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ABSTRACT 

Complex diseases develop as a result of genetic predisposition and environmental 

factors that determine individual risk. Environmental factors such as geographical 

location, diet, and lifestyle choices shape the gut microbiota (GM), a dynamic community 

of bacteria, viruses, fungi, and archaea that normally coexist symbiotically with 

mammalian hosts. Both genetic heterogeneity and the GM modulate various systems and 

influence the development of a wide range of diseases including intestinal pathologies, 

emphasizing the importance of the effects of genetic variants and perturbations of GM 

communities. Colorectal cancer (CRC) is the 2nd leading cause of cancer-related mortality 

for men and women combined in the United States, and exemplifies the multifactorial 

etiologies that define complex diseases. In this body of work, we leveraged quantitative 

phenotypic variation in the Apc-mutant Min mouse model of CRC to interrogate genetic 

and microbial factors that influence adenoma susceptibility. 

 We used embryo rederivation to determine how genetic variation acquired 

through colony divergence, and distinct complex GMs representing two common mouse 

producers (GMJAX and GMHSD), each contribute to Min adenoma multiplicity. We 

found that genetic lineage and complex GM additively conferred overall adenoma 

multiplicity, and followed up with whole-genome sequencing (WGS) and 16S rRNA 

sequencing to characterize genetic divergence and GM differences, respectively. We 

integrated liquid chromatography coupled to mass spectrometry (LCMS) with WGS data 

to identify a candidate modifier variant associated with the Fabp6 gene, a regulator of 

bile acid reabsorption. In parallel, we identified bacteria of interest Bilophila 

wadsworthia and Akkermansia muciniphila associated with the adenoma-enhancing 



 

xvi 
 

GMHSD, and tested the individual effects of these species on the Min phenotype. While 

A. muciniphila had no effect on adenoma burden, B. wadsworthia treatment resulted in 

modulation of the broader GM and host metabolism, and reduced adenoma multiplicity 

and overall burden. Finally, we asked whether the background genetics of related inbred 

mouse substrains C57BL/6J (B6/J) and C57BL/6NHsd (B6/N) have differential modifier 

effects with respect to the Min phenotype. Using F1 mice generated from B6/J or B6/N 

crosses to Min/D mice in combination with an embryo rederivation approach, we found 

that B6/N elicits stronger Min adenoma suppression than B6/J, and that the complex GM 

further modulates phenotype suppression. Together, this work begins to unravel the 

complex interactions between host and environment that drive cancer susceptibility. As 

such, we provide a framework for further mechanistic studies, identification of novel 

biomarkers, and targeted preventative and therapeutic strategies in CRC.  
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CHAPTER I 

An Overview of Genetic and Microbial Modifiers of Colorectal Cancer 

Susceptibility 
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1.1 Significance and overview of colorectal cancer 

Colorectal cancer (CRC) is the third most common cancer among men and 

women combined, with an estimated 145,600 new cases expected in the United States in 

2019. Individual lifetime risk of developing CRC is approximately 4-5% for males and 

females, and is expected to cause about 51,020 deaths in 2019 (Key Statistics for 

Colorectal Cancer; https://www.cancer.org/cancer/colon-rectal-cancer). As such, CRC is 

a significant cause of morbidity and mortality warranting substantial preventative and 

therapeutic efforts.  

CRC initiation and progression are characterized by hallmark changes within the 

intestinal epithelium. Models suggest that Aberrant Crypt Foci (ACF) are the earliest 

identifiable neoplastic lesions, frequently exhibiting epithelial dysplastic changes and 

resistance to cell death (Takayama, Katsuki et al. 1998, Alrawi, Schiff et al. 2006). Due 

to a persistent imbalance between cell proliferation and cell death, benign adenomas 

develop with continued proliferation and dysplasia. These adenomas frequently persist up 

to ten years, after which they may progress to carcinomas with significant potential for 

metastasis and mortality (de la Chapelle 2004). Observations of familial predisposition to 

CRC, and the availability of biopsy material representing various stages of disease 

spurred decades of research focused on elucidating the underlying heritability and genetic 

changes that accompany the pathological progression of CRC. Early studies associated 

somatic mutations in the well-known oncogene ras, and loss of the tumor-suppressor p53 

with various stages of disease progression (Fearon and Vogelstein 1990). While ras 

mutations and loss of p53 were highly associated with late-adenoma and early-carcinoma 

stages of CRC, these changes were notably absent from cells in early adenomas. Thus, it 

https://www.cancer.org/cancer/colon-rectal-cancer
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was postulated that these changes were required for progression of adenomas and 

malignant transformation from adenoma to carcinoma, but likely did not explain disease 

initiation.  

Studies focused on the two most prevalent types of heritable CRC, hereditary 

nonpolyposis colorectal cancer (HPNCC) and Familial Adenomatous Polyposis (FAP), 

were critical to our understanding of adenoma initiation. HPNCC or Lynch syndrome is 

defined by transmission of germ-line mutations in DNA mismatch repair genes including 

MSH2 and MLH1, resulting in destabilization of the genome referred to as microsatellite 

instability (MSI) (Cunningham, Christensen et al. 1998). MSI stemming from these 

inherited mutations not only predisposes patients to CRC, but also to many other types of 

cancer (Cortes-Ciriano, Lee et al. 2017). FAP, characterized by the development of 

hundreds to thousands of colorectal adenomas in patients, was observed as early as the 

mid-18th century and was recognized as an inherited syndrome by the start of the 20th 

century. In contrast to HPNCC, tumors from FAP patients typically do not demonstrate 

MSI characterized by DNA mismatch repair mutations, but rather are considered 

microsatellite stable (MSS) (Kinzler and vogelstein 1996). Despite awareness of the 

hereditary nature of FAP, its underlying molecular pathogenesis was unknown until the 

early 1990s, when mutant alleles of the tumor-suppressor adenomatous polyposis coli 

(APC) demonstrated cosegregation in affected kindreds (Groden, Thliveris et al. 1991, 

Nishisho, Nakamura et al. 1991). Additional studies showed that in FAP, transmission of 

a single truncating APC mutant allele was not sufficient to induce adenoma initiation. 

Rather, loss of the additional wild-type APC copy via allelic loss or somatic mutation 

frequently precedes adenoma formation, supporting Knudson’s “two-hit” hypothesis in 
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which an additional mutation beyond germ-line transmission is necessary to initiate 

cancer (Knudson 1993).   

While hereditary forms of CRC comprise approximately 20-25% of all cases, 

sporadic CRC where no familial predisposition is apparent, accounts for most remaining 

cases (de la Chapelle 2004). Notably, the critical role of APC mutation as a rate-limiting 

event in tumorigenesis is not limited to FAP, as somatic APC mutations are present in a 

majority of sporadic colorectal tumors (Miyoshi, Nagase et al. 1992, Rowan, Lamlum et 

al. 1999). As loss-of-function APC mutations initiate tumors in both FAP patients and 

sporadic CRC, APC was designated the “gatekeeper” of colonic epithelial cell 

proliferation, whereby its inactivation results in an imbalance of cell division and cell 

death (Kinzler and vogelstein 1996). Since APC has been implicated as a significant 

regulator of cancer initiation, its molecular role in Wnt-signaling has been well-

characterized. Cytoplasmic APC forms part of a multi-protein complex that destabilizes 

β-catenin by marking it for ubiquitination and proteasome-mediated degradation. With 

the loss of functional APC, β-catenin accumulates in the ctyoplasm and translocates into 

the nucleus, where it binds T cell factor (TCF) and lymphoid enhancer-binding factor 

(LEF) and serves as a coactivator to stimulate transcription of Wnt target genes that 

regulate cell proliferation and death (Bienz and Clevers 2000).  

More recently, human studies using CRC cohorts have linked various genetic 

factors with increased CRC risk through correlative studies, promoting a polygenic model 

of CRC susceptibility. Genome-wide association studies (GWAS) have been particularly 

useful in identifying new genetic susceptibility loci, suggesting important roles for loci 

that may affect known cancer pathways, as well as those that modify risk through other 
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unknown mechanisms (Houlston, Cheadle et al. 2010, Peters, Jiao et al. 2013, Al-Tassan, 

Whiffin et al. 2015). Studies have also taken advantage of newer high-throughput 

approaches such as transcriptomic analysis to determine how differential expression of 

genes associate with CRC cohorts, and thereby developed genetic signatures that predict 

multiple cancer types (Peng, Bian et al. 2015). Taken together, these studies provide a 

platform for mechanistic studies that address the underlying associations uncovered by 

high-throughput approaches, and offer a framework to distinguish mutations in modifier 

genes from passenger mutations with no functional consequences. 

In addition to efforts centered on genetic factors in CRC, the prevalence of 

sporadic disease prompted significant interest in non-heritable factors that affect CRC 

risk, with special focus on environmental variables that may contribute to adenoma 

initiation and progression. Sporadic CRC has been associated with the westernization of 

society, with factors including geographical location, diet, and tobacco and alcohol 

consumption affecting disease risk (Danaei, Vander Hoorn et al. 2005). Studies initially 

focused on these risk factors in the context of their capacity to induce somatic mutations 

that may initiate adenomas or allow adenomas to progress to cancer. For example, diets 

high in red meats associated with developed countries were classically linked to increased 

genotoxicity and overall CRC risk (Rieger, Parlesak et al. 1999, Louis, Hold et al. 2014). 

More recently, studies have uncovered a number of potential mechanistic links between 

the environment and CRC. These include increased prevalence of immune-mediated 

conditions such as inflammatory bowel disease (IBD) that may precede CRC, generalized 

or local epigenetic changes affecting expression of oncogenes or tumor-suppressors, and 

perturbations of the commensal microbial community residing within the GI tract 
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(Cunningham, Christensen et al. 1998, Frigola, Song et al. 2006, Rubin, Shaker et al. 

2012, Weir, Manter et al. 2013). Taken together, epidemiological studies of sporadic 

CRC emphasize the multifactorial nature of disease initiation and progression and 

emphasize the challenges we face in resolving the contributions of these complex 

variables. 

 

1.2. Rodent models of APC-driven CRC 

While retrospective human studies suggest a number of correlations between 

various genetic and environmental factors and CRC risk, these approaches are limited by 

their associative nature. Preclinical rodent models have revolutionized our ability to 

address the underlying mechanisms driving these associations, providing a platform for 

prospective studies investigating the molecular underpinnings of proposed correlations in 

large-scale studies. Due to the well-established role of APC as a tumor initiator in 80-

90% of CRCs, the majority of mouse models developed to recapitulate human CRC have 

centered on Apc mutations. Of these Apc-focused models, the multiple intestinal 

neoplasia (Min; ApcMin/+) is the longest-standing and one of the most commonly cited 

cancer models (Kwong and Dove 2009, Zeineldin and Neufeld 2013). The Min mouse 

was originally created by N-ethyl-N-nitrosourea (ENU) mutagenesis of C57BL/6J (B6) 

inbred mice resulting in large numbers of small intestinal (SI) adenomas, and relatively 

fewer colonic adenomas (Moser, Pitot et al. 1990). Soon thereafter, the Min phenotype in 

ENU-mutagenized mice was mapped to an autosomal dominant nonsense mutation in the 

murine Apc gene, leading to downstream dysregulation of Wnt-signaling (Su, Kinzler et 

al. 1992, Morin, Sparks et al. 1997). 
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Since the inception and large-scale production of Min mice, studies have 

exploited the model’s quantitative phenotype to provide a wealth of knowledge 

pertaining to the study of Apc tumor-suppressor function, genetic modifiers, 

environmental variables, and chemopreventative strategies in CRC (Kwong and Dove 

2009, Jackstadt and Sansom 2016). Oshima et al. classically demonstrated that for 

adenomas to form in Min mice, a second mutational Apc “hit” in addition to the germ-

line mutation was required. This finding highlighted the role of loss-of-heterozygosity 

(LOH) mediated by homologous somatic recombination in cancer initiation (Oshima, 

Oshima et al. 1995). Interestingly, other studies later showed that LOH is not always 

required for adenoma formation in murine Apc mutant models, and suggested that Apc 

haploinsufficiency and epigenetic silencing of the WT copy can similarly lead to 

adenoma formation (Amos-Landgraf, Irving et al. 2012). Chemopreventative studies in 

Min mice demonstrated marked preventative effects of non-steroidal anti-inflammatory 

drugs (NSAIDs) via cyclooxygenase-2 (COX2) inhibition. These findings have translated 

to the use of NSAIDs as an effective prevention strategy for human FAP patients 

(Jacoby, Seibert et al. 2000, Baron, Cole et al. 2003). Moreover, studies incorporating 

Min mice were pivotal in showing how environmental factors, especially the diet, can 

influence tumorigenesis. Mai et al. demonstrated that calorie-restricted Min mice have 

reduced adenoma frequency (Mai, Colbert et al. 2003), while others have shown that a 

high-fat diet enhances tumor numbers (Park, Kim et al. 2016). Taken together, these 

studies speak to the importance of environmental and lifestyle variables, and may 

partially explain increased CRC prevalence in western societies. 
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 The plethora of data originating from the Min mouse highlights its utility as a 

model of early carcinogenesis. However, it is also important to recognize the limitations 

of this particular model as it pertains to the full scope of CRC initiation and progression. 

One of the most substantial challenges in the development of mouse models of CRC is 

generating mice that display progression to adenocarcinomas with metastatic disease 

(Jackstadt and Sansom 2016). CRC progression is frequently characterized by 

compounding mutations in genes such as KRAS, TP53, PTEN, and PI3KCA that promote 

disease progression following APC-driven initiation (Jackstadt and Sansom 2016). 

However, these changes are not observed in Min mice, and thus the phenotype rarely 

progresses. To improve the model’s resemblance to human disease, Apc mutants have 

been combined with Kras, Pik3ca, and Pten mutants to generate mice with more invasive 

adenocarcinomas (Sansom, Meniel et al. 2006, Marsh, Winton et al. 2008).  

Min mice also display a primarily SI phenotype, unlike human FAP where most 

tumors arise in the colon. The combination of Apc mutation with mutations in the 

transcription factor encoded by Cdx2 results in a considerable shift towards a colonic 

phenotype, though this also seems to increase chromosomal instability (Aoki, Tamai et 

al. 2003). Amos-Landgraf et al. circumvented this problem by creating the Polyposis in 

rat colon (Pirc) rat model, which like the Min mouse harbors a knockout allele in the Apc 

gene, but exhibits a colonic tumor distribution that recapitulates human FAP (Amos-

Landgraf, Kwong et al. 2007). Furthermore, the larger size of the rat more readily permits 

longitudinal analysis and sampling through endoscopic techniques, and there is no 

evidence of increased chromosomal instability. Altogether, an acute awareness of the 

strengths and limitations of the Min mouse is required for its optimal usage as a model of 
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CRC. Under appropriate experimental conditions, the Min quantitative phenotype serves 

as a powerful platform for the interrogation of genetic and environmental contributions to 

CRC, and potential chemopreventative and therapeutic strategies. 

 

1.3. Phenotypic variability in Min 

 When the Min mouse was originally created and maintained on the B6 inbred 

background at the University of Wisconsin, mice developed an average of approximately 

100 SI adenomas (Amos-Landgraf, Heijmans et al. 2014). However, investigators soon 

found that the Min allele conferred highly variable overall tumor susceptibility depending 

upon genetic background (Kwong and Dove 2009). Notable examples include the BTBR 

background, which confers an enhanced phenotype of approximately 600 tumors  

(Kwong, Shedlovsky et al. 2007), and the AKR background, which suppresses the 

phenotype to just a few tumors per animal (Shoemaker, Moser et al. 1998). The powerful 

effects of background genetics on Min prompted efforts to uncover potentially 

translational novel modifying loci, defined as loci that would otherwise have no 

phenotypic effect in the absence of the Apc mutation. A well-known modifier is the 

Mom1 (Modifier of Min 1) locus, which was identified by quantitative trait loci (QTL) 

analysis using a series of crosses between inbred strains (Dietrich, Lander et al. 1993). 

Further resolution of this locus confirmed that the Pla2g2a gene which encodes secretory 

phospholipase 2A, has resistance and sensitivity alleles that account for significant 

phenotypic variability between background strains (Cormier, Bilger et al. 2000). 

Subsequently, similar mapping strategies were used to elucidate additional modifier loci 

including Mom2, Mom3, Mom7, Mom12, and Mom13 (Kwong and Dove 2009). Mom3 
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and Mom7 were mapped to regions of chromosome 18 proximal to Apc, suggesting that 

they could have a role in the rate of somatic recombination and LOH (Kwong, 

Shedlovsky et al. 2007). However, this chromosomal region also contains the complex 

centromeric sequence, which complicates efforts to resolve these loci by sequencing. 

Additional studies have recognized modifiers that influence tumorigenesis by 

induction of mitotic instability, hyper-recombination, and both enhancing and 

suppressing effects of epigenetic machinery (Goss, Risinger et al. 2002, Millar, Guy et al. 

2002, Sansom, Berger et al. 2003, Rao, Yang et al. 2005). For example, the BubR1 and 

Blm genes both have important roles in maintaining genomic stability. When loss-of-

function mutations in these genes are combined with Apc mutation in Min mice, reduced 

genomic stability and subsequently higher rates of somatic recombination result in 

dramatically increased adenoma multiplicity (Goss, Risinger et al. 2002, Rao, Yang et al. 

2005). Mbd2, whose function is required to recruit co-suppressor complexes to 

methylated DNA, is required for adenoma formation in Min mice (Sansom, Berger et al. 

2003). This suggests that epigenetic silencing at the Apc locus, in addition to other loci, 

contributes to adenoma initiation. More recently, investigators have adopted alternative 

strategies to identify modifiers of Min using a systems genetics approach. Dorman et al. 

crossed Min mice with a panel of 27 different high-diversity collaborative cross (CC) 

lines to generate F1 offspring. Interestingly, the F1 offspring displayed a broad range of 

tumor multiplicities depending on the CC line. These results suggest that several 

dominant modifiers are present in the CC lines (Dorman, Baer et al. 2016). However, 

high numbers of genetic modifiers will likely complicate resolution efforts, and further 
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studies are required to determine whether novel modifiers translate to human CRC 

susceptibility. 

Interestingly, Min phenotypic variability is not limited to the presence of genetic 

modifiers across different inbred genetic backgrounds, as variability is also readily 

apparent between different Min colonies on the B6 genetic background. Phenotypic 

variability within the B6 background became especially apparent after a sub-population 

of the original UW Min colony (Min/D) was sent to The Jackson Laboratory (JAX) for 

production and global distribution. C57BL/6J-ApcMin/J mice from JAX (Min/J) exhibited 

average SI tumor multiplicity ranging from approximately 20 total tumors in some 

colonies to 130 in others (MacGregor, Kim et al. 2000, Kwong, Shedlovsky et al. 2007, 

Zell, Ignatenko et al. 2007). Presently, it is unknown whether these phenotypic shifts are 

attributable to institutional environmental differences or genetic drift. However, this 

observation emphasizes the potential for genetic modifiers of Min to appear 

spontaneously within a colony despite maintenance on the same genetic background. The 

Mom2 locus, which mapped to a distal region of chromosome 18, is an example of such a 

modifier. This locus was further resolved to show that a duplication in the ATP synthase 

Atp5a1 gene confers substantial resistance to tumorigenesis via cell lethality, and could 

therefore explain tumor suppression in some of the Min colonies originating from JAX 

(Baran, Silverman et al. 2007). Presently, it is unclear what drives the appearance of these 

functional variants in some colonies versus others. Though rarely considered, colony 

maintenance practices may influence the rate of phenotypically consequential genetic 

drift in specific Min colonies. For example, the original Min/D colony was consistently 

progeny tested to ensure that only male breeder lines with high adenoma multiplicities 
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were used, causing the colony to maintain consistently high adenoma numbers. In 

contrast, large-scale production facilities typically allow males to breed for the duration 

of their reproductive lifespan regardless of phenotype. This practice inherently facilitates 

higher contributions to the overall population from healthier males that on average have 

fewer adenomas Therefore, we may select for variants that confer fewer adenomas over 

the course of several generations in large production colonies where male breeders are 

not screened for adenoma multiplicity.  

Phenotypic variability within a relatively uniform genetic background also 

suggests that environmental factors that may contribute to Min phenotype disparity 

across colonies. Colnot et al. designed an alternative Apc mutant that shifted the adenoma 

phenotype to the colon and rectum (Colnot, Niwa-Kawakita et al. 2004). The authors 

noted that the colorectal phenotype was more severe in conventionally housed mice 

compared to those in pathogen-free conditions, indicating the importance of unknown 

environmental influences between and even within institutions. Differences in personnel, 

husbandry standards, water decontamination methods, and pathogen exclusion among 

other practices between mouse producers and institutions can all impact the resident 

intestinal flora, or gut microbiota (GM) (Bidot, Ericsson et al. 2018, Montonye, Ericsson 

et al. 2018). To that end, Ericsson et al. demonstrated that mice with the same inbred 

genetic background from the common mouse producers JAX and Envigo have highly 

distinct GMs in terms of both specific taxa present, and overall richness and diversity of 

the intestinal communities (Ericsson, Davis et al. 2015). Though it is not yet clear how 

these communities affect Min, investigators using other models of intestinal disease have 

already leveraged this natural variation to determine potential GM-mediated modifying 
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effects on a phenotype of interest. In a study focused on IBD, Hart et al. demonstrated 

that different complex GMs confer variable disease severity in the genetically-susceptible 

IL-10-/- mouse model (Hart, Ericsson et al. 2017). Thus, naturally occurring differential 

GMs resulting from environmental differences between mouse producers or other 

institutions may contribute to phenotypic variability across colonies that share the same 

genetic background.  

 

1.4. The Microbiome in CRC 

Trillions of bacteria that reside within the GI tract comprise the complex and 

dynamic system known as the gut microbiota (GM). The vast majority of these bacteria 

are classified into highly abundant phyla such as Bacteroidetes and Firmicutes, but also 

include less common phyla such as Proteobacteria (Mariat, Firmesse et al. 2009). These 

communities are highly prevalent in the colon relative to the small intestines, where they 

range from low abundances in the duodenum to higher abundances in the terminal ileum 

(Sekirov, Russell et al. 2010). Recent focus on the role of the GM in maintaining 

homeostatic conditions highlights a number of critical functions of these intestinal 

communities including mucosal immune development, host metabolic homeostasis, drug 

metabolism, and gut barrier integrity (Jandhyala, Talukdar et al. 2015). With the 

identification of the GM as a significant regulator of both local and systemic physiology, 

perturbation of the normal intestinal flora is increasingly recognized as a potentially 

pathogenic event (Round and Mazmanian 2009, Sekirov, Russell et al. 2010). Several 

studies have attributed cancer initiation to the intestinal environment through evaluation 

of fecal water genotoxicity, and found that increased toxicity associated with various risk 
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factors could contribute to carcinogenesis (Hebels, Sveje et al. 2012, Daniela, Sara et al. 

2014). While the source of this genotoxicity is unclear, these observations suggest that 

microbial communities and their metabolic products that comprise the intestinal 

environment likely contribute. The GM’s relationship with CRC is of particular interest 

due to disease localization within the GI tract, a known relationship between the GM and 

predisposing inflammatory conditions, and CRC’s complex multifactorial etiology.  

Early studies investigating the GM primarily depended on cultivating bacterial 

communities with identification based on growth in selective media, biochemical 

characteristics, and morphology and staining properties. Though these approaches were 

relatively successful, they were limited by an inability to culture the majority of 

commensal species found in the GI tract. Contemporary high-throughput approaches 

enable culture-independent GM characterization through sequencing technology, and 

therefore circumvent labor-intensive bacterial cultivation and identification. Among the 

most common approaches for identification and relative quantification of GM taxa is the 

use of next-generation sequencing (NGS) of the microbial 16S rRNA gene in DNA 

extracted from fecal samples or other samples throughout the GI tract. The 16S rRNA 

gene encodes a component of the prokaryotic ribosome that is highly conserved between 

bacterial species, and therefore serves as a PCR target to generate amplicons for 

sequencing. Hypervariable regions within the 16S rRNA gene further enable 

phylogenetic classification of sequenced amplicons into operational taxonomic units 

(OTUs) by comparison to previously annotated sequences in established databases 

(Weisburg, Barns et al. 1991, Coenye and Vandamme 2003, Ritari, Salojarvi et al. 2015). 

Alternatively, shotgun sequencing of the whole metagenome provides a comprehensive 
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survey of the GM, and further enables functional annotation of microbial communities 

(Tringe, von Mering et al. 2005). Together, these approaches provide improved 

understanding of GM communities, and allow characterization of abundance, richness, 

and diversity measures in the context of health and disease. 

Following the availability of culture-independent methods of GM analysis, 

several studies used human CRC cohorts to draw associations between enriched or 

depleted microbial communities and disease status, intending to identify potentially 

pathogenic or protective flora. Enrichment of individual taxa such as enterotoxigenic 

Bacteroides fragilis, pathogenic E. coli strains, and Akkermansia muciniphila among 

others is associated with CRC populations, while butyrate-producing bacteria such as 

Roseburia and others within family Lachnospiraceae are reportedly more prevalent in 

healthy cohorts (Wang, Cai et al. 2012, Weir, Manter et al. 2013, Fukugaiti, Ignacio et al. 

2015). Though these correlative studies are valuable as hypothesis-generating 

observations, there are significant challenges when interpreting results. Namely, 

distinction of true pathologic agents from bystanders that benefit from the tumor 

microenvironment is limited by the retrospective nature of most clinical studies. 

Furthermore, lack of reproducibility across clinical studies highlights our inability to 

design prospective longitudinal studies and limitations in controlling genetic and 

environmental variation in human cohorts. For example, some studies suggest enrichment 

of Prevotella spp. in healthy patients (Weir, Manter et al. 2013), while others report its 

enrichment in the mucosa and stool associated with CRC (Sobhani, Tap et al. 2011, 

Chen, Liu et al. 2012). Similarly, sulfate- and sulfite-reducing bacteria (SRB) of the 

family Desulfovibrionaceae, which produce large amounts of hydrogen sulfide (H2S) 
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have a disputed role in CRC. While some cite enrichment of SRBs and increased 

genotoxic H2S in CRC (Attene-Ramos, Wagner et al. 2006, Yazici, Wolf et al. 2017), 

others have reported no differences in relative abundance of SRB communities, or 

suggest a protective anti-inflammatory function (Balamurugan, Rajendiran et al. 2008, 

Scanlan, Shanahan et al. 2009).  Taken together, these challenges emphasize the 

importance of employing translatable animal models to systematically address 

observations made in associative studies. 

Studies in various preclinical models of CRC have assessed the role of the GM at 

both a community level and a mechanistic level with respect to specific taxa. For such 

studies, the ability to reduce variation by using standardized complex GMs, simplified 

communities, and the availability of germ-free (GF) mice devoid of any detectable 

intestinal microbial flora are distinct advantages to using animal models. Li et al. 

observed that GF Min mice developed significantly fewer adenomas compared to their 

conventionally colonized counterparts, indicating an important role for the GM in 

adenoma initiation (Li, Kundu et al. 2012). Zackular et al. showed that antibiotic-

mediated depletion of the GM in azoxymethane/dextran sodium sulfate (AOM/DSS) 

treated mice resulted in significantly fewer intestinal tumors compared to mice that did 

not receive antibiotics, and thus corroborated the importance of the GM. To follow, GF 

mice colonized with a GM from tumor-bearing mice resulted in a higher tumor burden 

compared to those colonized with a GM from healthy mice, suggesting that tumor-

associated communities are capable of exacerbating disease (Zackular, Baxter et al. 

2013).  
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Associative clinical studies and community-based GM studies in animal models 

have spurred interest in a number of bacterial species and thus prompted investigators to 

directly interrogate their role in CRC. Fusobacterium spp. are commonly enriched in 

colorectal carcinomas relative to surrounding normal tissue, and have therefore garnered 

attention as potentially pathogenic species (Chen, Liu et al. 2012, Kostic, Gevers et al. 

2012). To address these associations, Kostic et al. supplemented Min mice with 

Fusbacterium nucleatum daily for 8 weeks, and subsequently observed a pro-

inflammatory profile and potentiated colonic tumorigenesis (Kostic, Chun et al. 2013). 

Meanwhile, a robust study incorporating fecal samples from over 500 patients 

representing a range of CRC stages found that there was no enrichment of Fusobacterium 

at the adenoma stage despite its association with advanced carcinomas (Amitay, Werner 

et al. 2017). Coupled with the fact that colonization and tumor potentiation in Min mice 

required daily Fusobacterium nucleatum treatments for a two month period, 

Fusobacterium’s role as an oncogenic driver versus bystander remains contentious. 

Wu et al. also utilized the Min model as a platform to explore the oncogenic role 

Enterotoxigenic Bacteroides fragilis (ETBF), an organism that secretes B. fragilis toxin 

(BFT) and can cause inflammatory diarrhea in people. Notably, chronic colonization of 

Min mice with ETBF triggers colitis and promotes colonic tumorigenesis via T helper 

type 17 (Th17)-mediated activation of signal transducer and activator of transcription-3 

(Stat3) (Wu, Rhee et al. 2009). Additional studies in Min show that inhibition of IL-17A 

independent of ETBF treatment, suppresses adenomas, and thus supports a critical role 

for Th17 immune responses in Min adenomagenesis (Chae, Gibson et al. 2010). 

Moreover, ETBF-mediated inflammation induces the polyamine enzyme spermine 
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oxidase (SMO), whose activity results in increased reactive oxygen species (ROS) and 

DNA damage. A blockade of SMO catabolism reduced ETBF-mediated colon 

tumorigenesis, demonstrating that microbial induced enzymes can directly influence 

tumor initiation (Goodwin, Destefano Shields et al. 2011). While ETBF is a primary 

example of a bacterial-induced Th17 response, other species known to trigger Th17 have 

uncharacterized roles in oncogenesis. For example, Prevotella spp. are part of the normal 

oral and intestinal flora, but enrichment of this genera is associated with augmented 

Th17-mediated mucosal inflammation (Larsen 2017). Based on previous work centered 

on ETBF, further studies exploring tumorigenic roles for these species are warranted. 

 

1.5. Microbial metabolites and CRC 

Much of our understanding of the GM’s role in CRC susceptibility and 

pathogenesis stems from diet-microbe interactions, and the metabolic products of these 

interactions. Enterohepatic bile acid (BA) metabolism is a primary example of the 

interdependence of diet, host physiology, and the GM. Primary bile acids are synthesized 

from cholesterol in the liver, and in mice, are conjugated exclusively with taurine, and 

either taurine or glycine in humans. Bile acids contain both methyl groups and hydroxyl 

groups, and are therefore amphipathic. This property enables BAs to emulsify lipid 

aggregates, and facilitates solubilization and transport of lipids in aqueous environments. 

Thus, BAs are critical for the digestion and absorption of lipids within the small 

intestines. (Chiang 2009). The majority of BAs are reabsorbed through the SI epithelium 

via transporters such as apical sodium-dependent bile salt transporter (ASBT) and fatty 

acid-binding protein 6 (FABP6/IBABP) as they pass through the terminal ileum (Trauner 
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and Boyer 2003). However, 5-10% of BAs are not reabsorbed, and instead undergo 

multiple bacterial biotransformations in the ileum, cecum, and colon. In this process, 

primary BAs are first deconjugated by microbes with bile salt hydrolase (BSH) activity, 

followed by 7α-dehydroxylation to generate secondary BAs such as deoxycholic acid 

(DCA) and lithocholic acid (LCA) (Zeng, Umar et al. 2019). BSH bacteria are primarily 

gram-positive species from the genera Clostridium, Bifidobacterium, and Lactobacillus, 

whereas 7α-dehydroxylating activity is largely limited to clostridial species such as 

Clostridium scindens (Wells, Williams et al. 2003, Ridlon, Kang et al. 2006, Ridlon, 

Harris et al. 2016). It is also important to note that BAs can alter influence the GM. For 

example, the release of cholic acid following consumption of a high-fat source results in 

an increase in the Firmicutes:Bacteroidetes ratio (Islam, Fukiya et al. 2011). Moreover, 

the presence of taurine in conjugated bile acids provides a source of sulfite that promotes 

expansion of the sulfite-reducing bacteria Bilophila wadsworthia, leading to the 

production of H2S via sulfite reduction (Peck, Denger et al. 2019). 

An extensive body of literature implicates secondary BAs as a risk factor for early 

carcinogenesis. Elevated levels of unconjugated fecal BAs have long been associated 

with human CRC or polyp cohorts, prompting a number of studies exploring their 

carcinogenic potential (Imray, Radley et al. 1992, Ajouz, Mukherji et al. 2014). Cao et al. 

treated Min mice with DCA and observed both increased adenoma multiplicity and 

acceleration of the adenoma-adenocarcinoma sequence, suggesting DCA’s role in both 

tumor initiation and progression. These DCA-mediated changes were associated with an 

increased percentage of β-catenin positive cells (Cao, Luo et al. 2014). Later studies 

showed that even low concentrations of DCA increase phosphorylation of β-catenin and 
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induce downstream targets urokinase-type plasminogen activator (uPAR) and cyclin D1, 

and thus confirmed its carcinogenic activity (Pai, Tarnawski et al. 2004). Other proposed 

mechanisms of secondary BA oncogenicity include targeting of nuclear receptor 

signaling (Degirolamo, Modica et al. 2011), perturbation of epithelial cell membranes 

due to increased hydrophobicity (Ridlon, Wolf et al. 2016), and increased epidermal 

growth factor receptor-mediated COX-2 expression (Cheng and Raufman 2005). Studies 

investigating factors that regulate microbial communities that produce secondary BAs are 

warranted due to the extensive evidence suggesting the carcinogenicity of these 

metabolites.  

In addition to intestinal bacteria that regulate BA metabolism, host genetic factors 

interacting with dietary components are also of critical importance. Western diets (WD) 

high in fat result in BA expansion in the intestines to facilitate lipid digestion, and 

enhance cell proliferation and tumorigenesis in B6 mice. Moreover, WD triggers 

dysregulation of BA metabolism through reduced expression of the BA transporters 

FABP6 and ASBT (Dermadi, Valo et al. 2017), disrupting the normal enterohepatic axis 

and potentially increasing luminal BAs available for biotransformation. Thus, genetic 

variants that alter expression of genes encoding BA transporters are of interest as 

potential modifiers of BA-mediated carcinogenesis.  

In addition to high fat intake, scarce fiber consumption typifies a WD associated 

with increased CRC risk, while vegetarian diets high in fiber are linked to decreased risk 

(Dermadi, Valo et al. 2017). Accumulating epidemiological and molecular evidence 

suggest that GM-mediated metabolism of fiber has an important role in CRC 

susceptibility. The GM utilizes various polysacchararides, oligosaccharides, and lignin 
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that comprise dietary fiber as a source to produce short chain fatty acids (SCFA) 

including butyrate, acetate, and propionate (Zeng, Umar et al. 2019). This processing is 

mutually beneficial for the host and microbiota, as bacterial metabolism of complex 

sugars provides a microbial energy source while breaking down otherwise indigestible 

dietary components for host utilization. Butyrate is produced by Coprococcus spp., 

Anaerostipes spp., Eubacterium spp., Roseburia spp., and Faecalibacterium prausnitzii 

among others, and has been studied extensively with respect to its effects on cellular 

homeostasis, colonic cell proliferation, and CRC prevention (Barcenilla, Pryde et al. 

2000, Scott, Martin et al. 2006). Butyrate undergoes β-oxidation within the mitochondria 

of colonic epithelial cells, accounting for a majority of energy used by normal 

colonocytes (Roediger 1980). Butyrate is also a strong histone deacetylase (HDAC) 

inhibitor and promotes cycle arrest and apoptosis in CRC cell lines through Wnt 

signaling hyperactivation (Bordonaro and Lazarova 2015). Finally, a high fiber diet 

protected gnotobiotic AOM/DSS treated mice in a microbiota- and butyrate-dependent 

manner, such that only those mice colonized with the butyrate-producing Butyrivibrio 

fibrisolvens demonstrated fiber-induced tumor suppression (Donohoe, Holley et al. 

2014). To summarize, BA and SCFA metabolism are primary examples of how the GM 

modulates host physiology, and thereby affect overall CRC susceptibility. 

 

1.6. From characterization to function: tools to assess the host-GM interactions 

 The development of tools that enable interrogation of GM function in the context 

of both human cohorts and disease models is critical as interest in the GM’s role in 

various pathophysiological processes continues to grow. Bioinformatics tools frequently 
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do not account for dynamic community interactions, and functional annotation of 16S 

rRNA sequencing data is lacking (Zierer, Jackson et al. 2018). Ideally, novel tools will 

account not only for the function of complex microbial communities, but also molecular 

interactions between host and GM that can provide mechanistic insight into GM-

mediated disease modulation.  

New techniques allow for initial assessment of whether the complex GM 

modulates a phenotype of interest, serving as a platform for further functional studies. 

Hart et al. developed Complex Microbiota Targeted Rederivation (CMTR), a strategy 

that leverages natural variation in complex GM between common mouse producers (Hart, 

Ericsson et al. 2018). In CMTR, embryos are isolated from a colony with a genetic 

background including any mutations of interest, and rederived into surrogate dams 

harboring different complex GMs. As a result, isogenic animals representing the genetics 

of interest are colonized with distinct complex GMs through maternal transmission, 

permitting the evaluation of how each GM contributes to the phenotype of interest. 

Following the development of CMTR, the approach was initially used to demonstrate that 

complex GM modulates disease severity in the IL-10-/- mouse model of IBD (Hart, 

Ericsson et al. 2017). To follow, Ericsson et al. demonstrated the utility of CMTR in a 

model of CRC by rederiving isogenic Pirc rats using surrogate dams harboring three 

distinct GMs (Ericsson, Akter et al. 2015). Analysis of the tumor phenotype revealed that 

one of the complex GMs conferred a significantly reduced tumor burden. Notably, one of 

the rats colonized with the suppressive GM failed to develop any colonic tumors, 

indicating that this GM community disrupted the full penetrance of the Pirc allele. Thus, 

the IL-10-/- and Pirc models provide a foundation for the utility of CMTR when 
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determining the role of the complex GM in a given phenotype. While this approach 

serves as a baseline to determine how the GM influences disease models, follow-up 

techniques are required to assess how the GM functionally modulates these pathologies. 

High-throughput transcriptomic and metabolomics profiling are rapidly advancing 

our understanding of host-microbe interactions and their relationships to normal 

physiology and disease. Several studies have employed RNA-sequencing of host tissue to 

fundamentally show how changes in commensal communities alter host gene expression. 

For example, circadian rhythm dictates oscillations in localization and abundance of 

several mucosa-associated GM taxa, which is accompanied by coinciding oscillations in 

the host transcriptome (Thaiss, Levy et al. 2016). Antibiotic mediated disruption of the 

GM also abrogated these cyclic transcriptomic changes, confirming that molecular 

changes associated with circadian fluctuation are partially mediated by the GM through a 

number of described pathways (Thaiss, Levy et al. 2016). Meanwhile, others have taken 

more targeted approaches towards understanding how specific commensals alter host 

gene expression. Adult volunteers were supplemented with the commensal Lactobacillus 

plantarum, then subjected to duodenal biopsy for transcriptional profiling. The authors 

found that L. plantarum regulated expression of a number of host genes including up-

regulation of Wnt targets MYC and cyclin D1, suggesting the commensal’s role in 

modulating cell proliferation within the SI (van Baarlen, Troost et al. 2009). Pfalzer et al. 

employed an integrated GM, metabolomics, and transcriptomics analysis in a model of 

obesity-induced intestinal cancer. Regression analysis demonstrated correlations between 

several tumor-associated taxa and cancer-related gene expression, especially those that 

regulate the PI3k-Akt pathway (Pfalzer, Kamanu et al. 2016). Though these results do not 
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prove causation and fail to show which changes precede tumor formation, they provide 

the framework for such studies. 

Untargeted metabolomics allows evaluation of the global metabolic state of a 

given environment. Metabolite separation techniques such as liquid or gas 

chromatography are frequently coupled with mass spectrometry (LCMS, GCMS) to 

generate small molecule profiles from complex mixtures (DeHaven, Evans et al. 2010). 

As such, metabolomics may be considered a terminal view of a biological system that 

accounts for underlying genetic factors, transcriptional products, and all enzymatic or 

protein-mediated reactions (Spratlin, Serkova et al. 2009). Thus, metabolomics can also 

account for environmental factors, including the GM, that contribute to metabolic shifts 

that may be relevant to disease pathogenesis (Wikoff, Anfora et al. 2009, Zierer, Jackson 

et al. 2018). Gnotobiotics and antibiotic-mediated microbiota depletion have been used 

extensively to show that the GM contributes to host metabolite profiles. For example, 

Theriot et al. used antibiotics to assess GM-mediated metabolite profile shifts in mice 

susceptible to Clostridium difficile infection. Of note, the authors found that GM 

depletion resulted in enrichment of primary BAs and several carbon sources, which C. 

difficile subsequently used to enhance its own colonization and thus exacerbate disease 

(Theriot, Koenigsknecht et al. 2014).  

An improved understanding of metabolites in relation to associated microbes and 

CRC is critical to further development of metabolite and prebiotic-based preventatives 

and therapeutics. Non-digestible oligosaccharides and fiber are considered useful 

supplements in the prevention of CRC (Fotiadis, Stoidis et al. 2008), and in vitro data 

demonstrates the potential clinical use of rice bran extracts for their chemopreventative 



 

25 
 

properties (Forster, Raina et al. 2013). Moreover, studies have shown that metabolites 

found in milk fermented by specific Lactobacillus and Streptococcus spp. display 

antimutagenic effects that may translate to reduced cancer risk (Wollowski, Rechkemmer 

et al. 2001). These advances suggest that metabolomics-based approaches have 

significant potential to elucidate unknown metabolites that can promote beneficial 

microbes, or directly influence CRC pathogenesis.  

With respect to CRC, several epidemiological studies have utilized metabolomics 

to identify differential metabolite profiles between healthy and disease cohorts (Holmes, 

Li et al. 2011, Weir, Manter et al. 2013, Sinha, Ahn et al. 2016). These efforts have 

identified CRC-associated metabolites and pathways that are subject to GM modulation, 

including BA and sphingolipid metabolism, SCFA production, and CRC-specific amino 

acid composition among many others. While it is unclear whether these metabolic shifts 

occur prior to, or after disease initiation and progression, these studies provide a platform 

for further mechanistic exploration. Given the complexity of the genome, the GM, and 

their composite metabolic product, sophisticated approaches incorporating model systems 

are required to resolve contributing variables. Based on these challenges, prospective 

studies that incorporate microbiota manipulation techniques and high-throughput 

approaches in the context of CRC models will better inform targeted preventative and 

therapeutic strategies. 

 

1.7. Concluding Remarks 

 Epidemiological studies have paved the way for a deeper understanding of CRC 

susceptibility largely through identification of foundational genetic and environmental 
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risk associations. While these associations are limited in their capacity to inform 

underlying causative factors in CRC, animal models overcome many of these limitations 

by enabling prospective longitudinal studies that target the role of both individual and 

complex variables. The Min model of early intestinal neoplasia emerged as a quantitative 

platform to test whether a wide range of variables modify disease susceptibility. 

However, meta-analysis of the Min phenotype reveals dramatic phenotypic variability of 

unknown origin across different colonies, which presents significant challenges with 

respect to reproducibility and translatability of studies using this model. Though 

extensive studies indicate that both genetic modifiers and environmental variables 

influencing GM community structure can alter the Min phenotype, our understanding of 

these host-microbe interactions and how they confer overall CRC susceptibility is 

significantly lacking. Therefore, studies that utilize novel approaches and techniques to 

address how complex factors contribute to overall risk and pathogenesis are critical to the 

advancement of personalized prevention and the development of new treatment 

strategies. 
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2.1. Overview       

Colorectal cancer (CRC) is a complex disease trait resulting from a variety of 

factors including genetic predisposition, diet, age, inflammation, and lifestyle (Thune and 

Lund 1996, de la Chapelle 2004, Itzkowitz and Yio 2004). Malignant disease is preceded 

by the initiation of adenomas in the epithelial lining of the intestinal mucosa, and often 

persist up to ten years before acquiring malignant transformations, making the adenoma a 

critical target for early intervention (Bertagnolli, Hsu et al. 2010). Recently, CRC has 

been associated with perturbations in the gut microbiota (GM) through postulated 

mechanisms including modulation of inflammation, genotoxin production, and metabolic 

homeostasis (Travaglione, Fabbri et al. 2008, Cuevas-Ramos, Petit et al. 2010, 

Carbonero, Benefiel et al. 2012, Couturier-Maillard, Secher et al. 2013), but it is often 

unclear whether these shifts in bacterial composition directly impact disease risk, or 

merely result from physiological changes associated with disease.  Initiation and 

progression of adenomas is likely determined by a combination of genetic factors and 

changes in microbial populations that mutually impact relevant pathways (Birt and 

Phillips 2014). However, the ability to successfully integrate these complex factors and to 

dissect the independent and additive effects of each remains elusive in human 

populations. 

The intestinal environment is collectively comprised of dynamic interactions 

between diet, modified host compounds, and microbial metabolites (Franzosa, Sirota-

Madi et al. 2019). As such, changes in host functional genetic output via germline or 

acquired mutations, or shifts in the functional GM, may substantially influence the 

metabolite profile. Metabolomics provides an avenue to interrogate the metabolic output 
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of complex biological systems in a non-targeted discovery-based approach (Bino, Hall et 

al. 2004). Metabolomics represent a highly sensitive means of detecting functional 

changes associated with genetic variation, differences in complex microbial communities, 

and even more importantly the combination of these factors in the context of complex 

disease traits. Several studies have already demonstrated the utility of metabolomics in 

colorectal cancer, identifying microbial metabolites including short-chain fatty acids 

(SCFAs) such as butyrate that can influence gene expression, cell proliferation, and 

ultimately adenoma formation (Bultman and Jobin 2014). Furthermore, altered levels of 

microbial-influenced metabolites including bile acids (BA) and hydrogen sulfide (H2S) 

are associated with both inflammatory bowel disease and CRC through the production of 

genotoxic reactive oxygen species (Attene-Ramos, Wagner et al. 2007, Carbonero, 

Benefiel et al. 2012, Dossa, Escobar et al. 2016, Farhana, Nangia-Makker et al. 2016). 

Thus, non-targeted metabolomics has been used extensively to identify novel metabolites 

associated with CRC (Melnik, da Silva et al. 2017). 

Adequate models are needed to study initiating events in CRC due to the 

challenges of controlling environmental conditions and performing longitudinal 

monitoring of disease progression from pre-disease stages in human populations. The 

ApcMin (Min) mouse model of CRC, which harbors an autosomal dominant mutation in 

the Apc tumor suppressor gene causing the development of intestinal adenomas, provides 

an extensively studied platform to interrogate genomic and GM contributions to disease 

initiation in a quantitative manner (Shoemaker, Gould et al. 1997). Investigators using 

this model have observed complex genetic modification of the adenoma phenotype from 

multiple modifier genes, including modifiers between mouse strains and newly arising 



 

30 
 

variants within the C57BL/6J strain (Cormier, Bilger et al. 2000, Baran, Silverman et al. 

2007, Kwong and Dove 2009). It is now clear that in addition to both known and 

unknown genetic factors, the GM can also impact adenoma initiation and progression, as 

germ-free Min mice develop significantly lower adenoma burdens than their colonized 

counterparts (Li, Kundu et al. 2012). Still, it is unclear how functional genomic changes 

and distinct GM communities independently and additively influence adenoma initiation 

in the context of the complex specific-pathogen-free GM. Thus, the Min mouse provides 

a platform to dissect genomic and microbial contribution to phenotypic variability and to 

draw further inferences about variable disease susceptibility across human populations.  

Adenoma counts across different colonies have varied substantially over the past 

two decades of use of the C57BL/6J-Apc+/Min mouse, (Table 1). In some cases, these 

disparities were attributed to undetermined differences between institutions. It is well-

established that mice originating from different mouse producers and institutions have 

highly distinct GMs (Ericsson, Davis et al. 2015).  Furthermore, strict genetic control of 

mouse models is essential to maintaining a consistent phenotype. Though producers take 

precautions to prevent genetic drift in inbred colonies, mutations in genetic modifiers of 

the Min phenotype may appear rapidly within a colony, and thus account for differences 

in tumor number across different colonies. In this study, we used the observed phenotypic 

variability between two Min mouse colonies from a common lineage that have been 

separated in excess of twenty generations, to interrogate whether disparity in tumor 

numbers between C57BL/6 inbred colonies occurs due to differences in the GM or host 

genetic differences associated with colony divergence. We transferred embryos from 

mice from a low-tumor multiplicity colony (C57BL6/J-ApcMin abbrv. Min/J) and a high-
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tumor multiplicity colony (C57BL6/JD-ApcMin abbrv. Min/D) into surrogate dams 

harboring distinct complex GMs, resulting in two independent lines of mice each 

harboring two distinct complex GMs.  We describe independent and additive influences 

of host genetics and the GM on adenoma initiation through the use of 16S rRNA 

microbial profiling, host whole-genome sequencing (WGS), and finally non-targeted 

metabolomics. This approach allowed for the relatively non-invasive identification of 

altered biologically relevant pathways and mechanistic associations with CRC initiation 

through integration and refinement of large data sets. 

 

2.2. Methods 

2.2.1. Animal use and ethics statement 

Animal studies were conducted in an Association for Assessment and 

Accreditation of Laboratory Animal Care International (AAALAC) accredited facility 

according to the guidelines provided by the Guide for the Care and Use of Laboratory 

Animals, and were approved by the University of Missouri Institutional Animal Care and 

Use Committee. For Complex Microbiota Targeted Rederivation (CMTR), 

C57BL/6JMlcr-ApcMin/Mmmh (Min/D) and C57BL/6J-ApcMin/J (Min/J) embryos were 

transferred into separate Crl:CD1 surrogate dams with distinct complex GM populations 

(GMJAX and GMHSD) to naturally deliver offspring representing four experimental 

groups; Min/JGMJAX, Min/DGMJAX, Min/JGMHSD, and Min/DGMHSD (Fig. 1A). 

Male and female CMTR offspring were group-housed by sex, genetic origin of 

the embryo donor (Min/D or Min/J), and GM of the surrogate dam (GMJAX or 

GMHSD). All mice, including embryo donors, ET recipients, and rederived offspring 



 

32 
 

were group-housed in microisolator cages on ventilated racks (Thoren, Hazelton, PA) on 

a 14:10 light:dark cycle on paper chip bedding (Shepherd Specialty Papers, Watertown, 

TN), with ad libitum access to 5058 irradiated breeder chow (LabDiet, St. Louis, MO) 

and acidified autoclaved water. All pups were ear-punched at weaning (21 days of age) 

using sterile technique. DNA was extracted using the “HotSHOT” genomic DNA 

preparation method as described (Truett, Heeger et al. 2000). We generated N2 backcross 

animals by crossing Min/D males and WT females from the Min/J colony to first create 

F1 hybrids of the two genetic lineages. F1 hybrids were then backcrossed to both the 

Min/D and Min/J parental lines to create N2 mice. At 3 months of age, all mice were 

euthanized via CO2 asphyxiation and the abdominal cavity was opened. Whole small and 

large intestines were incised longitudinally, flushed with saline and placed on bibulous 

paper with the luminal side facing up for formalin fixation. Grossly visible adenomas 

were counted manually using a Leica M165FC microscope at 1.25x magnification. Fecal 

samples were collected from all rederived mice at 1 month, while fecal samples, cecal 

material, and ileal scrapes were collected after sacrifice at 3 months of age. For one-

month fecal samples, individual mice were placed into an empty autoclaved cage, and 

fecal pellets were collected immediately following natural bowel movements. 

2.2.2. Genotyping 

Genotyping for the Min allele by PCR was performed in a reaction volume of 10 

uL containing 0.2 uM of each primer (5’-ATTGCCCAGCTCTTCTTCCT-3’ and 5’-

CGTCCTGGGAGGTATGAATG-3’), 1 x HRM Supermix (BioRad, Hercules, CA), and 

genomic DNA. Genotyping for the Fabp6 upstream deletion was similarly performed 

using ear-punches as described. The 10 uL HRM reaction contained 0.2 uM of each 
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primer (5’-ACCACTTCCTCCCTCAGGAT-3’ and 5’-TTCTCCCAATGCCCATCCAG-

3’), 1 x HRM Supermix, and genomic DNA. Genotyping reactions and analyses were 

carried out using a BioRad CFX384 Real-Time PCR Detection system. For Min 

genotyping, cycling conditions were as follows: 95ºC, 2 min; 40 cycles of 95ºC, 10 sec; 

60ºC, 30 sec, 72ºC, 30 sec, 95ºC, 30 sec; 60ºC, 1 min, followed by melt curve analysis 

from 73ºC to 85ºC in increments of 0.1ºC for 10 sec. PCR cycling conditions for Fabp6 

analysis were the same as those mentioned above, followed by a melt curve analysis from 

65ºC to 95ºC in increments of 0.2ºC. All melt curve results were analyzed using BioRad 

Precision Melt Software v1.2 to detect the Min allele or the Fabp6 deletion. 

2.2.3. Embryo collection and transfer 

Embryos for transfer were collected from donors from two separate colonies (ET 

donors). Half of the embryos were obtained from frozen stocks that were generated 

through breeding of sexually mature C57BL/6JD-Apc+/Min (Min/D) males with 5-8 week-

old C57BL/6JD-Apc+/+ females, maintained as a closed-colony at the McArdle 

Laboratory, University of Wisconsin (Madison, WI). A second cohort of embryos for ET 

was obtained on-site (University of Missouri, Columbia, MO) using C57BL/6J-Apc+/Min 

(Min/J) males and five to eight week-old C57BL/6J- Apc+/+ females, purchased from The 

Jackson Laboratory (Bar Harbor, ME). To generate Min/J embryos, in vitro fertilization 

was performed by the University of Missouri Cryobiology Core as described (Takeo T 

2011). Presumptive zygotes were then moved to a KSOM dish and incubated for 24 

hours to allow progression to the two-cell stage (Biggers JD 2000). For ET recipients, 

eight week old CD1 females harboring a GM (Hsd:CD1GMHSD) from Envigo (Envigo, 

Indianapolis, IN) were purchased and allowed to acclimate for one week prior to use. 
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Eight week old CD1 females harboring a GM representing The Jackson Laboratory 

(Crl:CD1GMJAX ) were previously generated in our laboratory (Hart, Ericsson et al. 2018). 

CD1GMHSD and CD1GMJAX surrogate female embryo recipients were mated with sterile, 

vasectomized Hsd:CD1 or Crl:CD1 males, respectively.  All surrogate females were 

inspected for copulatory plugs and plug-positive mice were used for embryo transfer.  

Surrogate females were anesthetized via IM injection of ketamine/xylazine cocktail at 5.5 

mg and 1 mg per 100 g body weight respectively, and placed in sternal recumbency.  A 

dorsal midline incision was made and the uterine oviducts located by dissecting through 

the retroperitoneal muscle.  Embryos in 3 to 5 µl of media were injected into the oviducts 

using a glass hand-pipette.  Skin incisions were closed with sterile surgical staples and 

mice received a subcutaneous injection of 2.5 mg/kg of body weight flunixin meglumine 

(Banamine®) prior to recovery on a warming pad. 

2.2.4. Tissue collection and processing 

All mice were humanely euthanized with CO2 asphyxiation and necropsied, and 

small intestines were processed as described above. A sterile scalpel blade was used to 

gently scrape normal ileal and colonic epithelium. After the body cavity was opened, 

whole spleens and liver were also collected. All collected tissue was flash-frozen in liquid 

nitrogen followed by storage at -80 ˚C. 

2.2.5. Sample collection and DNA extraction for 16S rRNA sequencing 

Two fecal pellets per mouse were collected aseptically and placed in a 2 mL 

round-bottom tube containing 800 µl of lysis buffer (Ericsson, Davis et al. 2015) and a 

0.5 cm diameter stainless steel bead (Grainger, Lake Forest, Il). All samples were 

mechanically disrupted using a TissueLyser II (Qiagen, Venlo, Netherlands) for 2 
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minutes at 50 Hz, followed by incubation at 70ºC for 20 minutes with periodic vortexing. 

DNA extraction from fecal pellets, cecal contents, and ileal epithelium for 16S rRNA 

sequencing was performed using a DNeasy Blood & Tissue Kit® (Qiagen) as previously 

described (Ericsson, Davis et al. 2015). 

2.2.6. 16S library preparation and sequencing 

Using DNA extracted as described in Section 2.2.5, bacterial 16S rRNA 

amplicons were generated by amplification of the V4 hypervariable region of the 16S 

rRNA gene using universal primers (U515F/806R) (Caporaso, Lauber et al. 2010), then 

sequenced on the Illumina MiSeq platform as described previously (Ericsson, Davis et al. 

2015). Assembly, binning, and annotation of DNA sequences were performed using 

Qiime v1.9 (Kuczynski, Stombaugh et al. 2012) at the University of Missouri Informatics 

Research Core Facility (Columbia, MO) as described (Ericsson, Davis et al. 2015). 

Contiguous sequences were assigned to operational taxonomic units (OTUs) using a 

criterion of 97% nucleotide identity by de novo clustering. Taxonomy was assigned to 

selected OTUs using BLAST (Altschul, Madden et al. 1997) against the SILVA database 

(Ritari, Salojarvi et al. 2015) of 16s rRNA sequences and taxonomy. 

2.2.7. Tissue processing and Reverse Transcriptase-quantitative PCR (RT-qPCR) 

Ileal scrapes collected at 3 months of age were used to quantitate expression of 

Fabp6, Myc, and Dlg3, and liver used to quantitate expression of Cyp39a1. All collected 

tissues were flash-frozen in liquid nitrogen followed by storage at -80 ˚C. Frozen tissues 

were mechanically disrupted using a TissueLyser II (Qiagen) for 4 minutes at 50 Hz. 

Total RNA was then extracted using the AllPrep® DNA/RNA Mini Kit (Qiagen), and 

cDNA was synthesized using the iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA) 
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according to the respective manufacturer’s instructions. Samples were analyzed in 

quadruplicate and all evaluated gene expression levels were normalized to Hprt 

expression using a PrimeTime® qPCR assay (IDT®) and the 2-ΔΔCt method of relative 

expression (Schmittgen and Livak 2008). For qPCR, each 10 uL reaction contained 1 x 

Primer/Probe mixes (Table S9), 1 x iTaq™ Universal Probe Supermix, and 100 ng cDNA 

template. PCR parameters were: denaturation at 95˚C for 5 seconds, and annealing and 

elongation at 60˚C for 30 seconds for a total of 54 cycles.  

2.2.8. Whole-Genome sequencing 

Genomic DNA for whole-genome sequencing (WGS) was extracted from splenic 

tissue using the DNeasy Blood & Tissue Kit®, as described by the manufacturers 

(Qiagen). Paired-end (151 base pair) sequence reads generated for each sample were 

aligned to the GRCm38 (mm10) mouse reference genome using BWA-MEM (v0.7.5) 

(http://arxiv.org/abs/1303.3997) followed by a local realignment around indels using the 

GATKv3.0 ‘IndelRealigner Tool’ (McKenna, Hanna et al. 2010). Possible PCR and 

optical duplicates were filtered using Picard tools (v1.64) 

(http://broadinstitute.github.org/picard). SNP and short indel calls were generated using 

the Mouse Genomes Project variation catalog v5 parameters (Doran, Wong et al. 2016). 

In brief, samtools mpileup v1.3 (Li, Handsaker et al. 2009) and vcftools call v1.3 

(Danecek, Auton et al. 2011) were used to identify SNPs and indels in each of the 

samples. Indels were left-aligned using the bcftools norm function. Filters were then 

applied to remove variants of low depth (<10 reads), low genotype quality (q<20), poor 

mapping quality (q<20) and proximity to an indel (SNPs within 2bp of an indel). 

Additionally, only heterozygous SNPs with > 5 support reads for each allele were 

http://arxiv.org/abs/1303.3997
http://broadinstitute.github.org/picard
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retained. Functional consequences based on mouse Ensembl gene models (v88) were 

annotated using the Variant Effect Predictor (McLaren, Pritchard et al. 2010). The VEP 

tool facilitates the identification of synonymous and deleterious mutations such as stop 

changes and potentially damaging missense variants. Variants private to each sample 

were identified by removing SNPs and indels common to any of the 36 strains present in 

the MGPv5 catalog (Doran, Wong et al. 2016). 

2.2.9. TA cloning and Sanger sequencing for variant validation 

Ear punches were used to collect DNA for variant validation as described in 

Genotyping Section 2.2.2. To validate the observed variant in the upstream region of 

Fabp6 detected by WGS, this region was PCR amplified using the primers FWD 5’-

ACCACTTCCTCCCTCAGGAT-3’, REV 5’-TTCTCCCAATGCCCATCCAG-3’. The 

TOPO TA Cloning® Kit (Invitrogen™) was used to insert the region of interest into the 

pCR™ 4-TOPO® vector, and TOP10 competent E. coli cells were used for vector 

transformation according to the manufacturer’s instructions. Transformed cells were 

spread onto Lysogeny Broth (LB) plates with 50 ug/mL kanamycin for resistance 

selection, then grown overnight at 37ºC in a shaking incubator. The PureYield™ Plasmid 

Miniprep System (Promega, Madison, WI) was used to extract DNA from each culture 

according to the manufacturer’s instructions. Sequencing reactions were prepared using 

the extracted DNA and the T7 sequencing primer (5’-TAATACGACTCACTATAGGG-

3’. Sanger sequencing was performed at the MU DNA Core using a 3730xl 96-capillary 

DNA analyzer (ThermoFisher Scientific, Waltham, MA) with the Applied Biosystems 

Big Dye Terminator cycle sequencing chemistry.  
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2.2.10. Ultra-high performance liquid chromatography-tandem mass spectrometry 

(UHPLC-MS/MS)  

Fecal samples weighing 25 mg were extracted with 1.0 mL 80% MeOH 

containing 18 µg/mL umbelliferone as an internal standard, sonicated for 5 minutes and 

centrifuged for 40 minutes at 3000 g at 10 ºC. 0.5 mL supernatant was used for UHPLC-

MS analysis after centrifugation at 5000 g at 10 ºC for 20 minutes and 250 µL of the 

extract transferred into autosampler glass vials with 300 µL inserts. A Bruker maXis 

impact quadrupole-time-of-flight mass spectrometer coupled to a Waters ACQUITY 

UPLC system was used to perform UHPLC-MS analyses. Metabolite separations were 

achieved using a Waters BEH C18 column (2.1x 150 mm with 1.7-um particles) using a 

linear gradient composed of mobile phase A (0.1% formic acid) and B (100% 

acetonitrile). Phase B increased from 5% to 70% over 30 min, then to 95% over 3 min, 

held at 95% for 3 min, then returned to 5% for equilibrium.  The flow rate was 0.56 

mL/min and the column temperature was 60 oC.  Mass spectrometry was performed in 

the negative electrospray ionization mode with the nebulization gas pressure at 43.5 psi, 

dry gas of 12 l/min, dry temperature of 250 oC and a capillary voltage of 4000V. Mass 

spectral data were collected from 100 and 1500 m/z and were auto-calibrated using 

sodium formate after data acquisition. One sample from each of the four experimental 

groups was analyzed with automated MS/MS. Fragmentation data was compared to 

archived PUBCHEM and KEGG fragment databases via the MetFrag web tool 

(https://msbi.ipb-halle.de/MetFragBeta/).  

2.2.11. Metabolomics data analysis 

https://msbi.ipb-halle.de/MetFragBeta/
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Chromatographic data were aligned using mass and retention time with XCMS 

software (http://xcmsonline.scripps.edu/). Following alignment, XCMS was used to 

generate a relative intensity table with individual features labeled by retention time and 

mass for analysis using the Metaboanalyst v3.0 web program (Xia, Sinelnikov et al. 

2015). In Metaboanalyst, the interquartile range method was used to filter data. Data were 

normalized based on sample sums of features’ relative intensity, then log transformed 

prior to multivariate analysis. Principle Component Analysis (PCA), putative metabolite 

identification, and pathway overrepresentation cloud plots were generated with XCMS, 

where dysregulated pathways were determined using the mummichog algorithm (Li, Park 

et al. 2013). Metaboanalyst was used to perform hierarchical clustering using the 

Euclidean distance measure and Ward clustering algorithm with significantly modulated 

(based on ANOVA) metabolites according to experimental group, and displayed as a 

heat-map and dendogram. Metabolite and tumor correlation analyses were performed 

using small intestinal tumor counts and relative intensities for individual features across 

all four experimental groups, and regression graphs were generated using GraphPad 

Prism 8. Individually significant features were determined separately in terms of GM 

(compared Min/DGMJAX and Min/DGMHSD) and genetic lineage (compared of Min/JGMJAX 

and Min/DGMJAX) by t-test in XCMS. To determine the metabolites contributing to the 

separation and rooting of the hierarchical clusters illustrated by the dendogram, the 

samples were classified into those with ‘high’ or ‘low’ colonic adenoma numbers 

independent of genetic lineage or GM, and a linear discriminant analysis (LDA) was 

performed using the LEfSe (Linear discriminant analysis Effect Size) tool on a high-

computing Linux platform (Segata, Izard et al. 2011). An LDA score of log10 = 2 or 

http://xcmsonline.scripps.edu/
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greater for any given metabolite was considered significantly differential between the 

high and low adenoma groups. 

2.2.12. Statistical analyses 

Statistical analyses were performed using Sigma Plot 14.0 (Systat Software Inc., 

Carlsbad CA). Differences in OTU relative abundance between GMJAX and GMHSD 

were determined using Student’s t-test. To account for multiple testing, OTUs with a p 

value < 0.001 were considered statistically significant. Two-way ANOVA with the 

Student Newman-Keuls post-hoc method was used to assess differences in adenoma 

number between rederived groups, where p < 0.05 was considered statistically 

significant. For GM analysis, GraphPad Prism 8 was used to generate bar graphs and 

Tukey’s box plots displaying phylum relative abundances, richness (OTU counts), and α-

diversity (Shannon Index). Principal Coordinate Analyses incorporating the Bray-Curtis 

similarity index used for visualizing β-diversity were generated with the Paleontological 

Statistics software package (PAST) 3.12 (Hammer, Harper et al. 2001). Two-way 

ANOVA/Student Newman-Keuls post-hoc method was used to assess differences in 

richness and α-diversity and phylum abundance differences between rederived mice. To 

better account for quantitative and qualitative community differences between GMJAX 

and GMHSD, statistical testing for β-diversity was performed via a two-way 

PERMANOVA analysis of both Bray-Curtis and Jaccard dissimilarities for bacterial 

OTU community structure using PAST 3.12. For RT-qPCR assays, expression analysis 

was performed using the 2-ΔΔCt method of relative expression (Schmittgen and Livak 

2008), and statistical differences were assessed using the Student’s t-test. 
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2.3. Results 

2.3.1. Genetic lineage and GM colonization additively determine adenoma 

susceptibility in distinct C57BL/6-ApcMin colonies 

Historically, tumor multiplicities in C57BL/6-ApcMin mice vary widely in reported 

studies despite having the same inbred genetic background (Table 1). Notably, these 

colonies were housed in different institutions for unknown numbers of generations prior 

to reporting tumor numbers, highlighting the difficulty in separating the impact of genetic 

divergence from environmental variables. We compared intestinal adenoma number in 

our institution between two C57BL/6-ApcMin lines arising from a common colony. The 

original B6-ApcMin colony was developed in the McArdle Laboratory at the University of 

Wisconsin (Min/D). A subset of Min/D mice were sent to the Jackson Laboratory (JAX) 

and underwent rederivation for colony development and distribution (Min/J), and thus 

harbor a GM representing JAX. The original Min/D colony was maintained as a closed 

colony through sibling mating and harbored a GM from Harlan/Sprague Dawley (now 

Envigo) that was acquired through pup fostering to CD-1 (Harlan ID) foster mice to rid 

the colony of Helicobacter spp. Mice from the Min/D colony had an average of 99.2 

small intestinal (SI) and 2.26 colonic adenomas (Amos-Landgraf JM 2014), and breeder 

males were consistently progeny-tested to maintain tumor multiplicities in the offspring 

within the average. The Min/J colony acquired from the Jackson Laboratory and 

maintained at the University of Missouri developed 44.2 and 0.55 SI and colonic 

adenomas, respectively. Thus, the Min/J colony develops fewer adenomas than the Min/D 

colony throughout the GI tract  (p < 0.001) (Fig. 1A). 
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We used Complex Microbiota Targeted Rederivation (CMTR) to interrogate how 

GM and host genetic lineage independently and additively contribute to variable 

adenoma susceptibility in ApcMin mice. We established mice from the Min/J and Min/D 

genetic lineage with two different complex GMs; a low-richness GM originally acquired 

from B6 mice from the Jackson Laboratory (GMJAX) and high-richness GM originally 

acquired from CD-1 mice from Envigo (GMHSD). These GM profiles were chosen 

because they most closely represent the original GMs of the Min/J and Min/D colonies, 

respectively. Min/J and Min/D embryos were separately implanted into surrogate dams 

harboring the desired GM, such that they would maintain their original genetic lineage 

while acquiring the desired maternal GM through natural birth. Thus, we generated four 

experimental groups representing each combination of genetic lineage and GM (Fig. 1B). 

All ApcMin offspring were sacrificed at 3 months of age, and SI and colonic adenomas 

were counted to determine the effects of genetic lineage and GM colonization on 

adenoma susceptibility. We found that mice colonized with GMHSD developed more SI 

adenomas than their GMJAX counterparts independent of genetic lineage. Furthermore, 

mice of the Min/D lineage developed more adenomas than Min/J mice independent of 

GM when comparing adenoma susceptibility between the genetic lineages within each 

GM (Fig. 1C). Thus, colonization of Min/J embryos with GMHSD partially restored the 

original Min/D phenotype, but did not account entirely for the phenotypic differences 

between the original Min/D and Min/J colonies. Colonization of Min/D embryos with 

GMJAX suppressed the original Min/D phenotype, while colonization of Min/D with 

GMHSD completely restored the original McArdle phenotype. Min/DGMHSD mice develop 

substantially more adenomas than Min/JGMJAX (p < 0.001) when the effects of genetic 
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lineage and GM are combined. In the colon, we observed increased adenomas in 

GMHSD-colonized mice compared to GMJAX, while genetic lineage had no apparent 

effect (Fig. 1C).  These trends were similarly observed when males and females were 

assessed separately (Fig. S1). To summarize, both genetic lineage and GM colonization 

independently modulated adenoma susceptibility, and collectively had either additive 

protective or deleterious phenotypic effects.  

2.3.2. Distinct GM communities influence adenoma susceptibility 

Feces were collected at 1 month, and fecal and ileal epithelial scrapes were 

collected at 3 months of age from rederived ApcMin mice to characterize the GMJAX and 

GMHSD microbial communities. 16S rRNA sequencing was used to determine the 

relative abundance of all detected microbial taxa. At 1 month, phyla Proteobacteria, 

Actinobacteria, Deferribacteres, and Cyanobacteria were enriched in GMHSD-colonized 

mice, while Tenericutes were enriched in GMJAX-colonized mice (Fig. 2A). These 

changes were observed regardless of genetic lineage, indicating that phylum make-up 

was determined by the surrogate dam rather than genetic lineage of the embryo. At the 

operational taxonomic unit (OTU) level, GMJAX and GMHSD had distinct post-weaning 

microbial profiles in fecal samples (Fig. 2B) which remained disparate until sacrifice at 3 

months in both feces and ileal scrapes (Fig. S2A). Community analyses of fecal and ileal 

β-diversity by two-way PERMANOVA corroborated the discrete nature of these 

communities (Table S1 and S2). Sex did not appear to play a significant role in GM 

make-up, and as anticipated based on previous characterization of these GMs (Ericsson, 

Davis et al. 2015), GMHSD mice had increased microbial richness (Chao1 index) and α-

diversity (Shannon Index) compared to GMJAX mice (Figs. S2B and S2C). We found 58 
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and 34 significantly modulated OTUs in feces and ileal scrapes, respectively, between 

GMJAX and GMHSD, using a p-value of 0.001 as a threshold (Tables S3 and S4). 

GMHSD mice harbored enriched abundances of sulfidogenic Desulfovibrio and Bilophila 

sp., as well as sulfatase-secreting bacteria (SSB) Rikenella, while GMJAX had enriched 

levels of Bacteroides sp. and family Peptococcaceae. A heat map illustrating fold-change 

of the 25 most significantly modulated OTUs was used for a hierarchical clustering 

analysis, and shows that samples clustered based on GM profile, regardless of genetic 

lineage (Fig. 2C). Thus, GMJAX and GMHSD represent highly distinct complex 

microbial communities with a number of different taxa potentially contributing to 

differential adenoma susceptibility. 

2.3.3. GM and host genetic lineage shape the metabolome in ApcMin mice 

Based on the results of our rederivation experiment, we aimed to determine 

functional differences between each genetic lineage and GM community that could 

contribute to differential disease susceptibility using a metabolomics approach. Feces 

contains not only microbial metabolites, but also mammalian host metabolites that may 

undergo microbial biotransformation (Franzosa, Sirota-Madi et al. 2019). In untargeted 

analyses of fecal metabolites at 3 months of age detected by ultra-high pressure liquid 

chromatography coupled mass spectrometry (UHPLC-MS), we observed distinct 

metabolite profiles based on both genetic lineage and GM colonization (Fig. 3A). Using a 

False Discovery Rate (q-value) of 0.1 as a threshold, we found that 1009 features were 

significantly modulated between the four rederived ApcMin groups. Of these features, 172 

were specifically modulated by the GM and 7 by genetic lineage (Supplementary datasets 

1-3; Figs. S3A and B), while the remainder appear to be modulated by a combination of 
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the two factors. A heat map illustrating fold-change of the most substantially modulated 

metabolites (based on ANOVA) was used for a hierarchical clustering analysis. This 

analysis demonstrated that samples primarily clustered based on GM, with a secondary 

clustering pattern based on genetic lineage (Fig. 3B). Notably, we found that certain 

metabolites had significant positive and negative correlations with adenoma number 

across all four rederived groups (Fig. 3C). A pathway analysis using putative metabolite 

identifications was performed to determine metabolic pathways modulated based on 

genetic lineage and GM colonization. Differential bile acid metabolism was observed 

when comparing Min/J and Min/D genetics, as defined by enrichment of putative bile 

acid intermediates (25R)-3α,7α-dihydroxy-5β-cholestanate and 3α,7α,12α-trihydroxy-24-

oxo-5β-cholestanoyl CoA in Min/D mice compared to Min/J (Table S5, Fig. 3D). 

Meanwhile, differential sphingosine lipid metabolism was observed based on GM 

colonization (Table S5). To summarize, a minority of differential features were 

specifically modulated by GM colonization or host genetic lineage, whereas the vast 

majority of features were modulated by a combination of the two factors. Furthermore, 

both individual metabolites and metabolic pathways were independently modulated based 

on genetic lineage or GM.  

2.3.4. Host genetic lineage influences bile acid metabolism 

The divergent genetic lineages Min/J and Min/D had significantly altered 

adenoma susceptibility and metabolic profiles. We therefore characterized genetic 

divergence between the Min/J and Min/D lines via ~30X whole-genome sequencing 

(WGS) on representative breeder female mice from each colony (see supplementary data 

and methods). SNPs and indels that were private to either Min/D or Min/J were 
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categorized based on their predicted functional effect due to the nature of the variant 

using the Variant Effect Predictor (VEP) tool (Table S6). There were no private protein 

coding homozygous variants detected in either line, with all homozygous variants 

residing in noncoding regions. To interrogate overall effects of private mutations in each 

lineage, all private homozygous variants residing within or near known genes were used 

to identify over-represented KEGG (Kanehisa and Goto 2000) and REACTOME (Joshi-

Tope, Gillespie et al. 2005) biological pathways using the over-representation tool in 

InnateDB, which revealed over-representation of bile-acid metabolism in the Min/D line 

(Table S8) (Breuer, Foroushani et al. 2013). Candidate genes with variants contributing 

to bile acid metabolism included Cyp39a1, which codes for an enzyme involved in bile 

acid biosynthesis, and the intestinal bile acid transporter coded for by Fabp6 (Fuchs 

2003, Ohmachi, Inoue et al. 2006). Notably, homozygous variants private to the Min/J 

line were detected near candidate genes Myc and Dlg3 among other cancer related genes 

(Table S7).  

2.3.5. The Min/D Fabp6 variant is associated with SI adenoma susceptibility 

Our WGS findings of variants associated with bile acid metabolism were 

particularly notable as they provide a possible explanation for the previously described 

changes in bile acid metabolites (Fig. 3D). However, it is unclear whether there are any 

functional consequences of the observed germline mutations. To determine whether 

detected Fabp6 and Cyp39a1 variants had potential downstream effects in the tissues 

they are normally expressed, we compared gene expression levels in the normal ileal 

epithelium and liver, respectively, of Min/J and Min/D mice. We found that Min/D mice 

had a significant reduction in Fabp6 expression in the ileal epithelium compared to Min/J 
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mice, while there were no differences in Cyp39a1 mRNA levels in the liver (Fig. 4B). 

We also evaluated expression of Myc and Dlg3 in ileal epithelium to determine the 

functional impact of variants associated with these genes. While there was substantial 

variability in Myc expression, there were no significant differences in Myc or Dlg3 

expression between the Min/J and Min/D lineages (Fig. S4A). 

We validated the Fabp6 variant detected by WGS and further interrogated 

whether Fabp6 is a possible modifier of adenoma susceptibility. The Min/D and Min/J 

parental lines were used to generate N2 mice. Blinded tumor number assessment and 

correlation with the Fabp6 variants showed a significant association, where mice that 

were homozygous for the Min/D variant had the highest adenoma susceptibility. Those 

that were heterozygous displayed an intermediate phenotype, while mice that were 

homozygous for the Min/J variant had the lowest adenoma multiplicity (Fig. 4B). Thus, 

we observed differential Fabp6 expression between the Min/J and Min/D lineages 

associated with the validated upstream insertion in Min/D mice, and further associated 

this variant with SI adenoma susceptibility in N2 mice. 

2.3.6. Colonic adenoma susceptibility is associated with changes in bile acid 

metabolism 

We finally aimed to determine whether the fecal metabolome could account for 

the observed differences in colonic adenoma number between the original Min/D and 

Min/J colonies (Fig. 1A). An unsupervised dendrogram was generated to cluster the fecal 

metabolomes from 3 month old mice based on detected putative fecal metabolite features.  

The major root of the tree clustered samples into two distinct groups independent of 

genetic lineage and GM profile (Fig. 5A). Analysis of these two groups revealed that they 
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correlated with colonic adenoma multiplicity, indicated by the numbers adjacent to the 

dendrogram, where one group had an average of 0.75 ± 0.22 colon adenomas, while the 

other had an average of 2.5 ± 0.57 colon adenomas. Linear Discriminant Analysis (LDA) 

was used to identify the associated with the low-adenoma and high-adenoma clusters. In 

total, we found 16 metabolites associated with the high-adenoma cluster, and 6 

metabolites associated with the low-adenoma cluster (Fig. 5B). Of these metabolites, 

tandem MS enabled identification of two metabolites over-represented in the low-

adenoma cluster, both of which were bile acid or bile acid derivatives. The relative 

abundance of putative cholate was primarily modulated by GM, while the abundance of 

putative 3β,7α,12α-Trihydroxy-5α-cholan-24-oic acid was dependent on both GM and 

genetic lineage (Fig. 5C). In conclusion, an unbiased clustering analysis of the fecal 

metabolomes of the rederived ApcMin groups generated two primary groups, which were 

associated with colonic adenoma numbers. Identification of two of these metabolites 

driving the low- and high-adenoma clusters revealed elevated levels of two bile acid 

compounds in the low-adenoma group, while the remainder are currently 

uncharacterized. 

 

2.4. Discussion 

The Min mouse has been the single most cited mouse model of human cancer for 

nearly three decades, yielding an extraordinary wealth of information about the 

pathogenesis and treatment of human disease. However, the use of the Min mouse model 

for quantitative analysis of tumor susceptibility and treatment has been confounded by 

phenotypic variability of unknown origin, particularly with respect to adenoma 



 

49 
 

multiplicity (Table 1). Here, we demonstrate how leveraging the observed phenotypic 

variability between Min colonies allowed us to unravel the complex factors comprising 

disease susceptibility, with special focus on how host genetics and the gut microbiota 

(GM) collectively influence adenoma initiation. We utilized a multi-omics approach to 

integrate microbial community and host genomics data, and included the fecal 

metabolome to incorporate these data sets to provide new insight into the functional 

contributions of these interactions in CRC susceptibility.  

We exploited our observation of a variable phenotype between two colonies that 

diverged from a common population; the original C57BL/6-ApcMin colony generated and 

housed at the McCardle Laboratory at the University of Wisconsin (Min/D) and mice 

received from The Jackson Laboratory (Min/J) (Fig. 1A). Given the multi-generation 

segregation of the two colonies and the differences in selective pressures, we 

hypothesized that host genetic divergence would account for differences in adenoma 

susceptibility, despite having the same original inbred genetic background. Previous 

studies have also demonstrated that mice housed in different institutions have distinct 

GMs due to environmental differences, so we further hypothesized that the Min/D and 

Min/J colonies’ disparate GM communities could contribute to distinct phenotypes 

(Ericsson, Davis et al. 2015). The original Min/D colony was rederived onto Hsd:CD1 

surrogate dams from Envigo (previously Harlan) at the McCardle Laboratory, and 

therefore had a GM representing Envigo, while Min/J mice have a relatively less complex 

GM from The Jackson Laboratory (Hart, Ericsson et al. 2018). To segregate the effects of 

host genetics and GM on adenoma susceptibility, we used a unique targeted rederivation 

approach in which we generated mice of the Min/D and Min/J genetic lineages each with 
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a GM representing either Envigo (GMHSD) or The Jackson Laboratory (GMJAX) (Fig. 

1B). Remarkably, we demonstrated that both genetic lineage and GM considerably 

influenced adenoma numbers. While Min/J mice colonized with GMHSD had increased 

adenoma numbers compared to our original Min/J colony, colonization of Min/D mice 

with GMJAX repressed adenoma numbers compared to the original Min/D colony, 

emphasizing a critical role for the GM in disease susceptibility in ApcMin mice (Fig. 1C). 

Furthermore, rederived mice of the Min/D lineage developed more adenomas than their 

Min/J counterparts independent of GM colonization, indicating that genetic lineage 

similarly accounts for significant phenotypic variability (Fig. 1C). Thus, we demonstrate 

here that host genetics and the GM collectively accounted for the adenoma number 

disparity between two divergent colonies, additively determining adenoma multiplicity. 

Microbial profiling via NGS of the 16S rRNA gene allowed characterization of 

the GMJAX and GMHSD communities to identify OTUs associated with a protective 

versus deleterious phenotype. Analysis of β-diversity of the microbial taxa of GMHSD 

and GMJAX in the ileum and feces across multiple time points confirmed that these GMs 

were stably distinct from one another throughout the GI tract (Figs. 2 and S2). 

Desulfovibrio sp. and Bilophila sp., which are deltaproteobacteria producers of hydrogen 

sulfide (H2S) via sulfate and sulfite reduction, respectively, were 2-3 orders of magnitude 

higher in GMHSD compared to GMJAX in both ileal scrapes and feces (Tables S3 and 

S4) suggesting a potentially important role for sulfidogenic bacteria. A number of studies 

describe associations between H2S and CRC risk, indicating both pro- and anti-

carcinogenic roles depending on concentration and route of cellular exposure (Attene-

Ramos, Wagner et al. 2006, Attene-Ramos, Wagner et al. 2007, Hellmich and Szabo 
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2015, Guo, Yu et al. 2016). Of further interest, Bilophila sp., named for their close 

association with bile, is the only bacterial genera known to utilize taurine from taurine-

conjugated bile acids for anaerobic respiration and H2S production (Laue, Friedrich et al. 

2001, Carbonero, Benefiel et al. 2012). Due to its use of bile acids as a source of 

respiration, B. wadsworthia expands dramatically in western diets with higher fat content 

associated with increased taurine-conjugated bile acids, and thus presents a critical link 

between western diets, bile acid levels, sulfide production, and CRC risk (Ridlon, Kang 

et al. 2014). While these suggestive results remain correlative, experiments focused on 

supplementing these bacteria in an environmentally controlled setting could provide 

additional insight into complex community structures and their role in CRC pathogenesis.  

The emergence of targeted and untargeted metabolomics provide an avenue to 

interrogate metabolic changes in disease. While the high sensitivity of an untargeted 

approach yields large numbers of metabolites of interest, distinguishing these compounds 

from unclassified fragments or adducts poses a significant challenge (Melnik, da Silva et 

al. 2017). This study in particular exemplifies the challenges of an untargeted approach, 

as the vast majority of detected differential metabolite features remain unidentified. It is 

also important to consider that more extensive annotation of certain metabolite classes 

may cause inherent bias when interpreting results. Thus, continued efforts to improve 

metabolite libraries, as well as bioinformatics pipelines that enable more efficient 

compound identification, are critical to the development of these approaches.  

Despite these challenges, a wealth of information was gleaned from controlled 

metabolomics studies. The data show that both the GM and host genetics shape the fecal 

metabolome, and in the process, could alter predisposition to adenoma initiation (Fig. 
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2A-B). Additional analyses enabled mapping of differential putative compounds to 

metabolic pathways, and thus show the perturbation of such metabolic pathways 

associated with pathology of interest. We identified dysregulation of bile acid metabolism 

in mice from the Min/D genetic lineage. The enterohepatic BA system is a classic 

example of the inter-dependent nature of host genetics and the GM. Host gene expression 

of enzymes responsible for primary BA biosynthesis, as well as intestinal transporters 

that recycle these BAs are required for functional enterohepatic circulation (Thomas, 

Pellicciari et al. 2008), while the GM de-conjugates and transforms primary bile acids as 

they traverse the GI tract to produce secondary BAs. (Ridlon, Kang et al. 2006). Thus, 

intra-intestinal levels of BAs depend upon cooperative genomic and microbial functions.  

Gleaning functional genomic significance of WGS variants is often especially 

challenging due to high numbers of misreads and unknown intergenic effects of poorly 

annotated functional elements. Thus, we used our metabolomics data, specifically 

identification of bile acid dysregulation, as a functional genomic tool to focus our 

variants of interest.  We identified an insertion at a Spi1 transcription factor binding site 

of Fatty acid binding protein 6 (Fabp6), a protein responsible for the re-uptake of bile 

acids in the ileum for enterohepatic recirculation (Lefebvre, Cariou et al. 2009), in Min/D 

mice. This variant was associated with decreased expression of Fabp6 in the Min/D 

population, suggesting a functional role for the insertion. Previous studies have 

implicated Fabp6 in human CRC where it was over-expressed in cancerous tissue relative 

to normal tissue. Counterintuitively, higher expression levels of Fabp6 within tumors 

correlated with smaller tumors and less metastasis, suggesting its potential role in early 

carcinogenesis (Ohmachi, Inoue et al. 2006). Moreover, a western diet resulting in 
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increased cell proliferation and tumorigenesis also significantly reduces FABP6 

transporter levels, suggesting that the detected Fabp6 variant mimics the effects of a 

western diet as a modifier of disease susceptibility (Dermadi, Valo et al. 2017). To 

summarize, decreased expression of Fabp6 in normal ileal epithelium associated with 

increased adenomagenesis in Min/D mice, and segregation of the Min/D Fabp6 variant 

associated with SI adenoma multiplicity in N2 mice. Together, these results support the 

proposed role for Fabp6 in tumor initiation (Fig. 4B).  

While it is difficult to discern contributing factors to colonic adenoma 

development in ApcMin mice due to low tumor numbers and an incompletely penetrant 

phenotype, metabolomics provided a foundation for identifying changes associated with a 

more severe or suppressed colonic phenotype. An unbiased analysis of fecal metabolites 

in our rederived groups separated the metabolic profiles into two distinct groups defined 

by colonic tumor number. Among several associated compounds, we identified two bile 

acids whose increased abundance was associated with the low-adenoma group (Fig. 5). 

Previous studies have implicated secondary bile acids such as deoxycholic acid (DCA) in 

CRC pathogenesis through mechanisms including oxidative damage and mitochondrial 

dysfunction, while primary bile acids can inhibit adenoma formation (Smith, Keshavan et 

al. 2010, Degirolamo, Modica et al. 2011, Cao, Luo et al. 2014). Cholic acid (CA) is a 

primary bile acid converted to DCA by the gut microbiota (Brown, Rao et al. 2016). 

Enrichment of cholate in the low-adenoma group, and its association with GMJAX-

colonized mice, may indicate that GMJAX converts CA to DCA less efficiently than 

GMHSD, and therefore confers a suppressed adenoma phenotype. These results highlight 

the diversity of bile acids and their potential effects on host cell proliferation in CRC, and 
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suggest that carcinogenesis may depend upon a delicate balance between the two. 

However, further targeted studies are required to better characterize the mechanism of 

dysregulation of primary and secondary bile acids, and to determine how genetic variants 

and the microbiota each influence these metabolites.  

Colorectal cancer is a classic example of a multifaceted disease with complex 

biological systems contributing to overall susceptibility and pathogenesis. Here, we 

demonstrate that complex GM communities and host genetics both independently and 

additively modulate adenoma development in ApcMin mice. We utilized a metabolomics 

platform to show that genetically divergent host genomes and complex GM interactively 

shape the intestinal metabolome. Our unique strategy of utilizing untargeted 

metabolomics data as a functional genomics tool enabled us to focus our attention to 

WGS variants of consequence. Thus, we demonstrate a novel tactic to extract 

pathologically relevant functional candidate variants from large cohorts of sequencing 

data.  This work provides a platform for both mechanistic links between genetic variants 

and the GM as well as novel biomarker discovery, and supports the use of metabolomics 

for risk assessment of tumor susceptibility. Furthermore, this data provides a clear 

explanation for much of the variability observed in the ApcMin tumor phenotype 

throughout its use over the course of several decades, and explains substantial differences 

in susceptibility to CRC across different human populations. Finally, this approach was 

relatively non-invasive and can be translated to human studies, integrating the 

complicated interactive nature of the host genome, the GM, and the fecal metabolome to 

create individualized risk assessment and tailored preventive medicine strategies. 
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2.7. Figures 

Figure 1. Genetic lineage and GM colonization additively determine adenoma 

numbers in ApcMin mice. A, Scatter plots comparing mean (± SEM) small intestinal (SI) 

and colon adenoma counts of the original B6-ApcMin colony generated at UW McArdle 

Laboratory (Min/D) to B6-ApcMin mice acquired from The Jackson Laboratory and 

maintained at University of Missouri (Min/J) (Min/D, n = 65; Min/J, n = 22). B, Embryos 

from the Min/J and Min/D genetic lineages were transplanted into surrogate dams 

harboring two distinct complex GM profiles; GMJAX and GMHSD. Offspring represent 

the two genetic lineages which have inherited a GM from their respective surrogate dams 

(Min/JGMJAX, n = 13; Min/DGMJAX, n = 18; Min/JGMHSD, n = 19; Min/DGMHSD, n = 10). C, 

Scatter plots comparing mean (± SEM) SI and colon adenoma counts of the four 

rederived groups, including each genetic lineage (Min/J and Min/D) rederived with two 

complex GMs.  *p<0.05, **p<0.01, ***P<0.001; Student’s t-test (A) and Two-way 

ANOVA with the Student Newman-Keuls method (C). 
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Figure 2. Distinct GM communities influence adenoma susceptibility. A, Bar charts 

representing relative abundances (mean ± SEM) of Phyla with detected significant 

differences between fecal samples GMJAX and GMHSD groups (Min/JGMJAX, n = 13; 

Min/DGMJAX, n = 18; Min/JGMHSD, n = 19; Min/DGMHSD, n = 10). B, Unweighted Principal 

Coordinate Analysis (PCoA) representing differences in β-diversity at the Operational 

Taxanomic Unit (OTU) level between complex GM profiles of CMTR offspring in feces 

at 1 month, and ileal scrapes at 3 months of age. C, Heatmap showing 25 taxa with 

significantly different (p < 0.001) fecal relative abundances between GMJAX and 

GMHSD at 1 month, where color intensity represents fold-change of each OTU. 

Hierarchical clustering based on Euclidean distances (top) demonstrates clustering of 

samples based on GM. All statistically significant OTUs and associated fold changes are 

represented in supplementary tables 3A (fecal) and 3B (ileal).*p < 0.05, **p < 0.01, ***p 

< 0.001; Two-way ANOVA with the Student Newman-Keuls method for Multiple 

Comparisons. 
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Figure 3. Untargeted analysis of GM and host genetic lineage effects on the fecal 

metabolome. A, PCA illustrating unsupervised clustering of fecal metabolites at 3 

months of age (Min/JGMJAX, n = 6; Min/DGMJAX, n = 4; Min/JGMHSD, n = 5; Min/DGMHSD, n 

= 5). B, Heatmap showing 25 detected fecal metabolites with most significantly different 

relative abundances across all rederived groups, where color intensity represents fold-

change of each metabolite. Hierarchical clustering based on Euclidean distances (top) 

illustrates primary clustering of samples based on GM, and secondary clustering based on 

genetic lineage. All metabolites shown on heat map have significantly different mean 

abundances (p < 0.001) based on ANOVA. C, Spearman’s rank correlation was used to 

show metabolites with significant positive or negative correlations to SI tumor number 

across all rederived ApcMin groups (n = 20). D, Scatter plots of mean ± SEM relative 

abundances of putative metabolites contributing to modulation of bile acid metabolism 

(Min/J, n = 6; Min/D, n = 4). Metabolites are denoted by mass-to-charge ratio and 

retention time (m/z_tR). *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t-test. 
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Figure 4. Min/D Fabp6 variant association with SI adenoma susceptibility. A, RT-

qPCR relative expression of candidate genes Fabp6 and Cyp39a1 in Min/J and Min/D 

lineages using ileal mucosal scrapes from normal intestinal epithelium and liver, 

respectively (Min/J, n = 10; Min/D, n = 12). B, Scatter plots comparing mean (± SEM) SI 

tumor counts of N2 mice based on status for the Fabp6 insertion (-/- homozygous for 

absence of insertion, n = 29; +/- heterozygous for insertion, n = 34; +/+ homozygous for 

presence of insertion, n = 16). *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t-test (A) 

and ANOVA with the Student Newman-Keuls method (B). 
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Figure 5. Colonic adenoma susceptibility is associated with changes in bile acid 

metabolism. A, Dendrogram was generated based on the putative fecal metabolite 

features using the Euclidean distance of measurement and Wards clustering algorithm. 

The major root of the tree clustered samples independent of genetic lineage and GM 

profile. The mean ± SD is included for each cluster. B, Linear Discriminant Analysis 

(LDA) was used to identify the metabolites driving separation between the low-adenoma 

and high-adenoma clusters identified by the dendogram. C, Scatter plots displaying 

relative abundance of two bile acids identified by tandem MS, significantly over-

represented in the low-colonic adenoma group defined by the dendogram analysis 

(Min/JGMJAX, n = 6; Min/DGMJAX, n = 4; Min/JGMHSD, n = 5; Min/DGMHSD, n = 4). *p < 0.05, 

**p < 0.01; student’s t-test. 
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Supplementary Figure 1. Effects of genetic lineage and GM on adenoma 

susceptibility by sex. Scatter plots comparing mean (± SEM) small intestinal (SI) and 

colon adenoma counts of the original B6-ApcMin colony generated at UW McArdle 

Laboratory (Min/D) to B6-ApcMin mice acquired from the Jackson Laboratory and 

maintained at University of Missouri (Min/J) of females (A) (Min/D, n = 31; Min/J, n = 

3), and males (B) (Min/D, n = 34; Min/J, n = 19). Scatter plots comparing mean (± SEM) 

SI and colon adenoma counts of the four rederived groups, including each genetic lineage 

(Min/J and Min/D) rederived with two complex GMs of females (C) (Min/JGMJAX, n = 4; 

Min/DGMJAX, n = 9; Min/JGMHSD, n = 10; Min/DGMHSD, n = 4) and males (D) (Min/JGMJAX, n 

= 9; Min/DGMJAX, n = 9; Min/JGMHSD, n = 9; Min/DGMHSD, n = 6).  *p < 0.05, **p < 0.01, 

***p < 0.001; student’s t-test and Two-way ANOVA with the Student Newman-Keuls 

method. 
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Supplementary Figure 2. Analysis of α- and β-diversity measures of GMJAX and 

GMHSD. A, Unweighted PCoA representing differences in β-diversity at the Operational 

Taxanomic Unit (OTU) level between complex GM profiles of CMTR offspring in feces 

at 3 months of age and B, unweighted PCoA of 1 month fecal OTUs separated by sex. C, 

Differences in GM richness (Chao1 index) and α-diversity (Shannon Index) are shown 

with Tukey’s boxplots. *p < 0.05, **p < 0.01, ***p < 0.001; Kruskal-Wallis ANOVA on 

ranks with Dunn’s Method for Multiple Comparisons. 
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Supplementary Figure 3. GM profile and genetic lineage modulate relative 

abundances of specific fecal metabolites. A, Scatter plots showing relative abundance 

of fecal metabolites modulated by the GM independent of genetic lineage (GMJAX, n = 

4; GMHSD, n = 5). B, Scatter plots showing relative abundance of fecal metabolites 

modulated by genetic lineage independent of GM (Min/J, n = 6; Min/D, n = 4). 

Metabolites are labeled by mass-to-charge ratio/retention time. ***p < 0.001. 
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Supplementary Figure 4. Sequencing analysis of detected Fabp6 variant. A, RT-

qPCR comparison of relative expression (± SEM) of candidate genes Myc and Dlg3 

between Min/J and Min/D lineages (Min/J, n = 6; Min/D, n = 6), using ileal mucosal 

scrapes from normal intestinal epithelium. B, Chromatogram of Sanger sequencing 

results for validation of the 5-bp deletion detected at position 43604912 of chromosome 

11 in Min/J WGS. DNA extracted from ear punches of representative Min/D (top) and 

Min/J (bottom) mice, PCR amplified for the region of interest, and TA-cloned using the 

pCR 4-TOPO vector. The T7 sequencing primer (5’-TAATACGACTCACTATAGGG-3’ 

was used for the sequencing reaction. 
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8. Tables 

Table 1. Summary of small intestinal (SI) adenoma number variability between 

C57BL6/J-ApcMin colonies. 

Tumor Count 

(SI) 

Reference 

22 MacGregor DJ et al. International Journal of Oncology. 2000. 

34 Zell JA et al. International Journal of Cancer. 2007. 

41 Chiu CH et al. Cancer Research. 1997. 

71 Niho N et al. Cancer Science. 2003. 

102 Ahn B and Ohshima H. Cancer Research. 2001. 

108 Paulsen JE et al. Carcinogenesis. 1997. 

128 Kwong et al. Genetics. 2007. 
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Supplementary table 1. Two-way PERMANOVA community 

analysis of fecal GM and host genetic effects on β-diversity 

 Bray Curtis Jaccard 

Variable P value F value P value F value 

GM (JAX vs HSD) 0.0001 13.68 0.0001 43.26 

Genetics (Min/J vs Min/D .068 2.16 0.0025 4.36 

Interaction 0.716 -5.18 0.85 -5.23 

Bray Curtis and Jaccard’s dissimilarity indices, based on 9999 permutations 

 

Supplementary table 2. Two-way PERMANOVA Community 

analysis of ileal GM and host genetic effects on β-diversity  

 Bray Curtis Jaccard 

Variable P value F value P value F value 

GM (JAX vs HSD) 0.0004 5.53 0.0001 9.46 

Genetics (Min/J vs Min/D .268 1.06 0.0020 2.43 

Interaction 0.758 -5.36 0.378 -4.18 

Bray Curtis and Jaccard’s dissimilarity indices, based on 9999 permutations 



 

 
 

7
5
 

Supplementary table 3. Significantly different fecal OTUs between GMJAX and GMHSD 

Significant OTUs in B6-Apc+/Min (p < 0.001) 
GMHSD 

relative to GMJAX 
GMJAX GMHSD 

Phylum OTU p-value 

Mean 

Fold 

Change 

Mean Relative 

Abundance (±SEM) 

Mean Relative 

Abundance (±SEM) 

Proteobacteria Genus Bilophila 2.18E-15 523.12 7.29E-07±5.14E-07 0.0025±0.0003 

Bacteroidetes Genus Odoribacter 2.19E-15 685.34 2.95E-06±1.23E-06 0.0044±0.0012 

Firmicutes Family Peptococcaceae 1.36E-14 0.16577 0.0096±0.0007 

0.0016 

±0.0002 

Bacteroidetes Genus Rikenella 3.31E-11 662.83 2.92E-06±1.36E-06 0.0043±0.0006 

Firmicutes 

Genus Ruminococcaceae 

NK4A214  4.95E-11 5.7893 0.0003±3.57E-05 0.0015±0.0002 

Firmicutes Genus Lachnospiraceae UCG-009 1.70E-10 0.045779 0.0006±6.484E-05 2.27E-05±1.23E-05 

Bacteroidetes Genus Bacteroides 8.19E-10 0.26689 0.0918±0.0084 0.0245±0.0025 

Firmicutes Genus Family XIII AD3011 group NA NA ND 0.0001±1.95E-05 

Bacteroidetes Parabacteroides goldsteinii 2.46E-09 0.28362 0.0019±0.0002 0.0005±7.69E-05 

Firmicutes Genus Ruminococcaceae UCG-009 3.49E-09 218.38 4.00E-07±4.00E-07 0.0010±0.0002 

Proteobacteria Genus Parasutterella 4.54E-09 0.002419 2.04E-06±8.68E-07 0.0024±0.0005 

Firmicutes Genus Family XIII UCG-001 8.86E-09 49.401 1.12E-06±6.32E-07 0.0002±3.93E-05 

Firmicutes Genus Ruminococcaceae UCG-014 2.84E-08 10.455 0.0017±0.00021 0.0182±0.0028 

Actinobacteria Genus Asaccharobacter NA NA ND 6.78E-05±1.16E-05 
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Firmicutes Genus Lachnospiraceae UCG-010 1.09E-07 0.15101 0.0003±3.92E-05 4.43E-05±6.38E-06 

Firmicutes Genus Ruminococcaceae UCG-014 1.43E-07 364.11 3.68E-06±1.34E-06 0.0026±0.0005 

Firmicutes Family Peptococcaceae 1.59E-07 189.63 1.79E-06±9.52E-07 0.0010±0.0002 

Bacteroidetes Genus Fluviicola  NA NA ND 0.0001±2.15E-05 

Bacteroidetes Genus Rikenellaceae RC9  4.87E-07 1801.1 1.47E-06±7.21E-07 0.0094±0.0018 

Bacteroidetes Alistipes CC-5826 5.53E-07 30.486 3.51E-07±3.51E-07 0.0001±2.56E-05 

Firmicutes Genus Ruminococcaceae UCG-003 7.59E-07 55.968 1.70E-05±4.49E-06 0.0011±0.0002 

Firmicutes Family Clostridiales vadinBB60  NA NA ND 4.79E-05±3.10E-05 

Firmicutes Genus Ruminiclostridium 5 1.02E-06 60.332 9.00E-06±2.49E-06 0.0007±0.0001 

Firmicutes Family Erysipelotrichaceae 1.25E-06 8.3106 0.0001±3.36E-05 3.44E-05±1.11E-05 

Proteobacteria Genus Oxalobacter 1.58E-06 0.043163 0.0001±1.83E-05 6.13E-07±6.13E-07 

Bacteroidetes Genus Alloprevotella 1.63E-06 610.15 6.77E-06±1.45E-06 0.0056±0.0011 

Proteobacteria Genus Parasutterella 1.80E-06 427.03 0.0090±0.0012 2.044E-05±3.65E-06 

Firmicutes Family Christensenellaceae 3.38E-06 0.28271 0.0003±4.07E-05 9.68E-05±2.31E-05 

Actinobacteria Genus Senegalimassilia NA NA ND 1.41E-05±2.80E-06 

Firmicutes Genus Christensenellaceae R-7  5.09E-06 33.441 8.10E-07±4.56E-07 0.0002±3.30E-05 

Tenericutes Genus Anaeroplasma 5.77E-06 0.028716 0.0165±0.0030 0.0005±0.0002 

Firmicutes Genus Ruminiclostridium 5 7.04E-06 0.13776 0.0120±0.0020 0.0017±0.0002 

Deferribacteres Genus Mucispirillum 7.12E-06 1078 5.15E-06±1.52E-06 0.0088±0.0019 

Firmicutes Genus Coprococcus 1.06E-05 0.34219 0.0054±0.0007 0.0018±0.0003 
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Cyanobacteria Order Gastranaerophilales 1.38E-05 725.14 2.32E-06±8.83E-07 0.0042±0.0020 

Proteobacteria Genus Desulfovibrio 1.55E-05 1566.8 7.18E-06±1.89E-06 0.0154±0.0036 

Firmicutes Genus Ruminococcaceae UCG-013 NA NA ND 4.12E-05±9.25E-06 

Firmicutes Genus Ruminococcaceae UCG-005 2.45E-05 0.27122 0.0012±0.0002 0.0003±5.42E-05 

Firmicutes Genus Erysipelatoclostridium 3.64E-05 38.155 8.46E-07±5.90E-07 0.0002±4.3734E-05 

Firmicutes Catabacter hongkongensis NA NA ND 3.06E-05±7.15E-06 

Firmicutes Genus Family XIII AD3011 group 4.15E-05 0.49768 0.0003±2.19E-05 0.0001±1.75E-05 

Firmicutes Genus Ruminococcaceae UCG-011 4.46E-05 313.95 3.12E-06±1.04E-06 0.0020±0.0005 

Tenericutes Order Mollicutes RF9.1 NA NA ND 0.0002±4.80E-05 

Firmicutes Genus Anaerovorax 7.77E-05 0.33895 0.0001±1.46E-05 4.82E-05±1.76E-05 

Firmicutes Family Christensenellaceae 0.0001 2.5038 2.75E-05±3.87E-06 7.02E-05±1.05E-05 

Firmicutes Family Lachnospiraceae 0.000101 5.0579 0.0005±8.42E-05 0.0024±0.0005 

Firmicutes Genus Ruminiclostridium 5 0.00018 3.2504 7.05E-05±1.50E-05 0.0002±3.97E-05 

Bacteroidetes Genus Prevotella 0.000218 0.46679 0.0067±0.0008 0.0031±0.0004 

Bacteroidetes Genus Odoribacter.1 0.000236 0.1121 0.0097±0.0008 0.0011±0.0002 

Firmicutes Family Ruminococcaceae.3 0.000283 186.66 2.64E-06±1.26E-06 0.0012±0.0003 

Firmicutes Family Ruminococcaceae.2 NA NA ND 1.54E-05±4.09E-06 

Firmicutes Family Lachnospiraceae.4 NA NA ND 1.86E-05±5.07E-06 

Firmicutes Family Lachnospiraceae.2 0.000373 415.54 1.59E-06±9.53E-07 0.0023±0.0006 

Bacteroidetes Genus Bacteroides.1 0.00038 0.21468 0.0001±1.97E-05 2.07E-05±7.15E-06 
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Firmicutes Genus Ruminiclostridium 0.000385 527.2 3.97E-07±3.97E-07 0.0024±0.0007 

Firmicutes 

Genus Ruminococcaceae UCG-

005.1 NA NA ND 6.99E-05±1.99E-05 

Firmicutes bacterium NLAE-zl-H60 0.000733 0.15777 0.0018±0.0004 0.0003±7.82E-05 

Firmicutes Genus Peptoclostridium 0.000814 0.061672 0.0014±0.0004 8.67E-05±3.85E-05 

         ND: Relative abundance was below detectable limits by 16S sequencing 

         NA: Statistical comparison not applicable due to a relative abundance below detectable limits (ND) in at least one GM group 

  



 

 
 

7
9
 

Supplementary table 4. Significantly different ileal scrape OTUs between GMJAX and GMHSD 

Significant OTUs in B6-Apc+/Min (p < 0.001) 
GMHSD 

relative to GMJAX 
GMJAX GMHSD 

Phylum OTU p-value 

Mean 

Fold 

Change 

Mean Relative 

Abundance (±SEM) 

Mean Relative 

Abundance (±SEM) 

Proteobacteria Genus Parasutterella 4.56E-31 481.21 9.63E-06±6.99E-06 0.0101±0.0012 

Proteobacteria Genus Desulfovibrio 1.64E-15 201.56 5.72E-05±5.72E-05 0.0140±0.0028 

Bacteroidetes Family Muribaculaceae 4.02E-15 47.486 0.0001±5.64E-05 0.0072±0.0010 

Firmicutes  Genus Butyricicoccus NA NA ND 0.0009±0.0003 

Firmicutes Family Peptostreptococcaceae 5.92E-10 0.0368 0.0148±0.0042 0.0005±0.0002 

Cyanobacteria Order Gastranaerophilales.1 NA NA ND 0.0031±0.0013 

Proteobacteria Genus Bilophila NA NA ND 0.0014±0.0003 

Firmicutes Genus Lachnospiraceae UCG-001 NA NA ND 0.0017±0.0009 

Firmicutes Genus Ruminococcaceae UCG-014.1 2.34E-09 37.965 0.0003±0.0001 0.0113±0.0029 

Bacteroidetes Genus Muribaculum 1.90E-08 0.41829 0.0565±0.0048 0.0236±0.0024 

Bacteroidetes Genus Alloprevotella.2 1.32E-07 22.386 5.95E-05±5.32E-05 0.0016±0.0004 

Bacteroidetes Genus Rikenella NA NA ND 0.0007±0.0002 

Firmicutes Genus Ruminococcaceae UCG-014 6.87E-07 13.226 0.0001±4.89E-05 0.0015±0.00041 

Actinobacteria Genus Bifidobacterium 1.19E-06 29.214 8.98E-05±5.08E-05 0.0029±0.0008 

Bacteroidetes Genus Alistipes.1 2.19E-06 7.0451 0.0008±0.00054 0.0054±0.0019 

Verrucomicrobia Genus Akkermansia 2.71E-06 27.871 0.0011±0.0003 0.0301±0.0064 
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Tenericutes Genus Anaeroplasma 6.98E-06 0.12163 2.13E-05±1.49E-05 0.0118±0.0093 

Firmicutes Genus Eisenbergiella NA NA ND 0.0013±0.0010 

Proteobacteria Genus Parasutterella.1 1.50E-05 0.22455 0.0218±0.0035 0.0049±0.0011 

Firmicutes Genus Eubacterium oxidoreducens  2.62E-05 0.07639 0.0054±0.0011 0.0004±0.0001 

Firmicutes Genus Dubosiella 3.69E-05 58.775 6.35E-06±6.35E-06 0.0011±0.0003 

Tenericutes Genus Anaeroplasma.1 5.69E-05 360.57 0.02070±0.0049 0.0025±0.0013 

Deferribacteres Genus Mucispirillum 9.35E-05 89.705 4.75E-05±2.62E-05 0.0052±0.0026 

Firmicutes Genus Roseburia.1 NA NA ND 0.0004±0.0001 

Firmicutes Genus Ruminococcaceae UCG-003 0.000125 0.18607 0.0045±0.0008 0.0008±0.0002 

Proteobacteria Azospirillum sp. 47_25 NA NA ND 0.0013±0.0006 

Firmicutes Genus Butyricicoccus.1 0.000269 0.25529 0.0010±0.0002 0.0002±7.35E-05 

Firmicutes Genus Lachnospiraceae UCG-006 0.000665 3.2945 0.0009±0.0003 0.0030±0.0008 

Cyanobacteria Order Gastranaerophilales 0.000736 7.421 5.37E-05±3.93E-05 0.0004±0.0002 

Firmicutes Genus Coprococcus  0.000789 145.18 8.54E-06±8.54E-06 0.0030±0.0022 

Firmicutes Genus Erysipelatoclostridium NA NA ND 0.0005±0.0002 

Firmicutes Genus Roseburia 0.000911 0.25049 0.0035±0.0012 0.0009±0.0003 

         ND: Relative abundance was below detectable limits by 16S sequencing 

         NA: Statistical comparison not applicable due to a relative abundance below detectable limits (ND) in at least one GM group 
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Supplementary table 5. Summary of metabolic pathways modulated by genetic lineage and GM 

Pathway Modulated Modulating 

factor 

p value 

(corrected) 

Overlapping 

metabolites 

Sphingosine/sphingosine-1-phosphate metabolism GM 3.3 x 10-6 3 

Morphine biosynthesis GM 1.7 x 10-5 7 

Bile acid biosynthesis/metabolism Genetic lineage 0.1 4 

 

  



 

 
 

8
2
 

Supplementary table 6. Summary of heterozygous and homozygous private variants 

associated with Min/J and Min/D colonies 

 VEP 0 VEP 1 VEP 2 Total 

Het Hom Het Hom Het Hom Het Hom 

Min/D 14,996 475 3,917 109 54 0 18,967 584 

Min/J 18,467 388 4,772 115 94 1 23,333 504 
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Supplementary table 7. Over-represented biological pathways and candidate genes identified in Min/J 

Pathway name Database P value 

(corrected) 

Candidate genes 

Neurotransmitter Receptor Binding REACTOME 1.29 x 10-2 Dlg3, Gabrb1, Gria1 

Ion channel transport  REACTOME 1.53 x 10-2 Casq2, Gabrb1, Mcoln3 

Neuronal System REACTOME 1.57 x 10-2 Dlg3, Gabrb1, Gria1, Kcnb2 

Transmission across Chemical Synapses REACTOME 1.75 x 10-2 Dlg3, Gabrb1, Gria1 

Stimuli-sensing channels REACTOME 3.52 x 10-2 Casq2, Mcoln3  

Small cell lung cancer KEGG 3.84 x 10-2 Fhit, Myc 

TGF-beta signaling pathway KEGG 4.21 x 10-2 Acvr1, Myc 

Ubiquitin mediated proteolysis KEGG 6.97 x 10-2 Herc2, Ube2e3 

         Candidate genes are genes that are found in the over-represented pathways and contained SNPs or indels private to the  

        Min/J line. Corrected p values were calculated using the Benjamini-Hochberg method 
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Supplementary table 8. Over-represented biological pathways and candidate genes identified in Min/D 

Pathway name Database P value (corrected) Candidate genes 

Bile acid and bile salt metabolism Reactome 8.16 x 10-2 Cyp39a1, Fabp6 

Platelet aggregation  Reactome 8.76 x 10-2 Rapgef4, Syk 

Integration of energy metabolism Reactome 9.28 x 10-2 Cacna1a, Cacna1c, Rapgef4 

         Candidate genes defined as those found in over-represented pathways and contained SNPs or indels private to the Min/D line. 

         Corrected p values were calculated using the Benjamini-Hochberg method.



 

 
 

8
5
 

Supplementary table 9. RT-qPCR primer/probe sets for mouse Fabp6, Cyp39a1, Myc, Dlg3, and Hprt 

Gene (IDT assay no.) Probe Primer 1 Primer 2 

Fabp6 

(Mm.PT.58.41459866) 

5’-/56-

FAM/CTCCACCAA/ZEN/C

TTGTCACCCACGA/3lABk

FQ/-3’ 

CCCAACTATCACCAGA

CTTCG 

GCCAGCCTCTTGCTTACG 

Cyp39a1 

(Mm.PT.58.28626812) 

5’-/56-

FAM/TGCTATGGG/ZEN/A

AACCGAATGACCTTTGT/

3lABkFQ/-3’ 

GATTGGAGCTGGACTT

GAGTT 

GAAGCACATTGATTCCTTC

TTCT 

Hprt (Mm.PT.39a.22214828) 5’-

/5HEX/CTTGCTGGT/ZEN/

GAAAAGGACCTCTCGAA

/3lABkFQ/-3’ 

AACAAAGTCTGGCCTG

TATCC 

CCCCAAAATGGTTAAGGTT

GC 

Myc (Mm.PT.58.28494642) 5’-/56-

FAM/CGGTGTCTC/ZEN/C

TCATGCAGCACT/3lABkF

Q/-3’ 

TTCTCTCCTTCCTCGGA

CTC 

CTTCCTCATCTTCTTGCTCT

TCT 

Dlg3 (Mm.PT.58.42693890) 5’-/56-

FAM/AGAGAAACT/ZEN/

GAGTCCCTGGCTTGG/3l

ABkFQ/-3’ 

GTGAGAAGAGGTCCTT

GTATGTC 

CGTTAATGACGTGCAGAA

TGTC 
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CHAPTER III 

Bilophila wadsworthia Supplementation Modulates the  

Gut Microbiota, Metabolome, and Decreased Tumor  

Burden in Min Mice 

(Jacob Moskowitz, Zhentian Lei, Lloyd W. Sumner, and 

James Amos-Landgraf) 
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3.1. Overview       

Colorectal cancer (CRC) is a multifactorial disease comprising both genetic and 

environmental etiologies (Lichtenstein, Holm et al. 2000, de la Chapelle 2004). The gut 

microbiota (GM) is a dynamic collection of microbial species shaped by environmental 

factors such as geographical location and diet, and has emerged as a critically important 

component of mammalian physiology (Brim, Yooseph et al. 2013, Dejea, Wick et al. 

2014). In recent years, the development of culture-independent methods of bacterial 

identification such as 16S rRNA sequencing has revolutionized our capacity to 

understand the complex ecological community defined as the GM. With the aid of such 

technologies, studies have shown that changes in the GM are associated with a multitude 

of disease processes including CRC, suggesting that some bacterial species may 

contribute to pathogenesis through mechanisms such as genotoxin production, 

inflammation, and metabolic changes (Travaglione, Fabbri et al. 2008, Cuevas-Ramos, 

Petit et al. 2010, Carbonero, Benefiel et al. 2012, Couturier-Maillard, Secher et al. 2013). 

As such, elucidating protective or deleterious roles of specific taxa will improve risk 

assessment, prevention, and therapy for CRC. 

Bilophila wadsworthia is a gram-negative, relatively low-abundance species that 

utilizes sulfites from taurine-conjugated bile acids as an electron receptor, ultimately 

producing hydrogen sulfide (H2S) as a byproduct. This particular species expands after 

exposure to high-fat content that induces bile acid release into the intestines, and can 

regulate both inflammation and metabolic pathways (Natividad, Lamas et al. 2018). 

Though B. wadsworthia is regularly found in healthy fecal samples, it is frequently 

recovered from clinical appendicitis isolates (Baron, Summanen et al. 1989). However, 
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its role as an instigator or bystander in these infectious cases is unclear. Taken together, 

B. wadsworthia is often considered an opportunistic pathogen that may contribute to the 

prevalence of obesity and metabolic syndrome associated with western diets.  

While B. wadsworthia’s immunogenicity and metabolic influence have been well 

described, its role as an etiologic, protective, or bystanding agent in CRC is currently 

unknown. One study reported enriched B. wadsworthia in a CRC cohort, but these 

associations have been inconsistent across different populations (Yazici, Wolf et al. 

2017). To the authors’ knowledge, there are no studies addressing the causative role of B. 

wadsworthia in adenoma initiation and development, nor do we understand how this 

species influences the broader GM and metabolism in the context of CRC. Given our 

growing understanding of the physiological relevance of B. wadsworthia, there is a 

significant need to explore how this species influences cancer initiation and progression. 

The challenges of controlling for genetic and environmental variability, and 

limited ability to conduct prospective studies in humans, emphasize the importance of 

preclinical cancer models to establish causal relationships. The C57BL/6J-ApcMin (ApcMin) 

mouse has a dominant mutation in the Apc gene resulting in the development of intestinal 

adenomas. This model provides a quantifiable phenotype recapitulating early 

carcinogenesis, and serves as a platform to test genetic or environmental modifiers of 

disease (Shoemaker, Gould et al. 1997). Here, we use a combination of specific-

pathogen-free (SPF) ApcMin mice, microbial 16S rRNA analysis, and targeted and 

untargeted metabolomics to explore how B. wadsworthia contributes to adenoma 

initiation and development, and its capacity to modulate the GM and host metabolism. 

We hypothesized that addition of B. wadsworthia to an existing complex GM would 
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result in increased adenoma burden. Here, we show that B. wadsworthia supplementation 

unexpectedly suppressed both adenoma multiplicity and overall adenoma burden, and it 

further influenced the complex GM and host metabolism. Together, these results suggest 

that B. wadsworthia may inhibit initiation and progression of adenomas, and could have a 

positive role in CRC prevention. 

 

3.2. Methods 

3.2.1. Ethics Statement  

Animal studies were conducted in an Association for Assessment and 

Accreditation of Laboratory Animal Care International (AAALAC) accredited facility 

based on the guidelines provided by the Guide for the Care and Use of Laboratory 

Animals. All animal studies were approved by the University of Missouri Institutional 

Animal Care and Use Committee. 

3.2.2. Animals 

All mice were purchased from The Jackson Laboratory (Bar Harbor, ME), and 

acclimated for several generations prior to use. Six to eight week old male C57BL/6J-

ApcMin/+ mice were each set up in mating trios with two wild-type six to eight week old 

female C57BL/6J mice. After females were confirmed pregnant, they were individually 

housed and assigned to one of three experimental groups: control (PBS), B. wadsworthia, 

or B. wadsworthia + taurine. Pregnant dams in the ‘B. wadsworthia + taurine’ group were 

given 1% taurine (Sigma-aldrich, St. Louis, MO) in drinking water until their pups were 

weaned. At weaning (21 days of age), offspring were group-housed with sex-matched 
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littermates within their experimental group. To genotype for the Min allele, all offspring 

were ear-punched at weaning. DNA was extracted using the “HotSHOT” genomic DNA 

preparation method as described (Truett, Heeger et al. 2000). Fecal samples were 

collected from all Min offspring at weaning and 40 days of age (D40), and stored at -80 

ºC. All experimental groups were housed in micro-isolator cages on ventilated racks 

(Thoren, Hazelton, PA). All mice had ad libitum access to 5058 irradiated breeder chow 

(LabDiet, St. Louis, MO) and acidified autoclaved water, and were maintained on paper 

chip bedding (Shepherd Specialty Papers, Watertown, TN) with a 14:10 light:dark hour 

cycle.  

3.2.3. Bilophila wadsworthia culture and treatment 

Bilophila wadsworthia was purchased from American Type Culture Collection 

(ATCC #49260; Manassas, VA), grown in PYG-BILE media (Anaerobe Systems, 

Morgan Hill, CA), then flash-frozen in glycerol solution (25% v/v glycerol) and stored at 

-80 ºC. For treatment, 1 mL of frozen stock was thawed, inoculated into 10 mL PYG-

BILE medium, and incubated at 37 ºC. After reaching the late log-phase of growth based 

on optical density of pure culture, bacteria was pelleted by centrifugation and washed 

twice with 1x phosphate-buffered saline (PBS) pH 7.3 (Ausubel FM 1994). The pellet 

was resuspended in PBS to a final concentration of 5.0x107-5.0x108 CFUs/250 µL PBS. 

Intra-gastric gavage was used to treat pregnant dams with either 250 µL PBS (controls), 

or 250 µL PBS containing 5.0x107-5.0x108 CFUs B. wadsworthia (treatment groups) on 

days 15 and 18 of pregnancy, and days 2 and 5 after pups were delivered. All Min 

offspring were themselves administered one additional treatment at 25 days of age (Fig. 

1A). 
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3.2.4. Bilophila wadsworthia colonization 

Fecal samples collected from Min offspring at weaning, D40, and 3 months, and 

ileal epithelial scrapes (see supplementary methods) were used to test colonization levels 

of B. wadsworthia by quantitative PCR (qPCR) analysis. All B. wadsworthia 

quantification is expressed as copy number relative to 16S eubacterial copy number (see 

table S4 for all primer/probe sequences). For fecal samples, each 10 µL reaction 

contained 5 µL of 2x iTaq™ Universal SYBR® Green Supermix (Bio-Rad, Hercules, 

CA), 2 µL of 2 µM forward and reverse primers (final concentration 400 nM), and 1 ng 

DNA template. PCR parameters were: initial incubation at 95 ºC for 10 minutes, 

denaturation at 95 ºC for 15 seconds, annealing and elongation at 60 ºC for 1 minute for a 

total of 45 cycles. For ileal epithelium, a B. wadsworthia primer/probe mix was designed 

due to non-specific amplification with the aforementioned assay (table S4). Each 10 µL 

reaction contained 0.5 µL of 20x primer/probe mix (IDT®), 5 µL of 2x iTaq™ Universal 

Probe Supermix, 3.5 µL nuclease-free water, and 20-100 ng DNA template. PCR 

parameters were: denaturation at 95 ˚C for 5 seconds, and annealing and elongation at 60 

˚C for 30 seconds for a total of 54 cycles. All reactions were performed in triplicate. 

Standard curves were generated using DNA extracted from pure B. wadsworthia culture 

using both B. wadsworthia primers and 16S V4 eubacterial primers, and were 

subsequently used to estimate copy numbers in fecal and epithelial samples. 

3.2.5. Adenoma multiplicity and burden 

At 3 months of age all Min mice were euthanized via CO2 asphyxiation. Whole 

small and large intestines were removed from the abdominal cavity. The small intestines 

were cut into four equal lengths (S1-S4). All sections including the colon were opened 
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longitudinally, flushed with saline and formalin-fixed on bibulous paper with the luminal 

side facing up. Grossly visible adenomas were counted manually using a Leica M165FC 

microscope (Leica, Buffalo Grove, IL) at 1.25x magnification. Adenoma sizes were 

measured using the Leica Application Suite 4.2, and were used for adenoma burden 

calculations. The diameter of all adenomas in an individual were measured, and then used 

to calculate estimated spherical volume of each adenoma using the formula (v = 4/3πr3) 

(Crist, Roth et al. 2010). Estimated volume of all SI and colon adenomas were summed to 

determine overall SI and colon adenoma burdens, respectively. 

3.2.6. Tissue and sample collection and processing 

Mice were humanely euthanized via CO2 asphyxiation at 3 months of age 

followed by necropsy for tissue and sample harvesting. A sterile scalpel blade was used 

to scrape a section of normal ileal epithelium, and fecal samples were collected from the 

distal colon. Intra-cardiac extraction of blood was performed immediately following 

euthanasia, and serum was separated by centrifugation at 2000g for 10 minutes. All 

samples were flash-frozen in liquid nitrogen followed by storage at -80 ºC.  

3.2.7. DNA extraction for quantitative PCR and 16S rRNA sequencing 

All samples were mechanically disrupted using a TissueLyser II (Qiagen, Venlo, 

Netherlands) for 2 minutes at 50 Hz, then incubated at 70 ºC for 20 minutes with periodic 

vortexing. DNA extraction from fecal pellets for 16S rRNA sequencing was performed 

using a DNeasy Blood & Tissue Kit® (Qiagen) as previously described (Ericsson, Davis 

et al. 2015). DNA extraction from ileal epithelium scrapes were performed using the 

AllPrep® DNA/RNA Mini Kit (Qiagen) according to the manufacturer’s instructions. 
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3.2.8. 16S library preparation, sequencing, and informatics processing 

DNA was extracted from feces and ileal epithelium as described (see 

supplementary methods) and processed at the University of Missouri DNA Core 

(Columbia, MO). Primers (U515F/806R) were used to generate an amplicon library of 

the hypervariable V4 region of the bacterial 16S rRNA gene as previously reported 

(Caporaso, Lauber et al. 2010). Amplicons were sequenced on the Illumina MiSeq 

platform under previously described conditions (Montonye, Ericsson et al. 2018). 

Trimming, assembly, binning, and annotation of DNA sequences was performed at the 

University of Missouri Informatics Research Core Facility (Columbia, MO). Quality 

control of DNA, assembly of contiguous sequences, sequence removal after trimming for 

base quality, and chimera removal were completed (Montonye, Ericsson et al. 2018). 

Sequences were assigned to operational taxonomic units (OTUs) by de novo OTU 

clustering based on 97% nucleotide similarity. OTUs were annotated by referencing 

BLAST (Altschul, Madden et al. 1997) against the SILVA database (Ritari, Salojarvi et 

al. 2015) of 16s rRNA phylogeny. 

3.2.9. Ultra-high Performance Liquid Chromatography-Mass Spectrometry 

(UHPLC-MS) 

Samples from the control and B. wadsworthia + taurine groups were used for 

UHPLC-MS analysis. Fecal and SI content samples were frozen and then lyophilized at -

20 ˚C using 0.1 millibar of vacuum pressure. Dried samples were weighed and suspended 

to a final concentration of 10 mg dried sample/mL 80% MeOH + 18 µg/mL 

umbelliferone as an internal standard. For serum samples, 50 µL of serum was suspended 

in 450 µL 100% MeOH with 18 µg/mL umbelliferone and 0.1% formic acid. Samples 



 

94 
 

were sonicated for 5 minutes and centrifuged for 40 minutes at 3000 g, then a 100 µl 

aliquot was transferred to microvolume inserts. For UHPLC-MS analysis, a Bruker 

maXis impact quadrupole-time-of-flight mass spectrometer coupled to a Waters 

ACQUITY UPLC system was used. Extracted compounds were separated with a Waters 

BEH C18 column (2.1x 150 mm with 1.7-um particles) using a linear gradient and 

mobile phase A (0.1% formic acid in water) and B (100% acetonitrile). The initial mobile 

phase composition was 95% A and 5% B.  Phase B was linerarly increased from 5% to 

70% B from 0 to 30 min, then to 95% B over 3 min, held at 95% B for 3 min, then 

returned to 5% B for equilibration.  The flow rate was 0.56 mL/min and the column 

temperature was 60 oC. Mass spectrometry was performed in the negative electrospray 

ionization mode with the nebulization gas pressure at 43.5 psi, dry gas of 12 l/min, dry 

temperature of 250 oC and a capillary voltage of 4000V. Mass spectral data were auto-

calibrated using sodium formate after data acquisition. For targeted bile acid analyses, 

purified standard compounds were purchased from Sigma-Aldrich (DCA, CDCA, LCA, 

CA, UDCA, TCA) and Steraloids, Inc. (Newport, RI) (MCAα, TMCAα, MCAβ, 

TMCAβ). Standards were each suspended in MeOH to a final concentration of 500 

µg/mL, then analyzed under the same conditions described above.  

3.2.10. Statistical analysis 

Statistical analyses of B. wadsworthia qPCR data and 16S rRNA data were 

performed using Sigma Plot 14.0 (Systat Software Inc., Carlsbad CA). To generate a list 

of all significantly modulated (q < 0.05) OTUs, relative abundance data was entered into 

the Metaboanalyst v3.0 web program (Xia, Sinelnikov et al. 2015), and ANOVA with 

Tukey’s post-hoc test was performed. PCA biplots were generated using the 
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Paleontological Statistics software package (PAST) 3.12 (Hammer, Harper et al. 2001). 

PCA were performed using an eigenvalues of the variance-covariance matrix and plotted 

on the eigenvalue scale using ¼-root transformed data. Statistical testing of adenoma 

counts and burden were performed using Analysis of Variance (ANOVA) with the 

Student Newman-Keul post-hoc test in Sigma Plot 14.0, where p < 0.05 was considered 

significant. GraphPad Prism 8 was used to generate all scatter plots, bar graphs, and 

Pearson’s correlations. 

 

3.3. Results 

3.3.1. Bilophila wadsworthia modulates the gut microbiota  

To determine the effects of Bilophila wadsworthia on the gut microbiota, 

metabolism, and adenoma susceptibility in ApcMin mice, pregnant dams were assigned to 

one of three groups: controls, B. wadsworthia, or B. wadsworthia + taurine. The 

additional group receiving supplemental 1% taurine in drinking water was included to aid 

with successful B. wadsworthia colonization, due to the bacteria’s primary use of taurine 

as a source of sulfite. Pregnant dams were treated with PBS (control group) or 5.0x107-

5.0x108 CFUs B. wadsworthia (treatment groups) prior to, and after pups were delivered 

to ensure that ApcMin offspring were colonized with B. wadsworthia immediately upon 

birth (Fig. 1A). ApcMin offspring also received an additional PBS or bacteria treatment 

after weaning (day 25). Quantitative PCR analysis of ApcMin fecal samples at weaning, 

day 40, 3 months, and ileal epithelium scrapes revealed significantly increased relative 

abundance of B. wadsworthia in both treatment groups relative to controls (Fig. 1B). 
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Notably, there was no appreciable difference in colonization between the B. wadsworthia 

and B. wadsworthia + taurine treatment groups. 

Fecal and ileal epithelium samples were also used to determine how the addition 

of B. wadsworthia influenced the broader GM community using 16S rRNA sequencing. 

At the phylum level, we did not note any changes in the Firmicutes:Bacteroidetes ratio, 

but there was a substantial increase in the relative abundance of Proteobacteria in treated 

mice (Fig. 1C). As the Proteobacteria phylum was exclusively comprised of B. 

wadsworthia, our B. wadsworthia supplementation accounts for the enrichment of this 

phylum. Interestingly, we observed that Prevotella sp. in feces and ileal epithelium were 

largely abolished in both groups treated with B. wadsworthia (Fig. 1C, supplementary 

table 1), and this loss persisted throughout the duration of the study until the 3 month 

endpoint. Principal Component Analysis with overlaid loadings plots (biplot) were used 

to visualize overall GM composition of control and treated groups and to identify OTUs 

primarily driving the differences in β-diversity between groups. Biplots representing GM 

communities in feces at day 40 and 3 months, and in the ileal epithelium, demonstrate 

distinct clustering of controls compared to treatment groups (Fig. 1D). Enrichment of 

Bilophila sp. was strongly associated with the treated groups in all analyzed samples, 

while enriched Prevotella sp. was associated with controls. In ileal epithelium, Prevotella 

sp. and an OTU from the family Muribaculacea were enriched in controls while there 

was increased Lachnospiraceae in treated mice. Thus, the addition of B. wadsworthia to a 

complex community previously lacking this microbe influenced relative abundance of 

various taxa, but distinctly resulted in long-term loss of Prevotella sp.  

3.3.2. B. wadsworthia supplementation suppresses SI adenomas in Min mice  
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Thus far, we have demonstrated that the GM changes following the introduction 

of B. wadsworthia. Additionally, previous studies have demonstrated metabolic and 

inflammatory changes associated with B. wadsworthia. (Devkota, Wang et al. 2012, 

Natividad, Lamas et al. 2018). Thus, we explored whether these physiological changes 

associated with B. wadsworthia affect adenoma initiation and progression in genetically 

susceptible ApcMin mice. At 3 months of age, control and treated mice were humanely 

sacrificed for adenoma phenotyping. After manual counting of SI and colonic adenomas, 

we observed significantly reduced SI adenoma multiplicity in both B. wadsworthia 

treatment groups compared to controls (Fig. 2A). All observed adenomas were also 

measured by diameter (Fig. S1), which was subsequently used to estimate adenoma 

volume (see materials and methods). For each individual, all estimated SI and colon 

adenoma volumes were summed to determine overall adenoma SI and colon adenoma 

burden, respectively. We noted reduced SI adenoma burden in B. wadsworthia-treated 

groups, while there were no significant differences noted in colon adenoma burden (Fig. 

2B). Furthermore, we found that there was a negative correlation between fecal B. 

wadsworthia relative abundance and adenoma multiplicity across the two treated groups 

(controls were omitted from this analysis) (Fig. 2C). We also evaluated whether there 

was a positive correlation between adenoma multiplicity and Prevotella sp in controls 

and treated mice. In controls (Fig. 2D), we observed a positive correlative trend between 

Prevotella sp. in the ileal epithelium and adenoma number. The majority of treated 

animals had very low or undetectable levels of Prevotella. Interestingly though, three 

treated mice retained their Prevotella populations, two of which developed higher 

adenoma counts compared to the remainder of the treated cohort (Fig. 2E). To 
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summarize, addition of B. wadsworthia to an existing complex GM results in reduced SI 

adenoma multiplicity, size, and overall burden, and colonization level specifically 

correlates with adenoma numbers among treated mice. 

3.3.3. B. wadsworthia modulates the fecal and serum metabolome 

We employed UHPLC-MS analyses of feces and serum to interrogate local and 

systemic changes in metabolism resulting from addition of B. wadsworthia. For these 

analyses, fecal, SI content, and serum samples from control and B. wadsworthia + taurine 

mice following sacrifice at 3 months were prepared. Taurine was removed from the water 

of pregnant dams when ApcMin pups were weaned. Therefore, we do not anticipate that 

taurine supplementation affected metabolite profiles at the terminal 3-month time-point. 

We used PCA analysis to visualize distinct untargeted metabolite profiles in feces (Fig. 

3A), and relatively unaffected metabolite profiles in SI contents (Fig. S2). Differential 

metabolites were used to determine the dysregulation of KEGG pathways (Fig. 3A) in 

order to provide insight into broader biological pathways influenced by B. wadsworthia 

supplementation. Notably, bile acid (BA) biosynthesis was the most significantly 

dysregulated pathway, with seven out of 18 metabolites associated with BA biosynthesis 

being differentially accumulated in feces. PCA visualization also showed the discrete 

nature of serum metabolites in treated mice (Fig. 3B). Using a False Discovery Rate (q-

value) of 0.05 as a threshold, we found that 658 features were significantly differential in 

serum, with putative metabolite METLIN identifications given when applicable 

(supplementary table 2). Pathway analysis of serum metabolites further identified 

dysregulation of 4-hydroxy-2-nonenal detoxification in treated mice. Thus, untargeted 

metabolomics analysis demonstrates that B. wadsworthia directly or indirectly influences 
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local and systemic metabolite profiles, and results in altered regulation of various 

biological pathways. 

3.3.4. B. wadsworthia supplementation modulates fecal and serum bile acid 

composition 

B. wadsworthia utilizes sulfite groups present in taurine as an energy source and 

can therefore affect taurine metabolism (Natividad, Lamas et al. 2018). Taurine is further 

involved in BA conjugation, and enrichment of B. wadsworthia may also alter BA 

metabolism, and thereby exert changes in BA-mediated signaling and carcinogenesis 

(Thomas, Pellicciari et al. 2008, Cao, Luo et al. 2014). Observations in the dysregulation 

of BA biosynthesis in treated mice, as determined by untargeted metabolomics, led us to 

develop a targeted metabolite analysis method to better understand how B. wadsworthia 

influences primary and secondary bile acids composition both locally and systemically. 

We used a panel of commercial authentic purified known primary and secondary bile 

acids to develop a targeted UHPLC-MS analysis method and then used this method for 

further studies. We observed increased relative levels of muricholic acid-β (MCAβ) and 

deoxycholic acid (DCA) in the feces of B. wadsworthia-treated mice compared to 

controls (Fig. 4A), while there were no detected differences between groups in SI 

contents (Fig. S3). In serum samples, there was a significant reduction in relative DCA 

levels after B. wadsworthia treatment (Fig. 4B). Thus, addition of Bilophila wadsworthia 

supplementation affects both primary and secondary bile acid composition. Taken 

together with our untargeted metabolomics demonstrating changes in BA biosynthesis, B. 

wadsworthia has a broad capacity to influence BA metabolism. 
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3.3.5. Untargeted metabolites correlate with B. wadsworthia and adenoma 

multiplicity 

Using PCAs to visualize untargeted fecal and serum metabolite profiles, we have 

established that B. wadsworthia supplementation affects metabolism both locally in the 

intestinal lumen, and systemically in the serum (Fig. 3). To follow up on these findings, 

we asked whether these changes could be used as a platform to identify candidate 

metabolites that are regulated directly or indirectly by B. wadsworthia and also have a 

protective role in adenoma initiation. To that end, we screened both fecal and serum 

untargeted metabolomics datasets for metabolites with the strongest correlations to 

adenoma multiplicity across control and B. wadsworthia-treated groups, of which several 

are shown (Fig. S4). These datasets were also screened for correlations with qPCR-

determined B. wadsworthia abundance in feces within the treated group (Fig. S5), while 

the control group was omitted from this analysis because there was no B. wadsworthia 

detected in control samples. To identify putative metabolites most likely to have a role in 

B. wadsworthia-mediated adenoma suppression, the aforementioned correlation data 

were cross-referenced to distinguish features with significant correlations to both B. 

wadsworthia relative abundance and adenoma multiplicity. We found 3 fecal metabolites, 

two of which were putatively identified as azalomycin and 1,3-diisopropylbenzene (Fig. 

5A-B), and 3 serum metabolites (Fig. 5C-D) that fit such criteria. Of note, all candidate 

metabolites demonstrated a positive correlation with fecal B. wadsworthia abundance, 

and a negative correlation with adenoma multiplicity. In summary, using large-scale 

metabolomics datasets, we correlated individual features with two quantitative measures 
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to determinediscriminate candidate metabolites mechanistically involved in B. 

wadsworthia-mediated adenoma suppression. 

 

3.4. Discussion 

Numerous studies have demonstrated the gut microbiota’s capacity to modulate 

CRC susceptibility (Ericsson, Akter et al. 2015, Chen and Vitetta 2018, Mendes, Paulino 

et al. 2018). The limitations of associative human studies necessitate the use of 

preclinical models to delineate how various microbial taxa influence the intestinal 

environment, and ultimately affect CRC initiation and progression. Using the ApcMin 

mouse model, we herein describe the role of the resident human gut microbe, Bilophila 

wadsworthia, in CRC initiation and early progression in the context of APC-driven 

adenomas. Following the successful colonization of specific-pathogen-free ApcMin mice 

with B. wadsworthia, we used a multi-omics approach to demonstrate B. wadsworthia-

mediated changes in the GM and metabolism, and further showed suppression of 

adenomas resulting from the introduction of this bacterium. Though these results proved 

our initial hypothesis incorrect, this work represents significant progress in our 

understanding of how B. wadsworthia modulates the intestinal environment in the context 

of CRC. 

 Presently, little is known regarding how B. wadsworthia affects broader GM 

communities. While studies have reported community changes associated with dietary-

mediated B. wadsworthia expansion, it is unclear how this organism influences the GM 

independent of the diet (Devkota, Wang et al. 2012, Natividad, Lamas et al. 2018). By 

sequencing the microbial 16S rRNA gene, we characterized changes in the GM attributed 
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to B. wadsworthia supplementation. While there were no changes in the prominent 

Firmicutes and Bacteroidetes phyla, we observed a striking loss of the prevalent human 

genera Prevotella sp. in treated mice (Fig. 1C). Interestingly, the loss of Prevotella was 

not only seen in fecal samples, but also in the ileal epithelium of mice treated with B. 

wadsworthia. Enrichment of B. wadsworthia and concurrent loss of Prevotella in the ileal 

mucosa persisted at the 3 month experimental terminus despite cessation of 

supplementation at 25 days of age (Figs 1B-C). This suggests that these two organisms 

compete for a niche in the epithelium of the ileum, and factors such as high-fat diets that 

promote expansion of B. wadsworthia can simultaneously deplete Prevotella.  Moreover, 

the close proximity of B. wadsworthia and Prevotella sp. to the epithelium further 

suggests that these bacteria have important roles in host-microbiota interactions.  

 Bilophila wadsworthia utilizes sulfites in taurine-conjugated bile acids for 

anaerobic respiration, ultimately producing hydrogen sulfide (H2S) as a byproduct 

(Ridlon, Wolf et al. 2016). Several studies have reported vastly different effects of H2S in 

the context of CRC, with some suggesting a pro-carcinogenic genotoxic role, while 

others have demonstrated a protective role (Attene-Ramos, Wagner et al. 2006, Attene-

Ramos, Wagner et al. 2007, Chattopadhyay, Kodela et al. 2012). B. wadsworthia has 

become a very interesting species in the etiology of CRC due to its role in sulfur 

metabolism, and more recently its association with certain human CRC cohorts (Yazici, 

Wolf et al. 2017). Remarkably, we found that supplementing a complex SPF GM 

harbored by genetically susceptible ApcMin mice resulted in both reduced adenoma 

multiplicity and overall adenoma burden (Figs. 2A-B). Given the aforementioned 

ablation of Prevotella sp. after supplementation, it is important to consider the potential 
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for both direct and indirect effects mediated by B. wadsworthia. Of note, studies have 

described the immunogenic nature of B. wadsworthia characterized by induction of Th1 

immune responses mediated by increased IL-12 and CD4+ IFNγ, while there was no 

detectible Th17 response (Devkota, Wang et al. 2012). In contrast, Prevotella sp. 

distinctly induced Th17-mediated inflammation in vitro and in vivo via associated 

cytokines such as IL-17, IL-23, and IL-1 (Larsen 2017). Various studies have 

demonstrated the anti-tumorigenic role of Th1 immune responses, highlighted by a report 

of increased tumors in IFNγ knockout mice exposed to azoxymethane and trinitrobenzene 

sulfonic acid relative to wild-type controls (Osawa, Nakajima et al. 2006). Moreover, 

increased Th1-mediated infiltrates are associated with a positive prognosis in human 

CRC outcome (Pages, Berger et al. 2005). Meanwhile, Th17 responses are positively 

associated with CRC, as higher levels of Th17 cytokines mark the early stages of 

pathogenesis (De Simone, Pallone et al. 2013). Furthermore, ablation of IL-17A in ApcMin 

mice results in substantially reduced tumorigenesis, while enterotoxigenic Bacteroides 

fragilis (ETBF) enhances tumorigenesis in a Th17-dependent manner (Wu, Rhee et al. 

2009, Chae, Gibson et al. 2010). As such, the loss of mucosal-associated Prevotella 

coinciding B. wadsworthia enrichment may dictate a relative shift from a Th17 to Th1 

response, thereby conferring adenoma suppression in ApcMin mice. 

 Targeted and untargeted metabolomics provide an avenue to interrogate 

metabolite profiles under controlled experimental settings, and can therefore provide 

insight into perturbed biological pathways in the context of disease. While an untargeted 

approach is highly sensitive and may reveal novel metabolites of interest, distinguishing 

true features from unidentified adducts and fragments is still a substantial challenge 
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(Melnik, da Silva et al. 2017). Thus, using untargeted metabolomics in concert with a 

targeted approach to validate initial findings is an ideal strategy to glean valuable data 

from high-throughput techniques. Do such, we found that B. wadsworthia induced shifts 

in overall metabolite profiles of feces and serum (Fig. 3). This suggested that the 

introduction of B. wadsworthia to an established GM has a significant effect on 

metabolism, and may regulate specific metabolites responsible for B. wadsworthia-

mediated adenoma suppression (Fig. 5). To interrogate these changes further, we mapped 

putative differential metabolites to their associated KEGG pathways, and identified 

dysregulation of a number of pathways, the most striking of which was bile acid 

biosynthesis (Fig. 3A). Given that B. wadsworthia utilizes taurine from conjugated bile 

acids, it is not altogether surprising that this species regulates the enterohepatic axis. 

Moreover, previous studies have reported modulation of the bile acid composition after 

B. wadsworthia supplementation (Natividad, Lamas et al. 2018). However, it is unclear 

how bile acid metabolism is affected in the context of a genetically susceptible CRC 

model.  

To expand upon our initial untargeted metabolomics analyses, we used a targeted 

approach to directly address how B. wadsworthia influences bile acid levels. Notably, we 

found significant modulation of deoxycholic acid (DCA), where DCA levels were higher 

in the feces, and lower in the serum of treated mice relative to controls (Figs 4A and B). 

DCA has been implicated in the pathogenesis of CRC through a number of different 

mechanisms including induction of reactive oxygen species, genomic destabilization, and 

resistance to apoptosis (Nguyen, Ung et al. 2018), though it can promote apoptosis when 

present in higher concentrations (Milovic, Teller et al. 2002). Furthermore, higher serum 
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levels have been associated with increased CRC risk in human cohorts (Costarelli, Key et 

al. 2002), which is reflected in our observation of increased serum DCA in control mice 

(Fig. 4B). In this case, serum DCA levels did not reflect fecal levels, as fecal DCA was 

decreased in supplemented mice. This suggests that B. wadsworthia could modify 

recycling of secondary bile acids such that DCA is more readily excreted, accounting for 

its relative increase in feces and reduction in serum. Notably, a Prevotella-enriched GM 

has been associated with elevated plasma DCA levels, suggesting that diminished 

Prevotella after B. wadsworthia supplementation could account for reduced serum DCA 

(Gu, Wang et al. 2017). Presently, it is not clear how B. wadsworthia modulates 

potentially carcinogenic metabolites such as DCA, and further studies in controlled 

settings are required to elucidate these mechanisms. 

As evidenced in this report, the precise role of B. wadsworthia is highly complex 

and dependent on the surrounding intestinal environment. Here, we establish that 

supplementing B. wadsworthia results in distinct changes in resident microbial taxa as 

shown by the first known interaction between Bilophila and Prevotella, and broadly 

modulates local and systemic metabolism. We show that these changes result in 

suppression of adenoma initiation and progression in ApcMin mice, provide insight into 

potential mechanisms through which B. wadsworthia affects pathogenesis, and establish a 

platform to perform such studies in the future. Together, these data highlight the 

convoluted nature of host-microbe interactions in the context of CRC initiation and 

progression, and emphasize the need to incorporate preclinical studies using complex 

ecological systems alongside simplified gnotobiotic approaches to increase 

translatability. Finally, continued accumulation of data pertaining to the effects of 
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microbial populations in CRC models will enhance our understanding of pre-existing risk 

factors, and ultimately drive the development of novel preventatives and therapeutics to 

reduce the prevalence of CRC in human populations. 
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3.7. Figures 

Figure 1. Bilophila wasdworthia modulates the GM. A, Pregnant dams and 25 day old 

C57BL/6J-ApcMin offspring were supplemented with PBS (controls; n = 5), 5.0x107-

5.0x108 CFUs B. wadsworthia (n = 8), or 5.0x107-5.0x108 CFUs B. wadsworthia with 1% 

taurine in drinking water (n = 7). B, Scatter plots comparing mean (± SD) relative 

abundance of B. wadsworthia in feces across three time-points, and in ileal epithelum 

scrapes based on qPCR analysis. C, Bar graphs comparing mean (± SD) 

Firmicutes:Bacteroidetes ratio, relative abundances of phylum Proteobacteria and 

Prevotella sp., determined by 16S rRNA sequencing. D, Principal Component Analysis 

(PCA) biplots visualizing differences in β-diversity at the OTU level between control and 

treatment groups. PCAs are overlaid with loadings plots, which identify OTUs primarily 

driving the differences in β-diversity. *p < 0.05, **p < 0.01, ***p < 0.001; ANOVA with 

the Student Newman-Keuls method. 
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Figure 2. B. wadsworthia supplementation suppresses SI adenomas in ApcMin mice. 

A, Scatter plot comparing mean (± SD) small intestinal (SI) and colon adenoma 

multiplicity of control ApcMin offspring and two B. wadsworthia treatment groups 

following sacrifice at 3 months of age (PBS, n = 5, B. wadsworthia, n = 8, B. 

wadsworthia + Tau, n = 7). B, Scatter plot comparing mean (± SD) SI and colon 

adenoma burden, where each data point is calculated as the sum of estimated volumes of 

all adenomas found in an individual. C, Pearson’s correlation method was used to show 

correlation between B. wadsworthia relative abundance in feces at 3 months of age and 

adenoma multiplicity among the two treatment groups (n = 14). D, Pearson’s correlation 

showing the relationship between Prevotella sp. relative abundance in ileal epithelium 

scrapes and adenoma multiplicity in controls (n = 7) and E, treated groups (n = 15). *p < 

0.05, **P < 0.01, ***p < 0.001; ANOVA with the Student Newman-Keuls method and 

Pearson’s correlation method. Significant correlations have coefficient of determination 

(r2) and p-value displayed on graphs. 
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Figure 3. B. wadsworthia modulates the fecal and serum metabolome. A, PCA 

visualizing unsupervised clustering of untargeted fecal metabolite profiles of control 

ApcMin mice (n = 5) and B. wadsworthia + taurine ApcMin mice (n = 5) at 3 months of age, 

and an associated pathway cloud plot, showing significantly modulated KEGG pathways 

based on differential metabolites. B, PCA visualizing unsupervised clustering of 

untargeted serum metabolite profiles of control ApcMin mice (n = 7) and B. wadsworthia + 

tau ApcMin mice (n = 7) at 3 months of age, and an associated pathway cloud plot, 

showing significantly modulated KEGG pathways based on differential metabolites. The 

x-axis of the cloud plots indicate percentage of total metabolites mapped to a particular 

KEGG pathway that are differentially abundant between control and treatment groups.  
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Figure 4. B. wadsworthia regulates fecal and serum bile acid composition. A, Scatter 

plot comparing mean (± SD) relative abundances of detected fecal bile acids (control, n = 

5; B. wadsworthia + taurine, n = 5) at 3 months of age. B, Scatter plot comparing mean 

(± SD) relative abundances of detected serum bile acids (control, n = 7; B. wadsworthia + 

tau, n = 7) at 3 months of age. *p < 0.05, **P < 0.01, ***p < 0.001; student’s t-test. 
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Figure 5. Untargeted metabolites correlate with adenoma multiplicity and B. 

wadsworthia abundance. A, Pearson’s method was used to show significant correlations 

between untargeted fecal metabolites at 3 months of age and SI adenoma multiplicity in 

control and treated mice (control, n = 5; B. wadsworthia + taurine, n = 5). B, Fecal 

metabolites from panel A with concurrent correlations to fecal B. wadsworthia relative 

abundance in the treatment group are shown (B. wadsworthia + tau, n = 5). C, Pearson’s 

method showing significant correlations between untargeted serum metabolites at 3 

months of age and SI adenoma multiplicity (control, n = 7; B. wadsworthia + tau, n = 7). 

D, Serum metabolites from panel C with concurrent correlations to fecal B. wadsworthia 

relative abundance in the treatment group are shown (B. wadsworthia + taurine, n = 7). 

Metabolites with putative METLIN identification are labeled in y-axis, or are identified 

by mass-to-charge ratio/retention time (m/z)/RT if no identification is available. 

Pearson’s coefficients of determination (r2) and p values are displayed on graphs.  
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Supplementary Figure 1. Summary of SI and colonic adenoma sizes. Scatter plots 

comparing mean area (± SD) of SI adenomas in four sections of the small intestine (S1-

S4) and the colon, after sacrifice at 3 months of age (controls, n = 5; B. wadsworthia, n = 

8, B. wadsworthia + taurine). *p < 0.05, **P < 0.01, ***p < 0.001; ANOVA with the 

Student Newman-Keuls method. 

  



 

122 
 

Supplementary Figure 2. PCA visualization of untargeted small intestinal content 

metabolite profiles. PCA visualizing unsupervised clustering of untargeted fecal 

metabolite profiles of control ApcMin mice (n = 7) and B. wadsworthia + tau ApcMin mice 

(n = 7) at 3 months of age. 
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Supplementary Figure 3. Composition of detected bile acids in SI contents. Scatter 

plots comparing mean (± SD) relative abundances of detected fecal bile acids (control, n 

= 7; B. wadsworthia + taurine, n = 7) at 3 months of age. Student’s t-test. 
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Supplementary Figure 4. Untargeted fecal and serum metabolites correlate with 

adenoma multiplicity. A, Pearson’s correlation method was used to show fecal 

metabolites at 3 months of age with significant positive and negative correlations to SI 

adenoma multiplicity in control and treatment groups (control, n = 5, B. wadsworthia + 

taurine, n = 5). B, Pearson’s correlation method showing serum metabolites at 3 months 

of age with significant positive and negative correlations to SI adenoma multiplicity in 

control and treatment groups (control, n = 7; B. wadsworthia + taurine, n = 7). 

Metabolites are identified by mass-to-charge ratio/retention time (m/z)/RT. Pearson’s 

coefficients of determination (r2) and p values are displayed on graphs.  
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Supplementary Figure 5. Untargeted metabolites correlate with B. wadsworthia 

relative abundance. A, Pearson’s correlation shows fecal metabolites at 3 months of age 

with significant correlations to fecal relative abundance of B. wadsworthia (qPCR) in the 

treated group (B. wadsworthia + taurine, n = 5). B, Pearson’s correlation shows serum 

metabolites at 3 months of age with significant correlations to qPCR-determined fecal 

relative abundance of B. wadsworthia in the treated group (B. wadsworthia + taurine, n = 

7). Metabolites are identified by mass:charge ratio/retention time (m/z)/RT. Pearson’s 

coefficients of determination (r2) and p values are displayed on graphs.  
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7. Tables 

Supplementary Table 1. Significantly different OTUs in feces and ileal epithelium following B. wadsworthia 

supplementation 

 Significant OTUs (FDR < 0.05)  Mean Relative Abundance (±SEM) 

Sample Phylum OTU FDR 
Control 

(PBS) 
B. wad 

B. wad + 

Tau 

Fecal-wean 

Proteobacteria genus Bilophila 1.7x10-6 ND 
0.0011 

±2.5x10-4 

0.0051 

±.0019 

Bacteroidetes 

 

family Muribaculaceae 8.0x10-4 4.40x10-4 

±3.83x10-5 

1.40x10-4 

±7.36x10-5 ND 

Genus Prevotella .001 
.0091 

±.0033 

.0024 

±.0013 

9.99x10-7 

±9.99x10-7 

Firmicutes 

family Lachnospiraceae .033 
.0316 

±.0072 

.0415 

±.0110 

.0087 

±.0041 

genus Blautia .046 
.0201 

±.0040 

.0189 

±.0058 

.0034 

±7.71x10-4 

Fecal-D40 

Proteobacteria genus Bilophila 6.1x10-12 ND 
.0100 

±.0029 

.0151 

±.0048 

Bacteroidetes 

genus Prevotella .011 
.0116 

±.0015 

.0030 

±.0016 

1.74x10-5 

±8.81x10-6 

family Muribaculaceae .011 
.0146 

±.0011 

.0058 

±.0017 

.0036 

±5.16x10-4 

Firmicutes 

genus Lachnospiraceae NC2004 5.6x10-4 
9.70x10-4 

±2.80x10-4 

1.40x10-6 

±1.40x10-6 ND 

Eubacterium coprostanoligenes gr .043 .0026 

±.0011 

4.69x10-5 

±1.14x10-5 

1.07x10-4 

±1.06x10-5 
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genus Faecalibaculum .045 
1.21x10-4 

±5.44x10-5 

7.35x10-4 

±2.46x10-4 

.0012 

±4.23x10-4 

Fecal-3m 

Proteobacteria genus Bilophila 3.5x10-13 3.0x10-6 

±1.41x10-6 

.0207 

±.0043 

.0168 

±.0033 

Bacteroidetes 

genus Prevotella .013 
.0166 

±.0032 

.0052 

±.0028 

4.32x10-4 

±4.31x10-4 

family Muribaculaceae .013 
2.69x10-4 

±2.18x10-5 

1.21x10-4 

±6.43x10-5 

6.14x10-6 

±6.14x10-6 

Firmicutes 

genus Oscillibacter .021 
.0082 

±.0015 

.0033 

±3.34x10-4 

.0034 

±4.38x10-4 

genus Lachnospiraceae NC2004 .016 
3.69x10-4 

±1.97x10-4 
ND ND 

Ileal 

epithelium 

Proteobacteria genus Bilophila 1.5x10-10 ND 
.0017 

±2.65x10-4 

.0026 

±9.31x10-4 

Bacteroidetes genus Prevotella 3.4x10-4 .0032 

±6.50x10-4 

7.99x10-4 

±4.29x10-4 ND 

Firmicutes 

genus Defluviitaleaceae UCG-011 8.1x10-5 
3.55x10-4 

±5.83x10-5 

6.41x10-5 

±3.01x10-5 
ND 

genus Lachnospiraceae UCG-001 .007 
1.29x10-5 

±1.29x10-5 

2.14x10-4 

±1.75x10-4 

.0013 

±4.10x10-4 

genus Lachnospiraceae NC2004 .049 
2.5x10-4 

±9.46x10-5 
ND ND 

        ND: Relative abundance was below detectable limits by 16S sequencing 

        Statistical testing performed via ANOVA with Tukey’s posthoc test
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Supplementary Table 2. Summary of significantly modulated serum 

metabolites 

Mass-charge/ 

retention time 

(mz/rt) 

Fold 

change 
q-value 

UP/DOWN in 

Bwad + Tau 

Putative 

Identification 

(METLIN ID 
540.272/ 5.06 1.94 0.0005 DOWN 155776  

1071.6115/ 24.84 1.41 0.0105 DOWN  NA 

580.2927/ 24.84 1.11 0.013 DOWN 163778  

122.0114/ 4.18 1.17 0.0155 DOWN  NA 

517.3121/ 24.84 1.34 0.0156 DOWN 138851  

268.1485/ 24.84 1.27 0.017 DOWN 1137  

1098.6305/ 24.84 1.33 0.0171 DOWN  NA 

713.3331/ 5.29 2.09 0.0179 DOWN  NA 

267.6468/ 24.84 1.29 0.018 DOWN NA  

1084.1144/ 24.84 1.57 0.0183 DOWN NA  

425.1358/ 16.28 1.28 0.0184 DOWN 1054226  

1073.6147/ 24.84 1.46 0.0185 DOWN NA  

1081.1046/ 24.84 1.56 0.0185 DOWN NA  

356.5267/ 24.84 1.25 0.0185 DOWN NA  

805.4683/ 24.84 1.43 0.0185 DOWN 46653  

1070.601/ 24.84 1.37 0.0187 DOWN NA  

1075.624/ 24.84 1.39 0.0188 DOWN NA  

813.4452/ 24.84 1.38 0.0188 DOWN 79016  

383.1162/ 0.61 1.37 0.0188 UP 103590  

597.785/ 5.48 2.49 0.0191 DOWN NA  

516.8172/ 24.84 1.45 0.0193 DOWN NA  

516.3164/ 24.84 1.45 0.0193 DOWN 986551  

276.6342/ 24.84 1.21 0.0194 DOWN NA  

278.1326/ 24.84 1.2 0.0194 DOWN NA  

356.861/ 24.84 1.23 0.0194 DOWN NA  

763.9831/ 24.84 1.67 0.0195 DOWN NA  

293.6623/ 26.61 1.61 0.0196 DOWN NA  

507.0073/ 6.5 2.07 0.0196 DOWN 44119  

598.2862/ 5.47 2.49 0.0196 DOWN NA  

836.9495/ 24.84 1.29 0.0197 DOWN NA  

565.7791/ 24.84 1.19 0.0197 DOWN NA  



 

132 
 

286.1402/ 24.84 1.19 0.0197 DOWN NA  

521.1976/ 23.52 1.67 0.0198 DOWN 115714  

586.3098/ 24.84 1.08 0.0198 DOWN 264086  

1114.5853/ 24.84 1.38 0.0198 DOWN  NA 

1099.6345/ 24.84 1.37 0.0198 DOWN  NA 

515.3134/ 24.84 1.41 0.0199 DOWN 43148  

297.6478/ 24.84 1.19 0.0199 DOWN  NA 

762.9799/ 24.84 1.68 0.0199 DOWN  NA 

1043.1347/ 24.84 1.79 0.0199 DOWN  NA 

814.453/ 24.84 1.48 0.0199 DOWN  NA 

1082.6427/ 24.84 1.6 0.02 DOWN  NA 

591.7527/ 16.28 1.58 0.02 DOWN  NA 

233.5803/ 16.28 1.25 0.02 DOWN  NA 

510.3562/ 26.48 1.51 0.02 DOWN  NA 

274.6547/ 26.48 1.41 0.02 DOWN  NA 

712.8304/ 5.29 2.14 0.0201 DOWN  NA 

537.295/ 24.84 1.24 0.0201 DOWN 69681  

518.3223/ 24.84 1.3 0.0201 DOWN 40300  

401.3459/ 22.74 1.39 0.0201 DOWN  NA 

478.3302/ 24.84 1.34 0.0202 DOWN 40368  

515.8152/ 24.84 1.4 0.0202 DOWN  NA 

1290.8032/ 24.84 2.21 0.0202 DOWN  NA 

164.9298/ 0.69 1.47 0.0202 DOWN  NA 

384.1198/ 0.59 1.36 0.0202 UP  NA 

519.3257/ 24.84 1.31 0.0202 DOWN  NA 

1247.3214/ 16.45 1.32 0.0202 DOWN  NA 

1053.134/ 24.84 1.61 0.0202 DOWN  NA 

1091.5983/ 24.84 1.4 0.0202 DOWN 87624  

104.1069/ 24.84 1.19 0.0202 DOWN  NA 

335.1256/ 23.57 1.23 0.0202 UP 1011012  

222.5739/ 16.28 1.26 0.0202 DOWN  NA 

426.1395/ 16.28 1.28 0.0204 DOWN  NA 

277.6316/ 24.84 1.19 0.0204 DOWN  NA 

524.2999/ 24.84 1.35 0.0204 DOWN 40831  

1062.6191/ 24.84 1.56 0.0204 DOWN  NA 

773.4672/ 24.84 1.66 0.0204 DOWN  NA 

765.9883/ 24.84 1.6 0.0204 DOWN  NA 

1331.2818/ 24.84 1.68 0.0205 DOWN  NA 

1053.634/ 24.84 1.91 0.0205 DOWN  NA 

498.3465/ 24.84 1.38 0.0205 DOWN  NA 

481.9954/ 3.19 1.97 0.0205 DOWN 1011802  

497.3436/ 24.84 1.39 0.0205 DOWN  NA 

269.6436/ 24.84 1.22 0.0206 DOWN  NA 



 

133 
 

468.3457/ 28.88 1.78 0.0206 DOWN 36726  

770.9656/ 24.84 1.54 0.0206 DOWN  NA 

510.3561/ 26.13 1.6 0.0207 DOWN  NA 

153.033/ 0.48 1.14 0.0207 DOWN 62856  

241.9274/ 0.76 1.37 0.0207 DOWN  NA 

496.3403/ 24.84 1.41 0.0207 DOWN 1036728  

540.3064/ 21.91 1.55 0.0208 DOWN 265004  

120.0527/ 16.28 1.48 0.0208 DOWN  NA 

599.9491/ 4.21 2.74 0.0208 UP  NA 

220.5531/ 16.27 1.32 0.0208 DOWN  NA 

499.3492/ 24.84 1.38 0.0208 DOWN  NA 

525.2989/ 24.84 1.36 0.0209 DOWN  NA 

203.0526/ 0.6 1.38 0.0209 UP  NA 

518.3248/ 21.91 1.77 0.0209 DOWN 40300  

1014.659/ 24.84 2.11 0.0209 DOWN  NA 

766.9913/ 24.84 1.61 0.0209 DOWN  NA 

520.3286/ 24.84 1.28 0.021 DOWN  NA 

417.6388/ 16.28 1.33 0.021 DOWN  NA 

796.973/ 24.84 1.37 0.021 DOWN  NA 

817.3173/ 16.28 1.39 0.021 DOWN  NA 

385.274/ 23.03 1.45 0.021 DOWN 986657  

511.3595/ 26.48 1.41 0.021 DOWN  NA 

1061.1104/ 24.84 1.53 0.021 DOWN 95547  

763.4816/ 24.84 1.66 0.0211 DOWN 81082  

283.6599/ 26.48 1.38 0.0211 DOWN  NA 

1085.1189/ 24.84 1.51 0.0211 DOWN 95548  

1007.3956/ 16.28 1.68 0.0211 DOWN  NA 

764.484/ 24.84 1.55 0.0211 DOWN  NA 

849.2747/ 16.28 1.38 0.0211 DOWN  NA 

1044.6372/ 24.84 1.71 0.0211 DOWN  NA 

1013.6553/ 24.84 2.07 0.0211 DOWN  NA 

1048.1488/ 24.84 1.85 0.0211 DOWN  NA 

213.067/ 16.28 1.28 0.0211 DOWN 1021606  

481.3124/ 25.57 1.62 0.0212 DOWN  NA 

1015.6619/ 24.84 2.1 0.0212 DOWN  NA 

766.4897/ 24.84 1.63 0.0212 DOWN  NA 

1015.1592/ 24.84 2.14 0.0212 DOWN  NA 

1021.6347/ 24.84 1.8 0.0212 DOWN  NA 

1149.629/ 24.84 1.39 0.0212 DOWN  NA 

848.0777/ 16.7 1.84 0.0212 UP  NA 

362.2774/ 23.04 1.52 0.0212 DOWN  NA 

292.1484/ 28.08 1.31 0.0212 DOWN  NA 

772.9668/ 24.84 1.59 0.0212 DOWN  NA 
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314.0299/ 24.84 1.2 0.0212 DOWN 989498  

524.8015/ 24.84 1.34 0.0212 DOWN  NA 

792.4602/ 24.84 1.36 0.0212 DOWN  NA 

226.9627/ 0.76 1.31 0.0212 DOWN 92479  

1081.6408/ 24.84 1.65 0.0212 DOWN  NA 

1089.5914/ 24.84 1.55 0.0212 DOWN  NA 

591.2512/ 16.28 1.56 0.0213 DOWN 80004  

275.6332/ 24.84 1.18 0.0213 DOWN  NA 

1339.7633/ 24.84 1.23 0.0213 DOWN  NA 

1040.1271/ 24.84 1.77 0.0213 DOWN  NA 

771.9663/ 24.84 1.62 0.0213 DOWN  NA 

1216.1961/ 16.7 2.11 0.0213 UP  NA 

1063.6188/ 24.84 1.74 0.0213 DOWN  NA 

801.9441/ 24.84 1.4 0.0213 DOWN  NA 

336.1291/ 23.57 1.25 0.0213 UP  NA 

525.7998/ 24.84 1.31 0.0213 DOWN  NA 

773.9678/ 24.84 1.51 0.0213 DOWN  NA 

286.0959/ 16.28 1.27 0.0213 DOWN 1032387  

993.6801/ 24.84 1.85 0.0213 DOWN  NA 

482.4972/ 3.19 1.8 0.0213 DOWN  NA 

1011.6502/ 24.84 2.04 0.0213 DOWN  NA 

294.0036/ 0.59 1.48 0.0213 UP 999439  

1064.6192/ 24.84 1.65 0.0213 DOWN  NA 

925.2933/ 16.28 1.43 0.0214 DOWN 985265  

929.2358/ 16.28 1.24 0.0216 DOWN  NA 

1247.1783/ 16.44 1.34 0.0217 DOWN  NA 

263.5299/ 4.18 1.08 0.0217 DOWN  NA 

818.3205/ 16.28 1.44 0.0218 DOWN  NA 

1113.5828/ 24.84 1.33 0.0218 DOWN  NA 

268.6494/ 24.84 1.27 0.0218 DOWN  NA 

548.3717/ 26.6 1.61 0.0219 DOWN 40011  

1092.6047/ 24.84 1.39 0.0219 DOWN  NA 

1011.1482/ 24.84 2.07 0.0219 DOWN  NA 

1064.1199/ 24.84 1.58 0.0219 DOWN  NA 

1014.1566/ 24.84 2.29 0.022 DOWN  NA 

1012.1502/ 24.84 1.97 0.022 DOWN  NA 

1304.8127/ 24.84 1.78 0.022 DOWN  NA 

222.054/ 16.28 1.2 0.0221 DOWN  NA 

522.7971/ 24.84 1.32 0.0221 DOWN  NA 

293.1021/ 16.28 1.68 0.0222 DOWN 985231  

800.9439/ 24.84 1.39 0.0223 DOWN  NA 

1332.2853/ 24.84 1.65 0.0223 DOWN  NA 

500.3517/ 24.84 1.28 0.0223 DOWN  NA 



 

135 
 

480.309/ 25.57 1.7 0.0223 DOWN 40282  

412.2097/ 25.71 1.33 0.0223 DOWN 1002460  

543.2735/ 24.84 1.19 0.0224 DOWN 57626  

606.3089/ 25.7 1.4 0.0225 DOWN 197378  

1061.612/ 24.84 1.54 0.0225 DOWN  NA 

804.3131/ 16.28 1.43 0.0225 DOWN  NA 

148.0686/ 16.28 1.38 0.0226 DOWN  NA 

771.4673/ 24.84 1.6 0.0226 DOWN  NA 

1291.3036/ 24.84 1.9 0.0226 DOWN 46967  

874.2963/ 16.28 1.35 0.0226 DOWN  NA 

1010.6467/ 24.84 2.12 0.0226 DOWN  NA 

549.3749/ 26.61 1.66 0.0227 DOWN  NA 

1056.1426/ 24.84 1.62 0.0227 DOWN 69813  

800.4834/ 24.84 1.39 0.0227 DOWN  NA 

991.6735/ 24.84 1.82 0.0227 DOWN  NA 

523.2992/ 24.84 1.35 0.0228 DOWN 58161  

994.683/ 24.84 1.77 0.0228 DOWN  NA 

1045.141/ 24.84 1.8 0.0229 DOWN  NA 

259.6579/ 24.84 1.39 0.0229 DOWN  NA 

502.2908/ 25.57 1.75 0.023 DOWN 264379  

526.2932/ 23.03 1.39 0.023 DOWN 62282  

1043.6357/ 24.84 1.8 0.023 DOWN  NA 

1016.6648/ 24.84 1.87 0.0231 DOWN  NA 

1057.1457/ 24.84 1.5 0.0233 DOWN  NA 

670.3593/ 15.14 1.57 0.0233 DOWN  NA 

521.6376/ 24.84 1.34 0.0234 DOWN  NA 

467.1212/ 16.28 1.25 0.0234 DOWN 987748  

280.6547/ 25.7 1.4 0.0234 DOWN  NA 

992.6769/ 24.84 1.83 0.0235 DOWN  NA 

772.4681/ 24.84 1.63 0.0235 DOWN  NA 

600.2829/ 4.21 2.08 0.0237 UP  NA 

281.1564/ 25.7 1.37 0.0238 DOWN 985144  

455.2258/ 13.92 1.29 0.0239 UP 154595  

523.8005/ 24.84 1.34 0.024 DOWN  NA 

127.0389/ 16.28 1.37 0.024 DOWN 35628  

1065.6012/ 24.84 1.29 0.024 DOWN  NA 

1258.8155/ 24.84 2.6 0.024 DOWN  NA 

1035.6387/ 24.84 1.48 0.0241 DOWN  NA 

599.6146/ 4.21 3.39 0.0241 UP  NA 

570.3433/ 14.59 1.93 0.0243 DOWN 164973  

527.2968/ 23.03 1.4 0.0243 DOWN  NA 

509.3446/ 24.1 1.48 0.0243 DOWN  NA 

966.3982/ 16.74 1.82 0.0243 UP  NA 
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511.3596/ 26.13 1.44 0.0243 DOWN  NA 

508.3404/ 24.1 1.61 0.0244 DOWN 24068  

848.2783/ 16.28 1.36 0.0245 DOWN  NA 

277.1358/ 24.84 1.18 0.0245 DOWN  NA 

506.7571/ 6.5 1.75 0.0246 DOWN  NA 

551.3152/ 25.7 1.48 0.0249 DOWN  NA 

878.9968/ 28.09 1.61 0.0249 DOWN  NA 

1003.6613/ 24.84 2.06 0.025 DOWN  NA 

291.1512/ 28.08 1.24 0.0251 DOWN  NA 

607.728/ 16.28 1.66 0.0251 DOWN  NA 

482.2461/ 3.2 1.97 0.0251 DOWN 43975  

1041.1267/ 24.84 1.4 0.0251 DOWN  NA 

812.9431/ 24.84 1.38 0.0251 DOWN  NA 

847.277/ 16.28 1.37 0.0252 DOWN  NA 

473.1978/ 23.53 1.58 0.0252 DOWN 44407  

791.9578/ 24.84 1.26 0.0252 DOWN  NA 

104.107/ 25.7 1.5 0.0252 DOWN  NA 

605.4241/ 27.88 1.24 0.0252 UP 81214  

346.6264/ 16.28 1.25 0.0253 DOWN  NA 

121.5097/ 4.18 1.05 0.0253 DOWN  NA 

635.4016/ 24.84 1.32 0.0254 DOWN 69744  

527.2988/ 24.84 1.27 0.0256 DOWN 138026  

301.1412/ 23.57 1.24 0.0256 UP 1060172  

589.2935/ 28.09 1.26 0.0256 DOWN 63702  

792.9587/ 24.84 1.43 0.0257 DOWN  NA 

542.3319/ 25.7 1.56 0.0258 DOWN 162437  

438.2984/ 25.6 1.63 0.0258 DOWN 1005933  

242.9347/ 0.77 1.23 0.0259 DOWN  NA 

286.6366/ 24.84 1.18 0.0259 DOWN  NA 

105.1103/ 24.84 1.2 0.0259 DOWN  NA 

491.2339/ 16.28 1.66 0.0259 DOWN  NA 

277.1535/ 24.84 1.17 0.026 DOWN 1044503  

262.9067/ 0.69 1.78 0.0261 DOWN 1065950  

172.9769/ 0.73 1.11 0.0261 UP 2963  

469.1187/ 16.28 1.3 0.0261 DOWN 995140  

1148.5549/ 24.84 1.33 0.0261 DOWN  NA 

599.7417/ 16.28 1.54 0.0261 DOWN  NA 

346.1247/ 16.28 1.26 0.0261 DOWN 1032222  

111.0099/ 0.48 1.15 0.0262 DOWN 2266  

504.344/ 25.73 1.55 0.0262 DOWN 40378  

1018.6324/ 24.84 1.96 0.0262 DOWN  NA 

407.1564/ 16.28 1.25 0.0262 DOWN 1053751  

1259.3164/ 24.84 2.42 0.0262 DOWN  NA 
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412.1711/ 16.28 1.32 0.0263 DOWN  NA 

588.3058/ 23.16 1.36 0.0263 UP 188973  

438.1973/ 18.93 2.03 0.0263 DOWN  NA 

875.2982/ 16.28 1.36 0.0263 DOWN  NA 

601.74/ 16.28 1.47 0.0264 DOWN  NA 

217.9566/ 8.36 1.06 0.0264 UP  NA 

118.0861/ 16.28 1.43 0.0264 DOWN  NA 

1021.1347/ 24.84 2 0.0264 DOWN  NA 

482.3248/ 23.17 1.48 0.0265 DOWN 1086190  

830.2794/ 16.28 1.36 0.0265 DOWN  NA 

1262.8256/ 24.84 2.31 0.0266 DOWN  NA 

545.3415/ 25.7 1.36 0.0266 DOWN  NA 

471.133/ 16.28 1.17 0.0266 DOWN 65237  

794.3306/ 16.28 1.78 0.0266 DOWN  NA 

240.0996/ 25.7 1.41 0.0266 DOWN 58109  

794.8286/ 16.28 1.62 0.0267 DOWN  NA 

1042.633/ 24.84 1.73 0.0267 DOWN  NA 

281.6625/ 28.08 1.28 0.0267 DOWN  NA 

408.1515/ 16.28 1.27 0.0268 DOWN  NA 

504.3095/ 24.21 1.26 0.0268 DOWN 62271  

289.1506/ 28.09 1.47 0.0268 DOWN 22394  

726.2241/ 16.28 1.43 0.0268 DOWN  NA 

267.2685/ 28.08 1.45 0.0269 DOWN 6658  

565.2758/ 24.84 1.15 0.0269 DOWN 213418  

427.1725/ 16.28 1.27 0.0269 DOWN 19604  

1080.6022/ 24.84 1.45 0.0269 DOWN  NA 

276.6519/ 24.84 1.16 0.0269 DOWN  NA 

400.3427/ 22.74 1.36 0.027 DOWN  NA 

599.2401/ 16.28 1.53 0.027 DOWN 155757  

477.2783/ 24.71 1.24 0.027 DOWN  NA 

1047.6468/ 24.84 1.76 0.027 DOWN  NA 

98.9841/ 0.76 1.66 0.0271 DOWN  NA 

1013.3776/ 16.28 1.35 0.0272 DOWN  NA 

270.2794/ 29.48 1.12 0.0272 DOWN  NA 

606.7289/ 16.28 1.49 0.0273 DOWN  NA 

142.9481/ 0.67 1.63 0.0273 DOWN  NA 

161.079/ 0.87 1.52 0.0273 UP  NA 

496.5011/ 24.84 1.56 0.0273 DOWN  NA 

165.0758/ 16.28 1.43 0.0273 DOWN 95885  

1261.8238/ 24.84 2.83 0.0274 DOWN 56134  

647.2817/ 28.09 1.16 0.0274 DOWN  NA 

1019.6334/ 24.84 2.04 0.0274 DOWN  NA 

549.279/ 23.51 2.37 0.0274 DOWN  NA 
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815.9523/ 24.84 1.3 0.0274 DOWN  NA 

504.3065/ 23.17 1.5 0.0274 DOWN 62271  

550.3155/ 25.7 1.64 0.0275 DOWN 78847  

263.0916/ 16.28 1.42 0.0275 DOWN 64561  

1020.634/ 24.84 1.99 0.0275 DOWN  NA 

1020.1348/ 24.84 2.03 0.0275 DOWN 64198  

602.2962/ 25.7 1.41 0.0275 DOWN 264560  

247.0966/ 16.28 1.45 0.0276 DOWN 64597  

533.3414/ 26.48 1.51 0.0276 DOWN  NA 

1056.6444/ 24.84 1.74 0.0276 DOWN  NA 

282.6653/ 28.08 1.3 0.0277 DOWN  NA 

1261.3215/ 24.84 2.74 0.0277 DOWN  NA 

560.2621/ 24.84 1.27 0.0277 DOWN 188953  

1019.1344/ 24.84 1.66 0.0278 DOWN  NA 

203.1068/ 16.28 1.42 0.0278 DOWN 988142  

288.6701/ 29.65 1.64 0.0278 DOWN  NA 

985.9152/ 16.28 1.71 0.0278 DOWN 37981  

1036.6425/ 24.84 1.42 0.0279 DOWN  NA 

241.9996/ 0.48 1.22 0.028 DOWN  NA 

523.3595/ 25.7 1.38 0.028 DOWN  NA 

1312.2892/ 24.84 1.6 0.028 DOWN  NA 

1165.4396/ 16.71 1.95 0.0281 UP  NA 

145.0495/ 16.28 1.41 0.0281 DOWN 44698  

626.7008/ 16.28 1.27 0.0281 DOWN  NA 

808.9796/ 24.84 1.32 0.0281 DOWN  NA 

600.2431/ 16.28 1.53 0.0282 DOWN 264248  

522.3054/ 24.84 1.39 0.0283 DOWN  NA 

793.33/ 16.28 1.78 0.0283 DOWN  NA 

500.2752/ 23.54 2.56 0.0283 DOWN 130433  

1303.8072/ 24.84 1.68 0.0283 DOWN  NA 

1259.8172/ 24.84 2.06 0.0284 DOWN  NA 

524.3624/ 25.7 1.39 0.0285 DOWN  NA 

406.1535/ 16.28 1.23 0.0286 DOWN 994994  

1271.5687/ 16.74 2.09 0.0286 UP 90717  

833.4388/ 24.84 1.26 0.0286 DOWN  NA 

607.2266/ 16.28 1.63 0.0287 DOWN 114058  

153.0383/ 16.28 1.31 0.0288 DOWN 88838  

122.0681/ 16.28 1.34 0.0288 DOWN  NA 

541.8307/ 25.7 1.68 0.0289 DOWN  NA 

1090.5935/ 24.84 1.39 0.029 DOWN  NA 

837.7725/ 16.28 1.33 0.029 DOWN  NA 

311.1622/ 28.08 1.26 0.029 DOWN 986940  

1076.6269/ 24.84 1.36 0.0291 DOWN  NA 
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572.3715/ 26.17 1.43 0.0291 DOWN  NA 

799.9804/ 24.84 1.3 0.0292 DOWN  NA 

814.3103/ 16.28 1.37 0.0292 DOWN  NA 

105.0698/ 16.28 1.39 0.0292 DOWN  NA 

600.7444/ 16.28 1.51 0.0293 DOWN  NA 

805.9674/ 24.84 1.3 0.0293 DOWN  NA 

110.0086/ 0.48 1.14 0.0293 DOWN  NA 

437.1938/ 18.93 2.01 0.0295 DOWN 23595  

369.17/ 16.28 1.52 0.0296 DOWN 987170  

964.8807/ 16.69 1.65 0.0296 UP  NA 

482.3247/ 27.97 1.37 0.0296 DOWN 1086190  

792.3267/ 16.28 1.76 0.0297 DOWN  NA 

986.4163/ 16.28 1.58 0.0298 DOWN  NA 

324.9392/ 0.75 1.72 0.0298 DOWN 1046727  

564.2405/ 23.51 2.21 0.03 DOWN 57984  

785.8367/ 16.28 1.52 0.03 DOWN  NA 

792.8283/ 16.28 1.76 0.03 DOWN  NA 

1216.1539/ 16.69 2.07 0.0301 UP  NA 

1069.5992/ 24.84 1.38 0.0302 DOWN  NA 

522.356/ 25.7 1.38 0.0302 DOWN 34488  

490.2312/ 16.28 1.63 0.0302 DOWN  NA 

1066.6903/ 25.7 1.51 0.0302 DOWN  NA 

383.1494/ 16.28 1.66 0.0303 DOWN 1034601  

863.2493/ 16.28 1.38 0.0303 DOWN 3696  

472.1364/ 16.28 1.19 0.0304 DOWN  NA 

548.2754/ 23.51 2.64 0.0304 DOWN 264685  

1295.8159/ 24.84 1.96 0.0305 DOWN  NA 

793.8315/ 16.28 1.76 0.0306 DOWN  NA 

812.3106/ 16.28 1.23 0.0306 DOWN  NA 

541.3295/ 25.7 1.71 0.0306 DOWN 89990  

1247.6077/ 16.45 1.36 0.0306 DOWN  NA 

527.2967/ 23.51 2.58 0.0306 DOWN  NA 

483.3282/ 23.17 1.51 0.0307 DOWN  NA 

339.2899/ 24.94 1.89 0.0307 DOWN 73128  

521.3313/ 24.84 1.31 0.0308 DOWN  NA 

1003.162/ 24.84 2.02 0.0309 DOWN  NA 

1110.5862/ 24.84 1.36 0.0309 DOWN  NA 

543.0628/ 16.3 1.27 0.0311 UP  NA 

263.0282/ 4.18 1.06 0.0311 DOWN 72834  

355.6126/ 16.28 1.19 0.0311 DOWN  NA 

339.9039/ 0.76 1.58 0.0314 DOWN  NA 

601.2413/ 16.28 1.52 0.0314 DOWN 124658  

1301.3051/ 24.84 1.73 0.0314 DOWN  NA 
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1331.7824/ 24.84 1.61 0.0314 DOWN  NA 

858.3093/ 16.28 1.38 0.0315 DOWN  NA 

765.3792/ 5.21 2.11 0.0316 DOWN 264419  

250.1157/ 16.28 1.6 0.0318 DOWN  NA 

249.1123/ 16.28 1.57 0.0318 DOWN 44826  

526.2934/ 23.51 2.62 0.0318 DOWN 62282  

406.6552/ 16.28 1.24 0.0319 DOWN  NA 

1213.4424/ 16.28 1.45 0.032 DOWN  NA 

294.0819/ 16.28 1.25 0.0321 DOWN 1063969  

1050.1141/ 24.84 1.39 0.0321 DOWN  NA 

492.2371/ 16.28 1.54 0.0321 DOWN  NA 

1074.6137/ 24.84 1.41 0.0321 DOWN  NA 

571.3049/ 28.08 1.33 0.0321 DOWN 196973  

129.0545/ 16.28 1.36 0.0322 DOWN 35704  

385.1683/ 29.68 1.45 0.0323 DOWN 986328  

725.222/ 16.28 1.45 0.0323 DOWN  NA 

407.6574/ 16.28 1.29 0.0323 DOWN  NA 

489.2276/ 16.28 1.61 0.0324 DOWN 47814  

281.1023/ 16.28 1.31 0.0324 DOWN 3377  

478.2934/ 23.54 2.82 0.0325 DOWN 40778  

1110.3917/ 16.28 1.36 0.0325 DOWN  NA 

156.0142/ 0.48 1.16 0.0325 DOWN  NA 

593.8103/ 28.08 1.32 0.0326 DOWN  NA 

1292.3063/ 24.84 1.68 0.0327 DOWN  NA 

282.1055/ 16.28 1.35 0.0327 DOWN  NA 

298.6465/ 25.7 1.33 0.0328 DOWN  NA 

795.3354/ 16.28 1.41 0.0328 DOWN  NA 

479.3333/ 24.84 1.28 0.0328 DOWN  NA 

1258.3126/ 24.84 2.35 0.0329 DOWN  NA 

504.3066/ 27.96 1.35 0.033 DOWN 62271  

1072.6146/ 24.84 1.31 0.033 DOWN  NA 

501.2788/ 23.54 2.3 0.0332 DOWN  NA 

1002.6611/ 24.84 1.68 0.0332 DOWN  NA 

1262.3247/ 24.84 2.52 0.0332 DOWN  NA 

399.0876/ 0.59 1.17 0.0332 UP 50066  

460.2829/ 23.54 2.55 0.0334 DOWN 10090909  

1011.8691/ 16.28 1.49 0.0334 DOWN  NA 

1137.7035/ 28.09 1.64 0.0334 DOWN  NA 

811.3077/ 16.28 1.25 0.0335 DOWN 44896  

590.2926/ 28.08 1.25 0.0336 DOWN  NA 

258.6235/ 23.53 2.62 0.0337 DOWN  NA 

221.0532/ 16.28 1.19 0.0338 DOWN 1049967  

525.2788/ 23.58 1.76 0.0342 DOWN  NA 



 

141 
 

561.7631/ 24.84 1.17 0.0345 DOWN  NA 

174.9915/ 0.78 1.22 0.0345 UP 71607  

316.9941/ 0.76 1.27 0.0347 DOWN 1075643  

500.2776/ 21.37 1.32 0.0347 DOWN 680632  

451.2307/ 15.11 1.17 0.0348 DOWN 44903  

1304.3135/ 24.84 1.73 0.0348 DOWN  NA 

571.3465/ 14.6 1.57 0.0349 DOWN  NA 

351.2296/ 29.68 1.62 0.0349 DOWN 1034019  

1050.6126/ 24.84 1.4 0.035 DOWN  NA 

479.2968/ 23.53 2.76 0.035 DOWN  NA 

1060.6085/ 24.84 1.44 0.035 DOWN  NA 

104.1069/ 28.08 1.21 0.035 DOWN  NA 

827.2702/ 16.28 1.32 0.0351 DOWN  NA 

291.6472/ 28.09 1.25 0.0354 DOWN  NA 

570.3539/ 26.6 1.65 0.0354 DOWN 61710  

321.0414/ 16.28 1.3 0.0354 DOWN 89369  

803.3143/ 16.28 1.6 0.0355 DOWN 43668  

1039.6267/ 24.84 1.58 0.0355 DOWN  NA 

835.9472/ 24.84 1.19 0.0356 DOWN  NA 

1040.6262/ 24.84 1.52 0.0356 DOWN  NA 

306.1518/ 24.84 1.13 0.0356 DOWN 96662  

532.338/ 26.48 1.39 0.0357 DOWN 62280  

604.3117/ 28.09 1.1 0.0358 DOWN 264553  

282.1643/ 28.08 1.26 0.0358 DOWN 985850  

427.1369/ 16.28 1.24 0.0359 DOWN  NA 

521.9713/ 24.84 1.36 0.036 DOWN  NA 

1287.294/ 24.84 1.53 0.036 DOWN 47038  

1094.6057/ 24.84 1.32 0.0361 DOWN  NA 

1271.4322/ 16.72 1.84 0.0362 UP  NA 

796.3388/ 16.28 1.38 0.0362 DOWN  NA 

314.03/ 28.09 1.26 0.0363 DOWN 1073886  

964.8452/ 16.69 1.56 0.0363 UP  NA 

867.248/ 16.28 1.3 0.0363 DOWN  NA 

596.2794/ 25.7 1.46 0.0364 DOWN 264213  

838.2736/ 16.28 1.41 0.0364 DOWN  NA 

857.3063/ 16.28 1.35 0.0365 DOWN  NA 

1043.7043/ 25.7 1.69 0.0365 DOWN  NA 

813.9455/ 24.84 1.21 0.0366 DOWN  NA 

370.1736/ 16.28 1.49 0.0367 DOWN  NA 

822.4334/ 24.84 1.25 0.0368 DOWN  NA 

1332.7855/ 24.84 1.46 0.0368 DOWN  NA 

289.6417/ 25.7 1.33 0.0368 DOWN  NA 

193.9299/ 0.76 1.17 0.0368 DOWN  NA 
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544.3381/ 25.7 1.35 0.0369 DOWN 61703  

1065.6867/ 25.7 1.58 0.0369 DOWN  NA 

1068.6016/ 24.84 1.44 0.0373 DOWN  NA 

865.2488/ 16.28 1.34 0.0373 DOWN  NA 

511.3956/ 28.99 1.46 0.0376 DOWN  NA 

724.2178/ 16.28 1.45 0.0377 DOWN  NA 

235.1695/ 21.44 1.05 0.0379 DOWN 985513  

797.3418/ 16.28 1.37 0.038 DOWN  NA 

874.5806/ 16.74 1.66 0.0382 UP  NA 

926.2973/ 16.28 1.31 0.0383 DOWN  NA 

539.3908/ 29.65 1.44 0.0384 DOWN  NA 

144.102/ 0.63 1.34 0.0384 DOWN 35932  

1287.795/ 24.84 1.73 0.0384 DOWN  NA 

1075.696/ 28.08 1.63 0.0385 DOWN  NA 

260.639/ 27.97 1.4 0.0385 DOWN  NA 

1062.1177/ 24.84 1.42 0.0385 DOWN  NA 

524.3717/ 28.08 1.34 0.0385 DOWN  NA 

836.7704/ 16.28 1.36 0.0386 DOWN  NA 

798.3447/ 16.28 1.4 0.0387 DOWN  NA 

119.0491/ 16.28 1.44 0.0388 DOWN 7012  

1084.6155/ 24.84 1.24 0.039 DOWN  NA 

317.6167/ 25.69 1.3 0.039 DOWN  NA 

297.1466/ 24.84 1.15 0.0391 DOWN 985809  

770.4641/ 24.84 1.35 0.0391 DOWN  NA 

609.2267/ 16.28 1.46 0.0392 DOWN  NA 

282.6233/ 23.02 1.31 0.0395 DOWN  NA 

608.2272/ 16.28 1.48 0.0395 DOWN  NA 

483.3283/ 27.96 1.31 0.0395 DOWN  NA 

1054.1333/ 24.84 1.52 0.0395 DOWN  NA 

574.2624/ 24.84 1.11 0.0397 DOWN  NA 

750.3164/ 28.09 1.21 0.0398 DOWN 991236  

528.2993/ 23.02 1.24 0.0398 DOWN  NA 

540.3057/ 24.84 1.19 0.0398 DOWN 265004  

338.0873/ 2.89 2.16 0.0398 DOWN 145590  

1247.4645/ 16.45 1.36 0.0399 DOWN  NA 

480.2994/ 23.53 2.25 0.04 DOWN  NA 

526.3779/ 28.08 1.31 0.0401 DOWN  NA 

985.4127/ 16.28 1.58 0.0402 DOWN 84999  

415.2121/ 18.93 1.87 0.0403 DOWN 985282  

1247.7505/ 16.46 1.47 0.0405 DOWN  NA 

800.3128/ 16.28 1.69 0.0405 DOWN 3660  

260.639/ 23.17 1.43 0.0407 DOWN  NA 

802.3144/ 16.28 1.65 0.0408 DOWN  NA 
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608.3242/ 28.09 1.14 0.0408 DOWN  NA 

528.2991/ 23.51 2.18 0.0409 DOWN  NA 

298.145/ 24.84 1.13 0.041 DOWN  NA 

1140.1777/ 28.09 1.43 0.0411 DOWN  NA 

278.639/ 21.91 1.75 0.0411 DOWN  NA 

246.9916/ 4.18 1.04 0.0411 DOWN 44557  

608.7284/ 16.28 1.47 0.0414 DOWN  NA 

803.8143/ 16.28 1.46 0.0414 DOWN  NA 

932.6848/ 16.69 1.68 0.0414 UP 39849  

621.2818/ 23.66 1.16 0.0416 DOWN 81194  

841.9229/ 24.84 1.27 0.0417 DOWN  NA 

818.7821/ 16.28 1.36 0.0418 DOWN  NA 

516.2408/ 23.53 1.94 0.0419 DOWN 1019038  

108.5125/ 0.83 1.28 0.0421 UP  NA 

106.0732/ 16.28 1.34 0.0424 DOWN  NA 

414.14/ 16.28 1.29 0.0424 DOWN 1022692  

767.493/ 24.84 1.49 0.0425 DOWN  NA 

290.1431/ 25.7 1.44 0.0425 DOWN  NA 

387.1804/ 16.28 1.3 0.0425 DOWN 1028507  

128.0192/ 0.49 1.11 0.0425 DOWN  NA 

964.7438/ 16.7 1.66 0.0426 UP 40484  

290.6498/ 28.08 1.22 0.0426 DOWN  NA 

1311.7877/ 24.84 1.58 0.0426 DOWN  NA 

130.0499/ 0.6 1.21 0.0427 DOWN 22  

519.3282/ 21.91 1.48 0.0428 DOWN  NA 

874.5494/ 16.7 1.88 0.0428 UP  NA 

801.314/ 16.28 1.66 0.0428 DOWN  NA 

808.5374/ 28.08 1.72 0.0429 DOWN 46679  

1247.8939/ 16.45 1.42 0.0429 DOWN  NA 

819.2844/ 16.28 1.35 0.043 DOWN 58459  

524.2753/ 23.04 1.37 0.043 DOWN 5554  

561.3976/ 27.82 1.23 0.043 DOWN 5976  

580.2938/ 28.09 1.18 0.0431 DOWN 163778  

213.5687/ 16.28 1.22 0.0431 DOWN  NA 

527.3806/ 28.08 1.35 0.0432 DOWN  NA 

543.8464/ 28.08 1.46 0.0432 DOWN  NA 

680.2534/ 28.09 1.19 0.0433 DOWN 43770  

234.9081/ 0.75 1.51 0.0434 DOWN  NA 

684.2557/ 25.7 1.26 0.0434 DOWN 264597  

547.3572/ 28.08 1.28 0.0437 DOWN  NA 

525.3751/ 28.08 1.32 0.0437 DOWN  NA 

151.0352/ 0.48 1.11 0.0437 DOWN 88435  

506.3612/ 28.08 1.43 0.0438 DOWN 40373  
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455.2966/ 24.71 1.19 0.0438 DOWN  NA 

783.9589/ 24.84 1.31 0.0439 DOWN  NA 

406.2133/ 16.28 1.36 0.0439 DOWN  NA 

1036.0574/ 16.72 1.92 0.0439 UP  NA 

198.0852/ 0.58 1.29 0.044 DOWN  NA 

552.8327/ 28.08 1.43 0.044 DOWN  NA 

819.7865/ 16.28 1.37 0.0441 DOWN  NA 

275.133/ 24.84 1.21 0.0441 DOWN 985919  

1120.1821/ 28.08 1.64 0.0443 DOWN  NA 

544.849/ 28.09 1.43 0.0443 DOWN  NA 

409.1624/ 16.28 1.29 0.0444 DOWN 1053790  

320.0344/ 16.28 1.24 0.0444 DOWN 1048495  

1034.188/ 15.65 1.51 0.0444 UP  NA 

502.2933/ 23.58 2.34 0.0445 DOWN 62272  

815.0137/ 28.08 1.69 0.0446 DOWN  NA 

160.0757/ 0.87 1.44 0.0448 UP 6932  

282.6231/ 23.51 1.81 0.0449 DOWN  NA 

932.5864/ 16.7 1.59 0.045 UP  NA 

534.2927/ 24.84 1.24 0.045 DOWN 129228  

806.0306/ 28.09 1.64 0.045 DOWN  NA 

1296.3189/ 24.84 1.39 0.0452 DOWN  NA 

411.1685/ 16.28 1.27 0.0452 DOWN  NA 

302.3058/ 18.73 1.21 0.0453 DOWN  NA 

526.3002/ 24.84 1.22 0.0453 DOWN  NA 

801.8148/ 16.28 1.65 0.0453 DOWN  NA 

880.3084/ 16.28 1.27 0.0453 DOWN 991880  

838.0157/ 28.08 1.35 0.0456 DOWN  NA 

1305.2006/ 16.28 1.55 0.0457 UP  NA 

289.6594/ 25.69 1.27 0.0458 DOWN  NA 

410.1658/ 16.28 1.29 0.0459 DOWN  NA 

1131.6869/ 28.08 1.38 0.0459 DOWN  NA 

99.512/ 24.59 1.38 0.0459 UP  NA 

437.2855/ 24.7 1.46 0.046 DOWN  NA 

1236.8507/ 16.27 1.46 0.046 UP  NA 

524.2751/ 23.58 2.14 0.046 DOWN 5554  

1249.6073/ 16.46 1.24 0.0461 DOWN  NA 

543.3448/ 28.08 1.45 0.0461 DOWN 84015  

525.3644/ 25.7 1.31 0.0462 DOWN  NA 

790.3802/ 16.28 1.35 0.0462 DOWN  NA 

1170.5447/ 24.84 1.34 0.0463 DOWN  NA 

311.6634/ 28.09 1.2 0.0463 DOWN  NA 

1036.3151/ 16.73 1.75 0.0465 UP  NA 

815.5139/ 28.08 1.44 0.0465 DOWN  NA 
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1049.613/ 24.84 1.29 0.0465 DOWN  NA 

404.2071/ 16.28 1.35 0.0466 DOWN 67124  

853.2937/ 16.28 1.25 0.0466 DOWN  NA 

299.6543/ 28.09 1.21 0.0467 DOWN  NA 

829.276/ 16.28 1.32 0.0467 DOWN  NA 

1018.1294/ 24.84 1.64 0.0468 DOWN  NA 

845.5176/ 15.65 1.79 0.0468 UP 80143  

1029.6266/ 24.84 1.48 0.0469 DOWN  NA 

304.6491/ 23.13 1.2 0.0469 UP  NA 

269.1291/ 16.28 1.41 0.0469 DOWN  NA 

1033.9659/ 15.65 1.69 0.0471 UP  NA 

544.3478/ 28.08 1.44 0.0471 DOWN  NA 

995.6871/ 24.84 1.44 0.0472 DOWN  NA 

123.1169/ 2.05 1.38 0.0474 DOWN 87666  

598.2623/ 23.68 1.26 0.0474 DOWN 121379  

375.5486/ 28.09 1.27 0.0475 DOWN  NA 

1165.7293/ 16.69 1.84 0.0476 UP  NA 

791.3837/ 16.28 1.36 0.0476 DOWN  NA 

1096.2744/ 16.15 1.86 0.0477 UP 90746  

1067.7121/ 28.07 1.77 0.0477 DOWN  NA 

119.0856/ 18.93 1.95 0.0477 DOWN 70027  

855.4906/ 28.08 1.41 0.0477 DOWN  NA 

517.8125/ 24.84 1.26 0.0478 DOWN  NA 

609.7268/ 16.28 1.44 0.0478 DOWN  NA 

795.9667/ 24.84 1.2 0.0478 DOWN  NA 

289.6491/ 28.09 1.23 0.0479 DOWN  NA 

1050.7449/ 28.08 1.61 0.0479 DOWN  NA 

559.7584/ 24.84 1.32 0.0479 DOWN  NA 

503.2969/ 23.58 2.29 0.048 DOWN  NA 

384.1527/ 16.28 1.48 0.048 DOWN  NA 

847.8981/ 16.71 1.61 0.048 UP  NA 

1288.7943/ 24.84 1.43 0.048 DOWN  NA 

147.0652/ 16.28 1.34 0.0481 DOWN 44745  

409.1624/ 15.81 1.32 0.0481 DOWN 1053790  

416.139/ 16.28 1.17 0.0481 DOWN  NA 

267.6096/ 23.54 1.62 0.0481 DOWN  NA 

259.6312/ 25.58 1.45 0.0482 DOWN  NA 

546.3537/ 28.08 1.26 0.0482 DOWN 40019  

118.0862/ 0.61 1.36 0.0482 DOWN 92812  

777.435/ 16.74 1.89 0.0482 UP  NA 

1127.6759/ 28.08 1.36 0.0482 DOWN  NA 

964.9838/ 16.68 1.71 0.0483 UP  NA 

361.2741/ 23.04 1.41 0.0483 DOWN 43158  
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NA: No associated METLIN ID 

 

 

 

 

 

 

 

 

814.5145/ 28.09 1.61 0.0484 DOWN  NA 

293.5786/ 16.28 1.21 0.0484 DOWN  NA 

240.0997/ 28.09 1.28 0.0484 DOWN 58109  

183.5352/ 16.27 1.32 0.0485 DOWN  NA 

425.1367/ 14.95 1.68 0.0485 DOWN 1090334  

571.3573/ 26.61 1.31 0.0485 DOWN  NA 

1091.4072/ 16.45 1.43 0.0486 DOWN  NA 

354.1109/ 16.28 1.22 0.0486 DOWN 1041653  

809.5411/ 28.08 1.34 0.0486 DOWN  NA 

405.2105/ 16.28 1.34 0.0487 DOWN  NA 

512.3622/ 26.48 1.31 0.0487 DOWN  NA 

805.0268/ 28.09 1.76 0.0488 DOWN  NA 

578.2764/ 24.85 1.29 0.0489 DOWN  NA 

295.0824/ 16.28 1.16 0.0489 DOWN  NA 

1271.5216/ 16.73 1.71 0.0491 UP  NA 

337.2741/ 22.92 1.94 0.0492 DOWN 73127  

500.2779/ 21.9 2 0.0493 DOWN 680632  

329.2479/ 29.67 1.52 0.0494 DOWN 34850  

267.6098/ 22.92 1.46 0.0494 DOWN  NA 

553.8314/ 28.08 1.42 0.0495 DOWN  NA 

1012.8722/ 16.28 1.45 0.0495 DOWN 39940  

930.2396/ 16.28 1.18 0.0496 DOWN  NA 

251.0004/ 16.43 1.27 0.0497 UP 73162  

239.2374/ 24.84 1.16 0.0497 DOWN 36487  

516.2401/ 22.92 1.72 0.0498 DOWN 1019038  
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4.1. Overview      

The challenges of controlling for genetic and environmental variability in the 

study of human diseases such as colorectal cancer (CRC) necessitate the use of animal 

models that enable the resolution of complex traits. The ApcMin (Min) mouse model of 

CRC, which harbors an autosomal dominant mutation in the Apc tumor suppressor gene 

causing the development of intestinal adenomas, provides an extensively studied and 

quantitative platform to investigate factors contributing to disease initiation (Shoemaker, 

Gould et al. 1997). Due to the well-known phenotypic variability across Min colonies, 

defined by differential adenoma multiplicity, the Min mouse is especially useful for 

elucidating underlying modifiers of disease susceptibility (Kwong and Dove 2009). In 

various studies, investigators have observed modifications of adenoma multiplicity 

stemming from both spontaneously occurring variants within the C57BL/6J (B6/J) strain, 

and through crosses with different mouse strains. Through these approaches, a number of 

loci that can substantially affect adenoma multiplicity were identified, and aptly termed 

Modifier of Min (Mom) loci (Cormier, Bilger et al. 2000, Baran, Silverman et al. 2007, 

Kwong and Dove 2009). Despite the contributions of these studies, the extensive genetic 

variance between different inbred strains results in a large amount of “background noise,” 

making it more difficult to resolve genetic modifiers of consequence. Thus, it may be 

advantageous to focus efforts to uncover modifiers of Min on strains more closely related 

to B6/J. To that end, the C57BL/6N (B6/N) background is of interest as a related but 

divergent substrain of C57BL/6 that has now been separated from the B6/J substrain for 

hundreds of generations (Bryant 2011).  During the course B6/J and B6/N divergence, the 

two substrains have accumulated distinct genotypes and phenotypes spanning various 

biological systems, ranging from neurobehavioral to immune responses (Bryant 2011, 
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Fontaine and Davis 2016). Unfortunately, these substrains are often used 

interchangeably, and therefore important distinctions that may strongly influence a 

phenotype of interest are ignored. However, a keen awareness of these distinctions could 

provide leverage to uncover novel modifiers of complex traits. To date, it is unclear 

whether the B6/J and B6/N substrains have distinct modulatory effects on the Min 

phenotype as a result of their underlying divergence.  

More recently, the gut microbiota (GM) has also emerged as an important factor 

in complex disease traits such as Inflammatory Bowel Disease (IBD) and CRC (Rubin, 

Shaker et al. 2012, Louis, Hold et al. 2014). The GM was initially identified as an 

important factor through associative studies, where investigators linked depletion or 

enrichment of certain taxa to disease status (Scanlan, Shanahan et al. 2008, Ohigashi, 

Sudo et al. 2013). Studies in animal models with quantitative complex disease traits have 

shed further light on the dynamic relationship between host and microbe. In a recent 

study, il10-/- mice, which develop intestinal inflammation due to loss of 

immunoregulatory IL-10, were colonized with three distinct GM communities. The 

isogenic mice subsequently developed differing severity of disease based on GM 

colonization, corroborating the important role for intestinal microbial communities (Hart, 

Ericsson et al. 2017). Moreover, germ-free Min mice have a significantly lower adenoma 

burden than their colonized counterparts, suggesting that the GM influences the Min 

phenotype (Li, Kundu et al. 2012). Despite indications that the GM affects the Min 

phenotype, further studies are required to determine how different complex communities 

contribute to variability across Min colonies. 
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In this study, we addressed two questions in an effort to further our understanding 

of different factors contributing to phenotypic variability across Min colonies. First, we 

aimed to determine how the B6/N genetic background modifies adenoma multiplicity in 

comparison to the B6/J strain. Furthermore, we asked whether colonization with distinct 

complex GM communities further modulates adenoma multiplicity. We established F1 

Min cohorts using Min males from the original colony at the McArdle Laboratory of the 

University of Wisconsin (C57BL/6JMlcr-ApcMin/Mmmh abbrv. B6/JD), and either B6/J 

or B6/N wild-type females. F1 offspring from the B6/N lineage (B6NB6JDF1) were 

rederived using surrogates harboring two different complex GMs, such that isogenic mice 

were born with two distinct GMs. We describe differential adenoma suppression 

mediated by the B6/J and B6/N strains across GM-controlled groups, and further 

demonstrate GM-mediated phenotype modulation in isogenic mice. Through these 

approaches, we develop a novel platform for identifying genetic and bacterial modifiers 

of the Min phenotype, and concurrently illustrate how complex variables shape complex 

quantitative traits in a classic cancer model. 

 

4.2. Methods 

4.2.1. Ethics Statement 

Animal studies were conducted in an Association for Assessment and 

Accreditation of Laboratory Animal Care International (AAALAC) accredited facility 

based on the guidelines provided by the Guide for the Care and Use of Laboratory 

Animals. All animal studies were approved by the University of Missouri Institutional 

Animal Care and Use Committee. 
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4.2.2. Animals 

Frozen C57BL/6JMlcr-ApcMin/Mmmh (B6/JD) embryos from the original Min 

colony at McArdle Laboratory, University of Wisconsin were acquired and rederived in 

our facility at the University of Missouri using CD-1 surrogate dams with a GM 

representing The Jackson Laboratory (Crl:CD1GM1 ), previously generated in our 

laboratory (Hart, Ericsson et al. 2018). C57BL/6J-ApcMin (B6/J) were acquired from the 

Jackson Laboratory. Both B6/JD and B6/J colonies were maintained at the University of 

Missouri as separate colonies. To generate B6JB6JDF1-ApcMin mice, 6-8 week old B6/J-

Apc+/+ females were mated with 6-8 week old B6/JD-Apc+/Min males. Four to five week 

old female C57BL/6NHsd (B6/N) were purchased from Envigo (Indianapolis, IN). To 

generate B6NB6JDF1-Apc+/Min mice, in vitro fertilization (IVF) was performed as 

described previously using five to eight week old B6/N females and B6/JD males (Takeo 

T 2011). Presumed zygotes were then placed in a KSOM dish followed by incubation for 

24 hours to allow advancement to the two-cell stage (Biggers JD 2000). In order to 

establish B6NB6JDF1-Apc+/Min with two distinct complex GMs, two cohorts of CD-1 

surrogate dams were used as embryo transfer recipients to perform Complex Microbiota 

Targeted Rederivation (CMTR) (Hart, Ericsson et al. 2018). CD-1 females harboring a 

GM (Hsd:CD1GM4) were previously acclimated and maintained as a colony at the 

University of Missouri prior to their use as surrogates. The aforementioned Crl:CD1GM1 

females harboring a GM representing The Jackson Laboratory were used as the second 

cohort, such that half of the B6NB6JDF1-ApcMin embryos were transferred into CD-1GM1 

surrogates, and half into CD-1GM4 surrogates. All female CD-1 embryo recipients were 

mated with vasectomized CD-1GM1 or CD-1GM4 males, respectively, and those that were 
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copulatory plug-positive were used for embryo transfer.  CD-1 females were anesthetized 

via IM injection of ketamine/xylazine cocktail at 5.5 mg and 1 mg per 100 g body weight 

respectively. A dorsal midline incision was made and the uterine oviducts located by 

dissecting through the retroperitoneal muscle.  Embryos in 3 to 5 µl of media were 

injected into the oviducts using a glass hand-pipette.  Skin incisions were closed with 

sterile surgical staples and mice received a subcutaneous injection of 2.5 mg/kg of body 

weight flunixin meglumine (Banamine®) prior to recovery on a warming pad. 

Surrogate dams were allowed to naturally deliver pups such that resulting 

B6NB6JDF1-ApcMin would acquire the GM of their respective surrogate dams. Thus, 

these mice are denoted as B6NB6JDF1-ApcMin
GM1 and B6NB6JDF1-ApcMin

GM4. All mice 

were group-housed according sex, genetic lineage, and acquired GM (CMTR pups) in 

micro-isolator cages on ventilated racks (Thoren, Hazelton, PA). All mice had ad libitum 

access to 5058 irradiated breeder chow (LabDiet, St. Louis, MO) and acidified 

autoclaved water, maintained on paper chip bedding (Shepherd Specialty Papers, 

Watertown, TN) with 14:10 light:dark cycle. For genotyping, B6/J, B6/JD, and all F1 

mice were ear-punched at 21 days of age (weaning). DNA was extracted using the 

“HotSHOT” genomic DNA preparation method as described (Truett, Heeger et al. 2000). 

4.2.3. Adenoma Counts 

At 100 days of age, mice requiring adenoma counts were euthanized via CO2 

asphyxiation. Following exposure through the abdominal cavity, whole small and large 

intestines were incised longitudinally, flushed with saline and placed on bibulous paper 

with the luminal side facing up for formalin fixation. Grossly visible adenomas were 

counted manually using a Leica M165FC microscope at 1.25x magnification. 
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4.2.4. Sample collection and DNA extraction for 16S rRNA sequencing 

Fecal samples were collected from B6/J, B6/JD, B6JB6JDF1, and both CMTR-

derived B6NB6JDF1 groups at 1 month of age. Mice were placed in an empty autoclaved 

cage until they defecated naturally. Two fecal pellets per mouse were collected 

aseptically and placed in a 2 mL round-bottom tube containing 800 µl of lysis buffer as 

described (Ericsson, Davis et al. 2015) and a 0.5 cm diameter stainless steel bead 

(Grainger, Lake Forest, Il). Fecal samples were mechanically disrupted using a 

TissueLyser II (Qiagen, Venlo, Netherlands) for 3 minutes at 45 Hz, followed by 

incubation at 70ºC for 20 minutes with periodic vortexing. DNA extraction from fecal 

pellets, cecal contents, and ileal epithelium for 16S rRNA sequencing was performed 

using a DNeasy Blood & Tissue Kit® (Qiagen) as previously described (Ericsson, Davis 

et al. 2015). 

4.2.5. 16S library preparation and sequencing 

DNA extracted from fecal pellets was sent to the University of Missouri DNA 

Core facility (Columbia, MO) for further processing. An amplicon library of the 

hypervariable V4 region of the bacterial 16S rRNA gene was generated using the 

U515F/806R primer set as described previously (Caporaso, Lauber et al. 2010). 

Amplicons were sequenced on the Illumina MiSeq platform under the described 

conditions (Montonye, Ericsson et al. 2018).  

4.2.6. Informatics Processing 

Trimming, assembly, binning, and annotation of DNA sequences was performed 

at the University of Missouri Informatics Research Core Facility (Columbia, MO). 
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Quality control of DNA, assembly of contiguous sequences, sequence removal after 

trimming for base quality, and chimera removal were completed as described (Montonye, 

Ericsson et al. 2018). All remaining sequences were assigned to operational taxonomic 

units (OTUs) by de novo OTU clustering based on 97% nucleotide similarity. OTUs were 

annotated using BLAST (Altschul, Madden et al. 1997) against the SILVA database 

(Ritari, Salojarvi et al. 2015) of 16s rRNA sequences and taxonomy. OTU relative 

abundances were subject to a ¼ root transformation prior to visualization using Principal 

Component Analysis (PCA). PCA visualization and α-diversity indices (Chao1 and 

Shannon) were acquired using Past 3.12 software (Hammer, Harper et al. 2001). Open 

access Metaboanalyst 3.0 was used to generate heat maps of microbiome data based on 

Euclidian distance measurements and the Ward clustering algorithm applied to the cube 

root-transformed dataset. 

4.2.7. Statistical analysis 

Statistical analyses of all adenoma counts were performed using Analysis of 

Variance (ANOVA) with the Student Newman-Keul post-hoc test in Sigma Plot 14.0 

(Systat Software Inc., Carlsbad CA). For statistical comparisons of bacterial phyla and α-

diversity indices, the student’s t-test was used. Metaboanalyst 3.0 was used to determine 

statistically significant OTUs via the Student’s t-test. For adenoma counts, phyla, and α-

diversity, p-values < 0.05 were considered statistically significant, while FDR-values < 

0.05 were considered significantly different for bacterial OTUs. GraphPad Prism 8 was 

used to generate all scatter plots, bar graphs, and box plots. 

 

4.3. Results 
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4.3.1. B6JB6JDF1-ApcMin mice exhibit partial repression of the B6/JD adenoma 

phenotype 

The B6/JD and B6/J lineages were maintained as distinct colonies within the same 

facility at the University of Missouri. At 100 days of age, Min mice from both parental 

lines were humanely sacrificed for adenoma counts. We observed significantly fewer 

adenomas in the B6/J line (44.2±16.5 adenomas) compared to the B6/JD line (106.6±24.0 

adenomas; p<0.001) (Fig. 1). To determine the capacity for the B6/J genetic background 

to repress the B6/JD phenotype, wild-type female B6/J mice were mated with Min male 

B6/JD mice to generate B6JB6JDF1-ApcMin offspring. F1 offspring were similarly 

sacrificed at 100 days of age for manual adenoma counts. We found that the F1 

generation displayed an intermediate adenoma phenotype (73.9±21.1 adenomas), as they 

developed significantly fewer adenomas that the B6/JD line and significantly more 

adenomas than the B6/J parents (p<0.001) (Fig. 1).  

4.3.2. B6/N repression of adenomas is modulated by the gut microbiota 

Given the divergence between the B6/J and B6/N lineages, we first asked whether 

the B6/N genetic background would exert similar adenoma repression to the B6/J genetic 

background when crossed with the B6/JD lineage. Furthermore, we aimed to determine 

whether distinct complex GM communities would modulate the effects of the B6/N 

genetic background in the context of adenoma multiplicity. We performed Complex 

Microbiota Targeted Rederivation (CMTR) to establish B6NB6JDF1-ApcMin mice with 

two distinct complex GMs; a low-richness community (GM1) and a high-richness 

community (GM4) using CD-1 surrogate dams with GMs that originally represented The 

Jackson Laboratory (GM1) or Envigo (GM4) (Fig. 2A). At 100 days of age, both 
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B6NB6JDF1-ApcMin
GM1 and B6NB6JDF1-ApcMin

GM4 groups were sacrificed for adenoma 

counts, and compared to B6JB6JDF1-ApcMin. We found that Min B6NB6JDF1 mice, 

regardless of GM colonization, developed significantly fewer SI adenomas than Min 

B6JB6JDF1 mice (Fig. 2B). We also observed a significant effect of the GM, where Min 

B6NB6JDF1 mice colonized with GM4 (53.1±11.2 adenomas) developed more 

adenomas than those colonized with GM1 (34.3±6.8 adenomas). Thus, the B6/N genetic 

background demonstrated stronger suppression of the B6/JD phenotype compared to the 

B6/J background. Moreover, the degree of B6/N-mediated suppression was modulated by 

GM colonization. 

4.3.3. Distinct GMs confer differential adenoma susceptibility 

Given the significant effect of GM colonization on adenoma numbers in 

B6NB6JDF1-ApcMin mice, we aimed to characterize GM1 and GM4. Fecal samples were 

collected from B6NB6JDF1GM1 and B6NB6JDF1GM4 mice at 1 month of age and subject 

to sequencing of the 16S rRNA microbial gene to determine relative abundances of all 

detected bacterial phyla and operational taxonomic units (OTUs). To visualize overall 

GM community similarity of parental lineages and F1 offspring, a Principal Component 

Analysis (PCA) was used (Fig. 3A). Notably, B6JB6JDF1 and B6NB6JDF1GM1 

demonstrate similar overall GM communities, both of which are distinct from 

B6NB6JDF1-ApcMin
GM4 mice. B6JB6JDF1 mice also have a distinct GM compared to the 

B6/J and B6/JD parental lineages from which they were generated. Mice colonized with 

GM4 had increased Chao1 and Shannon indices, indicating increased richness and 

diversity compared to GM1, respectively (Fig. 3B). We found that GM4 was enriched 

with the phyla Actinobacteria, Cyanobacteria, Deferribacteres, Proteobacteria, and had 
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an increased Firmicutes to Bacteroidetes ratio relative to GM1. Meanwhile, GM1 was 

enriched for Patescibacteria, Tenericutes, and Verrucomicrobia (Fig. 3C). Overall, 60 

OTUs were determined to be differentially abundant between GM1 and GM4 based on a 

False Discovery Rate (FDR) < 0.05 (Table S1). A heat map was used to show fold-

change of the 25 most significantly modulated OTUs, and further describes the distinct 

nature of GM1 and GM4 through hierarchical clustering analysis (Fig. 3D). To 

summarize, GM1 and GM4 are distinct complex GM communities at the phylum and 

OTU level, and confer differential susceptibility to adenoma development in 

B6NB6JDF1-ApcMin mice. 

 

4.4. Discussion 

For almost three decades, the Min mouse has served as one of the most widely 

used animal disease models, providing a wealth of information about underlying 

mechanisms and potential therapeutic targets in CRC. The quantitative nature of the Min 

phenotype has been particularly useful for identifying potential modifiers of adenoma 

initiation. In this study, we aimed to determine whether two related inbred genetic strains, 

C57BL/6J and C57BL/6N, differentially modulate the Min adenoma phenotype, and to 

establish whether distinct GM communities could modify the Min phenotype. In doing 

so, we provide a platform for the discovery of novel genetic and microbial modifiers of 

Min, and demonstrate the multifaceted determinants of adenoma initiation comprising the 

commonly observed phenotypic variability associated with the Min mouse.  

We crossed C57BL/6JD-ApcMin  (B6/JD) males from the original Min colony of 

the McArdle Laboratory at the University of Wisconsin with C57BL/6J (B6/J) females to 
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generate a B6JB6JDF1 Min cohort (Fig. 1). We also used C57BL/6N (B6/N) females to 

generate a B6NB6JDF1 Min cohort, such that we could compare the two F1 groups to 

determine their modulatory effects on adenoma initiation. Furthermore, B6NB6JDF1 

embryos were rederived using surrogate dams harboring two different GMs (Fig. 2A): 

GM1 resembles the GM of B6JB6JDF1 mice, while GM4 represents a highly distinct 

community (Fig. 3A), thereby enabling interrogation of the GM as an environmental 

modifier of Min (Hart, Ericsson et al. 2018). We found that the B6/J background 

conferred moderate suppression of the original B6/JD adenoma phenotype, resulting in an 

intermediate F1 phenotype relative to parental strains (Fig. 1) (colonic adenoma counts, 

Fig. S1). We also observed that both GM1- and GM4-colonized B6NB6JDF1 mice 

developed fewer adenomas than B6JB6JDF1 animals (Fig. 2B), indicating that the B6/N 

background has a significantly stronger capacity to suppress adenomas than the B6/J 

background. Despite the relative relatedness of the B6/J and B6/N strains, these results 

suggest that during the course of their divergence, each strain has acquired variants that 

confer differential susceptibility to adenoma initiation. A number of studies have 

described phenotypic differences between B6/J and B6/N related to behavior, 

metabolism, and immunity. These changes are largely attributed to the approximated 150 

homozygous SNPs detected between the substrains, including the classically referenced 

mutation in the nicotinamide nucleotide transhydrogenase (Nnt) gene in B6/J (Bryant 

2011, Fontaine and Davis 2016). Given that these substrains have accumulated variants 

that differentially modify the Min phenotype, documented genomic differences between 

B6/J and B6/N can be used as a platform to identify additional modifiers of Min. 
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Moreover, these data provide further evidence that investigators should be highly 

cognizant of specific substrains used for complex trait analysis. 

While both GM1- and GM4-colonized B6NB6JDF1 mice had fewer adenomas 

than B6JB6JDF1 mice, we noted a significant modulatory effect of the GM, where GM4-

colonized mice developed more adenomas than their GM1 counterparts (Fig. 2B) 

(Colonic adenoma counts, Fig. S2). Thus, Min mice with genetically identical 

backgrounds may have phenotypic variability based on GM colonization. Next-

generation sequencing (NGS) of the microbial 16S rRNA gene enables identification and 

relative quantification of all detected Operational Taxonomic Units (OTUs) (Ward, 

Weller et al. 1990). Given the apparent phenotypic effects of the GM, we utilized this 

approach to characterize the GMs of all F1 mice, as well as the B6/J and B6/JD parental 

lines. We subsequently performed Principal Component Analysis (PCA) to visualize β-

diversity and thus infer similarity of overall GM community structure between different 

groups (Fig. 3A). As mentioned previously, PCA demonstrates the relative similarity of 

the GMs of B6JB6JDF1 and B6NB6JDF1GM1 mice. Thus, we adequately controlled for 

GM variability when comparing the two groups, confirming that the B6/N genetic 

background mediates enhanced adenoma suppression compared to B6/J. PCA also 

demonstrates the distinct nature of GM1 and GM4 that resulted in differential adenoma 

susceptibility, as anticipated based on the surrogate dams used for rederivation. Further 

analysis of GM1 and GM4 revealed differentially abundant phyla, which included a 

significant increase in the Firmicutes:Bacteroidetes ratio in GM4 relative to the GM1 

(Fig. 3B).  Interestingly, previous reports analyzing samples from human IBD and CRC 

patients have found similar trends when compared to healthy controls (Bamola, Ghosh et 
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al. 2017). We also noted enrichment of several members of the Proteobacteria phylum, 

including sulfidogenic Desulfovibrio and Bilophila sp (Fig. 3D). Though various studies 

have suggested a potentially carcinogenic role for these bacteria (Attene-Ramos, Wagner 

et al. 2006, Hellmich and Szabo 2015, Guo, Yu et al. 2016), studies that directly 

interrogate their phenotypic influence in the context of a complex GM are required. Of 

note, we also found that the GM of B6JB6JDF1 mice primarily clustered separately from 

their B6/J and B6/JD parents. This phenomenon demonstrates the possibility of GM drift 

across multi-generational experiments using genetic crosses. Investigators should 

therefore remain mindful of these potential changes, particularly when analyzing 

quantitative phenotypes that may be subject to the GM. 

The Min mouse is a classic quantitative trait with various biological systems 

contributing to composite adenoma multiplicity. This model has particularly served those 

in the genetics community seeking to identify genetic modifiers of adenoma 

susceptibility. In this study, we demonstrate differential adenoma suppression mediated 

by the B6/J and B6/N genetic backgrounds, establishing the need for investigators to be 

highly attentive to specific substrains when interpreting quantitative trait analyses. 

Furthermore, we show that the GM may also modify complex traits such as Min adenoma 

multiplicity. Thus, we not only provide a platform for the discovery of novel genetic and 

microbial modifiers of Min, but also establish a complex combination of physiological 

determinants comprising quantitative trait outcomes.  
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4.7. Figures 

Figure 1. B6JB6JDF1-ApcMin mice display an intermediate adenoma phenotype. 

Scatter plots comparing mean (± SD) small intestinal (SI) adenoma counts of the original 

B6-ApcMin colony generated at UW McArdle Laboratory (B6/JD), B6-ApcMin mice 

acquired from The Jackson Laboratory and maintained at University of Missouri (B6/J), 

and their F1 offspring (B6JB6JDF1) (B6/JD, n = 19; B6/J, n = 22; B6JB6JDF1, n = 19). 

***p<0.001; ANOVA with the Student Newman-Keuls method. 
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Figure 2. The C57BL/6NHsd genetic background and the gut microbiota modulate 

adenoma repression in ApcMin mice. A, F1 embryos from C57BL/6NHsd-Apc+/+ and 

C57BL/6JD-Apc+/Min parental lines were generated via IVF, and transplanted into CD-1 

surrogate dams harboring two distinct complex GM profiles; GM1 and GM4. Offspring 

maintain their F1 hybrid genetic lineage while inheriting a GM from respective surrogate 

CD-1 dams. (B6NB6JDF1-ApcMin
GM1,

 n = 9; B6NB6JDF1-ApcMin
GM4, 

 n = 8). B, Scatter 

plots comparing mean (± SD) SI adenoma counts of B6JB6JDF1-ApcMin, B6NB6JDF1-

ApcMin
GM1, and B6NB6JDF1-ApcMin

GM4 mice. *p<0.05, **P<0.01, ***p<0.001; ANOVA 

with the Student Newman-Keuls method. 
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Figure 3. Distinct complex gut microbiota communities contribute to differential 

adenoma counts. A, Principal Component Analysis (PCA) representing differences in β-

diversity at the Operational Taxanomic Unit (OTU) level between complex GM profiles 

of B6/J (n = 8) and B6/JD (n = 11) parental lines, B6JB6JDF1 offspring (n = 10), 

B6NB6JDF1-ApcMin
GM1 (n = 13), and B6NB6JDF1-ApcMin

GM4 mice (n = 14).  B, 

Differences in GM richness (Chao1 index) and α-diversity (Shannon Index) are shown 

with Tukey’s boxplots (GM1, n = 9, GM4, n = 8). C, Bar charts representing relative 

abundances (mean ± SEM) of phyla with detected significant differences between GM1 

and GM4, in fecal samples from mice at 1 month of age (GM1, n = 9;GM4, n = 8). D, 

Heatmap showing 25 taxa with significantly different (FDR < 0.05) fecal relative 

abundances between GM1 and GM4 at 1 month. Color intensity represents fold-change 

of each OTU. Hierarchical clustering based on Euclidean distances (top) demonstrates 

clustering of samples based on GM. All statistically significant OTUs and associated fold 

changes are represented in supplementary table 1.*p<0.05, **p<0.01, ***p<0.001; 

Student’s t-test. 
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Supplementary Figure 1. Colonic adenoma numbers in B6/J and B6/JD parental 

lines and B6JB6JDF1-ApcMin offspring. Scatter plots comparing mean (± SD) colonic 

adenoma counts of the original B6-ApcMin colony generated at UW McArdle Laboratory 

(B6/JD), B6-ApcMin mice acquired from The Jackson Laboratory and maintained at 

University of Missouri (B6/J), and their F1 offspring (B6JB6JDF1) (B6/JD, n = 19; B6/J, 

n = 22; B6JB6JDF1, n = 19). ANOVA with the Student Newman-Keuls method. 
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Supplementary Figure 2. Colonic adenoma counts in rederived F1 ApcMin mice. 

Scatter plots comparing mean (± SD) colonic adenoma counts of B6JB6JDF1-ApcMin, 

B6NB6JDF1-ApcMin
GM1, and B6NB6JDF1-ApcMin

GM4 mice. ANOVA with the Student 

Newman-Keuls method. 
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4.8. Tables 

 

Supplementary Table 1. Significantly different fecal OTUs between GM1 and GM4 

Significant OTUs in B6NB6JDF1 mice (FDR < 0.05) 
GM1 

relative to GM4 
GM1 GM4 

Phylum OTU FDR 

Mean 

Fold 

Change 

Mean Relative 

Abundance 

(±SEM) 

Mean Relative 

Abundance 

(±SEM) 

Bacteroidetes genus Odoribacter.1 NA NA 0.00554±0.0006 ND 

Bacteroidetes genus Odoribacter NA NA ND 0.0027±0.0004 

Bacteroidetes genus Alloprevotella.1 NA NA ND 0.0326±0.0048 

Bacteroidetes genus Rikenella NA NA ND 0.0026±0.0004 

Bacteroidetes genus Rikenellaceae RC9 gut group NA NA ND 0.0020±0.0003 

Tenericutes order Mollicutes RF39.1 3.69E-12 1342.3 0.0071±0.0012 2.66E-06±1.47E-06 

Verrucomicrobia genus Akkermansia NA NA 

0.0003 

±5.93E-05 ND 

Firmicutes 

genus Lachnospiraceae NK4A136 

group.3 3.41E-11 0.002448 0.0399±0.0074 0.1325±0.0234 

Bacteroidetes 

genus Rikenellaceae RC9 gut 

group.1 5.21E-10 0.012343 3.77E-06±2.03E-06 0.0005±9.30E-05 

Proteobacteria genus Bilophila NA NA ND 0.0012±0.0002 

Firmicutes genus Lachnospiraceae UCG-009 4.41E-09 35.276 0.0003±6.079E-05 5.79E-06±3.95E-06 

Proteobacteria genus Desulfovibrio.1 NA NA ND 0.0058±0.0012 



 

 
 

1
7
2

 

Firmicutes genus Erysipelatoclostridium NA NA ND 7.82E-05±1.33E-05 

Bacteroidetes genus Bacteroides.1 9.30E-09 7.2568 0.1031±0.0102 0.0138±0.0030 

Firmicutes genus Butyricicoccus.1 NA NA 0.0021±0.0005 ND 

Deferribacteres genus Mucispirillum NA NA ND 0.0082±0.0024 

Firmicutes genus Tyzzerella 4 NA NA ND 0.0003±7.12E-05 

Firmicutes order Clostridiales.1 2.23E-07 10.095 0.0002±2.52E-05 1.59E-05±5.16E-06 

Proteobacteria genus Desulfovibrio NA NA ND 0.0010±0.0003 

Firmicutes genus Roseburia.1 5.09E-06 60.418 0.0022±0.0008 3.89E-05±2.14E-05 

Firmicutes genus Intestinimonas 6.99E-06 0.043832 3.17E-06±1.51E-06 0.0001±2.90E-05 

Firmicutes genus Eubacterium nodatum  7.53E-06 3.7466 0.0005±4.57E-05 0.0001±3.04E-05 

Firmicutes genus Eubacterium oxidoreducens  1.40E-05 469.53 0.0018±0.0006 1.78E-06±1.32E-06 

Cyanobacteria order Gastranaerophilales.1 NA NA ND 0.0005±0.0002 

Firmicutes genus Ruminiclostridium 6.1 NA NA ND 0.0015±0.0005 

Firmicutes family Lachnospiraceae.5 2.69E-05 91.759 0.0032±0.0011 2.92E-05±8.47E-06 

Firmicutes 

genus Lachnospiraceae NC2004 

group NA NA ND 0.0004±0.0001 

Bacteroidetes family Muribaculaceae.1 3.82E-05 5.0969 0.0001±1.52E-05 1.73E-05±4.44E-06 

Proteobacteria genus Parasutterella NA NA ND 5.76E-05±1.45E-05 

Bacteroidetes family Muribaculaceae 8.97E-05 0.45146 0.0021±0.0002 0.0047±0.0005 

Firmicutes order Clostridiales.2 NA NA ND 8.11E-05±2.39E-05 
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Patescibacteria genus Candidatus Saccharimonas.1 0.000149 5.9624 0.0048±0.0010 0.0008±0.0002 

Patescibacteria genus Candidatus Saccharimonas 0.000333 3.8575 0.0083±0.0014 0.0021±0.0004 

Actinobacteria genus Bifidobacterium 0.000365 0.009988 1.70E-06±1.23E-06 0.0004±0.0001 

Firmicutes family Erysipelotrichaceae.1 0.000381 9.0356 0.0002±5.18E-05 2.79E-05±8.53E-06 

Bacteroidetes genus Parabacteroides 0.000696 2.5102 0.0010±0.0001 0.0003±7.70E-05 

Firmicutes genus Ruminococcaceae UCG-014 0.000775 3.8747 0.0013±0.0003 0.0003±0.0002 

Firmicutes 

genus Ruminococcaceae UCG-

010.2 0.000775 2.1063 0.0004±4.25E-05 0.0002±2.73E-05 

Bacteroidetes genus Prevotella 9 0.000803 3.2998 0.0086±0.0011 0.0025±0.0007 

Firmicutes Lactobacillus gasseri 0.000849 0.14097 9.59E-05±3.80E-05 0.0007±0.0002 

Tenericutes genus Anaeroplasma NA NA 0.0017±0.0006 ND 

Firmicutes genus Blautia.2 NA NA ND 6.10E-05±2.38E-05 

Firmicutes genus Ruminiclostridium 0.00122 0.012429 4.25E-06±1.99E-06 0.0005±0.0002 

Firmicutes family Christensenellaceae.1 0.002353 2.6456 0.0002±2.48E-05 7.57E-05±1.75E-05 

Firmicutes genus Tyzzerella 3 NA NA 0.0001±6.01E-05 ND 

Firmicutes 

genus Lachnospiraceae NK4A136 

group.2 0.002871 0.30295 1.75E-05±7.60E-06 0.0087±0.0012 

Firmicutes genus Oscillibacter.1 0.002998 
0.24738 

0.0019±0.0004 0.0080±0.0017 

Proteobacteria genus Oxalobacter 0.004546 2.794 0.0002±2.87E-05 4.84E-05±1.58E-05 

Firmicutes genus Lachnospiraceae UCG-010 0.005379 8.7386 0.0001±3.30E-05 1.13E-05±4.30E-06 

Firmicutes genus Lachnoclostridium.1 0.005824 5.1709 0.0033±0.0009 0.0007±0.0002 
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Firmicutes family Clostridiales vadinBB60  0.006673 0.44348 0.0014±0.0003 0.0033±0.0005 

Firmicutes genus Intestinimonas.1 0.011292 0.21214 5.41E-05±1.22E-05 0.0002±6.11E-05 

Firmicutes genus Harryflintia.1 0.011569 0.27058 2.64E-05±8.10E-06 9.83E-05±2.50E-05 

Firmicutes family Lachnospiraceae.4 0.012257 3.6923 0.0015±0.0004 0.0004±7.30E-05 

Firmicutes genus Ruminococcus 1 0.013196 0.22256 6.74E-05±1.39E-05 0.0003±8.96E-05 

Firmicutes genus Tyzzerella NA NA ND 8.56E-06±2.78E-06 

Firmicutes family Ruminococcaceae 0.021464 0.3296 2.09E-05±5.34E-06 5.70E-05±1.11E-05 

Firmicutes genus Marvinbryantia 0.022038 0.22811 6.54E-05±1.38E-05 0.0003±7.89E-05 

Firmicutes genus Acetatifactor 0.023512 7.8109 0.0005±0.0002 6.58E-05±1.78E-05 

Firmicutes family Erysipelotrichaceae 0.044132 2.691 0.0007±0.0002 0.0003±4.32E-05 
   ND: Relative abundance was below detectable limits by 16S sequencing 

   NA: Statistical comparison was not applicable due to a relative abundance below detectable limits (ND) in at least one GM group 
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CHAPTER V 

Conclusions and Future Directions 

  



 

176 
 

Despite decades of research on both initiating factors and therapeutic approaches 

in colorectal cancer, CRC remains one of the leading causes of cancer-related morbidity 

and mortality. The breadth of CRC research to date speaks to the multifactorial etiologies 

of sporadic disease, and necessitates dedication to a variety of research avenues including 

genetic predisposition, dietary and environmental factors, and pre-disposing conditions 

among others. Epidemiological studies have described various associations between the 

aforementioned factors and CRC risk across human populations. However, human studies 

are limited in their capacity to address underlying mechanisms driving these associations, 

leading to the revolutionary use of animal models to distinguish causative factors. 

Though various models of CRC exist, we opted to use the ApcMin mouse model of early 

intestinal neoplasia in the outlined body of work due to its well-characterized genetics 

that includes known disease modifying variants, its quantitative adenoma phenotype, and 

established phenotype variability across different colonies. 

Meta-analysis of published Min datasets reveals significant variability of 

unknown origin with respect to the adenoma phenotype between distinct colonies. These 

disparities reflect our minimal understanding of how various complex factors collectively 

determine overall adenoma susceptibility, and further highlight the challenges of 

enhancing reproducibility in our animal models. In the described body of work, we aimed 

to better understand how genetic variation and the complex gut microbiota (GM) each 

contribute to adenoma initiation in Min mice, and thus account for observed phenotypic 

variability (chapter 2). To follow, we used Min mice with a defined complex GM as a 

platform to interrogate the influence of individual bacterial species on adenoma initiation 

and development (chapter 3, Appendix A). Finally, we assessed the phenotypic effects of 
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related substrain genetic backgrounds, and further evaluated whether the complex GM 

influences substrain-mediated adenoma suppression (chapter 4).   

In chapter 2, we used Complex Microbiota Targeted Rederivation (CMTR) to 

determine how genetic variation acquired through colony divergence, and distinct 

complex GMs representing two common mouse producers (GMJAX and GMHSD), each 

contribute to Min adenoma multiplicity. We found that genetic lineage and complex GM 

additively conferred overall adenoma multiplicity, supporting the multifactorial nature of 

CRC. Whole-genome sequencing (WGS) and untargeted metabolomics were used to 

characterize genetic divergence and to identify differentially modulated pathways 

between the two lineages. Notably, each approach independently identified genetic 

modulation of bile acid (BA) metabolism, suggesting that metabolomics could be used as 

a tool to discern functionally relevant variants detected by WGS. To that end, we found 

that BA metabolism changes were associated with an upstream variant of Fatty acid 

binding protein 6 (Fabp6), which encodes for a BA transporter in the small intestinal (SI) 

epithelium. Moreover, segregation of the Fabp6 variant correlated with adenoma number 

in N2 cohorts generated from the divergent lineages, suggesting the variant’s potential 

role as a modifier of Min.  

Interestingly, we noted that several outliers were present in the N2 cohorts despite 

an overall association between the Fabp6 variant and adenoma multiplicity. This raises 

the possibility that the true modifier variant is not Fabp6 itself, but instead another 

variant linked to Fabp6 on chromosome 11. In such a case, the observed N2 outliers 

represent instances in which the unknown linked variant segregated from Fabp6 by 

recombination in the N2 generation. Thus, further studies interrogating the functionality 
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of other WGS-detected variants on chromosome 11 are required to determine whether an 

unknown linked variant mediates the observed modifying effect. 

Finally, we used 16S rRNA sequencing to determine the relative abundances of 

all detected OTUs and thereby characterize community differences between adenoma-

suppressing GMJAX and adenoma-enhancing GMHSD. We determined that GMHSD 

had significantly increased overall richness and α-diversity compared to GMJAX, 

indicating the relative difference in complexity between the two communities. Moreover, 

sulfite-reducing Bilophila wadsworthia and mucin-degrading Akkermansia muciniphila 

were undetectable in the GMJAX community, while they were present at various 

abundances in GMHSD. Given these disparities between GMJAX and GMHSD at the 

individual OTU level, Min mice colonized with GMJAX serve as an ideal platform to test 

the effects of candidate bacteria in the context of a complex GM.  

Despite these findings, a mechanistic understanding of how each community as a 

whole induces a differential adenoma phenotype is lacking. The immune system can 

promote cell growth and survival or tumor suppression, and is therefore intimately 

associated with cancer susceptibility (Carvalho, Pires et al. 2014). The commensal GM 

has a critical role in sustaining host mucosal immune development and responses, 

suggesting that distinct communities might predispose the host towards an anti- or pro-

tumorigenic immunophenotype. Various studies have demonstrated the anti-tumorigenic 

role of Th1 immune responses, whereas microbiota-mediated induction of mucosal Th17 

responses are associated with enhanced tumorigenesis (Osawa, Nakajima et al. 2006, Wu, 

Rhee et al. 2009, Chae, Gibson et al. 2010). Thus, additional studies addressing 

differential host immune responses following colonization with GMJAX and GMHSD 
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may provide important insight into underlying mechanisms driving GM-mediated 

differential adenoma multiplicity.  

In chapter 3, we used Min mice colonized with GMJAX as a platform to 

determine how Bilophila wadsworthia affects the broader GM, the host metabolome, and 

adenoma development. We observed that maternal supplementation with B. wadsworthia 

successfully transferred to Min offspring, which notably resulted in the depletion of fecal 

and mucosal-associated Prevotella sp. These results suggest that B. wadsworthia and 

Prevotella sp. share an environmental niche within the GI tract and may competitively 

exclude one another. This observation further demonstrates the importance of 

incorporating models with complex GMs rather than solely relying on highly simplified 

microbiotas, as we would not have detected the inverse relationship between B. 

wadsworthia and Prevotella in simplified models.  Despite our hypothesis that B. 

wadsworthia would enhance adenoma multiplicity, its supplementation unexpectedly 

reduced Min adenoma number and size. Moreover, B. wadsworthia supplementation 

modulated both local and systemic metabolism, as evidenced by changes in the fecal and 

serum metabolomes characterized by untargeted and targeted metabolomics. These 

changes were highlighted by increased fecal abundance of the secondary BA deoxycholic 

acid (DCA), and decreased serum abundance of DCA.  

Though it is presently unclear how B. wadsworthia supplementation suppresses 

adenoma initiation and progression, microbiota-mediated host immune induction 

provides one plausible explanation. Previous studies have described the immunogenic 

nature of B. wadsworthia characterized by induction of classic anti-tumorigenic Th1 

immune responses in the intestines, whereas Prevotella sp. induce pro-tumorigenic Th17-
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mediated inflammation in vitro and in vivo via associated cytokines such as IL-17, IL-23, 

and IL-1 (Devkota, Wang et al. 2012, Larsen 2017). Combining the aforementioned 

results with previously established studies, it would be of interest to determine whether 

there are differences in mucosal immunity between Min mice colonized with GMJAX 

and supplemented B. wadsworthia compared to those with GMJAX alone, with special 

focus on quantifying markers of Th1 and Th17 responses in the mucosa and local 

mesenteric lymph nodes. Furthermore, studies using complex GMs can be used in concert 

with gnotobiotic methods to facilitate our understanding of the relationship between B. 

wadsworthia and Prevotella sp. Using a simplified GM baseline, co-inoculation 

experiments incorporating the two candidate taxa may determine whether B. 

wadsworthia-mediated Min adenoma suppression is dependent on Prevotella sp. 

depletion. These studies would provide substantial mechanistic insight into microbiota-

mediated adenoma modulation, and demonstrate an ideal combination of complex GM 

and gnotobiotic approaches to enhance model translatability.  

In addition to our experiments concerning the effects of B. wadsworthia, we also 

used Min mice colonized with GMJAX to determine whether Akkermansia muciniphila 

influences Min adenoma multiplicity (Appendix A). As we observed in our B. 

wadsworthia experiments, maternal supplementation resulted in successful maternal 

transfer of A. muciniphila to Min offspring. However, there were no changes in adenoma 

multiplicity associated with increased relative abundance of A. muciniphila, suggesting 

that this bacterium does not have a direct role in adenoma initiation. Interestingly, this 

experiment was complicated by significant morbidity and mortality among weanlings 

born from supplemented females, characterized by a failure to thrive. Further analysis 
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demonstrated a marked increase in colonic goblet cells and mucus deposition on the 

colonic epithelial surface. Though it is presently unclear whether these changes are 

directly responsible for increased morbidity and mortality, these observations suggest that 

enrichment of A. muciniphila in neonates could have detrimental effects on growth and 

development. Given the recent push to include A. muciniphila as a probiotic to counteract 

obesity and metabolic disease (Cani and de Vos 2017), further studies are required to 

evaluate its potential negative effects in pregnant women and neonates.    

In chapter 4, we asked whether the background genetics of related inbred mouse 

substrains, C57BL/6J (B6/J) and C57BL/6NHsd (B6/N) have differential modifier effects 

with respect to the Min phenotype. Of note, both B6/J and B6/N backgrounds dominantly 

repressed adenoma multiplicity. However, the B6/N background was associated with 

stronger suppression of the phenotype compared to B6/J. Moreover, we used CMTR to 

demonstrate that the complex GM further modulated B6/N-mediated adenoma 

suppression, such that GMHSD again conferred greater adenoma susceptibility than 

GMJAX. These results suggest that the differences between B6/J and B6/N provide a 

platform for future identification of modifiers of Min. Moreover, these results should 

serve as a caution for investigators that use these substrains interchangeably. Here we 

demonstrate that these substrains have differential effects on the Min phenotype, but their 

influence on other commonly used models of complex disease traits remains unknown. 

Thus, strict control of background genetics and complex GM in disease models is 

required to enhance reproducibility and translatability to humans. 

 Collectively, the outlined body of work demonstrates the use of rapidly advancing 

technology to interrogate factors that influence the adenoma phenotype in the Min model 
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of CRC. Based on the reported results, it is clear that we must pursue a variety of 

research avenues to gain a better understanding of the most important factors driving 

composite disease susceptibility. As precision medicine approaches to complex diseases 

continue to gain traction, incorporation of omics techniques that develop a broad 

understanding of an individual’s risk for disease development and response to therapeutic 

strategies is critical. Thus, models in which GM profiling and genomic characterization 

are coupled with other omics strategies such as metabolomics, proteomics, 

metagenomics, and metatranscriptomics will pave the way for integrated approaches in 

humans that describe functional biological changes associated with diseases of interest.  

Moreover, pairing large-data analyses with follow-up mechanistic studies will further 

enable the development of specific therapeutic strategies that target the pathways 

elucidated by integrated omics. Although this work only begins to tap into the vast array 

of genetic and environmental variables that affect CRC, it provides a framework for 

novel approaches to a range of disease processes. In doing so, this work has the potential 

to enhance risk assessment, diagnostic and prognostic approaches, and patient-targeted 

therapeutic strategies for both CRC and other complex disease processes. 
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APPENDIX A: 

Effects of Akkermansia muciniphila Supplementation  

on Min Adenoma Initiation 
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A.1. Overview 

Colorectal cancer (CRC) is a multifactorial disease with overall susceptibility 

determined by genetic and environmental etiologies (Lichtenstein, Holm et al. 2000, de la 

Chapelle 2004). The gut microbiota (GM) is a complex collection of bacterial species that 

normally exist in a symbiotic relationship with their host, and is shaped in part by 

environmental factors such as diet and geographical location (Lozupone, Stombaugh et 

al. 2012, Brim, Yooseph et al. 2013, Dejea, Wick et al. 2014). Culture-independent 

methods of bacterial identification have provided a wealth of knowledge about the 

beneficial roles of these communities, including protection from enteric pathogens, 

mucosal immune development, and nutrient extraction from dietary components 

(Lozupone, Stombaugh et al. 2012, Dingemanse, Belzer et al. 2015). However, disruption 

of the GM can contribute to various metabolic diseases, inflammatory conditions, and 

even promote tumor development (Backhed, Ding et al. 2004, Arthur and Jobin 2011). 

Therefore, studies evaluating how specific commensal strains contribute to health and 

disease will inform the use of the GM for risk assessment and novel therapeutic 

strategies. 

Akkermansia muciniphila is a gram-negative, mucin-degrading species found in 

the intestinal mucus layer and feces of adults (Collado, Derrien et al. 2007). Due to the A. 

muciniphila’s intimate association with the intestinal mucosa, its potential to mediate 

host-microbiota interactions that modulate disease susceptibility is of interest. To that 

end, studies focused on this strain’s role in cross-talk with the host highlight A. 

muciniphila’s protective role in metabolic shifts associated with diabetes and obesity. 

Everard et al. demonstrated that A. muciniphila administration counteracts diet-induced 
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metabolic endotoxemia, fat mass development, and altered adipose tissue metabolism 

(Everard, Belzer et al. 2013), while others have associated A. muciniphila enrichment 

with the anti-diabetic effects of metformin (Shin, Lee et al. 2014). Based on these studies, 

many have suggested A. muciniphila as a next-generation probiotic to combat increasing 

prevalence of negative health effects associated with metabolic syndrome. While the 

aforementioned pre-clinical data is encouraging, studies that adequately explore possible 

negative effects of A. muciniphila enrichment in the GM are required to inform any risks 

associated with its use as a probiotic species. In contrast to apparent beneficial health 

effects, A. muciniphila was reportedly enriched approximately 4-fold in CRC patients 

compared to healthy controls (Weir, Manter et al. 2013). Presently, it is unclear whether 

this association reflects an underlying causative role of A. muciniphila in CRC 

development, or if the commensal expands as a bystander. Therefore, studies that 

specifically address the role of A. muciniphila in CRC will provide a broader 

understanding of potential risks associated with enriched A. muciniphila in the context of 

the complex GM. 

The C57BL/6J-ApcMin (ApcMin) mouse has a dominant mutation in the Apc gene 

resulting in the development of intestinal adenomas, which can be used as a quantitative 

phenotype to test genetic or environmental modifiers of CRC susceptibility (Shoemaker, 

Gould et al. 1997). Here, we use specific-pathogen-free (SPF) ApcMin mice with no 

previously detectable A. muciniphila to explore how addition of the commensal strain to 

an existing complex GM affects adenoma initiation. We show that single treatment of 

pregnant dams results in highly efficient vertical transmission of A. muciniphila to ApcMin 

offspring. Offspring of A. muciniphila-treated dams displayed significant differences in 
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colonic development of the mucosal barrier system compared to controls. Moreover, 

these developmental changes dramatically influence the pups’ ability to thrive during the 

neonatal period. However, there was no apparent effect of A. muciniphila 

supplementation on adenoma multiplicity in ApcMin mice. These results suggest that 

although A. muciniphila does not appear to affect adenomagenesis in ApcMin  mice, 

maternal transfer of high levels of this commensal may have significant health 

implications for neonates. 

 

A.2. Methods 

A.2.1. Ethics statement 

Animal studies were conducted in an Association for Assessment and 

Accreditation of Laboratory Animal Care International (AAALAC) accredited facility 

based on the guidelines provided by the Guide for the Care and Use of Laboratory 

Animals. All animal studies were approved by the University of Missouri Institutional 

Animal Care and Use Committee. 

A.2.2. Animals 

Mice used in all described experiments were purchased from The Jackson 

Laboratory (Bar Harbor, ME), and were acclimated for several generations prior to use. 

Six to eight week old male C57BL/6J-ApcMin/+ mice were mated with wild-type six to 

eight week old female C57BL/6J mice. After pregnancy was confirmed in mated females, 

they were individually housed and assigned to either a control (PBS) group or A. 

muciniphila group. At weaning (21 days of age), offspring of pregnant dams were group-

housed with sex-matched littermates within their experimental group. To genotype for the 
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Min allele, all offspring were ear-punched at weaning, and DNA extracted using the 

“HotSHOT” genomic DNA preparation method as described as described (Truett, Heeger 

et al. 2000). Fecal samples were also collected from all Min offspring at weaning and 

stored at -80ºC. Offspring from pregnant dams were separated into two cohorts. The first 

cohort was sacrificed at weaning for histological characterization and A. muciniphila 

detection, while the second cohort was sacrificed at 3 months of age for adenoma 

phenotyping. All experimental animals were housed in micro-isolator cages on ventilated 

racks (Thoren, Hazelton, PA) with ad libitum access to 5058 irradiated breeder chow 

(LabDiet, St. Louis, MO) and acidified autoclaved water. Mice were maintained on paper 

chip bedding (Shepherd Specialty Papers, Watertown, TN) with a 14:10 light:dark cycle.  

A.2.3. Akkermansia muciniphila culture and treatment 

Akkermansia muciniphila was purchased from American Type Culture Collection 

(ATCC BAA-835; Manassas, VA), grown in Brain Heart Infusion (BHI) broth (Anaerobe 

Systems, Morgan Hill, CA), then flash-frozen in glycerol solution (25% v/v glycerol) and 

stored at -80ºC. For treatment, 1 mL of frozen stock was thawed, inoculated into 10 mL 

BHI broth medium, and incubated at 37ºC in an anaerobic chamber. When cultures 

reached late log-phase of growth, bacteria was pelleted by centrifugation and washed 

twice with 1x phosphate-buffered saline (PBS) pH 7.3 (Ausubel FM 1994). The pellet 

was resuspended in PBS to a final concentration of 1.0x107 CFUs/250uL PBS. Intra-

gastric gavage was used for a single treatment of dams in the final week of pregnancy 

with either 250uL PBS (control group), or 250uL PBS containing 1.0x107 CFUs A. 

muciniphila (A.m. group). 

A.2.4. DNA extraction for qPCR analysis 
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Fecal samples and SI contents were mechanically disrupted using a TissueLyser II 

(Qiagen, Venlo, Netherlands) for 3 minutes at 45 Hz, then incubated at 70ºC for 20 

minutes with periodic vortexing. DNA extraction from fecal pellets for 16S rRNA 

sequencing was performed using the DNeasy Blood & Tissue Kit® (Qiagen) as 

previously described (Ericsson, Davis et al. 2015).  

A.2.5. Akkermansia muciniphila colonization 

Fecal samples and SI contents were collected from cohort 1 upon sacrifice at 

weaning to test for colonization of A. muciniphila by quantitative PCR (qPCR) analysis. 

A muciniphila quantification is expressed as copy number relative to 16S eubacterial 

copy number for an estimate of relative abundance. Each 10 uL reaction contained 5 uL 

of 2x iTaq™ Universal SYBR® Green Supermix (Bio-Rad, Hercules, CA), 2 uL of 2 uM 

forward and reverse primers (final concentration 400 nM), and 1 ng DNA template. The 

following PCR parameters were used: initial incubation at 95ºC for 10 minutes, 

denaturation at 95ºC for 15 seconds, annealing and elongation at 60ºC for 1 minute for a 

total of 45 cycles. Previously validated primers were used to detect A. muciniphila and 

universal 16S rRNA as described (Alam, Leoni et al. 2016), and all reactions were 

performed in triplicate. Standard curves were generated using DNA extracted from pure 

A. muciniphila culture using both A. muciniphila primers and 16S rRNA eubacterial 

primers. Standard curves were then used to estimate copy numbers of A. muciniphila and 

16S rRNA in fecal and SI samples. 

A.2.6. Histological quantification of goblet cells 

At weaning age (21 days), ApcMin mice in cohort 1 were sacrificed by CO2 

asphyxiation. The abdominal cavity was opened and the entire gastrointestinal tract was 
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removed. An approximately 1 cm length of terminal ileum and proximal colon was 

removed from each animal’s GI tract for histological sectioning. Tissue sections were 

immersed in 10% buffered formalin for 24 hours and processed using Alcian Blue (final 

pH 2.5) stain with a Periodic Acid-Schiff (PAS) counterstain to visualize sulfated and 

carboxylated sialomucins (Takeyama, Fahy et al. 2001). For goblet cell (GC) 

quantification, GCs and total nuclei were counted in five colonic and five ileal crypts in 

each animal, then averaged. These values were used to determine a colonic and SI 

GC:nucleus ratio in each mouse. GC and nuclei counts, and histological imaging were 

performed using a Zeiss Axiophot microscope (Oberkochen, Germany) with the Olympus 

DP70 imaging system (Tokyo, Japan). 

A.2.7. Adenoma multiplicity  

All ApcMin offspring in cohort 2 were sacrificed 3 months of age via CO2 

asphyxiation for adenoma phenotyping. Following exposure through the abdominal 

cavity, whole SI and colons were removed and opened longitudinally, then placed on 

bibulous paper with the luminal side facing up. The luminal surface was flushed with 

saline and formalin-fixed. Grossly visible adenomas were counted manually using a 

Leica M165FC microscope (Leica, Buffalo Grove, IL) at 1.25x magnification.  

A.2.8. Statistical analysis 

Statistical analyses for qPCR determination of A. muciniphila colonization, GC 

quantification, and adenoma multiplicity were performed with Sigma Plot 14.0 (Systat 

Software Inc., Carlsbad CA). The Mann-Whitney rank sum test was used to compare 

relative abundance A. muciniphila between control and A.m. groups, and the student’s t-

test was used for statistical comparisons GC:nucleus ratios and adenoma multiplicity.  
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For all statistical tests, p<0.05 was considered significant. GraphPad Prism 8 was used to 

generate all scatter plots and bar graphs. 

 

A.3. Results 

A.3.1. Akkermansia muciniphila demonstrates maternal transmission to Min 

offspring 

To determine the effects of A. muciniphila on adenoma multiplicity, we aimed to 

colonize neonatal ApcMin mice with the bacterium. To do so, we used mice from a colony 

with no previously detected A. muciniphila, and opted to supplement pregnant dams such 

that experimental ApcMin offspring would acquire it immediately upon birth. Pregnant 

dams were assigned to either a PBS (control) group or PBS + A. muciniphila (A.m.) 

group. In the final week of pregnancy, controls were treated with PBS while the A.m. 

group was treated with 1.0x107 CFUs A. muciniphila by gastric gavage. Following 

treatment, qPCR analysis of fecal samples was used to monitor maternal relative 

abundance of A. muciniphila. (Fig. 1A). ApcMin offspring of control and A.m. pregnant 

dams were separated into two cohorts, one of which was sacrificed at weaning for 

evaluation A. muciniphila colonization in SI contents and feces and histological 

characterization. In both SI and feces samples, ApcMin pups from A.m. dams had 

significantly increased relative abundances of A. muciniphila compared to pups from 

control dams (Fig. 1B). Thus, maternal supplementation resulted in successful 

colonization of ApcMin mice with A. muciniphila by vertical transmission.  

A.3.2. Akkermansia muciniphila modulates colonic goblet cells and mucin secretion 



 

191 
 

After successful colonization of ApcMin mice with A. muciniphila we sought to 

characterize early intestinal changes that may coincide, and potentially influence 

adenoma initiation. A. muciniphila degrades mucins as a source of carbon and nitrogen, 

and therefore localizes close to the intestinal epithelium for access to mucins secreted by 

goblet cells. We asked whether the presence of A. muciniphila modulates GCs within the 

SI and colonic epithelium, and whether there are differences in mucin secretion between 

control and A.m. mice. Histological sections of SI and colon were stained with Alcian 

Blue to visualize GCs and secreted carboxylated and sulfated sialomucins. Representative 

images of stained histological sections demonstrate that while control mice have 

relatively few GCs with very little apparent mucin staining on the epithelial surface, A.m. 

mice harbor abundant distinct GCs (red arrow) with significant mucus blebbing (black 

arrow) (Fig. 2A). To follow, GCs in the terminal ileum and proximal colon were 

quantified as a ratio to total nuclei per crypt. GC quantification revealed that A.m. mice 

had significantly more colonic GCs per crypt compared to control mice (Fig. 2B), while 

this effect was not observed in the terminal ileum (Fig. S1). These results indicate that the 

presence of maternally transmitted A. muciniphila alters colonic GC proliferation and 

mucin secretion.  

A.3.3. Akkermansia muciniphila colonization does not influence Min adenoma 

initiation  

 Having established significant physiological effects of A. muciniphila, we 

evaluated whether Min adenoma initiation was altered in A.m. ApcMin mice. To address 

this, a second cohort of control and A.m. ApcMin mice was sacrificed at 3 months of age 

for SI and colonic adenoma phenotyping. We used adenoma multiplicity to estimate 
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overall susceptibility to adenoma initiation, and therefore manually counted all visible 

adenomas. We found no significant differences in either colonic or SI adenoma 

multiplicity between controls and A.m (Fig. 3), indicating that there was no apparent 

effect of A. muciniphila on adenoma formation in Min mice. 

 

A.4. Discussion 

 Recent studies have established the GM as an important component of the 

multifactorial etiology of CRC (Ericsson, Akter et al. 2015, Chen and Vitetta 2018, 

Mendes, Paulino et al. 2018). In a previous study (Chapter 2, supplementary table 4), we 

identified enrichment of Akkermansia sp. in a complex GM community associated with 

increased adenoma multiplicity in ApcMin mice. Here, we used ApcMin to determine 

whether Akkermansia muciniphila has a causative role in increased adenoma initiation. 

We inoculated pregnant dams with A. muciniphila, which successfully transferred to 

ApcMin offspring such that they were heavily colonized by weaning age. We show that A. 

muciniphila supplementation modulates colonic GC proliferation and mucin secretion, 

and further show that A. muciniphila does not affect adenoma multiplicity in the ApcMin 

mouse model. Together, this data demonstrates that while there is no evidence of a 

causative link between A. muciniphila and adenoma initiation, this microbe does have 

significant potential to mediate health through established physiological effects.  

 Vertical transmission of the GM from mother to newborn is thought to initiate 

host-microbe symbiosis which has an important role in early intestinal development and 

lifelong health, but little is known about maternal transfer of specific commensal strains 

such as A. muciniphila (Korpela, Costea et al. 2018). We found that when pregnant 
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female mice were inoculated with A. muciniphila, there was highly efficient transfer of 

the commensal bacteria to ApcMin offspring (Fig. 1). Interestingly, one study focused on 

mothers and newborn infants suggested variable vertical transmission of A. muciniphila, 

and a delayed enrichment of A. muciniphila in those that did acquire it (Korpela, Costea 

et al. 2018). This disparity may be explained by the mode of maternal acquisition of A. 

muciniphila. While Korpela et al. traced commensals that were endogenously present in 

the maternal microflora, our study models introduction of the bacteria in previously naive 

late-term pregnant dams. Thus, efficient vertical transmission may be due to higher 

relative abundances of A. muciniphila within the GI tract and more active shedding of the 

bacteria in feces. Thus, our approach more closely models novel exposure to A. 

muciniphila by means of probiotics or dietary changes that promote its expansion in the 

GI tract (Desai, Seekatz et al. 2016). 

 A. Muciniphila degrades mucins via breakdown of N-acetylglucosamine and N-

acetylgalactosamine as a source of carbon and nitrogen, and is therefore intimately 

associated with the intestinal mucosa (Collado, Derrien et al. 2007, Derrien, Collado et al. 

2008). Thus, we hypothesized that histological analysis of weanling ApcMin mice from 

A.m.-treated dams would reveal a diminished mucus layer on SI and colonic epithelial 

surfaces relative to controls. In fact, we observed that the opposite was true, such that 

A.m. mice had abundant mucus “blebs” on the colonic epithelial surface, while this was 

not observed in controls (Fig. 2A). Moreover, these histological changes were associated 

with significantly increased colonic GC density in A.m. mice compared to controls (Fig. 

2B). Although the underlying cause for this observation is not clear, it is possible that A. 

muciniphila’s mucin-degrading activity induces compensatory proliferation of GCs and 
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subsequent mucin secretion. Ganesh et al. assessed whether A. muciniphila 

supplementation induces increased expression of Muc2, which encodes for the primary 

mucin in the intestinal mucus layer, but found that was not that case (van der Lugt, van 

Beek et al. 2019). Thus, further studies are required to determine how A. muciniphila 

induces GC proliferation and mucin secretion.  

 Of note, we observed pup morbidity and mortality over the course of this 

experiment, which was limited to offspring of A.m.-treated dams. This was characterized 

by a failure to thrive at approximately 2 weeks of age, necessitating humane euthanasia 

of several pups in the A.m. group. Failure to thrive was observed in both ApcMin offspring 

and their wild-type siblings, indicating that this phenomenon was not dependent on an 

interaction between the Min allele and A. muciniphila. Given the changes in GC density 

and mucin secretion associated with A. muciniphila, it is possible that altered architecture 

of the mucus layer interfered with normal nutrient absorption in pups. In this case, novel 

introduction of high levels of A. muciniphila in pregnant women could pose a significant 

health threat to newborn infants. A. muciniphila has recently been proposed as a next-

generation probiotic due to its benefits with respect to obesity and other metabolic 

diseases (Cani and de Vos 2017), and could therefore become a source of A. muciniphila 

enrichment. Additionally, recent studies show that shifts towards a low-fiber diet in mice 

promotes significant expansion of A. muciniphila (Desai, Seekatz et al. 2016). Based on 

our preliminary results indicating a failure to thrive in A.m. mice, factors that promote 

expansion of A. muciniphila in pregnant females and potentially harmful sequelae in 

neonatal infants due to vertical transfer should be thoroughly investigated. 
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 Finally, we evaluated whether intestinal changes associated with maternal 

transmission of A. muciniphila affected adenoma initiation in genetically-susceptible 

ApcMin mice. We found that there were no significant differences in SI or colonic 

adenoma multiplicity between A.m. and control mice. Interestingly, these results contrast 

with previously reported work demonstrating increased adenoma multiplicity in Apc 

mutant mice following A. muciniphila supplementation (Dingemanse, Belzer et al. 2015). 

In this study, the authors treated mice with A. muciniphila at approximately 3-4 weeks of 

age, while our mice were colonized via natural transmission at birth. The disparate 

outcomes across these two studies suggest that timing of inoculation may be of critical 

importance to A. muciniphila’s effects on adenomagenesis. It is possible that delayed 

introduction to the novel bacteria results in a pro-tumorigenic immune response (Derrien, 

Van Baarlen et al. 2011), whereas natural inheritance of A. muciniphila confers tolerance. 

Moreover, Dingemanse et al. found that co-inoculating Apc mutants with A. muciniphila 

and Helicobacter typhlonius resulted in reduced adenoma multiplicity compared to 

controls, suggesting that the surrounding intestinal communities dictate how A. 

muciniphila affects adenoma initiation. Thus, further studies examining how A. 

muciniphila interacts with the broader GM are necessary for a better understanding of the 

commensal’s pathogenic potential. 

 As evidenced by these results, A. muciniphila can substantially affect intestinal 

physiology and development in neonatal mice. Here, we confirm that maternal 

transmission of supplemented A. muciniphila results in distinct changes in colonic GC 

density and mucus barrier composition. These observations coincided with pup morbidity 

and mortality prior to weaning due to a failure to thrive, suggesting a possible nutrient 
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absorption deficiency. Finally, A. muciniphila supplementation had no apparent effect on 

adenoma formation in genetically susceptible ApcMin mice. With the proposed use of A. 

muciniphila as a probiotic to combat a plethora of metabolic diseases, further studies 

addressing the safety of high levels of this commensal in pregnant women with respect to 

neonatal infants are warranted. Moreover, studies focused on how timing of introduction 

to specific commensal strains, as well as the complex interactions between various 

species, will further enhance our understanding of microbial etiologies in CRC.  
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A.6. Figures 

Figure 1. Maternal transmission of supplemented A. muciniphila. A, Dams in the 

final week of pregnancy after mating with C57BL/6J-ApcMin mice were supplemented 

with PBS (control, n = 3) or 107 CFUs A. muciniphila suspended in PBS (A.m., n = 4) via 

gastric gavage. Time-points shown on the x-axis are relative to the date of treatment. Bar 

graphs represent quantitative PCR analysis of fecal samples for A. muciniphila copy 

number relative to 16S rRNA gene copy number to assess mean (± SEM) relative 

abundance of A. muciniphila in controls and treated mice. B, Bar graphs comparing mean 

(± SEM) relative abundance of A. muciniphila in SI contents and feces of ApcMin 

offspring (control, n = 15; A.m., n = 15) at weaning. ***p<0.001; Mann-whitney rank 

sum test.  
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Figure 2. A. muciniphila supplementation effects on colonic goblet cells. A, 

Representative images of colonic mucosa in weaning-aged ApcMin offspring from dams 

supplemented with PBS (control, left) or PBS + A. muciniphila (A.m., right). Tissue 

sections were stained with alcian blue (pH 2.5) and PAS counterstain. Black arrow shows 

secreted mucins, and red arrow shows a mucin-filled goblet cell. 200X magnification. B, 

Scatter plot comparing mean (± SD) colonic (control, n = 15; A.m., n = 15) goblet cell to 

nucleus ratio. Each data-point represents the average GC:nucleus ratio using five crypts 

from an individual mouse. ***p<0.001; Student’s t-test.  
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Figure 3. A. muciniphila supplementation effects on adenoma multiplicity. Scatter 

plots comparing mean (± SD) colon (A) and SI (B) adenoma numbers in ApcMin offspring 

(control, n = 6, A.m., n = 6) after sacrifice at 3 months of age. Student’s t-test. 
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Supplementary figure 1. A. muciniphila supplementation effects on SI goblet cells. 

A, Representative images of the ileal mucosa in weaning-aged ApcMin offspring from 

dams supplemented with PBS (control, left) or PBS + A. muciniphila (A.m., right). Tissue 

sections were stained with alcian blue (pH 2.5) and PAS counterstain. The red arrow 

shows a mucin-filled goblet cell. 200X magnification. B, Scatter plot comparing mean (± 

SD) colonic (control, n = 6; A.m., n = 9) goblet cell to nucleus ratio. Each data-point 

represents the average GC:nucleus ratio using five crypts from an individual mouse. 

Student’s t-test.  
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APPENDIX B: 

Cross fostering as a Method of Complex Microbiota Transfer  

 

  



 

205 
 

B.1. Overview 

As investigators continue to develop interest the GM and how it affects model 

phenotypes, a strong understanding of different techniques used for microbiota 

manipulation is critical. Gnotobiotic facilities were established to enable the use of germ-

free mice, as well as mice with a simplified GM. However, there are a number of 

different approaches, each with advantages and disadvantages, that facilitate the transfer 

of complex GM communities. Some of the commonly used techniques for complex GM 

transfer include embryo transfer, fecal transplant, co-housing, and cross fostering (CF) 

(Hart, Ericsson et al. 2018). Hart et. al. developed colonies of CD1 outbred mice that 

harbored distinct complex GMs with the goal of using females within these colonies as 

GM donors for mouse models of interest. They demonstrated the utility of these colonies 

by transferring embryos harvested from an isogenic Il10-/- colony into CD1 surrogates 

harboring distinct complex GMs (Complex Microbiota Targeted Rederivation), and 

observed differential phenotype severity based on complex GM (Hart, Ericsson et al. 

2017). We have also described the use of two of these colonies (GMJAX and GMHSD) 

to show that complex GM influences the Min adenoma phenotype (Chapter 2). Although 

rederivation yields efficient maternal microbiota transfer (Franklin and Ericsson 2017), 

this technique is relatively expensive and requires significant expertise for successful 

embryo transfer. Thus, studies are required to determine the effectiveness of other 

methods of GM transfer. Here, we test whether CF results in successful transfer of the 

GM from the aforementioned CD1 surrogates to B6/J offspring. Moreover, we use both 

GMJAX and GMHSD B6/J recipients and CD1 donors to determine whether the richness 

and diversity of the recipient and donor influences effectiveness of microbiota transfer.     
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B.2. Methods 

B6/J mice colonized with either GMJAX or GMHSD, as described in chapter 2, 

were used as recipients for CF. Timed matings were set up such that B6/JGMJAX dams 

would have pups at the same time as CD1GMHSD surrogates, and B6/JGMHSD dams would 

have pups at the same time as CD1GMJAX surrogates. Within 12 hours of birth, B6/JGMJAX 

neonatal mice were removed from their cage, and fostered onto CD1GMHSD surrogates in 

order to transfer GMHSD to the B6/JGMJAX pups. Similarly, B6/JGMHSD neonatal mice 

were fostered onto CD1GMJAX surrogates to transfer GMJAX to the B6/JGMHSD pups (Fig. 

1). Fecal samples were collected from CF pups immediately after weaning and at 3 

months of age, when all pups were humanely euthanized. DNA was extracted from all 

samples, and the microbial 16S rRNA genes were amplified, sequenced, and processed to 

determine the relative abundance of all detected OTUs. All DNA extraction, sequencing, 

and processing was performed as previously described in chapter 2, sections 2.5-2.6. 

Statistical analysis of richness, α-diversity, and β-diversity were performed as described 

in chapter 2, section 2.12.  
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B.3. Results and Figures 

Figure 1. Experimental design. C57BL/6J mice were previously colonized and 

maintained with either GMJAX or GMHSD via rederivation. B6/J pups born with the 

higher richness/diversity GMHSD (recipient, n = 9) were cross fostered to timed-mated 

CD1GMJAX surrogate dams (donor) within 12 hours of birth, and B6/J pups born with the 

lower richness/diversity GMJAX (recipient, n = 9) with cross fostered to timed-mated 

CD1GMHSD dams (donor) within 12 hours of birth. The surrogate dams were then allowed 

to nurse the foster pups in their cage until weaning at 3 weeks of age.  
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Figure 2. Analysis of α-diversity measures of CF pup recipients and surrogate dam 

donors. Differences in GM richness (OTUs observed) (A) and α-diversity (Shannon 

Index) (B) at 3 months of age are shown with scatter plots. Pups are classified based on 

their donor (e.g. Pups classified as GMJAX originated with GMHSD and were fostered 

onto GMJAX surrogate donors). The richness of the CF pups matched their surrogate 

donors in both GMJAX and GMHSD pups. There was one exception in which a GMJAX 

pup maintained the high richness associated with its original GMHSD colonization. In 

both GMJAX and GMHSD, pups seem to display higher α-diversity than their surrogate 

donors, but statistical comparisons between the donor dams and their fostered pups 

cannot be performed due to the low number of surrogates. CF pups with a GMHSD donor 

has significantly higher richness and α-diversity than CF pups with GMJAX donors. 

***p<0.001; CF pups were statistically compared using a Student’s t-test (dams could not 

be included due to low experimental numbers).  
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Figure 3. Analysis of β-diversity measures of CF pup recipients and surrogate dam 

donors. Unweighted PCoA representing differences in β-diversity at the Operational 

Taxanomic Unit (OTU) level between GMJAX and GMHSD CF pups and their surrogate 

GM donors at weaning (A) and 3 months of age (B). CF pups clustered with their 

surrogate donors along principal coordinate 1 at weaning and 3 months of age, regardless 

of their original GM colonization. At weaning, there was separation noted between 

surrogate donors and their CF pups along principal coordinate 2. There was also one 

GMJAX pup outlier at weaning, which appears to have a hybrid of GMJAX and 

GMHSD.   
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B.4. Discussion 

In this preliminary study, we tested whether cross fostering can be used to transfer 

the complex GM from surrogate donor to recipient. We specifically designed this 

experiment to assess whether the recipient and donor GM richness and diversity influence 

overall effectiveness of CF. To address this, we used B6/J recipients colonized with 

either a lower richness/diversity GM (GMJAX) or higher richness/diversity (GMHSD), 

and cross fostered them onto timed-mated surrogates harboring the opposite GM within 

12 hours of birth. To follow, we evaluated richness, α-diversity, and β-diversity measures 

at weaning and 3 months of age to determine whether GM transfer was successful.  

We found that regardless of whether the recipient began with GMJAX or 

GMHSD, the richness (OTUs observed) of the surrogate donors was transferred to the CF 

recipients. This indicates that the OTUs present in the surrogate donors were largely 

transferred to the recipients, though further analysis is required to confirm that the same 

OTUs are present. Interestingly, one significant outlier was observed in the B6/J pups 

transferred to GMJAX surrogates (Fig. 2A). This outlier displayed a higher richness, 

which was similar to the richness of the GMHSD surrogates and their recipients. This 

suggests that in this particular individual, there was not successful transfer from the high-

richness GMHSD to the low-richness GMJAX. In contrast, both GMJAX and GMHSD 

B6/J recipients demonstrated a higher α-diversity (Shannon index) than their surrogate 

counterparts (Fig. 2B). Presently, the cause of this phenomenon is unclear, and larger 

surrogate donor sample sizes are required to statistically compare the surrogate dams and 

recipient pups to determine whether this observation persists. Taken together, these 
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results indicate successful transfer of OTUs from donor to recipient via CF, but suggest 

that CF affects the distribution of these OTUs as determined by α-diversity. 

We also performed β-diversity community analysis by Principal Coordinate 

Analysis (PCoA) using fecal samples from weaning and 3-month old B6/J recipients and 

their surrogate donors. At weaning, we noted clustering of B6/J recipients and their 

surrogate donors along PCo1, indicating overall community similarity between the two. 

However, we observed separation between the surrogate donors and their CF pups on 

PCo2 at weaning. Interestingly, at 3 months of age, this separation was no longer 

apparent as the surrogate donors clustered with their CF recipients along both PCo1 and 

PCo2, suggesting that age of sampling was an important factor. Of note, the 

aforementioned GMJAX outlier in Fig. 2A, which maintained a high GM richness, was 

also an outlier in our β-diversity community analysis. At weaning, this individual’s fecal 

sample was plotted between the GMJAX and GMHSD clusters, indicating that it was 

likely a hybrid of the two GMs.  

To summarize, we achieved relatively successful GM transfer via cross fostering, 

regardless of whether the recipients started with a low or high richness/diversity. 

However, there were substantial caveats and limitations to our conclusions from this 

preliminary study. Notably, α-diversity was consistently higher in recipients compared to 

their surrogate donors. Moreover, we observed a B6/JGMHSD recipient that failed to 

transfer to the surrogate GMJAX microbiota. Thus, this study should be repeated with 

larger sample sizes to determine whether this failure of transfer is a true outlier. Overall, 

this work defines our early understanding of the effectiveness of various microbiota 

transfer techniques that are applicable to a wide range of research.  
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