration of its 

extracellular vesicles (EVs) and specific proteins (Figure 1).

AA..  mmuucciinniipphhiillaa
SCFAs
• Propionate
• Acetate
• Succinate
• 1.2-Propanediol

Signaling proteins
• Amuc_1100
• Amuc_1434
• Amuc_1631
• Amuc_2109

Mucin degradation
• Proteases
• Sulfatases
• Sialidases
• Glycosyl hydrolases

Extracellular vesicles

Obesity
• Body weight
• Fat mass
• Adipose tissue inflammation
• Cholesterol

Type 2 diabetes
• Insulin resistance
• Glucose homeostasis

Gut barrier function
• Mucin-producing goblet cells
• Endocannabinoids levels 
• Plasma LPS levels
• Gut permeability

Effect on metabolic health

Main mechanisms of  action

Liver disease
• Glucose production
• Fatty liver
• Inflammation

Figure 1: Overview of the effect of A. muciniphila on metabolic health and its main mecha-

nisms of action studied in humans and mice. Detailed explanations of the effect of A. mu-

ciniphila on metabolic health (green) and its mechanisms of action (orange) can be found in 

the main text of this section.
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As mentioned earlier, the abundance of A. muciniphila is negatively correlated to 

obesity. Studies using mice models showed an effect of the administration of both live 

and pasteurized A. muciniphila MucT cells. Germ-free mice colonized by A. muciniphila 

showed an altered mucosal gene expression profile, with increased expression of 

genes involved in immune responses and cell fate determination (Derrien et al. 

2011). Another study using live A. muciniphila cells reversed high-fat diet induced 

metabolic disorders, including fat mass gain, metabolic endotoxemia, adipose tissue 

inflammation and insulin resistance (Everard et al. 2013). However, a follow-up study 

using pasteurized cells grown on synthetic medium showed even stronger effects than 

live A. muciniphila cells on body weight gain, fat mass gain and glucose intolerance 

(Plovier et al. 2017). After this finding, more experiments in mice models were 

performed to further research the effect of A. muciniphila on obesity (Sheng et al. 2018, 

Depommier et al. 2020, Choi et al. 2021). These studies also reported alleviating effects 

on obesity, including reduced body weight, a decrease in adipogenesis, lipogenesis 

and total cholesterol levels, as well as an improvement in glucose homeostasis and 

suppression of inflammatory insults (Sheng et al. 2018, Depommier et al. 2020, Choi 

et al. 2021). Next to obesity, mice studies showed that A. muciniphila may alleviate 

liver diseases, such as liver fibrosis, fatty liver disease and alcoholic liver disease 

(Raftar et al. 2021, Kim et al. 2020, Grander et al. 2018). Furthermore, studies showed 

A. muciniphila administration improved both dextran sulfate sodium (DSS)-induced 

colitis and chronic colitis in mice (Zhai et al. 2019, Bian et al. 2019). In both cases, 

A. muciniphila exerted anti-inflammatory effects. Interestingly, not only the cells but 

also the administration of A. muciniphila EVs improved DSS-induced colitis in mice 

(Kang et al. 2013). However, considering the doses of EVs that were used, it is important 

to note that more research is needed to determine the amount of EVs produced by 

a certain amount of A. muciniphila cells. For example, how many cells are needed to 

produce an effective amount of EVs for therapeutic purposes, as opposed to the use 

of pasteurized cells. Lastly, A. muciniphila administration may also protect against 

infection by influenza virus in mice (Hu et al. 2020).

Even though mice studies have resulted in the identification of potential effects of 

A. muciniphila on host health, clinical trials are needed to confirm these results in 

humans. A recent clinical trial confirmed the capacity of pasteurized A. muciniphila 

MucT cells to be at least as effective as live cells (Depommier et al. 2019). In this study, 

the administration of A. muciniphila in patients with obesity and metabolic syndrome 

showed an improved insulin sensitivity, reduced insulinemia and plasma total 

cholesterol. In addition, a reduction of body weight was observed including reduced 

fat mass and hip circumference. These studies, whether using live or pasteurized 

A. muciniphila MucT cells, demonstrate a role in alleviating several disease states, as 

well as the potential to use A. muciniphila derived products, such as EVs. Altogether, 

1
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these studies raised interest for the use of A. muciniphila as a therapeutic microbe. 

Recently, on September 5th 2022, The Akkermansia Company launched the first food 

supplement containing pasteurized Akkermansia, focusing on weight management 

and control of blood sugar.

A. muciniphila improves gut barrier function

Next to the direct effects of A. muciniphila cells in different disease states, several 

studies have identified another positive effect of this bacterium on host health, namely 

strengthening of the gut barrier function (Everard et al. 2013, Ottman et al. 2017, 

Shin et al. 2014, Chelakkot et al. 2018). A. muciniphila administration was found to 

be associated to an increased number of mucin-producing goblet cells, as well as an 

increase in the intestinal endocannabinoids levels that control gut peptide secretion, 

inflammation, and the gut barrier in mice. (Shin et al. 2014, Everard et al. 2013). In 

addition, A. muciniphila also showed its ability to strengthen an impaired gut barrier 

by strengthening the enterocyte monolayer integrity in vitro (Reunanen et al. 2015). 

Furthermore, administration of A. muciniphila reversed elevated plasma LPS levels, 

which can be linked to an impaired gut barrier, through the inhibition of cannabinoid 

receptor 1 (Wu et al. 2017). Furthermore, strengthening of the intestinal barrier was 

observed by the enhanced expression of Occludin and Tight junction protein-1. 

However, not only the administration of A. muciniphila was found to influence the 

gut barrier function, but also the administration of its EVs and outer membrane 

protein Amuc_1100 in mice (Chelakkot et al. 2018, Ottman et al. 2017, Plovier et al. 

2017). Amuc_1100 was shown to activate toll-like receptor 2 (TLR2), which can regulate 

various tight-junction proteins (Ottman et al. 2017, Plovier et al. 2017). It was shown 

that both Amuc_1100 and EVs derived from A. muciniphila decreased gut permeability 

of Caco-2 cells (Chelakkot et al. 2018, Ottman et al. 2017). An impaired gut barrier is 

associated with several diseases, including IBD and causally obesity (Mennigen and 

Bruewer 2009, Wu et al. 2017). Therefore, improvement of the gut barrier function may 

be one of the modes of action for A. muciniphila and its derived products to improve 

disease states such as IBD.

The role of signaling molecules in host health

An increasing number of signaling proteins produced by A. muciniphila MucT, which 

are interacting with the host, have been identified over the past years (Figure 1) 

(Cani et al. 2022, de Vos et al. 2022). The outer membrane protein Amuc_1100 is well-

known due to its interaction with the host (Ottman et al. 2016). This protein is part of 

a gene cluster involved in pili-production which also includes Amuc_1098, encoding 

for the secretin PilQ. Amuc_1098 is responsible for the exposure of type 4 pili to the 

environment and was found to be the most abundantly produced outer membrane 

protein of A. muciniphila (Ottman et al. 2016). Administration of Amuc_1100 showed 
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a similar effect as live and pasteurized cells in protection against diet-induced 

obesity in mice (Plovier et al. 2017). In addition, this protein is stable at pasteurization 

temperatures and activates TLR2, which regulates multiple tight-junction proteins 

(Plovier et al. 2017, Ottman et al. 2017). Recently, several other proteins were identified 

that have been implicated in host signaling, including Amuc_1631. This protein is also 

known as P9 and improved glucose homeostasis and ameliorated metabolic disease 

in mice (Yoon et al. 2021). Furthermore, Amuc_1434, an aspartic protease, inhibited 

human colorectal cancer LS174T cell viability through the tumor-necrosis-factor-related 

apoptosis-inducing ligand (TRAIL)-Mediated Apoptosis Pathway (Meng et al. 2020). 

Lastly, Amuc_2109, a β-N-acetylhexosaminidase, has been identified to protect against 

DSS-induced colitis in mice through enhancement of the intestinal barrier and gut 

microbiota modulation (Qian et al. 2022). However, whereas the location, production 

and stability have been studied for Amuc_1100 and Amuc_1098, this has not yet been 

studied for the newly identified host signaling proteins Amuc_1434, Amuc_1631 and 

Amuc_2109.

Cultivation of beneficial microbe A. muciniphila

A. muciniphila MucT is often cultivated on mucin-based medium prior to studying 

its effect on host health (Everard et al. 2013, Wang et al. 2022, Qu et al. 2021, Bian 

et al. 2019, Yaghoubfar et al. 2020, Wu et al. 2020). However, it should be taken into 

consideration that animal-derived mucus fractions are not free from residues of 

other bacteria and possibly animal cell fractions, which may bias the experiment. For 

commercialization the production of A. muciniphila needs to be executed on industrial 

scale. The medium that is used for cultivation should in turn be food-grade, preferably 

plant based, non-allergenic, free of mucin derived from slaughterhouses and support 

growth of A. muciniphila to high densities. Lastly, the signaling molecules known to 

interact with the host, for example Amuc_1100, should be produced sufficiently in 

this medium.

The development of a metabolic model predicted that A. muciniphila MucT can 

synthesize all the essential amino acids except threonine (Ottman et al. 2017). Later, 

a necessity for N-Acetylglucosamine (GlcNAc) was also identified (van der Ark et al. 

2018). Both threonine and GlcNAc are abundantly present in mucus. Therefore, it is 

most likely that A, muciniphila lost the capacity to synthesize threonine and GlcNAc 

due to mucin adaptation (Ottman et al. 2017, van der Ark et al. 2018). This information 

resulted in the development of a synthetic medium, where mucus could be substituted 

by threonine, glucose and GlcNAc or GlcNAc alone, and peptone (Ottman et al. 2017, 

van der Ark et al. 2018). Since then, synthetic media have been used in a series of 

mechanistic studies in diabetic and obese mice and in a clinical trial where beneficial 

effects of A. muciniphila were shown (Plovier et al. 2017, Depommier et al. 2019).

1
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A. muciniphila new strains & genomics

A. muciniphila strains and genomics in the human host

A. muciniphila is present in the intestinal tract throughout different stages of life 

and detected in many different geographical locations (Geerlings et al. 2018). In the 

healthy human colon, A. muciniphila is a highly abundant member (approximately 

3%) of the gut microbiota (de Vos 2017). However, higher abundances up to ~15% 

have also been detected, depending on the individual and the detection method 

(Momozawa et al. 2011). A. muciniphila was even found to represent 44 to 85% of the 

reads in patients under heavy antibiotic treatment (Dubourg et al. 2013). Interestingly, 

humans are not only colonized by one strain of A. muciniphila, but potentially by 

different Akkermansia strains (van Passel et al. 2011, Ouwerkerk et al. 2022). One of the 

first metagenomic studies focusing on the presence of different Akkermansia strains 

suggested colonization by at least eight different strains. Although, it is important to 

note that these sequences were derived from short Illumina reads. Therefore, mis-

assembly or other technical biases may have affected this finding. Since this initial 

finding, more studies started to focus on the presence of multiple A. muciniphila 

strains in the human gut (Guo et al. 2017, Kim et al. 2022, Becken et al. 2021). To date, 

A. muciniphila is the only representative of Verrucomicrobiota in the gut. However, 

genomic analysis of Akkermansia in the human gut suggests the presence of multiple 

Akkermansia species (Guo et al. 2017, Karcher et al. 2021, Kumar et al. 2022). All these 

strains appear to have highly similar 16S rRNA sequences with >98 % identity to that of 

the type strain MucT. One newly isolated Akkermansia strain DSM 33459 was found to 

have only 87.5% average nucleotide identity compared to the type strain and showed 

differences in its fatty acid profile and carbon utilization (Kumar et al. 2022). However, 

the identity of 16S rRNA between Akkermansia DSM 33459 and A. muciniphila MucT 

was high, namely 99.2%.

Phylogenetic analysis and genome comparisons of Akkermansia spp. have also been 

performed on larger scales (Guo et al. 2017, Becken et al. 2021, Karcher et al. 2021). A 

study focusing on isolating and analyzing new A. muciniphila strains in China found 

33 new A. muciniphila strains isolated from human feces (Guo et al. 2017). These 

were analyzed together with six strains isolated from mice. Maximum likelihood (ML) 

phylogenetic analysis based on core genome single nucleotide polymorphisms (SNPs) 

identified three phylogroups, named AmI, AmII and AmII. The three phylogroups 

contain a high genome-wide nucleotide diversity and distinct metabolism and 

function profiles. Furthermore, the average nucleotide identity between phylogroups 

was below 96%, which is the threshold used for prokaryotic species definition (Richter 

and Rossello-Mora 2009). In contrast, the phylogroups do share consistent phenotypic 

characteristics, habitat and conserved 16S rRNA genes (similarities >99%) (Guo et al. 
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2017). In addition, a recent study isolated and characterized 71 new A. muciniphila 

strains from children and adolescents undergoing treatment for obesity (Becken et 

al. 2021). Using a higher number of isolates than the previous study and including 

previously found isolates in their phylogenetic analysis as control led to the 

identification of four phylogroups (AmI until AmIV). Even though AmI strains were 

most prominent among children and adolescents, AmII and AmIV strains outcompeted 

AmI strains when supplemented to antibiotic-treated mice. In addition, phylogroup-

specific phenotypes were detected, including oxygen tolerance, adherence to epithelial 

cells, iron and sulfur metabolism, and bacterial aggregation.

A large-scale population genomics analysis of the Akkermansia genus including 

2420 Akkermansia genomes revealed that the Akkermansia strains in the human 

gut can be grouped into five distinct candidate species (Karcher et al. 2021). These 

candidate species exhibit ecological co-exclusion, different functional capabilities 

and distinct body mass association patterns. In line with the previously performed 

smaller scale study (Guo et al. 2017), whole genome divergence was detected (whole 

genome similarity <90%) even though the 16S rRNA sequences were highly similar 

(>98%) (Karcher et al. 2021). The genomic characteristics found in several Akkermansia 

studies are unusual considering most bacterial species that are below 95% genome 

similarity have over 3% divergence of the 16S rRNA gene (Karcher et al. 2021). This may 

explain why the diversity has not been detected previously with 16S rRNA amplicon 

sequencing analysis.

The novel human-associated Akkermansia strains exert strain specific effects in 

several functions (Liu et al. 2021, Luna et al. 2022, Kirmiz et al. 2020, Kumar et al. 

2022, Zhai et al. 2019). For example, Akkermansia strains showed strain-dependent 

utilization efficiencies of human milk oligosaccharides (HMOs), which are likely related 

to differences in copy numbers and enzyme activity of α-fucosidases, α-sialidases, and 

β-galactosidases (Luna et al. 2022). In addition, differences in vitamin B
12

 biosynthesis 

by Akkermansia strains were also reported, resulting in different fermentation profiles 

possibly affecting interaction with the human host and other gut bacteria (Kirmiz et 

al. 2020). Strain-specific effects were also detected in mice studies focusing on DSS-

induced ulcerative colitis and chronic colitis, including differences in anti-inflammatory 

properties, improvement of gut permeability and body weight restoration (Zhai et al. 

2019, Liu et al. 2021). Lastly, compared to the type-strain, newly isolated Akkermansia 

strain DSM 33459 was found to have more pronounced health effects using live 

cells in the used mouse model, with live cells more effective than pasteurized cells 

(Kumar et al. 2022). However, it is unclear how reproducible and robust this effect is 

in different experimental setups and the physiological growth conditions of the used 

Akkermansia strains. Moreover, the observed effect should be studied in humans. 

1
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The possible differences observed in Akkermansia strains emphasizes the need to 

carefully characterize new strains to assess which strain may be most effective to 

use as therapeutic microbe in different situations. Lastly, it is important to note that 

only one other Akkermansia species has been identified to date, which is Akkermansia 

glycaniphila (average nucleotide identity of 79.9% compared to A. muciniphila MucT) 

isolated from python feces (Ouwerkerk et al. 2016).

A. muciniphila colonization in other hosts

Next to the presence of Akkermansia spp. in humans, its presence is also widely spread 

in the gut throughout the animal kingdom. Akkermansia spp. have been detected 

in mammals and other vertebrates (Ley et al. 2008, Sommer et al. 2016, Carey et al. 

2013, Sonoyama et al. 2009, Costello et al. 2010, Ouwerkerk et al. 2016, Belzer and 

de Vos 2012, Green et al. 2013). Mammals harboring Akkermansia spp. include the 

brown bear, ground squirrel and the Syrian hamster (Sommer et al. 2016, Carey et 

al. 2013, Sonoyama et al. 2009). Furthermore, Akkermansia spp. were detected in 

other vertebrates including python, zebra fish, chicken and salmon (Costello et al. 

2010, Ouwerkerk et al. 2016, Belzer and de Vos 2012, Green et al. 2013). In contrast, 

Akkermansia spp. were not detected in invertebrates, whereas some invertebrates were 

found to harbor Verrucomicrobiota species such as, termites, ants, earthworms and 

nematodes (Isanapong et al. 2013, Sanders et al. 2014, Wust et al. 2011, Vandekerckhove 

et al. 2002). Only few Akkermansia spp. and Verrucomicrobiota were isolated from the 

gut environment of these different hosts. A. glycaniphila was isolated from python feces 

(Ouwerkerk et al. 2016). Furthermore, another species within the Verrucomicrobiota 

phylum named Diplosphaera colotermitum was isolated from the gut of a termite 

(Ouwerkerk et al. 2016, Wertz et al. 2012). Recently, two novel candidate Akkermansia 

spp. were proposed namely, Candidatus Akkermansia intestinavium isolated from the 

gut of birds and Candidatus Akkermansia intestinigallinarum isolated from the gut 

of hens (Gilroy et al. 2021).

Altogether, Akkermansia spp. and Verrucomicrobiota are detected in the gut 

throughout the animal kingdom, despite the environmental differences including GI 

tract anatomy, diet, host physiology and body temperature. The distribution of these 

bacteria suggests co-evolution of this organisms with its host. However, Akkermansia 

spp. throughout the gut in the animal kingdom has not been as extensively studied 

as the Akkermansia spp. found in human hosts. Therefore, genomic and phylogenetic 

analysis may provide us with more information about the evolution of this species 

within different hosts, as well as possible differences in functions between hosts 

within the animal kingdom.
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Adaptation of A. muciniphila to the gut environment

A. muciniphila resides in the mucosal layer which covers the epithelial cells in the 

large intestine (Derrien et al. 2004). Mucus is being continuously produced by the 

host epithelial cells. By creating a barrier between the epithelial cells and luminal 

content, the mucosal layer protects the epithelial cells from direct contact with 

microorganisms (Johansson et al. 2011). Further protection is obtained from the 

production of antimicrobial peptides and IgA. In addition, the mucosal layer provides 

nutrients to mucolytic bacteria in the gut. The mucosal layer can be divided into 

two segments: the inner layer which is firmly attached to the epithelial cells and 

devoid of bacteria and the outer layer where microbes can colonize due to its higher 

permeability (Johansson et al. 2008). Even though the layers have different densities, 

they are both mainly composed of gel-forming mucin MUC2, which consists of large 

polymers formed by N-terminal trimerization and C-terminal dimerization (Ambort 

et al. 2012). After production, the mucus layer expands upon release from goblet cell 

secretory granulae due to an increase in pH from 5.2 to 7.2, and decreased calcium 

concentrations. Decreased calcium concentrations weaken the N-terminal interactions 

causing the expansion of MUC2 mucin into flat mucin sheets, as water binds to the 

mucin domain glycans (Johansson and Hansson 2016). Afterwards, the density of 

the outer layer further decreases due to endogenous proteases, promoting microbe 

colonization in the mucus layer (Johansson et al. 2008).

MUC2 proteins are rich in proline, serine and threonine (PTS) domains which are 

densely glycosylated (Johansson et al. 2011, Johansson et al. 2008). Furthermore, MUC2 

contains multiple sugars such as GlcNAc, N-acetylgalactosamine (GalNAc), galactose 

and fucose (Figure 2) (Tailford et al. 2015). Finally, most MUC2 glycans also contain 

sialic acid (Tailford et al. 2015). A. muciniphila utilizes mucin as the sole carbon, 

nitrogen and energy source (Derrien et al. 2004). The genome of A. muciniphila MucT 

is mainly dedicated to mucus degradation considering it has 61 proteins involved in 

mucin-degradation including proteases, sulfatases, sialidases and glycosyl hydrolases 

(GHs) such as β-galactosidases, β-N-acetylhexosaminidases, exo-α-sialidases, α-L-

fucosidases, and α-N-acetylglucosaminidases (van Passel et al. 2011, Ottman et al. 

2017). The predicted proteome of A. muciniphila MucT contains proteins belonging to 

different glycosyl hydrolase families, including: GH2, GH3, GH13, GH16, GH18, GH20, 

GH27, GH29, GH31, GH33, GH35, GH36, GH43, GH57, GH63, GH77, GH84, GH89, GH95, 

GH97, GH105, GH109, GH110 and GH123 (Drula et al. 2022).

1
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Figure 2: Schematic overview of O-glycan chains showing sites of action of GHs and sulfatases. 

(adapted from Tailford et al. 2015). GH families present in the genome of A. muciniphila MucT 

are underlined.

It is known that A. muciniphila has the enzymatic capacity to degrade and utilize 

mucin glycans (Derrien et al. 2004, Derrien 2007, Derrien et al. 2010). However, even 

though A. muciniphila degrades mucin forming a protective layer of the epithelial 

cells, at the same time its administration increases mucus production as confirmed 

in mice studies (Kim et al. 2021). The fermentation of glycans and non-digestible 

carbohydrates results in the production of short chain fatty acids (SCFAs) which 

in turn induce health effects (den Besten et al. 2013). A. muciniphila can produce 

acetate, propionate, and to a lesser extent succinate and 1,2-propanediol by mucus 

utilization (Derrien et al. 2004, Ottman et al. 2017). In the gut, acetate, propionate 

and butyrate are the most abundantly produced SCFAs (den Besten et al. 2013). All 

three SCFAs induce beneficial effects to the host epithelial cells and immune cells 

through the activation of intracellular and extracellular processes (Parada Venegas 

et al. 2019). Acetate, propionate and butyrate beneficially affect host energy and 

substrate metabolism through the secretion of gut hormones, including peptide YY 

and glucagon-like peptide-1, affecting appetite, slowing gastric emptying, enhancing 
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insulin secretion and inhibiting glucagon secretion (Hernandez et al. 2019, Bridgeman 

et al. 2020, Hosseini et al. 2011). Furthermore, butyrate has epigenetic effects through 

inhibition of histone deacetylases and was found to confer numerous health benefits 

in animal models, including reduced serum triglycerides, total cholesterol and glucose, 

and reduced weight gain (Bridgeman et al. 2020). In addition, propionate was found to 

be an efficient substrate for glucose production in the liver (de Vadder and Mithieux 

2018). Lastly, evidence suggests both butyrate and propionate exert an antiproliferative 

effect on colon cancer cells (Hosseini et al. 2011).

To survive or adapt in the mucosal layer, there are several environmental parameters 

to consider. For instance, the presence of oxygen near the epithelial cells of the gut is 

an important parameter to take into account. The gut together with its microbiota 

create the steepest oxygen gradient in the human body (Espey 2013). This oxygen 

gradient changes from 80-100 mmHg in the submucosa to near anoxia at the midpoint 

of the lumen. However, it is important to note that the oxygen gradients are not static 

but vary with every meal. This controls redox effectors produced by both the host 

and the gut microbiota including nitric oxide, hydrogen sulfide, and reactive oxygen 

species. This indicates that the bacteria residing in the mucosal layer, need to be able 

to tolerate low concentrations of oxygen present in the environment. Interestingly, 

A. muciniphila MucT was found to be able to tolerate exposure to an oxic environment 

for 1 hour, after which 90% of the cells was still alive (Reunanen et al. 2015). Later, the 

oxygen tolerance of A. muciniphila MucT was studied in more depth focusing on its 

response to oxygen exposure and reduction capacities (Ouwerkerk et al. 2016). Here, 

A. muciniphila did not only significantly reduce oxygen, but it was also found to thrive 

in terms of growth rate and yield in the presence of nanomolar amounts of oxygen. 

Upon exposure to oxygen, transcriptome analysis of A. muciniphila revealed its oxygen 

stress response after which respiration was activated through the cytochrome bd 

complex, which functions as a terminal oxidase. Furthermore, superoxide dismutase 

(Amuc_1592) and catalase HPII (Amuc_2017) were upregulated upon oxygen exposure 

to scavenge reactive oxygen species (ROS). Using these mechanisms, A. muciniphila 

can cope with low oxygen concentrations as well as ROS present in the mucosal layer.

Another environmental parameter to consider in the large intestine is the presence 

of bile acids. Interestingly, the abundance of A. muciniphila was positively correlated 

to circulating primary bile acids in mice (Pierre et al. 2016, Juárez-Fernández et al. 

2021). Furthermore, an in vitro study showed increased growth of A. muciniphila MucT 

in medium containing 0.1%, 0.5% and 1% porcine bile extract, when compared to 

medium that did not contain bile (van der Ark et al. 2017). However, the addition 

of purified bile salts inhibited the growth of A. muciniphila at a concentration of 

0.5% or higher (van der Ark 2018). In another study, individual bile salts were found 

1
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to have differential effects on the growth of A. muciniphila MucT (Hagi et al. 2020). 

A putative bile acid transporter gene (Amuc_0139) is annotated in the genome of 

A. muciniphila. Using this protein, A. muciniphila could reduce bile acids inside of 

the cell, thereby reducing its effects. However, transcriptome analysis did not show 

a difference in gene expression of this gene in the presence of bile salts (Hagi et 

al. 2020). Instead, membrane transporters and the squalene-associated membrane 

structure were identified as possible major bile response systems in A. muciniphila. 

Another mechanism, as also used by other bacteria such as Bifidobacterium spp., is 

the production of exopolysaccharides (EPS) to protect the cell wall against bile acids 

(Fanning et al. 2012, Ruas-Madiedo et al. 2009).

Bacterial exopolysaccharide production

A wide range of microorganisms produce extracellular polymeric substances, such 

as bacteria, microalgae, yeasts and fungi (Costa et al. 2018). These highly hydrated 

polymers are composed of polysaccharides, structural proteins, enzymes, nucleic 

acids, lipids and humic acids. Polysaccharides comprise a major fraction of the 

extracellular polymeric substance matrix. Bacterial EPS, which are high molecular 

weight carbohydrate biopolymers, are an essential group of compounds secreted by 

bacteria (Mohd Nadzir et al. 2021). They consist of sugar units connected by glycosidic 

linkages that can vary from linear to heavily branched (1,2). Bacteria can either produce 

capsular EPS which is loosely bound to the cell or fully secreted EPS. Furthermore, the 

polymers can consist of a single type of monosaccharide called homopolysaccharides 

(HoPs) or multiple types of monosaccharides namely heteropolysaccharides (HePs). 

EPS may exert different functions for bacterial cells, including cell aggregation, 

biofilm formation, cell-cell communication, water retention, nutrient source, sorption 

of organic and inorganic components, enzymatic activity, surface adhesion and 

protective barrier (Shukla et al. 2019). Furthermore, EPS may protect the cell against 

cell desiccation, starvation, predation by protozoa, phagocytosis, oxidizing biocides, 

antibiotics, UV radiation and environmental stress such as temperature, extreme pH, 

toxic substances and disinfectant.

Different probiotic strains can express health promoting effects through the production 

of EPS. The definition of probiotics is: “Live microorganisms that, when administered 

in adequate amounts, confer a health benefit on the host”. Well-known bacteria widely 

studied for their EPS production and its properties are lactic acid bacteria. The EPS of 

several Lactobacillus species and strains were found to exert different health benefits 

including anti-tumor, anti-diabetic, immunomodulatory and antioxidant activities and 

in-vivo dermal wound healing properties (Sungur et al. 2017, Ayyash et al. 2020, Górska 

et al. 2010, Adesulu-Dahunsi et al. 2018, Trabelsi et al. 2017). In addition, EPS produced 

by Bifidobacterium spp. were also found to exert health benefits. For example, EPS 
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of Bifidobacterium spp. was shown to reduce cholesterol levels in diet-induced obese 

mice and exerted immunomodulatory activity (Salazar et al. 2019, Wu et al. 2010). 

Where many studies have focused on EPS production by lactic acid bacteria and 

Bifidobacterium spp., less is known about EPS production by A. muciniphila. EPS 

production and structural analysis of this bacterium has not been studied in detail. 

However, several studies have indicated that A. muciniphila may be able to produce 

EPS under different cultivation conditions (Ouwerkerk et al. 2016, Rodriguez-Daza 

2020). Transcriptome data showed A. muciniphila may use EPS production as a 

protective mechanism against oxygen presence (Ouwerkerk et al. 2016). In addition, 

two genes, Amuc_1470 (exopolysaccharides locus protein-H) and Amuc_1413 (capsular 

exopolysaccharide biosynthesis protein), possibly involved in EPS production by 

A. muciniphila, were upregulated in A. muciniphila cultures exposed to products 

containing cranberry extract, flavan-3-ols-rich fraction and microbial polyphenolic 

metabolite urolithin A (Rodriguez-Daza 2020). Considering the health benefits 

A. muciniphila exerts to its host, and the health benefits of EPS produced by other 

probiotic bacteria, it would be of interest to study EPS production by A. muciniphila.

In vitro and in vivo ecosystems to study A. muciniphila and 
other members of the gut microbiota

The ecosystem in the human gut is a niche with extremely complex and dynamic 

interactions (Sung et al. 2017). Many different types of interactions take place in a 

microbial ecosystem as complex as the human gut, leading to both symbiotic and 

competitive relationships. Gaining insight in the complex interactions present in the 

human gut at community and individual taxa level is pivotal for the development of 

effective microbiome modulation strategies (Shetty et al. 2017, Costello et al. 2012, 

Gilbert and Lynch 2019). Complex dietary fibers and mucus glycans are important 

factors in the metabolic activity of the gut microbiota (Salonen and de Vos 2014, 

Berkhout et al. 2022). The species capable of degrading complex dietary fibers and 

mucus are therefore key players in the community. Several steps are involved in the 

degradation of carbon sources which are executed by different bacteria (Scott et al. 

2014, Flint et al. 2012). For example, degradation of dietary fibers and mucus glycans 

by specialists releases simple carbohydrates available to use by other members of the 

gut microbiota. This interaction is referred to as cross-feeding. In contrast, functional 

redundancy is also observed in the gut microbiota, for example among butyrate 

producers using acetate or monosaccharides (Clark et al. 2021). This functional 

redundancy leads to competition within the gut microbiota.

1
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Many different approaches exist to study microbe-microbe interactions in the gut, 

varying from in silico methods leading to predictions of microbe-microbe interactions, 

in vivo studies mainly using mice as hosts for defined or undefined communities, as 

well as in vitro studies in batch or continuous cultures. One example often used to 

study interactions in the gut microbiota is by inoculating chemostats mimicking the 

human gut using human feces. Well-known in vitro intestinal models are the Simulator 

of the Human Intestinal Microbial Ecosystem (SHIME) or mucosal SHIME (M-SHIME) 

and the TNO Intestinal Model 2 (TIM-2) (Van de Wiele et al. 2015, Venema 2015). 

Currently, the assembly of synthetic communities using host-derived strains is receiving 

considerable attention. Species selection for synthetic communities are based on their 

function and prevalence, among other criteria. Synthetic microbial communities of 

the human gut can be studied under controlled conditions either in vivo using animal 

models, or in vitro e.g. using chemostats (Desai et al. 2016, Kovatcheva-Datchary et al. 

2019, Oliphant et al. 2019, D’Hoe et al. 2018, Venturelli et al. 2018). Recently, a defined 

14-species synthetic community representing the five dominant phyla possessing 

important core metabolic capabilities was established in vivo using germ-free mice 

(Desai et al. 2016). Here, the interactions between gut microbes, dietary fibers and 

the colonic mucus barrier were studied. Similarly, two human fecal-derived defined 

microbial communities were cultured in bioreactors (Oliphant et al. 2019). The first 

synthetic community was derived from a single fecal donor, whereas the second 

community was constructed using species each from a unique donor fecal sample. 

Using this experimental setup, the influence of coadaptation of strains within a host 

on community dynamics was studied. As opposed to in vivo animal models, in vitro 

models are standardized providing highly reproducible results and allow for frequent 

sampling (Venema and van den Abbeele 2013). Therefore, combining in vitro intestinal 

models with defined microbial communities may contribute considerably to the 

understanding of community assembly and structure, compositional and functional 

dynamics. It is important to note that all mentioned in vitro models do not include 

host cells that are present in the gut. To overcome this limitation, studies are focusing 

on the development of a gut-on-a-chip, taking host cells into account. One study 

successfully cultivated gut bacteria on their device, in the form of single cultivation 

and an eight-species community (Kim et al. 2012, Kim et al. 2016). This gut-on-a-chip 

consists of two channels simulating the gut lumen and a blood vessel, which are 

separated by a membrane coated with extracellular matrix and Caco-2 cells. However, 

growth of anaerobic bacteria on the chip has not been reported (Elzinga et al. 2019). 

Therefore, further research should focus on the optimization of cultivating anaerobic 

gut bacteria alone or in a community on the gut-on-a-chip.
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Interactions between A. muciniphila and other members of the gut microbiota

Several studies have investigated competitive and cross-feeding interactions between 

A. muciniphila and other members of the gut microbiota (Belzer et al. 2017, Segura 

Munoz et al. 2022, Kostopoulos et al. 2021, Chia et al. 2018). A metabolic interaction 

network was established between A. muciniphila and three butyrate producers,  

Anaerostipes caccae, Eubacterium hallii (now re-classified as Anaerobutyricum 

soehngenii), and Faecalibacterium prausnitzii resulting in syntrophic growth and 

butyrate production on mucus (Belzer et al. 2017). Interestingly, the interaction 

was bi-directional due to the production of pseudovitamin B
12

 by E. hallii, leading 

to the production of propionate by A. muciniphila. A follow-up study showed that 

A. muciniphila increases the expression of mucolytic enzymes upon the presence of 

a community member, in this case A. caccae, thereby increasing the availability of 

simple sugars for other members in the community (Chia et al. 2018). In contrast, 

a different response was found when A. muciniphila was co-cultured with mucin 

degrading generalist Bacteroides thetaiotaomicron (Kostopoulos et al. 2021). Upon co-

cultivation B. thetaiotaomicron showed a more general glycan degrading profile, while 

the profile of A. muciniphila remained unaltered as compared to the monoculture. 

Instead, A. muciniphila coped with the competition through the upregulation of 

defense related genes. Next to competition with other bacteria, strict competitive 

exclusion between A. muciniphila strains has also been demonstrated (Segura Munoz 

et al. 2022, Schmidt et al. 2022). Altogether, these examples indicate a key role of 

A. muciniphila in the human gut as a mucin degrading specialist.

Research aims and thesis outline

The research projects in this thesis aim to assess the functions of A. muciniphila 

in the human body and other hosts as well as in in vitro and in vivo models. 

Therefore, we aimed to use bioinformatics and phylogenetic analysis to identify 

newly isolated Akkermansia strains from the human body and different mammalian 

hosts. Furthermore, we aimed to study the functions of A. muciniphila in several in 

vitro and in vivo models to elucidate the stability of these functions in food-grade 

media, co-cultivations and a synthetic community. Lastly, in this thesis we aim to gain 

further insight on one of the physiological characteristics of A. muciniphila, namely 

exopolysaccharide production, of which the genetic machinery, structure and potential 

health benefits are still unknown.

This thesis consists of eight chapters including the general introduction and thesis 

outline, a review, research papers and the general discussion.

1
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Chapter 2 explores the presence of Akkermansia-like spp. based on its 16S rRNA 

sequence and metagenomic signatures in the human body to understand its 

colonization pattern in time and space. The presence of Akkermansia-like sequences 

(including Verrucomicrobia phylum and/or Akkermansia spp. sequences found in the 

literature) was detected in several locations apart from the colon, including the oral 

cavity, human milk, the pancreas, the biliary system, the small intestine, and the 

appendix. In this review we propose hypothetical functions of A. muciniphila in these 

anatomical sites.

Chapter 3 provides an overview of the presence of A. muciniphila in different 

mammalian hosts. Akkermansia spp. are widely spread in the gut throughout the 

animal kingdom which may be indicating co-evolution with its host. Therefore, we 

studied the presence and genomic divergence of Verrucomicrobiota and Akkermansia 

spp. within different mammalian hosts. This was done by phylogenetic analysis, 

detecting and isolating new A. muciniphila strains from different mammalian orders 

to compare their genomic traits and assess their functionality in mucin degradation.

Chapter 4 assesses the use of a newly developed food-grade and plant-based media 

with varying carbon sources. For human interventions, cultivation medium is needed, 

free of animal-derived components, food-grade and non-allergenic that also allows 

for efficient growth to high densities. The growth of A. muciniphila on this newly 

developed food-grade and plant-based medium was compared to its growth on mucin-

containing medium using a multi-omics approach.

Chapter 5 describes EPS produced by A. muciniphila to confirm the EPS composition 

and identify through which pathway A. muciniphila produces EPS. Revealing 

information regarding the structure of EPS may lead to uncovering mechanisms 

involved in microbe-microbe and host-microbe interactions and its therapeutic 

and food applications. We used food-grade medium to assess EPS production by 

A. muciniphila. Furthermore, we studied the genetic machinery A. muciniphila employs 

for EPS production using bioinformatics and transcriptome analysis.

Chapter 6 shows the assembly of a synthetic gut microbiota community in bioreactors 

consisting of 16 different species including A. muciniphila. We aimed to investigate 

microbe-microbe interactions in this synthetic community. The bioreactors were 

continuously supplied with mucus, while a mixture of dietary fibers was added three 

times a day to mimic a dietary regimen. Both transcriptome and 16S rRNA sequencing 

were used to evaluate the microbe-to-microbe and metabolic interactions between 

key bacteria in the human gut microbiota. In all three fermentors, A. muciniphila was 

one of the most abundant species.
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Chapter 7 describes the transcriptional landscape of A. muciniphila in different 

environmental conditions, including complexity of the community, diet, medium 

composition and experimental design. Considering that A. muciniphila is studied 

in a variety of experimental setups, we aimed to assess the main functions of 

A. muciniphila throughout these frequently used experimental setups. We focused on 

the transcriptional response of A. muciniphila in these in vitro and in vivo ecosystems 

and assessed genes associated with its key functions across all ecosystems.

Chapter 8 summarizes and discusses the findings of the research projects described 

in this thesis. In addition, this chapter will provide future perspectives for research of 

A. muciniphila and its functions.

1
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Abstract

Akkermansia muciniphila is a mucin-degrading bacterium of the phylum 

Verrucomicrobia. Its abundance in the human intestinal tract is inversely correlated 

to several disease states. A. muciniphila resides in the mucus layer of the large 

intestine, where it is involved in maintaining intestinal integrity. We explore the 

presence of Akkermansia-like spp. based on its 16S rRNA sequence and metagenomic 

signatures in the human body so as to understand its colonization pattern in time 

and space. A. muciniphila signatures were detected in colonic samples as early as a 

few weeks after birth and likely could be maintained throughout life. The sites where 

Akkermansia-like sequences (including Verrucomicrobia phylum and/or Akkermansia 

spp. sequences found in the literature) were detected apart from the colon included 

human milk, the oral cavity, the pancreas, the biliary system, the small intestine, and 

the appendix. The function of Akkermansia-like spp. in these sites may differ from 

that in the mucosal layer of the colon. A. muciniphila present in the appendix or in 

human milk could play a role in the re-colonization of the colon or breast-fed infants, 

respectively. In conclusion, even though A. muciniphila is most abundantly present 

in the colon, the presence of Akkermansia-like spp. along the digestive tract indicates 

that this bacterium might have more functions than those currently known.

Sharon_Geerlings Binnenwerk V5.indd   28Sharon_Geerlings Binnenwerk V5.indd   28 15-12-2022   13:4415-12-2022   13:44



29

Akkermansia muciniphila in the Human Gastrointestinal Tract: When, Where, and How?

Introduction

The microbial community in the human gut plays a role in the balance between 

health and disease. The gut microbiota has recently emerged as an important factor in 

human physiology, both under homeostatic and pathological conditions (Blaser 2014). 

Characterization of the gut microbiota may identify gut-related abnormalities and 

play an important role in establishing functional linkages to health status (Verdu et al. 

2015). Some gut disorders with associated microbiota imbalance include celiac disease 

(Verdu et al. 2015), irritable bowel syndrome (IBS) (Distrutti et al. 2016, Lopez-Siles et 

al. 2014), inflammatory bowel disease (IBD) (Sheehan et al. 2015, Png et al. 2010, Rajilic-

Stojanovic et al. 2013), and type 2 diabetes (T2D) (Zhang et al. 2013, Schneeberger et 

al. 2015, Everard et al. 2013).

The A. muciniphila-type strain MucT of the phylum Verrucomicrobia was first described 

in 2004 (Derrien et al. 2004). This bacterium was isolated from the fecal sample of a 

healthy individual using purified mucin as the sole source of carbon, nitrogen, and 

energy for growth. A. muciniphila has only a few similarities to other representatives 

of Verrucomicrobia (van Passel et al. 2011). Interestingly, Akkermansia is the only 

genus of the Verrucomicrobia phylum found in gut samples. Large differences were 

observed between verrucomicrobial genomes, in terms of the GC content and genome 

sizes. In contrast, similarities were observed within the Verrucomicrobia phylum as a 

large proportion of the proteins in verrucomicrobial proteomes were found to contain 

signal peptides (26.1% for A. muciniphila). In the colon of a healthy human being, 

A. muciniphila is present in high levels with an abundance of approximately 3% (Png 

et al. 2010, de Vos 2017). The core activity of A. muciniphila is to degrade mucus using 

the many mucolytic enzymes encoded in its genome (Png et al. 2010, van Passel et 

al. 2011).

The presence of A. muciniphila has been associated with healthy gut and its 

abundance has been inversely correlated to several disease states (Png et al. 2010, 

Rajilic-Stojanovic et al. 2013, Zhang et al. 2013, Swidsinski et al. 2011, Karlsson et al. 

2012, Dao et al. 2016). For example, in cases of IBD (patients with ulcerative colitis 

and Crohn’s disease), the abundance of A. muciniphila was found to be decreased 

(Png et al. 2010, Rajilic-Stojanovic et al. 2013). Also, individuals with acute appendicitis 

were found to harbor a decreased amount of A. muciniphila (Swidsinski et al. 2011). 

In this case, the abundance of A. muciniphila was inversely related to the severity 

of the appendicitis. Furthermore, obese children were shown to have a significant 

reduction in A. muciniphila-like bacteria (Karlsson et al. 2012). In a comprehensive 

study of infants in daycare, A. muciniphila-based sequences were found to be reduced 

in children that had received multiple antibiotic courses and were at risk for later 
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life obesity (Korpela et al. 2016). In concordance with these studies, another reported 

the association of A. muciniphila with a healthier metabolic status in obese and 

overweight individuals (Dao et al. 2016). Moreover, the genus Akkermansia and its 

metabolic pathways were found to be enriched in athletes with a low body mass index 

(Clarke et al. 2014, Barton et al. 2018). Lastly, the abundance of Verrucomicrobiae was 

significantly reduced in pre-diabetes and T2D (Zhang et al. 2013). It is important to 

note that these diseases may have an effect on the integrity or thickness of the mucus 

layer, and thereby effect the abundance of A. muciniphila. To confirm this, studies 

taking both the microbial composition and mucus layer integrity into account should 

be performed. Altogether, these studies indicate the correlation of A. muciniphila to 

a healthy status and indicate the possible use of Akkermansia spp. as a biomarker 

for disease.

Interactions between the host and A. muciniphila have been studied in mice (Everard 

et al. 2013, Derrien et al. 2011). Colonization by A. muciniphila resulted in transcriptional 

changes, leading to an increase in the expression of genes associated with immune 

responses (Derrien et al. 2011). Furthermore, A. muciniphila was found to strengthen 

the gut barrier function in mice (Everard et al. 2013). By doing so, A. muciniphila played 

a role in normalizing metabolic endotoxemia and adipose tissue metabolism. These 

findings have been supported by another study showing that A. muciniphila affects 

genes involved in cellular lipid metabolism (Lukovac et al. 2014). The effect of a fiber-

free diet was studied in mice colonized with a synthetic community consisting of 14 

species, including A. muciniphila (Desai et al. 2016). Feeding these mice a fiber-free 

diet was found to damage the mucus barrier. The changes in microbial community 

included an increased abundance of A. muciniphila and a switch in metabolism of 

gut microbiota species from fiber degradation to mucus glycan degradation (Desai 

et al. 2016, Makki et al. 2018). An in vitro study using human colonic cell lines (Caco-2 

and HT-29) demonstrated the adherence of A. muciniphila to the intestinal epithelium, 

thereby strengthening the epithelial integrity rather than causing a pro-inflammatory 

reaction (Reunanen et al. 2015). Lastly, outer membrane proteins of A. muciniphila 

were found to have a role in the modulation of immune responses (Ottman et al. 2016). 

Recently, one of the outer membrane proteins was identified (Amuc_1100) (Ottman 

et al. 2017). This study demonstrated that the outer membrane pili-like protein is 

involved in immune regulation and the enhancement of trans-epithelial resistance.

Several studies have purposely or unintentionally revealed the presence of 

Akkermansia-like spp. in segments of the human body other than the colon, where 

A. muciniphila might also have important functions. In this review, we will discuss the 

presence of Verrucomicrobia and Akkermansia-like spp. in different anatomic regions 

of the digestive tract. The physiology and environmental parameters of these anatomic 
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regions will be taken into account to assess the possibility of A. muciniphila to colonize 

and be active at these niches.

Prevalence of Akkermansia muciniphila through Geography 
and Age in the Human Gut

Akkermansia muciniphila is present in the intestinal tract throughout different 

stages of life (Collado et al. 2007, Derrien et al. 2008). This was determined using fecal 

samples from healthy subjects divided into groups based on their age, analyzed using 

fluorescence in situ hybridization (FISH) and quantitative PCR (qPCR). The number 

of bacteria related to A. muciniphila significantly increased from early life to adult 

subjects (Collado et al. 2007, Derrien et al. 2008). When focusing on the prevalence of 

bacteria related to A. muciniphila, 16% of one-month old infants in this study were 

found to harbor Akkermansia in their intestinal tracts (Collado et al. 2007). At this very 

young age, the concentration of A. muciniphila ranged between 2.05 and 4.36 log cells 

per gram of feces. Subsequently, at 6 months of age the percentage of infants where 

A. muciniphila could be detected increased to 72%, with a further increase to 90% in 

12-month-old infants. The concentrations were in the ranges of 2.50–7.30 and 2.80–9.50 

log cells per gram of feces in 6-month-old and 12-month-old infants, respectively. 

However, in this study no correlation was made between the A. muciniphila abundance 

and the feeding mode of the infant (breast and/or formula feeding). Other studies not 

primarily focusing on the presence of A. muciniphila have also shown the presence of 

Akkermansia-like spp. or the Verrucomicrobia phylum in the infant’s gut at different 

geographical locations, such as Finland, Germany, and Malawi (Grzeskowiak et al. 

2012, Grzeskowiak et al. 2012, de Weerth et al. 2013). The presence of A. muciniphila 

in the infant’s gut could be considered as a marker for gut microbiota development 

and diversity (Grzeskowiak et al. 2012). Next to infants, adults (25–35 years old) were 

found to harbor 5–8.8 log cells per gram of feces of A. muciniphila, while a significant 

decrease was noted in elderly subjects (80–82 years old) namely, 95.5% (Collado et 

al. 2007). These outcomes differed in another study, where young adults harbored 

significantly less Akkermansia spp. than the elderly both in terms of prevalence and 

abundance (Biagi et al. 2010). In addition, centenarians were found to harbor a higher 

concentration of Akkermansia spp. Also, semi-supercentenarians (individuals with an 

age of 105 or higher) had a higher concentration of Akkermansia-like spp. than other 

(younger) age groups in the study (Biagi et al. 2016). A. muciniphila is proposed to 

have a role in the immunological and metabolic health of semi-supercentenarians, 

rendering it a biomarker for healthy aging. In contrast to age, gender does not play a 

role considering the amount of A. muciniphila (Derrien et al. 2008).

2
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The genome of A. muciniphila (ATCC BAA-835) was sequenced and annotated (van 

Passel et al. 2011). These sequences were used to mine 37 reported gut metagenomes 

derived from adults belonging to six nationalities to evaluate the presence and genetic 

diversity of Akkermansia spp. in the human gut. The prevalence of Akkermansia spp. 

in these metagenomes was found to be 30%, using a cutoff of >95% identity to 16S 

rRNA. When queried with the Akkermansia genome (identity > 90%), 62% of the 

metagenomic libraries were shown to be Akkermansia carriers, which is comparable 

to earlier findings of a Finnish cohort (Collado et al. 2007). The relative abundances of 

Akkermansia spp. DNA in these libraries varied from <0.01% to almost 4% (van Passel 

et al. 2011). However, higher abundances of Verrucomicrobia in the GIT have also 

been reported, for example in biopsy samples (up to ~15% depending on the method 

and individual) (Momozawa et al. 2011). The analysis of fecal samples from the 

Metagenomics of the Human Intestinal Tract (MetaHit) project, derived from Danish 

and Chinese individuals, revealed country-specific differences in gut microbiota (Li et 

al. 2014). In terms of Akkermansia-like spp., the mean relative abundance of Danish 

individuals (0.0137) was higher than that of Chinese individuals (0.0015). Moreover, a 

recent study showed that Verrucomicrobia sequences were found to be enriched in the 

guts of industrialized regions compared to the guts of traditional populations (p < 2 × 

10−16), such as the traditional Hadza hunter-gatherers (Smits et al. 2017). However, as 

with many comparative microbiota analyses, confounding factors related to sample 

processing, DNA extraction, and subsequent processing cannot be ruled out (Costea 

et al. 2017). A study performed in China showed that the frequency of A. muciniphila 

is lower in southern Chinese than in European populations (Guo et al. 2016). The 

frequency in southern China was found to be 51.71%, which is significantly lower 

than the ~75% found in European populations (Collado et al. 2007, Guo et al. 2016). 

Interestingly, in southern China the highest frequencies were detected among the 

elderly, while in European populations a significant decrease was noted for the elderly. 

This observed difference may be due to external factors affecting the microbiota 

composition, including geographic location, diet, and age.

The human gut may be colonized by different Akkermansia-like spp. (van Passel et 

al. 2011). The 16S rRNA sequences detected in metagenomic datasets suggested 

colonization by at least eight different Akkermansia-like spp. However, as these 

sequences derived from short Illumina reads, mis-assembly and other technical biases 

may have affected this conclusion. Moreover, it is also possible that simultaneous 

colonization by different species occurs. Recently, 39 A. muciniphila strains were 

isolated from human and mouse feces and subsequently analyzed for their 16S rRNA 

sequences and draft genomes (Guo et al. 2016, Guo et al. 2017). All 16S rRNA sequences 

from these strains shared over 97% sequence identity with that of the type strain 

A. muciniphila MucT isolated from Europe, suggesting that they represent isolates 
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from the same species. Using these isolates, three phylogroups (AmI, AmII, and AmIII) 

were identified based on core genome single nucleotide polymorphisms (SNPs). We 

constructed a maximum likelihood tree based on the available 16S sequences of the 

Chinese A. muciniphila strains in the National Center for Biotechnology Information 

(NCBI) sequence database and all other 16S rRNA Akkermansia-like sequences derived 

from colonic and ileal biopsy samples derived from the SILVA small subunit Reference 

132 dataset (Figure 1a and Supplementary Figure S1). In this tree, the newly isolated 

Chinese A. muciniphila strains fall into two out of three distinct clades (clades one and 

two) that, however, have only minimal differences. In comparison with the type strain, 

the first clade has 99–100% identity, the second clade 98–99%, and the third clade 98%. 

Interestingly, the Chinese A. muciniphila strains have reportedly distinct metabolic 

and functional features (Guo et al. 2017). However, unlike A. muciniphila-type strain 

MucT, complete closed genomes of these Chinese A. muciniphila strains have not been 

reported. Furthermore, functional analysis of the Chinese A. muciniphila strains has 

not been performed, but the strains are able to grow on mucus (Guo et al. 2017). Next to 

A. muciniphila, only one other Akkermansia-like sp. has been validly described, namely 

Akkermansia glycaniphila strain PytT isolated from reticulated python feces (included 

in the phylogenetic tree shown in Figure 1a) (Ouwerkerk et al. 2016, Ouwerkerk et 

al. 2017). The closest relative of A. glycaniphila is A. muciniphila MucT, sharing 94.4% 

16S rRNA sequence similarity (Ouwerkerk et al. 2016). The average nucleotide identity 

between the A. glycaniphila PytT genome and the genome of A. muciniphila MucT 

was found to be 79.7%. Compared to A. muciniphila, A. glycaniphila is also able to use 

mucin as a sole carbon, energy, and nitrogen source. However, the relatedness between 

these two species, determined by DNA-DNA hybridization, is low, namely 28.3%. To 

be able to compare functional differences between Chinese A. muciniphila strains, 

the Akkermansia-like sequences found in biopsies of the ileum and large intestine 

(included in the tree), and A. muciniphila MucT, enclosed genomes and functional 

analyses are needed.

Altogether, A. muciniphila’s presence varies among individuals. Its abundance varies 

not only from person to person but also from age group to age group. On top of that, 

other factors such as geographical location may also play an important role in the 

presence and richness of Akkermansia-like spp. in the human GIT.

2
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Figure 1. (a) Akkermansia is not only present in the large intestine, but also in other anatomic 

regions of the digestive tract. A schematic overview of the positioning of 16S rRNA clones 

in the small and large intestines and the available sequences of the Chinese A. muciniphila 

strains towards the A. muciniphila-type strain MucT and A. glycaniphila PytT. The percent-

ages indicate the compositions of the clades. The tree was generated using the randomized 

axelerated maximum likelihood (RAxML) method version 7.0.3 in ARB using a 40% positional 

conservatory filter (Ludwig et al. 2004). The original detailed maximum likelihood tree is 

shown in Supplementary Figure S1. Similar groups were observed using the neighbor joining 

method (Supplementary Figure S2). (b) Overview of Verrucomicrobia/Akkermansia sequences 

in the human digestive tract.

Physiologic Adaptation of Akkermansia muciniphila to the 
Human GIT

A. muciniphila is an oval shaped, anaerobic Gram-negative bacterium that was first 

described by Derrien et al. (Derrien et al. 2004). Transmission electron microscopy 

revealed the presence of filamentous structures on MucT cells when grown on mucin 

medium. On top of this, strain MucT is able to exclude Indian ink, suggesting that the 

filamentous structures are capsular polymers. More recently, outer membrane proteins 

of A. muciniphila were analyzed, which resulted in the identification of pili proteins 

(de Vos 2017, Ottman et al. 2016, Ottman et al. 2017).

When focusing on the growth parameters of A. muciniphila, it is known that growth 

was observed between temperatures of 20 and 40 °C and pH values of 5.5–8.0 (Figure 2) 

(Derrien et al. 2004). However, the optimum growth temperature and pH are 37 °C and 

6.5, respectively. A. muciniphila is an obligate chemoorganotroph, utilizing mucus as a 

sole carbon, nitrogen, and energy source (Derrien et al. 2004). Consequently, the short 

chain fatty acids (SCFAs) acetate, propionate, and to smaller extent 1,2-propanediol 

and succinate are produced (Derrien et al. 2004, Ottman et al. 2017). Another factor 

that influences the growth of A. muciniphila is the presence of oxygen. A. muciniphila 
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was found to be able to tolerate and even benefit from nanomolar concentrations of 

oxygen in liquid medium (Ouwerkerk et al. 2016). Upon the presence of oxygen, there 

is a change of acetate to propionate production by A. muciniphila. This results in an 

increased production of ATP and NADH, which enhances the growth of A. muciniphila.

To compose a minimal medium for A. muciniphila, a genome-scale metabolic model 

was constructed (Ottman et al. 2017). This model predicts the degradation of mucin-

derived monosaccharides. The model showed that A. muciniphila is able to synthesize 

all essential amino acids, except for l-threonine, was not present in the pathway. 

Furthermore, growth experiments revealed that A. muciniphila can degrade a variety 

of sugars such as glucose, N-Acetylglucosamine (GlcNAc), N-Acetylgalactosamine 

(GalNAc), and fucose. However, to obtain growth large amounts of casein tryptone, 

mucin or a rich medium was required. Hereafter, another study showed that 

A. muciniphila does not code for GlmS, which mediates the conversion of fructose-

6-phosphate to glucosamine-6-phosphate (van der Ark et al. 2018). This reaction is 

essential for peptidoglycan formation. Therefore, the degradation of glucose does 

not lead to biomass production. A. muciniphila does code for NagB, which catalyzes 

the reverse reaction, indicating that the addition of GlcNAc is essential for growth 

of A. muciniphila. Altogether, this information led to the development of a defined 

minimal medium for A. muciniphila, in which l-threonine and GlcNAc or GalNAc are 

essential components for growth (van der Ark et al. 2018).

Recently, the growth of A. muciniphila in the presence of bile has been studied (van der 

Ark et al. 2017). Interestingly, the A. muciniphila abundance was positively correlated to 

circulating primary bile acids in mice (Pierre et al. 2016). The addition of 0.1%, 0.5%, and 

1% porcine bile extract resulted in increased growth of A. muciniphila in comparison 

to the medium that did not contain bile (van der Ark et al. 2017). In contrast, purified 

bile salts addition of 0.5% or higher resulted in inhibited growth of A. muciniphila, 

whereas the addition of 0.1% purified bile salts did not inhibit growth (van der Ark 

2018). Moreover, the survival of A. muciniphila in gastric juice was found to be very 

low (van der Ark et al. 2017).

Several studies have described the antibiotic resistance of A. muciniphila (Dubourg 

et al. 2013, Dubourg et al. 2017). The type strain of A. muciniphila (MucT) was found 

to be susceptible to imipenem, piperacillin/tazobactam, and doxycycline, while 

resistance was noted for vancomycin, metronidazole, and penicillin G (Dubourg et al. 

2013). Another A. muciniphila strain was resistant against vancomycin and ofloxacin, 

but susceptible to penicillin, amoxicillin, ceftriaxone, and imipenem (Dubourg et 

al. 2017). A. muciniphila MucT has potential beta-lactamase genes and may code 

for a 5-nitroimidazole antibiotic resistance protein (van Passel et al. 2011). The in 
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silico prediction of a strain directly sequenced from stool (A. muciniphila strain 

Urmite) predicted the presence of antibiotic resistance genes for the classes beta-

lactamases, glycopeptides, MLS (macrolides, lincosamides, streptogramines), phenicol, 

sulphonamide, tetracycline, and trimethoprim (Caputo et al. 2015). Guo et al. described 

the presence of three antibiotic resistance genes in A. muciniphila strain GP36, which 

originated from plasmid pRSF1010 (8684 bp) of Salmonella enterica (Guo et al. 2017). 

This indicates that A. muciniphila might acquire antibiotic resistance genes through 

lateral gene transfer.
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Figure 2. Schematic overview of the growth parameters of A. muciniphila. The optimum 

growth temperature and pH are 37 °C and 6.5, respectively. In addition, A. muciniphila is able 

to tolerate nM concentrations of oxygen and is able to grow in the presence of 0.1% purified 

bile salts.

The growth parameters of A. muciniphila described above coincide with the 

environmental parameters found in the large intestine. The oxygen concentration in 

the gut follows a steep gradient from the intestinal submucosa to the lumen, where 

the oxygen concentrations decrease to near anoxia (Espey 2013). A. muciniphila may 

take advantage of this oxygen concentration in the mucus layer, enhancing its growth. 

The mucosal layer of the large intestines serves as a carbon, nitrogen, and energy 
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source for the use of A. muciniphila. The mucin backbone is rich in threonine (among 

other amino acids) and contains many sugar groups, including GlcNAc and GalNAc 

(Johansson et al. 2011). As mentioned earlier, these are among the minimal growth 

requirements of A. muciniphila. Although the mucus layer in the large intestine is 

thought to be the optimal niche for A. muciniphila, mucus is also present at other 

locations of the GIT. Several conditions may vary in the GIT, such as type of mucin that 

is secreted, pH, oxygen concentration, and concentration of bile acids. The ability of 

A. muciniphila to cope with these conditions will be discussed below.

Akkermansia muciniphila along the Human Gastrointestinal 
Tract

Akkermansia-like spp. were found to be present in different anatomical regions of the 

digestive tract, including the oral cavity, breast milk, pancreas, biliary system, small 

and large intestines, and appendix (Figure 1b). Next to the aforementioned regions, 

Akkermansia-like sequences were also detected in human blood (Dubourg et al. 2017, 

Santiago et al. 2016, Traykova et al. 2017). However, the presence of Akkermansia-like 

sequences was only detected in subjects with diseases as septicemia and cirrhosis. In 

a mice study, A. muciniphila was detected in the oral cavity, stomach, small intestine, 

and large intestine the upon administration of breast milk and formula milk (Gomez-

Gallego et al. 2014). However, in this review we will mainly focus on the presence of 

Akkermansia-like spp. in the human body.

Oral Cavity

The oral cavity is a moist environment with a relatively constant temperature between 

34 and 36 °C (Marcotte and Lavoie 1998). There are several ecological niches in the oral 

cavity that mostly have a neutral pH. The mean pH of the mucosal sites was found to 

be 6.78 ± 0.04 (Aframian et al. 2006). Examples of different sites in the oral cavity are 

the tongue, soft and hard palates, tooth surfaces, and tonsils (Marcotte and Lavoie 

1998). In terms of temperature and pH, the oral cavity can support the growth of a 

wide variety of microorganisms. Therefore, the microbial community of the oral cavity 

is site-specific and highly diverse (Aas et al. 2005).

Several studies found a high abundance of the phyla Firmicutes, Proteobacteria, 

Bacteroidetes, and Actinobacteria, with Streptococcus (belonging to the phylum 

Firmicutes) being the most abundant genus (Shaw et al. 2017, Bik et al. 2010). 

The presence of Verrucomicrobia in the oral cavity is often not described (Shaw 

et al. 2017, Bik et al. 2010, Nasidze et al. 2009, Sarkar et al. 2017, Leake et al. 2016). 

However, the presence of Akkermansia-like sequences was found in the oral cavity 
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of a choledocholithiasis patient (Ye et al. 2016). The salivary samples were taken by 

gargling with 20 mL of sterile saline water. Thus, the microorganisms in these samples 

originate from multiple niches in the oral cavity.

The relative abundance of Akkermansia-like spp. in this sample was low, namely 0.02% 

(Ye et al. 2016). In addition, these sequences were only found in one out of six patients 

included in this study. In terms of pH and temperature, Akkermansia spp. could be 

able to survive in the oral cavity (Derrien et al. 2004). Furthermore, Gram-negative and 

obligate anaerobes with proteolytic lifestyles are present in healthy gingival crevice 

biofilms (Marsh et al. 2015). As discussed before, A. muciniphila has a mucin-degrading 

lifestyle (Derrien et al. 2004). The mucins found in the oral cavity are MUC5B, MUC7, 

MUC19, MUC1, and MUC4 (Linden et al. 2008). Of these mucin structures, MUC5B is 

the most abundant gel-forming mucin in the oral cavity (Nielsen et al. 1997, Thornton 

et al. 1999). As A. muciniphila has mucin-degrading enzymes similar to those found 

in oral Streptococcus spp., A. muciniphila might be able to use the mucin structures 

in the oral cavity as a substrate for growth (van der Hoeven et al. 1990, Derrien et al. 

2010). However, further research is needed to confirm this hypothesis.

Mucin oligosaccharides are able to bind microbes and in some cases exert functions in 

antimicrobial activity or carry antimicrobial proteins (Linden et al. 2008). For example, 

MUC7 and MUC5B both bind statherin and histatin-1. By binding these molecules, 

mucins exert a protective function in the oral cavity. The potential role of Akkermansia 

spp. in the oral cavity is unknown. However, one could hypothesize that its capability 

to stimulate the mucus production of the epithelial cells enhances their protection 

e.g., against pathogens. Another possibility could be that Akkermansia spp. produces 

compounds in mucin degradation that could be useful for other bacteria in the oral 

microbial community. Lastly, Akkermansia spp. might be involved in the modulation 

of the host response. Altogether, more studies should be conducted to confirm the 

presence of Akkermansia spp. and its function in the oral cavity.

Pancreas

The pancreas is a complex organ comprised of both exocrine glands (secreting 

digestive enzymes into the intestinal lumen) and endocrine glands, called the islets 

of Langerhans, which secrete hormones directly into the bloodstream (Tan 2014). 

The pancreas plays a central role in human metabolism, allowing ingested food to 

be converted and used as fuel by cells throughout the body. The pancreas may be 

affected by devastating diseases, such as pancreatitis, pancreatic adenocarcinoma 

(PAC), and diabetes mellitus (DM), which generally results in a wide metabolic 

imbalance (Leal-Lopes et al. 2015). Nutrient metabolism in pancreatic cells is not 

only essential for providing energy for the cell, but also serves as a mechanism to 
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sense and react to circulating levels of macronutrients. This gives the pancreas a 

central role in metabolism regulating the whole-body energy homeostasis. Efficient 

energy metabolism in pancreatic endocrine cells of the islets is required to permit the 

secretion of many hormones, mainly insulin and glucagon, that regulate glucose and 

lipid utilization throughout the body. The pancreas is thought to be devoid of bacteria. 

However, microbial translocation as a result of disease states has led to measurements 

of microbes in pancreatic tissue. Because it is dangerous and impossible to take 

biopsies of pancreatic tissue, due to the risk of leakage of pancreatic fluid, pancreatic 

samples can only be obtained via surgery. As such, samples of healthy individuals are 

not yet reported. Healthy controls are usually healthy tissue surrounding a pathologic 

site. Recent research has shown that disruption of pancreatic metabolism is often a 

consequence of disruptions in the gut microbiome (Jouvet and Estall 2017). Another 

study has shown that the pH in the pancreas drops significantly (p-value < 0.05) in 

patients with painful chronic pancreatitis (7.02 ± 0.06) compared to healthy individuals 

(7.25 ± 0.04) (Patel et al. 1995). That pH change in patients with chronic pancreatitis 

might be one of the reasons why the bacterial barrier in the pancreas is ruptured and 

the abundance of bacterial phyla and species is elevated (Memba et al. 2017).

A. muciniphila plays an important role in the maintenance of the gut barrier function 

(Dao et al. 2016). A few studies have shown the association of A. muciniphila with 

the pancreas and its health. A recent study with patients undergoing pancreatic fluid 

pancreaticoduodenectomy (PD) revealed that the mean relative abundances of the 

Verrucomicrobia phylum and Akkermansia genus, respectively, were 0.0005 and 0.0004 

in the pancreas of these patients (Rogers et al. 2017). The study also highlighted that 

in the pancreas tissue of the patients, other commensal bacteria were found to be 

present. The Proteobacteria phylum and Klebsiella genus were the most abundant, 

with mean relative abundances of 0.5410 and 0.2011, respectively. Faecalibacterium, 

Bacteroides, and Prevotella were also detected in the pancreas of PD patients. The 

presence of other gut microbes in the pancreas apart from Akkermansia may indicate 

trophic interactions between them.

Interestingly, it was found that mice treated with pancreatic enzyme replacement 

therapy (PERT), had a significant, 58-fold increase of A. muciniphila sequences 

compared to the control samples (mice treated with tap water) (Nishiyama et al. 

2018). Furthermore, it is stated that pancrealipase diminishes pancreatic exocrine 

insufficiency-associated symptoms by inducing the colonization of A. muciniphila 

followed by the normalization of the intestinal barrier. Therefore, it is hard to speculate 

on the role of Akkermansia species and/or A. muciniphila in the pancreas.
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The Akkermansia genus is detected in the pancreas, mainly in conditions of 

pathology. The significant change of pH of the pancreatic fluid in patients with 

chronic pancreatitis (7.02 ± 0.06) might be a reason why Akkermansia was detected in 

pathological conditions. Thus far, there is not any evidence showing that the pancreas 

is colonized by bacteria in healthy individuals or that it is a bacteria-free organ. In all of 

the studies that have been described so far, the bacterial colonization of the pancreas 

is inextricably linked to the cause of pancreatic disease. The higher abundance of 

bacteria in patients with pancreatic diseases could be associated with an overall 

higher abundance of microbiota members in these states of disease due to bacterial 

overgrowth and translocation. Decreased gut barrier function in both acute and 

chronic pancreatitis increases bacterial translocation. This bacterial translocation could 

have significant impact on the nutrient absorption and therefore on the availability 

of nutrients for intestinal microorganisms, and the microbial composition of the gut.

Bile Ducts and Gallbladder

Bile is a complex aqueous solution secreted by the liver (Boyer 1986). Both gallbladder 

bile and common bile duct bile of patients undergoing cholecystectomy were found 

to have an alkaline pH in the ranges of 6.8–7.65 and 7.5–8.05, respectively (Sutor and 

Wilkie 1976). In most animal/mammal species, bile contains less than 5% solid contents 

(Boyer 1986). The most abundant organic substances in bile are bile salts (Boyer 2013). 

The primary bile salts in the mammalian liver are cholic acid and chenodeoxycholic 

acid (CDCA). They are produced from cholesterol in the liver and are then excreted into 

the duodenum (Islam et al. 2011). Bile salts exert several functions. For example, they 

were found to have a role in antimicrobial defense, promoting lipid absorption and 

protein digestion and assimilation (Inagaki et al. 2006, Gass et al. 2007). Conjugation 

of these bile salts occurs at the side chain, where either taurine or glycine is added, 

leading to the formation of stronger acids (Boyer 2013). Intestinal bacteria are able 

to convert the stronger acids producing secondary bile acids by deconjugating them. 

Large amounts of bile salts are secreted into the gut; however, only limited amounts 

are excreted from the human body (Hofmann 1976). More than 95% of the bile salts 

are reabsorbed in the ileum and redirected to the liver for recirculation. According to 

this enterohepatic circulation mechanism, each bile salt is recirculated approximately 

20 times.

Interestingly, the bile duct was first considered to be generally sterile (Csendes et 

al. 1975). However, more recently several studies have focused on the microbial 

community present in bile (Ye et al. 2016, Rogers et al. 2017, Shen et al. 2015, Wu et al. 

2013, Pereira et al. 2017, Scheithauer et al. 2009). The phyla Firmicutes, Fusobacteria, 

Proteobacteria, Actinobacteria, and Bacteroidetes (among others), have been 

identified in bile samples (Ye et al. 2016, Rogers et al. 2017, Wu et al. 2013, Pereira et 
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al. 2017). These phyla are all commonly found in the human gut (Stearns et al. 2011). 

Subsequently, the bacteria found in the biliary tract are likely to originate from the 

human duodenum (Ye et al. 2016). The most common genera in bile samples were 

found to be Prevotella, Streptococcus, Veillonella, Fusobacterium, and Haemophilus 

(Pereira et al. 2017).

To study the function of the biliary microbiota, predictive functional profiles were 

constructed using Phylogenetic Investigation of Communities by Reconstruction 

of Unobserved States (PICRUSt) (Ye et al. 2016). This method revealed that biliary 

bacteria have significantly enriched pathways, in comparison to the upper 

digestive tract microbiota, related to environmental information processing, cell 

motility, carbohydrate metabolism, amino acid metabolism, and lipid metabolism. 

Furthermore, several studies have focused on the role of the biliary microbiota in the 

development of diseases such as gallstone disease and biliary neoplasia in primary 

sclerosing cholangitis (PSC) (Wu et al. 2013, Pereira et al. 2017, Belzer et al. 2006, 

Saltykova et al. 2016). However, to explore the exact role of the microbiota in gallstone 

formation, more research needs to be conducted. In addition, PSC was not associated 

with changes in the microbial community of the biliary system (Pereira et al. 2017). 

However, Streptococcus species were found to be positively correlated to disease 

progression and might therefore have a pathogenic role in the progression of PSC.

Although the presence of Verrucomicrobia and/or Akkermansia-like sequences has 

not been described in all studies involving the biliary microbiota, they have been 

found to be present in a proportion of studies including bile samples (Ye et al. 2016, 

Rogers et al. 2017, Wu et al. 2013, Pereira et al. 2017). In a study describing the bacterial 

community in bile and gallstone samples, Akkermansia-like sequences were detected 

(Wu et al. 2013). The relative abundance of Akkermansia-like sequences in 12 out of 

26 bile samples ranged between 0.03 and 0.4%. In addition, 10 out of 29 gallstone 

samples contained Akkermansia spp. with a relative abundance ranging between 

0.02% and 0.3%. Akkermansia-like sequences were also detected by another study 

in the bile sample of one out of six gallstone patients, revealed using V3-4 Illumina 

sequencing (Ye et al. 2016). The relative abundance of Akkermansia-like sequences 

in this sample was low, namely 0.153%. In addition, the mean relative abundances 

of Verrucomicrobia and Akkermansia spp. were determined to be 0.05% and 0.04%, 

respectively, in bile samples from 50 patients undergoing pancreaticoduodenectomy 

(Rogers et al. 2017). Furthermore, bile samples of subjects with opisthorchiasis (bile 

duct infection by Opisthorchis felineus (Fedorova et al. 2018)) contained higher 

amounts of Verrucomicrobia (among other phyla) than subjects with gallstone disease 

without infection of O. felineus (Saltykova et al. 2016). The presence of Verrucomicrobia 

was not specific to the Akkermansia genus and the exact relative abundance of 
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Verrucomicrobia was not provided. Even though five phyla including Verrucomicrobia 

were found to be more abundant in infected subjects than non-infected subjects, there 

were no functional differences between these groups based on analysis using PICRUSt. 

The studies described in this section were properly controlled for contaminants.

The pH values of gallbladder bile and common bile duct bile are both within the 

growth range of A. muciniphila. However, for Akkermansia spp. to be able to remain in 

bile, they are expected to harbor a mechanism for protection against bile. A putative 

bile acid transporter gene (Amuc_0139) is annotated in the genome of A. muciniphila, 

which might function to export bile acids from the cell (van der Ark 2018). This process 

could reduce the effects of bile acids inside the cells of A. muciniphila. Another 

possible mechanism, as identified in Bifidobacterium spp., is the protection of the 

cell wall against bile acids by the production of exopolysaccharides (Fanning et al. 

2012, Ruas-Madiedo et al. 2009). However, this mechanism has not been identified for 

Akkermansia muciniphila.

Several mucins have been identified in the biliary tract, specifically in the gallbladder. 

The mucins that are expressed in the gallbladder are MUC3, MUC5B, MUC5AC, and 

MUC6 (Gum et al. 1997, Pigny et al. 1996, Keates et al. 1997, Yoo et al. 2016). Even 

though colonic mucin consists mainly of MUC2, A. muciniphila might be able to use 

the mucins in the gallbladder as a substrate. Next to Akkermansia spp. other bacteria 

with mucin-degrading capacities in the GI tract have been identified in the biliary 

system. As such, Streptococcus anginosus (Saltykova et al. 2016) and bacteria with 

operational taxonomic unit (OTU) IDs with 99% identity matching that of Bacteroides 

vulgatus (Wu et al. 2013) were found to be present in bile samples. Although the 

function of Akkermansia spp. in the biliary system is unknown, it might have a role 

in the strengthening of the mucosal barrier. In this way, the mucosal layer may 

provide increased protection against pathogens. This could explain the increase of 

Verrucomicrobia during infection of Opisthorchis felineus, since it might function to 

strengthen the mucosal barrier and thereby provide protection during infection.

Small Intestine

The GIT supplies the human body with energy and essential nutrients (Zoetendal 

et al. 2012). This is achieved by the conversion and absorption of food components 

reaching the small intestine. The small intestine can be divided into three segments: 

duodenum, jejunum, and ileum (Savage 1977). The transit time of the small intestine 

was found to be between 30 min and 4.5 h (Hung et al. 2006). Once the gastric content 

enters the duodenum, it is neutralized by bicarbonate derived from the pancreas, 

liver, and duodenal mucosa, causing pH fluctuations (Ovesen et al. 1986). More recent 

investigations of pH profiles revealed that pH values increased from 5.9–6.3 in the 
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proximal part of the small intestine (duodenum) (Koziolek et al. 2015). In the distal 

parts, pH values were found to increase to pH 7.4–7.8.

The epithelial cells within the small intestine are covered with mucus. In contrast 

to the mucosal layer in the stomach and the colon, the mucosal layer in the small 

intestine is thinner and less dense (Atuma et al. 2001). In addition, this layer is not 

firmly attached to the epithelial surface and forms a soluble mucus gel (Atuma et 

al. 2001, Johansson et al. 2008). The mucus gel layers observed in the duodenum 

and jejunum are similar in thickness, although no loose/sloppy mucus was found 

in the jejunum (Atuma et al. 2001). In contrast to the duodenum and jejunum, the 

mucus layer in the ileum is significantly thicker. The accumulation rates were similar 

throughout the different segments of the small intestine.

The fast transit time, in comparison to the large intestine, contributes to limited 

microbial growth in the small intestine (Savage 1977). In addition, the secretion of 

digestive enzymes and bile into the small intestine creates a harsh environment 

in terms of microbial growth (Zoetendal et al. 2012). The bacterial concentration in 

the duodenum and jejunum is only 103–104 bacteria/mL content (Sender et al. 2016). 

This concentration increases in the ileum, where the bacterial concentration is 108 

bacteria/mL content. Due to the challenging conditions for microbial growth in the 

small intestine (acidity and higher oxygen levels than in the colon), the microbial 

community is dominated by bacteria that are facultative anaerobic, able to grow 

quickly, and able to tolerate bile acids and antimicrobials (Donaldson et al. 2016). At the 

same time, these bacteria are also competing with the host and other microorganisms 

for simple sugars in the small intestine. Interestingly, phagocytes in the small intestine 

are thought to play a role in immune surveillance of the small intestinal mucosa 

(Morikawa et al. 2016). This means that phagocytes are able to selectively take up 

bacteria, which might be linked to maintaining immune homeostasis.

The location of the small intestine in the human body causes difficulties in sampling, 

in comparison to, for example, the oral and fecal microbiota. Therefore, fewer studies 

have been performed describing the microbiota in the small intestine (Zoetendal et 

al. 2012, Sundin et al. 2017). In the duodenum, the phyla Firmicutes and Actinobacteria 

were found to be predominant in the duodenal fluid of both obese and healthy 

groups (n = 5 for each group) (Angelakis et al. 2015). Other (less abundant) phyla 

detected in the duodenum were Proteobacteria, Fusobacteria, TM7, Bacteroidetes, 

and Tenericutes. However, an inter-individual variability in the taxonomic composition 

between these samples was observed. Even though the duodenum was found to 

have fewer OTUs than mouth, colon, and stool samples, it does harbor most phyla 

observed in the other sites (Stearns et al. 2011). The mucosa-associated microbiota 
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of the duodenum was found to be dominated by the phylum Firmicutes and genus 

Streptococcus (Shanahan et al. 2016). The genera Prevotella, Veillonella, and Neisseria 

were also found to be present in the mucosal layer. Interestingly, the duodenal mucosa-

associated microbiota found in this study overlaps in broader levels of classification 

with that of the oral cavity and saliva. Further down the small intestine, the most 

dominant phyla in jejunal fluid were found to be Firmicutes, Proteobacteria, and 

Bacteroidetes (Sundin et al. 2017). Less abundant phyla (5–10%) were Actinobacteria 

and Fusobacteria. In comparison to the findings of the microbiota composition in the 

duodenum, the abundance of Proteobacteria and Bacteroidetes were found to be 

dominant over Actinobacteria in the jejunum (Sundin et al. 2017). When comparing the 

microbiota composition found in samples obtained after the washing procedure and 

mucosal biopsies, these compositions were highly similar. The last part of the small 

intestine (ileum) was found to be dominated by the phyla Bacteroidetes, Clostridium 

cluster XIVa, and Proteobacteria (Zoetendal et al. 2012, Li et al. 2012).

Several studies have focused on the small intestinal microbiota in disease states, 

such as IBS, Crohn’s disease, and liver cirrhosis (Hartman et al. 2009, Haberman et 

al. 2014, Dlugosz et al. 2015, Chen et al. 2016, Assa et al. 2016). A study focused on IBS 

showed that the small intestinal microbiota of IBS patients and healthy individuals 

did not differ in terms of major phyla or genera (Dlugosz et al. 2015). In contrast, the 

duodenal mucosal microbiota of cirrhotic patients were surprisingly different to that 

of healthy controls (Chen et al. 2016). The dysbiosis observed in duodenal samples of 

cirrhotic patients might be associated with an altered oral microbiota or an altered 

environment of the duodenum.

Even though the phylum Verrucomicrobia is not included in the dominant microbial 

compositions described above, Verrucomicrobia and Akkermansia-like spp. have been 

detected in all segments of the small intestinal tract. In duodenal fluid, Verrucomicrobia 

and Akkermansia-like spp. were found in three out of six subjects (with relative 

abundances of 0.17%, 0.012%, and 0.013%) using V3-4 Illumina sequencing (Ye et al. 

2016). In addition, Verrucomicrobia (not specified to Akkermansia) were detected in 

duodenal biopsies (0.0688%) and mucus (0.0387%) using 454/Roche GS FLX sequencing 

(Li et al. 2015). Jejunal contents have also been shown to harbor Akkermansia-like spp., 

with a mean relative abundance of 0.01% (n = 17) (Rogers et al. 2017). Analysis of swabs 

from jejunal contents were performed using Illumina MiSeq. Another study detected 

Akkermansia-like spp. in four out of 20 subjects with concentrations ranging from three 

to 90 hits, equaling to 0 to 0.029% of total hits, also using Illumina MiSeq (Rogers et 

al. 2017). Furthermore, Verrucomicrobia were found in the distal ileum using direct 

cloning and sequencing, making up 5% of the detected microbial community (Wang et 

al. 2005). Lastly, Akkermansia-like sequences were detected in the ileocecal biopsies of 
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patients with PSC and ulcerative colitis, as well as non-inflammatory controls (relative 

abundances of 0.49% ± 0.52%, 0.37% ± 0.37%, and 0.36% ± 0.31%, respectively) (Rossen 

et al. 2015). In the schematic tree in Figure 1a, the A. muciniphila sequences derived 

from ileum biopsies are clustered together. This occurs in particular in the third clade, 

which is made up entirely of Akkermansia-like sequences derived from the ileum, 

with a 16S rRNA sequence identity of 98% in comparison to A. muciniphila MucT. 

The isolation of Akkermansia-like species in the ileum is needed to study possible 

differences between the strains found in the small intestine and the strains in the large 

intestine. Considering the pH in the small intestine, the Akkermansia-like spp. found 

in the ileum and other parts of the small intestine could have a different optimum 

pH for growth.

The function of the small intestinal microbiota was also studied using comparative 

metagenomics and RNAseq (Zoetendal et al. 2012). This study, in which A. muciniphila 

was not detected, revealed that the metabolic focus small intestinal microbiota lies 

within carbohydrate uptake and metabolism. In more detail, simple carbohydrate 

transport phosphotransferase systems, fermentation, central metabolism, the 

metabolism of amino acids, and the production of cofactors were enriched. A more 

recent study emphasized that the ileum mucosal microbiota might have a role 

in plant cell wall polysaccharide (PCW) degradation (Patrascu et al. 2017). A large 

portion of the glycans that reach the small intestine are PCW polysaccharides. 

These polysaccharides cannot be degraded by humans, whereas the ileal microbiota 

associated with the mucus layer was found to have the enzymatic potential to break 

down PCW polysaccharides. The exact role of A. muciniphila in the small intestine 

remains unknown, but Akkermansia-like spp. could have a role in immune signaling 

in this part of the GIT. In mice, the addition of A. muciniphila in comparison with 

germ-free mice resulted in more significant modulation in the ileum of PPARα-RXRα 

activation, tryptophan metabolism, serotonin receptor signaling, and dopamine 

receptor signaling, among others (Derrien et al. 2011). The number of differentially 

expressed genes in the ileum of A. muciniphila mono-associated mice was 253 (144 

upregulated and 99 downregulated genes). The administration of A. muciniphila 

resulted in an increase of Reg3g expression under the control diet and a decrease 

of Lyz1 expression in the ileum (Everard et al. 2013). Another study also showed a 

decrease in Cnr1 expression and increase of Cldn3 expression in the ileum upon the 

administration of A. muciniphila in mice (Plovier et al. 2017). As discussed before, the 

mucus layer in the small intestine is thinner and less dense than that of the colon 

(Atuma et al. 2001). This allows closer contact between the microbial community 

and host cells, promoting immune signaling in this region of the gut. The presence of 

Akkermansia-like spp. in the ileum might contribute to immune health.

2
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Large Intestine

The large intestine specializes in digestion and consists of several different segments, 

namely the cecum, ascending colon, transverse colon, descending colon, rectum, and 

anus (Macfarlane and Macfarlane 2007). The colonic transit time of healthy individuals 

is longer than the transit time of the small intestine, ranging between 9 and 46 h 

(mean 28 h) (Madsen 1992). In healthy individuals, a decrease in luminal pH is observed 

in the cecum in almost all subjects (pH ranging from 5.5–7.5) (Nugent et al. 2001). This 

drop in pH is due to the fermentation of carbohydrates by colonic bacteria, leading 

to the production of SCFAs. Then, the pH increases along the large intestines to pH 

values ranging between 6.1 and 7.5. The mucosal pH of the large intestine parallels 

the luminal pH (McDougall et al. 1993). However, the mucosal pH is less acidic than 

the luminal pH in all anatomic regions of the large intestine.

The epithelial cells along the large intestine are covered by the mucosal layer 

(Johansson et al. 2011). As such, the mucosal layer protects the epithelial cells from 

direct contact with microorganisms. On top of this, the mucosal layer also contains 

antimicrobial proteins such as IgA. The mucosal layer can be divided into two parts: 

the inner and outer mucus layers. The inner mucus layer is firmly attached to the 

epithelial cells and devoid of bacteria, whereas microbes are capable of colonizing 

the outer layer due to its higher permeability (Johansson et al. 2008). Both layers are 

mainly composed of the gel-forming mucin MUC2, consisting of large polymers that 

are formed by N-terminal trimerization and C-terminal dimerization (Ambort et al. 

2012). The expansion of the mucus layer occurs due to increased pH and decreased 

calcium (Ca2+) levels. N-terminal interactions are weakened by the decreased calcium 

concentrations. Therefore, water is able to bind to the mucin domain glycans, leading 

to the formation of flat mucin sheets. Furthermore, the less dense outer layer is the 

result of endogenous proteases, promoting the possibility of microbes to colonize 

the mucus layer (Johansson et al. 2008). The degradation of these mucins by mucin-

degrading bacteria of the colon microbiota affects the host cells e.g., by producing 

SCFAs (Johansson and Hansson 2016).

The gut microbiota is mainly studied using fecal samples, since these samples can be 

obtained without colonoscopies. However, microbial communities detected in fecal 

samples mainly reflect the luminal microbiota in the distal large intestine. Therefore, 

the microbial communities in biopsies can differ distinctly from that in fecal samples 

(Stearns et al. 2011). Several studies have confirmed that the microbial communities in 

biopsy samples of different anatomic regions of the colon show similarities, focusing 

on the major phylogenetic groups (Stearns et al. 2011, Wang et al. 2005, Zhang et al. 

2014). Along the intestinal tract, Firmicutes and Bacteroidetes were predominant, 

with lower proportions of Proteobacteria and Fusobacteria observed in biopsy 
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samples (Stearns et al. 2011, Zhang et al. 2014). The sequencing of fecal samples 

of 22 individuals from four different European countries revealed the presence of 

three robust clusters, called enterotypes (Arumugam et al. 2011). These enterotypes 

are either enriched in (1) Bacteroides; (2) Prevotella and co-occurring Desulvibrio; or 

(3) Ruminococcus and co-occurring Akkermansia. Recently, a method of restricting 

enterotyping space was proposed to increase the ability to detect samples outside 

of these enterotyping spaces (Costea et al. 2018). Overall, the dominant phyla in fecal 

samples derived from healthy individuals were found to be Firmicutes, Bacteroidetes, 

and Actinobacteria. Less abundant phyla were Proteobacteria and Verrucomicrobia 

(Arumugam et al. 2011).

In addition to studies on the role of the gut microbiota in health, the gut microbiota 

has also been studied in diseases such as IBD, IBS, obesity, and type-2 diabetes. A 

shift in microbiota composition was observed in IBD patients and may have a role 

in the onset, maintenance, and severity of the disease, although this shift could also 

partly be due to the disturbed gut environment (Walker et al. 2011). In IBS patients, 

a decrease in bacterial diversity was observed (Codling et al. 2010, Carroll et al. 2012). 

However, a consistent gut microbiota pattern in IBS patients is lacking (Tap et al. 

2017). In obesity, inconsistent findings have been reported. For example, one study 

reported an increase of Firmicutes and a decrease of Bacteroidetes, while another 

reported the opposite (Ley et al. 2005, Schwiertz et al. 2010). Lastly, a decrease in 

canonical butyrate-producing bacteria was found in patients with T2D (Qin et al. 

2012). A decrease in butyrate-producing bacteria was associated with an increase in 

opportunistic pathogens, mainly Proteobacteria. Taken together, the studies on the 

gut microbiota in individual diseases are not all uniform, highlighting the difficulties 

in appointing markers for disease.

The gut microbiota plays an important role in the metabolism of host nutrients and 

the health maintenance of the host. Carbohydrates (mainly polysaccharides) that 

have not been hydrolyzed in the small intestine become available for the microbial 

community in the colon (Cummings and Macfarlane 1991). The main substrates 

entering the colon are resistant starch and polysaccharides derived from plant cell 

walls. The major end products produced by the gut microbiota are SCFAs (e.g., acetate, 

propionate, and butyrate) and gases (e.g., H
2
 and CO

2
) using the available substrates. 

Of these, butyrate is used as an energy source by colonic epithelial cells (Clausen and 

Mortensen 1995). Furthermore, propionate is able to signal to the host through the 

GPR41 and GPR43 receptors (Le Poul et al. 2003). Interestingly, SCFAs activate free 

fatty acid (FFA) receptor 2 and FFA3 in the gut (Le Poul et al. 2003, Brown et al. 2003, 

Nilsson et al. 2003). These receptors control peptides (peptide YY and glucagon-like 

peptide 1) involved in appetite regulation (Flint et al. 2012). Therefore, SCFA production 
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in the gut may be associated with food intake. Next to dietary carbohydrates, the 

colonic microbiota also has a role in the degradation of host-derived glycans (mucin), 

xenobiotics, and drugs (Cummings and Macfarlane 1991, Possemiers et al. 2011). The 

gut microbiota is also able to stimulate host immunity in order to protect the host 

against pathogens (Kamada et al. 2013). In this way, the gut microbiota enhances the 

innate immune response and has a role in increasing the gut barrier function. One 

of the microbial species in the gut involved in immune regulation and increasing gut 

barrier function is A. muciniphila (Everard et al. 2013, Ottman et al. 2017).

A recent study revealed the presence of Verrucomicrobiae in all anatomical regions 

of the large intestine by sequencing the V2 region (Momozawa et al. 2011). The 

concentrations of Verrucomicrobiae (in two individuals) ranged between 0.3% 

and 15.8%. Interestingly, one individual harbored only low concentrations, ranging 

between 0.3% and 1.4%, while concentrations in another individual ranged between 

9.8% and 15.8% throughout the anatomic regions. Notably, the individual with higher 

Verrucomicrobiae concentrations was a Crohn’s disease patient. Differences were not 

only observed between individuals, but also between the experimental designs. The 

use of another DNA extraction method resulted in lower amounts of Verrucomicrobiae 

with concentrations in the range of 0.3–7.3% in both individuals. Next to this study, 

there are more studies identifying the Verrucomicrobia phylum and/or Akkermansia-

like spp. focusing on several anatomic regions of the large intestine (Stearns et al. 2011, 

Wang et al. 2005, McHardy et al. 2013, Lyra et al. 2012, Hong et al. 2011, Sanapareddy 

et al. 2012). Verrucomicrobia were identified in the cecum by another study, although 

quantities were not shown (McHardy et al. 2013). Even though the pH is lower in 

the cecum (pH 5.5–7.5), it is still within the growth range of A. muciniphila. In the 

ascending colon, Verrucomicrobia were identified with a concentration of 6% in the 

large intestine of a healthy volunteer (Wang et al. 2005). Using a qPCR approach 

within the same region, a concentration of 4.17 ± 0.6 log 10 genomes per gram of 

a sample of Akkermansia-like spp. was described (Lyra et al. 2012). Furthermore, 

the transverse colon of two out of four included subjects showed the presence of 

Verrucomicrobia, with 563 and 7771 sequence counts of this phylum in each sample 

(Stearns et al. 2011). In the sigmoid colon, compared to the transverse colon, the same 

study reported a decrease in one of the subjects (from 563 to 64 sequence counts), 

whereas an increase was noted in another subject (from 7771 to 11,941 sequence 

counts). The qPCR approach resulted in a similar concentration to that found in the 

ascending colon, namely 4.16 ± 0.56 log 10 genomes per gram of a sample (Lyra et al. 

2012). Several studies have also described the presence of Akkermansia-like sequences 

in the rectum (Hong et al. 2011, Stearns et al. 2011, Wang et al. 2005). Where one 

study reported a higher concentration in the rectum (9%) than in the ascending colon, 

another reported a rapid decrease in sequence counts from 64 and 11,941 in the 
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sigmoid colon, to sequence counts of 1 and 2, respectively (Wang et al. 2005, Stearns 

et al. 2011). In conclusion, based on these studies, the presence and abundance of 

A. muciniphila in the large intestine is subject-specific.

To compare the 16S rRNA Akkermansia-like sequences in biopsies to fecal samples, a 

maximum likelihood tree was constructed (Figure S3). Interestingly, the majority of the 

Akkermansia-like sequences derived from biopsies were clustered together. This cluster 

contains a low amount of Akkermansia-like sequences derived from fecal samples. 

Therefore, one could hypothesize that sub-populations of Akkermansia spp. exist 

within the large intestine. However, it should be noted that complete Akkermansia 

spp. genomes derived from biopsies and lumen are needed to support this hypothesis.

In contrast to the presence of A. muciniphila in other regions of the GIT, its 

function has been more explored in its ecological niche. A. muciniphila was found 

to be correlated to health and inversely correlated to several disease states (as 

explained in the introduction). However, besides its presence in health and disease, 

A. muciniphila was also found to be involved in syntrophic interactions (Belzer et al. 

2017). For example, co-cultivations of A. muciniphila with butyrate-producing bacteria 

(Anaerostipes caccae, Eubacterium hallii, and Faecalibacterium prausnitzii) resulted in 

butyrate production. Therefore, it is suggested that the mucus-degrading capacity of 

A. muciniphila stimulates intestinal metabolite pool and specifically butyrate levels, 

which is beneficial for the host. Another example is the release of sulfate during mucin 

degradation. This sulfate might be used by sulfate-reducing bacteria in the colon, 

producing hydrogen sulfide (Derrien 2007, Willis et al. 1996). In turn, A. muciniphila 

predictively harbors genes involved in l-cysteine biosynthesis using hydrogen sulfide, 

suggesting that A. muciniphila might have a role in the detoxification of hydrogen 

sulfide in the gut (Ottman et al. 2017).

As mentioned earlier, the colonization of A. muciniphila in mice led to an increased 

expression of genes associated with immune responses and the strengthening of 

the gut barrier function (Everard et al. 2013, Derrien et al. 2011). In addition, the outer 

membrane protein (Amuc_1100) was found to be involved in immune regulation and 

the enhancement of trans-epithelial resistance (Ottman et al. 2017). Altogether, these 

studies suggest an important role of A. muciniphila in the microbial community of 

the large intestine in addition to its role in host interactions, promoting the use of this 

bacterium as a therapeutic agent for intestinal disorders.

Appendix

The human appendix extends from the cecum and is 5–10 cm long and 0.5–1 cm wide 

(Randal Bollinger et al. 2007). The function of the appendix has been up for debate for 

2
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quite some time. Charles Darwin described the lack of function of the appendix and 

noted that the appendix is a remainder from primate ancestors that ingested leaves, 

in which the appendix functioned to ferment plant material (Darwin 1871, Smith et 

al. 2013). The appendix is covered in gut-associated lymphoid tissue, suggesting its 

involvement in immune function (Berry 1900). An apparent function of the human 

appendix was described, suggesting that the appendix functions as a “safe house” for 

beneficial bacteria (Randal Bollinger et al. 2007). This same study revealed a higher 

abundance of microbial biofilms in the appendix than other areas of the human 

colon. To our knowledge, a description of the pH in the human appendix is lacking. 

However, the rabbit appendix was found to have a pH ranging between 6.2 and 6.7 

(Merchant et al. 2011). Secretions of the rabbit appendix are rich in bicarbonate and 

occur spontaneously and at a relatively rapid rate (1–12 mL/h). Therefore, it has been 

suggested that in rabbits, the appendix may have a major role in the regulation of pH 

in the cecum. However, similar data is not available for the human appendix.

Considering the difficulty of obtaining samples of the human appendix, there are 

few studies describing the microbiota of the appendix. These studies mainly focus 

on the microbiota in appendicitis in comparison to healthy controls (Zhong et al. 

2014, Jackson et al. 2014, Salo et al. 2017). In healthy controls, the taxa Fusibacter, 

Selenomonas, and Peptostreptococcus were increased in comparison to the rectal 

microbiota (Jackson et al. 2014). This finding indicates that the human appendix 

harbors a distinct microbiota. A wide variation of abundances in phylum, genus, 

and species levels was detected within groups divided by health and severity of 

inflammation (Salo et al. 2017). In healthy controls, Firmicutes and Bacteroidetes 

were found to be the most abundant phyla. Other abundant phyla detected in these 

samples were Fusobacteria, Actinobacteria, and Proteobacteria. Phyla with lesser 

abundances (<2%) were Spirochaetes, Cyanobacteria, Synergistetes, Tenericutes, and 

Verrucomicrobia.

While some studies found significant differences between the microbiota of 

appendicitis patients and healthy controls (Zhong et al. 2014, Jackson et al. 2014) or 

between severity of inflammation (Guinane et al. 2013), another did not (Salo et al. 

2017). One of the genera linked to appendicitis is Fusobacterium (Zhong et al. 2014, 

Guinane et al. 2013). Increased abundances of this genus were observed in appendicitis 

patients in comparison to healthy controls (Zhong et al. 2014), and the presence of 

Fusobacterium could be linked to the severity of inflammation (Guinane et al. 2013). 

In contrast, the presence of A. muciniphila was found to be inversely correlated to the 

severity of appendicitis (Swidsinski et al. 2011). Using fluorescence in situ hybridization 

(FISH), the mean proportion of single bacterial groups for A. muciniphila was found 
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to be 4.0 ± 4.6, 1.0 ± 2.1, and 0.2 ± −0.6 for no appendicitis, catarrhal appendicitis, and 

suppurative appendicitis, respectively.

The mucus layer of the appendix was found to contain a more concentrated 

biofilm than other parts of the large bowel (Randal Bollinger et al. 2007). Therefore, 

the appendix might be a favorable niche for mucin-degrading bacteria, including 

A. muciniphila. Although the role of A. muciniphila in the appendix is not specified, 

one could hypothesize that, being part of the appendiceal microbiota, A. muciniphila 

might have a role in re-colonizing the colon after an infection or colonic dysfunction. 

Thereby, A. muciniphila could function in the maintenance of a healthy gut microbiota 

by restoring the mucus barrier function subsequent to infection/inflammation.

Human Breast Milk and Early Life Intestine

In breast-fed infants, the main source of glycans are human milk oligosaccharides 

(HMOs) (Bode 2012). Human milk consists of a mixture of nutrients for infants, 

conveying immunologic and other health benefits (Flint et al. 2012). Human milk 

contains 5–15 g/L HMOs, and over 200 different HMO structures exist. The major 

monosaccharides present in HMOs are d-glucose, d-galactose, N-acetyl-glucosamine, 

l-fucose, and N-acetylneuraminic acid (sialic acid) (Zivkovic et al. 2011). HMOs 

in the infant gut act as substrates for specific bacteria in the gut, functioning as 

natural prebiotics by stimulating the growth of beneficial intestinal bacteria such as 

bifidobacteria and lactobacilli (Zivkovic et al. 2011, Bidart et al. 2014). It is remarkable 

to mention that milk oligosaccharides and glycoconjugates are able to prevent the 

development of pathogens and toxins, inhibiting their binding on the surface of the 

epithelial cells (Jost et al. 2015). The structure of HMOs has chemical similarities to 

mucus glycans (Newburg 2000).

A. muciniphila has been identified in human milk samples immediately after delivery 

(colostrum), and at 1 and 6 months (Collado et al. 2012). A. muciniphila cell counts 

in breast milk were measured after conducting qPCR, revealing that A. muciniphila 

was higher in abundance in overweight than normal weight mothers, with mean 

concentrations of 1.25, 1.09, and 1.20 log number of gene copies/mL in colostrum 

samples and breast milk samples. Furthermore, A. muciniphila was observed to 

be present in colostrum samples that were collected from 11 women after elective 

caesarean with a median counts number of 0.9 (interquartile range from 0.0 to 1.5) 

analyzed by qPCR (Aakko et al. 2017). In turn, in samples from human breast tissue 

from 43 women (aged 18 to 90 years), the presence of Akkermansia-like species was 

found using 16S rRNA sequencing (Urbaniak et al. 2014).

2

Sharon_Geerlings Binnenwerk V5.indd   51Sharon_Geerlings Binnenwerk V5.indd   51 15-12-2022   13:4415-12-2022   13:44



52

Chapter 2

As mentioned earlier, A. muciniphila is also present in infants’ intestines from the first 

months of life (Collado et al. 2007, Grzeskowiak et al. 2012, Grzeskowiak et al. 2012). 

The structures in HMOs can also be found in mucus glycans (Koropatkin et al. 2012, 

Tailford et al. 2015). A. muciniphila was able to break down structures of HMOs into 

simpler sugars, releasing SCFAs (acetate and propionate) in the media. A. muciniphila 

expressed enzymes that were involved in carbohydrate and glycan degradation, such 

as α-l-fucosidases, exo-α-sialidases, β-galactosidases, and β-hexosaminidases (Ottman 

2015). This indicates that A. muciniphila might be able to use HMOs, using human milk 

as a sole energy, carbon, and nitrogen source, which could also explain its presence in 

breast milk and the breast tissue of lactating woman.

To confirm this, further research should be conducted to gain more insight in the 

mucolytic activities and the function of A. muciniphila in human milk. The presence 

of Akkermansia spp. and A. muciniphila specific in human milk may benefit the 

maturation of the infant’s microbiota establishment and immune maturation, as its 

outer protein was found to be involved in immune regulation (Ottman et al. 2017). 

Last but not least, A. muciniphila glycan degradation ability might be proved to play 

an important role in the initial colonization of the infant’s gut, thus having a major 

impact on later life.

Akkermansia muciniphila in In Vitro Gut Models

In contrast to invasive sampling of the human body, in vitro models have also been 

introduced to study the spatial organization of the human gut microbiota. Multiple in 

vitro models are available for this purpose, such as the Gastro-Intestinal Model (TIM-1 

and TIM-2) and the Simulator of Human Intestinal Microbial Ecosystem (SHIME). The 

small intestinal model TIM-1 consists of four compartments representing the stomach, 

duodenum, jejunum, and ileum (Mateo Anson et al. 2009), while TIM-2 simulates the 

large intestine (Rajilic-Stojanovic et al. 2010). The SHIME was developed in 1993 (Molly 

et al. 1993). This model simulates five compartments of the digestive tract, namely 

the stomach, small intestine, and the ascending, transverse, and descending colon. In 

addition, a variation on SHIME was developed, named the mucosal SHIME (M-SHIME) 

(Van den Abbeele et al. 2012). The M-SHIME has a mucosal compartment, developed 

to study the microbial colonization of the mucus layer.

Most of the studies including A. muciniphila used the SHIME model. The presence of 

A. muciniphila in different compartments of in vitro models has also been evaluated 

(Van den Abbeele et al. 2010, Van Herreweghen et al. 2017). In SHIME, Akkermansia spp. 

are more abundantly present in the transverse and descending colon compartments 
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than in the proximal compartments (ascending colon) of this model (Van den Abbeele 

et al. 2010, Van Herreweghen et al. 2017, Kemperman et al. 2013, Garcia-Villalba et al. 

2017). This is not in concordance with findings using biopsy samples, where no clear 

depletion of Verrucomicrobiae was observed in the ascending colon (Momozawa et al. 

2011). Another SHIME experiment also described the distal location of Akkermansia 

spp. (Kemperman et al. 2013). In addition, in this model the growth of Akkermansia-

like spp. was stimulated by black tea and red wine grape extract. Interestingly, in 

M-SHIME, A. muciniphila did not reach high densities as was observed in the distal 

compartments in the SHIME setup (Van den Abbeele et al. 2013). This might be due to 

the setup of the M-SHIME model, which is lacking distal colon compartments, where 

Akkermansia-like spp. reached the highest densities (Kemperman et al. 2013, Van den 

Abbeele et al. 2010, Garcia-Villalba et al. 2017). Recently, a study using the SHIME model 

demonstrated that A. muciniphila is pH- and mucin-dependent (Van Herreweghen 

et al. 2017). An increase of A. muciniphila was observed upon the addition of mucin. 

When the pH in the distal colon was lowered, a decrease in A. muciniphila was 

observed in comparison to the same compartment with a higher pH. Altogether, these 

studies suggest that these models can be used to study the effect of environmental 

parameters and diet on the human gut microbiota in health and disease states.

Conclusions

To date, the presence of A. muciniphila has mainly been associated with the mucus 

layer of the colon. However, in this review we collected results from other studies 

and showed that Akkermansia-like sequences have also been found to be present in 

other anatomical regions of the digestive tract and human breast milk. In short, these 

regions are the oral cavity, pancreas, bile ducts and gallbladder, small intestine, large 

intestine, and appendix (Figure 1b). The environmental parameters (e.g., pH, oxygen 

and nutrient availability) differ among anatomic regions of the human body, affecting 

the growth of A. muciniphila. As the aforementioned organs have different functions, 

the function of A. muciniphila might also differ in different regions of the digestive 

tract. In this review, we proposed hypothetical functions of A. muciniphila in these 

regions; however, further research is needed to confirm its role among the different 

regions of the digestive tract. Altogether, the presence of Akkermansia-like spp. along 

the digestive tract indicates that this bacterium might have more functions than those 

known so far. Still, as can be concluded from abundance of Akkermansia-like spp., its 

optimal ecological niche remains the mucus layer in the colon.

2
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Figure S1: Detailed maximum likelihood phylogenetic tree (RAxML) including 

Akkermansia-like sequences derived from large intestine and ileum biopsies 

and Chinese A. muciniphila strains. This content is available online (doi:10.3390/

microorganisms6030075).

Figure S2: Detailed Neighbor Joining phylogenetic tree including Akkermansia-like 

sequences derived from large intestine and ileum biopsies and Chinese A. muciniphila 

strains. This content is available online (doi:10.3390/microorganisms6030075).

Figure S3: Detailed maximum likelihood phylogenetic tree (RAxML) including 

Akkermansia-like sequences derived from fecal samples, large intestine, and 

ileum biopsies and Chinese A. muciniphila strains. This content is available online 

(doi:10.3390/microorganisms6030075).
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Abstract

Akkermansia muciniphila is a member of the human gut microbiota where it resides 

in the mucus layer and uses mucin as the sole carbon, nitrogen and energy source. 

A. muciniphila is the only representative of the Verrucomicrobia phylum in the human 

gut. However, A. muciniphila 16S rRNA gene sequences have also been found in the 

gut of many vertebrates. We detected A. muciniphila-like bacteria in the gut of animals 

belonging to 15 out of 16 mammalian orders. In addition, other species belonging 

to the Verrucomicrobia phylum were detected in fecal samples. We isolated 10 new 

A. muciniphila strains from the feces of chimpanzee, siamang, mouse, pig, reindeer, 

horse and elephant. The physiology and genome of these strains were highly similar 

in comparison to the type strain A. muciniphila MucT. Overall, the genomes of the new 

strains showed high average nucleotide identity (93.9% to 99.7%). In these genomes, 

we detected considerable conservation of at least 75 of the 78 mucin degradation 

genes that were previously detected in the genome of the type strain MucT. The low 

genomic divergence observed in the new strains may indicate that A. muciniphila 

favors mucosal colonization independent of the differences in hosts. In addition, the 

conserved mucus degradation capability points towards a similar beneficial role of 

the new strains in regulating host metabolic health.
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Introduction

The gut of vertebrates is colonized with a dense and diverse microbiota (Ley et al. 

2008). Several factors affect the gut microbiota composition of vertebrates including 

diet, host phylogeny and gut morphology (Ley et al. 2008). The microbiota has had a 

large influence on animal evolution, and can be seen as an obligate and beneficial 

symbiont (McFall-Ngai et al. 2013). The main phyla representing the gut microbiota 

in mammals are Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and 

Verrucomicrobia (Ley et al. 2008). The gut microbiota produces short chain fatty acids 

from degradation of otherwise indigestible components providing the host with the 

ability to digest a wider variety of available foods (Ley et al. 2008, Muegge et al. 2011). 

The gut microbiota also produces vitamins and other beneficial substances that the 

host cannot synthesize (Rajilic-Stojanovic et al. 2013).

Some microbiota members can flourish within the mucus layer, a glycan-rich and 

anaerobic environment offered by its host (Van den Abbeele et al. 2011), including 

mucus-degrading specialist Akkermansia muciniphila (Derrien et al. 2004). 

A. muciniphila is the only representative of the Verrucomicrobia phylum in the human 

gut. Mucin utilization by A. muciniphila has been shown i) in vitro, where it grows 

on mucin as sole carbon and nitrogen source (Derrien et al. 2004), ii) in vivo, where it 

scavenges mucin efficiently (Berry et al. 2013) and iii) in silico using a genome-scale 

model and omics analysis (Ottman et al. 2017). Recent mouse and human studies have 

demonstrated that intake of A. muciniphila has a series of health benefits, including 

improved barrier function, increased insulin sensitivity and reduction of obesity 

(Plovier et al. 2017, Depommier et al. 2019). Of interest, mouse experiments have 

shown that while A. muciniphila can degrade mucin, its presence increases mucus 

production, mucus layer thickness and tight junction protein production (Plovier et 

al. 2017, Everard et al. 2013, van der Lugt et al. 2019).

A. muciniphila is abundantly present in the human intestinal tract, varying from 1 to 

4 % of the bacterial population in the colon (Collado et al. 2007). Its abundance was 

found to be linked to a healthy status in humans (Cani and de Vos 2017). Interestingly, 

A. muciniphila has also been detected in other mammals, such as the brown bear 

(Sommer et al. 2016). Furthermore, A. muciniphila has been detected in several small 

animals, such as the ground squirrel and Syrian hamster (Carey et al. 2013, Sonoyama 

et al. 2009). In addition, Akkermansia spp. are widely spread in the gut throughout 

the animal kingdom including mammals (Ley et al. 2008) and other vertebrates such 

as python (Costello et al. 2010, Ouwerkerk et al. 2016), zebra fish (Belzer and de Vos 

2012), chicken (Belzer and de Vos 2012), and salmon (Green et al. 2013). Next to bacteria 

belonging to the genus Akkermansia, other Verrucomicrobia are detected in the animal 

3
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gut of invertebrates including termites (Isanapong et al. 2013), ants (Sanders et al. 

2014), earthworm (Wust et al. 2011) and nematodes (Vandekerckhove et al. 2002). A few 

examples of Verrucomicrobia isolates from the gut environment are A. muciniphila 

(Derrien et al. 2004), python isolate A. glycaniphila (Ouwerkerk et al. 2016), and termite 

gut isolate Diplosphaera colotermitum (Wertz et al. 2012).

A. muciniphila is able to colonize a broad range of hosts, despite differences in GI 

tract anatomy (simple, foregut, hindgut), diet (carnivore, omnivore, herbivore), host 

physiology and body temperature. This distribution might be an indication of co-

evolution of this organism with its host. Therefore, we explored the presence and 

genomic divergence of Verrucomicrobia and Akkermansia spp. within different 

mammalian hosts.

Results

A. muciniphila and other Verrucomicrobia within the gut of different mammals

Detailed analysis of Verrucomicrobia 16S rRNA gene sequences derived from SILVA 

database 138 (Quast et al. 2013) (>1100 bp, pintail >75) revealed that A. muciniphila 

is not the sole representative species of the Verrucomicrobia phylum in the gut of 

mammals. The phylogenetic tree was constructed using both the neighbor joining 

method and RAxML. Both trees showed similar output and the Verrucomicrobia-

derived sequences could be grouped into 12 clades of which 9 clades contained 

samples obtained from the mammalian gut (Figure 1 and Figure S1).

The first clade contains 1352 A. muciniphila like 16S rRNA sequences, not solely 

mammalian. In this clade, eight mammalian orders were detected: Proboscidea 

(African elephant), primates (human, gorilla, lemur, chimpanzee, pygmy loris), 

Carnivora (cheetah), Sirenia (Dugong), Cingulata (armadillo), Rodentia (rat, mice 

and thirteen-lined ground squirrel), Artiodactyla (eland, pig, cow (rumen fluid)), 

Perissodactyla (horse). The non-mammalian sequence present in this clade was 

derived from a chicken. In addition, the 16S rRNA sequences of A. muciniphila strains 

isolated in this study were positioned in clade 1 (Figure 1).
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Figure 1 – Verrucomicrobia diversity within samples from the gut. Schematic representation 

of all clades within the Verrucomicrobia that contain intestinal obtained sequences based on 

the phylogenetic tree. (*) Clades containing Akkermansia sequences. (†) All newly isolated A. 

muciniphila strains are positioned in clade 1.

Five clades solely contained mammalian sequences, including clade 2, 3, 4, 5 and 

6. Clade two contains 277 sequences, mainly derived from primates (human) and 

Rodentia (mice) and one sequence derived from Sirenia (dugong). Interestingly, 

sequences derived from the snub-nosed monkey formed a separate clade (3) within 

the phylogenetic tree, as well as 57 human-derived sequences in clade 4. Other 

clades solely consisting of mammalian derived sequences were clade 5 and 6. Clade 

5 contained 201 sequences derived from 6 mammalian orders, including Proboscidea 

(African elephant), Artiodactyla (cow, okapi, buffalo, babirusa, warty pig, gazelle, takin, 

giraffe, przewalskii gazelle, springbok), Diprotodontia (kangaroo), Rodentia (capybara, 

Prevost’s squirrel), Perissodactyla (horse, wild ass, rhinoceros, zebra), Chiroptera (flying 

fox). Clade 6 contained 20 sequences from mammalian orders Lagomorpha (rabbit) 

and Proboscidea (elephant). Sequences derived from animals both living in captivity 

and in the wild were represented in all animal-containing clades excluding mice. To be 

able to compare the similarity (%) of type strain A. muciniphila MucT to the different 

clades, A. muciniphila MucT was compared to representative sequences of each clade. 

The similarities and amount of representatives per clade are shown in table 1.
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Other mammalian gut derived sequences that belonged to the Verrucomicrobia 

phylum were found within clade 8, 10 and 12. Clade 8 consisted of only five sequences 

in total, four derived from a python (A. glycaniphila) and one sequence from the 

mammalian order Sirenia (Dugong). Clade 10 contained two sequences that belong to 

the Prosthecobacter genus obtained from intestinal samples of UC patients (Figure 1 

and Table 1). Furthermore clade 12 contained sequences from mammalian orders 

Chiroptera (flying fox) and primates (hamadryas baboon and eastern black and white 

colobus and Sumatran orangutan), Diprotodontia (red kangaroo), Rodentia (capybara) 

and Lagomorpha (European rabbit) belonging to the class Opitutae. The remaining 

Verrucomicrobia clades (7, 9 and 11) solely contained 16S rRNA gene sequences derived 

from the non-mammal Animalia gut (Figure 1 and Table 1).

Verrucomicrobia prevalence in fecal samples of different mammals

Fecal samples of 108 different animals belonging to 47 species of 16 mammalian orders 

were collected. The prevalence of A. muciniphila was determined by quantitative PCR 

(qPCR) on all samples. Amplicons were generated with A. muciniphila-specific primers 

in 50 out of 108 samples, with abundances up to 4% (Figure 2). In addition, 16S rRNA 

gene sequencing of Verrucomicrobia resulted in Verrucomicrobia sequences derived 

from the Caribbean manatee, echidna, Western gorilla and otter. These sequences 

were added to the phylogenetic tree shown in Figure 1, in which they were positioned 

in clade 1 (Caribbean manatee), clade 5 (Western gorilla and echidna) and clade 10 

(otter).
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Mammalian species
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Japanese macaque
Japanese macaque
Sulawesi macaque
Sulawesi macaque
Mandrill
Mandrill
Marmoset
Marmoset
Marmoset
Marmoset
Marmoset
Marmoset
Pygmy Marmoset
Pygmy Marmoset
Black Spider Monkey
Black Spider Monkey
Grey Mouse Lemur
Grey Mouse Lemur
Ring-tailed Lemur
Ring-tailed Lemur
Rabbit
Capybara
Capybara
Giant Anteater
Giant Anteater
Two-toed Sloth
Two-toed Sloth
Southern Tamandua
Southern Tamandua
South american tapir
South american tapir
Southern white rhinoceros
Southern white rhinoceros
Rhino (Africa)
Seba's short-tailed bat
Seba's short-tailed bat
Sheep
Sheep
Sheep
Collared peccary
Collared peccary
Baringo Giraffe
Baringo Giraffe
Blue duiker
Blue duiker
Reindeer
Reindeer*
Warthog
Warthog
Giraffe (Africa)
Cow
Cow
Harbour porpoise
Harbour porpoise
Harbour porpoise
Common Bo�lenose Dolphin
Common Bo�lenose Dolphin
Common Bo�lenose Dolphin
Pygmy Hippopotamus
O�er 
O�er 
Bobcat
Bobcat
Striped Skunk
Striped Skunk
Cacomistle
Cacomistle
Swi� Fox
Swi� Fox
Malayan sun bear
Malayan sun bear
Sumatran �ger
Sumatran �ger
Ring-tailed cacomistle
Ring-tailed cacomistle
Caribbean Manatee
Caribbean Manatee
Asia�c elephant*
Asia�c elephant
Elephant (Africa)
Swamp Wallaby
Swamp Wallaby
Aardvark
Echidna
Echidna
Echidna
Echidna

Abundance (%)Mammalian order

Primates

Roden�a

Perissodactyla

Ar�odactyla

Cetacea

Carnivora

Proboscidea

Tubulen�a

Pilosa

Chiroptera

Lagomorpha

Ruminen�a

Hippopotamidae

Sirenia

Diprotodon�a

Monotremata

10-6 10-5 10-4 10-3 10-2 10-1 1 10

Figure 2 – Prevalence, abundance and phylogeny of A. muciniphila. Orders are depicted on 

the vertical axis following the phylogeny of mammals (for primates (Perelman et al. 2011)). 

(*) Samples from which pure isolates were obtained. Abundance of the Akkermansia genus 

was determined using qPCR.
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Verrucomicrobium spinosum 
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Chimpanzee_2_1
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Reindeer
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Akkermansia muciniphila MucT

A B

0.01

Verrucomicrobium spinosum 

Mouse_2 

Chimpanzee_2_1

Reindeer

Mouse_1 

Chimpanzee_2_2

Horse

Siamang

Chimpanzee_1 
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Figure 3 – phylogeny of the new isolates. (A) Phylogeny of the new isolates based on 16S 

rRNA gene sequence, aligned in ARB using NJ. Bar represents 1% sequence divergence. (B) 

Phylogeny of the new isolates based on the presence of domains in the draft genomes. Bar 

represents 1% sequence divergence. A. muciniphila MucT, and V. spinosum DSM 4136 are used 

as reference.
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Figure 4 – Physiology on mucin-based medium. (A) Maximum OD600 reached when grown 

on a mucin-based medium. (B) The SCFA profile when grown on a mucin based medium.
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New A. muciniphila isolates show low physiologic divergence

Ten new A. muciniphila isolates were obtained from fecal samples of the chimpanzee, 

siamang, mouse, pig, reindeer, horse, and elephant. The 16S rRNA gene sequence of 

these ten isolates was determined, and showed high similarity (>99.9%) to the 16S 

rRNA gene sequence A. muciniphila MucT (Figure 3A). All new A. muciniphila strains 

had small and oval shaped cells of approximately 700 nm in length, as described 

previously for the type strain (Derrien et al. 2004). All cells stained Gram-negative, 

grew in single cells, doublets, and aggregates in mucin medium. The cell growth 

(determined by OD600) and short chain fatty acid (SCFA) production (determined 

by high performance liquid chromatography (HPLC)) in a mucin-based medium 

was similar to the type strain A. muciniphila MucT (Figure 4). In addition, the strains 

had similar growth rates, and produced similar amounts of acetate, propionate and 

1,2-propanediol. Taking into consideration the morphologic, physiologic and 16S rRNA 

gene sequence similarity, all strains should belong to A. muciniphila species.

Low genomic divergence between 10 new A. muciniphila isolates

The genomic DNA of all newly obtained isolates were sequenced and assembled 

into draft genomes (Table 2) consisting of 25-215 contigs. Isolates had genome sizes 

in the range of A. muciniphila MucT (2.7 Mb), although the genomes of Chimpanzee 

2_1, Chimpanzee 2_2, and Mouse 1 were slightly larger (2.9 Mb) (Table 2). This was 

also reflected in the total predicted gene count (Table 2). All isolates had comparable 

GC content ranging from 55.2 to 55.9 (Table 2). The average nucleotide identity (ANI) 

was >99.7% for 7 isolates (from chimpanzee 1, siamang, mouse 1, pig, reindeer, horse, 

and elephant). The ANI was lower for the isolates from chimpanzee 2_1 (93.9%), 

chimpanzee 2_2 (97.4%), and mouse 2 (93.9%). The BLAST similarity and the number 

of SNPs of these three genomes were also in line with these results. This indicates that 

these three isolates are phylogenetically more distant. The ANI BLAST between all new 

isolates is shown in Table S1. The phylogeny based on the domain presence in the 

genomes was constructed and reflected the 16S rRNA gene phylogeny (Figure 3B and 

Table S2). In addition, the pan-genome has been determined as shown in Figure S2.

3
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Comparing all draft genomes of the new isolates to the complete genome of 

A. muciniphila MucT using BLAST Ring Image Generator (BRIG) showed the low 

genomic divergence (Figure 5). Several potential phage remnants were identified 

that showed different GC content or GC skew and were not conserved among all 

isolates. Moreover, on 3 points in the draft genome there was a gap, likely because 

of the presence of one of the 3 rRNA operons that interfered with the draft genome 

sequence assembly.

rRNA

rRNA

rRNA

phage

phage

phage

100% iden�ty
70% iden�ty
50% iden�ty

100% iden�ty
70% iden�ty
50% iden�ty

100% iden�ty
70% iden�ty
50% iden�ty

100% iden�ty
70% iden�ty
50% iden�ty

100% iden�ty
70% iden�ty
50% iden�ty

100% iden�ty
70% iden�ty
50% iden�ty

100% iden�ty
70% iden�ty
50% iden�ty

100% iden�ty
70% iden�ty
50% iden�ty

100% iden�ty
70% iden�ty
50% iden�ty

100% iden�ty
70% iden�ty
50% iden�ty

GC skew (-)
GC skew (+)

GC content
GC skew (-)

Siamang

Reindeer

Horse

Pig

Elephant

Chimpanzee 1

Chimpanzee 2_1

Mouse 2

Chimpanzee 2_2

Mouse 1

BRIG
2664102 bp

2000 kbp

1800 kbp

1600 kbp

1400 kbp 1200 kbp

1000 kbp

800 kbp

600 kbp

400 kbp

200 kbp
2600 kbp

2400 kbp

2200 kbp

Figure 5 – BRIG genome comparison of draft genomes of new isolates to A. muciniphila 

MucT. Genome comparison to the type strain A. muciniphila MucT as reference based on se-

quence similarity. From inside to outside: the first ring describes the GC content, the second 

ring describes the GC skew, the next ten rings describe the similarity of the represented 

genomes to A. muciniphila MucT as explained in the legend. On the outside both the rRNA 

operons and the phage remnants are indicated.
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Mucin degradation and utilization proteins of all isolates were individually analyzed 

for sequence divergence. In addition to the 61 mucin-degrading proteins predicted to 

be excreted (van Passel et al. 2011), 18 other genes were predicted to be involved in 

mucin degradation and utilization. The seven isolates (from chimpanzee 1, siamang, 

mouse 1, pig, reindeer, horse, and elephant) that had the highest sequence similarity 

compared to strain MucT harbored the same 78 mucin degradation and utilization 

proteins (Additional table S3), though the draft genome isolate obtained from a horse 

lacked one α-L-fucosidase (Amuc_1699). In comparison with the complete genome 

of the type strain MucT, we found that the draft genome of chimpanzee strain 2_2 

lacked genes for two glycosyl hydrolases (Amuc_1637 and Amuc_1120) and the PfkB 

(Amuc_0075), which is annotated to be involved in fructose degradation. In comparison 

with the complete genome of the type strain MucT, we found that the draft genome 

of chimpanzee strain 2_1 lacked genes for two glycosyl hydrolases (Amuc_1120 and 

Amuc_0824) and one α-N-acetylglucosaminidase (Amuc_1220) as compared to the 

type strain. In comparison with the complete genome of the type strain MucT, we 

found that the draft genome of mouse strain 2 solely lacked the gene for one glycosyl 

hydrolase (Amuc_1637).

Discussion

Akkermansia muciniphila is an abundant member of the healthy human gut, and 

colonizes the mucus layer that lines the intestinal epithelial cells. Apart from human, 

Akkermansia 16S rRNA gene sequences can be detected in intestinal samples of many 

vertebrates. A. muciniphila is the only cultured representative of the Verrucomicrobia 

obtained from the human gut and was isolated from a fecal sample of a healthy 

adult. We determined the prevalence of Verrucomicrobia using the SILVA database, 

the clone libraries of Verrucomicrobia specific amplicons, and performed qPCR on 108 

fecal samples collected for this study. In addition, we obtained ten new A. muciniphila 

isolates from non-human mammals that were characterized by determining their 

draft genome.

Our results indicate that A. muciniphila is not the sole species belonging to the 

phyla of the Verrucomicrobia that colonizes the gut of mammals. Clade 5 and 6, 

that contained sequences derived from fecal samples of a wide variety of mammals 

excluding human and mice, were found to be closely related to A. muciniphila MucT. 

The 16S rRNA gene sequence similarities compared to MucT ranged between 85.15-

90.69% and 86.25-89.22% for clade 5 and 6, respectively. In addition, more distantly 

related Verrucomicrobia sequences were detected in fecal samples. Verrucomicrobia 

sequences belonging to the Prosthecobacter family (85% similarity) were detected in 
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gut samples of UC patients. Furthermore, Verrucomicrobia sequences belonging to the 

Opitutae class have been detected in the following mammals: flying fox, European 

rabbit, capybara, red kangaroo, Sumatran orangutan, hamadryas baboon and, eastern 

black and white colobus.

Clade 5 and 6 contain only non-human mammal sequences. Our isolation effort did 

not result in any of these Akkermansia species. This could mean that mucin is not 

the main nutritional source for these organisms or that there are differences in host 

mucin and therefore in mucus degradation by Akkermansia. However, more research 

is needed to investigate the type of mucins produced and secreted in the gut of 

different mammals to confirm this hypothesis. Recently, co-colonization with multiple 

A. muciniphila strains has been described to be possible for two A. muciniphila strains 

groups obtained from healthy human individuals (Guo et al. 2016). It would be of 

interest to investigate whether A. muciniphila and a species from clade 5 or 6 could 

co-colonize in a mucin-dominated environment within the gut

Our results confirm earlier reports that A. muciniphila is widely spread throughout 

mammals (Belzer and de Vos 2012). Moreover, we provide a comparative genomic 

analysis of new A. muciniphila isolates. By combining 16S rRNA gene database 

sequences and quantitative PCR, we could detect Akkermansia in animals that belong 

to 15 out of 16 mammalian orders included in this study. The Akkermansia 16S rRNA 

gene sequences present within different animals were highly similar. This suggests 

that Akkermansia is highly conserved and only minor changes upon co-evolution with 

its different host species occurred.

The qPCR analysis did not confirm the presence of A. muciniphila in two of the 

samples from which new A. muciniphila isolates were obtained (chimpanzee 1 and 

reindeer). The Verrucomicrobia PCR did confirm the presence of Verrucomicrobia in 

these samples. Possible inhibition of qPCR amplification might be the reason that 

A. muciniphila was not detected in these samples.

Although for some orders only few animals were tested, there does not seem to be a 

correlation between the abundance of Akkermansia spp. and the host phylogeny. A 

possible explanation for this high degree of conservation could be horizontal spread 

of the microorganism among animals in captivity due to close contact with humans 

as most samples were taken in the Dutch zoos. However, we could confirm that 

Akkermansia spp. and other Verrucomicrobia can also be detected in fecal samples of 

animals that live in the wild, both from our and a previous study (Ley et al. 2008). The 

spread of Akkermansia spp. is not restricted to any geographical location, since highly 

similar 16S rRNA gene sequences were found in fecal samples taken from different 

3
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parts of the world, more specific in rural Africa (Ley et al. 2008), rural Australia (this 

study), North-America (Ley et al. 2008, Eckburg et al. 2005, Turnbaugh et al. 2009) Asia 

(Li et al. 2008) and Europe (this study)(Derrien et al. 2004). Based on the observation 

that highly similar 16S rRNA gene sequences were found to be present within the 

different animals, we hypothesize that Akkermansia spp. are highly conserved within 

its different hosts. Potentially because only minor changes upon co-evolution with its 

different host species are needed to colonize the mucosal niche.

The presence of A. muciniphila in the mammalian gut has also been assessed by 

reconstructing metagenome assembled genomes from datasets of human, mouse 

and pig gut microbiomes (Guo et al. 2017). In line with our findings, the presence of 

A. muciniphila in the mammalian gut was found to be globally distributed. In this 

study, we used culturing techniques to isolate new A. muciniphila strains from the 

mammalian gut. However, metagenome assembled genomes of Akkermansia spp. that 

could not be obtained by culturing techniques in this study, may give more insight into 

the function of these strains and their ability to degrade mucus in the mammalian gut.

Mucin proteins are conserved among mammals, and even within the chordate 

phylum. Mucin glycoproteins are rich in proline, threonine and serine and are highly 

glycosylated (Moran et al. 2011). These properties enable A. muciniphila to use mucin 

as both nitrogen and carbon source (Ottman 2015). It is not known how the mucin 

proteins are glycosylated in the numerous vertebrates, but regardless of the potential 

glycosylation patterns the genomes of the A. muciniphila isolates encode many 

enzymes that can cleave a wide variety of glycan chains. Differences in the presence of 

mucus degradation genes in comparison to the type strain were only detected in three 

out of ten isolates. The genes lacking in these genomes may not directly have an effect 

on the mucus degrading capability, since other glycosyl hydrolases, α-L-fucosidases 

and N-acetylglucosaminidases are also present in the genome of A. muciniphila. 

Furthermore, it is important to note that the genomes of the new isolates were not 

closed. Therefore, it is a possibility that these genes are present in the genome but not 

detected in our analysis. Overall, this data suggests that A. muciniphila is a mucin-

degrading specialist that has the potential to colonize different mammals regardless 

of their potential differences in mucin structure.

We did not observe indications for animal-species specific colonization when 

connecting the sequences of the Akkermansia clades with the hosts of origin. This 

contrasts what has been described for H. pylori, a well-studied mucosal pathogen that 

is mainly found in human and in very narrow range of other hosts (Lee et al. 1993). 

Testifying for the adaptation of H. pylori to the human host is the observation that 

its genome can be linked to human migration over our planet (Falush et al. 2003).
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Conclusions

Our findings indicate that A. muciniphila is frequently colonizing the gut of mammals. 

In this study, we isolated 10 new A. muciniphila strains from feces of chimpanzee, 

siamang, mouse, pig, reindeer, horse and elephant. All new A. muciniphila isolates 

grew on mucin as sole carbon and nitrogen source suggesting that representatives of 

this species colonize the mucus layer of its host and therefore seem not be affected by 

the host diet or physiology. The low genomic divergence observed in the new strains 

may indicate that A. muciniphila favors mucosal colonization independent of the 

differences in hosts. In addition, the conserved mucus degradation capability points 

towards a similar beneficial role of the new strains in regulating host metabolic health.

Acknowledgements

We thank Nicolette Snijders (NAM), Paulien Bunskoek (DF), Simone Kools (BZ), 

Plankendael for fecal sample collections, and Hans Heilig, Aylin Oymaci, Marloes 

Witte, Eline Stroobach for technical assistance. The authors gratefully appreciate Prof. 

Bert ‘t Hart (Rijswijk, the Netherlands) and Prof. Jon Lamans (Erasmus University) for 

availability of marmoset fecal samples, Prof. Els Urbanus for the gift of the initial fecal 

sample of which Mouse 1 was isolated, Tom van den Bogert for the gift of the cow 

rumen sample and Jing Zhang for the gift of the pig fecal samples. We are grateful to 

our colleagues at the laboratory of Microbiology for stimulating discussions.

Methods

Sample collection

Fecal samples from animals were obtained at three Dutch zoo’s: Burgers Zoo (Arnhem, 

The Netherlands), Dolfinarium (Hardewijk, The Netherlands), Natura Artis Magistra 

(Amsterdam, The Netherlands), Plankendael (Antwerp, Belgium), animal facilities 

of Wageningen UR (Wageningen, The Netherlands), animal facilities of Erasmus MC 

(Rotterdam, The Netherlands), animal facility of the Institute of Microbiology, (ETH 

Zurich, Switzerland), Animal facilities of Leiden University Medical Centre (Leiden, The 

Netherlands), from pets living at Dutch homes, but also from wild animals that live 

in either rural Africa or rural Australia. Mouse 2 has been deposited under the name 

A. muciniphila YL44, DSM26127 (https://www.dsmz.de/catalogues/dzif-sammlung-der-

dsmz/maus-mikrobiomliste.html). Additional information about the samples can be 

found in Table S4.
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Isolation and growth conditions

Approximately 0.2 g of fecal sample was taken and dissolved in anaerobic PBS (pH7) 

containing 0.5 g/l of cysteine-HCL within 24 hours of defecation. A fraction of all 

samples was used to prepare a glycerol (25%v/v) stock and stored at -80°C. The other 

fraction of all samples were 10-fold diluted in anaerobic mucin medium, composed 

of a bicarbonate-buffered basal medium (Derrien et al. 2004) with a pH of 6.5-7.0, 

supplemented with 0.5% (vol/vol) purified and dialyzed hog gastric mucin (Type III, 

Sigma) as sole carbon and nitrogen source as described previously (Miller and Hoskins 

1981). All incubations were performed until growth was observed at 37°C in 30 ml 

serum bottles, containing 10 ml mucin media, sealed with butyl rubber stoppers 

under anaerobic conditions provided by a gas phase of 1.5 atm N2/CO2 (80:20 vol/vol). 

Enrichment was achieved by repeated serial dilutions. After this primary enrichment, 

the strains were purified by repeated plating of single colonies onto anaerobic mucin 

medium agar (0.8% (w/v) agar (Bacto Agar, BD), only selecting Akkermansia-like 

colonies based on previously described morphology (Derrien et al. 2004) and of which 

an Akkermansia-specific PCR (Collado et al. 2007) was found positive. The Short-chain 

fatty acids in cultures containing the purified strains were measured using a Thermo 

Electron spectrasystem HPLC equipped with an Agilent Metacarb 67H column. Purified 

strains were stored in mucin medium containing glycerol (25% v/v) at -80°C. DNA was 

extracted using the MasterpureTM Gram Positive DNA Purification Kit (Epicentre®)

A. muciniphila 16S rRNA gene abundance

Quantitative PCR amplification was performed as previously described (Collado et 

al. 2007) with minor modifications: samples were analyzed in a total volume of 10 

µl consisting of 1 x iQ SYBR Green Supermix (BioRad), 200 nM forward primer AM1: 

CAGCACGTGAAGGTGGGGC (Collado et al. 2007) or 1369F: CGGTGAATACGTTCYCGG 

(Suzuki et al. 2000), 200 nM reverse primer AM2: CCTTGCGGTTGGCTTCAGAT (Collado 

et al. 2007) or 1492R: CGGCTACCTTGTTACGAC (Weisburg et al. 1991), 1 x VisiBlue 

Master Mix colorant (Tataabiocenter), and 0.2 ng/µl sample DNA, Nuclease-Free Water 

(Promega) was added to 10 µl. The primerset including AM1 and AM2 specifically 

amplifies A. muciniphila DNA and the primerset including 1369F and 1492R is a 

general 16S rRNA primerset to determine the total abundance. All reactions were 

performed in triplicates in a BioRad CFX-384 device (Veenendaal, The Netherlands). 

Standard curves of 16S rRNA from A. muciniphila cloned into pGMTeasy vector 

(Promega) were prepared, corresponding to a range from 108 to 100 cells. The quality 

of the standard curves were assessed using qPCR. The abundance of A. muciniphila 

16S rRNA genes was determined by dividing the amount of Akkermansia 16S rRNA 

gene amplicon by that obtained from total 16S after correcting for the 16S rRNA gene 

copy of A. muciniphila (3 copies), and the average number of 16S rRNA genes (4.1 
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copies) in intestinal bacteria (Case et al. 2007). The starting quantity (SQ) values used 

for the calculations are available in Table S5.

16S rRNA gene sequencing of Verrucomicrobia

DNA obtained from the fecal samples was amplified in a final volume of 25 µl consisting 

of 1 x Green GoTaq reaction buffer (Promega), 200nM of each dNTPs (Promega), 200 

nM forward primer VER_37: TGGCGGCGTGGWTAAGA (Ranjan 2010), 200 nM of reverse 

primer VER_673: TGCTACACCGWGAATTC (Ranjan 2010), 1U GoTaq DNA polymerase 

(Promega), Nuclease-Free Water (Promega) was added to obtain a total volume of 

25 µl. Samples were amplified with a Dinxperlo BV G Storm thermocycler (Somerton 

Biotechnology) with the following program: Denaturation at 95°C for 5 min, followed 

by 35 cycles of denaturation at 95°C for 30 sec, annealing at 50°C for 30 sec, extension 

at 72°C for 1 min, and a final extension step at 72°C for 10 min. The amplicons were 

purified using a High pure PCR Cleanup micro kit following the manufacturer’s protocol 

(Roche, Woerden, the Netherlands). Ligation of these amplicons in pGEMTeasy vector 

system as described by the manufacturer (Promega) and subsequent transformation 

into E. coli XL1-blue competent cells (Agilent Technologies). Inserts were sequenced 

at GATC (Biotech, Konstanz, Germany) using the flanking binding sites for T7: 

TATTTAGGTGACACTATAG and SP6: TAATACGACTCACTATAGGG. Vector, primers and 

low quality ends of the sequences were trimmed using DNA-baser v.354. 16S rRNA 

gene sequences were aligned using the SINA online alignment services (Pruesse et 

al. 2012) and subsequently imported into ARB (Ludwig et al. 2004).

16S rRNA gene database mining and phylogenetic tree construction

All intestinal Verrucomicrobia sequences >1100 bp, with pintails >75 were downloaded 

from the SILVA database version 138. The isolation source and host organism, if lacking, 

were retrieved from the original publications if possible and added to the designated 

fields in the database. All analysis concerning 16S rRNA gene sequences used for 

data mining performed on this dataset. The selected outgroup for the phylogenetic 

analysis consisted of 13 sequences from three phyla: Lentisphaerae, Omnitrophica and 

Chlamydiae. All 16S rRNA based phylogenetic analysis were performed with a single 

trimmed alignment file. The phylogenetic tree was constructed in ARB (version 5.3-org-

8209) using a randomized axelerated maximum likelihood (RAxML) method (version 

7.0.3) and a 40% positional conservatory filter (Ludwig et al. 2004). Depending on the 

amount of sequences in each clade, up until 20 representatives of each clade were 

selected for sequence similarity comparisons of each clade to A. muciniphila MucT.

DNA isolation and genome sequencing

High molecular weight genomic DNA was extracted from overnight-grown cultures 

as previously described (Douillard et al. 2013). DNA quality and concentrations were 

3

Sharon_Geerlings Binnenwerk V5.indd   77Sharon_Geerlings Binnenwerk V5.indd   77 15-12-2022   13:4415-12-2022   13:44



78

Chapter 3

determined by spectrophotometric analysis using NanoDrop equipment (Thermo 

Scientific) and by electrophoresis on a 1% agarose gel. DNA was stored at -20°C until 

subsequent sequencing.

Genome sequencing was carried out at the Institute of Biotechnology, University of 

Helsinki (Finland). A MiSeq library was generated and sequenced on an Illumina 

MiSeq Personal Sequencer with 250 bp paired-end reads and an insert size of 500 bp. 

Reads were assembled using Ray (k-mer 101)(Boisvert et al. 2012).

Genome annotation

Annotation was carried out with an in-house pipeline consisting of Prodigal v2.5 for 

prediction of protein coding DNA sequences (Hyatt et al. 2010), InterProScan 5RC7 for 

protein annotation (Hunter et al. 2012), tRNAscan-SE v1.3.1 for prediction of tRNAs 

(Lowe and Eddy 1997) and RNAmmer v1.2 for prediction of rRNAs (Lagesen et al. 2007). 

Additional protein function predictions were derived via BLAST identifications against 

the UniRef50 (Suzek et al. 2007) and Swissprot (UniProt, 2014) databases (download 

August 2013). Subsequently, the annotation was further enhanced by adding EC 

numbers via PRIAM version 2013-03-06 (Claudel-Renard et al. 2003). Non-coding RNAs 

were identified using rfam_scan.pl v1.04, on release 11.0 of the RFAM database (Burge 

et al. 2013). CRISPRs were annotated using CRISPR Recognition Tool v1.1 (Bland et al. 

2007). A further step of automatic curation was performed by weighing the annotation 

of the different associated domains, penalizing uninformative functions (e.g. “Domain 

of unknown function”), and prioritizing functions of interest (e.g. domains containing 

“virus”, “bacteriophage”, “integrase” for bacteriophage related elements; similar 

procedure for different other functions).

Pan-genome analysis

 To determine the pan-genome, the genomes were annotated using Prokka (Seemann 

2014). Subsequently, Roary was used to obtain the core-genome alignment (Page et 

al. 2015). Based on this information, a maximum likelihood phylogenetic tree was 

constructed. The phylogenetic tree and the core-genome alignment were combined 

in Phandango to visualize the results (Hadfield et al. 2018).

16S rRNA gene sequence retrieval

For each organism the 16S rRNA reads were retrieved by filtering the FASTQ file 

through sortmeRNA using default settings while only using the 16S SILVA 118 database 

(Kopylova et al. 2012). The obtained reads where then assembled using IDBA_UD into 

a 16S rRNA gene contig and used for further analysis (Peng et al. 2012).
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Figure S1.pdf – Original detailed randomized axelerated maximum likelihood (RAxML) tree. 

This content is available online (doi: 10.1186/s12866-021-02360-6)

Table S1 – ANI BLAST and aligned percentage between all new A. muciniphila isolates. 

This content is available online (doi: 10.1186/s12866-021-02360-6)

Table S2.xlsx – Overview of the functional domains of the type strain and all new A. muciniphila 

isolates. This content is available online (doi: 10.1186/s12866-021-02360-6)
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Genomic convergence between Akkermansia muciniphila in different mammalian hosts
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Genomic convergence between Akkermansia muciniphila in different mammalian hosts
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Genomic convergence between Akkermansia muciniphila in different mammalian hosts
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Table S5 – Starting quantity (SQ) values of both Akkermansia and the general 16S rRNA qPCR 

runs.

Sample 

number

Animal Average SQ 

general

Average SQ 

Akkermansia

A1 Chimpanzee 2.00E+04 0.00E+00

A2 Chimpanzee 1.62E+04 6.60E+00

A5 Chimpanzee 2.16E+04 3.30E+01

A6 Western Gorilla 6.36E+04 3.08E+01

A7 Western Gorilla 4.09E+04 1.48E+01

48 Aardvark 3.70E+04 0.00E+00

49A Capybara 3.63E+04 0.00E+00

49B Capybara 2.77E+04 0.00E+00

50AI Otter 4.52E+04 0.00E+00

50BI Otter 1.93E+04 3.98E+00

38A Caribbean Manatee 1.00E+05 1.03E+03

38B Caribbean Manatee 4.78E+04 4.82E+02

39A Bobcat 1.54E+05 0.00E+00

39B Bobcat 1.69E+05 3.52E+01

40A Sheep 2.52E+04 6.95E+01

40B Sheep 4.47E+04 1.67E+02

40C Sheep 5.27E+04 7.49E+01

41A Striped Skunk 1.53E+05 0.00E+00

41B Striped Skunk 7.31E+04 3.54E+01

42A Collared peccary 3.27E+04 5.56E+00

42B Collared peccary 3.96E+04 0.00E+00

43A Cacomistle 3.44E+04 0.00E+00

43B Cacomistle 4.98E+04 0.00E+00

44A Swift Fox 8.89E+04 0.00E+00

44B Swift Fox 1.33E+05 0.00E+00

A3 Baringo Giraffe 5.27E+04 7.13E+00

A4 Baringo Giraffe 3.91E+04 4.58E+00

A8 Asiatic elephant 5.35E+03 3.10E+01

A9 Asiatic elephant 1.20E+04 0.00E+00

30A Blue duiker 1.80E+04 0.00E+00

30B Blue duiker 3.59E+04 1.87E+02

A15 Reindeer 1.73E+04 0.00E+00

A16 Reindeer 4.70E+04 0.00E+00

A10 Dusky leaf monkey 4.96E+04 0.00E+00

31AI Malayan sun bear 1.90E+05 0.00E+00

31BI Malayan sun bear 7.07E+04 0.00E+00

A11 Siamang 1.36E+05 3.57E+01
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Table S5  (Continued)

Sample 

number

Animal Average SQ 

general

Average SQ 

Akkermansia

A12 Siamang 2.36E+00 0.00E+00

32A Sumatran tiger 6.45E+04 0.00E+00

32B Sumatran tiger 8.46E+04 0.00E+00

A20 Warthog 3.57E+04 0.00E+00

A21 I Warthog 2.67E+04 0.00E+00

45A Seba’s short-tailed bat 4.45E+04 3.52E+01

45B Seba’s short-tailed bat 6.94E+04 0.00E+00

33A Ring-tailed cacomistle 7.03E+04 3.56E+01

33B Ring-tailed cacomistle 7.97E+04 0.00E+00

34A South american tapir 1.90E+04 3.54E+01

34B South american tapir 1.72E+04 0.00E+00

35 Pygmy Hippopotamus 5.80E+04 0.00E+00

36A Southern white rhinoceros 2.02E+04 0.00E+00

36B Southern white rhinoceros 2.02E+04 3.48E+01

37A Swamp Wallaby 6.93E+03 0.00E+00

37B Swamp Wallaby 1.86E+04 0.00E+00

16 Echidna 9.28E+02 2.97E+01

17 Echidna 1.44E+05 2.45E+00

18 Echidna 1.72E+05 4.07E+00

19 Echidna 5.37E+02 0.00E+00

A24 Rabbit 2.43E+04 1.53E+01

C Human 8.29E+03 3.06E+01

33 Elephant(Africa) 3.75E+02 0.00E+00

34 Giraffe (Africa) 3.24E+03 0.00E+00

35 Rhino (Africa) 4.26E+02 0.00E+00

1_1 Human 1.72E+04 0.00E+00

2_1 Human 2.17E+04 3.70E+02

1_31 Marmoset 1.46E+03 0.00E+00

1_32 Marmoset 1.31E+03 0.00E+00

1_33 Marmoset 1.86E+03 0.00E+00

1_34 Marmoset 2.81E+03 0.00E+00

1_35 Marmoset 4.02E+02 3.50E+01

1_36 Marmoset 3.35E+03 0.00E+00

CON 001 Human 2.38E+05 3.64E+00

CON 005 Human 7.65E+04 1.72E+02

CON 008 Human 9.49E+04 1.01E+03

CON 010 Human 7.66E+04 3.46E+02

CON 011 Human 1.44E+05 1.04E+03

3
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Table S5  (Continued)

Sample 

number

Animal Average SQ 

general

Average SQ 

Akkermansia

CON 014 Human 2.09E+05 1.72E+03

CON 16.0 Human 7.27E+05 2.10E+00

CON 21.0 Human 2.70E+04 1.42E+02

CON 22.0 Human 1.86E+04 3.40E+03

CON 23.0 Human 8.03E+03 3.61E+01

Cow 1 Cow 1.90E+04 3.55E+01

Cow 2 Cow 1.03E+04 0.00E+00

51A Grey Mouse Lemur 4.38E+03 2.81E-02

51B Grey Mouse Lemur 4.56E+03 2.81E-02

52A Pygmy Marmoset 9.09E+03 0.00E+00

52B Pygmy Marmoset 4.93E+03 0.00E+00

53A Giant Anteater 4.62E+03 1.81E-01

53B Giant Anteater 1.45E+04 1.16E-02

54A Japanese macaque 9.51E+04 0.00E+00

54B Japanese macaque 4.17E+04 0.00E+00

55A Mandrill 1.34E+05 0.00E+00

55B Mandrill 7.80E+04 0.00E+00

56A Ring-tailed Lemur 2.38E+04 0.00E+00

56B Ring-tailed Lemur 2.45E+04 0.00E+00

57A Two-toed Sloth 9.18E+03 0.00E+00

57B Two-toed Sloth 4.38E+03 0.00E+00

58A Southern Tamandua 2.92E+04 0.00E+00

58B Southern Tamandua 5.84E+04 0.00E+00

59A Sulawesi macaque 1.86E+04 0.00E+00

59B Sulawesi macaque 3.17E+04 0.00E+00

60A Black Spider Monkey 3.86E+04 3.04E-02

60B Black Spider Monkey 6.30E+03 7.72E-01

61A Harbour porpoise 2.03E+03 3.07E-02

61B Harbour porpoise 1.40E+01 1.04E-02

61C Harbour porpoise 3.17E+01 0.00E+00

62A Common Bottlenose Dolphin 6.12E+04 0.00E+00

62B Common Bottlenose Dolphin 1.33E+02 5.47E-03

62C Common Bottlenose Dolphin 2.40E+04 5.81E-03
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Abstract

Over the past years, the gut microbiota and its correlation to health and disease has 

been studied extensively. In terms of beneficial microbes, an increased interest in 

Akkermansia muciniphila has been observed since its discovery. Direct evidence for 

the role of A. muciniphila in host health has been provided in both mice and human 

studies. However, for human interventions with A. muciniphila cells industrial-scale 

fermentations are needed and hence the used cultivation media should be free of 

animal-derived components, food-grade, non-allergenic and allow for efficient growth 

to high densities as to provide cost-effective production platforms. In this study we 

assessed the growth and performance of A. muciniphila in batch bioreactors using 

newly developed plant-based media with varying carbon sources, including different 

ratios of GlcNAc and glucose. Comparisons between growth on these media and that 

on mucin revealed differences on both transcriptome and proteome levels, including 

differences in the expression of glycosyltransferases, signaling proteins and genes 

involved in stress-response. Furthermore, differences in cell morphology and OD
600

 

values were observed. In conclusion, our data suggests that the food-grade medium 

composition described here could be used to produce A. muciniphila in high yields 

for therapeutic purposes.
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Introduction

Over the past years, the gut microbiota and its correlation to health and disease has 

been studied extensively (de Vos et al. 2022). Notably, strong correlations have been 

made between the gut microbiota composition and diseases, such as obesity (Tims 

et al. 2013, Le Chatelier et al. 2013), pre-diabetes (Allin et al. 2018, Zhong et al. 2019), 

type 2 diabetes, non-alcoholic fatty liver disease (Jiang et al. 2015) and liver cirrhosis 

(Qin et al. 2014). Moreover, a causal involvement of gut microbiota by fecal microbiota 

transplantation has been demonstrated in various inflammatory and metabolic 

diseases (Hanssen et al. 2021). This is increasing the interest in the development of 

interventions aiming to alter the gut microbiota, including those with specific gut 

bacteria also termed next-generation beneficial microbes (Fan and Pedersen 2021, 

Cani and de Vos 2017, Bui and de Vos 2021).

While most gut bacteria inhabit the lumen of the colon and thrive on dietary leftovers, 

Akkermansia muciniphila is an abundant gut symbiont feeding on the colonic 

mucosa (Derrien et al. 2004, Geerlings et al. 2018, Cani et al. 2022). A. muciniphila is 

a Gram-negative bacterium belonging to the Verrucomicrobia phylum, found to be 

present in the mucosal layer and specialized in the use of mucin as single carbon, 

nitrogen and energy source (Derrien et al. 2004, Belzer and de Vos 2012). Considerable 

interest in A. muciniphila derives from human association studies showing an inverse 

correlation to diabetes and obesity and its correlations with a healthy metabolic 

status, as recently reviewed (Cani et al. 2022). These results were initially found with 

deep metagenomic analyses, later expanded with species-targeted quantifications, 

and recently supported by linking thousands of A. muciniphila metagenomes to host 

characteristics (Le Chatelier et al. 2013, Dao et al. 2016, Karcher et al. 2021).

Direct evidence for the role of A. muciniphila was provided in a series of mouse models 

where administration of its cells was found to prevent diet-induced obesity (Everard et 

al. 2013). This hallmark study was followed by many reports showing beneficial effects 

of A. muciniphila administration in a variety of mouse models (Wang et al. 2022, Qu 

et al. 2021, Bian et al. 2019, Yaghoubfar et al. 2020, Wu et al. 2020). However, all these 

studies have been using mucin-based media to cultivate A. muciniphila, providing 

a potential bias since this animal-derived glycoprotein is not free from remnants 

of other bacteria. A breakthrough came with the development of metabolic models 

that showed the dependency of A. muciniphila on exogenously added threonine, 

resulting in synthetic media that obviated the use of mucin (Ottman et al. 2017). A 

key finding was the fact that A. muciniphila does not have the capacity to synthesize 

N-acetylglucosamine (GlcNAc) from glucose, most likely as a consequence of its 

adaptation to mucin that contains this and other nitrogen-sugars (van der Ark et al. 

4
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2018). In the resulting synthetic media, mucin was substituted by L-threonine, glucose 

and GlcNAc as well as peptone (van der Ark et al. 2018, Ottman et al. 2017). These were 

used in a series of mechanistic studies in diabetic and obese mice demonstrating 

that pasteurized A. muciniphila cells recapitulated the beneficial effects of live cells 

grown in mucin-free media in diabetic and obese mice (Plovier et al. 2017). The 

capacity of pasteurized A. muciniphila cells to be at least as effective as live cells was 

confirmed in a recent clinical trial where their administration to metabolic syndrome 

subjects resulted in improved insulin sensitivity, reduced insulinemia and plasma total 

cholesterol as well as reduction of body weight, including reduced fat mass and hip 

circumference (Depommier et al. 2019).

Several studies have been focusing on the cultivation, storage and delivery methods 

of either pasteurized or alive A. muciniphila for therapeutic purposes (Plovier et al. 

2017, van der Ark 2018, Chang et al. 2020, Marcial-Coba et al. 2018, Marcial-Coba et al. 

2019). Moreover, the environmental conditions in which A. muciniphila survives have 

been studied in detail as it is sensitive to low pH, oxygen and bile salts (Derrien et al. 

2004, Ouwerkerk et al. 2016, Hagi et al. 2020). This information may be useful for the 

delivery of alive A. muciniphila for therapeutic purposes. Along with the development 

of synthetic media, the growth characteristics and the physiology of A. muciniphila 

have been characterized comparing mucin growth to that in media containing single 

sugars, such as glucose and GlcNAc. This is of importance as A. muciniphila exerts its 

health benefits while using mucin as a carbon, nitrogen and energy source and hence 

several studies addressed its transcriptome and proteome under these conditions 

(Ottman et al. 2017, Ouwerkerk et al. 2016). Recent years has seen an increasing 

number of signaling molecules that A. muciniphila is producing, which interact with 

the host (de Vos et al. 2022, Cani et al. 2022). These include the protein Amuc_1100 that 

is known to be part of a set of outer membrane proteins encoded by a gene cluster, 

which also encodes the secretin PilQ (Amuc_1098) that allows type 4 pili to be exposed 

to the environment (Ottman et al. 2016). Preclinical data has shown that the heat-

stable Amuc_1100 protein can reproduce the effects of live and pasteurized cells in 

protection from diet-induced obesity and is an efficient ligand for signal transduction 

to Toll-like receptor 2 (TLR2) (Plovier et al. 2017, Ottman et al. 2017). Other recently 

identified proteins that have been implicated in host signaling include Amuc_1631 

(also known as P9), Amuc_1434, and Amuc_2109 but the location and production of 

these have not yet been studied (Yoon et al. 2021, Meng et al. 2020, Qian et al. 2022).

For human interventions or supplementation with A. muciniphila cells, industrial-

scale fermentations are needed and hence the used cultivation media should not 

only be free from mucin derived from animals but also food-grade, non-allergenic 

and allow efficient growth to high densities as to provide cost-effective production 
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platforms. Moreover, addressing present consumer needs, plant-based rather than 

animal-derived components are to be used. Finally, in these conditions there should 

be sufficient production of signaling molecules that have been identified as interacting 

with the host. It is furthermore of importance to assess the safety of A. muciniphila 

in the development trajectory for its use in therapeutic applications. A recent study 

demonstrated the safety of pasteurized A. muciniphila cells in variety of in vitro 

models and a 90 day rat trial (Druart et al. 2021). This and other information was 

used by the European Food Safety Authority (EFSA) to approve the use of pasteurized 

A. muciniphila cells as a novel food (Turck et al. 2021). This all supports the interest in 

the fermentation optimization of this next generation beneficial microbe and in this 

study we assessed the growth and performance of A. muciniphila in newly developed 

food-grade and plant-based media with varying carbon sources using a multi-omics 

approach in comparison with its growth on mucin-containing media.

Results

Growth characteristics and metabolic activity

In a first series of experiments, we built on the metabolic modeling data that predicted 

A. muciniphila MucT to grow efficiently (growth rate of 0.13 h-1) on an equimolar mixture 

of glucose and GlcNAc in a minimal medium with threonine (Ottman et al. 2017, van 

der Ark et al. 2018). To increase cell yield, a food-grade and plant-based protein source 

was added to the minimal medium in the form of 16 g/L soy protein hydrolysate that 

resulted in a medium (soy medium) yielding a high growth rate of 0.53 h-1 exceeding 

that of A. muciniphila on mucin, which is approximately 0.41 h-1 (Derrien et al. 2004, 

Ottman et al. 2017). The cell densities in the soy peptone medium as measured by 

absorption at OD600 were above 5, whereas mucin medium supported growth to an 

OD of 2-2.5 (Ottman et al. 2017). Even higher cell yields could be obtained by using 

pea peptone at a level of 32 g/L which led to high densities of OD600 values above 10. 

Since the soy protein hydrolysate is derived from a plant source, it is an acceptable 

food-grade nitrogen source and applicable on a large scale. Moreover, as the growth 

rate on soy medium was higher than that on mucin and relatively high cell densities 

were obtained, we decided to further characterize A. muciniphila cells grown on this 

food-grade medium, the more so as these were highly active in protecting mice from 

diet-induced obesity (Plovier et al. 2017). A few observations were noted in the first 

series of experiments, that needed to be further addressed. First, phase-contrast and 

scanning electron microscopy of cells grown on soy medium showed a significantly 

(p-value < 0.01) elongated shape with a length of 1.3 (±0.80) µm versus 0.8 (±0.25) µm 

when grown in mucin medium (based on analysis of 251 and 160 cells, respectively) 

(Figure S1). Also, the acetate/propionate ratio in the soy medium was 0.92 while that 

4
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of cells grown in mucin was 1.2 (±0.13) (Ouwerkerk et al. 2016). This can be explained 

by the fact that the GlcNAc, which is present in equal amounts as glucose in the soy 

medium generates an extra acetate after deamination.

To further address the global differences between A. muciniphila cells grown in soy 

medium and mucin medium, transcriptome analysis was performed to reveal initial 

transcriptional changes between mucin and soy medium. The main differences 

were found to be in the increased expression in soy medium of genes encoding 

transporters such as Major Facilitator Superfamily (MFS), biopolymer, anion and 

amino acid transporters (Amuc_1331, Amuc_0546, Amuc_0221 and Amuc_0037) as well 

as peptide, aliphatic sulfonate, nitrate/sulfonate/bicarbonate, cobalt and manganese 

ABC transporters (Amuc_0672, AMUC_1297, Amuc_0408, Amuc_1198, Amuc_1199, 

Amuc_0056, Amuc_1380 and Amuc_1186) with an increase >5-fold. In addition, genes 

involved in oxygen stress-response were found to be higher in soy medium including 

rubrerythrin (Amuc_2055 and Amuc_2056), peroxidase (Amuc_1321) and catalase 

(Amuc_2070). In mucin medium, genes involved in cell shape (Amuc_0540) and division 

(Amuc_0348) and mucin degradation genes such as alpha-N-acetylglucosaminidase 

(Amuc_0060), beta-glucanase (Amuc_0875) and sulfatases (Amuc_0491 and 

Amuc_0451) were found to have an >5-fold increase.

High biomass yield reached on food-grade medium

Because of the apparent effect of equimolar amounts of glucose and GlcNAc on 

the morphology, viscosity and gene expression of A. muciniphila cells, we further 

explored the effect of different carbon source ratios on the growth and physiology of 

A. muciniphila. For this purpose, we decided to use pea peptone (32 g/L) as additional 

food-grade nitrogen source rather than soy peptone to avoid potential issues 

associated with phytoestrogens present in soy. Hence, A. muciniphila was grown in the 

pea peptone medium with varying ratios of glucose to GlcNAc in a fermentor system 

with controlled temperature, pH and gas phase. A total of four fermentations were 

characterized in detail, with three different glucose to GlcNAc carbon source ratios 

3:1 (Condition A), 10:1 (Condition B) and 20:1 (Condition C) and one control, which 

was supplemented with mucin (Condition D). Interestingly, while the mucin medium 

allowed a rapid initiation of growth, an increase in the duration of the lag phase was 

observed along the decreasing concentrations of GlcNAc in the fermentors (Figure 1). 

It is important to note that the pre-cultures were grown on pea peptone medium 

supplemented with equimolar concentrations of glucose and GlcNAc, which is most 

similar to condition A in terms of glucose to GlcNAc ratio. However, up to four transfers 

in food-grade medium supplemented with glucose and GlcNAc in a ratio of 20:1 was 

found to lead to growth adaptation of A. muciniphila and rapid initiation of growth 

(Figure S2). Microscopy results showed the formation of elongated cells in conditions 
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A-C as compared to mucin (condition D) (Figure S3). The number of cells and increased 

cell length observed in these cultures reflect with a higher biomass production. The 

decreasing concentration of GlcNAc also led to lower biomass concentrations at the 

end of the 72-hour fermentation period as determined by the OD600. Condition A was 

found to have the fastest growth and highest biomass concentration as deduced from 

the OD600 measurements.
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Figure 1: Exponential growth of A. muciniphila as a function of glucose to GlcNAc ratios. 

Fermentors at pH 7.0 were run with glucose to GlcNAc carbon source ratios of 3:1 (Condition 

A), 10:1 (Condition B) and 20:1 (Condition C) or on mucin (Condition D). Purple arrows indicate 

mid-log sampling, turquoise arrows indicate end-log sampling, and the brown arrow indicates 

sampling of condition D. The growth rate is indicated in the graph for conditions A-C. Aster-

isks at the arrows indicate either glucose and GlcNAc were depleted (**) or only GlcNAc was 

depleted (*). Observed viscosity in the cultures is indicated with (++) meaning high viscosity, 

(+) meaning medium viscosity or (-) no viscosity observed.

Transcriptome response in exponential and stationary phase

The growth curve of condition A showed two different growing phases, the first one 

until approximately 27 hours with a high growth rate (0.176 h-1) and the second phase 

from 27 to 48 hours (0.03 h-1), the time at which the glucose and GlcNAc were depleted 

(see Figure 1) This observation was also supported by the transcriptome data that 

showed dozens of genes to be significantly higher expressed in the first compared 

to the second growth phase (Figure 2). The genes with the highest upregulation (>5-

4
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fold) at the end of the first phase included several gene clusters with two or more 

juxtaposed genes, such as the metabolic gene cluster encoding a glutaminase and 

a likely glutamine-GABA antiporter (Amuc_0037-0038), as well as several stress 

proteins (Amuc_1406-1408, coding for DnaK, GroES and GroEL). In addition, the 

expression of single genes was upregulated for other stress proteins such as Skp 

(Amuc_0405) and HtpG (Amuc_2002), as well as genes involved in oxygen and other 

stress responses, such as catalase (Amuc_2070), glutamate decarboxylase (Amuc_0372) 

and NAD(P)-dependent oxidoreductase (Amuc_0777). Many of the genes observed 

to be upregulated in the end-log phase of this condition had no known function 

and were annotated as hypothetical. Genes that were upregulated and annotated 

with a function included genes involved in transport systems for iron (Amuc_1929-

1931), potassium (Amuc_0830-0831 and Amuc_1151-1153) and phosphate (Amuc_1302-

1307) as well as phage production (such as Amuc_1355, Amuc_1936 and Amuc_1335). 

A notable exception was the highly (14.8-fold) upregulated gene for a predicted 

lactoylglutathione lyase (Amuc_1878) that has shown in Salmonella to be involved 

in the detoxification of methylglyoxal, known to be produced in the gut but also in 

fermentors with peptones (Chakraborty et al. 2015).

Condition A midCondition A end

Amuc_1878
Amuc_1931
Amuc_1153
Amuc_1303
Amuc_1930
Amuc_1302
Amuc_0830
Amuc_1304
Amuc_1929
Amuc_1305
Amuc_1335
Amuc_1152
Amuc_1151

Amuc_1306
Amuc_0831
Amuc_1307

Figure 2: Volcano plot comparing the transcriptional response of A. muciniphila in fer-

mentations of the mid-log phase and end-log phase of condition A. Only the differentially 

expressed genes mentioned in the text are labelled here.
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In addition to the transcriptional activity, also the catabolism of A. muciniphila in 

the food-grade medium was assessed as to determine the depletion of the glucose 

and GlcNAc (Figure 1 and Figure S4). In all conditions, the main fermentation 

products included acetate, propionate and succinate. As shown previously, the 

propionate:acetate ratio may differ depending on the cultivation conditions used to 

grow A. muciniphila (van der Ark et al. 2018). In the conditions tested in this study, 

the ratio of propionate:acetate varied between the different carbon source ratios used 

for cultivation (Figure S5). Comparing the final stages of the fermentors, the lowest 

propionate:acetate ratio was found in condition D with a ratio of 0.88, followed by 

condition A with a ratio of 1.06, while the ratios in condition B and C were 1.25 and 1.23, 

respectively, coinciding with the ratios found in the initial experiments. The carbon 

balances of the fermentations with glucose and various amounts of GlcNAc were 

calculated and amounted to approximately 72% (Figure S6).

The global proteome is more conserved than the global transcriptome 
during different growth conditions

We also compared the overall gene expression of A. muciniphila in pea peptone 

medium with different ratios of glucose and GlcNAc (both early and late growth 

samples were analyzed for each condition– see Figure 1) to that of cells grown on 

mucin using transcriptomics in triplicate (Figure S7). In total, 2317 genes were detected 

in the complete dataset (including 63 tRNAs). The number of differentially expressed 

genes (DEGs) for all comparisons is shown in Table S1. Principal Component Analysis 

(PCA) showed that condition D and A_end both form separate clusters in comparison 

to the other samples in this dataset (Figure 3). This coincides with the large number of 

DEGs comparing these two samples with the remaining samples. In addition to gene 

expression, we also assessed protein production by A. muciniphila in all conditions 

using proteomics of duplicated samples. With this technique, 1648 proteins were 

detected in the complete dataset. The PCA based on the proteome data did not show 

separation between A_end and the other samples, indicating that on the proteome 

level these samples are more similar than observed on the transcriptome level.

4
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Transcriptomics Proteomics

Figure 3: PCA analysis of fermentor conditions A-D over time, for transcriptomics n=3 and 

proteomics n=2. The main clusters are highlighted for clarity; squares represent the results 

with mucin grown cells.

KEGG metabolic pathway predictions were used to assess the differences in the 

metabolic pathways operating in various fermentor conditions (Figure S8). Overall, the 

metabolic pathway with the highest abundance across all conditions was found to be 

the carbohydrate metabolism pathway, with abundances ranging between 3.4% and 

5.5% for transcriptomics and between 3.7% and 4.4% for proteomics. The metabolism 

pathway with the second highest abundance on transcriptome level was the amino 

acid metabolism pathway, with abundances ranging from 2.6% to 3.7%. However, 

an exception was noted for the mid-log phase of condition A, where the metabolism 

of other amino acids has the second highest abundance of 2.93%. In contrast, the 

proteome showed a higher abundance of proteins involved in the metabolism of 

other amino acids (2.7%-3.9%) as opposed to the findings in the transcriptomics data. 

Apart from condition D, where the abundance of proteins involved in the metabolism 

of other amino acids was only 0.72%, statistical analysis revealed no significant 

differences between fermentor conditions within the different metabolisms.

GlcNAc concentration affects expression of glycosyltransferases and 
stress-response genes

A limited number of genes were found to be differentially expressed between the 

mid-log phases of conditions with different GlcNAc concentrations. Due to the small 

number of differentially expressed genes between the mid-log phases of condition 

B and C (two significant differentially expressed genes, Amuc_1139 and Amuc_1140 

which are both part of a glycosyltransferase cluster), here we only compare condition 

A (high GlcNAc) and condition C (low GlcNAc) (252 differentially expressed genes) 

(Figure 4).
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A higher concentration of GlcNAc showed significantly higher expression of a 

glycosyltransferase cluster (Amuc_1139 until Amuc_1142) and genes possibly involved 

in exopolysaccharide or capsular polysaccharide production (Amuc_2077 until 

Amuc_2079). Furthermore, a higher concentration of GlcNAc led to overexpression 

of genes involved in stress-response, including an anaerobic ribonucleoside 

triphosphate reductase cluster (Amuc_0860 until Amuc_0862), NAD(P)-dependent 

oxidoreductase (Amuc_0777), rubrerythrin (Amuc_2056), catalase (Amuc_2070), 

glutamate decarboxylase (Amuc_0372), molecular chaperones DnaK (Amuc_1406), 

HtpG (Amuc_2002) and GroES (Amuc_1407). In low GlcNAc many genes encoding 

hypothetical proteins were found among the upregulated genes. However, 

lactoylglutathione lyase (Amuc_1878), glutamate dehydrogenase (Amuc_2051) and 

phosphate ABC transporter permease protein PstA (Amuc_1304) were significantly 

upregulated in this condition as compared to high GlcNAc.

High GlcNAcLow GlcNAc

Amuc_1406
Amuc_2002
Amuc_2056
Amuc_2070
Amuc_1407
Amuc_0372

Amuc_1497
Amuc_1342

Amuc_1143

Amuc_1684

Amuc_1823 Amuc_0131

Amuc_1482

Figure 4: Volcano plot comparing the transcriptional response of A. muciniphila in fer-

mentations containing a high concentration of GlcNAc (mid-log condition A) and a low 

concentration of GlcNAc (mid-log condition C). The differentially expressed genes mentioned 

in the text are labelled here as well as highly differentiated genes annotated as hypothetical 

proteins in italics.

4
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Proteomic and transcriptomic response of A. muciniphila in glucose/GlcNAc 
versus mucin

Cultivating A. muciniphila in food-grade medium where mucin is substituted for a 

mixture of glucose and GlcNAc may induce transcriptional and translational changes 

that affect its physiology. Using the proteome data, we compared mid-log condition A 

(high GlcNAc) and condition D (mucin). In total, 116 proteins were identified to have a 

protein abundance ratio higher than 10. The protein abundance ratios indicate that in 

the mucin condition, mostly proteins involved in mucin degradation were upregulated. 

In contrast, in high GlcNAc medium the proteins that were upregulated in comparison 

to mucin were mainly stress-related proteins and glycosyl transferases, in line with 

the observations related to the transcriptional response.

In the following sections we focus mainly on the transcriptome data these revealed 

a higher number of differentially expressed genes than that found in the proteomics 

data. This suggests that cells responded to differences in medium composition by 

adapting its regulations over its functional aspect, possibly minimizing differences in 

overall cell composition. Over 1500 genes were found to be significantly differentially 

expressed between the mid-log conditions containing GlcNAc and mucin (Table S1). 

Multiple gene clusters were identified that were upregulated in either high GlcNAc 

medium (condition A) and low GlcNAc (Condition C) or mucin medium, growth 

conditions that showed the most similar growth rates (see Figure 1). In the following 

sections, we compared the transcriptional response of exponentially growing cells 

(mid-log) on high GlcNAc or low GlcNAc and mucin.

High GlcNAc induces stress-response as compared to mucin

In medium containing high GlcNAc (Condition A) several genes and complete gene 

clusters related to stress responses were found to be significantly upregulated as 

compared to the mucin condition (Figure 5). This includes a gene cluster encoding 

for an ABC transporter and phosphate ABC transporter (Amuc_1294-1308), a gene 

cluster involved in the production of exopolysaccharides (Amuc_2077-Amuc_2096) and 

an additional glycosyl transferase cluster was significantly upregulated (Amuc_1139-

1142), a gene cluster containing multiple aldo/keto reductases (Amuc_1796-1809) 

and the gene for anaerobic ribonucleoside-triphosphate reductase activating protein 

(Amuc_0860). Moreover, additional complete gene clusters related to stress responses 

were found to be significantly upregulated in both high-GlcNAc and low-GlcNAc 

conditions, as compared to mucin, including a gene cluster encoding ribosomal 

proteins (Amuc_0294-0308), an iron transport cluster (Amuc_1930 until Amuc_1934) 

and a potential flavin biosynthesis gene cluster (Amuc_0421-0426). Other genes that 

may be involved in stress-response, but that were not part of a gene cluster were 

also identified to be upregulated in both GlcNAc conditions. This includes genes for 
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rubrerythrin (Amuc_2055-2056), catalase (Amuc_2070), oxidoreductases (Amuc_0116, 

Amuc_0777, Amuc_1072, Amuc_1176 and Amuc_1389), ribonucleoside-triphosphate 

reductase (Amuc_0862) and glutamate decarboxylase (Amuc_0372).

Mucin High GlcNAc
Amuc_0298 – Amuc_0299
Amuc_0301
Amuc_0303
Amuc_0306
Amuc_0372
Amuc_0421 – Amuc_0422
Amuc_0862
Amuc_1139 – Amuc_1141
Amuc_1301
Amuc_1797 – Amuc_1802
Amuc_2070
Amuc_2081
Amuc_2083
Amuc_2085 – Amuc_2086

Amuc_1304 

Amuc_1300 

Amuc_0540 

Amuc_0302 

Amuc_1306 

Figure 5: Volcano plot comparing the transcriptional response of A. muciniphila in fermen-

tations containing a high concentration of GlcNAc (mid-log condition A) and mucin (con-

dition D). Due to the high number of genes upregulated in high-GlcNAc, genes with a -log10 

p-value < 1*10-50 and a log2 fold change < 2.5 that are mentioned in the text are not shown in 

this figure. All other differentially expressed genes mentioned in the text are labelled here.

Next to the transcriptomic stress response, elongated cells were observed in the 

fermentors containing glucose and GlcNAc in comparison to the small oval shaped 

cells visible when A. muciniphila was cultivated on mucin (Figure S3). Elongated 

cells were also observed in the previously mentioned soy medium cultures (Figure 

S1), together with an increased expression of Amuc_0540 encoding cell shape-

determining protein MreB in mucin as compared to soy medium. Following this 

observation, we performed a more in-depth analysis of the expression of genes 

involved in cell elongation and division. At mid exponential phase Amuc_1052 (cell 

division trigger factor), Amuc_1176 (cell division inhibitor), Amuc_1558 (implicated 

in cell division based on FtsL cleavage) and Amuc_0348 (cell division protein FtsH) 

were overexpressed in all fermentors containing glucose and GlcNAc compared to 

4
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mucin, of which Amuc_1052 and Amuc_0348 significantly in all mid-exponential 

conditions (Table 1). In contrast, eight genes involved in cell division were significantly 

overexpressed in the condition containing mucin compared to all mid conditions 

containing glucose and GlcNAc, namely Amuc_0152 (Tubulin/FtsZ GTPase), Amuc_0153 

(cell division protein FtsA), Amuc_0514 (peptidoglycan glycosyltransferase), Amuc_0540 

(cell shape-determining protein MreB), Amuc_0649 (transcriptional regulator MraZ), 

Amuc_0658 (cell cycle protein), Amuc_1317 (integral membrane protein CcmA involved 

in cell shape determination) and Amuc_2076 (cell division FtsK) (Table 1). Overall, the 

transcriptomic stress-response and elongated cells observed in the cultures grown in 

synthetic medium without mucin indicates that a stress-response is triggered in the 

absence of mucin in this medium.

Table 1: Differential expression of genes involved in cell division comparing high-GlcNAc to 

the mucin condition. Asterisks indicate genes that were also upregulated in the preliminary 

transcriptome data comparing soy medium to mucin medium.

Genes Description High-GlcNAc vs mucin

Fold 

change

p value

Amuc_1176 Cell division inhibitor 3.07 6.57E-48

Upregulated in 

high GlcNAc

Amuc_0348 Cell division protein FtsH 2.34 4.32E-36

Amuc_1052 Cell division trigger factor 2.29 7.41E-31

Amuc_1558 RIP metalloprotease RseP 1.39 1.63E-06

Amuc_0662 Polypeptide-transport-associated 

domain-containing protein FtsQ-type

1.47 4.58E-08

Upregulated in 

mucin

Amuc_0540 Cell shape-determining protein MreB* 1.59 6.6E-11

Amuc_0652 Peptidoglycan glycosyltransferase 1.71 4.79E-19

Amuc_0649 Transcriptional regulator MraZ 1.73 3.34E-17

Amuc_0153 Cell division protein FtsA 1.74 1.97E-18

Amuc_0152 Tubulin/FtsZ GTPase 1.92 1.24E-26

Amuc_2076 Cell division FtsK 2.11 3.66E-34

Amuc_0658 Cell cycle protein 2.34 3.38E-41

Amuc_0514 Peptidoglycan glycosyltransferase 2.45 1.26E-41

Amuc_1317 Integral membrane protein CcmA 

involved in cell shape determination

2.69 2.88E-46

A. muciniphila functions involved in host interactions

An important host-signaling protein of A. muciniphila was identified to be the protein 

Amuc_1100. This protein is part of a gene cluster encoded by Amuc_1098-Amuc_1102, 

involved in pili production (Ottman et al. 2017). Interestingly, transcriptome data 

showed that this gene cluster was approximately 2.5 to 4-fold upregulated during 
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growth in mucin (condition D) as compared to both GlcNAc conditions. Other recently 

identified proteins that have been implicated in host signaling include Amuc_1631 

(also known as P9), Amuc_1434, and Amuc_2109, but the location and production of 

these has not been studied. The expression of all potential signaling proteins overall 

was found to be slightly higher in mucin, except for Amuc_1434. Since transcription 

data only provide relative data, we also addressed the proteome data as to identify 

the real production of the potential host signaling proteins. The LFQ intensities of 

host signaling proteins Amuc_1100, Amuc_1631 and Amuc_2109 were all found to 

be slightly higher in the mucin condition, as compared to the high and low GlcNAc 

conditions (Table 2). However, considering the high biomass obtained with high-

GlcNAc and low-GlcNAc conditions, the final yield of these proteins in the cultures is 

expected to be higher in both GlcNAc conditions as compared to mucin. Furthermore, 

it is important to note that the LFQ intensity of Amuc_2109 is low in comparison to 

those of Amuc_1100 and Amuc_1631, even when corrected for the protein sizes. The 

exact location of Amuc_2109 in the cell is unknown, but its location may influence the 

detection levels of this protein. The potential host signaling protein Amuc_1434 was 

not detected in our proteome data.

Table 2: LFQ intensities and protein ratios between mucin and GlcNAc conditions of host signaling 

proteins Amuc_1100, Amuc_1434, Amuc_1631 and Amuc_2109. ND indicates the protein was not 

detected in the proteome data (LFQ < 1.4E+06).

Size (kDa) High GlcNAc Low GlcNAc Mucin Mucin/High 

GlcNAc

Mucin/Low 

GlcNAc

Amuc_1100 32 1.46E+09 2.01E+09 1.89E+09 1.3 1.88

Amuc_1434 50 ND ND ND ND ND

Amuc_1631 87 3.06E+09 2.99E+09 3.12E+09 1.02 2.09

Amuc_2109 38 1.60E+07 1.37E+07 2.39E+07 1.5 3.49

One of the main functions of A. muciniphila in the gut is mucin degradation. We 

assessed the regulation of 65 genes involved in mucin degradation in mucin and 

GlcNAc conditions (Table S2 and Table S3). Interestingly, when comparing mucin with 

the high GlcNAc condition, 21 genes out of 65 were significantly upregulated in mucin, 

while 19 genes were significantly downregulated. In comparison to the low GlcNAc 

condition, 22 genes were significantly upregulated in mucin, while 26 genes were 

significantly downregulated. This indicates that these genes also play an important 

role in sugar metabolism when mucin is not present in the medium. Furthermore, 

a gene cluster containing genes encoding tryptophan synthases (Amuc_1535 and 

Amuc_1536) was significantly (6-fold) upregulated in the mucin condition as compared 

4

Sharon_Geerlings Binnenwerk V5.indd   111Sharon_Geerlings Binnenwerk V5.indd   111 15-12-2022   13:4415-12-2022   13:44



112

Chapter 4

to high and low GlcNAc. This could correlate to the use of serine in mucin for the 

biosynthesis of L-tryptophan.

Furthermore, 15 (high GlcNAc) and 16 (low GlcNAc) out of 23 genes encoding PEP-

CTERM domain proteins were significantly upregulated (1.5to 4-fold) in mucin 

compared to the high and low GlcNAc conditions as well as EpsH encoded by 

Amuc_1470 (2.6-fold and 2-fold, respectively). The combination of PEP-CTERM 

domain proteins and EpsH was previously suggested to form a protein export 

sorting system (Haft et al. 2006). Furthermore, a cluster encoding the type II secretion 

system (Amuc_1584 until Amuc_1586) involved in the secretion of proteins, was also 

significantly upregulated (2.4 to 4-fold) in mucin conditions. This indicates that in 

mucin conditions, the emphasis on protein secretion is higher than in conditions 

without mucin.

Discussion

In this study we assessed the cultivation of A. muciniphila food-grade pea-peptone 

medium with different concentrations of carbon sources as to be able to produce 

cells to be used in therapeutic applications. The use of food-grade synthetic and 

non-allergenic medium supplemented with glucose and GlcNAc resulted in high cell 

yields and fast growth of A. muciniphila. Furthermore, we gained detailed insight in 

the physiology by a combination of biochemical analysis as well as transcriptional 

and proteomic analysis. In addition, we compared the use of the food-grade 

synthetic medium to mucin medium, which has been used in many studies to grow 

A. muciniphila cells for animal studies (Everard et al. 2013, Wang et al. 2022, Qu et al. 

2021, Bian et al. 2019, Yaghoubfar et al. 2020, Wu et al. 2020).

The highest growth rate and final optical density was reached in food-grade medium 

containing the highest concentration of GlcNAc. In the GlcNAc conditions, the cells were 

observed to be elongated, possibly affecting the optical density in these cultivations. 

Furthermore, PCA analysis showed that in both the proteome and transcriptome 

data, the mucin condition clusters separately from the conditions containing GlcNAc, 

whereas in the transcriptome data alone the end-log phase of condition A also clusters 

separately from the other conditions and timepoints. However, the KEGG metabolism 

did not reveal significant differences between fermentor conditions within the different 

metabolisms. Overall, the metabolic pathway with the highest abundance across all 

conditions was found to be the carbohydrate metabolism pathway. Assessing the 

transcriptome and proteome data in more detail revealed the upregulation of proteins 
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and genes involved in stress-response in GlcNAc conditions and the pili-associated 

system, mucin degradation and protein sorting systems in mucin conditions.

A shift in propionate to acetate production was observed between the condition 

containing mucin and the condition containing glucose and GlcNAc, as well as 

between the different glucose and GlcNAc conditions. At the end of the fermentation 

in mucin a propionate to acetate ratio of 0.88 was observed. However, with the 

decreasing concentration of GlcNAc in the other conditions, the ratio shifted towards 

more propionate production. In condition A the ratio was 1:1, which was similar to 

previous findings where a 50:50 ratio of glucose and GlcNAc was used as a carbon 

source (van der Ark et al. 2018). The shift towards a higher propionate:acetate ratio 

in condition B and C is in line with the degradation reactions that were predicted 

using the genome-scale model of A. muciniphila (Ottman et al. 2017). Therefore, it 

is important to note that using a lower GlcNAc concentration in the cultivation of 

A. muciniphila causes a shift in the propionate to acetate ratio, resulting in an altered 

short-chain fatty acid profile.

The carbon recovery values indicated a gap between the carbon sources that were 

consumed and the energy and carbon sources that were produced. The carbon recovery 

values were ranging between 70-73%, excluding biomass and amino acid formation. 

Previously, a carbon recovery of 80-90% has been described for A. muciniphila 

cultivated using either GlcNAc, glucose or N-Acetylgalactosamine (GalNAc) as carbon 

sources (Ottman et al. 2017). Due to the high amount of pea peptone in this medium, 

the exact biomass could not be measured. Therefore, we hypothesize that including 

a theoretical portion for biomass, our carbon recoveries may be in the range of the 

previously observed carbon recoveries for A. muciniphila. In addition, considering the 

elongated cells and the production of EPS, as our transcriptome data indicates, a 

portion of the initial carbon concentration available in the medium may be used for 

cell wall and EPS production. Next to the transcriptome data, the observed viscosity 

in the cultures containing GlcNAc and glucose suggests EPS may be produced in these 

conditions. Therefore, we further investigated EPS production by A. muciniphila in 

Chapter 5.

Cell elongation was observed in the fermentations without mucin. As described 

previously, the cells of A. muciniphila when cultivated on mucin medium are oval-

shaped and 640 nm in diameter and 690 nm in length (Derrien et al. 2004). While, in 

our first series of experiments in synthetic medium supplemented with soy peptone, 

phase-contrast and scanning electron microscopy of cells grown on soy medium 

showed a significantly (p-value < 0.01) elongated shape with a length of 1.3 (±0.80) 

compared to mucin medium. The transcriptome data showed an upregulation 

4
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of cell division genes in the condition containing mucin compared to synthetic 

media, including the genes encoding cell division proteins FtsK (Amuc_2076), FtsZ 

(Amuc_0152), FtsQ (Amuc_0662) and FtsA (Amuc_0153). The initiation of cell division 

starts with the formation of the Z-ring, which consists of FtsZ proteins (Harry et al. 

2006). After the formation of the Z-ring, subsequent division proteins localize to the 

Z-ring forming a protein complex named the divisome. These subsequent division 

proteins also include FtsK, FtsQ and FtsA. In synthetic medium compared to mucin, 

other genes involved in cell division were found to be upregulated. Three genes, 

namely cell division inhibitor (Amuc_1176), FtsH (Amuc_0348) and the cell division 

trigger factor (Amuc_1052) were significantly upregulated under high and low GlcNAc 

conditions. FtsH encodes a metalloprotease which plays a role in the quality control of 

integral membrane proteins in E. coli. In A. muciniphila this gene may be upregulated 

due to the elongated membranes that were observed, increasing the quality control of 

these membrane proteins. Furthermore, the overproduction of the trigger factor was 

found to cause defective cell division in E. coli (Guthrie and Wickner 1990). Therefore, 

the upregulation of this gene Amuc_1052 may also be involved in the observed cell 

elongation of A. muciniphila. The upregulation of cell division genes in the mucin 

condition supports the differences observed in cell size between mucin and glucose/

GlcNAc conditions. Only one cell division gene was significantly differentially expressed 

when comparing condition A to conditions B and C, which was Amuc_1176. Next to 

this difference, no significant differences were observed in the transcriptome data of 

genes involved in cell division of conditions A-C. Overall, the upregulation of these 

genes in mucin and GlcNAc conditions support the differences in cell size observed 

in the microscopy pictures.

The protein Amuc_1100 is gaining increasing interest in several studies for its 

positive effect on host health (Ottman et al. 2017, Wang et al. 2021). The gene cluster 

associated with pili production, including Amuc_1100, were significantly upregulated 

in the condition supplemented with mucin compared to the GlcNAc conditions. The 

proteome data supports this observation, but the protein abundance ratio observed 

was less than 10. However, as the proteome data sets relate to relative amounts of 

proteins, absolute amounts of proteins could be higher in the GlcNAc conditions as 

the OD
600

 value was approximately 8-fold higher in the high-GlcNAc condition than the 

mucus condition. Therefore, considering the large difference between optical densities, 

the upregulation of this gene cluster in mucin may not have a negative effect on the 

use of A. muciniphila cells or Amuc_1100 from food-grade medium supplemented 

with glucose and GlcNAc.

The upregulation of multiple stress-related genes and gene clusters were identified in 

fermentations on GlcNAc compared to mucin. First, a cluster including a phosphate 
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ABC transporter system was upregulated (Amuc_1294 until Amuc_1308). The 

upregulation of this gene cluster may indicate a phosphate limitation in these cultures 

(Hudek et al. 2016). To overcome this limitation, additional phosphate sources could be 

added to food-grade medium supplemented with glucose and GlcNAc. Furthermore, 

several genes previously found to be involved in the oxygen stress-response of 

A. muciniphila were found to be upregulated in the conditions without mucin as 

well (Ouwerkerk et al. 2016). However, these fermentations were run anaerobically 

simultaneously as was the mucin condition. Therefore, it is likely that this stress-

response was not specific for oxygen, but rather a form of cross-protection against 

other stresses (den Besten et al. 2010). Another stress-response that was activated in 

conditions containing glucose and GlcNAc was the production of EPS (Amuc_2077-

2096). Interestingly, the expression of the genes involved in EPS production decreased 

along with the decreasing concentration of GlcNAc. The production of EPS in bacteria 

is often a mechanism to cope with harsh environmental conditions, as extensively 

studied for lactic acid bacteria (Nguyen et al. 2020). For A. muciniphila, this condition 

with a high concentration of glucose and GlcNAc in the medium, with limiting medium 

components may be sub-optimal. However it is not limiting growth rate and biomass 

production as observed in these fermentations. We showed that pea peptone-based 

food-grade medium supplemented with glucose and GlcNAc instead of mucin results 

in high biomass formation of A. muciniphila, that may be used for its production for 

therapeutic purposes.

Other comparisons of the growth of A. muciniphila on mucin versus specific carbon 

sources have been made (van der Ark et al. 2018, Ottman et al. 2017). A transcriptome 

comparison was made comparing cultivations supplemented with mucin and 

cultivations supplemented with glucose as available carbon source (Ottman et al. 

2017). Despite the cultivation differences, the cultures with glucose as carbon source 

also showed upregulation of stress-related genes in comparison to mucin, as was 

also identified in our study (Ottman et al. 2017). It is important to note that even 

though a lot of genes overlapped, there were also differences between this study and 

ours, in terms of differentially expressed stress-related genes. Furthermore, differences 

were also documented for genes and proteins involved in mucin degradation in both 

studies. In this study, especially the proteome study revealed that on protein level it 

was clearly visible that the mucin culture had an upregulation of proteins involved in 

mucin degradation, since these proteins were located in the top protein abundance 

ratios. Similar findings were documented previously (Ottman et al. 2017). In contrast, 

similar differences in the expression of genes involved in cell division were not found 

in this previous study. This may be due to the low growth rates and final biomass that 

was observed in the cultures with mucin only, while in our studies high growth rates 

and biomass were observed.

4
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In conclusion, we showed that pea peptone-based food-grade medium supplemented 

with glucose and GlcNAc instead of mucin results in high biomass formation of 

A. muciniphila, that may be used for its production for therapeutic purposes. The 

differences between growth on mucin and growth on glucose and GlcNAc were shown 

on transcriptome and proteome levels. However, the KEGG metabolism pathways 

showed high similarity between conditions, where no significant differences could 

be identified. Furthermore, if minimal EPS production is required, the transcriptome 

data indicates that this may be achieved by decreasing the GlcNAc concentration. 

Lastly, the use of synthetic medium affects the cell morphology of A. muciniphila, 

resulting in elongated cells. Overall, our data suggests that the food-grade medium 

composition described here could be used to produce A. muciniphila in high yields 

for therapeutic purposes.
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Material and methods

Bacterial strain and culture conditions

The type-strain Akkermansia muciniphila MucT (ATCC BAA-835) was used for all 

cultivation experiments.

Basal medium was used in the fermentations for the initial experiments including soy 

medium and mucin medium and pre-cultures for the pea peptone fermentors with the 

following composition: KH2PO4 (0.4 g/L), Na2HPO4 (0.53 g/L), NH4Cl (0.3 g/L), NaCl (0.3 

g/L), MgCl2*6H2O (0.1 g/L), 1 mL trace elements in acid (50 mM HCl, 1mM H
3
BO

3
, 0.5 

mM MnCl
2
*4H

2
O, 7.5 mM FeCl

2
*4H

2
O, 0.5 mM CoCl

2
, 0.1 mM NiCl

2
, and 0.5 mM ZnCl

2
, 0.1 

mM CuCl
2
*2H

2
O), 1 mL trace elements in alkaline (10 mM NaOH, 0.1 mM Na

2
SeO

3
, 0.1 

mM Na
2
WO

4
, and 0.1 mM Na

2
MoO

4
), and 1 mL resazurin solution (500 mg/L) (Plugge 

2005, Derrien et al. 2004). After autoclaving the following components were added to 

the medium: 1% (v/v) of the vitamin solution (per liter: 11 g CaCl
2
, 20 mg biotin, 200 

mg nicotinamide, 100 mg p-aminobenzoic acid, 200 mg thiamin (vitamin B1), 100 mg 

pantothenic acid, 500 mg pyridoxamine, 100 mg cyanocobalamin (vitamin B12), and 

100 mg riboflavin) and 5% (v/v) of reducing solution (per liter: 80 g NaHCO3, 20 mL 

Na2S*9H2O solution (240 g/L) and 10 g cysteine-HCl).
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For the initial experiments, soy medium and mucin medium were prepared. To prepare 

soy medium, 16 g/L soy peptone (AM41, Organotechnie SAS) was added to basal 

medium. In addition, GlcNAc and glucose were added in equimolar amounts to a total 

of 25 mM (Sigma-Aldrich). Mucin medium was prepared by adding 0.5% hog gastric 

mucin (Sigma-Aldrich) to basal medium.

Pre-cultures grown for the anaerobic fermentations supplemented with pea peptone 

were cultivated in basal medium supplemented with tryptone (20 g/L) and L-threonine 

(4 g/L) with the following carbon source composition: 12.5 mM N-acetylglucosamine 

(GlcNAc) and 12.5 mM glucose. The cultures were grown in anaerobic conditions and 

incubated at 37°C for 48 hours (non-shaking).

Food-grade medium was used for the main experiments with the following 

composition: KH2PO4 (0.4 g/L), Na2HPO4 (0.669 g/L), NH4Cl (0.3 g/L), NaCl (0.3 g/L), 

MgCl2 6H2O (0.1 g/L), pea peptone A482 (OrganoTechnie SAS, 32 g/L), L-threonine (4 

g/L). After autoclaving 2 mL of reducing solution containing NaHCO3 (40 g/L) and 

L-cysteine*HCl (5 g/L) and 1% (v/v) of vitamin solution (see above) were added to 

the medium. The medium was inoculated with 1% (v/v) of the pre-culture. Anaerobic 

fermentations using this medium were performed as described in the next section.

Anaerobic fermentation

The fermentations were conducted in four parallel bioreactors (DasGip, Eppendorf, 

Germany) using 700 mL of food-grade medium containing either glucose and 

GlcNAc in three different ratios (3:1, 10:1 or 20:1 glucose to GlcNAc, named A, B, and C 

respectively) or mucus (Condition D) with a final total concentration of 150 mM or 0.5% 

crude mucin. The pH was set at 6.8 and a stirring rate of 100 rpm was applied with N2/

CO2 gas flow (80%/20%). The medium of all four fermentors was inoculated with 1% 

(v/v) of cultures pre-grown on tryptone medium. The fermentation was terminated 

after 72 hours. Samples were taken for OD measurements, HPLC analysis, microscopic 

analysis, RNA sequencing (triplicates) and proteomics (duplicates). Samples for HPLC 

analysis were stored at -20°C until use. Samples (10 ml) for RNA sequencing and 

proteomics were taken at early, mid and end exponential phase and centrifuged for 

30 minutes at 4700 rpm at 4°C after which the supernatant was removed. Then, 1 mL 

of RNAlater was added to the pellets of the samples for RNA sequencing. Lastly, the 

samples for both RNA sequencing (in triplicate) and proteomics (in duplicate) were 

snap-frozen in liquid nitrogen and stored in -80°C.

HPLC

Samples were obtained at different timepoints during the fermentation period for the 

analysis of fermentation products. Crotonate was used as the internal standard. The 

4
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external standards were GlcNAc, glucose, acetate, propionate, succinate, lactate and 

1,2-propanediol. The substrates and fermentation products were measured using a 

Shimadzu LC_2030C equipped with a refractive index detector and a Shodex SH1011 

column. Two runs were performed for each sample using an oven temperature of 45°C 

and 75°C with a pump flow of 1.0 mL/min and 0.9 mL/min, respectively. For both runs 

0.01N H
2
SO

4 
was used as eluent. All samples and standards (10 µl) ran for 15 minutes. 

The concentrations of the standards were ranging between 2.5 mM and 60 mM. Lastly, 

the fermentation profiles obtained with HPLC were used to calculate the carbon and 

energy balances at the endpoint of all fermentations.

RNA isolation and transcriptome analysis

RNA isolation was performed as described previously (Shetty et al. 2022). Further 

processing of the total RNA was performed by Novogene (Cambridge, United Kingdom) 

and paired end sequences of 150 bp were obtained using an Illumina platform. 

Transcriptome analysis has been performed as previously described (Hagi et al. 2020). 

All further analysis was done using R version 3.6.3 in Rstudio version 1.2.5019.

Sample preparation for nLC-MS/MS and analysis

Total protein was isolated from culture samples. Ice-cold 100 mM Tris buffer (pH 8) 

was added to the pellets in variable amounts up to approximately 500 µl and 200 

µl of the resuspended cells was transferred to low-binding Eppendorf tubes. The 

tubes were centrifuged repeatedly for 1 min at 10.000 x g until the supernatant was 

clear. Then, the supernatant was removed and 200 µl of ice-cold 100 mM Tris buffer 

(pH 8) was added again. The cells were resuspended after which the centrifugation 

was repeated. After removing the last supernatant, the cells were resuspended in 

200 µl 100 mM Tris (pH 8) and aliquoted per 50 µl in low-binding Eppendorf tubes. 

Subsequently, the samples were sonicated for 15 seconds. The protein concentration 

was measured using the Pierce™ BCA Protein Assay Kit to dilute all samples to a 

concentration of 1 µg/µl in a final volume of 60 µl using 100 mM Tris. Then, 6 µl of 150 

mM dithiothreitol (Sigma Life Science) was added to the diluted sample followed by 

incubation at 37°C for 45 minutes. After incubation, the sample was mixed with 198µl 

8 M urea (Sigma-Aldrich) and 27 µl 150 mM acrylamide and incubated for 30 minutes 

at room temperature. Subsequently, 4 µl of 10% trifluoroacetic acid (TFA, Alfa Aesar 

Chemicals) and 8 µl SpeedBeadsTM magnetic carboxylate modified particles (50%, GE 

Healthcare 45152105050250 and 50% Thermo Scientific 65152105050250, washed twice 

with MilliQ water) and 750 µl acetonitrile (Biosolve B.V.) were added to the sample 

solution. Next, the mixtures were incubated for 20 minutes at room temperature 

and the liquid was removed. Then, the beads were washed twice on a magnetic rack 

(Cell Signaling Technology) with 1 mL 70% ethanol and with 1 mL 100% acetonitrile, 

respectively. Afterwards, 100 µl of 5 ng/µl trypsin (Roche Diagnostic GmbH) in 50 mM 
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ammonium bicarbonate was added to the beads containing the sample and subjected 

to overnight digestion at room temperature. The digestion was stopped by adding 

4 µl 10% TFA to the sample. Then, the samples were placed on the magnetic rack to 

obtain the first supernatant. The remaining beads were washed with 100 ml/L formic 

acid. This solution was then combined with the first supernatant.

Micro Columns (µcolumns) were prepared by adding two C18 disks (Affinisep 

AttractSPE™ Disk Bio C18), 200 µl methanol and 4 µL 50% Lichroprep RP-18 in 

methanol into a 200 µL pipette tip. The µcolumn was then eluted and washed with 

100 µl methanol and equilibrated with 100 µl 1 mL/L formic acid in water before use. 

The samples with the cell lysates were then transferred to the µcolumn. After elution 

and washing with 100 µL 1 mL/L formic acid in water, 50 µl of (1:1) formic acid and 

acetonitrile solution was added onto the µcolumn and eluted into a clean 0.5 mL 

low-binding Eppendorf tube. Subsequently, the samples were concentrated to a final 

volume of approximately 10 µl using an Eppendorf Concentrator Plus. Lastly, the 

volume was adjusted to 50 µl using 1 mL/L formic acid before storage at -20°C until 

further processing.

Peptide samples were measured (nLC1000 - Orbitrap Exploris 480) and data analysis 

was performed as previously described (Feng et al. 2022). The database that was used 

for the analysis of the samples in this study was the Akkermansia_muciniphila_baa-

835_UP000001031 uniprot database.

4
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Table S1: Number of differentially expressed genes (DEGs) between conditions A-D.

Growth fase Sample comparison DEGs

Growth curve comparison A_T27 vs A_T34 703

A_T34 vs _AT48 992

A_T27 vs A_T48 1567

B_T48 vs B_T72 162

C_T55 vs C_T72 113

Mid exponential fase comparisons A_T27 vs B_T48 135

A_T27 vs C_T55 252

A_T27 vs D_T10 1524

B_T48 vs C_T55 2

B_T48 vs D_T10 1474

C_T55 vs D_T10 1584

Late exponential fase comparisons A_T48 vs B_T72 1045

A_T48 vs C_T72 1279

A_T48 vs D_T10 1764

B_T72 vs C_T72 93

B_T72 VS D_T10 1605

C_T72 vs D_T10 1576
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Table S2: Transcriptome comparison of genes associated with mucus degradation in condition A 

mid (high GlcNAc) versus condition D (mucin)

Locus tag log2FoldChange padj Protein name

Amuc_0846 3.029032 1.2E-51 alpha-L-fucosidase

Amuc_1934 2.456818 6.1E-33 hypothetical protein

Amuc_1801 1.887985 5.68E-57 alpha/beta hydrolase

Amuc_0060 1.638833 1.02E-29 alpha-N-acetylglucosaminidase

Amuc_1667 1.556094 1.23E-23 glycoside hydrolase family 2

Amuc_1003 1.486429 2.78E-15 alpha/beta hydrolase

Amuc_0697 1.425169 8.28E-23 glycoside hydrolase family 43 protein

Amuc_0397 1.418074 7.8E-21 family 20 glycosylhydrolase

Amuc_1666 1.379359 5.52E-21 glycoside hydrolase family 2

Amuc_0146 1.340154 1.7E-29 alpha-L-fucosidase

Amuc_1118 1.223986 1.89E-36 alkaline phosphatase family protein

Amuc_1187 1.221864 5.68E-27 alpha-galactosidase

Amuc_0698 1.105217 7.36E-25 glycoside hydrolase family 43 protein

Amuc_1074 1.065008 3.65E-26 sulfatase

Amuc_1480 0.972497 3.21E-15 serine hydrolase

Amuc_1480 0.972497 3.21E-15 serine hydrolase

Amuc_0623 0.773493 3E-06 glycoside hydrolase

Amuc_0176 0.599369 6.54E-09 S1C family serine protease

Amuc_2018 0.596068 3.68E-05 beta-N-acetylhexosaminidase

Amuc_2148 0.516922 5.16E-06 beta-N-acetylhexosaminidase

Amuc_0868 0.479888 0.000511 beta-hexosaminidase

Amuc_0369 0.456739 0.003023 beta-N-acetylhexosaminidase

Amuc_0875 0.414539 0.008304 glycoside hydrolase family 16 protein

Amuc_0565 0.331763 0.004612 arylsulfatase

Amuc_1033 0.307783 0.005211 sulfatase

Amuc_1815 0.303716 0.011557 family 20 glycosylhydrolase

Amuc_0465 0.235546 0.026227 peptidoglycan DD-metalloendopeptidase family protein

Amuc_1032 0.220703 0.026616 beta-N-acetylhexosaminidase

Amuc_1655 0.090327 0.482277 sulfatase

Amuc_1106 0.055918 0.611021 aminopeptidase P N-terminal domain-containing protein

Amuc_0187 0.014549 0.925992 M20/M25/M40 family metallo-hydrolase

Amuc_1686 0.011227 0.911369 beta-galactosidase

Amuc_2040 -0.02955 0.78512 M3 family metallopeptidase

Amuc_2040 -0.02955 0.78512 M3 family metallopeptidase

Amuc_0953 -0.16938 0.05859 sulfatase-like hydrolase/transferase

Amuc_1669 -0.19317 0.177881 beta-N-acetylhexosaminidase

Amuc_0391 -0.21162 0.039018 peptidoglycan DD-metalloendopeptidase family protein

Amuc_0451 -0.34278 0.00079 sulfatase-like hydrolase/transferase

Amuc_0824 -0.35736 0.000128 discoidin domain-containing protein

4
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Table S2:  (Continued)

Locus tag log2FoldChange padj Protein name

Amuc_1631 -0.35866 0.000523 carboxy terminal-processing peptidase

Amuc_0186 -0.35894 0.000573 glycoside hydrolase N-terminal domain-containing protein

Amuc_0491 -0.36299 0.005238 arylsulfatase

Amuc_1791 -0.49896 1.07E-06 serine protease

Amuc_0121 -0.57793 5.33E-10 arylsulfatase

Amuc_0863 -0.60839 2.87E-07 glycoside hydrolase family 88 protein

Amuc_1755 -0.7505 3.61E-18 sulfatase

Amuc_1008 -0.80833 1.11E-17 DUF5110 domain-containing protein

Amuc_1924 -0.85708 1.6E-22 family 20 glycosylhydrolase

Amuc_0670 -0.85736 1.31E-18 trypsin-like peptidase domain-containing protein

Amuc_0539 -0.87473 4.7E-24 glycoside hydrolase family 2

Amuc_1220 -0.91739 3.8E-15 alpha-N-acetylglucosaminidase

Amuc_0625 -0.96669 2.76E-20 glycoside hydrolase

Amuc_1835 -0.96966 4.97E-28 exo-alpha-sialidase

Amuc_0010 -1.0224 6.23E-30 alpha-L-fucosidase

Amuc_0253 -1.13921 6.49E-25 peptidoglycan DD-metalloendopeptidase family protein

Amuc_2019 -1.18361 3.21E-41 beta-N-acetylhexosaminidase

Amuc_0482 -1.26175 4.55E-35 alpha/beta superfamily hydrolase

Amuc_0290 -1.32324 2.19E-40 DUF4982 domain-containing protein

Amuc_0771 -1.33832 2.46E-51 beta-galactosidase

Amuc_2164 -1.35102 2.26E-60 glycoside hydrolase family protein

Amuc_0392 -1.63941 4.04E-67 alpha-L-fucosidase

Amuc_1438 -1.6473 4.23E-75 NPCBM/NEW2 domain-containing protein

Amuc_1120 -1.96278 7.78E-93 glycoside hydrolase N-terminal domain-containing protein

Amuc_2136 -2.04295 1.7E-105 family 20 glycosylhydrolase

Amuc_2108 -2.6918 2.6E-156 glycoside hydrolase family 16 protein
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Table S3: Transcriptome comparison of genes associated with mucus degradation in Condition C 

mid (low GlcNAc) versus condition D (mucin)

Locus tag log2FoldChange padj Product

Amuc_0846 3.754718 1.72E-71 alpha-L-fucosidase

Amuc_1934 3.191431 7.13E-36 hypothetical protein

Amuc_1667 2.278195 1.42E-42 glycoside hydrolase family 2

Amuc_0060 2.274802 2.89E-33 alpha-N-acetylglucosaminidase

Amuc_1003 2.122856 2.31E-31 alpha/beta hydrolase

Amuc_1666 2.063007 1.82E-27 glycoside hydrolase family 2

Amuc_0397 2.028033 4.75E-29 family 20 glycosylhydrolase

Amuc_0697 1.745188 3.16E-24 glycoside hydrolase family 43 protein

Amuc_0146 1.595206 2.45E-20 alpha-L-fucosidase

Amuc_1187 1.586474 1.2E-29 alpha-galactosidase

Amuc_1801 1.536623 3.52E-39 alpha/beta hydrolase

Amuc_1118 1.307422 9.69E-40 alkaline phosphatase family protein

Amuc_0623 1.290364 6.49E-11 glycoside hydrolase

Amuc_2018 1.276793 2.33E-11 beta-N-acetylhexosaminidase

Amuc_1074 1.155738 4.67E-26 sulfatase

Amuc_0369 1.114282 1.26E-09 beta-N-acetylhexosaminidase

Amuc_0868 1.036281 1.4E-10 beta-hexosaminidase

Amuc_0875 0.991038 2.1E-09 glycoside hydrolase family 16 protein

Amuc_1480 0.988689 9.1E-14 serine hydrolase

Amuc_1480 0.988689 9.1E-14 serine hydrolase

Amuc_1815 0.898541 1.15E-08 family 20 glycosylhydrolase

Amuc_2148 0.837119 2.62E-11 beta-N-acetylhexosaminidase

Amuc_0565 0.819136 8.82E-08 arylsulfatase

Amuc_1655 0.67328 2.06E-05 sulfatase

Amuc_0176 0.644557 2.75E-13 S1C family serine protease

Amuc_0698 0.597355 3.89E-07 glycoside hydrolase family 43 protein

Amuc_1669 0.443797 0.00492 beta-N-acetylhexosaminidase

Amuc_1033 0.429984 0.000291 sulfatase

Amuc_0187 0.403632 0.008943 M20/M25/M40 family metallo-hydrolase

Amuc_0491 0.354112 0.02718 arylsulfatase

Amuc_1686 0.306453 0.001833 beta-galactosidase

Amuc_1032 0.305161 0.005649 beta-N-acetylhexosaminidase

Amuc_2040 0.215492 0.050936 M3 family metallopeptidase

Amuc_2040 0.215492 0.050936 M3 family metallopeptidase

Amuc_0465 0.027547 0.809597 peptidoglycan DD-metalloendopeptidase family protein

Amuc_0451 0.017655 0.89086 sulfatase-like hydrolase/transferase

Amuc_0863 -0.11909 0.441686 glycoside hydrolase family 88 protein

Amuc_0186 -0.12904 0.325208 glycoside hydrolase N-terminal domain-containing 

protein

4
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Table S3:  (Continued)

Locus tag log2FoldChange padj Product

Amuc_1106 -0.33774 0.012257 aminopeptidase P N-terminal domain-containing 

protein

Amuc_0391 -0.35144 0.000195 peptidoglycan DD-metalloendopeptidase family protein

Amuc_1220 -0.40193 0.027665 alpha-N-acetylglucosaminidase

Amuc_0953 -0.44922 2.71E-05 sulfatase-like hydrolase/transferase

Amuc_1791 -0.5708 2.65E-08 serine protease

Amuc_0824 -0.62419 3.75E-06 discoidin domain-containing protein

Amuc_0670 -0.70285 6.47E-10 trypsin-like peptidase domain-containing protein

Amuc_1924 -0.73272 4.84E-11 family 20 glycosylhydrolase

Amuc_1755 -0.73309 5.97E-15 sulfatase

Amuc_1631 -0.82144 4.31E-14 carboxy terminal-processing peptidase

Amuc_0010 -0.83262 8.13E-17 alpha-L-fucosidase

Amuc_1008 -0.89613 4.73E-16 DUF5110 domain-containing protein

Amuc_0121 -0.90925 2.75E-16 arylsulfatase

Amuc_0539 -0.95109 7.99E-23 glycoside hydrolase family 2

Amuc_1835 -1.04385 8.39E-30 exo-alpha-sialidase

Amuc_0253 -1.08749 7.52E-24 peptidoglycan DD-metalloendopeptidase family protein

Amuc_2164 -1.15385 2.18E-42 glycoside hydrolase family protein

Amuc_0625 -1.20551 3.16E-22 glycoside hydrolase

Amuc_2019 -1.21407 5.2E-37 beta-N-acetylhexosaminidase

Amuc_0771 -1.22178 5.02E-39 beta-galactosidase

Amuc_0482 -1.30073 6.64E-27 alpha/beta superfamily hydrolase

Amuc_0290 -1.66194 1.29E-51 DUF4982 domain-containing protein

Amuc_0392 -1.86949 1.73E-85 alpha-L-fucosidase

Amuc_1438 -1.88993 1.37E-80 NPCBM/NEW2 domain-containing protein

Amuc_1120 -1.93016 1.74E-51 glycoside hydrolase N-terminal domain-containing 

protein

Amuc_2136 -2.38675 8.69E-85 family 20 glycosylhydrolase

Amuc_2108 -2.72574 3.2E-137 glycoside hydrolase family 16 protein
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Figure S1. Scanning electron micrographs of A. muciniphila cultured on soy medium (A, B 

and C). The cells are elongated or do not divide properly. Normal shaped cells were observed 

in mucus medium (D).
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Figure S2: OD measurements of A. muciniphila after multiple transfers to a new serum bottle 

using the medium composition of condition C.
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A B C D
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Figure S3: Microscope images of all conditions over time.
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Figure S4: Sugar uptake and metabolite production by A. muciniphila on cultivation condition 

A, B and C.

4
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Figure S5: Overview of propionate:acetate ratio’s over time.
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Figure S6: Carbon balances of condition A-C calculated at the end-point of each fermentation.
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Figure S7: Heatmap based on the transcriptome data of all samples.

4

Sharon_Geerlings Binnenwerk V5.indd   131Sharon_Geerlings Binnenwerk V5.indd   131 15-12-2022   13:4415-12-2022   13:44



Sharon_Geerlings Binnenwerk V5.indd   132Sharon_Geerlings Binnenwerk V5.indd   132 15-12-2022   13:4415-12-2022   13:44



Chapter 5
Akkermansia muciniphila produces fucose-

containing exopolysaccharides

Sharon Y. Geerlings, Madelon Logtenberg, Maria-Carolina Rodriguez-Daza, 

Sjef Boeren, Bart Nijsse, Henk Schols, Martin Pabst, Yuemei Lin,  

Mark van Loosdrecht, Willem M. de Vos and Clara Belzer

Sharon_Geerlings Binnenwerk V5.indd   133Sharon_Geerlings Binnenwerk V5.indd   133 15-12-2022   13:4415-12-2022   13:44



134

Chapter 5

Abstract

Microbial exopolysaccharides (EPS) are produced by a variety of bacteria from different 

ecosystems. An increasing interest has been observed for EPS produced by beneficial 

microbes. Their EPS varies widely in composition and structure and may exert diverse 

health benefits. This project aimed to assess the capability of the next-generation 

therapeutic microbe A. muciniphila to produce EPS, as well as characterized the EPS 

that was produced. Bioinformatic analysis led to the identification of a complete and 

partly inducible EPS production pathway in A. muciniphila involving a Wzx flippase. 

Furthermore, in this study we showed evidence for fucose-containing EPS production 

by A. muciniphila cultivated on different carbon source ratios in food-grade medium. 

The main monosaccharides present in A. muciniphila EPS are fucose, galactose, 

glucose and N-Acetylglucosamine (GlcNAc). Furthermore, our results indicate that a 

higher GlcNAc concentration in the medium results in an increased production of EPS 

that is positively correlated with the expression of genes involved in EPS production. 

Lastly, the production of sialic acids was detected in medium supplemented with 

glucose and GlcNAc. Altogether, our results indicate that A. muciniphila can produce 

EPS through the Wzx/Wzy-dependent pathway in variable amounts depending on 

the culturing conditions that are used.
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Introduction

Akkermansia muciniphila is a gut microbiome member that is described to exert a 

beneficial effect on its host. A. muciniphila was found to be inversely correlated to 

several diseases (including diabetes, obesity and inflammation) and associated with 

a healthier metabolic status (Le Chatelier et al. 2013, Everard et al. 2013, Schneeberger 

et al. 2015, Dao et al. 2016). More recently, a clinical trial has shown that administration 

of pasteurized A. muciniphila in humans resulted in improved insulin sensitivity, 

reduced insulinemia and plasma total cholesterol as well as reduction of body weight 

including reduced fat mass and hip circumference (Depommier et al. 2019). Several 

underlying mechanisms have been demonstrated in the immunomodulatory and 

metabolic potential of A. muciniphila to counteract obesity and diabetes. For instance, 

the membrane protein Amuc_1100 is a critical component responsible for driving 

improved inflammatory and metabolic outcomes in the host (Ottman et al. 2017, 

Plovier et al. 2017). Still, other mechanisms involving microbial by-products leading to 

the host-microbe interactions remain to be explored. In this study we aim to identify 

and characterize EPS production in A. muciniphila, which may be another factor in 

its mechanism to affect host health.

Numerous bacteria can produce polysaccharides that are then exported out of the cell, 

known as exopolysaccharides (EPS). Microbial EPS consist of sugar units connected 

by glycosidic linkages and vary from linear to heavily branched (Sutherland 1994, 

Zeidan et al. 2017). Bacterial polysaccharides can either be categorized as capsular 

polysaccharides bound to the cell or EPS which are either loosely bound or fully 

secreted. The polymers can either be homopolymers containing only one type of 

monosaccharide or heteropolysaccharides containing different monosaccharides. The 

monomer composition of EPS varies between species and strains (Korcz and Varga 

2021). Four mechanisms have been described for EPS production in bacteria: Wzx/Wzy-

dependent pathway, the ATP-binding cassette (ABC) transporter-dependent pathway, 

the synthase-dependent pathway and extracellular synthesis by use of a single sucrase 

protein (Schmid et al. 2015).

In general, microbial EPS serve as natural adhesives and cell protection against 

environmental stresses such as extreme pH, temperatures, desiccation, and toxic 

compounds (Schmid 2018, Zeidan et al. 2017). It has been shown that EPS of non-

pathogenic bacteria can have beneficial effects on the host and the gut microbiota 

(Salazar et al. 2008, Salazar et al. 2019, Riaz Rajoka et al. 2018). The health potential 

of EPS extends to antimicrobial, immunomodulatory (acting as effector molecules), 

anti-inflammatory and antioxidant activities among others (Jones et al. 2014, Zhou 

et al. 2017, Verma et al. 2018). Particularly, many studies focused on EPS production 

5
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of commercialized probiotics including lactic acid bacteria (LAB) and bifidobacteria 

(Angelin and Kavitha 2020). These EPS were investigated for their prebiotic effect, 

enhancing beneficial bacterial populations in the gut (Ryan et al. 2015). For example, 

it has been shown that EPS produced by gut bacteria was used by other bacteria 

in the community as a carbon source (Salazar et al. 2008, Rios-Covian et al. 2016). 

Furthermore, EPS produced by several bacterial species protected the host against the 

colonization of gut pathogens including Helicobacter pylori (Jones et al. 2014, Marcial 

et al. 2017, Fanning et al. 2012). Lastly, fucose containing-EPS (fuc-EPS) have obtained 

increased interest in both food and pharmaceutical industries as a promising source 

of fucose due to their antioxidant, prebiotic, anticancer, anti-inflammatory and anti-

viral activities (Xiao et al. 2022). Since specific EPS structures may be linked to health 

benefits, it is important to gain knowledge about these bacterial EPS associated with 

health (Rossi et al. 2015).

EPS production by A. muciniphila has not been confirmed to date. However, it has been 

previously suggested that A. muciniphila may produce EPS as a protection mechanism 

against the presence of oxygen and dietary polyphenols, based on transcriptome and 

qPCR data, respectively (Ouwerkerk et al. 2016, Rodriguez-Daza 2020). In these studies, 

A. muciniphila was grown on mucin-containing media that are not suitable to study 

EPS because of many contaminants in slaughterhouse-derived mucus. Hence, we 

use food-grade medium to assess EPS biosynthesis by A. muciniphila and further 

characterize the produced EPS. Gaining more insights into the structure of the EPS 

produced by A. muciniphila may lead to uncovering mechanisms involved in the 

beneficial microbe-microbe and host-microbe interactions of this bacterium as well 

as its therapeutic and food applications.

Results

Increased viscosity observed in the high-GlcNAc condition

One of the characteristics of EPS production is the increased viscosity of the culture 

medium. Therefore, we measured the viscosity of the culture’s supernatant to obtain 

an indication on which condition A. muciniphila produces and releases the highest 

concentration of EPS (Figure 1). The anaerobic fermentations include three conditions: 

High-GlcNAc (glucose:GlcNAc ratio 3:1), low-GlcNAc (glucose:GlcNAc ratio 20:1) and 

mucus (0.5%). The highest viscosity was detected in the end-log phase of high-GlcNAc. 

The viscosity in the end-log phases decreases along with the decreasing starting 

concentration of GlcNAc in these cultures. The decreasing viscosity observed with 

an increase of shear rate indicates all supernatant samples, except for the medium 
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control, are non-Newtonian fluids meaning that the viscosity is a function of the shear 

rate. Lastly, the viscosity of the medium control was equal to the viscosity of water.

Figure 1: Viscosity measurements of end-log conditions high-GlcNAc, low-GlcNAc and 

mucus including the food-grade medium control supplemented with the same concen-

tration of glucose and GlcNAc.

A. muciniphila produces heteropolysaccharides containing fucose

To assess which monosaccharides were produced by A. muciniphila as part of its EPS, 

A. muciniphila was cultivated in batch cultures on minimal medium from which EPS 

was isolated. A negative control with medium only was also included to measure the 

background. However, the concentration of monosaccharides measured in the control 

was negligible. Therefore, we can conclude that the monosaccharides measured 

in the EPS isolate were produced by A. muciniphila. The monosaccharide analysis 

showed that A. muciniphila produces heteropolysaccharides (Table 1). EPS isolated 

from A. muciniphila grown in minimal medium mainly consisted of fucose, galactose, 

glucose and GlcNAc in ratio fucose:galactose:glucose:GlcNAc 1:1:2:1. Furthermore, 

fucose production was also detected in food-grade medium containing glucose and 

GlcNAc (Table S1). The presence of pea-peptone in this medium interfered with the 

monosaccharide analysis. However since minimum amounts of fucose were present in 

the medium control, fucose production by A. muciniphila as part of its EPS could also 

be confirmed in this medium. The observation of fucose production by A. muciniphila 

as part of its EPS structure is novel and has not been reported previously.

5
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Sialic acids detected as part of A. muciniphila EPS in glucose/GlcNAc rich 
medium

Additional characteristics of EPS and confirmation of the production of extracellular 

polysaccharides by A. muciniphila were determined using FTIR. Unwashed and freeze-

dried pellets of the anaerobic fermentations were used for the FTIR measurements. In 

the spectrum of the high-and low-GlcNAc conditions, the shoulder peak at 1730 cm-1 

is assigned to the presence of sialic acids (Figure 2). In contrast, there is no shoulder 

peak at 1730 cm-1 in the cell pellet derived from the mucus condition. This indicates 

sialic acids are being produced as part of A. muciniphila EPS when the medium is 

supplemented with glucose and GlcNAc.

The relative higher ratio of peak intensity at 1550 cm-1 and at 1629 cm-1 indicates that, 

there are proteins with longer side chain produced extracellularly with glucose and 

GlcNAc as the carbon source. These peaks are not as sharp as in the high-and low-

GlcNAc conditions, implying that proteins with a longer side chain are not dominant 

under mucus conditions. In addition, the strong peak at 1020 cm-1 clearly shows that 

there are also other carbohydrates produced in medium supplemented with glucose 

and GlcNAc. If the ratio of the intensity of peak 1020 cm-1 and the intensity of peak 

1550 cm-1 are considered, it indicates that the higher the glucose to GlcNAc ratio results 

in higher amount of carbohydrates. Considering the typical band of carbohydrates 

at 950-1200 cm-1, in the mucus condition there are peaks at 1043 cm-1 and 1078 cm-1, 

indicating the presence of carbohydrates and phosphate, while in the high-and 

low-GlcNAc conditions on food grade medium, the peak at 1020 cm-1 appeared as 

dominant, indicating there are carbohydrates produced extracellularly.

5
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Figure 2: FTIR spectra of cell pellets derived from high-GlcNAc, low-GlcNAc and mucus 

fermentations. The shoulder peak at 1730 cm-1 is assigned to the presence of sialic acids, the 

peak at 1020 cm-1 indicates carbohydrates are produced extracellularly and the ratio between 

the intensity of the peaks at 1550 cm-1 and 1629 cm-1 indicates extracellular production of 

proteins with longer side chains.

Proposed EPS production system

The viscosity measurements, monosaccharide analysis and FTIR analysis indicate the 

capability of A. muciniphila to produce extracellular heteropolysaccharides. However, 

these techniques don’t identify the EPS production system A. muciniphila employs. 

Bioinformatics analysis on the genome of A. muciniphila using a combination of Rapid 

Annotations using Subsystems Technology (RAST) and the annotation in the National 

Center for Biotechnology Information (NCBI) was performed to identify the system 

A. muciniphila might use to produce EPS. This analysis predicted that A. muciniphila 

has the Wzx/Wzy-dependent pathway for EPS production (Figure 3). One gene in 

this system, O-antigen polymerase (Wzy), could not be identified in the genome of 

A. muciniphila using the abovementioned bioinformatics analysis.
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Figure 3: A) Proposed system for EPS production by A. muciniphila based on the Wzx/Wzy-de-

pendent pathway and a cluster of glycosyltransferases and fucosyltransferases. B) Schematic 

overview of the proposed system for EPS production by A. muciniphila. The colors of the 

proteins in this schematic overview correspond with the colors of the gene cluster above. 

Putative genes of the EPS production system: Amuc_0636 (Wzx flippase), Amuc_2086 (Wzy 

polymerase), Amuc_2078 (PCP), Amuc_2079 (Wzz) and Amuc_2077 (OPX).

A protein BLAST against A. muciniphila using Wzy identified in Escherichia coli did not 

result in any hits with possibly uncharacterized proteins in A. muciniphila. Therefore, 

a homolog could not be identified for the O-antigen polymerase Wzy. However, the 

O-antigen polymerase derived from E. coli contains a conserved protein domain family 

named Wzy_C, that was also identified in 3 proteins in the proteome of A. muciniphila 

MucT: B2ULE4 (encoded by Amuc_0088), B2ULW8 (encoded by Amuc_0168) and B2UPL7 

(encoded by Amuc_2086) using InterPro (Hunter et al. 2009). All three proteins are 

uncharacterized proteins and possible Wzy polymerase candidates for EPS production 

by A. muciniphila.

Fucose production by A. muciniphila has not been observed previously. Interestingly, 

A. muciniphila’s genome does contain a GDP-fucose synthetase (Amuc_1248). The 

5
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Kyoto Encyclopedia of Genes and Genomes (KEGG) showed that Amuc_1248 is a part 

of the biosynthesis of nucleotide sugars pathway, where glucose is converted to GDP-

fucose in multiple reactions (Figure 4). In KEGG, the conversion of Man-6P to Man-1P 

could not be linked to a gene in the genome of A. muciniphila. However, the genome 

of A. muciniphila does contain a gene encoding for phosphomannomutase, namely 

Amuc_0155. With this gene, A. muciniphila has the full genomic capacity to produce 

GDP-fucose for the implementation in its EPS. Interestingly, all genes of the pathway 

to produce GDP-fucose are expressed in the transcriptome data across all conditions 

included in this study. Therefore, it is likely that A. muciniphila produces GDP-fucose 

through this pathway for its implementation in EPS.

Glucose

Glc-6P

Fru-6P

Man-6P Man-1P

GDP-Man

GDP-4-Keto-D-Rha

GDP-L-fucose

Amuc_0097
Amuc_1094

Amuc_1975

Amuc_1245

Amuc_0155

Amuc_1192
Amuc_1919

Amuc_1249

Amuc_1248

Figure 4: Production pathway of GDP-L-fucose.

A. muciniphila exhibited higher gene expression of EPS clusters in  
high-GlcNAc medium

Both transcriptomics and proteomics were used to assess the expression of annotated 

genes and proteins involved in EPS production by A. muciniphila, including the EPS 

production cluster containing genes belonging to the Wzx/Wzy-dependent pathway 

(Amuc_2077 until Amuc_2096) as well as the glycosyl transferase cluster (Amuc_1139 

until Amuc_1143). Cells grown to mid-log phases have been used to compare the 

expression of genes involved in EPS production between high-GlcNAc, low-GlcNAc 

and mucus (Figure 5). 
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The expression of the genes Amuc_2077 until Amuc_2079 were significantly higher 

in high-GlcNAc, as compared to low-GlcNAc and mucus. Similar results were found 

for the glycosyl transferase gene cluster Amuc_1139 until Amuc_1142, where the 

expression of genes was significantly higher in high-GlcNAc, than low-GlcNAc and 

mucus. When comparing low-GlcNAc to mucus, the first genes of the EPS cluster 

(Amuc_2077-Amuc_2079) were not significantly differentially expressed. However, the 

remaining of this cluster, excluding Amuc_2092 and Amuc_2094, were all significantly 

higher in low-GlcNAc as compared to mucus.

Overall, the differences observed between high-GlcNAc and low-GlcNAc indicate a 

higher expression of EPS proteins in high-GlcNAc conditions, as also observed in the 

gene expression data (Figure 6). However, the ratios do not show differences as large 

as shown in the gene expression data. The protein expression of the GH cluster showed 

consistently higher protein expression in high-GlcNAc compared to low-GlcNAc. Which 

corresponds with the gene expression of this cluster in the mid-logarithmic phase. The 

abundance of the proteins belonging to the glycosyl transferase was overall the lowest 

in the mucus condition. In addition, the abundance of three out of five proteins of the 

glycosyl transferase cluster was not measured in the mucus condition.

Discussion

In this study, we showed evidence for EPS production by A. muciniphila cultivated in 

both food-grade and minimal medium supplemented with glucose and GlcNAc. The 

bioinformatics analysis showed that A. muciniphila may produce EPS through the 

Wzx/Wzy-dependent pathway. Our results indicate that a higher GlcNAc concentration 

in the medium results in increased production of EPS. Furthermore, we have identified 

the main monosaccharides in A. muciniphila EPS, which are fucose, galactose, glucose 

and GlcNAc in ratio 1:1:2:1, respectively.

A. muciniphila possibly uses the Wzx/Wzy-dependent pathway to produce EPS. In 

this pathway various glycosyltransferases synthesize a repeating unit intracellularly. 

This repeating unit is then translocated to the periplasm by flippase Wzx, after which 

polymerization occurs through polymerase Wzy and a polysaccharide co-polymerase 

protein (PCP). The PCP realizes the transport of EPS together with the outer membrane 

polysaccharide export protein. Most proteins involved in the Wzx/Wzy-dependent 

pathway have been identified in the genome of A. muciniphila. The Wzy protein 

may be encoded by Amuc_2086, which is part of the EPS gene cluster identified in 

this study. This protein was identified based on the presence of Wzy_C, a conserved 

domain in Wzy of E. coli. Furthermore, with RAST annotation we identified two other 

5
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genes involved in EPS production: tyrosine protein kinase Wzc (Amuc_2078) and 

protein tyrosine phosphatase (Amuc_2079). The protein Wzc is involved in high-level 

polymerization of capsular polysaccharides in E. coli and is part of the translocation 

capsule, as well as Wzb (protein tyrosine phosphatase) which dephosphorylates 

Wzc (Whitfield 2006). In Bacillus subtilis it was shown that the tyrosine kinase was 

responsible for self-regulation of exopolysaccharide production in this organism 

(Elsholz et al. 2014).

Dietary polyphenols were found to induce capsular polysaccharide production by 

A. muciniphila, specifically activating the capsular exopolysaccharide biosynthesis 

protein (Amuc_1413) and the polysaccharide sorting system PEP-CTERM/EpsH 

identified by qPCR analysis, but not polysaccharide export protein Amuc_2077 

(Rodriguez-Daza 2020). However, in our study, we could not correlate the expression of 

the gene encoding for EpsH and the protein itself with the increasing EPS production 

in different fermentation conditions. Dietary polyphenols exert anti-inflammatory 

and antimicrobial activities and have been shown to modulate the colonic microbiota 

composition (Mosele et al. 2015, Xie et al. 2015). In the presence of polyphenols, 

A. muciniphila displayed an antibiotic-related molecular adaptation (Rodriguez-Daza 

2020). These systems were not found to be upregulated between conditions with 

varying glucose:GlcNAc ratios in our study. It is important to note that unlike our 

study, the response to polyphenols using a selection of genes was measured with 

qPCR, did not address the complete transcriptome. Another stress condition where 

A. muciniphila might use EPS production as a protection mechanism is oxygen stress 

(Ouwerkerk et al. 2016). In this study, Amuc_2081, part of the proposed EPS production 

system, was significantly upregulated in the aerated growth condition, compared to 

the anaerobic growth condition. Most genes in this system were upregulated in the 

oxygen condition, but not significantly. Previously, a different study has compared 

the growth of A. muciniphila in medium supplemented with mucus and glucose 

(Ottman et al. 2017). Under glucose conditions, the entire gene cluster of Amuc_2079 

to Amuc_2098 was significantly upregulated in comparison to mucus. In the present 

study, all genes of the gene cluster from Amuc_2077 until Amuc_2096 were significantly 

upregulated in the high-GlcNAc condition as compared to mucus, except for three 

genes (Amuc_2091, Amuc_2092, and Amuc_2094). Similar results were observed for 

the glycosyl transferase cluster (Amuc_1139 until Amuc_1143), where 4 out of 5 genes 

were significantly upregulated under the high-GlcNAc condition compared to mucus. 

Altogether, these different stress conditions or varying carbon sources may induce 

different responses of A. muciniphila in terms of EPS production, possibly activating 

polysaccharide sorting system PEP-CTERM/EpsH or the Wzy/Wzx-dependent pathway.
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The main monosaccharides in EPS produced by A. muciniphila are fucose, galactose, 

glucose and GlcNAc in ratio 1:1:2:1, respectively. Fucose is abundant in mucus, human 

milk and bacterial glycans. In the gut, fucose was found to play an essential role in the 

establishment of the gut microbiota, as well as later in the established gut microbiota 

(Garber et al. 2021). Fucose was present in the mucus growth condition, but not in 

the medium conditions with different ratios of glucose to GlcNAc and the minimal 

medium used in the experiments of this study. However, A. muciniphila was able 

to incorporate fucose in its EPS. The ability of A. muciniphila to metabolize fucose 

has been shown previously (Ottman et al. 2017, Kostopoulos et al. 2020). In contrast, 

the production of fucose by A. muciniphila has not been observed previously. Fuc-

EPS obtained increased attention due to the easily controlled processing procedures, 

fast and reproducible production and its applications in both food and medicine 

fields (Xiao et al. 2022). Therefore, A. muciniphila EPS may potentially be applied for 

therapeutic purposes, However, further research on the effect of Akkermansia EPS on 

host health has yet to be completed.

Furthermore, the structural stability of EPS produced by A. muciniphila should be 

studied for its application. For example, four EPS-producing LAB were found to have 

high thermostability with melting points above 224°C (Abid et al. 2018). This suggests 

the possibility that pasteurized A. muciniphila, as previously applied (Depommier et 

al. 2019), still contains EPS (Abid et al. 2018). The presence of EPS may then also have 

immune-modulating effects, interacting with the intestinal environment as observed 

for other beneficial bacteria (Castro-Bravo et al. 2018).

For the characterization of A. muciniphila EPS, we mainly focused on the EPS found in 

the supernatant of the cultures. However, a recent study including four bifidobacterial 

strains showed distinct structural differences in entirely excreted EPS compared to 

membrane-associated EPS (Ferrari et al. 2022). In our study, FTIR analysis indicated 

that extracellular carbohydrates are present in the pellet of A. muciniphila, including 

the production of sialic acids in conditions containing GlcNAc and glucose. However, 

the sialic acids were not detected in EPS isolates obtained from the supernatant. 

Therefore, A. muciniphila may also produce membrane-associated EPS, which may 

be structurally different from EPS found in the supernatant.

In conclusion, we identified Fuc-EPS produced by A. muciniphila, its components, the 

genetic machinery A. muciniphila may be using and differences in EPS production 

between conditions. This information can be used for future research to study the role 

of EPS produced by A. muciniphila in host health and in the gut microbiota. Lastly, 

the differences in EPS production throughout the different cultivation conditions may 

help to optimize the cultivation of this beneficial microbe for therapeutic applications.

5
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Material and methods

Cultivation conditions

The type strain Akkermansia muciniphila MucT (ATCC BAA-835) was used for all 

cultivation experiments. Pre-cultures grown for the anaerobic fermentations 

supplemented with pea peptone were cultivated in tryptone medium with the 

following composition: KH
2
PO

4
 (0.4 g/L), Na

2
HPO

4
 (0.53 g/L), NH

4
Cl (0.3 g/L), NaCl (0.3 

g/L), MgCl
2
*6H

2
O (0.1 g/L), 1 mL trace elements in acid (50 mM HCl, 1mM H

3
BO

3
, 0.5 

mM MnCl
2
*4H

2
O, 7.5 mM FeCl

2
*4H

2
O, 0.5 mM CoCl

2
, 0.1 mM NiCl

2
, and 0.5 mM ZnCl

2
, 

0.1 mM CuCl
2
*2H

2
O), 1 mL trace elements in alkaline (10 mM NaOH, 0.1 mM Na

2
SeO

3
, 

0.1 mM Na
2
WO

4
, and 0.1 mM Na

2
MoO

4
), tryptone (20 g/L), L-threonine (4 g/L) and 1 mL 

resazurin solution (500 mg/L). After autoclaving the following components were added 

to the medium: 1% (v/v) of the vitamin solution (per liter: 11 g CaCl
2
, 20 mg biotin, 200 

mg nicotinamide, 100 mg p-aminobenzoic acid, 200 mg thiamin (vitamin B1), 100 mg 

pantothenic acid, 500 mg pyridoxamine, 100 mg cyanocobalamin (vitamin B12), and 

100 mg riboflavin) and 5% (v/v) of reducing solution (per liter: 80 g NaHCO
3
, 20 mL 

Na
2
S*9H

2
O solution (240 g/L) and 10 g cysteine-HCl), 12.5 mM N-acetylglucosamine 

(GlcNAc) and 12.5 mM glucose (Sigma-Aldrich, Saint Louis, United States). The pre-

cultures were grown in anaerobic conditions and incubated at 37°C for 48 hours (non-

shaking).

Food-grade medium was used for the main experiments with the following 

composition: KH
2
PO

4
 (0.4 g/L), Na

2
HPO

4
 (0.669 g/L), NH

4
Cl (0.3 g/L), NaCl (0.3 g/L), 

MgCl
2
 6H

2
O (0.1 g/L), pea peptone A482 (OrganoTechnie, La Courneuve, France 32 g/L), 

L-threonine (4 g/L). After autoclaving 2 mL of reducing solution containing NaHCO
3
 

(40 g/L) and L-cysteine*HCl (5 g/L) and 1% (v/v) of vitamin solution were added to 

the medium. The medium was inoculated with 1% (v/v) of the pre-culture. Anaerobic 

fermentations using this medium were performed as described in the next section.

Minimal medium was used for further characterization of A. muciniphila EPS. This 

medium is a modified version of tryptone medium where only tryptone was omitted 

to reduce background in EPS analysis. These cultures were grown in anaerobic serum 

bottles and were incubated for 48 hours at 37°C (non-shaking).

Anaerobic fermentation

The anaerobic fermentations were performed using food-grade medium as described 

in the previous section. Four conditions were tested: High-GlcNAc (glucose:GlcNAc ratio 

3:1), low-GlcNAc (glucose:GlcNAc ratio 20:1) and mucus (0.5% mucus). The different 

proportions of glucose and GlcNAc were chosen to assess the effect of carbon source 

ratios on EPS production by A. muciniphila. The last condition containing 0.5% mucus 
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from porcine stomach (Type III, Sigma-Aldrich, Saint Louis, United States) served as 

a control closer to the conditions in the mucus layer of the gut and the availability of 

carbon sources therein.

The fermentations were conducted in three parallel bioreactors (DasGip, Eppendorf, 

Hamburg, Germany) using 700 mL of food-grade medium containing either glucose 

and GlcNAc in two different ratios or hog-gastric mucin with a final concentration of 

150 mM or 0.5% crude mucin. The pH was set at 6.8 and a stirring rate of 100 rpm 

was applied with N2/CO2 gas flow (80%/20%). The medium of all four fermentors was 

inoculated with 1% (v/v) of cultures pre-grown on tryptone medium. The fermentation 

was terminated after 72 hours. Samples were taken for OD measurements, HPLC 

analysis, microscopic analysis, RNA sequencing and proteomics. Samples for HPLC 

analysis were stored at -20°C until use. Samples for RNA sequencing and proteomics 

were taken at early, mid and end exponential phase and centrifuged for 30 minutes 

at 4700 rpm at 4°C, after which the supernatant was removed. Then, 1 mL of RNAlater 

was added to the pellets of the samples for RNA sequencing. Lastly, the samples for 

both RNA sequencing and proteomics were snap-frozen in liquid nitrogen and stored 

at -80°C.

Exopolysaccharides extraction

Samples taken from the anaerobic cultivations on food-grade medium and minimal 

medium were centrifuged twice at 10,000 x g for 20 minutes at 4°C. The ethanol 

precipitation method was used to isolate EPS as described by Nikolic et al. 2012 with 

modifications (Nikolic et al. 2012). Chilled ethanol was added to the supernatant 

in a ratio of 2:1 and stored for 48 hours at 4°C. The precipitate was collected by 

centrifugation at 12,000 x g for 20 minutes at 4°C. The pellet was dissolved in purified 

water while keeping the volume to a minimum. Then, the precipitate was dialyzed 

against purified water using 3.5k snake-skin dialysis membranes (Thermo Scientific, 

Waltham, United states) at 4°C for 48 hours. During these 48 hours, the purified water 

was changed three times. The dialyzed retentate was stored at -80°C for 2 hours, prior 

to lyophilization until completely dry. Crude EPS was stored at -80°C.

The purification of crude EPS was performed as described previously with few 

modifications (Nikolic et al. 2012). The sample was added to a buffer containing 50 

mM Tris-HCl and 10 mM MgSO4*7H2O at a final concentration of 5 mg/mL. DNase type 

I (Sigma-Aldrich, Saint Louis, United States) was added at a final concentration of 2.5 

µg/mL. Subsequently, the solution was incubated for 6 hours at 37°C. Next, pronase E 

(Sigma-Aldrich, Saint Louis, United States) was added at a final concentration of 50 µg/

mL after which the solution was incubated for 18 hours at 37°C. After the incubation, 

trichloroacetic acid (TCA) was added to a final concentration of 12% and stirred at 

5
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room temperature for 30 minutes. Then, the solution was centrifuged at 12.000 xg for 

20 minutes at 4°C, after which the supernatant was collected. The pH was adjusted 

to a pH ranging between 4.0 and 5.0. Lastly, the solution was dialyzed against purified 

water for three days while changing the water daily before lyophilization.

FTIR

Culture samples were centrifuged at 4700xg for 30 min at 4°C. After centrifugation, 

the supernatant of all samples was discarded and only the pellet was stored at -80°C 

for two days. Samples were then lyophilized for a day after which Fourier transform 

infrared (FTIR) analysis was performed. The FTIR spectrum of each sample was 

recorded on a FTIR Spectrometer (Perkin Elmer, Shelton, USA) at room temperature, 

with a wavenumber range from 500 cm-1 to 4000 cm-1. In total, eight scans were 

performed per measurement of each condition.

Viscosity measurements

The rheological behavior of polysaccharide-rich supernatants was measured at 

a 25.00 ± 0.01° C temperature using a physica MCR 501 rheometer (P-PTD200+H-

PTD200) (Anton Paar, Graz, Austria), equipped with a parallel plate geometry (CP50-1 

SN16804). 600 µL of the sample was used to fill the gap between the plates. A total 

of 10 measuring points were recorded with a point duration of 10 s. Logarithmic 

flow curves were plotted based on the shear stress (viscosity) (mPa.s) as a function 

of the shear rate from 10 to 1000 1/s. The data obtained was analyzed by Anton 

Paar RheoCompass™ V1.25.422 software. As a control, supernatants from the non-

inoculated culture medium were used.

Monosaccharide analysis

The monosaccharide composition was determined using high-performance anion 

exchange chromatography (HPAEC) with pulsed amperometric detection (PAD). Prior 

to HPAEC-PAD analysis, samples were hydrolyzed using 2M trifluoroacetic acid (1h at 

121 °C). Ten μL of the sample was injected into an ICS-5000 HPLC system (Dionex, 

Sunnyvale, CA, USA) equipped with a CarboPac PA1 guard column (2 mm ID ×50 mm), 

a CarboPac PA-1 column (2 mm ID ×250 mm; both from Dionex Corporation, Sunnyvale, 

United States) and an ED40 EC-detector in the PAD mode (Dionex, Sunnyvale, United 

States). The column temperature was set at 20 °C and mobile phases were kept under 

helium flushing. The flow rate was set at 0.4 mL/min. Mobile phase A (0.1M sodium 

hydroxide), B (1M sodium acetate in 0.1M sodium hydroxide) and C (milli-Q water) 

were used with the following elution profile: 0− 37.0 min, 100% C; 37.1 min, 100% A ; 

37.2− 48.0 min, 10.0-17.3% B; 48.1-53.0 min, 100% B; 53.1–61.0 min, 100% A; 61.1–76.0 

min, 100% C. A post-column alkali addition (0.5 M NaOH; 0.1 mL/min) was used from 

0.0 to 27.0 min and from 51.1 to 66.0 min. All samples were analyzed in duplicate. 
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Standards of fucose, arabinose, rhamnose, galactose, glucose, xylose, mannose, GlcNAc, 

galacturonic acid and glucuronic acid were used for quantification. The collected data 

was analyzed using Chromeleon 7.2 software (Dionex Corporation, Sunnyvale, United 

States).

Identification of the EPS gene cluster

Bioinformatics analysis was applied to identify the system A. muciniphila uses to 

produce EPS. First, the annotation of A. muciniphila MucT was obtained from the 

National Center for Biotechnology Information (NCBI). Furthermore, Rapid Annotations 

using Subsystems Technology (RAST) was used to annotate the genome (Aziz et al. 

2008). By combining the results from both analyses, a hypothesis was formulated 

on the pathway that A. muciniphila may be using to produce EPS. To confirm the 

expression of genes and proteins involved in EPS production, transcriptomic and 

proteomic analyses were performed.

RNA isolation and transcriptome analysis

RNA isolation was performed as described previously (Shetty et al. 2022). Further 

processing of the total RNA was performed by Novogene (Cambridge, United Kingdom) 

using the platform Illumina PE150. Transcriptome analysis has been performed as 

previously described (Hagi et al. 2020). All further analysis was done using R version 

3.6.3 in Rstudio version 1.2.5019. Genes were considered significantly different with 

adjusted p values <0.05 in combination with fold-changes >1.5 (log-fold change >0.58).

Sample preparation for nLC-MS/MS and analysis

Total protein was isolated from culture samples. Ice-cold 100 mM Tris buffer (pH 8) 

was added to the pellets in variable amounts up to approximately 500 µl and 200 µl 

of the resuspended cells was transferred to low-binding Eppendorf tubes. The tubes 

were centrifuged repeatedly for 1 min at 10.000 x g until the supernatant was clear. 

Then, the supernatant was removed and 200 µl of ice-cold 100 mM Tris buffer (pH 

8) was added again. The cells were resuspended after which the centrifugation was 

repeated. After removing the last supernatant, the cells were resuspended in 200 µl 100 

mM Tris (pH 8) and aliquoted per 50 µl in low-binding Eppendorf tubes. Subsequently, 

the samples were sonicated for 15 seconds using the Soniprep 150 (MSE, London, UK). 

The protein concentration was measured using the Pierce™ BCA Protein Assay Kit 

(Thermo Scientific, Waltham, United states) to dilute all samples to a concentration of 

1 µg/µl in a final volume of 60 µl using 100 mM Tris. Then, 6 µl of 150 mM dithiothreitol 

(Sigma Life Science, Saint Louis, United States) was added to the diluted sample 

followed by incubation at 37°C for 45 minutes. After incubation, the sample was 

mixed with 198µl 8 M urea (Sigma-Aldrich, Saint Louis, United States) and 27 µl 150 

mM acrylamide and incubated for 30 minutes at room temperature. Subsequently, 

5
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4 µl of 10% trifluoroacetic acid (TFA, Alfa Aesar Chemicals, Haverhill, United states) 

and 8 µl SpeedBeadsTM magnetic carboxylate modified particles (50%, GE Healthcare 

45152105050250 and 50% Thermo Scientific 65152105050250, washed twice with MilliQ 

water) and 750 µl acetonitrile (Biosolve B.V.) were added to the sample solution. Next, 

the mixtures were incubated for 20 minutes at room temperature and the liquid was 

removed. Then, the beads were washed twice on a magnetic rack (Cell Signaling 

Technology, Danvers, United States) with 1 mL 70% ethanol and with 1 mL 100% 

acetonitrile, respectively. Afterwards, 100 µl of 5 ng/µl trypsin (Roche Diagnostic GmbH, 

Mannheim, Germany) in 50 mM ammonium bicarbonate was added to the beads 

containing the sample and subjected to overnight digestion at room temperature. 

The digestion was stopped by adding 4 µl 10% TFA to the sample. Then, the samples 

were placed on the magnetic rack to obtain the first supernatant. The remaining 

beads were washed with 100 ml/L formic acid. This solution was then combined with 

the first supernatant.

Micro Columns (µcolumns) were prepared by adding two C18 disks (Affinisep 

AttractSPE™ Disk Bio C18, Le Houlme, France), 200 µl methanol and 4 µL 50% 

Lichroprep RP-18 (Sigma-Aldrich, Saint Louis, United States) in methanol into a 200 

µL pipette tip. The µcolumn was then eluted and washed with 100 µl methanol and 

equilibrated with 100 µl 1 mL/L formic acid in water before use. The samples with the 

cell lysates were then transferred to the µcolumn. After elution and washing with 100 

µL 1 mL/L formic acid in water, 50 µl of (1:1) formic acid and acetonitrile solution was 

added onto the µcolumn and eluted into a clean 0.5 mL low-binding Eppendorf tube. 

Subsequently, the samples were concentrated to a final volume of approximately 10 µl 

using an Eppendorf Concentrator Plus. Lastly, the volume was adjusted to 50 µl using 

1 mL/L formic acid before storage at -20°C until further processing.

Peptide samples were measured (nLC1000 - Orbitrap Exploris 480) and data analysis 

was performed as previously described (Feng et al. 2022). The database that was used 

for the analysis of the samples in this study was the Akkermansia_muciniphila_baa-

835_UP000001031 uniprot database.
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Abstract

Microbe-microbe interactions in the human gut are influenced by host derived glycans 

and diet. The high complexity of the gut microbiome poses a major challenge for 

unravelling the metabolic interactions and trophic roles of key microbes. Synthetic 

minimal microbiomes provide a pragmatic approach to investigate their ecology 

including metabolic interactions. Here, we rationally designed a synthetic microbiome 

termed Mucin and Diet based Minimal Microbiome (MDb-MM) by taking into account 

known physiological features of 16 key bacteria. We combined 16S rRNA gene-

based composition analysis, metabolite measurements and metatranscriptomics to 

investigate community dynamics, stability, inter-species metabolic interactions and 

their trophic roles. The 16 species co-existed in the in vitro gut ecosystems containing 

a mixture of complex substrates representing dietary fibers and mucin. The triplicate 

MDb-MM’s followed the Taylor’s power law and exhibited strikingly similar ecological 

and metabolic patterns. The MDb-MM exhibited resistance and resilience to temporal 

perturbations as evidenced by the abundance and metabolic end-products. Microbe-

specific temporal dynamics in transcriptional niche overlap and trophic interaction 

network explained the observed co-existence in a competitive minimal microbiome. 

Overall, the present study provides crucial insights into the co-existence, metabolic 

niches and trophic roles of key intestinal microbes in a highly dynamic and competitive 

in vitro ecosystem.
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Introduction

The complexity of interactions within the human gut microbiome contributes 

to providing health benefits to its host. However, the same complexity presents a 

major challenge for deciphering metabolic and ecological interactions between the 

intestinal microbes. Understanding these complex interactions, at both community 

and individual taxa level, is crucial for the development of effective microbiome 

modulation strategies (Shetty et al. 2017, Costello et al. 2012, Gilbert and Lynch 2019). 

The human intestinal tract includes several hundred species mainly belonging to the 

phyla Actinobacteria, Bacteroidetes, Firmicutes, Verrucomicrobia, Proteobacteria and 

others (Li et al. 2014). Recently, synthetic microbial communities assembled from host-

derived strains have received considerable attention for understanding ecological and 

metabolic features of the microbiome (De Roy et al. 2014, Grosskopf and Soyer 2014, 

Shetty et al. 2019). Synthetic microbial communities of the human gut can be studied 

under controlled conditions in vitro (D’Hoe et al. 2018, Venturelli et al. 2018, Elzinga 

et al. 2019, Bui et al. 2019, Belzer et al. 2017, Soto-Martin et al. 2020). In vitro intestinal 

models allow for stable and controllable conditions as well as frequent sampling of 

the microbial community that may not be possible with animal models for technical 

and ethical reasons (Macfarlane and Macfarlane 2007, Venema and van den Abbeele 

2013). Combining in vitro intestinal models with defined microbial communities holds 

potential for understanding community assembly and structure, compositional and 

functional dynamics in time and plasticity of microbial interactions.

Studies employing in vitro intestinal models till date have applied either batch, 

continuous single or semi-continuous or multi-stage fermentation models (El Hage 

et al. 2019, Silverman et al. 2018, Tanner et al. 2014, Van den Abbeele et al. 2010, 

Shetty et al. 2022). An important aspect of the host-associated microbiome is the 

dietary intake of the host that often follows circadian rhythms and can give rise to 

stages of excess carbon and energy source and periodic carbon starvation. Both of 

these aspects may have a profound influence on the compositional and functional 

dynamics of the microbial community. In fact, previous in vitro studies have revealed 

that nutrient periodicities can affect microbial community dynamics and physiological 

functionality (Carrero-Colón et al. 2006, Carrero-Colón et al. 2006). Nutrient periodicity 

is an important factor that may lead to selection of well adapted taxa, affect microbe-

microbe interactions and microbe-environment interactions as well as provide an 

opportunity for invading species to successfully establish in a community (Carrero-

Colón et al. 2006, Carrero-Colón et al. 2006, Mallon et al. 2015, Symons and Arnott 

2014). In the human intestinal tract, two major sources of carbon and energy are 

dietary and host-derived polysaccharides (mainly secreted mucin) that all have a 

strong deterministic effect on the microbiome (Desai et al. 2016, Cotillard et al. 2013, 

6
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David et al. 2014). The diet can be highly variable on sub-daily time scales posing 

a major selective pressure on the gut microbiome (Johnson et al. 2019). Dietary 

sources, especially complex fiber-derived polysaccharides that reach the colon in 

a virtually unmodified way, lead to the creation of diverse niches that can support 

a higher diversity of microbes (Pereira and Berry 2017). In addition, the periodicity 

and variability in supply of dietary fibers can give rise to dynamic regimes of niche 

availability consequently affecting interactions between the diet responsive microbes. 

On the contrary, mucin is a stable source of carbon and energy within a host and is 

shown to promote stability of the gut microbiome (Duncan et al. 2019). Therefore, 

both diet and mucin play a major role in supporting diverse microbial communities 

and give rise to complex microbe-microbe interactions.

To understand microbe-microbe interactions within a complex community, it is 

important to create a community that exhibits ecophysiological properties similar to 

natural ecosystems (Shetty et al. 2022). Community level ecological properties such 

as resistance and resilience to perturbations, presence of competitors for nutrients as 

well as mutualists that support metabolic co-operation can be designed in a synthetic 

minimal microbiome (Shetty et al. 2019). Here, we sought to investigate microbe-

microbe interactions in a synthetic minimal gut microbiome over a period of 20 days 

under controlled conditions. To explore temporal ecophysiological interactions, the 

community was assembled in triplicate bioreactors with constant supply of mucin 

and pulse of the main dietary Diet origin Substrates (DoS) viz. pectin, resistant starch, 

inulin and xylan. The experiment was designed with various perturbations to test 

for aspects such as vacant niche occupation by introducing a non-core strain, Blautia 

hydrogenotrophica, increased dietary intake by doubling the concentration of DoS, 

loss of a key metabolite that is required for growth of specific bacteria by removal 

of exogenous acetate (coinciding with replenishing of feed medium), diet starvation 

by subjecting the community to periods of elongated fasting i.e., no addition of DoS 

for >24 h and increase in substrate feeding rate (Fig. 1). Over a 20-day operation of 

the artificial gut system, we sampled the three bioreactors at 61 time points each (~3 

samples/day) and tested the impact of aforementioned events on the dynamics of 

MDb-MM composition, structure and function. The integrative analysis of temporal 

measurements of metabolites, 16S rRNA gene amplicons and metatranscriptomes 

allowed us to unravel community dynamics and metabolic interactions using a 

synthetic minimal microbiome.
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Results

Design of the synthetic Mucin and Diet based Minimal Microbiome (MDb-MM)

We sought to assemble a minimal microbiome that consists of bacterial strains 

relevant to the human colonic microbiome and mimics key ecological and metabolic 

properties (Fig. 1). Therefore, the selection of strains was rationally guided by 

ecophysiological aspects, such as high prevalence (>50%) and minimum abundances 

threshold of 0.001% in human colonic microbiota, ability to degrade mucin or common 

multiple dietary polysaccharides that reach the colon in a virtually unmodified form 

(pectin, xylan, starch and inulin) and their breakdown products. We screened 1155 

human gut metagenomes from the curated Metagenomic database and obtained a 

list of 64 core species (Supplementary table S1). Majority of these species belonged to 

Firmicutes (35 species) and Bacteroidetes (25 species). Actinobacteria, Proteobacteria 

and Verrucomicrobia were represented by five, three and one species respectively. 

We chose representative strains from Firmicutes, Bacteroidetes, Actinobacteria and 

Verrucomicrobia. Bilophila and Escherichia were the two most prevalent genera within 

Proteobacteria, and we excluded these in this study, because of their low contribution 

to the overall composition in the human gut metagenomes analysed in this study. 

Among the core microbiota phyla, Proteobacteria comprised the lowest fraction 

(1.04%) of the total counts, compared to Firmicutes (46.6%), Bacteroidetes (43.9%), 

Actinobacteria (6.8%) and Verrucomicrobia (1.4%).

During selection of the candidate strains, we considered competition for growth 

substrates, known metabolic cross feeding on lactate and 1,2-propanediol (1,2-PD) 

and the ability to produce lactate or common short chain fatty acids (SCFAs) such as 

formate, acetate, propionate and butyrate. The details of the representative strains, 

their known growth substrates and fermentation end products relevant to the current 

study are given in Table 1.

6
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Days 1 20

Batch operation
0 h – 24 h

Mucin + Acetate
Pectin, Xylan, Inulin,

Starch

15 species
~Equal densities

Continuous operation
Day 2 – Day 20

Feed
Mucin + Acetate

2

Sample at ~9:00 am
and then pulse with

DoS

Sample at ~12:00
pm and then pulse

with DoS

Sample at ~6:00 pm
and then pulse with

DoS

General 24 h sampling cycle

Overnight Sample

DoS Pulse Sample

B. Hydrogenotrophica
addition (Day 7; 152 h)

Day 10

2X DoS Pulse (220 h & 224 h)

Day 12

Feed Change
Mucin without Acetate

Day 16 Day 17

Elongated fasting sampling and then
DoS pulse (365 h & 390 h, 408 h)

Day 18

DoS Pulse
once/day

Day 19

Double dilution
rate (20ml/h)

DoS Pulse

DoS: Dietary origin Substrate

Design Principles Investigations
• Multi-species assemblage:

• Fifteen core gut bacteria, one non-core gut bacteria

• Functional redundancy:

• Multiple species with similar functional roles
• Interactions by driven diet and host derived substrates:

• Competition and co-operation
• Energy flow via inter-species metabolic interactions

• Species introduction
• Nutritional pertubations

• Compositional analysis
• Community assembly dynamics
• Vacant niche occupation
• Stability properties

• Metabolite and Transcriptional analysis:
• Community-level behavior

• Functional output (butyrate, propionate, etc.)
• Transcriptionally active metabolism

• Species-specific behavior
• Niche overlap using species-specific gene expression
• Trophic level metabolic interactions

Species-specific metabolism

Experimental set-up Integrated analysis

• Perturbation

•

Figure 1: MDb-MM design principles, experiment setup and investigations. Key aspects 

that were considered when designing the MDb-MM included building a multi-species minimal 

microbiome with functional redundancy and trophic interactions and potential vacant niches 

to test niche occupation. The experimental set-up included pulse feeding the bioreactors with 

Diet origin Substrates (DoS) and introducing perturbations like the addition of new species, 

increase dietary intake (2X DoS pulse), removal of key metabolite and nutrient starvation. 

Details about the sampling time points for composition, metabolites and metatranscriptome 

are depicted in supplementary figure S2.
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Assembly, co-existence and ecological properties of MDb-MM

We assembled a MDb-MM consisting of 15 strains representing the core microbiota 

under batch conditions with both mucin and DoS (Supplementary table S1 & 

Supplementary Fig. S2). At 24 h, continuous feed was introduced with mucin and 

acetate (since some of the strains require it for growth), while DoS were introduced as 

pulsed feeding thrice daily for the majority of the time points. The species abundance 

in the MDb-MM was tracked by sequencing of 16S rRNA gene amplicons, and total 

copies of 16S rRNA genes of the community were quantified using qPCR at 61 time 

points (Supplementary Fig. S2). The initial 15 species were detected in the three 

bioreactors for the entire 20-day operation (Fig. 2A). 

Akkermansia muciniphila

Bifidobacterium adolescentis

Collinsella aerofaciens

Bacteroides ovatus

Bacteroides xylanisolvens

Agathobacter rectalis

Anaerobutyricum soehngenii

Eubacterium siraeum

Blautia hydrogenotrophica

Coprococcus catus

Flavonifractor plautii

Roseburia intestinalis

Faecalibacterium prausnitzii

Blautia obeum

Ruminococcus bromii

Subdoligranulum variabile

0

25

50

75

0

25

50

75

Bioreactor A Bioreactor B Bioreactor C

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
0

25

50

75

Time (h)

C
on

ce
nt

ra
tio

n 
(m

M
)

Acetate Propionate Butyrate

B

Bioreactor A Bioreactor B Bioreactor C

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
0

25

50

75

100

Time (h)

R
el

at
iv

e 
Ab

un
da

nc
e 

(%
)

A

Figure 2: Global response of the MDb-MM. A) Temporal compositional dynamics of the MDb-

MM. B) Concentration of major SCFAs, acetate, butyrate, propionate produced by MDb-MM 

in the three bioreactors. The vertical dotted lines, red indicates introduction of B. hydrogeno-

trophica (152 h) and blue indicates removal of acetate/feed change (248h). The curved line 

represents the locally weighted smoothing (LOESS) for each of the bioreactors and the grey 

shaded region around these lines shows 95% confidence intervals for the fit. This was calcu-

lated and visualized with the default geom_smooth function in ggplot2 R package.
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To test vacant niche occupation, the 16th species, B. hydrogenotrophica was added 

at 152 h. At 264 h, the abundance of B. hydrogenotrophica was below the amplicon 

sequencing detection limit. The DoS pulse events resulted in a significant increase 

in total biomass (optical density; O.D
600

) but this was not captured with total 16S 

rRNA gene qPCR (Supplementary Fig. S3). No differences in community evenness 

and number of species contributing to 90% of the total community abundances 

were detected after DoS pulse events (Supplementary Fig. S4). A steady increase 

in butyrate, acetate and propionate concentration was observed until the point of 

removal of acetate from fresh growth media (Fig. 2B). Lactate, succinate, and formate 

were detected in relatively low concentrations (Supplementary Fig. S5). Formate 

concentration declined after the removal of exogenous acetate from feed. After 300 

h, lactate was not detected in the three bioreactors.

In the first 148 h, before the introduction of disturbances, only propionate was produced 

in significantly higher concentrations in overnight samples (Wilcoxon test, p<0.001, 

Supplementary Fig. S6A). The propionate concentration was also significantly higher 

after addition of B. hydrogenotrophica (Wilcoxon test, p<0.001, Supplementary Fig. 

S6B). However, after the influx of exogenous acetate was stopped, the concentrations 

of acetate and butyrate were significantly lower in overnight samples (Wilcoxon 

test, p<0.0001) compared to DoS samples, while propionate production was not 

significantly affected (Supplementary Fig. S6B). These results demonstrate that the 

successful assembly of the MDb-MM was achieved in the three bioreactors with 

presence of the 16 species. The major fermentation end products of MDb-MM were 

acetate, propionate and butyrate for a period of 460 hours. Overall, based on optical 

densities and metabolite profiles, the MDb-MM was observed to be responsive to DoS 

pulse feeding as noticed by increase in total biomass (optical density; O.D
600

), and B. 

hydrogenotrophica was able to stably colonize the MDb-MM when introduced into 

the community after 152 hours.

Temporal dynamics of MDb-MM community

The MDb-MM showed changes in community structure over time with similar 

compositions between triplicate bioreactors (Fig. 3A). Recent studies on longitudinal 

human microbiome data have revealed a linear relationship between log(variance) 

and log(mean), i.e., species with higher mean abundances tend to also exhibit higher 

variance in population densities (Marti et al. 2017, Vandeputte et al. 2021, Ji et al. 

2020). This property is known as the Taylor’s power law (Taylor and Woiwod 1980). We 

evaluated whether the MDb-MM assembled in the three bioreactors showed similar 

time-dependent behavior observed in human gut microbiome (Taylor and Woiwod 

1980, Taylor 1961). The MDb-MM in the three bioreactors exhibited a linear relationship 

between log variance and log mean abundance with a slope of 1.45, 1.37 and 1.36 
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for bioreactor A, B and C, respectively (Fig. 3B, C and D). In all three bioreactors, the 

two most abundant species Bacteroides xylanisolvens and Akkermansia muciniphila 

exhibited highest variance while C. aerofaciens had lowest variance and was least 

abundant.
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Figure 3: Community level patterns in MDb-MM. A) Principal coordinates analysis plot de-

picting succession of the MDb-MM community over time, community similarity was calcu-

lated using Canberra distance. The numbers at each point indicate the time in days of the 

fermentation experiment. B, C and D) Power law relationship between variance and mean 

abundances. The linear regression line is blue and the shaded region represents the confi-

dence interval (geom_smooth function, method=lm). The bars around points represent the 

lower and upper confidence interval for mean and variance for each of the taxa. E) Temporal 

changes in inequality (Gini coefficient) in the community in the three bioreactors. F) Commu-

nity divergence based on Canberra distances. G) Mean rank shift of the MDb-MM in the three 

bioreactors calculated using the codyn R package.

Evenness of species abundances can influence functional stability of microbial 

communities (Wittebolle et al. 2009). We used the Gini coefficient as a measure 

of evenness, which has values between 0 to 1. Here, 1 indicates a highly uneven 

community composition (Handcock and Morris 2006). The mean Gini coefficient for the 

starting MDb-MM at 0 h was 0.62 (±0.01). At the end of the experiment at 460 h, the Gini 

coefficient for MDb-MM was 0.6, 0.63, 0.62 for bioreactor A, B and C respectively. The 
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overall mean (± standard deviation) for inequality in MDb-MM was 0.70 ± 0.05, 0.71 ± 

0.04 and 0.71 ± 0.05 for bioreactor A, B and C respectively during the entire experiment.

The long-term divergence of the MDb-MM in all the three bioreactors followed 

similar trends over time (Fig. 3F). The MDb-MM showed higher deviation from the 

starting composition during the first phase of the experiment before feed change 

followed by relatively stable dissimilarities after feed change. Convergence of the 

three MDb-MM showed similar patterns (Supplementary Fig. S7A). The correlation 

between community distances and lagged time intervals further supported directional 

change which was similar in the three bioreactors (Supplementary Fig. S7B). Next, we 

carried out mean rank shift analysis to identify events when drastic changes occurred 

in the species ranks (order of relative abundance) within the community. During the 

initial phase (up to ~100 h) there was a progressive decline in mean rank shift (MRS), 

but introduction of B. hydrogenotrophica caused large fluctuations as did the change 

of feed with removal of acetate in all three bioreactors (Fig. 3G). The compositional 

dynamics was highly similar between the three bioreactors (Pearson’s correlation; A 

and B, r= 0.93; A and C, r= 0.92; and B and C, r=0.95). These data support highly coherent 

community level features of the MDb-MM between the three bioreactors.

Temporal stability properties of MDb-MM

The observations thus far indicated that the MDb-MM was responsive to the pulse 

feeding events and perturbation events i.e., addition of B. hydrogenotrophica and 

removal acetate. However, it was unclear if the MDb-MM possesses ecological 

stability i.e., does the MDb-MM exhibit resistance and resilience to perturbations. 

To investigate this, we tested the following stability properties of MDb-MM in the 

three bioreactors (Liu et al. 2018): a) resistance (RS) as the ability of MDb-MM to 

resist change after perturbations; b) displacement speed (DS) as the pace at which 

MDb-MM is displaced upon perturbations; c) resilience (RL) as the ability of MDb-MM 

to return to the reference state after a perturbation event, d) elasticity (E) as the 

pace at which MDb-MM recovers after displacement due to a perturbation event. The 

MDb-MM in all three bioreactors exhibited resistance to the change of feed that no 

longer contained acetate, as for the majority of the time it was observed within the 

reference state boundary (Fig. 4A and B). In instances where it crossed the reference 

state boundary, the MDb-MM in all three bioreactors returned to the reference state 

community (Fig. 4A).
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Figure 4: Stability properties of MDb-MM. A) Community changes from reference phase 

calculated using Canberra and Euclidean distance. The boundary of reference phase was 

calculated using the method described by Liu et al., 2018 (Liu et al. 2018) . The shaded region 

and brown dashed line depict reference phase boundary based on Canberra distance, while 

the blue dashed line depicts reference boundary based on Euclidean distance. The hollow 

triangles represent time points when maximal deviation from reference state was observed. 

B) Resilience of the MDb-MM after removal of Acetate. The black dashed line depicts reference 

boundary based on Canberra distance. The stability was calculated with 152 h (introduction 

of B. hydrogenotrophica) as the starting time, removal of acetate/feed change (248h) as the 

disturbance event and experiment end point was before elongated fasting was initiated in the 

three systems (344 h). Abbreviations: RS, resistance; DS, displacement speed; RL, resilience 

and DS, displacement speed.

Among the three bioreactors, MDb-MM in C had highest displacement (DS=0.021) 

compared to A (DS=0.004) and B (DS=0.005), that is deviation from the reference 

boundary. MDb-MM in bioreactor C also showed highest resilience (RL=0.282) 

compared to A (RL=0.194) and B (RL=0.154). The larger displacement and resilience 

values for MDb-MM in bioreactor C suggests the high resilience of MDb-MM and 

its ability to return to its reference state even after showing the highest deviation 

in composition (Liu et al. 2018). Similar patterns were observed when subsequent 

perturbation events of elongated fasting and increasing substrate feeding rate from 
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10 ml/h to 20 ml/h were included in the stability analysis (Supplementary Fig. S8 A 

and B). However, the recovery to the reference community state after doubling the 

substrate feeding rate was on/near the boundary (dashed line, Supplementary Fig. S8 

A and B) of the reference community state at the end of the experiment.

Community level transcriptional activity

For a subset of the time points, we performed metatranscriptome sequencing. 

We analyzed the transcriptional response at two levels, KEGG orthologs (KOs) as 

well as gut metabolic modules (GMMs), the latter of which take into account the 

combination of KOs that are part of specific metabolic modules relevant to the human 

gut microbiome (Vieira-Silva et al. 2016). The community level functional divergence 

using relative abundances of taxa, GMMs and KOs showed similar divergence over 

time and was linked to changes in the community structure over time (Fig. 5A, 

Supplementary Fig. S9). Temporal variation in MDb-MM community composition 

correlated significantly with transcriptional response at both GMM (Mantel
Amplicon vs 

GMM
 r = 0.40, p = 0.001) and KO level (Mantel

Amplicon vs KEGG
 r = 0.35, p = 0.001) (Fig. 5A, 

B and C). The KEGG and GMM profiles showed good agreement in capturing the 

temporal variation in MDb-MM gene expression (Mantel
KEGG vs GMM

 r = 0.87, p = 0.001). 

Next, to identify community-level transcriptional response to nutrient periodicity, 

we compared GMM expression at specific time points (Fig. 5D-F). GMMs linked to 

carbohydrate degradation were upregulated in the DoS, while mucin and amino acid 

degradation were upregulated in overnight samples (Fig. 5 D, E and F). The butyrate 

production related module “Acetyl-CoA pathway” was significantly upregulated in the 

DoS samples (52 h and 248 h) in absence of B. hydrogenotrophica when exogenous 

acetate was provided, and after removal of acetate (248 h and 264 h) (Fig. 5D, E 

and F). In accordance with HPLC data, we observed significantly higher amounts of 

transcripts encoding enzymes involved in propionate production in overnight samples 

(48 h) before addition of B. hydrogenotrophica (Fig. 5A). After removal of exogenous 

acetate, there was a significant upregulation of the GMM for formate conversion and 

homoacetogenesis (264 h), which coincided with an increase in formate concentration 

observed in metabolite analysis (Fig. 5F and Supplementary Fig. S5).
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Figure 5: Correlation between compositional and functional succession and transcriptomics 

response of MDb-MM. Mantel test for correlation between compositional functional com-

munity similarity based on Canberra distance. A) Comparison of community similarity based 

on 16S rRNA gene relative abundance versus gut metabolic module relative abundances. B) 

Comparison of community similarity based on 16S rRNA gene relative abundance versus KEGG 

ortholog relative abundances. Each circle in these scatter plots represent pair-wise Canber-

ra distances between samples. C) Comparison of gut metabolic module relative abundance 

versus KEGG ortholog relative abundances. D-E-F) Differential expression of GMMs in DoS 

and overnight samples. Before the addition of B. hydrogenotrophica with exogenous acetate 

(48 h vs 52 h). With B. hydrogenotrophica and exogenous acetate (240 h vs 248 h). With B. 

hydrogenotrophica and without exogenous acetate (248 h vs 264 h). Modules with adjusted 

p value >= 0.01 and with fold change of absolute value >= 1.5 are labelled.

Dynamic niche overlap among MDb-MM species

In order to better understand the co-existence of 16 species in the three bioreactors 

we investigated species specific metabolic traits. By design, the MDb-MM had multiple 

species capable of carrying out similar functions - for example, B. ovatus, R. bromii, E. 

siraeum and A. rectalis can degrade starch (Table 1). Moreover, none of the MDb-MM 

species were competitively excluded from the system suggesting potential niche 

partitioning because multiple substrates were available in our system. Therefore, 

we quantified niche overlap between species in MDb-MM and investigated if there 

is temporal changes in pair-wise species behaviors. We started by calculating the 
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pairwise niche overlap between each of the species at each of the time points for 

which we had obtained metatranscriptomes. Metabolic module expression was used 

as quantitative traits for calculating the niche overlap indices. We used only those 

GMM traits which are involved in either degradation or consumption of substrates and 

end-product metabolites (Supplementary Table S2). In this case, a lower niche overlap 

between species would suggest higher niche segregation and vice versa.

All species demonstrated temporal variation in niche overlap with other species 

in MDb-MM, highlighting the dynamic nature of inter-species interactions in the 

MDb-MM (Fig. 6). Comparison of pairwise distributions of niche overlap values 

revealed that the complex substrate degraders, B. xylanisolvens, A. muciniphila, A. 

rectalis, B. adolescentis, S. variabile, F. prausnitzii and R. bromii showed comparatively 

higher niche overlap (>0.75) with each other (Supplementary Fig. S10). C. catus, A. 

soehngenii and E. siraeum often had the lowest niche overlap with the other strains in 

the community. For some of the time points, A. rectalis had low number of transcripts 

for several of the GMM traits and we were unable to measure pair-wise niche overlaps. 

We then compared the overall expression of GMM traits for all species at different 

time points and observed niche segregation based on transcriptional responses of 

metabolic pathways consistently in the three bioreactors (Fig. 7A). The two Bacteroides 

species exhibited low niche segregation and C. aerofaciens and the two Blautia species 

were closely located on the two-dimensional ordination plot. C. catus, A. soehngenii 

and F. plautii had distinct transcriptional patterns. These data suggest that the 

observed co-existence likely resulted from each species occupying a specific metabolic 

niche and that inter-species cross-feeding supported non-complex substrate degraders 

forming a trophic interaction network.

Trophic guilds and niches of MDb-MM species

The metabolic flow and biomass distribution within the gut is largely driven by 

bacteria with specialized molecular machineries capable of degrading complex 

carbon sources (Wang et al. 2019). The action of polysaccharide degraders (primary 

consumers) results in niche construction that may be dependent on the source 

substrate as well as their metabolic pathways. Consequently, this leads to formation 

of a hierarchal organization within the community into trophic levels (Wang et al. 

2019). Here, based on metatranscriptomic species-level assignment of transcriptional 

expression of GMMs, we broadly classified them into four trophic guilds similar to 

those reported previously from computational simulations (Wang et al. 2019) (see Fig. 

7B and methods). Transcriptional contribution of species to each of the trophic guilds 

revealed the inter-species connectedness of resource utilization.
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Figure 6: Temporal niche overlap of individual species in MDb-MM. The pair-wise niche 

overlap for each species is plotted as a heatmap with darker color intensity indicate high niche 

overlap. The abbreviations for species name used on the y-axis are given in brackets of panel 

headings. The missing values are represented by white color. These are time points when one 

of the species from the pair had less than 50 counts for GMM traits and hence niche overlap 

could not be calculated. These are prominent for A. rectalis and B. hydrogenotrophica. A. 

rectalis had one of the lowest 16S rRNA abundances at the initial time points of continuous 

operation of the bioreactors. B. hydrogenotrophica was added at 152 h but RNAseq sample 

was taken before its addition to the system.
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Figure 7: Transcriptional niche segregation and trophic guilds within the MDb-MM. A) A 

Principal Component Analysis (PCA) based on GMM trait expression used in trophic guild anal-

ysis. The abundances were Hellinger transformed before calculating the Canberra distances. 

Multiple circles for each species are different time points. The species labels are positioned 

around the centroids for that particular species. B) Schematic for organization of metabolic 

roles into trophic guilds. Trophic guild 1 is for polysaccharide and mucin degradation, trophic 

guild 2 consists of mono-di-saccharides trophic guild 3 consists of consumption of fermenta-

tion ends/by-products and trophic guild 4 consists of those consuming inorganic substrates 

for growth. C) Ternary plot indicates the trophic status of the minimal microbiome strains at 

different time points. For every strain at a given time point, we summed its expression and 

calculated the relative expression for each trophic guild. The proximity of the symbols to the 

apex of the triangle is proportional to the averaged potential contribution of each strain to 

trophic guilds. The trophic guild 4 is not shown in this figure. The ranking of species within 

each trophic guild is provided in Supplementary Fig. S11.
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Ranking of MDb-MM strains based on the relative proportions of their GMM expression 

within each trophic guild revealed temporally changing trophic roles (Supplementary 

Fig. 11). This suggested that trophic roles are dynamic in MDb-MM. In addition, these 

observations also suggested that transcriptional expression of individual species for 

each of the trophic level can be variable. Furthermore, to investigate whether the 

trophic role is associated with abundance of species in the community we compared 

the relative abundance of species and its ranking within a trophic guild. We observed 

that bacteria that are dominant in trophic guild 1 had higher abundances while those 

dominating trophic guilds 3 or 4 had lower relative abundances in the MDb-MM 

(Supplementary Fig. 12). This suggests that the species dominating trophic guild 1 

are usually present in higher abundances in microbiomes.

The two most abundant species in MDb-MM (Fig. 1D, 5A), A. muciniphila and B. 

xylanisolvens, contributed to two trophic guilds: degradation of complex substrates i.e., 

trophic guild 1 and degradation of simpler carbohydrates i.e., trophic guild 2 (Fig. 7). 

Known starch degraders, R. bromii, B. ovatus, C. aerofaciens, E. siraeum and A. rectalis 

showed transcriptional segregation across the trophic guild 1 and 2 axis. S. variabile, 

B. adolescentis and R. bromii dominated trophic guild 1 and showed metabolic activity 

for arabinoxylan, fructan and starch degradation, respectively (Supplementary Fig. 

S13).

The action of species occupying trophic guild 1 can give rise to extracellular mono- 

and di-saccharides that can be utilized by species that lack specialized molecular 

machineries for polysaccharide degradation. In our system, breakdown of mucin, 

pectin, inulin, starch and xylan could result in simple mono- and di-saccharides 

such as fucose, galactose, galacturonate, fructose, maltose or xylose as major simple 

carbohydrates. Within trophic guild 2, fucose transport and degradation genes were 

identified to be transcribed in A. muciniphila and B. obeum (Supplementary Fig. S14). 

In addition, transcription of galactose metabolism genes was predominantly detected 

in A. muciniphila, B. ovatus and B. xylanisolvens. Galacturonate is the main component 

in pectin, and F. prausnitzii and to some extent B. ovatus and B. xylanisolvens were 

found to express genes involved in its degradation (Supplementary Fig. S14).

We classified consumption of fermentation end products such as acetate, lactate, 1,2-PD 

and formate as trophic guild 3. These are mostly major end products of carbohydrate 

fermentation, while utilization of H
2
 and CO

2
, inorganic by-products of acidogenesis, 

are classified here as trophic guild 4. Specialist trophic guilds could be assigned to A. 

soehngenii, B. hydrogenotrophica and C. catus as their transcriptional activity was 

largely contributing to trophic guild 3 (Fig. 7 and Supplementary Fig. S15). F. plautii 

showed variation across trophic guild 2 and 3. In our experimental setup, acetate was 
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exogenously supplied until 248 h to the MDb-MM and then removed from the feed. 

Expression of modules for acetate to acetyl Co-A via I and II (acetate kinase pTKA) was 

observed in A. soehngenii, F. prausnitzii, B. obeum, B. hydrogenotrophica and F. plautii 

(Supplementary Fig. S15). A. soehngenii and F. prausnitzii are known to have improved 

growth in the presence of acetate, which would explain the activity for consuming 

acetate (Duncan et al. 2002, Duncan et al. 2004). Cross-feeding of lactate resulting from 

the metabolism of polysaccharide degraders such as Bifidobacterium and Lactobacillus 

by butyrate producers in the human gut is well known (Duncan et al. 2004, Louis and 

Flint 2017). Here, we detected very low amounts of lactate in the metabolite analysis 

which resembles the situation in fecal samples where lactate is hardly detected 

(Duncan et al. 2004). This can be explained by the significant transcriptional activity 

for lactate consumption primarily via the lctABCDE pathway (Supplementary Fig. 

S14). A. soehngenii showed high transcriptional activity for utilization of lactate plus 

acetate, which further confirms our previous observation of this being a specialized 

niche for this organism (Shetty et al. 2022, Shetty et al. 2020). C. catus demonstrated 

activity for lactate consumption but is known only to consume the L-form of lactate, 

while A. soehngenii can use both the D- and L-forms of lactate (Sheridan et al. 

2021). Fucose fermentation results in production of 1,2-PD, which is another well-

known cross-feeding metabolite (Engels et al. 2016, Louis and Flint 2017). While we 

did not detect any 1,2-PD, there was higher transcriptional activity for utilization 

of 1,2-PD in A. soehngenii compared to B. obeum, which also produces propionate 

(Supplementary Fig. S10) (El Hage et al. 2019, Reichardt et al. 2014). Transcriptional 

activity for autotrophic growth on H
2
 and CO

2
 using formate dehydrogenase and 

formate-tetrahydrofolate ligase was observed in B. hydrogenotrophica. Other than 

CO
2
 and H

2
, we observed active processes for dissimilatory nitrate and sulphate 

metabolism within guild 4. Among the two Bacteroides species, B. xylanisolvens was 

the dominant species in the MDb-MM and had higher contribution to trophic guild 4, 

which was observed to be linked to higher expression of the nitrate reduction module. 

Dissimilatory nitrate reduction to ammonium may be an advantageous strategy for 

higher growth rate in competitive ecosystems. In summary, the 16 species in the 

MDb-MM co-existed by occupying and interacting at different trophic levels to form 

a complex web of inter-species interactions.

Discussion

Due to technological and practical limitations, deciphering the community dynamics 

and microbe-microbe interactions is challenging using fecal or other intestinal 

samples derived from human. Here, we investigated microbe-microbe and microbe-

environment interactions at species and community level within a highly controlled 
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setting, using a defined microbiome that we subjected to detailed compositional, 

transcriptional and metabolic analysis. The three most important aspects of this 

study are (i) assembly of a human minimal microbiome that exhibits ecologically 

relevant interactions, (ii) the experimental set-up which included nutrient periodicity 

and (iii) a set of specific biotic and abiotic perturbations that allowed to address the 

resilience of the system. All of these aspects are crucial for better understanding the 

interactions dynamics within human intestinal microbial communities (De Roy et al. 

2014, Shetty et al. 2019). Our rational selection was largely driven by understanding 

of the anaerobic physiology of key human gut microbes. Knowledge of microbial 

physiology was complemented by considering ecological aspects at the community 

level such as assembly, co-existence, competition for resources and cross-feeding. This 

enabled us to first demonstrate the applicability of ecological concepts, e.g., Taylor’s 

law, community turnover, divergence, resistance and resilience, and then to investigate 

the species level metabolic interactions using metatranscriptomics (Costello et al. 2012, 

Venturelli et al. 2018, Billick and Case 1994, Chung et al. 2018, Kilpatrick and Ives 2003, 

Plichta et al. 2016, Relman 2012). The MDb-MM exhibited significant correlation with 

respect to dynamics of composition, metabolic output and transcriptional response in 

replicate bioreactors. This supported previous observations in synthetic microbiomes 

that a common pool of species shows similar/reproducible assembly and community 

level dynamics under similar growth condition and exposure to similar perturbation 

events (Krause et al. 2020, Oliphant et al. 2019, Weiss et al. 2021). This is equivalent 

to the classical enrichment experiments where the emergent community assembly 

can be driven by selecting for specific bacteria or consortia with specific substrates 

and/or environmental factors such as high salt, pH or temperature (Overmann 2006). 

Future research is warranted to test whether a different combination of species than 

the one used here, would result in similar community level behaviors under identical 

perturbations (Symons and Arnott 2014, Oliphant et al. 2019). Additionally, modelling 

of synthetic microbiota based on complementary wet lab experiments can further 

increase our understanding of interactions and dependencies in the gut (Krause et 

al. 2020, Schape et al. 2019, Bauer et al. 2017). Nonetheless, we demonstrated how 

ecophysiology guided design of synthetic minimal microbiomes combined with 

metatranscriptomics is a promising avenue to investigate core concepts in ecology 

and unravel potential metabolic interactions.

At individual taxa level, we observed highly variable compositional and functional 

responses. This could be attributed to potential technical variation in measurements 

and/or deterministic chaos (Silverman et al. 2018, Karkaria 2021). At community 

level the behavior can be rather deterministic as observed with similar divergence, 

mean rank shift and inequality in triplicate MDb-MMs when subjected to similar 

external perturbations (Oliphant et al. 2019, de Cárcer 2019, Vellend 2010). It is, 

6
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however, important to note that our system was highly controlled with only one 

event of immigration (addition of B. hydrogenotrophica) and stochastic processes 

such as dispersal limitation not being enforced in our experimental setup (Zhou and 

Ning 2017). Nevertheless, our observation of deterministic assembly of MDb-MM has 

some implications for designing microbiome modulation strategies, where achieving 

community level stability in both composition and function may be crucial. Examples 

are resistance to invasion or enhanced butyrate production, which can be achieved by 

targeting ecosystem level properties using appropriate prebiotics (Shetty et al. 2017, 

Chung et al. 2016, Gibson 1999). These prebiotics may not necessarily target a specific 

species but a group of species whose fundamental niche allows for “insurance” to 

absorb the impact of daily stochastic and destabilizing forces (Relman 2012, Yachi 

and Loreau 1999).

The investigation of species-specific transcriptional responses revealed that the 

core gut microbes used in this study have highly evolved metabolic strategies which 

could explain their co-existence with other seemingly competitive core species. The 

co-existence is likely due to the ability of these core gut microbes to dynamically 

regulate the transcriptional response for utilizing specific carbon and energy sources 

that are vacant (Pereira and Berry 2017, Plichta et al. 2016). This allows individual 

species to occupy the niches that become available over time either, due to external 

(inflow of diet) or changing metabolic behavior of competitor species. For instance, 

we observed, at transcriptional level, changing patterns of polysaccharide utilization 

among the species that are part of the first trophic guild where no single species 

dominated transcriptional contributions for the entire duration of the experiment. 

These observations provide support for the role of “functional insurance” as result of 

the presence of competitive species in maintaining community composition, structure 

and functional stability.

Another aspect of host-associated microbial communities is the immigration of new 

species which can have an impact on the overall community (Schmidt et al. 2019, 

Milani et al. 2019). By introducing B. hydrogenotrophica in the established minimal 

microbiome, we demonstrated a widely appreciated role of vacant niches in supporting 

survival of immigrating species (Pereira and Berry 2017, Kearney et al. 2018). Despite 

its fundamental niche being diverse including the ability to utilize several simple 

carbohydrates that were available, B. hydrogenotrophica likely utilized H
2
/CO

2
 and/or 

formate as observed with active expression of the formate conversion module (Liu 

et al. 2008). When we removed exogenous acetate, butyrate production declined, and 

this can be attributed to the fact that acetate is one of the key metabolites for its 

production. Importantly, after removal of exogenous acetate, B. hydrogenotrophica 

showed high expression of modules linked to homoacetogenesis thus highlighting 
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its contribution to acetate production. This could have aided in stabilizing the 

community because butyrogenic species such as A. soehngenii, F. prausnitzii and R. 

intestinalis require acetate for improved growth. This highlights the potential for cyclic 

interactions where end-products of lower trophic guilds can help species occupying 

higher trophic guilds. Overall, these data provide support for a specialized niche of 

B. hydrogenotrophica that includes inorganic substrates and/or formate (D’Hoe et 

al. 2018, Bui et al. 2019, Plichta et al. 2016). B. hydrogenotrophica can be considered 

a key species, which can potentially support production of butyrate. For instance, 

enhancing butyrate production via prebiotics can lead to significant amounts of 

gases and therefore recycling these into acetate by autotrophic acetogens such as B. 

hydrogenotrophica can further support butyrate production in a trophic network with 

butyrate producers (Duncan et al. 2004).

The flow of energy in biological ecosystems is widely described via trophic structures 

where energy flows from one level to another (Wang et al. 2019, Rigler 1975). The so-

called keystone species are usually defined for taxa at higher trophic levels (Ze et al. 

2012, Trosvik and Muinck 2015). Our analysis highlights the difficulties in assigning 

strict hierarchy based on single and specific trophic roles for individual taxa, especially 

because the breakdown of complex substrates results in simpler substrates, which 

the primary degrader can also utilize. Furthermore, the temporal differences we 

observed in dominance of each bacterium within the trophic guilds indicates that 

functional roles of bacteria can vary over time within a community. We observed 

certain taxa with a prominent role within specific trophic guilds. For instance, A. 

soehngenii and C. catus were predominantly part of the trophic guild level 3 which 

involves consuming fermentation end-products, lactate and 1,2-PD. This observation 

further supports our previous findings that A. soehngenii occupies an energetically 

challenging niche, i.e. the consumption of lactate and acetate (Shetty et al. 2022). In 

contrast, B. hydrogenotrophica occupied the lowest trophic guild consuming inorganic 

substrates. Thus, MDb-MM allowed us to unravel functional roles of each of the key 

gut species in presence of other core microbiota. In addition, we were able to identify 

potential metabolic interactions and cross-feeding occurring within the MDb-MM 

by investigating trophic guilds associations based on species specific transcriptional 

profiles for GMMs related to degradation of complex substrates, production and 

consumption of fermentation products like formate and lactate.

Our experimental system did not take the host-aspect into account, which will 

influence the community composition and dynamics (Foster et al. 2017). Hence, 

improvements can be envisaged by incorporating the MDb-MM in an in vitro model 

such as HUMix and organoid cell cultures (Venema and van den Abbeele 2013, Shah 

et al. 2016, Lukovac et al. 2014), that comprise host features such as aspects of the 

6
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immune system. The ability to track abundances of closely related species across 

time points in synthetic communities is crucial. Here, we used short amplicons of the 

V5-V6 (~280 bp) region of the 16S rRNA gene and noticed non-specific amplification 

of B. hydrogenotrophica at few time points prior to its addition. In such scenarios, 

using whole shotgun metagenomics might provide better resolution. One of the major 

challenges we faced during this study was the difficulty in predicting the metabolic 

functions based simply on automated annotation and analysis. For instance, the 

identification of an amylase gene (K01176, alpha-amylase [EC:3.2.1.1]) with high 

expression in A. muciniphila suggested its contribution to starch degradation. This 

gene is likely coding for a glycoside hydrolase involved in breaking glycosidic linkages 

present in mucin and is not involved in starch degradation. These observations 

highlight the need for careful curation and interpretation of -omics based functional 

analysis of fecal samples where the majority of the species remain uncharacterized. 

With some manual curation of the published GMMs, we were able to capture >87% 

of the variation between samples that were identified at KO level annotation. This 

suggests that it is also valuable to investigate other key functions such as those 

involved in signaling and processing, virulence, vitamin and co-factor biosynthesis and 

their role in the species dynamics we observed in this study. We did not include bile 

salts in our media, and several key vitamins and co-factors such as vitamin B
12 

were 

provided exogenously. Therefore, impact of these key compounds on the community 

remains unknown. In addition, a bioreactor with similar setup but with constant 

supply of DoS could help in identifying if the pulse feeding played a role in co-existence 

of all species till the end of the experiment.

In this study, we created a minimal microbiome that exhibits ecological stability 

properties and intricate metabolic interactions that are observed in more diverse 

and complex natural ecosystems. We provide experimental evidence for temporally 

variable niche occupation as one of the important mechanisms by which species 

competing for similar resources can co-exist in a dynamic ecosystem. In addition, 

we demonstrate how metatranscriptomics can be used to assign quantitative traits 

for identifying niche overlap at transcriptional level. We foresee the use of data 

generated in this study to serve as a useful resource for ecologists, systems biologists 

and microbiome experts for developing predictive ecological and metabolic models 

and improving our understanding of the human gut microbiome.
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Materials and Methods

Species selection for the composition of the synthetic MDb-MM

Taxonomic composition data from metagenomic studies was obtained from 

the curatedMetagenomicData data package (v1.18.2) (Pasolli et al. 2017). To identify 

the taxa that are part of the core microbiota we analyzed species level data from 

1155 “Western healthy” human gut metagenomes covering general populations from 

North America and Europe. A total of 64 metagenomic species, which were present 

in at least 50% of all samples were analyzed with a minimum relative abundance of 

0.00001 (Wilke 2018).

Bacterial strains used in this study

The following strains were obtained from the German Collection of Microorganisms 

and Cell Cultures (DSMZ, Braunschweig, Germany) or the American Type Culture 

Collection (ATCC, Manassas, USA): Agathobacter rectalis (DSM 17629), Eubacterium 

siraeum (DSM 15702), Roseburia intestinalis (DSM 14610), Subdoligranulum variabile 

(DSM 15176), Blautia obeum (DSM 25238),Blautia hydrogenotrophica (DSM 10507), 

Coprococcus catus (ATCC 27761), Ruminococcus bromii (ATCC 27255) and Collinsella 

aerofaciens (DSM 3979/ATCC 25986). Anaerobutyricum soehngenii (DSM 17630, L2-7) 

was kindly provided by Prof. Harry J. Flint’s group (University of Aberdeen, UK). The 

strains from the human microbiome project (HMP) catalogue were Bacteroides sp. 

3_8_47FAA (Bacteroides ovatus), Bacteroides sp. 2_1_22 (Bacteroides xylanisolvens) and 

Flavonifractor plautii 7_1_58FAA. Furthermore, Akkermansia muciniphila (ATCC BAA-

835), Bifidobacterium adolescentis (L2-32) and Faecalibacterium prausnitzii (A2-165) 

were taken from the culture collection of the Laboratory of Microbiology, Wageningen 

University & Research, The Netherlands.

Medium composition for MDb-MM strains

All strains were grown in a medium with the following composition: KH
2
PO

4
 (0.408 g/L), 

Na
2
HPO

4
.2H

2
O (0.534 g\L), NH

4
Cl (0.3 g/L), NaCl (0.3 g/L), MgCl

2
*6H

2
O (0.1 g/L), NaHCO

3
 (4 

g/L), yeast extract (2 g/L), beef extract (2 g/L), CH
3
COONa (2.46 g/L), casitone (2 g/L), 

peptone (2 g/L), cysteine-HCl (0.5 g/L), carbohydrates (1.1 g/L), resazurin (0.5 mg/L), 

1 mL trace elements in acid (50 mM HCl, 1mM H
3
BO

3
, 0.5 mM MnCl

2
*4H

2
O, 7.5 mM 

FeCl
2
*4H

2
O, 0.5 mM CoCl

2
, 0.1 mM NiCl

2
 and 0.5 mM ZnCl

2
, 0.1 mM CuCl

2
*2H

2
O), 1 mL 

trace elements in alkaline (10 mM NaOH, 0.1 mM Na
2
SeO

3
, 0.1 mM Na

2
WO

4
 and 0.1 

mM Na
2
MoO

4
), 1 mL hemin solution (50 mg hemin, 1 mL 1N NaOH, 99 mL dH

2
O), 0.2 

6
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mL vitamin K1 solution (0.1 mL vitamin K1, 20 mL 95% EtOH). After autoclaving and 

before inoculation, 1% of vitamin solution was added (11 g/L CaCl
2
, 20 mg biotin, 200 

mg nicotinamide, 100 mg p-aminobenzoic acid, 200 mg thiamin (vitamin B
1
), 100 

mg panthothenic acid, 500 mg pyridoxamine, 100 mg cyanocobalamin (vitamin B
12

) 

and 100 mg riboflavin). This basal medium composition was used for both pre-cultures 

and the bioreactors and the feed with differences in carbon source supplementation.

For pre-cultures, the bacteria were grown in serum bottles in anoxic conditions 

with 80/20 CO
2
/N

2 
as mixed gas using different combinations of carbon sources 

(Supplementary table S3). The pre-cultures were incubated non-shaking at 37°C for 

24 h.

Anaerobic bioreactor operation

Fermentations were conducted in three parallel bioreactors (DasGip, Eppendorf, 

Germany) filled with 300 ml of the abovementioned growth medium at 37°C, at a 

stirring rate of 100 rpm. For the first 24 h, the bioreactors were operated in batch 

mode where the 300 mL growth medium was supplemented with 5 g/L mucin from 

porcine stomach type III (Sigma Aldrich) as well as Diet origin Substrates (DoS) which 

comprised of 1.11 g/L of each of xylan (beechwood, Apollo scientific, U.K.), soluble starch 

(from potato) (Sigma-Aldrich, USA), inulin (from chicory) (Sigma-Aldrich, USA) and 

pectin (from apple) (Sigma-Aldrich, USA) at the beginning of the fermentation. The 

carbon sources, except for mucin, were prepared as 60 g/L stock solutions. These stock 

solutions were prepared anoxically in serum bottles and autoclaved prior to adding 

the carbon sources to the bioreactors. The pH was controlled at 6.8.

The bioreactors were inoculated with a normalized O.D. of 1.0 of each one of the 

abovementioned species in order to have the same cells abundance at the beginning 

of the fermentation. A single inoculum mix was prepared from the same pre-cultures. 

The three bioreactors thus represent technical replicates for a single experiment. 

This was done to avoid potential technical errors in preparation of starting inoculum 

which may influence the behavior of species within the community resulting in inter-

bioreactor differences. After allowing the species to grow for 24 h, continuous operation 

of the bioreactors was initiated. The flow rate of the feed was set to 10 mL/h with a 

medium retention time of 30 h. In our experiment we used a retention time of 30 h, 

which is within the range of gut transit times (Asnicar et al. 2021, Tottey et al. 2017, 

Roager et al. 2016).

In the first phase of continuous feed supply i.e., from 24 h up to 248 h, basal medium in 

the feed consisted of 5 g/L mucin and 30 mM of sodium acetate. During the continuous 

operation, the bioreactors were spiked three times a day with a 4 h gap with DoS 
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(xylan, soluble starch, inulin and pectin) with a final concentration of 1 g/L in each 

bioreactor. After the first 24 h, we initiated pulsed feeding of DoS and sampled for 

metabolite and 16S rRNA gene analysis as follows: The 24 h sample taken at ~ 9:00 h 

represented overnight sample and after sampling the bioreactors were pulsed with 

DoS and the community allowed to grow undisturbed until ~13:00 h. At this time, we 

collected samples for analysis and immediately following this a second DoS pulse 

was introduced. We then allowed the MDb-MM to grow until ~17:00 h at which point 

we sampled again. This represented the second DoS pulse sample of the day. This 

was followed by a third DoS pulse, the MDb-MM grew overnight, and the next day at 

9:00 h we sampled to repeat the cycle of sample-pulse-grow-sample-pulse. At 248 h 

of bioreactor operation, we replenished the feed with freshly prepared anoxic growth 

medium but this time we removed sodium acetate and only 0.5% mucin was added.

During the fermentation period (two weeks) different perturbations were introduced 

in the system. These disturbances included the addition of Blautia hydrogenotrophica, 

the increase of the concentration of carbohydrates addition to 2.22 g/L, elongation 

of the fasting period from 16 to 21 h, increase of the substrate feeding rate to 20 

ml/h. These events are depicted in Supplementary Fig. 2. Samples were taken during 

both the fasting and feeding period and at every perturbation point (Schematic 

overview Fig. 1 and Supplementary Fig. 2). Samples for DNA and HPLC were stored 

at -20 °C. Samples for RNA were centrifuged at 4816 x g for 30 min at 4 °C. Then, 1 mL 

of RNAlater was added to the pellet, the pellets were snap-frozen in liquid nitrogen 

and stored at -80 °C.

High performance liquid chromatography (HPLC)

For fermentation product analysis, samples were obtained at different time points of 

the incubation period. Crotonate was used as the internal standard, and the external 

standards were lactate, formate, acetate, propionate, butyrate, isobutyrate, 1,2-PD, 

sialic acid and glucose. Standards were prepared in the following concentrations: 2.5 

mM, 5 mM, 10 mM and 20 mM. Substrate conversion and product formation were 

measured with Shimadzu LC_2030C equipped with a refractive index detector and 

a Shodex SH1011 column. The oven temperature was set at 45 °C with a pump flow of 

1.00 mL/min using 0.01N H
2
SO

4
 as eluent. All samples and standards (10 µl injection 

volume) ran for 20 min.

DNA isolation and library preparation

Genomic DNA was extracted using the FAST DNA Spin kit (MP Biomedicals, Fisher 

Scientific, The Netherlands) following the manufacturer’s instructions. We included 

positive controls, a mock community DNA with known composition (Ramiro-Garcia 

et al. 2016) and reagent controls for DNA extraction and PCR. The concentration 

6
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of genomic DNA was measured fluorometrically using Qubit dsDNA BR assay 

(Invitrogen). The hypervariable region V5-V6 (~280 bp) of the 16S rRNA gene was 

amplified with Phusion Hot Start II DNA polymerase (2 U/μL) for 25 cycles using 

0.05 μM of each primer (784F - 1064R) that both contained sample-specific barcodes 

at their 5’-end. The amplification program for PCR included an initial step of 98 °C for 

30 s, then 25 cycles of at 98 °C for 10 s, followed by an annealing step at 42 °C for 10 

s and elongation step at 72 °C for 10 s and a final extension at 72 °C for 7 min. PCR 

products were purified using MagBio beads according to the manufacturer’s protocol. 

Purified products were quantified using Qubit dsDNA BR assay kit (Life Technologies, 

USA) and were pooled in equimolar amounts into one single library. After pooling, 

the mixed libraries were concentrated using MagBio beads to a concentration needed 

by the sequencing company. The samples were sequenced on a NovaSeq platform 

(Illumina) in 2x150 base paired-end mode at Novogene (U.K).

qPCR

The total abundance of all species in the synthetic community was determined by 

qPCR. The DNA concentrations were measured fluorometrically (Qubit dsDNA BR 

assay, Invitrogen) and adjusted to 1 ng/μL by diluting them in DNase/RNase free 

water and prior to use as the template in qPCR. Universal primers targeting 

the 16S rRNA gene of all the species (1369F 5’-CGG TGA ATA CGT TCY CGG-3’ 

and 1492R 5’-GGWTACCTTGTTACGACTT-3’; 123 bp) were used for quantification. A 

standard curve targeting the 16S rRNA gene of B. thetaiotaomicron was prepared 

with nine standard concentrations from 100 to 108 gene copies/μL. The qPCR was 

performed in triplicate with iQ SYBR green supermix (Bio-Rad, USA) in a total volume 

of 13 μL prepared with primers at 500 nM in 384-wells plates with the wells sealed 

with optical sealing tape. Amplification was performed with an iCycler (Bio-Rad): one 

cycle of 95 oC for 5 min; 40 cycles of 95 oC for 15 s, 60o C for 20 s and 72 oC for 30 s 

each; one cycle of 95 oC for 1 min; and a stepwise increase of temperature from 60 oC 

to 95 oC (at 0.5 oC per 5 s) to obtain melt curve data. Data were analysed using CFX 

Manager 3.0 (Bio-Rad).

RNA isolation

The cells (10 mL) were centrifuged at 4816 x g for 15 min at 4 °C and the supernatant 

was discarded. Total RNA was isolated by combining enzymatic lysis, the Trizol 

reagent and the RNeasy mini kit (QIAGEN, Germany). A mixture of lysozyme (15 

mg/mL), mutanolysin (10U/mL) and Proteinase K (100 µg/mL) in 1X TE buffer was 

added to the pellet normalizing to an OD600 of 2.0 per 100 µL of this mixture. 

The samples were mixed by vortexing and incubated at room temperature for 10 

min. After 5 min of incubation, the samples were vortexed again. Four microliters 

of p-mercaptoethanol mixed with 400 µL RLT buffer was added to the sample. 
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Subsequently 1 mL of Trizol reagent was added to 100 µl of the sample. This mixture 

was transferred to a sterile tube containing 0.8 g of glass beads (diameter of 0.1 mm). 

The tubes were homogenized by bead beating three times for 1 min at 5.5 m/s, while 

cooling the samples on ice in between steps (bead beater, Brand). Then, 200 µL of ice-

cold chloroform was added. The tubes were mixed gently and centrifuged at 12,000 

x g for 15 min at 4 °C. The RNA isolation was continued following the manufacturer’s 

instructions of the RNeasy mini kit, including an on-column DNase step using DNase 

I recombinant, RNase-free, (Roche Diagnostics, Germany) incubating at 37 oC for 30 

min. RNA concentration was measured using Qubit and the quality was determined 

by the Qsep100 bioanalyzer (BiOptic inc, Taiwan). The RNA samples were stored at 

-80 °C until further processing. Further processing such as removal of rRNA, library 

preparation and sequencing was performed by Novogene using platform NovaSeq 

PE150 (Illumina).

Bioinformatics

Amplicon data analysis

The 16S rRNA gene amplicon sequencing data was analyzed using the DADA2 R 

package (Callahan et al. 2016). Raw data (total 4,27,03,796 reads) was filtered to remove 

low quality reads and reads with more than 2 errors and those matching the PhiX 

(filterAndTrim function) resulting a total of 4,18,65,602 reads which were then subjected 

to removal of chimeric sequences (removeBimeraDenovo, consensus method), an 

average of 225083 ± 102107 reads per samples were obtained (Supplementary Table 

S4). We used a custom database consisting of 16S rRNA gene sequences fetched from 

the genomes of the 16 bacterial strains used in this study using barnap (available at 

https://github.com/mibwurrepo/Shetty_et_al_MDbMM16) (Seemann 2018). On average 

97 ± 1.9% of the reads were assigned to the MDb-MM strains (Supplementary Table 

S4). Taxonomic assignment was done using the RDP classifier (Wang et al. 2007). The 

unique amplicon sequence variants (ASVs) were merged at species level using the tax_

glom() function in phyloseq (v1.32) (McMurdie and Holmes 2013). The species counts 

were normalized for the differences in 16S rRNA gene copy number (Supplementary 

Table S3) and absolute counts were calculated as described previously (Jian et al. 

2020). Further analysis of the community composition and structure was done using 

the microbiome R package (v.1.10.0) (Lahti and Shetty 2018). Data visualization 

packages, ggplot2 and ggpubr R packages were used for plotting figures (Kassambara 

2018, Wickham 2011).

Metatranscriptomics analysis

A total of 816752875 raw paired-end reads totaling to 244.9 giga base pairs were 

obtained from thirty-six samples (Supplementary Table S5). We followed the 

6
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approach described in the SAMSA2 pipeline (Westreich et al. 2018). The forward and 

reverse adaptors were filtered using Trimmomatic (v0.36) (settings: PE -phred33, 

SLIDINGWINDOW:4:15, MINLEN:70) and then merged using pear (v0.9.10) (Bolger et 

al. 2014, Zhang et al. 2013). Merged reads matching the ribosomal rRNA were removed 

with SortMeRNA (v2.1) (Kopylova et al. 2012). A custom database was created from 

genome sequences of all the bacterial strains used in this study. All the genome 

sequences in FASTA format were downloaded from the NCBI genome database. For 

consistency all the genomes were re-annotated using Prokka (v1.12) and the 16S rRNA 

gene copy numbers for individual strains were identified using the barrnap (v0.9) 

tool (Seemann 2018, Seemann 2014). The amino acid sequences from each strain 

were then combined to create a database compatible with DIAMOND (v 0.9.22.123) 

using the makedb function (Buchfink et al. 2014). The ribosomal sequences depleted 

reads were annotated with DIAMOND using blastx. The DIAMOND output files were 

further analyzed in R. The corresponding codes are available at (https://github.com/

mibwurrepo/Shetty_et_al_MDbMM16). The amino-acid sequences obtained from 

genomes were also annotated using the KEGG databases using the GhostKola tool 

for KEGG ortholog (KO) annotations (Kanehisa et al. 2016).

Gut metabolic modules (GMMs)

We did additional curation for the metabolic modules from our previous study to 

incorporate further refinements for the strains used in this study (Shetty et al. 2022). 

The curated GMMs are available at the GitHub repository of this study (https://github.

com/mibwurrepo/Shetty_et_al_MDbMM16). We used counts per million normalized 

KO abundances (cpm function in edgeR R package v3.24.3) for profiling the metabolic 

modules using the omixer-rpmR R package (v0.3.1) (Robinson et al. 2010, Darzi et al. 

2016). The parameters for the rpm function in omixer-rpmR, were as follows, score.

estimator= “median”, contribute = 0.5, KO=2, distribute=NULL.

Niche overlap and trophic organisation

 A lower niche overlap (NO) would suggest higher transcriptional niche segregation 

and vice-versa between species. We used the NO index using the kernel density 

estimates approached described by Mouillot et al. 2005. The function to calculate 

niche overlap was adapted from here https://github.com/umr-marbec/nicheoverlap/

blob/master/nicheoverlap.R This niche overlap index is non-parametric and assumes 

no normality in trait values. We used the GMM framework in which we used metabolic 

module expression as quantitative traits for calculation of niche overlap index. A 

schematic figure depicting the calculation approach is shown in Supplementary Fig. 

S16. We calculated pairwise niche overlap using the species GMM trait abundances 

for each of the time points separately as the area of overlap between the density 

distributions of traits. For every pair of species, we removed traits that did not sum up 
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to 50 counts. We also excluded GMM traits for central metabolism such as glycolysis 

and the pentose phosphate pathway among others and used only those associated 

with degradation, consumption or production. A list of GMMs and classification of 

trophic levels in provided in the Supplementary table S2.

6
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Supplementary figure S1: Relative abundance of MDb-MM species in 1155 human gut 

metagenomes. Each line represents one sample. Except for B.hydrogenotrophica, all other 

strains are part of the core microbiota at a relative abundance cut-off of 0.001% and preva-

lence of >50%.
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Supplementary figure S2: Detailed sampling timepoints. For all the time points shown here 

samples were collected for metabolites and 16S rRNA gene analysis. For RNASeq, 12 time 

points were chosen for analysis.
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Supplementary figure S3: Comparison of optical density and total 16S rRNA gene copies. 

A) Comparison of optical density (O.D600) after DoS pulse (n= 48) and in overnight (n= 18) 

samples before addition of B. hydrogenotrophica B) Comparison of optical density (O.D600) 

after DoS pulse and in overnight samples after addition of B. hydrogenotrophica with (DoS, 

n= 30, Overnight, n= 12) and without exogenous acetate (DoS, n= 48, Overnight, n= 27). C) 

Comparison of total 16S rRNA gene copies after DoS pulse (n= 48) and in overnight samples 

(n= 18) before addition of B. hydrogenotrophica D) Comparison of total 16S rRNA gene copies 

after DoS pulse and in overnight samples after addition of B. hydrogenotrophica with acetate 

(DoS, n= 30, Overnight, n= 12) and without exogenous acetate (DoS, n= 48, Overnight, n= 27). 

The counts were transformed to log10. We used Wilcoxon test for pair-wise comparison cor-

rected for multiple testing using the Benjamini–Hochberg FDR method. * = p < 0.05, ** = p < 

0.001 and *** = p < 0.0001.
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Supplementary figure S4: Comparison of inequality and coverage. A) Comparison of com-

munity evenness after DoS pulse (n= 48) and in overnight samples (n= 18) before addition of 

B. hydrogenotrophica. B) Comparison of community evenness after DoS pulse and in over-

night samples after addition of B. hydrogenotrophica with acetate (DoS, n= 30, Overnight, 

n= 12) and without (DoS, n= 48, Overnight, n= 27) exogenous acetate. C) Comparison of total 

number of species contributing to 90% of the total abundance after DoS pulse and in overnight 

samples before addition of B. hydrogenotrophica D) Comparison of total number of species 

contributing to 90% of the total abundance after DoS pulse (n= 48) and in overnight samples 

(n= 18) after addition of B. hydrogenotrophica with acetate (DoS, n= 30, Overnight, n= 12) and 

without (DoS, n= 48, Overnight, n= 27) exogenous acetate. We used Wilcoxon test for pair-wise 

comparison corrected for multiple testing using the Benjamini–Hochberg FDR method. * = p 

< 0.05, ** = p < 0.001 and *** = p < 0.0001.
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Supplementary figure S5: Concentration of SCFAs detected in minor concentration in the 

three bioreactors. The vertical dashed red lines indicates introduction of B. hydrogenotro-

phica (152 h) and blue line indicates removal of acetate/feed change (248h). ​The curved line 

represent the locally weighted smoothing (LOESS) for each of the bioreactors and the grey 

shaded region around these lines shows 95% confidence intervals for the fit. This was calcu-

lated and visualized with the default geom_smooth function in ggplot2 R package.
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Supplementary figure S6: Comparison of SCFA production. A) The first 148 h before introduc-

tion of any disturbance event in the system (DoS pulse, n= 48 and	 Overnight, n= 18). B) After 

introduction of B. hydrogenotrophica as well as removal of acetate. With acetate number of 

samples for DoS pulse, n= 30 and for overnight, n= 12. Without acetate number of samples 

for DoS pulse, n= 48 and for overnight, n= 27. We used Wilcoxon test for pair-wise comparison 

corrected for multiple testing using the Benjamini–Hochberg FDR method. * = p < 0.05, ** = p 

< 0.001 and *** = p < 0.0001.
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Supplementary figure S7: Temporal patterns in community succession. A) Temporal con-

vergence patterns of MDb-MM in the three bioreactors (Canberra distance). B) Community 

change over time based on Canberra distances, with modified codes from the codyn R package 

which uses Euclidean distances.
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Supplementary figure S8: Stability properties of MDb-MM in presence of multiple per-

turbations. A) Community changes from the reference state calculated using Canberra and 

Euclidean distance. The reference boundary was calculated using the method described by 

Liu et al., 2018. The shaded region and brown dashed line depict reference boundary based 

on Canberra distance, while the blue dashed line depicts reference state boundary based on 

Euclidean distance. The hollow triangles represent timepoints when maximal deviation from 

reference state was observed. The lavender-colored dashed line indicates elongated fasting 

samples and blue colored dashed line indicates the doubling of dilution rate from 10ml/h to 

20ml/h. B) Resilience of the MDb-MM in presence of multiple perturbations. The black dashed 

line depicts the reference boundary for deviation from disturbance event based on Canberra 

distance. The stability was calculated with 152 h (introduction of B. hydrogenotrophica) as the 

starting time, removal of acetate/feed change (248h) as the specific disturbance event and 

experiment end point was 460 h, when the experiment was ended. Abbreviations: RS, resis-

tance; DS, displacement speed; RL, resilience and DS, displacement speed.​
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Supplementary figure S9: Temporal compositional and transcriptional succession of MDb-

MM. Comparison of compositional and transcriptional community divergence. A) Commu-

nity divergence based on Canberra distances using relative abundances of 16S rRNA gene. 

Only timepoints with metatranscriptomics data were analyzed. B) Community convergence 

based on Canberra distances using relative expression of Kyoto Encyclopedia for Genes and 

Genomes (KEGG) ortholog. C) Community convergence based on Canberra distances using 

relative expression of Gut metabolic modules (GMMs). Each circle is labelled with correspond-

ing timepoints for clarity.
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Supplementary figure S10: Comparison of pair-wise niche overlap between species. The 

niche overlap of each of the species was compared with other species in the community across 

timepoints. For details about niche overlap calculation are described in the methods section.
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Supplementary figure S11: Dynamic trophic roles of MDb-MM species. For each trophic 

guild, each species was ranked based on their relative expression at each time point. The 

y-axis is ordered in reverse such that the high-ranking species is at the top and low-ranking 

species at the bottom. The size of the circle represents the relative expression of a species 

within a trophic guild.
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Supplementary figure S12: Relationship between species relative abundance and its rank 

within a trophic guild. Each circle represents 16S rRNA gene based relative abundance of the 

species at different time points and its rank within a trophic guild. For each trophic guild, each 

species was ranked based on their relative expression at each time point.
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Supplementary figure S13: Species specific contributions to complex substrate degradation 

(trophic guild 1). The relative proportions of species specific GMM expression are shown here. 

The vertical dashed red lines indicate introduction of B. hydrogenotrophica (152 h) and blue 

line indicates removal of acetate/feed change (248h).
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Supplementary Figure S14: Species specific contributions to public goods (trophic guild 

2). The relative proportions of species specific GMM expression are shown here. The vertical 

dashed red lines indicate introduction of B. hydrogenotrophica (152 h) and blue line indicates 

removal of acetate/feed change (248h).
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Supplementary Figure S15: Species specific contributions to SCFA metabolism. The rela-

tive proportions of species specific GMM expression are shown here. The vertical dashed red 

lines indicate introduction of B. hydrogenotrophica (152 h) and blue line indicates removal of 

acetate/feed change (248h).
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Calculation of niche overlap

GMM trait-1
…
…
…

GMM trait-n

GMM trait-1
…
…
…

GMM trait-n

Pair-wise 
Niche Overlap

Time point

Supplementary Figure S16: Schematic representation of pair-wise niche overlap calcula-

tion. We used GMM trait expression values for calculating niche overlap. Only those GMM 

traits used for calculating trophic guild are used. A density distribution of traits is calculated for 

each species and overlap between the density distributions corresponding to the shaded are is 

estimated. This is done for all species pairs at each time point for every bioreactor separately.
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Supplementary Table S1: Prevalence of core species identified in 1155 gut metagenomes with 

a prevalence of >50% and minimum abundance threshold of 0.001%. The 15 core species part of 

MDb-MM are highlighted in bold. The 16th non-core species is Blautia hydrogenotrophica.

Taxa Prevalence (%)

Subdoligranulum unclassified 99.83

Ruminococcus torques 99.74

Faecalibacterium prausnitzii 99.22

Ruminococcus obeum 98.27

Eubacterium rectale 97.14

Oscillibacter unclassified 95.58

Bacteroides uniformis 94.20

Dorea formicigenerans 92.55

Eubacterium hallii 91.77

Dorea longicatena 91.69

Bacteroides ovatus 90.82

Bacteroides vulgatus 90.82

Coprococcus comes 90.22

Roseburia inulinivorans 89.61

Roseburia hominis 89.35

Lachnospiraceae bacterium 7 1 58FAA 88.40

Lachnospiraceae bacterium 5 1 63FAA 87.19

Collinsella aerofaciens 85.89

Bifidobacterium longum 85.89

Alistipes putredinis 83.72

Clostridium leptum 83.46

Coprococcus catus 83.12

Anaerostipes hadrus 83.03

Alistipes shahii 82.42

Eubacterium eligens 82.25

Alistipes onderdonkii 82.25

Streptococcus salivarius 82.16

Bilophila unclassified 82.08

Ruminococcus bromii 82.08

Eubacterium ramulus 81.90

Bacteroides dorei 80.17

Lachnospiraceae bacterium 3 1 46FAA 79.91

Bacteroides thetaiotaomicron 78.53

Bifidobacterium adolescentis 78.01

Alistipes finegoldii 77.58

Barnesiella intestinihominis 77.58

Ruminococcus sp 5 1 39BFAA 77.14

6
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Supplementary Table S1:  (Continued)

Taxa Prevalence (%)

Bacteroidales bacterium ph8 76.28

Eubacterium ventriosum 75.67

Roseburia intestinalis 75.24

Bacteroides xylanisolvens 74.63

Bacteroides caccae 73.42

Streptococcus parasanguinis 73.42

Parabacteroides merdae 72.03

Parabacteroides distasonis 71.34

Adlercreutzia equolifaciens 70.48

Eubacterium siraeum 69.18

Veillonella unclassified 64.24

Akkermansia muciniphila 63.98

Odoribacter splanchnicus 63.29

Escherichia coli 63.12

Anaerotruncus unclassified 61.73

Alistipes senegalensis 61.21

Bilophila wadsworthia 60.52

Clostridium bartlettii 59.91

Holdemania filiformis 57.84

Alistipes indistinctus 57.32

Streptococcus thermophilus 57.32

Peptostreptococcaceae noname unclassified 57.06

Ruminococcus lactaris 54.29

Bacteroides cellulosilyticus 52.21

Ruminococcus gnavus 51.00

Bacteroides stercoris 50.65

Eggerthella unclassified 50.56
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Mucin and Diet based Minimal Microbiome
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Chapter 6
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Mucin and Diet based Minimal Microbiome
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Mucin and Diet based Minimal Microbiome
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Mucin and Diet based Minimal Microbiome
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Mucin and Diet based Minimal Microbiome
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Mucin and Diet based Minimal Microbiome
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Mucin and Diet based Minimal Microbiome
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Abstract

Akkermansia muciniphila resides in the mucosal layer in the gut. In this niche, 

A. muciniphila was found to be a key species of the gut microbiota. This bacterium 

has an extraordinary capacity to degrade the mucus glycans in order to thrive in a 

competitive environment as the gut. We compared existing transcriptional databases 

to assess the response of A. muciniphila in different ecological networks ranging from 

mono-, to co-cultures to more complex ecosystems of synthetic communities in vitro 

and in vivo. Our results indicate that A. muciniphila’s overall transcriptional response 

is altered under different environmental conditions. However, the expression of key 

functions such as mucin glycans degrading ability, pili and EPS production is stable 

throughout different ecosystems and independent of environmental conditions.
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Introduction

The human gut harbors a complex and diverse microbial community, commonly 

referred to as the gut microbiota. The gut microbiota is considered to play an important 

role in host health. Within the gut ecosystem, mucus layer lining the intestinal 

epithelium is a prominent niche available for bacteria that possess specialized 

enzymatic machinery for mucin foraging. Akkermansia muciniphila is a prominent 

species residing in the mucus layer with the ability to degrade mucin (Derrien et 

al. 2004). A. muciniphila is currently the only representative of the Verrucomicrobia 

phylum in the human gut and present in high numbers with an abundance ranging 

from 0.5-5% (Cani and de Vos 2017). The abundance of A. muciniphila is mostly linked 

to a healthy status in humans, although a few exceptions have been reported likely 

due to confounding factors (Cani and de Vos 2017). A few examples are the decreased 

abundance of A. muciniphila in humans with diseases, such as type 2 diabetes, obesity 

and inflammatory bowel disease (IBD) (Png et al. 2010, Zhang et al. 2013, Dao et al. 

2016, Yassour et al. 2016)

A. muciniphila utilizes mucin as the sole carbon, nitrogen and energy source (Derrien 

et al. 2004). Mucus is continuously produced in the colon by the host epithelial cells. 

The major component of the human colonic mucus layer is the protein MUC2. These 

MUC2 proteins are rich in proline (P), threonine (T) and serine (S) PTS domains that 

are densely O-glycosylated (Johansson et al. 2008, Johansson et al. 2011). The genome 

of A. muciniphila is composed of one circular chromosome of 2.7 Mbp coding for 

2,176 protein-coding genes, of which 65% was assigned a putative function. Despite 

its relatively small genome size, this bacterium is, in terms of function, mainly 

dedicated to mucus degradation (van Passel et al. 2011). A recent study predicted 

that the genome of A. muciniphila contains genes encoding for 61 proteins involved 

in mucus degradation (Ottman et al. 2017). The enzymes involved in this process 

mainly include proteases, sulfatases, glycosyl hydrolases, and sialidases. Furthermore, 

it has been shown that N-acetylglucosamine (GlcNAc) and l-threonine are essential for 

A. muciniphila’s growth in minimal medium (van der Ark et al. 2018). Auxotrophy for 

l-threonine was predicted using the genome scale model for A. muciniphila (Ottman 

et al. 2017). Reduced genome sizes with auxotrophies are considered as a hallmark for 

life in a host associated symbiotic lifestyle for bacteria. Both GlcNAc and l-threonine 

are present in mucus. Therefore, the necessity for these components further indicates 

the adaptation to its mucosal niche.

Considering the important role of A. muciniphila in host health, its metabolic 

properties have been extensively investigated at different levels of complexity, mostly 

ranging from monoculture to defined consortia (van der Ark et al. 2018, Ouwerkerk 

7
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et al. 2016, Chia et al. 2018, Van Herreweghen et al. 2017, Kovatcheva-Datchary et 

al. 2019). These studies have utilized in vitro and rodent model systems combined 

with metabolite and transcriptomic approaches. The availability of transcriptomic 

data from numerous studies provides an opportunity to unravel the transcriptional 

landscape of A. muciniphila under different environmental conditions. In the 

present study, we leverage RNAseq data ranging from monoculture to multi-species 

metatranscriptomes generated recently to investigate the transcriptional landscape 

of A. muciniphila under varying growth conditions. The datasets used in this study 

consisted of following growth conditions: (i) monoculture of A. muciniphila and co-

culture of A. muciniphila and Bacteroides thetaiotaomicron in vitro in bioreactors 

under a continuous flow of mucin glycans, (ii) mono-colonization of germ-free mice 

with A. muciniphila and co-colonization with A. muciniphila and B. thetaiotaomicron, 

and (iii) A. muciniphila grown in a 15 species synthetic community under a continuous 

flow of mucin glycans and periodically addition of carbohydrates (pectin, xylan, starch, 

inulin). Analysis of the abovementioned transcriptomics and metatranscriptomics 

networks revealed that A. muciniphila has a continuous expression of genes related 

to mucus degradation, EPS production and pili synthesis, independent of the changing 

environments. However, genes involved in stress response are regulated in response 

to the changing environment.

Results

Datasets and RNA sequencing quality control

In this study, we used existing transcriptional databases of A. muciniphila in different 

ecological networks ranging from mono-, to co- cultures to more complex ecosystems 

of synthetic communities in vivo and in vitro. The present study includes three 

transcriptional datasets that were generated from two different experiments: the 

SynCom study (Shetty et al. 2022) and the comparison of the in vitro mono- and co-

culture with the in vivo experiment (Kostopoulos et al. 2021).

The percentage of reads mapped to the genome of A. muciniphila varied within 

conditions as well as between conditions (Table 1). Notably, the percentage of 

mapped reads varied according to the experimental set-up. Highest mapping of 

reads was observed in the mono-cultures experiments. In vitro, a higher number of 

species in the experiment results in a lower number of reads mapped to the genome 

of A. muciniphila. The in vivo dataset contains the highest total number of reads. 

However, three samples of the in vivo study were covered by <1% of A. muciniphila’s 

genome.
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The variation in the transcriptional response of A. muciniphila between different 

conditions was minimized using relative abundances of the gene counts. In that 

way, the abundance of each gene was normalized across all samples of the different 

studies, allowing us to compare the different ecosystem studies.

Table 1: RNA sequencing coverage and total amount of quality filtered reads of all conditions.

Sample Name Coverage (%) Total number of reads

Cecum_mono_1 3.50% 58877899

Cecum_mono_2 16.30% 63665811

Cecum_mono_3 8.80% 59789081

Cecum_mono_4 4.70% 62125268

Distal_mono_1 1.10% 64185933

Distal_mono_2 1.80% 68772752

Distal_mono_3 2.00% 59668290

Cecum_co_1 0.80% 69830646

Cecum_co_2 2.10% 58284293

Cecum_co_3 3.00% 80785928

Cecum_co_4 2.60% 66105956

Distal_co_1 0.50% 69718577

Distal_co_2 0.50% 33520653

Distal_co_3 1.20% 63510452

Monoculture_1 41.10% 8042495

Monoculture_2 52.70% 8290259

Monoculture_3 52.40% 7889334

Co.culture_1 16.10% 9053550

Co.culture_2 17.00% 9277837

Co.culture_3 12.90% 10470948

SynCom_muc_1 9.30% 24051669

SynCom_carb_1 4.40% 24097707

SynCom_muc_2 8.00% 27309425

SynCom_carb_2 3.10% 21306330

SynCom_carb_3 3.60% 20656932

SynCom_muc_3 10.40% 19737563

Transcriptional landscape of A. muciniphila under different environmental 
conditions

We conducted ordination analysis of the overall transcriptional response of 

A. muciniphila to monitor the most variable differences in gene expression under 

different environmental conditions. Redundancy analysis (RDA) indicated that both 

7
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the experiment and the location affected gene expression, explaining 29.64% and 

19.14% of the variation (Figure 1a & Supplementary Figure 1a). RDA showed that each 

experimental condition clustered together with distinct separation between the in 

vivo and in vitro studies. There was no clear separation between the samples within 

the in vivo experiments. On the other hand, in the in vitro experiments, the SynCom 

study separated from mono- and co-culture. This indicates an altered gene expression 

when A. muciniphila is in the presence of fifteen other species in the community as 

well as the different media composition between experiments.

Figure 1: Ordination analysis of the ecosystem studies and the most variable expressed 

genes. a) RDA analysis showing the 20 most variable genes. b) RDA analysis showing the 20 

most variable genes of the in vitro studies. The plots were generated by Canoco.

The altered gene expression between in vitro experiments was confirmed by a 

subsequent RDA of the in vitro studies. This analysis showed that the gene expression 

was affected by the microbial population in the culture and/or the different media 

composition between the two studies, explaining 63.64% and 12.33% of the total 

variation (Figure 1b & Supplementary Figure 2b). RDA illustrated distinct clustering 

of mono-cultures, co-cultures and SynCom_muc. Furthermore, there was a difference 
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observed in A. muciniphila’s transcriptional response when carbohydrates were 

present in the synthetic community.

The analysis of the expression of KEGG pathways in different conditions revealed two 

pathways (carbohydrate and amino acid metabolism) that were highly abundant 

across all the environmental conditions in all the datasets (Figure 2). Transcripts 

belonging to the carbohydrate metabolism pathway exhibited above 4% and up 

to 6% of relative abundance and those associated with amino acid pathway had 

above 2% and up to 4% of relative abundance for all the samples included in this 

study. Moreover, transcripts involved in glycan biosynthesis and metabolism process 

were highly abundant (>2%). In contrast, transcripts related to genes involved in 

drug resistance, biosynthesis of other secondary metabolites and metabolism of the 

terpenoids and polyketides were relatively low abundant.

Figure 2: Relative abundances of KEGG pathways expressed by A. muciniphila in different 

environmental conditions.

Top variable genes in response to environmental changes

The comparison of the different studies revealed variability in the gene expression 

profile of A. muciniphila (Figure 3). We assessed the most variable genes detected in 

the relative abundance RNAseq dataset between in vivo and in vitro conditions. A high 

variability across samples was observed of a gene encoding anaerobic ribonucleoside 

triphosphate reductase activity protein (Amuc_0860). The relative abundance of this 

7
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gene in A. muciniphila’s transcriptome was higher in in vivo conditions compared to in 

vitro conditions. In addition, three 23S rRNA genes (AMUC_RS06530, AMUC_RS01455, 

and AMUC_RS04525) were on average higher in in vivo samples compared to in vitro 

samples. Next to these rRNA genes, the relative abundance of three hypothetical 

proteins (Amuc_1569, Amuc_0016 and Amuc_0460) and an ATP-dependent chaperone 

ClpB (Amuc_0836) were on average specifically higher in samples taken from the distal 

colon of mice mono-colonized with A. muciniphila. In contrast, the relative abundance 

of Amuc_1098 (Ottman et al. 2017) encoding a type II and II secretion system protein 

(PiliQ) was highest in the in vitro monoculture and co-culture. Furthermore, a subset 

of genes in A. muciniphila’s transcriptome showed higher relative abundances of 

several genes in the synthetic community with mucus as the main carbon source. 

These genes encode glutamate decarboxylase (Amuc_0372), autotransporter domain-

containing protein (Amuc_0687), thioredoxin (Amuc_0691), molecular chaperone DnaK 

(Amuc_1406), rubrerythrin (Amuc_2055) and catalase HPII (Amuc_2070).

Figure 3: Heatmap of the 20 most variable A. muciniphila genes between the different 

studies

Key functions of A. muciniphila across different ecosystems

To assess the key functions of A. muciniphila across different ecosystems, we focused 

on mucus degradation, EPS production and pili production (Figure 4). The data 

suggests that all three functions are exerted by A. muciniphila in all of the conditions 

tested and only non-significant differences were found (Supplementary Figure 1).
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A. muciniphila is known for being a mucin degrading bacterium, and thereby provides 

the host with several health benefits. Even though the overall mucus degradation 

pattern was found to be similar, the data revealed minor differences between in 

vitro and in vivo experiments (Figure 4a). The gene with the overall highest relative 

abundance among mucus degradation genes was Amuc_0824 encoding a glycosyl 

hydrolase GH family 2 (GH2). However, in synthetic communities three other genes 

were shown to have higher relative abundances than Amuc_0824. These genes were 

Amuc_0290 (GH family 2 sugar binding), Amuc_1120 (glycoside hydrolase N-terminal 

domain-containing protein) and Amuc_2136 (GH20). Even though the order in which 

the genes are expressed showed differences, all four genes were present in the top 

10 genes with the highest relative abundances throughout all the conditions. This 

indicates that these four genes form the basis of mucus degradation, independent 

of the environmental condition. When focusing on the genes in the top 10, in vivo, 

A. muciniphila seems to adapt to the environment by using an exo-alpha-sialidase 

(Amuc_0625) and glycoside hydrolase family 18 (Amuc_2164), while in vitro this was 

an arylsulfatase (Amuc_0121).

The mechanism of exopolysaccharides (EPS) produced by A. muciniphila has not yet 

been revealed. Therefore, putative EPS-associated genes in the genome of A. muciniphila 

were used to analyze EPS production between different ecosystems (Figure 4b). Four 

genes were found to have a stable high abundance across EPS-associated genes among 

all conditions. These genes include a hypothetical protein that is part of a glycosyl 

hydrolase cluster (Amuc_1143), two polysaccharide biosynthesis tyrosine autokinases 

(Amuc_1413 and (Amuc_2078) and a polysaccharide export protein (Amuc_1414).

Another key function of A. muciniphila is pili production. In this function the main 

gene expression pattern was similar. Within all conditions, the key outer membrane 

protein involved in the production of type 4 pili (Amuc_1098) (Ligthart et al. 2020) 

was found to have the highest relative abundance among pili associated genes. The 

second and third most abundant pili-associated genes within all conditions were 

a type II secretion system protein (Amuc_0394) and pilus assembly protein PilM 

(Amuc_1101), respectively. Both Amuc_1098 and Amuc_1101 are part of the Amuc_1100 

pili cluster. However, transcription of the Amuc_1100 gene was not detected in any 

of the conditions included in this study. Furthermore, the overall relative abundances 

of another cluster Amuc_1583 – 1586 (prepilin-type N-terminal cleavage/methylation 

domain-containing protein, type II secretion system F family protein, type II/IV 

secretion system protein and Flp pilus assembly complex ATPase component TadA) 

were found to be lower than that of the Amuc_1100 cluster in all conditions. Overall, 

transcripts of pili production genes were present and similar in terms of the expression 

of different pili production systems in all conditions.

7
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a

b c

Figure 4: Relative abundance comparison of A. muciniphila’s key functions across the 

different ecosystems. a) mucus degradation associated genes, b) pili associated genes and 

c) EPS associated genes.

Discussion

This study made use of current transcriptomic databases and mined them for the 

expression profiles of A. muciniphila. This gave new insight into the transcriptional 

response of A. muciniphila in different ecosystems with increasing ecological 

complexity. Our results indicate that A. muciniphila’s overall transcriptional response 

is altered under different environmental conditions. However, the transcription of 

genes involved in mucus and glycan degradation, pili production and EPS production 

by A. muciniphila showed no significant differences throughout different ecosystems 

and are independent of environmental changes.

This study showed that the ecosystem complexity as well as the location and diet 

supplementation were substantial factors that led to the establishment of four 

different ecological A. muciniphila niches. We demonstrated that carbohydrate 

metabolism and glycan biosynthesis and metabolism pathways were among the most 

abundantly expressed pathways across all the samples used in this study irrespective 
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to location (in vitro and/or in vivo), diet intervention, and complexity of the culture 

(mono- or co-culture). A possible explanation for this might be that A. muciniphila’s 

ability to access the mucin glycans in any ecosystem will not change its fitness in 

the community. On the contrary, A. muciniphila in a competitive environment would 

increase its hydrolytic capacity by upregulating Glycoside Hydrolases (GHs) and mucin 

degrading genes. It is been described before that when A. muciniphila shared nutrients 

with the butyrate producer, Anaerostipes caccae, upregulation of mucin-degrading 

genes was observed (Chia et al. 2018). Additionally, it has also been described that 

in the presence of B. thetaiotaomicron in a solely mucin glycans environment, 

A. muciniphila upregulated GHs that target core glycosidic linkages found in mucin 

structure (Kostopoulos et al. 2021). Furthermore, in a mice study with synthetic 

microbiota, A. muciniphila and Bacteroides caccae showed increased expression of 

their O-glycan responsive genes in a fiber-free diet compared to a fiber-rich diet (Desai 

et al. 2016). Therefore, A. muciniphila’s glycans degrading activity was not significantly 

altered under different conditions where mucin glycans can be used as nutrient source. 

This is also depicted in the comparison of the relative abundance of A. muciniphila 

mucin-degrading genes.

The comparison of the different studies revealed, primary, separation in the 

transcriptional response of A. muciniphila between in vivo and in vitro studies. Even 

though the different experimental designs in this study grouped together in the 

ordination analysis, no distinct variation was observed between the complexity of 

the culture. However, the comparison only of the in vitro fermentations illustrated 

variation of A. muciniphila transcriptional response between the studies with 

increasing the microbial population in the bioreactors. A possible explanation 

for this could be that in the presence of other glycan degrading members in the 

community, A. muciniphila will change its gene response in order to be able to survive 

in a highly competitive environment. In the co-culture experiment, A. muciniphila 

shared the nutritional environment (mucin glycans) with the glycan generalist B. 

thetaiotaomicron. Bacteroidetes species that are abundant in the human gut (Martens 

et al. 2008, Salyers et al. 1977) have the ability to release antimicrobial proteins, the 

so-called membrane attack perforin proteins (MACPF) that are used to reduce the 

antagonism within microbial communities (Chatzidaki-Livanis et al. 2014, Roelofs et 

al. 2016). B. thetaiotaomicron significantly upregulated a gene encoding the MACPF 

protein targeting to reduce A. muciniphila’s fitness in the system (Kostopoulos et al. 

2021). The structure and the activity of this protein has been characterized before (Xu 

et al. 2010). In the same study, it is suggested that A. muciniphila was able to counteract 

B. thetaiotaomicron’s attack by upregulating ABC transporters, two-component system 

encoding genes as well as LPS core biosynthesis genes. It has been described before 

7
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that LPS core biosynthesis genes and ABC transporters are required for antimicrobial 

peptide resistance (Wang et al. 2016, Ahmad et al. 2020, Sharp et al. 2019).

In the SynCom study, A. muciniphila has a stable abundance throughout the whole 

period of the experiment. The presence of other glycan-degrading bacteria in the 

community such as Bacteroides xylanisolvens, Bacteroides ovatus and Bifidobacterium 

adolescentis did not affect A. muciniphila’s function in the community. Another in 

vivo synthetic microbiota study, showed that A. muciniphila’s abundance was not 

affected by the presence of other glycan-degrading bacteria in the community, but 

its abundance was increased 2-fold only during the transition from fiber-rich to fiber-

free diet (Desai et al. 2016). In the present study, the ordination analysis showed 

that A. muciniphila’s transcriptional response differentiated during the periodically 

addition of carbohydrates. Therefore, a fiber-rich diet could be considered as an 

influential factor for A. muciniphila’s response in a community.

Next, we monitored the most variable genes among the different studies. The analysis 

revealed the variable expression of multiple genes related to stress responses, including 

glutamate decarboxylase (Amuc_0372), autotransporter domain-containing protein 

(Amuc_0687), thioredoxin (Amuc_0691), molecular chaperone DnaK (Amuc_1406), 

rubrerythrin (Amuc_2055) and catalase HPII (Amuc_2070). These genes were found 

to be related to acid and oxidative stress responses in bacteria (Storz et al. 1990). 

Glutamate decarboxylase (GAD) is implicated in acid tolerance in several genera 

(Feehily and Karatzas 2013). Using this system, the decarboxylation of glutamate 

results in the uptake of one intracellular proton (H+) and thereby promotes acid 

tolerance. In Escherichia coli the GAD system was found to be the most important 

acid resistance mechanism (Capitani et al. 2003, Foster 2004). However, exposure of 

E. coli O157:H7 to H2O2 indicated the GAD system also promotes resistance against 

oxidative stress. Furthermore, molecular chaperone DnaK, involved in protein 

folding, was found to be induced in stresses other than heat shock, including acid 

and oxidative stresses (Susin et al. 2006). Thioredoxin, rubrerythrin and catalase 

HPII all play a role in oxidative stress resistance. Akkermansia ruberythrin was also 

detected in another study using mice samples, where it reflected the exposure of 

A. muciniphila to reactive oxygen or nitrogen species during inflammation (Berry 

et al. 2012). The relative abundances of these stress-related genes were highest in 

SynCom supplemented with mucus as the main carbon source. The oxygen reduction 

capacity of A. muciniphila through aerobic respiration has previously been shown 

(Ouwerkerk et al. 2016). In this study it was shown that A. muciniphila likely uses the 

Cytochrome bd complex in combination with other genes involved in the oxidative 

stress response such as superoxide dismutase, rubrerythrin, catalase HPII and alkyl 

hydroperoxide reductase. Interestingly, the relative abundance of the cytochrome bd 
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complex was not higher in SynCom_muc compared to the other conditions included 

in this study. Therefore, it is unlikely that the stress response revealed in SynCom_

muc is due to the direct presence of oxygen, but more likely due to the presence of 

reactive oxygen species. We hypothesize that a lack of additional carbohydrates next 

to mucus, causes competition between bacterial species takes place leading to the 

production of antimicrobial products. This hypothesis is also supported by the SynCom 

OD
600

 measurements. The overnight fasting period, where the community was only 

supplemented with mucus without other complex carbohydrates, resulted in a drop 

in OD and qPCR analysis (Shetty et al. 2022).

For both EPS production and pili production, the expression pattern of genes was 

stable in complexity and conditions. In mucus degradation, the genes with the highest 

and lowest relative abundance within this subset were similar between conditions. 

However, variation between genes in each condition was observed. This might be 

due to changes in medium or mucus batches, as well as changes in complexity. For 

example, the main difference observed between conditions was found in SynCom. In 

this condition the gene with the highest relative abundance in mucus degradation 

was Amuc_2136, a beta-N-acetylhexosaminidase belonging to GH20. In contrast, 

Amuc_0824, a beta-galactosidase belonging to GH2, was shown to have the highest 

relative abundance among mucus degradation genes in all other conditions. This 

indicates that in a more complex community, A. muciniphila prioritizes to cleave 

GlcNAc or GalNAc from mucin glycans over beta-D-galactose residues in low complexity 

experiments. Even though Amuc_0824 is part of the top four mucus degradation genes 

in SynCom, this shows a consistent difference between conditions. The reason for this 

difference may be the complexity of the community in SynCom as compared to the 

other conditions.

Despite small variations in relative abundances of genes involved in the key functions 

of A. muciniphila, this data shows that overall A. muciniphila similarly exerts the 

key functions in all conditions included in this study. This data indicates that the 

key functions of A. muciniphila remain stable throughout different ecosystems and 

independent of environmental changes as long as mucus is available. This specialistic 

and competitive niche occupation is indicative for its relative high abundance and 

occurrence within the mucosal layer.
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Material and methods

Studies and samples

We included RNA sequencing data from several studies with environmental and 

dietary differences (Table 2). Each of the conditions included in the study consists 

of multiple replicates (Figure 5). In the first condition, A. muciniphila was cultivated 

in mono-cultivations and co-cultivations (with B. thetaiotaomicron) in continuous 

fermentors. The second condition is an in vivo mouse study where A. mice were 

colonized with A. muciniphila mono-colonization and co-colonization (with B. 

thetaiotaomicron). In the last condition, A. muciniphila was cultivated as part of a 

synthetic community with 14 other species in in continuous fermentors. From this 

experiment, two different conditions were included: fasting with mucus as the main 

carbon source and feeding with additional carbohydrates and mucus.

Figure 5: Conditions included in this study.

In vitro fermentation of A. muciniphila in mono- and co-culture

In vitro fermentations were conducted in three parallel bioreactors (DasGip, Eppendorf, 

Germany) filled with 250 ml of basal medium as it has been described before (ref for 

basal media) at 37oC, at a controlled pH of 6.5 and at a stirring rate of 150 rpm. The 

bioreactors and the feed bottle were supplemented with 0.5% of crude mucin, 1% 

of vitamin solution and at the beginning of the fermentation. Anaerobic conditions 
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were succeeded by sparging the media with N
2
/CO

2 
continuously (6 sL/h). Experiments 

were performed with 1% (v/v) supplementation of CaCl
2
 and vitamin mixture as 

described previously. The media in both feed and bioreactors were reduced with 

0.05% l-Cysteine-HCl in order to achieve anaerobic conditions. The bioreactors were 

inoculated with a normalized O.D. of 1.0 of both species to achieve same starting 

cells density in the beginning of the fermentation. The flow rate of the feed was set 

at 20 ml/h and the recovery rate of media was 12.5 hours. The growth was measured 

by spectrophotometer as optical density at 600 nm. Both cultures were normalized to 

O.D. = 1.0 prior to bioreactors addition. The experiment was done in three biological 

replicates.

In vivo fermentation of A. muciniphila in mono- and co-culture

All the mouse experiments were performed using protocols approved by the University 

of Gothenburg Animal Studies Committee. Female Swiss Webster germ free mice 

have been housed in experimental isolators during the colonization period. Mice were 

fasted 4h prior gavage (intragastrical) with 0.2 ml of active culture (for both mono- and 

co-colonizations). For B. thetaiotaomicron mono- (n=5 mice) and bi-colonization (n=7 

mice) have used 108 CFU/ml. For A. muciniphila (n=8 mice) mono-colonization 109 CFU/

ml have used. For all three colonization, mice were inoculated with a single gavage of 

the respective culture. During the experiment, the mice had free to autoclaved water 

and food. The mice received during the whole period of the colonization chow diet 

(5021 rodent diet, LabDiet; fat 9% wt/wt) (Supplementary Table X). Intestinal segments 

(ileum, cecum and distal colon) and feces were harvested after14-days of colonization 

and immediately stored in RNA Later (Sigma) at -20oC until further processed.

Synthetic community

The synthetic communities were cultivated in the following medium: KH
2
PO

4
 (0.408 

g/L), Na
2
HPO

4
.2H

2
O (0.534 g\L), NH

4
Cl (0.3 g/L), NaCl (0.3 g/L), MgCl

2
*6H

2
O (0.1 g/L), 

NaHCO
3
 (4 g/L), yeast extract (2 g/L), beef extract (2 g/L), CH

3
COONa (2.46 g/L), casitone 

(2 g/L), peptone (2 g/L), cysteine-HCl (0.5 g/L), carbohydrates (1.1 g/L), resazurin (0.5 

mg/L), 1 mL trace elements in acid (50 mM HCl, 1mM H
3
BO

3
, 0.5 mM MnCl

2
*4H

2
O, 7.5 

mM FeCl
2
*4H

2
O, 0.5 mM CoCl

2
, 0.1 mM NiCl

2
, and 0.5 mM ZnCl

2
, 0.1 mM CuCl

2
*2H

2
O), 

1 mL trace elements in alkaline (10 mM NaOH, 0.1 mM Na
2
SeO

3
, 0.1 mM Na

2
WO

4
, and 

0.1 mM Na
2
MoO

4
), 1 mL haemin solution (50 mg haemin, 1 mL 1N NaOH, 99 mL dH

2
O), 

0.2 mL vitamin K1 solution (0.1 mL vitamin K1, 20 mL 95% EtOH). After autoclaving 

and before inoculation, 1% of vitamin solution was added (11 g/L CaCl
2
, 20 mg biotin, 

200 mg nicotinamide, 100 mg p-aminobenzoic acid, 200 mg thiamin (vitamin B1), 

100 mg panthothenic acid, 500 mg pyridoxamine, 100 mg cyanocobalamin (vitamin 

B12), and 100 mg riboflavin). Initially the medium contained 0.5% crude mucin and 

1.11 g/L of each xylan, soluble starch, inulin and pectin. The fermentors were spiked 
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three times a day with a 4-hour gap using four carbohydrates (xylan, soluble starch, 

inulin and pectin) with an end concentration of 0.1% each. The feed consisted of this 

medium supplemented with 0.5% crude mucin. Each fermentor, three in total, was 

inoculated with 15 gut species: Akkermansia muciniphila (ATCC BAA-835), Bacteroides 

ovatus (HMP strain 3_8_47FAA), Bacteroides xylanisolvens (HMP strain 2_1_22), 

Anaerobutyricum soehngenii (DSM 1736), Coprococcus catus (ATCC 27761), Flavonifactor 

plautii (HMP strain 7_1_58FAA), Eubacterium sireaum (DSM 15702), Agathobacter 

rectalis (DSM 17629), Roseburia intestinalis (DSM 14610), Faecalibacterium prausnitzii 

(A2-165), Subdoligranulum variabile (DSM 15176), Ruminococcus bromii (ATCC 27255), 

Blautia obeum (DSM 25238), Collinsella aerofaciens (DSM 3979/ATCC 25986) and 

Bifidobacterium adolescentis (L2-32).

RNAseq analysis

Illumina reads have been trimmed for low quality and adapters with fastp (v0.20.0) 

(21) using default settings. rRNA sequences have been removed with bbduk (v38.79) 

(https://sourceforge.net/projects/bbmap/) using the following parameters k=31 

and ref=riboKmers.fa.gz. Transcripts from the reference strain of A. muciniphila 

(GCF_000020225.1) have been quantified with RSEM (v1.3.1)(Li and Dewey 2011) in 

combination with bowtie2 (v2.3.5.1)(Langmead and Salzberg 2012). Mapping and read 

quality were inspecting using MultiQC. Raw counts were obtained using Tximport 

(v1.12.3)(Soneson et al. 2016) and used to calculate the relative abundance of each 

gene within each sample. Canoco 5 (version 2.8.12) was used for RDA and PCA analysis 

based on the relative abundance data. All further analysis was done using R version 

3.6.3 in Rstudio version 1.2.5019.
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Table 2: Overview of the samples with additional ecosystem information.

Sample Diet Location Condition

Monoculture_1 Mucus Fermentors Monoculture

Monoculture_2 Mucus Fermentors Monoculture

Monoculture_3 Mucus Fermentors Monoculture

Coculture_1 Mucus Fermentors Coculture

Coculture_2 Mucus Fermentors Coculture

Coculture_3 Mucus Fermentors Coculture

Cecum_mono_1 Chow diet Mice Cecum_mono

Cecum_mono_2 Chow diet Mice Cecum_mono

Cecum_mono_3 Chow diet Mice Cecum_mono

Cecum_mono_4 Chow diet Mice Cecum_mono

Cecum_co_1 Chow diet Mice Cecum_co

Cecum_co_2 Chow diet Mice Cecum_co

Cecum_co_3 Chow diet Mice Cecum_co

Cecum_co_4 Chow diet Mice Cecum_co

Distal_mono_1 Chow diet Mice Distal_mono

Distal_mono_2 Chow diet Mice Distal_mono

Distal_mono_3 Chow diet Mice Distal_mono

Distal_co_1 Chow diet Mice Distal_co

Distal_co_2 Chow diet Mice Distal_co

Distal_co_3 Chow diet Mice Distal_co

SynCom_muc_1 Mucus Fermentors SynCom_mucus

SynCom_muc_2 Mucus Fermentors SynCom_mucus

SynCom_muc_3 Mucus Fermentors SynCom_mucus

SynCom_carb_1 Carbohydrates and mucus Fermentors SynCom_carb

SynCom_carb_2 Carbohydrates and mucus Fermentors SynCom_carb

SynCom_carb_3 Carbohydrates and mucus Fermentors SynCom_carb

7
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a 

Supplementary Figure 1: Ordination analysis of the ecosystem studies and the most vari-

able expressed KEGG Orthologies (KOs). a) RDA analysis showing the 20 most variable KOs 

within all studies involved in this study, b) RDA analysis showing the 20 most variable Kos 

within the in vitro studies. The plots were generated by Canoco.
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Since the isolation of A. muciniphila in 2004, numerous studies have addressed the 

ecology, physiology and genomics of this intestinal symbiont. Due to its function in 

host health, this bacterium has received considerable attention over the last two 

decades and is considered a promising candidate as next-generation probiotic and 

therapeutic agent. In this thesis, we assessed the functions of A. muciniphila in the 

human body and other mammalian hosts, as well as in in vitro and in vivo models 

including a multi-species synthetic community. Furthermore, we gained insight into 

one of the physiological characteristics of A. muciniphila during growth in industrial 

media, which contributed to identifying the genes and pathway of exopolysaccharide 

(EPS) production. The observations and findings described in the research chapters of 

this thesis will be discussed below, followed by concluding remarks and perspectives 

on future research of A. muciniphila.

Akkermansia-like species in the human body

The human body contains a high variety of coexisting microorganisms, which form 

various microbial communities in human body parts such as the skin, oral cavity, gut 

and vagina (Gilbert et al. 2018). In chapter 2 we reviewed the presence of Akkermansia-

like spp. in the human gastrointestinal tract based on their 16S rRNA sequence and 

metagenomics signatures to understand its colonization pattern in time and space. 

This analysis revealed the presence of A. muciniphila-like bacteria next to the colon in 

the oral cavity, pancreas, biliary system, small intestine, the appendix and human milk.

The presence of Akkermansia-like bacteria in human milk suggests a role in 

colonization of breast-fed infants. A. muciniphila signatures have been detected in 

colonic samples from infants a few weeks after birth. After the publication of the 

review in chapter 2, multiple studies have been published focusing on the utilization 

of human milk oligosaccharides (HMOs) by A. muciniphila (Kostopoulos et al. 2020, 

Luna et al. 2022, Ottman 2015). The hypothesis of the capability to utilize HMOs was 

risen by the structural resemblance between mucus glycans and HMOs and supported 

by the earlier observed growth in mother’s milk (Ottman 2015)(Figure 1). Proteome 

data confirmed the functionality of key-glycan degrading enzymes (α-L-fucosidases, 

β-galactosidases, exo-α-sialidases and β-acetylhexosaminidases) of A. muciniphila 

MucT in the degradation of several HMO structures including 2′-fucosyllactose, lacto-

N-tetraose, lactose, 3′-siallylactose and lacto-N-triose II (Kostopoulos et al. 2020). 

More recently, the utilization efficiency of HMOs was determined for a broad range 

of human-associated Akkermansia strains (Luna et al. 2022). Phylogenetic analysis 

identified four phylogroups (AmI-AmIV) using their isolates and those of a previous 

study (Luna et al. 2022, Guo et al. 2017). Phylogenomics revealed differences in the 
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genomic capacity of these strains to utilize HMOs. However, representative strains of 

each phylogroup were able to grow using HMOs. The utilization of HMOs enables the 

survival of A. muciniphila in the gut in early life, where it may influence the microbial 

ecology during the development of the gut microbiota. These findings are in line with 

our hypothesis in chapter 2, suggesting a role of A. muciniphila in the colonization 

of breast-fed infants.

N-acetylgalactosamine

HMO Mucus glycan

α2-3/6

β1-6
α1-2/3/4

β1-4 β1-4

β1-3

β1-4

α1-2
β1-3

α1-3/4

β1-3

β1-6

α2-3α2-6

β1-4

β1-4
Ser/Thr

Figure 1: Schematic overview of HMO and mucus glycans, adapted from Akkerman et al. 

2018 and Tailford et al. 2015, respectively (Akkerman et al. 2018, Tailford et al. 2015).

Phylogenetic analysis of these 16S rRNA sequences, performed in chapter 2, revealed 

separate clustering of a selection of Akkermansia-like spp. derived from the ileum 

samples in one out of three clades in total. The ileum-derived Akkermansia-like spp. 

clustering separately as well as the ones clustering together with colon samples may 

have an important role in the ileum. Previously, A. muciniphila MucT was found to 

colonize the ileum, within 50 μm from the epithelium, of germ-free mice reaching 1.87 

(±2.37) × 108 cells/g of ileal content (Derrien et al. 2011). Multiple mouse studies showed 

effects of A. muciniphila on the ileum, including reinforcement of the intestinal barrier, 

changes in the ileal metabolome related to improvement of gut barrier function as 

well as anti-aging and anticancer effects (Plovier et al. 2017, Wu et al. 2017, Grajeda-

Iglesias et al. 2021). Another study supplementing accelerated aging Ercc1−/Δ7 mice 

with A. muciniphila MucT observed a decreased expression of genes and pathways 

associated to inflammation, immune function, and antimicrobial peptide production 

in the ileum (van der Lugt et al. 2019). Furthermore, A. muciniphila supplementation 

significantly lowered frequencies of activated B cell subtypes and increased 

frequencies of more immature B cell subtypes in Peyer’s patches. Altogether this 

suggests A. muciniphila may contribute to prevent the age-related state of epithelial 

distress in ileum. Considering most of these studies were performed only with the 

type-strain MucT, it would also be of interest to elaborate this study further using 

Akkermansia-like spp. derived from the ileum, for example by isolating and using 

Sharon_Geerlings Binnenwerk V5.indd   252Sharon_Geerlings Binnenwerk V5.indd   252 15-12-2022   13:4415-12-2022   13:44



253

General discussion

the Akkermansia-like spp. clustering separately in the phylogenetic tree displayed in 

chapter 2 to assess whether their effects on the ileum differ from that of the type-

strain MucT.

New Akkermansia spp. discovery

The presence of Akkermansia-like spp. is also widely spread among the animal 

kingdom, despite differences in GI tract anatomy, diet, host physiology and body 

temperature. Only one other Akkermansia spp., next to A. muciniphila, has been 

described to date. This species was isolated from python feces and named Akkermansia 

glycaniphila PytT (Ouwerkerk et al. 2016). The average nucleotide identity (ANI) of this 

species was 79.9% as compared to Akkermansia muciniphila MucT, which is below the 

recommended cut-off point for species delineation (Ouwerkerk et al. 2016, Goris et al. 

2007). Furthermore, phenotypic, phylogenetic and genetic characteristics supported 

the affiliation of A. glycaniphila PytT to the genus Akkermansia.

To continue the characterization of Akkermansia-like bacteria throughout the animal 

kingdom, we aimed to isolate Akkermansia-like bacteria from different mammalian 

hosts (chapter 3). Here we isolated 10 new A. muciniphila strains from the feces 

of chimpanzee, siamang, mouse, pig, reindeer, horse and elephant. All new strains 

were found to have low genomic divergence compared to the type-strain, as well as 

a conserved mucus degradation capability. Here, our mucin-based isolation efforts 

using mammalian fecal samples did not result in the isolation of novel Akkermansia 

spp. but rather showed high similarities between Akkermansia species found in in 

mammalian and human fecal samples.

Recently, new A. muciniphila strains have been isolated from the human gut showing 

that healthy individuals can carry more than one A. muciniphila but very similar 

strains (Ouwerkerk et al. 2022). Also here, mucus degradation pathways were found 

to be conserved amongst all isolates. In contrast to these findings and our findings 

in chapter 3, an increasing number of studies are declaring they may have identified 

candidate species belonging to the Akkermansia genus in the human gut (Kumar et 

al. 2022, Guo et al. 2017, Karcher et al. 2021). Two of these studies are solely based on 

genome comparisons indicating there may be other Akkermansia species present 

in the human gut (Guo et al. 2017, Karcher et al. 2021). Recently, a novel species has 

been proposed named Akkermansia sp. DSM 33459, isolated from the human gut. 

The described ANI was 87.58% in comparison to the A. muciniphila MucT but the 

16S rRNA identity was >99 %, questioning the support for describing this as a new 

species. A few physiological characteristics were also described in this study. However, 
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this was limited to carbon source tests, cell wall fatty acid analysis and temperature 

and antibiotic resistance assessments. It is also important to note that the medium 

conditions used in this study for the characterization of this strain and comparison 

with the type-strain were not optimal for cultivation of A. muciniphila resulting in 

low biomass with OD600 values below 0.3. The cultivation conditions used in this 

study did not take the necessity for N-acetylglucosamine and L-threonine into account, 

as described previously (Ottman et al. 2017, van der Ark et al. 2018). Furthermore, 

N-acetylglucosamine has not been included in the carbon source assessment and 

the phenotypic analysis is lacking (Kumar et al. 2022). Therefore, this isolate DSM 

33459 may be just a new A. muciniphila strain and more experimental data are 

needed to support the designation of a new species within the Akkermansia genus. 

In general, it would be useful to establish minimal standards to assign new species 

to the Akkermansia genus, as was done for other genera including Campylobacter, 

Arcobacter, Helicobacter and Wolinella (On et al. 2017). With this approach, errors in 

assigning new species may be minimized.

Bacterial EPS production and the case of A. muciniphila

EPS production pathways in bacteria

Four main mechanisms exist for the production of EPS in bacteria: Wzx/Wzy-

dependent pathway, the ATP-binding cassette (ABC) transporter-dependent 

pathway, the synthase-dependent pathway and the dextrase/sucrase-dependent 

pathway (Schmid 2018). The Wzx/Wzy pathway is mostly used by bacteria to produce 

branched heteropolysaccharides. Repeating units are assembled by highly specific 

glycosyltransferases (GTs) and linked to an undecaprenol diphosphate (Und-P) anchor 

located in the inner membrane. Then, a flippase encoded by the Wzx gene translocates 

the repeating unit into the periplasm. There, the polymerase, encoded by the Wzy 

gene, recognizes the repeating units and polymerizes these by backbone assembly. In 

some cases, polymerization is performed in combination with a co-polymerase, which 

can be involved in chain length determination. Lastly, the polymer is exported out 

of the cell by an outer membrane polysaccharide export (OPX) protein. Well known 

examples of EPS produced through this pathway are xanthan, succinoglycan and 

different sphingans (Freitas et al. 2017, Schmid et al. 2014, Schmid et al. 2015). In 

chapter 5, we identified that A. muciniphila may be using this pathway to produce 

EPS.

Factors affecting EPS production by bacteria

The yield, size and composition of EPS varies in different strains. Environmental 

conditions and substrate compositions such as carbon source, nitrogen source, pH, 
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oxygen and temperature mainly effect the production of EPS by bacteria (Shukla 

et al. 2019). For example, EPS production by Bacillus sphaericus, now reclassified as 

Lysinibacillus sphaericus, was affected by the use of different carbon sources (Yilmaz 

et al. 2012). In this study, supplementing the culture with fructose resulted in the 

highest EPS yield. However, a difference in composition was also detected. Both LB 

medium with and without fructose mainly resulted in EPS consisting of galactose 

and a low amount of glucuronic acid, whereas medium supplemented with molasses 

resulted in EPS composed of mannose, galactose and glucuronic acid. In chapter 5 

we found that the EPS yield of A. muciniphila is affected by the available carbon 

source as well, where more EPS is produced in the highest GlcNAc concentration. 

Furthermore, pH, temperature and carbon source were found to affect the EPS 

production yield by Streptococcus thermophilus (Zisu and Shah 2003). This bacterium 

is known for its presence in yogurt, where its EPS was found to enhance the texture, 

viscosity and modify mouthfeel (Broadbent et al. 2003). Lastly, temperature affected 

EPS production by Lactobacillus paracasei strains isolated from kefir (Bengoa et al. 

2018). Lower cultivation temperatures resulted in the appearance of a high molecular 

weight fraction as well as an increase in the total amount of EPS. Altogether, this 

indicates that optimization of cultivation conditions for different strains is necessary 

to reach high EPS yields or a specific EPS composition for further biotechnological 

use. The effect of temperature and pH on EPS production has not yet been tested for 

A. muciniphila. In general, environmental stresses and alterations in growth conditions 

may be used to optimize EPS production for industrial applications (Nguyen et al. 

2020).

Application of bacterial EPS

The biotechnological production of microbial EPS is a faster alternative than for 

example chemical and plant-derived production (Barcelos et al. 2020). In addition, 

the market for the use of microbial EPS is expanding due to the possibility of using 

renewable sources. At present, microbial EPS are used in many industries including 

the food industry, pharmaceutical industry, cosmetics industry, agriculture and 

bioremediation and bioleaching among others (Shukla et al. 2019). The most well-

known and used EPS used in the food industry is gellan gum, which functions in 

controlling flavor release in a wide range of pH (Barcelos et al. 2020). This EPS also 

has a role in texture improvement and physical stability of the food products. Next 

to gellan gum, EPS produced by lactic acid bacteria are widely used in food industry, 

where they improve rheological properties of fermented dairy products, such as 

yogurt. In pharmaceutical industries, EPS are used for several applications including 

tissue regeneration, controlled release of drugs, tissue engineering and coating of 

medical devices (Barcelos et al. 2020, Shukla et al. 2019). Especially pullulan is used 

for a wide variety of applications within pharmaceutical and medical industries 

8
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due to its unique linkage pattern resulting in distinctive physical properties. These 

properties include adhesive ability, the capacity to form fibers and thin transparent 

biodegradable films impermeable to oxygen (Cheng et al. 2011). As shown in chapter 

5, A. muciniphila produces fucose-containing EPS (fuc-EPS). Fuc-EPS has also been 

detected in Bifidobacterium spp. including Bifidobacterium pseudocatenulatum and 

Bifidobacterium longum (Salazar et al. 2009). In this study, the production of Fuc-EPS 

was found to be strain specific. Similar findings were described for lactic acid bacteria, 

where two strains belonging to Lactobacillus gasseri and Lactiplantibacillus plantarum 

and one Streptococcus thermophilus strain were found to produce Fuc-EPS (Juraskova 

et al. 2022, Korcz and Varga 2021). Fuc-EPS has obtained increased interest in both 

food and pharmaceutical industries as a promising source for fucose, due to their 

antioxidant, prebiotic, anti-cancer, anti-inflammatory and anti-viral activities (Xiao et 

al. 2022). In conclusion, different types of EPS with different properties, may serve a 

role in many applications, increasing the interest of optimizing the biotechnological 

production of EPS.

A. muciniphila alone or in a community

In this thesis, we studied A. muciniphila in both mono-cultivations and communities 

throughout the different chapters. The availability of transcriptional data from 

these chapters and others (Kostopoulos et al. 2021) allowed for a comparison of 

A. muciniphila in different ecosystems in chapter 7. Here we demonstrated that 

A. muciniphila exerts its key functions stably throughout different ecosystems in the 

presence of mucin glycans, including mono-and co-cultivations in fermentors and 

mice, and in a synthetic community in fermentors. These key functions include mucus 

degradation, pili production and EPS production.

Even though the expression of genes associated with EPS production did not show 

significant differences between conditions, EPS produced by A. muciniphila may still 

be altered in a co-cultivation or community. As discussed previously, carbon source 

availability could also affect the EPS composition and yield (Yilmaz et al. 2012, Zisu 

and Shah 2003). In the mono-cultivation the medium was supplemented with mucin 

(Kostopoulos et al. 2021), whereas the synthetic community (chapter 6 – see below) 

was supplemented with mucin as well as dietary complex carbohydrates. This may 

result in the release of different carbon sources into the medium as opposed to the 

mono-cultivation, possibly affecting EPS composition and yield by A. muciniphila. 

However, to confirm this hypothesis, more experiments should be performed 

analyzing A. muciniphila EPS in co-cultivations, communities or mono-cultivations 

supplemented with different carbon sources.
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In ecological niches, bacteria may rely on each other forming symbiotic relationships, 

or compete against each other for nutrients or to remain in the current ecological 

niche (Bauer et al. 2018). So far, the evidence suggests that A. muciniphila may not 

change to a competitive lifestyle as long as mucin is present. For example, it has 

previously been shown that in a co-culture with Bacteroides thetaiotaomicron, the 

expression profile of A. muciniphila was less affected than that of B. thetaiotaomicron, 

which upregulated its glycoside hydrolases (GHs) and mucin degradation activity 

in the co-cultivation as compared to mono-cultivations (Kostopoulos et al. 2021). In 

contrast, in A. muciniphila the expression of mucin degradation genes was increased 

in a co-cultivation together with Anaerostipes caccae compared to when grown 

as a monoculture (Chia et al. 2018). These species were not competing for mucin 

glycans, but A. caccae can utilize mucin-derived sugars (Belzer et al. 2017). Therefore, 

A. muciniphila may have increased the expression of mucus degradation genes 

to increase substrate availability for A. caccae in this co-culture (Chia et al. 2018). 

However, an increase in relative abundance of mucus-degradation genes was not 

observed in the synthetic community compared to mono-cultivations (chapter 7). 

The expression profiles of mucus-associated genes of A. muciniphila based on relative 

abundances remained stable in the synthetic community as well as mono-and co-

cultivations and did not show significant differences between conditions (chapter 7). 

It is also important to note that the synthetic community, described in chapter 6, was 

lacking an additional mucus degrader next to A. muciniphila. Therefore, it would be of 

interest to study whether A. muciniphila exhibits competitive behavior in a synthetic 

community where other mucus degraders are also included. This could include well-

known mucus degraders present in the human gut microbiota, such as Ruminococcus 

gnavus, Ruminococcus torques, several Bifidobacterium and Bacteroides species.

Studying the human gut microbiota using synthetic microbial 
communities

The ecosystem in the human gut is a niche with extremely complex and dynamic 

interactions (Sung et al. 2017). Many different interactions take place between the 

microorganisms inhabiting the human gut, leading to both competitive and symbiotic 

relationships. As explained previously, both dietary fibers and host glycans play an 

important role in the metabolic activity and interspecies metabolic interactions of 

the human gut microbiota (Salonen and de Vos 2014, Berkhout et al. 2022). Due to 

the high complexity of the human gut microbiota, the use of synthetic microbial 

communities with reduced complexity to study microbe-microbe interactions, as well 

as host-microbe interactions has obtained considerable attention (Desai et al. 2016, 

Kovatcheva-Datchary et al. 2019, Oliphant et al. 2019, D’Hoe et al. 2018, Venturelli et 

8
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al. 2018). In chapter 6 we assembled a 16-species synthetic microbial community to 

study dynamic metabolic interactions and trophic roles under controlled conditions. 

In this minimal microbiome, both the presence of dietary fibers and host glycans were 

taken into account.

The increasing use of synthetic microbial communities to study the gut microbiota 

has also led to discussions about the representability of synthetic communities as 

compared to the actual community in the gut (Berkhout et al. 2022, Mabwi et al. 

2021). In synthetic communities, bacterial species can be chosen based on their 

function in the human gut. For example, in chapter 6, we assembled a synthetic 

community by choosing species relevant to the human microbiome based on 

gut metagenome screening, that mimic key ecological and metabolic properties. 

However, in vitro models cannot fully mimic the human gut, but rather approximate 

this environment. Therefore, there are some disadvantages to the use of synthetic 

microbial communities as well. To date, not all members of the human gut microbiota 

have been cultured, which limits the use of bacterial species within the synthetic 

community (Berkhout et al. 2022). Moreover, due to the limitations in mimicking the 

natural intestinal environment, microbes that are part of the synthetic community 

may take on different roles as compared to their role in vivo. Lastly, tracing substrates 

and metabolites in in vitro synthetic communities is difficult. Therefore, it is often 

not possible to distinguish substrate utilization and metabolite production between 

species. However, this technique also harbors several advantages over using for 

example whole fecal communities (Mabwi et al. 2021). The use of a known synthetic 

community allows for controllable and reproducible experiments. Furthermore, a more 

stable consortium can be created than with the use of fecal samples, without the 

presence of viruses and pathogens. In addition, key features of the natural ecosystem 

can be conserved in synthetic communities, while also being susceptible to modelling 

(Grosskopf and Soyer 2014). For example, synthetic communities may also be used to 

achieve a certain functional output, beyond solely studying community functions and 

interactions mimicking the gut microbiota (Clark et al. 2021). Taking both advantages 

and disadvantages into account, we may not be able to fully mimic the human 

intestinal environment in vitro, but it can give us a lot of information on the activity 

of species within the ecosystem as well as microbe-microbe interactions and even 

optimize functional output of the communities.

The use of A. muciniphila for therapeutic applications

The growing insights into the role of the human gut microbiota in host health led 

to an increased interest into the discovery and use of novel microbes to improve 
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health outcomes, including A. muciniphila (Brodmann et al. 2017). Due to the beneficial 

effects of A. muciniphila shown in mouse models, human individuals, and cell lines 

(explained in detail in chapter 1), this bacterium has emerged as one of the most 

promising next-generation microbes for therapeutic applications. However, several 

parameters need to be considered, to be able to successfully apply A. muciniphila 

to improve human health including cultivation methods and applying pasteurized 

or live bacteria. Furthermore, if live cells are needed, several stressors need to be 

considered such as oxygen, bile acids and antibiotics for the preservation of viable 

A. muciniphila cells.

Cultivation

Recently, a defined minimal medium for the cultivation of A. muciniphila was 

formulated based on the genome scale metabolic model of A. muciniphila and the 

composition of mucin, which A. muciniphila uses as sole carbon, nitrogen and energy 

source (Ottman et al. 2017, van der Ark et al. 2018). This resulted in the identification of 

the necessity for GlcNAc and L-threonine. Fastest growth was observed in the defined 

minimal medium supplemented with L-threonine and both glucose and GlcNAc (van 

der Ark et al. 2018). Therefore, in chapter 4 we attempted to design a non-allergenic 

and animal component free, food-grade medium supplemented with L-threonine 

using both glucose and GlcNAc as carbon sources, allowing for efficient growth to 

high densities as to provide cost-effective production platforms. We discovered that 

the use of pea peptone and a high total concentration of the carbon source (150mM) 

in ratio 3:1 (glucose to GlcNAc) under controlled fermentor conditions, resulted in 

high biomass yields, reaching an optical density (OD) value of 16 as opposed to an 

OD value of approximately 2 on mucus medium and minimal medium supplemented 

with glucose/GlcNAc (Ottman et al. 2017, van der Ark et al. 2018). However, due to the 

elongated cells observed in our food-grade medium, the previously described relation 

where an OD
600

 of 1 correlates to 4.0 × 108 CFU per mL is not accurate when assessing 

growth on this medium (Ouwerkerk et al. 2016). The reason for this is that larger 

cells scatter more light, which increases the OD
600

 (Volkmer and Heinemann 2011). 

Therefore, to compare the cell numbers in media with different cell morphologies, 

quantitative qPCR, CFU counts or flow cytometry could be used. Even though the 

comparison growth rate and yield between mucus medium and food grade medium 

is complicated due to cell morphology changes, the large difference in OD
600

 observed 

in our data indicates food-grade medium may be used to produce A. muciniphila in 

high yields for therapeutic purposes.

Pasteurized vs. live A. muciniphila

The differences between the effect of pasteurized and live A. muciniphila cells, and 

A. muciniphila derived products have been investigated in several studies in mice 

8
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(Plovier et al. 2017, Ashrafian et al. 2021, Raftar et al. 2021, Ashrafian et al. 2019) 

and Caco-2 cell lines (Shi et al. 2022, Ashrafian et al. 2021). The first study reporting 

a difference in the use of pasteurized and live A. muciniphila found an enhanced 

effect of pasteurized cells in its capacity to reduce fat mass development, insulin 

resistance and dyslipidemia in high-fed diet (HFD)-fed mice. Since then, a stronger 

effect of pasteurized A. muciniphila cells than live cells on several parameters was also 

described for other mouse or cell-line studies (Ashrafian et al. 2021, Ashrafian et al. 

2021). These parameters included greater effects in metabolic parameters, preventing 

the onset of obesity, strengthening gut barrier function, and maintaining immune 

homeostasis in mice, as well as upregulation of tight-junction proteins and regulation 

of immune response-related genes in Caco-2 cell lines. In contrast, greater effects of 

live A. muciniphila have also been reported (Ashrafian et al. 2021, Raftar et al. 2021, Shi 

et al. 2022). In mice, live cells were shown to have greater effects on the modulation 

of gene expression related to fatty acid synthesis, energy homeostasis and immune 

response in the liver (Ashrafian et al. 2021). Furthermore, this model also showed 

a greater effect of live cells on body weight, in contrast to findings in other studies 

(Raftar et al. 2021). In addition, as compared to pasteurized cells, live A. muciniphila 

was found to have a greater effect on improvement of the gut microbiota composition 

in mice, reducing the relative abundance of pathobionts while increasing the relative 

abundance of symbionts (Raftar et al. 2021, Ashrafian et al. 2021). Lastly, in Caco-2 

cells, a difference was found in the expression of tight-junction protein claudin1, 

which was increased greater in the presence of live cells as opposed to pasteurized 

A. muciniphila cells (Shi et al. 2022). Even though some differences have been observed 

between the use of pasteurized and live A. muciniphila cells, all studies confirm the 

beneficial effects of both treatment methods in mice and Caco-2 cells (Plovier et al. 

2017, Ashrafian et al. 2021, Ashrafian et al. 2021, Raftar et al. 2021, Shi et al. 2022). 

However, the only reported study in humans confirmed the capacity of pasteurized 

A. muciniphila MucT cells to be at least as effective as live cells (Depommier et al. 2019).

The mechanisms behind the observed differences between pasteurized and 

live A. muciniphila cells have not been elucidated yet. The initial discovery of the 

surprising effect of pasteurized A. muciniphila cells described the thermostability of 

the Amuc_1100, a TLR2-agonist that improves the gut barrier and partly exerts the 

beneficial effects of the bacterium (Plovier et al. 2017). Hence, it has been hypothesized 

that pasteurization may increase accessibility of certain proteins to the host (Plovier 

et al. 2017). This may be the case through weakening of the cell wall as a result of 

pasteurization, leading to increased accessibility of cell wall-associated proteins and 

the release of cellular proteins. Therefore, using the same number of cells, certain 

proteins exerting health effects on the host (for example Amuc_1100), may be 

more accessible, resulting in a greater effect of pasteurized cells on certain health 
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parameters. In contrast, live A. muciniphila cells may have a greater effect in other 

aspects due to their activity in the gut. For example, by increasing the number of 

A. muciniphila cells, exerting its function as mucin degrader by releasing sugars and 

through SCFA production, increasing cross-feeding activity with other members of the 

community. However, to reveal how the different effects on the host of pasteurized 

and live A. muciniphila cells arise, more experiments need to be performed, focusing 

on the underlying mechanism of certain health effects A. muciniphila exhibits on its 

host in both forms and the differences in content and function of pasteurized and live 

A. muciniphila cells. Lastly, before live A. muciniphila can be considered for therapeutic 

purposes, safety assessments should be performed to apply this form of A. muciniphila, 

which has already been established for the application of pasteurized A. muciniphila 

cells (Druart et al. 2021, Turck et al. 2021). When the differences between live and 

pasteurized cells on the human host and safety assessments are fully elucidated, 

decisions may be made on which form of A. muciniphila should be applied depending 

on the desired effect on the host.

Environmental stressors affecting viable delivery of A. muciniphila

To ensure viable delivery of A. muciniphila into the human gut, several environmental 

parameters should be considered. First, the antibiotic resistance profile of the 

bacterium should be determined. In this way it is known which antibiotics would 

affect the viability of A. muciniphila, but it is also important to ensure the absence 

of transmissible antibiotic resistance to avoid development of new antibiotic-

resistant pathogens. Several tests have been performed to determine the antibiotic 

susceptibility of A. muciniphila MucT (Dubourg et al. 2013, Cozzolino et al. 2020, Maier 

et al. 2021, Ouwerkerk 2016). A broad test to determine the antibiotic susceptibility 

of A. muciniphila MucT (including 144 antibiotics) showed resistance to nearly all 

quinolone antibiotics. However, to date no evidence has been found for horizontal 

acquisition or antibiotic resistance genes that are linked to known genetically 

transferrable elements in the type-strain (Cani and de Vos 2017, Machado et al. 

2022). Another parameter that should be considered is the bile acid tolerance of 

A. muciniphila. For the viable delivery of A. muciniphila in the human gut, it needs to 

survive transit through the small intestine, where the secretion of digestive enzymes 

and bile cause a harsh environment for microbial growth, unless the bacterial cells are 

encapsulated. As discussed in chapter 2, Akkermansia-like sequences were detected in 

bile and gallstone samples, as well as in the small intestine. Additional experiments 

also revealed bile resistance when exposed to up to 1% porcine bile and increased 

growth in culture conditions with bile salt sodium deoxycholate, although most 

bile salts in this study did inhibit the growth of A. muciniphila (van der Ark 2018, 

Hagi et al. 2020). Therefore, more experiments are needed to determine whether live 

A. muciniphila cells can reach the human large intestine or if other methods are 

8
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required, such as encapsulation to protect the cells during gastric passage. This may 

also protect the live A. muciniphila cells against oxygen in the gastric conditions. 

Even though A. muciniphila was found to thrive in the presence of nanomolar 

concentrations of oxygen, high oxygen concentrations may still affect its viable delivery 

(Ouwerkerk et al. 2016). A workflow has been described for the preparation and 

preservation of viable A. muciniphila cells (Ouwerkerk et al. 2017). With this workflow, 

viable cells were retrieved from cecal and colon content of high-fat treated mice. More 

recently, encapsulation of A. muciniphila has obtained increased interest, including 

double emulsions, double-network hydrogel microstructures, microencapsulation in 

xanthan and gellan gum, and the latter embedded in dark chocolate (van der Ark et 

al. 2017, Lu et al. 2021, Marcial-Coba et al. 2018, Marcial-Coba et al. 2019). Altogether, 

the presence of environmental stressors may be overcome by protection of live cells 

through encapsulation, resulting in the viable delivery of A. muciniphila.

Concluding remarks and future perspectives on 
A. muciniphila research

In this thesis we assessed the presence and functions of A. muciniphila throughout 

the human body and different mammalian hosts, not only showing the stable role of 

this mucin-degrading bacterium in different mammalian hosts, independent of host 

physiology, but also suggesting that A. muciniphila may play a role in other parts of 

the human gastrointestinal tract besides the colon. Furthermore, we have identified a 

novel physiological characteristic, namely the production of fuc-EPS by A. muciniphila. 

Next, the set-up of a 16-species synthetic community in fermentors revealed the 

ability of A. muciniphila to survive in a complex in vitro ecosystem, relying on mucin-

utilization pathways, where it was found to be one of the two most abundant species 

in the community. Lastly, a comparison between the different models used to study 

A. muciniphila showed the main function of this bacterium remain stable in different 

ecosystems.

Akkermansia muciniphila is a fascinating intestinal symbiont, which has received 

considerable attention over the last two decades due to its mechanisms of action to 

improve host health. The safety profile of pasteurized A. muciniphila was tested with 

a long-term evaluation conducted on rats, where no adverse effects were observed 

(Druart et al. 2021). In addition, administration of pasteurized A. muciniphila did not 

translate into subchronic toxicity and in vitro genotoxicity tests showed negative 

results. Following this evaluation, pasteurized A. muciniphila has been considered safe 

as food ingredient by the European Food Safety Authority (EFSA) panel at specified 

conditions of use and intake levels (Turck et al. 2021). Therefore, this bacterium 
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may now be applied in pasteurized form. Further research should be focused on 

elucidating the different effects on host health between the use of pasteurized and 

live A. muciniphila cells. Then, when A. muciniphila may be used as therapeutic agent, 

individual-specific decisions can be made on whether the use of pasteurized or live 

cells would be more suitable. Altogether, this is an important step towards the use of 

A. muciniphila as therapeutic agent with the aim to improve human health.

There are many tools to genetically engineer bacteria, such as CRISPR-Cas, random 

DNA insertion and recombineering (Riley and Guss 2021). To date, a system for the 

genetic modification of A. muciniphila is lacking. Genetic modification of A. muciniphila 

has previously been attempted using random transposon insertions and enriching 

bacteriophages targeting A. muciniphila for their use to modify genetic content (van 

der Ark 2018). Unfortunately, these efforts did not lead to the genetic modification 

of A. muciniphila. Recently, a patent application has been published describing the 

genetic engineering of A. muciniphila, but this method has not been confirmed in 

peer-reviewed A. muciniphila studies (Valdivia 2019). The ability to genetically modify 

A. muciniphila can help elucidate the mechanism behind important functions (e.g. 

mucus degradation, EPS production, pili production and adaptation to stress factors in 

the human gut) via deletions or overexpression of genes involved in these processes. 

Altogether, this may be useful for therapeutic purposes (Bravo and Landete 2017, 

Steidler et al. 2003, Alvarez-Sieiro et al. 2014).

Furthermore, the discovery of A. muciniphila fuc-EPS may be another factor in its 

mechanism to improve host health (Xiao et al. 2022) (Figure 2). Therefore, the effect of 

A. muciniphila fc-EPS on host health should be studied. This can be done by isolating 

and purifying EPS as already described in chapter 5. Then this EPS could be used to 

study host health in for example, mouse models or the use of Caco-2 cell lines as a 

model of the intestinal epithelial barrier. In these models, the effect of A. muciniphila 

fuc-EPS on the intestinal epithelial barrier and interactions with the mucosal immune 

system can be studied.

8
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AA..  mmuucciinniipphhiillaa
SCFAs
• Propionate
• Acetate
• Succinate
• 1.2-PropanediolSignaling proteins

• Amuc_1100
• Amuc_1434
• Amuc_1631
• Amuc_2109

Mucin degradation
• Proteases
• Sulfatases
• Sialidases
• Glycosyl hydrolases

Extracellular vesicles

Obesity
• Body weight
• Fat mass
• Adipose tissue inflammation
• Cholesterol

Type 2 diabetes
• Insulin resistance
• Glucose homeostasis

Gut barrier function
• Mucin-producing goblet cells
• Endocannabinoids levels 
• Plasma LPS levels
• Gut permeability

Effect on metabolic health

Main mechanisms of  action

Liver disease
• Glucose production
• Fatty liver
• Inflammation

EPS

Figure 2: Overview of the effect of A. muciniphila on metabolic health and its main mech-

anisms of action, with the addition of the possible effect of A. muciniphila EPS on host 

health.

Lastly, an adapted set-up of the synthetic minimal microbiome described in chapter 6 

to focus on the mucosal community, could help to elucidate the interactions between 

A. muciniphila and other species associated with the mucosal layer. It has previously 

been shown that the mucosal layer contains a distinct community compared to the 

community found in the lumen. By focusing on the interaction of A. muciniphila 

with mucosa-associated bacteria in a synthetic community, interactions such as cross-

feeding and competition as well as colonization strategies can be studied. Insights 

on the colonization strategy of A. muciniphila in the mucosal layer with an already 

existing community may contribute to successful colonization by A. muciniphila when 

supplemented as therapeutic agent in the future. Since the mucosal community 

resides closely to the host epithelial cells interacting with the host immune system, 

it may also be of interest to study the mucosa-associated community in a mouse 

model where bacteria-host interactions can be studied. This information could give 

more insight into the interactions and colonization of A. muciniphila in its ecological 

niche further contributing to the existing knowledge on the role of A. muciniphila in 

the human gut.
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Summary

A. muciniphila is a fascinating member of the gut microbiota, which has received 

considerable attention since its isolation in 2004 due to its mechanisms of action to 

improve host health. Not only is the abundance of this bacterium inversely correlated 

to several disease states, A. muciniphila administration in mice and humans also 

demonstrated its positive effects on host health. A. muciniphila was first described 

to reside in the mucus layer of the large intestine. We explored the presence of 

Akkermansia-like spp. in the human body, based on their 16S rRNA sequence and 

metagenomic signatures, to understand their colonization pattern in time and space. 

The presence of Akkermansia-like sequences (including Verrucomicrobia phylum 

and/or Akkermansia spp. sequences found in the literature) was detected in several 

locations apart from the colon, including the oral cavity, human milk, the pancreas, 

the biliary system, the small intestine, and the appendix. In this review we propose 

hypothetical functions of A. muciniphila in these anatomical sites.

Next to humans, Akkermansia spp. were suggested to be widely spread in the gut 

throughout the animal kingdom which may be indicating co-evolution with its host. 

Therefore, we studied the presence and genomic divergence of Verrucomicrobia and 

Akkermansia spp. within different mammalian hosts. We detected A. muciniphila-

like bacteria in the gut of animals belonging to 15 out of 16 mammalian orders 

and isolated 10 new A. muciniphila strains from the feces of chimpanzee, siamang, 

mouse, pig, reindeer, horse and elephant. Low genomic divergence and considerable 

conservation of mucin degradation genes was observed among the new strains and 

the type strain A. muciniphila MucT. This may indicate that A. muciniphila favors 

mucosal colonization independent of the differences in hosts.

For human interventions with A. muciniphila cells, industrial-scale fermentations 

are needed and hence the used cultivation media should be free of animal-derived 

components, food-grade, non-allergenic and allow for efficient growth to high densities. 

The growth of A. muciniphila on a newly developed food-grade and plant-based 

medium supplemented with different ratios of GlcNAc and glucose was compared to 

its growth on mucin-containing medium, using a multi-omics approach. Comparison 

between growth on medium supplemented with GlcNAc and glucose in different ratios 

and mucin revealed differences in the expression of glycosyltransferases, signaling 

proteins and genes involved in stress-response. Our data suggests that the food-grade 

medium composition described here could be used to produce A. muciniphila in high 

yields for therapeutic purposes.
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The cultivation of A. muciniphila in food-grade medium indicated exopolysaccharide 

production by this bacterium. An increasing interest has been observed for EPS 

produced by beneficial microbes. Revealing information regarding the structure of EPS 

may lead to uncovering mechanisms involved in microbe-microbe and host-microbe 

interactions and its therapeutic and food applications. Bioinformatic analysis led 

to the identification of a complete and partly inducible EPS production pathway in 

A. muciniphila. Our results indicate that that a higher GlcNAc concentration in the 

medium results in an increased production of EPS. Further characterization showed 

that the main monosaccharides present in A. muciniphila EPS are fucose, galactose, 

glucose and N-Acetylglucosamine (GlcNAc). In addition, the production of sialic acids 

was detected in medium supplemented with glucose and GlcNAc. In conclusion, these 

results indicate that A. muciniphila may produce EPS using the Wzx/Wzy-dependent 

pathway in variable amounts depending on the culturing conditions that are used.

The high complexity of the gut microbiome poses a major challenge for unravelling 

the metabolic interactions and trophic roles of key microbes. We assembled a synthetic 

gut microbiota community in bioreactors consisting of 16 different species including 

A. muciniphila. We aimed to investigate microbe-microbe interactions in this synthetic 

community. The bioreactors were continuously supplied with mucus, while a mixture 

of dietary fibers was added three times a day to mimic a dietary regimen. The synthetic 

community showed resistance and resilience to temporal perturbations. Furthermore, 

four trophic guilds were identified, driven by nutrient availability. A. muciniphila was 

one of the most abundant species in this synthetic community.

Generally, the functions of A. muciniphila are studied by using many different in 

vitro and in vivo approaches. Therefore, transcriptional landscape of A. muciniphila 

in different environmental conditions was studied. The environmental conditions 

included complexity of the community, diet, medium composition, and experimental 

design. We assessed the key functions of A. muciniphila throughout these 

environmental conditions, focusing on mucus degradation, pili production and EPS 

production. Even though the overall transcriptional response was altered under 

different environmental conditions, the key functions of A. muciniphila were stable 

throughout different ecosystems and were independent of environmental conditions.

To conclude, in this thesis we assessed the presence and functions of A. muciniphila 

throughout the human body and different mammalian hosts, not only showing 

the stable role of this mucin-degrading bacterium in different mammalian hosts, 

independent of host physiology, but also suggesting that A. muciniphila may play a 

role in other parts of the human gastrointestinal tract besides the colon. Furthermore, 

we have identified a novel physiological characteristic, namely the production of fuc-

Sharon_Geerlings Binnenwerk V5.indd   314Sharon_Geerlings Binnenwerk V5.indd   314 15-12-2022   13:4415-12-2022   13:44



315

Summary

EPS by A. muciniphila. In addition, the set-up of a 16-species synthetic community 

in fermentors revealed the ability of A. muciniphila to survive in a complex in vitro 

ecosystem, relying on mucin-utilization pathways, where it was found to be one of 

the two most abundant species in the community. Lastly, a comparison between 

the different models used to study A. muciniphila showed the main function of this 

bacterium remain stable in different ecosystems. Future research should focus on 

elucidating the mechanisms behind the health effects of A. muciniphila in different 

forms and its components, including live and pasteurized cells, extracellular vesicles 

and fuc-EPS. In addition, being able to genetically modify A. muciniphila can help 

elucidate the mechanism behind important functions (e.g. mucus degradation, EPS 

production, pili production and adaptation to stress factors in the human gut) via 

deletions or overexpression of genes involved in these processes. Altogether, this 

information may be useful for future therapeutic use of A. muciniphila.
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