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ABSTRACT 

Changes in the gut microbiota have been correlated with positive and negative health 

outcomes; however, the mechanisms of causality in microbial modifications and resulting 

host responses are largely unknown. In this thesis, a mouse model was successfully 

established by colonizing mice with gut microbial communities that differ only in the 

presence of a single commensal bacterium. Mouse commensal Escherichia coli and 

Parasutterella strains were selected as model microorganisms to investigate the mechanisms 

of host-microbe interactions with different perturbations. 

To determine the impact of E. coli colonization on host response after antibiotic 

treatment, mice were colonized with E. coli and subsequently treated with metronidazole. E. 

coli colonized the mouse gut readily without causing notable changes in microbiota or host 

response. However, the presence of E. coli strongly affected metronidazole-induced microbial 

community structural shifts. Remarkably, E. coli in the context of a complex microbiota led 

to variations in the host response to metronidazole treatment including increased expression 

of antimicrobial peptide genes and intestinal inflammation. This proof of concept study 

provides an explanation for variability in animal models using antibiotics, and also 

encourages the development of personalized medication in antibiotic therapies. 

The enrichment of family Enterobacteriaceae induced by high-fat diet (HFD) feeding 

has been correlated with impaired glucose homeostasis. To investigate the relationship 

between the enriched Enterobacteriaceae and the development of HFD-induced metabolic 

disease, the commensal E. coli strain was added to the mouse model with HFD intervention. 

When mice were maintained on a standard chow diet for 16 weeks, no difference in metabolic 

outcomes was observed between the control and E. coli-colonized mice. In contrast, under the 
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HFD regime, the presence of E. coli significantly increased body weight and adiposity as well 

as induced an impaired glucose tolerance, which was accompanied by elevated levels of 

plasma leptin. In addition, with HFD treatment, the colonization of E. coli led to increased 

inflammation in adipose tissue. The results demonstrated the role of commensal E. coli in 

glucose homeostasis and energy metabolism responding to HFD treatment, indicating 

contributions of commensal bacteria to the pathogenesis of obesity and insulin resistance. 

To characterize the role of the genus Parasutterella, a core component of the human 

and mouse gut microbiota, Parasutterella mc1 was isolated from the mouse gut and 

characterized in vitro and in vivo. Mouse, rat, and human Parasutterella isolates were all 

asaccharolytic and producers of succinate. The murine isolate stably colonized the mouse 

intestine without shifting bacterial composition. Notable changes in microbial-derived 

metabolites were aromatic amino acid, bilirubin, purine, and bile acid derivatives. The 

impacted bile acid profile was consistent with altered expression of ileal bile acid transporter 

genes and hepatic bile acid synthesis genes, supporting the potential role of Parasutterella in 

bile acid maintenance and cholesterol metabolism. This experiment provides the first 

indication of the role of Parasutterella in the gut, beyond correlation, and provides insight 

into how it may contribute to host health. 

A preliminary study was conducted to investigate host adaptions of Parasutterella 

strains in colonizing mouse gut. The chicken Parasutterella strain and pig Sutterellaceae 

strain failed to colonize the mouse intestine, whereas the mouse and human strain were able 

to colonize and persist. However, the mouse strain outcompeted and overcame the human 

strain in the competitive colonization experiment, indicating a better ecological fitness of the 
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mouse isolate than the human strain. The study suggests host selectivity of Parasutterella 

species and the co-evolution between Parasutterella and the host. 

Collectively, the thesis provides information about the role of commensal bacteria, E. 

coli and Parasutterella, in microbial interactions and host physiology using a well-controlled 

tractable mouse model. 
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1. CHAPTER 1: INTRODUCTION 

1.1. Gut microbiota 

The complex consortium of microbes that inhabits the mammalian gastrointestinal 

tract (GIT), termed the gut microbiota, are well known to have a tremendous impact on host 

health and disease. Driven by technological advances in the past decade, the scientific interest 

in the microbiome research field is moving beyond correlations to focus on addressing 

mechanisms and causations of host-microbe interactions (1). Although identifying the 

underlying mechanisms by which gut microbes impact host physiology remains challenging, 

several mediators of host-microbe interactions have been characterized, establishing a 

foundational understanding of the symbiont (2). The mediating factors include, but not 

limited to the immunomodulatory effects of the gut microbiome and the microbial-derived 

metabolites (2). 

Host immune system plays an important role in shaping the gut microbiota which 

largely impacts the symbiotic relationships in the gut (1). The gut immune system prevents 

overgrowth of resident microbiota through multiple antimicrobial mechanisms to maintain 

immune homeostasis (3). Gut microbes can elicit distinct immune responses, however, the 

underlying mechanisms with respect to specified commensal microbes remain to be fully 

elucidated (4). In addition, it is still not clear to what extent individual bacterial species 

impacts the immune homeostasis in the context of a complex microbial community, 

suggesting the necessity of investigating the biology and function of individual bacterial 

species.  

Microbial-derived metabolites in the gut actively foster intestinal homeostasis, 

however, our understanding of metabolites produced by the gut microbiota is still in its 
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infancy as a substantial proportion of the molecules and associated pathways have yet to be 

functionally characterized (5). Currently, several metabolites such as short-chain fatty acids, 

trimethylamine, and bile acids have been identified to exert a crucial influence on host health 

outcomes (5). In this section, the characteristics of bile acids and the involvement of the gut 

microbiota in bile acid metabolism will be briefly discussed. 

1.1.1 The gut microbiota and bile acid metabolism 

Bile acids are widely known for their role in promoting the absorption of dietary lipids 

and lipid-soluble nutrients in the intestine. However, more recently bile acids have been 

identified in metabolic regulation as signaling molecules that regulate a network of lipid, 

glucose, drug and energy metabolism (6). Bile acid signaling has also been identified as a 

mechanism through which microbes regulate host metabolism regarding the modifications of 

bile acid structure and abundance by the gut microbiota. 

1.1.1.1 Biosynthesis and transport of bile acids 

Bile acids are derived from cholesterol in the liver through a multi-enzyme process. 

The full complement of bile acid synthesis requires at least 16 enzymes that catalyze as many 

as 17 reactions to convert cholesterol into conjugated bile salts (7). The immediate products 

of these reactions are referred to as primary bile acids. In humans, there are two primary bile 

acids, which are chenodeoxycholic acid (CDCA) and cholic acid (CA). Mice synthesize CA 

and muricholic acid (MCA), the latter of which is significant in that βMCA is the primary 

bile acid responsible for activating some signaling pathways discussed below. Bile acids are 

conjugated with taurine or glycine at the last step of primary bile acids biosynthesis. The 

conjugation reduces the ability of bile acids to cross the cell membrane lipid bilayer, leading 

to a high intraluminal concentration of bile acids, which is essential for facilitating fat 
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digestion and absorption (8). More than 95% of excreted conjugated bile salts are reabsorbed 

in the distal ileum and returned to the liver through the enterohepatic circulation (9). The size 

of the bile acid pool can be maintained at a constant level, approximately 2 to 4 g in humans 

(10). 

1.1.1.2 Microbial involvement in bile acid circulation 

Gut bacteria modify primary bile acids via three mechanisms including deconjugation, 

7α-dehydrogenation, and 7α-dehydroxylation (11). The process results in the formation of 

secondary bile acids, increasing the chemical diversity of the bile acid pool (12). In humans, 

the primary bile acids CA and CDCA are converted into the secondary bile acids deoxycholic 

acid (DCA) and lithocholic acids (LCA), respectively. The differences in bile acid profile 

between human and mice have been nicely summarized previously (13). The transformation 

of bile acids by the gut microbiota is mainly attributed to anaerobic bacterial genera including 

Bacteroides, Eubacterium, and Clostridium (12). The deconjugation process is performed by 

various genera such as Bacteroides, Proteus, Lactobacillus, Clostridium, and streptococci. 

The dehydrogenase activity is performed by a wide range of bacteria including E. coli, 

Pseudomonas, Bacteroides, Eubacterium, Bacillus, and Clostridium (14). In addition, 

Bifidobacterium and Lactobacillus species have been widely found to produce bile salt 

hydrolase (15, 16). 

The gut microbiota alters the size of the bile acid pool and bile acid composition. 

Microbial colonization increases the fecal loss of bile acids, which coincides with an overall 

reduction in the bile acid pool (16). Germ-free rats have a circulating bile acid profile 

dominated by conjugated bile acids whereas bile acids are primarily unconjugated in 
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conventionalized mice (17). Collectively, the gut microbiota reduces the bile acid pool size, 

however, increases chemical diversity of bile acids (16). 

1.1.1.3. Gut microbiota impacts host health by modulating bile acids metabolism 

Obese patients treated with vancomycin showed reduced fecal secondary bile acids 

and simultaneous postprandial increase of plasma primary bile acids. Meanwhile, 

vancomycin treatment decreased peripheral insulin sensitivity, linking alterations in bile acids 

and glucose metabolism (17). It has been proposed that the gut microbiota affects signaling 

properties of bile acids via the Farnesoid X receptor (FXR) and the G protein-coupled 

membrane receptor 5 (TGR5) signaling pathway to influence the lipid and glucose 

metabolism (18).  

1.1.1.3.1. FXR signaling pathway and bile acids metabolism 

The FXR signaling pathway is important in maintaining bile acid pool as it controls 

both bile acid biosynthesis and enterohepatic cycling (19). The FXR pathway affects the 

biosynthesis of bile acids in the liver by repressing the expression of rate-limiting enzyme, 

cholesterol 7α-hydroxylase (CYP7A1), through direct regulation of the short heterodimer 

partner (SHP). Interruption of this feedback loop results in increased bile acid pool as 

evidenced by an altered bile acid pool size in SHP-/- mice (19). The activation of FXR 

signaling pathway in the intestine induces the expression of fibroblast growth factor (Fgf)-19 

which is secreted into the circulation, inducing a repressed expression of CYP7A1 in the liver 

(20). The FXR-mediated repression of CYP7A1 contributes to the negative feedback 

regulation of bile acid synthesis, and this feedback mechanism is impacted by microbial 

modification of bile acids (21). 

1.1.1.3.2. FXR signaling pathway in glucose and lipid metabolism 
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Substantial evidence indicates that the FXR signaling pathway plays an important role 

in the regulation of glucose metabolism. However, due to opposing findings, it is as yet 

unclear in which direction FXR signaling should be promoted/inhibited to result in a healthy 

outcome. FXR deficiency benefited body weight and glucose homeostasis in mice on a leptin-

deficient (ob/ob) background (22). However, FXR-/- mice on a wild-type background 

developed severe fatty liver and impaired glucose tolerance (23). It has been proposed that 

FXR may have beneficial effects in mice under chow-diet fed conditions, whereas in mice 

maintained on HFD, FXR may exert deleterious outcomes by altering lipid and glucose 

metabolism (13). The mechanism by which the activation of FXR signaling pathway induces 

distinct responses in different contexts has yet to be established (24). 

1.1.1.3.3. TGR5 signaling pathway and bile acid metabolism 

Bile acids act as ligands for TGR5 in the liver and intestine, and TGR5 has been 

recognized to promote glucose homeostasis (25). LCA and DCA promoted glucagon-like 

peptide-1 (GLP-1) secretion in a murine enteroendocrine cell line via the TGR5 signaling 

pathway (26). TGR5 overexpression led to a dramatically improved glucose tolerance in mice 

fed HFD by inducing the secretion of GLP-1 (25). The association between TGR5 activation 

and GLP-1 secretion may provide a novel strategy to treat metabolic diseases such as diabetes 

and non-alcoholic fatty liver disease (NAFLD) (27). In addition, bile acid-activated TGR5 

increased energy expenditure in brown adipose tissue, which prevented obesity and insulin 

resistance in mouse models (28). TGR5 signaling has also shown anti-inflammatory effect, 

making the pathway as essential machinery for fine-tuning energy and immune homeostasis 

(29). 



   

6 
 

Taken together, bile acids shape the gut microbiome, and in turn, the shift in the gut 

microbiota can influence the bile acid profile and thereby change host metabolism and health 

(13). Microbial-derived modifications of bile acids reveal an opportunity to improve obesity 

and metabolic diseases via bile acid signaling pathways. 

1.2. Model systems for investigating microbe-microbe and host-microbe interactions 

The establishment of effective model systems has been critical to the development of 

new knowledge in gut microbial ecology and host-microbial interactions. (30). To date, 

multiple model systems coupled with functional assays have been developed to evaluate the 

bioactivities of the gut microbiota and to explore mechanisms by which gut commensal 

microbes are linked to host health outcomes. These model systems use a range of approaches 

including in vitro, ex vivo, and in vivo. In this section, the applications and limitations of the 

major types of models in gut microbiome research will be discussed, particularly pertaining to 

the understanding of gut commensal bacteria (Figure 1.1). 

1.2.1. In vitro models to study gut commensal bacteria 

The in vitro models are considered as excellent tools for large scale screen of 

components of interest, ranging from commensal microbes to dietary nutrients or other 

bioactive compounds, to assess microbe-microbe or host-microbe interactions (30). Although 

there are limitations to mimic the complexity of the intestinal environment, these in vitro 

models provide invaluable information on host-microbe interplay. 

1.2.1.1. In vitro fermentation models 

To dynamically monitor the microbial activity, several in vitro fermentation models 

have been developed, including simple batch fermentations and dynamic fermentations that 

consist of complex multicompartmental continuous systems (31). Batch fermentation systems 
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represent static models using test tubes or controlled reactors inoculated with a variety of 

bacterial cultures or fecal microbial suspensions to test the impact of intestinal 

microorganisms on different substrates, and vice versa. Batch fermentations usually operate 

over a short-term period and under anaerobic conditions. Although the rate of substrate 

depletion and end product accumulation are normally altered compared to that in the gut 

environment, the considerable variations among inoculations and the high-throughput of 

batch fermentations make the models appropriate for initial assessment of microbial activity 

(31, 32). For longer fermentations, the semi-continuous culture systems were developed to 

mimic the large intestine in which part of the bacterial culture was removed and replenished 

once or twice daily (33). In addition, continuous culture models have been established to keep 

the bacterial population close to a steady state by continuously adding fresh growth medium 

and removing the spent culture (33). Currently, continuous culture models, particularly multi-

compartmental models, have been widely used due to the capability of maintaining a 

relatively stable microbial ecosystem (31). The major in vitro continuous culture models have 

been listed in Table 1.1; Among them, the EnteroMix colon simulator, the TNO Gastro-

Intestinal Model (TIM) 2, and the Simulator of the Human Intestinal Microbial Ecosystem 

(SHIME) have been widely used to simulate different compartments of GIT (31). These 

model systems allow the investigation of a dynamic fermentation process in different gut 

regions with high reproducibility, providing information about the bioactivities of microbial 

communities. 

1.2.1.2. Cell culture system simulating intestine 

The ability to simulate the host functionality in gut fermentation models remains 

limited. Therefore, intestinal cell culture system has been incorporated into the models, which 
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represents a common approach to explore interactions between gut commensal bacteria and 

the host. Several established cell lines including Caco-2, HT-29, T84, IEC-6, IEC-18, and 

IPEC-J2 have been extensively used to perform as intestinal epithelial cells (34). While the 

cell lines mimic characteristics of the intestinal epithelium, the single-cell type system is not 

sufficient to recapitulate the gut environment. An alternative approach is to use epithelial cell 

coculture models integrating multiple cell types, including epithelial cells, lymphocytes, 

macrophages, and dendritic cells, to simulate host immune response. The coculture model 

provides invaluable information about reactions generated from multiple cell types 

responding to commensal bacteria with respect to communications between different cell 

lineages (35). 

Remarkably, recent advances in microfluidics-based systems provide a better 

simulation of the gut environment. The establishment of a gut-on-a-chip model includes a 

provision for peristalsis-like motions in the co-culture of intestinal epithelial cells and 

bacteria (36). Another device, the Host-Microbiota Interaction (HMI) module, has been 

developed to interface with the SHIME model culturing gut commensal microbes, 

incorporating a semi-permeable polyamide membrane between co-cultured bacteria and 

enterocytes (37). The module allows the co-culture of a monolayer of enterocytes with gut 

microbial communities under microaerophilic condition up to 48 h. Recently, another model, 

HuMiX, has been established showing a better capability of controlling oxygen levels in the 

co-culture system and the ability to incorporate other cell types within the model (38). 

However, the question remains whether the peripheral blood mononuclear cells (PBMCs) 

mostly used in cell co-culture models represent a similar behavior with gut-resident immune 
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cells. The phenotype observed from cell culture systems may need to be further validated in 

vivo. 

1.2.2. Ex vivo models simulating intestine 

In vitro and ex vivo models represent a powerful strategy to investigate specific effects 

of gut commensal microbes on host cells using a highly controlled approach. Ex vivo models 

provide more physiological relevance compared with cell culture systems, which have been 

widely used for measuring intestinal functionality such as intestinal permeability (39, 40). 

Several models have been developed such as the Ussing chamber, tissue explant, organoid, 

and intestinal organ culture system to investigate host-microbe interactions (39, 41, 42). 

These models open the door to exploring the immediate or early response of the intestinal 

tissue to bacterial exposure which can be difficult to assess in vivo. The systems, however, 

have limitations in supporting long-term investigations due to the viability, behavior changes, 

and the occurrence of apoptosis of intestinal tissue over time. In addition, models such as 

organoids lack other intestinal components, especially immunocytes, making it less suited to 

study the interactions between gut microbes and host immunity. Careful attention should also 

be paid to the substantial variations among intestinal segments in the tissue explant model. 

Taken together, these limitations regarding the time limit and multi-cell communications 

should be acknowledged when choosing ex vivo models to study the impact of the gut 

microbiota on intestinal physiology. 

1.2.3. In vivo models to study host-microbe interactions 

Currently, our understanding of mechanisms underpinning the interaction between the 

gut microbiota and the host is largely derived from animal studies due to the effectively 

controlled environment and diet (43). Animal models represent a robust tool to study the 
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impact of the gut microbiota on host health outcomes ranging from nutrient metabolism to 

disease resistance. Germ-free animals, including Drosophila melanogaster, zebrafish, mice, 

rats, and pigs have been developed as effective models combined with genomic and 

physiological characterizations. Advantages and disadvantages of each animal model in 

studying host-microbe interactions have been summarized previously (44). This section will 

mainly focus on rodent model systems which have been extensively used in gut microbiome 

research. 

1.2.3.1. The anatomical and physiological features of mouse GIT 

Regarding the anatomy, physiology, and biochemistry of the GIT, there are several 

differences between humans and mice (45). For instance, the stomach of rodents contain a 

non-glandular forestomach portion that is absent in humans. The non-glandular stomach is 

used for food storage without secretory activity, which is lined by keratinizing squamous 

mucosa and generally thin-walled and transparent (45). The feature of the forestomach in 

rodents allows the formation of a biofilm comprised of a variety of Lactobacillus spp (46). 

The jejunum is the longest segment of the small intestine in mice with Peyer’s patches as the 

most prominent feature, whereas these characteristics are found in human ileum (47). The 

mucosal surface of the human small intestine contains the plicae circularis structure to 

increase the surface area, providing a niche for mucus-associated bacteria, which is absent in 

the mouse small intestine (46). The relative size of the cecum in rodents is significantly larger 

compared with humans, and rodents recapture vitamins produced by microbial fermentation 

in the cecum through coprophagy. The human colon is segmented with transverse fold 

structure in mucosa whereas mucosal folds in mice vary by colonic region (46). In addition, 

the glycan composition of mucus in the gut displays differences between humans and mice, 
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which may be involved in shaping gut microbial communities (46). These distinct features 

throughout the GIT should be considered when interpreting and translating results using 

mouse models. 

1.2.3.2. Microbial composition of mouse GIT 

The reported gut microbial composition in mice is largely influenced by multiple 

factors such as genetics, diet, antibiotics, and other environmental factors (48). Although it 

has been reported that 85% of sequences represent genera found in mice have not been 

detected in humans, in general, mouse and human microbiota are similar at the phylum level 

and certain genera are shared by both species (49, 50). A deep investigation of the microbial 

function in addition to taxonomic profiling will help to link the trait observed in mouse 

models to the human gut microbiome. Notably, laboratory mice, especially mice housed 

under the specific-pathogen-free (SPF) condition, may not be exposed to certain microbes 

that they would encounter naturally (51). For example, SPF mice purchased in this thesis did 

not harbor commensal Enterobacteriaceae and Parasutterella, which provide us a suitable 

model for conducting colonization studies in the context of a complex microbial community. 

1.2.3.3. Antibiotic-treated mouse model 

Antibiotic treatment has emerged as one of the primary tools for gut microbial 

manipulation, generally leading to a reduction in bacterial populations. Broad-spectrum 

antibiotics are commonly used in mouse models to study the altered bacterial composition 

and its impact on host physiological changes. Antibiotic treatment has been considered as an 

extreme perturbation to the gut microbiome and antibiotic regimens used in mouse models 

have been summarized previously (52) Although selecting certain classes of bacteria is 

possible, it remains difficult to manipulate gut microbial community at low taxonomic levels 
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by antibiotic treatment even with a narrow spectrum of activity. Therefore, the host response 

associated with altered gut microbiota is likely to be a consequence of changes in overall 

structure or in a group of bacteria, making the model less suitable for studying interactions 

between the host and specific bacterial species. In addition, antibiotics could directly affect 

host tissues by altering mitochondrial gene expression and inducing apoptosis of intestinal 

epithelial cells (53). The involvement of host-associated factors and relatively broad 

alterations in the gut microbial composition should be acknowledged using the antibiotic-

treated models. 

1.2.3.4. Germ-free mouse model 

Germ-free animals highlight the impact of the gut microbiota on host physiology by 

comparing to conventionalized animals. Germ-free mice have an underdeveloped immune 

system featured by poorly formed Peyer’s patches and altered lymphocyte distributions in the 

gut. Germ-free mouse model in combination with the recolonization of gut microbes is 

commonly used to better reflect the physiological conditions (54). 

1.2.3.4.1. Monoclonization gnotobiotic mouse model 

Germ-free mice can be monocolonized with microbes from many sources, including, 

but not limited to members isolated from the human and mouse gut microbiota (1). The 

monocolonization model is limited by the ability of microbes to get adapted to specific 

environmental conditions in germ-free mice. Microbe-microbe interactions play a 

fundamental role in microbial colonization as evidenced by the role of aerobic and facultative 

anaerobic bacteria in supporting the colonization of Clostridia in neonates gut (55). 

Parasutterella species, as strict anaerobic bacteria, monocolonized the germ-free mouse gut 

at a relatively low level compared to that in SPF mice, indicating the enhanced colonization 
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by microbial interactions (56). In addition, the lack of microbial complexity limited the 

display of normal physiological responses of the host, and choosing a proper control group is 

usually difficult in monocolonization models (1). However, monocolonization studies could 

still provide important information about the function of a single microorganism especially 

for the ones with low abundance in the context of a complex microbial community (1). A 

recent study using the monocolonization gnotobiotic mouse model coupled with 

immunophenotyping and transcriptomic analysis defined the impact of 53 human gut 

commensal bacteria on host immune response, providing evidence about immunomodulatory 

functions of these commensal bacteria (57). Further research in the presence of a complex 

microbial community is needed to validate findings from the monocolonization models. 

1.2.3.4.2. Defined communities mouse model 

Germ-free mice colonized with defined communities have provided an opportunity to 

understand the mechanisms that underlie host-commensal mutualism under different 

conditions. The defined microbial communities simplify the natural gut microbiota; however, 

they are complex enough to allow examination of microbe-microbe and host-microbe 

interactions. The altered Schaedler flora (ASF), which triggers the development of a 

relatively normal immune system and gastrointestinal function, have been widely used to 

reconstitute a defined community in germ-free mice (58). It has been shown that the 

metabolic function of ASF is more representative of wild microbiome than random consortia 

of similar or large size, and Parabacteroides ASF519 may be a vital contributor to the ASF 

genomic potential and metabolic activities (59). However, ASF was insufficient to provide 

colonization resistance against Salmonella infection, whereas a bacterial consortium 

comprising 12 mouse bacterial isolates, the Oligo-Mouse-Microbiota (Oligo-MM12), coupled 
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with three facultative anaerobic bacteria were able to protect mice from Salmonella infection 

(60). Therefore, the Oligo-MM12 represents a suitable fundamental model for gut 

microbiome research in the settings of enteric infection, highlighting the importance of 

selecting an appropriate defined community in investigating host-microbe interactions under 

different contexts. 

Humanized gnotobiotic mouse models, resulted from colonizing germ-free mice with 

the human gut microbial community or a defined community of human-derived microbes, 

have been used to recapitulate biological features of human microbial communities (61). The 

metabolomic analysis of urine and fecal samples in mice colonized with human microbiota 

revealed that the majority of metabolomic features are transmissible to mice (62). However, 

more investigations are needed to demonstrate the extent of humanized mouse models 

represent the real relationship between the host and gut microbiota observed in humans 

regarding the absence of the host-microbe coevolution (50). In contrast, colonizing mice with 

mouse-derived microbes represents a relatively natural tool to study host-microbe 

interactions. Identifying gut microbial functions shared between different hosts such as 

immunomodulatory effects and microbial-derived metabolites may be a better approach to 

recapitulate the situation in host species of interest. 

Collectively, the development of model systems has greatly advanced the field of gut 

microbiome research, which allows us to understand the impact of the gut microbiota on host 

physiology. The awareness of advantages and limitations of each model will provide an 

efficient way to decipher the mechanism of host-microbe interactions and promote practical 

application of gut microbiome research.  
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In this thesis, a SPF mouse model was established by adding a single mouse-derived 

bacterium to a complex gut microbial community, which did not harbor the bacterium, with 

the bacterial fermentation model and omics techniques integrated (Figure 1.2). The 

commensal E. coli and Parasutterella strains were selected as model microorganisms for the 

model system to explore their interactions with the host metabolism and immunity. 

1.3. The commensal E. coli in the gastrointestinal tract (GIT) 

The family Enterobacteriaceae has been recognized as one of the most taxonomically 

diverse bacterial families, which used to be the single constituent family within the order 

Enterobacteriales. At the time of writing, the newly delimited family Enterobacteriaceae 

consists of 53 genera, encompassing 211 species, with a validly published name 

(www.namesforlife.com) (63, 64). In a family as diverse as the Enterobacteriaceae, it is 

difficult to cover phenotypic characteristics and phylogenetic relationships of each genus 

within the family; however, with respect to gut residency, Escherichia coli is the most 

widely-found Enterobacteriaceae in mammals (65). 

First identified by Theodor Escherich in 1885 from feces of neonates, E. coli has been 

widely associated with both animal and human health outcomes. Traditionally, the serotyping 

of E. coli was based on the somatic (O), flagellar (H) and capsular polysaccharide antigens 

(K) (66, 67). Multilocus sequence typing and genome sequence data expand the 

understanding of phylogenetic structures of E. coli, classifying E. coli strains into one of the 

seven phylogenetic groups (A, B1, B2, C, D, E, and F) (68). With substantial phylogenetic 

diversity, E. coli has engaged in a variety of host interactions ranging from mutualistic to 

pathogenic lifestyles. For example, E. coli of the A, B2, and F phylogroups are more likely to 

have a long-term persistence in the healthy human gut compared to other lineages (69).  

http://www.namesforlife.com/
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A recent human study investigating the Enterobacteriaceae population in healthy 

human gut confirmed that E. coli is the most dominant Enterobacteriaceae in the gut, and 

clonal populations of E. coli are dynamic which are not consistent at the strain level (69). 

From the study, the authors suggested that the gut microbiota is not as stable as previously 

reported which is evidenced by the low stability of Enterobacteriaceae population; however, 

the question remains to what extent the strain-level differences impact functional dynamics at 

the community level. Nevertheless, the low stability of E. coli population may partially 

explain the expansion of Enterobacteriaceae commonly observed in various biological 

contexts such as inflammation. In this section, the potential role of Enterobacteriaceae, in 

particular E. coli, as gut commensals in host health outcomes regarding microbiome 

development, obesity, and type 2 diabetes (T2D) will be discussed. 

1.3.1. Enterobacteriaceae in early life microbiome development 

Being the dominant facultative anaerobe in the GIT, Enterobacteriaceae has been 

widely found in the infant intestinal microbiota during the first days of life (70, 71). The 

analysis of fecal microbiota in children sampled longitudinally up until 2 years of age 

demonstrated that three OTUs classified as Bifidobacterium, Bifidobacterium longum, and 

Enterobacteriaceae dominated the gut throughout the entire first year of life, indicating the 

involvement of Enterobacteriaceae in gut microbiome development in early life (72). 

Indeed, the colonization of Enterobacteriaceae plays a crucial role in the 

establishment of colonization resistance and in the protection against infectious diseases. The 

susceptibility to intestinal infections in neonates has been attributed to a developing immune 

system and immature gut microbiome featured by a low microbial diversity (70). In neonatal 

chicks which are highly susceptible to Salmonella infection, the presence of both spore-
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forming bacteria and commensal Enterobacteriaceae are required to confer colonization 

resistance against Salmonella (73). It has been shown that the low abundant keystone taxon, 

commensal Enterobacteriaceae competes with Salmonella for oxygen through the aerobic 

respiration. Therefore, the consumption of oxygen by Enterobacteriaceae and the 

maintenance of epithelial hypoxia by Clostridia limit the access to oxygen for Salmonella in 

the intestinal lumen, contributing to the niche protection (73–75). In a mouse study, the 

transplantation of facultative anaerobic commensals including E. coli, Streptococcus 

danieliae, and Staphylococcus xylosus to a defined microbial community increased 

colonization resistance against Salmonella enterica serovar Typhimurium infection (60). In 

addition, colonizing germ-free mice with cecal contents of neonatal and adult mice 

demonstrated that the neonatal microbiota is unable to mediate colonization resistance against 

S. Typhimurium and Citrobacter rodentium due to the lack of Clostridiales in neonatal 

microbiota (55). In the same study, reducing the oxygen concentration in the intestine by 

succinate administration enhanced the colonization by Clostridia belonging to the cluster IV 

and XIVa, and concomitantly reduced S. Typhimurium load in the intestine (55). The result 

indicated that the consumption of oxygen by aerobic and facultative anaerobic bacteria, such 

as Enterobacteriaceae, in the intestine not only limits the availability of oxygen to enteric 

pathogens but also enhances the colonization of Clostridia to confer colonization resistance. 

Remarkably, it has been suggested that the order and timing of colonization determine the 

ecological niche of microbes colonizing the gut, therefore, the acquisition of both spore-

forming bacteria such as Clostridia and commensal Enterobacteriaceae early in life is 

important to establish the colonization resistance against enteric pathogens (60, 76). 
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1.3.2. Lipopolysaccharides (LPS) structure and characteristics in 

Enterobacteriaceae 

1.3.2.1. LPS structure 

LPS is a major constituent of the outer leaflet of the outer membrane in Gram-

negative bacteria that is made up of three elements: lipid A, core oligosaccharide and O-

antigen (77). The structure of lipid A is highly conserved and consists of a bisphosphorylated 

disaccharide of glucosamine typically with four to seven acyl chains (77). The core 

oligosaccharide can be built up to 15 sugar residues and can be further divided into the inner 

core region and outer core region. The O-antigen structure consists of repeating units of 

usually no more than five sugar units, which can only be found in smooth type LPS as the 

presence of the O-antigenic polysaccharide leads to a smooth appearance to the colony on 

agar plates. On the other hand, the absence of the O-antigenic polysaccharide resulted in a 

rough aspect of the colony, defining the LPS type as “rough” (78). Lipid A is anchored in the 

bacterial outer membrane and the core oligosaccharide links the O-antigen, which extends 

from the bacterial cell to the external environment, to the lipid A structure (77). LPS protects 

Gram-negative bacteria from environmental stress factors and also plays an important role in 

interacting with the host immune system as one of the pathogen-associated molecular patterns 

(77). 

LPS structure varies among bacterial species which is linked to the functional 

diversity of the molecule. LPS structure of E. coli and S. Typhimurium as model 

microorganisms have been thoroughly studied. The inner region of the core oligosaccharide 

in E. coli is more conserved among Enterobacteriaceae species which is composed of 3-

deoxy-α-D-manno-oct-ulosonic acid (Kdo) and one or more L-glycero-α-D-manno-
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heptopyranose (Hep), and phosphate residues (79, 80). The outer region of the core 

oligosaccharide structure contains wide variations in sugar residues, indicating a critical role 

of the conserved inner region in maintaining the stability of bacterial outer membrane (80, 

81). The presence of O-antigen varies among E. coli strains whereas the lipid A and Kdo are 

considered to be the minimal LPS structure that is essential for growth (80, 82). 

1.3.2.2. LPS activity impacts host innate immune response 

The role of LPS in host-microbe interactions has been investigated in pathogenic 

bacteria such as Helicobacter pylori, Salmonella, and enterohemorrhagic E. coli (83–85). 

LPS is one of the key factors for these pathogens to establish colonization and persistence in 

the ecological niche; however, our knowledge about LPS from commensal microorganisms 

and its interaction with the host immune system remains limited. Toll-like 4 receptor (TLR4), 

as a member of pattern recognition receptors family, recognizes LPS as reflected by the 

hyporesponsive phenotype to LPS in TLR4−/− mice (86). The recognition of LPS triggers the 

activation of TLR4/myeloid differentiation factor (MD)-2 mediated pro-inflammatory 

signaling cascade (87). Independently of TLR4 activation, the intracellular sensing of LPS 

triggers cytosolic caspase activation by the non-canonical inflammasome as evidenced by 

responses in macrophages (88, 89). These pathways play an essential role in maintaining 

intestinal homeostasis as sensing LPS molecules from symbiotic and pathobiontic bacteria is 

important for a balanced immune system (77). Although the structure and function of LPS 

from different commensal bacteria are yet to be described, LPS derived from certain 

commensal bacteria has been associated with host immunity. 

A study investigating the microbiome development from birth until three years in 

infants from Estonia, Finland, and Russian showed that the Bacteroides species enriched in 
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Finnish and Estonian infants produced a distinct form of LPS in structure and function 

compared with LPS from E. coli dominating the Russian infant microbiome (90). E. coli 

derived LPS, which contains the hexa-acylated lipid A structure, exerted a pro-inflammatory 

response in human PBMCs whereas LPS produced from B. dorei that harbored tetra- and 

penta-acylated lipid A structures inhibited the immune-stimulatory effects. It was 

hypothesized that the presence of B. dorei may prevent the establishment of protective 

immune tolerance by E. coli LPS in early life (90). Monocolonzing germ-free interleukin 

(IL)-2-/- mice with non-pathogenic E. coli strains resulted in colitis with higher levels of 

Kupffer cell induction than that in B. vulgatus-colonized mice, indicating the differences in 

LPS activity between these two species (91). Additional differences have been shown in LPS 

structure produced by E. coli and Bacteroides such as the absence of heptose in the core 

oligosaccharide structure of Bacteroides fragilis LPS and the lack of O-antigen in B. 

thetaiotaomicron LPS (92, 93). These findings suggested a potential mechanism linking gut 

microbiota-derived LPS and the susceptibility to immune-related diseases with respect to the 

immune education by microbial ligands. 

Indeed, the immune education by commensal bacterial derived LPS is a critical 

process for the adaptation of the fetal and newborn (94). The expression of TLR4/MD-2 and 

LPS-mediated signaling pathways in the intestinal epithelial cells (IECs) of fetal, newborn, 

and adult mice demonstrated that the susceptibility of IECs to LPS, the major microbial 

stimulus for postnatal epithelial activation, was lost after birth. The hypo-responsive feature 

provides the epithelial tolerance to microbial ligands to support the subsequent colonization 

by the gut microbiota (94). As the predominant Gram-negative bacteria colonizing the GIT of 
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neonates, Enterobacteriaceae is important in educating gut epithelial cells to become hypo-

responsive to microbial ligands during microbiome development. 

Differences in immunogenic properties between LPS from Bacteroides species and E. 

coli have also been reported in the context of the mature gut microbiome. In patients with 

coronary artery disease, the abundance of Bacteroides vulgatus and Bacteroides dorei was 

significantly reduced compared to healthy controls, and supplementations of these two live 

bacteria in a mouse model led to an anti-inflammatory effect with a decreased level of fecal 

LPS and a strengthened gut barrier (95). The authors suggested that Bacteroides strains might 

have a direct impact on intestinal LPS synthesis and the associated TLR-dependent signaling 

(95). In contrast, an increase in the abundance of Enterobacteriaceae was accompanied by 

elevated LPS production by the gut microbiota (96). 

1.3.2.3. Enterobacteriaceae and LPS in obesity and T2D 

In a healthy intestine, luminal LPS does not alter intestinal epithelial barrier function, 

however, LPS in the interstitial fluid, even at a relatively low level, resulted in an increase in 

intestinal permeability through TLR4 signaling transduction pathway (97–99). Therefore, the 

paracellular permeation of LPS induced by multiple factors such as physiological stresses 

leads to increased intestinal permeability (98). The altered intestinal permeability has been 

correlated with microbial translocation and systemic endotoxemia which are involved in the 

onset and progression of diseases such as inflammatory bowel disease (IBD), obesity and 

metabolic syndromes, and non-alcoholic steatohepatitis (NASH) (100, 101). 

In the development of obesity and metabolic syndromes, Enterobacteriaceae, in 

particular E. coli, has been identified as one of the microbial biomarkers enriched in obese 

and T2D patients (102, 103). LPS levels were also significantly higher in T2D patients than 
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that in healthy controls (104). In obese individuals, plasma levels of LPS were found to be 

significantly elevated compared with healthy controls, which were reduced after bariatric 

surgery (105). In animal models, the HFD diet has been shown to promote the endotoxemia 

(106). The chronic infusion of LPS in the context of control-diet feeding induced obese and 

diabetic phenotypes similar, to some extent, to HFD feeding in mice through a cluster of 

differentiation 14 (CD14)-dependent mechanism (106). LPS levels in plasma and cecal 

contents were reduced by antibiotic treatment in both HFD-fed and ob/ob mice, which was 

correlated with reduced glucose intolerance and systemic inflammation (107). These results 

indicated the correlation between Enterobacteriaceae enrichment, LPS, and the pathogenesis 

of obesity and T2D, however, mechanisms have not been fully elucidated due to the complex 

and multifactorial nature of the diseases.  

It has been suggested that a high energy diet tends to elevate plasma LPS and dietary 

fat was more efficient in transporting bacterial LPS from the intestinal lumen into the 

bloodstream (108). A study comparing the fecal microbiota from children consuming a 

modern western diet and a rural diet indicated that dietary fiber depletion may favor the 

establishment of Enterobacteriaceae, such as Escherichia and Shigella (109), which might 

increase the chance of LPS translocation in children served the western diet. Recently, a study 

using a mouse model of obesity and T2D demonstrated that hyperglycemia, rather than 

obesity or leptin signaling, is a direct and specific cause for the intestinal barrier dysfunction 

and the susceptibility to enteric infection (110). During hyperglycemia, the metabolic 

function of epithelial cells undergoes a glucose-mediated reprogramming through glucose 

transporter GLUT2, leading to barrier dysfunction and subsequent microbial translocation to 

the systemic circulation (110). In addition, in dextran sodium sulfate (DSS)-treated mice with 
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impaired gut barrier function, exogenous LPS purified from E. coli significantly induced 

glucagon-like peptide-1 (GLP-1) secretion in the plasma, highlighting the role of the 

enteroendocrine L cell in protecting gut barrier function and nutrient metabolism (53). 

Therefore, the development of obesity and metabolic syndrome is a process involving the 

physiological change of intestinal barrier function, gut commensal microbiota as the reservoir 

of microbial molecules, and the microbial translocation to the systemic circulation. 

Enterobacteriaceae species are able to thrive in an inflamed gut environment through 

a variety of mechanisms (111–113). With LPS that is well-known to be involved in the 

initiation and propagation of intestinal inflammation, commensal E.coli may contribute to the 

inflammation and dysbiosis through an enhanced LPS translocation upon intestinal barrier 

damage. However, mechanistic studies are still needed to demonstrate the causality of the 

impaired intestinal barrier function under different physiologic, metabolic, and 

immunological conditions. Variations in host-microbe interactions between bacterial species 

need to be further validated due to the specific structure in individual microbe as exemplified 

by the diverse activity of LPS. 

1.4. The genus Parasutterella 

Parasutterella, a genus of Betaproteobacteria, has been recognized as a common 

bacterial constituent of the human gut microbiota (114, 115). Having been discovered for 

approximately ten years, the relative abundance of Parasutterella has been observed to have a 

correlative relationship with different health outcomes. However, beyond simple associations 

between the abundance change and host phenotype, our understanding of the biology and 

functionalities of Parasutterella remains limited. This section focuses particularly on the 
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biological features of Parasutterella and its relationship with host health outcomes that can 

help advance future research. 

1.4.1. Ecology of the genus Parasutterella 

The genus Parasutterella was first described in 2009 when the type strain 

Parasutterella excrementihominis YIT 11859 was successfully isolated from the human gut. 

The isolated strain was most closely phylogenetically related to the genus Sutterella, which 

was placed within the family Alcaligenaceae. However, P. excrementihominis YIT 11859 

formed a separate cluster and represented a novel species of a new genus (116). In 2011, the 

type strain Parasutterella secunda YIT 12071 was isolated from human feces, and the distinct 

phylogenetic positions, as well as biological characteristics, of the genera Parasutterella and 

Sutterella were confirmed when comparing to other members in the family Alcaligenaceae 

(117). Therefore, the novel family Sutterellaceae was created to accommodate these two 

genera, with the genus Parasutterella containing two species, P. excrementihominis and P. 

secunda (118). 

Parasutterella has been identified as a common inhabitant of the human and animal 

gut (115, 118, 119). Based on reported 16S ribosomal RNA (rRNA) gene sequences available 

in the Ribosomal Database Project (RDP), members of the genus Parasutterella have been 

found in humans, mice, rats, dogs, pigs, chickens, turkeys, and calves (Figure 1.3). In 

humans, as a member of the healthy fecal core microbiome, Parasutterella has a unique 

phylogenetic classification (115) as it stands out as one of the most frequently reported taxa 

within the class Betaproteobacteria in the gut, and is largely represented by a single species, 

P. excrementihominis. The 16S rRNA gene sequence similarity indicates that the mouse 

isolate Parasutterella mc1 is most closely related to P. excrementihominis (56), which is 
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consistent with the phylogenetic position of the uncultured bacteria sequenced from mouse 

intestine and deposited in the RDP. Interestingly, among all host-specific lineages, the 

uncultured bacterium sequenced from the ileum and cecum of broiler chickens displayed the 

highest similarity to the P. excrementihominis type strain isolated from human feces (120). 

The host adaptation of gut bacterial species has indicated the joint evolution of gut 

commensal microbes and vertebrate hosts, as exemplified by host-specific lineages of 

Lactobacillus reuteri. Specifically, poultry isolates and human strains of L. reuteri share an 

evolutionary history with chickens as both strains performed well in colonizing the chicken 

gut (121). Similar to L. reuteri, Parasutterella has diversified into host-specific lineages 

which can be used as a model organism to study evolutionary mechanisms of a vertebrate gut 

symbiont. 

1.4.2. Genomic and biological characteristics of Parasutterella 

1.4.2.1. Isolation and culture condition 

The type strain P. excrementihominis YIT 11859 and P. secunda YIT 12071 were 

isolated from human feces on anaerobe basal agar (pH = 6.0) and on Gifu anaerobic agar 

(GAM) supplemented with oxacillin (4 μg/mL), respectively (116, 117). We were able to 

isolate Parasutterella from human and mouse feces using the selective media including GAM 

(pH = 6.0) and GAM supplemented with 4 μg/mL oxacillin (56). Both human and mouse 

isolates can be grown on the fastidious anaerobic agar (FAA); however, with a significantly 

reduced bacterial colony size, indicating that GAM is more suitable for cultivation of 

Parasutterella strains. Cells of Parasutterella are Gram-negative, obligately anaerobic cocci 

to coccobacilli. The biochemical characteristics of Parasutterella are largely unreactive and 

asaccharolytic, which is consistent with the absence of genes for transporting and 
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metabolizing exogenous sugars (56, 118). Although the growth in broth culture is weak and 

the end product of metabolism is limited, Parasutterella is a succinate-producing bacterium 

as reflected by a significant succinate production in broth culture of human, mouse, and rat 

isolates (56). In addition, mouse models have shown positive correlations between 

Parasutterella abundance and fecal succinate levels (56, 122). 

1.4.2.2. Parasutterella uses amino acids as energy sources 

Currently, there are four complete genomes of Parasutterella strains deposited at the 

Genbank database. The basic genomic features for strains of the genus Parasutterella 

including our mouse isolate Parasutterella mc1 are listed in Table 1.2. Incorporating the 

genome analysis into biochemical experiments provides us a strong tool to understand the 

metabolic characteristics of gut microbes. Based on the capacity of catabolizing amino acids 

as well as corresponding genes in the genome, the major substrates for Parasutterella to 

survive in the gut are likely to be amino acids. We have shown that asparagine is the most 

rapid and preferable amino acid metabolized by Parasutterella mc1 in the context of complex 

medium (56). In congruence, the genome of Parasutterella mc1 contains genes encoding L-

asparaginase, aspartate ammonia-lyase, and a putative aspartate dehydrogenase, indicating 

that asparagine and its initial product aspartate are the key amino acids for fumarate 

formation in Parasutterella. Previous studies have identified the type I and type II L-

asparaginase in Escherichia coli, and Parasutterella genome contains both types of L-

asparaginase genes, validating the ability of the species to metabolize asparagine (123, 124). 

When rats were fed with diets containing milk casein, soy protein or fish meal, P. 

excrementihominis was only detected in the cecum of the fish meal group (125). The 

significantly higher percentages of total free asparagine in the fish meal (2.09 ± 0.08%) than 
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that in milk product casein (0.21 ± 0.01%) as well as in plant products such as soybean meal 

(0.21 ± 0.01%) may contribute to the successful detection of P. excrementihominis (126). In 

contrast to dietary aspartate which is mostly catabolized in the small intestine, nearly all of 

the dietary asparagine is absorbed into the portal circulation for protein synthesis in the whole 

body with less than 1% of asparagine metabolized in the small intestine (127–129). However, 

the mucin produced by goblet cells may contain asparagine in the peptide which can 

potentially be a nutrient source for Parasutterella (130). In addition, Parasutterella has the 

genomic capacity to utilize serine, an amino acid enriched in mucin peptide, with pyruvate, 

ammonia and other amino acids as products. Therefore, the preferential catabolism of these 

non-essential amino acids for the host may indicate the adaptation of Parasutterella to the gut 

environment. 

1.4.2.3. Electron acceptors in Parasutterella  

Fumarate, one of the products from asparagine metabolism, is likely to perform as an 

electron acceptor in Parasutterella for proton translocation, which is evidenced by the 

presence of fumarate reductase in genome sequences. In facultative anaerobic bacteria such 

as E. coli and Campylobacter jejuni, succinate dehydrogenase (expressed under aerobic 

condition) and fumarate reductase (expressed under anaerobic condition) catalyze the 

interconversion of fumarate and succinate (131, 132). The gene encoding succinate 

dehydrogenase is absent in the genome of Parasutterella, indicating the anaerobic respiration 

of this strict anaerobe in the gut. It has been reported in C. jejuni that the aspartase plays a 

very important role in providing fumarate for anaerobic respiration when oxygen is severely 

limited, which is a potential survival mechanism for C. jejuni in the mammalian and avian gut 
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(132). Parasutterella may adopt a similar survival approach with C. jejuni due to the 

preferable utilization of asparagine and its metabolized product, aspartate. 

In addition to fumarate as the electron acceptor, nitrate is an anaerobic electron 

acceptor that could support the colonization of Parasutterella in the GIT based on the 

presence of nitrate reductases genes and the positive nitrate reduction activity (133). 

However, the intestinal environment contains limited nitrate, therefore, fumarate may be the 

more important anaerobic electron acceptor for the established populations of Parasutterella 

in the intestine (134). The colonic luminal fumarate has been positively correlated with the 

relative abundance of Parasutterella spp in a mouse model (135). In E. coli, fumarate 

respiration provides a more significant colonization advantage than nitrate respiration for 

long-term persistence in the GIT (134). Therefore, the ability to respire both fumarate and 

nitrate may contribute to the initial colonization of Parasutterella and the maintenance of the 

competitive advantage in the gut. In bacterial fumarate and nitrate respiration, the quinone 

pool is the link between respiratory dehydrogenases and terminal reductases for electron 

transport (134, 136). Predominantly, the electron flow to fumarate and nitrate is via 

menaquinone (MQ)-6 and methylmenaquinone (MMK)-6 in P. excrementihominis and via 

MQ-5 and MMK-5 in P. secunda (116, 117). These anaerobic quinones together support the 

colonization of Parasutterella using the most energy-efficient respiratory electron acceptors 

in the intestine, suggesting that Parasutterella has specialized to allow for the occupation of 

the intestinal niche. 

1.4.2.4. Heme biosynthesis 

Recently, a novel member of the family Sutterellaceae, Mesosutterella multiformis 

JCM 32464T, was isolated from human feces (133). The strain is phylogenetically located 
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between the genera Parasutterella and Sutterella, which shares the same major respiratory 

quinones with P. excrementihominis (137). This new species was predicted to process a heme 

biosynthesis pathway to generate energy as evidenced by the presence of the 

protoporphyrinogen IX dehydrogenase (hemG) gene. The authors proposed that M. 

multiformis JCM 32464T is able to utilize fumarate reductase, nitrate reductase, and F-type 

ATPase along with HemG and MQ to generate ATP under anaerobic conditions (137). In 

contrast, the genome of Parasutterella shows all heme biosynthetic genes (hemA, hemL, 

hemB, hemC, hemE, hemN, and hemH) except for hemD and hemG genes, indicating a 

different metabolic pathway for synthesizing heme or intermediates in the genus 

Parasutterella. 

1.4.2.5. CRISPR-Cas system 

CRISPR refers to a family of DNA repeats found in genomes of various archaea and 

bacteria. CRISPR, in combination with Cas proteins, forms the CRISPR-Cas system which 

provides acquired immunity against foreign genetic elements (138). CRISPR-Cas immunity 

proceeds in three steps: first (the adaptation phase), a part of an invading genetic element is 

incorporated as a new spacer within the CRISPR array and the infection is thereby 

memorized; second (the expression phase), the array is transcribed as a precursor CRISPR 

RNA (pre-crRNA) molecule which is processed to generate short mature crRNAs; and third 

(the interference phase), crRNAs direct other Cas proteins to cleave newly invading nucleic 

acids (139). The systems have been classified into type I, II, III, which are further divided 

into several subtypes based on the nature of cas genes and the organization of the operon 

(139). The types I and III share similar mechanisms whereas the type II CRISPR-Cas system 

has evolved distinct features regarding the processing of pre-crRNA and the interference step. 
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The type II group is the rarest bacterial CRISPR-Cas system, which is absent in archaea, with 

an over-representation among commensals and pathogens. The subtype II-B system is notably 

narrow in its distribution which is presented only in several genera including Francisella, 

Parasutterella, Sutterella, Legionella, Wolinella, and Leptospira (139). Most of these genera 

are host-associated bacteria and the unique system in Sutterella and Parasutterella may 

attract interest for understanding the evolutionary processes of these phylogenetic groups. 

1.4.2.6. Central metabolic pathways 

Two alternative pathways have been reported in E. coli for gluconeogenesis to 

generate phosphoenolpyruvate (PEP), including the decarboxylation of oxaloacetate by PEP 

carboxykinase (PckA) and the alternative decarboxylation of malate to pyruvate by the malic 

enzyme (MaeB). The pyruvate generated from malate decarboxylation is further converted 

into PEP by PEP synthase (PPsA) (140, 141). Parasutterella genome contains all the 

enzymes involved in the gluconeogenic pathways including PcKA, MaeB, and PPsA, 

indicating the capability of synthesizing carbohydrate intermediates. On the other hand, 

Parasutterella possesses an incomplete glycolytic pathway as the genome lacks the key 

enzymes phosphofructokinase, phosphoglycerate mutase, and pyruvate kinase, consistent 

with the asaccharolytic characteristics of the genus Parasutterella. 

The TCA cycle in Parasutterella species is incomplete, owing to the absence of citrate 

synthase, aconitase, and isocitrate dehydrogenase. The likely arrangement of TCA cycle 

reactions in Parasutterella is shown in Figure 1.4. Due to limited experimental evidence for 

biochemistry validation of enzymes expressed by Parasutterella, the summary of individual 

enzymes participating in the TCA cycle listed below are mainly based on the presence of 

enzyme-encoding genes. 
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1.4.2.6.1. Pyruvate:flavodoxin oxidoreductase 

The generation of acetyl-Coenzyme A (acetyl-CoA) from the oxidative 

decarboxylation of pyruvate is necessary for reactions in the TCA cycle, fatty acids synthesis 

and the other metabolic process. Aerobic bacteria and mammalian system decarboxylate 

pyruvate to generate acetyl-CoA by pyruvate dehydrogenase multienzyme complex (142). In 

E. coli, the decarboxylation reaction is catalyzed by pyruvate dehydrogenase during aerobic 

growth and by pyruvate formate-lyase during anaerobic growth; however, the participation of 

the third enzyme, pyruvate:ferredoxin oxidoreductase (POR) in this reaction is limited (143). 

In contrast, the decarboxylation of pyruvate in anaerobic microorganisms is commonly 

carried out by POR, a single enzyme-containing Fe-S clusters and thiamine pyrophosphate as 

necessary cofactors (144). With the presence of pyruvate and CoA, POR catalyzes the 

reduction of flavodoxin (ferredoxin) to generate CO2 and acetyl-CoA. POR also has catalytic 

proficiency for the reverse reaction to synthesize pyruvate from acetyl-CoA with ferredoxin 

as an electron carrier (145). Parasutterella converts pyruvate to acetyl-CoA by POR as 

reflected by the POR gene in the genome while neither pyruvate dehydrogenase nor formate-

lyase gene is found. 

1.4.2.6.2. Citrate synthase, aconitase, and isocitrate dehydrogenase 

In the complete TCA cycle, the first step generating citrate and CoA from acetyl-CoA 

and oxaloacetate is carried out by citrate synthase. The next step in this oxidative branch of 

the TCA cycle is catalyzed by aconitase to generate isocitrate from citrate. The following step 

is to decarboxylate isocitrate to generate 2-oxoglutarate and CO2 by isocitrate dehydrogenase. 

Parasutterella exhibited a non-cyclic TCA cycle lacking citrate synthase, aconitase, and 

isocitrate dehydrogenase. Citrate synthase is absent in Clostridium sporosphaeroides and 



   

32 
 

some human pathogens such as Streptococcus pyogenes; however, citrate lyase is expressed 

instead to process the conversion of citrate to oxaloacetate in these microorganisms (146, 

147). Both citrate synthase and citrate lyase genes are not present in the genome of 

Parasutterella. It is likely that Parasutterella is incapable of utilizing citrate converted from 

acetyl-CoA to generate 2-oxoglutarate. 

Integrating detailed functional characterization and genomic analysis is necessary to 

validate enzymes in the TCA cycle (148). For example, when aligning the protein sequence 

of an E. coli aconitase against the Haemophilus influenzae genome, which has no annotated 

aconitase gene, the alignment detects an unrelated gene, 3-isopropylmalate dehydratase (3-

IPMD). It is likely due to the close relationship between the aconitase and 3-IPMD enzyme 

families that leads to the difficulties in accurate annotation, indicating limitations in 

predicting functions using genomic analysis approach (148). Interestingly, enzymes involved 

in the oxidative branch of the TCA cycle have been found in members of Sutterella. The 

genome of Sutterella wadsworthensis contains citrate lyase and the genome of Sutterella sp. 

CAG:397 has citrate synthase, aconitase as well as isocitrate dehydrogenase annotated. There 

is no significant similarity found when aligning the citrate synthase or citrate lyase sequences 

of Sutterella species against Parasutterella genome. The aconitase and isocitrate 

dehydrogenase protein sequences of Sutterella sp. CAG:397 share 28% (query coverage, 

44%) and 32% identity (query coverage, 71%) with 3-IPMD enzyme of P. 

excrementihominis, respectively. Therefore, functional assay with experimental evidence is 

required to further confirm the metabolic pathway of the TCA cycle in Parasutterella. 

It is not surprising to find the incomplete TCA cycle in microorganisms, especially in 

anaerobes; however, the capability of generating 2-oxoglutarate, oxaloacetate, and succinyl-
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CoA from pyruvate is normally retained in bacteria with an incomplete TCA cycle. For 

instance, lactobacilli exhibit a non-cyclic and branched TCA cycle with the absence of 

isocitrate, 2-oxoglutarate, and succinate dehydrogenases, but demonstrate the activities of 

citrate lyase, malate dehydrogenase, and fumarase, suggesting the retained ability to 

reductively synthesize succinate (149). During anaerobic growth, with the repressed activity 

of 2-oxoglutarate dehydrogenase complex, the TCA cycle in E. coli serves in a branched, 

non-cyclic pathway including an oxidative branch to produce 2-oxoglutarate and a reductive 

branch to generate succinate (150). A human pathogen, Chlamydia trachomatis utilizes an 

inner-membrane transmembrane transporter, dicarboxylate transporter orthologue, to 

transport 2-oxoglutarate into the cytoplasm after diffusion through the outer membrane to 

initiate the incomplete TCA cycle, which lacks citrate synthase, aconitase, and isocitrate 

dehydrogenase (151). Understanding the metabolic fate of 2-oxoglutarate, one of the key 

intermediates in the TCA cycle, will increase our knowledge of the mechanism by which 

Parasutterella survive as a core anaerobe in the gut microbiota. 

1.4.2.6.3. Metabolism of 2-oxoglutarate 

Although it appears that the oxidative branch of the conventional TCA cycle in 

Parasutterella is incomplete, the pathway of oxidative decarboxylating 2-oxoglutarate to 

produce succinyl-CoA and CO2 is present and is carried out by a 2-oxoglutarate 

dehydrogenase multi-enzyme complex. The enzyme complex contains multiple copies of 

three different types of subunits: a 2-oxoglutarate dehydrogenase with thiamin pyrophosphate 

as an essential co-factor (E1), dihydrolipoamide acyltransferase (E2) and FAD-containing 

dihydrolipoamide dehydrogenase (E3) (152). The E2 component forms a core structure of the 

enzyme complexes which binds multiple copies of the peripheral E1 and E3 subunits and 
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provides attachment sites for lipoic acid as a cofactor(153, 154). The E2 component also 

catalyzes the reaction to form the acyl-CoA product (155). The genome of Parasutterella 

contains genes encoding all three components of 2-oxoglutarate dehydrogenase multi-enzyme 

complex, indicating the capability of interconverting 2-oxoglutarate to succinyl-CoA. 

Interestingly, it has been well recognized that the pyruvate dehydrogenase multienzyme 

complex and 2-oxoglutarate dehydrogenase multienzyme complex share a high similarity in 

structural and functional properties, and they are responsible for producing acyl-CoA 

products from glycolysis and TCA cycle, respectively. The genome of Parasutterella shows 

an absence of pyruvate dehydrogenase multienzyme complex and a presence of 2-

oxoglutarate dehydrogenase multienzyme complex, suggesting a unique feature of the TCA 

cycle in the genus Parasutterella. 

1.4.2.6.4. Interconversion of succinyl-CoA and succinate 

The conversion of succinyl-CoA to succinate and CoA, under the concomitant 

generation of a nucleotide triphosphate (NTP), is carried out by succinate-CoA synthetase 

(succinate-CoA ligase), which is the only enzyme in the TCA cycle to carry out a substrate-

level phosphorylation reaction. The enzyme can also catalyze the reverse reaction that forms 

succinyl-CoA from succinate (156). Succinate-CoA synthetases consist of two subunits: the α 

subunit containing a histidine residue, which is transiently phosphorylated during catalysis, 

and the β subunit providing the nucleotide-binding site (157, 158). Eukaryotes generate GTP 

and ATP by succinate-CoA synthetases during the phosphorylation of succinyl-CoA (159). E. 

coli succinate-CoA synthetase hydrolyzes succinyl-CoA to form ATP, CoA, and succinate; 

however, during anaerobic growth, the enzyme plays an important role in providing succinyl-

CoA from the reverse reaction (160). Parasutterella has succinate-CoA synthetases to 
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catalyze the interconversion of succinyl-CoA and succinate with the preference of ADP/ATP. 

Although it appears that the TCA cycle in Parasutterella consists of a reductive branch with 

succinate as the end metabolite owing to the accumulation of succinate in broth culture, the 

direction of the reaction catalyzed by succinate-CoA synthetases in this strict anaerobic 

bacterium remains to be validated by biochemical experiments. 

1.4.2.6.5. Fumarate reductase 

Succinate dehydrogenase and fumarate reductase catalyze the interconversion of 

fumarate and succinate in E. coli under aerobic and anaerobic conditions, respectively (131). 

Parasutterella lacks succinate dehydrogenase, whereas shows the presence of a fumarate 

reductase. The fumarate reductase contains multiple subunits, including an iron-sulfur 

subunit, a flavoprotein catalytic subunit, and one or two hydrophobic transmembrane subunits 

(161). The genome of Parasutterella contains genes encoding fumarate reductase with frdA 

gene encodes the flavoprotein subunit, the frdB gene encodes the iron-sulfur protein subunit, 

and a predicted gene for transmembrane subunits. In mouse models, fumarate reductase plays 

a crucial role in supporting the colonization of the stomach by Helicobacter pylori, which is 

likely due to the high availability of fumarate to the microbe in the colonization niche (162, 

163). Hence, fumarate reductase may play an active role in the physiology and colonization 

of Parasutterella in the gut. 

1.4.2.6.6. Fumarase and malate dehydrogenase 

The reversible hydration of fumarate to L-malate is catalyzed by fumarase, and the 

gene encoding fumarate hydratase is present in Parasutterella genomes. Three fumarase 

genes have been isolated from E. coli, including fumA, fumB, and fumC, and these genes 

show different catalyzing activity under aerobic and anaerobic conditions (164). In H. polyri, 
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the fumC enzyme has been identified which functions preferentially in the direction of 

forming fumarate from L-malate (165). The form of fumarase in Parasutterella and its 

function during the colonization requires future validations. 

Malate dehydrogenase catalyzes the reversible oxidation of malate to oxaloacetate 

with the concomitant reduction of NAD. In E. coli, malate dehydrogenase is required under 

both aerobic and anaerobic growth conditions, and the electron acceptors, as well as carbon 

substrates, are important determinants in regulating malate dehydrogenase expression (166). 

Campylobacter strains display different malate dehydrogenase patterns grown under aerobic 

and anaerobic conditions, indicating the diverse activity of the enzyme (167). The genome of 

Parasutterella contains a malate dehydrogenase gene and the direction of the reaction 

catalyzed by the enzyme remains to be determined. 

In summary, the genus Parasutterella has an incomplete TCA cycle which operates in 

a reductive branched pathway. It lacks genes encoding citrate synthase, aconitase, and 

isocitrate dehydrogenase. Instead, the genus Parasutterella contains the 2-oxoglutarate 

dehydrogenase multi-enzyme complex, succinate-CoA synthetase, fumarase, and malate 

dehydrogenase. The incomplete TCA cycle reflects the fumarate respiration approach used by 

Parasutterella to maintain redox and energy balance. 

1.4.3. The genus Parasutterella and health outcomes 

As a common inhabitant of human and various animal GIT, Parasutterella has been 

correlated with beneficial and deleterious health outcomes. Changes in the relative abundance 

of Parasutterella have been observed in multiple studies in the context of dietary treatment, 

antibiotic administration, and different pathological conditions. The summary below focuses 
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on the potential role of Parasutterella in host physiology and discusses possible manipulation 

strategies of this commensal bacterium. 

1.4.3.1. Colonization of the GIT by Parasutterella 

In mouse models and human studies, Parasutterella has been detected in the luminal 

content as well as in the mucosa of cecum and colon (168–170). Human and mouse 

Parasutterella isolates have limited capabilities of mono-colonizing germ-free mouse 

intestine, reaching counts from 4 to 5 log CFUs/g feces (unpublished data). However, in SPF 

mice, Parasutterella rapidly and stably colonized the mouse GIT with a single environmental 

exposure, representing an average of 9.31 ± 0.16 log10 16S rRNA gene copies per gram of 

feces (56). The differences in intestinal environments between germ-free mice and SPF mice 

may contribute to Parasutterella colonization capabilities, whereas the success to colonize 

the mature mouse gut after a single exposure indicate that Parasutterella fills an ecological 

niche in the GIT. 

1.4.3.2. Parasutterella as one of the early colonizers in the gut 

Parasutterella has been observed to be transmitted between mother and vaginally 

born infants, and the relative abundance gradually increases during the first 12 months of age, 

indicating Parasutterella as one of the early colonizers in the newborn gut (171). 

Interestingly, the sequence of Parasutterella spp was presented in the colostrum of Italian 

mothers, which was collected within 3 days postpartum. In contrast, the species was not 

detected in the colostrum of Burundian mothers; however, it became one of the main bacterial 

species in Burundian mature milk collected at 1 month of life (172). As a succinate producing 

bacterium, Parasutterella may promote the colonization of strict anaerobes in the gut through 

an indirect mechanism which boosts oxygen consumption by aerobic or facultative anaerobic 
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bacteria (55). Limiting oxygen in the intestine significantly reduced S. Typhimurium load, 

indicating that Parasutterella may therefore play a role in microbiome development and 

infection resistance against enteric pathogens in early life (61). 

1.4.3.3. Parasutterella and secretory IgA 

Secretory IgA produced at mucosal surfaces is critical in mediating intestinal 

immunity by binding to specific resident microbes, dietary components, and luminal antigens 

(173, 174). Pathogen-specific IgA is high-affinity and T-cell dependent, whereas the 

commensal-induced IgA is characterized largely by low affinity and specificity that are 

shared by multiple bacterial species (173). As there are only certain bacterial species in the 

gut are highly coated with IgA, the previous study has revealed that the high-IgA coating 

selectively marks inflammatory and potentially disease-driving commensals in mice and 

humans (173). However, bacteria that are coated by IgA are not always colitogenic, instead, 

they can help improve the barrier function such as Akkermansia muciniphila and Clostridium 

scindens (175). The phylum Proteobacteria in the human intestine is likely to be coated by 

IgA, and members from Sutterellaceae, including Parasutterella and Sutterella, are 

commonly retrieved from the IgA-coated bacterial fractions (176, 177). Interestingly, specific 

microbes could induce an IgA-low phenotype in mice which led to an enhanced DSS 

sensitivity and increased intestinal damage compared to IgA-high mice. Sutterella species 

was identified as one of the IgA-low-inducing microbes and these microbes were able to 

degrade a peptide that protects dimeric IgA from degradation by bacterial proteases, known 

as secretory component (178). There is no evidence showing the ability of Parasutterella to 

degrade the secretory component. Overall, the exact role of the secretory IgA-coated 

commensals in gut immunity is still unclear; however, as a crucial physical barrier, IgA plays 
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an important role in maintaining the symbiotic relationship between the host and gut 

microorganisms. 

1.4.3.4. The genus Parasutterella impacts bile acid metabolism 

Bile acids promote the absorption of dietary lipids and lipid-soluble nutrients in the 

intestine, and also play a role as important endocrine signaling molecules impacting host 

physiology (13). Parasutterella species grow in broth with the presence of bile acids and they 

have been correlated with bile acid metabolism in multiple studies (116, 117). In an in vitro 

culture study, a reduced rate of deconjugating taurocholic acid, a major primary bile acid, was 

observed in donors with a greater abundance of Parasutterella and Akkermansia (179). 

However, the in vitro model system has potential limitations which exclude the significant 

differences in absorption rate between conjugated and deconjugated bile acids by enterocytes, 

and eliminates the effect of host signaling cascades, including the enterohepatic FXR/Fgf15 

axis, on bile acid metabolism (180). Therefore, the positive correlations between the 

deconjugation rate and the abundance of Parasutterella need further investigation by 

incorporating host factors which significantly impact bile acid synthesis and turnover. In a 

NASH-hepatocellular carcinoma (HCC) mouse model, the relative abundance of 

Parasutterella was negatively correlated with TCDCA and TLCA levels in the liver, and in 

feces it was inversely correlated with DCA and LCA (181). Parasutterella has also been 

positively associated with fecal β-MCA and 7-ketoDCA in a study using a humanized 

microbiota mouse model (182). In addition, human studies focusing on fecal microbiota 

transplantation (FMT) in Clostridium difficile infection patients or alcoholic hepatitis patients 

consistently demonstrated the correlation of Parasutterella with bile acid metabolism (183, 

184). In line with these results, our trackable mouse model, which added Parasutterella mc1 
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to a complex gut microbial community, showed that the colonization of Parasutterella strain 

altered the bile acid metabolism in the intestine (56). Consistent with changes in bile acid 

profiling, the gene expression of ileal bile aid transporters and genes involved in the FXR 

signaling pathway were significantly altered by Parasutterella colonization (56). However, 

there remains a paucity of information regarding the ability of Parasutterella to utilize bile 

acids, which requires future work focusing on the mechanism driving altered bile acid 

metabolism by Parasutterella colonization. 

1.4.3.5. Parasutterella in obesity and metabolic syndromes 

Multiple studies have reported changes in the relative abundance of Parasutterella in 

the development of obesity and metabolic syndrome. A human study, which recruited 57 

obese human subjects and 54 non-obese control subjects, showed that obese patients 

exhibited the hypothalamic inflammation and gliosis, and the inflammation was significantly 

inversely correlated with the relative abundance of P. excrementihominis and unclassified 

Marinilabiliaceae (185). In animal models, however, inconsistent alterations of 

Parasutterella abundance in the pathogenesis of obesity and metabolic syndromes have been 

demonstrated. Male Sprague-Dawley rats with hypertriglyceridemia induced by HFD showed 

an elevated abundance of fecal Parasutterella compared to that in the control rats (186). A 

safflower oil based high fat/high sucrose diet treatment significantly decreased the relative 

abundance of Parasutterella in the cecum and colon in C57BL/6 male mice, which coincided 

with the initiation of the inflammation in liver and insulin resistance (187). In another study, 

C57BL/6 male mice received HFD exhibited impaired glucose tolerance with an increase in 

fecal Desulfovibrionaceae and a reduction of Parasutterella within the phylum Proteobacteria 

compared with the chow-diet fed group (188). In addition, comparisons between C57BL/6 
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male mice fed a HFD that became diabetic or were diabetes-resistant, the genus 

Parasutterella remained unchanged between groups, suggesting that Parasutterella responds 

to diet rather than the diabetic phenotype (189). Interestingly, male Wistar rats received 

berberine and metformin, which are two clinically effective drugs for treating obesity and 

T2D, both showed enrichment of fecal Parasutterella (190). However, the underlying 

mechanism of these two drugs in stimulating certain microbial populations including 

Parasutterella remains unclear, which could involve the calorie restriction effect as a result of 

reduced food intake or involve the microbial cross-feeding by increasing short-chain fatty 

acid-producing bacteria (190). Furthermore, prediabetic subjects showed altered gut 

microbial genera including a reduction in Parasutterella compared with healthy subjects 

(191). These studies demonstrate a relationship between Parasutterella and obesity as well as 

metabolic syndromes; however, the causal role of changes in Parasutterella needs further 

investigation. Our previous study has shown that Parasutterella colonization alters bile acid 

metabolism, which could impact lipid and glucose homeostasis in obesity and diabetes. 

Therefore, the genus Parasutterella may contribute to health improvement strategies for 

obesity and metabolic syndromes (56). 

1.4.3.6. Parasutterella and liver health 

The genus Parasutterella has been linked to liver injury in multiple studies. An 

imbalanced gut microbiota induced by alcohol consumption could contribute to liver injury, 

and it has been reported that chronic alcohol administration in male C57BL/6 mice for 6 

weeks resulted in a significant reduction of fecal Parasutterella (192, 193). In a human study, 

Parasutterella represented 5.76% of total microbiota in an alcoholic patient without alcoholic 

hepatitis, and represented 0.001% in the alcoholic patient with severe alcoholic hepatitis. The 
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liver injury phenotype in the patients was transmissible to germ-free mice and the authors 

speculated that Parasutterella may play a role in protecting the liver in the progression of 

hepatitis (184). In addition, fecal Parasutterella was significantly reduced in a NASH-HCC 

mouse model, suggesting a potential role of Parasutterella in the progression of liver injury 

and carcinogenesis (181). The reduction of Parasutterella with the pathogenesis of 

hepatocellular carcinoma has also been reported in the human study as the Parasutterella 

population was significantly decreased in patients who developed hepatocellular carcinoma 

regardless of hepatitis virus infection compared to the healthy controls (194). From the study, 

Parasutterella was negatively correlated with clinical hepatic function indexes including the 

alanine aminotransferase and aspartate aminotransferase (AST) levels in the blood which are 

indicators of hepatocyte injury (194). In healthy infants, the negative correlation between 

hepatic AST levels and the genera Parasutterella and Enterococcus has been reported; 

however, the variations in ages and delivery patterns of the infants recruited in the study may 

strongly impact the establishment of the gut microbiota, thereby potentially contributing to 

the observed results (195). Therefore, it will be worthwhile to investigate the mechanisms by 

which Parasutterella could potentially exert protective effects on liver health, specifically on 

the aspect of liver injury. 

1.4.3.7. Parasutterella in IBD and gastrointestinal disorders 

In Crohn’s disease patients, certain genera including Parasutterella were enriched 

within submucosa tissues of the terminal ileum, indicating these bacteria are capable of 

penetrating mucosal barriers (196). Alterations in Parasutterella populations have been 

reported in DSS-induced colitis mouse models; however, confounding factors in the 

treatments such as a strong dietary effect led to difficulties to address the role of 
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Parasutterella in the pathogenesis of colitis (197). It remains unclear whether the changed 

population of Parasutterella caused the inflammation or the bacterial genus has a better 

ability to thrive in an inflamed environment. The same situation applies to the altered relative 

abundance of Parasutterella in irritable bowel syndrome (IBS) patients and a functional 

gastrointestinal disorders (FGID) study (198, 199). The pathogenesis mechanism of FGID 

hasn’t been clearly characterized due to multiple factors contributing to the central nerve 

system (CNS) alteration. Parasutterella, among 15 genera that were differentially expressed, 

was significantly increased in IBS patients compared to that in healthy controls. The 

inflammatory phenotype was transmitted to germ-free mice through FMT and six genera 

including Parasutterella were associated with the IBS phenotype (198). As a common 

inhabitant in human and mouse gut, it is not surprising that Parasutterella was able to 

colonize the germ-free mouse intestine by FMT; however, the increased abundance of 

Parasutterella in IBS patients and IBS mice were not sufficient to demonstrate the causal 

relationship between the bacterial genus and IBS development. Further studies are needed to 

better characterize the role of Parasutterella in inflammation and gut physiology. 

1.4.3.8. Parasutterella and C. difficile infection (CDI) 

Although the abundance of Proteobacteria was dramatically increased by C. difficile 

infection, the genus Parasutterella was significantly lower in CDI patients and asymptomatic 

carriers than that in healthy controls (200). In addition, in a randomized clinical trial of FMT 

in CDI patients, subjects who were cured after receiving FMT using autologous fecal 

microbiota had increased relative abundance of Parasutterella. The author hypothesized that 

Parasutterella may be active in bile acid metabolism (183). Contradictorily, the presence of 

Parasutterella has been associated with the moribund phenotype in a humanized microbiota 
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mouse model challenged with C. difficile. However, the antibiotic cocktail administration 

followed by clindamycin injection as the pretreatment in the study may exert a strong impact 

on the microbial composition, which weakens the correlation between specific taxonomies 

and the progression of CDI (201). Another study which compared the microbiota in CDI 

patients prior to and after FMT showed a decreased abundance of Parasutterella post-

transplant. However, differing from the autologous fecal microbiota, there was a potential 

variability in microbiota among different donors based on the transplant approach, which 

resulted in limited ability to interpret the causality of altered Parasutterella population post-

transplant and its relationship with the disease status in CDI patients (202). CDI has been 

strongly associated with restorage of secondary bile acids, therefore, Parasutterella could 

contribute to the CDI treatment by actively impacting bile acid profiling. 

1.4.3.9. The genus Parasutterella in aging 

A strong decrease in the relative abundance of Parasutterella has been reported in the 

fecal microbiota of aged rats compared to that in young rats (203). Consistently, in an aging 

C57BL/6J mouse model, the relative abundance of Parasutterella was significantly decreased 

during aging, which was positively correlated with fumarate and negatively correlated with 

methanol in the colonic luminal content (135). Calorie restriction attenuated age-related 

declines in the relative abundance of bacterial genera including Parasutterella (204). In the 

same study, Parasutterella was negatively correlated with immune-related genes in the colon, 

including Cybb and Cxcl13, and also inversely correlated with the levels of identified bile 

acids such as a CDCA derivate in the colonic luminal content (204). The authors proposed 

that caloric restriction in aging mice prevented an imbalanced colonic microbial ecosystem, 

which consequently diminished the exposure to certain microbial-derived components such as 
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secondary bile acids and LPS, and hence prevented the chronic colonic inflammation (204). 

In another aging mouse model focusing on influenza responses, serum chemokine, CXCL10, 

was negatively correlated with the relative abundance of Parasutterella, indicating the 

involvement of Parasutterella and other gut microbes in antiviral immune responses (205). 

Taken together, the genus Parasutterella has been reported as one of the aging indicators and 

has been correlated with various metabolites. However, on the basis of limited evidence with 

few human studies, our understanding of the role of gut microbes and the metabolites in aging 

is still rather limited. Further insight into the mechanisms underlying the complex aging 

process regarding microbial factors is required. 

1.4.3.10. The genus Parasutterella in neurological and neuropsychiatric diseases 

Recent discoveries have suggested that alterations in host-microbe interactions may 

contribute to the physiological function of the CNS, demonstrating that the gut microbiota not 

only impacts host metabolism, but also regulate immunity and even mediate brain functions 

(206). However, the studies investigating gut microbes in neurological and neuropsychiatric 

diseases are still in their infancy. The proposed mechanism through which the gut microbiota 

impact the brain function and behavior include the modulation of the immune system, the 

stimulation of neuroendocrine signaling pathways, and the direct activation of neurons (207, 

208). Exploring which components of the microbiome are mediating the effects on the gut-

brain axis will contribute to the maintenance of brain health. 

Changes in the relative abundance of Parasutterella have been reported in a variety of 

CNS disorders including autism spectrum disorder, depression, and Parkinson’s disease. The 

evidence from experimental and clinical studies are summarized in Table 1.3. However, these 

findings did not demonstrate the causal relationship between changes in gut microbes, 
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including Parasutterella, and the disease phenotype. Future research, with an emphasis on the 

role of gut microbes as a causal factor in CNS disorders, will help to develop strategies to 

maintain the homeostasis of CNS, extending current research focused on simple associations. 

1.4.4. Manipulation of the Parasutterella population 

1.4.4.1. Host factors impact Parasutterella population 

Host-related factors, such as genetics and immune homeostasis, have a large impact 

on microbiome composition (209). Multiple models, in particular mouse models, with 

different genetic determinants have shown alterations in Parasutterella abundance. For 

example, the knockout of the Fut2 gene in mice, which encodes an α-1,2-fucosyltransferase 

responsible for the expression of ABO bold group antigens in mucus and other secretions, 

significantly increased the relative abundance of genera including Parasutterella in feces, 

indicating the availability of fucosylated glycans in the gut could shape the microbial 

community (210, 211). In humans, approximately 20% of individuals who are homozygous 

for this “non-secretor” allele are unable to express antigens on mucosal surfaces, which could 

alter the gut microbial composition and its functionalities (210). Another host factor 

impacting Parasutterella relative abundance are hepatic circadian-related genes. 

Conditionally knocking out the circadian transcription factor, neuronal PAS domain protein 2 

(Npas2), in the liver of mice led to a significantly lower percentage of body weight loss 

compared to wild-type mice in the setting of restricted feeding. Parasutterella were positively 

correlated with the weight loss in the knock-out mice but showed opposing correlations in the 

wild-type mice, indicating the effects of hepatic circadian gene expression on the gut 

microbiota (212). 
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In addition to host genetic variations, bile acids are an important host factor shaping 

gut microbial communities due to their antimicrobial activity. Conversely, alterations of gut 

microbial composition can influence host bile acid metabolism. In mice, knockout of the gene 

Klb, which encodes a type I membrane protein mediating both FGF15 and FGF21 signaling 

pathways, resulted in a phenotype with hepatic inflammation and initiation of fibrosis, which 

is associated with a high level of secondary bile acids in the serum and liver (213). The shift 

in bile acid composition induced remodeling of the gut microbiota in the knock-out mice 

featured by a significant increase in the genera Parasutterella and Desulfovibrio, highlighting 

the high tolerance to bile acid of these bacteria (213). 

A recent study showed that proteolytic digestion of Paneth-cell human defensin 5 

(HD-5) led to the generation of novel antimicrobial fragments which altered the proportion of 

certain bacteria in mouse fecal microbiota without affecting the overall community structure 

(214). More specifically, the relative abundance of the genera Bacteroides and Lactobacillus 

were decreased whereas Parasutterella and Akkermansia sp. were increased compared with 

nontreated mice, indicating that Parasutterella may be less susceptible to HD-5 (214). 

Furthermore, the functional mucosal barrier is a key component in modulating intestinal 

mucosal immune responses, which may lead to changes in the gut microbiome (215). 

Knocking out the intestinal brush border electroneutral Na+/H+ exchange (NHE) in mice led 

to spontaneous distal chronic colitis and altered gut microbial composition including an 

increase in Parasutterella abundance (216). In agreement with the changed abundance of 

Parasutterella in the inflammation as discussed previously, the ability of the genus to survive 

in the inflamed gut may partially be attributed to the changes in colonocyte metabolism 

featured by the increased availability of nitrate in the gut lumen as a by-product of colitis 
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(217). It is to be noted that Parasutterella responded inconsistently to different anti-

inflammatory drugs such as 5-aminosalicylic acid and nonsteroidal anti-inflammatory drugs, 

indicating the response to interventions is context-dependent due to the complexity of the 

diseases (218, 219). Taken together, to manipulate Parasutterella population with respect to 

incorporating host-associated factors, it is necessary to demonstrate the direct causal 

relationship between changes in Parasutterella populations and specific physiologic, 

metabolic, and immunologic phenotypes of the host. 

1.4.4.2. Antibiotic impacts on the Parasutterella population 

The summary of the impact of antibiotic treatment on Parasutterella in human studies 

and animal models is shown in Table 1.4. The genus Parasutterella is susceptible to certain 

antibiotics belonging to fluoroquinolones, macrolides, and phenicol, whereas it has shown 

resistance to rifamycins and the common antibiotic cocktails used in mouse models. The 

susceptibility of Parasutterella to fluoroquinolones has been verified by the protective effects 

on the genus exerted by DAV132, a powerful nonspecific adsorbent reducing fecal antibiotic 

concentration, in moxifloxacin treated volunteers (220). Interestingly, Parasutterella has 

displayed resistance to the antibiotic cocktail including ampicillin, however, the genus was 

susceptible to another β-lactam, amoxicillin (221). The differences in the efficacy of these 

two β-lactam antibiotics may be attributed to the dosage (oral gavage vs. drinking water) or to 

variations in the resistance mechanisms of Parasutterella that remain to be elucidated. 

In addition, Parasutterella seemed to survive and persist in the gut after streptomycin 

treatment which disrupted the gut microbiota by largely decreasing the proportion of 

Firmicutes. However, the presence of the quorum-sensing signal molecule (the autoinducer 2, 

AI-2)-producing bacteria promoted gut colonization by microbial taxa including members in 
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the Firmicutes and Parasutterella, suggesting that the microbial group behavior could also 

shape the gut microbiome after antibiotic treatment (222). 

1.4.4.3. Effect of dietary components on Parasutterella population 

It has been reported in human studies that dietary composition may drive changes in 

Parasutterella abundance. The genera Parasutterella and Marinilabiliaceae have been 

negatively correlated with hypothalamus inflammation in humans. A follow-up food 

frequency questionnaire was applied to investigate whether the dietary macronutrient intake 

had an influence on the abundance of these two bacterial genera. P. excrementihominis was 

inversely associated with dietary fat intake, not the total energy, carbohydrate, or protein 

intake, in obese patients (77). Specifically, P. excrementihominis showed negative 

correlations with dietary glycerin and lipoids as well as long-chain fatty acids, although the 

associations need further confirmation in experimental studies (77). Another human trial 

investigating the influence of exercise types and athlete diet patterns on the gut microbiota 

showed that the relative abundance of fecal Bifidobacterium and Parasutterella were the 

lowest in bodybuilders compared with that in healthy controls and distance runners. The 

dietary pattern in bodybuilders which is featured by high protein, high fat, low carbohydrate, 

and low dietary fiber may contribute to the change in the level of Parasutterella (223). 

In animal models, the fecal microbiota of C57BL/6J mice that received lowly-

digestible starch diet was enriched with certain genera including Parasutterella compared 

with that in the highly-digestible starch diet mice. Parasutterella and Bacteroides were 

significantly correlated with in vivo H2 production as a reflection of carbohydrate digestibility 

(224). The cross-feeding interactions may contribute to the enriched Parasutterella due to its 

asaccharolytic characteristics. A study conducted in C57BL/6J mice, which were fed a 
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methionine–choline-deficient diet with or without sodium butyrate supplementation, 

indicated that butyrate markedly promoted the abundance of Parasutterella and Akkermensia 

in feces (225). Consistent with the idea that butyrate promotes Parasutterella, HFD feeding 

in male C57BL/6J mice reduced the relative abundance of Parasutterella in feces compared 

with the control mice, however, supplementation of sodium butyrate reversed the reduction in 

Parasutterella (226). In-feed supplementation of a butyrate-producing strain, Butyricicoccus 

pullicaecorum, to broilers significantly increased the abundance of specified genera such as 

Parabacteroides and Parasutterella in the ileum and cecum compared to that in the control 

group (227). In addition, Parasutterella was more abundant in feces of mice supplemented 

with prebiotics including galacto-oligosaccharide and oligofructose in the diet compared with 

the control mice (228–230). Male Wistar rats received a diet containing laminaran for 2 

weeks harbored Parabacteroides, Lachnospiraceae, and Parasutterella which were not 

present in rats given alginate or basal diet, indicating a potential role of the highly 

fermentable polysaccharide in modulating Parasutterella abundance in the gut (231). 

Collectively, the cross-feeding interactions, particularly regarding the availability of butyrate, 

may support the survival of Parasutterella in the GIT but requires further validation. 

In vitro fermentation studies have demonstrated modulatory effects of certain dietary 

components on Parasutterella. A study investigating how the microbial composition of fecal 

donor impacts fermentation properties of dietary fiber showed that Parasutterella decreased 

during the fermentation process independently of supplemented fiber type (232). Certain 

genera including Parasutterella exhibited positive correlations with ammonia production 

(232). In another in vitro model of the proximal colon, lactulose significantly stimulated the 
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growth of Parasutterella (233). These findings from the in vitro models provide potential 

strategies to manipulate the Parasutterella population in the GIT. 

Other dietary components have also been reported to have a modulating effect on 

Parasutterella abundance. For example, administration of fructose and glucose in juvenile 

male Sprague-Dawley rats through the entire juvenile and adolescent period significantly 

elevated Bacteroides, Alistipes, Lactobacillus, Clostridium sensu stricto, Bifidobacteriaceae, 

and Parasutterella abundance in feces, suggesting that early-life sugar consumption impacts 

the gut microbiota independently of obese parameters and caloric intake in the rodent model 

(234). In another study, mice treated with HFD for 12 weeks showed an increased relative 

abundance of Parasutterella in colonic content compared to mice that received standard chow 

diet, and the increase was further promoted by krill oil supplementation (235). In addition, 

vitamin A-deficient diet significantly decreased the abundance of Anaerotruncus, 

Oscillibacter, Lachnospiraceae_NK4A136_group, and Mucispirillum, whereas increased the 

abundance of Parasutterella in colon samples, suggesting the role of vitamin A in modulating 

the intestinal mucosa-associated microbes (169). The dietary copper level has also displayed 

an inhibitory effect on fecal Parasutterella abundance (236). Collectively, the mechanism of 

modulating the gut microbiota by these dietary components is commonly multifactorial and 

remains unclear. Future studies are necessary in order to reveal the underlying mechanism of 

microbial changes by specified dietary ingredients, and therefore to provide strategies to 

maintain the beneficial host-microbe interactions. 

To conclude, the genus Parasutterella, as a core member of the gut microbiota, has 

evolved unique genomic and biological features to adapt to the intestinal niche. The 

association between the Parasutterella population and host health outcomes, including 
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beneficial and deleterious, suggests a potential approach to provide health benefits on the host 

by manipulating the gut microbiota. 

1.5. Hypotheses and Objectives 

This thesis aimed to establish an effective model system to investigate the causal 

relationship between changes in microbial population and host physiology with following 

hypotheses and objectives. 

1.5.1 Hypotheses 

1.5.1.1 The presence of gut commensal E. coli impacts immune activation resulting 

from antibiotic perturbation.  

1.5.1.2. E. coli contributes to the pathogenesis of obesity and metabolic syndrome. 

1.5.1.3. Parasutterella plays a unique role in shaping the intestinal metabolite profile 

resulting in altered host physiology. 

1.5.1.4. Parasutterella species are host-adapted. 

1.5.2 Objectives 

1.5.2.1. To establish a mouse model system to investigate the biological and 

physiological features of model microorganisms, E. coli and Parasutterella 

1.5.2.2. To investigate the impact of commensal E. coli colonization on host immune 

responses in the context of metronidazole treatment (Chapter 2) 

1.5.2.3. To explore the role of E. coli in the development of obesity and insulin 

resistance (Chapter 3) 

1.5.2.4. To characterize the biology and lifestyle of Parasutterella and its interactions 

with the host (Chapter 4 and 5) 
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Table 1.1. Summary of in vitro continuous culture models to study host-microbe interactions 

Model Simulated gut compartment pH Ref 

HGS Stomach pH = 1.35 at the end of 3 hours digestion (237) 

DGM Stomach and duodenum pH = 2 and 6.8, respectively (238) 

TIM1 Stomach, duodenum, jejunum, and ileum pH = 1.7, 6.2, 6.5, and 7.4, respectively (239) 

TIM2 Proximal colon pH = 5.8 (240) 

EnteroMix Ascending colon, transverse colon, descending colon, and 

distal colon 

pH = 5.5, 6.0, 6.5, and 7.0, respectively (31) 

Lacroix model Proximal colon, transverse, and distal colon of infants pH = 5.9, 6.2, and 6.6-6.7, respectively (241) 

SHIME Stomach, small intestine, ascending colon, transverse 

colon, and descending colon 

pH = 5.6-5.9, 6.15-6.4, 6.6-6.9 in the 

three colon compartments, respectively 

(242) 

M-SHIME Stomach, small intestine, ascending colon, transverse 

colon, and descending colon 

pH = 2, 6.6, 5.6-5.9, 6.15-6.4, 6.6-6.9, 

respectively 

(243) 

MacFarlane/Gibson  Ascending colon, transverse colon, and descending colon pH = 6.0, 6.5, and 7.0, respectively (244) 

HGS, the Human Gastric Simulator; DGM, the Dynamic Gastric Model; TIM1, the TNO Gastro-Intestinal Model (TIM) 1; 

EnteroMix, The EnteroMix of Danisco; SHIME, Simulator of the Human Intestinal Microbial Ecosystem; M-SHIME, mucosal-

SHIME. 
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Table 1.2. Basic genomic features for strains of the genus Parasutterella 

Strain Host Genome size (bp) G+C content (%) CDS 

Parasutterella excrementihominis YIT 11859T Human, gut 2,831,860 48.1 2,751 
Parasutterella excrementihominis CAG:233 Environment 2,501,740 48.3 2,228 
Parasutterella excrementihominis UBA11789 Human, gut 2,478,509 48.7 2,402 
Parasutterella excrementihominis UBA9121 Human, gut 2,370,147 48.9 2,180 
Parasutterella mc1 Mouse, gut 2,845,554 44.1 2,648 

Data of P. excrementihominis strains are obtained from the GenBank database. P. excrementihominis YIT 11859 (ID: 267788), P. 

excrementihominis CAG:233 (ID: 738428), P. excrementihominis UBA11789 (ID: 7276318), P. excrementihominis UBA9121 (ID: 

7371238). 
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Table 1.3. Summary of experimental and clinical studies on Parasutterella in CNS disorders 

CNS 

disorder 

Model Methods Parasutterella Ref 

ASD 

Human 

 

ASD children with FGID (ASD-FGID, n = 14), 

NT children with FGID (NT-FGID, n = 15),  

NT children without abdominal pain (NT, n = 6) 

P. excrementihominis and Tyzzerella species 

were significantly associated with the ASD-

FGID group with pain (n = 9) compared with 

the ASD-FGID group with no pain (n = 5). 

(199) 

Human ASD children (AD, n = 10),  

POD-NOS children (POD-NOS, n = 10),  

healthy children (HC, n = 10) 

P. excrementihominis was higher in the AD 

group compared to HC and POD-NOS children. 

(245) 

BD 

Human BD patients (BD, n = 52),  

healthy controls (HCs, n = 45) 

Genera Parasutterella, Roseburia, 

Faecalibacterium, Ruminococcus, Gemmiger, 

and Coprococcus were more abundant in HCs 

compared to the BD group. 

(246) 

Human BD patients (BD, n = 115),  

healthy controls (HCs, n = 64) 

No difference was found in the relative 

abundance of Parasutterella in the feces 

between BD (0.6 ± 1.2) and HCs (0.7 ± 1.3) 

groups.  

(247) 

Depression 

Human Active-MDD group (A-MDD, n = 29), 

responding-MDD group (R-MDD, n = 17),  

healthy controls group (HCs, n = 30) 

Parasutterella, together with other predominant 

genera, such as Blautia and Clostridium XIX, 

(248) 
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were relatively more abundant in the A-MDD 

patients compared with the HC group. 

Mouse CUMS group (CUMS, n = 8),  

control group (CON, n = 8) 

Genera Helicobacter, Turicibacter, 

Parasutterella, Alistipes, Odoribacter, and 

Akkermansia were increased in CUMS group 

compared with the CON group. 

(133) 

PD Human PD patients (PD; 23 females, 22 males; age, 

68.1 ± 8.0), healthy spouses (HC; 22 females, 23 

males, age, 67.9 ± 8.0) 

Genera Parasutterella, Kocuria, and 

Phascolarctobacterium were negatively 

associated with NMS scores. 

(134) 

CNS, central nervous system; ASD, Autism spectrum disorder; FGID, functional gastrointestinal disorders; NT, neurotypical; POD-

NOS, Pervasive Developmental Disorder Not Otherwise Specified; BD, Bipolar disorder; MDD, major depressive disorder; CUMS, 

chronic unpredictable mild stress; PD, Parkinson’s disease; NMS, non-motor symptoms 
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Table 1.4. Effects of antibiotic treatment on Parasutterella abundance 

Antibiotics Model Methods Parasutterella Ref 

Broad-

spectrum 

antibiotic 

cocktail 

Rat 

Sprague-Dawley 

(male) 

Ampicillin, neomycin, and metronidazole (1 

g/L for each type) in drinking water for 4 

weeks 

Chow diet (CT); high cholesterol diet (HCD); 

CT + antibiotic (CT + Ab); HCD + antibiotic 

(HCD + Ab) 

The abundance of Parasutterella 

was higher in HCD + Ab mice 

compared to that in CT, HCD, and 

CT + Ab mice.  

(251) 

Vancomycin Human 

Rheumatoid 

arthritis patients 

(female, male) 

Vancomycin (250 mg four times a day) 

received orally for 2 weeks 

 

The abundance of Parasutterella 

was not changed by vancomycin 

administration. 

(252) 

Enrofloxacin Chicken 

(male) 

Enrofloxacin (0.1 mg/kg, 4 mg/kg, and 100 

mg/kg body weight) administered orally for 

three rounds of 7-day treatment following with 

7-day withdrawal 

Chicks were infected with Salmonella 

Typhimurium at 4 days old and received 

enrofloxacin at 8 days old 

Five genera including 

Parasutterella were significantly 

decreased in the antibiotic treated 

groups than in the control group for 

both the treatment period and the 

withdrawal period. These genera 

have been identified as highly 

susceptible to enrofloxacin. 

(253) 
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Azithromycin 

and 

florfenicol 

Mouse 

C57BL/6 

(female, male) 

Azithromycin (35 mg/L) or florfenicol (33 

mg/L) in drinking water for four weeks 

The abundance of Parasutterella 

was reduced in both antibiotic 

treatment groups. 

(254) 

Isoniazid, 

rifampin, and 

pyrazinamide 

Mouse 

C57BL/6J-

CD45a (Ly5a) 

(female) 

A combination of isoniazid (25 mg/mL), 

rifampin (1 mg/mL), and pyrazinamide (150 

mg/mL) by oral gavage  

Mice were infected with Mycobacterium 

tuberculosis received the combination of drugs 

5 days a week for the first 2 months, and 

isoniazid and rifampin only for an additional 2 

months 

Relative levels of genera 

Barnesiella, Porphyromonas, and 

Paraprevotella of the phylum 

Bacteroidetes and genera 

Parasutterella and Desulfovibrio of 

the phylum Proteobacteria were 

increased by the treatment and 

further increased following 

cessation of therapy. 

(250) 

Amoxicillin 

and 

vancomycin 

Rat 

Wistar Hannover 

(female) 

A daily dosage of 0.5 mL of Amoxicillin (60 

mg/mL) or vancomycin (8 mg/mL), or water 

by oral gavage 

Antibiotic treatment of dams started on 8 days 

before the expected birth of pups and 

continued until pups were weaned at 4 weeks 

of age 

The relative abundance of 

Parasutterella was significantly 

reduced in dams received 

amoxicillin compared to that in the 

water group, whereas vancomycin 

treatment did not alter the level of 

fecal Parasutterella. 

(221) 

Broad-

spectrum 

Mouse 

C57BL/6 

(female) 

Ampicillin (1 g/L), neomycin sulfate (1 g/L), 

metronidazole (1 g/L), and vancomycin (0.5 

g/L) in drinking water for 1, 3, 4, 7, or 14 days 

Several genera, majorly belonging 

to the phylum Proteobacteria, such 

(255) 
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antibiotic 

cocktail 

as Parasutterella was significantly 

increased in antibiotic-treated mice. 

Broad-

spectrum 

antibiotic 

cocktail 

Mouse 

C3H IL10-/- 

(male) 

Ampicillin (1  g/L), novobiocin sodium salt (1  

g/L), metronidazole (1  g/L) and vancomycin 

hydrochloride (0.5  g/L) in drinking water for 

19 days 

Ten genera including 

Parasutterella were significantly 

increased in mice treated with 

antibiotics compared to that in 

water-treated mice. 

(256) 

Moxifloxacin Human 

(female, male) 

 

Moxifloxacin (400 mg/day) was administered 

orally for 5 days 

Genera including Parasutterella 

and Sutterella were decreased in 

moxifloxacin treated volunteers. 

(220) 
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Figure 1.1. Overview of representative model systems to investigate host-microbe interactions in gut microbiome research. 
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Figure 1.2. The mouse model established in this thesis. SPF mice colonized with/without a single commensal bacterium were used 

to compare the impact of the single bacterium on microbial community and host physiology. 

PSA, polysaccharide A; AMPs, antimicrobial peptides 
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Figure 1.3. Maximum likelihood phylogenetic tree based on 16S rRNA gene sequences of 

Parasutterella isolate and uncultured bacterium, including type strains within the family 

Sutterellaceae. Sequences were obtained from RDP and the sequence belonging to E. coli 

type strain was used as the outgroup. For each node bootstrap values (1,000 replicates) 

greater than 50% are shown. 
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Figure 1.4. Predicted TCA cycle and related reactions in Parasutterella. Enzymes are labeled 

by numbers. 1, pyruvate:flavodoxin oxidoreductase; 2, L-lactate dehydrogenase; 3, 

phosphotransacetylase; 4, acetate kinase; 5, citrate synthase; 6, aconitase; 7, isocitrate 

dehydrogenase; 8, 2-oxoglutarate dehydrogenase multi-enzyme complex; 9, succinate-CoA 

synthetase; 10, fumarate reductase; 11, fumarase; 12, NAD-linked malate dehydrogenase 

malate:quinone oxidoreductase; 13, malate synthase. Solid lines indicate reactions involved in 

the TCA cycle of Parasutterella and the dashed lines represent the absent pathways based on 

predicted genes in the genome. 
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2. CHAPTER 2: INITIAL GUT MICROBIAL COMPOSITION AS A KEY FACTOR 

DRIVING HOST RESPONSE TO ANTIBIOTIC TREATMENT, AS EXEMPLIFIED BY 

THE PRESENCE OR ABSENCE OF COMMENSAL ESCHERICHIA COLI 

2.1. Introduction 

Antibiotics have been extensively used in the therapy of human and animal infections. 

The rational mechanisms of antibiotic therapies include decreasing bacterial density, 

eliminating targeted detrimental bacteria, inhibiting secondary bacterial proliferation, and 

reducing bacterial translocation, however, at the expense of strong alteration in the 

commensal microbiota (1). It is well-known that antibiotics have strong effects on the gut 

microbiota, resulting in imbalances of the microbial ecosystem and concomitantly affecting 

host physiology, particularly involving innate defense mechanisms (2–4). Antibiotic 

treatment that might help one individual can cause adverse outcomes in another (5). For 

instance, in inflammatory bowel disease (IBD) trials, antibiotic therapies using metronidazole 

and ciprofloxacin resulted in contradictory outcomes (6–8). Moreover, compositional changes 

of gut commensal microbiota in response to antibiotic therapies are variable between 

individuals. A large cohort study showed variation in the diversity and richness of antibiotic 

resistance genes in the human gut microbiota, which indicated the differences in altered 

microbiota by antibiotic usage (9). Administration of 500 mg ciprofloxacin twice a day for 5 

days affected about 30% of bacterial taxa in the gut, however, with interindividual variation 

in the magnitude of the effect (10, 11). The mechanism by which antibiotic administration 

leads to inconsistent host outcome are not entirely clear.  

Several studies have illustrated the importance of monitoring the initial composition 

of the gut microbiota prior to antibiotic administration. A recent human study, which 
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recruited 18 healthy volunteers to take a therapeutic dosage of the antibiotic cefprozil for a 

week, showed that a subset of participants had a dramatic increase of a specific group of 

bacteria in response to antibiotic treatment. The subset was participants who initially 

categorized as a Bacteroides enterotype with lower microbial diversity (12). While the study 

pointed out the necessity of monitoring initial microbial composition, it did not provide direct 

evidence of variations in host response resulting from the initial difference in the microbiota. 

The understanding of the host response underlying functional changes in the microbiota 

responding to antibiotic treatments remains limited, primarily because most studies to date 

have focused on compositional changes in microbiota and fail to provide information on 

corresponding changes in host response.  

Our previous independent studies showed contradictory results for host gene 

expression of MUC2, regenerating islet-derived protein 3β (Reg3β) and regenerating islet-

derived protein 3γ (Reg3γ) in the mouse colon in response to metronidazole administration 

((13) and unpublished data). Metronidazole is a broad-spectrum antibiotic, which is highly 

active against gram-negative anaerobic microbes (14). It was first used by Shinn in 1962 to 

treat acute ulcerative gingivitis and more recently it has been extensively used in treating 

diseases such as IBD and Clostridium difficile infection (15). The colonic mucosal barrier 

plays an important role in protecting epithelium integrity and functionality. The secretion of 

mucus, which is predominated by secretory mucin MUC2, as well as other components such 

as antimicrobial peptides and immunoglobulins forms a complex biochemical matrix to 

maintain a dynamic and healthy barrier (16, 17). The C-type lectin Reg3β and Reg3γ are 

members of the REG gene family, which are antimicrobial peptides synthesized by Paneth 

cells in the small intestine and by crypt epithelium in the colon (18), and are a key element of 
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host defense supporting the mucosal barrier (19). Reg3β and Reg3γ have been reported to 

influence host-commensal and host-pathogen interactions in the GI tract, and regulate innate 

immune response (20, 21). It has been shown that metronidazole treatment significantly 

increased the expression of Reg3γ in the distal colon of mice, indicating increased microbial 

stimulation of the epithelium and weakened mucosal barrier (13). However, in subsequent 

unpublished studies we have observed reduced Reg3γ expression in response to 

metronidazole treatment. It was noted that in studies where Reg3γ dropped in response to 

metronidazole, there was a lack of Escherichia coli, whereas in experiments where Reg3γ 

increased, E. coli flourished in response to metronidazole treatment. Therefore, we 

hypothesized that the initial commensal microbiota, particularly the presence or absence of E. 

coli, contributed to the difference in the host response to metronidazole treatment. In this 

study, it is shown that the addition of a single commensal E. coli results in a distinct pattern 

of microbial shift and host response after metronidazole treatment. While this study focuses 

on a single commensal organism and a single antibiotic, it was designed as a proof of concept 

study to demonstrate that variations in membership of the pre-existing microbiota impact the 

subsequent change in microbial composition as well as the host response to antibiotic 

treatment. 

2.2. Materials and methods  

2.2.1. Mice. 6-8-week-old C57BL/6J female mice (Jackson Laboratory, Bar Harbor, 

ME) were housed in the animal facility at the University of Alberta. Mice were kept in filter-

topped cages, fed autoclaved food and water, and handled in biosafety cabinet under specific 

pathogen-free (SPF) conditions. Mice were randomly grouped into eight cages with 4 mice 

per cage by a blinded lab animal technician and balanced for average body weight. Cages 
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were allocated to 4 treatments: control (CON), E. coli colonization (EC), metronidazole 

treatment (MET), and metronidazole treatment after E. coli colonization (EC-MET). The 

protocol of the study is shown in Figure 2.1A1. Briefly, mice from the group EC and EC-

MET were exposed to a commensal E. coli by oral gavage, while group CON and MET 

received PBS. 10 days post-colonization, MET and EC-MET mice were given metronidazole 

(Sigma-Aldrich, Oakville, ON) at 750 mg/L in drinking water for 4 days, while the CON and 

EC groups continued on sterilized water. Mice were euthanized after 4 days of 

metronidazole/water administration and tissues were harvested. The experiment was repeated 

3 times with the sample size of 4, 8, and 8, respectively (n = 20 in total).  

To further investigate whether the effect of metronidazole on E. coli abundance and 

host response were transient or long-term, twenty mice were randomly grouped into eight 

cages with 2 or 3 mice per cage. The cages were allocated to 4 treatments as described above 

(n = 5). The procedure is shown in Figure 2.1A2 for the 14-day metronidazole treatment. 

Additionally, in order to study if the host response to metronidazole administration with the 

presence of E. coli is unique to the specific strain studied, two additional commensal E. coli 

were added to repeat the protocol as shown in Figure 2.1A1. Forty mice were randomly 

grouped into 16 cages with 2 or 3 mice per cage. The cages were allocated to 6 treatments (n 

= 5): control (CON), wild mouse E. coli isolate colonization (WMEC), rat E. coli isolate 

colonization (REC), metronidazole treatment (MET), metronidazole treatment after wild 

mouse E. coli isolate colonization (WMEC-MET) and after rat E. coli isolate colonization 

(REC-MET). The protocols employed were approved by the University of Alberta’s Animal 

Care Committee and in direct accordance with the guideline of the Canadian Council on the 

Use of Laboratory Animals. 
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2.2.2. Bacterial strains. Commensal E. coli strains were isolated from a healthy NIH 

Swiss mouse (Harlan Laboratories, Inc., Indianapolis, IN), a wild mouse feces (glycerol 

stock), and rat feces on MacConkey agar. Bacterial strains were cultivated in 5 mL of Luria-

Bertani (LB) medium (Fisher Scientific, Nepean, ON) at 37℃ for 16 h. The culture medium 

containing approximately 2.0 × 108 colony forming units (CFUs)/mL of E. coli was 

centrifuged at 5,000 x g for 10 min to harvest bacterial cells. Pellets of E. coli cells were 

suspended in 1 x PBS and mice were exposed to E. coli by oral gavage with 0.1 mL of 

suspension. Enumeration of E. coli was conducted by serial dilutions of fecal samples plated 

on MacConkey agar (BD, Sparks, MD) and total CFUs per gram fecal contents were then 

calculated. 

2.2.3. Whole genome sequencing and annotation. To determine whether the E. coli 

isolated from a healthy mouse had any known virulence factors the genome was sequenced. 

The whole-genome sequence of the isolated commensal E. coli strain was generated on the 

Illumina Miseq Platform. Illumina fragment libraries were generated using Nextera XT DNA 

Library Preparation Kit (Illumina, San Diego, CA) and quantified by Qubit 2.0 Fluorometer 

(Invitrogen, Carlsbad, CA). Libraries were normalized to 2 nM and denatured using 0.1 N 

NaOH and mixed with 5% PhiX genomic DNA as the positive control. The sequencing flow 

cell cluster amplification was performed with 2 x 300 base paired-end reads on an Illumina 

MiSeq instrument, using the V3 MiSeq sequencing-by-synthesis kits (Illumina, San Diego, 

CA).  The draft genome was assembled with the SPAdes assembler (22) and the Rapid 

Annotations using Subsystems Technology (RAST) (23) was used for genome annotation. 

IslandViewer was used for predicting toxin-related virulence in the whole genome of the E. 

coli isolate (24).  
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2.2.4. Tissue collection. Four days or 14 days after metronidazole treatment, mice 

were euthanized by CO2 asphyxiation followed by cervical dislocation. The terminal 5 mm 

piece of distal colon was collected for histological analysis and the remaining colon tissue 

was harvested for subsequent gene expression and cytokine analysis. Colonic contents were 

collected for microbial composition analysis. All tissue samples were immediately placed in 

10% neutral buffered formalin for histological studies or snap frozen in liquid nitrogen. 

2.2.5. Microbial composition analysis. Total DNA was extracted from colonic 

contents using the QIA stool extraction kit (Qiagen Inc., Valencia, CA) with the addition of a 

bead-beating step as described in a previous study (25). Amplicon libraries were constructed 

from colonic content samples that amplified the V3-V4 region of the 16S rRNA gene 

according to the protocol from Illumina (16S Metagenomic Sequencing Library Preparation). 

Primers targeting the region were: 

(Forward: 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’; 

Reverse: 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-

3’). A paired-end sequencing run was performed on the Illumina MiSeq Platform (Illumina 

Inc. San Diego, CA) using 2 x 300 cycles. The raw sequence data obtained was filtered 

through a quality control pipeline, and bases with quality scores lower than 33 were filtered 

using FASTX-Toolkit. Paired-end sequencing reads were merged using the PANDAseq 

algorithm. The QIIME 1.9.1 (Quantitative Insight into Microbial Ecology) toolkit and 

Usearch version 7.1 was applied for obtaining an operational taxonomic units (OUTs) table 

(26, 27) using the following procedures. First, merged sequences were dereplicated and 

filtered for chimaeras against the ChimeraSlayer reference database. Secondly, the high-

quality reads were mapped against the database of usearch_global and the OTU table was 
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obtained using the script of ‘uc2otutab.py’. The classification of representative sequences for 

each OTU was carried out using the QIIME pipeline with the default algorithm of the 

Ribosome Database Project (RDP) classifier (confidence threshold, 80%). The Greengenes 

(GG) v.13_8 reference database clustered at 97% identity was used for assigning taxonomy. 

The alpha diversity parameters for the microbial community, including the Chao1 and 

Shannon index, were estimated by normalizing the number of sequences per sample to the 

lowest counts among all samples.  

2.2.6. RNA isolation and cDNA synthesis. Colon tissue was excised, snap frozen in 

liquid nitrogen, and subsequently stored at -80℃ until RNA extraction. RNA was extracted 

using the GeneJET RNA Purification Kit (Thermo Scientific, Nepean, ON) following the 

manufacturer’s instructions. The RNA quality was verified by gel electrophoresis using 2x 

RNA GEL Loading Dye (Thermo Scientific, Nepean, ON). The concentration of RNA was 

determined by a NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, 

Wilmington, DE) and 1 μg RNA was used for reverse transcription (RT) using the Maxima 

First Strand cDNA Synthesis kit (Thermo Scientific, Nepean, ON).  

2.2.7. Quantitative polymerase chain reaction (qPCR). qPCR was performed using 

PerfeCTa SYBR Green Supermix (Quantabio, Gaithersburg, MD). Primers for host gene 

expression (Reg3β, Reg3γ, MUC2, and IL-22) are listed in Table 2.1. qPCR was conducted on 

an ABI StepOne™ real-time System (Applied Biosystems, Foster City, CA), and followed 

the cycles: 95℃ for 20 s and 40 cycles of 94℃ for 10 s, 60℃ for 30 s. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as the housekeeping gene for normalization. 

The fold change of gene expression compared to the control group was calculated using the 2-

ΔΔCt method.  
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2.2.8 Cytokine determination. For protein extraction, 50-100 mg snap frozen colon 

tissues were stored at -80℃ and subsequently homogenized in 150 μL RIPA buffer which 

contains 50 mM Tris-HCl (pH = 8.0), 150 mM NaCl, 0.1% Triton X-100, 0.5% Sodium 

deoxycholate, 1 mM Sodium orthovanadate, 1 mM NaF, and Protease inhibitors cocktail 

(Sigma-Aldrich, Oakville, ON). The homogenates were centrifuged at 10,000 x g for 20 min, 

and the supernatant was collected. Protein concentrations in the supernatant were determined 

using the Pierce BCA protein assay kit (Thermo Scientific, Nepean, ON). The MSD 

Proinflammatory Panel 1 (mouse) kit (Meso Scale Discovery, Gaithersburg, MD) was used to 

quantify cytokines according to the manufacturer’s recommendations with input protein 

concentration at 5 mg/mL. Cytokine concentrations were normalized to protein content.   

2.2.9. Histology. The distal 5 mm of the colon were collected and immediately placed 

in 10% neutral buffered formalin at room temperature for 24 h, and then placed into 70% 

ethanol. Fixed tissue was embedded in paraffin, sectioned into 5 μm slices and subjected to 

hematoxylin and eosin (H&E) staining (13). Images were taken using an EVOS FL Auto 

Imaging System (Thermo Scientific, Nepean, ON). The well-oriented cross sections were 

assessed for pathology as previous described (13).  

2.2.10. Statistical analysis and visualization. Data were analyzed in a completely 

randomized design and fixed effects of the treatment in the model were E. coli presence, 

metronidazole treatment, and their interaction. Mice were considered as the experimental 

unit. To compare the enumeration of E. coli at different time points, Kruskal-Wallis test was 

used to calculate P values and Dunn’s test was used for multiple comparisons (SAS Inst. Inc., 

Cary, NC). Data of body weight, gene expression, cytokine and microbial abundance 

(regularized log (x + 1) transformed) were analyzed by PROC GLM with Bonferroni 
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correction in SAS. Microbial diversity indices (Chao1 and Shannon) for each sample was 

calculated using the vegan package in R (R 3.3.2). Results are expressed as mean value with 

standard error of the mean (SEM). Probability values less than 0.05 were considered as 

significant difference. Principle Component Analysis (PCA) derived from weighted UniFrac 

distance was performed to evaluate the overall difference between groups using the JMP 

software program (version 10.0.2, SAS Inst. Inc.). The permutational multivariate analysis of 

variance (adonis) was used to compare beta-diversity of four groups based on Bray-Curtis 

dissimilarities with permutations number of 999 using R. Correlation of colonic E. coli 

bacterial load with tumor necrosis factor-alpha (TNF-α) levels was analyzed by Spearman 

Rank Correlation using SAS. Graphpad Prism 6 software (Graphpad Software, Inc, La Jolla, 

CA) was used for data graphing.  

2.2.11. Accession number(s). The whole genome sequence of the mice commensal E. 

coli isolate was deposited in the Sequence Read Archive (SRA) under accession number 

SUB2077929. Raw sequence reads of the 16S rRNA gene amplicon data are available 

through the SRA with accession number SUB2077113.  

2.3. Results  

2.3.1. Metronidazole stimulated an overgrowth of colonic commensal E. coli. A 

commensal E. coli was isolated from a fresh mouse fecal sample on MacConkey agar. The 

genome of the mouse E. coli isolate consisted of a single circular chromosome of 5,190,098 

bp with an average GC content of 50.60%. The number of predicted unique genes encoded by 

the chromosome is 4,826. There were no identified hits of toxin virulence factors (VFs)-

related genes in the genome of the E. coli isolate. 



   

100 
 

Wild-type C57BL/6 mice obtained from the Jackson laboratory were identified to be 

free of E. coli by the selective culture of fecal samples on MacConkey agar. The commensal 

E. coli successfully colonized the mouse intestine with a single dose in the EC and EC-MET 

group, ranging from 2.22 x 105 to 2.25 x 106 CFUs/g feces 2 days after exposure. The 

abundance varied from 1.07 x 105 to 6.21 x 106 CFUs/g feces 10 days after E. coli treatment, 

indicating the stability of E. coli colonization (Figure 2.1B). Enumeration of E. coli in mouse 

feces collected after 4 days metronidazole/water administration showed that E. coli were 

6830-fold more abundant in the EC-MET group than the EC group (CFUs/g feces) (Figure 

2.1B). Neither body weight loss nor death was observed with the colonization of E. coli. 

There were no differences in body weight between metronidazole treated groups and vehicle 

control groups (Figure 2.1C). 

2.3.2. Metronidazole treatment reduced enteric microbial biodiversity. The 

intestinal microbiota after 4 days metronidazole/water treatment was characterized by 

sequencing of 16S rRNA gene tags (V3-V4 region) from colonic contents using Illumina 

MiSeq platform. The number of sequencing reads obtained was 3,134,825, with an average of 

101,123 ± 36,174 (mean ± SD) quality-controlled and chimera-checked reads per sample. 

OTU clustering (97% cutoff) yielded a total of 535 OTUs for the entire data set, which 

included 373 OTUs associated with CON dataset, 167 OTUs with the MET group, 262 OTUs 

with the EC-MET group, and 320 OTUs with the EC group. 

To evaluate phylogenetic richness and evenness of the intestinal microbiota, Chao1 

diversity index and Shannon index were calculated in each sample. The numbers of 

sequences per library were normalized to 29,037 for the bacterial community according to the 

minimum reads number among all libraries. E. coli x metronidazole interactions were 
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observed in Chao1 (P < 0.05) and Shannon indexes (P < 0.01) (Figure 2.2A). The Chao1 

index and Shannon values of the intestinal microbiota in CON and EC were significantly 

higher than that in both metronidazole treated groups, indicating a lower alpha diversity 

resulted from metronidazole treatment (P < 0.05) (Figure 2.2A). When treated with 

metronidazole, the group with E. coli colonization showed a greater reduction in alpha 

diversity than the MET group (Shannon index, P < 0.05; Figure 2.2A). 

2.3.3. Overall structural changes of gut microbiota in response to metronidazole. 

To assess the abundance profile of different phyla and genera, all sequences were assigned to 

taxonomy using RDP Classifier. There were significant differences between groups at 

different taxonomic levels. Bacteroidetes was the most predominant phylum in the CON and 

EC groups, contributing an average of 77.8% and 72.6% of the microbial communities, 

respectively. Firmicutes was the next most dominant phylum, representing an average of 

21.5% and 26.2%, respectively. In the MET group, the most abundant phylum was Firmicutes 

(71.7%), while Actinobacteria (23.2%) and Verrucomicrobia (4.6%) constituted the next most 

abundant phyla. However, in EC-MET group, Proteobacteria was the dominant phylum with 

81.8% of the microbiota, and with much less Firmicutes (10.1%), Actinobacteria (6.2%), and 

Bacteroidetes (1.8%) (Figure 2.2B). Principal component analysis based on weighted UniFrac 

distance revealed distinct clustering of MET and EC-MET groups but no separation of CON 

and EC group based on the first two principal component (PC) scores, which accounted for 

88.30% and 9.82% of the total variation, respectively (Figure 2.3A). The permutational 

multivariate analysis of variance (adonis) exhibited the separation of MET and EC-MET 

groups from the CON and EC group (P < 0.01). 
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Multivariate analysis performed on the OTUs suggested that colonization of E. coli 

isolate did not result in major shifts in microbial composition compared to the microbial 

profile in the CON group. The most profound changes were the enrichment of genera 

Allobaculum (0.65% vs. 0.04%, P < 0.01), Akkermansia (0.85% vs. 0.2%, P < 0.01), 

Lactobacillus (2.16% vs. 0.76%, P < 0.01), and Ruminococcus (0.66% vs. 0.29%, P < 0.01) 

in EC vs. CON (Figure 2.2B). In addition, the microbiota in the MET group underwent 

profound losses (P < 0.05) of genera Clostridiales_unclassified and 

Rikenellaceae_unclassified and became dominated by Lactobacillus, Bifidobacterium, 

Enterococcaceae_unclassified, Turicibacter, and Akkermansia species in comparison to CON 

and EC group (Figure 2.2B; Figure 2.3B). However, with the presence of E. coli, 

metronidazole treatment induced a distinct pattern of microbial composition. The EC-MET 

group showed marked expansion of Enterobacteriaceae proportions (represented by only the 

inoculated E. coli) compared to the EC group (81.74% vs. 0.02%) and contractions of 

previously dominant populations, which were substantial for Bacteroidales_S24-

7_unclassified and Clostridiales_unclassified, and modest for Turicibacter (Figure 2.2B; 

Figure 2.3B). The presence of E. coli and metronidazole administration interacted in 

producing significant effects on the abundance of certain bacterial families including 

Bifidobacteriaceae, Lactobacillaceae, Enterococcaceae, and Enterobacteriaceae (Figure 

2.3B). The distinct effect of metronidazole on colonic microbial composition confirms that 

the alterations in bacterial communities were highly dependent on the presence of E. coli 

before antibiotic administration.  

Because analysis of microbial composition is based on relative abundance, and the 

increase in E. coli alone could reduce relative abundance of other taxa without reducing their 
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actual number, the microbiota of EC-MET to MET groups were compared with the OTU 

representing E. coli removed. Even with E. coli removed from the analysis, community 

composition based on beta-diversity was still significantly different between EC-MET and 

MET groups (adonis analysis, P < 0.05; permutations number of 999). In addition, there were 

differences in the abundance of some genera between metronidazole treated groups including 

a reduced abundance of Turicibacteraceae in the EC-MET group (17.9 ± 5.81%, mean ± 

SEM) compared to the MET (0.69 ± 0.23%, mean ± SEM) group. 

2.3.4. Host response to metronidazole is driven by initial bacterial composition. 

As mentioned above, our previous studies in mice showed inconsistent changes in mRNA 

expression of host antimicrobial protein Reg3γ in response to metronidazole treatment. Based 

on the hypothesis that the pre-existing gut microbiota may play a role in driving the 

difference in host response towards antibiotics administration, the mRNA expression of 

Reg3β, Reg3γ, MUC2, and IL-22 were analyzed using qPCR assay. As shown in Figure 2.4A, 

EC-MET mice exhibited a significant increase in mRNA expression of both Reg3β and Reg3γ 

compared to that in the CON group (P < 0.05). Mice without E. coli colonization showed 

substantial variation (7.94 ± 4.43 fold change, mean ± SEM) in Reg3β mRNA expression 

level in response to metronidazole treatment whereas the group with E. coli showed a 

consistent increase in Reg3β expression (13.07 ± 2.07 fold change, mean ± SEM) with 

metronidazole treatment (Figure 2.4A). In contrast, the increased mRNA expression of Reg3γ 

in response to metronidazole treatment was tightly associated with the enrichment of E. coli 

(Figure 2.4B). It has been reported that metronidazole treatment induced a reduction in 

MUC2 mRNA expression and a thinning of the mucus layer in the distal colon in mice (13). 

In the current study, colonization of E. coli tended to stimulate the mRNA expression of 
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MUC2 (0.05 < P ≤ 0.1) (Figure 2.4C). Although the MET group had slightly lower 

expression levels of MUC2 mRNA, there was no significant difference between the MET and 

the CON group in MUC2 expression. There was no significant change in IL-22 expression 

detected in the MET, EC, and EC-MET group compared to CON (P > 0.05, Figure 2.4D).  

To determine whether increased Reg3β and Reg3γ expression were associated with 

intestinal inflammation, colonic cytokines were measured by ELISA. The most profound 

change in the colonic cytokine profile was the level of TNF-α, as shown in Figure 2.5A1. 

TNF-α was induced in EC-MET mice as compared to all other treatment groups (P < 0.01). 

There was an E. coli x metronidazole interaction for the expression level of TNF-α (P < 

0.05), which indicated that the combination of E. coli and metronidazole was required to 

drive this response. Metronidazole treatment in the absence of E. coli did not increase TNF-α, 

however did increase the expression level of IL-1β (P < 0.05), IL-6 (P < 0.01), and IL-10 (P 

< 0.01) (Figure 2.5B).  

The correlation between the enriched E. coli abundance in the EC-MET group and 

levels of TNF-α was analyzed using Spearman’s rank correlation. As shown in Figure 2.5A2, 

there was a trend for TNF-α expression levels to be correlated with colonic E. coli counts (r = 

0.643, P = 0.096). Collectively, there was a clear pattern of increased pro-inflammatory 

cytokines in E. coli colonized mice in response to metronidazole administration (TNF-α), 

though the histological analysis of distal colon sections from all groups did not show 

significant evidence of inflammation (Figure 2.6). In contrast, with the absence of E. coli, the 

MET group did not exhibit upregulation of TNF-α. The result suggested that the immune 

homeostatic imbalance of colonic epithelium triggered by metronidazole treatment was 

driven by the initial commensal microbial composition profile.  
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In the long-term metronidazole treatment experiment, the stimulating effects of 

metronidazole on colonic commensal E. coli growth was stable (Figure 2.7A1). The 

abundance of E. coli after metronidazole treatment for 14 days ranged from 1.50 x 108 to 2.08 

x 1010 CFUs/g feces, whereas the abundance of E. coli in the group that received water for 14 

days varied from 7.50 x 104 to 9.44 x 105 CFUs/g feces (Figure 2.7A1). With the overgrowth 

of E. coli during the long-term metronidazole administration, the expression level of Reg3β 

and Reg3γ mRNA persisted (P < 0.05) (Figure 2.7A2; Figure 2.7A3). 

Commensal E. coli strains isolated from a wild mouse and healthy rat stably colonized 

the mouse intestine with an average abundance of 5.57 x 106 and 1.15 x 105 CFUs/g feces, 

respectively. Four-day metronidazole treatment significantly increased the abundance of E. 

coli to an average of 3.35 x 109 and 1.24 x 109 CFUs/g feces, in WMEC-MET and REC-MET 

respectively (Figure 2.7B1; Figure 2.7C1). In the wild mouse E. coli isolate colonized mice, 

metronidazole administration also increased (P < 0.05) the expression level of Reg3β and 

Reg3γ mRNA, which were 2.8- and 7.7-fold change respectively compared to the level in the 

CON group (Figure 2.7B2; Figure 2.7B3). However, in the rat E. coli isolate colonized mice, 

metronidazole did not significantly affect the expression of these two genes in conjunction 

with E. coli proliferation (Figure 2.7C2; Figure 2.7C3).  

2.4. Discussion  

The result of this study showed that the pre-existing composition of commensal 

microbes plays an important role in how the host responds to antibiotic treatment. In 

particular, the presence or absence of a commensal E. coli impacts mucosal immunity of the 

colon and alters the shift in microbial composition induced by metronidazole treatment. Our 

current study showed that metronidazole administration dramatically reduced the biodiversity 
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of the gut microbiota, as indicated by Chao1 and Shannon index. Changes in the gut 

microbiome largely reflected an increase in E. coli, which induced the expression of genes 

coding antimicrobial peptides and inflammation. 

It is well recognized that broad-spectrum antibiotics significantly reduce the richness 

and evenness of the intestinal microbiota (28, 29). In the current study, we have observed 

lower biodiversity in the gut microbiota after four-day metronidazole treatment. Within the 

metronidazole treated mice, the presence of E. coli accelerated the reduction in the diversity 

of the gut microbiota, as indicated by Shannon index. The observation suggested that the gut 

microbial composition before metronidazole treatment could be predictive of the degree of 

reduction in diversity, at least for this specific antibiotic administration.  

Previously published studies have shown that metronidazole treatment induced a 

significant disturbance in the microbial composition of the colon, targeting the depletion of 

obligate anaerobic Bacteroidales communities (13, 14, 31). Consistent with previous 

findings, the comparison of the MET group and CON group exhibited a dramatic decrease in 

the relative abundance of the family Bacteroidales_S24-7. Studies in human and animal 

models have demonstrated that broad-spectrum antibiotics targeting specific pathogenic 

organisms can influence the commensal microbial community to a much greater degree than 

previously assumed. A recent study, which used metronidazole and vancomycin to treat wild-

type C57BL/6 mice from Jackson Laboratory, showed that genera Enterococcus, 

unclassified_Proteobacteria, novel members of Lactobacillus and Clostridium greatly 

expanded with metronidazole treatment, while Lactobacillus aviaries, Enterococcus faecalis, 

Klebsiella oxytoca, and Akkermansia muciniphilia expanded with vancomycin. Moreover, the 

author observed that the expanding population was highly dependent on initially colonized 
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communities (31). Another study reported that a single dose of clindamycin treatment for one 

day in mice resulted in generally similar expansions and contractions of the gut microbiota, 

but occasional differences between individuals were observed. The author concluded that 

these differences between individuals were likely due to subtle differences in the initial 

commensal microbiota (32). Concordant with previous studies, we observed a great 

expansion of Enterococcus, Lactobacillus and Clostridium compared to the initial point in the 

MET group. In addition, the presence of commensal E. coli resulted in a very different 

expansion, showing remarkable effects of a subtle difference in the initial microbiota. It has 

been widely recognized that the composition of human gut microbiota varies among 

individuals as a result of different selection pressure from the host, microbial ecosystem, and 

environment. Therefore, it is essential to be aware of the initial difference when evaluating 

the outcome from antibiotic treatments.  

In the current study, there was a distinct host response to metronidazole treatment with 

respect to innate immunity as well as mucosal homeostasis due to the addition of a single 

commensal microorganism to the initial microbiota. The evidence has correlated changes in 

host innate mucosal immunity with commensal microorganisms in previous studies. Acute 

colonization with commensal Schaedler’s E. coli in immune competent germ-free BALB/c 

mice resulted in 1.6 to 3.5-fold induction of Reg3β and Reg3γ and no induction of IFN-γ (33). 

In the current study, the addition of E. coli alone did not result in an increased expression of 

Reg3β and Reg3γ. This likely reflects the much greater degree to which E. coli will colonize 

in a germ-free as compared to the conventional animal (34). Interestingly, in another study 

where germ-free C57BL/6 mice were monocolonized with a non-host adapted commensal E. 

coli JM83 strain for three weeks, Reg3γ expression was not increased (35), indicating E. coli 
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must be somewhat host-adapted and have the ability to penetrate to the mucosal surface to 

elicit this response. It has been reported that Lactobacillus reuteri exhibited different host-

adapted lineages in mice, indicating the evolutionary host-driven diversification (36). In 

addition, a study using a germ-free mouse model colonized with single commensal bacterium 

clearly showed that Reg3γ is not driven by an enriched total number of bacteria but triggered 

by increased microbial-epithelial contact at the mucosal surface (18, 20). The increased 

expression of Reg3β and Reg3γ genes have been associated with an inflammatory response 

and bacterial reconstitution, which was accompanied by strengthened communication 

between gut commensal bacteria and mucosal surface (37). In the current study, the elicited 

expression of Reg3β and Reg3γ genes in the EC-MET (both 4 days and 14 days) and WMEC-

MET group is likely due to increased contact between commensal bacteria and the mucosal 

surface, which is stimulated by the imbalanced microbiota to fortify epithelial barrier 

function. The lack of increase observed in Reg3β and Reg3γ genes in REC-MET group may 

reveal that host-adaptation is a prerequisite for the stimulation of gut epithelium by gut 

commensal bacteria.  

The evidence has suggested that IL-22 is a key element for directly inducing the 

expression of Reg3γ in the colon (38, 39), however, increased IL-22 mRNA expression was 

not observed in the current study. It has been shown that Bifidobacterium breve NCC2950 

induced Reg3γ in the absence of IL-22, implying that the induction of the Reg3 family 

involves multiple pathways (35). Therefore, the induced expression of Reg3β and Reg3γ in 

the current study is likely through a non-IL-22 mediated mechanism.   

Metronidazole treatment of C57BL/6 mice has previously been shown to reduce the 

mRNA expression of MUC2, which resulted in a thinner mucus layer (13). However, it has 
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been reported that metronidazole administration in rats increased bacteria penetrating the 

crypts and a thickening of the mucus layer in the proximal colon (40). In the current study, E. 

coli colonization significantly increased the expression of MUC2 while metronidazole 

treatment didn’t impact the expression of the gene. This difference may be explained by the 

nature of the shifts in the microbiome seen in the previous rat study as compared to the 

current study; supporting the concept that response to antibiotic treatment will vary 

depending on the pre-existing microbiota.  

An array of cytokines was analyzed in the colon of mice in response to antibiotic 

treatment as an indicator of intestinal inflammation. The result showed a trend for a 

correlation between E. coli enrichment and the expression of TNF-α. Studies in different 

models, especially in vitro cell culture, have reported the stimulation of inflammatory 

cytokines by commensal bacteria. It has been reported that a commensal E. coli strain 

stimulated Caco-2 cells to produce TNF-α and IL-1β, but did not induce secretion of IFN-γ, 

IL-4, or IL-12 in Caco-2 cells (41). The increase of TNF-α expression by commensal E. coli 

has been shown in the HT-29 cell line model as well (42). TNF-α is a proinflammatory 

cytokine for which expression is enhanced by a variety of stimuli such as bacterial endotoxin 

(LPS) (43). The changes in this proinflammatory related cytokine in the current study suggest 

that with the acute and strong expansion of commensal E. coli in response to metronidazole 

treatment, the microbial changes triggered an imbalance in immune homeostasis. The 

immune homeostatic imbalance is likely due to the increase in contact between commensal 

bacteria and intestinal epithelium resulting from E. coli expansion, and in turn, the imbalance 

in immune homeostasis may further exaggerate the alteration of the gut microbiota.   
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While the relationship between E. coli and metronidazole is of direct interest, this 

study provides proof of concept in how care must be taken using antibiotics as a study tool 

since the difference in results from one experiment to the next can be attributed to the pre-

existing microbiota. Furthermore, the study demonstrated that initial gut microbial 

composition is a key factor driving host response to antibiotic administration, creating a 

compelling argument to consider personalized medication based on individual variations in 

the gut microbiota.  
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Table 2.1. Primers and thermal cycling profiles for qPCR analysis 

Targeted 
genes 

Oligonucleotides sequences 
(5’-3’) 

Annealing Tm 
(℃) 

Ref 

Reg3β Forward: GGCTTCATTCTTGTCCTCCA 60 (47) 
Reverse: TCCACCTCCATTGGGTTCT 

Reg3γ Forward: AAGCTTCCTTCCTGTCCTCC 60 (47) 
Reverse: TCCACCTCTGTTGGGTTCAT 

MUC2 Forward: GCTGACGAGTGGTTGGTGAATG 60 (48) 
Reverse: GATGAGGTGGCAGACAGGAGAC 

IL-22 Forward: TTGAGGTGTCCAACTTCCAGCA 60 (49) 
Reverse: AGCCGGACGTCTGTGTTGTTA 

GAPDH Forward: ATTGTCAGCAATGCATCCTG 60 (15) 
Reverse: ATGGACTGTGGTCATGAGCC 
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Figure 2.1. Experimental protocol. E. coli: Re-suspend bacteria in PBS with a concentration 

of 2.0 x 108 CFUs/mL was given to mice (0.1 mL/each mouse). Metronidazole: 750 mg/L in 

drinking water. Body weight was recorded weekly. Mice were sacrificed on A1) Day 4 or 

A2) Day 14. B) Enumeration of E. coli in mouse feces before metronidazole treatment and 4 

days after metronidazole/water administration. Dots represent individual mice and lines 

depict the mean values. C) Body weight changes during the E. coli treatment and 4 days 

metronidazole/water treatment. For all treatment groups, n = 8. Data are shown as mean ± 

SEM. a,b Means that do not share a common letter are significantly different. α = 0.05.  
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Figure 2.2. A) Alpha diversity analysis of bacterial communities in colon contents of mice. 

B) Bar chart indicating microbial community profiles between groups, summarized down to 

the genus level. All the colonic content were harvested after 4 days metronidazole/water 

administration. Data are shown as mean ± SEM. a,b,c Means that do not share a common letter 

are significantly different. α = 0.05. Microbial composition of the four groups before 

experimental treatment are labeled as CON_PRE, MET_PRE, EC_MET_PRE, EC_PRE, 

respectively.  
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Figure 2.3. A) PCA plot of bacterial communities based on the weighted UniFrac distance 

matrix. Each point represents an individual mouse. B) Box-plots show selective bacterial 

abundance in different treated groups at the family level. Colonic contents were collected 

after 4 days of metronidazole/water treatment. For all treatment groups, n = 8. Data are shown 

as mean ± SEM. a,b,c Means that do not share a common letter are significantly different. α = 

0.05.  
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Figure 2.4. qPCR assay results of A) Reg3β, B) Reg3γ, C) MUC2, and D) IL-22 expression 

in the colon of untreated, E. coli and metronidazole-treated mice. Colonic tissue samples were 

harvested after 4 days of metronidazole/water administration. For all treatment group, n = 8. 

Data are shown as mean ± SEM. a,b,c Means that do not share a common letter are 

significantly different. α = 0.05.  
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Figure 2.5. Cytokine analysis results of A1) TNF-α, B1) IL-1β, B2) IL-6, B3) IL-10 production in the colon. Colonic tissue 

samples were collected 4 days after metronidazole/water treatment. For all treatment groups, n = 8. Data are shown as mean ± 

SEM. a,b,c Means that do not share a common letter are significantly different. α = 0.05. A2) Correlation of colonic E. coli bacterial 

load with TNF-α expression levels in EC-MET group. Spearman’s correlation coefficient (r values) and significance P values are 

shown.  
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Figure 2.6. Distal colon sections from CON, MET, EC, and EC-MET mice 4 days after 

metronidazole/water treatment were stained with Haematoxylin and Eosin. There was no 

significant inflammation evidence in all treatments, including inflammation and damage of 

lumen, surface epithelium, mucosa, and submucosa, as well as the number of goblet cells. 

Original magnification and bars: Left: x 40, 1000 μm; right: x 400, 100 μm. 
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Figure 2.7. Enumeration of E. coli in mouse feces and colonic gene expression of mice 

colonized with A) commensal E. coli isolate, B) wild mouse E. coli isolate, and C) rat E. coli 

isolate. For enumeration of E. coli in mouse feces, samples were taken before metronidazole 

treatment and after A1) 14 days or B1, C1) 4 days of metronidazole/water treatment. Dots 

represent individual mice and lines depict mean values. Reg3β and Reg3γ expression in the 

colon of untreated, E. coli and metronidazole-treated mice was detected by qPCR. Colonic 

tissue samples were harvested after A2, A3) 14 days or B2, B3, C2, C3) 4 days 

metronidazole/water administration. For all treatment groups, n = 5. Data are shown as mean 

± SEM. a,b Means that do not share a common letter are significantly different. α = 0.05.  



   

124 
 

3. CHAPTER 3: THE PRESENCE OF GUT COMMENSAL ESCHERICHIA COLI 

AGGRAVATED HIGH-FAT DIET-INDUCED OBESITY AND INSULIN RESISTANCE 

IN MICE 

3.1. Introduction 

The gut microbiota has been suggested as a contributing factor to obesity and 

associated metabolic disorders, including type 2 diabetes (T2D) and its precursor, insulin 

resistance (IR) (1, 2). In mouse models, obesogenic high-fat diet (HFD) leads to significant 

changes in gut microbial composition and germ-free mice are protected from diet-induced 

obesity and IR (2–4). Alterations in the gut microbiota have been observed in obese human 

subjects and transferring to germ-free mice of fecal microbiota from obese donors resulted in 

increased adiposity (2, 5). These findings from both animal models and human studies 

demonstrated the contribution of the gut microbiota to obesity development and adiposity 

regulation. There are several proposed mechanisms through which changes in the gut 

microbiota influence host metabolic outcomes including the regulation of body weight and 

glucose homeostasis (3, 6, 7). It has been suggested that the gut microbiota could impact the 

capacity for energy harvest from the diet (6) and signal to the host through multiple pathways 

mediating glucose metabolism and insulin sensitivity (8, 9). Substantial experimental 

evidence indicates that the gut microbiota contributes to insulin resistance by inducing the 

chronic low-grade inflammation in multiple organs, which plays a crucial role in the 

pathogenesis of obesity and T2D (10, 11). 

The chronic systemic inflammatory state related to the development of obesity and IR 

is typically reflected by the increased infiltration and activation of immune cells in white 

adipose tissue (WAT) (12). The gut microbiota contributes to fat accumulation and adipose 
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inflammation, which is supported by reduced macrophages in WAT and improved glucose 

metabolism in germ-free mice compared with conventionally raised mice (3, 11). In this 

process, bacterial endotoxin lipopolysaccharide (LPS), the major component of the outer 

membrane of Gram-negative bacteria, has been identified as a key factor in inducing an 

inflammatory response in WAT (11, 13). It has been hypothesized that the enhanced 

translocation of LPS into the systemic circulation on lipid-rich diet leads to adipose tissue 

inflammation (10, 14). Remarkably, LPS purified from Escherichia coli induced a strong 

stimulation of TLR4 signaling and inflammatory cytokines whereas Bacteroides species 

failed to generate inflammatory responses, indicating that LPS derived from different gut 

bacterial sources exhibited the significantly different capacity to elicit inflammatory response 

due to the distinct chemical structure of LPS molecules (15). 

Indeed, the family Enterobacteriaceae and in particular the commensal E. coli in the 

gut have been linked to obese phenotype and IR, which is likely due to the 

immunostimulatory property of LPS and the capability to thrive in the inflamed gut (16, 17). 

Colonizing germ-free mice with an endotoxin-producing strain from the genus Enterobacter 

induced systemic inflammation and excessive fat accumulation in response to the HFD 

treatment (18). A chronic continuous infusion of low-dose E. coli LPS induced low-grade 

chronic inflammation and glucose intolerance in mouse models (10, 19). The 

monocolonization of germ-free mice with a wild type E. coli strain or isogenic mutant strain 

with reduced immunogenicity revealed that LPS was sufficient to induce macrophage 

infiltration into WAT and impaired glucose metabolism (11). Being one of the first bacterial 

species to colonize the intestine during infancy, commensal E. coli may play a key role in 

promoting the colonization of strict anaerobes by establishing the favorable 
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microenvironment in the intestine (20–22). However, commensal E. coli might exert adverse 

effects on the gut microbiota and host physiology under certain circumstances, such as gut 

microbiome dysbiosis and metabolic dysfunction (11, 23). 

In monoclonization studies, the Enterobacteriaceae species colonized the mouse gut 

reaching a density of 1010-1012 colony-forming units (CFUs)/g feces (11, 18), whereas the 

conventional mice typically harbor 104-106 CFUs/g feces of these species (23). Therefore, 

with the robust colonization of Enterobacteriaceae species in the gut due to niche 

availability, monocolonization studies may not reflect the effects of the species on host 

metabolism as commensals, which also limited interactions between the microorganism and 

the complex microbial community. In previous studies, a commensal E. coli strain was 

successfully isolated from mouse feces and subsequently introduced to Enterobacteriaceae-

free mice harboring a complex microbiota to investigate the effect of the commensal E. coli 

colonization on host physiology (23). This established mouse model was used in the present 

study to demonstrate the role of commensal E. coli in glucose homeostasis and energy 

metabolism responding to dietary treatment. The proof of concept study supports the 

importance of gut commensal bacteria in the pathogenesis of obesity and T2D, paving the 

way to the development of personalized nutrition and strategies to manipulate the gut 

microbiota. 

3.2. Materials and methods 

3.2.1. Mice. Six to eight weeks old C57BL/6J female mice (Jackson Laboratory, Bar 

Harbor, ME) were housed in the animal facility at the University of Alberta. Mice were kept 

in filter-topped cages with free access to food and water and handled in a biosafety cabinet 

under specific pathogen-free conditions. Mice were randomly grouped into 4 mice per cage 
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by a blinded lab animal technician and balanced for average body weight. Dietary treatments 

included a standard chow (5053 PicoLab® Rodent Diet 20, LabDiet, supplying energy as 13% 

fat, 25% protein, and 62% carbohydrate) and a HFD (D12451, Research Diets Inc., supplying 

energy as 45% fat, 20% protein, and 35% carbohydrate). 

To investigate if the colonization of E. coli impacts glucose homeostasis in the setting 

of standard chow diet, mice were allocated to 2 treatments: standard chow (SC) and standard 

chow with E. coli colonization (SC_EC). In the HFD treatment arm, the mice were allocated 

to 3 treatments: standard chow (SC), high-fat diet (HF), and high-fat diet treatment with E. 

coli colonization (HF_EC) (n = 8 per treatment). The protocol of the study is shown in Figure 

3.1A. Briefly, mice from the group SC_EC and HF_EC were exposed to a commensal E. coli 

strain by single oral gavage, while the group SC and HF received vehicle control (phosphate-

buffered saline, PBS). Two weeks post-colonization, HF and HF_EC mice were switched to 

the HFD, while the SC group was continued on standard chow diet. Body weights and feed 

intake were recorded weekly. Mice were euthanized 16 weeks after dietary treatment to 

harvest tissue and gut content. The protocols employed were approved by the University of 

Alberta’s Animal Care Committee and in direct accordance with the guideline of the 

Canadian Council on the Use of Laboratory Animals.  

3.2.2. Bacterial strains. The commensal E. coli strain was previously isolated and 

cultured using MacConkey agar (BD, Sparks, MD) (23, 24). The bacterial strain was 

cultivated in 5 mL of Luria-Bertani medium (Fisher Scientific, Nepean, ON) at 37℃ for 16 h, 

which contained approximately 2.0 × 108 CFUs/mL of E. coli cells. The culture was 

centrifuged at 5,000 x g for 10 min to collect cell pellets that were subsequently suspended in 

1 x PBS. Mice were exposed to E. coli by oral gavage with 0.1 mL of the suspension. Fecal 
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E. coli was enumerated by conducting serial dilutions of feces and spread plating onto 

MacConkey agar. The total CFUs per gram fecal contents were then calculated. 

3.2.3. Oral glucose tolerance test (OGTT). OGTT was performed following twelve 

weeks of dietary treatment. After fasting overnight for 16 hours, mice were weighed and the 

baseline glucose concentration in whole blood taken from the tail vein was measured using a 

glucometer (Accu-Check Compact Plus, Roche Diagnostics, Laval, Quebec, Canada). Mice 

were subsequently given a standard dose of glucose (1 g/kg body weight, 40% w/v in 1 x 

PBS) by oral gavage. The blood glucose concentration was measured at 15, 30, 45, 60, 90, 

and 120 min. The area under the curve (AUC) was calculated as described previously (25). 

Additional blood samples were collected and centrifuged to obtain plasma which was stored 

at -80℃ for further analysis. 

3.2.4. Tissue collection. Sixteen weeks after dietary treatment, mice were fasted for 

six hours and euthanized by CO2 asphyxiation followed by cervical dislocation. Blood 

samples were collected by cardiac puncture in tubes containing EDTA, Complete® general 

protease inhibitor (Sigma) and dipeptidyl peptidase 4 inhibitor (EMD Millipore, MA). Plasma 

was obtained by centrifuging the blood sample at 3,000 x g for 10 min and frozen at -80℃. 

Liver and major white adipose tissue depots including inguinal, gonadal and retroperitoneal 

fat pad were weighed and collected. Ileal, cecal, and colonic contents were collected for 

microbial composition analyses. Samples were immediately placed in 10% neutral buffered 

formalin for histological studies or snap frozen in liquid nitrogen. 

3.2.5. Microbial composition analysis. DNA was extracted from ileal, cecal, and 

colonic contents collected at the termination as well as from feces collected before dietary 
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treatment. The DNA extraction, amplicon library construction, paired-end sequencing and 

data analysis were performed using protocols published previously (23). 

3.2.6. RNA isolation and cDNA synthesis. Liver and fat tissue were snap frozen in 

liquid nitrogen and subsequently stored at -80℃. Hepatic RNA was extracted using the 

GeneJET RNA Purification Kit (Thermo Scientific, Nepean, ON) following manufacturer’s 

instructions. Gonadal fat RNA was extracted using the TRIzolTM reagent (Thermo Scientific, 

Nepean, ON). The concentration of RNA was determined by a NanoDrop ND-2000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE) and 1 μg RNA was used for 

reverse transcription using the qScript Flex cDNA synthesis kit (Quantabio, Gaithersburg, 

MD). 

3.2.7. Quantitative polymerase chain reaction (qPCR). Primers for host gene 

expression are listed in Table 3.1. qPCR assay was performed on an ABI StepOne™ real-

time System (Applied Biosystems, Foster City, CA) using the PerfeCTa SYBR Green 

Supermix (Quantabio, Gaithersburg, MD) which followed the cycles: 95℃ for 20 s and 40 

cycles of 94℃ for 10 s, 60℃ for 30 s. β2-microglobulin (B2M) and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) were used as reference genes for normalization. The fold 

change of gene expression compared to the SC group was calculated using the 2-ΔΔCt method. 

3.2.8. Plasma metabolic hormone measurements. Plasma leptin, active glucagon-

like peptide-1 (GLP-1), insulin, total gastric inhibitory polypeptide (GIP), active ghrelin, 

peptide YY (PYY), glucagon, pancreatic polypeptide (PP), resistin, connecting peptide (C-

peptide), and active amylin were determined using a multiplex bead panel assay (MRDMET, 

Eve Technology, Calgary, Canada). 

3.2.9. Liver lipid extraction. The liver tissue was homogenized in a lysis buffer 
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containing 10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, and Complete® general protease 

inhibitor (Sigma). The total protein concentration of liver homogenates were measured by a 

Micro-bicinchoninic acid protein assay kit (Pierce, Rockford, IL) and lipids were extracted 

from the homogenate (1 mg/mL, protein concentration) using the Folch procedure (26). 

3.2.10. Plasma and liver lipid analysis. Plasma and hepatic triglyceride (TG) 

(Sekisui Diagnostics, Lexington, MA) and cholesterol (Wako Diagnostics, Richmond, VA) 

were determined using commercial colorimetric assay kits following the manufacturer’s 

instruction. 

3.2.11. Histology. The hepatic tissue was fixed in 10% neutral buffered formalin at 

room temperature for 24 h, and then placed into 70% ethanol. The fixed tissue was embedded 

in paraffin, sectioned at 3 μm, and stained with hematoxylin and eosin (H&E). Images were 

taken using an EVOS FL Auto Imaging System (Thermo Scientific, Nepean, ON). 

3.2.12. Statistical analysis and visualization. The effect of diet and time on body 

weight was analyzed by the two-way repeated-measures ANOVA with Bonferroni post hoc 

adjustment in SAS (version 10.0.2, SAS Inst. Inc. Cary, NC). To compare the difference in 

the enumeration of fecal E. coli (log-transformed), gene expression, and metabolic hormone 

levels between treatments, the Shapiro-Wilk test was used to check the normality of data 

distribution and the one-way ANOVA was subsequently performed. For microbial 

composition analyses, the comparison of individual taxa/OTUs between groups were 

conducted using the Kruskal-Wallis test. Permutational multivariate analysis of variance 

(MANOVA) of the weighted UniFrac distance was used to determine the difference in 

overall microbial compositions across treatments (adonis function, vegan package, R v3.4.4) 

(27). The principal coordinate analysis (PCoA) based on a Bray-Curtis dissimilarity matrix 
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was plotted using the phyloseq package (R v3.4.4). P values indicate statistical significance 

as follows: **, P < 0.01; *, P < 0.05. R (v3.4.4) and GraphPad Prism was used for visualizing 

results.  

3.3. Results 

3.3.1. Commensal E. coli increased body weight and adiposity after HFD 

treatment. C57BL/6J mice that did not harbor E. coli strains confirmed by plating were 

exposed to the commensal E. coli isolate by oral gavage. The E. coli isolate successfully 

colonized the mouse intestine in the SC_EC and HF_EC group, ranging from 1.30 x 105 to 

2.14 x 106 CFUs/g feces as detected one week after exposure. The abundance of E. coli did 

not change throughout sixteen weeks of standard chow diet treatment (Figure 3.1B). In 

contrast, HFD induced an increase in the level of E. coli in feces one week after HFD 

treatment (with a 0.8-log CFUs/g increase), which was maintained through the HFD 

challenge (Figure 3.1C; Figure 3.2A). 

The body weight of mice was recorded weekly during dietary treatment. When mice 

were fed the standard chow diet for 16 weeks, the body weight was comparable between SC 

and SC_EC group (23.0 ± 1.4 g vs. 23.7 ± 1.3 g, respectively, mean ± standard deviation, P = 

0.313), indicating that E. coli colonization had no effect on body weight changes in the 

setting of chow-fed diet. Under the HFD regime, no difference in body weight was found 

between HF mice and SC mice after 12 weeks of dietary treatment (25.8 ± 1.6 g vs. 23.7 ± 

2.2 g, mean ± standard deviation, P = 0.311, Figure 3.2B), whereas the HF_EC mice tended 

to be heavier than the SC mice (P = 0.061, Figure 3.1D). Sixteen weeks of HFD treatment 

significantly increased the body weight in HF_EC mice compared to SC mice (30.7 ± 2.7 g 

vs. 23.3 ± 2.7 g, mean ± standard deviation, P = 0.028, Figure 3.1D). No significant 
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difference was observed in food intake between SC, HF, and HF_EC groups, suggesting that 

the increased body weight gain in HF_EC mice was not attributed to alterations in energy 

input (Figure 3.1E). 

When mice were maintained on HFD, notable differences were observed in the weight 

of major white adipose tissue (WAT) pads including inguinal, gonadal, and retroperitoneal fat 

depots among treatment groups. Specifically, when compared with SC mice, HF_EC mice 

developed a significantly higher visceral WAT pads including gonadal and retroperitoneal 

depots (P < 0.05, Figure 3.2C), however, there was no difference in visceral WAT pads 

between HF and SC mice. In addition, the presence of E. coli further increased the inguinal 

fat mass in response to HFD treatment (Figure 3.2C). When expressed as a percentage of total 

body weight, the proportion of fat was significantly higher in HF_EC mice relative to SC 

mice, as measured by the combined weight of fat depots (Figure 3.2D). No changes in the 

weight of liver and muscle were observed among groups, indicating that the increased body 

weight in HF_EC mice may mainly result from changes in adipose tissue mass. Consistent 

with the comparable body weight, there was no difference detected in weights of WAT pads, 

liver, and muscle between SC and SC_EC mice (Figure 3.1F). 

3.3.2. E. coli aggravated impaired glucose tolerance induced by HFD. An OGTT 

was performed after 12 weeks of dietary intervention to investigate whether the presence of 

E. coli had any effect on glucose homeostasis. Under the HFD treatment, after an overnight 

fasting period of 16 hours, HF_EC mice tended to show higher levels of fasting glucose 

compared with SC mice (P = 0.061, Figure 3.3A), whereas no difference was observed in 

fasting blood glucose levels between HF and SC mice (P = 0.450). HF_EC mice displayed 

impaired glucose disposal during OGTT (Figure 3.3B) and exhibited 19.5% and 18.2% 
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higher glucose AUC compared to that in SC and HF mice, respectively (Figure 3.3C), 

implying that the presence of E. coli exacerbates HFD-induced glucose intolerance. No 

significant difference in the rate of clearing glucose from the circulation was detected 

between SC and HF mice. When fed a standard chow diet, there was no difference in fasting 

blood glucose levels or glucose disposal capacity between SC and SC_EC mice, suggesting 

the interaction between E. coli and HFD in altering glucose and insulin homeostasis (Figure 

3.4A-C). 

A panel of circulating metabolic hormones was assessed to gain insights into the 

effect of E. coli colonization on metabolic regulatory hormones under the HFD regime and 

standard chow diet. Plasma levels of leptin, an adipocyte-derived hormone, was significantly 

higher in HF_EC mice than that in SC and HF mice, which was consistent with the increased 

adiposity in HF_EC mice (Figure 3.3D). In addition, plasma C-peptide concentrations were 

significantly increased in HF_EC mice compared with SC mice (Figure 3.3E). The HFD 

administration significantly increased plasma insulin levels, however, the presence of E. coli 

did not affect the elevated plasma insulin concentration in response to HFD treatment (Table 

3.2). Plasma levels of GLP-1, GIP, ghrelin, PYY, glucagon, PP, resistin, and amylin were not 

significantly different among SC, HF, and HF_EC groups (Table 3.2). No changes were 

detected in circulating metabolic hormones between SC and SC_EC mice (Table 3.3). 

3.3.3. E. coli, in combination with HFD, enhanced lipid accumulation and 

inflammation in liver and adipose tissue. The impaired insulin sensitivity induced by HFD 

treatment is frequently associated with pathological changes in liver and adipose tissue which 

play a crucial role in maintaining blood glucose homeostasis. As expected, mice that received 

HFD treatment for 16 weeks developed hepatic steatosis as reflected by the notable 
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accumulation of lipid droplets in the liver. HF_EC mice showed the highest hepatic TG 

content among groups, which was consistent with histological changes in the liver (Figure 

3.5A). HFD treatment significantly increased total cholesterol levels in the liver and plasma; 

however, there was no difference between HF and HF_EC groups (Figure 3.5B). In addition, 

plasma TG levels were not different between SC, HF, and HF_EC mice (Figure 3.5A). The 

increased hepatic lipid accumulation in HF_EC mice was associated with changes in 

lipogenic genes in the liver. Specifically, HF_EC mice showed a significant upregulation of 

sterol regulatory element-binding protein-1c (SREBP-1c), peroxisome proliferator-activated 

receptor γ2 (PPARγ2), and acyl-CoA: diacylglycerol acyltransferase-2 (DGAT2) compared to 

SC and HF mice (Figure 3.6A). Hepatic genes involved in lipogenesis (fatty acid synthase, 

FASN), fatty acid oxidation (carnitine palmitoyl transferase 1α, CPT1α), fatty acid update 

(liver fatty acid binding protein, LFABP), and VLDL secretion (apolipoprotein B, ApoB; 

microsomal triglyceride transfer protein, MTTP) were altered in the HF_EC group, indicating 

an impaired hepatic lipid metabolism resulting from E. coli colonization (Figure 3.6B). The 

expression of gluconeogenic genes (glucose-6-phosphatase, G6Pase; phosphoenolpyruvate 

carboxykinase, PEPCK) in the liver were repressed by HFD treatment regardless of E. coli 

presence (Figure 3.6C). There was no difference in cholesterol and TG levels in plasma and 

liver observed between SC and SC_EC mice (Figure 3.5C-D).  

Consistent with increased adipose tissue mass observed in HF_EC mice, the gene 

expression of adiposity markers and lipid metabolizing mediators, including SREBP-1c, 

peroxisome proliferator-activated receptor α (PPARα), and PPARγ2, were upregulated in the 

gonadal fat of HF_EC mice compared to SC and HF mice (Figure 3.6D). The gene that 

involved in TG synthesis, DGAT2, exhibited a trend to be higher in HF_EC mice compared 
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with SC mice. Furthermore, the mRNA level of inflammation-related genes, TNF-α, was 

significantly higher in the gonadal fat of HF_EC mice than that in SC mice (Figure 3.6D). 

Overall, these results suggested that the presence of E. coli promoted the lipid load and low-

grade chronic inflammation in the adipose tissue in response to HFD treatment. 

3.3.4. Diet is a major driver of shifting gut microbial structure independently of 

E. coli colonization. To characterize the gut microbial composition of SC, HF, and HF_EC 

mice after 16 weeks of dietary treatment, intestinal contents obtained from the ileum, cecum, 

and colon were sequenced targeting the V3-V4 region of the 16S rRNA gene. Following the 

quality control and chimera removal, the sequencing obtained an average of 18,685 ± 6,019 

(mean ± standard deviation) reads per sample. An OTU identified as the genus Lactococcus 

was absent or below detection in the gut microbiota before the initiation of HFD treatment, 

which was also absent in standard chow diet-fed mice. The PCoA plots revealed that the 

colonization of E. coli did not shift the microbial structure in the ileum (R2 = 0.057, P = 

0.057), cecum (R2 = 0.091, P = 0.642) and colon (R2 = 0.079, P = 0.906), which was 

determined by an adonis test (Figure 3.7A). The microbial communities separated by dietary 

type as reflected by a clear cluster of samples according to stand chow diet or HFD treatment 

(adonis, P < 0.01, Figure 3.7A).  

The phylogenetic richness and evenness of microbial communities at different 

intestinal segments were evaluated by Chao1 diversity index and Shannon index. Ileal 

microbial communities from HFD-treated groups were more diverse and even than the SC 

group, as evidenced by a greater Shannon index value for HF and HF_EC mice (Figure 3.7B). 

However, no difference in Shannon index values calculated from cecal and colonic microbial 

communities was observed between SC, HF, and HF_EC groups. HFD treated mice had 
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significantly lower Chao1 index values than the SC mice in cecal and colonic microbial 

communities, indicating a decreased species richness induced by HFD administration (Figure 

3.7B). Chao1 index values of ileal microbial communities were not affected by treatment. 

The analysis of differential abundance in OTUs showed no notable changes in 

identified bacterial genera between HF and HF_EC mice except for the absence/presence of 

E. coli at all three intestinal segments, indicating the minimal effect of E. coli colonization on 

taxonomic structure of microbial communities (Table 3.4). In accordance with separations of 

the overall microbial structure by dietary type, multiple genera were altered by HFD 

treatment. In general, HFD consumption resulted in a significant decrease in the relative 

abundance of Bacteroidetes phylum and an increase in the Firmicutes phylum. Specifically, 

the relative abundance of the family Bacteroidales S24-7 was significantly reduced at all 

intestinal sites after HFD treatment, whereas the family Ruminococcaceae and 

Peptostreptococcaceae were consistently increased in HF and HF_EC mice. In addition, the 

family Rikenellaceae, which belongs to the phylum Bacteroidetes, was drastically decreased 

in the cecal and colonic microbiota of HFD-treated mice. The genus Akkermensia, however, 

was significantly enriched in the cecum and colon of HF and HF_EC mice (Table 3.4). These 

results indicated that dietary type plays a major role in shaping gut microbial communities, 

whereas the colonization of commensal E. coli showed a minimal impact on the microbial 

structure. 

3.4. Discussion 

The correlation between the enrichment of the family Enterobacteriaceae and HFD-

induced obese phenotype has been documented (16, 17, 28). The overgrowth of the family 

Enterobacteriaceae has been considered as a consequence of intestinal inflammation 
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provoked by HFD treatment which supports the growth of aerotolerant bacteria (29). 

However, mono-colonization of germ-free mice with Enterobacter cloacae, a member of 

Enterobacteriaceae isolated from human gut, induced obesity and insulin resistance under a 

HFD regime (18), indicating the contribution of endotoxin-producing bacteria to obesity 

pathogenesis. In the current study, a tractable mouse model was successfully established by 

adding a single bacterium, a mouse commensal E. coli strain, to a complex microbial 

ecosystem to investigate the effect of endotoxin-producing bacteria on metabolic outcomes 

and microbial interactions in the context of HFD administration. The result showed that the 

presence of commensal E. coli exacerbated the impairment of glucose intolerance under the 

HFD regime. 

After 12 weeks of dietary treatment, HF_EC mice displayed a rapid weight gain and 

the increase was sustained up to 16 weeks of the treatment, which was accompanied by 

increased adiposity. In contrast, the difference in body weight and fat pad weights between 

SC and HF mice remained the same to 16 weeks of treatment. A previous study reported that 

a significant difference in body weight between the low-fat control and HFD group occurred 

from week 27 in female C57BL/6J mice (30). In the present study, the HFD treatment was 

not sufficient to induce significant changes in body weight of HF mice compared with the SC 

group. However, a combination of HFD treatment and commensal E. coli led to greater body 

weight and body fat than SC mice, indicating the contribution of E. coli to body weight gain 

and adipose tissue expansion in response to HFD administration. Consistent with observed 

body weight differences, HF_EC mice exhibited glucose intolerance during OGTT with 

significantly increased AUC, whereas no difference was shown in glucose disposal between 

SC and HF mice. The fat accretion and the concomitant increase in plasma leptin level, which 
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was significantly correlated with plasma insulin level, was observed in HF_EC mice, 

indicating a pronounced impairment of leptin action resulted from E. coli colonization and 

HFD treatment (31, 32).  

In the present study, no statistical difference was observed between SC, HF, and 

HF_EC groups in food intake as well as energy intake calculated based on the dietary energy 

density although HFD treated groups showed increases in calorie intake. However, the 

insignificant calorie intake in HF_EC led to excess accumulation of WAT which is pivotal to 

lipid and glucose homeostasis. In the progression of obesity, the increased WAT mass is 

attributed to mechanisms including adipocyte hypertrophy and/or adipocyte hyperplasia (33). 

The WAT expansion in HF_EC mice indicated an increased capacity of fat storage in 

response to HFD administration. Concomitantly, the gene involved in adipogenesis and TG 

synthesis (SREBP-1c, PPARγ2, and DGAT2) were elevated in HF_EC mice, suggesting that 

the presence of E. coli in the gut promoted adipogenesis and lipid accumulation.  

Liver weights were not significantly affected by dietary treatment, however, HF_EC 

mice displayed excess hepatic lipid accumulation. Consistent with the altered hepatic lipid 

metabolism, the colonization of E. coli significantly increased the expression level of genes 

related to lipid metabolism including SREBP-1c, PPARγ2, and DGAT2. The hepatic lipid 

metabolism is a complex and dynamic process with multiple biological functions, including 

lipogenesis, fatty acid update, fatty acid oxidation, and VLDL secretion. The transcriptional 

factor SREBP-1c regulates de novo lipogenesis, which plays an important role in hepatic lipid 

metabolism and development of steatosis (34). The expression of PPARγ2 has been positively 

correlated with HFD-induced lipid accumulation in the liver (35) and DGAT2 mediates 

hepatocyte TG synthesis and hepatic steatosis. In addition, the lipid disposal was also 
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enhanced in the liver of HF_EC mice as reflected by the elevated expression of genes 

involved in lipid oxidation and VLDL secretion such as CPT1α and ApoB. Therefore, HF_EC 

mice exhibited an altered lipid metabolism with an enhancement of de novo fatty acid 

synthesis and lipid removal in the liver; however, the disposal of TG may not be sufficient to 

compensate for the increases in fatty acid synthesis. 

A state of low-grade inflammation in various tissues, including the hypothalamus, 

adipose tissue, and liver, is involved in the development of obesity and T2D (33, 36, 37). 

HFD feeding may lead to enhanced LPS translocation into the circulation which triggers 

adipose inflammation and impaired insulin and leptin actions (10). In the current study, the 

mRNA expression of TNF-α, the primary enhancers of the inflammatory response in adipose 

tissue, was significantly increased with the presence of E. coli in response to HFD treatment. 

The expression of TNF-α, IL-1β, and MCP-1 gene expression in the liver were not different 

between SC, HF, HF_EC mice. No difference was detected in the inflammatory-related genes 

between SC and SC_EC groups, implying the interaction between HFD and E. coli to initiate 

an inflammatory response in the development of metabolic disorders such as obesity. A 

recent study reported that commensal E. coli isolates exhibited different capacities to elicit 

acute intestinal inflammation in mice harboring a minimal bacterial community treated by 

dextran sulfate sodium (38). Although we cannot entirely rule out the possibility that the pro-

inflammatory response induced by E. coli depends on the characteristic of the strain due to 

the diversity of this species, the current study demonstrated the potential contribution of 

commensal E. coli to the low-grade systemic inflammation in the context of long-term HFD 

treatment. Future studies targeting a reduction in E. coli population, specifically, may result 

in improved metabolic outcomes in animal models harboring a greater diversity of E. coli 
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species. We also expect that other Enterobacteriaceae, and bacteria containing more 

immunogenic LPS that thrive in response to a western diet may result in similar adverse 

outcomes as observed for E. coli in this study.  

The characterization of the gut microbiome after 16 weeks of dietary treatment 

revealed that the dietary type explained the largest variance in microbial composition as 

bacterial communities of SC mice were clearly distinct from the HF and HF_EC mice (Figure 

3.7). Changes in the gut microbiota elicited by HFD consumption have been documented, 

which generally leads to an expansion of Firmicutes at the expense of Bacteroidetes (2, 39). 

In the current study, the altered ratio of abundance in Bacteroidetes and Firmicutes was 

observed in HFD treated groups, which was consistent with previous reports using similar 

dietary treatment (39–41). However, when comparing the difference between HF and HF_EC 

groups as well as between SC and SC_EC groups, Enterobacteriaceae which was represented 

by the E. coli isolate was the only significantly changed family. It is possible that the 

colonization of the commensal E. coli isolate led to strain-level differences in the gut 

microbiota that were not detected by 16S rRNA sequencing analysis, however, a lack of 

impact on the overall structure in the setting of standard chow diet or HFD implied that 

commensal E. coli primarily contributed to the exacerbated glucose intolerance and 

inflammatory responses with minimal interactions with the microbial community under HFD 

feeding conditions, and that the shift from Bacteroidetes to Firmicutes was less important. 

The findings of the current study are somewhat counter to what has been found in patients 

that received Roux-en-Y gastric bypass (RYGB). In RYGB patients, increased 

Enterobacteriaceae is associated with improved body composition, metabolic and 

inflammatory profiles after the surgery (42–44). However, the markedly increased 
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Enterobacteriaceae abundance is most likely explained by the fact that the shortened small 

bowel favors aerobic and facultative anaerobic microbes (42). Given the result of the current 

study, increased Enterobacteriaceae in RYGB patients likely reflects the severity to which 

the intestinal microbial ecosystem is disrupted, and does not support a causal link between 

increased Enterobacteriaceae in RYGB and health outcomes. 

A remarkable increase in the genus Akkermansia was displayed in the cecum (23.55 ± 

4.85% vs. 4.13 ± 1.18%, mean ± SD) and colon (28.57 ± 3.77% vs. 8.35 ± 4.82%) of HFD 

treated mice compared to that in SC mice. The genus Akkermansia has been shown to be 

reduced by HFD feeding in mice and the administration of Akkermansia improved metabolic 

disorders including IR (45). However, in addition to its beneficial and protective effects on 

obesity development, the inconsistency in changed abundance of Akkermansia responding to 

HFD treatment has also been demonstrated (46–48). The inconsistent response of the genus 

could be attributed to the variation in the dietary composition that impact the growth of 

Akkermansia directly by changing the nutrient environment or indirectly through cross-

feeding interactions in the gut microbiota (45). In addition, host and environmental factors, 

such as inflammation and differences in initial microbial composition, may drive the 

alteration in the abundance of Akkermensia (47, 48). Furthermore, in the current study, the 

presence of E. coli exacerbated the severity of metabolic disorders induced by HFD without 

changing the abundance of Akkermansia, suggesting the complex and multifactorial etiology 

of obesity (49). Therefore, additional research is necessary to characterize the mechanism 

through which certain dietary components modulate the abundance of the commensal 

bacterium and functional consequences of the modulation as a basis to understand the role of 

gut microbes in complex diseases such as obesity and diabetes. 
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In summary, the commensal E. coli strain fills an ecological niche in the 

gastrointestinal tract with minimal impacts on the overall microbial structure. However, under 

long-term HFD feeding conditions, commensal E. coli aggravated high-fat induced glucose 

dysregulation with increased adiposity and inflammation. Without a drastic increase in the 

abundance of E. coli after HFD treatment, the enhanced translocation of bacterial-derived 

products such as LPS may contribute to the impaired glucose homeostasis as indicated by 

systemic proinflammatory responses. The finding highlights the effect of E. coli strain as a 

member of highly complex commensal communities in the gut on host metabolism in the 

context of HFD intervention. This proof of concept study suggests the importance to 

investigate the role of the individual gut commensal bacterium in the pathogenesis of obesity 

and T2D, and therefore develop strategies to manipulate these commensal bacteria to improve 

metabolic outcomes. 
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Table 3.1. Primers sequences used for qPCR assays 

Targeted gene Primer Oligonucleotides sequences (5'-3') 

SREBP-1c  Forward GGCACTAAGTGCCCTCAACCT 
Reverse GCCACATAGATCTCTGCCAGTGT 

LDLr Forward GAACTCAGGGCCTCTGTCTG 
Reverse AGCAGGCTGGATGTCTCTGT 

PPAR-α Forward GCCTGTCTGTCGGGATGT 
Reverse GGCTTCGTGGATTCTCTTG 

PPARγ2 Forward ATGCACTGCCTATGAGCACT 
Reverse CAACTGTGGTAAAGGGCTTG 

DGAT1 Forward GTGCACAAGTGGTGCATCAG 
Reverse CAGTGGGATCTGAGCCATCA 

DGAT2 Forward TTCCTGGCATAAGGCCCTATT 
Reverse AGTCTATGGTGTCTCGGTTGAC 

FASN Forward AGGGGTCGACCTGGTCCTCA 
Reverse GCCATGCCCAGAGGGTGGTT 

ACC1 Forward TGGAGCTAAACCAGCACTCC 
Reverse GCCAAACCATCCTGTAAGCC 

CPT1α Forward ATCGTGGTGGTGGGTGTGATAT 
Reverse ACGCCACTCACGATGTTCTTC 

CD36 Forward GATCGGAACTGTGGGCTCAT 
Reverse GGTTCCTTCTTCAAGGACAACTTC 

LFABP Forward GCAGAGCCAGGAGAACTTTGAG 
Reverse TTTGATTTTCTTCCCTTCATGCA 

ApoB Forward TCACCATTTGCCCTCAACCTAA 
Reverse GAAGGCTCTTTGGAAGTGTAAAC 

MTTP Forward CTCTTGGCAGTGCTTTTTCTCT 
Reverse GAGCTTGTATAGCCGCTCATT 

HMG-CoA reductase Forward CAGGATGCAGCACAGAATGT 
Reverse CTTTGCATGCTCCTTGAACA 

G6Pase Forward AGGAAGGATGGAGGAAGGAA 
Reverse TGGAACCAGATGGGAAAGAG 

PEPCK Forward CATATGCTGATCCTGGGCATAAC 
Reverse CAAACTTCATCCAGGCAATGTC 

FABP4 Forward AAGGTGAAGAGCATCATAACCCT 
Reverse TCACGCCTTTCATAACACATTCC 

Β2M Forward CATGGCTCGCTCGGTGAC 
Reverse CAGTTCAGTATGTTCGGCTTCC 

GAPDH Forward ATTGTCAGCAATGCATCCTG 
Reverse ATGGACTGTGGTCATGAGCC 
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Table 3.2. Metabolic parameters in plasma of SC, HF, and HF_EC mice 

 
  

Parameters 
SC 

(pg/mL) 
HF 

(pg/mL) 
HF_EC 
(pg/mL) 

SEM P value Detection limit 

Amylin 44.24 58.28 59.57 3.85 0.23 13.72 
C-peptide 883.88b 925.77ab 1403.47a 92.39 0.03 22.86 

GLP-1 55.18 118.84 25.01 19.78 0.16 13.72 
GIP 117.91 165.89 152.98 14.19 0.44 0.91 

Ghrelin 27.23 38.27 8.36 7.26 0.28 2.29 
Insulin 376.73b 792.46a 992.90a 84.53 < 0.01 22.86 
Leptin 1302.24b 2453.25b 4394.36a 374.63 < 0.01 22.86 
PYY 97.10 75.93 104.31 7.87 0.32 2.29 

Glucagon 97.40 88.93 87.47 8.43 0.88 4.57 
PP 20.53 21.98 39.77 11.68 0.83 2.29 

Resistin 16041.64 16813.19 17880.27 869.02 0.71 30.29 
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Table 3.3. Metabolic parameters in plasma of SC and SC_EC mice 

  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Parameters SC 
(pg/mL) 

SC_EC 
(pg/mL) SEM P value Detection limit 

Amylin 59.63 66.87 7.68 0.650 13.72 
C-peptide 745.89 719.15 40.61 0.756 22.86 

GLP-1 52.75 85.65 18.42 0.341 13.72 
GIP 270.23 202.32 32.85 0.318 0.91 

Ghrelin 37.77 67.00 9.02 0.113 2.29 
Insulin 337.80 503.14 89.66 0.671 22.86 
Leptin 1016.17 1248.27 138.26 0.420 22.86 
PYY 88.58 86.85 7.09 0.908 2.29 

Glucagon 74.57 105.10 8.29 0.083 4.57 
PP 37.11 32.01 2.54 0.332 2.29 

Resistin 29729.89 36105.73 2675.81 0.246 30.29 
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Table 3.4. The relative abundance of predominant fecal bacterial phyla and genera 

 SC HF HF_EC SEM P value FDR_P value 
Phylum       
p__Actinobacteria 0.16 0.27 0.16 0.03 0.131 0.131 
p__Bacteroidetes 69.90a 45.15b 42.56b 2.86 <0.001 <0.01 
p__Firmicutes 19.27b 23.73ab 28.44b 1.56 0.033 0.057 
p__Proteobacteria 1.47 0.85 0.78 0.12 0.104 0.121 
p__Verrucomicrobia 8.34b 29.36a 27.79a 2.15 <0.001 <0.01 
p__Tenericutes 0.81a 0.02b 0.03b 0.10 <0.01 <0.01 
       

Genus       
Actinobacteria       
g__Bifidobacterium 0.12 0.17 0.10 0.02 0.443 0.505 
g__Adlercreutzia 0.03b 0.10a 0.06ab 0.01 0.031 0.060 
Bacteroidetes       
g__Bacteroides 18.16 20.09 17.25 1.58 0.961 0.961 
f__Rikenellaceae;g__ 22.55a 7.02b 6.76b 1.76 <0.001 <0.01 
f_S24-7;g_ 29.17a 18.05b 13.08b 1.81 <0.01 <0.01 
Firmicutes       
g__Lactococcus 0.00b 0.13a 0.10a 0.02 <0.001 <0.01 
g__Turicibacter 0.26a 0.08b 0.24ab 0.04 0.027 0.055 
o__Clostridiales;f__;g__ 12.74 11.94 12.89 1.09 0.827 0.869 
f__Clostridiaceae;g__ 0.13b 0.78a 0.53a 0.09 <0.01 <0.01 
g__Clostridium 0.03 0.02 0.01 0.00 0.760 0.820 
g__Dehalobacterium 0.18 0.14 0.15 0.01 0.733 0.813 
f__Lachnospiraceae;g__ 1.44a 1.01ab 0.68b 0.11 0.020 0.044 
g__Coprococcus 0.14 0.10 0.26 0.03 0.394 0.462 
g__Dorea 0.18b 0.33ab 0.46a 0.04 0.019 0.043 
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g__[Ruminococcus] 0.27b 0.70a 0.39ab 0.06 0.007 0.018 
f__Peptococcaceae;g__ 0.00b 0.56a 0.38a 0.06 <0.001 <0.01 
f__Ruminococcaceae;Other 0.84a 0.27b 0.25b 0.08 <0.01 <0.01 
f__Ruminococcaceae;g__ 0.71b 2.83a 4.52a 0.39 <0.001 <0.01 
g__Oscillospira 1.33b 2.68ab 3.26a 0.24 <0.01 <0.01 
g__Ruminococcus 0.20b 1.04ab 1.56a 0.19 <0.01 0.006 
f__Enterococcaceae;Other 0.00b 0.01a 0.01a 0.00 0.002 0.006 
f__Erysipelotrichaceae;g__ 0.01b 0.23a 0.14a 0.03 <0.001 <0.01 
g__Allobaculum 0.39 0.53 0.18 0.07 0.394 0.462 
g__Anaerostipes 0.01 0.00 0.02 0.00 0.049 0.083 
g__Lactobacillus 0.34 0.17 0.05 0.05 0.059 0.098 
f__[Mogibacteriaceae];g__ 0.03 0.01 0.02 0.01 0.281 0.385 
f__Lachnospiraceae;Other 0.03a 0.00b 0.00b 0.00 <0.001 <0.01 
Proteobacteria       
g__Sutterella 1.47a 0.84ab 0.54b 0.13 0.026 0.055 
f__Enterobacteriaceae;g__ 0.00b 0.00b 0.14a 0.03 <0.001 <0.01 
Verrucomicrobia       
g__Akkermansia 8.35b 29.36a 27.78a 2.15 <0.001 <0.01 
Tenericutes       
g__Anaeroplasma 0.74a 0.00b 0.00b 0.09 <0.001 <0.01 
o__RF39;f__;g__ 0.06a 0.02b 0.03ab 0.01 0.043 0.076 

The relative abundance data (%) were presented as the mean ± pooled standard error of the mean (SEM). The non-parametric Kruskal Wallis test 

with the Dwass, Steel, Critchlow-Fligner multiple comparisons post-hoc procedure was used to compare the differences between treatment groups. 

The P value and false discovery rate (FDR)-adjusted P value were shown. For all treatment, n = 8. a,b,c Means that do not share a common letter 

are significantly different. α = 0.05. 
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Figure 3.1. A) Experimental protocol. B) Enumeration of fecal E. coli under standard chow diet treatment. C) Enumeration of fecal E. coli 

during 16 weeks of HFD treatment. D) Body weight during 16 weeks of HFD treatment. E) Food intake during 16 weeks of HFD treatment. F) 

Tissue (fat, liver) mass in SC and SC_EC mice after 16 weeks of standard chow diet treatment. For all treatment, n = 8. Data are shown as 

mean ± SD. a,b Means that do not share a common letter are significantly different. α = 0.05.  
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Figure 3.2. A) Enumeration of fecal E. coli one week after HFD treatment. B) Body weight of SC, HF, HF_EC mice in 12 weeks of dietary 

treatment. C) Fat pad mass of SC, HF, and HF_EC mice after 16 weeks of dietary treatments. D) Percentage of fat mass relative to body 

weight after 16 weeks of dietary treatment. For all treatment, n = 8. Data are shown as mean ± SD. a,b,c Means that do not share a common 

letter are significantly different. α = 0.05.  



   

155 
 

 

Figure 3.3. A-C) OGTT results of SC, HF, HF_EC mice after 12 weeks of dietary treatment. A) Fasting blood glucose levels. B) Glucose 

curve in 120 min of the OGTT test. C) The AUC value. D) Plasma leptin levels after 16 weeks of dietary treatment. E) Plasma C-peptide 

levels after 16 weeks of dietary treatment. For all treatment, n = 8. Data are shown as mean ± SD. a,b Means that do not share a common letter 

are significantly different. α = 0.05. 
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Figure 3.4. A-C) OGTT results of SC and SC_EC mice after 12 weeks of standard chow diet treatment. A) Glucose curve in 120 min of the 

OGTT test. B) Fasting blood glucose levels. C) The AUC value. For all treatment, n = 8. Data are shown as mean ± SD. a,b Means that do not 

share a common letter are significantly different. α = 0.05. 
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Figure 3.5. Comparisons of plasma and hepatic TG and cholesterol levels. In SC, HF, and HF_EC mice: A) Plasma and hepatic TG levels. B) 

Plasma and hepatic cholesterol levels. In SC and SC_EC mice: C) Plasma and hepatic TG levels. D) Plasma and hepatic cholesterol levels. For 

all treatment, n = 8. Data are shown as mean ± SD. a,b Means that do not share a common letter are significantly different. α = 0.05. 
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Figure 3.6. A-C) Hepatic lipogenic gene expression in SC, HF, and HF_EC mice after 16 weeks of dietary treatment. Lipogenesis (FASN, 

ACC1), FA oxidation (CPT1α), FA uptake (CD36, LFABP), VLDL secretion (ApoB, MTTP), gluconeogenesis (G6Pase, PEPCK). D) 

Lipogenic gene and inflammatory gene expression in the gonadal fat of SC, HF, and HF_EC mice after 16 weeks of dietary treatment. For all 

treatment, n = 8. Data are shown as mean ± SD. a,b Means that do not share a common letter are significantly different. α = 0.05. 
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Figure 3.7. Microbial structural analysis of contents collected from different intestinal segments. A) PCoA plots of bacterial communities 

based on a Bray-Curtis dissimilarity matrix. Colors represent intestinal sites and within the same intestinal site, each point represents an 

individual mouse. B) Alpha diversity analysis of bacterial communities in ileal, cecal, and colonic contents of mice. Contents were harvested 

16 weeks after dietary treatment. For all treatment groups, n = 8. Data are shown as mean ± SEM. 
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4. CHAPTER 4: DEFINING THE ROLE OF PARASUTTERELLA, A PREVIOUSLY 

UNCHARACTERIZED MEMBER OF THE CORE GUT MICROBIOTA 

4.1. Introduction 

Parasutterella, a genus of Betaproteobacteria, has been defined as a member of the 

healthy fecal core microbiome in the human gastrointestinal tract (GIT) (1). Members of the 

genus Parasutterella have also been found in a variety of host species, including mice, rats, 

dogs, pigs, chickens, turkeys, and calves according to reported sequences available in the 

Ribosomal Database Project (RDP). The genus Parasutterella contains two type strains, P. 

excrementihominis YIT 11859 and P. secunda YIT 12071, which were first isolated from 

human feces (2, 3). 16S ribosomal RNA (rRNA) gene sequence similarities indicate that 

Parasutterella sequences from mice are most closely related to P. excrementihominis. In 

humans, the genus Parasutterella has a unique phylogenetic classification (4) as it stands out 

as one of the most frequently reported taxa within the class Betaproteobacteria in the gut, and 

is largely represented by a single species, Parasutterella excrementihominis. The relative 

abundance of this species has been associated with different host health outcomes such as 

inflammatory bowel disease, obesity, diabetes, and fatty liver disease (4–6).  

A significant reduction of Parasutterella in response to high fat diet (HFD) treatment 

has been observed in multiple animal models and human studies, indicating a negative 

correlation between Parasutterella abundance and HFD induced metabolic phenotypes 

including hypothalamic inflammation (7–10). Parasutterella has also been identified to 

respond to antibiotic administration and other dietary interventions such as prebiotic and 

resistance starch supplementation in human studies and animal trials (11–13). In addition, 

patients with Clostridium difficile infection (CDI) exhibited a dramatic increase in the 
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abundance of Proteobacteria in the gut, however, within the phylum of Proteobacteria, 

Parasutterella was significantly lower in CDI patients and asymptomatic carriers than in 

healthy controls (14). An in vitro fermentation study, which investigated how the microbial 

composition of fecal donors impacted fermentation properties of dietary fiber, showed that 

the abundance of Parasutterella decreased during the fermentation and positively correlated 

with ammonia production (15). These results provide evidence that Parasutterella has a role 

in impacting microbial activities and host responses, however, beyond correlative work, our 

knowledge of Parasutterella’s physiological characteristics is extremely limited. With a 

growing number of studies correlating Parasutterella with diverse outcomes, including 

beneficial and detrimental, it becomes essential that we begin to understand the basic role of 

this microbe and its uncharacterized metabolites in the microbial ecosystem and host 

physiology. 

The alteration of microbially-derived metabolites is an important mechanism through 

which changes in gut microbial activity generate functional consequences for host health 

outcomes (16, 17). Several microbially generated metabolites derived from substrates 

including carbohydrates, aromatic amino acids, bile acids, and choline have been identified as 

regulatory molecules. For instance, short-chain fatty acids (SCFAs) play a crucial role in 

linking diet, gut microbiota, and host immune response (18), and aromatic amino acid 

metabolites such as indole derivatives enhance epithelial barrier integrity (19). Additionally, 

the modulatory effects of microbial-derived bile acid metabolites on the farnesoid X receptor 

(FXR) signaling pathway are recognized to influence bile acid profile and host lipid 

metabolism (20). The identification of these molecules provides new insights into the 

microbe-microbe and microbe-host interactions, though there are still a considerable number 
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of yet-to-be described microbial-derived metabolites. Specifically, when pursuing the 

functionalities of a gut commensal bacterium that has not been well characterized, the 

assessment of their contribution to gut metabolite profiling becomes a sufficient and valid 

approach to deepen our understanding of lifestyle and physiological characteristics.  

Different experimental models and detection methodologies have been established to 

unravel metabolic functionalities of the gut microbiota including in vitro fermentation 

models, human clinical trials, humanized germ-free mouse models, and monocolonization of 

germ-free mice in combination with targeted or untargeted metabolomic approaches (21, 22). 

In vitro characterization of metabolic capabilities of gut commensal bacteria is a simpler 

approach, however, it is limited by culturability and required growth conditions. For example, 

many gut bacteria will only grow to pinpoint colonies and have a limited ability to grow in 

broth culture (23). The animal model integrates the interaction between the microbe and host 

to improve the understanding of the holobiont. In the current study, the murine Parasutterella 

strain was successfully isolated and physiological characteristics were identified based on the 

draft genome and in vitro culture results. The isolate was subsequently introduced to 

Parasutterella-free mice harboring a complex microbiota, to investigate the capability of 

Parasutterella to colonize the mouse GIT and its effects on the microbial community, 

intestinal metabolite profiling, and host physiology. The results provide the first indication of 

the role of Parasutterella in the GIT and improve our understanding of the mechanism 

through which it may influence host health outcomes.  

4.2. Materials and methods 

4.2.1. Bacterial strain isolation. The mouse Parasutterella strain, Parasutterella 

mc1, was isolated from feces of healthy phosphatidylethanolamine N-methyltransferase 
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knockout mice using two different types of selective media including the Gifu Anaerobic 

Medium (GAM) agar at pH value of 6.0 and GAM supplemented with 4 μg/mL oxacillin, as 

modified from previously published methods (2, 3). Feces were collected immediately after 

defecation into 1x phosphate-buffered saline (PBS, pH = 7.4) supplemented with 0.05% (w/v) 

L-cysteine HCl, transferred into an anaerobic chamber (Sheldon, Cornelius, Oregon) 

containing the anaerobic gas mixture of 85% N2, 10% CO2, and 5% H2, homogenized, 

diluted, spread on selective agar, and incubated at 37°C for 3 days.  

4.2.2. PCR amplification of 16S rRNA gene sequences. The 16S rRNA gene 

sequence identification of colonies isolated from the selective media was conducted by a 

colony polymerase chain reaction (PCR) using primers for bacterial 16S rRNA gene, 27f and 

1492r (Integrated DNA Technologies, Coralville, IA) as previously described (24, 25). Each 

50 μL PCR mixture solution consisted of 2 μL of 10 μM forward primer 27f, 2 μL of 10 μM 

reverse primer 1492r, 2 μL of 10 mM deoxynucleotide triphosphate mix (Invitrogen, 

Carlsbad, CA), 5 μL of 10x Taq polymerase buffer (Invitrogen), 2 μL of 50 mM MgCl2 

(Invitrogen), 0.5 μL of 1 U/μL Taq polymerase (Invitrogen), and a small amount of colony. 

The thermal cycling program included an initial 10-min denaturation step at 94°C, 35 cycles 

of 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min 40s, and a final 7-min extension at 72°C. 

PCR products were visualized by 1% agarose gel electrophoresis followed by the SYBR Safe 

DNA gel staining (Invitrogen). 

4.2.3. Bacterial strain culture. To test the effect of supplementing asparagine (Asn) 

and aspartate (Asp) on the growth of Parasutterella, the isolate was cultured in 5 mL of 

GAM at 37°C anaerobically with an initial inoculum density of 102 CFUs/mL. At 48 h of 

growth, filter-sterilized amino acid solutions were added to the bacterial culture at 2 mM (L-
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asparagine and L-aspartate, Sigma Aldrich, St. Louis, MO, USA) and the GAM control group 

received the same volume of sterile water. Bacterial cells were enumerated at 72 h of growth 

using GAM agar and CFUs per mL culture were then calculated. Experiments were 

performed in triplicate and repeated twice. 

In mouse colonization studies, the bacterial strain was cultivated in 5 mL of GAM 

medium at 37°C for 72 h. The culture medium containing approximately 1.0 × 107 CFUs/mL 

of Parasutterella was centrifuged to harvest bacterial cells, cell pellets were resuspended in 1 

x PBS supplemented with 0.05% (w/v) L-cysteine and mice were subsequently exposed to 

Parasutterella by administering 1mL of the bacterial suspension to the bedding (107 CFUs).  

4.2.4. Scanning electron microscopy. Colonies growing on GAM agar after 3 days 

incubation were fixed in electron microscope fixative (2.5% of glutaraldehyde and 2% of 

paraformaldehyde in 0.1 M phosphate buffer) for a minimum of two hours. The specimen 

was washed using 50%, 70%, 90%, and 100% ethanol and subsequently washed with a 

mixture of hexamethyldisilazane (HMDS) reagent and ethanol. After being rinsed with 

HMDS for two times, the specimen was left to air-dry overnight in the fume hood. The dry 

specimen was mounted on a 1/2’’ aluminum SEM stub. The stub was sputtered with Au/Pd in 

a Hummer 6.2 sputter coater (Anatech Ltd, Springfield, VA). The cell morphology was then 

observed using a Philips/FEI (XL30) Scanning Electron Microscope.  

4.2.5. Whole genome sequencing of mouse Parasutterella isolate. Whole genome 

sequencing of Parasutterella isolate was performed on an Illumina Miseq Platform as 

described previously (26). Libraries were sequenced using a V3 MiSeq cartridge (Illumina, 

San Diego, CA) with paired-end reads generated (2 x 300 bp). The draft genome was 

assembled and annotated with SPAdes assembler (27) and Prokka (v1.12) (28), respectively. 
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The circular map of the whole genome was generated using the CGView Comparison Tools 

(29).  

4.2.6. Quantitative PCR (qPCR) assay for detecting mouse Parasutterella isolate. 

A set of PCR primers (Paraf/Parar) targeting the 16S rRNA gene of the mouse Parasutterella 

isolate was designed (amplicon size, 276 bp). Primers were checked against 16S rRNA gene 

sequences of the genus Parasutterella (n = 705), which were retrieved from RDP website 

(release 11.5; http://rdp.cem.msu.edu/). All sequences were obtained as good quality, nearly 

full-length (> 1,200 bp) using the feature Hierarchy Browser program. Sequences of primers 

are listed in Table 4.1. The specificity of primers was validated by testing them against DNA 

isolated from Parasutterella free and Parasutterella positive mice based on previously 

obtained 16S rRNA gene amplicon sequencing results. The DNA isolated from the 

Parasutterella isolate was used as a positive control. Sanger sequencing was used to validate 

the amplicon generated from Parasutterella positive mice.  

qPCR reaction was performed using the PerfeCTa SYBR Green Supermix 

(Quantabio, Gaithersburg, MD) on an ABI StepOne™ real-time System (Applied 

Biosystems, Foster City, CA). The amplification program contained an initial denaturation 

step at 94°C for 3 min followed by 40 cycles of denaturation at 94°C for 10 s and annealing at 

60°C for 30 s. The sensitivity of primers was determined using DNA isolated from the 

Parasutterella free and Parasutterella positive mice with a cutoff cycle threshold (Ct) of 34.  

To construct standards for quantifying Parasutterella 16S rRNA gene copy numbers 

in feces using the qPCR method, amplicons from the colony PCR of Parasutterella isolate 

generated by Paraf/Parar primers were purified using the GeneJET PCR purification kit 

(Thermo Scientific, Nepean, ON) according to manufacturer’s instructions. Purified PCR 

http://rdp.cem.msu.edu/
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products were ligated into the competent E. coli cells using the TOPO TA cloning kit 

(Invitrogen, Carlsbad, CA). The plasmid DNA was extracted from overnight cultures using 

the GeneJet Plasmid Miniprep kit (Thermo Scientific, Nepean, ON) and inserts were verified 

by the Sanger sequencing. The concentration of the plasmid DNA was adjusted, and ten-fold 

serial dilutions were performed to construct standards. CT values at different dilutions were 

averaged and plotted relative to corresponding copy numbers.  

4.2.7. Quantification of metabolite concentrations in bacterial cultures. Bacterial 

cultures grown for 0, 24, 48, 72, 96, and 120 h in GAM broth were homogenized in 3.5 % 

perchloric acid (HClO4) and incubated at 4°C overnight to remove proteins. The supernatant 

was collected after centrifuging at 10,000 g for 10 min. Compounds were separated using 

High-Performance Liquid Chromatography (HPLC) equipped with an Aminex 87H cation-

exchange column (Bio-Rad, Mississauga, Ontario) at 70°C. A 5 mM H2SO4 solution was 

used as the solvent and the flow rate was 0.4 mL/min. Metabolites were monitored with a UV 

detector at 210 nm or 240 nm, and external standards were used for quantification. 

4.2.8. Mice. Six to eight week old female C57BL/6J mice (Jackson Laboratory, Bar 

Harbor, ME) were housed in the animal facility at the University of Alberta. Mice were kept 

under specific pathogen-free (SPF) conditions with sterilized filter-topped cages and standard 

chow diet (LabDiet®, 5053). All the mice were screened with designed primers (Paraf/Parar, 

Table 4.1) and sixteen mice that did not harbor Parasutterella were selected. Mice were 

randomly grouped into four cages with 4 mice per cage by a blinded lab animal technician 

and balanced for average body weight. Cages were allocated into 2 treatments: control (CON) 

and Parasutterella colonization (PARA). Preliminary results showed that the exposure to 

Parasutterella by oral gavage or administration to the bedding resulted in successful 
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colonization of the mouse intestine. Therefore, in the current study, the PARA group was 

exposed to Parasutterella mc1 by administering 1 mL of the bacterial suspension with the 

concentration of 107 CFUs/mL to the bedding while the CON group received PBS (Figure 

4.1A). Body weight was recorded weekly and mice were euthanized by CO2 asphyxiation six 

weeks after Parasutterella/PBS treatment. Contents from ileum, cecum, and colon were 

collected and liver, intestinal tissue, and blood were harvested. Protocols employed were 

approved by the University of Alberta’s Animal Care Committee and in accordance with the 

guideline of the Canadian Council on the Use of Laboratory Animals. The colonization 

experiment was repeated three times with the total sample size of 24 for each treatment and 

the untargeted metabolomic analysis was repeated twice with the total sample size of 16 for 

each treatment.   

4.2.9. Characterization of gut microbial composition. DNA was extracted from 

ileal, cecal, and colonic contents after Parasutterella/PBS treatment as well as from feces 

before the treatment. The DNA extraction, amplicon library construction, paired-end 

sequencing and data analysis were performed using protocols and pipelines published 

previously (26).  

4.2.10. Ultrahigh Performance Liquid Chromatography-Electrospray 

Ionization/Fourier Transform Mass Spectrometry (UPLC-ESI/FTMS). Frozen cecal 

contents were lyophilized and homogenized in 80% aqueous methanol (25 μL/mg) and 

supernatants were subsequently collected after centrifugation at 15,000 rpm for 20 min. 

Supernatants were profiled by UPLC-ESI/FTMS in positive and negative ionization mode 

with a pooled quality-control sample injected for every eight samples. Samples were analyzed 

in a random way using a computerized list of random numbers. The UPLC-FTMS systems 
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consisted of an acquity UPLC system (Walters, MA, USA) coupled with an LTQ-Orbitrap 

Fusion mass spectrometer (Thermo Scientific, Nepean, ON), which was operated in a survey 

scan and Fourier transform MS detection mode.  

To maximize chromatographic separations, analytes were separated on a C4 column 

(dimension, 2.1 x 50 mm; particle size, 1.7 μm), a C18 column (dimension, 2.1 x 100 mm; 

particle size, 1.7 μm), and a HILIC column (dimension, 2.1 x 100 mm; particle size, 1.7 μm), 

respectively. For separations performed on the C4 column, the UPLC mobile phase consisted 

of 0.01% formic acid in water (solution A) and 0.01% formic acid in acetonitrile (solution B) 

for binary gradient elution to detect and quantify phospholipids and other very hydrophobic 

lipids. The phospholipid depletion-solid phase extraction (PD-SPE) was conducted before 

being injected onto the C18 UPLC column according to the previously established method 

(30). The mobile phase for the C18 column consisted of 0.01% formic acid in water (solution 

A) and 0.01% formic acid in isopropanol-acetonitrile (1:2) for binary gradient elution to 

detect and quantify non-phospholipid metabolites. To perform separation on HILIC column, 

analytes were loaded onto reversed-phase C18 solid phase extraction (SPE) cartridge to 

collect flow-through fractions which were subsequently dried under a gentle nitrogen gas 

flow. Residues were reconstituted in 70% acetonitrile and injected on HILIC column using 

mobile phase comprised 5 mM NH4Ac (solution A) and acetonitrile (solution B) for 

chromatographic separation, which was good at detecting and relatively quantifying very 

polar metabolites such as sugars and nucleotides. The flow rate for all three types of columns 

was 0.35 mL/min and chromatographic temperature conditions were 40°C (C4 and HILIC 

column) and 50°C (C18 column). Mass spectrometry data were collected in full scan mode at 

2 Hz with a detection range of 80 to 1,000 mass/charge (m/z) at 60,000 FWHM (m/z 400). 
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Chromatography retention times were 1.15-19.05 min for C4, 0.90-33.16 min for C18, and 

0.91-8.89 min for HILIC column. 

Each of the six UPLC-MS datasets (3 LC methods x two ionization modes) were 

processed using XCMS (version 3.2.0, https://xcmsonline.scripps.edu/) for peak detection, 

retention time shift correction, peak grouping, and alignment. Significant features between 

two treatments were searched against databases including METLIN (31), HMDB (32) and 

LIPID MAPS (33) to obtain mass-matched metabolite candidates. Allowable mass errors for 

all the database searches were less than 4 p.p.m. The retention time was taken into 

consideration when multiple hits were retrieved from the database to identify the potential 

metabolites. In addition, the retention time was considered for identifying metabolites with 

available chemical standards including bile acids and phospholipids. The identities of 

assigned metabolites, especially for those with their authentic compounds commercially 

available, were confirmed by UPLC-MS/MS using the collision-induced dissociation, in 

combination with MS/MS library searching against METLIN, HMDB or MSBANK 

(https://massbank.eu/MassBank/).  

4.2.11. RNA isolation and cDNA synthesis. Liver and distal ileum tissue were snap 

frozen in liquid nitrogen and preserved at -80°C until RNA extraction. A GeneJET RNA 

purification Kit (Thermo Scientific, Nepean, ON) was used following manufacturer’s 

instructions. The quality of extracted RNA was verified by gel electrophoresis using a 2x 

RNA GEL Loading Dye (Thermo Scientific, Nepean, ON) and 1 μg of total RNA was used 

for reverse transcription with the qScript Flex cDNA synthesis kit (Quantabio, Gaithersburg, 

MD). 

https://xcmsonline.scripps.edu/
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4.2.12. Gene expression analysis. Hepatic gene and ileal gene expression were 

analyzed by qPCR using the PerfeCTa SYBR Green Supermix (Quantabio, Gaithersburg, 

MD). Primer sequences for ileal bile acid transporter genes as well as liver bile acid synthesis 

genes are listed in Table 4.1. A thermal cycling program of 94°C for 3 min followed by 40 

cycles of 94°C for 10 s and 60°C for 30 s was applied on an ABI StepOne™ real-time System 

(Applied Biosystems, Foster City, CA) in accordance with manufacturer’s recommendations. 

Beta-actin (β-actin) gene was used as the housekeeping gene for normalization. The 2-ΔΔCt 

method was used to calculate the fold change of gene expression in PARA group compared 

with the CON group. 

4.2.13. Serum cholesterol analysis. At termination, blood was collected via heart 

puncture and subsequently centrifuged to collect serum. The serum samples were stored at -

80°C until further analysis. The serum total cholesterol was determined using a commercial 

colorimetric kit (Wako Diagnostics, Richmond, VA) following the manufacturer’s 

instruction.  

4.2.14. Colonic cytokine detection. Colon tissue was snap frozen and stored at -80℃ 

until protein extraction. The protein extraction and quantification were performed as 

described previously (26). The MSD Proinflammatory Panel 1 (mouse) kit (Meso Scale 

Discovery, Gaithersburg, MD) was applied to quantify cytokines according to manufacturer’s 

recommendations.  

4.2.15. Data analysis and visualization. For microbial composition analysis, the 

comparison of individual taxa/OTUs between groups were performed using the Mann-

Whitney U test. Nonparametric multivariate analysis of variance (NP-MANOVA) was used 

to identify the difference between groups using the adonis function in the vegan package (R 
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v3.4.4). The principal coordinate analysis (PCoA) based on a Bray-Curtis dissimilarity matrix 

was plotted using the phyloseq package (R v3.4.4) (34). For metabolomic data analysis, the 

Metaboanalyst (35) was used to conduct the data normalization, univariate and multivariate 

analysis. The quality of UPLC-FTMS data were controlled by filtering missing values and 

interquartile range (IQR). Quality-controlled data were normalized by log-transformation and 

proceeded to statistical analyses. Fold change values between two groups were calculated 

using datasets before normalization. Corrections of P values generated from the Student’s t-

test or Mann-Whitney U test were conducted for multiple testing by the Benjamini–Hochberg 

procedure (false discovery rate, FDR; q-value). Features with a q-value less than 0.05 were 

considered as statistically significant indicated as follows: ##, q-value < 0.01; #, q-value < 

0.05. For the determination of body weight, gene expression, 16S rRNA gene copy numbers 

(log-transformed) and cytokine levels, the Shapiro-Wilk test was performed to check the 

normality of data distribution and the Student’s t-test was used to compare the difference 

between two treatments. P values indicate statistical significance as follows: **, P < 0.01; *, 

P < 0.05. R (v3.4.4) and GraphPad Prism were used for visualizing results.  

4.2.16. Accession number(s). The whole genome sequence of the mouse 

Parasutterella isolate was deposited in the Sequence Read Archive (SRA) under accession 

number SRP157402. Raw sequence reads of the 16S rRNA gene amplicon data are available 

through the SRA with accession number SRP157661. 

4.3. Results 

4.3.1. Parasutterella can be successfully isolated from mouse intestine using the 

selective media. Parasutterella mc1 was isolated from the selective media including GAM 

(pH = 6.0) and GAM supplemented with 4 μg/mL oxacillin inoculated with a 10-6 serially 
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diluted fecal sample. Colonies of Parasutterella appeared entire, circular, convex, and 

translucent with a diameter of 0.5 to 0.7 mm after 72 h of incubation on GAM agar at 37°C 

(Figure 4.2A). Cells of Parasutterella were Gram-negative, obligately anaerobic cocci or 

coccobacilli (0.5-0.8 × 1.0-1.5 μm in size) (Figure 4.2A). When grown in GAM broth up to 

120 h at 37°C anaerobically, Parasutterella produced no visible turbidity and no changes in 

glucose, fructose or lactate were detected in the broth culture. However, the Parasutterella 

strain produced approximately 2.5 mM succinate after 72 h of growth, indicating that 

Parasutterella is a succinate-producing bacterium (Figure 4.2B).  

Parasutterella mc1 shared 93% 16S rRNA sequence identity with the type strain P. 

excrementihominis YIT 11859 which was isolated from human feces (Figure 4.1B). The 

complete genome size of Parasutterella is 2.8 Mb with a G+C content of 44.1 mol% (Figure 

4.2C). Detailed information including the number of total raw reads, contigs, N50, and the 

accession number of deposited sequence data is provided in Table 4.2. There are 2,648 

unique genes predicted and the absence of genes for transporting and metabolizing exogenous 

sugars was consistent with the asaccharolytic characteristic of Parasutterella shown in broth 

culture (2, 3). In accordance with the presence of genes encoding L-asparaginase, aspartate 

ammonia-lyase, and putative aspartate dehydrogenase, asparagine was the most rapid and 

preferred amino acids metabolized by Parasutterella in GAM broth (Figure 4.3; Figure 4.4). 

Supplementing L-asparagine and L-aspartate at 2 mM in the GAM broth culture of 

Parasutterella at 48 h of growth increased bacterial counts at 72 h compared to that in the 

GAM broth control (P < 0.05) (Figure 4.5A). In addition, there were no identified hits of 

toxin virulence factors (VFs)-related genes in the genome of Parasutterella mc1, which 
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suggests that Parasutterella is either a commensal or symbiotic member of the gut 

microbiota.  

4.3.2. Parasutterella isolate readily colonized the mouse GIT without shifting the 

microbial structure. SPF C57BL/6J mice were screened using a set of designed PCR 

primers targeting the 16S rRNA gene of the Parasutterella isolate to select sixteen 

Parasutterella-free individuals. We were able to confidently detect the presence of 

Parasutterella down to the 106 CFUs/g of feces using the qPCR system. With a single 

environmental exposure, Parasutterella rapidly and stably colonized the mouse GIT through 

the duration of the study, representing an average of 9.31 ± 0.16 log10 16S rRNA gene copies 

per gram of feces (Figure 4.5B). Parasutterella was successfully isolated using the selective 

media from mouse feces six weeks after environmental inoculation, verifying the stable 

colonization of Parasutterella. The colonization of the Parasutterella isolate in the mouse 

GIT did not significantly affect body weight (Figure 4.1C). The success of Parasutterella to 

colonize the mature mouse gut after a single exposure demonstrated that the microbe fills the 

ecological niche in the GIT.  

The gut microbiota of the CON and PARA groups was characterized by sequencing 

16S rRNA gene amplicons from ileal, cecal, and colonic contents. The sequencing obtained 

20,086 ± 7,581 (mean ± standard deviation) quality-controlled and chimera-checked reads per 

sample. The successful colonization of Parasutterella did not cause a significant shift in gut 

microbiota structure as revealed by the PERMANOVA analysis (Figure 4.6A). Specifically, 

there was no significant difference in the structural pattern between the CON and PARA 

group at all three intestinal sites, which was evaluated using Bray-Curtis and unweighted 

UniFrac distance matrices with 999 random permutations (adonis, P > 0.05). Instead, the 
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microbial community was segregated by intestinal sites which explained 39.3% variation in 

bacterial composition (adonis, P < 0.001, 999 permutations). The richness and evenness of 

the microbial community, indicated by alpha-diversity index (Chao1 and Shannon index), did 

not vary between the CON and PARA group at each intestinal site (Figure 4.6B).  

To assess the abundance of different gut microbes in the CON and PARA group, all 

sequences were assigned to taxonomy using RDP Classifier. In accordance with the 

separation of the overall microbial structure by intestinal sites, the regional variation played a 

key role in shaping the microbial community. However, at each intestinal site, there were no 

notable changes in microbial abundance profile between two treatments. Parasutterella was 

the only significantly changed genus between the CON and PARA group, contributing the 

average of 0.64%, 1.88%, and 1.71% of the 16S rRNA gene reads in the ileum, cecum, and 

colon, respectively (Figure 4.6C). 

4.3.3. UPLC-FTMS demonstrated the effect of Parasutterella colonization on the 

cecal metabolome. The UPLC-FTMS methodology was optimized to determine the 

metabolomic profile of cecal contents from the CON and PARA group collected six weeks 

after Parasutterella exposure. To detect as many metabolites as possible, the UPLC-FTMS-

based untargeted approach was used which contained three types of chromatographic 

conditions (C4, C18, and HILIC column) with two ionization modes (ESI in positive and 

negative mode, +/-) to generate six possible combinations. The reverse-phase UPLC-FTMS 

on C18 column with the negative ionization mode generated the largest number of features 

(2,165 features) and characterized the most significantly different features (105 features) 

between the CON and PARA group (Table 4.3). Principle component analysis (PCA) of all 

detected features revealed a distinct clustering between the CON and PARA group based on 
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the C18-ESI- dataset (Figure 4.7A). The separation was also displayed using features that 

were differently presented between treatment groups analyzed by Student’s t-test (n = 8 per 

treatment, P < 0.05) (Figure 4.8). In total, 132 of 8,990 detected features differentiated the 

CON and PARA group and the colonization of Parasutterella significantly impacted features 

detected by C18-ESI- approach to the greatest extent, indicating the changed profile of non-

phospholipid metabolites in cecal contents (Figure 4.7B; Table 4.4, 4.5). The result showed 

that the presence of Parasutterella changed the cecal metabolomic profile even though the 

colonization did not result in a significant shift in microbial community structure.  

4.3.4. The colonization of Parasutterella altered levels of identifiable metabolites. 

The untargeted metabolomic analysis approach allowed us to detect metabolite features 

broadly and extensively. However, the identification of metabolites based on detected mass 

spectra remains challenging due to limited standard reference materials and difficulties in 

distinguishing the biological source for commonly shared metabolites across the host and gut 

microbiota (22, 36, 37). In the current study, univariate and multivariate approaches were 

performed on features detected from the CON and PARA group, and features with a q-value 

less than 0.05 were selected for metabolite identification. Pure standards including certain 

bile acids were obtained and analyzed under the identical chromatographic condition and 

ionization mode to validate the spectra from samples.  

Approximately 40% of features within 132 significantly differentiated features 

remained unidentified, which revealed a substantial proportion of yet-to-be described 

microbial associated metabolites. Though the identification of significant metabolites was 

incomplete, certain metabolites and pathways consistently associated with gut microbial 

activity were observed. With the colonization of Parasutterella, the level of tryptophan 
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metabolites, 3-Methyldixyindole (m/z 162.0559, ESI-), indole-2-carboxylic acid (m/z 

160.0404, ESI-), and indole-3-carboxylic acid (m/z 160.0403, ESI-) were increased, whereas 

the abundance of kynurenic acid (m/z 188.0351, ESI-) and nicotinic acid (m/z 122.0248, ESI-

) were decreased (q-value < 0.05, Figure 4.9). 3-Methyldixyindole exhibited an 8.3-fold 

increase and kynurenic acid showed an 11.2-fold decrease in the PARA group compared to 

the CON group, which were the most notable changes in tryptophan metabolism. The 

metabolism of another aromatic amino acid, tyrosine, was also altered by Parasutterella 

colonization, as indicated by reduced levels of p-Cresol (m/z 107.0503, ESI-) and p-Cresol 

sulfate (m/z 187.0069, ESI-), but elevated ethylphenol (m/z 121.0659, ESI-) and a tyrosine 

derivative predicted as N-Hydroxy-L-tyrosine or DOPA (m/z 196.0613, ESI-) (q-value < 

0.05, Figure 4.9). p-Cresol and p-Cresol sulfate were decreased 5.6-fold and 43.4-fold in the 

PARA group compared to that in the CON group, whereas the ethylphenol and the tyrosine 

derivative in the PARA group were increased 2.1-fold and 84.3-fold than that in the CON 

group, respectively. Overall, the result indicated that the presence of Parasutterella 

significantly changed aromatic amino acid metabolism in the gut including tryptophan and 

tyrosine catabolism, and changes in microbial associated metabolites indicated an altered 

functionality of the gut microbial community to utilize these aromatic amino acids.  

Microbial associated metabolites, mesobilirubinogen (m/z 591.3173, ESI-) and purine 

metabolites including inosine (m/z 267.073, ESI-), hypoxanthine (m/z 135.0311, ESI-), and 

xanthine (m/z 151.0261, ESI-) were altered in Parasutterella colonized mice. The bilirubin 

derived compound, mesobilirubinogen was significantly increased (q-value < 0.05, 2.4-fold 

change) in the PARA group, indicating an enhanced metabolism of conjugated bilirubin by 

the gut microbiota (Figure 4.9). Altered purine metabolites were observed in the PARA group 
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as indicated by remarkably decreased inosine (74.4-fold difference) and xanthine (9.3-fold 

difference), and increased hypoxanthine (3.4-fold change) (q-value < 0.05, Figure 4.9). 

Alterations in these microbial-derived metabolites revealed a distinct metabolomic signature 

between the CON and PARA group.  

Noteworthy changes in bile acids were consistent between repeated experiments and 

were identified as significant before FDR correction, indicating that Parasutterella may 

actively participate in bile acid metabolism and homeostasis. A reduction in the level of 

cholic acid (CA, m/z 407.2794, ESI-, 2.9-fold change), taurocholic acid (TCA, m/z 514.2825, 

ESI-, 2.2-fold change), taurodeoxycholic acid (TDCA, m/z 522.2859, ESI+, 2.0-fold change), 

7-ketodeoxycholic acid or its isomers (7-keto DCA, m/z 405.2640, ESI-, 2.8-fold change), 

and glycolithocholic acid sulfate (glycol-LCA sulfate, m/z 512.2677, ESI-, 2.3-fold change) 

was observed in the PARA group, indicating alterations in bile acid metabolism (Figure 

4.10A). Though changes in bile acids between the CON and PARA group were not 

significant based on the q-value, the consistent decrease in these bile acid metabolites clearly 

suggested that the presence of Parasutterella influenced bile acid profiling in cecal contents. 

The concomitant increase in taurine (m/z 124.0073, ESI-, 2.0-fold change) concentration 

further indicated changes in bile acid metabolism, including the process of deconjugating 

primary bile acids (Figure 4.10A). Overall, bile acid components detected by the current 

chromatographic conditions were consistently impacted by Parasutterella colonization.  

4.3.5. Alterations in bile acid profile were consistent with hepatic and ileal gene 

expression. Previous studies have indicated correlations between the abundance of 

Parasutterella and alterations of bile acid metabolites in the gut (9, 38–40). To follow up on 

differences in bile acid profiles observed, we evaluated the host gene expression of bile acid 
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transporters in the ileum and the FXR signaling pathway. Gene expression of ileal bile acid-

binding protein (Ibabp) in the PARA group was significantly lower than that in the CON 

group (P < 0.05), and the organic solute transporter β (Ostβ) tended to be reduced in the 

PARA group (P = 0.05), which was consistent with the reductions in bile acid metabolites. 

mRNA levels of ileal genes in the FXR signaling pathway, including the small heterodimer 

partner (Shp, P < 0.05) and the fibroblast growth factor 15 (Fgf15, P = 0.08) were decreased 

in the PARA group. The regulatory effect of the gut microbiota on bile acid synthesis through 

modulating the FXR signaling pathway has been demonstrated (20). Therefore, we further 

measured the associated liver gene encoding the rate-limiting enzyme in bile acid synthesis, 

cholesterol 7α-hydroxylase (Cyp7a1). The expression of Cyp7a1 was significantly higher in 

Parasutterella colonized mice than that in control mice, which indicated an enhanced bile 

acid synthesis in the PARA group. Other liver genes related to bile acid synthesis including 

Cyp8b1 and Cyp27a1 were not affected by Parasutterella colonization, supporting the role of 

FXR signaling in the Cyp7a1 regulation. The Cyp7a1 expression has been correlated with 

decreased serum cholesterol in human and mouse studies (41, 42), accordingly, serum 

cholesterol was measured. Despite a numerical decrease consistent with the hypothesis no 

significant difference in serum cholesterol concentration was observed (Figure 4.10B). 

4.3.6. The presence of Parasutterella did not impact the colonic cytokine 

expression. To investigate if the colonization of Parasutterella affects the immune response 

in the gut, a panel of colonic cytokines were measured by enzyme-linked immunosorbent 

assay (ELISA). Parasutterella colonization did not alter the level of detected colonic 

cytokines except for a tendency to reduce the IL-1β expression (P = 0.092, Figure 4.11), 

which indicated that the colonization of Parasutterella did not induce host innate immune 
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responses and further supported the role of Parasutterella as a commensal or symbiotic gut 

microbe. 

4.4. Discussion 

The genus Parasutterella has been recognized for approximately ten years and 

increasing studies have shown its relationship with different health outcomes. However, 

beyond correlations between the abundance change and host phenotype, our understanding of 

metabolic features and functionalities of Parasutterella remains limited. In the current study, 

the murine Parasutterella was successfully isolated and characterized for its genomic features 

and metabolic characteristics. A tractable model was subsequently used by adding a single 

bacterium, Parasutterella mc1, to a complex microbial community to investigate the role 

Parasutterella plays in affecting the microbial ecosystem and host physiology. Parasutterella 

successfully thrived in the mouse GIT without shifting microbial structure, but significantly 

altered the cecal metabolome including multiple biological processes and pathways.  

It has been described that the genus Parasutterella was largely unreactive in 

biochemical characterization and only limited end products of metabolism have been 

identified (4). Type strains of the genus Parasutterella, P. excrementihominis YIT 11859 and 

P. secunda YIT 12071, were asaccharolytic in the analytical profile index (API) test systems 

and exhibited weak growth in peptone-yeast extract medium, which could not be enhanced by 

adding glucose, succinate, or lactate to the broth (2, 3). In the current study, the mouse isolate 

showed no turbidity when grown in GAM broth for up to 120 h, which was consistent with 

previously reported biochemical characteristics. The bacterial density reached 107 CFUs/mL 

in the initial 48 h of growth, however, failed to significantly increase in the following 72 h of 

culture. The rapid growth of bacterial cells in the first 48 h was accompanied by the depletion 
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of asparagine and a slight decrease of aspartate in the medium, as validated by nuclear 

magnetic resonance (NMR) analysis (Figure 4.4). The supplementation of asparagine and 

aspartate in the bacterial culture stimulated the growth in the following 24 h (Figure 4.5A). 

Therefore, in agreement with the presence of genes encoding amino acid utilizing enzymes in 

the genome, the asaccharolytic genus, Parasutterella, is likely to rely on amino acids such as 

asparagine, aspartate, and serine to support its metabolic activities and physiological 

functions. In addition, the preferential catabolism of the non-essential amino acids (NEAAs) 

for the host may indicate the adaptation of Parasutterella to the gut environment which 

contains readily available NEAAs.  

Importantly, it is the first study showing Parasutterella produces succinate as a 

fermentative end-product. Succinate production in feces has been positively correlated with 

the relative abundance of genera including Bacteroides, Lactobacillus, and Parasutterella in 

a dextran sulfate sodium (DSS)-induced colitis mouse model (43). The current study provided 

direct evidence for succinate accumulation in the broth culture of Parasutterella. 

Additionally, despite the fact that succinate is an intermediate compound in the intestinal 

metabolism, we observed elevated levels of succinate in Parasutterella colonized mice when 

measured on a C8 column (ESI-, m/z 117.01934, Figure 4.5C). When grown in GAM broth 

for 72 h, Parasutterella produced about 2.5 mM succinate whereas Bacteroides fragilis, one 

of the well-identified succinate producers, was able to produce 100 mM succinate under the 

same condition. However, the amount of succinate generated by Parasutterella was 

substantial when the significant difference in growth rate and bacterial density between 

Parasutterella and Bacteroides was taken into consideration. Succinate, as one of the key 

intermediate metabolites produced by the gut microbiota, plays an important role in cross-
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feeding metabolic pathways (44). The capacity of Parasutterella to produce succinate 

indicates one potential way Parasutterella supports interspecies metabolic interactions within 

the gut ecosystem.  

Surprisingly, with a single environmental exposure, the Parasutterella isolate 

successfully colonized the mature mouse gut without causing significant shifts in bacterial 

composition and host innate immune response. Although Parasutterella has been described 

as an obligate anaerobe, it was able to persist sufficiently long to colonize the mouse 

intestine. It has been reported that some strict anaerobic bacteria such as members of 

Bacteroides can survive and even grow in the presence of low oxygen concentration (45). We 

hypothesize that the defined obligate anaerobe, Parasutterella, could protect itself from 

certain level of oxygen through yet-to-be characterized mechanisms. It is possible that the 

colonization of Parasutterella led to strain-level differences in the gut microbiota that was 

not detected by 16S rRNA sequencing analysis, however, a lack of changes in the overall 

microbial structure demonstrated that Parasutterella fills the ecological niche and persists in 

the gut microbial community. The transmission of Parasutterella has been observed between 

mother and vaginally born infants, with the relative abundance gradually increasing to 12-

months of age, indicating that Parasutterella is one of the early colonizers in the newborn gut 

and increases in response to dietary change and host development (46). A study using a germ-

free mouse model reconstituted with neonatal microbiota indicated that bacterially derived 

succinate promoted the colonization of strict anaerobic bacteria, Clostridiales, to protect mice 

from infection (47). It was assumed that succinate enhanced the growth of Clostridiales 

through an indirect mechanism which boosted the consumption of oxygen by aerobic or 

facultative anaerobic bacteria (47). Being one of the early colonizers as well as succinate 
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producing commensal bacteria, Parasutterella may play a role in microbial interactions and 

infection resistance especially early in life.  

Due to the limited ability to characterize Parasutterella using a culture-based 

approach, we propose that the colonization of Parasutterella in a controlled animal model 

provides greater insight into its functionality. Despite limited effects on microbial 

composition, notable changes in the cecal metabolic profile including tryptophan, tyrosine, 

bilirubin, purine, and bile acid metabolism were observed. The presence of Parasutterella 

influenced the microbial metabolism of aromatic amino acids, as indicated by changes in the 

abundance of metabolites generated from tryptophan and tyrosine. The decreased level of p-

Cresol and p-Cresol sulfate and increased level of ethylphenol as well as a tyrosine derivative 

demonstrated an altered tyrosine metabolism. Various species of the gut microbiota have 

been characterized to be capable of converting tyrosine to p-Cresol and ethylphenol including 

Clostridium, Bifidobacterium, Bacteroides fragilis, and E. coli (48). The impact on 

tryptophan metabolism by Parasutterella colonization was indicated by the altered abundance 

of tryptophan metabolites including kynurenic acid, nicotinic acid, 3-Methyldixyindole, 

indole-2-carboxylic acid and indole-3-carboxylic acid in cecal contents. Tryptophan, as one 

of the essential amino acids in mammals, can be co-metabolized by the host and gut 

microbiota through multiple pathways in the GIT. Representative microbial metabolites 

produced from tryptophan in the intestine include tryptamine, indole, indole acetic acid, 

indole-propionic acid, and 3-Methylindole (skatole) (49, 50). 3-Methyldioxyindole has been 

considered as a potential in vivo oxidation product of skatole (51, 52), which performs as a 

marker of altered tryptophan metabolism (53, 54). Indole-3-carboxylic acid is a side-chain 

shortened product of indole-3-acetic acid that has been reported to be produced in the culture 
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medium by certain gut bacterial species (50). The increased abundance of 3-

Methyldioxyindole and indole-3-carboxylic acid in cecal contents suggests that the 

colonization of Parasutterella enhanced the deamination and chain shortening procedure of 

tryptophan metabolism in the gut. On the other hand, the concentration of kynurenic acid and 

nicotinic acid generated from the kynurenine pathway were reduced by the presence of 

Parasutterella, indicating the impact of Parasutterella colonization on pathway interactions 

in tryptophan metabolism (Figure 4.5D).  

In addition, purine derivatives were identified to be differentiated between the CON 

and PARA group, including inosine, hypoxanthine, and xanthine. Purine derived metabolites 

have been reported to modulate immune responses of immune cells and gut mucosal barrier 

(55, 56). A study using mouse DSS-induced colitis model identified that hypoxanthine 

potentially modulates the energy balance of intestinal epithelium and performs a critical role 

in maintaining intestinal barrier function (56). Therefore, in the current study, the elevated 

level of hypoxanthine resulting from Parasutterella colonization may exert potential 

beneficial effects on the intestinal mucosal homeostasis. Inosine has been reported to inhibit 

the Treg cell deficiency-induced autoimmunity in mice and the administration of 

Lactobacillus reuteri restored the reduction of plasma inosine (57). The restored plasma 

inosine was associated with decreased levels in feces, implying that L. reuteri may promote 

the absorption of inosine in the intestine (57). In the current study, the cecal abundance of 

inosine was significantly reduced (74.4-fold change) by the presence of Parasutterella, which 

may indicate a potential alteration in plasma inosine level and immunomodulatory effects. 

Future work integrating blood metabolomics approach will be helpful to underpin the effect 

of Parasutterella colonization on systematic metabolism and function.  
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Bile acids, in addition to facilitate the absorption of lipid-soluble nutrients in the 

intestine, have been recognized as important endocrine signaling molecules that impact host 

physiology, including metabolic processes (58, 59). In the current study, bile acid metabolism 

was changed in Parasutterella colonized mice as indicated by the reduced abundance of 

detected primary bile acids (CA and TCA) and certain secondary bile acids (TDCA, 7-keto 

DCA, and glycol-LCA) in cecal contents. The genus Parasutterella has been inversely 

correlated with fecal deoxycholic acid (DCA) and lithocholic acid (LCA) levels in a non-

alcoholic steatohepatitis-hepatocellular carcinoma mouse model (9). Another study using a 

humanized microbiota mouse model showed a positive association between Parasutterella 

and beta-muricholic acid as well as 7-ketoDCA in feces (38). Patients with recurrent 

Clostridium difficile infection who were cured by autologous fecal microbiota transplantation 

had increased relative abundance of Clostridium XIVa members, Holdemania, and 

Parasutterella. The authors hypothesized that these taxa may play an active role in bile acid 

metabolism, especially the secondary bile acid biosynthesis (39). In addition, a remarkable 

reduction of Parasutterella excrementihominis in alcoholic hepatitis (AH) patients suggested 

that Parasutterella species may exert protective effects on liver health (40). Interestingly, the 

secondary bile acid ursodeoxycholic acid (UDCA) was identified as a hepatoprotective 

molecule in the healthy control group (40), which may indicate a correlative relationship 

between the presence of Parasutterella and increased secondary bile acid in healthy people. 

In agreement with these previous reports, our results showed that Parasutterella participated 

in bile acid metabolism, however, due to the limitation of chromatographic conditions in the 

current study we were unable to demonstrate changes in all bile acid species. In addition, bile 

acid metabolism is a complex biochemical process including multiple reactions performed by 



   

187 
 

diverse gut microbes. Even though our study used a well-controlled system by adding one 

single bacterium to a mature microbial community, we could not eliminate the microbial 

interaction in bile acid transformation. The changes in detected bile acid metabolites may be 

attributed to the colonization of Parasutterella itself or indirect consequences such as altering 

the activities of other bacteria by Parasutterella. Due to a paucity of information regarding 

the capability of Parasutterella to utilize bile acids, future work will focus on the mechanism 

driving altered bile acid metabolism by Parasutterella colonization.  

Consistent with bile acid modifications, the gene expression of ileal bile acid 

transporters, including Ibabp and Ostβ, was decreased. I-BABP actively interacts with FXR 

signaling pathway to modulate FXR expression in the small intestine (60) and the Ost-α/β 

complex can be induced by FXR as well as bile acids (61). Moreover, FXR has been reported 

to be antagonized by certain bile acids such as the tauro-conjugated muricholic acid (T-MCA) 

in mice, and consequently modulate the expression of Cyp7a1 in the liver (20, 59). In the 

current study, the reduction in gene expression of bile acid transporters as well as the 

inhibition of FXR signaling pathway matched the elevated expression of liver Cyp7a1 gene, 

which revealed that the colonization of Parasutterella modified bile acid metabolites and 

thereby impacted bile acid transport and synthesis. These effects on bile acid transporters and 

FXR signaling pathway may be exerted directly by Parasutterella or indirectly via microbial 

interactions. Additionally, there was no significant difference in serum cholesterol levels 

between the CON and PARA group, which may be explained by the normal physiological 

state of mice. Future studies incorporating a HFD treatment will be helpful to investigate the 

effect of Parasutterella-induced Cyp7a1 expression on host physiology.  
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In summary, the result demonstrated the potential metabolic functionality of 

Parasutterella as a member of the gut microbiota. It is the first study to reveal the chemical 

‘fingerprint’ of Parasutterella and highlight the potential to impact the host physiology via 

modulating the abundance or the function of commensal bacteria in the gut. Additionally, the 

controlled model system of adding a single commensal microorganism to a complex 

community can be applied to investigate other commensal species of interest.  
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Table 4.1. Primers for PCR and qPCR assays 

Targeted gene Primer Oligonucleotides sequences (5'-3') Ref 

Parasutterella 16S rRNA Paraf AACGTRTCCGCTCGTGGGGGAC 
NA Parar CGGAATAGCTGGATCAGGCTTG 

Eubacterial 16S rRNA  27f GGTTACCTTGTTACGACTT 
1 1492r GGTTACCTTGTTACGACTT 

Mrp2 Forward GGATGGTGACTGTGGGCTGAT 
2 Reverse GGCTGTTCTCCCTTCTCATGG 

Mrp3 Forward TCCCACTTTTCGGAGACAGTAAC 
2 Reverse ACTGAGGACCTTGAAGTCTTGGA 

Ostα Forward TGTTCCAGGTGCTTGTCATCC 
2 Reverse CCACTGTTAGCCAAGATGGAGAA 

Ostβ Forward GATGCGGCTCCTTGGAATTA 
2 Reverse GGAGGAACATGCTTGTCATGAC 

Ibat Forward ACCACTTGCTCCACACTGCTT 
2 Reverse CGTTCCTGAGTCAACCCACAT 

Ibabp Forward CAGGAGACGTGATTGAAAGGG 
2 Reverse GCCCCCAGAGTAAGACTGGG 

Fxr Forward TCCAGGGTTTCAGACACTGG 
2 Reverse GCCGAACGAAGAAACATGG 

Shp Forward CGATCCTCTTCAACCCAGATG 
2 Reverse AGGGCTCCAAGACTTCACACA 

Fgf15 Forward ACGTCCTTGATGGCAATCG 
2 Reverse GAGGACCAAAACGAACGAAATT 

Cyp7a1 Forward GGGATTGCTGTGGTAGTGAGC 3 
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Cyp7a1 Reverse GGTATGGAATCAACCCGTTGTC 3 

Cyp8b1 Forward CCTCTGGACAAGGGTTTTGTG 
3 Reverse GCACCGTGAAGACATCCCC 

Cyp27a1 Forward CCAGGCACAGGAGAGTACG 
3 Reverse GGGCAAGTGCAGCACATAG 

Beta-actin Forward CTGTCCCTGTATGCCTCTG 
3 Reverse ATGTCACGCACGATTTCC 
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Table 4.2. Quality metrics of the whole genome sequence of Parasutterella mc1 

Isolate ID Accession Number Total Raw Reads N50 Number of Contigs 
Parasutterella mc1 SRP157402 6,489,082 57,492 130 
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Table 4.3. Detected features present in cecal contents from the CON and PARA group by UPLC-FTMS equipped with C4, C18, and HILIC 

column 

Treatment Method Number of  Min mass Max mass  Min retention time  Max retention time 
    detected features (m/z)  (m/z) (min)  (min) 

CON C4, UPLC-FTMS-ESI- 1995 201.113 991.6229 1.15 19.05 
PARA C4, UPLC-FTMS-ESI- 1995 201.113 991.6229 1.15 19.05 
CON C4, UPLC-FTMS-ESI+ 1670 105.0699 1050.7123 3.19 17.34 

PARA C4, UPLC-FTMS-ESI+ 1670 105.0699 1050.7123 3.19 17.34 
CON C18, UPLC-FTMS-ESI- 2165 105.0016 1101.648 0.91 33.16 

PARA C18, UPLC-FTMS-ESI- 2165 105.0016 1101.648 0.91 33.16 
CON C18, UPLC-FTMS-ESI+ 2105 95.0491 918.6891 0.90 33.07 

PARA C18, UPLC-FTMS-ESI+ 2105 95.0491 918.6891 0.90 33.07 
CON HILIC, UPLC-FTMS-ESI- 429 87.0452 665.2128 0.91 8.00 

PARA HILIC, UPLC-FTMS-ESI- 429 87.0452 665.2128 0.91 8.00 
CON HILIC, UPLC-FTMS-ESI+ 626 90.0549 708.2557 1.00 8.89 

PARA HILIC, UPLC-FTMS-ESI+ 626 90.0549 708.2557 1.00 8.89 
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Table 4.4. Identified features with significantly different abundance between the CON and PARA group by different UPLC-FTMS method 

(Significances were defined as q-value less than 0.05) 

Comparison Method Sample type Number of significant features 
CON vs. PARA C4, UPLC-FTMS-ESI- Cecal content 13 
CON vs. PARA C4, UPLC-FTMS-ESI+ Cecal content 0 
CON vs. PARA C18, UPLC-FTMS-ESI- Cecal content 105 
CON vs. PARA C18, UPLC-FTMS-ESI+ Cecal content 12 
CON vs. PARA HILIC, UPLC-FTMS-ESI- Cecal content 0 
CON vs. PARA HILIC, UPLC-FTMS-ESI+ Cecal content 2 
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Table 4.5. Identified cecal metabolites that were significantly different between the CON and PARA group generated by six chromatographic 

conditions (Significances were defined as q-value less than 0.05) 

UPLC-FT/MS C4-ESI-      
No. Mass RT* Mean (SD) Mean (SD) P value q-value CON/PARA Assigned metabolite 

  (min) of CON of PARA (original) (FDR)   
1 355.1575 10.23 -0.859 (0.512) 0.859 (0.441) 0 0 Down No match 
2 374.1315 10.23 -0.845 (0.621) 0.845 (0.354) 0.00001 0.002 Down No match 
3 381.1732 10.50 -0.873 (0.480) 0.873 (0.414) 0 0 Down No match 
4 383.1888 11.13 -0.883 (0.492) 0.883 (0.344) 0 0 Down No match 
5 402.1627 11.13 -0.868 (0.533) 0.868 (0.368) 0 0 Down No match 
6 442.0892 10.50 -0.856 (0.465) 0.856 (0.502) 0.00001 0.002 Down No match 
7 507.2043 5.44 -0.795 (0.516) 0.795 (0.657) 0.00010 0.0171 Down No match 
8 558.1728 12.67 -0.829 (0.692) 0.829 (0.302) 0.00012 0.0179 Down No match 
9 584.1883 12.75 -0.816 (0.733) 0.816 (0.292) 0.00023 0.0249 Down No match 

10 586.1853 12.75 -0.812 (0.740) 0.812 (0.294) 0.00025 0.0249 Down No match 
11 591.3173 7.63 -0.770 (0.644) 0.770 (0.610) 0.00023 0.0249 Down Mesobilirubinogen 

12 592.3208 7.63 -0.768 (0.658) 0.768 (0.601) 0.00024 0.0249 Down 
M+1 isotopic peak of  
Mesobilirubinogen 

13 779.5617 11.65 0.749 (0.492) -0.749 (0.786) 0.00043 0.0396 Up 
Phosphatidic acid 

(42:4) 
         

UPLC-FT/MS C4-ESI+       
No significance        
UPLC-FT/MS C18-ESI-       
No. Mass RT* Mean (SD) Mean (SD) P value q-value CON/PARA Assigned metabolite 

  (min) of CON of PARA (original) (FDR)   
1 105.0016 4.60 -0.827 (0.680) 0.827 (0.344) 0.00003 0.0016 Down S-Methylthioglycolate 
2 107.0503 6.23 0.675 (0.050) -0.675 (1.049) 0.00268 0.0406 Up p-Cresol 
3 108.0204 1.75 -0.827 (0.678) 0.827 (0.349) 0.00003 0.0016 Down No match 
4 111.02 1.05 0.568 (0.111) -0.568 (1.181) 0.00295 0.0406 Up Uracil 
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5 111.0201 1.87 -0.776 (0.802) 0.776 (0.353) 0.0006 0.0134 Down Uracil 
6 111.0202 1.47 0.942 (0.203) -0.942 (0.272) 0 0 Up Uracil 
7 113.0244 0.92 -0.912 (0.298) 0.912 (0.393) 0 0 Down No match 
8 117.0557 3.68 -0.817 (0.688) 0.817 (0.380) 0.00004 0.0019 Down 3-Hydroxyisovaleric acid  
9 119.0503 7.80 0.949 (0.118) -0.949 (0.264) 0 0 Up p-Tolualdehyde or 4-Hydroxystyrene 

10 121.0659 7.81 -0.746 (0.846) 0.746 (0.392) 0.00047 0.0117 Down Ethylphenol 
11 122.0248 1.48 0.767 (0.178) -0.767 (0.875) 0.00146 0.0253 Up Niacin (Nicotinic acid)-vitamin 
12 124.0073 0.91 -0.809 (0.704) 0.809 (0.391) 0.00016 0.0053 Down Taurine 
13 125.0356 2.22 0.765 (0.547) -0.765 (0.710) 0.00027 0.0083 Up Thymine 
14 126.0031 0.91 0.953 (0.142) -0.953 (0.220) 0 0 Up No match 
15 129.0557 4.69 -0.895 (0.395) 0.895 (0.394) 0 0 Down No match 
16 133.0295 8.27 -0.722 (0.754) 0.722 (0.619) 0.00091 0.0191 Down No match 
17 134.0373 8.27 -0.686 (0.820) 0.686 (0.628) 0.00109 0.0205 Down No match 
18 134.0611 5.42 -0.889 (0.443) 0.889 (0.372) 0 0 Down No match 
19 135.0122 2.20 0.719 (0.180) -0.719 (0.964) 0.00374 0.0464 Up No match 
20 135.0311 1.61 -0.726 (0.911) 0.726 (0.328) 0.00109 0.0205 Down Hypoxanthine 
21 138.056 5.08 -0.682 (0.863) 0.682 (0.580) 0.00109 0.0205 Down No match 
22 139.1128 11.92 0.747 (0.507) -0.747 (0.782) 0.00062 0.0134 Up No match 
23 144.0454 9.20 0.927 (0.225) -0.927 (0.360) 0 0 Up No match 
24 144.0455 6.93 0.765 (0.380) -0.765 (0.813) 0.00027 0.0083 Up No match 
25 145.0506 4.01 0.866 (0.310) -0.866 (0.576) 0 0 Up No match 
26 145.0659 6.11 0.726 (0.632) -0.726 (0.733) 0.00295 0.0406 Up No match 
27 146.0611 6.93 -0.846 (0.458) 0.846 (0.544) 0.00001 0.0007 Down No match 
28 151.0259 1.75 -0.730 (0.306) 0.730 (0.912) 0.00227 0.0359 Down 6,8-Dihydroxypurine 
29 151.0261 1.09 0.923 (0.236) -0.923 (0.377) 0 0 Up Xanthine 
30 152.0292 1.75 0.720 (0.163) -0.720 (0.965) 0.00375 0.0464 Up No match 
31 158.0822 3.27 -0.710 (0.847) 0.710 (0.524) 0.00124 0.0224 Down 3-isovalerylglycine 
32 160.0403 6.70 -0.705 (0.832) 0.705 (0.560) 0.00137 0.0240 Down Indole-3-carboxylic acid 
33 160.0404 5.20 -0.720 (0.642) 0.720 (0.738) 0.00095 0.0196 Down Indole-2-carboxylic acid 
34 162.0559 7.58 -0.748 (0.737) 0.748 (0.568) 0.00046 0.0117 Down 3-Methyldioxyindole 
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35 163.0592 5.42 -0.774 (0.696) 0.774 (0.539) 0.00021 0.0068 Down No match 
36 164.9863 0.98 0.934 (0.123) -0.934 (0.365) 0 0 Up No match 
37 165.0749 2.76 0.781 (0.661) -0.781 (0.558) 0.00016 0.0053 Up No match 
38 171.1502 2.22 0.788 (0.123) -0.788 (0.841) 0.00104 0.0205 Up No match 
39 173.0818 3.06 0.732 (0.182) -0.732 (0.941) 0.00295 0.0406 Up No match 
40 173.0818 7.79 -0.746 (0.840) 0.746 (0.407) 0.00048 0.0118 Down Suberic acid 
41 177.0225 4.60 -0.897 (0.148) 0.897 (0.530) 0.00001 0.0007 Down No match 
42 180.0334 1.69 -0.823 (0.404) 0.823 (0.656) 0.00003 0.0016 Down No match 
43 180.0335 0.99 -0.830 (0.496) 0.830 (0.568) 0.00002 0.0012 Down No match 
44 181.0539 2.92 -0.755 (0.580) 0.755 (0.709) 0.00037 0.0102 Down No match 
45 187.0069 3.75 0.889 (0.231) -0.889 (0.532) 0.00001 0.0007 Up p-Cresol sulfate 
46 187.1086 2.73 0.698 (0.578) -0.698 (0.833) 0.00161 0.0271 Up Nε-Acetyl-L-lysine 
47 188.0351 3.63 0.829 (0.690) -0.829 (0.308) 0.00295 0.0406 Up Kynurenic acid 
48 190.0542 4.52 -0.896 (0.197) 0.896 (0.521) 0.00016 0.0053 Down N-Acetyl-DL-methionine 
49 192.0426 13.32 0.942 (0.194) -0.942 (0.279) 0 0 Up No match 
50 195.0521 2.51 0.709 (0.565) -0.709 (0.821) 0.00126 0.0224 Up No match 
51 196.0072 6.86 -0.801 (0.143) 0.801 (0.809) 0.00062 0.0134 Down No match 
52 196.0613 5.02 -0.873 (0.162) 0.873 (0.611) 0.00016 0.0053 Down N-Hydroxy-L-tyrosine (DOPA) 
53 201.113 11.90 -0.699 (0.643) 0.699 (0.784) 0.0016 0.0271 Down Sebacic acid 
54 202.1083 3.79 0.725 (0.240) -0.725 (0.940) 0.00297 0.0406 Up N-lactoyl-Leucine 
55 207.0119 8.51 -0.826 (0.103) 0.826 (0.757) 0.00042 0.0109 Down No match 
56 207.0489 5.44 -0.786 (0.729) 0.786 (0.446) 0.00013 0.0053 Down No match 
57 209.0851 7.12 -0.666 (0.861) 0.666 (0.622) 0.00321 0.0430 Down 2-Ethyl-1-hexanol sulfate 
58 218.1032 3.46 -0.728 (0.374) 0.728 (0.890) 0.00191 0.0310 Down Pantothenic acid (vitamin) 
59 220.0613 8.12 -0.665 (0.817) 0.665 (0.682) 0.00329 0.0434 Down Methyl dioxindole-3-acetate 
60 221.1544 22.68 -0.820 (0.345) 0.820 (0.698) 0.00004 0.0019 Down No match 

61 222.0405 2.79 0.848 (0.248) -0.848 (0.661) 0.00295 0.0406 Up N-acetyl-L-2-aminoadipate (2-) 
or 2-(Malonylamino) benzoic acid 
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62 223.0609 8.39 -0.852 (0.288) 0.852 (0.632) 0.00001 0.0007 Down 
2-[(4-hydroxyphenyl)methyl]butanedioic 

acid 

        
(may generated from metabolism of 

flavonoids in vivo) 
63 225.0073 6.40 -0.780 (0.126) 0.780 (0.859) 0.00126 0.0224 Down No match 
64 227.1286 14.31 -0.881 (0.212) 0.881 (0.568) 0.00002 0.0012 Down Traumatic acid 
65 229.1442 15.65 0.810 (0.293) -0.810 (0.746) 0.00062 0.0134 Up Dodecanedioic acid 
66 235.1084 3.53 0.660 (0.493) -0.660 (0.951) 0.00363 0.0462 Up N-Acetyl-5-methoxykynuramine 
67 237.0911 2.40 -0.759 (0.086) 0.759 (0.905) 0.00204 0.0327 Down No match 
68 237.0989 2.80 -0.871 (0.213) 0.871 (0.604) 0.00004 0.0019 Down No match 
69 239.1285 7.48 -0.661 (0.548) 0.661 (0.919) 0.00358 0.0460 Down No match 
70 241.0867 14.58 0.821 (0.639) -0.821 (0.439) 0.00016 0.0053 Up Equol 
71 242.1758 14.57 0.784 (0.340) -0.784 (0.788) 0.00049 0.0118 Up N-Undecanoylglycine 
72 243.1962 22.87 0.724 (0.728) -0.724 (0.643) 0.00086 0.0183 Up 2-Hydroxymyristic acid 
73 249.091 1.79 0.729 (0.118) -0.729 (0.956) 0.00342 0.0444 Up Methionyl-Threonine 
74 255.0659 11.53 0.718 (0.929) -0.718 (0.317) 0.00295 0.0406 Up No match 
75 255.066 7.31 -0.665 (0.783) 0.665 (0.721) 0.00331 0.0434 Down No match 
76 255.1598 17.81 0.919 (0.283) -0.919 (0.361) 0 0 Up di-Hydroxytetradecanedioic acid 
77 256.0588 0.95 -0.743 (0.117) 0.743 (0.932) 0.00267 0.0406 Down No match 

78 262.0862 3.79 0.836 (0.661) -0.836 (0.327) 0.00016 0.0053 Up 
Methionyl-Asparagine or its isomers  

(small peptide) 
79 263.0437 2.14 -0.743 (0.725) 0.743 (0.596) 0.00031 0.0089 Down No match 
80 265.1475 30.60 -0.786 (0.109) 0.786 (0.848) 0.00113 0.0210 Down No match 
81 267.073 2.62 0.878 (0.263) -0.878 (0.558) 0.00016 0.0053 Up Inosine 
82 267.073 3.13 -0.751 (0.450) 0.751 (0.808) 0.00042 0.0109 Down Inosine 
83 267.0903 5.16 0.791 (0.335) -0.791 (0.776) 0.00041 0.0109 Up No match 
84 269.0451 13.71 0.951 (0.236) -0.951 (0.146) 0 0 Up Trihydroxyflavone 
85 270.1271 16.54 0.793 (0.387) -0.793 (0.746) 0.00109 0.0205 Up Apigenin or Genistein 
86 271.2274 25.53 -0.874 (0.167) 0.874 (0.607) 0.00005 0.0022 Down 2-hydroxyhexadecanoic acid 
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87 273.0763 13.69 0.881 (0.446) -0.881 (0.414) 0 0 Up 
3-(4-hydroxyphenyl)-3,4-dihydro-2H-1-

benzopyran-4,6,7-triol 
        (flavonoid metabolite) 

88 282.0838 2.29 -0.782 (0.195) 0.782 (0.841) 0.00100 0.0203 Down 8-Hydroxy-deoxyguanosine or guanosine 
89 283.0244 14.83 -0.806 (0.268) 0.806 (0.766) 0.00037 0.0102 Down No match 
90 285.1703 6.56 -0.668 (0.948) 0.668 (0.476) 0.00313 0.0423 Down No match 
91 285.1703 8.56 -0.695 (0.572) 0.695 (0.843) 0.00173 0.0288 Down No match 
92 286.6217 16.08 -0.659 (0.777) 0.659 (0.739) 0.00368 0.0464 Down No match 
93 287.6115 11.83 0.874 (0.578) -0.874 (0.248) 0.00031 0.0089 Up No match 
94 291.0541 6.52 -0.729 (0.202) 0.729 (0.941) 0.00297 0.0406 Down No match 
95 291.121 11.93 -0.744 (0.098) 0.744 (0.931) 0.00265 0.0406 Down No match 
96 294.6012 12.41 -0.388 (1.329) 0.388 (0.179) 0.00186 0.0306 Down No match 
97 299.2585 25.00 0.775 (0.871) -0.775 (0.105) 0.00031 0.0089 Up Hydroxystearic acid 
98 307.0715 12.45 0.600 (1.148) -0.600 (0.058) 0.00062 0.0134 Up No match 
99 321.0643 4.67 0.787 (0.602) -0.787 (0.603) 0.00013 0.0053 Up No match 

100 325.1837 30.61 -0.673 (0.475) 0.673 (0.939) 0.00281 0.0406 Down No match 
101 327.217 16.81 0.802 (0.753) -0.802 (0.324) 0.00062 0.0134 Up hydroxy-fatty acid (FA), C18H34O6 
102 329.0659 14.20 -0.786 (0.657) 0.786 (0.547) 0.00295 0.0406 Down Flavonoid related metabolite 
103 342.2643 24.69 0.879 (0.569) -0.879 (0.231) 0.00002 0.0012 Up Dodecanoylcarnitine 
104 482.2573 10.85 0.831 (0.543) -0.831 (0.521) 0.00002 0.0012 Up No match 
105 503.3367 15.04 0.808 (0.523) -0.808 (0.615) 0.00006 0.0026 Up No match 

         
UPLC-FT/MS C18-ESI+       
No. Mass RT* Mean (SD) Mean (SD) P value q-value CON/PARA Assigned metabolite 

  (min) of CON of PARA (original) (FDR)   
1 251.1642 6.55 0.695 (0.750) -0.695 (0.691) 0.00016 0.0288 Up No match 
2 269.1747 6.55 0.666 (0.804) -0.666 (0.695) 0.00031 0.0391 Up No match 
3 284.2947 29.16 -0.748 (0.601) 0.748 (0.709) 0.00045 0.0473 Down Sphingosine (m18:1) 
4 327.2682 18.54 -0.840 (0.434) 0.840 (0.585) 0.00001 0.0063 Down 1-Phenyl-1,3-heptadecanedione 
5 352.193 28.84 0.796 (0.478) -0.796 (0.683) 0.00009 0.0284 Up No match 
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6 355.2633 18.54 -0.841 (0.452) 0.841 (0.566) 0.00001 0.0063 Down 5beta-Chola-3,8(14),11-trien-24-oic Acid 
7 372.2617 16.43 0.743 (0.240) -0.743 (0.908) 0.00016 0.0288 Up No match 
8 373.2738 18.54 -0.808 (0.474) 0.808 (0.653) 0.00006 0.0252 Down 3-Oxo-5β-chol-1-en-24-oic Acid 

9 378.2089 29.19 0.750 (0.604) -0.750 (0.702) 0.00016 0.0288 Up 

(6RS)-22-oxo-23,24,25,26,27-
pentanorvitamin D3 

6,19-sulfur dioxide adduct 
10 393.2094 6.54 0.766 (0.811) -0.766 (0.377) 0.00026 0.0365 Up No match 
11 498.3247 15.02 0.752 (0.590) -0.752 (0.708) 0.00040 0.0459 Up No match 
12 592.3211 16.06 -0.776 (0.794) 0.776 (0.370) 0.00019 0.0300 Down No match 

         
FT/MS HILIC-ESI-       
No significance       

         
FT/MS HILIC-ESI+       
No. Mass RT* Mean (SD) Mean (SD) P value q-value CON/PARA Assigned metabolite 

  (min) of CON of PARA (original) (FDR)   
1 195.1228 1.01 -0.786 (0.367) 0.786 (0.773) 0.00014 0.0328 Down No match 
2 239.149 1.00 -0.802 (0.501) 0.802 (0.649) 0.00007 0.0328 Down No match 

*RT: retention time      



   

206 
 

 

Figure 4.1. A) The timeline for mouse colonization study. C57BL/6J mice, screened and 

identified as Parasutterella-free individuals, were exposed to the murine isolate/PBS and 

euthanized after six weeks. B) Maximum likelihood phylogenetic tree based on 16S rRNA 

gene sequences of the mouse Parasutterella isolate and type strains within the family 

Sutterellaceae. Sequence belonging to the E. coli type strain was used as the outgroup. For 

each node bootstrap values (1,000 replicates) greater than 50% are indicated. C) The body 

weight of the CON and PARA group during the experimental period. For all treatment 

groups, n = 8. Data are shown as mean ± SEM. D) Quantified succinate concentration in the 

broth culture with human, rat and mouse Parasutterella isolate.   
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Figure 4.2. Morphology, metabolite production and whole genome visualization of 

Parasutterella mc1. A) Top: Colonies of Parasutterella mc1 formed on fastidious anaerobic 

agar (FAA, left) and GAM agar (right), respectively. Bright field, magnification, 100x; Scale 
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bars, 400 μm. Bottom: Scanning electron microscopy (SEM) micrographs of Parasutterella 

mc1 grown on GAM agar, showing 15,000x (left) and 20,000x (right) magnification, 

respectively. B) HPLC chromatogram showing metabolite profile in GAM broth with 

Parasutterella mc1 collected at 0 h, 24 h, 48 h, 72 h, and 96 h. C) Circular genome map of 

Parasutterella mc1 generated with CGView comparison tools. From the outer to inner 

circles: the first (outermost) and fourth ring depicting Clusters of Orthologous Groups (COG) 

categories of protein coding genes on the forward and reverse strands, respectively. The 

second and third rings show the location of protein coding, tRNA, and rRNA genes on the 

forward and reverse strands, respectively. The fifth, sixth, seventh, and eighth ring depict 

BLAST comparisons (expected threshold = 0.1) between Parasutterella mc1 coding 

sequences (CDS) translations and the translation from Parasutterella mc1, Turicimonas 

muris YL45 (ASM222159v1), Parasutterella excrementihominis YIT 11859 (ASM20502v1), 

and Parasutterella excrementihominis CAG:233 (MGS233), respectively. The ninth ring 

(black plot) depicts GC content and the innermost plot represents GC skew. Both base 

composition plots were generated using a sliding window of 10,000 nt.  
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Figure 4.3. Selected genomic features of Parasutterella mc1. Predicted metabolic pathways 

and physiological capabilities are shown based on the annotation of the draft genome. 

Periplasma (gray) and cytoplasma (light gray) are shown bounded by outer and inner 

membranes, respectively.  

PRPP, Phosphoribosyl pyrophosphate; PGP, Phosphatidylglycerophosphate; PS, 

Phosphatidylserine; PE, Phosphatidylethanolamine; PG, Phosphatidylglycerol; Fdh, Formate 

dehydrogenase; Soe, Sulfite dehydrogenase (quinone) 
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Figure 4.4. The comparison of metabolite concentrations between the GAM broth (white bar) and the Parasutterella culture (black 

bar) collected at 48 h of growth. The identification and quantification of metabolites were conducted by NMR.
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Figure 4.5. A) Enumeration of Parasutterella in GAM, GAM supplemented with asparagine 

(Asn), and GAM supplemented with Asn plus aspartate (Asp) at 72 h of growth. Asn and Asp 

were added at 48 h of growth. For all treatment group, n = 3. Data are shown as mean ± SEM. 

*, P < 0.05. B) qPCR quantification of Parasutterella 16S rRNA gene copies in feces of 

CON and PARA mice. Results are expressed as log10 16S rRNA gene copies per gram of 

feces and 5 log10 copy numbers was set as the detection of limit (Ct = 34). For each 

treatment group, n = 8. Data are shown as mean ± SEM. **, P < 0.01. C) Succinate 
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concentration in cecal contents from CON and PARA mice. Boxes represent the 25th to 75th 

percentile and lines within boxes represent the median. Circles represent values beyond 1.5 

times the interquartile range. n = 8. P = 0.049. D) Potential pathways for tryptophan-indole 

metabolism by the host and gut microbiota (adapted from Reference 46, 49). The red color 

denoted tryptophan metabolites in cecal contents with increased abundance by Parasutterella 

colonization, while the blue color denoted decreased tryptophan metabolites by 

Parasutterella colonization. 
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Figure 4.6. Microbial structural analysis of contents collected from different intestinal 

segments. A) PCoA plot of bacterial communities based on a Bray-Curtis dissimilarity 

matrix. Colors represent intestinal sites and within the same intestinal site, each point 
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represents an individual mouse. For all treatment groups, n = 8. B) Alpha diversity analysis of 

bacterial communities in ileal, cecal, and colonic contents of mice. All contents were 

harvested six weeks after Parasutterella/PBS administration. Data are shown as mean ± 

SEM. C) Bar chart indicating microbial community profiles between groups, summarized 

down to the genus level. Microbial compositions of two groups before experimental treatment 

are labeled as CON_PRE and PARA_PRE.  
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Figure 4.7. Parasutterella colonization altered the cecal metabolite profile. A) PCA plot of 

features that were detected from the CON and PARA group. Cecal metabolite features were 

generated from six chromatographic conditions (n = 8 per treatment). Each dot represents an 
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individual mouse. B) Heatmap of changed features detected from cecal samples based on the 

C18-ESI- dataset. Features significantly increased or decreased in the PARA group compared 

to the CON group are shown, q-value < 0.05. Each column represents an individual mouse (n 

= 8 per treatment).  
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Figure 4.8. PCA plot of features that were differently presented between the CON and PARA group analyzed by Student’s t-test. 

Cecal metabolite features were generated from six chromatographic conditions (n = 8 per treatment). Each dot represents an 

individual mouse.  
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Figure 4.9. Parasutterella colonization induced changes in cecal metabolites. Changed 

metabolites associated with tryptophan metabolism (3-Methyldixyindole, indole-3-carboxylic 

acid, indole-2-carboxylic acid, kynurenic acid, and nicotinic acid), tyrosine metabolism (p-
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Cresol, p-Cresol sulfate, and N-Hydroxy-L-tyrosine or DOPA), and purine metabolism 

(inosine, hypoxanthine, and xanthine). Data are presented as box plots, where boxes represent 

the 25th to 75th percentile and lines within boxes represent the median. Circles represent 

values beyond 1.5 times the interquartile range. Significance was indicated as follows, ##, q-

value < 0.01; #, q-value < 0.05. Eight biological replicates from CON and PARA mice were 

plotted.  
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Figure 4.10. Bile acid metabolites and host gene expression. A) Changes in bile acid 

derivatives in cecal contents of the CON and PARA group. Normalized values are presented 



 
 
 

222 
 
 
 

as box plots, where boxes represent the 25th to 75th percentile and lines within boxes 

represent the median. Circles represent values beyond 1.5 times the interquartile range. Eight 

biological replicates from CON and PARA mice were plotted for taurine, CA, TCA, TDCA, 

7-ketoDCA or its isomers, and Glyco-LCA sulfate. ##, q-value < 0.01. B) qPCR assay results 

of gene expression. Top left: Ileal bile acid transporters including Mrp2, Mrp3, Ostα, Ostβ, 

Ibat, and Ibabp. Top right: Ileal FXR signaling pathway including Fxr, Shp, and Fgf15.  

Bottom left: Liver FXR and bile acid synthesis genes including Shp, Fxr, Cyp7a1, Cyp8b1, 

and Cyp27a1. Bottom right: Serum cholesterol concentration of CON and PARA mice. For 

all treatment group, n = 8. Data are shown as mean ± SEM. **, P < 0.01; *, P < 0.05. 
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Figure 4.11. Colonic cytokine analysis results of IL-1β, IFN-γ, IL-10, IL-2, TNF-α, KC/GRO, IL-6, IL-5, IL-12p70, and IL-4. 

Colonic tissue samples were collected six weeks after Parasutterella/PBS treatment. For all treatment groups, n = 8. Data are 

shown as mean ± SEM.  
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Figure 4.12. Top features ranked by PLS-DA VIP scores. Cecal metabolite features were generated from six chromatographic 

conditions (n = 8 per treatment). Features were indicated by the m/z value and the retention time (min).   
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5. CHAPTER 5: HOST SPECIFICITY OF PARASUTTERELLA STRAINS IN THE 

INTESTINAL COLONIZATION 

5.1. Introduction 

The symbiotic relationship between gut microbes and the host ranges from the 

mutualism and commensalism to parasitism (1). The mechanism shaping the microbial 

symbiosis in the gastrointestinal tract (GIT) remains to be fully elucidated. While the gut 

microbiome has been recognized as a complex and dynamic ecosystem in which microbial 

species are in continual flux, a question remains of how bacterial lineages are selected and what 

makes the community particularly suited to the host (2). From the ecological perspective, 

multiple theories such as the niche theory and the neutral theory have been proposed to explain 

the assembly process of microbial communities (2). The niche theory is based on deterministic 

factors in shaping and maintaining the gut microbial community. In contrast, the neutral theory 

suggests that the assembly of local communities can be explained by stochastic processes, 

considering the fitness of species within communities are functionally equivalent (2). Evidence 

suggests that these theories are jointly responsible for shaping the assembly of the gut 

microbiota (3). 

It has been suggested that the co-speciation exerts a significant effect on the evolution 

of the gut microbial community in mammals, indicating that certain gut microbes may co-

evolve with the host (4). During the assembly process of gut microbial communities, the 

environment presented by the host provides important forces in selecting strains that colonize 

and persist in the gut as a member of communities (5). The adaptation of microbes to a given 

gut environment may play an important role in microbial persistence as it can greatly facilitate 
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the colonization and compete with others (6). Being adapted to the ecological niche featured 

by a variety of characteristics such as specialized nutrient availability and immune 

compartment primarily drives the colonization success of certain microbial lineages (3). 

However, currently our understanding of the host specificity of vertebrate gut symbionts is not 

well understood, and particularly for those microbes that have not been well characterized. 

The host adaptation of gut bacterial species is exemplified by Lactobacillus reuteri, 

which has diversified into distinct phylogenetic lineages inhabiting the gastrointestinal tract 

(GIT) of humans, pigs, mice, rats, and chickens (7). Mono-colonizing germ-free mice with L. 

reuteri demonstrated that the formation of epithelial biofilm in the forestomach depends on the 

host origin of strains (8). Specifically, the adherence to the forestomach epithelium was 

restricted to rodent strains and genes involved in biofilm formation were lineage-specific (8). 

Administering a mixed bacterial culture composed of L. reuteri strains from different host 

origins to germ-free mice showed that rodent strains became predominant, representing a 

significantly higher relative abundance in feces than non-rodent lineages (9). On the 

forestomach epithelium, rodent isolates comprised around 97% of the total L. reuteri 

population, suggesting the host specificity of L. reuteri strains in the ecological niche (10). In 

contrast, the human lineage did not exhibit an elevated ecological fitness in the human study, 

implying the absence of the niche that L. reuteri occupies in the human gut (9). Collectively, 

these results provided clear evidence for the specific evolution of L. reuteri with rodent hosts. 

As a common bacterial inhabitant in GIT, the genus Parasutterella has been found in 

the human and animal gut (11). The unique phylogenetic classification and the diversification 

of Parasutterella make the genus an attractive model microorganism to study the host 
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adaptation of gut commensal bacteria. Previously, we successfully established a mouse model 

harboring a complex microbial community with an absence of Sutterellaceae species to study 

the effect of Parasutterella colonization on host physiology (11). Therefore, in the current 

study, we tried to isolate Parasutterella strains from different hosts and confirmed their ability 

to colonize the established mouse model. A competitive study was subsequently conducted 

using the human and mouse strain to investigate if Parasutterella strains are host-adapted 

during colonization. The findings provided more information about the commensal lifestyle of 

the genus Parasutterella and contributed to the understanding of host-microbe interactions 

from an ecological perspective. 

5.2. Materials and methods 

5.2.1. Strains, media, and growth conditions. Bacterial strains used in this study were 

isolated from human, mouse, chicken, and pig feces. The detailed procedure of isolation has 

been described previously (11). The Gifu Anaerobic Medium (GAM) agar supplemented with 

4 μg/mL oxacillin was used as the selective agar. 

In mouse colonization studies, bacterial strains were cultivated in 5 mL of GAM 

medium at 37°C for 72 h. The culture medium containing approximately 1.0 × 107 colony 

forming units (CFUs)/mL was centrifuged at 5,000 x g for 10 min to harvest bacterial cells. 

Cell pellets were resuspended in 1 x phosphate-buffered saline (PBS) supplemented with 0.05% 

(w/v) L-cysteine and mice were subsequently exposed to bacterial strains by oral gavage. 

5.2.2. 16S rRNA gene amplification for Sanger sequencing. The 16S rRNA gene 

sequence identification of colonies on selective media was conducted by a colony polymerase 

chain reaction (PCR) using primers for bacterial 16S rRNA gene, 27f and 1492r (12). The PCR 
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reaction and program has been described in Chapter 4. Sequences were searched against the 

NCBI 16S rRNA sequence and Ribosomal Database Project database. 

5.2.3. Mice. Six- to ten-week-old Swiss-Webster mice not harboring Sutterellaceae 

species were housed in the Axenic Mouse Research Unit at the University of Alberta. Mice 

were kept under specific pathogen-free (SPF) conditions with sterilized filter-topped ISOCages 

and standard chow diet. Mice were randomly grouped into cages with 3 to 4 mice per cage by 

a blinded lab animal technician and balanced with respect to sex and body weight. To confirm 

if bacterial strains were capable of colonizing the mouse gut, strains isolated from human, 

mouse, pig, and chicken were inoculated to two cages of mice by oral gavage. The colonization 

was detected from feces by assessing the 16S rRNA gene libraries and culture paired with 

colony PCR and Sanger sequencing. 

In the competitive study, cages were allocated into 3 treatments: colonization with the 

mouse Parasutterella strain (M); colonization with the human Parasutterella strain (H), and 

colonization with a mixture of mouse and human strain (HM). Mice were exposed to 

Parasutterella strains by oral gavage with 0.1 mL of the bacterial suspension (1 x 106 CFUs). 

Fecal samples were collected on day 0, 14, and 28. At day 14, the human Parasutterella strain 

was added to the M group whereas the mouse Parasutterella strain was added to the H group. 

The HM group received PBS. The protocols employed were approved by the University of 

Alberta’s Animal Care Committee and in accordance with the guideline of the Canadian 

Council on the Use of Laboratory Animals. 

5.2.4. Characterization of gut microbial composition. DNA was extracted from feces 

after Parasutterella strain inoculation as well as from feces collected at day 0. The microbial 
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composition was assessed using 16S rRNA gene amplicon sequencing of the V3-V4 region on 

the Miseq platform. The DNA extraction, amplicon library construction, paired-end 

sequencing, and data analysis were performed using protocols and pipelines published 

previously (13). 

5.2.5. Comparative pathway analysis. The genome of the mouse strain Parasutterella 

mc1 was assembled as previously described and annotated using PATRIC (11, 14). Human 

strains deposited in PATRIC database including the type strain P. excrementihominis YIT 

11859, P. excrementihominis UBA 11789, and P. excrementihominis UBA 9121 were included 

for comparing key pathways inter-species using PATRIC’s Comparative Pathway Tool. 

5.2.6. Data analysis and visualization. 16S rRNA gene sequences of mouse and 

human Parasutterella share a high similarity. Therefore, the relative abundance of each strain 

from microbial taxonomic profiling data was obtained based on the OTU level. The comparison 

of individual taxa/OTUs between groups was performed using the Kruskal-Wallis test (SAS 

9.4). The permutational multivariate analysis of variance (MANOVA) of the weighted UniFrac 

distance was used to determine the difference in overall microbial composition across the 

treatments (adonis function, vegan package, R v3.4.4). The principal coordinate analysis 

(PCoA) based on a Bray-Curtis dissimilarity matrix was plotted using the phyloseq package (R 

v3.4.4). P values indicate statistical significance as follows: **, P < 0.01; *, P < 0.05. R (v3.4.4) 

and GraphPad Prism was used for visualizing results. 

5.3. Results 

5.3.1. Isolating Parasutterella species from different hosts. The GAM agar 

supplemented with oxacillin performed a high selectivity of Sutterellaceae species. We had 
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successfully isolated Parasutterella species from human, rat, and mouse gut (11). Based on 

previous results from taxonomic profiling by 16S rRNA sequencing, the pig and chicken 

individuals harboring Sutterellaceae species in the gut were targeted. The isolated pig strain 

shares 95.1% 16S rRNA sequence identity with the type strain Duodenibacillus massiliensis 

Marseille-P2968, a new Sutterellaceae species isolated from human duodenum, whereas it 

shares 92.8% identity with the type stain P. secunda YIT 12071 (15). The chicken isolate shared 

high similarity with the type strain P. secunda JCM 16078 (98.8% identity). The result 

demonstrated that strains isolated from pig and chicken are members of the family 

Sutterellaceae and phylogenetically closed to P. secunda. However, due to the limitation of 

identifying new species based on the 16S rRNA gene similarity and a paucity of information 

about Parasutterella species in hosts such as pig, further analysis of genomic features is 

necessary to define the isolate. Human and mouse isolates have been characterized as 

Parasutterella species that share 99% and 93% 16S rRNA sequence identity with P. 

excrementihominis YIT 11859, respectively (Figure 5.1A). 

5.3.2. Colonizing mouse GIT with different Sutterellaceae species. To test if isolates 

with different host origins were capable of colonizing the mouse GIT, Swiss-Webster mice 

were exposed to each isolate by oral gavage. The colonization was checked after two weeks by 

16S rRNA gene PCR amplification from feces and culturing live bacteria. We could not detect 

pig and chicken isolates after exposure, indicating that P. secunda and the pig Sutterellaceae 

strain failed to colonize mouse GIT above our limit of detection (~104 CFUs/g). The human 

and mouse Parasutterella strain rapidly and stably colonized the mouse gut, which is consistent 
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with previous studies conducted in SPF C57BL/6J mice. Therefore, the human and mouse 

Parasutterella strain were selected for the competitive colonization experiment. 

5.3.3. Competitive colonization between human and mouse Parasutterella isolate. 

To perform the competitive colonization study, mice were exposed to the mouse Parasutterella 

strain, the human Parasutterella strain, and a mixture comprising both strains. The timeline for 

the competitive colonization study was described in Figure 5.1B. We characterized the 

microbial composition before and after the colonization with Parasutterella. The 16S rRNA 

gene amplicon sequencing resulted in an average of 22,448 ± 12,420 (mean ± SD) reads per 

sample after the quality control and chimera removal. At day 0, there was no significant 

difference in microbial structure (R2 = 0.147, P = 0.103, adonis) and alpha diversity between 

treatment groups as reflected by Chao1 and Shannon indexes (Figure 5.2). After being exposed 

to Parasutterella strains, at day 14, the microbial structure was significantly different between 

treated groups (R2 = 0.300, P = 0.002). Specifically, there were no difference in microbial 

structure between the M group and HM group, however, microbial communities in the H group 

were significantly shifted from that in the M and HM group. Because human Parasutterella 

did not colonize the HM group this data suggests that the human Parasutterella strain has a 

stronger impact on the intestinal environment and microbial population. After receiving the 

opposing strain in the H and M group at day 14, the difference in microbial structure observed 

vanished when detected at day 28 (R2 = 0.147, P = 0.103).  

To assess the relative abundance of each Parasutterella strain, sequences were assigned 

to taxonomy using RDP Classifier. At day 0, there was no OTU assigned to the family 

Sutterellaceae, validating the available niche in the mouse gut for Parasutterella colonization. 
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At day 14, both the mouse and human Parasutterella were able to colonize the mouse GIT 

when administered separately. However, the mouse Parasutterella showed a better ecological 

fitness as reflected by a higher relative abundance in the gut microbial population compared to 

the human strain in the H group (2.67 ± 2.44% vs. 0.55 ± 0.44%, mean ± SD, P < 0.05). When 

inoculating a mixture of both strains, the mouse Parasutterella outcompeted the human strain 

as the OTU representing the human strain could not be detected in HM mice. In contrast, the 

mouse Parasutterella strain represented the Sutterellaceae family with an average of 4.27 ± 

4.23% (mean ± SD) of the total bacterial population. This phenotype was consistently observed 

at day 28 in the HM group, confirming that the human strain lacks the ability to colonize and 

persist in mouse GIT when the mouse lineage is present. 

The opposing strain was inoculated to the H and M group to investigate if the added 

strain survives in the niche that has been occupied. In mice pre-colonized with the mouse 

Parasutterella strain, the human strain failed to fill in the niche as indicated by the absence of 

human Parasutterella in the M group at day 28. In addition, the inoculation of the human strain 

did not affect the colonization level of the mouse strain. In contrast, in mice pre-colonized with 

the human Parasutterella strain, the human strain became undetected in some individuals after 

the mouse strain colonized. About 40% of mice still harbored the human strain, however, the 

colonization abundance of the human strain was significantly reduced from 0.38 ± 0.17% to 

0.03 ± 0.02% (mean ± SD, P < 0.05) of the microbiota in these mice. The mouse strain became 

the predominant strain in the gut pre-colonized with the human Parasutterella. Taken together, 

these results demonstrated the host adaptation of Parasutterella strains in colonizing mouse 

GIT as the mouse strain is able to outcompete the human lineage. 



 
 
 

233 
 
 
 

In addition, as the colonization of the human strain significantly drove microbial 

communities, we analyzed the difference in the microbial composition at the genus level. The 

relative abundance of genera classified as unclassified_S24-7, unclassified_Clostridiales, 

Ruminoccaceae_other, and unclassified_RF39 was significantly different between the M and 

H group. Specifically, the colonization of the human Parasutterella largely decreased the 

abundance of members from the order Clostridiales. In contrast, the relative abundance of the 

unclassified_S24-7 from Bacteroidales was significantly reduced by mouse strain colonization. 

The relative abundance of these two genera in the M and H group was comparable at day 0, 

indicating the changed microbial profile was induced by the presence of human and mouse 

strain. 

5.3.4. Comparative pathway analysis. The whole genome sequencing of human 

Parasutterella isolate remains to be performed. Due to the high identity of 16S rRNA gene 

sequence between our human isolate and the type strain P. excrementihominis YIT 11859 

isolated from human feces, we used the reported genome of P. excrementihominis YIT 11859 

as well as the other two human strains retrieved from the PATRIC database to conduct the 

comparative pathway analysis. Among representative pathways, human strains share some 

genes that are missing from the mouse lineage, including genes encoding enoyl-CoA hydratase, 

gamma-glutamyltransferase, and an enzyme interconverts keto- and enol- groups. These genes 

are involved in pathways associated with lipid and amino acid metabolism as well as xenobiotic 

biodegradation and metabolism. The type strain P. excrementihominis YIT 11859 contains 

unique genes encoding isomerases and phosphoric diester hydrolases. In contrast, only one 

unique feature was detected in the genome of the mouse strain compared to human strains, 
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which is annotated as a gene encoding acetate/propionate kinase. When searching predicted 

protein sequences against the NCBI database, the enzyme shares 86.5% similarity with the 

propionate kinase in E. coli, however, with low sequence coverage as the predicted enzyme 

contains much fewer amino acids compared to that in E. coli (107 vs. 402 amino acids). These 

genomic features and associated pathways need further experimental validation. 

5.4. Discussion 

The host specificity of gut commensal microbes during intestinal colonization varies 

among microbial species as evidenced by E. coli and L. reuteri. In particular, The genetic 

structure of commensal E. coli lineages is shaped by both the host and the environment as the 

prevalence of phylogenetic groups of E. coli among different hosts is not clearly associated 

with particular hosts (16). In contrast, L. reuteri species have shown host specialization as 

reflected by phenotypic characteristics as well as genomic features (1). However, 

understanding the commensal niche and lifestyle of gut microbes is complex and challenging, 

which requires the integration of ecological and evolutionary perspectives (17). Investigating 

factors shaping the genetic structure of gut commensal microbes will help us develop strategies 

to promote host-microbial mutualism. 

Numerous factors such as diet, environment, host genetics and disease states could 

shape the highly selected microbial community in the GIT (18–20). Reciprocally transplanting 

the gut microbiota into germ-free zebrafish and mouse recipients suggested the selective 

pressure from host genetics and physiology on the maintenance of specific gut microbial 

community (21). In addition, interactions between the dynamics within microbial communities 

and the host habitat contributes to the assembly of the gut microbiota (17). To date, most studies 
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investigating the host specificity of commensal microbes are based on germ-free animals such 

as mice and zebrafish. The model used in the current study incorporated interactions between 

the colonizing habitat and the complex microbial community to investigate the adaptation of 

commensals to a given gut environment. 

Parasutterella species have been widely found in humans and a variety of animals. 

However, our understanding of the genus was mainly based on culture-independent techniques 

and largely relied on 16S rRNA gene sequences. The limited cultivation of Parasutterella 

species from different hosts makes it difficult to characterize the microbial function and its 

interactions with the host. In the current study, we aimed to isolate Parasutterella species from 

multiple hosts as the previously characterized taxonomic profile revealed the presence of 

Parasutterella in hosts in addition to humans and rodents. Using the selective media, we were 

able to successfully isolate Parasutterella species from human, mouse, chicken, and rat GIT, 

however, the characterization of the pig isolate needs further confirmation. The pig and chicken 

isolates failed to colonize the mouse GIT, indicating a highly selected bacterial lineage in the 

family Sutterellaceae. In humans, two species have been identified in the genus Parasutterella 

which are represented by the type strain P. excrementihominis YIT 11859 and P. secunda YIT 

12071 (22, 23). Based on Parasutterella sequences deposited in the RDP database, P. 

excrementihominis seems to be the predominant species harbored in the human population 

whereas no sequences representing P. secunda has been reported in rodents. These results 

suggested the diversification of the genus Parasutterella that may provide evidence supporting 

the co-evolution between the host and gut commensal microbes. 
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We performed a competitive colonization study subsequently using the human and 

mouse Parasutterella strain. Previous experiments indicated that both strains can rapidly and 

stably colonize the mouse GIT with a complex microbiota when administering the bacterial 

cells to the bedding material. To avoid any confounding factors with respect to variations in 

the exposure to bacterial cells, we colonized mice with the strains by oral gavage in this study. 

The mouse and human strain exhibited a similar ecological fitness when they colonized the 

mouse GIT separately. When mice were exposed to a mixture of both strains, the mouse strain 

completely outcompeted the human strain as reflected by undetected human Parasutterella 

sequences in feces. In mouse gut pre-colonized with the mouse strain, the human strain was 

unable to colonize and persist in the gut. On the contrary, the mouse strain was able to occupy 

the niche even though the human strain had colonized. The result is consistent with the niche 

theory that the mouse strain, as a stronger competitor, shows a better fitness in the ecological 

niche than the human strain (2). In addition, it has been shown in zebrafish that the model 

bacterium Aeromona veronii became a more prolific colonizer through later adaptations by 

immigration from the environment and interhost transmission (24). One of the identified traits 

for the improved adaptation was an increased rate of transit into the gut from the environment 

as the rapid colonization could be an advantage to outcompete other colonizers (25). From this 

perspective, the mouse strain may have evolved with multiple traits to become a better 

colonizer in the mouse gut compared to the human strain. 

The human and mouse GIT shares similar compartments, however, with some 

noticeable differences in the structure and physiology. One of the important traits for a microbe 

to colonize the gut is the adaptation to the gut immune system. Previous experiments using 



 
 
 

237 
 
 
 

mouse model colonized with the human strain demonstrated significant increases in the 

expression of colonic genes interleukin-22 (IL-22) and regenerating islet-derived protein 3β 

(Reg3β) (unpublished data), whereas the phenotype was not observed in mouse strain-

colonized mice (11). Therefore, the immune tolerance to host-adapted gut commensals may 

contribute to the success of colonization and persistence. The interaction between strains with 

the host intestinal immune system need to be further investigated. 

The comparative pathway analysis indicated some differences in genomic features 

between human and mouse Parasutterella strains. Human strains contain unique genes 

encoding enoyl-CoA hydratase, Gamma-glutamyltransferase, and an enzyme interconverts 

keto- and enol- groups involving in pathways including lipid and other amino acids metabolism 

as well as xenobiotics biodegradation and metabolism. The annotated gene encoding 

acetate/propionate kinase was unique in the mouse strain. The acetate/propionate kinase in E. 

coli is one of the major routes of propionate production in anaerobic growth, which generates 

propionate from L-threonine (26). However, the protein sequence detected in the mouse 

Parasutterella are much shorter than that in E. coli. In the description of the type strain P. 

excrementihominis YIT 11859, a trace amount of propionate was detected as an end product of 

metabolism (22). In our previous study, we did not observe significant changes in propionate 

or acetate production using High-Performance Liquid Chromatography (HPLC) (11). More 

investigations incorporating an improved sensitivity in analyzing metabolites as well as 

functional validation are necessary to fully understand the metabolism of this gut commensal 

bacterium. These features indicated differences in the genome potential between human and 

mouse strains, however, a more comprehensive analysis of genomes needs to be performed. 
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The colonization of the human and mouse strain induced differences in microbial 

structure, suggesting the strain-specific interaction with local microbial communities. At day 

28, no differences in the microbial structure were observed between groups, which was 

consistent with the successful colonization of the mouse strain in the H group, leading to the 

removal of the human Parasutterella’s impact. Mice colonized with the mouse strain harbored 

a significantly higher abundance of Clostridiales, whereas the human strain-colonized mice 

contained a higher proportion of Bacteroidales. The phenotype could be explained by either the 

mouse strain stimulated the growth of Clostridiales, the major butyrate producer, or the 

presence of human strain led to a reduction in Clostridiales. It has been shown that neutralizing 

IL-22 increased the abundance of Clostridiales and the antimicrobial peptide Reg3β titrated 

Clostridia abundance in its colonic niche (27). We have observed a stimulatory effect of Reg3β 

by the human strain in mouse colon, which could contribute to changes in Clostridia abundance. 

On the other hand, as a succinate producer, Parasutterella could potentially enhance the 

colonization of Clostridia by boosting the consumption of oxygen by aerobic and facultative 

anaerobic bacteria (28). With better ecological fitness, the mouse strain may exert stronger 

interactions with the microbial community than the human strain. Future research focusing on 

characterizing interactions between Parasutterella strains and the host immune system as well 

as the microbial community will give a clearer explanation of the strain-specific microbial 

structure. 

In addition, as the host adaptation of L. reuteri varied in different hosts, including 

another host for competitive colonization experimental setup will provide more information 

about the lifestyle of the symbiont, Parasutterella. Taken together, the result showed that the 
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mouse Parasutterella was able to not only outcompete the human strain when they were 

introduced to the mouse GIT at the same time, but also that the mouse strain was able to 

overcome a pre-colonized human strain. The elevated ecological fitness of the mouse strain 

raises a question as to what factors contribute to the competitive advantage. Future work to 

unravel the mechanism by which the Parasutterella strain becomes host adapted will help us 

understand the assembly and development of the gut microbiota.  
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Table 5.1. The relative abundance of predominant bacterial phyla and genera in feces collected at day 14 

 H M HM SEM P value 
Phylum      
p__Actinobacteria 0.05 0.09 0.08 0.01 0.399 
p__Bacteroidetes 25.53a 6.98b 12.82ab 2.21 <0.01 
p__Firmicutes 57.83b 75.39a 70.03ab 2.17 <0.01 
p__Proteobacteria 0.41 2.38 4.31 0.64 0.107 
p__Verrucomicrobia 3.92 1.95 2.96 0.43 0.103 
p__Tenericutes 11.09ab 13.10a 8.02b 0.90 0.027 
      

Genus      
Actinobacteria      
g__Adlercreutzia 0.05 0.09 0.08 0.01 0.399 
Bacteroidetes      
f_S24-7;g_ 25.53a 6.96b 12.81ab 2.21 <0.01 
Firmicutes      
g__Turicibacter 1.49 3.07 1.61 0.54 0.920 
o__Clostridiales;Other;Other 0.03 0.02 0.11 0.02 0.125 
o__Clostridiales;f__;g__ 29.70b 41.27a 39.55ab 1.94 0.010 
f__Clostridiaceae;g__ 0.50 0.33 0.35 0.06 0.432 
g__Clostridium 0.18 0.16 0.21 0.04 0.488 
g__Dehalobacterium 0.09 0.13 0.15 0.01 0.216 
f__Lachnospiraceae;g__ 5.29 5.17 3.69 0.34 0.063 
g__Coprococcus 0.34 0.53 0.56 0.05 0.129 
g__Dorea 0.19 0.20 0.23 0.02 0.902 
g__[Ruminococcus] 0.20 0.34 0.40 0.05 0.147 
g__rc4-4 1.14 1.28 0.73 0.14 0.472 
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f__Peptococcaceae;g__ 0.47 0.32 0.50 0.07 0.326 
f__Ruminococcaceae;Other 1.43b 3.10a 2.92ab 0.26 0.018 
f__Ruminococcaceae;g__ 6.18 5.68 6.12 0.28 0.973 
g__Oscillospira 6.53 8.32 6.55 0.36 0.086 
g__Ruminococcus 1.14 1.06 1.45 0.08 0.196 
f__Erysipelotrichaceae;g__ 0.13 0.07 0.10 0.02 0.588 
g__Coprobacillus 0.01 0.02 0.03 0.00 0.895 
g__Anaerostipes 0.23 0.20 0.17 0.03 0.510 
g__Lactobacillus 2.11 3.26 4.75 0.55 0.266 
f__[Mogibacteriaceae];g__ 0.26 0.18 0.13 0.02 0.114 
g__Anaerovorax 0.11 0.15 0.08 0.01 0.229 
Proteobacteria      
g__Parasutterella 0.41 1.77 4.61 0.64 0.140 
Verrucomicrobia      
g__Akkermansia 3.93 1.95 2.96 0.43 0.051 
Tenericutes      
g__Anaeroplasma 10.89 12.84 9.69 0.94 0.115 
o__RF39;f__;g__ 0.20ab 0.47a 0.11b 0.05 0.019 

The relative abundance data (%) were presented as the mean ± pooled standard error of the mean (SEM). The non-parametric 

Kruskal Wallis test with the Dwass, Steel, Critchlow-Fligner multiple comparisons post-hoc procedure was used to compare the 

difference between treatment groups. For all treatment, n = 8 - 9. a,b,c Means that do not share a common letter are significantly 

different. α = 0.05. 
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Figure 5.1. A) Maximum likelihood phylogenetic tree based on 16S rRNA gene sequences of 

Sutterellaceae isolates and type strains within the family Sutterellaceae. The sequence 

belonging to E. coli type strain was used as the outgroup. For each node bootstrap values 

(1,000 replicates) greater than 50% are indicated. B) The timeline for the competitive 

colonization study. Swiss-Webster mice, screened and identified as Parasutterella-free 

individuals, were exposed to the human and mouse Parasutterella isolate. Fecal samples were 

collected on day 0, 14, 28. For all treatment, n = 8 - 9.   
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Figure 5.2. Microbial structural analysis of the fecal microbiota collected on day 0, 14, and 

28. A1, A2, A3) PCoA plots of bacterial communities based on a Bray-Curtis dissimilarity 

matrix. Colors represent treatments and each point represents an individual mouse. B1, B2, 

B3) Alpha diversity analysis of fecal bacterial communities was reflected by Chao1 and 

Shannon indexes. For all treatment groups, n = 8 - 9. Data are shown as mean ± SEM. a,b,c 

Means that do not share a common letter are significantly different. α = 0.05.  
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Figure 5.3. The relative abundance of the mouse and human Parasutterella isolate in feces 

collected at A) day 14 and B) day 28. Data are shown as mean ± SD. For all treatment group, 

n = 8 - 9.  
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Figure 5.4. Comparative pathway analysis based on the whole genome annotation of 

Parasutterella species. No. 1 to 8 represent genes encoding following enzymes: 1. 

Isomerases, 2. Enoyl-CoA hydratase, 3. Gamma-glutamyltransferase, 4. Enzyme 

interconverting keto- and enol- groups, 5. Hexosyltransferases, 6. Enzyme transferring groups 

other than amino-acyl groups, 7. Acetate kinase, 8. Phosphoric diester hydrolases. The red 

color indicated the presence of the gene whereas the white color represented the absence of 

the gene.  
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6. CHAPTER 6: GENERAL DISCUSSION 

6.1. Defining a healthy gut microbiome 

The definition of a healthy gut microbiome is beginning to emerge with our increased 

understanding of the structure and function of the gut microbiota and its role in shaping host 

physiology (1, 2). From a microbial ecological perspective, the stability of the gut microbial 

community, which refers to the ability to resist stress or perturbation (resistance) and to return 

to an equilibrium state afterwards (resilience), can be considered as a functional property to 

describe the health of the gut microbiome (3, 4). The concept of stability reveals the key 

feature of healthy states of the gut microbiome, however, the considerable variation in 

microbial composition between individuals makes it difficult to define the healthy gut 

microbiome by an idealized set of specific microbes (5, 6). An alternative hypothesis is to 

define a healthy gut microbiome by a complement of metabolic and other functional 

capabilities within the gastrointestinal tract (GIT) that promote a stable host-associated 

ecology rather than specific microbial populations (2). This healthy “functional core” concept 

is based on the conserved metabolic pathways compared to the varied taxonomic profile of 

the gut microbiome among individuals (1). Given that the inclusion of Parasutterella did not 

result in any new detectable metabolites in the absence of its colonization supports the 

concept of functional redundancy across species in the GIT. 

Nevertheless, the set of functional capabilities indicating a healthy gut microbiome 

remains to be fully defined (1, 7). Culture-independent techniques have provided an 

important tool to explore functional pathways of the gut microbiome, however, there is a 

substantial proportion of microbial gene families in the gut microbial metagenome needs to 
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be functionally characterized (2). We need more investigations into microbial cultivation for 

biological characterization and experimental validation to improve interpretations of 

microbiome profiling, which will ultimately help define the core function of the healthy gut 

microbiome. As exemplified by the approach adopted for investigating physiological 

characterizations of Parasutterella, microbial cultivation, in combination with high-

throughput culture-independent assays broaden our knowledge of the biology and lifestyle of 

this previously uncharacterized bacterial genus. In addition, currently, while many studies in 

gut microbiome field focus on a pathogenic lifestyle of specified gut microbes, such as E. 

coli, investigating the role of these microbes as a member of the gut commensal community 

will help to demonstrate the ecological and evolutionary forces shape the population (8).  

6.2. Pursuing causation and mechanism in gut microbiome research 

Changes in gut microbial communities have been widely associated with host health 

outcomes, including beneficial and deleterious, illustrating the important role the gut 

microbiome plays in impacting host physiology (9). However, it is difficult to conclude whether 

the altered gut microbial composition causes physiological changes in the host or the altered 

microbial population is the consequence reflecting a changed ecological niche (10). 

Demonstrating the direct causal relationship is necessary to advance the current correlative 

research. 

Indeed, a growing number of studies have pioneered research on unraveling 

mechanisms by which gut microbes impact host health outcomes using a range of 

experimental approaches (11). Using gnotobiotic colonization of germ-free mice with each of 

53 single microbial strains derived from the human gut demonstrated specialized 
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immunomodulatory effects exerted by phylogenetically diverse human gut microbes (12). 

There are, however, substantial limitations to use the monocolonized mouse model. For 

example, this is evidenced by the weak ability of both the human and mouse Parasutterella 

strain to monocolonize germ-free mice, as well as different immunostimulatory properties of 

these two strains shown in the cell culture system (unpublished data). Regardless of the 

limitation, such studies provide a foundation for investigating interactions between individual 

gut microbe and the host immune system. Another study colonized germ-free mice with 

subsets of randomly selected combinations of gut microbes isolated from a human donor 

identified certain bacterial strains modulating host physiology such as adiposity and 

immunity (13). The study provided a platform to systematically identify the contribution of 

the gut microbiota to host health outcomes, though the engraftment efficacy of human strains 

may vary (14).  

In our studies, we successfully established a well-controlled mouse model by adding a 

single mouse bacterial strain to a complex gut microbial community that did not harbor the 

strain. By comparing outcomes between gut communities that differ only in the presence of 

the single bacterial strain, the effect of the microorganism can be tested as a member of a 

complex community. Parasutterella mc1 and E. coli strain used as model microorganisms in 

studies can rapidly and stably colonize the mouse GIT with minimal impact on the microbial 

community structure. The capability of colonizing the mouse gut with a mature microbial 

ecosystem, especially by Parasutterella as a strict anaerobe with largely unreactive 

characteristics in vitro, indicates that these commensal bacteria fill a unique ecological niche 

in the gut. This approach can be used, for example, to further investigate the role of these two 
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commensal bacteria with different perturbations or test other gut commensal microbes of 

interest. 

Advantages of minimizing interindividual variations in the baseline gut microbiota 

using the mouse model could facilitate research unlocking mechanisms of host-microbe 

interactions. A study where human-derived Bifidobacterium longum was administered to 

human subjects, demonstrated that orally administering B. longum AH1206 led to stable long-

term persistence in the GIT of 30% of individuals. The different efficacy of engraftment was 

attributed to the variation in resident B. longum and microbial function of utilizing specific 

carbohydrates, which limited niche opportunities for probiotics to colonize (15). This 

suggests that using this approach may not work for all bacteria and in all contexts. However, 

the mouse model allows better control variations in the pre-treatment gut microbiome, 

providing a strong tool for mechanistic research. The mechanism of the interaction between 

the host and gut commensal microbes can further provide predictions of the colonization and 

persistence of these commensal microbes in different hosts, and ultimately advance the 

application of these symbionts. In addition, mouse-derived microbes were preferred to be 

used in this mouse model representing natural colonization. However, illustrating the shared 

microbial function between mice and other hosts including human gut microbiota can 

overcome the limitation of using mouse strains. 

6.3. Focusing on the commensal lifestyle of gut microbes 

Evidence has revealed the enrichment of E. coli and Parasutterella in the gut under 

certain conditions such as intestinal inflammation and microbiota dysbiosis as discussed in 

Chapter 1. However, based on correlations, we cannot conclude if these bacterial genera 
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initiate the physiological process or whether the enrichment is due to their ability to 

outcompete other commensals to thrive in the inflamed gut by utilizing byproducts of 

inflammation. As members of gut commensal microbiota, Parasutterella and E. coli represent 

a relatively low abundance (below 1% of the total bacterial community) in the specific-

pathogen-free (SPF) C57BL/6J mice fed a standard chow diet (16, 17). The fluctuation in 

populations of E. coli and Parasutterella indicates that these two bacterial genera have co-

evolved with the host to occupy the ecological niche in the gut. Specifically, the genus 

Parasutterella performed as a fastidious microorganism and exhibited an asaccharolytic 

characteristic, however, it can be easily transmitted to the host by a single environmental 

exposure, suggesting a unique surviving approach of the bacterial genus. The host adaptation 

of the mouse Parasutterella strain in the intestinal colonization provided further evidence 

suggesting the co-evolution of the commensal bacterium and the host. E. coli, as the 

predominant Enterobacteriaceae in the gut, shows limited impact on host physiology as a 

commensal bacterium. However, the metronidazole treatment significantly reduced the gut 

microbial diversity, allowing for blooms of E. coli (16, 18). With respect to the development 

of obesity and type 2 diabetes (T2D), the presence of E. coli induced glucose intolerance and 

increased adiposity only in mice on a high-fat diet (HFD) regime. Collectively, it is likely that 

E. coli as a member of the gut commensal microbiota performs as a reservoir of microbial 

molecules such as the Lipopolysaccharides (LPS), which can contribute to inflammation upon 

the disruption of the intestinal barrier. The involvement of the genus Parasutterella in the 

inflammatory state remains to be clearly elucidated. 
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The microbiome development in early life provides a different context in which E. 

coli and Parasutterella may be actively involved in immune education and gut microbiota 

establishment. It is possible that the host would have responded differently to Parasutterella 

and E. coli differently if they had been exposed in early life. This is an avenue of possible 

future exploration. Collectively, understanding the commensal lifestyle will help guide efforts 

to develop strategies to maintain the intestinal homeostasis and beneficial interactions 

between the host and gut commensal microbes. 

6.4. Integration of multi-omics technologies for microbiome research 

Over the past decade, the technological development in the field of next-generation 

sequencing, metabolomics, and bioinformatics has greatly advanced our understanding of the 

role gut microbiota plays in health and disease. The integration of multiple approaches 

including culturomics, metagenomic sequencing, metatranscriptomics, and metabolomics 

provides an opportunity to identify and characterize the biology and function of gut 

commensal microbes that have remained poorly characterized (1, 19). In the study defining 

the role of Parasutterella in the gut, we combined the untargeted and targeted metabolomic 

analysis to investigate the effect of Parasutterella colonization on gut metabolite profile as 

intestinal metabolites participate in a variety of physiological processes. Intestinal metabolites 

are the result of both microbial and host-associated factors, providing great potential to link 

microbial community and host metabolism and immunity (19). Uncovering the knowledge of 

the function of a vast number of microbial-derived metabolites in physiology and 

pathophysiology is a work in progress. As the field of metabolomics is still maturing, much 
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work remains to be done to explore the role of metabolites produced by the gut microbiota 

and the relevance with host health outcomes (19). 

In my study, I aimed to detect as many metabolites as possible by using multiple 

chromatographic conditions. However, the assignments/identifications of features in the 

untargeted mass spectrometry-based metabolomic analysis remain challenging due to 

incomplete metabolite databases and a lack of standard reference materials (20). I was able to 

identify certain microbial-derived metabolites, although a considerable proportion of detected 

features are yet to be characterized. Among the confidently identified metabolites including 

aromatic amino acids, bilirubin, purine, and bile acid derivatives, the relationship between the 

altered bile acid profile resulted from the presence of Parasutterella and host physiology was 

further demonstrated. The rest of detected metabolites changed by the colonization of 

Parasutterella need to be further validated. Nevertheless, to date many metabolites produced 

by the gut microbiota remain poorly explored. For example, the bioactivity of bilirubin 

metabolites, which were impacted by Parasutterella colonization, have not been explored. 

Integrating blood metabolomic analysis in the future will help to investigate the impact of 

Parasutterella presence on systemic metabolism and function. Furthermore, as discussed in 

Chapter 1, it has been suggested that Parasutterella might exert a protective role in liver 

injury, therefore, it will be worthwhile to investigate the mechanism by which Parasutterella 

reduces inflammation and improves liver function. Regarding the influence of Parasutterella 

on bile acid metabolism, the genus Parasutterella may modulate liver health through bile acid 

metabolisms impacting the gut-liver axis. 
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6.5. Translating research into practical application 

Mechanistic studies in gut microbiome research could lead to the development of 

practical applications to maintain proper gut function and host health (11). Manipulating the 

gut microbial population and function helps to maintain beneficial host-microbe interactions. 

As common inhabitants of the GIT, Parasutterella and E. coli have been found in humans 

and a variety of animals. Understanding the biology of these genera as gut commensals will 

facilitate the development of strategies for manipulating the population by different 

perturbations such as diet and lifestyle. For instance, blooms of E. coli and the resulting 

inflammatory response after antibiotic treatment created a compelling argument for 

personalized medication based on individual variations in the gut microbiota. With respect to 

the impact of E. coli colonization on the development of obesity and metabolic syndrome on 

a HFD regime, the approach can be developed targeting a reduction of E. coli abundances 

such as dietary intervention or phage therapy, to improve glycemic control and prevent 

obesity as well as metabolic syndrome. Furthermore, the role of Parasutterella in influencing 

gut metabolite profile and related pathways may potentially exert beneficial impact under 

certain circumstances such as Clostridium difficile infection (CDI) and liver injury. However, 

the question remains if there is a strain-specific phenotype or whether these traits are 

consistent in human or other animals, which needs further validation. 

6.6. Limitations of the thesis 

Studies included in the thesis are based on a mouse model system in the context of a 

complex microbial community. Compared to the germ-free mouse model, the model system 

provides a relatively natural tool to investigate the impact of two model microorganisms, 
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Parasutterella and E. coli, on the gut microbial community and host physiology. The study 

characterized the role of commensal E. coli in the host response to antibiotic treatment or 

dietary interventions. The biology, lifestyle, and interactions with the host of a previously 

uncharacterized bacterial genus Parasutterella have been investigated. Although findings 

supported the hypothesis that the presence of commensal bacterial species drives changes in 

host physiology, there are still some limitations that should be acknowledged. 

In these studies, functional characteristics of the gut microbiota remain to be 

investigated. The taxonomic profiling by 16S rRNA gene amplicon sequencing method gave 

limited information about the microbial function. Although the metabolomic analysis 

demonstrated the impact of the presence of a single bacterium on intestinal metabolite pool 

and host physiology, changes in metabolomic profile may be a direct effect of the added 

bacterium or an indirect effect from microbe-microbe interactions. Incorporating results from 

metagenomic sequencing approach allows functional analyses of the gut microbiota, which 

will help identify the core microbial trait. Profiling metabolites in intestinal contents showed 

the impact of Parasutterella on the ecosystem directly, however, further investigation 

integrating circulating metabolites should be included to reflect the regulation of the 

bacterium on host systemic metabolism. 

The presence of the commensal E. coli strain contributed to the glucose metabolism in 

the context of HFD intervention, however, the mechanisms have not been fully elucidated in 

the current study. Previous research has indicated that impaired glucose metabolism resulted 

from the combination of altered gut epithelial cell physiology by HFD treatment and 

increased translocations of microbial ligands (21). In the current study, changes in intestinal 
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barrier function need to be further analyzed. To link the commensal E. coli, LPS, and obese 

phenotypes, LPS deficient mutants of E. coli species or TLR4-/- mouse model will help 

unravel causal relationships. 

Chapter 5 presented a set of preliminary data regarding the host specificity of 

Parasutterella in intestinal colonization. The study has raised some interesting questions 

about microbial traits in colonizing ecological niches. P. secunda has not been detected in 

rodents whereas most of the bacterial prevalence has been reported in human studies, 

indicating a unique environmental requirement for the species, which remains to be 

characterized. The mouse strain was able to outcompete and overcome human P. 

excrementihominis strain in colonizing the mouse gut, suggesting the host adaptation of the 

mouse strain. However, the mechanism of the host specificity need to be studied with respect 

to differences in functional traits between bacterial species. Also, impacts of different species 

on the gut microbial community and host immune response need to be validated. Approaches 

including the whole genome sequencing, metagenomic sequencing, and the analysis of host 

immune responses will provide a fundamental basis for understanding the lifestyle and 

function of the genus Parasutterella. 

6.7. Future directions 

In the current study, we successfully established a well-controlled and tractable mouse 

model to investigate the biology and function of gut commensal bacteria, Parasutterella and 

E. coli, providing insights into how these bacterial genera may contribute to host health. The 

model will facilitate further studies of exploring the causal mechanism of alterations in 

microbial population and host responses. It has been suggested that species that can provide 
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key roles in metabolism, signaling, immunomodulation, and other aspects in the gut microbial 

community may be more temporally stable than other species (2). The genus Parasutterella is 

able to persist in the gut environment, contributing to the assembly of the gut microbiome. 

The fluctuation of Parasutterella abundance in inflammation as discussed in Chapter 1 

highlighted the potential immunomodulatory role of Parasutterella that has not been well 

demonstrated. It is interesting to study whether the LPS produced by Parasutterella has a 

unique function potential in interacting with the host immune system. In addition, in the 

current study, the taxonomic profiling performed by16S rRNA amplicon sequencing has 

limitations to reveal functional and strain-levels changes in the microbial community. 

Coupling the functional analysis using metagenomic sequencing approach and metabolomic 

analysis will provide a more comprehensive approach demonstrating dynamic changes in 

microbial activity and function resulted from Parasutterella colonization. Furthermore, the 

role of Parasutterella in the metabolism of aromatic amino acids, bilirubin, and purine can be 

a direction for future research. 

It is intriguing that E. coli colonization led to glucose intolerance and increased 

adiposity with a moderate increase in E. coli abundance after HFD treatment even though it 

represented less than 0.1% of the bacterial community. It will be worthwhile to investigate 

the mechanism driving the impaired glucose metabolism by E. coli, without a drastic 

enrichment, in combination with HFD particularly regarding the gut barrier function. We 

cannot rule out strain-level variations as the genomic potential may vary among commensal 

E. coli species. In mice treated with metronidazole, we colonized the mouse gut by different 

commensal E. coli strains, indicating that both E. coli strains isolated from mouse feces 
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induced a similar host response. Future studies considering a more diverse commensal E. coli 

strains can be conducted to exploit these phenotypes. More importantly, studying the 

difference in the function of commensal E. coli strains provides a tool for developing 

therapeutics targeting specified strains due to a high diversity within the genus E. coli. It is 

possible that certain E. coli strains do not exert the same stimulatory effects on host 

metabolism such as glucose intolerance, or some strains can even provide protective effects. 

Therefore, research focusing on genomic and biological features at low taxonomic levels may 

help identify specified traits of microbial species, define the feature of the ecosystem within 

which the microbial species are included, and ultimately support beneficial host-microbe 

interactions. 
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