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Summary 

Host-associated microbiotas includes diverse microorganisms from different kingdoms of 
life. Protozoa are prevalent members of the intestinal microbiota in humans and other 
mammalian species. For instance, Tritrichomonads are common protozoa parasites that 
have been described in many species. While most attention has been focused on the 
pathogenic role of specific parasitic protozoa for mucosal disease, little is known about 
the symbiotic relationships of apathogenic or even commensal Tritrichomonas species 
with their hosts. 

In the present study, two commensal Tritrichomonas species inhibiting the murine 
gastrointestinal tract were identified in a laboratory mouse colony with a pro-colitogenic 
microbiota. Prior studies have started to study the immune modulatory role of some 
Tritrichomonas species, however, little is known about their role in interacting with 
bacterial microbiota. Since this extracellular protozoan is intimately associated with the 
mucosa and microbiota, key aspects of the complex interactions between the protozoan 
and the bacteria have thus remained elusive. Hence, we here investigated the effect of 
Tritrichomonas colonization on the microbiota composition, especially the interaction with 
mucus-associated bacteria. Moreover, we characterized their role in immune modulation 
with a multicolor staining flow cytometry. Finally, we also evaluated how Tritrichomonas 
colonization might affect the host disease susceptibility to inflammatory bowel disease.  

Specifically, two protozoan species, Tritrichomonas musculis (T. mu) and one novel 
uncharacterized species Tritrichomonas spp. (T. spp), were isolated and identified from 
one of our laboratory mouse lines. T. mu colonization induced a strong type 2 immune 
response characterized with higher percentage increase of type 2 innate lymphoid cells 
(ILC2s), T helper 2 (Th2) cells and eosinophils in the small intestine. After colonization of 
isogeneic mouse lines of SPF1 and SPF2 mice with T. mu, the microbiota composition of 
these two mouse lines from cecum and colon were heavily affected. Most interestingly, 
the abundance of mucus-associated bacteria like Mucispirillum schaedleri and 
Akkermansia muciniphila were modulated by the introduction of T. mu. This phenotype of 
A. muciniphila down-regulation is reproducible when we colonized SPF1 mice 
exogenously with A. muciniphila and confirmed it with fluorescence in situ hybridization. 
Metabolomics results showed T. mu colonization induced a higher level of succinate and 
significantly reduced the level of simple sugars such as galactose. In addition, when 
supplemented with galactose and N-acetyl-glucosamine in the minimum media for A. 
muciniphila, it favored the bacterial reproduction. However, these changes in the bacterial 
communities and the related metabolites changes were not associated with the alleviation 
of intestinal inflammation induced by T.mu colonization. In summary, we developed an 
effective and reproducible animal model that is required to compare the microbiome of 
Tritrichomonas-free animals before and after protozoa colonization. The results raised 
the awareness that a host-protozoan interaction shapes the murine intestinal microbial 
ecosystem and elucidated the mechanisms behind the observed shifts in gut microbiota 
diversity and composition.    
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Zusammenfassung 

Die wirtsassoziierte Mikrobiota umfasst eine Vielzahl von Mikroorganismen aus 
verschiedenen Reichen des Lebens. Protozoen sind häufige Mitglieder der intestinalen 
Mikrobiota bei Menschen und anderen Säugetierarten. Zum Beispiel sind 
Tritrichomonaden häufige Protozoen-Parasiten, die in vielen Wirten beschrieben wurden. 
Während die meiste Aufmerksamkeit auf die pathogene Rolle einiger bestimmter 
parasitärer Protozoen für Schleimhauterkrankungen gerichtet wurde, ist wenig über die 
symbiotischen Beziehungen von apathogenen oder kommensalen Tritrichomonas-Arten 
mit ihren Wirten bekannt. Frühere Studien haben die immunmodulatorische Rolle einiger 
Tritrichomonas-Spezies untersucht. Es ist jedoch wenig über ihre Rolle bei der Interaktion 
mit der bakteriellen Mikrobiota bekannt. Da dieses extrazelluläre Protozoon eng mit der 
Schleimhaut und der Mikrobiota assoziiert ist, sind die Schlüsselaspekte der komplexen 
Interaktionen zwischen dem Protozoon und den Bakterien bisher nicht bekannt. Daher 
untersuchten wir hier den Effekt der Tritrichomonas-Besiedlung auf die 
Zusammensetzung der Mikrobiota, insbesondere die Interaktion mit 
schleimhautassoziierten Bakterien. Darüber hinaus charakterisierten wir ihre Rolle bei 
der Immunmodulation mithilfe von Multicolor-Färbe-Durchflusszytometrie. Schließlich 
untersuchten wir auch, wie die Tritrichomonas-Besiedlung die Krankheitsanfälligkeit des 
Wirts für entzündliche Darmerkrankungen beeinflussen könnte.  

Konkret wurden zwei Protozoen-Spezies, Tritrichomonas musculis (T. mu) und eine neue, 
nicht charakterisierte Spezies Tritrichomonas spp. (T. spp), aus einer unserer Labor-
Mauslinien isoliert und identifiziert. Die Besiedlung mit T. mu induzierte eine starke Typ-
2-Immunantwort, die durch eine prozentuale Zunahme von angeborenen lymphoiden 
Zellen (ILC2s), T-Helfer-2-Zellen (Th2) und Eosinophilen im Dünndarm gekennzeichnet 
war. Isogene Mauslinien von SPF1- und SPF2-Mäusen wurden mit T. mu kolonisiert, die 
Mikrobiota-Zusammensetzung dieser beiden Mäuse aus Zökum und Kolon wurde stark 
beeinflusst. Interessanterweise wurde die Abundanz von Mukus-assoziierten Bakterien 
wie Mucispirillum schaedleri und Akkermansia muciniphila durch die Besiedlung mit T. 
mu moduliert. Dieser Phänotyp der A. muciniphila-Down-Regulation ist reproduzierbar, 
wenn wir SPF1-Mäuse exogen mit A. muciniphila kolonisiert haben und bestätigte dies 
mit Fluoreszenz-in-situ-Hybridisierung. Metabolomics-Ergebnisse zeigten, dass die 
Besiedlung mit T. mu eine höhere Produktion von Succinat verursacht und den Gehalt an 
Einfachzuckern wie Galactose signifikant reduzierte. Die Zugabe von einfachen Zuckern 
wie Galaktose und N-Acetyl-Glucosamin in den Mindestmedien für A. muciniphila 
begünstigt die bakterielle Vermehrung. Diese Veränderungen in den bakteriellen 
Gemeinschaften und die damit verbundenen Veränderungen der Metaboliten waren 
jedoch nicht mit der Linderung der durch die T. mu-Besiedlung induzierten 
Darmentzündung verbunden. Zusammenfassend lässt sich sagen, dass diese 
Ergebnisse das Bewusstsein dafür schärften, dass eine Wirt-Protozoen-Interaktion das 
mikrobielle Ökosystem des Mäusedarms formt und die Mechanismen hinter den 
beobachteten Verschiebungen in der Diversität und Zusammensetzung der 
Darmmikrobiota aufklärte.    
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1. Introduction 

1.1 Human microbiome  

In the context of genomics, the term microbiome is referred to the collective genomes of 

microorganisms that live together in a specific ecological environment. These 

microorganisms include bacteria, archaea, virus and eukaryotes (fungi and protozoan) 

(Ursell et al., 2012). The human microbiome is not only referred to the collective 

microorganisms that living on the surface of human tissues, but more often means the 

aggregate of all microbiota that reside inside human tissues and biofluids along with the 

relevant anatomical sites, including gastrointestinal tract, skin, lung, vagina, oral mucosa, 

uterus, placenta, mammary glands, seminal fluid, ovarian follicles, saliva, conjunctiva, 

and biliary tract (Costello et al., 2009). 

Trillions of microorganisms live inside and outside every person. The traditional estimate 

is human microbiota is ten times as many as human cells. More recently, the human 

microbial cells number was estimated to be ∼1013–1014, with the ration of microbial cells 

to human cells around 1:1 (Sender et al., 2016). These numbers were calculated based 

on the bacterial cells from colon (3.8 × 1013 bacteria), which harbors the most abundant 

microorganisms (Sender et al., 2016). 

In the very beginning, due to the technology limit, human microbiome has been neglected. 

Due to the technical limitations of examining non-culturable microorganisms of interest, 

the functions of the human microbiome and the host microbiota interactions have been 

largely unillustrated. The lack of large-scale cohort studies and insufficient research about 

the definitions of microbiota composition hinder the study of microbiota composition and 

function.  

However, advances in next generation sequencing technologies and subsequent large-

scale sequence-based microbiome projects have served as catalysts in nourishing 

human microbiome research. The National Institute of Health (NIH) launched the Human 

Microbiome Project (HMP) in 2007 as a conceptual extension to the Human Genome 

Project (HGP). The first phase of HMP (HMP1) focused on the identification and 

characterization of the human microbial flora (The Human Microbiome Project 
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Consortium, 2012). The analysis focused on five main body sites of 300 healthy human 

subjects: skin, nose, mouth, gut and vagina. The second phase, called the Integrative 

Human Microbiome Project (iHMP or HMP2) was launched in 2014 to generate resources 

to characterize the microbiome and clarify the role of microorganisms in health and 

disease states (Proctor et al., 2019). Funded by the European Commission and initiated 

in 2008, the Metagenomics of the Human Intestinal Tract (MetaHIT) aimed to explore the 

genetic potential of human microbial companions and understand their impact on our 

health and well-being (MetaHIT Consortium, 2010). 

All these large-scaled cohort studies have the similar tasks in characterizing the human 

microbiota composition and how they affect the human in health and disease states. 

HMP1 sequenced a large number of microbes and microbial communities, produced and 

provided valuable nucleotide sequences (Nelson et al., 2010). It also generated and 

standardized protocols to support reproducible body-wide microbiome sampling and data 

generation (Aagaard et al., 2013). Moreover, computational methods for microbiome 

analysis and epidemiology were established and shared to the public (Gevers et al., 2012). 

HMP2 studies provided a wealth of information and insights about not only microbial 

dynamics, but also associated human host responses and microbial inter-relationships 

(Fettweis et al., 2019; Lloyd-Price et al., 2019; Zhou et al., 2019). Additionally, they 

provided a rich multi-omics data resource to be mined by future work. The MetaHIT 

consortium established a broad catalogue of gut microbial genes, which is 150-fold more 

than human genome (Li et al., 2014; Qin et al., 2010). Another result was the discovery 

of three enterotypes, each characterized by a dominant bacterium: Bacteroides, 

Prevotella and Ruminococcus (Arumugam et al., 2011).  

Now, human microbiota associated diseases have clearly expanded from infectious and 

gastrointestinal diseases to areas including metabolism, tumor formation, maternal and 

infant health, autoimmune diseases, and central nervous system function. Several axis 

between gut and other human organs, e.g. gut-brain and gut-liver axis, has been 

established (Erny et al., 2015; Tripathi et al., 2018). These results have notably revealed 

multiple new research methods and technical approaches for future investigation. 
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Definitely new discoveries and findings can be expected based on these resources 

generated from these international projects.  

1.2 The gut microbiota composition  

The majority of the human microbial cells reside in the gut, because gut intestine is the 

biggest organ of human being. The digestive tract has a huge total mucosal surface that 

can be the half size of a badminton court. Therefore, those microorganisms that live in 

the gut has attracted the most attention and are called gut microbiome (Cani, 2018). 

1.2.1 Bacteria  

Bacteria represent the majority of the microbes living in our body. Combined data from 

the MetaHIT and the HMP have provided the most comprehensive view of the human-

associated microbial repertoire to date (Hugon et al., 2015; Li et al., 2014). The compiled 

data of these studies identified 2,172 species isolated from human beings, classified into 

12 different phyla, of which 93.5% belonged to Proteobacteria, Firmicutes, Actinobacteria 

and Bacteroidetes.  Recently, 1,952 bacteria species are identified from 11,850 human 

gut microbiomes (Almeida et al., 2019). The top 3 prevalent families were 

Coriobacteriaceae (20.6%), Ruminococcaceae (9.9%) and Peptostreptococcaceae 

(7.4%). The top3 genera were Collinsella (17.7%), Clostridium (7.3%) and Prevotella 

(4.4%) (Almeida et al., 2019). From fecal samples of 20 adults based in the United 

Kingdom (n = 8) and North America (n = 12), researchers from the Wellome Sanger 

Institute revealed 273 separate bacterial species from 31 families (Forster et al., 2019).  

The microbial composition of the intestinal flora in the digestive tract is variable. Relatively 

very few species colonized in the stomach and small intestine. Current data indicated that 

a healthy human stomach has a core microbiome, which mainly consists of Prevotella, 

Streptococcus, Veillonella, Rothia, and Haemophilus (Nardone and Compare, 2015). 

Lactobacillus, Clostridium, Staphylococcus, Streptococcus, and Bacteroides are the 

genera that commonly found in the small intestine (Kastl et al., 2020). However, the small 

intestinal microbiota composition was more variable among individuals and over time, 

when compared to the fecal microbiota. Most microorganisms in the small intestine are 

facultative anaerobes and their abundances decrease from the duodenum to the terminal 

ileum because oxygen level becomes lower and lower and the redox potential decreases 
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as well. In contrast, colon contains the highest abundance of microbial cells up to 1012 

cells per gram of intestinal content (Sender et al., 2016).  

The diverse gastrointestinal microbiota  mainly consists of bacteria from four phyla, which 

are Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria (Tap et al., 2009). This 

diverse and complex microbiome serves as a functional expansion of host genomes. 

Compared with the host, the capacity of its gene bank is estimated to be 50 to 100 times 

higher. This diverse and complex gene pool provides a functional expansion of the host 

genomic pool. These additional genes supplement the presence of numerous enzymes 

that are not expressed by the host. They play a crucial role in the metabolic activities of 

nutrients digestion, acquisition, and provision (Hooper and Gordon, 2001). 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Gut bacteria distribution throughout the intestine.  

The numbers and diversity of the gut bacterial communities increase towards the distal GI tract, which 

change from 102 CFU/mL in the stomach to 1012 CFU/mL in the colon. The pH increases from 2 in the 

stomach to 7 in the colon.  Availability of different sources of nutrients vary greatly throughout the GI tract, 

i.e. a decrease in the level of Vitamin A and AHR ligands and an increase in SCFA level can be observed 

towards distal part of the GI tract. This figure is adapted from (Tuohy and Scott, 2015). 
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1.2.2 Virus  

Eukaryotic viruses, mostly human infectious viruses, have been historically the research 

focuses because of their huge impact on human health. These viruses include the 

influenza virus that could cause seasonal flu epidemics and the viruses that cause vital 

health consequences like HIV and Ebola (Hutchinson, 2018; Joint United Nations 

Programme on HIV/AIDS (UNAIDS), 2019; Malvy et al., 2019). Not even to mention that 

SARS-CoV-2 has caused the global COVID-19 pandemics started in China in 2019 (Wu 

et al., 2020). Nevertheless, prokaryotic bacterial viruses, so called bacteriophages can 

infect bacteria thus affect the composition and function of the bacterial communities 

(Galtier et al., 2017).  

The virome is referred to all the viruses that inhabited in an ecosystem. Their genomes 

and the study of them is called viromics. Bacteriophages are the main virus in the human 

gut. Previous studies has shown that the human gut virome consists mostly of DNA 

bacteriophages from the family of Inoviridae, Circoviridae, Adenoviridae, Microviridae, 

Podoviridae, Myoviridae, Siphoviridae, Anelloviridae, CrAss-like (Dutilh et al., 2014; 

Gregory et al., 2019; Hoyles et al., 2014; Lim et al., 2015; Minot et al., 2013; Shkoporov 

et al., 2018). 

Bacteriophages are named because they reproduce in bacterial hosts. Some 

bacteriophages can only propagate in some specific host, while some can propagate in 

multiple bacterial species. During the infection process, bacteriophages attach to the 

surface of bacteria and insert its own genetic material into cells. Bacteriophages have two 

main different life cycles: the lysis cycle and the lysogenic cycle.  

Bacteriophages in lytic cycles will culminate in the production of new phages and will kill 

the host cells in the end. On the contrary, the lysogenic cycle refers to the replication of 

bacteriophages and does not directly lead to the production of virus particles. Temperate 

phages are phages that have the ability to display lysogenic cycles. When they 

encountered a bad condition like DNA damage and low nutrient environment, these 

phages can spontaneously extract themselves from the host genome and enter the lytic 

cycle (Casjens and Hendrix, 2015).  

The human gut virome will undergo a rapid development after birth. Similar to the 
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bacteriome, it is found that the diversity of infant virome was not as rich as that of adults 

(Breitbart et al., 2008). Numerous studies have showed that infant gut virome can be 

shaped by many factors including environmental exposures, diet, host genetics, and 

mode of delivery (Lim et al., 2015; McCann et al., 2018; Reyes et al., 2010). The human 

gut virome seems for a time being quite stable in each individual. When six individuals 

were given a fat and fiber controlled diet for short-term, the gut virome was shown to be 

relatively stable in each individual (Minot et al., 2011). This study also showed that even 

among individuals receiving the same diet, interpersonal variation in the gut virome was 

the largest source of variance (Minot et al., 2011). Environmental factors rather than 

genetic factor are mainly responsible for the large inter-individual variations in the virome 

(Moreno-Gallego et al., 2019). 

1.2.3 Archaea  

Archaea contain unique membrane and highly diverse cell wall structures. It belongs to 

the third domain of life and were only recognized 40 years ago. They are originally found 

in extreme environments and now they are currently considered ubiquitous organisms in 

most microbial communities related to eukaryotic hosts (Nkamga et al., 2017). However, 

due to the lack of standardized testing protocols and the fact that there are currently no 

archaeal pathogens, they are mostly neglected in microbiome research. Archaea are one 

of the least studied members of the gut-dwelling autochthonous microbiota. In recent 

years, it has been clearly showed that archaea are part of the microbial communities 

associated with plants, animals and humans. They can form biofilms, interact and activate 

the human immune system (Cavicchioli, 2011). Future research will not only define the 

host-associated diversity of archaea (called as archaeome), but will also help us to 

understand the comprehensive metabolic interaction between archaea and bacteria, and 

their long-term effects on human health and their potential roles during disease 

development. 

The number of human-associated archaea has expanded rapidly from 3 to 16 species, 

20 species found in the human gut (Khelaifia et al., 2016; Miller and Wolin, 1986). 

Moreover, nowadays six methanogens and two halophlic archea were isolated and 

cultured (Oxley et al., 2010).  
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A few studies have reported the prevalence of methanogens in the human gut archaeome 

(Mihajlovski et al., 2010). Methanogens produce methane by specifically metabolizing 

hydrogen derived from anaerobic fermentation of carbohydrates and thereby increase the 

efficiency of digestion (Ge et al., 2015). However, there is limited information about the 

prevalence of other archaea species. 42.47% fecal samples collected from 897 East 

Asian subjects were positive for archaeal colonization (Kim et al., 2020). Researchers 

observed extensive colonization of haloarchaea (95.54%) in the archaea-positive fecal 

samples, with 9.63% mean relative abundance in archaeal communities (Kim et al., 2020).  

1.2.4 Eukaryotes 

Fungi are commonly existed in diverse environments including as commensal microbes 

on the human body. The latest research now showed that intestinal fungi (the gut 

mycobiome) might also play an important role in host immunity and inflammation (Nash 

et al., 2017).  

Some fungal species like Candida spp. or Saccharomyces cerevisiae are well studied by 

many researchers, while most others are less well known. The current definition of the 

abundance of the mammalian gut mycobiome mostly make use of culture-independent 

sequencing methods involving PCR amplification of internal transcribed spacer regions 

(ITS1 or ITS2) of fungal ribosomal DNA (rDNA) for species identification (Schoch et al., 

2012).  

Alterations in the intestinal microbiome are associated with many diseases. Similarly, 

dysbiosis of fungal communities can also alter the disease severity and the host 

susceptibility. Many factors can lead to fungal dysbiosis including exposure to antibiotics, 

diet, or genetic diversity. Exposure to antibacterial antibiotics has long been known to 

promote overgrowth of Candida in the gut (Donskey, 2004). Similarly, treatment of mice 

with antifungal antibiotics reduced the prevalence of some fungi, while increasing the 

prevalence of others (Wheeler et al., 2016). 

Traditionally, many protozoa and helminths are considered parasites, which can 

adversely affect the host organism. Indeed, foodborne and waterborne parasitic diseases 

can cause morbidity and mortality (Kirk et al., 2015; Yang et al., 2012). However, while 

the focus remains on pathogens that have been researched from a parasitological point 

https://www.sciencedirect.com/topics/immunology-and-microbiology/anaerobic-fermentation
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of view, the eukaryotic residents of the gut are often commensal or even beneficial. For 

example, even though some helminths can cause severe illness, infections are often 

asymptomatic and these parasites are tolerant by humans. This reflect probably a long 

history of co-evolution (Cwiklinski et al., 2016; Jackson et al., 2009; Mutapi, 2015).  

Similarly, although the best-known protozoan microorganisms are pathogens (i.e., 

Leishmania lipophosphoglycan, Trypanosoma cruzi, Toxoplasma gondii), we need also 

to keep in mind that many protozoa can be found with high prevalence in the gut of healthy 

populations. Protozoa, like helminths, were part of our ancestral gut community. In the 

long history of co-evolution with humans, their existence may be beneficial (Gonçalves et 

al., 2003). For example, many types of Blastocystis spp. were found to be prevalent in 

the human gut, but the positive humans were barely asymptomatic (Scanlan and 

Stensvold, 2013; Scanlan et al., 2014). Numerous clinical and epidemiological studies 

have confirmed that Dientamoeba fragilis (D. fragilis) is the most prevalent Trichomonad 

parasite that infects humans. D. fragilis is a flagellated protozoan that has been widely 

debated whether it is commensal or pathogenic. D. fragilis infects the large intestine and 

it does not actively invade the gastrointestinal tract. In a study of 189 randomly selected 

healthy children (age 6 months to 19 years), 91% of them were positive for antibodies 

against D. fragilis (Chan et al., 1996). This indicates that D. fragilis is very prevalent and 

there was no apparent associations with any symptoms.  

Trichomonadidae belongs to the phylum Parabasalia. Trichomonads are early branching 

protozoa that are characterized by a parabasal body, 3 to 5 anterior flagella, an undulating 

membrane that forms a posterior flagellum and an axostyl (Cavalier-Smith, 1993). 

Historically, the family members were identified and differentiated based on the number 

of anterior flagella and host origin (Frey and Müller, 2012).  

Some Trichomonads caused infectious diseases for human and veterinary animals. For 

example, Trichomonas vaginalis (T. vaginalis) is the causative agent of trichomoniasis 

(World Health Organization, 2011). Tritrichomonas foetus (T. foetus) occurs in the 

reproductive tract of cattle, where it can lead to stillbirths and female infertility (BonDurant, 

1997). Trichomonas gallinae (T. gallinae) can infect the proximal digestive tract of birds 

and cause severe diseases (Robinson et al., 2010).  
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Although some Trichomonads cause moderate diseases for both human and veterinary 

animals, most of them have low pathogenicity or are considered as commensal protozoa. 

Recently, a commensal protozoan Tritrichomonas musculis (T. mu) was reported that it 

can modulate gut mucosal immunity in mice and protect the host against enteric infection 

(Chudnovskiy et al., 2016). These studies highlighted the importance of commensal 

protozoan species to the host immunity and host microbiome.   

1.3 The gut microbiota function 

The gut microbiota has co-evolved with the host over thousands of years to form an 

intricate and mutually beneficial relationship. It is now acknowledged that gut microbiota 

should be considered as a postnatally acquired organ that can perform different functions 

for the host. Nowadays, gut microbiota has been studied for several years and numerous 

studies has revealed the role of gut microbiota in helping with the digestions of complex 

fibers, aiding in the acquisition and provision of nutrients, educating the host immune 

system, providing colonization resistance to infectious pathogens and affecting the 

occurrence and development of gastrointestinal diseases (Rooks and Garrett, 2016).  

1.3.1 Helping with the digestion, acquisition and provision of nutrients 

Gut bacteria have different ways of generating energy, but they occupy a certain intestinal 

niche by sharing the same environment with others. The energy comes from the 

substrates from the diet, from endogenous substrates offered by the host and from the 

cross feeding of other community members. The intestinal microbiota has coevolved with 

the host for millions of years that they are very adapted to the intestinal environment and 

especially optimally adapted to the host diet and nutritional habits. One of the main 

functions of human microbiota is the breakdown of dietary components that cannot be 

processed and digested by host enzymes. Some enzymes required to break down 

complex dietary carbohydrates is missing from host, however gut microbiota has a great 

resource of variable carbohydrate-active enzymes (CAZymes) and can fill in this gap 

(Kaoutari et al., 2013). These nondigestible polysaccharides include resistant starch, 

glucan, pectin, inulin, and plant cell wall components.  

Bacteroides thetaiotaomicron (B. thetaiotaomicron), a representative of the Bacteroides 

genus was recognized to play an important role in degrading complex carbohydrates 
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(Salyers et al., 1977). Sonnenburg et al performed transcriptome analysis of B. 

thetaiotaomicron recovered from mono-colonized mice fed either with a polysaccharide-

rich or with a simple sugar diet. They revealed that B. thetaiotaomicron not only induced 

glycoside hydrolases in a diet dependent manner but also expressed outer membrane 

proteins engaged in polysaccharide binding (Sonnenburg et al., 2005). The starch 

utilization system of B. thetaiotaomicro has been well studied and now served as a 

paradigm for the degradation of polysaccharides by Bacteroides (Shipman et al., 2000). 

Two sets of proteins are involved: starch utilization system (Sus) and maltose regulon 

(MalR). Sus are composed of seven proteins (SusABCDEFG) and a regulatory protein 

(SusR). MalR deficient B. thetaiotaomicron strain showed an attenuated sus gene 

expression, indicates that MalR together with SusR control the sus expression (Cho et 

al., 2001). 90 sus-like polysaccharide utilization loci (PULs) are inspected to be present 

in the genome of B. thetaiotaomicron (Martens et al., 2008).  

Short chain fatty acids (SCFA) acetate, propionate, and butyrate are the major end 

products of bacteria fermentation in the colon. The glycans are first depolymerized, then 

fermented and cleaved to monomeric and oligomeric saccharides. Then it could be 

available to bacteria lacking enzymes for the degradation of polysaccharides. Lactate, 

succinate and ethanol are the intermediates that can be converted further into SCFA (Koh 

et al., 2016).  

Bile Acids are synthesized in the liver from cholesterol and excreted into the gut to 

solubilize fat. However, they can also suppress the growth of some bacteria that are 

sensitive to them. Many intestinal bacteria are able to deconjugate the primary bile acid 

to the unconjugated secondary bile acid (Swann et al., 2011). The unconjugated bile acids 

may be further converted by bile acid dehydroxylases and hydroxysteroid 

dehydrogenases. Dehydroxylation of bile acids, which occurs in a position-specific and 

stereo-selective way, was studied in Clostridium scindens (C. scindens) in detail 

(Greathouse et al., 2015). The eight genes required for bile acid dihydroxylation are 

organized in the bile acid-inducible (bai) operon (baiBCDEAFGHI).  

Many water-soluble vitamins are plentiful in the diet, but still some essential vitamins must 

be obtained from other sources. However, it has been recognized for a long time that gut 
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microbiota could contribute to the vitamin synthesis (Yoshii et al., 2019). Ruminants have 

no dietary requirements for water-soluble vitamins because of the abundant 

microorganisms in the rumen. Germ free animals need extra dietary supplements of 

vitamins, while their WT counterparts do not need (Hill, 1997). Several bacteria such as 

Bacteroides, Bifidobacterium, and Enterococcus are known to synthesize vitamins. It is 

estimated that half of the daily Vitamin K is provided by gut bacteria (LeBlanc et al., 2013).  

1.3.2 Educating the immune system 

The diverse composition of the intestinal microbiota plays an important role in the 

development and maturation of immune system. Education of the adaptive arm of the 

immune system by vast amount of dietary and microbial antigens is important to stimulate 

intestinal lymphocytes. Therefore, the first colonizers in the gut hold a pivotal role in 

establishing immune tolerance. A critical period is called “neonatal window of opportunity” 

that in this time window lymphoid structures develop, T- and B-lymphocytes differentiate 

and mature, tolerance to commensal antigens is established (Al Nabhani et al., 2019). 

The interaction between microbiota and adaptive immune system is considered beneficial, 

however it can also promote pathogenic inflammatory response that induced by 

commensal or pathogenic bacteria. This is due to the immaturity of the preterm infant 

baby’s immune system (Nanthakumar et al., 2000). It is speculated that childhood 

allergies and autoimmune diseases are associated with the a disrupted homeostasis of 

the microbiota (Sjögren et al., 2009).  

Depending on the different microbes, where they colonize and their metabolic features, 

they elicit different CD4 T cells immune response. Some species promote the production 

of cytokines like IFN- and IL-17A, while other species favor the generation of CD4 

regulatory T cells. Epithelium-adhering bacteria initiate the differentiation of naive CD4+ 

T cells into RORγt-expressing T cells (T helper 17 polarized cells) in the mesenteric lymph 

node through as-yet-undefined antigen-presenting cells (APCs). For example, 

segmented filamentous bacteria (SFB) induce T helper 17 (Th17) cells in the small 

intestine and can trigger autoimmune arthritis in susceptible mice (Ivanov et al., 2009a; 

Wu et al., 2010). Other studies have spotted the significance of specific bacteria 

dominantly located in the colon to influence T cell responses. For example, Bacteroides 
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fragilis induced the expansion of IL-10 producing CD4+ T cells by the expression of 

polysaccharide A, thus limited the differentiation of Th17 cells (Mazmanian et al., 2005, 

2008). Several studies showed that gut microbiota had an effect on the number and 

function of regulatory T cells (Tregs). A mixture of 17 bacteria strains from the Clostridia 

class elevated an accumulation of antigen-specific Tregs (Atarashi et al., 2011, 2013).  

Gut microbiota also interacts with B cells. A continuous diversification of B cell repertoire 

is derived from the different gut microbial exposure. Various dietary components and 

antigens from intestinal microbes lead to the production of IgA antibodies. IgA controls 

the microbiota by coating and agglutinating the bacteria to prevent their interaction with 

the host (Pabst, 2012; Roche et al., 2015). The transepithelial transport of IgA is initiated 

by binding to the polymeric Ig receptor (pIgR), after which it is secreted into the gut lumen 

and bound to the microbes. Pathways of how gut plasma cells produce IgA are 

controversially debated. They can be generated by both T-cell-dependent and T-cell-

independent mechanisms as well as an alternative from B1 and B2 cells (Fagarasan et 

al., 2010). The T-cell-independent pathway produces IgA with low affinity but directed 

towards the microbiota (He et al., 2007). The T-cell-dependent pathway tends to be 

activated by bacteria that colonize the surface of the epithelium, such as segmented 

filamentous bacteria (SFB), Mucispirillum, C. scindens and Akkermansia muciniphila (A. 

muciniphila)(Bemark et al., 2012).  

Bacteria that have colonization niches close to the gut epithelium are more likely to be 

sampled by the immune system and thus are more frequently coated by IgA antibodies. 

IgA has been suggested to target IBD-promoting bacteria by using a method called IgA-

SEQ that combines flow cytometry and 16S ribosomal RNA gene sequencing (Palm et 

al., 2014). This combined approach has revealed that anatomical location factor is 

responsible for the bacteria coating by IgA (Bunker et al., 2015). Therefore, this proximity 

to epithelial cells does not necessarily mean they have detrimental effect like induction of 

colitogenic immune response, but also they might have some beneficial effects such as 

the stimulation of lymphoid organs.  

Innate immune recognition of gut microbes are very important for the host-microbiota 

mutualism. The deficiency of innate immune system will lead to detrimental 
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consequences for health (Rakoff-Nahoum et al., 2004). Intestinal epithelial cells are not 

considered part of the innate immune system in the classical point of view, but they are 

equipped with a variety of innate immune receptors. The loss of these receptors will lead 

to the malfunction of the epithelial barriers, thereby induced spontaneous inflammation 

(Nenci et al., 2007).  

The microbiota-derived pattern recognition receptors influences the development and 

function of myeloid cells in mucosal tissues. In germ-free and antibiotic treated mice, 

myeloid-cell differentiation in the bone marrow is reduced, which lead to impaired 

clearance of Listeria monocytogenes infection (Khosravi et al., 2014). The microbiota-

derived TLR ligands also affect the maturation of myeloid cells after hematopoiesis. The 

loss of microbiota dramatically reduced the number of aged neutrophils in circulation 

because of the absence of microbiota-derived TLR ligands (Zhang et al., 2015).  

The influence of microbiota to the development of innate lymphoid cells (ILCs) is different 

to that myeloid arm of the innate immune response. Unlike RORt+ T cells, RORt+ ILCs 

develop normally in the absence of the microbiota, but commensal microflora is required 

to the differentiation of IL-22 producing NKp46+ cells (Satoh-Takayama et al., 2008). 

Signals from gut microbiota and nutrient-derived aryl hydrocarbon receptor ligands seem 

to regulate the expression of IL-17 and IL-22 of ILC3s (Gury-BenAri et al., 2016; Kiss et 

al., 2011). Recently, it is also revealed that ILC3s are able to present antigens to CD4+ T 

cells, but the capability is tissue-dependent and is influenced by microbiota signals. The 

presentation of microbial antigens by ILC3s limits commensal-specific T-cell responses 

to maintain tolerance to commensal bacteria (Hepworth et al., 2015). However, IL-23 that 

stems from microbiota inhibits the expression of MHC-II on ILC3s, thereby reducing the 

T cell proliferation (Lehmann et al., 2020). The microbiota might also influence the activity 

of the other ILC subsets. ILC2s are activated by IL-25 that secreted by a specific epithelial 

cell type called tuft cell in the presence of commensal protozoan and helminth in the 

microbiota (Von Moltke et al., 2016). 

In summary, the host innate landscape is shaped by the microbiota, but the mechanism 

of myeloid cells and ILCs are based on distinct principles. The vast amount of microbiota- 

derived PRR ligands reflected the existence of a complex microbiota and thereby affect 
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the level of myelopoiesis. In contrast, ILC development might be unaffected without 

microbial colonization, but they need signals from the microbiota to have a proper function. 

The regulatory mechanisms that are not fully understood in the context of how microbiota 

fine-tune innate immune responses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Microbiota-mediated induction of IgA, TH17 cells, Tregs, and ILCs.  

T-cell-dependent IgA class-switch recombination takes place mostly in Peyer’s patches, in which dendritic 

cells that are located near to the surface of the epithelium capture antigens from microbes that are 

transferred by M cells. The T-cell-dependent pathway tends to be activated by bacteria that colonize the 

surface of the epithelium. The adhesion of SFB initiate the differentiation of naive CD4+ T cells into RORγt-

expressing T cells in the mesenteric lymph node through APCs. SCFAs, which are produced from dietary 

fiber by certain members of the microbiota, particularly species of Clostridia, contribute to the induction of 

pTreg cells. ILCs communicate with the local microbiota through cytokines. ILC3s interact with cells of both 

the innate and adaptive immune systems. This Figure is adapted from (Honda and Littman, 2016).  
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1.3.3 Colonization resistance to infectious pathogens 

The relationship between host and infectious pathogens was thought as a duel 

relationship. However, recent studies have demonstrated that microbiota provide 

colonization resistance to a number of enteric pathogens. The dynamic antagonistic 

interactions between commensal bacteria and enteric infectious pathogens are referred 

as colonization resistance. This has been proved by that certain antibiotic treatment 

disrupted the microbiota composition and lead to a microbiota dysbiosis. For example, 

metronidazole treatment was showed to eliminate some specific microorganisms and 

thereby exacerbate Citrobacter rodentium (C. rodentium) induced colitis (Wlodarska et 

al., 2011). Antibiotic treatment is also associated to alter the disease susceptibility of 

Clostridium difficile (C. difficile) and Salmonella infections(Britton and Young, 2014; 

Croswell et al., 2009).  

Several mechanisms have been identified to show how microbiota contributes to the 

colonization resistance to infectious pathogens. A range of these mechanisms includes 

competing for the same intestinal niches and substrates, producing inhibitory substances, 

enhancing the host intestinal immunity. B. thetaiotaomicron compete with C. rodentium 

for carbohydrates, which leads to the competitive exclusion of the pathogen from the 

intestinal lumen (Kamada et al., 2012). SCFA, specifically butyrate produced from a 

resistant microbiota that harbors abundant butyrate-producing bacteria was showed to 

inhibit the growth kinetics and severity of Citrobacter Infection (Osbelt et al., 2020). C. 

scindens significantly inhibited C. difficile by synthesizing C. difficile-inhibiting metabolites 

secondary bile acids from host-derived primary bile acids (Buffie et al., 2015). An IFN- 

producing commensal community is reported to decrease Salmonella Typhimurium (S. 

Typhimurium) tissue colonization and consequently disease severity (Thiemann et al., 

2017). 

1.3.4 Affecting the occurrence and development of gastrointestinal diseases 

The human gastrointestinal is the natural interface, where environmental microorganisms 

and antigens interact with the host through intensive cross-talks (Turnbaugh et al., 2006). 

To protect the host from the microbial onslaught, intestinal barriers are formed with 

physical, chemical and immunological means. Physical barriers are composed of the tight 
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conjunction between the cells and the production of a thick mucus gel. The mucus layers 

are consist of an inner layer and an outer layer that physically serve to separate the 

microbiota from epithelial cells (Johansson et al., 2013). The inner layer is a very densely 

knit gel-like matrix and the outer layer is a gel that has larger pore size and loosened 

structure. Accordingly, bacteria heavily colonize the outer regions of the mucus layer 

while the inner layer is nearly sterile (Johansson et al., 2008).  

Alterations in intestinal microbiota composition are associated with various disease states, 

including inflammatory bowel disease, cancer, and metabolic syndrome. Nevertheless, 

these association studies generally focused on the fecal or lumen microbiome. Recent 

studies have unraveled the important role of mucosa-associated bacteria(De Cruz et al., 

2015; Gevers et al., 2014). Mucin glycans serve as attachment sites and provide nutrient 

to these organisms, thereby the mucus layer represents a natural selective habitat for 

mucus-associated bacteria (Bergstrom and Xia, 2013).  

The exact composition of mucosal microbiota remains poorly researched. However, some 

studies suggested that the presence of various anaerobic bacteria species such as A. 

muciniphila, Mucispirillum schaedleri (M. schaedleri), B. thetaiotaomicron, and 

Enterobacteriaceae from Proteobacteria phylum are observed (Paone and Cani, 2020). 

Although it is believed that the inner mucus layer of colon is sterile and free of bacteria, 

some bacteria can still penetrate the mucus and colonize in the colonic crypts. The crypts 

communities are dominated principally by Acinetobacter spp and are usually rich in 

Proteobacteria (Donaldson et al., 2015).  

A. muciniphila, an intestinal mucin-degrading bacterium was found and characterized by 

Muriel Derrien at 2004 (Derrien et al., 2004). A. muciniphila improved metabolic disorders 

by counteracting HF-diet-induced colon mucosal barrier dysfunction (Everard et al., 2013). 

A. muciniphila is closely related to the expression of lipid metabolism, inflammation 

markers in adipose tissue and several circulating parameters of diet induced obesity mice 

(Schneeberger et al., 2015). In IBD patients, a significant higher level of 

Enterobacteriaceae is found. In mouse models, the presence of Proteus mirabilis and 

Klebsiella pneumoniae is associated with colitis in TRUC mice. Transfer of these strains 
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can trigger colitis with the presence of endogenous microbiota in WT mice (Garrett et al., 

2010).  

1.4 Research methods and experimental models 

Methods for the microbiome analysis can be divided into two different kinds of methods. 

One is the traditional culture dependent; the other one is culture independent sequencing 

based method.  

1.4.1 Culture-dependent methods 

Traditional microbiological studies are largely dependent on the cultivation and 

characterization of microorganisms. However, only a small portion of microorganism from 

the microbiome samples can be cultured. Many different methods has been tried to 

increase the number of cultivable microorganisms. Cultivation chips, which integrate cell 

adhesion and nutrient diffusion in a matrix, provides control over (co-)culturing conditions 

similar to a chemostat, while allowing organisms to be observed microscopically 

(Hesselman et al., 2012). Some researchers are dedicated to culture and identify 

unknown gut bacteria species by using culturomics methods. For instance, Lagier, JC. et 

al. identified 1,057 prokaryotic species, thereby adding 531 previous uncultivable or 

unknown species to the human gut microbiome catalogue (Lagier et al., 2016).  

1.4.2 Culture-independent methods 

Nevertheless, cultivation-based research methods are unlikely to be sufficient to research 

the human microbiome comprehensively. In the last years, culture independent methods 

are becoming more and more popular due to the technical progress of NGS and the 

decline in sequencing cost. Targeted amplicon sequencing and Whole Genome Shotgun 

(WGS) metagenomics sequencing are commonly used to taxonomically characterize the 

microbiota communities (The Human Microbiome Project Consortium, 2012). 

In sequencing technology, an amplicon is a piece of DNA or RNA that is the source of 

amplification or replication events. Amplification refers to the production of several copies 

of the amplicon. For example, 16S rDNA is a DNA sequence encoding small subunit 

rRNA of prokaryotes with a length of about 1542bp. 16S rRNA gene is part of every 

bacterial and archaeal genome and is highly conserved. It consists of 9 variable regions 



18 

 

and 10 conservative regions. The sequences of conservative regions represent the 

genetic relationships between species, while the sequences of variable regions reflect the 

unique inter-species difference. So bacteria can be taxonomically classified by mapping 

the amplicon sequence to known sequences. 16S rDNA sequencing is commonly applied 

to analyze the diversity of bacteria or archaea.  

18S rDNA is a DNA sequence encoding small subunit rRNA of eukaryotic ribosomes. 

Similarly, 18S rDNA sequence is also composed of conservative regions and variable 

regions. Among variable regions, V4 is most commonly used as amplicon because it has 

the most complete database information and can be best taxonomically classified. 18S 

rDNA sequencing reflects the species differences among eukaryotic organisms in given 

samples. 

ITS (Internal Transcribed Spacer) is part of the non-transcriptional region of the eukaryotic 

rRNA gene. ITS1 is the region between 5.8S and 18S, while ITS2 is the region between 

5.8S and 28S. 5.8S, 18S, and 28S rRNA genes are highly conserved, whereas ITS can 

tolerate more mutations in the evolutionary process due to less natural selection pressure. 

Therefore, ITS, especially ITS2, represents the sequence polymorphism in most fungi 

and protozoa. Meanwhile, ITS is relatively consistent within species and the differences 

between species are significant. ITS sequence fragments are only 350 bp or 400 bp in 

length, which is prefect for amplicon sequencing. The ITS sequences used for fungal 

identification usually include ITS1 and ITS2. They have been widely used in phylogenetic 

analysis of different fungi (Usyk et al., 2017).  

On the other hand, instead of amplicon selection and replication, shotgun metagenomic 

sequencing directly performs a sequencing of the total metagenomics DNA mixture that 

isolated from the sample. Substantially greater sequencing efforts are required to have a 

good coverage in depth and to characterize a microbiome sample better. This approach 

is much more expensive than targeted amplicon sequencing. However, due to its lack of 

specific marker sequence amplifications, it also provides a more comprehensive and less 

biased insight into the entire microbiota, including members of all three domains of life, 

i.e., phages and viruses, bacteria and archaea, fungi, protozoa, and other eukaryotes. In 
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addition, not only insights into phylogenetic but also functional microbiome profiles can 

be gained from shotgun metagenomic sequencing. 

The questions about the microbiota composition function and metabolic activities can be 

better answered by complementing genomic tools with other omics technologies linking 

microbial community characterization to ecological processes. Targeted amplicon 

sequencing and shotgun metagenomic fail to reveal the metabolic activity of the 

microbiome because they are not capable to distinguish between expressed and non-

expressed genes. Metatranscriptomics gives information on regulatory and expression 

profiles and networks of a microbiome sample, by sequencing, quantifying, and 

comparing relative transcript levels from all microorganisms. Metabolomics generates 

metabolite profiles of the sample and can be used to study the actual consequences of 

all metabolic activities in a sample, irrespective of their microbial or host origin. 

1.4.3 Gnotobiotic animal models 

Mice harbor a normal microbiota can store fat more easily than germ free mice. Moreover, 

the famous “fat lean twin sister experiment” showed that mice colonized the microbiota 

from fat sibling gained more body weight increase than the mice colonized with microbiota 

from lean counterpart (Ridaura et al., 2013). These pioneer studies from Jeffery I. Gordon 

has made microbiota difference a must considerable factor in our animal experiment 

design and analysis. Using cohousing methods and littermate controls are the very 

commonly used method to homogenize the microbiota and eliminate the effect of 

microbiota for experiment results. However, this would be either time-consuming or 

impossible due to the different resources of animals from commercial vendors or other 

animal facilities. Gnotobiotic animal models have been developed to fulfil the need and to 

benefit for the study of the complexed host-microbiota interaction and the function of 

individual microbes in health and disease.  

Gnotobiotic animals are free of all microorganisms or associated with defined microbial 

communities. Germ-free rodents are achieved from axenic colonies breeding. These 

axenic colonies are maintained in germ-free isolators. Nevertheless, if new germ-free 

strains are required, they must be rederived by C-section and fostering or by embryo 

transfer. Germ-free animals have many differences compared to the mice harbors 
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indigenous microbiota. Germ-free mice have an enlarged cecum, thinner intestinal wall, 

altered bile acid patterns and underdeveloped immune system caused by the absence of 

live microbiota (Wostmann, 1981).  

Germ-free animals can be colonized with a single microorganism or complex microbiota 

such as human feces or defined bacteria consortia. This allows standardized and causal 

analysis of microbe-host interactions. A complex microbiota can be transferred by 

cohousing or by oral gavage. So pure culture, fresh feces, and cecum content can all be 

transferred in this way.  

Schaedler and Orcutt are the pioneers in developing gnotobiotic mice with a defined 

microbial community. They managed to establish a minimal consortium that called 

“Altered Schaedler Flora (ASF)” (Brand et al., 2015; SCHAEDLER et al., 1965). ASF mice 

are composed of a spirochete bacterium, two Lactobacilli, one Bacteroides, and four EOS 

fusiform bacteria. One new defined bacterial minimum consortium consists of 12 strains 

were developed and called “Oligo-Mouse-Microbiota (OMM or OMM12)” (Brugiroux et al., 

2016). Moreover, some humanized mice models were developed with defined bacterial 

consortia from human fecal samples. Wohlgemuth et al. established a simplified human 

microbial consortium harbors human-derived IBD-related enteric bacteria (S. et al., 2011). 

Becker et al. introduced seven bacterial species into germ-free rats and established 

another simplified human intestinal microbiota based on the numerical importance and 

their fermentative abilities in the human gut (Becker et al., 2011).  

Because of big variation of microbiota composition in different facilities, gnotobiotic animal 

models made a great contribution to analyze the impact of microbiota on the host 

physiology and microbiota-driven disease. However, these existing gnotobiotic mouse 

models are not enough to define all the phenotypes and model specific gnotobiotic 

animals might need to be designed. In addition, germ-free animals are also critically 

discussed due to their anatomical and physiological difference compared to normal SPF 

mice. Studies on germ-free rodents showed that they are associated with poor growth. 

They required higher caloric intake to maintain body weight and need supplementation 

with vitamins K and B. There is an immature architecture of intestinal mucosa, with low 
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epithelial growth and development, and a higher susceptibility to infections (Hansen et al., 

2012). 

1.5 Protozoan-host interaction  

In the past, studies on protozoan-host interaction have focused predominantly on 

pathogenic protozoan and their interaction with the host, particularly with the host immune 

system, as well as the diseases directly caused by them. In addition, the consequences 

of the host colonization with diverse protozoa, including apathogenic or even commensal 

species, are only emerging and currently topics of high interest. The interplay between 

symbiotically colonized protozoa and their host can be mutually beneficial. Parabasalia 

and Preaxostyla, the two termite gut flagellates phyla, are housed in the hindgut of 

termites, where they use diverse sets of glycoside hydrolases to break down 

Lignocellulose and hemicellulose into smaller, more easily digested molecules (Brune, 

2014). Similarly, a wide variety of protozoa such as Trichomonas and ciliated protozoa 

lives symbiotically in the rumens of ruminant animals, such as cattle and sheep (Newbold 

et al., 2015). The interaction of protozoan and host microbiotas is not well studied. Until 

recently, it is acknowledged that the dynamic interaction that happens between the 

protozoan, host microbiota, and host immune system shapes the clinical outcome of 

enteric infections (Bär et al., 2015; Burgess and Petri, 2016). 

1.5.1 Protozoan modulate host microbiota composition 

The modulation of host-microbiota interplay by both pathogenic and apathogenic 

protozoa species is particular relevant due to the importance of this relationship for 

various human diseases. An illustrative example of the potential crosstalk are mucosal 

infections with the enteric protozoa Entamoeba and Blastocystis that can be 

asymptomatic or cause moderate diarrhea (Scanlan et al., 2014). These gut protozoa 

inhabit the intestinal mucosa and may thereby change the provision of nutrients, induce 

microbial movement in the gut, and affect epithelial anchoring and attachment (Audebert 

et al., 2016; Gilchrist et al., 2016).  

Many protozoa species, such as Trichomonads and Toxoplasma gondii, are reported to 

drive changes to mucus abundance and composition (Kim and Khan, 2013). It has been 

reported that Trichomonads colonization follows two steps. The first step is lectin-
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mediated binding to mucus layer and the second step is to secret glycosidases and 

sialidases to use mucin as a source of metabolic energy (Hicks et al., 2000). Increased 

number of goblet cells was observed in acute Toxoplasma gondii infection (Trevizan et 

al., 2016). This followed an increased secretion of acidic mucins that are suggested to 

soft the stools to expel the protozoa (Trevizan et al., 2016). These changes in the mucus 

layer are suggested to alter the microbiota, especially for the mucus-associated bacteria. 

As many commensal bacteria like B. thetaiotaomicron and A. muciniphila rely on mucin-

derived glycans for colonization (Tailford et al., 2015). Protozoa may directly compete for 

carbohydrates from the mucus. Moreover, protozoa-induced alterations of mucus 

composition and availability may further affect specific bacteria and shape the microbiota  

The protozoa-microbiota interplay were also found in other human organs and in other 

ways of unidentified direct or indirect interaction. It is reported that the interaction between 

T. vaginalis and Lactobacillus species affected the clinical results of T. vaginalis infection 

(Phukan et al., 2013). The vaginal microbiota of symptomatic T. vaginalis-positive patients 

had a lower abundance of lactobacilli compared to T. vaginalis-negative healthy women 

(Brotman et al., 2012). Moreover, in the study of Entamoeba histolytica (E. histolytica) 

associated diarrhea, the level of Prevotella copri is always elevated in asymptomatic E. 

histolytica infected children (Gilchrist et al., 2016). 

The protozoa were also reported to interact with bacteria in a way of predator and prey. 

The protozoa community is a heterogeneous and heterotrophic group. There are large 

variations in their feeding mode, food size, morphology and behavior. Based on this, 

researchers has grouped them into flagellates, ciliates, amoebae and the purely parasitic 

Sporozoa (Finlay and Esteban, 2019). Flagellates and ciliates feed by sweeping food 

particles into a mouth-like cytostome, in contrast amoebae engulf food particles by 

forming extensions of their cells called pseudopodia around the prey (Samuelsson et al., 

2006). These feeding mode and behaviors have empowered the protozoa to prey bacteria 

as food; this process is also called protozoa grazing. Dunn et al. reported that the 

amoeboid form of the protozoan was able to engulf bacteria, which has been suggested 

to serve the nutritious need of encystation (Dunn et al., 1989; Singh et al., 1995). Free-

living amoebae, primarily feed on bacteria, are reported to interact with other 
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microorganisms in various ways and thus represent main predators controlling the 

microbial populations (Molmeret et al., 2005). Predation by bacterivorous protozoa is a 

well-known mechanism to control bacterial communities in the aquatic and soil 

environment (Sherr and Sherr, 2002; Shu et al., 2018). However, protozoa are not only 

ubiquitous in these environments, but are also members of gut microbiota in many 

organisms. Careful studies should be carried on to check whether specific commensal 

protozoa have a predatory effect on the gut microbial community and how would this 

grazing pressure affect the host health. 

In general, these human studies show that there is a close association between the 

bacterial community of the gut microbiota and the mucosal-related intestinal protozoa. 

Future studies are needed to understand the nature of the bacteria-protozoa association 

and how it can be utilized for disease prevention. 

1.5.2 Protozoan modulate host immune system 

Certainly, parasitic protozoa infection typically stimulate a number of immunological 

defense mechanisms, whose effectiveness depends on the specific protozoa and the 

stage of infection. In addition, it was reported that the colonization of symbiotic intestinal 

protozoa could modulate gut mucosal immunity in mice as well. Entamoeba histolytica (E. 

histolytica) and Giardia lamblia (G. lamblia) are the two most common human gut 

protozoa species. E. histolytica contains several key virulence factors like Gal-lectin that 

enable them to survive and proliferate in the host, but meanwhile they also activate the 

host immune response (Mortimer and Chadee, 2010). Gal-lectin and cysteine protease 

help E. histolytica penetrate the mucus and breach the intestinal epithelial barrier 

(Moncada et al., 2003). Innate immune response from intestinal epithelial cells against E. 

histolytica is characterized by the production of several chemokines and cytokines, such 

as TNF-, IL-6, and GM-CSF, following recruiting of neutrophils and monocytes (Becker 

et al., 2010). E. histolytica infection was suggested to activate NLRP3 inflammasomes 

and IL-1 production through the binding of Gal-lectin or via integrin51 (Mortimer et 

al., 2015). Immune response to Giardia has been reported to have two phases in mice. 

An early B-cell independent phase is initiated and followed by an antibody dependent 

phase (Eckmann, 2003). The antimicrobial peptides defensins derived from Paneth cells 
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and lacoferrin are reported to be the first line against Giardia infection (El-Shewy and Eid, 

2005).  

Regarding adaptive immune response, CD4+ T cells are very important for the defense 

against protozoan parasites. Intracellular protozoan parasite infections required the 

production of IFNand TNF from T helper 1(Th1) cells. Inflammatory monocytes have 

been reported to induce Th1 immune response in mice infected with Trypanasoma brucei 

and this response were reversed by administration of IL-10 (Guilliams et al., 2009). 

Asymptomatic E. histolytica infected healthy individuals showed a higher level of IFN-, 

while the patients with invasive amebiasis showed a higher expression of T helper 2 (Th2) 

cytokines IL-4 (Sánchez-Guillén et al., 2002). Similarly, in the study of Plasmodium sp., 

both Th1 and Th2 CD4 T cells are involved in the protection against Plasmodium. 

However, Th1 cells predominate in the acute phase of infection and Th2 cells are found 

primarily during later phases of infection (Taylor-Robinson, 1998). These results indicate 

that a balanced Th1 and Th2 response is the key to provide protections against these 

protozoa.  

The type 1 immune response toward protozoa is activated through the recognition of 

conserved microbial structures. Until recently, a microbial metabolite, succinate, was 

identified to activate the type 2 response through tuft cells derived IL-25 (Nadjsombati et 

al., 2018). The induced ILC2s produce type 2 cytokine like IL-4, IL-5, and IL-13, which 

then act back to the differentiation of more tuft cells and mucus-producing goblet cells as 

well as macrophages, eosinophils, lymphocytes and other cells involved in tissue repair 

and parasites control (Lei et al., 2018).  

There remains a large knowledge gap in our understanding of the roles of innate and 

adaptive immune system during protozoan infections. Especially, studies about how 

enteric commensal protozoa modulate host immune response are still in their infancy.  

1.5.3 Protozoan colonization affect host metabolic activities and disease 

susceptibilities 

Hydrogenosomes are membrane-bounded organelles that evolved from mitochondria. 

However, they don’t possess a genome and an electron-transport chain (Hjort et al., 
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2010). They are approximately 1-2 μm in size, firstly reported in T. foetus as subcellular 

organelles that produce hydrogen and ATP as end products of pyruvate fermentation 

(Benchimol, 2009; Lindmark and Muller, 1973).  

Besides hydrogen, the main end product of energy metabolism in T. foetus is succinate, 

which take up to 50% of the carbon end product (RYLEY, 1955). Recently, succinate is 

identified as metabolites of the Tritrichomonas hydrogenosome, which can activate a 

small intestinal tuft cell-ILC2 circuit and this circuit can lead to an expansion of secretory 

cells and lengthening of the small intestine (Schneider et al., 2018). 

Concomitant immunity can be observed in the case of some protozoa studies. An initial 

colonization of protozoa species is established in the host and then the host gained 

resistance to infections by new helminth. Tritrichomonas precolonized mice showed a 

protection against subsequent Nippostrongylus brasiliensis (N. brasiliensis) and 

Heligmosomoides polygyrus (H. polygyrus) infection in a manner dependent on IL-25 and 

tuft cells (Schneider et al., 2018a). In Rag1-/- mice, IL-25 treatment significantly reduced 

the fecal egg numbers of N. brasiliensis (Schneider et al., 2018a). This indicates that the 

innate immune response to Tritrichomonas is sufficient to provide the protection against 

subsequent helminth infection.  

Some protozoa species are reported to modulate the host bile acid and lipid metabolism. 

Giardia lamblia infection caused moderate diarrhea in adults, while diarrhea is absent in 

persistent G. lamblia infected infant children (Nash et al., 1987). Nevertheless, it is 

relevant to delayed growth and body weight gain (Donowitz et al., 2016). The successful 

colonization of G. lamblia in small intestine is relied on the phosphatidylcholine derived 

from bile. Moreover, researchers showed that G. lamblia infection is associated with a 

higher abundance of Enterohabdus, which is suggested to deconjugate bile acids (Riba 

et al., 2020). Therefore, they concluded that the enhanced bile acid deconjugation and 

increased expression of fibroblast growth factor 15 lead to a decrease of in vivo adiposity 

and an elevated energy expenditure. 

These studies has highlighted the importance of protozoa studies to reveal the role of 

intestinal commensal protozoa in changing the host metabolic activities and affecting the 

clinical present of diseases and infections.  
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1.6 Aims of this study  

The host microbiota includes a variety of microorganisms from diverse phyla (Laforest-

Lapointe and Arrieta, 2018). While bacterial constituents of the microbiota are well 

recognized, protozoa are common but less well characterized members of the 

commensal microbiota in humans and other mammalian species (Chabé et al., 2017). 

One reason for this may be that several protozoa species, including Tritrichomanads 

species, are common and well-recognized parasites in humans and animals (Fichorova 

et al., 2006; Ribeiro et al., 2010). Hence, most attention has been focused on their 

pathogenic roles for mucosal disease, yet, relatively little is known about the symbiotic 

relationships of e.g. commensal Tritrichomonas species, which are distinct from the 

pathogenic ones, with their hosts.  

In 2016, two groundbreaking studies identified that prevalent commensal Tritrichomonas 

species inhabiting the murine gastrointestinal tract modulate the host immune system 

indirectly affecting the outcome of bacterial enteric infections, immune-mediated 

inflammation and intestinal cancerogenesis. Chudnovskiy and colleagues  demonstrated 

that Tritrichomonas musculis (T. musculis), enhanced anti-bacterial defenses, but at the 

cost of increasing intestinal inflammation (Chudnovskiy et al., 2016). Specifically, T. 

musculis induced an accumulation of IFN--producing CD4+ Th1 and IL-17-producing 

CD4+ Th17 cells in the colon that were associated with enhanced anti-bacterial defenses, 

without noticeable signs of mucosal injury in the steady state (Chudnovskiy et al., 2016). 

Escalante and colleagues reported that colonization with another commensal 

Tritrichomonas species, i.e. Tritrichomonas muris (T. muris), induced an elevated Th1 

response in the cecum, which exacerbated T cell-mediated colitis (Escalante et al., 2016). 

Whether these similar but distinct findings reflect protozoan species- and / or host organ-

specific effects remains unknown. Strikingly, T. muris colonization was subsequently 

found to induced a completely distinct phenotype in the small intestine, i.e. an induction 

of type 2 immunity in the small intestine (Howitt et al., 2016).  

Besides these studies, protozoa were observed also in other studies, including one from 

our laboratory, reporting immunomodulatory properties of complex microbial communities, 

i.e. the proinflammatory microbiota of conventionally housed Nlrp6-/- mice (Roy et al., 
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2017). Strikingly, histopathology of the colon from these mice showed abundant protozoa 

in the intestinal lumen suggesting this microbial ecosystem and the present protozoa 

could be an interesting model system. Hence, we envisioned to utilize this model system 

to address key aspects of the complex interactions between the protozoan and the host 

that have remained elusive so far. Specifically, we aimed to:  

a) To isolate and identify the Tritrichomonas species inhibiting in the conventionally 

housed Nlrp6-/- mice. We will combine isolation of protozoa, cell sorting, 

microscopy and phylogenetic tree analysis to achieve this. With this, we aim to 

build a protozoa-free mouse model to figure out the complex interaction between 

the protozoan and the host (see 4.1).  

b) To investigate the immune modulation role of Tritrichomonas in the small intestine 

and colon. Because previous findings has showed that even protozoa species that 

are phylogenetic tree closely related showed a species- and host organ-specific 

effects. We will perform cell isolation, re-stimulation, surface, intracellular and 

intranuclear staining, and multicolor flow cytometry analysis. With this, we aim to 

characterize the immune landscape after Tritrichomonas colonization in different 

gastrointestinal organs (see 4.2).  

c) To investigate the effect of Tritrichomonas colonization on the microbiota 

composition, especially the interaction with mucus-associated bacteria that closely 

interact with the host immune system. We will collect cecum and colon samples to 

perform 16S rRNA gene sequencing, metatranscriptome and metabolomics 

analysis. With this, we aim to find out the most affected bacteria species and the 

mechanism of this protozoa-bacteria interaction (see 4.3-4.8).  

d) To investigate the effect of Tritrichomonas colonization on the development of 

inflammatory bowel diseases. As the role of Tritrichomonas present in the 

proinflammatory Nlrp6-/- microbiota remains unknown. Moreover, it remains 

unknown that how the potential interaction between Tritrichomonas and mucus-

associated bacteria may influence the disease development. In addition, 

Tritrichomonas colonization showed different outcomes in previous studies, when 

different IBD and colon cancer models were used. We will use the DSS colitis 

model in our mouse setting combined with histology analysis and 16S rRNA gene 
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sequencing to study how Tritrichomonas will affect the host diseases susceptibility 

(see 4.9). 

2. Materials  

2.1 Mouse models 

Wild-type C57BL/6N mice were used in this study. Wild-type (WTBL/6-SPF1) mice were 

bred and maintained at the animal facilities of the Helmholtz Centre for Infection Research 

(HZI) under enhanced specific pathogen-free conditions (SPF). Wild-type germ-free 

C57BL/6N mice (WTBL/6-GF mice) were bred in isolators (Getinge) in the germ-free 

animal facility of the HZI. Wild-type OMM C57BL/6N mice (WTBL/6-OMM mice) were 

obtained from the isolators from the animal facility of the Medical School Hannover (MHH) 

or were bred in isolators in the germ-free animal facility of the HZI. Other used wild-type 

C57BL/6N mice with different microbiota compositions were purchased from Janvier Labs 

(barrier 1A) (WTBL/6-SPF2), and bred under conventional housing conditions at the HZI 

without rederivation. NLRP6-/- mice were obtained from Yale University and bred under 

conventional housing conditions at the HZI (N6BL/6).  

All mice used in the experiment were provided ad libitum with sterilized water and food 

under a strict 12-hour light cycle. WTBL/6-SPF and N6BL/6 mice were housed in 

individually ventilated cages (IVC) in groups up to six (female) or five (male) mice per 

cage. WTBL/6-OMM and WTBL/6-GF mice were kept in airtight ISOcages in groups up 

to six (female) or five (male) mice per cage, which contain a HEPA-filter, to prevent 

contamination of the microbiota.  

During Tritrichomonas colonization, all mice were kept in airtight ISOcages, in groups up 

to six (female) or five (male) mice per cage. Mice were weighed every week after 

colonization, and when below 90% of their bodyweight, mice were weighed two times a 

day, in accordance with the animal protocol. All animal experiments have been performed 

with the permission of the local government of Lower Saxony, Germany under the 

following protocol numbers: “Charakterisierung der Wechselwirkungen zwischen 

intestinalen Protozoen der Gattung Tritrichomonas und dem Darmmikrobiom”:20/3400.  
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2.2 Laboratory equipment 

In this study, multiple equipment were used. For example, anaerobic chambers and 

related equipment were used to culture anaerobic bacteria and protozoa. Themocycler 

and Light cycler 480 real-time PCR system were used to perform PCR and qRT-PCR 

analysis. In addition, many equipment like Beadbeater and SpeedVac were involved in 

the isolation of DNA & RNA from gastrointestinal content or tissue samples. Moreover, 

FACS cell analyzer and sorter were used in our study to perform immune phenotyping 

and cell sorting.  

Table 2. 1: List of laboratory equipment used in this study   

Equipment Source 

Vinyl Anaerobic Chambers Coy laboratory 

Anaerobic Monitor (CAM-12) Coy laboratory 

Catalyst Fan Box Coy laboratory 

Model 2000 Forced Air Incubator Coy laboratory 

Crimper n.a. 

Decapper n.a 

BioPhotometer Plus Eppendorf 

Centrifuge 5424R Eppendorf 

Centrifuge 5430 R Eppendorf 

Thermomixer Comfort Eppendorf 

Compact Microbiological Incubators Thermo Fisher Scientific  

NanoDrop 1000 Spectrophotometer Thermo Fisher Scientific 

Safe 2020 Class II Biological Safety Cabinets Thermo Fisher Scientific 

Savant DNA SpeedVac Thermo Fisher Scientific 

FlexCycler2 PCR-Thermocycler Analytik Jena 

Light cycler 480 Real-Time PCR System  Roche Diagnostics  

Mini-Beadbeater-96  Bio Spec  

MS2 Minishaker IKA works 

Multitron Incubation Shaker Infors HT 

Polytron PT 2500E Stand Dispersing Device Kinematica 
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Systec VX-65 Autoclave Systec-Lab 

Concentrator plus complete system Eppendorf 

CO2 incubator C200 Labortec 

Microplate Reader Epoch2 Biotek 

Waterbath WNB45 Memmert 

Inverse Microscope Primo Vert Zeiss 

FACSAria-IIu Cell Sorter BD Bioscience 

LSR-Fortessa Cell Analyser BD Bioscience 

FACSymphony Cell Analyser BD Bioscience 

Microwave inverter Sharp 

CyberScan pH 510 Eutech Instruments 

2.3 Chemicals and reagents 

Different chemicals were used in this study to prepare the media for bacteria growth. 

Moreover, many reagents were used to perform the DNA & RNA extraction, intestinal 

laminar propria cell isolation, fixation and permeabilization, re-stimulation. Table 2 is a 

list of all the chemicals and reagents used in my experiments and their vendors.  

Table 2. 2: List of chemicals and reagents used in this study 

Chemicals and reagents Vendors 

2-Propanol Avantor Performance Materials 

Ethanol Avantor Performance Materials 

Sodium Dodecyl Sulfate Solution, 20% Sigma Aldrich 

Brain Heart Infusion Broth (BHI) Oxoid 

Glycerol Carl Roth 

Ethylenediaminetetraacetic acid disodium salt 

dihydrate (EDTA)  

Carl Roth 

L-Cysteine Carl Roth 

Fetal Bovine Serum Sigma-Aldrich 

Sodium Hydroxide (NaOH) Sigma-Aldrich 

Polymerase TSG BioBasic 
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RNase AppliChem 

TE Buffer (1x) pH 8.0 Panreac AppliChem 

Monopotassium phosphate (KH2PO4) Carl Roth 

Di-Natriumhydrogenphosphat Dihydrat 

(Na2HPO4·2H2O)  

Carl Roth 

Sodium Chloride (NaCl) Carl Roth 

Magnesium Chloride Dihydrat (MgCl2·6H2O) Honey well 

Calcium chloride dihydrate (CaCl2·2H2O) Sigma-Aldrich 

Resazurin Sigma-Aldrich 

Natriumhydrogencarbonat (NaHCO3) Carl Roth 

Sodium sulfide (Na2S) Sigma-Aldrich 

L-threonine Sigma-Aldrich 

N-Acetyl-D-glucosamin (GlcNAc) Sigma-Aldrich 

Galactose Sigma-Aldrich 

Lyxose Tokyo Chemical Industry 

Xylose Sigma-Aldrich 

Cellobiose Sigma-Aldrich 

Cellulose Megazyme 

Glucose Sigma-Aldrich 

Surcrose Sigma-Aldrich 

Rhamnose Sigma-Aldrich 

Lactose Sigma-Aldrich 

Arabinose Sigma-Aldrich 

Fructose Sigma-Aldrich 

Maltose Sigma-Aldrich 

Tween-80 Sigma-Aldrich 

Water, Millipore Millipore 

Water, molecular biology grade AppliChem 

Iscove's Modified Dulbecco's Medium (IMDM) Thermo Fisher Scientific 
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Roswell Park Memorial Institute (RPMI) 1640 

Medium 

Thermo Fisher Scientific 

Dulbecco's Modified Eagle Medium (DMEM) Thermo Fisher Scientific 

Hanks' Balanced Salt Solution (HBSS) without 

Ca2+, Mg2+ 

Thermo Fisher Scientific 

Collagenase D Roche 

Collagenase A Roche 

Dispase Sigma-Aldrich 

DNase I Roche 

Dithiothreitol (DTT) Sigma-Aldrich 

RBC Lysis Buffer BioLegend 

Fixation/Permeabilisation concentrate eBioscience 

Fixation/Permeabilisation diluent eBioscience 

Fixation Buffer BioLegend 

Permeabilisation buffer BioLegend 

Brefeldin A eBioscience, 

Inonmycin Sigma-Aldrich 

Phorbol-12-myristate-acetate (PMA) eBioscience 

Succinic Acid Sigma-Aldrich 

Agarose Carl Roth 

BBL Trichosel broth BD 

Mac Conkey powder Sigma-Aldrich 

Dextran sulfate sodium salt (DSS) Q1723 MP Biomedicals 

2.4 Buffers and media 

Table 2.3: Buffer A for DNA isolation 

Component Mass Final concentration 

NaCl 11.6g  200mM 

Tris 24.2g  200mM 

EDTA-diNa 7.4g 200mM 
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Add up to 1L with millipore water and set the pH to 8. Filter sterilize it before use.  

Table 2.4: A. muciniphila minimum medium composition 

Component Mass Final concentration 

KH2PO4 0.4 g 0.4 g/L 

Na2HPO4·2H2O 0.6645 g  0.6645 g/L  

NaCl 0.3 g 0.3 g/L 

Magnesium chloride 

(MgCl2·6H2O) 

0.1g 0.1g/L 

CaCl2·2H2O 0.1457 g 0.1457 g/L 

Trace Mineral Supplement 

Mixture 

1 ml 1 ml/L 

Vitamin solution 1 ml 1 ml/L 

Resazurin 0.5 g 0.5 g/L 

NaHCO3 4 g  4 g/L  

Na2S 0.25 g 0.25 g/L 

L-threonine 4 g  4 g/L  

N-Acetyl-D-glucosamin 

(GlcNAc) 

5.53 g 5.53 g/L 

Add up to 1L with millipore water and filter sterilize it before use.  

Table 2.5: Recipe for A. muciniphila mucin rich medium 

Component  Mass  Concentration 

BHI 37 g 37g /L 

hog gastric mucin 2.5 g 2.5 g/L 

L-cysteine 0.5 g 0.5 g/L 

Millipore water Add up to 1L 

Table 2.6: Recipe for 10x PBS 

Component  Mass  Concentration 

NaCl 80 g 80 g/L 

KCl 2 g 2 g/L 
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Na2PO4 14.4 g 14.4 g/L 

KH2PO4 2.4 g 2.4 g/L 

Dissolve in 1 L of dH2O and set the pH to 7.4. Autoclave at 121 ºC for 15 minutes.  

Table 2.7: Composition of the digestion solution for cell isolation 

Component  Stock Volume Dilution 

Collagenase D 100 mg/ml 25 ul 1:200 

DNase I 10 mg /ml 2.5 ul 1:2000 

Dispase 0.5 U/ml 50 ul 1:100 

FBS 1% 50 ul 1:100 

DMEM Add up to 5 ml 

Table 2.8: Disassociation Buffer for cell isolation 

Component  Stock Volume Dilution 

1x HBSS(Ca2+, 

Mg2+ Free) 

10x HBSS 1.5 ml 1:10 

EDTA 0.5 M 60 ul  1:250 

DTT 1 mM 30 ul 1:500 

Millipore water Add up to 15ml  

2.5 Commercial kits 

Table 2.9: List of Commercial kits used in this study 

Commercial Kits Source 

TSG polymerase kit BioBasic 

Spin Column PCR Product Purification Kit BioBasic 

NEBNext® Ultra™ II FS DNA Library Prep Kit New England Biolabs 

ZymoBIOMICS RNA Miniprep Kit Zymo Research 

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Scientific 

KAPA SYBR® FAST qPCR Kits Kapa Biosystems 

2.6 Bacteria strains and primers 

Table 2.10: List of bacteria strains in this study 
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Bacteria Origin Media 

Akkermansia muciniphila DSMZ 26127 BHI+mucin media 

Escherichia coli WTBL/6-SPF2 LB media/MacConkey agar 

Proteus mirabilis WTBL/6-SPF2 LB media/MacConkey agar 

Klebsiella pneumoniae WTBL/6-SPF2 LB media/MacConkey agar 

Table 2.11 List of primers used in this study 

Primers Sequences 

EUB338 6-FAM-GCT GCC TCC CGT AGG AGT-6-FAM 

EUB338 II 6-FAM-GCA GCC ACC CGT AGG TGT-6-FAM 

EUB338 III 6-FAM-GCT GCC ACC CGT AGG TGT-6-FAM 

Nonsense Cy3-CGA CGG AGG GCA TCC TCA-Cy3 

Akk-1437 Cy3-CCT TGC GGT TGG CTT CAG AT-Cy3 

18S AATACGTCCCCTGCCCTTTGT 

28S TCCTCCGCTTAATGAGATGC 

T. mu-F GGCAATGGATGTCTTGGCTTC 

T. mu-R GCACAGAACCCTTACGTTGG 

T. spp-F ACCCTGCGGGGAAAGA 

T. spp-R ATGCGTGTCTGAGCAAAAGC 

Akk-F CAGCACGTGAAGGTGGGGAC 

Akk-R CCTTGCGGTTGGCTTCAGAT 

16S_27F AGAGTTTGATCMTGGCTCAG 

16S_338R TGCTGCCTCCCGTAGGAGT 

g-Prevo-F CACRGTAAACGATGGATGCC 

g-Prevo-R GGTCGGGTTGCAGACC 

16S--437_S24-7-F CGCCCTTTGCTCCCTGACAAAA 

16S-869_S24-7-R TCCCTGAGTGATACAGCGAAAGCG 

SFB736F GACGCTGAGGCATGAGAGCAT  

SFB844R GACGGCACGGATTGTTATTCA 

Htyp_163f AGGGACTCTTAAATATGCTCCTAGAG 

Htyp_262r ATTCATCGTGTTTGAATGCGTCAA 
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Hprt-F CTGGTGAAAAGGACCTCTCG 

Hprt-R TGAAGTACTCATTATAGTCAAGGGCA 

2.7 Software and algorithms  

Table 2.12: List of software and algorithms used in this study 

Graphpad Prism 9 

Flowjo 

Mega 

Adobe Illustrtator 

OlyVIA 

RStudio 

R 3.6.0 

LEfSe 

NCBI BLAST 

Phyloseq 

QIMME2  

Usearch 

3. Methods 

3.1 Mice  

Mice usage was approved by LAVES. All animal experiments were performed in 

accordance with the animal license 20/3400. Mice in this study were maintained in the 

animal facility of Helmholtz Center for Infection Research under specific pathogen free 

(SPF) conditions according to institutional guidelines. C57BL/6Ncrl mice were gender and 

age matched (6-9 weeks) within individual experiments. Mice were bred in house or 

purchased from outside vendors (Janvier Lab).  Animals were not subject to water or food 

restrictions unless specifically clarified and monitored daily by facility staff. 

3.2 Lumen bacteria DNA isolation 

Fresh lumen content samples of mice were collected and immediately stored at -20°C. 

DNA was extracted according to established protocols using a method combining 

mechanical disruption (bead-beating) and phenol/chloroform-based purification. Briefly, 
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sample was suspended in a solution containing 500µl of extraction buffer (200 mM Tris, 

20mM EDTA, 200mM NaCl, pH 8.0), 200µl of 20% SDS, 500µl of 

phenol:chloroform:isoamyl alcohol (24:24:1) and 100µl of 0.1 mm zirconia/silica. Samples 

were homogenized twice with a bead beater (BioSpec) for 2 min. The upper aqueous 

phase were collected and added 60 µl (1/10 volume) 3 M NaOAc (pH = 5.5) and 600 µl 

100% Isopropanol to percipitate the DNA overnight. After precipitation of DNA, crude DNA 

extracts were washed with 70% ethanol, speed dried and resuspended in TE Buffer with 

100µg/ml RNase and column purified to remove PCR inhibitors (BioBasic).  

3.3 Mucosal bacteria DNA isolation 

Intestine organs were opened up longitudinally, washed away all visible parts of fecal 

content in PBS. After that the cleaned intestinal organ were transferred into 50ml Falcon 

tubes that contains 15ml 0.1 % Tween80/PBS. Shake vigorously for 2 min, repeat this 

step twice by transferring the tissue to prefilled falcon tube and pool the 3 washes, 

centrifuge at for 25 min, 3700 rpm at 4oC. Remove the supernatant and resuspend the 

pellet in a solution containing 700µL extraction buffer buffer A+20% SDS 

(500µL+200µL/sample premixed). Transfer the suspension to the “stool collection” tube 

and continue with the standard lumen bacteria DNA isolation protocol.  

3.4 16S rRNA gene sequencing analysis 

Amplification of the V4 region (F515/R806) of the 16S rRNA gene was performed 

according to previously described protocols (Gálvez et al., 2017). Samples were 

sequenced on an Illuminia MiSeq platform (PE250). Filtering of sequences for low quality 

reads (q>=30) and barcode based binning was performed by using QIIME v1.8.0 

(Caporaso et al., 2010). Reads were clustered into 97% ID OTUs using UCLUST 

reference OUT picking, followed by taxonomic classification using the RDP Classifier 

executed at 80% bootstrap confidence cut off. Sequences without matching reference 

dataset, were grouped as de novo using UCLUST. The OTU absolute abundance table 

and mapping file were used for statistical analyses and data visualization in the R 

statistical programming environment package phyloseq. To determine bacterial OTUs 

that explained differences between microbiota settings, linear discriminant analysis (LDA) 

effect size (LEfSe) method were used. OTUs with Kruskal-Wallis test <0.05 and LDA 
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scores >3.5 were considered informative. 

3.5 Preparation of A. muciniphila  

Liquid cultures of A. muciniphila (DSM 26127) for oral gavage were grown in brain heart 

infusion (BHI) + 2.5g/L Type-III hog gastric mucin and 0.5g/L L-Cys·HCl·H2O in an 

anaerobic chamber approximately 48 h to reach a late exponential growth phase. 

Cultures were centrifuged at 11,500 g for 10 min, washed with sterile PBS for twice, and 

then the bacterial cells were re-suspended with sterile PBS to 108 colony-forming units 

(CFUs)/200 µl. It was placed on ice immediately before administering to each mouse by 

gavage. 

3.6 Protozoan isolation and identification 

The cecal content of Tritrichomonas containing Nlrp6-/- mice was harvested into 30ml of 

sterile PBS and filtered once through a 70mm cell strainer. The suspension was spun at 

1000rpm for 5min at 4°C. The supernatant was discarded and the pellet was resuspended 

with 4ml 40% Percoll and laid on 4ml 80% Percoll. A Percoll gradient centrifugation step 

was performed at 1000 g for 15 min with breaks off and the Tritrichomonas cells were 

collected at the interphase. The interphase containing Tritrichomonas was spun down 

again at 1750 rpm for 10 min and resuspended in PBS. Cells were triple sorted into PBS 

on a FACS ARIA II using the 70mm nozzle at 70psi at 4°C. And T. mu and T. spp was 

separated by gating based on their different size and autofluorescence.   

3.7 Culture of Tritrichomonas  

Tritrichomonas culture medium was prepared as described by Saeki et al. (1983) with the 

following modifications. Briefly, cecum content was harvested and homogenized in PBS 

with 25 volumes of PBS per corresponding cecum weights. In order to get homogeneous 

suspension the cecum extract was stirred at 4°C for 6 hour and then spun down at 

3500rpm for 10 min and the supernatant was filtered. The filtered cecal extract was used 

to resuspend the TrichoselTM broth (Becton Dickinson) and titrated to pH 7 with NaOH. 

The medium was then autoclaved prior to be supplemented with 10% heat-inactivated 

horse serum and with Abx against Gram positive and negative bacteria including 

vancomycin, gentamicin, streptomycin, penicillin and amphotericin B. 2x106 T. mu or T. 
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spp were inoculated per ml of growth media and cultured under anaerobic conditions for 

3 days. After 3 days of cultures, the T. mu or T. spp containing media was centrifuged at 

1750 rpm for 10 min and 2x106 T. mu or T. spp was inoculated per mouse.  

3.8 Field emission scanning electron microscopy 

After centrifugation samples were fixed with 2% glutaraldehyde and 5% formaldehyde in 

the growth medium. Fixative was removed by washing once with TE-buffer (20 mM TRIS, 

2 mM EDTA, pH 7.0). Samples were then placed onto poly-L-lysine coated 12 mm glass 

cover slips, left for 10 min and subsequently fixed with 1% glutaraldehyde for 10 min at 

room temperature. After dehydrating in a graded series of acetone (10, 30, 50, 70, 90, 

100%) on ice for 10 min for each step and 100% acetone at room temperature, samples 

were then subjected to critical-point drying with liquid CO2 (CPD 030, Bal-Tec, 

Liechtenstein). Dried samples were covered with a gold-palladium film by sputter coating 

(SCD 500 Bal-Tec, Liechtenstein) before examination in a field emission scanning 

electron microscope Zeiss Merlin (Carl Zeiss, Oberkochen) using the Everhart Thornley 

SE-detector and the inlens-SE detector in a 50:50 ratio with an acceleration voltage of 5 

kV and SEM smart software 5.05. 

3.9  DSS colitis and Pathological Assessment of Intestinal Tissue 

For WT SPF2 mice and Rag2 deficient mice, prepare 1.5% DSS in autoclaved drinking 

water and filter-sterilize it in an autoclaved glass bottle. For WT SPF1 mice, prepare 2.5% 

DSS in autoclaved drinking water. Before exchanging the drinking water with DSS-

drinking water, make sure each mouse is marked and weighed. Fill up each cage water 

bottle with 150-200ml of freshly made DSS- drinking water (150ml for cages with 2-3 mice; 

200ml for cages with 4-6 mice). Upon addition of DSS to drinking water, mice should be 

monitored daily. On day 4 DSS-drinking water should be exchanged with a freshly 

prepared DSS-drinking water. On day 7, remove DSS-drinking water, and replace it with 

autoclaved drinking water and continue monitoring mice until day 14. From day 5 of the 

DSS administration, six parameters (spontaneous behaviour, posture, fur and skin, 

provoked behaviour, body weight and faecal consistency) are assessed and a value in 

the range of 0-3 is assigned for each parameter. When an overall score of 6-8 is reached, 

the monitoring interval is increased to twice a day. If the total score reaches the value 



40 

 

above 9, the animal must be immediately removed from the experiment and killed in 

accordance with animal welfare. The same (termination) applies if an animal receives the 

value 3 in one of the six parameters. 

Small intestines and colons were fixed, embedded in paraffin and sections were cut and 

stained with hematoxylin and eosin (H&E) and Periodic acid-Schiff (PAS) according to 

standard procedures. The histological scoring used to evaluate the severity of colitis in 

DSS treated mice microscopically, was adapted from the TJL-score, which was 

developed for scoring colitis in mice by The Jackson Laboratory(Mähler et al., 1998). The 

alteration of the score has been previously described(Pils et al., 2010). The colon was 

divided into a proximal, middle and distal section, each of about the same size. The small 

intestine was divided into duodenum, jejunum, and ileum. Pathological evaluation was 

performed by a pathologist assessing severity, ulceration, oedema, goblet cell, and areas 

involved and a value in the range of 0-3 is assigned for each parameter. Score 0 means 

no alteration and score 3 means massive alteration in the given parameters. The scores 

were added up to a total of up to 15 per section and the scores of the three sections to a 

total of up to 45 per colon sample. 

3.10 Small intestine laminar propia cell isolation  

In brief, the distal 10cm of small intestine was collected. Fat and peyer’s patches were 

removed. Tissues were opened longitudinally, washed with PBS to flush away the fecal 

content. Tissue were agitated at 4˚C in PBS, 2% FBS, 5mM EDTA, 1mM DTT for 10 min. 

The tissue was then transferred into pre-warmed PBS with 2% FBS and 5mM EDTA and 

rotated at 37˚C for 15 minutes followed by vigorous shaking to remove epithelial cells. 

Tissues were washed with PBS and were cut into small pieces. Tissues were then 

digested digested in RPMI with 10%FBS, 0.25mg/ml collagenase A, 0.1 units/ml Dispase 

II, 50 μg/ml DNase for 30 minutes. The solution was passed through 70um cell strainer 

and the resulting single-cell suspension was Fc blocked with anti-CD16/CD32 before 

staining with the following combination of antibodies.  

3.11 Colon laminar propia cell isolation 

In brief, colons were collected and tissues were opened longitudinally, washed with PBS 

to flush away fecal content. Wash the tissue with 25ml PBS and then transfer the tissue 
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to HBSS containing 2 mM EDTA. The tissues were kept in falcon tubes and put in shaker 

for 20 min at 37°C. Vortex for 20 seconds and wash the tissue in 25ml PBS and vortex 

before take it out. Tissues were cut into small pieces and then incubated with 5ml 

digestion solution in a shaker for 30 min at 37˚C. Digested tissues were filtered through 

70uM cell strainer (Falcon) to new tubes that already contained 15ml DMEM + 5% FBS 

(to inactivate enzymes). After centrifugation, 1800rpm 10 min, cells were resuspended in 

4 ml of 40% Percoll (GE Healthcare) and overlaid on 4 ml of 80% Percoll. Percoll gradient 

separation was performed by centrifugation at 450 g for 25 min at 25°C. Cells in the 

interphase were collected and used as laminar propria lymphocytes (LPL). Transfer 

interphase (containing cells) to a fresh 15 mL tube and fill tube up to 10 mL with DMEM, 

spin down cells (1800 rpm, 5 min, RT). Resuspend pellet cells in 200µl DMEM + 5 % FCS, 

and collect cells in sharp bottomed 96 well plates and take 10 μl out for cell counting.  

3.12  T cell re-stimulation and intracellular staining 

Cells were collected in V-bottomed 96 well plates. PMA (1:1000) and Ionomycin (1:1000) 

were diluted and added in 150 μL /well IMDM media. After 1 hour incubation at 37 degree 

in CO2 incubator for three hours in incubator, Monensin (1:1000) were diluted and added 

in 10 μL/well IMDM media. The cells were incubated for another 2 hours. Transfer cells 

to FACS tubes and pellet down (5 min, 1500 rpm), remove supernatant. The collected 

cells were then used for surface staining with antibody diluted in PBS 100ul per well for 

30min at 4 degree fridge. Wash with 1x PBS at 1500rpm for 5min and fix with 100ul 

Fixation buffer for 20 min at room temperature in dark. Wash with 1 x permeabilized buffer 

(1ml 10 x perm buffer + 9ml distilled water ) two times (1st180ul, 2nd 200ul) at 1500rpm 

for 5min. Intracelluar staining is performed with antibody diluted in Permealized buffer 

100ul per well at 4 degree fridge for 30 minutes. Wash with 180ul permeabilized buffer, 

then cells were resuspended with 100ul 1xPBS and then acquired and analyzed with BD 

Fortessa cell analyzer. The following antibodies were used for staining: 

Table 3.1: List of antibodies for intracellular cytokine staining 

T cell staining Antibody Fluorochromes Dilution Filter 

Surface staining CD45 A700 1:400 730/45 R 

CD3 PECy7 1:400 780/60 YG 
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CD4 Bv785 1:400 785/60 V 

CD8 APC-Cy7 1:400 780/60 R 

Live/dead UV 1:1000 450/50 UV 

B220 PB 1:400 450/50 V 

Intracellular 

cytokine staining  

IL-17 APC7/Alexa 647 1:400 670/14 R 

IL-22 PE 1:400 586/15 YG 

IFN- FITC 1:400 530/30 B 

3.13  Intranuclear staining and ILC staining panel   

Firstly, stain the lineage markers with biotin and other surface markers for 30 minutes in 

fridge, wash once with PBS. Then stain streptavidin-FITC for another 30 minutes. Use 

Foxp3 Fixation/Permeabilization kit for intranuclear transcription factors staining. Prepare 

fresh Foxp3 Fixation/Permeabilization working solution by mixing 1 part of Foxp3 

Fixation/Permeabilization Concentrate with 3 parts of Foxp3 Fixation/Permeabilization 

Diluent. Prepare a 1X working solution of Permeabilization Buffer by mixing 1 part of 10X 

Permeabilization Buffer with 9 parts of distilled water. Add 200 µL of Foxp3 

Fixation/Permeabilization working solution to each well, pipette well. Incubate 30 minutes 

in 4 degree fridge. Centrifuge samples at 500 x g for 5 minutes at room temperature. Add 

200 µL 1X Permeabilization Buffer to each well and centrifuge samples at 500 x g for 5 

minutes at room temperature, repeat once. Resuspend pellet in 100 µL 1X 

Permeabilization Buffer with antibody 30 minutes at room temperature dark. Add 200 µL 

of 1X Permeabilization Buffer to each well and centrifuge samples at 400-600 x g for 5 

minutes at room temperature. Discard the supernatant and repeat washing once.  

Table 3.2: List of antibodies for intranuclear transcription factors staining 

ILC staining Antibody Fluorochromes Dilution Filter 

Surface staining CD45 A700 1:400 730/45 R 

CD3 FITC 1:400 530/30 B 

CD19/B220 FITC 1:400 530/30 B 

Ter119 FITC 1:400 530/30 B 

CD11c FITC 1:400 530/30 B 
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Gr-1 FITC 1:1000 530/30 B 

CD127 PE-Cy7 1:400 780/60 YG 

NKp46 APC 1:400 670/14 R 

NK1.1 APC-Cy7 1:400 780/60 R 

CCR6 Bv785 1:400 785/60 V 

Live/Dead UV 1:1000 450/50 UV 

Intranuclear 

staining  

RORgt Bv421 1:200 450/50 V  

GATA3 PerCP-eF71 1:400 710/50 B 

T-bet PE 1:200 586/15 YG 

3.14 Antibodies used for FACSymphony analysis 

The following antibodies were used to do the immune phenotyping of small intestine 

laminar propria cells. 

Table 3.3: List of antibodies for small intestine FACSymphony staining analysis 

No Channel Laser BP filter Fluorochromes Antibody Dilution 

Surface 

staining 

UV-H 355 379/28 BUV395 CD103 1:100 

UV-G 355 450/50 DAPI L/D 1:1000 

UV-E 355 586/15 BUV563 CD19 1:200 

UV-C 355 670/30 BUV661 CD11c 1:100 

UV-B 355 740/35 BUV737 CD4 1:400 

Vi-G 405 525/50 Bv510 CD45 1:400 

Vi-F 405 586/15 Bv570 CD8 1:400 

Vi-E 405 605/40 Bv605 MHC-II 1:400 

Vi-D 405 677/20 Bv650 CD3 1:400 

Vi-B 405 750/30 Bv750 CD11b 1:100 

BI-G 488 510/20 Alexa488 Siglec-F 1:200 

BI-C 488 710/50 PerCp-Cy5.5 CD64 1:100 

YG-B 561 670/30 PE-Cy7 CD127 1:100 

Rd-B 640 730/45 Alexa700 Ly-6C 1:200 

Rd-A 640 780/60 APC-Cy7 Ly-6G 1:300 
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Intranuclear 

staining 

UV-F 355 515/30 BUV496 Ki67 1:200 

Vi-H 405 431/28 Bv421 RORt 1:100 

Vi-C 405 710/20 Bv711 Gata3 1:200 

YG-D 561 586/15 PE T-bet 1:100 

Rd-C 640 670/30 APC Foxp3 1:100 

3.15 Cecum content metabolites isolation 

Around 50-100mg cecum content was sampled. Proportional methanol+Internal 

Standard1 (1000µl/100 mg) was added to each sample and use beadbeater to 

homogenize the sample. Proportional H2O+Intrenal Standard2 (500µl/100 mg) and 

chloroform (800µl/100 mg) were then added accordingly to each sample and vortexed for 

10 / 10 seconds. Then the samples were agitated for 15 minutes and then centrifugated 

at 16,000g at 4 degree for 5 minutes. After centrifugation, the upper phase is used for 

polar phase and the lower phase can be used for non-polar metabolites analysis. Then 

without touching the interphase, carefully transfer 60 µl (for split injection, split ratio 10:1) 

or 20 µl (for splitless injection) of the polar phase to a GC vial with micro insert. Evaporate 

solvents in a rotary vacuum evaporator at −4°C until dry. Then, increase the temperature 

of the rotary vacuum evaporator to room temperature for 25 min to prevent water from 

condensing on the glass surface of the vial. Cap sample tubes with appropriate caps 

(PTFE/silicone septum), and store samples at −80°C until GC-MS analysis. 

3.16 Intestine tissue RNA isolation 

1cm of intestine tissue is sampled and homogenized by BeadBeaterin 1ml Trizol reagent 

with 200µl 1mm beads. Then samples are incubated room temperature for 5 min to permit 

the complete dissociation of nucleoprotein complexes. Centrifuge at 300g for 3 min and 

then transfer supernatant to a new tube.  Add 200μl of chloroform and vortex samples 

vigorously for 15 sec and incubate at room temperature for 3min. Centrifuge samples at 

12,000g for 15min at 4°C. Transfer upper aqueous phase into new tubes without 

disturbing interphase. Add 0.5ml of isopropyl alcohol per 1ml of TRIZOL reagent and 

incubate samples at -20 °C overnight. Centrifuge at 12,000g for 30 min at 4°C and remove 

supernatant without disturbing gel-like pellet. Wash RNA pellet once with 1ml 75% 

ethanol and mix sample by vortexing and centrifuge at 7,500g for 5min at 4°C. Then 
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remove all leftover ethanol and air-dry RNA pellet for 5min on ice. Dissolve RNA in fresh 

pure water (50-100μl) by passing solution a few times through a pipette tip. Store RNA at 

-80°C until further utilization.  

3.17 Growth curve of A. muciniphila 

Prepare 2x minimum media of A. muciniphila and 10g/L saccharide solution include 

Glucose, Fructose, Galactose, Sucrose, Lactose, Maltose, Lyxose, Xylose, Rhamnose, 

Arabinose, Cellobiose  and Celluose. Add 100μl 2x saccharide solution to different wells 

from 96 wells plate, and first culture A.  muciniphila in BHI+mucus media, then 

centrifugate and resuspended A.  muciniphila with minimum media, then add 100µl to 

every well, so the final concentration is 1x, include one well with mucus rich media as 

positive control and one well purely with minimum media and saccharide solution as 

negative control. Put the plates in the microplate reader, set the incubation temperature 

at 37°C with a reading interval 20 minutes and shake the plate for 10 seconds before 

measuring the OD600.   

3.18 cDNA synthesis and qRT-PCR 

2µg total RNA is mixed with 0.5 μg/μl Oligo dT 18 primer and then add DEPC-treated 

water up to 10 μl. Gently flapped the mixture and briefly centrifuge. Incubate the mixture 

at 65°C for 5 minutes, chill on ice and briefly centrifuge. A mastermix including 4μl 5x 

reaction buffer, 2µl dNTP mix, 1μl Transcriptase, and 3µl DEPC-treated water is prepared 

following the RevertAid RT kit and mixed with the 10µl RNA mix. Gently flapped the 

mixture and briefly centrifuge. Incubate 60 minutes at 42°C and then terminate the 

reaction by heating at 85°C for 5 minutes.  

Real Time-PCR was performed using gene-specific primer set and Kapa Sybr Fast 

qPCR kit (Kapa Biosystems) on a LightCycler 480 instrument (Roche). PCR conditions 

were 95 °C for 60 s, followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. Data were 

analyzed using the the deltaCt method with hprt serving as the reference housekeeping 

gene.  
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3.19 Statistical analyses 

Statistical analysis was performed using GraphPad Prism program (GraphPad Software). 

Data are expressed as mean ± SEM. Differences were analyzed by Student’s t test and 

ANOVA. P values indicated represent a non-parametric Mann-Whitney U test or Kruskal-

Wallis test comparison between groups. P values ≤ 0.05 were considered as significant: 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  

4. Results 

4.1 Identification of two intestinal commensal protozoans in mice 

 

 

 

 

 

 

 

 

Figure 4.1: Findings of protozoan species in conventional in-housed Nlrp6-/- mice. 

(A) PAS staining of colon samples from dysbiotic Nlrp6-/- (DysM) mice. (B) The isolated cell interface were 

stained with trypan blue after Percoll gradient isolation of cecum contents. The photo was observed and 

taken under an inverted routine microscope with a 20x magnification.  

In previous study of our research group, histopathologist observed small eukaryotes, 

presumably protozoan species, in the lumen of the intestine of Nlrp6-/- mice housed in 

conventional housing conditions at the HZI (Roy et al., 2017) (Figure 4.1A). Shotgun 

metagenome analysis of the cecal microbiota from these mice showed millions of reads 

were mapped to the genome of Tritrichomonas species (data not shown). Since protozoa 

are single-celled eukaryotes, a traditional method for cell isolation was adapted to isolate 

intestinal protozoa (Chudnovskiy et al., 2016). Cecum contents were collected and 

washed with PBS. Then we performed a Percoll gradient centrifugation of the cecum 

content from Nlrp6-/- mice and yielded a cell layer at the interface. Staining with trypan 
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blue revealed moving unicellular microorganisms that were around 10 μm under light 

microscopy (Figure 4.1B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Two Tritrichomonas species were isolated and identified. 

(A) Tritrichomonas were enriched by Percoll gradient centrifugation of mice cecum content. Then FACS 

sorting was performed with ARIA IIu based on size (FSC), granularity (SSC) and auto-fluorescence in FITC 

and Pacific Blue. The large sized protozoa were sorted from P1, P2, and P3. The smaller sized protozoa 

were sorted from P4, P5, and P6.   (B and C) Field emission scanning electron microscopy pictures of T. 

mu (B) and T. spp (C). (D) A Phylogenetic analysis of the ITS sequences of these two Tritrichomonas 

(N6dysM big and N6dysM small) together with other related parabasalid sequences downloaded from 

GenBank by using  Randomized Axelerated Maximum Likelihood method.  
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FACS sorting allowed the recovery of two different protozoan species based on their size 

and auto-fluorescence (Figure 4.2A). The electronic microscopy pictures showed one 

protazoan is 14 μm and pear shaped and the other one is 7 μm and more flat and round 

shaped (Figure 4.2B and C). After DNA isolation from the two populations, the 

polymorphic ITS region was amplified using PCR (Chudnovskiy et al., 2016). The ITS 

sequence was determined through Sanger sequencing, and the phylogenetic tree was 

generated based on the ITS sequences from the two different protozoans and other 

related protozoan species. We found out the larger protozoan to be 99% identical to the 

ITS sequence of Tritrichomonas musculis (T. mu) and the smaller protozoan to be 84% 

identical to the ITS sequence of Tritrichomonas foetus, so it was identified as a novel 

species, here referred as Tritrichomonas spp. nov. (T. spp) (Figure 4.2D). 

 

 

 

 

 

 

 

Figure 4.3: T. mu colonization kinetics and its relative abundance in different 
organs.  

(A) Feces samples were collected from one cage of mice (number=5) colonized with 2x106 T. mu per mice 

at day0, 1, 3, 5, 7, 10, 14. (B) Mice were euthanized after 2 weeks of T. mu colonization, ileum, cecum, 

proximal and distal colon contents were sampled.  Fecal and content DNA were isolated and the DNA 

concentrations were normalized. The relative abundance of T. mu was calculated based on the T. mu 

specific primers compared to the 16S rRNA gene. Data is acquired from one experiment represent n=5-10 

mice/group as mean ± SEM.  

To establish an animal model to study the effect of Tritrichomonas colonization in 

Tritrichomonas-free-dwelled mice, we needed to check the colonization kinetics of the 

protozoa. 2x106 T. mu were colonized per mice and we collected feces after T. mu 
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colonization at days 0, 1, 3, 5, 7, 10, and 14. We isolated DNA from the stool to analyze 

the relative abundance of T. mu by performing qPCR with T. mu specific and 16S rRNA 

gene primers. It showed that the abundance of T. mu increased dramatically in the first 

week. It reached the peak at day 7 and afterwards it maintained in a steady level (Figure 

4.3A). Similar kinetics were found in T. spp colonized mice (data not shown). In addition, 

the relative abundance of T. mu in different organs showed it was most prevalent in the 

lumen of the cecum and distal colon and in lower amounts found in the small intestine 

(Figure 4.3B). To sum up, we successfully isolated and identified two Tritrichomonas 

species and we studied their colonization kinetics and abundance in different intestinal 

organs.  

4.2 Immune phenotyping of T. mu and T. spp in SPF1 mice 

 

 

 

 

 

Figure 4.4: Th1 and Th17 immune responses after mice colonized with different 
sources of T. mu.  

Mice were colonized with T. mu from either old or new donor mice for two weeks. Then colon laminar propria 

cells were isolated and re-stimulated to check the Th1 and Th17 cytokines. (A) Percentage of IFN- and IL-

17 producing cells after mice were colonized with T. mu from old donor mice. (B) Percentage of IFN- and 

IL-17 producing cells after mice were colonized with T. mu from new donor mice. Data is acquired from 

three repeated experiments represent n=4-5 mice/group as mean ±  SEM from. P values indicated 

represent an unpaired Student’s t test *p < 0.05; **p < 0.01; ***p< 0.001; ****p<0.0001. 

To establish an animal model for T. mu research, we needed to decide how we colonize 

T. mu for T. mu free mice. Initially, we tried to culture them in vitro with a commercial 

available TrichoselTM broth medium, but it was not successful to main their proliferation 

in the anaerobic chamber. Then we decide to isolate fresh T.mu every time from T. mu 

donor mice. Initially, we prepared our T. mu donor mice with 2x106 T. mu per mice directly 

Percoll gradient isolated T. mu from dysbiotic Nlrp6-/- mice. Then we keep the donor mice 



50 

 

in the iso-cages for two weeks and then isolated the T. mu from the donor mice and 

colonize experimental mice with 2x106 T. mu per mice for two weeks.  

Th1 cells are known to dominantly contribute to the acute phase of protozoa infection 

(Silva-Barrios and Stäger, 2017).  Th17 cells are known to play an essential role in in the 

defense against some extracellular bacteria and fungi. Th17 cells are important modulator 

of  adaptive immunity against Leishmania parasites acting mainly on neutrophil 

recruitment (Gonçalves-de-Albuquerque et al., 2017). Therefore, we isolated the colon 

LPLs and checked the expression of Th1 and Th17 cytokines. A dramatic increase of 

IFN- producing CD4+ T helper cells (Th1), but no expansion of IL-17 producing CD4+ Th 

cells (Th17) was observed (Figure 4.4A). To discard possible bacteria contaminations 

from the dysbiotic microbiota in our donor mice, we decided to sort the Percoll gradient 

interface and culture the protozoan in the presence of multiple antibiotics including 

vancomycin, gentamicin, streptomycin, penicillin and amphotericin B., thereby we 

prepared new donor mice. We no longer observed any expansion of Th1 and Th17 cells 

(Figure 4.4B). This suggests that the previous found Th1 induction was not a T. mu related 

effect but possibly because of a co-transfer of bacterial contamination.  

 

 

 

 

 

 

 

 

 

Figure 4.5: Gating strategy of colon innate lymphocytes.  

ILCs were gated from CD45+Lin-CD127+ cells. Lineage markers include CD3, CD19, Ter119, CD11c, and 

Gr-1. Transcription factors are used to distinguish ILCs populations, in which ILC2s (Gata3+), ILC3s 

(RORt+), and ILC1s (T-bet+) were gated. ILC3s were further gated as T-bet+ or T-bet- ILC3s. 
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Figure 4.6: Characterization of colon innate immune response after 2 weeks T. mu 
and T. spp colonization. 

Mice were colonized with T. mu or T. spp for two weeks. Then colon laminar propria cells were isolated and 

stained with the ILC staining panel. Data is acquired from two repeated experiment represent n=4-6 

mice/group as mean ± SEM from. P values indicated represent an unpaired Student’s t test *p < 0.05; **p 

< 0.01; ***p< 0.001; ****p<0.0001. 

Innate immune response is first line against protozoa infection, and ILCs are important 

members of the innate immunity, especially ILC2s played a crucial role in response to 

helminth and protozoa infection (Castellanos and Longman, 2019). As for the composition 

of innate lymphocytes, we first checked the colon ILCs after T. mu and T. spp colonization. 

The gating strategy is shown in Figure 4.5. We found that ILC1s are increased after T. 

mu colonization, characterized by a higher percentage of T-bet+ ILC1s (Lin-CD127+) 

(Figure 4.6A). However, no significant ILC2s inductions in both T. mu and T. spp groups 

were observed (Figure 4.6B). With regard to ILC3s, we have found decreased 

percentages after T. mu or T. spp colonization, especially in T-bet- ILC3s (Figure 4.6C 

and E). Nevertheless, no changes in the cell number of ILC1 and ILC3s and only a slight 

increase of ILC2s were observed (data not shown).  
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Recently, it has been showed that metabolite from Tritrichomonas spp. drives a small 

intestine remodeling through activation of tuft cell-ILC2 circuit (Schneider et al., 2018a). 
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To check the immune landscape of small intestine, we used a multicolor staining panel 

and manual gating strategies to characterize small intestinal innate and adaptive immune 

responses for two stages of T. mu colonization. The gating strategy is shown in Figure 

4.7.  

Population 1 (P1) monocytes expressed high levels of Ly-6C, but they lacked MHCI-II, 

which indicated their lack of phagocytic activity. Ly-6C high expressed P1 and P2 

monocytes were reported to play pro-inflammatory and antimicrobial roles in dealing with 

the high antigenic load that may potentially across the intestinal laminar propria (Desalegn 

and Pabst, 2019). A decreased cell frequency and cell numbers of P1 monocytes were 

observed at day 14 post colonization (Figure 4.8A and D). In contrast, an increased cell 

frequency and cell numbers of P2 monocytes were noticed at the same time (Figure 4.8 

B and E). The frequency of resident macrophages was decreased along with the T.mu 

colonization (Figure 4.8C). Monocyte differentiation has been suggested to progress 

through distinct phenotypic developmental stages termed as the “monocyte waterfall” 

(Desalegn and Pabst, 2019). Therefore, this change of frequency and cell numbers for 

monocytes and macrophages suggested that T. mu colonization affected the 

differentiation of monocytes. In terms of dendritic cells, we did not find significant changes 

in the cell frequency and cell numbers (Figure 4.8G and J). Moreover, we observed a 

strong infiltration of immune cells such as eosinophils (at day 14 post colonization) (Figure 

4.8I and L) and neutrophils (at day 7 post colonization) (Figure 4.8H and K).  

Figure 4.7: Gating strategy of small intestine lymphocytes. 

Eosinophils were Siglec-F+ gated from CD45+ cells. CD3 and CD19 double negative cells, non-T and B 

cells, were gated from then CD45- cells. From non-T and B cells, Ly-6G+ cell were gated and distinguished 

as neutrophils. Monocytes and microphages were gated from CD64+CD11b+Ly-6G- non-T and B cells. P1 

monocytes were Ly-6C+MHC-II-, P2 monocytes were Ly-6C+MHC-II+, and resident microphages were Ly-

6C-MHC-II+. DCs were CD11c+MHC-II+ cells gated from CD127-CD64-Ly-6C-Ly-6G- non-T and B cells. ILCs 

were gated after the exclusion of myeloid cells from CD127+ cells. Transcription factors were used to 

distinguish ILCs populations, in which ILC2s (Gata3+), ILC3s (RORt+), and ILC1s (T-bet+ from Gata3-

RORt-) were gated. Th cells were gated from CD103-Foxp3 - T cells (CD3+CD4+). Transcription factors 

were used to distinguish different Th populations, in which Th2 cells (Gata3+), Th17 cells (RORt+), and 

Th1 cells (T-bet+ from Gata3-RORt-) were gated. 
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Figure 4.8: Characterization of the composition of myeloid cells in small intestine.  

Mice were colonized with T. mu for either one or two weeks. Then small intestine laminar propria cells were 

isolated without Percoll gradient centrifugation. Data is acquired from one experiment represent n=5-10 

mice/group as mean ± SEM. P values indicated represent an unpaired Student’s t test *p < 0.05; **p < 

0.01; ***p< 0.001; ****p<0.0001.                                                                  

 

 

 

 

 

 

 

 

Figure 4.9: Characterization of the composition of lymphoid cells in small 
intestine.  

Mice were colonized with T. mu for either one or two weeks. Then small intestine laminar propria cells were 

isolated without Percoll gradient centrifugation. Data is acquired from one experiment represent n=5-10 

mice/group as mean ± SEM. P values indicated represent an unpaired Student’s t test *p < 0.05; **p < 

0.01; ***p< 0.001; ****p<0.0001. 

As for the lymphoid cells in small intestine, ILC1s and Th1 cells showed decrease in cell 

numbers but not in the cell frequency (Figure 4.9 A and D, G and J). In contrast, type 2 
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innate lymphoid cells and GATA3+ Th2 cells could be observed at day 14 post 

colonization, increased both in frequency and cell numbers (Figure 4.9B and E, H and K).  

However, changes of ILC3 populations were found similar to that of the colon ILC3s after 

T.mu colonization, which is characterized by lower levels of ILC3s both in frequency and 

in cell numbers (Figure 4.9C and F). 

A slight increase of Th17 cells were found in the cell frequency but not in the cell numbers 

(Figure 4.9 I and L). Taken together, these results showed a strong immune modulatory 

role of Tritrichomonas spp. colonization. 

4.3 Microbiota composition was highly affected upon Tritrichomonas 

colonization 

To the present, researchers have poorly addressed interaction between the intestinal 

protozoan and the bacterial microbiota. We colonized WT SPF1 and WT SPF2 mice with 

2x106 per mice for two weeks. Cecum and colon lumen content samples were collected 

and investigated for the microbiota modulation after T. mu colonization. PCoA analysis 

showed the samples that contained T. mu were distantly clustered in relation to the SPF1 

control group (Figure 4.10A and B). This indicated that after T. mu colonization the 

microbiota composition underwent important changes in cecum and colon samples.  

Here we showed the relative abundance of colon microbiota in family level. While the 

relative abundance of Lachnospiraceae increased significantly, the relative abundance of 

Lactobacillaceae was significantly reduced in SPF1 mice (Figure 4.10C and E).  For SPF2 

mice, the relative abundance of A. muciniphila, the only species in mice from the 

Verrucomocrobia family and S24-7 family, a relatively poorly studied family now named 

Muribaculaceae were significantly decreased (Figure 4.10D and F). However, the relative 

abundance of Mucispirillum schaedleri (M. schaedleri), the only strain of Deferribacteres 

family in mice showed a slight increase in SPF1 (Figure 4.10C and E). Proteobacteria 

were found to be enriched exclusively in SPF2 mice (Figure 4.10D and F).  These findings 

showed that T. mu colonization could significantly modulate the host microbiota 

composition, which was not well known in previous studies.  
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4.4 A. muciniphila was modulated when it is exogenously introduced 

into SPF1 mice.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: T. mu changed the microbiome composition of SPF1 and SPF2 mice.  

WT SPF1 and SPF2 mice were colonized with T. mu for 2 weeks. After that, cecum and colon content were 

sampled for the 16S rRNA gene sequencing analysis. Data is acquired from one experiment represent n=5-

10 mice/group. -diversity was analyzed using a principal coordinates analysis (PCoA) plot. PCoA analysis 

of cecum and colon microbiota in SPF1 (A) and SPF2 (B) mice. The average of relative abundances of the 

colon microbiota in family level were showed here from SPF1(C) and SPF2 (D) mice. Linear discriminant 

analysis effect size (LEfSe) analysis of the colon microbiota changes were showed here from SPF1 (E) and 

SPF2(F) mice.  



57 

 

Analysis of the microbiota composition in response to T. mu colonization in WT SPF1 and 

SPF2 mice spotted two representative species of mucus-associated bacteria, A. 

muciniphila and M. schaedleri. We postulated that Tritrichomonas effectively modulates 

the abundance of mucus-associated bacteria. To test the hypothesis, we colonized A. 

muciniphila-free SPF1 mice with A. muciniphila and checked whether T. mu could lead to 

a decrease in the relative abundance of A. muciniphila in this experiment setting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: T. mu modulated the abundance of A. muciniphila in SPF1+Akk mice.  

SPF1 mice were firstly introduced with A. muciniphila for 2 weeks and then followed by a T. mu colonization 

for two weeks. Cecum and colon content were sampled and the DNA were isolated then sent for 16S rRNA 

gene sequencing. Data is acquired from one experiment represent n=4-6 mice/group represent from three 

repeated experiments. (A) -diversity was analyzed by observed OTUs, Shannon index and Bacteroides / 

Firmicutes (B/F) ratio. (B) -diversity was analyzed by Non-metric multidimensional scaling (NMDS). (C) 

The relative abundance of the A. muciniphila OTU was plotted selectively from the sequencing data. (D) 

the relative abundance of bacteria is showed in the Family level. (E) LEfSe analysis of the samples from 

SPF1+Akk and SPF1+Akk+T. mu group.  

A. muciniphila colonized SPF1+Akk group showed a higher -diversity characterized by 

observed OTUs and Shannon index (Figure 4.11A). NMDS plot showed the microbiota of 

SPF1+Akk and SPF1+Akk+T. mu mice were distinct from each other indicated by the 
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spatial clustering of the sequencing samples (Figure 4.11B). The average OTU count of 

A. muciniphila from Verrucomocrobia Family was plotted selectively from all the OTUs. 

The relative abundance of A. muciniphila showed a significant decrease in T. mu 

colonized mice (Figure 4.11C and D). LEfSe analysis showed decreased abundance of 

A. muciniphila is the most significant feature of T. mu colonized SPF1+Akk+T. mu mice 

(Figure 4.11E). In summary, T. mu colonization down regulated the abundance of A. 

muciniphila specifically when it was exogenously introduced in SPF1 mice. 

4.5 T. mu and T. spp modulated the abundance of A. muciniphila both 

in lumen content and in mucus layer.  

A. muciniphila is claimed to be mucus-degrading bacteria. However, our previous 

sequencing results were performed with the lumen content DNA. We adapted a protocol 

to characterize the microbiota composition within the mucus layer to specifically target 

mucus-associated bacteria. We were also curious to know whether T. spp was able to 

modulate A. muciniphila. Therefore, we colonized three groups of WT SPF1 mice firstly, 

with A. muciniphila for two weeks. Two groups of mice were then colonized with T. mu 

and T. spp by oral gavage for two weeks. We monitored the abundance of A. muciniphila 

after one week and two weeks in feces by qPCR. We observed A. muciniphila could 

effectively colonize SPF1 mice (data not shown). After two weeks of T. mu and T. spp 

colonization, mice were sampled for lumen content and mucus  bacteria from small 

intestine, cecum and colon. 

By doing qPCR, we found that lumen A. muciniphila was down-regulated by both T. mu 

and T. spp in the small intestine, cecum and colon (Figure 4.12A). However, T. mu 

colonization showed a significantly stronger effect in comparison to T. spp in the cecum 

and colon (Figure 4.12A and C). In the cecum, mucus-associated A. muciniphila was 

down-regulated by T. mu and T. spp in a similar level (Figure 4.12B and D). As for colon, 

only T. spp showed an effect in down-regulating A. muciniphila (Figure 4.12B).  

In this experiment, cecum content and mucus DNA were isolated for 16S rRNA gene 

sequencing. The sequencing results illustrated the same findings as the qPCR results 

(Figure 4.12C and D). Strikingly, the relative abundance of A. muciniphila in the mucus 

layer is not so high. However, the enriched abundance of M. schaedleri in the mucus DNA  
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Figure 4.12: qPCR and 16S rRNA gene sequencing results of A. muciniphila in the 
lumen content and mucus layer.  

Three groups of SPF1 mice were firstly introduced with A. muciniphila for 2 weeks and then followed by a 

T. mu and T. spp colonization for two weeks. Small intestine, cecum and colon content DNA and mucuss-

associated bacteria DNA were isolated.  The relative abundance of A. muciniphila in the lumen content (A 

and C) and in mucus layer (B and D) is showed by qPCR method and 16S rRNA gene sequencing. Data is 

acquired from one experiment represent n=4-6 mice/group. P values indicated represent an unpaired 

Student’s t test *p < 0.05; **p < 0.01; ***p< 0.001; ****p<0.0001. 

proved the protocol is reliable. Anyway, these results provide evidence of the alteration 

in the microbiota after T. mu and T. spp colonization. The average level of A. muciniphila 

was significantly decreased upon T. mu and T. spp colonization both in cecum content 

and mucus. These results showed that both lumen and mucus inhabited A. muciniphila 

were affected by the colonization of T. mu and T.spp respectively in varying degrees.  
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4.6 FISH staining pictures showed the location and richness of T.mu 

and A. muciniphila  

In the previous experiment setting, we also sent a few colon samples for fluorescence in 

situ hybridization. A mix of three eubacterial FISH probes that are specific for 16S rRNA 

were used to stain for all the bacteria. A. muciniphila specific probe was used the same 

as previously described (Berry et al., 2012). In the A. muciniphila only colonized mice, a 

big number of A. muciniphila were observed and represented by pink dots (Figure 4.11A).  
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However, it did not show a higher abundance in the mucus layer. Although in our FISH 

setting, mucin is not specifically stained, a green ribbon-like layer is indicated as the 

mucus layer. As in the previous study, it was showed that the mucus did not form a 

separating layer in the proximal colon, but only form an organized mucus layer on the 

presence of fecal pellets in the distal colon (Kamphuis et al., 2017). In the T. mu colonized 

mice, the pink dots was rarely found, indicated a significant decreased A. muciniphila 

(Figure 4.13B). And in the T. spp colonized mice, there were still some number of A. 

muciniphila present in the colon (Figure 4.13C). This was consistent with our findings that 

T. mu showed a stronger effect of A. muciniphila modulation in the colon (Figure 4.12A). 

The FISH staining of A. muciniphila supported our findings reveled by qPCR and 16S 

rRNA gene sequencing results. In addition, it showed the colonization niche of A. 

muciniphila and T. mu for the first time with fluorescent images.  

Figure 4.13: FISH for A. muciniphila in the colon.  

The green color represented all the microbes detected with the EUB338 probe set. The blue color 

represented the epethelial cells and the eukaryotic microbes living in the colon. The A. muciniphila specific 

probe is shown in pink. The white bar on the right image indicates a length of 50 µm. No fluorescence was 

observed when samples were hybridized with the Nonsense probe (negative control) under these 

conditions. Example images are shown here to represent the mice from SPF1+Akk (A), SPF1+Akk+T. mu 

(B), and SPF1+Akk+T. spp (C).  

4.7 T. mu-A. muciniphila interaction is independent of adaptive immune 

system  

We were wondering the mechanisms of this T. mu-A. muciniphila specific interaction. So 

firstly, we wanted to check whether the sequencing of T. mu and A. muciniphila pre-

colonization would affect the effect of this negative association. For this, we precolonized 

WT SPF1 mice with T. mu for two weeks and then colonized the mice with A. muciniphila. 

The results showed this T. mu-A. muciniphila interaction is independent of their 

colonization sequence (Figure 4.14 A).  

Then we were wondering whether the host adaptive immune response of T. mu would 

play a role in A. muciniphila modulation. We colonized both the WT and Rag2-/- SPF1 

mice firstly with A. muciniphila and then colonized them with T. mu. Although in the Rag2 
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Figure 4.14: The relative abundance of A. muciniphila in WT and Rag2-/- mice 

SPF1 mice were either colonized with A. muciniphila or T. mu firstly and then a following colonization with 

the other one (A). Four groups of mice were introduced with A. muciniphila for 2 weeks and then each of 

WT and Rag2-/- were followed by a T. mu colonization for two weeks (B). Colon content DNA were isolated 

and qPCR was performed. The relative abundance of A. muciniphila is calculated based on the A. 

muciniphila specific primers compared to the 16S rRNA gene.  Data is acquired from one experiment 

represent n=4-6 mice/group. P values indicated represent an unpaired Student’s t test *p < 0.05; **p < 

0.01; ***p< 0.001; ****p<0.0001. 

-/- mice, A. muciniphila showed a higher level of colonization abundance, similar 

decreased level of A. muciniphila was observed (Figure 4.14 B). This indicated that T. 

mu-A. muciniphila interaction is independent of adaptive immune system.  

4.8 T. mu compete with A. muciniphila for mucin-derived glycans 

Metabolites were extracted from the cecum content of SPF1, SPF1+Akk, SPF1+T. mu 

and SPF1+Akk+T. mu mice and a non-targeted GC-MS was performed. Compared to A. 

muciniphila, the metabolome results indicated that T. mu colonization had a big effect in 

the overall metabolic profile. As samples from SPF1 and SPF1+Akk were clustered 

together, while samples from SPF1+T. mu and SPF1+Akk+T. mu clustered together and 

showed a distinct metabolite pattern (Figure 4.15A). Reductions in the concentration of 

mono/polysaccharides as galactose, lyxose, sorbose and glucose upon T. mu 

colonization were displayed in the heat map (Figure 4.15A).  

The concentration of galactose, lyxose, and N-acetyl galactosamine (GalNAc) were 

plotted individually and they all showed a decrease detection after T. mu colonization 
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(Figure 4.16 B, C and D). Other changes in the metabolome included reduction in the 

concentration of some amino acids like glutamic acid and alanine (Figure 4.15A).  

Furthermore, concentrations of certain glycolysis metabolites and succinic acid were 

increased (Figure 4.16A). These are typical products of the respiratory activity in 

hydrogenosomes from T. mu via acetyl-CoA. We postulated that those metabolic changes 

resulted in negative effects on the growth of A. muciniphila.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Metabolomics study of T. mu and A. muciniphila colonized mice.  

Metabolites were extracted as described in the methods from the cecum content of SPF1 (black), 

SPF1+Akk (green), SPF1+T. mu (red) and SPF1+Akk+T. mu (blue)mice and a non-targeted GC-MS was 

performed. Successfully annotated and significantly different metabolites between these four groups of 

mice were shown in the heatmap. Data is represent from two independent experiment represent n=3-5 

mice/group.   

In vitro experiments to test the sugar utilization profiles of A. muciniphila were conducted. 

A. muciniphila minimum medium was prepared as described previously (van der Ark et 

al., 2018). This minimal medium with a single carbon source, either with N-acetyl 

glucosamine (GlcNAc) or N-acetyl galactosamine (GalNAc) favors the growth of A. 

muciniphila (Figure 4.17A). Further supplementation with sugars of GlcNAc containing 

minimal medium, revealed faster growth curves in the presence of galactose, lyxose, and 
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Figure 4.16: The concentration of select significantly changed metabolites.   

Metabolites were extracted from the cecum content of SPF1, SPF1+Akk, SPF1+T. mu and SPF1+Akk+T. 

mu mice and a non-targeted GC-MS was performed. The relative concentrations compared to the internal 

standard is calculated and plotted. Data is represent from two independent experiment represent n=3-5 

mice/group. P values indicated represent an unpaired Student’s t test *p < 0.05; **p < 0.01; ***p< 0.001; 

****p<0.0001. 

 

 

 

 

 

 

Figure 4.17: The growth curve of A. muciniphila in the supplement of some 
mono/polysaccharides.  

The growth curve measurement of A. muciniphila is described in the method. A. muciniphila growth 

displayed as optical density (OD) over time in minimum medium supplemented with different 

mono/polysaccharides. Here the minimum medium is firstly prepare without any carbon source in (A). The 

minimum media with GalNAc (B) is prepared and mixed with the extra supplement of many 

mono/polysaccharides. Data represent mean values of OD 600 from 3 duplicates/group from one 

experiment.   

cellobiose (Figure 4.17B). Previous studies have described the composition of mucin in 

the mucus layer lining the intestinal track. This includes, a peptide backbone abundantly 

decorated with O-linked glycans composed of mannose, galactose, fucose and N-acetyl 

hexosamines such as N-acetyl glucosamine (GlcNAc), and N-acetyl galactosamine 
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(GalNAc) (Bansil and Turner, 2018). A. muciniphila is capable of fermenting some of 

these sugars including galactose, fucose, glucose, GlcNAc and GalNAc, which have been 

reported to be used for both energy generation and as carbon source (Desai et al., 2016; 

Ottman et al., 2017a). 

Our genome annotation showed that T. mu contained all the required genes in the 

pathways of galactose and GlcNAc degradation (Figure 4.18). FISH and PAS staining 

results indicated that both T. mu and A. muciniphila live in the vicinity to the mucus layer 

(Figure 4.1 A, Figure 4.13A and B). Therefore, they shared the same colonization niche. 

These results confirmed our hypothesis that T. mu modulates the abundance of A. 

muciniphila competitively by utilizing the same mucin-degraded sugars like galactose and 

GlcNAc. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18: Genes from T. mu and T. spp were mapped to the galactose 
metabolic pathway. 

Genes from T. mu (green) and T. spp (red) were mapped to the galactose metabolic pathway.   
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4.9 T. mu but not T.  spp ameliorated DSS colitis in SPF2 mice 

regardless of the microbiota modulation 

 

 

 

 

 

 

 

 

Figure 4.19: DSS colitis evaluation in WT SPF2 mice with T. mu or T. spp.   

(A-D) DSS colitis was induced in WT SPF2 mice by administering 1.5% DSS (w/v) for 7 days. Body weight 

and were examined on daily basis unless the mice reach the middle level of suffering, then the mice were 

monitored twice a day.  (A and B) The body weight during the entire experiment. (C and D) colon length 

measured when the mice were enthunized. (E) The Ulceration score of histology analysis. (F) PAS staining 

of the colon samples. Data represent n=4-8 mice/group as mean ± SEM from at least two independent 

experiments. P values indicated represent an unpaired Student’s t test. *p < 0,05; **p < 0,01; ***p< 0,001; 

****p< 0,0001. 

DSS colitis is a commonly used mouse colitis model to mimic the human ulcerative 

disease. We found that T. mu colonization could ameliorate the DSS colitis in WT SPF2 

mice. T. mu colonized mice showed less body weight loss and longer colon lengths 

compared to the control group (Figure 4.19A and C). In contrast, T. spp colonized mice 

showed no significant difference in body weight loss and colon length (Figure 4.19B and 

D). Histology scores revealed that T. mu colonized mice develop lower degree of 

ulceration in the colon (Figure 4.19E). During histological analysis, it was also evidenced 

that T. mu resided in the proximity of the intestine epithelia and induced goblet cell 

hyplasia (Figure 4.17F).  

Interestingly, A. muciniphila was highly reduced in the T. mu colonized group (Figure 
4.20A). Besides the beneficial probiotic effect of A. muciniphila, one study showed that A.  
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Figure 4.20: Growth of A. muciniphila is inhibited in SPF2+T. mu mice after DSS 
treatment but not responsible for the colitis protection.  

(A) The microbiota composition change is showed with the relative abundance in the Family level. (B) the 

body weight during the DSS colitis evaluation in WT SPF1 mice with A. muciniphila and T. mu. DSS colitis 

was induced in WT SPF1 mice by administering 2.5% DSS (w/v) for 7 days. Data represent n=4-8 

mice/group as mean ± SEM from one experiment. P values indicated represent an unpaired Student’s t 

test. *p < 0,05; **p < 0,01; ***p< 0,001; ****p< 0,0001. 

muciniphila, acted as pathobiont, and was sufficient for promoting intestinal inflammation 

in both specific-pathogen-free and germ-free il10-/- mice (Seregin et al., 2017). We 

decided to address the question whether A. muciniphila modulation by T. mu was 

responsible for the observed DSS colitis alleviation. For this purpose, we colonized SPF1 

mice with A.muciniphila, and induced colitis by providing DSS in drinking water. Although, 

we observed the same modulation effects in the group that had a following T. mu 

colonization, A. muciniphila did not show a pathobiont role in the DSS colitis model. 

Changes in the microbiota could not be linked to DSS protection (Figure 4.20 B). SPF2 

microbiota contained pathobionts like Enterobacteriaceae species that were highly 

suspected to play a role in DSS colitis exacerbation. Nevertheless, in our study we did 

not find any evidence that those species could exacerbate DSS colitis in WT SPF1 mice 

(data not shown). In contrast, their abundance seemed to be enriched significantly 

affected by T. mu colonization (Figure 4.20A and Figure 4.10D). We concluded that T. 

mu is able to ameliorate DSS colitis in SPF2 mice. This effect bears no relation to the 
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microbiota modulation, but is likely caused by T. mu-related alterations of the colonization 

niche and T. mu induced mucus secretion.  

5. Discussion 

5.1 The prevalence of Tritrichomonas spp. in laboratory and wild 

mouse  

Multiple studies have shown how different isogenic mouse lines that harbor different 

microbiota would affect the colonization resistance to specific pathogens and intestinal 

inflammation (Osbelt et al., 2020; Roy et al., 2017; Thiemann et al., 2017). These studies 

emphasized the host microbiota involvement in the host physiological functions. These 

observations from isogeneic SPF mice, either from bred-in-house or from commercial 

vendors even from different barriers, have revealed the significant influence of microbiota 

composition in specific research questions. Although these studies have showed 

tremendous variations of the microbiota composition within these different sources of 

isogenic SPF mice, the microbiota were non-comparable to the diversity of wild mice, 

which inhabited in the natural environment. SPF and gnotobiotic mouse models have 

been used intensively to minimize the effect of microbiota-derived factors and increase 

the reproducibility of experimental findings. Nevertheless, this comes at the expense of 

insufficient exposure to various commensal or even pathogenic microbes that inhabited 

in the wild counterparts, which adequately affected the development of host immune 

system. This will lead to false assumptions of how our own “wild” immune system works 

by using laboratory mice in our basic and translational immunology research. Rosshart et 

al. circumvented this dilemma by transferring the microbial communities of wild mice into 

timed pregnant GF mice via oral gavage procedures. The microbiota of wild mice 

beneficially contributed to alleviate systemic and local inflammation upon disease 

challenges, influenza A virus pulmonary infection and mutagen- and inflammation-

induced colorectal tumorigenesis (Rosshart et al., 2017). The “wild” microbiota was 

implanted into lab mice by transferring lab mouse embryos into wild mice, which resulted 

a similar microbiota composition to their wild counterparts and triggered a systemic 

immune phenotype. These “wildling” mice reproduced the patients disease outcomes in 
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two preclinical experiments, where normal lab mice failed to predict the human response 

to drug treatments (Rosshart et al., 2019). 

One of the notable feature of these wild mice is their heavy burden of worms and protozoa 

(Weldon et al., 2015). The specific role of protozoa in these wild mice studies need to be 

further studied. Moreover, commensal protozoa have been found not only in wild mice, 

but also are present in the mouse colonies that are bred-in-house. In multiple studies 

published in recent years, it is hard to ignore that most of these studies started with an 

unexpected immune response in the mouse colony maintained in house. For example, a 

significant higher expression of CD45+ cells and increased levels of IgA were noticed in 

the WT C57BL/6 mouse at the Mount Sinai animal facility compared to the mice 

purchased from Jackson Laboratories (Chudnovskiy et al., 2016). Additionally, it was 

identified in four separate animal facilities within the NIH (Chudnovskiy et al., 2016). 

Similarly, Rip2-/-Rag1-/- mice were reported to develop an accelerated T cell transfer colitis 

pathology compared to commercially purchased Rag1-/- mice. Subsequently, it was noted 

that this effect was not caused by the Rip2 deficiency but because of a transmissible 

dysbiotic microbiota, in which T. muris were found to be present and to be responsible for 

exacerbating the colitis pathology (Escalante et al., 2016). Interestingly, the Rip2-/- mice 

were obtained from Richard. A. Flavell’s lab from Yale University School of Medicine, 

where our Nlrp6-/- mice were originally coming from. Another study was started by the 

observation of higher numbers of DCLK+ tuft cells in the small intestine of WT SPF breed-

in-house mice (7.2%) compared to mice (1%) obtained from The Jackson Laboratory 

(JAX) (Howitt et al., 2016). More strikingly, in the study of tuft cell-ILC2 circuit from Richard 

M. Locksley’s lab, all strains of mice that are housed within the vivarium of University of 

California San Francisco were positive for Tritrichomonas (Schneider et al., 2018a). T. 

muris was noticed to exist in several conditional knockout mice models, that are used for 

Tregs studies, at the Fred Hutch Animal Facility (Da Costa et al., 2019). Some of these 

mice colonies come from the generous donations from Dr. Alexander Rudensky 

(Memorial Sloan Kettering Cancer Center). In a more recent published paper about the 

interaction of Tritrichomonas and other microbial community members, Tritrichomonas 

was found in the in-house mouse colonies from the animal facility of Xuzhou Medical 

University in China (Wei et al., 2020). These studies has not only revealed the strong 
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immune-modulatory effect of Tritrichomonas, but also raised the awareness that 

Tritrichomonas or even other protozoa species are present in many mouse facilities. 

Moreover, the scientific communication, especially the exchange of mouse lines, must 

have resulted the further spread of commensal protozoa colonized mice. These facilities 

has included not only the ones from several East Coast research institutions in American, 

but also the ones in China and in Germany. These findings emphasized the importance 

of using littermate controls and the need for animal cohousing for non-littermate 

experiment settings. More strict careful routine check in the mice microbiota composition 

should be conducted in in-breed animals.  

In our animal facility, to study the role of individual pathobiont like Prevetella intestinalis 

from the dysbiotic Nlrp6-/- mice, we maintained the original microbiota composition as it 

published firstly in Cell at 2011 (Elinav et al., 2011). We isolated and identified two 

Tritrichomonas species, T. mu (T. musculis) and T. spp (T. spp. nov.) (Figure 4.2 B and 

C). However, they are not equally colonized in the Nlrp6-/- mice. T. mu colonized 

dominantly, with 97% of the total number, in the cecum of Nlrp6-/- mice (Figure 4.2 A). In 

the previous study, T. muris are found to induce strong IFN- expression in the cecum 

and type 2 immunity through tuft cells in the small intestine (Escalante et al., 2016; Howitt 

et al., 2016). T. musculis was firstly identified in the study from Chudnovskiy and 

colleagues. T. musculis colonization led to a significant expansion of Th1 cells and Th17 

effector cells in the colon (Chudnovskiy et al., 2016). And in the study of tuft cell-ILC2 

circuit from Richard M. Locksley’s lab, no specific Tritrichomonas species were mentioned 

in the publication (Schneider et al., 2018a). However, due to the sequencing information 

is missing in some of the studies, we were unable to verify the degree of homology 

between the Tritrichomonas species described in our study and the ones described in 

these recently published study. In addition, these confusing findings about immune 

modulatory function of these close related protozoa species in different organs raised an 

urgent need to clarify the phylogentic relationship of these Tritrichomonas species. 

Moreover, some less dominant Tritrichomonas species might be neglected by using HE 

staining and PCR amplication with general ITS primers to identify Tritrichomonas. From 

our experience of identifying T. spp, more elegant FACS sorting method combined with 



71 

 

a Sanger sequencing of the ITS amplication are suggested to identify also less dominant 

Tritrichomonas species.   

5.2 Immune responses to Tritrichomonas spp. colonization  

Specific eukaryotes from the gut microbiota can be beneficial because of their modulation 

effect in the host immune system. This is best illustrated in the helminth studies, where a 

negative association between the presence of helminths and the incidence of 

autoimmune diseases is reported (Curtis KM et al., 1997). In contrast, in the human 

population that the helminth is cleared, a rise in the diseases symptoms is observed 

(Ewald, 2014). Indeed, introduction of the helminth or helminth related active ingredients 

has been successful in preventing and treating immune-mediated diseases (Elliott and 

Weinstock, 2012; Rook et al., 2014). However, possible immune modulatory roles for 

Tritrichomonas and other common intestinal protozoa remains mostly unexplored and are 

worthwhile to research thoroughly.  

A range of Tritrichomonas species have been isolated and identified from worldwide 

research groups, in contrast little is known about their actual taxonomic relationships. 

Moreover, they have been shown to induce type 1, type 2 or type 3 immune responses 

(Chudnovskiy et al., 2016; Escalante et al., 2016; Howitt et al., 2016; Schneider et al., 

2018a). Various Tritrichomonas species might function differently, but it is more likely that 

variations in the gut microbiota composition within different animal facilities influenced 

which type of immune response to mount. Strikingly, potential gut bacterial microbiota 

differences remained unrecognized in most of the previous studies. Beyond that, 

Tritrichomonas and the bacterial community might integrate and function as a whole. 

Similar phenotype has been reported that helminths modulated the host allergic 

inflammation in a manner of dependent on gut bacteria (Zaiss et al., 2015).  

In 2016, Chudnovskiy and colleagues illustrated that T. musculis colonization induced a 

strong Th1 cells and Th17 immune response in the colon. This immune phenotype is 

dependent on individual subsets of dendritic cells and their ability to migrate to the 

draining lymphoid nodes. In addition, a production of IL-18 by epithelial cells is also 

required in this process. In contrast, in our studies, we failed to find a strong expansion 

of Th1 and Th17 cells, when we colonized the mice with new donor mice (Figure 4.4). 
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These different observations in the immune phenotyping may come from the variations in 

the gut microbiota composition and the presence of some immune-intriguing commensal 

bacteria. For example in the study of Klebsiella pneumoniae strain from the microbiota of 

human saliva (Atarashi et al., 2017) and B. fragilis (Mazmanian et al., 2005), those strains 

showed a strong Th1 immune response induction. SFB, a commensal species from 

clostridia family, was showed as a strong Th17 immune inducer (Ivanov et al., 2009b). As 

these specific immune-intriguing commensal bacteria might be affected by the 

Tritrichomonas colonization, therefore displayed different outcomes.  

Furthermore, T. muris colonization was reported to induce an significant expansion of IL-

13 and IL-5 producing ILC2, which functions to control the protozoa load in mucosal 

surface (Howitt et al., 2016). Tritrichomonas derived succinate activated the tuft cell-ILC2 

circuit in a POU2F3-, IL-25-, and TRPM5-dependent manner, in line with the metabolite-

triggered sensory role for tuft cells (Schneider et al., 2018a). We observed a similar ILC2s 

expansion in the small intestine and strong Th2 immune response additionally (Figure 

4.7B and H). Meanwhile, a strong activation of eosinophils was induced by T. mu 

colonization, which is a general feature of immune response against helminths (Figure 

4.6 I and L). This representative eosinophilia expansion after T. mu colonization is highly 

associated with the production of type 2 cytokines, e.g. IL-4, IL-5, and IL-13 (Klion and 

Nutman, 2004). However, the role and function of these eosinophils in the small intestine 

tissue need to be further studied and clarified, especially eosinophils was reported to be 

a great source of IL-22bp (Martin et al., 2016). IL-22bp is a negative regulator for IL-22, 

which plays a dual-natured role, either protective or inflammatory, in inflammation 

(Zenewicz, 2018). 

It remains unknown that whether these immunomodulation findings reflect species-

specific effects or tropism-related bias. Further phylogenetic analysis of protozoa species 

derived from diverse research units and centers is required. Underappreciated diversity 

might be revealed as it is reported that wild rodents was a great reservoir of enteric 

protozoa (Seifollahi et al., 2016).  
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5.3 Gut bacterial community composition is strongly affected by 

Tritrichomonas spp. colonization  

Differences in the microbiota composition did not pose an effect in the T.mu colonization 

efficiency. However, whether T.mu colonization caused shifts in microbiota composition 

and function need and to which degree it contribute to the colonic immune system to be 

further assessed.  

In our study, we provided some unique insights that trans-kingdom microbial 

communication is considerable force to drive gut microbiome dynamics. We showed that 

murine commensal Tritrichomonas spp. colonization could strongly affect the gut 

prokaryotic bacterial community composition, especially the mucus-associated bacteria, 

e.g. A. muciniphila.  Meanwhile, we found that the proliferation of Tritrichomonas heavily 

affected the host metabolic activities, therefore provided constant competitive pressure 

on the bacterial communities. In another study, Tenericutes was found significantly 

reduced when T. mu was colonized. In addition, antibiotic treatment has increased the 

abundance of T. mu under different dietary conditions (Wei et al., 2020). Thus, a potential 

cross-kingdom competitive interaction between commensal T. mu and bacteria might be 

present. These competitive interactions of commensal protozoa and bacterial 

communities might play a significant role in the microbiota composition and function that 

thus influence the host physiopathology. In consistent with this notion, it has been 

reported that the presence of Blastocystis is directly associated with the gut microbiota 

shifts in the asymptomatic Blastocystis infected human (Deng et al., 2021).  

Despite the competitive interaction with A. muciniphila, the abundances of 

Lachonospiraceae, Deferribacteraceae, and Proteobacteriaceae were increased after T. 

mu colonization. In another study, accompanied by T. musculis colonization, the 

abundances of Bacteroidetes, Deferribacteres, and Spirochaetes were increased (Wei et 

al., 2020). These findings suggested that these members of the gut microbiota were 

symbionts of T. mu. These positive associations forecasted potential mutualistic 

relationships between these bacteria and Tritrichomonas. Similarly, in the study of 

termites, Bacteroidales and Spirochaetaes bacteria are reported to be symbionts of the 

flagellated protozoa, notably Spirochete played crucial role in reductive acetogenesis to 
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remove hydrogen produced by commensal protozoa inhabited in the lower termite (Brune, 

2014; Noda et al., 2006). Together with our finding, this indicates that protozoan-

bacterium interaction is prevalent across various kinds of hosts, which might follow a very 

conservative rule. It needs to be further investigated which factor determines this 

symbiotic relationship as these hosts have various dietary habits.  

5.4 The utilization of dietary fiber and mucin derived glycans by 

Tritrichomonas spp.  

In the clinical diagnostic laboratory setting, microscopy is the first choice for identification 

of pathogenic Tritrichomonas species in stool samples. In vitro cultivation of these 

protozoa are usually difficult, expensive, and labor-intensive to maintain. However, 

cultivation is an important tool for the research of commensal Tritrichomonas spp., 

especially for the establishment of animal models. At the moment some oral and vaginal 

flagellates, e.g. Trichomonas tenax (T. tenax) and T. vaginalis, were adapted to grow 

axenically, while most other animal-sourced flagellates can only be maintained as mixed 

cultures (Clark and Diamond, 2002). One reason is that during the coevolution process, 

gut bacteria and commensal protozoa has formed a symbiotic relationship. Another 

important reason for the cultivation difficulties is attributed to the insufficient study of their 

nutrients demand, especially for their capability of utilizing dietary fibers and host derived 

metabolites.  

Neonates born from T. musculis-colonized mice were initially T. musculis negative and 

became T. musculis positive after weaning (Wei et al., 2020). Notably, Tritrichomonas 

were strongly expelled when the mice were fed on a strict milk diet or high fat diet or when 

dietary fibers were absent or when cellulose was the sole fiber. In contrast, 

Tritrichomonas colonization could be re-established when oligofructan inulin was the only 

source of dietary fiber (Schneider et al., 2018b; Wei et al., 2020). The capability of 

Tritrichomonas in degrading complex polysaccharides is consistent with genomic 

replication of glycolytic enzymes (Barratt et al., 2016). The mitochondria-like 

hydrogenosomes enable Tritrichomonas to metabolize pyruvate and produce end 

products, including acetate, succinate, and hydrogen (Muller et al., 2012). Dietary fiber 

and SCFA has been unraveled to play important roles in vertebrate physiology. Therefore, 
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the potential role of these prevalent protozoa in the metabolic interactions with host and 

bacteria is worth a further investigation (Koh et al., 2016). This also indicates that modern 

western diet, characterized with high consumption of meat and dairy products can 

potentially change not only prokaryotic but also eukaryotic taxa. It will be worthwhile to 

further investigate how these changes in the microbiota might affect host functions.  

In our study, we also found T. mu colonization affected heavily on the host metabolic 

activities, as many metabolites, e.g. succinate and galactose, has showed significant 

changes accompanied by T. mu colonization. The capacity of Tritrichomonas spp. to 

degrade galactose is associated with their gene pools that are mapped to the galactose 

metabolic pathway. These dietary fibers and mucin nutrient are not only consumed by 

Tritrichomonas spp. but also gut bacteria. When in a colonization niche, where such 

nutrients were scarce, T. mu and commensal bacteria might compete for the limited 

resource for survival.  

5.5 Tritrichomonas spp. colonization changes host susceptibility to 

intestinal inflammation and pathogenic infection 

T. mu colonization alleviated the intestinal inflammation caused by Salmonella infection 

in a manner of dependent on the IL-18 inflammasome (Chudnovskiy et al., 2016). Pre-

colonization with commensal Tritrichomonas spp. changed the host metabolic 

homeostasis and altered the intestinal immune landscape, therefore attenuated further 

infections. This state and phenotype was firstly described in the helminth study and 

termed as concomitant immunity, in which primary helminth-infected animals become 

more resistant to new secondary infection (Smithers and Terry, 1969). It is also reported 

in the tuft cell-ILC2s circuit study that Tritrichomonas-colonized mice rendered animals 

resistant to infection by both N. brasiliensis and H. polygyrus (Schneider et al., 2018b). In 

our study, we observed a decreased colitis severity in the T. mu colonized mice, when 

DSS colitis model was conducted in WT SPF2 mice. Altogether, these results revealed 

an unrecognized mutualistic host protozoan interaction that these intestinal commensal 

protozoa enhanced mucosal defenses against pathogenic infections and intestinal 

inflammations.  
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However, while serving a mutualistic relationship, T. mu and T. muris colonization were 

reported to exacerbate T cell transfer colitis severity in murine studies (Chudnovskiy et 

al., 2016; Escalante et al., 2016). These results suggested that Tritrichomonas spp. might 

play a detrimental role in some immune disorders. In conclusion, the effect of 

Tritrichomonas spp. colonization has to be carefully reviewed by considering all the 

factors, e.g. the taxonomy classification, microbiota composition, and animal models 

together.  

5.6 Human commensal protozoa and Trichomonads of humans 

Regarding to human studies, rare attentions have been paid to the presence of human 

associated protozoa. It tends to be an essential research direction that how these 

protozoa species would influence the gut bacterial communities and how their prevalence 

in developed countries affects human health. Due to insufficient dietary intake, food 

sterilization, and abusive antibiotics usage, the gut microbiota of populations coming from 

industrialized countries is far less diverse. Especially, this process is accompanied by a 

reduced burden of protozoa. Therefore, we speculate that the presence of protozoa in the 

populations from unindustrialized countries might have some beneficial effects like the 

natural microbiota in wild mice. Until now, no human inhabited commensal protozoa, 

which are usually part of the gut microbiota, have been studied for their role in stimulating 

an immune response that are potentially beneficial for human immune disorders. 

Nevertheless, gut microbiota changes should be carefully evaluated before testing these 

eukaryotes as potential preventive and therapeutic approaches for maintaining intestinal 

human health in the future.  

Controversies are ongoing whether specific Tritrichomonads are commensals, 

pathobionts, or pathogens (Lukeš et al., 2015). Four trichomonads species were reported 

in human studies. T. vaginalis is a commonly sexually transmitted pathogen that is found 

in the urogenital tract. T. tenax inhabited specifically in the oral cavity of patients with poor 

oral hygiene and periodontal disease. In addition, a few Tritrichomonads are generally 

considered as non-pathogenic commensals. Pentatrichomonas hominis (P. hominis), 

previously known as Trichomonas hominis, is a non-pathogenic commensal of the large 

intestine. The closest human ortholog of T. mu is D. fragilis, an unicellular trichomonads 
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species that colonize the human gastrointestinal tract (Stark et al., 2016). Indeed, D. 

fragilis has been associated with some clinical symptoms including intermittent diarrhea, 

abdominal pain, flatulence, nausea and fatigue, but it has also been identified in many 

asymptomatic infect humans (Barratt et al., 2011). Moreover, it has be reported that D. 

fragilis provided a protective effect against disease flares in inflammatory bowel disease 

(IBD) patients (Petersen et al., 2013). Therefore, more studies on the etiology of 

inflammation and immune homeostasis in Trichomonads colonized individuals are 

needed. 

5.7 Limitations and future experiments 

 

 

 

 

 

 

 

Figure 5.1: Impact of T. mu colonization in the colon.   

A. muciniphila was heavily affected by T.mu colonization because of the nutrient competition for mucin-

derived sugars. T.mu ameliorate the colitis pathology in SPF2 mice in a microbiota independent manner. 

Some of the elements e.g. the intestine and Tritrichomonas were taken from Servier Medical 

Art(https://smart.servier.com/), the images are free to use and no permission is required.  

We have identified two Tritrichomonas species in our bred-in-house mice. This is the first 

time, two species were found to colonize simultaneously in the murine intestine. T. spp is 

a novel and uncharacterized species that is found in a relative lower abundance 

compared to T. mu. Whether a pure and single T. mu or T. muris colonization are used in 

the previous studies need to be investigated as low abundant Tritrichomonas species like 

T. spp might be neglected due to the use of general ITS primers. However, we have not 

touched the interaction between the two Tritrichomonas species used in our study. It 
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seems that T. mu had a competitive advantage against T. spp, which is indicated by the 

original relative abundance in the Nlrp6-/- mice. The genome size of T. mu is twice of the 

one of T. spp, which might empower the T. mu to outcompete with T. spp in specific 

dietary conditions. These speculations and hypothesis need to be further tested to figure 

out the mechanisms behind it.  

 

Figure 5.2: Impact of T. mu colonization in the small intestine.   

T.mu derived succinate triggers a tuft cell and ILC2s circuit. In our experiment settings, we observed a 

significant increase in type 2 immune cells and eosinophils induction in the small intestine. Some of the 

elements e.g. the intestine and Tritrichomonas were taken from Servier Medical Art 

(https://smart.servier.com/), the images are free to use and no permission is required. 

We have developed an effective and reproducible animal model to compare the 

microbiome of Tritrichomons-free animals before and during colonization by the 

protozoan. Although others and we called attention to the microbiota modulation role of 

commensal protozoan, but this is the first time one specific mucus associated bacteria 

was shown down-regulated by a commensal protozoan. The trans-domain interaction 

between A. muciniphila and T. mu is related with the competition for mucin derived 

glycans. Nevertheless, we have not clarified how T. mu and T. spp utilized the dietary 

fiber and mucin-derived nutrients because of the incapability of culturing them. And 
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designed specific synthetic diet will be needed to feed the Tritrichomonas spp. mono-

colonized GF mice to clarify their nutrient demand.  

Our studies illuminate important findings relevant to the role of a murine commensal 

protozoan in modulating the host immune response. Strikingly, a significant expansion of 

type 2 immune cells and eosinophils was observed in the small intestines of our 

chronically infected wild-type mice. This is in consistent with the study from Howitt et al. 

(2016) that outlined the induction of a type 2 response in the small intestine upon T. muris 

colonization. In addition, Schneider and colleagues found that one end product from 

Tritrichomonas hydrogenosome metabolism, succinate, triggers tuft cell chemosensation 

and IL-25 induction. The immune modulatory role of Tritrichomonas spp. is well studied 

in the previous studies. However, due to the lack of appropriate conditional knock out 

mice, we were unable to further investigate the function role of the effector immune cells.  

In our study, we observed a decreased colitis severity in the T. mu colonized mice, when 

DSS colitis model was conducted in WT SPF2 mice. However, we failed to link this 

protection of T. mu with the microbiota composition shifts that it caused. We failed to 

uncover the exact mechanism of this protection, as the respectively increased A. 

muciniphila and Enterobacteriaceae are not associated with the colitis severity in our DSS 

model. One study showed that administration of A. muciniphila ameliorates dextran 

sulfate sodium-induced ulcerative colitis in mice (Bian et al., 2019). However, in our study 

we did not observe a significant protection effect based on the body weight loss in our 

DSS colitis experiment. This could be an effect of different microbiota compositions of the 

tested mice. In addition, when it came to the anti-inflammatory properties, different A. 

muciniphila strains showed strain-specific anti-inflammatory effect in reducing spleen 

weight, colon inflammation index, and fecal lipocalin-2 content on chronic colitis in mice 

(Zhai et al., 2019).  

Therefore, the strong mutualistic relationship between T. mu and its rodent host in the 

perspective of immune response induction and microbiota modulation highlight the need 

to pay attention to human intestinal disease models and infectious models that 

established with rodents. Host, protozoa, and gut bacteria formed a complexed trilateral 

interplay, whereas the existing interactions between gut bacteria and protozoan remains 
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poorly recognized. Beneficial or detrimental immunomodulatory role depends on how they 

interact with the host. Strictly controlled studies are urgently demanded to unravel the 

secrets of intestinal protozoa and to clarify the exact mechanism behind the observed 

shifts in gut microbiota diversity and composition. We need especially fore-and-aft 

metagenomics analysis of the microbiota from individuals undergone antiprotozoal 

treatment to evaluate the association between bacterial diversity and the presence of 

intestinal protozoa. Furthermore, the development of an effective and reproducible animal 

model is required in order to compare the microbiome of protozoa-free animals before 

and after colonization. After all these efforts, novel perspectives on the ecological nature 

of protozoan infections might be unveiled.   
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