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ABSTRACT
The microbial community harbored by the mammalian gastrointestinal tract, collectively called
the gut microbiota, plays a critical role in host health, metabolism, and immunity. Quantifiable
changes in the gut microbiota have been implicated in a myriad of pathologies, including
autoimmune, metabolic, and neurodegenerative diseases. Because of the gut microbiota’s
plasticity, manipulating this community for therapeutic benefit presents as a novel strategy to
combat modern diseases. Yet, only a fraction of the total microbial diversity that exists within
the gut has been successfully cultured in a laboratory, leaving the clinical implications and
functional attributes of many gut microbes undetermined. To address this issue, studies in this
dissertation focused on bioinformatically investigating (i) the role of dietary and genetic factors
on the gut microbiota in metabolic syndrome and (ii) the anatomic niche and immunomodulating
antigens of the culture-resistant commensal, Segmented Filamentous Bacteria (SFB).
Comprehensive characterization of the cecal microbial community in normal and metabolic
syndrome-susceptible mice revealed that dietary factors overshadow the effects of host genetics
and are determinist of the microbial patterns that emerge in metabolically healthy or diseased
hosts. Moreover, we identified a microbial community proximal to the Peyer’s Patches that was
phylogenetically distinct from the cecum. Through a multi-omics approach, we show that
independent of mouse genetics, vendor, age, or gender, SFB are highly abundant in the Peyer’s
Patches mucosa. Our in silico antigen prediction analyses identified thirty-five potential antigens
within the reference proteome of SFB. Shotgun proteomics of the murine ileal mucosa confirmed
the in situ presence of several potential antigens expressed by SFB, of which included multiple
flagellar proteins. To experimentally valid bioinformatically-inferred antigen targets, we

developed a collection of broad-host bacterial vectors to enable microbial products of interest to

xii



be precisely expressed in vitro, ex vivo, and in vivo. Collectively, our studies reveal important
findings about the mechanisms by which (i) exogenous factors modulate the gut microbiota and
(i) an endogenous microbe modulates the host immune system and provides a novel molecular
platform by which microbial products of interest can be causally investigated in polymicrobial

communities.
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CHAPTER 1
INTRODUCTION TO THE INTESTINAL MICROBIOME AND ITS ROLE IN
SHAPING THE MUCOSAL IMMUNITY
The gut microbiome
The human gastrointestinal tract harbors one of the densest microbial

communities in existence, collectively called the gut microbiota. Outnumbering human cells by
tenfold, the gut microbiota contains approximately 10'# bacteria, many of which are critical for
their host’s well-being and proper physiological function (Ley, Peterson, & Gordon, 2006). The
commensal flora provides the host with multiple beneficial functions, including the metabolism
of dietary components, defense from pathobionts, and maturation of the intestinal epithelia and
associated lymphoid tissue (Ley, Peterson, et al., 2006). The compositional diversity of the
mammalian gut microbiota has been characterized by two dominating phyla, Firmicutes and
Bacteroidetes, as well as Actinobacteria, Proteobacteria, and Verrucomicrobia phyla to a lesser
extent (Backhed, Ley, Sonnenburg, Peterson, & Gordon, 2005).

Establishment of the endogenous flora begins at birth, and many environmental factors
such as the method of birth, exposure to antibiotics, dietary regimens, hygiene, socioeconomic
status, geographical location, and cultural traditions, can significantly affect the composition and
diversity of the gut microbiota (Chan et al., 2016; Human Microbiome Project, 2012).
Interindividual variation in microbial diversity can be further modified by inherited genetic traits;
however, multiple cross-sectional studies have concluded that the average heritability of the
microbiome is relatively low compared to the variance of the microbiome explained by diet,

geographical, and cultural factors (Rothschild et al., 2018; Yatsunenko et al., 2012).



Human genome-wide association studies (GWAS) have correlated over 83 human
quantitative trait loci (QTLs) with specific gut microbial phylotypes (Benson, 2015; Blekhman et
al., 2015). Many of the associated QTLs overlap with immune-related genes that are often
implicated in complex, polygenic diseases such as metabolic syndrome and inflammatory bowel
disease (IBD) (Benson, 2015; Blekhman et al., 2015). While there is clear evidence that the host
genotype can influence the microbial landscape, we have yet to know the resolution at which
genetic traits and their interactions with environmental factors, such as diet, contribute to the host
phenotypes and microbial phylotypes related to complex diseases. Animal studies have yielded
differing perspectives on this matter, with some investigators associating gut microbial
characteristics with the host genotype (Hildebrand et al., 2013), while others have observed
changes of the gut microbiota to be diet-dependent, irrespective of the host’s genetic background
(Carmody et al., 2015).

Diet-mediated modulation of the intestinal microbiota

Through their mutual coevolution, the gut microbiota has developed specialized
metabolic processes that provide the host with essential nutrients, comprising an estimated ten
percent of the host’s total energy intake (Bouter, van Raalte, Groen, & Nieuwdorp, 2017,
Holmes, Li, Marchesi, & Nicholson, 2012). Mammalians have become dependent on microbial
fermentation of otherwise indigestible plant polysaccharides. The degradation of these complex
polysaccharides by intestinal bacteria subsequently renders short-chain fatty acids (SCFASs), such
as acetate, propionate, and butyrate, which are substrates in glucose and lipid metabolic
pathways within the intestines and peripheral organs (Rios-Covian, Salazar, Gueimonde, & de
Los Reyes-Gavilan, 2017; Velagapudi et al., 2010). Considering the unique interplay between

host nutrient extraction, metabolism, and the intestinal microbiota, it comes as little surprise that



diet can have significant impacts on the gut microbiota’s composition and function. Furthermore,
diet-induced microbiota perturbations can affect immune and inflammatory responses, which
represent a potential underlying factor of metabolic and inflammatory diseases (Maslowski &
Mackay, 2011).

In the absence of endogenous flora, germ-free (GF) mice are resistant to diet-induced
obesity and associated metabolic complications (Backhed, Manchester, Semenkovich, &
Gordon, 2007; Rabot et al., 2010). Alternatively, the gut microbiota of conventionally colonized
mice exhibits extreme plasticity in response to dietary perturbations (Carmody et al., 2015),
resulting in altered microbial and host metabolic functions. Consumption of the “Western diet,”
which is defined by a regimen of high-fat (32.8%) and high-simple carbohydrate (51.8%), and
low-protein (15.4%) (Cordain, Eaton, Sebastian, Mann, Lindeberg, Watkins, O’Keefe, et al.,
2005), has been shown to result in an augmented abundance of the Firmicutes to Bacteroidetes
phyla (F:B ratio) in human and animal models (Carmody et al., 2015; Org et al., 2015), as well
as humanized gnotobiotic mice when compared to their low-fat, plant polysaccharide-rich fed-
counterparts (Turnbaugh, Ridaura, et al., 2009).

Additionally, studies profiling the compositional differences between lean and obese
human populations, including a cohort of monozygotic and dizygotic twins (Turnbaugh,
Hamady, et al., 2009), have observed the F:B ratio increasing in parallel with body weight and
insulin resistance (Koliada et al., 2017; Ley et al., 2005). Furthermore, reports have shown that
transferring the microbiota from obese donors to lean recipients is sufficient to induce an obese
phenotype in murine models (Ley et al., 2005; Turnbaugh et al., 2006). Yet, Rabot et al. found
that the development of obesity in recipient conventionally-raised and GF mice was independent

of the gut microbiome transferred from lean or obese donors; instead, it was determined by a



high-fat diet (Rabot et al., 2016). However, a significant correlation was found between
enhanced glucose tolerance and mice that had received a microbiota transplant with a low F:B
content, which suggests that the microbiota indirectly affects the host’s metabolic health at a
very minimum (Rabot et al., 2016). In the subsequent sections of this review, keystone studies
and emerging literature on the interplay between dietary macronutrients, host function, and the
gut microbiota will be discussed.

Carbohydrates

Investigation of gut microbial diversity over the geographical landscape has revealed
culture-specific microbiota compositions, thereby enabling the microbiome to be studied as a
function of diet and lifestyle. De Filippo and colleagues conducted a comparative microbiome
study between Western diet-consuming European (EU) children and rural African children from
the village of Burkina Faso (BF), whose diets are low-fat, and rich in plant-derived
polysaccharides, fiber, and protein (De Filippo et al., 2010). The microbiomes of BF children
were significantly enriched with Actinobacteria and Bacteroidetes phyla. In contrast, the average
EU child’s microbiome was dominated by the Firmicutes phyla and harbored an increased
abundance of Enterobacteriaceae taxa (De Filippo et al., 2010). Interestingly, augmented
abundances of Firmicutes and Enterobacteriaceae taxa are characteristic of the dysbiotic
microbiota often observed in IBD patients (Morgan et al., 2012).

Accompanying the diverging microbiota patterns between the EU and BF groups were
functional changes, such as significantly attenuated SCFA production in EU children and the
exclusive presence of the bacterial genera Prevotella and Xylanibacter in BF children. These
organisms’ genomes contain enriched gene sets specific to polysaccharide hydrolysis (De Filippo

et al., 2010). Consistent with other studies, De Filippo and colleagues showed that increased



dietary fiber promotes the enrichment of carbohydrate-fermenting and SCFA-producing bacteria,
which have been correlated with anti-inflammatory immune responses and healthier metabolic
phenotypes (M. S. Kim, Hwang, Park, & Bae, 2013; Martinez et al., 2013).

Digestible carbohydrates, such as starches and sugars, are characterized by a lack of fiber,
thereby enabling these foods to be rapidly metabolized by the host. Furthermore, digestible
carbohydrates are also high on the glycemic load—a metric representing the blood glucose-
raising potential of a food based on the carbohydrate content of a 100-gram portion (Cordain,
Eaton, Sebastian, Mann, Lindeberg, Watkins, O’Keefe, et al., 2005). Accordingly, repeated
consumption of foods with high glycemic loads leads to acute spikes in blood glucose, which
promotes the development of insulin resistance and other metabolic sequelae (Cordain, Eaton,
Sebastian, Mann, Lindeberg, Watkins, O'Keefe, et al., 2005). Considering the prevalence of
sugar consumption, particularly among Westernized cultures, investigators have begun to study
the independent effect of dietary sugar consumption on the gut microbiome, obesity, and even
neurological development and function.

Seminal findings by Magnusson et al. revealed that exposing B6 mice to high-sucrose
diets significantly impaired short- and long-term cognitive function compared to high-fat and
regular chow diets (Magnusson et al., 2015). These behavioral changes were observed within 5
weeks of the prescribed dietary regimens, and were significantly correlated with a gut microbiota
enriched in Lactobacillus and the Firmicutes order, Clostridiales, with a marked reduction in the
Porphyromonadaceae family of the Bacteroidetes phylum (Magnusson et al., 2015). However,
because this study was not conducted or repeated in germ-free mice, it’s not clear the degree at

which the gut microbiome per se contributed to this observation (Magnusson et al., 2015).



Although sucrose is typically the carbohydrate component of the Western and high-fat
diets (HFD) used in animal studies, non-caloric artificial sweeteners (NAS), such as saccharin
and aspartame, are becoming popular substitutes for natural sweeteners. Moreover, NAS are
added to diet sodas and sugar-free foods and often recommended for weight loss and individuals
with T2D, thus understanding the impact of NAS consumption on the gut microbial community
and host health is critical, considering many NAS consumers are already afflicted with an
obesity-related disorder (Gardner et al., 2012).

Suez et al. determined that supplementation of the NAS, saccharin, sucralose, and
aspartame, in water adjusted to the FDA’s acceptable daily intake (ADI) (5 mg kg™ of body
weight) exacerbated glucose intolerance in normal B6 mice compared to mice provided glucose
and sucrose supplementation or water only (Suez et al., 2014). After 11 weeks of NAS
supplementation, saccharin led to the highest blood glucose response curve of all NAS tested
(Suez et al., 2014). In a follow-up study, HFD-fed B6 and Swiss Webster mice supplemented
with saccharin developed significant glucose intolerance as compared to the glucose
supplemented controls, indicating that the glycemic effect of saccharin is independent of other
dietary factors (Suez et al., 2014). These metabolic perturbations were proven to be microbiota-
mediated as the authors showed (i) four weeks of antibiotic intervention rescued the NAS-
induced glucose intolerance in saccharin supplemented mice, and (ii) the saccharin-induced
glucose intolerance phenotype could be recapitulated in GF mice through microbiota transfers
(Suez et al., 2014).

Work by Thaiss et al. suggests that sugar products advance the pathophysiology of
intestinal dysbiosis and metabolic perturbations, such as glucose intolerance, through a unique

mechanism separate from those that potentiate obesity (Thaiss et al., 2018). The authors found



that obesity, while often associated with, is not obligatory nor exacerbates intestinal dysbiosis in
murine models (Thaiss et al., 2018). Instead, glucose-induced hyperglycemia leads to a

dysfunctional intestinal barrier that was accompanied by a systemic spread of intestinal bacteria,
causing an infection in streptozotocin-induced type 1 diabetes mellitus mice (Thaiss et al., 2018).

Although this model of hyperglycemia modulated the gut microbiota’s composition, the
investigators determined the phenotype to be gut microbiota-independent through a series of
microbiota transfers (Thaiss et al., 2018). Furthermore, the investigators determined that glucose-
induced hyperglycemia affected the function and integrity of the intestinal epithelial cells
through the augmented activity of glucose transport between the intestinal epithelium and
systemic circulation mediated by the bidirectional glucose transporter, GLUT2 (Thaiss et al.,
2018). These changes led to a significant impairment in the tight and adherence junctions of the
intestinal epithelial cells, thereby allowing an influx of immune-stimulating microorganisms
across the intestinal barrier and into the systemic circulation (Thaiss et al., 2018).

As the understanding of microbiota’s role in health and disease becomes more clear,
alternative approaches to enhance gut health have emerged. These treatments put emphasis on
modulating the gut microbiota through diet, such as the intentional supplementation of fiber and
complex carbohydrates, e.g., prebiotics, to improve host health. Prebiotics are composed of non-
digestible carbohydrates such as fructosyl-oligosaccharide and galactosyl-oligosaccharide, which
promote the growth of favorable gut flora (Boulange, Neves, Chilloux, Nicholson, & Dumas,
2016). Many animal studies have noted increased glucose tolerance, improved gut barrier
function, and the expansion of SCFA-producing bacteria mediated by prebiotics (Boulange et al.,

2016; Liu et al., 2017; Moreno-Indias, Cardona, Tinahones, & Queipo-Ortuno, 2014).



Work by Delzenne et al. demonstrated that prebiotic supplementation in rats could limit
the inflammatory effects of metabolic endotoxemia by promoting the function of tight junction
proteins and the endogenous production of enteroendocrine peptides (Delzenne, Cani, Daubioul,
& Neyrinck, 2005). While the use of prebiotics is growing, research has shown significant inter-
individual variation in the response of the gut microbiome to dietary interventions (Smits,
Marcobal, Higginbottom, Sonnenburg, & Kashyap, 2016), thereby indicating the need for further
understanding and stratifying microbial populations in the context of precision medicine.

Proteins

As evidenced by population-based studies, dietary practices unique to geographical
regions or associated cultures lead to distinct microbiota compositions; however, subtle changes
of dietary components, such as differing origins of protein and fat, have profound effects on the
microbiota and host health (Liisberg, Myrmel, et al., 2016; Yatsunenko et al., 2012). Zhu et al.
performed a comprehensive study on the responses of the gut microbiota to red meat (beef and
pork), white meat (chicken and fish), and other sources of protein (casein and soy) in Sprague-
Dawley rats (Y. Zhu et al., 2015). Protein sources originating from white meats lead to a
significant enrichment of Lactobacillus, whereas the intake of non-meat proteins increased the
abundance of Bacteroides and Prevotella (Y. Zhu et al., 2015). Interestingly, rats maintained on
red-meats had the lowest serum level of lipopolysaccharide (LPS) binding protein, an indicator
of systemic LPS levels, despite their microbiota’s harboring an augmented abundance of the
Gram-negative phylum, Proteobacteria (Y. Zhu et al., 2015). However, disagreement still
remains on the protective or potentiating effects of different protein sources on body weight and
adiposity, and whether the gut microbiota regulates these physiological alterations (Liisberg,

Fauske, et al., 2016; Y. Zhu et al., 2015). Overall, evidence from epidemiological studies



demonstrates that individuals who acquire the majority of their protein from animals are at
greater risk for obesity, cancer, and premature death compared to those who consume mostly
dairy and vegetable-based proteins (Fogelholm, Anderssen, Gunnarsdottir, & Lahti-Koski, 2012;
Levine et al., 2014; J. D. Smith et al., 2015).

Increased red meat consumption significantly increases the risk of cardiovascular disease
due to an increase in the pro-atherosclerotic microbial metabolite, trimethylamine-N-oxide
(TMAO) (Jie et al., 2017). Present at high concentrations in red meats, carnitine, and choline are
metabolized to trimethylamine (TMA) by the gut microbiota, which is subsequently transported
to the liver (Janeiro, Ramirez, Milagro, Martinez, & Solas, 2018). While in the liver, TMA is
rapidly oxidized by hepatic flavin monooxygenases to form the biologically active TMAO
metabolite, which at high levels can mediate renin-angiotensin system damage, hypertension,
and atherosclerosis (De Filippis et al., 2016; Jie et al., 2017; Zeisel & Warrier, 2017). A cohort
study conducted by Jie et al. consisting of 218 individuals with atherosclerotic cardiovascular
disease (ACVD) and 187 health controls found that the co-occurrence of Streptococcus and
Enterobacteriaceae in the gut microbiota of ACVD patients accompanied by the depletion of
Bacteroides and Prevotella taxa distinguished diseased from healthy patients. Furthermore,
functional analyses of the ACVD microbiome suggested that carbohydrate metabolism and
SCFA synthesis were downregulated, while pathways associated with virulence, including O-
antigen synthesis of bacterial LPS and TMA-synthesizing enzymes, were significantly enriched
compared to healthy controls (Jie et al., 2017).

Lipids

Dietary lipids have also been found to regulate the gut microbiome composition and the

host’s metabolic health. Diets enriched with saturated or trans fats have been shown to promote



obesity and inflammation through the upregulation of cholesterol, insulin resistance, and
accumulation of white adipose tissue (WAT) (Buettner, Scholmerich, & Bollheimer, 2007).
Recent work has highlighted the differentiation abilities of adipocytes, where dietary factors,
such as the composition and amount of consumed lipids, and their interaction with the gut
microbiota, can mediate the whitening or browning (BAT) of adipose tissue (Caesar, Tremaroli,
Kovatcheva-Datchary, Cani, & Backhed, 2015; Suarez-Zamorano et al., 2015). Neonates are
born with a large percentage of the metabolically active BAT, which functions as a heat source
to maintain body temperature (Saely, Geiger, & Drexel, 2012). Although BAT typically
decreases with age, brown adipocytes have been increasingly implicated in lean and healthy
phenotypes (Saely et al., 2012). On the other hand, white adipocytes preferential function to store
excess energy in the form of triglycerides. Moreover, adipocytes within WAT can become
engorged with lipids, leading to hypertrophy and inflammation-inducing apoptosis (Kennedy,
Martinez, Chuang, LaPoint, & Mclntosh, 2009).

Caesar and colleagues demonstrated that regardless of isocaloric diets, microbiota and
metabolic perturbations could be induced solely by feeding mice different lipid compositions
(Caesar et al., 2015). B6 mice fed a diet enriched in saturated fat (lard) had significantly
augmented WAT accumulation and associated inflammation. This was accompanied by
increased intestinal macrophages and CD45" cells, an indicator of T cell differentiation, when
compared to mice that were maintained on a polyunsaturated fat diet (fish oil) (Caesar et al.,
2015). Furthermore, the microbiota and toll-like receptor (TLR) signaling was necessary for the
activation of WAT, as mice lacking TLR immune signaling pathways were protected from lard-
induced adiposity, inflammation, and insulin resistance (Caesar et al., 2015). Additionally, the

metabolic and inflammatory effects of the lard diet in WT mice could be minimized by the
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transplantation of microbiota originating from fish oil-fed mice (Caesar et al., 2015). In contrast,
microbiota transplanted from lard-fed mice further aggravated the obese and inflammatory
phenotype in the WT recipient mice.

The work conducted by Caesar and colleagues did not find WAT activation to be entirely
microbiota-dependent, as lard-fed GF mice still exhibited mild metabolic and inflammatory
responses (Caesar et al., 2015). However, a study by Suarez-Zamorano et al. showed that
“beiging” of adipocytes, that is, the transformation from WAT to BAT, was promoted by the
depletion of the gut microbiota in B6, leptin-deficient (ob/ob), and HFD-fed mice (Suarez-
Zamorano et al., 2015). While this is consistent with other studies that have shown microbiota-
depleted mice are resistant to obesity and its associated metabolic consequences (Backhed et al.,
2004; Chou, Membrez, & Blancher, 2008; I. Hwang et al., 2015), caution must be used in the
interpretation of results originating from unconventionally colonized or GF mice, which have
underdeveloped and naive immune systems (Hooper, Littman, & Macpherson, 2012).

These investigations of the mammalian gut microbiota have begun to demonstrate a
profound, albeit extraordinarily complex relationship between the intestinal flora and its host.
The remarkable increase in obesity and inflammatory-related disorders in developing countries
has been associated with the Western diet and the consequential changes to the gut microbiome,
which is substantially different from cultures that maintain plant and fiber-rich diets similar to
that of our predecessors (Cordain, Eaton, Sebastian, Mann, Lindeberg, Watkins, O’Keefe, et al.,
2005). Strong evidence supports the position that dietary patterns shape the microbiota structure
and function, and together play an essential role in host immunity and metabolic health.
Although causal mechanisms remain to be elucidated, large-scale association studies have

yielded valuable information regarding the interplay between diet, microbial phylotypes, and the
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resultant host phenotype. With advancements in multi-omic technologies, e.g., transcriptomics,
proteomics, metabolomics, as well as bioinformatics tools, we have entered the era of resolving
these complex microbial-immune interactions to a mechanistic level. Given the obvious
therapeutic potential that such findings provide, new interventions for long-standing diseases
may be on the horizon as our understanding of the human-microbe symbiosis continues to
increase.
Intestinal Epithelium-Gut Microbial Crosstalk

Although genetics, as described below, and diet contribute to microbiota diversity and
composition, the downstream interactions that occur between the gut microbiota and host
intestinal epithelia play a profound role in mammalian health and immunity. At the center of
these complex host-microbial interactions is the intestinal barrier, which functions to separate the
host immune system from foreign objects within the intestinal lumen, while also promoting
tolerance of commensal flora (Turner, 2009). While the etiology of gut-associated inflammatory
disorders is multifactorial, dysregulation of the intestinal barrier has been associated with chronic
inflammatory diseases such as IBD and metabolic syndrome, which together affect nearly forty
percent of the adult American population (Aguilar, Bhuket, Torres, Liu, & Wong, 2015;
Dahlhamer, Zammitti, Ward, Wheaton, & Croft, 2016; B. Wang, Yao, Lv, Ling, & Li, 2017).

The intestinal barrier consists of a single layer of epithelial cells lining the intestinal
lumen (Turner, 2009). This cellular monolayer creates a physical barrier between the gut
microbiota and the immunocytes responsible for orchestrating localized and systemic host
immune responses (Turner, 2009). Additionally, the intestinal epithelium is a critical component
of the gut-associated lymphoid tissue (GALT), which represents the largest immune organ in the

mammalian body (Gao et al., 2012; Turner, 2009). The GALT encompasses approximately

12



seventy percent of all immune-responding cells, such as immunoglobulin-A (IgA) secreting
plasma cells, naive CD4* and differentiated T cells, and memory B cells (Jung, Hugot, &
Barreau, 2010). Thus, a cooperative relationship between the GALT and gut microbiota
promotes the tolerance of commensal flora while also affording constant surveillance and
selective protection against luminal antigens, such as pathogens or potential food allergens
(Hashiguchi et al., 2015; Jung et al., 2010).

To preserve the host-microbe symbiosis, the intestinal immune system has developed
tolerogenic and regulatory mechanisms, including soluble mediators that limit the expansion of
pathogens and their invasion of the intestinal barrier, which could otherwise lead to localized or
systemic infections (Hooper & Macpherson, 2010). Mucin-type glycoproteins produced by the
specialized epithelial cells, Goblet cells, aid in the assembly of the protective mucus layer on the
apical side of the epithelium, which serves as a spatial barrier between the microbial inhabitants
of the lumen and the host’s mucosal surfaces (Hooper & Macpherson, 2010).

Intestinal epithelial cells also secrete a variety of antimicrobial peptides (AMPs), with the
goal of these secretory molecules being to kill or inactivate microorganisms (Gallo & Hooper,
2012). While eliminating the pathological threat is the main objective of AMPs, the mechanism
by which this is accomplished, the breadth of organisms impacted, and the cellular site of
expression is specific to each AMP family (Gallo & Hooper, 2012). For example, a- and B-
defensins are expressed in the small and large intestines, respectively, and disrupt the membrane
of a broad spectrum of bacteria, fungi, viruses, and protozoa, while C-type lectins and
phospholipase A2 AMP families have specific bactericidal activity against Gram-positive
bacteria (Gallo & Hooper, 2012). The critical importance of and extent to which AMPs can

regulate microbiota composition was examined by Salzman et al (Salzman et al., 2010). The
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authors showed that mice with an a-defensin deficiency harbored a compositionally distinct gut
microbiota compared to wild-type mice (Salzman et al., 2010). These results indicate that AMPs
play an instrumental role in regulating the microbial population of the intestines and lends
credence to hypothesis that altered AMP production may contribute to IBD—a condition
characterized by dysbiosis and bacterial encroachment (Gallo & Hooper, 2012; Salzman et al.,
2010).

A delicate balance must be struck between the pro-inflammatory responses necessary to
eliminate obtrusive pathogens and anti-inflammatory mechanisms that promote intestinal
homeostasis. Indeed, this is dependent on the colonization of commensals, with many studies
demonstrating that the intestinal microbiota is required for the proper development of innate
immune responses to pathogen-associated molecular patterns (Rakoff-Nahoum, Paglino, Eslami-
Varzaneh, Edberg, & Medzhitov, 2004). Constant surveillance of the intestinal lumen’s contents
occurs through antigen presentation by dendritic cells (DCs), which enables the host immune
system to distinguish symbionts versus pathobionts and generate the appropriate immune
response in real-time (Hooper & Macpherson, 2010). Antigen-laden DCs migrate to the
inductive sites of the GALT, which include the mesenteric lymph nodes (MLNSs) and Peyer’s
Patches (PeyP), where T and B cell responses are initiated (Jung et al., 2010).

Under homeostatic conditions, Forkhead box P3 (Foxp3)* CD4* regulatory T (Treg) cell
populations proliferate in response to colonizing commensals, thereby promoting tolerance of the
resident microbiota and suppressing inflammatory immune responses (Harrison & Powrie,
2013). Through Foxp3*CD4* Treg cell-dependent and independent mechanisms, B cells
differentiate into IgA-producing plasma cells (Hapfelmeier et al., 2010; Hooper & Macpherson,

2010). Polymeric IgA is subsequently transcytosed across the intestinal epithelium where it binds
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to microorganisms and toxins thereby blocking their attachment to and interaction with the
intestinal epithelia (Hapfelmeier et al., 2010; Hooper & Macpherson, 2010). Perhaps the most
remarkable aspect of IgA neutralization is the fact this complex process occurs without the
induction of a pro-inflammatory response (Corthesy, 2013).

Work by Kawamoto et al revealed a positive feedback loop in which PeyP-derived
Foxp3*CD4" Treg cells regulate the response of IgA to commensals (Kawamoto et al., 2014).
Maintenance of a diverse, homeostatic gut microbiome was found to be dependent on the
presence of Foxp3*CD4* Treg cells; however, the expansion of these cells is indeed driven by
gut microbiota-derived cues (Kawamoto et al., 2014). In the absence of Foxp3*CD4" Treg cells,
mice exhibited significantly impaired IgA responses and diminished gut microbial diversity that
was accompanied by a pro-inflammatory phenotype (Kawamoto et al., 2014). Thus, the
diversification and expansion of Foxp3*CD4" Treg cells are essential to IgA production as well
as the establishment and preservation of a balanced gut microbiome (Kawamoto et al., 2014).
Interestingly, mucosal IgA lacks classic immune memory characteristics, indicating the
Foxp3*CD4" Treg-lgA axis is extremely dynamic, allowing constant immune adaptations in
response to microbiota influx and variation over time (Hapfelmeier et al., 2010). Therefore, the
exact mechanism of how the gut microbiota induces the isotype switching from 1gG- to IgA-
producing cells and undergoes clonal expansion is not fully understood.

While physical, chemical, and immune-mediated mechanisms are in place to protect the
host’s intestinal barrier, a bacterial breach can still occur. Upon pathogenic invasion of the
intestinal epithelium, resident macrophages and damaged epithelial cells recruit neutrophils and
T cells to the localized tissue through the secretion of pro-inflammatory cytokines and

chemokines. These signals promote adaptive immune responses and activation of effector CD4*
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cells, e.g., T helper cells 1 (Th1l), 2 (Th2), or 17 (Th17) (Hooper & Macpherson, 2010). Th1l cells
proliferate in response to threats by intracellular bacterial and viral infections, whereas Th2 cells
are typically responsive to helminths and extracellular parasitic infections (Maynard & Weaver,
2009). The differentiation of Th17 cells is usually indicative of an extracellular bacterial or
fungal infection; however, the cell’s population within the intestines is largely driven by the gut
microbiota. In particular, mucosal-adherent bacteria, such as Candidatus arthromitus, also
referred to as Segmented Filamentous Bacteria, are known drivers of the Th17 cell population as
described below (Hooper & Macpherson, 2010; Maynard & Weaver, 2009).
Segmented Filamentous Bacteria

Segmented filamentous bacteria (SFB) are gram-positive, spore-forming gut commensals
belonging to the Clostridiaceae family (Kuwahara et al., 2011). This bacterium was first noticed
nearly six decades ago through microscopy for its unusual, segmented morphology and
“holdfast” appendage, which enables the bacterium to tightly adhere to the intestinal epithelial
cells (Davis, McAllister, & Savage, 1973; Reimann, 1965; Savage, 1969). SFB exhibit a unique
affinity for colonizing the localized regions nearest the aggregated lymphoid follicles of the
ileum collectively called Peyer’s Patches (PeyP) (Klaasen, Koopman, Poelma, & Beynen, 1992).
Serving as the inductive site of the intestines for localized and systemic innate and adaptive
immune responses, PeyP are a critical component of the GALT (Jung et al., 2010). In animal
models, colonization of SFB has been shown to be essential for postnatal immune maturation,
immunoglobulin A (IgA) production, and regulatory T cell responses (Artis & Grencis, 2008;
Macpherson & Uhr, 2004), yet multiple reports implicate SFB in the development of chronic
inflammatory diseases, such as inflammatory bowel disease (IBD), autoreactive arthritis, and

obesity-related inflammatory sequela, e.g., nonalcoholic fatty liver disease (NAFLD) (Chappert,

16



2014; Harley et al., 2014; Kumar et al., 2016). While the spatial relationship that exists between
SFB and the PeyP has been well established, recent investigations have focused on defining how
SFB affects the host immune system under homeostatic and diseased states.

Microbiological profile of Segmented Filamentous Bacteria

The modern understanding of SFB comes primarily from observations made through
electron microscopy imaging as well as molecular methods of detection including 16S ribosomal
RNA (rRNA) or whole-genome sequencing (Ericsson et al., 2015; Schnupf et al., 2015).
Historically, SFB has been notably difficult to culture in vitro, but there were two successful
reports in published in 2015 by Schnupf et al and Ericsson et al (Ericsson et al., 2015; Schnupf et
al., 2015). As a member of the indigenous flora, SFB has been found to inhabit the
gastrointestinal tract of multiple vertebrates, including fish, pigs, primates, birds, rodents, cats,
and dogs (Klaasen, Koopman, et al., 1993; Yin et al., 2013). Many comparative studies have
highlighted the taxonomic divergence of SFB within and between its broad hosts (Pamp,
Harrington, Quake, Relman, & Blainey, 2012; Prakash et al., 2011; Yin et al., 2013), suggesting
there could be multiple strains of SFB, or the microbe has evolved into host-specific strains for
selective advantages.

Phylogenetic analyses align SFB within the Clostridium subphylum, with the provisional
name of Candidatus arthromitus (Kuwahara et al., 2011; Pamp et al., 2012). However, the
bacterium may ultimately be classified as Candidatus savagella, in honor of intestinal
microbiologist, D.C. Savage, who was first to report the significance of SFB in the
gastrointestinal tract (Thompson, Vier, Mikaelyan, Wienemann, & Brune, 2012). At 1.6 MB, the
SFB genome is one of the smallest of the Clostridiales class (Kuwahara et al., 2011). While the

minimal genome is deficient in the genes required for nutrient and energy metabolism, rendering
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the bacterium auxotrophic, the genes dedicated to sporulation and flagellar-mediated motility are
intact (Kuwahara et al., 2011; Prakash et al., 2011). Because SFB lack metabolic and aerobic
respiration capabilities, cultivating this fastidious, anaerobic microbe remains a great challenge.
The partially or completely assembled SFB genomes publicly available originated from murine
and turkey hosts, but noticeably none from humans. This may suggest that SFB represents a very
small proportion of the human gut microbiota compared to other vertebrate hosts.

T helper 17 cell signaling

The commensal gut flora is a critical regulator of the host’s T cell population, albeit
through many uncharacterized mechanisms. Conversely, the relationship between SFB,
specifically, and its potent induction of Th17 cells has been well defined, and therefore become a
microbe of interest in the field of immunology. The role of Th17 signaling in host defense and
disease is yet to be completely understood; however, data have shown that these unique cells and
their secreted cytokines, such as interleukin-17A (IL-17A) and 17F (IL-17F), interleukin-22 (IL-
22), tumor necrosis factor-alpha, and interferon-gamma, are important to the host defenses,
particularly in responding to extracellular pathogens, through the localized recruitment of
neutrophils and macrophages to infected tissue (Tesmer, Lundy, Sarkar, & Fox, 2008).

Despite its protective effects against extracellular infections, persistent or augmented
production of Th17 cells and its associated cytokines have been implicated in the development of
autoimmune diseases (Chappert, 2014; Harley et al., 2014; Kumar et al., 2016; Tesmer et al.,
2008). Interestingly, the administration of neutralizing 1L-17A monoclonal antibody to IBD
patients in a clinical trial exacerbated the patient’s symptoms, while the overgrowth in Candida
albicans was also a noted side effect (Hueber et al., 2012). In similar studies with experimental

models of autoimmune diseases in mice where the IL-17 receptor (IL-17R) was mutated,
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dysbiosis of the commensal flora, including an overgrowth of SFB specifically, and augmented
development of autoimmune inflammation occurred (Kumar et al., 2016).

Accordingly, individuals that are deficient in IL-17 signaling pathways are at increased
susceptibility for bacterial and fungi infections, further supporting the idea that Th17 cells and
IL-17 are necessary for maintaining commensal flora and the mucosal immunity (Gaffen, Jain,
Garg, & Cua, 2014; Hirota, Ahlfors, Duarte, & Stockinger, 2012). Together, these data suggest
that Th17 cells are necessary for regulating the intestinal microbial community, and generating
mucosal immune responses to invading pathobionts; however, the persistent generation of Th17
responses may lead to systemic inflammation and ultimately autoimmune disease. Because SFB
have the unique ability to induce potent Th17 cell responses via physical contact with the host’s
immune system, many hypothesize that SFB may function as a driving force behind Th17-
mediated autoreactive immune responses. However, Omenetti and colleagues recently made the
distinction between the pro-inflammatory Th17 cell response induced by the opportunistic
intestinal pathogen, Citrobacter rodentium, and the “homeostatic” Th17 cell response induced by
SFB (Omenetti et al., 2019). Interestingly, the SFB-induced Th17 cell lineage did not produce
interferon-gamma (IFN-y)—a cytokine with pleiotropic immunological functions, including the
orchestration of innate and adaptive immune responses against bacteria, viruses, tumor cells, and
other pathogenic threats (Alspach, Lussier, & Schreiber, 2019; Omenetti et al., 2019). In addition
to not participating in inflammatory processes, homeostatic Th17 cells exhibited a metabolic
phenotype reminiscent of resting memory T cells (Omenetti et al., 2019). Since the major source
of IFN- v is from Th1 and NK cells, together these data suggest that there may be two kinds of
inflammatory response, IFN- y -mediated “reactive” inflammation and Th17-mediated

“proactive” inflammation.
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Localized and Systemic Immunological Activation by SFB

The specific SFB antigen(s) responsible for the microbe’s potent immune response
remain broadly elusive; however, the machinery which aid in the bacterium’s adherence to the
host epithelial cells, e.g., flagella or pili, has been postulated as potential immunogens (Ericsson,
Hagan, Davis, & Franklin, 2014). Advances in determining how SFB interacts with the host
immune system have been made, including a study by Yang et al, wherein the authors
recombinantly expressed a genomic library of SFB DNA fragments in E. coli and measured the
response of T cell receptor (TCR) hybridomas prepared from Th17 and non-Th17 intestinal
CD4* T cells (Yang et al., 2014). Screening the recombinant E. coli clones lead to the
identification of two potential SFB antigens, which stimulated the Th17 TCR hybridomas in a
relatively similar manner than that of fecal material derived from SFB-monocolonized mice
(Yang et al., 2014). Unfortunately, the function of these putative SFB antigens is unknown, but
they are predicted to exist as extracellular proteins, which is consist with the location at which
most extracellular microorganisms present antigens (Chaplin, 2010; Yang et al., 2014). While the
generation of an expression genomic library is an unbiased approach for recombinantly
expressing and finding antigenic proteins produced by an organism, the comprehensiveness of
the library can be greatly affected by cloning efficiency (Festa, Steel, Bian, & Labaer, 2013).

The host cytokine response to SFB has been modeled in vitro with mouse and human
intestinal epithelial cells lines (Schnupf et al., 2015). Schnupf and colleagues show that after
three days of co-culturing mouse and human intestinal epithelial cells with SFB in a transwell
system, pleotropic cytokines, including TNF-o and Serum Amyloid A 1 (Saal) were upregulated
by SFB as well as Reg3y, a C-type lectin (Schnupf et al., 2015). The finding that SFB augments

the expression of Saal and Reg3y is corroborated by a microarray experiment performed by
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Ivanov et al wherein the transcription profile of the terminal ileum of GF mice monocolonized
with SFB was investigated (Ivanov et al., 2009). Collectively, these studies suggest that SFB
elicits an anti-inflammatory response in the host, as Saal has been shown to suppress the
activation and bactericidal activity of neutrophils in a microbiota-dependent manner (Murdoch et
al., 2019). While the role of AMPs was discussed earlier in this review, SFB-induced expression
of Reg3y represents a potential mechanism by which the colonization burden of SFB in the
intestines is regulated.

Schnupf and colleagues also compared the SFB-induced cytokine profile to that induced
by microbe-associated molecular pattern (MAMP) agonists, which are recognized by toll-like
receptors (TLRs) (Schnupf et al., 2015). With their expression on many myeloid and lymphoid
cells, TLRs are a class of proteins that recognize conserved structural and chemical patterns of
microorganisms as a function of the innate immune response (Flo et al., 2001; Schnupf et al.,
2015). SFB-induced a response reminiscent of the TLR2 agonists, Pam2Csk4 and Pam3Csk4
(Schnupf et al., 2015). Interestingly, exposing intestinal epithelial cells to flagellin, a TLR5
agonist, did not result in an augmented cytokine profile; however, it should be noted that nuclear
factor-kappa B (NF-kB), a downstream signaling target of TLR5, was not among the cytokines
profiled in this study (Schnupf et al., 2015). A previous study by Kuwahara et al found three of
the four flagellins genes present in the SFB murine genome to be TLR5 agonists and activators
of NF-xB when modeled in a luciferase reporter system in the human embryonic kidney 293 cell
line (Kuwahara et al., 2011). These works, while not fully recapitulating the complex and
intimate host-SFB interaction that occur in the intestinal milieu, provide a solid foundation for

further investigating how the innate immune system responds to SFB.
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One of the most unique properties of SFB is its ability to stimulate the postnatal immune
system by priming and inducing T-cell responses and enhancing IgA secretion as efficiently as a
naturally developed microbiome (Klaasen, VVan der Heijden, et al., 1993; Talham, Jiang, Bos, &
Cebra, 1999). Mice monocolonized with SFB have been found to generate 24-63% more
intestinal IgA, with less than 1.4% of the IgA exhibiting SFB specificity (Klaasen, Van der
Heijden, et al., 1993; Talham et al., 1999). Although a less robust induction was observed
compared to controls, mice lacking PeyP can still generate SFB-mediated IgA responses, unlike
Escherichia coli monocolonized mice, whose IgA responses were abolished (Lecuyer et al.,
2014). These data further suggest that SFB is more effective in inducing isotype switching in B
cells than E. coli. The GALT was found to be indispensable for SFB-induced IgA responses, per
contra to Th17 cells, which could be expressed from the MLNSs; however, the PeyP are required
for IL-17 and Th17 cell induction with specificity to SFB antigens (Lecuyer et al., 2014).

Consistent with these results, a similar study reported that Th17 differentiation in mice
lacking GALT was dependent on the expression of Class 11 Major Histocompatibility Complex
(MHC 11) on CD11c" cells (intestinal dendritic cells) when presented with SFB or food antigens
(Geem et al., 2014). Representing a potential feedback system for controlling Th17 cell
production, type 3 innate lymphoid cells (ILC3), which are constitutive residents of the lamina
propria (LP) layer of gut mucosa, have been found to inhibit microbiota- or SFB-driven Th17
production in a MHC Il-dependent manner (Goto et al., 2014). Furthermore, ILC3-deficient mice
exhibited increased Th17 cell production and intestinal inflammation, which was further
exacerbated in the presence of SFB (Goto et al., 2014).

ILC3 play an imperative role in the orchestration of immune responses critical to

maintaining the intestinal barrier and neutralize inflammatory responses. Altered ILC3 function
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or perturbations in the signaling of ILC3’s effector molecules, including IL-17A, IL-22, and
interleukin-23 (IL-23), are associated with colorectal cancer and chronic inflammatory diseases
such as IBD (Withers & Hepworth, 2017). Interestingly, dysbiosis and overgrowth of SFB have
been observed in experimental animal models where the IL-22 and/or IL-23 signaling pathway is
disrupted, but through the subsequent restoration of these signaling pathways, the SFB
population could be controlled (V. F. Shih et al., 2014; Upadhyay et al., 2012).

Recent studies show during mucosal infections, such as with Staphylococcus aureus- or
Aspergillus fumigatus-induced pneumonia, as well as challenges with intestinal pathogens,
including C. rodentium and Rotavirus, SFB colonization yielded a protective advantage by way
of its robust induction of Th17 cells and its associated microbial defenses, thereby highlighting
the extreme impact of the gut microbiome on mucosal immunity (Gauguet et al., 2015; Ivanov et
al., 2009; McAleer et al., 2016). Based on this evidence, we conclude that SFB is essential to the
maturation of the mucosal immune system and provides the host with intrinsic protection against

mucosal infections, which likely occurs through its induction of homeostatic Th17 cells.
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Abstract

In concert with its host, the gut microbiota plays an essential role in the development,
function, and homeostasis of the immune system. As a member of the gut microbial community,
Segmented Filamentous Bacteria (SFB), are distinct from other symbionts as these organisms
potentiate post-natal immune maturation, enhance T helper 17 cell responses, and confer
protection against mucosal infections of bacterial, viral, and fungal origin. Despite the wide
range of vertebrate and invertebrate hosts that SFB colonize, this bacterium remains difficult to
detect and culture in vitro. As a consequence, much remains unknown surrounding the SFB-
specific antigens that stimulate the mucosal immune system. To address these issues, we
employed a multi-omics approach to determine i.) the niche within the intestinal
microenvironment in which SFB specifically reside, and ii.) bioinformatically investigated the
immune-modulating antigens of SFB. Our results show that SFB preferentially colonize the
mucosa proximal to the aggregated lymphoid nodules of the ileum, commonly referred to as
Peyer’s Patches. 16S rRNA analysis of the Peyer’s Patches-associated microbiota suggests that
this microbial community is phylogenetically distinct from the rest of the gastrointestinal tract.
Using a high throughput in silico workflow, we identified 35 proteins as putative antigens within
the SFB reference proteome, with each protein possessing one or more T cell epitope with
binding affinity for Major Histocompatibility Complex Class Il molecules. Among the top
antigen candidates was flagellar cap protein (FIiD), which is involved in bacterial motility and
adherence. By implementing shotgun proteomics, we validated the in situ expression of FliD by
SFB in the murine ileum. Operon-level analyses show that the expression of FliD is controlled
by a global carbon storage regulator protein and is only translated in low-nutrient environments;

however, experimental studies are necessary to validate this model. Collectively, these data
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provide the first account of the proteins expressed by SFB in situ, thereby yielding significant
insight into the biology of SFB and the mechanism by which this microbe interacts with the host
immune system.

Introduction

The intestinal mucosal surfaces are home to a diverse and complex microbial community.
Through the coevolution of their mutualistic relationship, humans have become dependent on the
community of intestinal microbes, collectively referred to as the gut microbiota, for a variety of
immunologic and metabolic functions (Flannigan & Denning, 2018). Emerging evidence
suggests that alterations to the gut microbiota, such as those mediated by diet, environmental
exposures to toxins and antibiotics, and genetic mutations, have clear implications in immune
dysregulation (H. J. Wu & Wu, 2012). For example, Lynn and colleagues showed that antibiotic-
induced intestinal dysbiosis in infant mice impaired their ability to generate antibody responses
to five vaccines; however, the impaired antibody responses could be rescued through the
restoration of commensal gut flora (Lynn et al., 2018)

Although compositionally rich and diverse gut microbial communities are essential to
early immune development and subsequent immune homeostasis, Segmented Filamentous
Bacteria (SFB), a gram-positive, spore-forming gut commensal has been shown —on its own—
to drive maturation of the host immune system to an equal or greater extent than do the
comprehensive gut microbiota (Klaasen, Koopman, et al., 1993; Kuwahara et al., 2011).

Colonization of SFB in mammals is believed to occur upon birth via vertical transmission
from parent to offspring (Schnupf, Gaboriau-Routhiau, & Cerf-Bensussan, 2013) The intestinal

SFB population has been reported to peak during the initial 36 months and 2 weeks of life in
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humans and chickens, respectively (Yin et al., 2013). The age-dependent growth patterns of SFB
suggest this microbe plays a vital role in post-natal immune development.

In humans, SFB colonization is a correlative of increased levels of secretory
immunoglobulin A (IgA), T helper 17 cells (Th17), and B and T cell receptor signaling in the
ileum (Chen et al., 2018), which echo the results of immunological studies performed following
the monocolonization of SFB in murine models. The immunomodulatory effects elicited by SFB
begin when the microbe initiates contact and colonization with the host intestinal epithelial cells
(IECs) (Flannigan & Denning, 2018). This adherence triggers serum amyloid A (SAA)
expression, an acute-phase response protein that is induced during tissue damage and infections,
in IECs (Flannigan & Denning, 2018; Ivanov et al., 2009). In this scenario, SAA acts as a
homing signal for CD11c* antigen presenting cells (APCs), such as dendritic cells and
macrophages, expressing major histocompatibility class 11 (MCHII) molecules (Yi, Jung, Han,
Surh, & Lee, 2019). APCs subsequently migrate to the Peyer’s Patches or mesenteric lymph
nodes, where SFB antigen-specific naive CD4 T cells differentiate to T helper 17 (Th17) cells,
which secrete interleukin (IL)-17A, IL-17F, and IL-22 cytokines (Flannigan & Denning, 2018;
Ivanov et al., 2009). A recent study revealed that unlike traditional Th17 cells, the SFB-induced
“homeostatic” Th17 cell lineage, does not produce interferon-gamma, a cytokine with
inflammatory-mediating functions (Omenetti et al., 2019). Moreover, these homeostatic Th17
cells exhibited a metabolic phenotype reminiscent of resting memory T cells, thereby suggesting
the SFB-specific Th17 cell may be divergent from the traditional Th17 cell lineage, which is
implicated in autoimmunity (Omenetti et al., 2019).

Through the enhanced mucosal immune responses outlined above, SFB confers

protection against enteric bacterial and viral pathogens as well as respiratory fungal infections in
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animal models (Gauguet et al., 2015; Ivanov et al., 2009; McAleer et al., 2016; Shi et al., 2019).
Because SFB acts as a potent adjuvant of the mucosal immune system, this microbe has become
a critical, and potentially confounding variable to consider in human and animal experiments
(Macpherson & McCoy, 2015). For these reasons, commercially available mice are now
screened for SFB, and assigned a SFB carrier status.

Despite the wide-range of vertebrate and invertebrate hosts in which SFB colonize,
establishing and maintaining a culture of SFB in vitro remains a challenge and significant
hindrance to advancing the understanding of SFB, including the mechanism by which SFB
stimulates the mucosal immune system (Klaasen, Koopman, et al., 1993; Yin et al., 2013).
Therefore, to address these issues, we employed a multi-omics approach to model the niche in
which SFB specifically reside and determine the content of proteins expressed by SFB in situ
within the murine intestinal microenvironment. Furthermore, we bioinformatically investigated
immune-modulating antigens produced by SFB through the development of an in silico antigen
prediction workflow reminiscent of reverse-vaccinology strategies (Rappuoli, 2000).

Results

SFB is present in high abundance in the Peyer’s Patches in male and female mice

from Jackson Laboratory and Taconic Biosciences

DNA-based detection of SFB has been widely variable among studies, host organisms,
and even different mouse vendors (Chen et al., 2018; Ivanov et al., 2009; Sczesnak et al., 2011).
For example, previously SFB was reported part of the endogenous gut flora in mice obtained
from Taconic Biosciences, but not the Jackson Laboratory (Ivanov et al., 2009). Since this
keystone study was published, mice from the Jackson Laboratory have been used as SFB-

negative controls in experiments (Ge, Feng, Woods, & Fox, 2015). However, several factors,
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including the organism’s host-specific genome and age-dependent colonization patterns, may
contribute to the disparities in SFB detection (Chen et al., 2018). Another explanation may be the
sites at which the samples used for analysis are collected. As evidenced by electron microscopy
images (lvanov et al., 2009), SFB adhere tightly to the host intestinal epithelial cells; yet the
majority of studies use the luminal contents or fecal pellets for DNA-based detection of SFB.

Therefore, the first aim of this study was to determine the distribution and relative
abundance of SFB at various sites of the murine intestines using male and female mice
purchased from Taconic Biosciences and the Jackson Laboratory. We collected the luminal
contents from the distal small intestines (ileum), cecum, and large intestines (colon). In addition
to these sites, we also collected the individual Peyer’s Patches for qPCR analysis using a
validated SFB-specific set of primers (Yin et al., 2013). Our results show that SFB was near or
below the limit of detection in the sampled luminal sites, but were consistently detected at the
site of the Peyer’s Patches (Figure 1A). Statistical analysis of the aggregated qPCR data supports
the hypothesis that the Peyer’s Patches is the anatomic niche of SFB (Figure 1B). Although the
relative abundance of SFB was significantly augmented in mice from Taconic Bioscience
compared to mice from the Jackson Laboratory, our results illustrate the importance of sample
site selection when attempting to detect the presence or absence of SFB. For example, if we had
only collected and analyzed the luminal contents for this gPCR analysis, the majority of mice
would have been considered SFB-negative.

Our gPCR data also suggest that male mice may naturally harbor more SFB than female
mice. Interestingly, SFB colonization has been shown to have sex-dependent effects on disease
phenotypes, with SFB-positive male mice exhibiting a decreased incidence of disease compared

to their female counterparts (Wolfe, Moskowitz, Franklin, Wiemken, & Ericsson, 2020).
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Testosterone and its suppressive effects on Th17 cell differentiation is believed to play a role in

the gender dimorphism observed in inflammatory and autoimmune diseases (Arredouani, 2014;
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Wolfe et al., 2020); however, the interplay between sex hormones, the gut microbiota, including

SFB specifically, and immunity remains an active area of interest.

Figure 1. Distribution of SFB in the intestines of male and female mice purchased from

Taconic Biosciences and the Jackson Laboratory

Semi-quantitative PCR (QPCR) was used to determine the relative abundance of SFB at different

sites of the intestines (A). Aggregated gPCR data were analyzed to determine differences in the

SFB colonization patterns between intestinal locations, genders, and mouse vendors (B). Mean +

SD, * P<0.05, **P<0.01, **** P<0.0001, Mann Whitney test.

The Peyer’s Patches-associated microbiota composition is phylogenetically distinct

and the intestinal reservoir of SFB

To validate our gPCR findings of the enriched SFB population within the Peyer’s

Patches, we selected five Peyer’s Patches DNA samples to further analyze through next-

generation sequencing using primers targeting the V4 region of the bacterial 16S rRNA gene. As

a reference point for comparing the composition and diversity of the Peyer’s Patches-associated
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microbiota (PPAM), we chose the cecal microbiome because many gut microbiome-centric
studies collect and analyze this community, and thus its characteristics are well defined.

We first assessed the community diversity within samples (alpha diversity) using the
Shannon diversity index, which is a quantitative metric species richness and evenness (Figure
2A) (Haegeman et al., 2013; C. E. Shannon & Weaver, 1949). Kruskal-Wallis testing showed
that Shannon diversity was significantly attenuated in the PPAM compared to the cecum (p =
0.0022). Diversity between samples (beta diversity) was evaluated with the Unweight Unifrac
distance, a qualitative, phylogenetic metric (Lozupone, Hamady, Kelley, & Knight, 2007). We
chose this beta diversity metric because it is more sensitive to low-abundance features, which
was what we anticipated observing in the PPAM. Using PERMANOVA, we tested the null
hypothesis of no differences in the community structure between the PPAM and cecal
microbiota. Notable phylogenetic divergence (p = 0.001) was observed between these two
communities (Figure 2B). As evidenced by the PcoA, which provides a visual perspective on the
phylogenic dissimilarity between the PPAM and cecal microbiota, the PPAM is a distinct but
homogeneous community (Figure 3B). Collectively, these diversity analyses suggest that the
microbial community proximal to the Peyer’s Patches is comprised of a small number of
different microbial species that are extremely specific to the region.

Next, we evaluated the number of sequences found in the PPAM and cecum that mapped
to SFB. Amplicon sequence fragments were clustered at the sub-operational taxonomic unit
(OTU) level of ASVs (Callahan, McMurdie, & Holmes, 2017). As anticipated, the biomass of
the Peyer’s Patches was much smaller compared to cecum, with the mean ASV frequency per
PPAM and cecum sample being 7,164.8 and 2,246,191.8 sequences, respectively. Of those

sequences detected in the PPAM, 2221+2304 mapped to SFB, which was a significant (p =
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0.0013) increase from the 91+66.71 SFB sequences mapped in the cecal samples (Figure 2D).
Taxonomic analysis of the PPAM further confirmed that SFB was the most abundant genus
present in this community, representing on average 31% of the total microbial population (Figure
2E). The next most abundant genus was Acinetobacter (22%). Although Acinetobacter
baumannii is an opportunistic pathogen, the majority of Acinetobacter species are non-
pathogenic, environmental organisms (Peleg, Seifert, & Paterson, 2008). Considering the
increased abundance and co-occurrence of SFB and Acinetobacter in the PPAM, it is possible
that SFB growth is dependent on nutrients or cofactors provided by Acinetobacter. In sum, this
set of experiments support the notion that the Peyer’s Patches are the intestinal reservoir for SFB,

and should be the site of sampling for the accurate detection of SFB.
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Figure 2. Diversity and compositional analyses of the Peyer’s Patch-associated microbiota
Comparison of species richness and diversity within samples from the Peyer’s Patches and

cecum (A). Comparison (B) and visualization (C) of the phylogenetic dissimilarity between
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samples from the Peyer’s Patches and cecum. Bar plot showing the number of sequences
detected in the Peyer’s Patches and cecal microbial communities that mapped to SFB (D). Mean
+ SD, **P<0.01, Mann Whitney test. Taxonomic profile of the Peyer’s Patch-associated

microbiota at the genus level (E).

In silico reverse-vaccinology approach identifies thirty-five SFB antigens with CD4

T cell immunogenicity and MHCII recognition

The immunological response to SFB colonization has been well defined, however; the
antigen(s) expressed by SFB responsible for this adjuvant-like effect is still unclear and work in
this area continues to be impeded by the inability to sustain a mono-culture of this organism in
vitro. Therefore, we sought to apply a reverse-vaccinology (RV) approach to identify potential
SFB antigens. Strategies aimed at predicting bacterial antigens in silico have not only expedited
the vaccine development process, but also yielded several promising vaccine candidates for long-
standing pathogens, including Campylobacter (Meunier et al., 2016) and Streptococci (Ebrahimi
& Mohabatkar, 2018) species.

The pipeline utilized in our in silico approach selected SFB antigens based on the criteria
of their predicted cellular location, transmembrane helixes, adhesion properties, CD4 T cell
immunogenicity, and MHCII binding ability (Figure 3). After these criteria were applied in a
stepwise fashion, 35 SFB proteins with at least one peptide exhibiting properties of CD4 T cell
immunogenicity and natural processing by MHCII molecules remained (see Appendix B for
protein and peptide information). We analyzed these proteins as a network in Cytoscape (P.
Shannon et al., 2003), and performed a functional enrichment analysis using the StringApp
(Doncheva, Morris, Gorodkin, & Jensen, 2019). Results from the functional enrichment show

that the majority of candidate antigens are components of bacterial flagella or related to motility
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and chemotaxis (Figure 4). These results are consistent with hypotheses proposed by several
groups of SFB investigators, who postulate that SFB achieves its immunogenicity through

protein(s) which aid in the bacterium’s adherence to the host epithelial cells, e.g., pili or flagella

(Ericsson et al., 2014; Nkamba et al., 2020; Y. Wang et al., 2019).

1,487 proteins

275 non-cytosolic

36 probable antigens

Figure 3. In silico prediction workflow for the identification of SFB antigens
Summary of the workflow and databases used to predict SFB immune-modulation proteins.
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Figure 4. Functional analysis and network of the SFB candidate antigens identified
Protein-protein network consisting of the thirty-five SFB proteins selected by our in silico

antigen prediction pipeline. Each protein is represented by a node, which is color-coded
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according to its functional annotation. Nodes connected by a line or “edge” indicate protein-

protein interactions.

Shotgun proteomics analysis of the murine ileal mucosa reveals that SFB express

flagella in situ

Analysis of murine and rat SFB genomes show that while extremely minimal in size, they
contain a full set of flagella biosynthetic genes (Kuwahara et al., 2011; Prakash et al., 2011).
Therefore, one of the most puzzling elements about SFB has been the failure to detect the
expression of SFB flagella in situ in a variety of hosts, as reported by numerous authors
(Nkamba et al., 2020). Adding to this intrigue has been the historic lack of flagellated SFB in
electron microscopy images (Nkamba et al., 2020). Considering the lack of evidence surrounding
flagellated SFB, coupled with the fact that the majority of our in silico SFB candidate antigens
are components on the flagellar machinery, we employed a shotgun proteomics approach to
determine the in situ expression of SFB proteins, particularly flagellar-related proteins, in the
ileal mucosa of mice.

After applying the threshold of at least 2 unique peptides identified for each protein, a
total of 200 proteins were annotated as Candidatus arthromitus, with 99 proteins mapping to the
SFB rat (rSFB) reference genome (SFB-rat-Yit), and 101 mapping the SFB mouse (mSFB)
reference genome (SFB-mouse-Japan) (see Appendix C for all protein annotations). Of the SFB
mouse and rat proteins identified, 14 proteins were redundant, i.e., seven proteins that mapped to
the SFB rat genome also mapped to SFB mouse genome based on a different set of peptides
identified. We analyzed the mouse and rat SFB proteins as networks in Cytoscape (P. Shannon et
al., 2003), where we applied the Markov Cluster Algorithm (MCL) technique, a bioinformatics

method frequently applied to identify, visualize, and delineate functional protein modules from
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larger protein networks (Y. K. Shih & Parthasarathy, 2012). Using an inflation value of 4.0, we
identified three functional modules from the SFB mouse protein network (Figure 6) and SFB rat
protein network (Figure 7). We subsequently performed a functional enrichment analysis on the
functional modules using the StringApp (Doncheva et al., 2019). Upon characterization, mSFB
modules exhibited significantly enriched functions of metal- and nucleotide-binding as well as
antibiotic biosynthesis (Figure 6A), DNA helicase and methylation enzymes (Figure 6B), and
two-component systems associated with flagella machinery (Figure 6C). The rSFB modules
showed significantly enriched functions related to ATP-binding, pyrimidine biosynthesis, and
pyrimidine metabolism (Figure 7A), metal-binding sites as well as the metabolism of pyruvate,
propionate, and carbon (Figure 7B), and penicillin-and beta-lactam binding proteins with
transpeptidase activity (Figure 7C).

These data provide the first account of the proteins expressed by SFB in situ. Consistent
with previously characterization of the SFB genome, we did not observe any enriched functions
related to amino acid and vitamin/cofactor metabolism, as SFB lack the majority of genes needed
for such functions; however, our proteomic analysis provides evidence that SFB do exhibit
pyrimidine biosynthetic abilities, which hitherto was undetermined (Kuwahara et al., 2011).
Another key finding was the presence of several flagella proteins, including FliK, FliR, FIgK,
FIgD, FliD, and FIiC. The detection of multiple flagellar proteins expressed in situ in the murine
ileal mucosa of mice is the first, and perhaps the most essential step in experimentally validating

the SFB antigenic targets predicted in silico.
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Figure 5. Networks of mouse and rat SFB proteins identified in the murine ileal mucosa via
shotgun proteomics
Protein interaction networks showing the SFB proteins annotated as SFB mouse (orange nodes)
and SFB rat (green nodes) proteins. Node size is indicative of the average protein identification

probability, while the node border width represents the number unique peptides identified for

each protein. The node border of redundant proteins is highlighted in red.
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Figure 6. Functional characterization of modules identified from mouse SFB proteins
Functional analysis of the three largest clusters generated by Markov clustering of the mouse

SFB protein network (Figure 5). Using split donut charts, the enriched function(s) of each node
is visible by the color(s) present in the node’s border. Within each module, node border colors

correspond to the enriched functional categories, as annotated by the StringApp in Cytoscape.
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Figure 7. Functional characterization of modules identified from rat SFB proteins
Functional analysis of the three largest clusters generated by Markov clustering of the mouse

SFB protein network (Figure 5). Using split donut charts, the enriched function(s) of each node

is visible by the color(s) present in the node’s border. Within each module, node border colors

correspond to the enriched functional categories, as annotated by the StringApp in Cytoscape.

Nutrient signals are postulated to regulate the expression of flagellar cap protein

FIliD

Having now validated the in situ expression of flagellar proteins by SFB, we choose to

further investigate flagellar cap protein, FliD. This protein was among the top predicted antigens

that showed strong adhesion and antigenicity score. We also found FIiD to encode 10 different
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peptide sequences that possessed CD4 T cell immunogenicity and natural recognition by MHCII
molecules (see Appendix B for 15mer peptide sequences). FIiD is widely conserved among
flagellated microbes, and although it functions as the “cap structure” on the distal end of flagella
filaments, FliD has been shown to be essential for the adhesion and colonization of
Pseudomonas aeruginosa and Clostridium difficile in respiratory and intestinal tracts,
respectively (Arora, Ritchings, Almira, Lory, & Ramphal, 1998; Tasteyre, Barc, Collignon,
Boureau, & Karjalainen, 2001). More recently, FliD was shown to mediate the adherence of
atypical enteropathogenic Escherichia coli and C. jejuni to host IECs (Freitag, Strijbis, & van
Putten, 2017; Sampaio et al., 2016). Based on this literature, it is likely that FIiD plays a vital
role in how SFB adhere to and colonize the gut, and quite possibly the immune response that
ensues.

To further investigate FIiD and what may control its expression, we analyzed the operon
on which FIiD is located using the Prokaryotic Operon Database available online (Taboada,
Ciria, Martinez-Guerrero, & Merino, 2012) coupled with the Genomic Region Viewer available
on PATRIC, the online bacterial bioinformatic resource center (Wattam et al., 2017). Using the
SFB-mouse-Japan reference genome, our analyses showed that fliD is encoded on SFB operon
326, and is located downstream of genes fliw, csrA, and fliS (Figure 8A). Carbon storage
regulator A (CsrA) is a widely-conserved small RNA binding protein and pleiotropic regulator of
virulence factors, including motility and biofilm formation (Dugar et al., 2016; Muller, Gimpel,
Wildenhain, & Brantl, 2019). Based on signals from the environment, CsrA is believed to repress
or activate the translation of certain genes by binding to GGA motifs around the Shine-Dalgarno

sequence of target MRNAs (Dugar et al., 2016; Muller et al., 2019).
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A complex feedback mechanism exists in flagellated bacteria, whereby flagellar
machinery transcripts, which often include the FIiD operon, are governed by a partner switching
mechanism involving FliW and CsrA proteins. In Bacillus subtilis, stoichiometry studies have
shown the flagellar machinery proteins, Fliw, and CsrA system functions at intracellular
concentrations of nearly 1:1:1, which suggests this system is tightly regulated (Oshiro,
Rajendren, Hundley, & Kearns, 2019). Although this system and the stoichiometry may be
altered in SFB, it is reasonable to believe a similar homeostatic system exists in SFB, as the
delicate equilibrium would help prevent states of unnecessary energy expenditure (Oshiro et al.,
2019), which is likely essential to the survival of auxotrophs like SFB.

Although we did not detect CsrA or FliW proteins in our in situ proteomic analysis, a
predicted protein-protein interaction analysis in STRING (Figure 8B) suggests that SFB proteins
FIiW and CsrA have strong binding activity (0.995 combined confidence score). Moreover, in
the predicted protein-protein interactions network, CsrA appears to be situated between proteins
with functions related to a phosphotransferase system (PTS) (red nodes) and bacterial
chemotaxis (green nodes) and flagellar assembly (yellow nodes). The primary function of the
bacterial PTS is to transport and phosphorylate sugar (Saier, 2015). Based on this protein
interaction data and our operon analyses, we have developed a model for the regulation of FIiD
(Figure 8C). In this working model, the translation of FIiD, although ultimately controlled
though the FIiW-CsrA partner switching mechanism, is dependent upon the availability of
nutrients in the localized environment. Since SFB is auxotrophic (Kuwahara et al., 2011), and
therefore must be in a nutrient-rich environment to survive, it is logical that signals of a nutrient-

poor environment initiate a motility-activated response.
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Figure 8. Operon and protein interaction analyses indicate environmental nutrients are a
determinant of flagellar cap protein FliD transcription.
Schematic diagram SFB-mouse-Japan operon 326, which encodes flagellar cap protein, FliD (A).

To create the predicted protein-protein interaction, FIiW, CsrA, FliS, and FIiD were queried, and
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visualized with 50 additional predicted functional partners on STRING. Functional enrichment
was applied to the protein network. Nodes are colored based on their functional annotation by
KEGG pathways (B). Our working model of FIiD regulation is dependent up on the status of
nutrients in the localized environment (C). In the diagram on the left, where carbon substrates are
readily available, FIiW allosterically antagonizes CsrA RNA-binding activity, thereby preventing
FIiD transcription. On the other hand, in nutrient-poor environments, signals from the PTS
initiate a motility-activated response. Although a sigma factor is likely involved in this initiation
step, intracellular FIiD binds to FIiW, which enables FIiD and other flagella machinery

transcripts to be translated with the assistance of RNA-binding protein, CsrA.

Conclusion

This work yields critical insight into the biology of SFB and the organisms’ localization
in the intestines, both of which are likely implicated in the way SFB interacts with the host.
Firstly, we determined that SFB specifically colonize the ileal mucosa proximal to the Peyer’s
Patches in male and female mice obtained from Taconic Biosciences and the Jackson
Laboratory. The average relative abundance of SFB in the Peyer’s Patches was more than a 5-
fold increase compared to the average relative abundance in the ileal, cecal, and colon contents.
Considering that mice with immune deficiencies, e.g., in IL-17, IL-22, and 1L-23 signaling
pathways (Kumar et al., 2016; V. F. Shih et al., 2014; Upadhyay et al., 2012), have a higher
burden of SFB, the immune system is likely playing an active role in limiting and/or maintaining
the growth of SFB, while also benefiting from the enhanced mucosal immune defenses
associated with SFB colonization. Moreover, because the Peyer’s Patches represent a site of
systemic entry, it is possible SFB spatially or chemically inhibit the invasion of pathogens as a

function of an evolved, mutualistic relationship with the host (Lai et al., 2020).
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In alignment with this qPCR analysis, next-generation sequencing revealed that SFB was
a defining and dominating feature of the PPAM, representing nearly one-third of the total
microbial population. Moreover, alpha and beta diversity analyses showed that the PPAM is a
phylogenetically distinct, but a surprisingly homogenous microbial community, which hitherto,
had not been defined nor characterized. Considering the previously reported discrepancies in the
DNA-based detection of SFB, our data suggest that the presence of SFB has likely been
underestimated due to the sample locations, e.g., the fecal pellets or cecal contents, commonly
used for screening. Furthermore, the specific localization of SFB in the Peyer’s Patches suggest
that this region is enriched in nutrients conducive to SFB growth. A metabolomics analysis of
this region may shed light on cofactors and substrates necessary for SFB growth, particularly in
vitro.

Secondly, our in silico prediction of SFB antigens suggest that one or more flagellar
proteins may be involved in inducing the immune response. At the time of this study, no
microscopy images existed to prove SFB were indeed flagellated. Since our proteomic analysis
of the murine ileal mucosa, during which we identified six flagellar proteins expressed in situ, a
recent study by Nkamba and colleagues showed through transmission electron microscopy
imaging that SFB derived from mono-associated mice and rats exhibit a flagellated phase
(Nkamba et al., 2020). Moreover, the authors tested the toll-like receptor five (TLR5), a cell
receptor for bacterial flagella, induction potential of recombinantly expressed flagellar filament
protein, FIiC (Nkamba et al., 2020). In a TLR5-expressing human embryonic kidney cell line,
FIiC did stimulate TLR5, although these results were not compared to other TLR5 agonists
(Nkamba et al., 2020). Other authors have demonstrated that the FIiC protein expressed by SFB

exhibits Th17 cell induction potential in vitro and in vivo, although the Th17 cell response and
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subsequent cytokines expressed were significantly attenuated in comparison to the orthologous
protein produced in Salmonella (Y. Wang et al., 2019). While we did identify FIiC within the in
situ proteomics dataset, this protein was not among the thirty-five SFB antigens predicted
through the in silico reverse-vaccinology pipeline.

Yang et al previously identified two putative SFB antigens by screening an expression
library of SFB proteins and measuring their potential to bind and stimulate Th17 T cell receptors
hybridomas (Yang et al., 2014). While the function of these two antigenic proteins remains
unknown, these proteins are noted as unique to SFB (Yang et al., 2014). Upon comparison, there
was no overlap between the core epitope sequences of the putative SFB antigens identified in
this study and those reported by Yang et al. Although our SFB antigen prediction results are not
directly aligned with these previous works, the antigenic proteins and epitopes previously
identified by Nkamba et al and Yang et al will useful to include during the experimental
validation of the SFB antigens predicted in this study, including FIiD.

Thirdly, the results of each experiment performed in this study have sequentially led us to
the conclusion that environmental nutrients play a significant role in the localization of SFB in
the Peyer’s Patches and that flagellation is a survival mechanism induced when the concentration
nutritional substrates are low in the environment. In many microbial systems, bacterial motility is
triggered by environment cues, with low nutrient concentrations being the most common to
initiate the chemotaxis signaling cascade (Chantranupong, Wolfson, & Sabatini, 2015). Nutrient
bioavailability in the Peyer’s Patches region could serve as a chemoattractant for SFB.
Interestingly, M-cells proximal to the Peyer’s Patches secrete a unique profile of glycoproteins
(Kimura et al., 2015), including glycoprotein-2, which could potentially be the target of the

several proteases and peptidases observed in the SFB genome (Kuwahara et al., 2011).
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While motility is likely essential to SFB successfully colonizing in the Peyer’s Patches,
we propose that the immune response that ensues from physical contact of flagellated SFB is
mediated, at least in part, by FliD, which resides at the distal-most end of flagella. In addition to
experimentally determining the “homeostatic”” Th17 cell induction potential of FliD, future work
should focus on validating the working model for FliD’s regulation, as the FliW- CsrA partner
switching system likely regulates the expression of the other flagellar proteins.

There are several biomedical uses and applications that should incentivize the
determination of the antigenic properties associated with SFB. For example, if the full immune
response elicited by SFB could be recapitulated by recombinantly-expressing a single SFB
protein, it would have extreme potential as a probiotic to enhance mucosal immunity and
potentially confer protection against mucosal pathogens. Moreover, because the Peyer’s Patches
are the portal to the largest immune organ of the body, engineering a microbe that targets the
induction site of the mucosal immune system is an attractive target for the precise delivery of
therapeutics (Jung et al., 2010) or mucosal vaccines (Lycke, 2012), both of which currently have
limited rates of efficacy.

A limitation of this study is the variability in mouse strain and age among experiments.
While acknowledging that these extraneous variables could affect the outcome of experiments,
such as the native microbiota composition, our justification lies in the principle of reducing the
number of animals used in scientific experiments, as the majority of samples used in this study
were taken from mice that were sacrificed to satisfy the needs of other experiments. On the other

hand, the fact that our results were consistent, and SFB was detected by DNA- and protein-based
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methods across mice of different genders, strains, ages, and mouse vendors lends credence to our
finding that SFB are widely distributed and function as essential and natural adjuvants to the

mucosal immune system.

Materials and Methods

Animal Model

All animal studies were performed under an approved protocol by the Marshall
University Institutional Animal Care and Use Committee. For gPCR and 16S rRNA analysis, 8-
week old male and female C57BL/6J (B6) mice were purchased from Taconic Farms (Hudson,
NY) and The Jackson Laboratory (Bar Harbor, ME). It should be noted that these mice were
sacrificed within 48 hours of arriving to the animal resource facilities at Marshall University, as
to ensure that their endogenous flora was still representative of the vendor’s environments.

The mouse strains used for gut mucosa in-situ proteomic analyses were male B6, DBA/2,
and C3H mice purchased from Charles River Laboratories (Wilmington, MA). These mice
ranged from 8 to 32 weeks in age at the time of sample collection.

Isolation of intestinal sections and Peyer’s Patches

Anatomic-specific sites of the distal small intestine (ileum), cecum, and large intestine
(colon) were identified and sectioned off. Intestinal sections were cut longitudinally, and luminal
contents were removed with a plastic inoculation loop (Thermo Fisher Scientific, Waltham, MA,
USA). Surgical tools were sterilized with ethanol between each intestinal section to avoid cross-
contamination of samples. Peyer’s Patches were removed from the ileum as previously described
(De Jesus, Ahlawat, & Mantis, 2013). Briefly, the terminal ileum was sectioned off, and the

Peyer’s Patches were physically identified on the anti-mesenteric side of the intestine. The
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average mouse yields approximately 5-10 Peyer’s Patches. Using either curved surgical scissors
or a scalpel, the Peyer’s Patches were excised from the surrounding intestinal tissue. The PeyP
were washed with PBS to remove possible contaminants from the lumen. All samples were
stored in a 1:1 (v/v) of nitrogen-flushed skim milk and PBS and preserved at -80 °C.

Bacterial DNA Extraction

Genomic DNA was extracted from ileal, cecal, and colon samples via the Easy Fecal
DNA Extraction Kit (Zymogen, Irvine, CA) per the manufacturer’s instructions. Genomic DNA
was extracted from the Peyer’s Patches via the Tissue and Blood Miniprep Kit (Qiagen, Hilden,
Germany) using the Spin-Column Protocol. Prior to DNA extraction, Peyer’s Patches were
individually cleaned of additional tissue and washed 3X with PBS to remove residual fecal
material. DNA purity and concentration was determined on the SpectraMax i3x Multi-Mode
Microplate Reader System (Molecular Devices, San Jose, CA).

Quantitation of Intestinal Microbiota with gPCR

Primers targeting the 16S rRNA gene specific to segmented filamentous bacteria (SFB)
and conserved among all bacteria (Eubacteria [Eub]) were purchased from Integrated DNA
Technologies (Coralville, IA). SFB primers SFB779F: 5°-TGTGGGTTGTGAATAACAAT-3’
and SFB1308R: 5’-GGTTAGCCCACAGGTTCGG-3’ yielded an amplicon of approximately
619 base pairs (bp), while Eubacteria primers Eub27F: 5’-AGAGTTTGATCMTGGCTCAG-3’
and Eub1492R: 5’-CGGTTACCTTGTTACGACTT-3’ yielded an amplicon of approximately
1500 bp. Each gPCR reaction was performed in technical replicates of two, each containing 10
uL Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA), 0.4 uM
(final concentration) forward primer, 0.4 uM reverse primer, and genomic DNA diluted in

RNase/DNase-free water, yielding a total volume of 25 pL. SFB template DNA was set to 200
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ng per reaction, while total bacteria (Eub) was set to 1 ng per reaction. 16S rRNA gene
amplification was performed on the StepOnePlus RT-PCR System (Applied Biosystems,
Waltham, MA) under the following conditions: 25 °C for 1 minute; 95 °C for 3 minutes to
denature; 95 °C for 10 seconds, 60 °C for 45 seconds repeated for 40 cycles; 57-95 °C for the
disassociation stage. Relative quantification of SFB was calculated using the AA Ct Method
(Livak & Schmittgen, 2001).

16S rRNA Library Preparation and Sequencing

Genomic DNA from cecal samples was PCR-amplified using Illumina barcoded forward
341F primer and reverse 518R primer (Bartram, Lynch, Stearns, Moreno-Hagelsieb, & Neufeld,
2011) targeting the V3 region of the bacterial 16S rRNA gene as previously described (Cockburn
et al., 2012). Each PCR reaction contained a total of 60 ng genomic DNA, 0.5 ul of 20 uM
forward primer, 0.5 pl of 20 uM reverse primer, 1 ul AccuPrime PCR Master Mix with Taq
Polymerase, 5 ul 10X AccuPrime Buffer 11, and PCR-grade water for a total volume of 50 pl.
PCR reactions were amplified on the MJ Research PTC-200 Peltier Thermal Cycler (Bio-Rad
Laboratories, Hercules, CA, USA) using the following conditions as previous described: 6
minute denaturation step at 95 °C; 30 cycles of 95 °C for 2 minutes, 50 °C for 2 minutes, and 72
°C for 2 minutes; 4 minute extension step at 72 °C. Size and quality of the V3 libraries was
assessed by electrophoresis on a 2100 Bioanalyzer System (Agilent Technologies, Santa Clara,
CA, USA) and found to be in 325 to 340 bp range. The pooled libraries were sequenced over two
lanes in a 2x180 paired-end fashion in the rapid run mode on an Illumina HiSeq1500 with the
addition of 15% PhiX to enhance sequencing quality and diversity.

In a separate sequencing experiment, genomic DNA from Peyer’s Patches samples was

amplified using lllumina-barcoded 806 R reverse primer and 515 F forward primer targeting the

50



V4 region of the bacterial 16S rRNA gene (Walters et al., 2016). PCR amplification was
performed pursuant to the Earth Microbiome 16S protocol (earthmicrobiome.org/protocols-and-
standards/16s/). PCR reactions were set up with 11.375 uL sterile water, 10.625 uL of Ex Taq
Master Mix (Takara Bio, Mountain View, CA) with 1 uL of 515F forward primer, 2 uL of
extracted DNA, and 1 uL of barcoded 806R reverse primer. The V4 region of the 16S rRNA
gene was then amplified using the following thermal cycler conditions: 3 minute denaturation at
94 C; then 35 cycles of 94 C for 45 s, annealing at 50 C for 60 s, and extension at 72 C for 90 s;
followed by a 10 minute hold at 72 C for final extension of amplicons. Reactions were then
checked on a 2% agarose e-gel (Thermo Fisher Scientific, Waltham, MA) for successful
amplicons at approximately 390 bp. Following completion of PCR, each PCR reaction was
pooled together in approximately equimolar concentration. The pooled sample was then loaded
on a 2% agarose gel for purification to remove primer dimers and other non-specific amplified
DNA. Bands at 390 bp were then isolated and cut from the gel and purified with the QIAquick
Gel extraction kit (Qiagen, Hilden, Germany) to recover pure DNA. Finally, the purified library
was quantified using a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA) and validated
using the Agilent Bioanalyzer High Sensitivity DNA kit (Agilent Technologies, Santa Clara, CA,
USA\) prior to submission for sequencing. The library was ultimately multiplexed with other pure
libraries and weighted to ensure even sequencing between projects and samples. The final
sequencing library was checked via Bioanalyzer dsSDNA High Sensitivity Assay (Agilent
Technologies, Santa Clara, CA, USA) to asses purity. This final multiplexed library was sent for

Miseq 2x250 sequencing using v2 chemistry with approximately 20% PhiX spike in.
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Microbial Compositional Analyses

Demultiplexed, paired-end sequences were imported into QIIME2 (Caporaso et al., 2010)
via the Casava 1.8 paired-end demultiplexed fastq format. Sequences were denoised using the
dada2 package (Callahan et al., 2016). Because different sequencing primers were used for
Cecum and Peyer’s Patches samples, taxonomy had to be assigned independently for each
location before merging samples. Taxonomy was assigned to ASVs using the QIIME2-formated
version of SILVA 128 release (Quast et al., 2013; Yilmaz et al., 2014) at the sequence identity
cutoff of 99%. Peyer’s Patches and cecum representative sequences were merged to perform
phylogenetic analyses. A phylogenetic tree was constructed using Fasttree with normalized data
that had been rarefied to the sub-sequencing depth of 2,000. Diversity differences within samples
(alpha diversity) were analyzed with the nonparametric Kruskal-Wallis test using Shannon‘s
diversity metric (C. E. Shannon & Weaver, 1949). Diversity differences between samples (beta
diversity) were analyzed with Permutation Multivariate Analysis of Variance (PERMANOVA)
(M. J. Anderson). Testing with PERMANOVA was implemented using the Unweighted Unifrac
Distance (Lozupone et al., 2007). Principal-coordinates analysis (PCoA) was visualized with
Emperor (Vazquez-Baeza, Pirrung, Gonzalez, & Knight, 2013).

In silico prediction of SFB antigens

The workflow developed for our in silico approach to identifying SFB antigens was
based on the criteria of their cellular location, transmembrane helixes, adhesion properties, CD4
T cell immunogenicity, and MHCII binding ability. Because immune induction by SFB occurs
upon the organism’s physical contact with host IECs, we reasoned that the immunomodulating
antigen is likely a non-cytosolic protein. Therefore, the first step involved topology filtering of

all protein in the reference genome (SFB-Mouse-Japan) using the UniProt Knowledgebase
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(UniProt, 2019). The number of transmembrane helices detected was also incorporated as a filter,
as proteins containing more than one transmembrane helix are difficult to recombinantly express,
which is generally an important step in the experimental validation of in silico predicted targets
(Y. He, Xiang, & Mobley, 2010). Next, we incorporated and cross-referenced the results of two
reverse-vaccine applications, Vaxign (Y. He et al., 2010) and VaxiJen (Zaharieva, Dimitrov,
Flower, & Doytchinova, 2019). Antigen predictions by VaxiJen are alignment-independent and
solely based on the physicochemical properties of each analyzed protein (Zaharieva et al., 2019).
In contrast to this approach, Vaxign utilizes protein sequence alignment to predict the subcellular
location, transmembrane helix topology, adhesin probability, protein conservation, MHC Class |
and Il binding, and function annotations of each protein analyzed (Y. He et al., 2010).

Based on immunological studies performed, it has been shown that SFB antigen(s) are (i)
recognized in a MHC Class Il-dependent manner and (ii) induce the differentiation of CD4 T
cells. Thus, we utilized the Immune Epitope Database (IEDB) Analysis Resource provided

through the National Institute of Allergy and Infectious Diseases http://tools.iedb.org/main/ to

perform CD4 T cell immunogenicity and MHCII (MHCII-NP) natural processing predictions.
Both analyses were performed using the IEDB recommended settings.

Intestinal Mucosa Collection for Proteomic Analysis

The mucosa-associated microbiome was collected from the ileum using Basic Protocol 4
described by Tong et al. 2014 (Tong, Jacobs, McHardy, & Braun, 2014) with some
modifications. Briefly, the ileum was identified, sectioned, and the luminal contents were flushed
with 30-60 mL of cell culture-grade PBS via a syringe with a 27 gauge x %2 inch hypodermic
needle. Next, the ileum was cut longitudinally and flushed 3X with PBS and placed into a 50 mL

conical tube containing 16 mL of pre-warmed PBS with 0.1% Tween 80 (Sigma-Aldrich, St.
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Louis, MO). The conical tube was then placed horizontally in a 37 °C orbital shaker, set at 180
rpm for 40 minutes. The conical tube was then vortexed for 20 seconds, and its contents were
then filtered twice through a 70 um nylon mesh filter (Thermo Fisher Scientific, Waltham, MA).
The filtered supernatant was spun at 4200 rpm for 15 minutes at 4 °C. The pellet was
resuspended in 200 uL of PBS and stored at -80 °C.

Total Protein Extraction

Protein was extracted from intestinal mucosa samples with ProteaPrep Non-ionic Cell
Lysis Kit (Protea Biosciences, Morgantown, WV) pursuant to the manufacture’s protocol.
Briefly, mucosa samples were centrifuged at 12,000 x g for 5 minutes at 4 °C, followed by
resuspension of the pellets in 1 mL of 1X TBS Buffer (Protea Biosciences, Morgantown, WV).
The wash step with TBS Buffer was repeated. Pelleted cells were resuspended in 0.5 mL of
ProteaPrep Non-ionic Cell Lysis Reagent with 25 puL. Protease Inhibitor Cocktail (Sigma-
Aldrich, St. Louis, MO) for a final concentration of 5%. The cell suspension was incubated for
30 minutes on ice. While remaining on ice, cells were lysed during 3 cycles of 1-2 minute
sonication with the Sonic Dismembrator D100 (Fisher Scientific, Hampton, NH). Cell lysates
were centrifuged at 12,000 x g for 10 minutes at 4 °C, and the supernatant was collected for
downstream analyses. Total protein concentrations were determined using the Bradford Protein
Assay (Bio-Rad Laboratories, Hercules, CA).

Mass spectrometry

Mass spectrometry was performed by the Proteomics and Mass Spectrometry Facility at
the Donald Danforth Plant Science Center in St. Louis, MO. Protein samples (30ug) were
reduced with 10 mM TCEP followed by alkylating with 40 mM iodoacetamide. Samples were

then digested with trypsin in a 1/50 enzyme/protein ratio at 37 °C overnight. The digested
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samples were acidified with 1% TFA then cleaned up with C18 tip. The extracted peptides were
dried down and each sample was resuspended in 15 pL 1% acetonitrile/1% formic acid. For each
sample, 3 puL were analyzed by LC-MS with a Dionex RSLCnano HPLC coupled to a LTQ-
Orbitrap Velos Pro (Thermo Fisher Scientific, Waltham, MA) mass spectrometer using a 2h
gradient. Peptides were resolved using 75 pm x 25 cm PepMap C18 column (Thermo Fisher
Scientific, Waltham, MA). All MS/MS samples were analyzed using Mascot (Matrix Science,
London, UK; version 2.5.1.0). Mascot was set up to search Candidatus arthromitus and Mus
musculus databases from Uniprot. Digestion enzyme was set as trypsin. Mascot was searched
with a fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10 ppm. Oxidation
of methionine, carbamidomethylation of cysteine, and acetylation of N-terminal of protein were
specified in Mascot as variable modifications.

Criteria for peptide and protein identification

Scaffold (version Scaffold_4.8.9, Proteome Software Inc., Portland, OR) was used to
validate MS/MS based peptide and protein identifications. Protein probabilities were assigned by
the Protein Prophet algorithm (Nesvizhskii, Keller, Kolker, & Aebersold, 2003). Proteins that
contained similar peptides and could not be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. Peptide identifications were accepted if they
could be established at greater than 5.0% probability to achieve an FDR less than 5.0% by the
Scaffold Local FDR algorithm (Tang, Underwood, Gielbert, Woodward, & Petrovska, 2014).
Protein identifications were accepted if they could be established at greater than 95.0%

probability (C. Qin et al., 2016) and contained at least 2 identified peptides.
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Proteomic Analysis

Mouse and rat SFB protein annotations were further assigned through the UniProt
Knowledgebase (UniProt, 2019). Protein networks were imported into Cytoscape (P. Shannon et
al., 2003), and clustered using the Markov Cluster Algorithm (inflation value = 4.0) to enable
functional modules to be identified and further characterized. Function enrichment analyses of
mouse and rat SFB protein modules was performed using the StringApp (Doncheva et al., 2019).

Predicted protein-protein interaction network with SFB Operon 326 proteins was created
using STRING database v11 (Szklarczyk et al., 2019). Fliw, CsrA, FliS, and FliD were queried,
and visualized with 50 additional predicted functional partners.

Statistical analyses

Statistical analyses were performed in GraphPad Prism 8 (GraphPad Software, Inc. La
Jolla, CA). Differences between the abundance of SFB were assessed using the Mann Whitney
test. Prior to statistical testing, the Shapiro-Wilk normality test was used to determine whether
the data were consistent with a Gaussian distribution. Results of statistical testing are denoted as

follows: *p<0.5, **p<0.01, *** p< 0.001, ****p<0.0001.
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Abstract

Metabolic syndrome (metS) afflicts approximately 25% of individuals worldwide. Thus,
a clinically relevant model that is characterized by the physiological and genetic complexities of
human metS is of critical need for (i) understanding the etiological factors of the disease, and (ii)
developing therapeutic strategies—both of which potentially exist within the gut microbiota.
Here, we present the first characterization of the cecal microbiota of the TALLYHO/Jng (TH)
mouse: an inbred polygenic model for human metS. The metabolic and gut microbial profiles of
TH mice maintained on chow, semi-purified high-sucrose high-fat and semi-purified high-
sucrose low-fat diets were analyzed in parallel to C57BL/6J (B6) mice. High-resolution analysis
of 16S rRNA amplicon sequence variants (ASVs) revealed that variation in gut microbial
structure and function was primarily driven by dietary factors. The gut microbiota’s response to
diet, however, varied by strain, with the TH microbiota exhibiting an increased susceptibility to
diet-mediated modulation and the expansion of pathobionts. By integrating the metabolic and
16S rRNA data through computational and machine learning methods, we found several
microbial-metabolic interactions and identified 124 ASVs predictive of the absence or presence
of metS in mice. By performing a sub-analysis with these ASVs, we determined that diet was the
most significant explanatory factor (48%) of these features. Taxa belonging to Enterococcaceae,
Leuconostocaceae, Enterobacteriaceae, and Desulfovibrionaceae families were among the most
predictive features of metS and strongly associated with augmented triglyceride and blood
glucose levels. On the other hand, healthier mice were defined by the presence of
Ruminococcaceae, Muribaculaceae, and Eggerthellaceae taxa. Our results suggest that diet is a

critical modulator and determinant of the gut microbiota’s stability and composition. The
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predictive microbial signatures identified in this study may be critical to the development of
metS in the TH mouse as well as their human analogs.
Introduction

Over 93.3 million adults and 13.7 million children in the United States are obese (BMI >
30 kg/m?) (Hales, Carroll, Fryer, & Ogden, 2017). It is estimated that by 2030, the prevalence of
obesity will reach 51% (Finkelstein et al., 2012), which foreshadows an increase in the health
and economic burden associated with the obesity epidemic (Hammond & Levine, 2010). Obesity
is a complex disease that originates from cumulative interactions between exogenous factors,
e.g., diet and exercise (Bouchard, 2010), and biological factors, e.g., inherited predispositions
and epigenetic events (Bouchard, 2010; Herrera, Keildson, & Lindgren, 2011; Williams,
Mesidor, Winters, Dubbert, & Wyatt, 2015). In addition to its association with mortality, obesity
is also a critical risk factor for other chronic conditions, including metabolic syndrome (metS)
(Global et al., 2016; Wahba & Mak, 2007).

The National Cholesterol Education Program Adult Treatment Panel I11 defines metS as
the presence of three or more of the following disorders: (i) abdominal obesity, (ii) hypertension,
(iii) dyslipidemia, (iv) hypertriglyceridemia, and (v) hyperglycemia (Grundy et al., 2004).
Although the inheritance of obesity-susceptible genes is estimated to explain 50-90% of the
variation in intrapersonal bodily fat mass (Parks et al., 2013), the etiological perspective of
obesity, as well as other metabolic and inflammatory diseases, has recently shifted to
consideration of the gut microbiome as a contributing factor (Hinney, Vogel, & Hebebrand,
2010; Ley, Turnbaugh, Klein, & Gordon, 2006; Org et al., 2015; Yamada et al., 2018).

The host’s genetic background (Blekhman et al., 2015) and lifestyle factors, such as

nutrition (Carmody et al., 2015; David et al., 2014), antibiotics, and exercise, shape and modify
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the gut microbiome. Under homeostatic conditions, the gut microbiome plays an essential role in
host nutrient metabolism, immunity, and protection from pathogens (Rios-Covian et al., 2017,
Schwiertz et al., 2010; Velagapudi et al., 2010). However, an imbalanced microbial community
or “dysbiosis” has become a hallmark of immune and metabolic abnormalities in humans and
animals (Clemente, Ursell, Parfrey, & Knight, 2012; Cosorich et al., 2017; Ley et al., 2005;
Morgan et al., 2012; Turnbaugh et al., 2006). Although the causal mechanisms and temporal
relationship between metabolic disorders and gut microbes are yet to be unraveled, the gut
microbiome has been implicated in microbiota transfer studies where traits of leanness, obesity,
and insulin resistance were transmissible to germ-free mice (Backhed et al., 2007; Carmody et
al., 2015; Rabot et al., 2010; Turnbaugh, Backhed, Fulton, & Gordon, 2008).

While these findings have widened the perspective of the profound impact of the gut
microbiome on metabolic function, the majority of surrogate animal models of human obesity or
type 2 diabetes mellitus (T2D) rarely reflect the genetic mutations underlying human forms of
these complex diseases. Genetic variants in the mammalian genome shape the host’s response to
diet, the susceptibility to metS-related diseases, and the architecture of the gut microbiome (Org
et al., 2015; Parks et al., 2013). A single nucleotide polymorphism (SNP) in the host genome can
contribute to quantifiable alterations in the composition and function of the native gut flora
(Blekhman et al., 2015; Hall, Tolonen, & Xavier, 2017). For example, a SNP in the lactase-
encoding protein LCT has been shown to indirectly regulate the abundance of the lactose-
metabolizing genus Bifidobacterium by altering the bioavailability of lactose in the gut
(Blekhman et al., 2015). Therefore, because the host’s genotype likely impacts the interpretation
of microbiome studies, it must be considered when modeling diseases, especially those of

polygenic origin (Fuchs et al., 2018).
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The TALLYHO/Ing (TH) mouse is an inbred polygenic model can present disease
phenotypes similar to human metS including obesity (Parkman et al., 2016), impaired cutaneous
wound healing (Nguyen et al., 2013), hypercholesteremia (Parkman et al., 2017), hyperlipidemia
(J. H. Kim & Saxton, 2012), and increased [-cell mass and islet insulin secretion in response to
glucose (Mao, Dillon, McEntee, Saxton, & Kim, 2014). Additionally, male TH mice exhibit a
severe diabetic phenotype of glucose intolerance and hyperglycemia that resembles human T2D
(J. H. Kim & Saxton, 2012; Parkman et al., 2016). Parkman et al. (Parkman et al., 2016) showed
that the penetrance of the metS phenotype exhibited by male TH mice could be modulated by
semi-purified high-sucrose high-fat (HSHF) and or semi-purified high-sucrose low-fat (HSLF)
diets. However, the contribution of the gut microbiota to the metabolic dysfunction in the TH
mouse is unknown.

This study aimed to characterize the metabolic and cecal microbial profiles of TH mice,
and normal C57BL/6J (B6) mice maintained on chow, HSHF, or HSLF diets. We assessed the
influence of host genetics and diet on the gut microbiota’s diversity, composition, and predicted
function. Furthermore, we employed a computational approach to identify genera and amplicon
sequence variants (ASVs) associated with metabolic variables as well as taxonomic signatures
predictive of metS, which may be critical to the development of metS in the TH mouse as well as
their human analogs.

Results

We assessed the interplay of diet and host genetics on the gut microbiota and metabolic
profiles of B6 and TH mice fed chow, HSHF, and HSLF diets. At the endpoint of the study, the
cecal contents were collected, and the V3 region of the 16S rRNA gene was sequenced via a

paired-end strategy. Microbiota data were analyzed with QIIME 2 bioinformatics software
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(Caporaso et al., 2010). Amplicon sequence fragments were clustered at the sub-operational
taxonomic unit (OTU) level of ASVs (Callahan et al., 2017). A total of 6,708 unique ASV's were
identified. The mean frequency (sequence count) per ASV was 22,769.9, and the mean ASV
frequency per sample was 2,246,191.8. See Figure 9 for the compositional profile of the cecal
microbiota, including an evaluation of the Firmicutes to Bacteroidetes ratio by diet. Consistent
with our findings, this ratio has been reported augmented in mice and humans fed high-fat diets

(Ley, Turnbaugh, et al., 2006; Turnbaugh et al., 2006).
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Figure 9. Cecal microbiota composition
Distribution of major microbial phyla (A) and families (B) in B6 and TH mice on chow, HSHF,

or HSLF diets. (C) Bar plot showing the Firmicutes to Bacteroidetes ratio across diets. Data are
representative of mean + SD. Differences among group means were assessed with a one-way

ANOVA test followed by Tukey’s multiple comparisons test.

Dietary factors primarily drive variation in gut microbial diversity and community
structure

Alpha diversity analyses

Patterns in microbial diversity reveal critical information about the stability and

functionality of the community (Haegeman et al., 2013). We first evaluated the diversity within
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samples (alpha diversity) using the Shannon diversity index (Figure 10A), which is a robust and
quantitative estimator of species richness and evenness (Haegeman et al., 2013; C. E. Shannon &
Weaver, 1949). Kruskal-Wallis testing at the group level showed that Shannon diversity was
similar among the B6 and TH mouse strains (p = 0.6992) and metS/non-metS metabolic clusters
(p= 0.5616), but different between diets (p = 0.0013). Pairwise testing among diet groups
revealed that Shannon diversity was decreased within the HSLF group compared to the HSHF (q
=0.0084) and chow (g = 0.0014) groups. Using the QIIME 2 longitudinal plugin (N. Bokulich et
al., 2018), we tested the impact of categorical variables (strain, diet, stain x diet interaction, and
sequencing lane) on Shannon diversity (Table 1). Interaction between strain and diet variables
had the most pronounced effect on Shannon diversity (p < 0.0001) followed by diet (p =
0.00017), strain (p = 0.6662) and sequencing lane (p = 0.9117). The impact of continuous
covariates (metabolic variables) on Shannon diversity was also examined (Table 1), revealing no

linear relationships (p > 0.1).

Categorical variable Statistical Test F p-value
Strain x Diet ANOVA 12.1443 3.83E-05
Diet ANOVA 10.0707 0.000172674
Strain ANOVA 0.187897 0.666254
Lane ANOVA 0.0123838 0.91177
Continuous covariate Correlation R p-value
Body Weight Spearman -0.0818 0.549
Insulin Spearman 0.0472 0.7297
Plasma Triglyceride Spearman 0.0413 0.7624
Cholesterol Spearman 0.0181 0.8949
Blood Glucose Spearman 0.1763 0.1937
Fat Mass Spearman 0.0364 0.7901
Lean Mass Spearman -0.2215 0.1009

Table 1. Effect of categorical and continuous variables on alpha-diversity.
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Beta diversity analyses

To understand how the compositional structure of the cecal community varied between
samples (beta diversity), community dissimilarity was quantitated with the Weighted Unifrac
distance and visualized with PCoA (Figures 10B-D). The Weighted Unifrac distance (Lozupone
et al., 2007) is a quantitative metric that accounts for the phylogenetic relationship shared
between features. Using PERMANOVA, we tested the null hypothesis of no differences in the
community structure between different mouse strains, diet, or metS/non-metS metabolic groups.
Phylogenetic divergence in community structure (Figure 10C) was observed between mouse
strains (p = 0.001), diets (p = 0.001), and metabolic clusters (p = 0.001). Pairwise
PERMANOVA testing showed significant (g < 0.05) dissimilarity between all diets, with the
greatest phylogenetic distance observed between the chow diet and the HSHF and HSLF diets.

Because PERMANOVA analysis can be affected by intragroup dispersion, i.e., the
heterogeneous spread of data within a group (Marti J. Anderson, 2017), we performed
PERMDISP to parse out whether the results of PERMANOVA were (i) reflective of true
differences between group centroids, or (ii) due to a high degree of intragroup variance. Thus, we
tested the null hypothesis of equal variances between strain, diet, and metabolic groups. The
results of PERMDISP testing with the Weighted Unifrac distance (Figure 10C) suggest
homogeneous dispersions between strain (p = 0.525), diet (p = 0.265), and metabolic (p = 0.992)
groups, thereby confirming that the differences observed in PERMANOVA testing are the result
of the true difference between group centroids.

Next, we implemented ADONIS analysis to investigate whether variation in the cecal
microbiota could be explained by host and environmental factors (Figure 10D). Except for the

sequencing lane, which was intentionally added as a negative control, all other variables and
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interactions (strain x diet) were significantly (p < 0.05) associated with gut microbial variation.
Among all the covariates tested, nearly one-third (29.2%) of the variation in the cecal microbiota
was explained by diet (Fig 1D). Following diet, the interaction between strain and diet (11.4%),
strain (10.2%), and plasma triglyceride (7.3%) were among the top explanatory variables of
microbial variance. Collectively, the results of our quantitative diversity analyses show that
dietary factors played a significant role in determining community biodiversity, variation, and
phylogenetic composition, and overshadowed the effects of host genetics. Metabolic variables
did not correlate with biodiversity, suggesting that the number and distribution of microbial
features within samples remained consistent when tested over a continuous range of values
representing the metabolic traits. In contrast, a significant amount of microbiota variation could
be explained by some of the metabolic variables, indicating that metabolic traits had an impact

on the phylogenetic composition observed between samples.
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Figure 10. Analysis of community diversity and explanatory variables
(A) Pairwise comparisons of microbial diversity within strain, diet, and metabolic clusters. (B)

Principle coordinate analysis displaying phylogenic dissimilarity (Weighted Unifrac distance)
between microbiota samples of different mouse strains and diets. (C) Pairwise comparisons of
community composition between strain, diet, and metabolic clusters. (D) Bar plot showing the
percentage of microbiota variation explained by host and environmental factors. Floating bars
are representative of the minimum, maximum, and group mean. Statistical significance is

representative of FDR-adjusted p-values (g-values).
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The TALLYHO/JIng microbiota is highly susceptible to diet-mediated modulation

Taxonomy was assigned to ASVs using the SILVA 132 release 16S rRNA reference
database, which is reflective of the latest changes in taxonomic classification and nomenclature
(Henderson et al., 2019). These classification changes include (i) the recent reassigned of
Epsilonproteobacteria, once a class of the Proteobacteria phylum, to the candidate phylum,
Epsilonbacteraeota (Waite et al., 2017), (ii) the addition of candidate phylum Patescibacteria
(Sanchez-Osuna, Barbe, & Erill, 2017), and (iii) a proposed change in the nomenclature of the
Bacteroidales family S24-7 group to Muribaculaceae (Lagkouvardos et al., 2019).

Using LEfSe, a metagenomic biomarker discovery tool that identifies discriminating taxa
between defined classes (Segata et al., 2011), we analyzed the impact of diet on the gut
microbiota within B6 and TH strains as well as the impact of host genetics by comparing diet-
matched strains. Because LEfSe is equipped to analyze hierarchical data, we performed this
analysis over the entire phylogeny of features (phylum to genus level) to maximize the discovery
of the hierarchical relationships and phylogenetic patterns discovered in the microbiota. LEfSe
ranks the results of differential features using effect size, which provides an estimation of the
magnitude of the observed phenomenon (Segata et al., 2011). We increased the discriminatory
power of this analysis by increasing the default LDA threshold from 2.0 to 3.0.

Effect of diet on the microbiota of B6 mice

A total of 12 discriminating features were found to vary in abundance between the diet
groups in B6 mice (Figure 11A). The most abundant features in the B6 chow class were
Prevotellaceae and Muribaculaceae families of the Bacteroidetes phylum as well as several taxa
from the Clostridiales order, including three uncharacterized genera of the Clostridiales

vadinBB60 group and the Butyrate-producing genus, Butyricicoccus, of the Ruminococcaceae
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family (Boesmans et al., 2018). The B6 HSLF class was characterized by three taxa from the
Clostridiales order, including unclassified Christensenellaceae and Peptostreptococcaceae taxa
and the genus, Dorea, of the Lachnospiraceae family. Lactococcus, a member of the
Streptococcaceae family, was the only discriminating feature of the B6 HSHF class. The
phylogenetic distribution of and hierarchical relationships between these features can be

visualized as a cladogram (Figure 11B).
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Figure 11. Linear discriminate analysis effect size (LEfSe) analysis of diet-driven
microbiota shifts in B6 mice

(A) Histogram and (B) cladogram of the linear discriminant analysis (LDA) scores (> 3) for the
taxonomic features differentially abundant within B6 mice chow (red), HSHF (green), and HSLF

(blue) diets.

Effect of diet on the microbiota of TH mice

A total of 43 discriminating features were found to vary in abundance between the diet
groups in TH mice (Figure 12A). Clades of taxa corresponding to the Mollicutes RF39 order
(Tenericutes phylum) and the Patescibacteria phylum were among the most enriched features of
the TH chow class. Multiple members of the Clostridiales order, including those of the Family
X111 group and Ruminococcaceae family, such as Butyricicoccus and Ruminococcaceae UCG-
005. While taxa of the Clostridia class were overall highly represented in chow-fed TH mice,
multiple clades of taxa within the Bacilli class (Firmicutes phylum) were enriched in HSLF-fed
TH mice. More specifically, Staphylococcus of the enriched Bacillales order as well as the
Lactococcus, Leuconostoc, Aerococcus, and Enterococcus genera and their respective families of
the Lactobacillales order. The Gammaproteobacteria class (Proteobacteria phylum) was the most
overabundant clade within TH HSLF class, with an LDA score greater than 6.0. Within this
clade and at finer taxonomic levels, Enterobacteriales and unclassified Enterobacteriaceae taxa
were also found enriched. The Actinobacteria phylum, which was most represented mainly by
Bifidobacteria in the gut microbiota (Binda et al., 2018), was enriched in the TH HSHF class.

Additionally, unclassified Sphingomonadaceae taxa of the augmented Sphingomonadales
order and a clade of taxa corresponding to the Betaproteobacteriales order were also increased in
HSHF-fed TH mice. The phylogenetic distribution of and hierarchical relationships between

these features can be visualized as a cladogram (Figure 12B). These results suggest that the B6
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microbiome is overall more homeostatic in response to dietary factors compared to the TH

microbiome, which exhibited a higher degree of plasticity, as evidenced by the number (3.5X

more) of differentially abundant taxa at the LDA threshold of 3.0.

A Proteobacteria | Gammaproteobacteria
Gammaproteobacteria | Enterobacteriales
Enterobacteriales | Enterobacteriaceae;__-

Streptococcaceae | Lactococcus:

Lactobacillales | Streptococcaceae

FamilyXIll | FamilyXlll AD3011 group

Lactobacillales | Enterococcaceae

Enterococcaceae | Enterococcus:

Bacilli | Bacillales

Lactobacillales | Leuconostocaceae

Staphylococcaceae | Staphylococcus

Leuconostocaceae | Leuconostoc

Bacillales | Staphylococcaceae

Lactobacillales | Aerococcaceae

Aerococcaceae | Aerococcus:

Actinobacteria | Actinobacteria

Alphaproteobacteria | Sphingomonadales

Sphingomonadales |Sphingomonadaceae__-

Betaproteobacteria |Betaproteobacteriales:

Betaproteobacteriales | Burkholderiaceae

Burkholderiaceae | Variovorax:

ClostridialesvadinBB60group | Ambiguous_taxa

Saccharimonadia | Saccharimonadales

Saccharimonadaceae | Candidatus Saccharimonas

Saccharimonadales | Saccharimonadaceae

Patescibacteria | Saccharimonadia

Bacteria | Patescibacteria

Ruminococcaceae | Butyricicoccus:

Clostridiales | FamilyXIIl;__

Eggerthellaceae | uncultured

Clostridialesvadin BB60 group | uncultured Clostridia bacterium

Alphaproteobacteria | Rickettsiales

Rickettsiales | Mitochondria;__-

Mollicutes | MollicutesRF38

Clostridiales | Clostridiaceae 1

Clostridiaceae 1 | Candidatus Arthromitus-

Coriobacteriales| Coriobacteriales Incertae Sedis

Coriobacteriales Incertae Sedis | uncultured

MollicutesRF39| uncultured Paenibacillaceae bacterium:

FamilyXIll | FamilyXIlUCG_001

MollicutesRF39 | metagenome

MollicutesRF39 | Ambiguous_taxa

Ruminococcaceae | RuminococcaceaeUCG_005
0

70

2 4 6
LDA Score (log10)

=== THHSLF
=== TH HSHF
=== TH Chow



B B Chow Il a: Actinobacteria
B HSHF I b: uncultured
. HSLF B c: CoriobacterialesincertaeSedis
E d: uncultured
BN e: Staphylococcus
° B f Staphylococcaceae
El g: Bacillales
Wl h: Aerococcus
Wl i: Aerococcaceae
I | Enterococcus
Wl k: Enterococcaceae
Il |: Leuconostoc
Bl m: Leuconostocaceae
Bl n: Lactococcus
Il o: Streptococcaceae
Il p: CandidatusArthromitus
Bl q: Clostridiaceael
Bl r: Ambiguous_taxa
E s: unculturedClostridiabacterium
I t: FamilyXIIIAD3011group
E u: FamilyXIlIUCG_001
. v: FamilyXill_
I w: Butyricicoccus
El x: RuminococcaceaeUCG_005
I y: CandidatusSaccharimonas
Il :z: Saccharimonadaceae
Bl 20: Saccharimonadales
E a1: Saccharimonadia
Il 22: Mitochondria__
I a3: Rickettsiales
Bl 24: Sphingomonadaceae__
BN 25: Sphingomonadales
B 26: Variovorax
Il 27: Burkholderiaceae
B 28: Betaproteobacteriales
Il 29: Enterobacteriaceae__
I bO: Enterobacteriales
W bl: Gammaproteobacteria
Bl b2: Ambiguous_taxa
W b3: Ambiguous_taxa
B b4: metagenome
Bl b5: metagenome
Il b6: unculturedPaenibacillaceaebacterium

Bl b7: unculturedPaenibacillaceaebacterium
Il b8: MollicutesRF39

Figure 12. Linear discriminate analysis effect size (LEfSe) analysis of diet-driven
microbiota shifts in TH mice

(A) Histogram and (B) cladogram of the linear discriminant analysis (LDA) scores (> 3) for the
taxonomic features differentially abundant within TH mice chow (red), HSHF (green), and

HSLF (blue) diets.

Effect of strain on microbial community composition

A total of 17 discriminating features were found to vary in abundance between the diet-
matched mouse strains (Figure 13A). Mycoplasmataceae taxa, including Mycoplasma
specifically, within the Mycoplasmatales clade, were among the most abundant features in TH
mice. Escherichia-Shigella of the Enterobacteriaceae family was also enriched in TH mice. In
contrast, the gut microbiota of B6 mice was distinguished by the enrichment of VVerrucomicrobia

phylum and several taxa, including Akkermansia, within the clade. Genera belonging to the
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Muribaculaceae, Ruminococcaceae, and Eggerthellaceae families were also discriminative of B6
mice. The phylogenetic distribution of and hierarchical relationships between these features can
be visualized as a cladogram (Figure 13B). Considering the monophyletic patterns and the low
number of abundant differentially taxa between diet-matched mouse strains, these results suggest
that the microbiota in B6 and TH mice responded similarly to diet, or their responses did not

differ at significant magnitudes.
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Figure 13. Linear discriminate analysis effect size (LEfSe) analysis of genetic-driven
microbiota shifts in B6 and TH mice
(A) Histogram and (B) cladogram of the linear discriminant analysis (LDA) scores (> 3) for the

taxonomic features differentially abundant between diet-matched B6 (red) and TH (green) mice.
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Metabolic variables strongly associate with taxa clusters

We implemented hierarchical-all-against-all analysis (HAIIA) (Rahnavard et al., 2019) to
identify associations between the metabolic variables (X) and genus level taxa (Y). HAIIA
combines hierarchical nonparametric hypothesis testing with false discovery rate correction to
enable high-sensitivity pattern discovery among datasets with heterogenous units of
measurements (Rahnavard et al., 2019). HAIIA testing proceeds by (i) discretizing variables
within each dataset, e.g., metabolic variables (X) and genus level taxa (Y), to a uniform
representation, (ii) hierarchically clustering each dataset separately to generate two data
hierarchies, (iii) coupling clusters of equivalent resolution between the two data hierarchies, and
(iv) iteratively testing coupled clusters of increasing resolution for statistically significant
association (Rahnavard et al., 2019). In this study, the associations between clusters were
measured for significance with the Spearman correlation similarity metric, with similarity scores
ranging -1 (strong negative association) to 1 (strong positive association).

HAIIA testing resulted in the identification of 66 significant associations between
metabolic variables and taxa clusters (Appendix D) We graphed the top ten associations into an
interaction network (Figure 14), in which clusters were color-coded, e.g., all genera and
metabolic nodes belonging to a cluster were grouped by color. The direction (similarity score)
and strength (Benjamini-Hochberg FDR correction-adjusted p-value) of the association between

taxa and metabolic variables were illustrated by edge color and thickness, respectively.
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Figure 14. Associations between metabolic variables and taxa clusters
Network showing the top associations between microbial features and metabolic traits identified

by hierarchical-all-against-all analysis. All genera and metabolic nodes belonging to a cluster
were grouped by color and connected by dotted gray edges. Taxa and metabolic variables are
connected by colored edges that illustrate the directionality (similarity score represented with

heat gradient) and strength (g-value represented by edge width) of the association.

In general, statistical and network results showed plasma triglyceride and blood glucose
variables and associated taxa clustering together, while body weight and fat mass variables and
their associated taxa formed a separate cluster. The only exceptions to this were two genera,
Aguabacterium and Hydrogenophaga, which were clustered and associated with plasma
triglyceride (g = 0.0030; similarity = 0.72) (aqua nodes) as well as fat mass (q = 0.0047;
similarity = 0.65) as part of a separate taxa cluster that also included Sphingobium,

Methyloversatilis, and unclassified Sphingomonadaceae taxa (maroon nodes).
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The strongest association was found between clustered plasma triglyceride and blood
glucose variables and Weissella, Leuconostoc, Proteus, and unclassified Desulfovibrionaceae
clustered taxa (g = 0.00014; similarity = 0.81) (pink nodes). Individually, plasma triglyceride
was associated (g = 0.0062; similarity = 0.67) with clustered Staphylococcus, Enterococcus,
Corynebacterium 1, and unclassified Enterobacteriaceae taxa (orange nodes). In a separate
cluster, Enterococcus and unclassified Enterobacteriaceae taxa were also associated with blood
glucose (g = 0.0033; similarity = 0.71) (purple nodes). Parvibacter was negatively associated
with plasma triglycerides (g = 0.0031; similarity = -0.71) (lavender nodes). Lactococcus was
associated with and blood glucose (g = 0.0047; similarity = 0.69) (violet nodes).

Strong negative and positive associations were found between clustered taxa and
clustered body weight and fat mass variables. Uncultured Barnesiella sp. and Muribaculaceae
(uncultured organism) negatively associated with this cluster (g = 0.00033; similarity = -0.74)
(yellow nodes), while Anaeroplasma, Ureaplasma, an uncultured Firmicutes bacterium, and
unclassified Clostridiales vadinBB60 group taxa were positively associated (q = 0.0027;
similarity = 0.68) (green nodes). In an individual cluster, fat mass was found associated with
Mycoplasma (q = 0.0027; similarity = 0.68) (blue nodes). Collectively, these associations
provide critical insight into the patterns shared between metabolic health factors and their
microbial interactors. For example, our results suggest that blood glucose and plasma triglyceride
variables are closely connected and share several mutual associations with taxa. At the same
time, fat mass is affiliated with body weight, which indicates that significant similarity was
observed in the patterns shared between these metabolic variables and their associated microbial

features.
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Distinct signatures in the gut microbiota are predictive of the metS phenotype

Diversity and HAIIA analyses suggested that metabolic traits contributed to variation in
the gut microbial community. With this evidence, we clustered each mouse by their
comprehensive metabolic profiles and sought to distinguish the microbial features that were
predictive of the metS phenotype. To this end, mice were partitioned into two groups based on
their comprehensive metabolic profiles, which we designated as non-metS and metS (Figure
15A). The resulting metS cluster was exclusive to HSHF- and HSLF-fed TH mice, while the
non-metS cluster encompassed chow-fed TH mice as well as all diet groups of the B6 mice. The
inter-cluster distance from the non-metS to the metS cluster was 3.495, and the overall mean

silhouette score was 0.399.
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Figure 15. Microbial features predictive of metabolic phenotypes
Using machine learning methods, mice were clustered by their comprehensive metabolic profile,

resulting in non-metabolic syndrome (non-metS) and metabolic syndrome (metS) clusters. (A)
the distance of samples from non-metS and metS cluster centroids. Samples assigned to the non-
metS cluster are colored in blue, while samples assigned to the metS cluster are colored in red.
(B) Heatmap of the most predictive genera (feature importance threshold > 0.01) of the non-

metS and metS clusters, as determined by Random Forest classification.
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A Random Forest classifier was used to identify the microbial features that displayed
differential patterns between the non-metS and metS clusters. The most predictive genera
(importance score > 0.01) of these clusters were oriented into a heatmap (Figure 15B; see Table

2 for all feature scores).

Feature ID Importance Score
Enterococcus 0.245660716
Leuconostoc 0.234579092
Enterobacteriaceae; 0.157688912
Escherichia-Shigella 0.088358084
Weissella 0.070722389
Ruminococcaceae UCG-005 0.055046047
Desulfovibrionaceae; 0.048268048
Proteus 0.024102564
Parvibacter 0.020310449
Gammaproteobacteria; ; 0.01928438
Staphylococcus 0.012895207
uncultured Paenibacillaceae bacterium 0.009957999
Lactococcus 0.006435218
Eubacterium] nodatum group 0.004654499
Candidatus Saccharimonas 0.002036395

Table 2. Predictive genera of metS and non-metS clusters

While increased abundances of Parvibacter (0.02 importance score) and
Ruminococcaceae UCG-005 (0.055) were associated with the non-metS cluster, enrichment of
Staphylococcus (0.012), Proteus (0.024), Weissella (0.07), Escherichia-Shigella (0.088),
Leuconostoc (0.23), and Enterococcus (0.24) genera and unclassified and Gammaproteobacteria
(0.019), Desulfovibrionaceae (0.048) and Enterobacteriaceae (0.15) taxa were most highly

associated and predictive of the metS cluster. We also performed this predictive analysis at the
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ASV level (Figure 16A), in which multiple ASVs were found to be consistent with the predictive

genera (see Appendix E for all ASVs and feature scores).
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Figure 16. Dietary factors play a role in the microbial patterns that differentiate healthy
from diseased hosts

(A) Heatmap of the most predictive (feature importance threshold > 0.01) amplicon sequence
variants (ASVs) of the non-metS and metS clusters. (B) Principal coordinate analysis displaying
phylogenic dissimilarity (Weighted Unifrac distance) between microbiota samples based on the
microbiota composition of predictive ASVs. (C) Bar plot showing the percentage of microbiota

variation explained by host and environmental factors based on the microbiota composition of

predictive ASVs.
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Using the same methods and measurements of microbial diversity testing as before, we
performed a sub-analysis wherein community dissimilarity was visualized, and explanatory
variables were tested based on a microbiota composition compromised of only the predictive
ASVs (Figures 16B-C). Results from ADONIS testing revealed that diet was the greatest
explanatory factor (48.3%) of these select features. The other top explanatory variables included
the interaction between strain and diet (11.5%), strain (6.95%), insulin (3.5%), and body weight

(3.1%), and plasma triglyceride (1.7%). lllustrative summaries of the predictive models (Figure

17) indicate a high degree of predictive accuracy (N. A. Bokulich et al., 2018).
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Figure 17. Accuracy of Random Forest classifier predictions of non-metS and non-metS

features
Recursive feature elimination plots illustrating changes in model accuracy as a function of (A)

genus and (B) ASV count.

Consistent with previous ADONIS results, which showed dietary factors had an
overwhelming effect on the gut microbiota’s variation as a whole, these results suggest that diet

also played a significant role in driving the population of microbial features that differentiate

healthy from diseased hosts.
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Microbiota function is influenced by diet

Phylogenetic investigation of communities by reconstruction of unobserved states 2
(PICRUSt2) (Douglas et al., 2019; Langille et al., 2013) was used to infer the approximate
function of the microbial community. Unlike its predecessor, PICRUSt2 analyzes each ASV to
make metagenomic functional predictions (Douglas et al., 2019). This updated method
incorporates the alignment and phylogenetic placement of ASVs against the Integrated Microbial
Genomes database and hidden state prediction algorithms to determine the gene (KEGG
ortholog) (Kanehisa & Goto, 2000) content of each ASV (Douglas et al., 2019).

We evaluated the functional profile of the microbial community using the beta-diversity
techniques as previously performed with the compositional profile. We visualized samples by
their functional profile using the Bray-Curtis distance (Figure 18A) and implemented ADONIS
to investigate whether variation in the functional profile of the cecal microbiota could be

explained by host and environmental factors (Figure 18B).
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Figure 18. Analysis of community function and explanatory variables
Principle coordinate analysis displaying functional dissimilarity (Bray-Curtis distance) between

microbiota samples of different mouse strains and diets. (B) Bar plot showing the percentage of

functional variation explained by host and environmental factors.
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Except for the sequencing lane and cholesterol, all other variables and interactions (strain
x diet) were significantly (p < 0.05) associated with gut microbial variation. Among all the
covariates tested, nearly one-quarter of the variation in the cecal microbiota was explained by
diet (24.9%) Following diet, strain (11.5%), the interaction between strain and diet (10.5%),
plasma triglyceride (7.7%) and insulin (3.8%) were among the top explanatory variables of
community function. In the future, we would like to assess microbial function through shotgun
metagenomics; however, these predictive results support the role of dietary factors as a
significant determinant of community function.
Discussion

Gene-diet interactions have been shown to regulate susceptibility to obesity, T2D, and
metS in humans and mice (Bouchard et al., 1990; Parkman et al., 2016; Parks et al., 2013; Ussar
et al., 2015). These interactions also affect the composition of the gut microbiome and the
metabolites it produces, which are contributing factors to metabolic disorders (Fujisaka et al.,
2018; Kreznar et al., 2017; Ussar et al., 2015). For these reasons, there is an increasing demand
for new animal models that reflect the genetic variance observed in human diseases, particularly
when investigating the microbial features that may influence these pathologies (Fuchs et al.,
2018). Herein, we establish the TH mouse as a clinically-relevant polygenic model for studying
the relationship between the gut microbiome and metS. The results of this study demonstrate that
dietary factors (i) play a central role in shaping the ecology of the gut microbiota in TH and B6
mice, (ii) control the microbial patterns that emerge in metabolically healthy or diseased hosts,
and (iii) influence the expansion of enteric pathobionts and metS. Collectively, our data suggest
host genetics regulate the susceptibility of microbiota perturbations and disease states that are

mediated by diet.
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Identifying the microbial features implicated in obesity and metS is a critical step in
understanding the microbial-host interactions that underlie these pathologies. To this end, we
implemented machine learning methods to cluster mice by their comprehensive metabolic profile
and predicted the microbial features associated with heathy or compromised metabolic
phenotypes. All HSHF- and HSLF-fed TH mice were assigned to the metS cluster, while all B6
mice and chow-fed TH mice were assigned to the non-metS cluster. The latter observation
indicates that despite the genetic predispositions harbored by the TH mouse, the manifestation of
metS could be controlled by diet in TH mice. Additionally, the accuracy at which microbial
features were predictive of the metabolic clusters suggests a strong relationship between the
composition of the gut microbiota and host phenotype.

The presence of Proteobacteria in the human gut is a known indicator of microbial
perturbations (Morgan et al., 2012) and disease states, including chronic enteropathies (Knights
et al., 2014), nonalcoholic steatohepatitis (L. Zhu et al., 2013), obesity (Peters et al., 2018), and
T2D (Larsen et al., 2010). In this study, we found that overgrowth of Desulfovibrionaceae and
Enterobacteriaceae taxa, including Proteus and Escherichia-Shigella, to be a defining feature in
the microbiota of samples with metS. Prior studies have shown that Enterobacteriaceae exhibit
increased fitness under inflammatory conditions compared to resident commensals, thereby
rendering these microbes effective inducers and perpetuators of intestinal inflammation, colitis,
and metabolic endotoxemia (Forbes, Van Domselaar, & Bernstein, 2016; Hughes et al., 2017,
Kitamoto et al., 2020; Knights et al., 2014; Morgan et al., 2012; Shin, Whon, & Bae, 2015;
Winter & Baumler, 2014; Zeng, Inohara, & Nunez, 2017).

Lactic acid bacteria (LAB), Enterococcus, Staphylococcus, Weissella, and Leuconostoc

were also among the strongest predictors of metS. Members of the LAB group are becoming
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increasingly implicated in human diseases, including obesity (Peters et al., 2018) and graft-
versus-host-disease, particularly in lactose malabsorbers (Stein-Thoeringer et al., 2019). While
the byproduct of LAB fermentation is often used by other organisms to produce short-chain fatty
acids (SCFAs) (N. Hwang et al., 2017), lactate is also the preferred carbon source of sulfate-
reducing bacteria (SRB), such as Desulfovibrio which use lactate to reduce sulfate (Vita et al.,
2015). Desulfovibrio species have been found enriched in humans (Bai et al., 2017) and mice
(Kreznar et al., 2017) with metabolic diseases. Furthermore, the hydrogen sulfide gas produced
by Desulfovibrio as a metabolic byproduct of sulfate reduction is cytotoxic to colonocytes and
thought to promote intestinal inflammation and cancer (Linden, 2014; J. Qin et al., 2012). We
observed the concurrent enrichment of Desulfovibrionaceae and LAB in the metS cluster, which
supports the notion that Desulfovibrio is proficient cross-feeders of lactate (Vita et al., 2015).
These findings are strengthened by the data indicating that SCFA-producing microbes, e.g.,
Clostridium cluster XIVa and Bacteroidetes taxa (Parada Venegas et al., 2019; Poeker et al.,
2018; B. J. Smith et al., 2019), were noticeably absent in mice with metS, which may have
contributed to the accumulation of lactate. Collectively, our findings suggest that maintaining a
balanced ratio of lactate-producing to lactate-utilizing bacteria may be critical to gut
homeostasis.

Our HAIIA analysis further validated the identity of the metS-associated taxa and
provides context for how these organisms may mutually interact to influence metabolic function.
For example, we found that blood glucose and plasma triglyceride variables shared several
associations, including Enterococcus, Weissella, Leuconostoc, Proteus, Desulfovibrionaceae,
and Enterobacteriaceae taxa. The gut microbiome is a well-established determinant of lipid

metabolism and circulating triglyceride concentrations (Backhed et al., 2004; Just et al., 2018;
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Kuno, Hirayama-Kurogi, Ito, & Ohtsuki, 2018; Matey-Hernandez et al., 2018). Consistent with
our findings, Desulfovibrionaceae has been correlated with increased concentrations of
circulating and hepatic triglycerides in mice (Just et al., 2018; Kreznar et al., 2017). The
involvement of Desulfovibrionaceae in dyslipidemia may occur through the organisms’
transformation of bile acids (BAs) into secondary BAs, which are ligands to several glucose and
lipid metabolism-regulating nuclear receptors (Hylemon, Harris, & Ridlon, 2018; Kuno et al.,
2018). Moreover, under conditions of increased BA secretion, bile-resistant bacteria such as
Enterobacteriaceae have a selective advantage (Islam et al., 2011). This may explain the
concurrent enrichment of these taxa, as well as the previously reported link between serum
concentrations of triglyceride and the endotoxin, lipopolysaccharide (LPS), produced by Gram-
negative bacteria (Lassenius et al., 2011). On the other hand, Clostridiales vadin BB60 group and
Mollicutes taxa were highly connected and mutually associated with increased fat mass and body
weight, while Muribaculaceae taxa were associated with a reduction in these metabolic variables.
Our results are in accordance with previous studies, wherein Firmicutes- and Bacteroidetes-rich
microbiota have been associated with obesity and leanness, respectively (Koliada et al., 2017;
Ley, Turnbaugh, et al., 2006; Turnbaugh et al., 2006).

Akkermansia has been reported as a highly heritable gut microbe, and particularly
abundant in lean and metabolically healthy humans and animals (Org et al., 2015; Zhao et al.,
2017). While the Verrucomicrobia clade was enriched in B6 mice, we failed to find any
relationship between this clade of organisms and metabolic variables or clusters. Instead,
Ruminococcaceae and Muribaculaceae taxa, as well as Parvibacter (Eggerthellaceae) were
predictors of healthier mice, with the latter associated with decreased plasma triglyceride levels.

Collectively, these taxa are likely to play a symbiotic role in the gut, where they metabolically
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transform dietary nutrients to bioreactive compounds that are critical to host health. For instance,
Muribaculaceae and Ruminococcaceae produce short-chain fatty acids (SCFAS) as a byproduct
of polysaccharide fermentation (Poeker et al., 2018; B. J. Smith et al., 2019), while
Eggerthellaceae convert polyphenolic compounds, e.g., ellagitannins and ellagic acid present in
nuts and fruit, to highly bioavailable metabolites such as urolithins, which act as potent anti-
inflammatory and anti-oxidant agents (Espin, Larrosa, Garcia-Conesa, & Tomas-Barberan, 2013;
Selma et al., 2017). Our results from HAIIA further support the beneficial role of these
organisms and highlight their functional relationship to metabolic health.

Dietary factors had an overwhelming effect on gut microbial function and variation as a
whole, as well as the specific microbial features predictive of the metS and non-metS clusters,
explaining 48% of the variation observed in this subset of ASVs. These results highlight a strong
relationship between diet and the microbial patterns that differentiate metabolically healthy from
diseased hosts. This investigation did not address nor is there a census on the causality of
microbiota perturbations and metabolic disorders; however, antibiotic-induced gut microbiota
disturbances have been causally linked to the development of obesity in animals, which lends
credence to the role of the microbiome in the causation or prevention of metabolic diseases
(Leong, Derraik, Hofman, & Cutfield, 2018). In this context, it is reasonable to surmise that
dietary changes elicit selective pressures on the gut microbiome in a similar fashion.

Indeed, a large body of evidence has demonstrated that the gut microbiome responds
dynamically, reproducibly, and rapidly to dietary shifts, (Carmody et al., 2015; David et al.,
2014; Turnbaugh et al., 2008; Turnbaugh, Ridaura, et al., 2009; Zhang et al., 2012), thereby
further supporting the hypothesis that environmentally-induced microbiota perturbations may be

the triggering event. Components of the HSHF and HSLF diets used in this study are
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representative of the Western diet, which is characterized by the increased consumption of
saturated and trans fats and simple carbohydrates, such as refined grains and sugars (Cordain,
Eaton, Sebastian, Mann, Lindeberg, Watkins, O’Keefe, et al., 2005). Although the ratio of
Firmicutes to Bacteroidetes was significantly increased in HSHF-fed mice, we conclude that the
HSLF diet was most detrimental to the gut microbial community, as evidenced by the
significantly decreased biodiversity and expansion of well-defined pathobionts observed in
HSLF-fed mice. The disparities in microbiota composition between the HSHF and HSLF diets
were somewhat surprising considering both diets are composed of the same ingredients, but with
differing ratios of carbohydrate and fat sources. Collectively, these results indicate that the
composition of diet, as well as the relative proportion at which these macronutrients are
consumed, play a central role in shaping the overall structure of the gut microbiota.

When we accounted for the common effect of diet, we found few differentially abundant
taxa between mouse strains, which suggests the microbiota responded similarly to diet.
Nevertheless, strain-by-diet analysis with LEfSe showed that the TH microbiota exhibited an
enhanced capacity for diet-mediated modulation, thereby intimating that genetic factors played a
role. While it is possible that the B6 microbiota exhibited a perturbation of similar magnitude
that was not detectable by the endpoint of this study, the specific enrichment of enteric
pathobionts in the metS cluster suggests TH mice are less effective at controlling the microbiota
population and potentially eradicating pathogens. This observation may be a consequence of
impaired immunity, which is a common yet poorly understood complication of metabolic
diseases (Casqueiro, Casqueiro, & Alves, 2012). Previously, Denvir et al. (Denvir et al., 2016)
identified more than 300 variants in genes orthologous to human genes of obesity, diabetes, and

metabolic-related traits in the TH genome. Upon manually reviewing the catalog of variants
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specific to the TH genome (Denvir et al., 2016), we identified multiple deleterious (SIFT score <
0.05, or PROVEAN score < -2.5) (Denvir et al., 2016) single nucleotide polymorphisms and
indels in genes essential to antigen processing and immune activation, including interleukin (IL)-
2 (112), 1L-20 receptor alpha (1120ra), lipopolysaccharide recognition receptor (Lrba), and Major
Histocompatibility Complex class | and Il (H2-Dma, H2-Q1, Lrmp) (see Appendix F for
complete list). These results warrant future quantitative genetic studies to further explore the
involvement of these variants on immunity, gut microbiome variation, and metS development.

One of the constraints of this and other 16S rRNA-based studies is the limited resolution
at lower taxonomic levels, where the symbiotic or pathogenic properties of the microbiota are
likely determined at a species or subspecies level (Faith, Colombel, & Gordon, 2015). However,
by integrating 16S rRNA and metabolic sample data, we computationally inferred relationships
between metabolic and microbial patterns at the molecular level of ASVs. Our intent in
performing these analyses with ASVs was to capture the true species diversity of our target
community since microbial diversity has been previously linked to disease states (Clemente et
al., 2012; Haegeman et al., 2013; Le Chatelier et al., 2013). Moreover, the important ASVs
identified in this study can be compared to ASVs inferred independently from different studies
and assessed for similar metabolic relationships, including in the human microbiome (Callahan
etal., 2017).

In conclusion, our results yield significant insight into the interrelationships among the
gut microbiota, dietary macronutrients, and the genetic permissiveness that underlie metS. Our
findings show that following the consumption of Western-like diets, the TH microbiome was
enriched with enteric pathobionts and that the overgrowth of these pathogens may be the

consequence of impaired immune responses in the TH mice. Although the development of metS
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and dysbiosis was TH strain-dependent, macronutrients and the relative proportion at which they
were consumed ultimately determined the severity of these phenotypes. The metS-associated
taxa identified in this study may be critical microbial biomarkers for metabolic dysfunction,
particularly dyslipidemia, in humans and future targets for therapeutic countermeasures. Our
results suggest the ratio of lactate-producing to lactate-utilizing bacteria, e.g., SCFA producers,
IS an essential aspect of maintaining a diverse and homeostatic gut ecosystem. With the
knowledge imparted here, as well as the publicly available genome and variant catalog, the TH
mouse represents a valuable resource for understanding the environmental and genetic
underpinnings of human metS, as well as the role of the “hologenome”—the interaction of the
host and microbial genome.
Materials and Methods

Animal model

All animal studies were performed under an approved protocol by the Marshall
University Institutional Animal Care and Use Committee. TH mice used in this study originated
from a breeding colony that has been maintained by J.H.K since 2001 (J. H. Kim & Saxton,
2012). B6 mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and were
bred in-house for up to 10 generations. Colonies of B6 and TH mice were established and
maintained in the Marshall University Animal Resource Facility (ARF). To optimize the
reproducibility of our microbiota analysis, all mice were bred and housed in a common
environment within the ARF (Laukens, Brinkman, Raes, De Vos, & Vandenabeele, 2016).

At 3-4 weeks of age, separate litters of male B6 and TH mice were divided over several
cages (approximately 2-4 mice per cage) to eliminate the possible bias of a cage effect (see

Appendix G for housing details and group sample sizes). Moreover, to control for the effect of
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maternal transmission (Laukens et al., 2016), mice originating from different litters were used to

achieve the sample size of 5-6 mice per group. Each cage was assigned one of the following

diets: standard rodent chow (PMI Nutrition, Purina 5001), semi-purified high-sucrose high-fat

diet (HSHF) (Research Diets, D12266B), or semi-purified high-sucrose low-fat diet (HSLF)

(Research Diets, D12489B) (see Table 3 for nutritional details of each diet). Mice were provided

with food and water ad libitum in a temperature and humidity-controlled environment, with a

standard 12-hour light/dark cycle.

Diet Components

Chow

High-sugar low-fat

High-sugar high-fat

(HSLF) (HSHF)

kcallg 3.36 3.90 441

% of T.W. kcal% | %of TW. kcal% | % of TW. kcal%
Protein 23.9 28.5 16.4 16.8 18.5 16.8
Carbohydrate 48.7 58.0 70.8 72.6 56.7 51.4
Fat 5.0 135 4.6 10.6 15.6 31.8
Total 100 100 100
Other ingredients
Sucrose 3.7 24.6 27.8
Starch 319 42.3 20.6
Crude Fiber 5.1 0.0 0.0
Cellulose 0.0 2.5 2.8

Table 3. Summary of diet composition
The table was adapted from Parkman et al. (Parkman et al., 2016). Total weight (T.W.).

Metabolic traits

The metabolic measurements used in this study were derived from a larger dataset from

which Parkman et al. previously reported the results, analysis, and interpretation of the metabolic
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phenotypes (Parkman et al., 2016). Table 4 summarizes the analysis of the metabolic traits of

animals included in this study.

Metabolic Trait | B6 Chow | B6 HSHF | B6 HSLF | TH Chow | TH HSHF | TH HSLF
Body Weight | 29.11 32.09 34.89 35.89 43.12 35.11
Q) +3.84° +0.86° +582% | +279% | +801P +4.83%
?"'?‘Sr‘a " 94.93 123.0 46.84 211.7 891.5 826.8
riglyceride +4147° | +110.8° | +28.728 | +66.728 | +515.1° | +374.5°
(mg/dl)
Blood Glucose | 136.5 153.6 105.8 122.5 460.7 496.0
(mg/dl) +23.44% | +30.37% | +26.53% | +20.41%8 | +198.8> | +193.3°
Insulin 3.373 1.394 1.202 2.422 6.823 0.9540
(ng/ml) +0.46° +0.742 +1 .25 +2.05 +10.722 | +0.412
E'ﬁgg:t;gtla' 42.95 115.1 81.73 101.2 182.3 147.2
(/) +11.08° | +31.2800 | +51.34cd | +7.630c | 420,642 | +10.22%
Fat Mass 1.406 1.852 2572 5.740 10.95 7.657
(@) +0.642 +0.63958 | +2.45 +1.40° | +3.65 +3.795
'('e)a” Mass 24.79 24.20 27.12 27.80 26.27 27.65
g +105% | +3.024% | +1.83% | +1.37° +227 | +0.38%

Table 4. Summary of metabolic traits

The table was adapted from Parkman et al. [31]. Differences among groups were assessed with a
one-way ANOVA test followed by Tukey’s multiple comparisons test. Data are representative of
mean £ SD. Group means labeled with different letters (in superscript) had an adjusted p-value <
0.05.

Methods for collecting and quantifying the metabolic traits were also described by Paet
al. et al (Parkman et al., 2016). Briefly, between the ages of 14-20 weeks, the body composition
of each mouse was assessed using the quantitative magnetic resonance imager, EchoMRI-100
(Echo Medical Systems, Houston, TX, USA). Median fat mass and lean mass values were
representative of five repeated measurements for each animal, as recommended by the
manufacturer. Between the ages of 14-28 weeks, blood samples were collected from the mice in

the morning via submandibular bleeding. Non-fasting blood glucose measurements were
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obtained on the One Touch Ultra2 Blood Glucose Monitoring System (Diagnostics Direct, Cape
May Court, NJ, USA). Plasma was subsequently obtained from the blood samples mentioned
above samples via centrifugation (1200g) at 4°C. Plasma levels of total cholesterol (Thermo
Electron, Louisville, CO, USA) and free and total glycerol (Sigma, St. Louis, MO, USA)were
measured using colorimetric assays. True plasma triglyceride concentrations were estimated by
the subtraction of free glycerol from total glycerol. Plasma insulin levels were determined with a
mouse insulin and ultrasensitive ELISA kit (Crystal Chem, Downers Grove, IL, USA).

Metagenomic analyses

16S rRNA sequencing library preparation

Cecal contents were collected from mice between the ages of 18-32 weeks following
sacrifice. Bacterial genomic DNA was extracted from the cecal samples via the DNeasy
PowerSoil Kit (Qiagen, 12888-100) using the manufacturer’s centrifugation protocol. DNA
purity and concentration were determined using Qubit Fluorometry (Thermo Fisher Scientific,
Waltham, MA, USA). Polyacrylamide gel electrophoresis purified indexed primers (341F/518R)
(Bartram et al., 2011) targeting the variable 3 (\V3) region of the bacterial 16S rRNA gene were
obtained from Integrated DNA Technologies. AccuPrime Taq DNA Polymerase (Thermo Fisher
Scientific, 12346086) was used to amplify the V3 region, yielding an amplicon of approximately
320 base pairs (bp). Each PCR reaction contained a total of 60 ng genomic DNA, 0.5 ul of 20
uM forward primer, 0.5 pl of 20 uM reverse primer, 1 ul AccuPrime PCR Master Mix with Taq
Polymerase, 5 ul 10X AccuPrime Buffer 11, and PCR-grade water for a total volume of 50 pl.
PCR reactions were amplified on the MJ Research PTC-200 Peltier Thermal Cycler (Bio-Rad
Laboratories, Hercules, CA, USA) using the following conditions as previously described by

Cockburn et al. (Cockburn et al., 2012): 6-minute denaturation step at 95°C; 30 cycles of 95°C
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for 2 minutes, 50°C for 2 minutes, and 72°C for 2 minutes; 4-minute extension step at 72°C. The
size and quality of the V3 libraries were assessed by electrophoresis on a 2100 Bioanalyzer
System (Agilent Technologies, Santa Clara, CA, USA) and found to be 325-340 bp. The pooled
libraries were sequenced over two lanes in a 2x180 paired-end fashion in the rapid run mode on
an Illumina HiSeq1500 with the addition of 15% PhiX to enhance sequencing quality. The
average percentage of reads (forward and reverse) with Q30 score or better was 95.06.

Denoising, phylogeny building, and diversity analyses

Demultiplexed, paired-end sequences were imported into QIIME 2 (Bolyen et al., 2019;
Caporaso et al., 2010) via the Casava 1.8 paired-end demultiplexed fastq format. Sequences were
denoised using the dada2 package (Callahan et al., 2016). A phylogenetic tree of sub-operational
taxonomic units was constructed using the SATé-enabled phylogenetic placement (SEPP)
fragment-insertion method (Janssen et al., 2018). Prior to diversity analyses, data were
normalized by rarifying to a sampling depth of 850,000. Rarifying resulted in the loss of two
technical replicates originating from the same sample. Diversity differences within samples
(alpha diversity) were analyzed with the nonparametric Kruskal-Wallis test using Shannon‘s
diversity metric (C. E. Shannon & Weaver, 1949). Diversity differences between samples (beta
diversity) were analyzed with various iterations of Permutation Multivariate Analysis of
Variance (PERMANOVA) (M. J. Anderson), including group and pairwise significance testing,
PERMDISP, and ADONIS (Marti J. Anderson, 2017). As standard with pairwise testing in
QIIME 2, the Benjamini-Hochberg FDR correction was used to adjust the p-values to account
for multiple comparisons. Testing with PERMANOVA was implemented using the following

beta diversity metrics: Weighted Unifrac Distance (Lozupone et al., 2007) and Bray-Curtis
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Distance (Bray & Curtis, 1957). Principal-coordinates analyses (PCoAs) were visualized with
Emperor (Vazquez-Baeza et al., 2013).

Taxonomic analysis

For microbial taxonomic analysis, ASVs were assigned taxonomy using the QIIME 2
feature-classifier plugin (N. A. Bokulich et al., 2018), which was trained on SILVA 132
reference sequences and taxonomy (Quast et al., 2013) at the sequence identity threshold of 99%.
ASVs assigned to Cyanobacteria, and Chlorioflexi phyla were removed through filtering. It is
common practice to remove these chloroplast-containing bacteria, as their signals have been
found to originate from ingested food containing plant polysaccharides, such as the chow diet
(Sheik et al., 2018).

Linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011)
(https://huttenhower.sph.harvard.edu/galaxy/) was used to identify taxonomic features (phylum
through genus level) that explain the difference between strain and diet groups. The following
parameters were used for all LEfSe analyses: alpha value for class and subclass testing < 0.05;
threshold on the logarithmic LDA score for discriminative features > 3.0; all-against-all multi-
class analysis strategy. Using LEfSe, the effect of diet on the microbiota composition was
analyzed within each mouse strain, and the effect of host genetics on the microbiota composition
was analyzed by performing pairwise comparisons between mouse strains on the same diet.
Thus, the final outputs only contained microbial features that discriminated between diet-
matched B6 and TH mice.

Metabolic variable-microbiota association network

Hierarchical All-against-All significance testing (HAIIA, v.0.8.17)

(https://huttenhower.sph.harvard.edu/halla) was employed to identify and quantify relationships
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among microbial genera and the continuous metabolic variables using the Spearman correlation
similarity metric and default program settings (Rahnavard et al., 2019). The Benjamini-Hochberg
FDR correction was used to adjust the p-values to account for multiple comparisons. The most
highly associated metabolic variables and taxa clusters were mapped as an interaction network
using Cytoscape (P. Shannon et al., 2003).

Clustering of samples with comprehensive metabolic profile

In addition to analyzing each metabolic variable as an associated variable of the
microbiota, we aimed to cluster each mouse based on its comprehensive metabolic profile.
Because the clinical diagnosis of metS is based on multiple metabolic criteria, this model may
provide a global perspective on the microbial features associated with cooccurring metabolic
conditions. The following cluster analysis consisted of the 29 mice (4 chow-fed B6 mice; 5
HSHF-fed B6 mice; 6 HSLF-fed B6 mice; 6 chow-fed TH mice; 3 HSHF-fed TH mice; 5 HSLF-
fed TH mice) for which metabolic profiles were available. Values for each of the metabolic traits
(see Table 4) were standardized by subtracting the mean and dividing by the standard deviation
(within each metabolic trait) to remove the multiscalar effect. In order to classify each mouse
with respect to metabolic syndrome in an unbiased fashion, the K-means clustering method
(MacQueen, 1967) was applied to the standardized metabolic variables using seed randomization
over 1000 random runs as implemented by Ginkgo software (Bouxin, 2005; De Caceres, Oliva,
Font, & Vives, 2007). The stability of the clustering model was validated by the leave-one-out
cross-validation approach (Hastie, Tibshirani, & Friedman, 2001). The number of partitions (k)
was chosen a prori, with k=2 resulting in two distinct, clustered phenotypes that we designated

as non-metabolic syndrome (non-metS) and metabolic syndrome (metS). The choice of k was
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evaluated by the non-parametric Silhouette approach (Rousseeuw, 1987), which provides a
quantitative measurement of how well each sample clusters within its given partition.

Feature prediction with Random Forest classification

The QIIME 2 sample-classifier plugin was used to identify specific taxa that were
associated with the non-metS and metS clusters (as defined above) (N. Bokulich et al., 2018).
The supervised learning technique is an unbiased method for predicting microbial patterns that
are unique to specific classes of samples (N. Bokulich et al., 2018). ASVs and genera predictive
of the metS and non-metS clusters were identified by a Random Forest classifier. To increase the
accuracy of the model, feature selection optimization, and parameter tuning were enabled (N.
Bokulich et al., 2018).

Functional analysis

Metagenomic functional predictions were assigned to ASVs using the QIIME 2
phylogenetic investigation of communities by reconstruction of unobserved states 2 (PICRUSt2)
plugin (https://github.com/gavinmdouglas/g2-picrust2) (Douglas et al., 2019; Langille et al.,
2013). A table containing KEGG ortholog (KO) abundance values for each ASV was used to
analyze and visualize the functional diversity between samples. Prior to diversity analyses, data
were normalized by rarifying to the sampling depth of 70,000,000.

Statistical analyses

Statistical analyses on metabolic and taxonomic data were performed in GraphPad Prism
8 (GraphPad Software, Inc. La Jolla, CA). Differences among group means were assessed with a
one-way ANOVA test followed by Tukey’s multiple comparisons test. Prior to ANOVA testing,
the Shapiro-Wilk normality test was used to determine whether the data were consistent with a

Gaussian distribution. Results of statistical testing are denoted as follows: *p<0.5, **p<0.01, ***
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p< 0.001, ****p<0.0001. Values reported as g-values are representative of the Benjamini-
Hochberg FDR corrected p-value.
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CHAPTER 4
DEVELOPMENT OF A VECTOR SYSTEM FOR IN VIVO MANIPULATION OF THE
GUT MICROBIOTA
Abstract
During evolution, the human gastrointestinal tract has coevolved with one of the densest

and most complex microbial communities in existence: the gut microbiota. While emerging
research has demonstrated the critical role of the gut microbiota in human health and disease, the
causal relationship between genes expressed by probiotic or pathogenic phylotypes and host
phenotypes largely remains unknown and presents as a challenge to study with current molecular
techniques. We sought to bridge this gap by developing a collection of broad-host bacterial
vectors (biome vectors) encoding fluorescent and bioluminescent markers for controlled,
mechanistic studies of the gut microbiota in vitro and in vivo, respectively. We hypothesize that
our biome vectors can be used as a method to establish causality between gut microbes and their
impact on host physiological function by tightly controlling the expression of genes of interest in
vivo and monitoring the phenotypic response in real-time. The biome vectors were constructed
by cloning hemagglutinin (HA) epitope-tagged fluorescent or bioluminescent proteins
downstream of the promoter region of the backbone vector, pHERD30T. The biome vectors’
protein expression is conditionally regulated by the L-arabinose induction of the Psap promoter.
Using the FDA-approved Escherichia coli TOP10 strain as a host, fluorescent and
bioluminescent protein expression were characterized in vitro under aerobic, anaerobic, and gut-
simulated conditions via an ex vivo gut microbial community. Post-co-cultivation, gqPCR analysis
of four gut commensals originating from the ex vivo microbiota, was performed to determine the

impact of the biome vectors on the microbial community. Results of fluorescent and
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bioluminescent expression obtained through imaging showed that expression responded in a
dose-dependent manner to L-arabinose supplementation, which ranged in concentration from
0.001 - 2.0%. However, results from western blotting suggest bioluminescent and fluorescent
proteins reached maximal expression at 0.01% L-arabinose supplementation. Conversely, in the
absence of L-arabinose, protein levels were below the limit of detection, indicating Psab
promoter-based systems are tightly regulated and may be an effective method for controlled
protein expression in diverse and polymicrobial environments. In vivo tracking of E. coli
harboring constitutively expressed bioluminescence and our bioluminescence biome vector
resulted in transient, avirulent colonization of fewer than 18 hours in the intestines of male and
female C57BL/6J mice. Future work will entail the engineering of a bacterial delivery vehicle to
ensure long-term, rather than transient colonization in vivo. In conclusion, this study provides a
comprehensive characterization of versatile bacterial vectors that present a novel paradigm for

studying microbe-host interactions in a polymicrobial community.

Introduction

The human intestinal tract is colonized with trillions of microbes, collectively defined as
the gut microbiota (Hooper & Macpherson, 2010). Over the past decade, the influence of
microbes on human development, health, and immunity has been interrogated, primarily through
the method of 16s ribosomal RNA sequencing (Yarza et al., 2014). Profiling of the gut microbial
community under homeostatic and diseased states has revealed strong correlations between
members of the microbiota and their protective or potentiating effects on metabolic- and
immune-related (G. D. Wu & Lewis, 2013). However, transitioning research objectives from

associations to causal mechanisms remains an ongoing challenge, impart because of the lack of
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genetic tools that enable the inference of microbial gene function and host disease phenotype
(Braniste et al., 2014; G. D. Wu & Lewis, 2013).

When studying complex ecosystems like the microbiome, the influence of uncontrollable
environmental factors during experimentation and interpretation of data must be considered. The
variation observed within the gut microbiota can be attributed to the maternal microbiota, diet,
exercise, genetics, antibiotic usage, and stress, making the etiology of the observed disease a
challenge to identify (Davenport et al., 2014; Gilbert et al., 2016; Livanos et al., 2016). Thus, a
method for studying the gut microbial community under controlled conditions is essential to
further the understanding of microbe-host interactions. This demand for a controlled,
mechanistic approach to microbiota studies inspired us to develop a collection of bacterial
vectors, called biome vectors. The purpose of these molecular tools is to enable precise genetic
manipulation of the gut microbiota as a method to establish causality between gut microbes and
disease phenotypes.

We constructed the biome vectors by cloning hemagglutinin (HA) epitope-tagged
fluorescent and bioluminescent proteins downstream of the Psap promoter region in the
backbone vector, pHERD30T—a vector that was previously developed in our lab (Qiu, Damron,
Mima, Schweizer, & Yu, 2008) (Figure 19). Peap-based promoter systems enable genes of
interest to be conditionally expressed in a dose-dependent manner through supplementation of
the sugar, L-arabinose (Qiu et al., 2008). In the absence of L-arabinose or the presence of D-
glucose, the Peap promoter is actively repressed, and transcriptional activity is inhibited (Qiu et
al., 2008). The biome vectors contain replicons that enable replication in Gram-negative

organisms, including Escherichia, Pseudomonas, and Burkholderia species (Qiu et al., 2008).
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Figure 19. Fluorescent and bioluminescent expression by the biome vectors
The biome vectors were developed by cloning hemagglutinin epitope-tagged green (gfpmut3),

and red (dsRed-Express), and bioluminescence (luxCDABE) proteins in the multiple cloning site

of pHERD30T, downstream of the Psap promoter.

Lastly, the biome vectors harbor a Gentamicin-resistance marker, which can be used to
maintain selective pressure if necessary. While Psap promoters are routinely used in bacterial
genetics (Szeliova, Krahulec, Safranek, Liskova, & Turna, 2016), we intend to expand the
knowledge and applications of these systems in metabolically complex and diverse microbial
environments, such as the gut microbiota. In this study, we report on the inducible and repressive
dynamics of the biome vectors’ Psap promoter under aerobic, anaerobic, and gut microbiota-
simulated conditions. To determine the potential impact of the biome vectors on the endogenous
gut flora during in vivo use, we developed an ex vivo microbiota model, whereby the effect of

introducing the exogenous biome vectors into an established polymicrobial community could be
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monitored. Lastly, we analyzed the inducible functionality, temporal colonization, and
physiological side effects of our bioluminescence-expressing biome vector under in vivo gut
conditions in C57BL/6J mice. In conclusion, the biome vector system represents a novel
paradigm for studying microbe-host interactions in polymicrobial communities.
Results

Construction of biome vectors

To meet the demands of a vector suitable for controlled microbiota studies, we chose
pHERD3O0T as the backbone of our vector (Figure 20A). The pHERD shuttle vectors were
created in our laboratory by Qiu et al. in 2008. pHERD30T utilizes the Psap promoter, which
enables cloned genes to be conditionally expressed at titratable levels in the presence of L-
arabinose (Qiu et al., 2008). In the absence of L-arabinose or the presence of D-glucose, the Psap
promoter is actively repressed by araC, thereby preventing transcription (Qiu et al., 2008).
pHERD3O0T harbors the gentamicin (Gm) resistance marker, aacCl, as well as replicons,
pBR322, and pRO1600, which support replication in Escherichia coli and Pseudomonas
aeruginosa, respectively. These replicons were recently reported functional in Burkholderia
cepacia, Klebsiella pneumoniae, Salmonella enterica, Shigella flexneri, as well as Bordetella
bronchiseptica (Barbier & Damron, 2016). Other genetic features of pHERD30T include the
oriT region for conjugation-based plasmid transfer, and the rep gene encoding the replication-
controlling protein (Qiu et al., 2008).

To create the biome vector series, we modified pHERD30T by inserting the sequence of
HA-tagged fluorescent or bioluminescent proteins into pHERD30T’s multiple cloning site
between EcoR1/Hindlll restriction enzyme sites. For the generation of the GFP (Figure 20B) and

RFP (Figure 20C) biome vectors, fluorescent proteins, GFPmut3 and dsRedExpress, were
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chosen, respectively, because there is no spectral overlap between these proteins, thereby
enabling these vectors to be used simultaneously, such as for in vitro coincubation competition
assays (Speare & Septer, 2019). The excitation and emission for GFPmut3 are 505 and 511 nm,
respectively, while the excitation and emission for DsRed-Express are 554 and 586 nm,
respectively. These fluorescent vectors are intended for in vitro and ex vivo studies, as they yield
excellent, quantifiable signals that can be directly observed through microscopy and flow
cytometry (Troy, Jekic-McMullen, Sambucetti, & Rice, 2004).

During in vivo experiments, however, fluorescent signals can become undetectable due to
the spectral overlap shared with and autofluorescence of mammalian tissue (Troy et al., 2004). In
contrast to fluorescence, which requires a specific wavelength for excitation of its fluorophore,
bioluminescence signals are produced endogenously and emitted as the result of a series of
chemical reactions. For this reason, bioluminescence is not susceptible to photobleaching like
fluorescent proteins. For example, when expressed in E. coli strain JM109, GFPmut3 and
dsRedExpress lose 50% of their initial brightness within 69 and 357 seconds of excitation,
respectively (Barbier & Damron, 2016).

Bioluminescence also exhibits minimal background noise, making it approximately 50
times more sensitive than fluorescence and easily detectable through mammalian tissue (Gregor,
Gwosch, Sahl, & Hell, 2018). Thus, we aimed to construct a bioluminescence biome vector for
in vivo experiment usage. To generate the Lux biome vector (Figure 20D), we chose the
luxCDABE operon, which originates from Photorhabdus luminescens, a symbiotic-nematode
bacterium (Rodou, Ankrah, & Stathopoulos, 2010). The production of bioluminescence

expression is entirely encoded by genes of the operon itself; however, exogenous factors,
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including flavin mononucleotide and molecular oxygen, from metabolically active cells are

needed to sustain the chemical reaction resulting in bioluminescence (Gregor et al., 2018).
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C. RFP Biome Vector Aral112
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Figure 20. Maps of pHERD30T and biome vectors

The biome vectors were constructed using pHERD30T as the backbone (A). Derived from

pHERD3O0T, the biome vectors harbor an inducible Psapb promoter, gentamicin resistance marker

(aacC1l), and pBR322 and pRO1600 replicons, which enable replication in Escherichia and
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Pseudomonads, respectively. GFP (B), RFP (C), and Lux (D) biome vectors were generated by
cloning hemagglutinin (HA)-gfpmut3, HA-dsRedExpress, and HA-luxCDABE gene fusions,
respectively, into the multiple cloning site of pHERD30T between EcoR1/Hindlll restriction

enzyme sites.

Quantitative imaging shows the biome vectors’ fluorescence and bioluminescence

expression increases in a dose-dependent manner to L-arabinose supplementation

Conditional bioluminescence and fluorescence expression of the biome vectors was
characterized in vitro (Figure 21) to determine the (i) basal Psap promoter leakage, (ii) minimum
concentration of L-arabinose to achieve maximal, reproducible fluorescence or bioluminescence

signal, and (iii) necessity of D-glucose for complete promoter repression.

L-arabinose () (@) () (1) () @)
D-giucose o) () (=) ) (D 2
sasal expression|( ) () (OO O
neg. conral ) O OO OO

Figure 21. In vitro assay experimental design
Overview of the 24-well plate layout for the in vitro assay. Induced and repressed fluorescence

and bioluminescence expression were quantified over 0.001-2.0% L-arabinose and 0.001-2.0%

D-glucose concentrations, respectively. Without the addition of exogenous carbohydrate sources,
the observed basal expression of the biome vectors was representative of the baseline leakage of
the Psap promoter, while the backbone of the biome vectors, pHERD30T, served as the negative

control.
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These experiments were conducted under aerobic and anaerobic conditions to determine
the relative fitness of the vectors in anoxic environments to simulate the anaerobic conditions of
the gut, which maintains oxygen concentrations of 2-7% (G. He et al., 1999). Under aerobic
conditions, GFP, RFP, and Lux biome vectors exhibited fluorescence and bioluminescence
expression that increased in a dose-dependent manner in response to augmenting concentrations
of L-arabinose supplementation, reaching maximal expression at 2% (Figure 22). At nearly all
concentrations of L-arabinose, GFP, and Lux biome vector expression was significantly
attenuated under anaerobic conditions compared to their aerobic counterparts. The RFP biome
vector was an exception to this trend, albeit the overall expression was generally lower and more
variable. This observation is consistent with previous characterizations DsRedExpress, which
indicates that RFP expression by this protein is weak within the first 24 hours of incubation, with
signals reportedly intensifying after 36-48 hours of incubation (Choi & Schweizer, 2006).

Under anaerobic conditions, the bioluminescence expression produced by the Lux biome
vector reached its maximal expression at the lowest (0.001%) dose of L-arabinose. Because
bioluminescence production is dependent upon the availability of flavin mononucleotide and
molecular oxygen within the environment (Gregor et al., 2018), these results may suggest that
overexpressing the luxCDABE operon under anoxic conditions at increased L-arabinose
concentrations may cause localized metabolic resources to be exhausted more quickly than
expression at lower concentrations of L-arabinose. Importantly, among all biome vectors, we
observed no difference (p=0.7686) in the fluorescence and bioluminescence expression between
basal and repressed conditions, thereby suggesting that D-glucose supplementation is not

necessary to repress the Peap promoter (Figure 23).
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Figure 22. Aerobic and anaerobic in vitro quantitation of titrated L-arabinose-induced
fluorescence and bioluminescence expression

Images and quantitation of green (A-B) and red (C-D) fluorescence and bioluminescence (E-F)
expression from 24-well plate assays. Images were captured with the IVIS Lumina XRMS |11 in

vivo imager, and expression quantified using the calibrated units of radiance. The assay images

(A, C, E) are representative of aerobic assays. Anaerobic fitness of the biome vectors was
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assessed by comparing the fluorescence or bioluminescence expression to their aerobic
counterparts at each supplemented carbohydrate concentration or condition (B, D, F). Each data
point is representative of at least two technical replicates. Mean + SD, * P<0.05, **** P<0.0001,

two-way ANOVA followed by Sidak multiple comparisons test.
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Figure 23. Glucose supplementation is not necessary to achieve Psap promoter repression
Fluorescence and bioluminescence expression under basal and 0.5% glucose-supplemented

conditions. Data points are aggregated from aerobic and anaerobic in vitro assays performed with

GFP, RFP, and Lux biome vectors. Data were analyzed using a Mann Whitney test.

Western blot analysis reveals that 0.1% L-arabinose induction leads to optimal
protein expression in biome vectors
The induced, repressed, and basal transcriptional activity of the GFP, RFP, and Lux

biome vectors was assessed with the Wes, a capillary-based automated immunoassay system.
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The total bacterial protein was extracted directly from the aerobic and anaerobic in vitro assays
described above, and proteins were probed with HA monoclonal antibodies. During the cloning
process, HA was fused to GFP, RFP, and the luxCDABE operon, therefore HA is a proxy for
measuring the bioluminescence and fluorescence proteins produced by each biome vector at the
various experimental conditions.

Consistent with our quantitative imaging analysis, basal fluorescence and
bioluminescence expression was below the limit of the immunoassay’s detection, thereby further
supporting the notion that the Psap promoter is tightly regulated. In contrast to the quantitative
imaging results, which generally showed maximum fluorescence and bioluminescence intensity
occurring at 2% L-arabinose supplementation, we observed the biome vectors’ protein
expression to peak at 0.01% L-arabinose induction, as evidenced by the magnitude of the
chemiluminescent signals shown as an electropherograms and virtual western blot images
(Figure 24). A likely explanation for the incongruence between these two methods of detection is
the difference in the half-life of the fluorescent and bioluminescent proteins detected through
imaging and the HA-tag used for protein quantification. For example, the half-life of gfp and
dsred variants is at least 24 and 96 hours, respectively. While the half-life of P. luminescens
bioluminescence is approximately 4 hours, fluorescent- and bioluminescent-based reporter
proteins are continually being modified to have shortened half-lived to enable dynamic gene and
protein regulation monitoring (Andersen et al., 1998; Waidmann, Bleichrodt, Laslo, & Riedel,
2011). While the decay kinetics on HA degradation has not been reported, our data suggest that
HA degradation may occur relatively quickly, and therefore, provide quantitative data that is
representative of the real-time recombinant protein expression, rather than measuring the stable

proteins that have accumulated over time.
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The anaerobically incubated Lux biome vector was the only condition where a biome
vector peaked at 0.001% L-arabinose supplementation (Figure 24F). Under such anoxic
conditions, a decreased amount of the endogenous factors needed to produce the bioluminescent
signal likely explains the attenuated Lux protein expression observed in the anaerobic
immunoassay and guantitative imaging studies. Collectively, these data confirm the Psap
promoter behaves similarly under aerobic and anaerobic conditions and suggests that 0.1% L-
arabinose induction of the Psap promoter supports sustained, high-level recombinant protein
expression provided that the endogenous factors and co-factors essential for recombinant protein

expression are available.
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Figure 24. Quantitation of titrated L-arabinose-induced fluorescence and bioluminescence
protein expression under aerobic and anaerobic conditions

Bacterial proteins were extracted directly from in vitro assays, and the aerobic and anaerobic
expression of GFP (A-B) RFP (C-D) and bioluminescence (E-F) at 0.001%, 0.1%, and 2% L-
arabinose-induced and basal conditions were quantified using a capillary-based automated
immunoassay. Within each aerobic and anaerobic analysis of the GFP, RFP, and Lux biome

vectors, the magnitude at which the chemiluminescent HA signal was detected and quantified is

displayed as an electropherogram, with a virtual western blot image directly above.

Introduction of biome vectors into ex vivo microbiome community results in
minimal modifications to the endogenous flora

To determine how the biome vector system may impact the endogenous flora of the gut,
we established a co-cultivation model, wherein an ex vivo gut microbiota community derived
from mice was anaerobically co-cultured with the biome vectors and analyzed under various
conditions. Using this co-cultivation strategy, we confirmed that L-arabinose-induced
bioluminescence expression was indeed obtainable under gut-simulated conditions (Figure 25A).
Additionally, we determined whether Gentamicin and L-arabinose supplementation, as well as
the presence of an exogenous E. coli strain harboring the pHERD30T vector, resulted in a
perturbation to the ex vivo microbiota. qPCR analysis revealed Enterobacteriaceae, Bacteroides,
and C. leptum populations were unaffected by co-cultivation with the exogenous E. coli stain and
carbohydrate and antibiotic supplementation; however, the Lactobacillus population was
significantly increased when the ex vivo microbiota was co-cultured and media supplemented
Gentamicin and L-arabinose (Figure 25B).

In order to discern which element(s) of co-cultivation led to the increased in Lactobacilli,

we performed a microanalysis, wherein a Lactobacillus isolate derived from the ex vivo
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community was exposed to Gentamicin and/or L-arabinose in the presence and absence of the
exogenous E. coli strain harboring the pHERD3O0T vector (Figure 25C). Our results show that
Lactobacillus exhibited extreme sensitivity to Gentamicin exposure, thereby decreasing the
genera’s population by eight times compared to the non-treatment group. Conditions involving
the supplementation of L-arabinose as well as co-incubation with E. coli appeared to have a
synergistic effect on the Lactobacillus population. Accordingly, previous studies have shown
that L-arabinose is a preferred carbon source of certain Lactobacilli spp. (Gobbetti,
Lavermicocca, Minervini, de Angelis, & Corsetti, 2000). Thus, these results suggest that the
biome vectors and other Psapb promoter-based vectors are not ideal for studies of which
Lactobacillus is the taxa of interest. In sum, from these studies, we conclude that the biome
vector system maintains functionality in a metabolically active polymicrobial community while

causing minimal change to endogenous gut flora.
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Figure 25. Characterization of the biome vectors in an ex vivo gut microbiota model.
Induced bioluminescence expression of the Lux biome vector co-cultured with an ex vivo

microbial community (A). gPCR analysis of four gut commensal groups within an ex vivo
community under normal (WT) growth and experimental conditions® (B). Fold changes were

calculated with the AACt method. Differential taxa abundance between WT and the experimental
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conditions were analyzed for significant changes. * P<0.05, two-way ANOVA followed by the
Dunnett multiple comparisons test. Data are representative of two biological replicates.
Lactobacilli CFU/mL on LBS agar after a 5-hour incubation of the ex vivo microbiota (WT)
alone and with E. coli harboring the pHERD30T vector under experimental conditions (C).
+GM = Gentamicin (13 pg/mL); A = 0.1% L-arabinose; GM/A = Gentamicin (13 pg/mL) and

0.1% L-arabinose; NT = no treatment.

Biome vectors transiently colonize the murine intestines

To demonstrate the potential applications of the biome vector system for in vivo use, we
conducted a preliminary study to assess the functionality and safety of the Lux biome vector
when introduced into the murine gut microbiota. Male and female B6 mice were orally gavaged
with 200 pl of E. coli containing the constitutively expressed bioluminescence vector, pUC18T-
mini-Tn7T-lux, Lux biome vector, or PBS. At 0 hours, the constitutive bioluminescence vector
can be observed in the gastrointestinal tract of the orally gavaged hosts (Figure 26). The most
notable feature at this time point is that only 50% of mice harbor the bacterial inoculum within
their gut. These results highlight an issue with the oral gavage protocol, which originated with
the plastic feed tubes used to deliver the bacterial inoculum to the intestines. During the oral
gavage process, mice had the tendency of biting the feeding tube, which caused punctures and
even fragmentation to the tube. This not only resulted in a different amount of the bacterial
inoculum being delivered into the gastrointestinal tract but also led to the one and only observed
fatality (Figure 27). In the future, a metal feeding tube will be used to eliminate these issues
associated with inoculum delivery.

In the two mice confirmed to receive the bacterial inoculum with pUC18T-mini-Tn7T-

lux vector, the bacteria were either excreted or killed within 18 hours of oral gavage, as no
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bioluminescence was observed at this time point. Accordingly, we did not observe any
bioluminescence expression in mice that received the Lux biome vector when imaged at the 18-
hour timepoint. Fecal samples were collected at the 18-hour timepoint from all mice that were
gavaged with the Lux biome vector. The total bacterial population was isolated through filtration
and incubated overnight on LB agar containing Gentamicin and L-arabinose. Plates were
subsequently imaged for bioluminescence expression; however, none was detected. These data
indicate that the lack of observed bioluminescence was likely due to the rapid elimination of the
bacterial inoculum from the gastrointestinal tract extremely, rather than a failure by the vectors
to produce a bioluminescence signal. These results also highlight the need for an optimized
delivery system that can effectively colonize the gut microbiota without disrupting the existing

structure of the endogenous community.
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Figure 26. In vivo colonization of E. coli harboring constitutively expressed
bioluminescence vector (pUC18T-mini-Tn7T-lux) and the inducible bioluminescence biome
vector.

Mice were orally gavaged with 200 pl of E. coli containing the constitutively expressed

bioluminescence vector (pUC18T-mini-Tn7T-lux), bioluminescence biome vector, or PBS
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(negative control). A subgroup of mice received normal drinking water, while the others received
water supplemented with 2% L-arabinose and Gentamicin (13 pg/mL). Each experimental
condition consisted of a male and female group, with two mice/group. Mice were imaged at O

and 18 hours post-gavage and closely monitored for side effects for up to a week.
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Figure 27. Survival curve of mice post-oral gavage with bacterial vectors or PBS
Survival curve of the mice included in the bacterial oral gavage experiment. Only one fatality

occurred, which was the result of a fragmented plastic feeding tube. The mouse was immediately
and humanely euthanized to avoid any additional discomfort. No other adverse effects were

observed throughout the duration of the study.

Conclusion

The objective of this work was to develop a bacterial vector system for in vivo
manipulation of the gut microbiota. As demonstrated, the fluorescent and bioluminescent vectors
can be utilized for aerobic and anaerobic experiments in vitro, ex vivo, and in situ and readily
detected through imaging, flow cytometry, and western blotting. Our results also show that

regardless of the gene(s) or operon cloned into the biome vector for recombinant expression,
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0.01% L-arabinose supplementation yields sustained, highly-detectable protein expression.
Moreover, we showed that glucose supplementation is not necessary to achieve Psapb promoter
repression. As proof of concept, we developed an ex vivo gut microbiome model to verify the
functionality of the biome vectors under gut-simulated conditions. This co-cultivation strategy
could also serve as a unique model for manipulating the microbiota’s metabolic pathways in a
controlled environment and mutant library selection. gPCR analysis showed that the introduction
of the biome vectors into the ex vivo gut microbiota caused minimal alterations to the microbial
community structure. The avirulent nature of the biome vector system was further confirmed
through in vivo experiments.

Harnessing the ability to modulate the mammalian gut microbiota through the
introduction of genetically engineered microbes would lay the foundation for a targeted approach
to microbiota manipulation with an array of therapeutic applications (Lee et al., 2018). Aside
from this current study, one of the most recent developed platforms for microbiota engineering,
Metagenomic Alteration of Gut microbiome by In situ Conjugation (MAGIC), enables mobile
genetic elements to be introduced and transferred the native gut microbial community via
horizontal gene transfer (Ronda, Chen, Cabral, Yaung, & Wang, 2019). Similar to our results,
one of the initial limitations with the MAGIC system was the rapid loss of the E. coli strain used
as the in vivo delivery vehicle (Ronda et al., 2019). The authors hypothesized that using a gut-
adapted bacterium would enhance the probability of colonization and stable persistence in the
gut, and indeed, showed that genetically engineering gut-derived microbes as delivery vehicles
resulted in long-term colonization in the gut (Ronda et al., 2019).

Based on this evidence, future directions include genetically modifying E. coli Nissle

1917 (EcN) strain as an in vivo delivery system for the biome vectors. Initially isolated from the
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human gastrointestinal tract, ECN has since become a commercial probiotic for the treatment of

dysbiosis, and ulcerative colitis (Scaldaferri et al., 2016). The biome vector system coupled with

a gut-tropic delivery system presents as an excellent model for the precise expression and

delivery of proteins and therapeutic peptides as well as a novel method for targeted antigen

delivery of mucosal vaccinations, which remain a challenging route of vaccine delivery due to

the natural defenses and clearance mechanisms in the gut (Azegami, Yuki, & Kiyono, 2014).

Materials and Methods

Construction of vectors

The luxCDABE operon and gfpmut3 gene were PCR-amplified from the pUC18T-mini-

Tn7T-Gm-lux and pUC18T-mini-Tn7T-Gm-gfpmut3 plasmids (Table 5) (Choi & Schweizer,

2006), respectively.

Plasmid and reference

Features

pUC18T-mini-Tn7T-Gm-gfpmut3
(Choi & Schweizer, 2006)

Gentamicin resistant; green fluorescence protein
for tagging bacteria

pUC18-mini-Tn7T-Gm-lux
(Choi & Schweizer, 2006)

Gentamicin resistant; luxCDABE transcriptional
fusion vector

pUC18T-mini-Tn7T-Gm dsRedExpress
(Choi & Schweizer, 2006)

Gentamicin resistant; red fluorescence protein for
tagging bacteria

pHERD30T
(Qiu et al., 2008)

Gentamicin resistant; Psap promoter

Lux biome vector
(this study)

Gentamicin resistant; Peap promoter-controlled
bioluminescence expression

GFP biome vector
(this study)

Gentamicin resistant; Peap promoter-controlled
GFP expression

RFP biome vector
(this study)

Gentamicin resistant; Psap promoter-controlled
RFP expression

Table 5. Bacterial plasmids used in this study
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Custom primers (Table 6) were designed so that EcoR1 and HindllI restriction enzyme

sites could be added to the 5’ and 3’ end of the PCR product, respectively. Additionally, the

forward primers were designed to add the 5’ HA epitope tag. Primers were synthesized by

Integrated DNA Technologies (Coralville, 1A) using the standard desalting purification

procedure. PCR products were ligated into the pCR4-TOPO vector (Invitrogen, Carlsbad, CA),

and recombinant clones were selected on Lennox Broth (LB) (Difco, Detroit, MI) agar plates

containing Kanamycin (50 pg/mL) (RPI, Mt. Prospect, PA). Plasmid DNA was extracted from

recombinant clones grown overnight in LB containing Kanamycin (50 pug/mL) using the

QIAprep Spin MiniPrep Kit (Qiagen, Germantown, MD). The PCR products, as well as the

recipient vector, pHERD30T, were digested with the restriction enzymes, EcoR1 and HindllI

(New England Biolabs, Ipswich, MA), resulting in linearized DNA. The HA-luxCDABE and HA-

gfpmut3 gene fusions were ligated into pHERD30T using the Rapid DNA ligation kit (Thermo

Fisher Scientific, Waltham, MA), resulting in the Lux and GFP biome vectors. These

recombinant plasmids were subsequently transformed into electrocompetent One Shot TOP10 E.

coli (Invitrogen, Carlsbad, CA). Recombinant clones were selected on LB agar containing

Gentamicin (13 pg/mL). The EcoRI/HindllI regions of the GFP and Lux biome vectors were

Sanger sequenced at West Virginia University’s Genomics Core to verify construct and ensure

that no mutations occurred during cloning (see Appendices A and B for partial nucleotide

sequences). The RFP biome vector containing HA-DsRed gene fusion was commercially

synthesized (GenScript Biotech, Piscataway, NJ).

Primer and reference

Sequence (5’ - 37)

EcoHA-gfpmut3-F

AGA ATT CGT ACC CAT ACGATG TTC CAG ATT ACG

(this study) CTA TGC GTA AAG GAG AAG AAC TTT TC
Hind-gfomut3-R CCA AGC TTT TAT TTG TAT AGT TCA TCC ATG CCA
(this study) TGT GTA ATC CCA GCA GCT
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EcoHA-luxC-F

AGA ATT CGT ACC CAT ACGATG TTC CAG ATT ACG

(this study) CTATGA CTAAAAAAATTTCATTCATT
Hind-luxE-R CAA GCT TTC AACTAT CAAACGCTT CGG TTA AGC
(this study) TCA AAG CAC ACCCTT TCT

pHERD-SF ATCGCAACTCTCTACTGTTTCT

(Qiu et al., 2008)

pHERD-SR TGCAAGGCGATTAAGTTGGGT

(Qiu et al., 2008)

C. leptum F CCTTCCGTGCCGSAGTTA

(Furet et al., 2009)

C. leptumR
(Furet et al., 2009)

GAATTAAACCACATACTCCACTGCTT

Lactobacillus F (LabF362)
(Rinttila, Kassinen,
Malinen, Krogius, & Palva,
2004)

AGCAGTAGGGAATCTTCCA

Lactobacillus R (LabR677)
(Rinttila et al., 2004)

CACCGCTACACATGGAG

Bacteroides F (BactF285)
(Dore, Sghir, Hannequart-
Gramet, Corthier, &
Pochart, 1998)

GGTTCTGAGAGGAGGTCCC

Bacteroides R (UniR338)
(Dore et al., 1998)

GCTGCCTCCCGTAGGAGT

Enterobacteriaceae F
(Uni515F)
(Ludwig, 2007)

GTGCCAGCMGCCGCGGTAA

Enterobacteriaceae
(Ent826R)
(Ludwig, 2007)

GCCTCAAGGGCACAACCTCCAAG

Eubacteria F (UniF340)
(Amann et al., 1990)

ACTCCTACGGGAGGCAGCAGT

Eubacteria R (UniR514)
(Amann et al., 1990)

ATTACCGCGGCTGCTGGC

Table 6. Primers used in this study
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In vitro assays

In vitro assays were performed to optimize and quantify the biome vectors’ fluorescence
and bioluminescence expression over titrated concentrations of 0.001 - 2.0% L-arabinose and
0.05% D-glucose. Using 24-well plates (Corning, Corning, NY), 5.0 x 10* CFU/mL E. coli
inoculum harboring the biome vectors, or pHERD30T was added to 500 pl LB containing
Gentamicin (13 pg/mL) as well as L-arabinose or D-glucose in each well. Plates were incubated
under aerobic conditions at 37 °C for 18-20 hours, and the basal and experimental expression
was subsequently measured on the VIS Lumina XRMS Il1 in vivo imager (PerkinElmer,
Waltham, MA). To calculate background noise, the luminescence detected from the wells
containing pHERD30T was averaged and subtracted from the basal and experimental expression
measurements.

To determine if the biome vectors’ Psap promoter retained its inducible functionality in
an oxygen-free environment, the in vitro assays were repeated and plates incubated at 37 °C for
18-20 hours in an anaerobic chamber (Anaerobe Systems, Morgan Hill, CA). Pre-reduced
anaerobically-sterilized (PRAS) LB (Anaerobe Systems, Morgan Hill, CA) containing
Gentamicin as well as L-arabinose or D-glucose was implemented in place of the LB media used
in the aerobic in vitro assays.

Immunoassays

Bacterial proteins were extracted directly from aerobic and anaerobic in vitro assay plates
described above with the NoviPure Microbial Protein Kit (Qiagen, Germantown, MD). Protein
concentrations were measured with the Pierce BCA Protein Assay (Thermo Fisher Scientific,
Waltham, MA) microplate procedure, in which the SpectraMax i3x plate reader (Molecular

Devices, Downington, PA) was used to read the optical density (OD) at 562nm.
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Immunoassays were performed on the Wes automated western blotting system
(ProteinSimple, San Jose, CA) according to the manufactures’ protocol. Briefly, protein samples
were diluted to 0.3 mg/mL using 0.1x Sample Buffer and mixed with 5x Fluorescent Master Mix at a
4:1 ratio (Nelson, Guynn, & Chorley, 2017). Protein samples and biotinylated ladder were denatured
by heating at 95 °C for 5 minutes. Rabbit anti-HA tag (MAB0601, R&D Systems, Minneapolis,
MN) IgG monoclonal antibody was diluted with antibody diluent 2 at a 1:50 ratio (Nelson et al.,
2017). Luminal-S and peroxide were mixed at a 1:1 ratio to a create 250 pl final solution. Protein
samples, biotinylated ladder, antibody diluent 2, primary antibody, streptavidin-HRP, Luminal-
Peroxide mix, wash buffer, and anti-rabbit secondary antibody (DM-001, Protein Simple, San Jose,
CA) were loaded into a 12-230 kDa 25 capillary assay plate (Nelson et al., 2017). The loaded
plate was centrifuged at ~1000 x g from 5 minutes at ambient temperature. The size immunoassay
was run using the following default system settings: 40 minute separation time at 250 volts; 23
minute antibody diluent time; 30 minute primary antibody time; 30 minute secondary antibody time.
Results and analysis of immunoassays were performed on Compass for Simple Western software
version 3.1.7. (ProteinSimple, San Jose, CA).

Characterization of biome vectors in an ex vivo microbiome community

All animal studies were performed under an approved protocol by the Marshall
University Institutional Animal Care and Use Committee. Ex vivo microbiome communities
were derived from the luminal contents of the small intestines of C57BL/6J mice (B6) (Charles
River Laboratories, Wilmington, MA). Mice were dissected under anaerobic conditions to
maximize the viability of anaerobic microbes. The bacterial fraction of the luminal contents were
isolated through a 100 pum vacuum-based filtration system (Millipore Sigma, Burlington, MA)
under anaerobic conditions. The ex vivo microbiome community was co-cultivated with E. coli

containing the Lux biome vector (~1:60 CFU/mL E. coli to gut flora ratio) on PRAS LB agar
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containing 0.1% L-arabinose. The agar plate was incubated anaerobically for 48 hours and
subsequently imaged with the VIS Lumina XRMS Il1 in vivo imager to measure
bioluminescence expression.

Next, the ex vivo bacterial community was cultured alone or co-cultured with E. coli
harboring the pHERD30T plasmid (~1:60 CFU/mL ratio) on the nutrient-rich, broad-range
PRAS medium, YCFA agar with sheep blood (Anaerobe Systems, Morgan Hill, CA). Mono- and
co-cultures were incubated anaerobically for 48 hours under normal (no antibiotic or
carbohydrate supplementation) and experimental conditions, which consisted of supplementing
the agar with Gentamicin (13 pg/mL) and 0.1% L-arabinose. All growth from the agar plates was
scraped, and bacterial genomic DNA was subsequently isolated (Zymo Research, Irvine, CA).
Using the StepOne Plus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA),
guantitative PCR (qPCR) was performed to measure the abundance of Clostridium leptum,
Lactobacillus, Bacteroides, and Enterobacteriaceae relative to the total bacterial content (see
Table 2 for primer sequences) in each sample. Fold changes were calculated with the AACt
method (Livak & Schmittgen, 2001).

In a follow-up study, we evaluated the Lactobacillus response to the experimental
conditions of the ex vivo mono- and co-cultures. Using the same methods as described above, the
ex vivo microbiome community was mono- and co-cultured with E. coli containing the
pHERD3O0T vector (~1:60 CFU/mL E. coli to gut flora ratio) in 2 mL of PRAS regular LB and
LB containing Gentamicin (13 pg/mL) or 0.1% L-arabinose. Broth cultures were anaerobically
incubated for 5 hours, serially diluted, and plated on Lactobacillus Selection Agar (Becton
Dickinson, Franklin Lake, NJ) to determine the colony-forming units (CFUs) of the surviving

Lactobacillus.
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In vivo mouse model

E. coli harboring the Lux biome vector, pUC18T-mini-Tn7T-Gm-lux, and pHERD30T
vectors were grown overnight in 500 mL of LB containing Gentamicin (13 pg/mL) until the mid-
log growth phase was achieved. Bacterial cultures were chilled on ice and centrifuged until a
concentrated stock of 4x10° could be achieved in PBS (Thermo Fisher Scientific, Waltham,
MA). 16-week old male and female B6 mice were orally gavaged via disposable oral gavage
needles (Cadence Science, Cranston, RI) with 200 pl of the previously prepared bacterial stocks
or PBS. Mice were divided into the following groups, each of which contained two male and two
female mice: A.) subgroup was inoculated with E. coli harboring pUC18T-mini-Tn7T-Gm-lux
and received regular drinking water; B.) subgroup was inoculated with E. coli harboring Lux
biome vector and received drinking water with Gentamicin (13 pg/mL) and 2% L-arabinose; C.)
subgroup was inoculated with E. coli harboring pHERD30T and received drinking water with
Gentamicin (13 pg/mL) and 2% L-arabinose; D.) subgroup was inoculated with PBS and
received drinking water with Gentamicin (13 pg/mL) and 2% L-arabinose. Mice were imaged
with the IVIS Lumina XRMS IlI in vivo imager at 0 and 18 hours to track the colonization of the
bioluminescence-labeled bacteria. All mice were monitored for adverse reactions for a week
post-oral gavage.

Statistical Analyses

Living Image Software (PerkinElmer, Waltham, MA) was used to quantify bacterial
bioluminescence and fluorescence expression. Protein quantification from immunoassays was
computed on Compass (Protein Simple, San Jose, CA). Mann Whitney, two-way ANOVA, and

Sidak or Dunnett multiple comparisons tests were performed using GraphPad Prism version 8.0
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(GraphPad Software, La Jolla, CA). Prior to running statistical tests, the Shapiro-Wilk normality
test was used to determine whether the data were consistent with a Gaussian distribution.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

This body of work aimed to investigate the complex microbial communities of the gut
microbiota through the application of bioinformatics approaches, including machine-learning
techniques to identify microbial features predictive of metabolic syndrome in TALLYHO/Jng
mice and potentially their human analogs as well as the development of an informatics workflow
for the in silico prediction of SFB antigens. During this work, we identified a gap between
bioinformatics and the molecular tools that enable specific in silico targets to be experimentally
investigated in a controlled manner, as to allow for causal inference. Therefore, a part of this
work was dedicated to developing a series of bacterial vectors to enable the precise expression of
microbial genes in in vitro, ex vivo, and potentially in vivo experiments.

Making the connection between specific microbial products, such as metabolites or
antigens, and monitoring their effect on the host phenotype is particularly challenging to
accomplish in vivo due to the complexity of the gut microbiota; however targeted manipulation
of the gut microbiota is likely to be one of the pillars of precision-based personalized medicine,
which is on the horizon. Thus, the continued development of the biome vector system,
particularly the delivery vehicle, is likely a worthy endeavor. Additionally, the utility of the
biome vector system in delineating the function of fastidious and unculturable microorganisms
became increasingly evident throughout my dissertation research as we, like many others,
struggled to establish an in vitro culture of SFB. Until the specific nutrient requirements for the
in vitro growth of SFB are determined, combining computational and recombinant molecular
approaches appears to be the best strategy for advancing the knowledge of SFB and other

unculturable microorganisms.
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At the time of beginning my dissertation research, two reports were published describing
the successful cultivation of SFB in vitro (Ericsson et al., 2015; Schnupf et al., 2015). Despite
many trials of these reported methods, including various modifications to the nutritional and
growth conditions, we could not replicate the authors’ results. At this point, we decided to
employ multi-omics and bioinformatics to further investigate the intestinal niche in which SFB
reside as well as the bacterium’s antigenic properties.

We developed an in silico antigen prediction workflow, by which we identified thirty-
five putative antigen candidates within the SFB reference proteome that exhibited CD4 T cell
immunogenicity and binding affinity for Major Histocompatibility Complex Class Il molecules.
Among these predicted targets was flagellar cap protein, FliD, which we computationally predict
is regulated by nutrient signals from the environment. Importantly, the real-time expression of
FIiD by SFB in the murine ileum was validated through shotgun proteomics of the murine ileal
mucosa. In addition to and consistent with our proteomic analysis, results from our qPCR, next-
generation sequencing consistently show that SFB preferentially colonize the mucosa proximal
to the Peyer’s Patches.

Based on this evidence, we postulate that a cell model that simulates the environment and
expresses the receptors found at the Peyer’s Patches may be conducive to SFB growth. One of
the defining characteristics of Peyer’s Patches is its presence of Microfold cells (M-cells) located
on the apical surface of Peyer’s Patches facing the intestinal lumen (Jung et al., 2010). M cells
are specialized enterocytes that are directly involved in the transcytosis of antigens from the
intestinal lumen into the Peyer’s Patches (Mabbott, Donaldson, Ohno, Williams, & Mahajan,
2013). M-cell expressing Peyer’s Patches cell models are well characterized and documented in

the literature (Buda, Sands, & Jepson, 2005; Yeboah et al., 2014). The Peyer’s Patches cell
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model can be established by culturing the human colonic enterocyte cell line Caco-2, with the
human B lymphocyte cell line, Raji-B (Buda et al., 2005; Yeboah et al., 2014). This model, with
the addition CD11c* antigen presenting cells could be useful to determine the mechanism by
which SFB antigen(s) are recognized, presented, and processed. One consideration for this model
is host-specificity SFB exhibits. For example, rat SFB weakly colonize the intestine and
stimulate the immune system of mice (Atarashi et al., 2015). Thus human-derived SFB may be
the most relevant SFB strain to use in this model and provide the best chance of in vitro growth.

Another important observation from this work was our finding that the gut microbiota’s
structure and function was primarily driven by dietary factors. The effect of diet overshadowed
that of host genetics, despite the fact that TALLYHO/Jng mice harbor multiple genetic mutations
rendering them susceptible to obesity, hypercholesteremia, hyperlipidemia, glucose intolerance,
and type I diabetes (Denvir et al., 2016; Parkman et al., 2017; Parkman et al., 2016). To our
knowledge, this is the first study to dissect the interplay of the microbiota, diet, host genetics
using a polygenic model for metabolic syndrome. To take this work further, future studies in
which the TALLYHO/Jng gut microbiota (i) is monitored during dietary oscillations between
chow and Westernized diets, and (ii) transferred to determine whether the chow-fed gut
microbiota can rescue the Western-diet induced metabolic phenotype TALLYHO/Jng mice
exhibit.

Based on our collective findings, it would be interesting to determine what if any effect
diet has on the Peyer’s Patches-associated microbiota (PPAM). SFB are likely very sensitive to
any metabolic changes that occur in the Peyer’s Patches environment, either directly or indirectly
from dietary modulations. Thus, additional research is warranted to investigate the interplay

between dietary modulations, the PPAM, and mucosal immunity. Although we found the
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composition of the PPAM to be extremely homogenous among mice, a larger sample size that
includes PPAM samples obtained from mice of different dietary regimens, genetic backgrounds,
and environments is needed to validate and extrapolate these findings more broadly to other

mammals.
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APPENDIX B: CHARACTERISTICS AND PEPTIDE SEQUENCES OF PREDICTED

SFB ANTIGENS

Median
CD4 Peptide Core MHCII
Protein Percentile Localization Adhesin Antigenicity
Peptide Start End Immuno. (processed by Cleavage Localization
Description Rank (7 Probability Probability Score
Score MHCII) Probability
allele)
SFBM_0042 NYPIINISINEYLQI 226 240 76.2256 INISINEYL 85 0.50764 Unknown 0.515 0.437 0.5061
SFBM_0042 LDIRYASKNNFTHKV 71 85 69.507 LDIRYASKN 27 0.40056 Unknown 0.515 0.437 0.5061
SFBM_0042 YIQKILWDIVPNSNY 126 140 75.7338 IQKILWDIV 11 0.17165 Unknown 0.515 0.437 0.5061
SFBM_0042 AQIDKKIMIKNFENT 31 45 76.3623 IMIKNFENT 30 0.14003 Unknown 0.515 0.437 0.5061
SFBM_0042 NISINEYLQIMNNKL 231 245 74.5291 YLQIMNNKL 12 0.12413 Unknown 0.515 0.437 0.5061
SFBM_0042 IKIWDAYRPFYIQKI 116 130 90.7013 KIWDAYRPF 18 0.0919 Unknown 0.515 0.437 0.5061
SFBM_0042 KNIMIKHGFKPIYTE 201 215 75.8072 IMIKHGFKP 25 0.07926 Unknown 0.515 0.437 0.5061
SFBM_0042 NYDVSINGLRLLNSF 51 65 85.6903 INGLRLLNS 16 0.07906 Unknown 0.515 0.437 0.5061
SFBM_0042 HHEMILDIRYASKNN 66 80 76.3828 MILDIRYAS 19 0.07087 Unknown 0.515 0.437 0.5061
SFBM_0042 NEYLQIMNNKLRGGE 235 249 53.6694 LQIMNNKLR 8.3 0.04908 Unknown 0.515 0.437 0.5061
SFBM_0042 INGLRLLNSFHHEMI 56 70 69.6189 LRLLNSFHH 6.8 0.04297 Unknown 0.515 0.437 0.5061
SFBM_0042 KIMIKNFENTKEYSY 36 50 575323 IKNFENTKE 42 0.04227 Unknown 0.515 0.437 0.5061
SFBM_0042 KEYSYNYDVSINGLR 46 60 92.7954 YNYDVSING 20 0.03949 Unknown 0.515 0.437 0.5061
SFBM_0042 KISIILSFGIILIS 6 20 86.1861 IILSFGII 9.3 0.03917 Unknown 0.515 0.437 0.5061
SFBM_0042 MNFINKISIIILSFG 1 15 91.0139 FINKISII 8.7 0.03455 Unknown 0.515 0.437 0.5061
SFBM_0042 ILSFGIILISGGLYY 11 25 90.9799 FGIILISGG 15 0.03455 Unknown 0.515 0.437 0.5061
SFBM_0042 NAELLKNIMIKHGFK 196 210 57.6864 LLKNIMIKH 25 0.03297 Unknown 0.515 0.437 0.5061
SFBM_0204 IDILASNGTVVIPEV 166 180 84,5382 ILASNGTVWV 20 0.22785 Extracellular 0.913 0.718 0.6851
SFBM_0204 AKSKLTNLKAYVVRA 196 210 90.3239 KSKLTNLKA 19 0.20659 Extracellular 0.913 0.718 0.6851
SFBM_0204 NNTFGDYVLAHSLGV 1331 1345 97.5318 YVLAHSLGV 12 0.18321 Extracellular 0.913 0.718 0.6851
SFBM_0204 EGYNYWYAHRMKPKT 1801 1815 76.7591 YNYWYAHRM 30 0.16403 Extracellular 0.913 0.718 0.6851
SFBM_0204 FEFLVLNFGIKSKEA 21 35 85.5078 LVLNFGIKS 7.6 0.15175 Extracellular 0.913 0.718 0.6851
SFBM_0204 ATQNLNSVKRATIKM 611 625 81.2501 LNSVKRATI 26 0.1448 Extracellular 0.913 0.718 0.6851
SFBM_0204 GVKIKLNKSMRDVFS 346 360 75.6907 VKIKLNKSM 24 0.13376 Extracellular 0.913 0.718 0.6851
SFBM_0204 DLIAALYQIVVNREY 1841 1855 73.9568 YQIVVNREY 21 0.12993 Extracellular 0.913 0.718 0.6851
SFBM_0204 SVKITWSYPSGYIPA 441 455 74.1436 VKITWSYPS 26 0.11794 Extracellular 0.913 0.718 0.6851
SFBM_0204 YELNITLNTNNSVKK 106 120 63.8018 LNTNNSVKK 24 0.11127 Extracellular 0.913 0.718 0.6851
SFBM_0204 MGKTFRKFRSLAFFL 1 15 83.4155 GKTFRKFRS 4 0.0993 Extracellular 0.913 0.718 0.6851
SFBM_0204 DASLYIYYAGSNLGS 266 280 84.181 YIYYAGSNL 22 0.0947 Extracellular 0.913 0.718 0.6851
SFBM_0204 NKFLETDGVIIDILA 156 170 98.9751 NKFLETDGV 13 0.08973 Extracellular 0.913 0.718 0.6851
SFBM_0204 GNYDIDVSVYYNVAS 251 265 86.4174 VSVYYNVAS 17 0.08755 Extracellular 0.913 0.718 0.6851
SFBM_0204 FGQSFIYYPINSSAS 421 435 85.092 FIYYPINSS 23 0.08123 Extracellular 0.913 0.718 0.6851
SFBM_0204 TNLKAYVVRARLRES 201 215 79.9677 YVVRARLRE 19 0.07854 Extracellular 0.913 0.718 0.6851
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SFBM_0204 KIFEYVYGQNWNYSR 731 745 85.615 YVYGQNWNY 22 0.07701 Extracellular 0.913 0.718 0.6851
SFBM_0204 NYHVDLIYTIGGKQI 631 645 87.6875 YHVDLIYTI 18 0.06737 Extracellular 0.913 0.718 0.6851
SFBM_0204 LLYMKTFKASYLSAS 1576 1590 51.9536 LLYMKTFKA 6.2 0.06216 Extracellular 0.913 0.718 0.6851
SFBM_0204 DVSVYYNVASDASLY 256 270 76.4328 YYNVASDAS 24 0.061 Extracellular 0.913 0.718 0.6851
SFBM_0204 VEIFIKENTKTSRSD 1031 1045 79.323 VEIFIKENT 26 0.05902 Extracellular 0.913 0.718 0.6851
SFBM_0204 LKNLGVNKDYTLKVR 1096 1110 79.4046 VNKDYTLKV 26 0.0576 Extracellular 0.913 0.718 0.6851
SFBM_0204 NKVVIYELNDNLGKT 366 380 88.5649 YELNDNLGK 13 0.0567 Extracellular 0.913 0.718 0.6851
SFBM_0204 YDLGGLLYMKTFKAS 1571 1585 68.4395 LLYMKTFKA 12 0.05272 Extracellular 0.913 0.718 0.6851
SFBM_0204 GDLRTFKSLDLKNLG 1086 1100 90.0235 LRTFKSLDL 9.6 0.04915 Extracellular 0.913 0.718 0.6851
SFBM_0204 LAFFLCFMFIFEFLV 11 25 88.4784 FMFIFEFLV 11 0.04007 Extracellular 0.913 0.718 0.6851
SFBM_0204 IKLEQLKYNEALISW 1481 1495 87.4376 LKYNEALIS 21 0.03834 Extracellular 0.913 0.718 0.6851
SFBM_0204 DLQIVGLNTSNVKTK 996 1010 78.3127 IVGLNTSNV 19 0.03831 Extracellular 0.913 0.718 0.6851
SFBM_0204 VPVVKADGNNLKITG 136 150 84.7918 VVKADGNNL 17 0.03804 Extracellular 0.913 0.718 0.6851
SFBM_0204 GHLVKVHLRKVNSLN 706 720 77.508 VKVHLRKVN 22 0.03633 Extracellular 0.913 0.718 0.6851
SFBM_0204 MVFNPADTLKIFVKP 1201 1305 93.4854 MVFNPADTL 13 0.03503 Extracellular 0.913 0.718 0.6851
SFBM_0204 AGSTAYFNFKTEAFS 781 795 71.2475 YENFKTEAF 30 0.03285 Extracellular 0.913 0.718 0.6851
SFBM_0204 IEVPRFNTLYNAKVE 861 875 69.4943 FNTLYNAKV 19 0.03142 Extracellular 0.913 0.718 0.6851
SFBM_0204 IDYDFKIVDNKIAFD 46 60 67.2032 FKIVDNKIA 9.7 0.03021 Extracellular 0.913 0.718 0.6851
SFBM_0204 NYEAKIVLYNQRAIT 506 520 85.6653 VLYNQRAIT 18 0.01928 Extracellular 0.913 0.718 0.6851
SFBM_0204 IVLYNQRAITNTFVD 511 525 83.5453 YNQRAITNT 16 0.01376 Extracellular 0.913 0.718 0.6851
SFBM_0204 PPDNYEFVSGDKLLI 1301 1405 91.119 YEFVSGDKL 22 0.00297 Extracellular 0.913 0.718 0.6851
SFBM_0244 RGGNYVFTPNKTFDI 351 365 75.805 NYVFTPNKT 75 0.29908 Unknown 0.25 0.356 0.5374
SFBM_0244 NVNFTIYNRFHTPVI 241 255 51.945 FTIYNRFHT 31 0.27796 Unknown 0.25 0.356 0.5374
SFBM_0244 SGTNMFILSDFPSDF 381 395 87.8665 MFILSDFPS 21 0.15786 Unknown 0.25 0.356 0.5374
SFBM_0244 TSVSTDYGFLNNKLI 536 550 71.784 YGFLNNKLI 31 0.12942 Unknown 0.25 0.356 0.5374
SFBM_0244 DLDGNFIYNFGHINK 201 215 79.9561 IYNFGHINK 17 0.11495 Unknown 0.25 0.356 0.5374
SFBM_0244 DYGFLNNKLIFDKNK 541 555 66.2723 YGFLNNKLI 28 0.09866 Unknown 0.25 0.356 0.5374
SFBM_0244 DSFEFRFSYSKDSDF 161 175 79.7321 FEFRFSYSK 19 0.09211 Unknown 0.25 0.356 0.5374
SFBM_0244 DVILNEIIDKKPLG 96 110 89.4328 LNENIDKK 16 0.09083 Unknown 0.25 0.356 0.5374
SFBM_0244 NIKIPVINSLSAQVD 216 230 92.4579 VINSLSAQV 1 0.09072 Unknown 0.25 0.356 0.5374
SFBM_0244 NRIFDISNRVFMKKN 401 415 76.4595 RIFDISNRV 18 0.08803 Unknown 0.25 0.356 0.5374
SFBM_0244 YENLNILISNSSVLN 81 95 87.5077 LNILISNSS 14 0.08727 Unknown 0.25 0.356 0.5374
SFBM_0244 DGKRIFKIKLKDLDD 121 135 86.651 KRIFKIKLK 22 0.08487 Unknown 0.25 0.356 0.5374
SFBM_0244 FGIVSSVFFITIFLL 11 25 94.1737 IVSSVFFIT 20 0.08342 Unknown 0.25 0.356 0.5374
SFBM_0244 ILTSENRIFDISNRV 396 410 88.7501 RIFDISNRV 24 0.08295 Unknown 0.25 0.356 0.5374
SFBM_0244 ENTKNLFLRDNVNFT 231 245 82.6514 FLRDNVNFT 25 0.08234 Unknown 0.25 0.356 0.5374
SFBM_0244 QVYFKYGDTRLVNGR 26 40 85.8826 FKYGDTRLV 12 0.06583 Unknown 0.25 0.356 0.5374
SFBM_0244 TFNLYNKLVGTSVST 526 540 80.3051 YNKLVGTSV 20 0.06466 Unknown 0.25 0.356 0.5374
SFBM_0244 VDIINLIDNYKLYFD 306 320 77.8257 INLIDNYKL 9 0.06263 Unknown 0.25 0.356 0.5374
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SFBM_0244 FLSYDSGTNMFILSD 376 390 97.2206 LSYDSGTNM 18 0.06106 Unknown 0.25 0.356 0.5374
SFBM_0244 KLYFDDNLMKTYKAY 316 330 81.2305 LYFDDNLMK 25 0.0607 Unknown 0.25 0.356 0.5374
SFBM_0244 LFLRDNVNFTIYNRF 236 250 89.5898 VNFTIYNRF 11 0.06012 Unknown 0.25 0.356 0.5374
SFBM_0244 YKFYDINENKFLSYD 366 380 77.0067 KFYDINENK 29 0.05013 Unknown 0.25 0.356 0.5374
SFBM_0244 SSGDLKISNTYSLSN 261 275 84,7159 LKISNTYSL 13 0.04941 Unknown 0.25 0.356 0.5374
SFBM_0244 DEYIVFRNKELIFLE 661 675 77.5905 YIVFRNKEL 11 0.04794 Unknown 0.25 0.356 0.5374
SFBM_0244 ILISNSSVLNDVILN 86 100 96.6605 ILISNSSVL 12 0.04305 Unknown 0.25 0.356 0.5374
SFBM_0244 SVFFITIFLLQVYFK 16 30 95.2148 FITIFLLQV 11 0.04208 Unknown 0.25 0.356 0.5374
SFBM_0244 NNKLIFDKNKNNKVR 546 560 74.2214 LIFDKNKNN 20 0.03674 Unknown 0.25 0.356 0.5374
SFBM_0244 GHINKNIKIPVINSL 211 225 72.3411 GHINKNIKI 19 0.03397 Unknown 0.25 0.356 0.5374
SFBM_0244 NFYDKEFKIESNYYS 186 200 76.4692 FKIESNYYS 30 0.02594 Unknown 0.25 0.356 0.5374
SFBM_0244 INSGNYISLSSKGFN 626 640 96.0539 GNYISLSSK 13 0.02331 Unknown 0.25 0.356 0.5374
SFBM_0244 FRFNDMSSSILKKVT 436 450 90.5417 RFNDMSSSI 21 0.02057 Unknown 0.25 0.356 0.5374
SFBM_0244 LYYISFGIVSSVFFI 6 20 87.1179 LYYISFGIV 16 0.01541 Unknown 0.25 0.356 0.5374
SFBM_0244 FPSDFILTSENRIFD 391 405 90.3233 FILTSENRI 6.2 0.00861 Unknown 0.25 0.356 0.5374
SFBM_0244 FIYNFGHINKNIKIP 206 220 53.3261 GHINKNIKI 18 0.00462 Unknown 0.25 0.356 0.5374
SFBM_0253 ERLQFYVTVGIGIFF 21 35 92.9301 LQFYVTVGI 19 0.02711 Unknown 0.25 0.000 0.7041
Cytoplasmic
SFBM_0300 LDPEFFYSNSARSRF 166 180 83.3527 FYSNSARSR 9.5 0.51738 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 MRRTNIFSREYERRI 1 15 80.373 TNIFSREYE 26 0.18438 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 KVNINNEMKLLTFSF 256 270 79.5946 NNEMKLLTF 15 0.16059 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 QDIKHFMTSIAGENI 231 245 75.7057 IKHFMTSIA 12 0.15607 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 KNTYEGYSWYKGARF 186 200 90.4735 YSWYKGARF 18 0.15049 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 YYSIISKEIVNISEA 51 65 89.6963 YSIISKEIV 19 0.13014 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 TEQGIKVNINNEMKL 251 265 67.8834 IKVNINNEM 29 0.11134 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 ILTILVMVVLYMVNF 26 40 91.2421 MVVLYMVNF 12 0.09861 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 NLKILIENNITQDTY 141 155 73.4893 LKILIENNI 22 0.08101 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 VMVVLYMVNFSEVNN 31 45 74.6946 MVVLYMVNF 21 0.07422 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 TQDTYMIDESFNTFK 151 165 86.8791 YMIDESFNT 19 0.06247 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 FILIILTILVMVVL 21 35 88.9928 ILNILTIL 7 0.04405 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 YVRDRYYSIISKEIV 46 60 81.391 YSIISKEIV 6.9 0.03486 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0300 RKKRFFILHILTIL 16 30 97.1732 FILIILTI 55 0.01505 0.955 0.111 0.5019
Membrane
Cytoplasmic
SFBM_0325 KSGDRLIIYRNYRNI 51 65 72.3756 I'YRNYRNI 33 0.18357 0.999 0.259 0.5303
Membrane
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Cytoplasmic
SFBM_0325 GRAVILFYPIERFKY 161 175 78.2264 VILFYPIER 14 0.10009 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 MINRLKFNNRLIYIL 1 15 75.1881 LKFNNRLIY 9.2 0.09907 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 IIPVYLANNLVKS 21 35 86.3989 IPVYLANNL 18 0.09899 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 VFFVTVTSNSMYPTV 36 50 75.9379 VTSNSMYPT 23 0.07888 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 LIIYRNYRNIKRNDI 56 70 42.2748 YRNIKRNDI 12 0.0618 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 VILFYPIERFKYLFI 164 178 79.73 VILFYPIER 17 0.05128 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 NKFVCSNSILGRAVI 151 165 81.0571 NKFVCSNSI 15 0.05052 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 NYRNIKRNDIIVFYS 61 75 59.1164 YRNIKRNDI 72 0.03116 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 LWIIFHIIPVYLAN 16 30 83.6334 FINPVYL 6.7 0.03059 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 NLIKRVIAVPGDIID 81 95 88.8318 IKRVIAVPG 17 0.02632 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 VYLANNLVKSVFFVT 26 40 86.3699 YLANNLVKS 18 0.01083 0.999 0.259 0.5303
Membrane
Cytoplasmic
SFBM_0325 LIYILLWIFHIP 11 25 86.4517 IYILLWIIF 9 0.00634 0.999 0.259 0.5303
Membrane
SFBM_0330 ILPILINIFDNLFNI 16 30 89.4066 NIFDNLFNI 15 0.25955 Unknown 0.25 0.382 0.6307
SFBM_0330 DDIRSFLDRTYSYKF 126 140 97.0698 IRSFLDRTY 79 0.18549 Unknown 0.25 0.382 0.6307
SFBM_0330 MLNFYGFMIFICVLI 1 15 70.5998 MLNFYGFMI 28 0.14481 Unknown 0.25 0.382 0.6307
SFBM_0330 NLFNIFKILNNRISV 26 40 26.65 FNIFKILNN 2.8 0.10634 Unknown 0.25 0.382 0.6307
SFBM_0330 ALEFLMRAYNYRFKI 56 70 77.2755 RAYNYRFKI 5.9 0.0935 Unknown 0.25 0.382 0.6307
SFBM_0330 MRAYNYRFKIKNDSI 61 75 77.6628 YRFKIKNDS 25 0.08541 Unknown 0.25 0.382 0.6307
SFBM_0330 YSYKFKFIHGDDLKL 136 150 87.2418 FKFIHGDDL 22 0.08448 Unknown 0.25 0.382 0.6307
SFBM_0330 LDYSQLVNKFYIYKM 150 164 76.984 VNKFYIYKM 25 0.07804 Unknown 0.25 0.382 0.6307
SFBM_0330 INIFDNLFNIFKILN 21 35 845737 DNLFNIFKI 21 0.07038 Unknown 0.25 0.382 0.6307
SFBM_0330 YRFKIKNDSIYLYDD 66 80 82.7954 YRFKIKNDS 28 0.06252 Unknown 0.25 0.382 0.6307
SFBM_0330 FKILNNRISVLDKVL 31 45 62.3525 FKILNNRIS 12 0.04275 Unknown 0.25 0.382 0.6307
SFBM_0330 DDLKLDYSQLVNKFY 146 160 90.6044 LKLDYSQLV 12 0.03969 Unknown 0.25 0.382 0.6307
SFBM_0330 KGCKNIFIFTTGIIN 111 125 80.0842 IFIFTTGII 24 0.0038 Unknown 0.25 0.382 0.6307
SFBM_0330 ICVLIILPILINIFD 11 25 91.3921 ILPILINIF 13 0.00065 Unknown 0.25 0.382 0.6307
SFBM_0449 GEEVTLVANENYYKG 266 280 61.2247 LVANENYYK 36 0.2044 Cellwall 0.921 0.234 0.6001
SFBM_0449 FLGYGYVAINHNEPI 336 350 83.3882 GYGYVAINH 26 0.11504 Cellwall 0.921 0.234 0.6001
SFBM_0449 HNEPIMQDLNVRKAL 346 360 91.7572 IMQDLNVRK 16 0.10047 Cellwall 0.921 0.234 0.6001
SFBM_0449 KDTLIIGIISPNGVF 76 90 91.394 IGIISPNGV 12 0.0935 Cellwall 0.921 0.234 0.6001
SFBM_0449 EGFKIIDDKTFSVTM 196 210 83.4698 FKIIDDKTF 15 0.08789 Cellwall 0.921 0.234 0.6001
SFBM_0449 KEGKFSYHLAFLAWS 481 495 89.591 FSYHLAFLA 19 0.08284 Cellwall 0.921 0.234 0.6001
SFBM_0449 MKKRKLISILGLVLG 1 15 94.1441 KRKLISILG 13 0.0751 Cellwall 0.921 0.234 0.6001
SFBM_0449 KLSLKFLASSPNPVN 431 445 73.8086 LKFLASSPN 8.8 0.07367 Cellwall 0.921 0.234 0.6001

166




SFBM_0449 VMIDNYKAIGIELKA 451 465 86.8851 YKAIGIELK 15 0.05793 Cellwall 0.921 0.234 0.6001
SFBM_0449 KTLAYFSKDLKPLAK 216 230 90.1683 LAYFSKDLK 18 0.05258 Cellwall 0.921 0.234 0.6001
SFBM_0449 NLVFRVVNETNQMLL 286 300 96.4246 RVVNETNQM 18 0.03405 Cellwall 0.921 0.234 0.6001
SFBM_0449 VRKALAYGLDRSSVV 356 370 90.8811 YGLDRSSVV 12 0.02997 Cellwall 0.921 0.234 0.6001
SFBM_0449 TFKYIMDKTYTGRFE 161 175 78.8818 FKYIMDKTY 13 0.02327 Cellwall 0.921 0.234 0.6001
SFBM_0449 LGFINANIVEFLGYG 326 340 83.3107 LGFINANIV 17 0.02208 Cellwall 0.921 0.234 0.6001
SFBM_0449 DVLVPVMIDNYKAIG 446 460 88.2231 VMIDNYKAI 19 0.01807 Cellwall 0.921 0.234 0.6001
SFBM_0449 LLLQQLGFINANIVE 321 335 88.4247 LGFINANIV 10 0.00848 Cellwall 0.921 0.234 0.6001
SFBM_0506 NIDYEILSSKTFFNS 96 110 89.5619 YEILSSKTF 19 0.21391 Unknown 0.333 0.449 0.5166
SFBM_0506 KSTKYKFSSILDIQL 151 165 87.5409 YKFSSILDI 12 0.20788 Unknown 0.333 0.449 0.5166
SFBM_0506 SKKNNQWYMIVSDKL 166 180 95.5733 QWYMIVSDK 18 0.1935 Unknown 0.333 0.449 0.5166
SFBM_0506 DIAKHIINFFKNDPS 121 135 49.306 INFFKNDPS 34 0.13584 Unknown 0.333 0.449 0.5166
SFBM_0506 IINFFKNDPSFPDDE 126 140 62.9392 INFFKNDPS 20 0.10356 Unknown 0.333 0.449 0.5166
SFBM_0506 NKYEIFLESLKSTKY 141 155 92.9941 FLESLKSTK 15 0.08863 Unknown 0.333 0.449 0.5166
SFBM_0506 ILFSLSISKDSEITF 26 40 97.0471 FSLSISKDS 11 0.08651 Unknown 0.333 0.449 0.5166
SFBM_0506 VLGFAILFSLSISKD 21 35 97.6809 FAILFSLSI 18 0.07094 Unknown 0.333 0.449 0.5166
SFBM_0506 STLKIRFTYYDIAKH 111 125 86.5438 FTYYDIAKH 25 0.06836 Unknown 0.333 0.449 0.5166
SFBM_0506 QWYMIVSDKLLNILT 171 185 80.1402 YMIVSDKLL 6.1 0.0656 Unknown 0.333 0.449 0.5166
SFBM_0506 VSDKLLNILTSGIYK 176 190 94.8262 KLLNILTSG 19 0.06289 Unknown 0.333 0.449 0.5166
SFBM_0506 ILSSKTFFNSSTLKI 101 115 83.2371 FFENSSTLKI 26 0.06277 Unknown 0.333 0.449 0.5166
SFBM_0506 NKYLLNISIPNINHV 56 70 82.4862 ISIPNINHV 14 0.05382 Unknown 0.333 0.449 0.5166
SFBM_0506 ILISIVLGFAILFSL 16 30 77.8244 ISIVLGFAI 3.1 0.03872 Unknown 0.333 0.449 0.5166
SFBM_0506 ESKMEIISEIQNMMF 81 95 93.7953 IISEIQNMM 17 0.02713 Unknown 0.333 0.449 0.5166
SFBM_0506 LLNILTSGIYKNFIT 180 194 78.3768 LNILTSGIY 17 0.02508 Unknown 0.333 0.449 0.5166
SFBM_0506 RFTYYDIAKHIINFF 116 130 66.8255 YYDIAKHII 26 0.02294 Unknown 0.333 0.449 0.5166
SFBM_0506 MKITSKNILLKFCCV 1 15 89.0628 MKITSKNIL 21 0.00276 Unknown 0.333 0.449 0.5166
SFBM_0506 KFCCVILISIVLGFA 11 25 93.6723 ILISIVLGF 18 0.0003 Unknown 0.333 0.449 0.5166
Cytoplasmic
flim NSPVEIYIENRLIFN 291 305 82.9577 PVEIYIENR 9.1 0.30574 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim EFIFSMPNPTTIVSF 91 105 84.9512 FIFSMPNPT 14 0.13283 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim RLIFNGVLGLVGENK 301 315 926198 FNGVLGLVG 21 0.11619 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim EEVELIKKSIRKELN 241 255 79.6062 IKKSIRKEL 18 0.09738 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim YFMYICLPYISIEKI 211 225 87.6906 FMYICLPYI 18 0.09687 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim MKSLSIIHENFTQYL 51 65 88.5023 MKSLSIIHE 15 0.08696 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim SVQDFLSLQTNDIII 271 285 86.057 FLSLQTNDI 6.8 0.08423 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim NRSNILQKNVKKYDF 26 40 67.9278 SNILQKNVK 30 0.08308 0.999 0.171 0.5411
Membrane
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Cytoplasmic
flim IYIENRLIFNGVLGL 296 310 84,5103 IENRLIFNG 26 0.0796 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim QITFHEFIFSMPNPT 86 100 94,6783 EFIFSMPNP 18 0.05965 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim FGSIFMGLESALSVL 111 125 91.7441 IFMGLESAL 18 0.04555 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim KILTQVSNEILNIIR 151 165 87.9161 ILTQVSNEI 17 0.02556 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim SSYFVSVFGIQIKVD 66 80 83.7565 FVSVFGIQI 15 0.01761 0.999 0.171 0.5411
Membrane
Cytoplasmic
flim IKKSIRKELNSVNIE 246 260 76.7843 IKKSIRKEL 29 0.01169 0.999 0.171 0.5411
Membrane
Cytoplasmic
fliy HIALKVKYTRGIDGN 76 90 79.8893 HIALKVKYT 22 0.12078 0.878 0.303 0.5249
Membrane
Cytoplasmic
fliy KIKFQMNVADLINSN 181 195 80.2875 FQMNVADLI 8.8 0.11728 0.878 0.303 0.5249
Membrane
Cytoplasmic
fliy VRITAILSNTERVKN 341 355 86.8982 TAILSNTER 23 0.11357 0.878 0.303 0.5249
Membrane
Cytoplasmic
fliy NVLVMSIRDAIIIAD 91 105 90.9585 LVMSIRDAI 9.1 0.07156 0.878 0.303 0.5249
Membrane
Cytoplasmic
fliy DLILDVPLEISVVLG 276 290 93.3015 LILDVPLEI 15 0.05116 0.878 0.303 0.5249
Membrane
Cytoplasmic
fliy EFMQPHIALKVKYTR 71 85 80.8666 MQPHIALKV 16 0.0326 0.878 0.303 0.5249
Membrane
Cytoplasmic
fliy KNIINIMLNDQNGFK 206 220 74.8913 INIMLNDQN 12 0.02602 0.878 0.303 0.5249
Membrane
flgK MSNLITFQHAYNASA 546 560 86.7382 TFQHAYNAS 11 0.18137 Unknown 0.25 0.459 0.5771
figk LVYNLEISRMSVSGV 526 540 78.6305 YNLEISRMS 14 0.12636 Unknown 0.25 0.459 05771
flgK TKSIVFSLNAVHSGK 366 380 87.0598 IVFSLNAVH 17 0.06706 Unknown 0.25 0.459 05771
flgK DYTRQRIRVEASSPL 36 50 93.0629 IRVEASSPL 12 0.05879 Unknown 0.25 0.459 0.5771
flgK RNIVLQEASNMATEI 136 150 94.1493 IVLQEASNM 18 0.05828 Unknown 0.25 0.459 0.5771
flgk DSFINQLNQLTKSIV 356 370 88.5819 LNQLTKSIV 18 0.05496 Unknown 0.25 0.459 0.5771
figk DPMKLKVRKNDHMFD 416 430 63.2618 LKVRKNDHM 32 0.0012 Unknown 0.25 0.459 05771
fliD NSNIFEFASNNFTLS 516 530 83.24 IFEFASNNF 18 0.16927 Extracellular 0.972 0.506 0.7302
fliD YYTIKLDKGAYSQDK 216 230 84.7875 IKLDKGAYS 14 0.13692 Extracellular 0.972 0.506 0.7302
fliD SSRAKVNISYNTISR 451 465 79.001 VNISYNTIS 28 0.10787 Extracellular 0.972 0.506 0.7302
fliD YYAQFTRLETALSKL 776 790 81.8408 YAQFTRLET 25 0.10541 Extracellular 0.972 0.506 0.7302
fliD ETKLESFMYELRNAI 616 630 80.8954 FMYELRNAI 23 0.05708 Extracellular 0.972 0.506 0.7302
fliD SFMYELRNAIFTPVD 621 635 86.4469 FMYELRNAI 22 0.04844 Extracellular 0.972 0.506 0.7302
fliD LTIKQVFSDISSRAK 441 455 92.1048 IKQVFSDIS 6 0.0481 Extracellular 0.972 0.506 0.7302
fliD KLVFKTNSKEQIVIS 361 375 79.0013 FKTNSKEQI 22 0.02294 Extracellular 0.972 0.506 0.7302
fliD QIVISGNAANSIGIG 371 385 83.1555 VISGNAANS 22 0.01496 Extracellular 0.972 0.506 0.7302
fliD VNISYNTISRTFNIE 456 470 75.1492 ISYNTISRT 23 0.00864 Extracellular 0.972 0.506 0.7302
SFBM_0582 EYKKVISYSIGKDGV 206 220 84.9707 YKKVISYSI 13 0.19913 Extracellular 0.96 0.478 0.5204
SFBM_0582 NGGQDEYKKVISYSI 201 215 82.02 YKKVISYSI 13 0.13377 Extracellular 0.96 0.478 0.5204
SFBM_0582 FFMVAKGPVAHKDGD 101 115 90.4364 FFMVAKGPV 23 0.06103 Extracellular 0.96 0.478 0.5204
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SFBM_0582 QFTDLIVTSRAFQAS 296 310 96.6214 IVTSRAFQA 17 0.0376 Extracellular | 0.96 0478 0.5204
SFBM_0582 IVTSRAFQASSKIIS 301 315 89.5261 RAFQASSKI 22 0.0273 Extracellular 0.96 0.478 0.5204
SFBM_0582 IMYTRDGSLSLDSEG 131 145 99.0325 YTRDGSLSL 13 0.00977 Extracellular 0.96 0.478 0.5204
SFBM_0866 PDRTRMTFLKNSIGT 71 85 73.4373 MTFLKNSIG 28 0.17723 Unknown 0.25 0.151 0.5129
SFBM_0866 | MTFLKNSIGTIVVES 76 90 75.8573 MTFLKNSIG 23 011738 Unknown 025 0.151 05129
SFBM_0866 ILYVIMILPETRRRK 16 30 85.1843 VIMILPETR 9 0.09525 Unknown 0.25 0.151 05129
SFBM_0866 MSSFVNLLIPIGFLI 1 15 90.0004 VNLLIPIGF 20 0.06733 Unknown 0.25 0.151 0.5129
SFBM_0866 IGFLIILYVIMILPE 11 25 87.1041 LILYVIMI 16 0.04027 Unknown 0.25 0.151 0.5129
Cytoplasmic
mrcB SDKFLRSIGSTTKPL 416 430 89.1078 KFLRSIGST 13 0.24982 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB GNPLILASAFSVFAN 541 555 89.1281 LILASAFSV 17 0.23646 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB LDEMPLQLRNAFIAI 106 120 82.0209 LQLRNAFIA 20 0.23393 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB RYSLERSINLSAIKI 481 495 90.1837 SINLSAIKI 17 0.16493 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB EDSQFYKNRAITVLN 256 270 71.7909 QFYKNRAIT 12 0.16296 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB FAIIKTSPPLTIEAV 61 75 82.6775 FAIIKTSPP 7 0.15221 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB GYTNVRYSLERSINL 476 490 96.6366 GYTNVRYSL 17 0.13803 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB KNNILTNEVSVVRKI 166 180 89.4547 NNILTNEVS 23 0.11821 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB EAGALQYFSKNAKDL 216 230 74.1904 LQYFSKNAK 31 0.11741 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB NAKDLTLAQSAFLAG 226 240 96.0115 LTLAQSAFL 14 0.11712 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB HAQYVLDNATSYINL 356 370 94.8073 YVLDNATSY 14 0.10281 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB KHITTFLIFLLAIFL 36 50 93.4011 ITTFLIFLL 5.1 0.09202 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB YKNRAITVLNKMLEL 261 275 77.8971 NRAITVLNK 21 0.07951 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB VFGFTFAIIKTSPPL 56 70 85.048 FAIIKTSPP 9.5 0.07919 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB RSINLSAIKIVDKVG 486 500 81.247 SINLSAIKI 22 0.07412 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB SKKTKKIITTFLIFL 31 45 84.2139 KKITTFLI 26 0.07053 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB LQLRNAFIAIEDERF 111 125 86.7189 LQLRNAFIA 19 0.06461 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB PEYLKETRVFLNRKY 756 770 72.2456 TRVFLNRKY 25 0.05864 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB AVVIDFKTGHTKAII 386 400 85.9587 VVIDFKTGH 14 0.04602 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB IYLNTIFVGGNAYGV 201 215 56.8211 NTIFVGGNA 25 0.0453 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB IDIQRIISAVITDIK 131 145 86.1008 IQRIISAVI 12 0.03945 0.951 0.590 0.5278
Membrane
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Cytoplasmic
mrcB KNNFIGYTNVRYSLE 471 485 85.8565 NNFIGYTNV 20 0.03285 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB FMDEVLKAEKRYVIS 91 105 89.6167 VLKAEKRYV 18 0.03205 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB LAIFLIGAITVFGFT 46 60 85.3144 IFLIGAITV 19 0.02464 0.951 0.590 0.5278
Membrane
Cytoplasmic
mrcB FLIFLLAIFLIGAIT 41 55 86.4523 IFLLAIFLI 7.8 0.01162 0.951 0.590 0.5278
Membrane
SFBM_0910 IKIVMVLILDTKPKI 56 70 71.5943 VMVLILDTK 85 0.16456 Unknown 0.25 0.142 0.8228
SFBM_0910 MKQKLQNLTIRPIKI 1 15 96.071 LONLTIRPI 19 0.16067 Unknown 0.25 0.142 0.8228
SFBM_0910 LDITLVLMVGIYHFI 36 50 84.5949 VLMVGIYHF 8 0.10929 Unknown 0.25 0.142 0.8228
SFBM_0910 IYHFIKYLLKIKIVM 46 60 69.7574 IKYLLKIKI 53 0.0795 Unknown 0.25 0.142 0.8228
SFBM_0910 KYLLKIKIVMVLILD 51 65 86.1039 YLLKIKIVM 19 0.04522 Unknown 0.25 0.142 0.8228
SFBM_0910 RPIKIQTEVSNKIYI 11 25 78.3822 IQTEVSNKI 14 0.03612 Unknown 0.25 0.142 0.8228
SFBM_0910 THHYKLDITLVLMVG 31 45 80.6386 YKLDITLVL 21 0.01136 Unknown 0.25 0.142 0.8228
SFBM_0910 VLMVGIYHFIKYLLK 41 55 76.3421 MVGIYHFIK 17 0.00635 Unknown 0.25 0.142 0.8228
Cytoplasmic
SFBM_0943 SYGYDVILRIKGEEK 71 85 81.2062 YDVILRIKG 23 0.14783 0.955 0.184 0.7335
Membrane
Cytoplasmic
SFBM_0943 VKINVVYSSTGIVNS 26 40 86.1212 INVVYSSTG 13 0.10465 0.955 0.184 0.7335
Membrane
Cytoplasmic
SFBM_0943 SIYKESYGYDVILRI 66 80 91.6551 YKESYGYDV 16 0.09388 0.955 0.184 0.7335
Membrane
Cytoplasmic
SFBM_0943 LFIFVFSAGFVKINV 16 30 84.7144 IFVFSAGFV 16 0.089 0.955 0.184 0.7335
Membrane
Cytoplasmic
SFBM_0943 RNLKY IFGIFLFIFV 6 20 93.1339 KYIFGIFLF 9.3 0.06297 0.955 0.184 0.7335
Membrane
Cytoplasmic
SFBM_0943 VILRIKGEEKIFSLK 76 90 82.42 VILRIKGEE 28 0.04836 0.955 0.184 0.7335
Membrane
Cytoplasmic
SFBM_0943 MFFKRRNLKYIFGIF 1 15 85.0785 MFFKRRNLK 18 0.01521 0.955 0.184 0.7335
Membrane
SFBM_0956 EASQKFTDISTRIKI 21 35 94793 FTDISTRIK 20 0.24923 Unknown 0.25 0.494 0.5837
SFBM_0956 ELSLNMYYKDLNKED 131 145 68.2475 LNMYYKDLN 37 0.13573 Unknown 0.25 0.494 0.5837
SFBM_0956 EIIRSNYAYFLENSI 61 75 72.3462 YAYFLENSI 9.8 0.06842 Unknown 0.25 0.494 0.5837
SFBM_0956 YSLNKLLNMRLGLEK 6 20 91.1529 LNMRLGLEK 77 0.06715 Unknown 0.25 0.494 0.5837
SFBM_0956 TTRVDEIRSNYAYF 56 70 95.6251 DEIIRSNYA 14 0.05651 Unknown 0.25 0.494 0.5837
SFBM_0956 NYAYFLENSIRYNEK 66 80 73.0502 YAYFLENSI 15 0.05285 Unknown 0.25 0.494 0.5837
SFBM_0956 MKRFKYSLNKLLNMR 1 15 78.4489 FKYSLNKLL 5.2 0.04284 Unknown 0.25 0.494 0.5837
SFBM_0969 TEPLILKTYNPKIVG 141 155 76.9416 ILKTYNPKI 19 0.25323 Unknown 0.25 0.368 0.6583
SFBM_0969 EDKVKLELKNILSKV 66 80 87.1419 VKLELKNIL 21 0.22833 Unknown 0.25 0.368 0.6583
SFBM_0969 AVSYFNNSTPALLNV 31 45 85.9099 YFNNSTPAL 8 0.13166 Unknown 0.25 0.368 0.6583
SFBM_0969 MEKIKQKIIKKSNKF 1 15 74.8997 KIIKKSNKF 31 0.10234 Unknown 0.25 0.368 0.6583
SFBM_0969 NKLSYKLTKMVSSLY 166 180 96.4217 YKLTKMVSS 14 0.06306 Unknown 0.25 0.368 0.6583
SFBM_0969 LIIAGIMIFAVSYF 21 35 77.7549 LINAGIMI 11 0.06292 Unknown 0.25 0.368 0.6583
SFBM_0969 KSNKFTYMIILINA 11 25 85.6926 FTYMIILI 11 0.06105 Unknown 0.25 0.368 0.6583
SFBM_0969 QKIIKKSNKFTYMII 6 20 57.9402 IKKSNKFTY 21 0.02376 Unknown 0.25 0.368 0.6583
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SFBM_0969 GIMIFAVSYFNNSTP 26 40 72.0362 IMIFAVSYF 28 0.01715 Unknown 0.25 0.368 0.6583
SFBM_0969 TYMIILIIAGIMIF 16 30 76.0934 ILHIAGIM 6.6 0.00861 Unknown 0.25 0.368 0.6583
SFBM_1021 AYRHLLKFSLIGSRA 31 45 88.8333 YRHLLKFSL 12 0.2631 Extracellular 0.96 0.144 0.5560
SFBM_1021 QIVVVFIILICNFDL 6 20 72.8607 IILICNFDL 14 0.10486 Extracellular 0.96 0.144 0.5560
SFBM_1021 MKKYIQIVVVFIILI 1 15 84.0062 IQIVVVFII 11 0.09387 Extracellular 0.96 0.144 0.5560
SFBM_1021 FIILICNFDLLNVMA 11 25 89.1972 IILICNFDL 16 0.09012 Extracellular 0.96 0.144 0.5560
SFBM_1021 LNVMAINGDIAYRHL 21 35 86.183 INGDIAYRH 17 0.08879 Extracellular 0.96 0.144 0.5560
SFBM_1021 VGIPVLYFESTNWNI 246 260 90.7507 LYFESTNWN 16 0.05885 Extracellular 0.96 0.144 0.5560
SFBM_1021 LKFSLIGSRALVTQS 36 50 90.0934 KFSLIGSRA 18 0.05544 Extracellular 0.96 0.144 0.5560
SFBM_1021 INGDIAYRHLLKFSL 26 40 90.379 YRHLLKFSL 23 0.04297 Extracellular 0.96 0.144 0.5560
SFBM_1021 EKIKYMINLDTLLSG 171 185 90.2774 IKYMINLDT 48 0.03654 Extracellular 0.96 0.144 0.5560
SFBM_1021 EHLVGYISLIKEFIL 296 310 82.9924 YISLIKEFI 9.7 0.01883 Extracellular 0.96 0.144 0.5560
SFBM_1048 QTKLIFSRLKTSPET 541 555 83.3784 KLIFSRLKT 20 0.18378 Unknown 0.569 0.855 1.0026
SFBM_1048 SGELRTYERNMATRF 141 155 76.5934 LRTYERNMA 21 0.16932 Unknown 0.569 0.855 1.0026
SFBM_1048 NKRYVQYVTSSGELR 131 145 96.7232 KRYVQYVTS 18 0.10135 Unknown 0.569 0.855 1.0026
SFBM_1048 LYSGSLYVLSVVATM 11 25 94.0934 YVLSVVATM 17 0.05647 Unknown 0.569 0.86 1.0026
SFBM_1048 ISKLKVDQNFAGQLN 831 845 83.6216 LKVDQNFAG 14 0.04408 Unknown 0.569 0.855 1.0026
SFBM_1048 VTSYIYRSKPKWIIG 176 190 85.558 IYRSKPKWI 74 0.03237 Unknown 0.569 0.855 1.0026
SFBM_1048 LYVLSVVATMSLYFS 16 30 98.5013 YVLSVVATM 9.8 0.0224 Unknown 0.569 0.855 1.0026
Cytoplasmic
SFBM_1052 MNFKRKRSIGIYSGS 1 15 89.9837 FKRKRSIGI 17 0.11893 0.955 0.651 0.6396
Membrane
Cytoplasmic
SFBM_1052 LCMLSMITAVSLYAN 16 30 86.863 LSMITAVSL 16 0.00063 0.955 0.651 0.6396
Membrane
SFBM_1073 GVPIYIVNGGNFLQI 41 55 77.8819 IYIVNGGNF 18 0.61015 Unknown 0.333 0.497 0.9044
SFBM_1073 EEEFMKMVVGMGLKY 1418 1432 79.9466 MKMVVGMGL 14 0.28875 Unknown 0.333 0.497 0.9044
SFBM_1073 NGNTLRIKSDLVNDM 991 1005 80.6226 IKSDLVNDM 15 0.20584 Unknown 0.333 0.497 0.9044
SFBM_1073 TISNVKFEKTLEFKT 861 875 90.1789 FEKTLEFKT 22 0.17968 Unknown 0.333 0.497 0.9044
SFBM_1073 AKLVYTISNVKFEKT 856 870 85.1684 YTISNVKFE 73 0.12827 Unknown 0.333 0.497 0.9044
SFBM_1073 IEIKIIIETGKEITF 1281 1295 88.8384 IKINETGK 13 0.11472 Unknown 0.333 0.497 0.9044
SFBM_1073 FKFIDNDSINIYIKG 251 265 85.9807 FKFIDNDSI 13 0.11341 Unknown 0.333 0.497 0.9044
SFBM_1073 LLIQFSFINDVNFKF 336 350 71.3524 IQFSFINDV 72 0.10994 Unknown 0.333 0.497 0.9044
SFBM_1073 NVSLVFDKVIRSKDF 211 225 83.2372 FDKVIRSKD 17 0.10843 Unknown 0.333 0.497 0.9044
SFBM_1073 MNNLFKTTMKFMIYF 1 15 81.1279 FKTTMKFMI 14 0.09143 Unknown 0.333 0.497 0.9044
SFBM_1073 DVLLTYKTKANDIAD 956 970 70.4974 YKTKANDIA 34 0.08434 Unknown 0.333 0.497 0.9044
SFBM_1073 INEEEFMKMVVGMGL 1416 1430 81.2909 MKMVVGMGL 16 0.08355 Unknown 0.333 0.497 0.9044
SFBM_1073 HTIETDIISVTSFNL 1156 1170 96.4986 IISVTSFNL 17 0.07393 Unknown 0.333 0.497 0.9044
SFBM_1073 FFTLYTDVSVINLKD 321 335 82.2677 FTLYTDVSV 17 0.07181 Unknown 0.333 0.497 0.9044
SFBM_1073 DEVKINKIDKQFFIY 76 90 83.3146 VKINKIDKQ 22 0.07007 Unknown 0.333 0.497 0.9044
SFBM_1073 SFINDVNFKFEDKLN 341 355 86.9402 FINDVNFKF 21 0.06591 Unknown 0.333 0.497 0.9044
SFBM_1073 QYSDKIIASASSYDI 1026 1040 90.8811 DKIIASASS 22 0.06449 Unknown 0.333 0.497 0.9044
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SFBM_1073 DSIRLFKKLRNGTSK 596 610 56.6958 IRLFKKLRN 19 0.05756 Unknown 0.333 0.497 0.9044
SFBM_1073 GKTKFSVDKIVHTKP 1196 1210 85.3579 FSVDKIVHT 26 0.05116 Unknown 0.333 0.497 0.9044
SFBM_1073 KNDINYSIIPDVKIT 266 280 89.0968 INYSIIPDV 16 0.04953 Unknown 0.333 0.497 0.9044
SFBM_1073 LFMMSCFNLSVKLSY 21 35 71.2751 MSCFNLSVK 11 0.04853 Unknown 0.333 0.497 0.9044
SFBM_1073 LLISYNPHGYFNEVY 1056 1070 90.3682 YNPHGYFNE 11 0.04838 Unknown 0.333 0.497 0.9044
SFBM_1073 KNLIFIDGIEIYGKR 146 160 98.8036 IDGIEIYGK 8.7 0.04745 Unknown 0.333 0.497 0.9044
SFBM_1073 PDIEYDVLLTYKTKA 951 965 78.3665 YDVLLTYKT 21 0.04516 Unknown 0.333 0.497 0.9044
SFBM_1073 DVRYVINLKDNVSLV 201 215 91.9312 YVINLKDNV 9.1 0.04409 Unknown 0.333 0.497 0.9044
SFBM_1073 DISNMSSMMINNNLI 226 240 75.8046 SMMINNNLI 25 0.04067 Unknown 0.333 0.497 0.9044
SFBM_1073 KFVYYIDGREYVSYS 506 520 82.549 YYIDGREYV 23 0.03949 Unknown 0.333 0.497 0.9044
SFBM_1073 KLLYMFGGRTIEREI 301 315 85.3948 LYMFGGRTI 19 0.0356 Unknown 0.333 0.497 0.9044
SFBM_1073 PNFNFRNDDSFKIFI 451 465 83.0963 FRNDDSFKI 11 0.03524 Unknown 0.333 0.497 0.9044
SFBM_1073 QISKFKYLENSFGVH 116 130 69.9544 FKYLENSFG 24 0.03429 Unknown 0.333 0.497 0.9044
SFBM_1073 LEFKTISANSSLNIG 871 885 85.143 FKTISANSS 15 0.03241 Unknown 0.333 0.497 0.9044
SFBM_1073 FMIYFGLFVFLFMMS 11 25 93.4691 MIYFGLFVF 14 0.03219 Unknown 0.333 0.497 0.9044
SFBM_1073 KLIEILYSIVVDRDP 1366 1380 85.8021 IEILYSIVV 21 0.03075 Unknown 0.333 0.497 0.9044
SFBM_1073 GLFVFLFMMSCFNLS 16 30 84.7443 VFLFMMSCF 25 0.02946 Unknown 0.333 0.497 0.9044
SFBM_1073 IVTYMDMDYTAKLVY 846 860 85.4257 MDMDYTAKL 16 0.0273 Unknown 0.333 0.497 0.9044
SFBM_1073 NNLRNIFKFKDISLH 181 195 82.1566 LRNIFKFKD 25 0.02595 Unknown 0.333 0.497 0.9044
SFBM_1073 NFWINFYNNEALNNA 1386 1400 58.7383 FWINFYNNE 34 0.02178 Unknown 0.333 0.497 0.9044
SFBM_1073 INLKDNVSLVFDKVI 206 220 96.5242 NVSLVFDKV 16 0.0191 Unknown 0.333 0.497 0.9044
SFBM_1073 FRYDRKNLIFIDGIE 141 155 87.7088 FRYDRKNLI 9.2 0.01861 Unknown 0.333 0.497 0.9044
SFBM_1073 SSMMINNNLIEVKWD 231 245 71.018 SMMINNNLI 23 0.01658 Unknown 0.333 0.497 0.9044
SFBM_1073 NFLQIVSGNDRYEID 51 65 81.0705 LQIVSGNDR 28 0.01301 Unknown 0.333 0.497 0.9044
SFBM_1073 NPRQAFLYNVYGRAF 1306 1320 92.4438 FLYNVYGRA 17 0.01003 Unknown 0.333 0.497 0.9044
SFBM_1073 SCDVIFRYDRKNLIF 136 150 79.065 FRYDRKNLI 3.9 0.00073 Unknown 0.333 0.497 0.9044
Cytoplasmic
SFBM_1083 KAILPFVFIILVYF 36 50 89.6009 VFIILVYF 13 0.08048 0.955 0.378 0.9950
Membrane
Cytoplasmic
SFBM_1083 FVFIILVYFLFTLF 41 55 83.3792 HILVYFLF 7 0.04738 0.955 0.378 0.9950
Membrane
Cytoplasmic
SFBM_1083 VKSAYKAILPFVFII 31 45 91.6056 YKAILPFVF 8.9 0.02882 0.955 0.378 0.9950
Membrane
Cytoplasmic
SFBM_1083 ILVYFLFTLFLTKVI 46 60 82.0194 FTLFLTKVI 12 0.02754 0.955 0.378 0.9950
Membrane
Cytoplasmic
SFBM_1083 VYFLFTLFLTKVILK 48 62 86.523 FTLFLTKVI 25 0.02518 0.955 0.378 0.9950
Membrane
Cytoplasmic
SFBM_1083 DFWLLVKSAYKAILP 26 40 79.6352 FWLLVKSAY 7.6 0.01473 0.955 0.378 0.9950
Membrane
SFBM_1102 MFYILNNSKSGMIAQ 1 15 53.5934 FYILNNSKS 14 0.09016 Extracellular 0.972 0.732 0.5091
SFBM_1102 THGYKKIDSSFASLF 31 45 69.4778 YKKIDSSFA 8.9 0.05708 Extracellular 0.972 0.732 0.5091
SFBM_1102 LTASNMIIDRNGLVS 146 160 85.9632 NMIIDRNGL 16 0.04465 Extracellular 0.972 0.732 0.5091
SFBM_1102 MTEMILAQRAYQMAT 221 235 97.0755 MILAQRAYQ 13 0.04181 Extracellular 0.972 0.732 0.5091
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SFBM_1102 QQKLDIISNNMVNVN 16 30 75.8676 IISNNMVNV 8.8 0.02437 Extracellular 0.972 0.732 0.5091

SFBM_1102 FASLFHKDLNIKGVP 41 55 65.7767 FHKDLNIKG 25 0.00736 Extracellular 0.972 0.732 0.5091
Cytoplasmic

fliz SKDNYILIIRVIDKY 41 55 82.6528 LIIRVIDKY 20 0.29611 0.955 0.398 0.5160
Membrane
Cytoplasmic

fliz FIKVISRVAISKDNY 31 45 68.3286 IKVISRVAI 11 0.16126 0.955 0.398 0.5160
Membrane
Cytoplasmic

fliz QSQNLFIKVISRVAI 26 40 77.6273 IKVISRVAI 6.6 0.1284 0.955 0.398 0.5160
Membrane
Cytoplasmic

fliz LILILVILMLIYVKL 6 20 84.8063 ILMLIYVKL 14 0.12298 0.955 0.398 0.5160
Membrane
Cytoplasmic

fliz VILMLIYVKLNFKGI 11 25 68.3277 ILMLIYVKL 18 0.12099 0.955 0.398 0.5160
Membrane
Cytoplasmic

fliz IYVKLNFKGIQSQNL 16 30 86.3706 YVKLNFKGI 8.6 0.09946 0.955 0.398 0.5160
Membrane
Cytoplasmic

fliz MNVFSLILILVILML 1 15 96.6537 VFSLILILV 12 0.05888 0.955 0.398 0.5160
Membrane
Cytoplasmic

fliz NFKGIQSQNLFIKVI 21 35 95.6135 FKGIQSQNL 6.6 0.03009 0.955 0.398 0.5160
Membrane
Cytoplasmic

fliz SRVAISKDNYILIIR 36 50 92.9569 ISKDNYILI 12 0.0273 0.955 0.398 0.5160
Membrane
Cytoplasmic

fliz ILIIRVIDKYYLCSS 46 60 735797 LIIRVIDKY 15 0.00319 0.955 0.398 0.5160
Membrane

SFBM_1113 NKKYVKVSLAMTYDS 66 80 80.0572 YVKVSLAMT 12 0.0938 Unknown 0.25 0.344 0.5951

SFBM_1113 LNIYKIKDAIITIFK 91 105 82.5726 IYKIKDAII 8 0.06801 Unknown 0.25 0.344 0.5951

SFBM_1113 GFFIISKMNNSDQPK 31 45 80.5391 FIISKMNNS 28 0.06497 Unknown 0.25 0.344 0.5951

SFBM_1113 VWVILLLVIILGAVG 16 30 87.5791 VVILLLVII 17 0.05885 Unknown 0.25 0.344 0.5951

SFBM_1113 KGHIVVVILLLVII 11 25 92.3456 VVILLLVI 5 0.04429 Unknown 0.25 0.344 0.5951

SFBM_1113 VKLEIKNTINSILES 121 135 75.1839 VKLEIKNTI 23 0.03281 Unknown 0.25 0.344 0.5951
Cytoplasmic

motB ESKHILKDIAGVLNE 136 150 88.7132 ILKDIAGVL 20 0.1015 0.878 0.111 0.7307
Membrane
Cytoplasmic

motB VSVVVVDSLLFQSGR 116 130 97.5896 VVDSLLFQS 18 0.08757 0.878 0.111 0.7307
Membrane
Cytoplasmic

motB FASNWELSTARAVVWV 171 185 92.412 WELSTARAV 18 0.08342 0.878 0.111 0.7307
Membrane
Cytoplasmic

motB KGLKDFISVEIVERG 101 115 95.4089 LKDFISVEI 14 0.07903 0.878 0.111 0.7307
Membrane
Cytoplasmic

motB FILLFSMSTIDAKKE 31 45 79.0712 ILLFSMSTI 12 0.07683 0.878 0.111 0.7307
Membrane
Cytoplasmic

motB INTYMFASNWELSTA 166 180 80.308 TYMFASNWE 17 0.06729 0.878 0.111 0.7307
Membrane
Cytoplasmic

motB HQDSLVNILNELIIE 86 100 87.0925 VNILNELI 24 0.04792 0.878 0.111 0.7307
Membrane
Cytoplasmic

motB AKNRRVNILILNKVE 221 235 73.744 VNILILNKV 34 0.03993 0.878 0.111 0.7307
Membrane
Cytoplasmic

motB AQLSMAFNNIFNGGG 46 60 76.7342 MAFNNIFNG 22 0.03678 0.878 0.111 0.7307
Membrane
Cytoplasmic

motB LLMVFFILLFSMSTI 26 40 81.924 ILLFSMSTI 14 0.02551 0.878 0.111 0.7307
Membrane
Cytoplasmic

motB WMVTFSDAMTLLMVF 16 30 94.1332 MVTFSDAMT 15 0.021 0.878 0.111 0.7307
Membrane

SFBM_1245 TINLDFILKTVDIKI 21 35 82.5552 INLDFILKT 12 0.3228 Unknown 0.25 0.160 0.5085
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SFBM_1245 SDIFVVNIDDGLYQS 141 155 93.4049 FVVNIDDGL 12 0.20875 Unknown 0.25 0.160 0.5085
SFBM_1245 IYYQVLKRYPTEKEY 261 275 57.433 YQVLKRYPT 41 0.10145 Unknown 0.25 0.160 0.5085
SFBM_1245 FLKNNEKIYMSDIFV 131 145 88.125 FLKNNEKIY 20 0.09914 Unknown 0.25 0.160 0.5085
SFBM_1245 KKIIIGNLVPGKQYL 211 225 86.4697 IIGNLVPG 16 0.07364 Unknown 0.25 0.160 0.5085
SFBM_1245 GKIFLSSIDTNKLTK 46 60 96.0348 SSIDTNKLT 15 0.06862 Unknown 0.25 0.160 0.5085
SFBM_1245 LGKEFVGIKDGKIFL 36 50 94.9164 FVGIKDGKI 18 0.06303 Unknown 0.25 0.160 0.5085
SFBM_1245 CILLVTINLDFILKT 16 30 87.9423 INLDFILKT 8.6 0.05496 Unknown 0.25 0.160 0.5085
SFBM_1245 GLSIDYDKNNKKIII 201 215 74.4463 IDYDKNNKK 31 0.05496 Unknown 0.25 0.160 0.5085
SFBM_1245 SNKMKFIIPKLLMEH 236 250 75.4412 MKFIIPKLL 6 0.04136 Unknown 0.25 0.160 0.5085
SFBM_1245 DKFLNMESSKEYMES 356 370 81.7598 FLNMESSKE 28 0.04036 Unknown 0.25 0.160 0.5085
SFBM_1245 RNLIGIVAFICILLV 6 20 77.8315 LIGIVAFIC 22 0.03956 Unknown 0.25 0.160 0.5085
SFBM_1245 IPENINISSNSKFTI 176 190 63.9818 INISSNSKF 13 0.03543 Unknown 0.25 0.160 0.5085
SFBM_1245 LYLKIFLKNNEKIYM 126 140 62.3373 LKIFLKNNE 9 0.03093 Unknown 0.25 0.160 0.5085
SFBM_1245 SKFTITANFNENKIS 186 200 66.28 FTITANFNE 38 0.02802 Unknown 0.25 0.160 0.5085
SFBM_1245 DDLVKYIMYNLQEIN 61 75 86.8266 VKYIMYNLQ 15 0.02475 Unknown 0.25 0.160 0.5085
SFBM_1245 GLYQSYENVITLNDY 151 165 84.4935 YQSYENVIT 27 0.02123 Unknown 0.25 0.160 0.5085
SFBM_1245 EMVDSIYFLSNKKVI 311 325 50.9836 IYFLSNKKV 7.2 0.01929 Unknown 0.25 0.160 0.5085
SFBM_1245 IYFLSNKKVINGRLS 316 330 57.4733 IYFLSNKKV 15 0.01592 Unknown 0.25 0.160 0.5085
SFBM_1245 SYIERFNINIDENFE 96 110 70.0182 FNINIDENF 20 0.01306 Unknown 0.25 0.160 0.5085
SFBM_1245 SYFVKIYYQVLKRYP 256 270 83.1088 VKIYYQVLK 8.4 0.0108 Unknown 0.25 0.160 0.5085
SFBM_1274 GSIYRIRLGNEIIRG 241 255 83.2354 YRIRLGNEI 15 0.17472 Cellwall 0.828 0.294 0.6257
SFBM_1274 NSSDVFSFDEPYLKS 176 190 86.9906 FSFDEPYLK 25 0.15349 Cellwall 0.828 0.294 0.6257
SFBM_1274 GEVLYYNDEIVNNAL 151 165 93.112 EVLYYNDEI 19 0.11733 Cellwall 0.828 0.294 0.6257
SFBM_1274 MIKYILKKFSLLLLI 1 15 73.2345 KYILKKFSL 71 0.11689 Cellwall 0.828 0.294 0.6257
SFBM_1274 AISKVISGVKIHNVA 96 110 71.7505 SKVISGVKI 17 0.08487 Cellwall 0.828 0.294 0.6257
SFBM_1274 FSFDEPYLKSVNSLF 181 195 86.5512 PYLKSVNSL 1 0.07914 Cellwall 0.828 0.294 0.6257
SFBM_1274 VNNALYFAISSGYTE 161 175 89.4735 LYFAISSGY 14 0.05984 Cellwall 0.828 0.294 0.6257
SFBM_1274 MPVKFDIEALKAQAV 76 90 90.2858 IEALKAQAV 20 0.05285 Cellwall 0.828 0.294 0.6257
SFBM_1274 LKHYYSGVKIKKVSI 310 324 78.3156 HYYSGVKIK 16 0.04444 Cellwall 0.828 0.294 0.6257
SFBM_1274 PYLKSVNSLFDQDAP 186 200 97.4323 YLKSVNSLF 13 0.0386 Cellwall 0.828 0.294 0.6257
SFBM_1274 LDFRYLFELNSSNID 256 270 94.3001 YLFELNSSN 17 0.03576 Cellwall 0.828 0.294 0.6257
SFBM_1274 ELGYKYDEILKHYYS 301 315 89.3014 YKYDEILKH 21 0.02867 Cellwall 0.828 0.294 0.6257
SFBM_1274 LLLLIFMCVFFLLPL 1 25 94.2546 IFMCVFFLL 20 0.01582 Cellwall 0.828 0.294 0.6257
SFBM_1313 LLILLIFSFLYVKQ 16 30 88.2239 LILLIIFSF 14 0.15033 Unknown 0.25 0.383 0.5090
SFBM_1313 KIEILKFYIEHIYDS 106 120 69.006 ILKFYIEHI 19 0.1364 Unknown 0.25 0.383 0.5090
SFBM_1313 YGSYTLLILLIIFSF 11 25 86.7559 LILLIIFSF 25 0.08826 Unknown 0.25 0.383 0.5090
SFBM_1313 IIFSFLYVKQSTYQI 21 35 90.2486 FLYVKQSTY 14 0.07468 Unknown 0.25 0.383 0.5090
SFBM_1313 STYQINKKLDVIKIS 31 45 67.3868 YQINKKLDV 22 0.01375 Unknown 0.25 0.383 0.5090
SFBM_1460 NFDYSFRNVSSYINY 121 135 89.1935 FRNVSSYIN 1 0.40056 Unknown 0.25 0.534 0.5128
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SFBM_1460 FRNVSSYINYLLENL 126 140 93.9255 FRNVSSYIN 20 0.14125 Unknown 0.25 0.534 0.5128
SFBM_1460 KIFSQIILIDPIFNY 166 180 89.462 ILIDPIFNY 14 0.12965 Unknown 0.25 0.534 0.5128
SFBM_1460 IINNYSNRTKNVILL 61 75 62.4175 INNYSNRTK 36 0.11298 Unknown 0.25 0.534 0.5128
SFBM_1460 YYEKNIINNYSNRTK 56 70 66.5293 IINNYSNRT 29 0.1077 Unknown 0.25 0.534 0.5128
SFBM_1460 QFKINNTYITYYEKN 46 60 68.2692 FKINNTYIT 36 0.09864 Unknown 0.25 0.534 0.5128
SFBM_1460 LLICSNFSSSIGLNM 146 160 89.4793 LLICSNFSS 15 0.08983 Unknown 0.25 0.534 0.5128
SFBM_1460 SYINYLLENLNITDT 131 145 96.0329 NYLLENLNI 15 0.08687 Unknown 0.25 0.534 0.5128
SFBM_1460 NILIYSIILLFFMHI 6 20 93.6835 SILLFFMH 4.7 0.08621 Unknown 0.25 0.534 0.5128
SFBM_1460 ASKMINESSPISTLD 231 245 91.165 KMINESSPI 19 0.08033 Unknown 0.25 0.534 0.5128
SFBM_1460 YIANLSNRFASIIFL 266 280 71.9221 IANLSNRFA 6.4 0.07737 Unknown 0.25 0.534 0.5128
SFBM_1460 IINCMY IFYNSKNNL 21 35 52.1123 MYIFYNSKN 22 0.07499 Unknown 0.25 0.534 0.5128
SFBM_1460 SKNNLNYYINNFNEK 31 45 70.7675 YYINNFNEK 36 0.07213 Unknown 0.25 0.534 0.5128
SFBM_1460 NSKLFIKNKLLLLSS 186 200 67.3409 SKLFIKNKL 8.9 0.07176 Unknown 0.25 0.534 0.5128
SFBM_1460 YTTLYFNNKNSSNKY 216 230 60.6572 TLYFNNKNS 35 0.06956 Unknown 0.25 0.534 0.5128
SFBM_1460 IGLNMISLNDKIFSQ 156 170 74.8509 NMISLNDKI 15 0.06884 Unknown 0.25 0.534 0.5128
SFBM_1460 ISTLDIRSNIPIFAI 241 255 79.714 LDIRSNIPI 12 0.06638 Unknown 0.25 0.534 0.5128
SFBM_1460 IRSNIPIFAIINRKS 246 260 90.5248 IFAIINRKS 18 0.06495 Unknown 0.25 0.534 0.5128
SFBM_1460 YENSTYIANLSNRFA 261 275 59.2178 IANLSNRFA 4.2 0.06172 Unknown 0.25 0.534 0.5128
SFBM_1460 FIILNINKSSLNLSN 201 215 57.792 FIILNINKS 15 0.04941 Unknown 0.25 0.534 0.5128
SFBM_1460 IKNKLLLLSSFIILN 191 205 82.8066 LLLLSSFII 12 0.04778 Unknown 0.25 0.534 0.5128
SFBM_1460 FFMHIINCMYIFYN 16 30 68.1062 FMHIIINCM 14 0.04762 Unknown 0.25 0.534 0.5128
SFBM_1460 CNFNIFLIDLPGHGK 101 115 92.3508 FNIFLIDLP 9.9 0.03906 Unknown 0.25 0.534 0.5128
SFBM_1460 NFNEKQFKINNTYIT 41 55 66.4124 FKINNTYIT 26 0.03672 Unknown 0.25 0.534 0.5128
SFBM_1460 YIFYNSKNNLNYYIN 26 40 88.5724 IFYNSKNNL 18 0.03616 Unknown 0.25 0.534 0.5128
SFBM_1460 LLLSSFIILNINKSS 196 210 43.6691 FIILNINKS 11 0.01859 Unknown 0.25 0.534 0.5128
SFBM_1460 PIFAIINRKSYFNST 251 265 73.244 PIFAIINRK 1 0.01806 Unknown 0.25 0.534 0.5128
SFBM_1460 IILIDPIFNYNPTWE 171 185 87.2721 IFNYNPTWE 22 0.01196 Unknown 0.25 0.534 0.5128
SFBM_1460 SILLFFMHIIINCM 11 25 71.4682 LLFFMHIN 20 0.00286 Unknown 0.25 0.534 0.5128
SFBM_1497 RDVFNNVKKRLFDYY 126 140 84.0691 RDVFNNVKK 18 0.1909 Extracellular 0.96 0.599 0.5128
SFBM_1497 KYVGMKKVSTKMLRS 246 260 68.4146 MKKVSTKML 18 0.17536 Extracellular 0.96 0.599 0.5128
SFBM_1497 NGNQIGVTKNKKIFN 41 55 74.6136 IGVTKNKKI 30 0.16642 Extracellular 0.96 0.599 0.5128
SFBM_1497 NIKSQEIVKMDSLDF 66 80 91.6982 IKSQEIVKM 15 0.15195 Extracellular 0.96 0.599 0.5128
SFBM_1497 FYIKAYSLFLGDKKI 106 120 85.1597 YSLFLGDKK 17 0.14983 Extracellular 0.96 0.599 0.5128
SFBM_1497 YVILVNGNQIGVTKN 36 50 68.1141 YVILVNGNQ 22 0.14741 Extracellular 0.96 0.599 0.5128
SFBM_1497 QNGELFYLNNPSKGN 266 280 73.7767 FYLNNPSKG 16 0.11251 Extracellular 0.96 0.599 0.5128
SFBM_1497 GNYMKLNHGKGVETL 326 340 73.0195 YMKLNHGKG 25 0.09963 Extracellular 0.96 0.599 0.5128
SFBM_1497 FILILYLISGKTLG 21 35 79.6269 ILYLISGKT 17 0.0735 Extracellular 0.96 0.599 0.5128
SFBM_1497 LYLISGKTLGYVILV 26 40 90.0203 LYLISGKTL 21 0.07243 Extracellular 0.96 0.599 0.5128
SFBM_1497 YSLFLGDKKIANIDN 111 125 83.2373 YSLFLGDKK 18 0.07104 Extracellular 0.96 0.599 0.5128
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SFBM_1497 DENLDFYIKAYSLFL 101 115 90.1736 FYIKAYSLF 12 0.06095 Extracellular 0.96 0.599 0.5128
SFBM_1497 GNIIFAINIIFIHLI 1 25 57.9409 GNIIFAINI 45 0.06002 Extracellular 0.96 0.599 0.5128
SFBM_1497 DSLDFKIGLVNKIEC 76 90 69.1264 FKIGLVNKI 15 0.05939 Extracellular 0.96 0.599 0.5128
SFBM_1497 GKTLGYVILVNGNQI 31 45 68.5977 VILVNGNQI 15 0.05718 Extracellular 0.96 0.599 0.5128
SFBM_1497 EIVKMDSLDFKIGLV 71 85 89.6682 KMDSLDFKI 14 0.04418 Extracellular 0.96 0.599 0.5128
SFBM_1497 AINHFIILILYLIS 16 30 95.7481 IFIILILYL 12 0.03902 Extracellular 0.96 0.599 0.5128
SFBM_1497 MHNFKGKINIGNIIF 1 15 62.9539 GKINIGNII 31 0.03412 Extracellular 0.96 0.599 0.5128
SFBM_1497 AESGFANLVSYNNVY 311 325 61.5145 FANLVSYNN 33 0.03079 Extracellular 0.96 0.599 0.5128
SFBM_1497 ANLVSYNNVYGNYMK 316 330 67.4112 YNNVYGNYM 24 0.0179 Extracellular 0.96 0.599 0.5128
SFBM_1497 GKINIGNIIFAINII 6 20 60.3295 GKINIGNII 14 0.01755 Extracellular 0.96 0.599 0.5128
SFBM_1507 MIKYIKLFFLNIFIL 1 15 87.2215 LFFLNIFIL 16 0.13825 Unknown 0.25 0.652 0.5042
SFBM_1507 LLNIFIEENKNMKEY 116 130 70.911 LNIFIEENK 27 0.13736 Unknown 0.25 0.652 0.5042
SFBM_1507 RYLILLLNIFIEENK 111 125 65.3549 YLILLLNIF 13 0.09205 Unknown 0.25 0.652 0.5042
SFBM_1507 NQEKFFLRVSEKYDI 31 45 81.2435 FFLRVSEKY 16 0.08003 Unknown 0.25 0.652 0.5042
SFBM_1507 NIFILIGMYNLSAHS 1 25 70.7658 IFILIGMYN 15 0.07753 Unknown 0.25 0.652 0.5042
SFBM_1507 NKYIRNLNQSIKYGN 91 105 80.3069 IRNLNQSIK 17 0.07265 Unknown 0.25 0.652 0.5042
SFBM_1507 EYMESIKKSDSFRLK 76 90 78.0015 IKKSDSFRL 15 0.07081 Unknown 0.25 0.652 0.5042
SFBM_1507 TSFEYIKSNILFKSS 136 150 74.9845 FEYIKSNIL 0.83 0.06679 Unknown 0.25 0.652 0.5042
SFBM_1507 FYLNYTSFEYIKSNI 131 145 83.9446 SFEYIKSNI 20 0.06092 Unknown 0.25 0.652 0.5042
SFBM_1507 FEYIKSNILFKSSTE 138 152 71.8235 FEYIKSNIL 24 0.05567 Unknown 0.25 0.652 0.5042
SFBM_1507 SFRLKNKYIRNLNQS 86 100 82.361 LKNKYIRNL 25 0.04297 Unknown 0.25 0.652 0.5042
SFBM_1507 NMKEYFYLNYTSFEY 126 140 83.034 YFYLNYTSF 17 0.0403 Unknown 0.25 0.652 0.5042
SFBM_1507 KLFFLNIFILIGMYN 6 20 80.4525 LNIFILIGM 19 0.03265 Unknown 0.25 0.652 0.5042
SFBM_1507 IGMYNLSAHSILELS 16 30 71.7695 YNLSAHSIL 18 0.0285 Unknown 0.25 0.652 0.5042
SFBM_1507 IKKSDSFRLKNKYIR 81 95 71.4282 FRLKNKYIR 19 0.02722 Unknown 0.25 0.652 0.5042
SFBM_1507 KKKIKRYLILLLNIF 106 120 80.3266 YLILLLNIF 25 0.01966 Unknown 0.25 0.652 0.5042
SFBM_1507 IKYGNKKKIKRYLIL 101 115 85.3714 NKKKIKRYL 22 0.01892 Unknown 0.25 0.652 0.5042
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APPENDIX C: SFB PROTEINS IDENTIFIED IN SITU IN THE MURINE ILEAL

MUCOSA OF C57BL/6J, DBA/2, AND C3H MICE

Entry name Protein names Length Redundancy Gene Gene names Gene ontology IDs Cross-reference Average # of
names (ORF) (Pfam) Protein ID Unique
(primary ) Prob. Peptides
FOVIG3_ARTSS 1-deoxy-D-xylulose-5- 610 Yes dxs SFBM_0492 G0:0000287; PF13292;PF02779 37% 2
phosphate synthase (EC G0:0008661; ;PF02780;
2.2.1.7)(1- G0:0009228;
deoxyxylulose-5- G0:0016114;
phosphate synthase) G0:0030976;
(DXP synthase) (DXPS) G0:0052865
G2IGN5_9CLOT 1-deoxy-D-xylulose-5- 609 Yes dxs RATSFB_0401 G0:0000287, PF13292;PF02779 94% 2
phosphate synthase (EC G0:0008661; ;PF02780;
2.2.1.7)(1- G0:0009228;
deoxyxylulose-5- G0:0016114;
phosphate synthase) G0:0030976;
(DXP synthase) (DXPS) G0:0052865
G2IH05_9CLOT Acetate kinase (EC 398 No ackA RATSFB_0521 G0:0000287; PF00871; 60% 2
2.7.2.1) (Acetokinase) G0:0005524;
G0:0005737,;
G0:0006082;
G0:0006085;
G0:0008776
G2IHI4_9CLOT Alanine--tRNA ligase 877 No alaS RATSFB_0700 G0:0000049; PF02272;PF01411 79% 3
(EC 6.1.1.7) (Alanyl- G0:0004813; :PF07973;
tRNA synthetase) G0:0005524;
(AlaRS) G0:0005737;
G0:0006419;
G0:0008270
FOVLU5_ARTSS Aldehyde-alcohol 868 No SFBM_1344 G0:0004022; PF00171;PF00465 88% 2
dehydrogenase G0:0006066; H
G0:0008774;
G0:0015976;
G0:0046872
FOVLH5_ARTSS Arginine--tRNA ligase 564 No argS SFBM_1222 G0:0004814; PF03485;PF05746 100% 4
(EC 6.1.1.19) (Arginyl- G0:0005524; :PF00750;
tRNA synthetase) G0:0005737;
(ArgRS) G0:0006420
FOVLF6_ARTSS 3-phosphoshikimate 1- 424 No aroA SFBM_1203 G0:0003866; PF00275; 100% 6
carboxyvinyltransferase G0:0005737;
(EC 2.5.1.19) (5- G0:0009073;
enolpyruvylshikimate-3- G0:0009423
phosphate synthase)
(EPSP synthase)
(EPSPS)
FOVKG6_ARTSS Aspartate--tRNA ligase 588 Yes aspS SFBM_0855 G0:0003676; PF02938;PF00152 7% 2
(EC 6.1.1.12) (Aspartyl- G0:0004815; ;PF01336;
G0:0005524,
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tRNA synthetase) G0:0005737;
(AspRS) G0:0006422
G2IHJ8_9CLOT Aspartate--tRNA ligase 588 Yes aspS RATSFB_0714 G0:0003676; PF02938;PF00152 56%
(EC 6.1.1.12) (Aspartyl- G0:0004815; :PF01336;
tRNA synthetase) G0:0005524;
(AspRS) G0:0005737;
G0:0006422
G2IGW1_9CLOT Flagellar hook- 578 No flgk RATSFB_0477 G0:0005198; PF06429; 100%
associated protein 1 GO0:0005576;
(HAP1) G0:0009424;
G0:0044780
FOVKR2_ARTSS Basal-body rod 343 No flgD SFBM_0954 G0:0044781 PF03963; 54%
modification protein
FlgD
G2IGW6_9CLOT Flagellar hook- 797 No RATSFB_0482 G0:0005576; PF07195;PF02465 66%
associated protein 2 G0:0007155; :
(HAP2) (Flagellar cap G0:0009421;
protein) G0:0009424;
G0:0071973
FOVJU9_ARTSS Flagellin 400 No SFBM_0583 G0:0005198; PF00700;PF00669 92%
G0:0005576; ;
G0:0009420;
G0:0071973
G2IE06_9CLOT Flagellin 279 No RATSFB_0818 G0:0005198; PF00700;PF00669 48%
GO0:0005576; H
G0:0009420;
G0:0071973
G2IE86_9CLOT Aminotransferase (EC 379 No RATSFB_0898 G0:0008483; PF00155; 49%
26.1.-) G0:0009058;
G0:0030170
FOVII3_ARTSS Mannose-1-phosphate 358 No SFBM_0326 G0:0009058; PF00483; 65%
guanylyltransferase G0:0016779
FOVKN1_ARTSS WecB/TagA/CpsF 245 No SFBM_0923 G0:0009058; PF03808; 100%
family G0:0016757
glycosyltransferase
FOVLM2_ARTSS N-acetylglucosamine-6- 381 Yes nagA SFBM_1270 G0:0005975; PF01979; 97%
phosphate deacetylase G0:0006044;
G0:0008448;
G0:0046872
G2IET7_9CLOT N-acetylglucosamine-6- 381 Yes nagA RATSFB_1099 G0:0005975; PF01979; 87%
phosphate deacetylase G0:0006044;
G0:0008448;
G0:0046872
F9VJ05_ARTSS Beta-galactosidase (EC 1187 No SFBM_0186 G0:0004565; PF02929;PF16353 66%
3.2.1.23) (Lactase) G0:0005975; ;PF00703;PF0283
G0:0009341; 6,PF02837,
G0:0030246
FOVLU4_ARTSS Dipicolinate synthase 2749 No SFBM_1343 G0:0003824; PF17167;PF06165 100%
subunit A G0:0005975; ;PF10091;
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G0:0016021;

G0:0030246
FOVKZ2_ARTSS Glutamine--fructose-6- 608 No glms SFBM_1036 G0:0004360; PF01380; 86%
phosphate G0:0005737;
aminotransferase G0:0005975;
[isomerizing] (EC G0:0097367;
2.6.1.16) (D-fructose-6- G0:1901137
phosphate
amidotransferase)
(GFAT) (Glucosamine-
6-phosphate synthase)
(Hexosephosphate
aminotransferase) (L-
glutamine--D-fructose-6-
phosphate
amidotransferase)
G2IEN5_9CLOT Glycosyltransferase 36 781 No RATSFB_1047 G0:0005975; PF17167;PF06165 100%
G0:0016740; ;
G0:0030246
G2IES4_9CLOT Peptidoglycan N- 254 No pgdA RATSFB_1086 G0:0005975; PF01522; 70%
acetylglucosamine G0:0016810
deacetylase
FIVJI69_ARTSS Uncharacterized protein 404 No SFBM_0398 G0:0003824; 99%
G0:0005975;
G0:0016021
FOVIC5_ARTSS Uncharacterized protein 473 No SFBM_0454 G0:0005975; PF02782;PF00370 93%
G0:0016773 )
FOVKC2_ARTSS Glycerol-3-phosphate 332 No gpsA SFBM_0810 G0:0004367; PF07479;PF01210 100%
dehydrogenase G0:0005975; H
[NAD(P)+] (EC G0:0006650;
1.1.1.94) (NAD(P)H- G0:0008654;
dependent glycerol-3- G0:0009331;
phosphate G0:0046167;
dehydrogenase) G0:0046168;
G0:0051287
G2IGA4_9CLOT HPr 303 No hprk RATSFB_0270 G0:0000155; PF07475;PF02603 100%
kinase/phosphorylase G0:0000287; :
(HPrK/P) (EC 2.7.11.-) G0:0004674;
(EC 2.7.4.-) (HPr(Ser) G0:0004712;
kinase/phosphorylase) G0:0005524;
G0:0005975;
G0:0006109
F9VK45_ARTSS ABC-type sugar 301 No SFBM_0683 G0:0008643 PF13407; 100%
transport system
FOVJIP8_ARTSS DNA translocase 758 No SFBM_0740 G0:0003677; PF13491;PF17854 100%
FtsK/SpolllE G0:0005524; ;PF09397;PF0158
G0:0005886; 0;
G0:0007049;
G0:0007059;
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G0:0016021;

G0:0051301
F9VM35_ARTSS ATP-dependent zinc 601 No ftsH SFBM_1434 G0:0004222; PF00004;PF17862 98%
metalloprotease FtsH GO0:0005524; ;PF06480;PF0143
(EC 3.4.24.-) G0:0005886; 4;
G0:0008270;
G0:0016021;
G0:0016887;
G0:0030163;
G0:0051301
FO9VM55_ARTSS Bifunctional protein 453 No glmu SFBM_1454 G0:0000287; PF00132;PF12804 82%
GImU [Includes: UDP- G0:0000902; H
N-acetylglucosamine G0:0003977;
pyrophosphorylase (EC G0:0005737;
2.7.7.23) (N- G0:0006048;
acetylglucosamine-1- G0:0008360;
phosphate G0:0009103;
uridyltransferase); G0:0009245;
Glucosamine-1- G0:0009252;
phosphate N- G0:0019134;
acetyltransferase (EC G0:0071555
2.3.1.157)]
G2IFE4_9CLOT Glutamate racemase (EC 262 No murl RATSFB_1306 G0:0008360; PF01177; 99%
5.1.1.3) G0:0008881;
G0:0009252;
G0:0071555
FOVKW6_ARTSS Copper homeostasis 249 Yes cutC SFBM_1010 G0:0005507,; PF03932; 100%
protein CutC G0:0005623;
G0:0005737;
G0:0006878
G2IE49_9CLOT Copper homeostasis 252 Yes cutC RATSFB_0861 G0:0005507; PF03932; 92%
protein CutC G0:0005623;
G0:0005737;
G0:0006878
G2IH86_9CLOT Uridylate kinase (UK) 235 No pyrH RATSFB_0602 G0:0005524, PF00696; 69%
(EC 2.7.4.22) (Uridine G0:0005737;
monophosphate kinase) G0:0033862;
(UMP kinase) (UMPK) G0:0044210
G2IEV3_9CLOT CTP synthase (EC 536 No pyrG RATSFB_1115 G0:0003883; PF06418;PF00117 92%
6.3.4.2) (Cytidine 5'- G0:0005524; ;
triphosphate synthase) G0:0006541;
(Cytidine triphosphate G0:0044210;
synthetase) (CTP G0:0046872
synthetase) (CTPS)
(UTP--ammonia ligase)
FOVIGO_ARTSS Aspartate-semialdehyde 330 No asd SFBM_0489 G0:0004073; PF01118;PF02774 100%
dehydrogenase (ASA G0:0009088; )
dehydrogenase) G0:0009089;
(ASADH) (EC 1.2.1.11) G0:0009097;
(Aspartate-beta- G0:0019877;
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semialdehyde G0:0046983;
dehydrogenase) GO0:0050661;
G0:0051287;
G0:0071266
FOVKO1_ARTSS Multifunctional fusion 850 No ispH SFBM_0636 G0:0003676; PF02224;PF02401 54%
protein [Includes: G0:0004127; ;PF00575;
Cytidylate kinase (CK) G0:0005524;
(EC 2.7.4.25) (Cytidine G0:0005737;
monophosphate kinase) G0:0006220;
(CMP kinase); 4- GO0:0016114;
hydroxy-3-methylbut-2- G0:0019288;
enyl diphosphate G0:0046872;
reductase (HMBPP G0:0050992;
reductase) (EC 1.17.7.4)] G0:0051539;
G0:0051745
G2IHCO0_9CLOT Restriction modification 387 No RATSFB_0636 G0:0003677; PF01420; 100%
system DNA specificity G0:0006304
domain-containing
protein
FOVL36_ARTSS Type Il restriction 1155 No SFBM_1080 G0:0003677,; PF07669; 100%
enzyme, methylase G0:0006304;
subunit G0:0008168;
G0:0032259
FOVIK1_ARTSS DNA repair protein 246 No recO SFBM_0531 G0:0006281; PF02565;PF11967 80%
RecO (Recombination G0:0006310 :
protein O)
G2IFL9_9CLOT Recombination protein 199 No recR RATSFB_0035 G0:0003677, PF02132;PF13662 54%
RecR G0:0006281; )
G0:0006310;
G0:0046872
FOVL31_ARTSS DNA ligase (EC 6.5.1.2) 659 Yes ligA SFBM_1075 G0:0003677; PF00533;PF01653 84%
(Polydeoxyribonucleotid G0:0003911; ;PF03120;PF1282
e synthase [NAD(+)]) G0:0006260; 6;
G0:0006281;
G0:0046872
G2IEA8_9CLOT DNA ligase (EC 6.5.1.2) 659 Yes ligA RATSFB_0920 G0:0003677; PF00533;PF01653 100%
(Polydeoxyribonucleotid G0:0003911; :PF03120;PF1282
e synthase [NAD(+)]) G0:0006260; 6;
G0:0006281;
G0:0046872
FIVI35_ARTSS ATP-dependent 1131 No SFBM_0010 G0:0003677,; PF12705; 100%
helicase/deoxyribonuclea G0:0003678;
se subunit B (EC 3.1.-.-) G0:0004527;
(EC 3.6.4.12) G0:0005524;
G0:0006281
G2IFJ4_9CLOT ATP-dependent 1126 No addB RATSFB_0010 G0:0003677; PF12705; 7%
helicase/deoxyribonuclea G0:0003678;
se subunit B (EC 3.1.-.-) G0:0004527,
(EC 3.6.4.12) G0:0005524;
G0:0006281
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F9VJZ8_ARTSS Endonuclease 1V 273 No SFBM_0633 G0:0003677; PF01261; 100% 2
G0:0004519;
G0:0006281;
G0:0008270
FIVI28_ARTSS DNA replication and 366 No reck SFBM_0003 G0:0003697,; PF02463; 100% 2
repair protein RecF G0:0005524;
G0:0005737;
G0:0006260;
G0:0006281;
G0:0009432
G2IGY0_9CLOT Primosomal protein N' 740 No priA RATSFB_0496 G0:0003677; PF00270;PF00271 97% 2
(EC 3.6.4.-) (ATP- G0:0003678; \PF17764;PF1807
dependent helicase PriA) G0:0005524; 4;PF18319;
G0:0006268;
G0:0006269;
G0:0008270;
G0:1990077
G2IFR7_9CLOT DNA polymerase 111 1182 No dnakE RATSFB_0083 G0:0003887; PF07733,PF17657 76% 2
subunit alpha (EC G0:0005737; \PF14579;PF0281
2.7.1.7) G0:0006260; 1
G0:0008408
FIVI146_ARTSS Type | restriction 1011 No SFBM_0021 G0:0003677; PF11867;PF04313 100% 11
enzyme R Protein (EC G0:0005524; :PF18766;
3.1.21.3) G0:0009035;
G0:0009307
FOVKB2_ARTSS Type | restriction 1040 No SFBM_0800 G0:0003677, PF12008;PF04313 49% 2
enzyme R Protein (EC GO0:0005524; ;PF18766;
3.1.21.3) G0:0009035;
G0:0009307
FOVKB4_ARTSS Type | restriction- 524 No SFBM_0802 G0:0003677; PF12161;PF02384 68% 2
modification system, M G0:0008170; ;
subunit G0:0009007;
G0:0009307
G2IH92_9CLOT DNA polymerase I11 1398 No polC RATSFB_0608 G0:0003677, PF07733;PF17657 85% 3
PolC-type (Pollll) (EC G0:0003887; :PF02811;PF0092
2.7.7.7) G0:0005737; 9;
G0:0006261;
G0:0008408
G2IEV2_9CLOT Transcription 467 No rho RATSFB_1114 G0:0003723; PF00006;PF07498 75% 4
termination factor Rho G0:0004386; \PF07497;
(EC 3.6.4.-) (ATP- G0:0005524;
dependent helicase Rho) G0:0006353;
G0:0008186
FIVI36_ARTSS ATP-dependent 1193 No SFBM_0011 G0:0003677; PF12705;PF00580 100% 2
helicase/nuclease subunit G0:0003678; ;PF13361;
A (EC 3.1.-.-) (EC G0:0004527;
3.6.4.12) G0:0005524;
G0:0006302
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G2IGU4_9CLOT Pyruvate 1177 No nifl RATSFB_0460 G0:0005506; PF10371;PF17147 95% 2
ferredoxin/flavodoxin G0:0016903; ;PF01558;PF0185
oxidoreductase G0:0022900; 5,PF02775;
G0:0030976;
G0:0051539
FOVLQ1_ARTSS Enoyl-[acyl-carrier- 261 No SFBM_1299 G0:0004318; 100% 2
protein] reductase G0:0006633;
[NADH] (EC 1.3.1.9) G0:0016631
FOVKF6_ARTSS Acetyl-coenzyme A 268 No accA SFBM_0845 G0:0003989; PF03255; 62% 2
carboxylase carboxyl G0:0005524;
transferase subunit alpha G0:0006633;
(ACCase subunit alpha) G0:0009317;
(Acetyl-CoA G0:0016743;
carboxylase G0:2001295
carboxyltransferase
subunit alpha) (EC
2.1.3.15)
G2IHI9_9CLOT Acetyl-coenzyme A 289 No accD RATSFB_0705 G0:0003989; PF01039;PF17848 90% 2
carboxylase carboxyl G0:0005524, )
transferase subunit beta G0:0006633;
(ACCase subunit beta) G0:0008270;
(Acetyl-CoA G0:0009317;
carboxylase G0:0016743;
carboxyltransferase G0:2001295
subunit beta) (EC
2.1.3.15)
G2IH08_9CLOT Phosphate 330 No plsX RATSFB_0524 G0:0005737, PF02504; 99% 10
acyltransferase (EC G0:0006633;
2.3.1.274) (Acyl-ACP G0:0008654;
phosphotransacylase) G0:0043811
(Acyl-[acyl-carrier-
protein]--phosphate
acyltransferase)
(Phosphate-acyl-ACP
acyltransferase)
FOVIA7_ARTSS ATP-dependent 6- 319 Yes pfkA SFBM_0083 G0:0003872; PF00365; 69% 2
phosphofructokinase G0:0005524;
(ATP-PFK) G0:0005737;
(Phosphofructokinase) G0:0006002;
(EC 2.7.1.11) G0:0046872
(Phosphohexokinase)
G2IEQ2_9CLOT ATP-dependent 6- 364 Yes pfkA RATSFB_1064 G0:0003872; PF00365; 55% 2
phosphofructokinase G0:0005524;
(ATP-PFK) G0:0005737;
(Phosphofructokinase) G0:0006002;
(EC 2.7.1.11) G0:0046872;
(Phosphohexokinase) G0:0047334
G2IEV4_9CLOT UDP- 373 No RATSFB_1116 G0:0009247; PF04101;PF06925 70% 2
glucuronosyltransferase G0:0016758 H
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G2IHK1_9CLOT RelA/SpoT protein, 719 No spoT RATSFB_0717 G0:0015969; PF13291;PF04607 100%
(P)ppGpp G0:0016787 :PF02824;
synthetase/pyrophosphoh
ydrolase

G2IFA8_9CLOT Hypoxanthine 179 No hpt_2 RATSFB_1270 G0:0000166; PF00156; 60%
phosphoribosyltransferas G0:0004422;

e (EC 2.4.28) G0:0005737;
G0:0006166;
G0:0032264;
G0:0046872;
G0:0052657
FOVLL7_ARTSS Protein translocase 833 No secA SFBM_1265 G0:0005524, PF02810;PF07517 2%
subunit SecA G0:0005737, ;PF01043;PF0751
G0:0005886; 6;
G0:0006605;
G0:0017038;
G0:0046872;
G0:0065002

FOVIL5_ARTSS Branched-chain-amino- 292 No ilvVE SFBM_0545 G0:0009097,; PF01063; 59%
acid aminotransferase G0:0009098;
(BCAT) (EC 2.6.1.42) G0:0009099;

G0:0052654;
G0:0052655;
G0:0052656

F9VIG2_ARTSS 1-deoxy-D-xylulose 5- 383 No dxr SFBM_0491 G0:0016114; PF08436;PF02670 100%
phosphate G0:0016853; ;PF13288;
reductoisomerase (DXP G0:0019288;
reductoisomerase) (EC G0:0030604;
1.1.1.267) (1- G0:0046872;
deoxyxylulose-5- G0:0070402
phosphate
reductoisomerase) (2-C-
methyl-D-erythritol 4-
phosphate synthase)

FOVIN3_ARTSS 4-hydroxy-3-methylbut- 349 No ispG SFBM_0725 G0:0005506; PF04551; 100%
2-en-1-yl diphosphate G0:0016114;
synthase (flavodoxin) G0:0019288;

(EC 1.17.7.3) (1- G0:0046429;
hydroxy-2-methyl-2-(E)- G0:0051539
butenyl 4-diphosphate

synthase)

G2IEZ7_9CLOT Leucine--tRNA ligase 820 No leus RATSFB_1159 G0:0002161; PF08264;PF00133 88%
(EC 6.1.1.4) (Leucyl- G0:0004823; :PF13603;
tRNA synthetase) G0:0005524;

(LeuRrsS) G0:0005737;
G0:0006429

F9VIC2_ARTSS Phosphatidylglycerol-- 264 No Igt SFBM_0255 G0:0005887; PF01790; 68%
prolipoprotein G0:0008961;
diacylglyceryl G0:0042158
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transferase (EC

2.5.1.145)
FOVIX4_ARTSS Diaminopimelate 426 No lysA SFBM_0154 G0:0008836; PF02784;PF00278 57%
decarboxylase (DAP G0:0009089; H
decarboxylase) G0:0030170
(DAPDC) (EC 4.1.1.20)
G2IFY5_9CLOT Mannitol-1-phosphate 5- 376 No mtlD RATSFB_0151 G0:0008926; PF01232;PF08125 100%
dehydrogenase (EC G0:0019594; ;
1.1.1.17) G0:0050662
FOVKA2_ARTSS Alpha-mannosidase 1043 No SFBM_0790 G0:0004559; PF09261;PF17677 60%
G0:0006013; \PF07748;PF0107
G0:0030246 4,
F9VI60_ARTSS Cation transport ATPase 742 Yes SFBM_0241 G0:0005524; PF00403; 60%
G0:0005886;
G0:0016021;
G0:0019829;
G0:0030001;
G0:0046872
G2IG14_9CLOT Copper-translocating P- 742 Yes RATSFB_0180 G0:0005524, PF00403; 100%
type ATPase G0:0005886;
G0:0016021;
G0:0019829;
G0:0030001;
G0:0046872
G2IH36_9CLOT Hemolysin A 273 No RATSFB_0552 G0:0003723; PF01728;PF01479 100%
G0:0008168; )
G0:0032259
G2IHB8_9CLOT DNA mismatch repair 853 No mutS RATSFB_0634 G0:0003684; PF01624;PF05188 36%
protein MutS GO0:0005524; ;PF05192;PF0519
G0:0006298; 0;PF00488;
G0:0030983
G2I1G95_9CLOT Redox-sensing 208 No rex RATSFB_0261 G0:0003677, PF02629;PF06971 43%
transcriptional repressor G0:0003700; H
Rex G0:0005737,;
G0:0045892;
G0:0050662;
G0:0051775
G2IET4_9CLOT Putative ComF protein 219 No comF RATSFB_1096 G0:0009116 58%
FIVI96_ARTSS UVrABC system protein 938 No uvrA SFBM_0072 G0:0003677; PF00005;PF17755 100%
A (UvrA protein) G0:0005524; :PF17760;
(Excinuclease ABC G0:0005737;
subunit A) G0:0006289;
G0:0008270;
G0:0009380;
G0:0009381;
G0:0009432;
G0:0016887
FOVLI9_ARTSS dTDP-glucose 4,6- 330 No SFBM_1246 G0:0008460; PF16363; 100%
dehydratase (EC G0:0009225

4.2.1.46)
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FOVIE9_ARTSS Phenylalanine--tRNA 339 No pheS SFBM_0478 G0:0000049; PF02912;PF01409 60%
ligase alpha subunit (EC G0:0000287; ;
6.1.1.20) (Phenylalanyl- G0:0004826;
tRNA synthetase alpha G0:0005524;
subunit) (PheRS) G0:0005737;
G0:0006432
G2IF85_9CLOT Protein-arginine kinase 345 No mcsB RATSFB_1247 G0:0004111; PF00217; 60%
(EC 2.7.14.1) G0:0004672;
G0:0005524;
G0:0046314
G2IE38_9CLOT Permease 11C component 464 No RATSFB_0850 G0:0005886; PF02378; 71%
G0:0008982;
G0:0009401;
G0:0016021
G2IF25_9CLOT Phosphoenolpyruvate- 541 No RATSFB_1187 G0:0005737; PF05524;PF00391 74%
protein G0:0008965; ;PF02896;
phosphotransferase (EC G0:0009401;
2.7.3.9) G0:0016301;
(Phosphotransferase G0:0046872
system, enzyme 1)
G2IE39_9CLOT Phosphotransferase 100 No RATSFB_0851 G0:0008982; PF02302; 98%
system G0:0009401
lactose/cellobiose-
specific 1B subunit
G2IH78_9CLOT PTS system, 93 No RATSFB_0594 G0:0008982; PF02302; 87%
lactose/cellobiose G0:0009401
specific 11B subunit
FOVKA5_ARTSS AraC family DNA- 509 No SFBM_0793 G0:0000160; PF12833;PF00072 46%
binding response G0:0003700; H
regulator G0:0043565
FOVJIT6_ARTSS Chemotaxis protein 119 No cheY SFBM_0570 G0:0000160 PF00072; 54%
CheY
G2IHE4_9CLOT DNA-binding response 508 No RATSFB_0660 G0:0000160; PF12833;PF00072 100%
regulator, AraC family G0:0003700; H
G0:0043565
G21G88_9CLOT V-type ATP synthase 460 No atpB RATSFB_0254 G0:0005524; PF00006;PF02874 100%
beta chain (V-ATPase GO0:0042777; H
subunit B) G0:0046933
FOVL64_ARTSS Flagellar biosynthetic 611 No fliR SFBM_1109 G0:0006605; PF01311;PF01312 73%
protein FliR/FIhB G0:0009306; H
G0:0016021
F9VIG5_ARTSS M16C_associated 998 No SFBM_0494 G0:0003824; PF08367;PF00675 79%
domain-containing G0:0006508; ;PF05193;
protein G0:0046872
G2IGN6_9CLOT Peptidase M16 domain 984 No RATSFB_0402 G0:0003824; PF08367,PF00675 50%
protein G0:0006508; ,PF05193;
G0:0046872
FO9VKB1_ARTSS Pyridoxal 5'-phosphate 291 No pdxS SFBM_0799 G0:0036381; PF01680; 100%
synthase subunit PdxS G0:0042823

(PLP synthase subunit

186




PdxS) (EC 4.3.3.6)

(Pdx1)
F9VIK3_ARTSS Pyruvate, phosphate 875 No SFBM_0533 G0:0005524; PF00391;PF02896 50%
dikinase (EC 2.7.9.1) G0:0006090; ,PF01326;
G0:0016301;
G0:0046872;
G0:0050242
G2IEX5_9CLOT Iron-sulfur cluster- 336 No RATSFB_1137 G0:0008033; PF08331; 100%
binding protein G0:0008616;
G0:0016491;
G0:0051536
FOVIW8_ARTSS 16S rRNA 441 No SFBM_0602 G0:0003723; PF01189;PF01029 62%
(cytosine(967)-C(5))- G0:0005737; ;
methyltransferase (EC G0:0006355;
2.1.1.176) G0:0008649
F9VIX2_ARTSS Small ribosomal subunit 295 No rsgA SFBM_0606 G0:0003924; PF03193;PF16745 100%
biogenesis GTPase RsgA G0:0005525; ;
(EC 3.6.1.-) G0:0005737;
G0:0019843;
G0:0042274,
G0:0046872
G2IEJ9_9CLOT 23S rRNA (Uracil-5-)- 446 No rumAl RATSFB_1011 G0:0006396; PF05958; 68%
methyltransferase RumA G0:0008173
G2IGY5_9CLOT Probable dual-specificity 336 No rimN RATSFB_0501 G0:0000049; PF04055; 100%
RNA methyltransferase G0:0002935;
RImN (EC 2.1.1.192) G0:0005737,;
(23S rRNA G0:0019843;
(adenine(2503)-C(2))- G0:0046872;
methyltransferase) (23S G0:0051539;
rRNA m2A2503 G0:0070040;
methyltransferase) G0:0070475
(Ribosomal RNA large
subunit
methyltransferase N)
(tRNA (adenine(37)-
C(2))-methyltransferase)
(tRNA m2A37
methyltransferase)
FOVII7_ARTSS Endoribonuclease YbeY 165 No ybeY SFBM_0527 G0:0004222; PF02130; 67%
(EC3.1.-.-) G0:0004521;
G0:0005737,
G0:0006364;
G0:0008270
G2IHI0_9CLOT Ribonuclease J (RNase 607 No mj RATSFB_0696 G0:0003723; PF00753;PF07521 100%
J)(EC3.1.-.-) G0:0004521; \PF17770;
G0:0004534;
G0:0005737;
G0:0006364,
G0:0008270
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G2IGI1_9CLOT Selenocysteine-specific 633 No selB RATSFB_0347 G0:0001514; PF00009;PF09106 46% 2
translation elongation GO0:0003746; ;PF09107;
factor G0:0003924;
G0:0005525;
G0:0005737
FOVLD7_ARTSS Glutaconyl-CoA 379 No SFBM_1184 G0:0005886; PF03977; 100% 2
decarboxylase subunit G0:0006814;
beta (EC 7.2.4.5) G0:0015451;
G0:0016021;
G0:0018801
G2IHF1_9CLOT Sporulation stage 1V 498 No RATSFB_0667 G0:0005524; PF09547; 99% 2
G0:0016887,
G0:0043934
F9VK33_ARTSS Signal recognition 454 No fth SFBM_0668 G0:0003924; PF00448;PF02881 100% 4
particle protein (Fifty- G0:0005525; ;PF02978;
four homolog) G0:0006614;
G0:0008312;
G0:0048500
FOVIBO_ARTSS Threonine--tRNA ligase 644 No thrS SFBM_0439 G0:0000049; PF03129;PF02824 97% 5
(EC 6.1.1.3) (Threonyl- G0:0004829; ,PF00587;PF0797
tRNA synthetase) G0:0005524; 3;
(ThrRS) G0:0005737;
G0:0006435;
G0:0046872
G2IF69_9CLOT DNA-directed RNA 1186 No poC RATSFB_1231 G0:0000287; PF04997;PF00623 88% 12
polymerase subunit beta' G0:0003677; ;PF04983;PF0500
(RNAP subunit beta’) G0:0003899; 0;PF04998;
(EC 2.7.7.6) (RNA G0:0006351;
polymerase subunit G0:0008270
beta’) (Transcriptase
subunit beta’)
FOVLY4_ARTSS 30S ribosomal protein 61 No psZ SFBM_1383 G0:0003735; PF00253; 7% 2
S14 type Z G0:0005840;
G0:0006412;
G0:0008270;
G0:0019843
FOVIM6_ARTSS 308S ribosomal protein 241 No psB SFBM_0718 G0:0003735; PF00318; 100% 2
S2 G0:0006412;
G0:0015935
G2IF74_9CLOT 50S ribosomal protein 142 No plK RATSFB_1236 G0:0003735; PF00298;PF03946 100% 6
L11 G0:0005840; )
G0:0006412;
G0:0070180
G2IEC9_9CLOT Putative ABC 678 No RATSFB_0941 G0:0005886; PF02687; 100% 6
transporter, permease G0:0016021;
protein G0:0055085
G2IHA0_9CLOT tRNA pseudouridine 293 No truB RATSFB_0616 G0:0003723; PF16198;PF01509 100% 2
synthase B (EC G0:0031119; H
5.4.99.25) (tRNA G0:0106029

pseudouridine(55)
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synthase) (Psi55
synthase) (tRNA
pseudouridylate

synthase) (tRNA-uridine

isomerase)
FOVLL3_ARTSS Glycoprotease family 236 No SFBM_1260 G0:0002949; PF00814; 63% 2
protein G0:0008233
G2IFH9_9CLOT tRNA uridine 5- 624 No mnmG RATSFB_1341 G0:0002098; PF13932; 74% 11
carboxymethylaminomet G0:0005737;
hyl modification enzyme G0:0050660
MnmG (Glucose-
inhibited division protein
A)
FOVLU3_ARTSS Tyrosine--tRNA ligase 406 No tyrS SFBM_1342 G0:0003723; PF01479;PF00579 100% 3
(EC 6.1.1.1) (Tyrosyl- G0:0004831; ;
tRNA synthetase) G0:0005524;
(TyrRS) G0:0005737;
G0:0006437
G2IE94_9CLOT Valine--tRNA ligase (EC 885 No valS RATSFB_0906 G0:0002161; PF08264;PF00133 74% 2
6.1.1.9) (Valyl-tRNA G0:0004832; ,PF10458;
synthetase) (ValRS) G0:0005524;
G0:0005737;
G0:0006438
G2IDV7_9CLOT ABC transporter, ATP- 603 No RATSFB_0769 G0:0005524; PF00664;PF00005 51% 2
binding protein G0:0016021; ;
G0:0016887,
G0:0042626
FOVIZ3_ARTSS ABC transporter, 360 No SFBM_0174 G0:0016021 75% 2
permease
G2IDV8_9CLOT ABC-type 576 No RATSFB_0770 G0:0005524; PF00664;PF00005 53% 2
multidrug/protein/lipid G0:0016021; ;
transport system, G0:0016887;
ATPase component G0:0042626
G2I1GC2_9CLOT Adenylate cyclase 181 No RATSFB_0288 PF01928; 68% 2
FOVIY3_ARTSS ATP-dependent DNA 671 No recG SFBM_0618 G0:0003676; PF00270;PF00271 99% 10
helicase RecG G0:0004386; JPF17191;
G0:0005524
FO9VKB5_ARTSS Cation transport ATPase 740 No SFBM_0803 PF13166; 100% 2
G2IEG9_9CLOT Cellobiose 1108 No chpA RATSFB_0981 G0:0003824 PF17167; 33% 2
phosphorylase
FOVKF4_ARTSS Cysteine desulfurase 381 No nifs SFBM_0843 G0:0003824 PF00266; 50% 2
NifS
G2IEW9_9CLOT DegV family protein 278 No degV RATSFB_1131 G0:0008289 PF02645; 100% 2
G2IH99_9CLOT DHH subfamily 1 319 No RATSFB_0615 G0:0003676 PF01368;PF02272 94% 2
protein H
G2IGJ8_9CLOT Dipicolinate synthase 195 No spoVFB RATSFB_0364 G0:0003824 PF02441; 67% 2

subunit B

189




F9VIL4_ARTSS DNA helicase (EC 638 No SFBM_0544 G0:0003677; PF00580;PF13361 69%
3.6.4.12) G0:0003678; ;
G0:0005524
FOVL32_ARTSS DNA helicase (EC 731 No SFBM_1076 G0:0003677, PF00580;PF13361 93%
3.6.4.12) G0:0003678; )
G0:0005524
FOVKY3_ARTSS DUF4214 domain- 1084 No SFBM_1027 PF13946; 58%
containing protein
FOVLI4_ARTSS DUF4214 domain- 1062 No SFBM_1241 PF13946; 50%
containing protein
G2IE62_9CLOT DUF4214 domain- 1070 No RATSFB_0874 PF13946; 89%
containing protein
G2IDY0_9CLOT Dynamin-type G 745 No RATSFB_0792 G0:0003924; PF00350; 100%
domain-containing G0:0005525;
protein G0:0016021
FO9VMOO_ARTSS Elongation factor G (EF- 686 No fus SFBM_1399 G0:0003746; PF00679;PF14492 100%
G) G0:0003924, ,PF03764;PF0000
G0:0005525; 9,PF03144,
G0:0005737
G2IHEO_9CLOT Extracellular solute- 491 No RATSFB_0656 G0:0016021 PF12010;PF13416 100%
binding protein :
FOVLG9_ARTSS Ferrous iron transport 587 No SFBM_1216 G0:0005525; PF07664;PF02421 100%
protein B G0:0015093; ;PFO7670;
G0:0016021
FOVKR3_ARTSS Flagellar hook-length 490 No SFBM_0955 PF02120; 38%
control protein FliK
FOVIF4_ARTSS Glucokinase 312 No SFBM_0287 G0:0016301 PF00480; 100%
G2IHK6_9CLOT Heme biosynthesis 462 No RATSFB_0722 G0:0003824, PF04055;PF13186 64%
G0:0046872; )
G0:0051539
G2I1GC8_9CLOT KAP NTPase domain- 786 No RATSFB_0294 G0:0016021 PF07693; 76%
containing protein
F9VID7_ARTSS Lipoprotein 746 No SFBM_0466 PF11308; 100%
G2IFV9_9CLOT Lipoprotein, bmp family 358 No RATSFB_0125 G0:0005886 PF02608; 74%
G2IFN4_9CLOT LytR family 329 No IytR RATSFB_0050 G0:0016021 PF03816; 100%
transcriptional regulator
G2IFT0_9CLOT M18 family 427 No RATSFB_0096 G0:0004177; PF02127; 99%
aminopeptidase (EC G0:0008237;
3.4.11.-) G0:0008270
G2IGA6_9CLOT M18 family 465 No RATSFB_0272 G0:0004177; PF02127; 3%
aminopeptidase (EC G0:0008237;
3.4.11.-) G0:0008270
FOVLBO_ARTSS Manganese-containing 222 No SFBM_1155 PF05067; 100%
catalase
G2IEI7_9CLOT MATE efflux family 443 No matE RATSFB_0999 G0:0015297; PF01554; 52%
protein G0:0016021;
G0:0042910
G2IHL9_9CLOT Membrane 998 No mrcB RATSFB_0735 G0:0004180; PF00912;PF00905 53%
carboxypeptidase MrcB G0:0008658; ;
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G0:0016021;

G0:0016740
G2IGU3_9CLOT Metallo-beta-lactamase 443 No RATSFB_0459 PF10996;PF16661 85%
family protein ;PF07521;
FOVIM3_ARTSS Mg chelatase 509 No SFBM_0715 PF01078;PF13335 100%
G2IH81_9CLOT Mg chelatase, subunit 508 No chll RATSFB_0597 PF01078;PF13335 75%
Chil ;
G2IFL8_9CLOT Nucleoid-associated 111 No RATSFB_0034 G0:0003677; PF02575; 96%
protein RATSFB_0034 G0:0005737;
G0:0043590
FOVL73_ARTSS Oxidoreductase family 352 No SFBM_1118 G0:0016491 PF01408;PF02894 100%
protein :
F9VL21_ARTSS Peptidase 413 No SFBM_1065 G0:0003824; PF00675;PF05193 57%
G0:0046872 ;
G2IDV2_9CLOT Peptidase 410 No RATSFB_0764 G0:0003824; PF05193; 100%
G0:0046872
G2IGL4_9CLOT Peptidase, M23/M37 426 No RATSFB_0380 PF01551; 65%
family protein
FO9VM60_ARTSS Probable cytosol 479 No pepA SFBM_1459 G0:0004177; PF00883;PF02789 92%
aminopeptidase (EC G0:0005737; ;
3.4.11.1) (Leucine G0:0008235;
aminopeptidase) (LAP) G0:0030145
(EC 3.4.11.10) (Leucy!
aminopeptidase)
G21GZ2_9CLOT Putative calcium- 850 No RATSFB_0508 G0:0005388; PF00689;PF00690 100%
translocating P-type G0:0005524; ;
ATPase, PMCA-type G0:0016021
G2IER0_9CLOT Putative 327 No RATSFB_1072 G0:0016740 PF00535; 53%
glycosyltransferase
G2IEZ9_9CLOT Putative helicase 1071 No RATSFB_1161 G0:0004386; PF00271;PF08455 20%
G0:0005524; ;PF00176;
G0:0008270
G2IHH5_9CLOT Putative peptidoglycan 532 No RATSFB_0691 G0:0008658; PF00905; 99%
glycosyltransferase G0:0016021;
G0:0016740
G2IE70_9CLOT Putative transposase 162 No RATSFB_0882 81%
FOVM76_ARTSS Radical SAM protein 308 No SFBM_1475 G0:0003824; PF04055;PF16199 49%
G0:0051536 ;
FOVJ21_ARTSS Ribonuclease R (RNase 692 No mr SFBM_0202 G0:0003723; PF17876;PF08206 74%
R) (EC 3.1.13.1) G0:0005737,; ;PF00773;PF0057
G0:0008859 5;
F9VK38_ARTSS Ribosome biogenesis 289 No SFBM_0673 G0:0005525; PF01926; 54%
GTPase A G0:0005737
G2IFW9_9CLOT Shikimate 5- 278 No aroE RATSFB_0135 G0:0004764 PF08501; 54%
dehydrogenase
FOVIE5_ARTSS SirA family protein 192 No SFBM_0278 PF02635;PF01206 100%
FOVIG7_ARTSS Spore coat protein 242 No SFBM_0496 55%
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F9VJ72_ARTSS Spore cortex-lytic 755 No SFBM_0401 PF01471; 61%
enzyme, pre-pro-form
G2IDU8_9CLOT Stage V sporulation 728 No spoVD RATSFB_0760 G0:0008658; PF03793;PF03717 93%
protein D G0:0016021 ,PF00905;
G2IGK4_9CLOT Superfamily I DNA and 1306 No RATSFB_0370 G0:0004386 62%
RNA helicase and
helicase subunits-like
protein
FOVIX9_ARTSS TipAS domain- 113 No SFBM_0614 PF07739; 3%
containing protein
FOVKAO_ARTSS Transcriptional regulator 292 No SFBM_0788 PF00480; 75%
FIOVK36_ARTSS tRNA (guanine-N(1)-)- 222 No trmD SFBM_0671 G0:0005737; PF01746; 54%
methyltransferase (EC G0:0052906
2.1.1.228) (M1G-
methyltransferase)
(tRNA [GM37]
methyltransferase)
FOVKE1_ARTSS Twitching motility 350 No SFBM_0830 PF00437; 74%
protein PilT
F9VL35_ARTSS Two component 676 No SFBM_1079 PF07495; 100%
regulator
G2IE28_9CLOT Type Il secretion system 467 No RATSFB_0840 PF00437; 84%
protein E
F9VIJ2_ARTSS U32 family peptidase 782 No SFBM_0522 G0:0008233 PF12392;PF01136 50%
FOVL50_ARTSS Uncharacterized protein 960 No SFBM_1094 G0:0016021 81%
G21G04_9CLOT Uncharacterized protein 497 No RATSFB_0170 G0:0016021 PF09826; 70%
G21GQ2_9CLOT Uncharacterized protein 2029 No RATSFB_0418 G0:0016021 PF13946; 62%
F9VIC9_ARTSS Uncharacterized protein 1316 No SFBM_0458 89%
FOVKO0_ARTSS Uncharacterized protein 407 No SFBM_0635 65%
FOVK14_ARTSS Uncharacterized protein 364 No SFBM_0649 G0:0003824 PF05913; 49%
FOVKRO_ARTSS Uncharacterized protein 372 No SFBM_0952 81%
FOVKT8_ARTSS Uncharacterized protein 135 No SFBM_0980 100%
FOVLS4_ARTSS Uncharacterized protein 702 No SFBM_1322 100%
G2IE23_9CLOT Uncharacterized protein 134 No RATSFB_0835 36%
G2IEB4_9CLOT Uncharacterized protein 1059 No RATSFB_0926 100%
G2IEQ1_9CLOT Uncharacterized protein 173 No RATSFB_1063 PF14270; 100%
G2IFX9_9CLOT Uncharacterized protein 1938 No RATSFB_0145 PF13946;PF00041 95%
G2IFZ8_9CLOT Uncharacterized protein 704 No RATSFB_0164 100%
G2IGF5_9CLOT Uncharacterized protein 173 No RATSFB_0321 99%
G21G23_9CLOT Xaa-pro aminopeptidase 415 No RATSFB_0189 G0:0004177; PF05195;PF00557 38%
G0:0030145 ;
FOVLC7_ARTSS XRE family 70 No SFBM_1174 G0:0003677 PF13443; 49%

transcriptional regulator
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APPENDIX D: HIERARCHAL-ALL-AGAINST-ALL ANALYSIS CLUSTERS AND

ASSOCIATIONS

HALLA  [clusterl cluster2 pvalue qvalue similarity
association score
rank between
clusters
1 TG; D_0_ BacteriaD_1_Proteobacter|(9.32E-08 [0.000141 |0.81136282
Glucose ia|D_2__ Deltaproteobacteria|D_3_ 5
| Desulfovibrionales|D_4  Desulf
ovibrionaceae|__;D_0__ BacterialD
| 1 Proteobacteria|]D_2__Gamma
proteobacteria|D_3__ Enterobacteri
ales|D_4 _Enterobacteriaceae|D_5
| Proteus;D_0_ Bacteria|D_1_Fi
rmicutes|D_2_ BacillijD_3__ Lact
obacillales|D_4__Leuconostocacea
elD_5_ Leuconostoc;D_0__ Bacter
ia|D_1_ Firmicutes|D_2__ Bacilli|
D_3 Lactobacillales|D_4 Leuc
onostocaceaelD 5 Weissella
2 Body D_0_ BacteriaD_1 Bacteroidete 4.43E-07 [0.000335 |
\Weight; Fat |s|D_2__ Bacteroidia|D_3__Bactero 0.74464064
idales|D_4__Muribaculaceae|D_5 3
| uncultured Barnesiella
sp.;D_0_ Bacteria|D_1 Bacteroi
detes|D_2 Bacteroidia|D_3_Bac
teroidales|D_4 Muribaculaceae|D
5 uncultured organism
3 Body D_0_ BacteriaD_1 Tenericutes| |6.64E-06 [0.00277 |0.68892284
\Weight; Fat [D_2 Mollicutes|D_3__Anaeropla 2

smatales|D_4 _ Anaeroplasmatace
ae|[D_5 Anaeroplasma;D_0_ Bac
teriaD_1 Tenericutes|D_2_ Mol
licutes|D_3__Mycoplasmatales|D_
4 Mycoplasmataceae|D 5 Urea
plasma;D_0_ BacteriaD_1 Firm
icutes|D_2__ Clostridia|D_3__Clos
tridiales|D_4__ Clostridiales
\vadinBB60

group|D_5 _uncultured Firmicutes
bacterium;D_0__ Bacteria|D_1_Fi
rmicutes|D_2_ Clostridia]D_3__C
lostridiales|D_4  Clostridiales

\vadinBB60 group|
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Fat

D_0_ BacteriaD_1 Tenericutes|
D_2 Mollicutes|D_3__Mycoplas
matales|D_4 __Mycoplasmataceae|
D 5 Mycoplasma

7.33E-06

0.00277

0.68663594
1

TG

D_0_ BacteriaD_1 Proteobacter
ia|D_2__Gammaproteobacteria|D_
3__BetaproteobacterialesD_4 B
urkholderiaceae|D_5 Aquabacter
ium;D_0__ Bacteria|]D_1__Proteob
acteria|D_2_Gammaproteobacteri
a|D_3_ Betaproteobacteriales|D_4
| Burkholderiaceae|D_5_Hydrog
enophaga

1.02E-05

0.003098

0.72097531

TG

D 0 BacteriaD_1 Actinobacter
ia|D_2__Coriobacteriia|D_3 __Cori
obacteriales|D_4_Eggerthellaceae
|ID 5 Parvibacter

1.26E-05

0.003183

0.71590627
4

Glucose

D_0_BacterialD_1__Firmicutes|

D_2 BacilliiD_3__Lactobacillale

S|D_4 Enterococcaceae|D 5 En

terococcus;D_0_ BacterialD_1__ P

roteobacteria|D_2__Gammaproteo

bacteria|D_3__Enterobacteriales|D
4 Enterobacteriaceae|

1.57E-05

0.003388

0.71055234
2

Glucose

D_0_BacteriaD_1__Firmicutes|
D_2_BacilliiD_3__Lactobacillale
s|D_4  StreptococcaceaelD 5 L
actococcus

3.00E-05

0.004767

0.69377708
8

Fat

D_0_ BacteriaD_1 Proteobacter
ia|D_2__ Alphaproteobacteria|D_3
| Sphingomonadales|D_4  Sphin
gomonadaceae| ;D_0__ Bacteria|
D_1 Proteobacteria]D_2_ Gamm
aproteobacteria|D_3__ Betaproteob
acteriales|D_4 Rhodocyclaceae|
D_5 Methyloversatilis;D_0_ Ba
cteria|D_1 Proteobacteria|]D_2
Alphaproteobacteria|D_3 _ Sphing
omonadales|D_4 Sphingomonad
aceae|D 5 Sphingobium;D_0
Bacteria|D_1__ Proteobacteria|D_2
| Gammaproteobacteria|D_3 Be
taproteobacteriales|D_4 _ Burkhol
deriaceae|D_5 Aquabacterium;D
| 0 Bacteria|D_1_Proteobacteria

D 2 Gammaproteobacteria|D 3

3.15E-05

0.004767

0.65019408
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| Betaproteobacteriales|D_4__ Bur
kholderiaceae|D_5 Hydrogenoph
aga

10

TG

D_0_ BacteriaD_1 _Actinobacter
ia|]D_2__Actinobacteria|D_3 _Cor
ynebacteriales|D_4__ Corynebacter
iaceae|D_5 Corynebacterium

1;D 0 Bacteria|]D_1__Firmicutes
|D_2__ BacilliD_3__Bacillales|D_
4 Staphylococcaceae|D_5 Stap

hylococcus;D 0 BacteriaD_1

Firmicutes|D_2_BacilliiD_3_La

ctobacillales|D_4 Enterococcace

ae|[D_5 Enterococcus;D_0_ Bact
eria|D_1 ProteobacteriaD_2_ G

ammaproteobacteria|D_3__Entero

bacteriales|D_4 Enterobacteriace
ae|

6.16E-05

0.006211

0.67376656
.

11

Fat

D_0_ Bacteria]D_1 Proteobacter
ia|D_2__Gammaproteobacteria|D_
3__Pasteurellales|D_4  Pasteurell
aceaelD 5 Muribacter

6.90E-05

0.00631

0.62844947
3

12

TG

D_0_BacteriaD_1 Firmicutes|
D_2_Clostridia|]D_3__Clostridial
es|D_4 Ruminococcaceae|D 5
Intestinimonas

7.09E-05

0.00631

0.66966337
3]

13

TG

D_0_ BacterialD_1__Firmicutes|
D_2 Erysipelotrichia|D_3__Erysi
pelotrichales|D_4 __Erysipelotricha
ceae|D_5 lleibacterium;D_0_ Ba
cteria|D_1 Bacteroidetes|D_2
Bacteroidia|D_3__Bacteroidales|D
| 4 Tannerellaceae|D_5 Parabac
teroides;D_0_ BacteriaD_1__ Fir
micutes|D_2__Clostridia|]D_3__ClI
ostridiales|D_4__ Clostridiales
\vadinBB60

group|D 5 uncultured prokaryote

0.0001031
35

0.008207

-0.65845548

14

TG

D_0_ BacteriaD_1 Proteobacter
ia|D_2__Alphaproteobacteria|D_3
| Sphingomonadales|D_4__ Sphin
gomonadaceae|

0.0001409
49

0.010656

0.64873518
9

15

Glucose

D _0_ BacteriaD_1 Proteobacter
1a|D_2__Alphaproteobacteria|D_3
| _Rhodospirillales|D_4__uncultur

ed|D 5 unidentified rumen

0.0002134
48

0.014032

-0.63527676
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bacterium

RF32;D_0_ BacteriaD_1__Firmic
utes|D_2_ Clostridia|D_3__ Clostri
diales|D_4 Ruminococcaceae|D_
5 Hydrogenoanaerobacterium;D_|
0 Bacteria|D_1 _Actinobacteria|
D_2_Coriobacteriia|D_3__Coriob
acteriales|D_4 Eggerthellaceae|D
| 5 Parvibacter;D_0__ Bacteria|D
| 1 Deferribacteres|D_2__ Deferri
bacteres|D_3 _ Deferribacterales|D
| 4 Deferribacteraceae|D_5 Mu
cispirillum;D_0__ BacteriaD_1_ P
roteobacteria|D_2__Gammaproteo
bacteria|D_3 _ Betaproteobacterial
es|D_4 BurkholderiaceaelD_5
Parasutterella

16 TG D _0_ BacteriaD_1 Actinobacter|0.0004494(0.024283 |-
ia|D_2__ Coriobacteriia]D_3__Coril58 0.60943466
obacteriales|D_4_Eggerthellaceae 4
D 5 Enterorhabdus
17 Fat D_0_ BacteriaD_1 Actinobacter|0.0004496(0.024283 10.56867103
ia|]D_2 Coriobacteriia]D_3__Cori|85 4
obacteriales|D_4 _ Coriobacteriale
s Incertae Sedis|D 5 uncultured
18 Cholesterol [Unassigned| | | | | 0.000522210.026492 [0.60394088
53 7
19 Insulin; D_0_ BacteriaD_1 Firmicutes| |0.0005256(0.026492 |-
Cholesterol [D_2_Clostridia|D_3__Clostridial 43 0.60370184
es|D 4 Clostridiaceae 1| 3
20 Cholesterol [D_0_ Bacteria|]D_1__Actinobacter|0.0005987/0.029203 (0.59885003
ia|D_2__Actinobacteria|]D_3 _Mic}46 5
rococcales|D_4 Microbacteriacea
el
21 Cholesterol [D_0_ Bacteria|]D_1__ Bacteroidete |0.000644710.029781 |
s|D_2_ Bacteroidia|D_3 _Bactero |14 0.59605911
idales|D 4 Muribaculaceae| 3
22 Glucose D_0_ BacteriaD_1 _Firmicutes| [0.0007311(0.031656 [0.59125088
D 2 Clostridia|]D_3 _Clostridial 89 2
es|D_4 Ruminococcaceae|D 5
Ruminiclostridium 5
23 Cholesterol [D_0_ Bacteria|]D_1_ Proteobacter|0.0007503/0.031656 [0.59025367
ia|D_2__ Deltaproteobacteria|D_3_ 143 9

| Desulfovibrionales|D_4  Desulf
ovibrionaceae| ;D_0_ BacterialD
1 Proteobacteria]D 2 Gamma
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proteobacteria|D_3__Enterobacteri
ales|D_4 Enterobacteriaceae|D_5
| _Proteus;D 0 Bacteria|D_1_Fi
rmicutes|D_2__ BacillijD_3__ Lact
obacillales|D_4_Leuconostocacea
e|D_5 Leuconostoc;D 0 Bacter
ia|D_1_ Firmicutes|D_2__ Bacilli|
D_3 Lactobacillales|D_4 Leuc
onostocaceaelD 5  Weissella

24

TG

D_0_ BacteriaD_1__Firmicutes|
D_2 Clostridia|]D_3 _Clostridial
es|D_4 Lachnospiraceae|D 5 [
Eubacterium] oxidoreducens group

0.0007696
A7

0.031656

0.58927089
8

25

Glucose

D_0_BacteriaD_1 Firmicutes|
D_2_Erysipelotrichia|D_3__ Erysi
pelotrichales|D_4 _ Erysipelotricha
ceae|D_5 Turicibacter;D 0 Bac
teriaD_1 ProteobacteriaD_ 2 D
eltaproteobacteria|D_3__ Desulfovi
brionales|D_4__Desulfovibrionace
ae|D 5 Desulfovibrio

0.0007746
6

0.031656

0.58901923
6

26

TG

D_0_BacterialD_1 _Firmicutes|
D_2 Clostridia|]D_3 _Clostridial
es|D_4 Ruminococcaceae|D 5
Ruminiclostridium 5

0.0008104
13

0.032246

0.58726444
6

27

TG

D_0_ BacteriaD_1__Tenericutes|
D_2 Mollicutes|D_3__Mycoplas
matales|D_4__Mycoplasmataceae|
D 5 Mycoplasma

0.0008584
12

0.032455

0.58501210
S

28

Fat

D_0_ BacteriaD_1__Verrucomicr
obia|D_2 Verrucomicrobiae|D 3
| Verrucomicrobiales|D_4_ Akke
rmansiaceae|D 5 Akkermansia

0.0008585
97

0.032455

-0.54503782

29

Glucose

D_0_ BacteriaD_1__Tenericutes|
D_2_ Mollicutes|D_3__Mollicute
S
RF39|D_4 metagenome|D 5 m
etagenome

0.0009516
23

0.03417

0.58093567
2

30

Cholesterol

D_0_BacteriaD_1 Firmicutes|
D_2_BacilliiD_3__Lactobacillale
s|D_4  StreptococcaceaelD 5 L
actococcus;D_0_ BacteriaD_1
Firmicutes|D_2__ Clostridia|D_3__
Clostridiales|D_4 _Ruminococcac

eae|D_5 GCA-900066225

0.0009551
95

0.03417

0.58078817
p
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31

Cholesterol

D_0_ BacteriaD_1 Proteobacter
ia|D_2_Gammaproteobacteria|D_
3__Enterobacteriales|D_4 Entero
bacteriaceae|D_5__Escherichia-
Shigella

0.0009943
71

0.03417

0.57918169

32

Glucose

D_0_ BacteriaD_1 _Proteobacter
ia|D_2__Gammaproteobacteria|D_
3__Enterobacteriales|D_4 _Entero
bacteriaceae|D 5 Citrobacter

0.0010310
49

0.034643

0.57772847
3

33

Fat

D 0 Bacteria | | | |

0.0011254
54

0.035844

0.53460657

34

TG;
Glucose

D_0_ BacteriaD_1 Proteobacter
ia|D_2__Gammaproteobacteria|D_
3__Enterobacteriales|D_4__Entero
bacteriaceae|D 5 Klebsiella

0.0011378
97

0.035844

0.57373792
9

35

Fat

D_0_BacteriaD_1 Firmicutes|
D_2_Clostridia|]D_3 __Clostridial
es|D_4 Clostridiales vadinBB60
group|D 5 uncultured prokaryote

0.0013641
18

0.040863

0.52698509
4

36

TG

D_0_ BacteriaD_1 Bacteroidete
s|D_2_ Bacteroidia|]D_3 Bactero
idales|D_4__Muribaculaceae|]Ambi
guous_taxa

0.0013783
19

0.040863

0.56583323
S)

37

Cholesterol

D_0_ BacteriaD_1 Proteobacter
ia|D_2__Gammaproteobacteria|D_
3__Pseudomonadales|D_4 Pseud
omonadaceae|D 5 Pseudomonas

0.0015039
83

0.042906

0.56216893

38

Fat

D_0_ BacteriaD_1 _Actinobacter
ia|]D_2__ Coriobacteriial]D_3 _Cori
obacteriales|D_4_Eggerthellaceae
D 5 Parvibacter

0.0015974
52

0.043459

0.52059224
2

39

TG

D_0_ Bacteria]D_1 Proteobacter
ia|D_2__Gammaproteobacteria|D_
3__Enterobacteriales|D_4 _Entero
bacteriaceae|D_5 Escherichia-
Shigella

0.0016670
92

0.043459

0.55779007
8

40

Cholesterol

D_0_ Bacteria]D_1 Proteobacter
ia|D_2_Gammaproteobacteria|D_
3__BetaproteobacterialesiD_4 B
urkholderiaceae|D_5 Hydrogeno
phaga

0.0019692
68

0.049436

0.55057707
6

41

TG

D_0_ BacteriaD_1 Proteobacter
ia|D_2__Gammaproteobacteria|D_
3__Pseudomonadales|D_4 _ Pseud
omonadaceae|D 5 Pseudomonas

0.0021619
83

0.051077

0.54646297
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42 Insulin D_0_ BacteriaD_1 Firmicutes| [0.0024025(0.055041 |0.54175007
D_2 Clostridia|]D_3__Clostridial |7
es|D_4 Clostridiales vadinBB60
group|D_5__uncultured
Clostridiales bacterium

43 Cholesterol [D_0__ Bacteria|]D_1__ Firmicutes| [0.0024711/0.055768 [

D 2 Clostridia|]D_3__Clostridial [87 0.54048069
es|D_4  Family 4
XI11|D_5__[Eubacterium]

nodatum group

44 Lean D _0_ BacteriaD_1 Bacteroidete|0.0027171(0.059542 |-
s|D_2_Bacteroidia|D_3 Bactero |73 0.49813171
idales|D_4_Muribaculaceae|D 5 3

uncultured Barnesiella sp.

45 Glucose D_0_ BacteriaD_1 Proteobacter|0.0027697(0.059828 10.53528758
ia|D_2 Gammaproteobacteria|D_ |97
3__BetaproteobacterialesD_4__ B
urkholderiaceae|D_5 Hydrogeno
phaga

46 Cholesterol [D_0__ Bacteria]D_1__Actinobacter|0.0029644/0.06313  [0.53215669
ia|]D 2 Actinobacteria] | | 29 1

47 Fat D_0_ BacteriaD_1_Proteobacter|0.0033318(0.06822 0.48909072
ia|D_2__Gammaproteobacteria|D_ |31
3__Pasteurellales|D_4  Pasteurell
aceae|D 5 Rodentibacter

48 Cholesterol [D_0__ Bacteria|]D_1__ Tenericutes| [0.0033388(0.06822 [0.52660098
D_2 Mollicutes|D_3_Mycoplas [21 5
matales|D_4__Mycoplasmataceae|
D 5 Ureaplasma

49 Insulin D _0_ BacteriaD_1 Firmicutes| |0.0035632(0.071834 |-
D_2_Clostridia]D_3__Clostridial (11 0.52352276
es|D_4 Ruminococcaceae|D 5 2
UBA1819

50 Body D_0_ BacteriaD_1 Proteobacter|0.0037775(0.075153 |0.48340149

\Weight ia|D_2 Gammaproteobacteria|D_ |28 90
3__BetaproteobacterialesD_4_ B
urkholderiaceae|D_5 Aquabacter
ium

51 Lean D_0_ BacterialD_1_Proteobacter|0.0039470(0.076852 [0.48138921
ia|D_2_Gammaproteobacteria|D_ |66 7
3 Pasteurellales|D_4  Pasteurell
aceaelD 5 Muribacter

52 Lean D_0_ BacteriaD_1 Actinobacter|0.0040154(0.076852 [0.48059905
ia|]D 2 Coriobacteriia|]D 3 Cori|l4 1
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obacteriales|D_4 Coriobacteriale
s Incertae Sedis|D 5 uncultured

53 Cholesterol [D_0__ Bacteria|]D_1__ Tenericutes| [0.004242310.079191 |
D_2_ Mollicutes|D_3__ Mollicute |71 0.51512332
s RF39|D_4 uncultured 2
Erysipelotrichaceae
bacterium|D_5__uncultured
Erysipelotrichaceae bacterium

54 Fat D_0_ BacterialD_1 Firmicutes| |0.0044690(0.081413 }-
D_2_Clostridia|]D_3 _Clostridial 94 0.47563025
es|D_4 Ruminococcaceae|D 5 2
Ruminococcaceae UCG-010

55 TG D_0_BacteriaD_1 Firmicutes| |0.0046494(0.08369 |-
D_2_ Clostridia|]D_3__Clostridial (43 0.51062620
es|D_4 Clostridiaceae 4
1|D 5 Clostridium sensu stricto
1

56 Body D_0_ BacteriaD_1 Bacteroidete|0.0048824(0.086051 |

\Weight s|D_2_Bacteroidia|D_3 Bactero 61 0.47146835

idales|D_4__Muribaculaceae|D_5 l
gut metagenome

57 TG D_0_ Bacteria|]D_1__ Tenericutes| [0.0050552(0.087856 [0.50646631
D_2_ Mollicutes|D_3__Mycoplas 06 7
matales|D_4__Mycoplasmataceae|
D 5 Ureaplasma

58 Cholesterol [D_0_ Bacteria|]D_1__ Firmicutes| [0.0056560/0.09453 [
D 2 Clostridia|]D_3 _Clostridial (43 0.50080108
es|D_4 Ruminococcaceae|D 5 1
Butyricicoccus

59 Fat D_0_ Bacteria|D_1__Firmicutes| [0.0056892(0.09453 |[-0.46415094
D_2_Clostridia|]D_3__Clostridial [98
es|D_4 Ruminococcaceae|D 5
Intestinimonas

60 Glucose D_0_ BacteriaD_1 Firmicutes| [0.0058506(0.096154 [0.49907588
D_2 Clostridia|]D_3 _Clostridial [53
es|D_4 LachnospiraceaelD 5 L
achnospiraceae NK4A136 group

61 Fat D_0_ Bacteria|]D_1__Bacteroidete [0.0059602(0.096902 (0.46189365
s|D_2_Bacteroidia|D_3 Bactero (18 5
idales|D_4_Rikenellaceae|D_5
Mucinivorans

62 Glucose D_0_ BacteriaD_1 Tenericutes| |0.0062069(0.098338 |-
D_2 Mollicutes|D_3__ Mollicute [87 0.49603956
s RF39|D_4 uncultured 2

Paenibacillaceae
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bacterium|D_5__uncultured
Paenibacillaceae bacterium

63 Glucose D_0_ BacterialD_1 Proteobacter|0.00621290.098338 |-
ia|D_2__ Alphaproteobacteria|D_3 |25 0.49599022
| Rhodospirillales|D_4__uncultur 4
ed|D 5 Azospirillum sp. 47 25

64 TG D_0_ BacterialD_1__Firmicutes| [0.0062436/0.098338 [0.49573549
D 2 BacilliiD_3_Bacillales|D_ |64 3
4 PlanococcaceaelD 5 Kurthia

65 Cholesterol [D_0_ Bacteria|]D_1__ Firmicutes| |0.0063241/0.098578 [0.49507389
D_2_BacilliiD_3 _Lactobacillale [05 2
s|D_4 StreptococcaceaelD_5 St
reptococcus

66 Insulin D_0_ BacterialD_1 _Firmicutes| |0.00650650.099592 |-
D_2_Clostridia|]D_3 _Clostridial |84 0.49359910
es|D_4  Family 90

X111|D_5__Family X111 AD3011
group
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APPENDIX E: IDENTITY AND IMPORTANCE SCORES OF ALL ASVS PREDICTIVE

OF METABOLIC CLUSTERS

ASV

ASV

Taxonomic Assignment

Importance

Cluster
Association
(as
determined
by avg.
abundance)

Accession

14dc60eel
b5bad57cb
bfelb8b70c
eda2

D _0_ Bacteria;D_1 Prot
eobacteria;D_2_ Gammap
roteobacteria;D_3 Entero
bacteriales;D_4 Enteroba
cteriaceae

0.0565610
64

metS

NR_118333.1

ccd547c6a
601c61c32
8a88f0252¢
acbe

D 0 _Bacteria;D_ 1 Firm
icutes;D 2 Bacilli;D 3
Lactobacillales;D_4 Leuc
onostocaceae;D_5 Leuco
nostoc

0.0531922
89

metS

NR_109004.1

ce5b59ece6
db73b0579
8315f7089
el7a

D 0_Bacteria;D_1 Prot
eobacteria;D_2_Gammap
roteobacteria;D_3__Entero
bacteriales;D 4 Enteroba
cteriaceae

0.0434891
38

metS

NR_114419.1

e24eb65ch
b61019d39
€980c8919
7713d

D _0_ Bacteria;D_1_Firm
icutes;D_2_Bacilli;D_3
Lactobacillales;D_4 Ente
rococcaceae;D 5 Enteroc
occus

0.0434427
56

metS

NR_113901.1

10fc832b4c
ee459f8e75
32193d354
968

D 0 _Bacteria;D_1 Firm
icutes;D 2 Clostridia;D_
3__ Clostridiales;D_4 Lac
hnospiraceae

0.0391050
3

metS

NR_025796.1

e2d5cbdfa8
54a5a55ad

b60154cd5
4887

D _0_ Bacteria;D_1 Prot
eobacteria;D_2_ Gammap
roteobacteria;D_3 Entero
bacteriales;D 4 Enteroba
cteriaceae

0.0365040
94

metS

NR_146667.2

33613717d
b4d9890cd
16bdc2206
2acee

D 0 _Bacteria;D_1 Firm
icutes;D 2 Bacilli;D 3
Lactobacillales;D_4 Leuc
onostocaceae;D_5  Weiss
ella

0.0355770
33

metS

NR_113258.1
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_118333.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BG5TDA9016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_109004.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEXMXRT016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114419.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BGBF919014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_113901.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEV4YF8016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025796.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFA4FAH014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_146667.2?report=genbank&log$=nucltop&blast_rank=1&RID=2BGBVH7H016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_113258.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEZXNJ6016

a891568a5
b9149c7db
b14d6c563
67a8c

D_0_ Bacteria;D_1 Prot
eobacteria;D_2_Gammap
roteobacteria;D_3 Entero
bacteriales;D 4 Enteroba
cteriaceae

0.0295420
94

metS

NR_118568.1

bfba9laead
ead2746a4
70fdaa65a5
11d

D 0 _Bacteria;D 1 Firm
icutes;D_2__Clostridia;D_
3__ Clostridiales;D_4 Lac
hnospiraceae

0.0291994
67

metS

NR_044048.

10

e303c2dfcl
28751db2e
66336172

Obe3

D _0_ Bacteria;D_1_Firm
icutes;D_2_ Clostridia;D_
3__ Clostridiales;D_4 Lac
hnospiraceae;D_5 Lachn
ospiraceae NK4A136
group;D_6__ Trichinella
pseudospiralis

0.0219286
14

metS

NR_119035.1

11

03e5fed105
9bc7b42ac
90c005696
83ba

D _0_ Bacteria;D_1 Prot
eobacteria;D_2_Deltaprot
eobacteria;D_3__Desulfovi
brionales;D_4__ Desulfovi
brionaceae;D_5 Desulfov
ibrio;D_6__Brachyspira
sp. NSH-25

0.0198610
06

metS

NR_104990.1

12

f69eb2f45f
5c3a2fe85e
149154fcf5
eb

D 0 _Bacteria;D_1 Prot
eobacteria;D_2 Gammap
roteobacteria

0.0198516
35

metS

NR_117683.1

13

6c8b095d6
2dcf8cd5d8
fe96d0498
d219

D _0_ Bacteria;D_1 Bact
eroidetes;D 2 Bacteroidi
a;D_3__ Bacteroidales;D_4
__Rikenellaceae;D 5 Ali
stipes;D_6__gut
metagenome

0.0188478
29

metS

NR_113152.1

14

27ec9abad

1b5670d70
€289165c0
b8c69

D_0_ Bacteria;D_1_Prot
eobacteria;D_2_ Gammap
roteobacteria;D_3 Entero
bacteriales;D_4 Enteroba
cteriaceae

0.0188244
59

metS

NR_156052.1

15

00ee70646
10a0a5eb6
720b6fa56
9826

D 0 _Bacteria;D 1 Firm
icutes;D 2 Clostridia;D_
3__ Clostridiales;D_4 Lac
hnospiraceae;D 5 Lachn
ospiraceae NK4A136
group;D_6__ Trichinella
pseudospiralis

0.0186178
83

metS

NR_116814.1
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_118568.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BGB5TXJ016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044048.1?report=genbank&log$=nucltop&blast_rank=2&RID=2BFDZAKV014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_119035.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFPSPGB016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_104990.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BDATCFY016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117683.1?report=genbank&log$=nucltop&blast_rank=7&RID=2BG51CN6014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_113152.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEGCT1G016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_156052.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BG8GYN2014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116814.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BC0YNGB01R

16

f670c3d35
7ab9af85d8
40c55f21f8
c5d

D _0_ Bacteria;D_1_Firm
icutes;D_2_Bacilli;D_3
Bacillales;D_4  Staphyloc
occaceae;D 5 Staphyloc
occus

0.0181580
13

metS

NR_113350.1

17

03e5ea91f9
3440511c2

2b2599¢eed

7c39

D 0 _Bacteria;D 1 Firm
icutes;D_2__Clostridia;D_
3__ Clostridiales;D_4 Lac
hnospiraceae

0.0178274
)

metS

NR_117139.2

18

ff52695bd2
d7116b457
8ce9ee98e4
2b5

D_0_ Bacteria;D_1_Epsi
lonbacteraeota;D_2 Cam
pylobacteria;D_3 _Campy
lobacterales;D_4 Helicob
acteraceae;D 5 Helicoba
cter

0.0154157
22

metS

NR_041748.2

19

60a37667f
4ddbffc93d
3ce743ca3
b409

D_0_ Bacteria;D_1 Prot
eobacteria;D_2_ Gammap
roteobacteria;D_3 Entero
bacteriales;D_4 Enteroba
cteriaceae;D_5 Escherich
ia-Shigella

0.0151722
79

metS

NR_074902.1

20

e6cc88f3d8
52b17e320
57da07a3df
604

D _0_ Bacteria;D_1 Firm
icutes;D_2_Bacilli;D_3
Lactobacillales;D_4 Ente
rococcaceae;D_5 Enteroc
occus

0.0146340
2

metS

NR_104559.2

21

ec3ef83ad4
c92f8ba012
£922f08e9a
de

D 0 Bacteria

0.0141743
06

metS

22

7d8cal3437
6e1f725bab
e3b9f4e55a
bfd

D _0_ Bacteria;D_1 Firm
icutes;D_2_ Clostridia;D_
3__ Clostridiales;D_4 Lac
hnospiraceae

0.0139916
01

metS

NR_117139.2

23

d74eaa73b
082c108e0
a20fleedb8
920f

D 0 _Bacteria;D_1 Firm
icutes;D_2_ Bacilli;D_3
Lactobacillales;D_4 _ Stre
ptococcaceae;D_5__ Strept
0CcoCCus

0.0139610
96

metS

NR_159228.1

24

20b457935
0bd90eldd
ee4d87391f
8fof

D _0_ Bacteria;D_1 Bact
eroidetes;D 2 Bacteroidi

a;D_3_ Bacteroidales;D_4
__Rikenellaceae;D_5 Rik
enellaceae RC9 gut group

0.0137228
57

metS

NR_147742.1

25

c88213347
2948alch7

D_0_ Bacteria;D_1_Firm
icutes;D 2 Bacilli;D 3

0.0128607
97

metS

NR_144587.1
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_113350.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEUS5UU014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117139.2?report=genbank&log$=nucltop&blast_rank=2&RID=2BD8G09T016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041748.2?report=genbank&log$=nucltop&blast_rank=1&RID=2BEMDRDR014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_074902.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BGFU7HE016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_104559.2?report=genbank&log$=nucltop&blast_rank=1&RID=2BEWYP1M014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117139.2?report=genbank&log$=nucltop&blast_rank=2&RID=2BFDP505016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_159228.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BF1PAKY014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_147742.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEH2S2E016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_144587.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEMS08N014

931d03a6a

Bacillales;D_4 Planococc

a87f7 aceae;D 5 Kurthia
26 1e9ef4e844 | D_0_Bacteria;D_1 Firm | 0.0109945 | metS NR_156081.1
738710ba6 | icutes;D 2 Clostridia;D_ | 91
954bb59f0 | 3__ Clostridiales;D_4 Lac
€795 hnospiraceae
27 322b430fd | D_0_ Bacteria;D_1 Prot | 0.0109651 | metS NR_114132.1
7a0d8bca3 | eobacteria;D 2 Gammap | 13
b906910a4 | roteobacteria;D_3 Betapr
efcd7 oteobacteriales;D_4 Burk
holderiaceae;D_5 Hydro
genophaga
28 311e5a%ad | D_0 Bacteria;D_1 Firm | 0.0099520 | metS NR_025796.1
905f9a063 | icutes;D_2_ Clostridia;D_ | 69
d82edbbac | 3_ Clostridiales;D 4 Lac
07bec hnospiraceae
29 1b3ebb7ecf | Ambiguous_taxa;Ambiguo | 0.0099046 | metS
71bc99bbf | us_taxa;Ambiguous_taxa; | 86
12b7f738f9 | Ambiguous_taxa;Ambiguo
7cc us_taxa;Ambiguous_taxa;
Ambiguous_taxa
30 13494f7a2 | D_0_ Bacteria;D 1 Firm | 0.0096404 | metS NR_117905.1
8d2db79db | icutes;D_2_ Clostridia;D_ | 72
2de2c7d7d | 3_ Clostridiales;D_4 Lac
2583b hnospiraceae
31 0ledOac8d | D_O_Bacteria;D_1 Firm | 0.0091483 | metS NR_118557.1
59046328a | icutes;D 2 Bacilli;D 3 |53
9485ec012 | Lactobacillales;D_4 Leuc
dg7f3 onostocaceae;D 5 Leuco
nostoc
32 333d354df | D_0_Bacteria;D_1_Firm | 0.0090706 | metS NR_144736.1
35affbcc66 | icutes;D_2 Clostridia;D_ | 28
cdfla43dba | 3_ Clostridiales;D 4 Ru
fbl minococcaceae;D 5 Rum
iniclostridium 5
33 0d2912420 | D_0_ Bacteria;D_1 Firm | 0.0075313 | metS NR_042152.1
2765d8eae | icutes;D 2 Clostridia;D_ | 19
bf345e27a2 | 3__ Clostridiales;D_4 Lac
3791 hnospiraceae;D_5 Blauti
a
34 d07c7ec26 | D_O_ Bacteria;D_1 Firm | 0.0063302 | metS NR_113925.1
91e01baaec | icutes;D 2 Bacilli;D 3 | 77
e375c59b8 | Lactobacillales;D_4  Stre
2402 ptococcaceae;D_5_Lactoc

0CCUS
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_156081.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFB535H014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114132.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BG5BYJ9014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025796.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFDBF9A016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117905.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFAVDY1016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_118557.1?report=genbank&log$=nucltop&blast_rank=2&RID=2BCF4S64014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_144736.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFXZXNZ014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_042152.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFJUVE9014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_113925.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BF08SEW016

35 38ee90e67 | D_0_ Bacteria 0.0062207 | metS
27037cf8e9 47
4242392e6
c8db
36 f69c487e31 | D_0__ Bacteria 0.0060615 | metS
f5947ce23e 76
fflaa596ab
96
37 f85c14977 | D_O_ Bacteria;D_1_Prot | 0.0047870 | metS NR_117751.1
376e73ec2 | eobacteria;D_2_ _Gammap | 29
e779615f2 | roteobacteria;D_3__Entero
3354a bacteriales;D_4 Enteroba
cteriaceae
38 08b8df0a3c | D_0__ Bacteria 0.0046099 | metS
3104087a6 45
af89e34426
014
39 2a51899b2 | D_0__ Bacteria 0.0045427 | metS
d61564c2f 3
b8alb9079
5248a
40 Oaf247bade | D_0__ Bacteria 0.0045343 | metS
87e51431f 1
85ed2ff3e3
9h0
41 0f0f4217bc | D_O_ Bacteria;D_1 Prot | 0.0045191 | metS NR_102489.2
bafffOf5e6a | eobacteria;D_2  Alphapro | 33
58e244a9a | teobacteria;D_3__Rhizobia
e8 les;D_4 Xanthobacterace
ae;D 5 Bradyrhizobium
42 foa82fef8fd | D_0__ Bacteria 0.0039536 | metS
4ceb6c747 56
422a0cdd9
ad4
43 086648664 | D_0__ Bacteria 0.0037831 | metS
738dcc594 9
db104b9d4
1182d
44 16aa96e2d | D_0_Bacteria;D_1 Firm | 0.0035552 | metS NR_042152.1
6029d8ca0 | icutes;D 2 Clostridia;D_ | 71
9e2657256 | 3__ Clostridiales;D_4 Lac
ee987 hnospiraceae;D_5 Blauti
a;D_6__uncultured
Clostridiales bacterium
45 f6f4389068 | D_0_ Bacteria;D_1 Prot | 0.0034885 | metS NR_156986.1
82dc6adch | eobacteria;D 2 Gammap | 68
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_117751.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BGC85P2014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_102489.2?report=genbank&log$=nucltop&blast_rank=1&RID=2BG1ZXG6016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_042152.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFK44JG016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_156986.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BGG3BYN016

b8cc79882
b3b3

roteobacteria;D_3_ Pseud
omonadales;D 4 Pseudo
monadaceae;D 5 Pseudo
monas

46 fd073bcdc6 | D_0_ Bacteria;D_1 Bact | 0.0024155 | metS NR_112931.1
d976425ed | eroidetes;D_2 Bacteroidi | 79
edbc3859% | a;D_3_ Bacteroidales;D 4
8dd9 __Bacteroidaceae;D 5 B
acteroides
47 18878d46d | D_0__ Bacteria 0.0024057 | metS
e68601b15 12
206f65ff96
b834
48 Ob82eebd9f | D_0_ Bacteria;D_1 Bact | 0.0023064 | metS NR_133950.1
c63ab8c21 | eroidetes;D_2 Bacteroidi | 23
64f2986bf7 | a;D_3 Bacteroidales;D 4
db9 __Muribaculaceae;D_5_u
ncultured Barnesiella
sp.;D_6__uncultured
Barnesiella sp.
49 f37b11c58f | D_0_ Bacteria 0.0022942 | metS
63048389c 36
e4dcall99
51b6
50 Oc7c8ec55 | D_0_ Bacteria 0.0021894 | metS
56ba94h95 89
823b56190
4dd64
51 0452aefc7b | D_0_ Bacteria;D_1 Bact | 0.0020709 | metS NR_144606.1
534efc2343 | eroidetes;D_2 Bacteroidi | 56
673e30304 | a;D_3_ Bacteroidales;D 4
lad __Bacteroidaceae;D 5 B
acteroides;D_6__ Bacteroid
es caecimuris
52 117506192 | D_0__ Bacteria 0.0020322 | metS
5a32d080d 68
8c0ed2cclc
872d
53 04fbf5aa26 | D_0_ Bacteria;D_1 Firm | 0.0019506 | metS NR_025670.1
b9825d3a7 | icutes;D 2 Clostridia;D_ | 99
e2312ebf83 | 3__ Clostridiales;D_4__Ru
de5 minococcaceae
54 1b5e60f2a6 | D 0 Bacteria;D 1 Prot | 0.0019258 | metS NR_118568.1
58c644723 | eobacteria;D 2 Gammap | 51
03b6996¢f | roteobacteria;D_3 _Entero
0342
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_112931.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BE564VJ014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_133950.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEDZ3SF016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_144606.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BDB75X9014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025670.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BDEV8RD016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_118568.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BG644SP014

bacteriales;D 4 Enteroba
cteriaceae

55 efbc267bad | D_0_ Bacteria;D_1 Tene | 0.0017867 | metS NR_029167.1
b2cd068c0 | ricutes;D_2 Mollicutes;D | 23
5fa0lae6a3 | 3 Anaeroplasmatales;D
1ba _ 4 Anaeroplasmataceae;
D 5 Anaeroplasma;D_6
_uncultured bacterium
56 142a8a402 | D_0_ Bacteria;D_1__Firm | 0.0017348 | metS NR_041887.1
bc6e94ff15 | icutes;D_2_ Clostridia;D_ | 04
3f337f0e23 | 3__Clostridiales;D_4 Fa
63a mily XI1I;D_5_ Family
X111 UCG-001
57 0aa80dcb5ae | D_0_ Bacteria;D_1 Firm | 0.0016631 | metS NR_152059.1
0a330406f | icutes;D 2 Clostridia;D_ | 88
b63062718 | 3 Clostridiales;D 4 Ru
b86a minococcaceae
58 0377150a4 | D_0__ Bacteria 0.0016472 | metS
bb1b64505 32
f641daa271
Odc4
59 05568f8d7 | D_0_ Bacteria;D_1 Prot | 0.0016472 | metS
e81baf0800 | eobacteria;D 2 Gammap | 32
4b2b7e885 | roteobacteria;D_3 Entero
d7d9 bacteriales;D 4 Enteroba
cteriaceae
60 0904f784f5 | D_0__Bacteria 0.0016472 | metS
3e6bel0ad 32
4d9ad7ela
49ac
61 096¢2224d | D_0__ Bacteria 0.0016472 | metS
ce880abal 32
6a80893e2
a5f69
62 Obeae212b | D_0_ Bacteria 0.0016472 | metS
6c495580f 32
d945a11c8
19b53
63 Oel8cebefd | D_0_ Bacteria 0.0016472 | metS
7e4d15c80 32
365b6c789
90b0
64 f7487ffdfl | D_0_Bacteria 0.0016472 | metS NR_102493.2
b1b852aa6 32
a95703dbaf
98a
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_029167.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BGGFSN0014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041887.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BF74Y7E014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_152059.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFRKRFC014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_102493.2?report=genbank&log$=nucltop&blast_rank=1&RID=2BDJ0CZJ016

65 03bae053e | D_0 Bacteria;D_1 Acti | 0.0014850 | metS NR_159260.1
306e6539¢f | nobacteria;D_2 Actinoba | 84
eff4acc40f | cteria
073
66 1105982ae | D_0_ Bacteria;D_1_Firm | 0.0014604 | metS NR_044647.2
2c802e621 | icutes;D_2 Erysipelotrich | 11
76c5ee57e | ia;D_3__ Erysipelotrichales
850fc ;D 4 Erysipelotrichaceae
67 1cf28112fe | D_0_Bacteria;D_1 Firm | 0.0013819 | metS NR_042152.1
3855b197a | icutes;D_2_Clostridia;D_ | 72
68b7806b9 | 3_ Clostridiales;D_4 Lac
1b59 hnospiraceae;D 5 Lachn
ospiraceae FCS020
group;D_6__uncultured
prokaryote
68 1c48b4c6a | D 0 Bacteria;D 1 Firm | 0.0012703 | metS NR_152060.1
35318d81f | icutes;D_2 Clostridia;D_ | 5
aae5b507d | 3__ Clostridiales;D_4_Clo
lec38 stridiales vadinBB60
group;D_5 uncultured
Firmicutes
bacterium;D_6__unculture
d Firmicutes bacterium
69 0090f94a4 | D_0__ Bacteria 0.0012286 | metS
92b23e2a8 43
138b0adba
75b15
70 0a8cf1064c | D_0_ Bacteria 0.0011518 | metS
f64956d9a 12
287722506
c0f2
71 0ab925d01 | D_0_ Bacteria 0.0011518 | metS
a72al8daaf 12
ff013acc87
783
72 126d26ed9 | D_0_Bacteria 0.0011518 | metS
b67abch82 12
4b8ca27ad
07d77
73 036¢94fc45 | D_0_ Bacteria 0.0011462 | metS
06291aa06 84
012041fbd
ac8l
74 e51690060 | D_0_ Bacteria;D_1 Prot | 0.0011247 | metS NR_152071.1
afbc0d0294 | eobacteria;D 2 Alphapro | 17

teobacteria;D_3__Sphingo
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_159260.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BCTRF7N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044647.2?report=genbank&log$=nucltop&blast_rank=1&RID=2BG1N8J1016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_042152.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFKT15M016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_152060.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BF6SAAG014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_152071.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BG2BYH6014

bfd244f330
011

monadales;D_4  Sphingo
monadaceae

75 066db05a2 | D_0_ Bacteria 0.0010481 | metS
69a9b077f 86
b353acfc8d
3932
76 10200ce4b | D 0 Bacteria;D 1 Firm | 0.0010123 | metS NR_119252.1
503e686¢9 | icutes;D_2_ Bacilli;D_3 | 22
26c638af7e | Bacillales;D_4  Staphyloc
egac occaceae;D 5 Staphyloc
occus
7 0c808la2a | D_0_ Bacteria 0.0009659 | metS
bcceal284 8
99914dbbc
decl3
78 05e6751a6 | D_0 Bacteria;D_1 Prot | 0.0009434 | metS NR_133953.1
375d53e2d | eobacteria;D 2 Gammap | 69
0a4558dcef | roteobacteria
6ac’
79 00e29e7f2e | D_0__ Bacteria 0.0008212 | metS
all148a9el 75
15faa37283
d45
80 f55e20003a | D_0__ Bacteria;D_1 Bact | 0.0008212 | metS NR_144616.1
34f5e4d6e5 | eroidetes;D_2  Bacteroidi | 75
3d31549e9 | a;D_3_ Bacteroidales;D_4
ee9 __Muribaculaceae;Ambigu
ous_taxa;Ambiguous taxa
81 ea945e091 | D_0_ Bacteria;D_1 Bact | 0.0008147 | metS NR_144616.1
2117614ea | eroidetes;D_2 Bacteroidi | 37
b01b879cl | a;D_3 Bacteroidales;D 4
21dec Muribaculaceae
82 091758141 | D_0__ Bacteria 0.0006972 | metS
d8cdbd8fea 08
dd792f714
6ebe
83 128eb6cOc | D 0 Bacteria;D 1 Firm | 0.0006466 | metS NR_025796.1
899cled53 | icutes;D_2 Clostridia;D_ | 18
65816ecefl | 3_ Clostridiales;D 4 Lac
51c7 hnospiraceae
84 Occaa036e3 | D_0__ Bacteria 0.0005366 | metS
d07e11638 23
4c53cad0c
3c45
85 00bba3741 | D_0__ Bacteria 0.0005314 | metS
cacOcebddl 35
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_119252.1?report=genbank&log$=nucltop&blast_rank=2&RID=2BENP41R014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_133953.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BDJJPG3014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_144616.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEBMJFG016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_144616.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BE895X0014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025796.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFAJERJ016

1d308429a
df73

86 febd43a7f0 | D_0_ Bacteria 0.0005185 | metS
7e35aab5f4 44
84bfaf46f7
c5
87 07041512c | D_0_ Bacteria 0.0004718 | metS
92a29a5c0 16
9333d76a2
272a0
88 0a64f7f60f | D_O__ Bacteria 0.0004718 | metS
a9flalaf69 16
629661638
Ofa
89 27049276 | D_0__ Bacteria 0.0004621 | metS
cdc60aac02 5
a31d57230
8c09
90 098608154 | D_0_ Bacteria 0.0003151 | metS
a070fcdd99 14
b47022af4
758e
91 0984b5bc6 | D_0_ Bacteria 0.0002999 | metS
23d52fbd6 61
ead2c9781
71cl4
92 fccb0027¢8 | D_0_ Bacteria;D_ 1 Firm | 0.0002908 | metS NR_133956.2
252¢36d57 | icutes;D_2_Clostridia;D_ | 47
5d0c92fbe9 | 3__ Clostridiales;D_4__Ru
3c8 minococcaceae;D 5 Harr
yflintia;D_6__uncultured
bacterium
93 06d3b3708 | D_0_ Bacteria;D_1 Firm | 0.0001127 | metS NR_146698.1
0cdB8a3016 | icutes;D 2 Clostridia;D_ | 91
8fe96f8423 | 3__ Clostridiales;D_4__Ru
34b5 minococcaceae;D 5 Rum
iniclostridium 5
94 146f29ca3c | D_0_ Bacteria;D_1 Firm | 0.0193869 | non-metS | NR_144748.1
571133366 | icutes;D 2 Clostridia;D_ | 18
53aabae5c4 | 3_ Clostridiales;D_4_ Ru
9al minococcaceae
95 3ebfee742c | D_0_ Bacteria;D_1_ Firm | 0.0159540 | non-metS NR_029355.1
a04638525 | icutes;D 2 Clostridia;D_ | 91
1449b652f | 3 Clostridiales;D 4 Ru
22h6 minococcaceae;D 5  Ang

elakisella
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_133956.2?report=genbank&log$=nucltop&blast_rank=1&RID=2BFV2MHW016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_146698.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BDP9XY7016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_144748.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFRYRN2016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_029355.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFUN21H016

96

466746€e8b
be7f98a858
c39cd4c14
1340

D _0_ Bacteria;D_1 Bact
eroidetes;D 2 Bacteroidi
a;D_3_ Bacteroidales;D_4
__Muribaculaceae;D 5 u
ncultured
bacterium;D_6__unculture
d bacterium

0.0154484
1

non-mets

NR_133950.1

97

f3652e7b5

1287ddeOc
ef18003f45
76f5

D 0 Bacteria;D_1 Acti
nobacteria;D_2_Coriobac
teriia;D_3 _Coriobacterial
es;D_4 Eggerthellaceae;
D 5 uncultured;D _6_un
cultured Coriobacteriales
bacterium

0.0138358
68

non-mets

NR_074377.1

98

0e4105f5b
0l1bba6fcl5
a28df7924
4a64

D 0 Bacteria;D 1 Firm
icutes;D_2__Clostridia;D_
3__ Clostridiales;D_4 Lac
hnospiraceae;D 5 Dorea

0.0107558
06

non-mets

NR_044645.2

99

3fd3f371cb
bfbf551093
6dc29989b
632

D _0_ Bacteria;D_1_Bact
eroidetes;D 2 Bacteroidi

a;D_3_ Bacteroidales;D_4
__Tannerellaceae;D_5 Pa
rabacteroides;D_6__uncult
ured Parabacteroides sp.

0.0087033
46

non-mets

NR_113076.1

100

093686784
ef286b277

452198de3
f6fb2

D _0_ Bacteria;D_1 Bact
eroidetes;D 2 Bacteroidi
a;D_3_ Bacteroidales;D_4
__Bacteroidaceae;D 5 B
acteroides

0.0072642
3

non-mets

NR_112931.1

101

162fe0768c
73672d761
26¢75c7ba
28af

D 0 Bacteria;D 1 Bact
eroidetes;D 2 Bacteroidi

a;D_3__ Bacteroidales;D_4
__Rikenellaceae;D 5 Rik
enellaceae RC9 gut group

0.0070767
77

non-mets

NR_148260.1

102

Ob7a120b3
focfb34cof
742ebl121fa
6e2

D 0 _ Bacteria;D_1 Firm
icutes;D_2 Clostridia;D_
3__ Clostridiales;D_4 __ Chr
istensenellaceae;D 5 Cat
abacter

0.0066136
62

non-mets

NR_144742.1

103

f86c94blcc
cf49dd76ab
1b8b3422d
fba

D _0_ Bacteria;D_1 Firm
icutes;D 2 Clostridia;D _
3__ Clostridiales;D_4 Ru
minococcaceae;D 5 Rum
inococcaceae UCG-
010;D_6__uncultured
Clostridia bacterium

0.0064256
16

non-mets

NR_146698.1
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_133950.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEC2P5N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_074377.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BE0M5C5014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044645.2?report=genbank&log$=nucltop&blast_rank=1&RID=2BFKE1EH014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_113076.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEM3R9C014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_112931.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BE2TP72014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_148260.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEGS7H1014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_144742.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BF2108J014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_146698.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFZ40R6016

104

039f1c0ab8
348f5a4cdl
19145bb56
d39

D _0_ Bacteria;D_1 Bact
eroidetes;D 2 Bacteroidi

a;D_3_ Bacteroidales;D_4
__Muribaculaceae;D 5 C
AG-873;Ambiguous_taxa

0.0060871
34

non-mets

NR_144616.1

105

266b6f16b
2b2eb4801
665a0aee?2
46¢6f

D 0 _Bacteria;D 1 Firm
icutes;D_2__Clostridia;D_
3__ Clostridiales;D_4 Clo
stridiales vadinBB60
group;Ambiguous_taxa;A
mbiguous_taxa

0.0055065
69

non-mets

NR_147370.1

106

1f92f75a3f
0cd4b8965
52503b57f
6624

D 0 Bacteria;D 1 Acti
nobacteria;D_2 Coriobac
teriia;D_3 _ Coriobacterial
es;D 4 Eggerthellaceae;
D_5 Enterorhabdus;D_6_
mouse gut metagenome

0.0048602
72

non-mets

NR_148574.1

107

0702fbebf6
4642bebdb
lecc71692

a74d

D 0 _Bacteria;D 1 Firm
icutes;D_2__Clostridia;D_
3__ Clostridiales;D_4 Lac
hnospiraceae;D 5 Roseb

uria;D_6__ Clostridium sp.

Clone-44

0.0048010
91

non-mets

NR_036800.1

108

1a6be0a0d
4a99b8552
7d0cc5990
dg8744

D 0 _Bacteria;D_1 Bact
eroidetes;D 2 Bacteroidi
a;D_3 _ Bacteroidales;D_4
__Muribaculaceae;Ambigu
ous_taxa;Ambiguous_taxa

0.0046740
55

non-mets

NR_144616.1

109

f6456a32cf
a4649e30a
bbe8e2697
a8dd

D 0 _ Bacteria;D_1 Bact
eroidetes;D 2 Bacteroidi
a

0.0046285
83

non-mets

NR_113271.1

110

0faf39e0c?2
4a07d7bce
7a841648b
6e24

D 0 Bacteria;D 1 Firm
icutes;D_2__Clostridia;D_
3__ Clostridiales;D_4 Clo
stridiales vadinBB60
group;D_5 gut
metagenome;D_6__ gut
metagenome

0.0045364
43

non-mets

NR_134026.1

111

13d11200e
7e2ad7a33
efd13fal34
1a72

D _0_ Bacteria;D_1 Bact
eroidetes;D 2 Bacteroidi
a;D_3_ Bacteroidales;D_4
__Prevotellaceae;D 5 Pr
evotellaceae UCG-
001;D_6_uncultured
bacterium

0.0034699
65

non-mets

NR_151886.1
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_144616.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BCKV21H016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_147370.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BF62B9M014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_148574.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BE093CS016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_036800.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BDR1Y2J014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_144616.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BE91G0E016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_113271.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BE1UPB7014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_134026.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BF6CMV8016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_151886.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BEECU6N014

112 | 03a024b6d | D_0_ Bacteria;D_1 Firm | 0.0033885 | non-metS NR_156081.1
a22822f29a | icutes;D_2_Clostridia;D_ | 52
aef8c32b64 | 3 Clostridiales;D_4 Lac
ba0 hnospiraceae
113 | 0793allc3 | D_0_ Bacteria;D_1 Firm | 0.0029378 | non-metS NG 041947.1
4c2b2beab | icutes;D_2 Clostridia;D_ | 29
e8e4712a2 | 3_ Clostridiales;D 4 Ru
2616e minococcaceae;D 5 Rum
inococcaceae UCG-014
114 | 110815661 | D_0_ Bacteria;D_1 Firm | 0.0023056 | non-metS NR_118156.1
ab7172b4b | icutes;D_2 Clostridia;D_ | 28
182492988 | 3 Clostridiales;D 4 Ru
29788 minococcaceae;D 5 Osci
llibacter
115 | feOaee941d | D_0_ Bacteria;D_1 Bact | 0.0022928 | non-metS NR_041691.1
clbc73615 | eroidetes;D_2 Bacteroidi | 81
Oba3cbaf93 | a;D_3_ Bacteroidales;D_4
e6d _ Muribaculaceae
116 | 073e9d76a | D_0_ Bacteria 0.0020377 | non-metS
75fabb01be 96
53a8aa2lb
994e
117 | 073e37fc64 | D_0_ Bacteria;D_1 Bact | 0.0015290 | non-metS NR_133025.1
c343acd9a | eroidetes;D_2 Bacteroidi | 73
0286aa409 | a;D_3 Bacteroidales;D 4
a098 __Rikenellaceae;D 5 Ali
stipes;D_6__ Alistipes sp.
N15.MGS-157
118 | 082fc0f35b | D_0_ Bacteria;D_1 Firm | 0.0013414 | non-metS NR_116814.1
fcfel7blfa | icutes;D_2 Clostridia;D_ | 25
9cdbc95be | 3_ Clostridiales;D_4_ Lac
0d3 hnospiraceae
119 | 09df98e69 | D_0_ Bacteria;D_1 Firm | 0.0012567 | non-metS NR_114789.1
193ef0f274 | icutes;D_2__ Clostridia;D_ | 47
e04e878de | 3__ Clostridiales;D_4 _Ru
Ta42 minococcaceae;D 5  Rum
iniclostridium
5;D_6__uncultured
organism
120 | 04e610814 | D_0_ Bacteria;D_1 Bact | 0.0012179 | non-metS NR_144616.1
8c317b415 | eroidetes;D_2_ Bacteroidi | 29
936adaffcs | a;D_3_ Bacteroidales;D 4
9dac __Muribaculaceae;D 5 u

ncultured
bacterium;D_6__unculture
d bacterium
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_156081.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BCMRFSP016
https://www.ncbi.nlm.nih.gov/nucleotide/NG_041947.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BDW43NG014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_118156.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFVBSPC014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041691.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BE8MPFS014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_133025.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BDTWG5F014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116814.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BDWU0DZ014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114789.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFYFUN9016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_144616.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BDEA954014

121
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122d3al167
d4b09c542
dcad

D _0_ Bacteria;D_1_Firm
icutes;D 2 Clostridia;D
3__ Clostridiales;D_4 Lac
hnospiraceae

0.0009219
44

non-mets

NR_042152.1
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0.0009135
29

non-mets

NR_147370.1
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0.0009105
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NR_029034.1

124
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_042152.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFE9H4S016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_147370.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFYTFTY014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_029034.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BF2F63V016
https://www.ncbi.nlm.nih.gov/nucleotide/NR_144736.1?report=genbank&log$=nucltop&blast_rank=1&RID=2BFR58MV014

APPENDIX F: DELETERIOUS SNPS AND INDELS IN GENES ESSENTIAL TO

ANTIGEN PROCESSING AND IMMUNE ACTIVATION IN THE TALLYHO/ING

MOUSE GENOME
SNPs
Minimum | Minimum
# of SIFT PROVEAN
Gene Chr | Variant Types private | score for | score for Start End
SNPs | private private
SNPs SNPs
. . 172475 | 17247
Slamf9 |1 missense_variant 2 0.09 -3.02 358 8575
. . 862246 | 86782
Lrba 3 missense_variant 1 0.03 -3.31 90 693
. . 326594 | 32676
Ly6g6f | 17 | missense_variant 2 0.06 -2.96 10 687
INDELs
# of
Gene Chr | Variant Types private Start End
Indels
. . 371205 | 37125
112 3 frameshift_variant 1 23 959
. . 197125 | 19760
1120ra 10 | frameshift_variant 1 87 053
. . 353204 | 35325
H2-Q1 | 17 | frameshift_variant 2 05 099
splice_region_varian 862246 | 86782
Lrba 3 t,intron_variant 3 90 693
splice_region_varian
? o 116110 | 11612
Vcaml |3 t,frameshl_ft_varlant,l 3 020 9688
ntron_variant
splice_region_varian 100825 | 10089
vienl 3 t,intron_variant 1 459 5679
splice_region_varian
t,non_coding_transcr
Lrmp 6 ipt_variant, NMD _tra | 7 145115 | 14517
. L 653 4934
nscript_variant,intro
n_variant
splice_region_varian
H2- 17 t,non_coding_transcr 5 341351 | 34139
DMa ipt_variant,intron_va 82 101

riant
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APPENDIX G: MOUSE HOUSING INFORMATION

Mouse ID # of mice per cage

B6-Chow-24

B6-Chow-412

B6-Chow-413

B6-Chow-414

B6-Chow-415

B6-HSHF-418

B6-HSHF-419

B6-HSHF-420

B6-HSHF-45

B6-HSHF-46

B6-HSLF-34

B6-HSLF-35

B6-HSLF-38

B6-HSLF-39

B6-HSLF-7

B6-HSLF-9

TH-Chow-1793

TH-Chow-1797

TH-Chow-1798

TH-Chow-1842

TH-Chow-1843

TH-Chow-1844

TH-HSHF-1789

TH-HSHF-1800

TH-HSHF-1802

TH-HSHF-1838

TH-HSHF-1885

TH-HSHF-1886

TH-HSLF-1806

TH-HSLF-1808

TH-HSLF-1816

TH-HSLF-1817

TH-HSLF-1851

WWWININWWIWINIERIRIRWIRINDNINWIWININDNINDNINOWWOIHOWWWIN (|

TH-HSLF-1876
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