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Abstract 

This work aimed to characterize and isolate segmented filamentous bacteria from 

turkey hosts in order to determine the role these organisms play in improving the health of 

commercial turkeys. Segmented filamentous bacteria (SFB) have been associated with 

healthy growth outcomes of turkey flocks and are assumed to play an immunostimulatory 

role in the development of the innate and adaptive immune systems of the host and have 

potential as novel direct-fed microbials as the demand for alternatives to antibiotic use 

rises. 

The approach involved several methods for the in vitro and in silico analysis of 

turkey-associated SFB, including whole genome sequencing, predictive genomics and 

metabolomics assays, extraction and enrichment of SFB from ileal homogenates, 

development of a genetic detection technique, and comparative growth studies in various 

media formulations. Additionally, attempts to isolate SFB-turkey from other members of 

the extracted intestinal co-cultures were attempted using dilution-to-extinction, growth in 

“spent media”, separation via filtration and targeted use of species-specific bacteriophage 

lysates. 

Turkey-associated SFB are very distinct among the SFB, possessing several 

distinguishing metabolic characteristics including an increased capacity to degrade amino 

acids, metabolize a broader array of mono/disaccharide substrates, break down complex 

glycans, hydrolyze and recycle primary bile acids, and synthesize biotin. In examining the 

ability of SFB-turkey to grow and reproduce in vitro, it was initially determined that turkey-

associated SFB were able to grow to high proportions independently from intestinal cell 

lines in liquid cultures grown under microaerobic conditions after 48 hours of incubation. 
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Following several failed attempts to separate and purify SFB-turkey from other microbial 

members contained within the obtained co-cultures it was determined that cultures 

presumed to contain SFB-turkey were found to consist of high proportions of Bacillus 

marisflavi, an organism observed to display filamentous growth without the formation of 

transverse septa. The presented work underscores the highly auxotrophic nature of SFB 

and overall dependence on the host intestinal environment for consistent growth and 

development. 
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Chapter One 

LITERATURE REVIEW 

General Introduction 

The gastrointestinal tract of all animals is colonized by complex microbial 

communities composed of bacteria, protozoa, fungi, viruses, and archaea. Over the last 30 

years, considerable research has been devoted characterizing the microbial ecosystem and 

functional diversity of the gastrointestinal tract of a multitude of animal hosts. This 

research has led to an improved understanding of the gut microbiome’s contribution to 

human and animal health. Animals maintain a commensal or mutualistic relationship with 

their microbial inhabitants, receiving many potential benefits from these diverse microbial 

bioreactors. The gut microbiome is responsible for the production of vitamins and 

cofactors, conversion of toxins to non-toxic residues, maintenance of intestinal mucosal 

integrity, fermentation of plant polymers, and stimulation of host immunity (Chaucheyras-

Durand and Durand, 2009). The gut microbiome also serves as a protective barrier, 

preventing colonization of the intestinal mucosa by pathogens via secretion of 

antimicrobial peptides and competitive exclusion for available nutrients and binding 

locations (Chaucheyras-Durand and Durand, 2009, La Ragione and Woodward, 2003). 

In livestock animals, a great number of environmental factors can alter the 

composition and function of the gut microbiome, drastically altering and impacting the 

growth outcomes and productivity of the hosts. Farm management practices, animal diets, 

feeding practices, and physical constraints on productivity can alter the gut microbiome of 

livestock and may subsequently impact feed efficiency and the overall health of the animal. 

It has been demonstrated that the primary microbes colonizing animals are likely to be 

transient and dynamic, yet have lasting implications on the overall health of the animal as 
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it ages (Stanley et al., 2013, Danzeisen et al., 2011, Danzeisen et al., 2013; Schnupf et al., 

2013). Because the gut microbiome is ever-changing, it is imperative that growers be able 

to understand and influence the intestinal microbiome to promote beneficial growth 

outcomes and prevent disease to sustain healthy and productive animals. 

Though the intestinal microbiomes of poultry have been modified through diet and 

environmental control practices, producers have historically used both antibiotics and 

bacterial probiotics to modulate the types of bacteria present in the avian gut. Producers 

have used antibiotic growth promoters (AGPs), administered in sub-therapeutic levels as 

feed additives, to eliminate harmful organisms from the intestinal tract and to improve feed 

efficiency. AGPs have been highly reliable in producing consistent growth in commercial 

flocks and have led to an increase in overall weight of broilers. This increase in productivity 

has come with a heavy cost; widespread and constant use of antibiotics in livestock 

production has contributed to the rise of antibiotic resistance in bacterial pathogens, such 

as Campylobacter and Salmonella, threatening the overall efficacy of these highly 

important therapeutics essential to the clinical treatment of bacterial infections. The rise of 

antibiotic-resistant organisms has created a public health crisis, and has led to the 

implementation of antibiotic stewardship programs to drastically reduce the use of AGPs 

in poultry production, have encouraged poultry growers to look for alternatives. Of 

particular interest to growers is the administration of direct-fed microbials (DFMs) to 

promote and maintain industry standard weights in commercial flocks. DFMs, also referred 

to as probiotics, are live, naturally-occurring microorganisms that are supplemented in the 

diet of the host and benefit the host in a multitude of ways. DFMs benefit their host via 

competitive exclusion and antagonism of bacterial pathogens, altering host metabolism by 
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increasing digestive enzyme activity and decreasing bacterial enzyme activity, improving 

feed intake and digestion, and by stimulating and developing the host’s immune system. 

The moratorium on the use of AGPs has led to increased efforts into the discovery of novel 

strains of probiotic bacteria through the examination of the intestinal microbiome of 

healthy, high-performing birds (Kabir, 2009). 

In an attempt to elucidate the microbial basis for the emergent condition Light 

Turkey Syndrome, researchers discovered that healthy-weight turkey poults (Meleagris 

gallopavo) harbored a significantly higher proportion of segmented filamentous bacteria 

than their light-weight counterparts (Danzeisen et al., 2013). Light Turkey Syndrome 

(LTS) is a condition in which birds weigh consistently 4-5 pounds less than the industry 

average, leading to millions of dollars in financial losses every year. The exact cause of 

this condition is poorly understood, but is suspected to be microbial in nature. Microbiome 

sequencing and analysis revealed that the presence of segmented filamentous bacteria 

appeared to have a preventative effect against LTS and improved the health outcomes of 

poults harboring large proportions of these bacteria, indicating that these bacteria may 

possess potential as novel DFM agents (Danzeisen et al., 2013). 

Segmented filamentous Bacteria (SFB) are Gram-positive, spore-forming, 

microaerophilic bacteria characterized by a distinctive filamentous morphology, displaying 

a unique life-cycle involving intestinal binding, filamentation, differentiation, and 

production of either vegetative cells or dormant spores. These bacteria have been shown to 

stimulate the both the adaptive and innate immune responses in mice, inducing the 

differentiation of naïve CD4+ T cells to antigen-specific Th17 CD4+ cells and leading to 

an increased production of secretory immunoglobulin A (sIgA). The combined 
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immunostimulatory effect of these bacteria leads to increased clearance of extracellular 

bacterial or fungal pathogens in the gastrointestinal tract and promotes resistance to future 

infections in mice, however, the role of these bacteria in commercial turkey remains 

unclear. The work presented here is the first to examine turkey-associated segmented 

filamentous bacteria, elucidating genomic and metabolomic characteristics of these 

bacteria, while developing novel methodologies for the detection and analysis of these 

under-characterized bacteria. 
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1.1 Microbes in Poultry Production 

1.1.1 Antibiotic Use in Poultry Production 

Poultry is one of the most widely consumed meats in the U.S. with the largest per 

capita meat consumption of 92.5 pounds per person per year (Skarp et al., 2016). The global 

poultry industry has been rapidly expanding, increasing production from 58 million tons in 

2000 to around 100 million tons by 2014 (National Chicken Council, 2018). Though 

chicken accounts for between 75-80% of global poultry consumption, turkey accounts for 

a large amount of poultry meat consumed in the United States, with approximately 4 

million tons of turkey meat being produced each year (World Agricultural Outlook Board, 

2018). The United States U.S. produces more than 250 million turkeys per year, generating 

around 4 billion dollars annually (USDA, 2012, USDA, 2007). 

Globally, turkey poults are raised in large-scale rearing facilities where they may 

be potentially exposed to a number stressful conditions (Kabir, 2009). Stressors such as 

transportation to the growing site, overcrowding, and overheating tend to lower body 

defense mechanisms and create imbalances in the intestinal microbiome and increase the 

overall susceptibility to disease and infection (Jin et al., 1997). Enteric diseases are of major 

concern to the poultry industry as their presence may lead to lost productivity and increased 

mortality among flocks, while decreasing the safety of poultry products for human 

consumption (Timbermont et al., 2011; M'Sadeq et al., 2015).  

The approximate doubling of global poultry consumption in the last 20 years has 

greatly increased the global burden of foodborne disease caused by poultry-borne 

pathogens such as Salmonella and Campylobacter (Thames and Sukumaran, 2020: 

Kaakoush et al., 2015). For example, approximately 50-70% of all cases of foodborne 
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Campylobacter infections can be directly attributed to consumption of poultry products 

(Allos, 2011; Newell and Fearnley, 2003). The burden of poultry-associated gastroenteritis 

combined with drastically increased consumer demand for high-quality and safe foods, 

have put pressure on turkey producers to reduce the prevalence of these bacteria in foods 

(Skarp et al., 2016). 

Efforts to prevent and control bacterial diseases in poultry production have led to a 

substantial reliance on antibiotic use. To mitigate the prevalence of foodborne pathogens 

in turkey flocks and to promote overall growth outcomes, antibiotic growth promoters 

(AGPs) are often administered in sub-therapeutic levels as feed additives (Marshall and 

Levy, 2011; Witte, 2000). The use of these antimicrobial compounds helps to eliminate 

harmful organisms in the intestinal tract and serves to improve feed efficiency (Jin et al., 

1997; Dibner and Richards, 2003; Butaye et al., 2003). Despite the success of AGP use in 

poultry, the biological mechanisms responsible for these effects is not completely 

understood, though it is assumed that the constant low level presence of antibiotics 

modulates the intestinal microflora and selects for certain organisms (Anderson et al., 

2002). For example, AGP treatment on broiler flocks was found to decrease the overall 

diversity of the avian ileum and decreased the relative abundance of Lactobacillus species 

(Thompson et al., 2008, Lin et al., 2013). Administration of AGPs has also been 

demonstrated to decrease the microbiome diversity from bird-to-bird, homogenizing the 

overall flock microbiome (Torok et al., 2011; Mountzouris et al., 2009; Mountzouris et al., 

2010). 

It is estimated that in the U.S. alone, 28 million pounds of antimicrobials are used 

in animal production, accounting for approximately 80% of the total domestic 
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antimicrobial use (Hollis and Ahmed, 2013). This broad, subtherapeutic administration of 

antimicrobials has been associated with the emergence of pathogens resistant to 

cephalosporins, fluoroquinolones, and vancomycin among others, suggesting that the use 

of antimicrobial agents is providing a selective pressure for the development of 

antimicrobial resistance (Collignon et al., 2009, Witte, 1998; Witte, 2000). The 

development of antibiotic resistance in human pathogens presents an existential threat to 

the efficacy of modern medicine and human health in addition to the stability of 

commercial livestock production (Neu, 1992). The routine use of antibiotics as feed 

additives has been banned in the European Union (Millet and Maertens, 2011; Dixon, 

2000), and in South Korea (Maron et al., 2013), with antibiotic stewardship programs being 

implemented domestically in the U.S. (Patel et al., 2020). In the absence of wide-spread 

antibiotic usage, it is more important than ever to elucidate the dynamics of the turkey 

microbiome in order to develop effective alternatives to antimicrobial use in order to 

maintain the sustainability of commercial turkey production. 

1.1.2 Microbiomes of Commercial Poultry 

In the wild, birds are colonized by their first microbes at hatch, where they are 

introduced to the organisms on the surface of the egg shell (Dearborn et al., 2017). In 

commercial turkey hatcheries, egg surfaces are treated for microbial contamination, so the 

first microbes encountered by commercial birds are likely to come from any residual shell 

contamination, hatching areas, and the farm environment once they are assigned to a barn 

(Pan and Yu, 2014; Mancabelli et al. 2016). Once hatched, the intestinal microbiome 

begins to develop rapidly, containing as high as 1011 cells per gram of digesta after only 

one week after hatch (Apajalahti et al., 2004; Pan and Yu, 2014; Bedbury and Duke, 1983). 
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As the poult develops, the ileum and cecum begin to harbor different microbial taxa; the 

cecal microbiome is dominated by Clostridiales, while the ileum contains mostly 

Lactobacillales (Dumonceaux et al., 2006; Barnes et al., 1972; Salanitro et al., 1974). As 

the bird develops, the composition of the avian microbiome is dependent on the bird’s age 

and species (Pan and Yu, 2014; Wei et al., 2013; Danzeisen et al., 2013). For example, the 

dominant Lactobacillus species in the chicken ileum was reproducibly observed to be L. 

delbrueckii at 3 days-old to L. acidophilus from days 7 to 21 and L. crispatus from days 28 

to 49 (Lu et al., 2003). Another study comparing the overall microbiome composition of 

chickens and turkeys found that the most predominant bacterial genera found in both 

species were Clostridium, Ruminococcus, Lactobacillus, and Bacteroides, but with 

different distributions between the two bird species (Wei et al., 2013). However, chickens 

and turkeys have distinct gut microbiomes, sharing approximately 15% similarity at the 

species level (Wei et al., 2013). The poultry microbiome is also quite variable from flock-

to-flock and even bird-to-bird (Stanley et al., 2013,  Stanley et al., 2012; Danzeisen et al., 

2011). There is some disagreement as to when the avian microbiome stabilizes, but based 

on existing literature, the turkey intestinal microbiome stabilizes around 4 weeks of age 

and is maintained for the remainder of the broiler’s life (Danzeisen et al., 2011).  

1.1.3 Direct Fed Microbials 

 In the absence of widespread use of antibiotic growth promoters, many poultry 

growers have begun utilizing direct-fed microbials (DFMs) to “feed” the gut microbiome 

with beneficial microbes that will colonize and subsequently promote the establishment of 

a permanent, healthy microflora (Chaucheyras-Durand and Durand, 2009; Yirga, 2015). 

Direct-fed microbials, also known as probiotics, are microorganisms that are fed to animals 
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to exert beneficial effects on performance, health, or immunity (Chaucheyras-Durand and 

Durand, 2009; Yirga, 2015; Holzapfel et al., 2001). These cultures of single strains of 

bacteria or yeasts, or a mixture of different strains, are intended to impact the host organism 

through a number of mechanisms (Griggs and Jacob, 2005; Holzapfel et al., 2001). DFMs 

improve health and development of poultry via several possible mechanisms of action 

including the maintenance of the normal intestinal microflora by competitive exclusion and 

antagonism; the alteration of host metabolism by increasing digestive enzyme activity and 

decreasing bacterial enzyme activity; the improvement of feed intake and digestion; and 

the stimulation of the host immune system (Jin et al., 1997). 

 The use of DFMs to prevent the colonization of pathogenic bacteria via competition 

for nutrients and binding locations was first described in the work of Nurmi which 

established that “Nurmi cultures” (also referred to as competitive exclusion cultures) of 

cecal microbes from adult birds, could be administered to immature poults to prevent 

Salmonella colonization in chickens and turkeys (Rantala and Nurmi, 1973, Seuna et al., 

1985, Seuna and Nurmi, 1979). The concept of inoculating young poults with Nurmi 

cultures has been demonstrated to reduce the rate of colonization and increase the shedding 

of Salmonella and Campylobacter (Line et al., 1998, Nisbet et al., 1998). Additionally, La 

Ragione et al., 2003 and 2004 demonstrated that strains of Bacillus subtilis and L. johnsonii 

have been demonstrated to competitively exclude pathogenic bacteria through their greater 

affinity for adhesions sites, demonstrating that some DFMs physically compete for 

ecological niches (Jin et al., 2000; La Ragione et al., 2003, La Ragione et al., 2004).  

Kabir et al., 2009 hypothesized that probiotic organisms limit the growth of potential 

pathogens directly by producing organic acids (lactic or acetic acid) that decrease the gut 
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pH, creating more favorable ecological conditions for the resident microbiota and thereby 

decrease the risk of pathogen colonization or by secreting antimicrobial peptides that 

inhibit the growth of pathogenic bacteria (Kabir, 2009; Servin, 2004). 

 The natural commensal microbiome in the bird is essential in the maturation of the 

immune system in the gut, and can be modulated by the administration of certain strains of 

DFMs (La Ragione et al., 2003, La Ragione et al., 2004; Crhanova et al., 2011). In the first 

weeks of a bird’s life, a number of cytokines, chemokines, and other associated proteins 

are dynamically expressed (Crhanova et al., 2011), representing a critical window of 

opportunity for administration of DFMs. Bolstering the capacity of a bird’s immune system 

early in life allows the animal to better fight infection by pathogens and subsequently 

improve overall health and development (Kabir, 2009; Luo et al., 2013). For example, the 

application of an E. faecalis DFM had no effect on chicken body weights or feed 

consumption, but enriched the host surface proteins related to immune system development 

(Luo et al., 2013). Administration of L. salivarius, L. acidophilus, and L. reuteri all 

impacted host response to antigens and host cytokine expression, though to varying degrees 

(Brisbin et al., 2011). Monson et al., 2015 demonstrated that feeding Lactobacillus-based 

DFMs significantly affected the immunological transcriptome of the turkey spleen, 

increasing the secretion of immunogenic cells (Monson et al., 2015). The timing of DFM 

administration is critical, as the application of the inappropriate species of bacteria at hatch 

may not actually modulate the host immune system and will fail to colonize until the gut 

conditions are more favorable (Nakphaichit et al., 2011). Overall, it is evident that DFMs 

have the potential to modulate the avian immune system, but this is dependent on careful 

selection of bacterial species and timing of the application.  
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1.2 Light Turkey Syndrome 

Light Turkey Syndrome (LTS) is a growing problem facing commercial turkey 

production in the United States. LTS is a condition in which turkey flocks fail to meet their 

genetic potential weight, yielding birds that are 4–5 pounds below the industry standard for 

average flock weight, and leads to potential losses of over $30 million annually (Calvert, 

2012; Danzeisen et al., 2013). LTS has been an issue facing poultry production for years 

and predates governmental efforts to eliminate the use of antimicrobial growth promoters, 

and will likely cause a greater impact on the industry (Calvert, 2012). The causative 

agent(s) of LTS is poorly understood, though it is suspected that the intestinal microbiome 

plays a major role modulating the effects of this developing condition (Calvert, 2012; 

Danzeisen et al., 2013). 

Turkeys affected by LTS display symptoms similar to poult enteritis complex 

(PEC), a disease in which birds experience weight loss, diarrhea, lethargy, and depression 

(Mor et al., 2013, Jindahl, 2009). However, LTS is dissimilar to PEC in that birds do not 

experience watery and pale intestinal contents or distended ceca (Morishita et al., 1992). 

The causative agent of PEC is suspected to be microbial in nature, as inoculation of healthy 

birds with fecal homogenates derived from birds experiencing PEC produced under-weight 

poults when compared to poults that were not inoculated, but a single responsible organism 

has yet to be determined (Mor et al., 2013; Morishita et al., 1992). Similarly, inoculating 

healthy birds with fecal homogenates derived from turkeys with LTS produced birds that 

were lighter in weight than the control groups (Mor et al., 2013). The two conditions appear 

to be functioning independently as symptoms of LTS can occur in the absence of PEC 

symptoms (Mor et al., 2013; Danzeisen et al., 2013).  
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There exists a number of potential factors that may lead to the development of LTS, 

such as colonization by pathogenic bacteria, viral infection, stunting of immune system 

development, inhibited nutrient absorption, and alterations to gut microbiome (Danzeisen 

et al., 2013). Typically, LTS affects birds less than 3 weeks of age (Morishita et al., 1992). 

A higher number of different pathogenic organisms are found in these younger birds than 

in birds aged 4-9 weeks. Virus strains such as astrovirus, reovirus, and rotavirus types were 

detected in the host, and are not associated with poult mortality. Coronavirus, which is 

commonly associated with poult mortality, was not detected in LTS/PEC poults (Morishita 

et al., 1992).  

In order to understand the microbial basis of LTS, Danzeisen et al. performed 16S 

rRNA analysis of ileal samples of low-performing and high-performing flocks to determine 

the role of microbial succession in promoting digestive health. Samples were sequenced to 

discern the presence and abundance of dominant operational taxonomic units present in 

higher-performing flocks as compared to lower- performing flocks (Calvert, 2012; 

Danzeisen et al., 2013). This study demonstrated that there is a clear succession of bacterial 

species in the turkey ileum over the course of 12 weeks of age, involving the same 

dominant species associated with Heavy vs. Light flocks. It was determined that at the age 

of 2–3 weeks, higher-performing turkey flocks harbored significantly higher proportions 

of Lactobacillus aviarus, Clostridium bartlettii and Candidatus division Arthromitus, a 

member of a group of bacteria called segmented filamentous bacteria (SFB) (Danzeisen et 

al., 2013). SFB are Gram-positive, spore-forming bacteria closely related to members of 

the genus Clostridium that form long filaments as long as 80 µm in length (Chase and 

Erlandsen, 1976). SFB have been demonstrated to impact the generation of innate and 
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differentiation of acquired immunity in mice and rats (Ericsson et al., 2013). Though the 

role of SFB in the digestive health of turkeys is not yet understood, the evidence provided 

by Danzeisen et al. suggests that epithelial binding of these bacteria may promote early 

digestive health (Danzeisen et al., 2013). The potential for SFB to serve as 

immunostimulatory probiotics make these organisms of great interest to poultry 

researchers (Schnupf et al., 2013). 

1.3 Features of Segmented Filamentous Bacteria 

1.3.1 Discovery of Segmented Filamentous Bacteria 

Segmented filamentous bacteria were first discovered in the late 1960s by observant 

microscopists that reported long filamentous microbes that remained attached to the ileal 

epithelium of mice and rats after the removal of other luminal contents (Savage et al., 1968; 

Savage, 1969). These bacteria were first presumed to be fungi based on the relative size 

and morphologies of the bacterial filaments (Reimann et al., 1965), but were later observed 

with electron microscopy to be segmented bacteria, some of which were in the process of 

dividing. Following this observation, very similar organisms were discovered in the ilea of 

both chickens and dogs (Fuller and Turvey, 1971; Davis et al., 1977). The first report of 

what are commonly referred to as segmented filamentous bacteria (SFB) was published in 

1974 (Davis and Savage, 1974). Unlike most intestinal commensal organisms, which grow 

in the intestinal lumen and are entrapped within the mucus, SFB adhere tightly to 

absorptive intestinal epithelial cells in the ileum and to cells overlying Peyer’s patches 

(Schnupf et al., 2013). Since their discovery, a large body of research has been generated 

to characterize these bacteria and understand their role in the host-microbiome relationship, 

in particular their role in the stimulation of the host immune response. 
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1.3.2 Host Organisms and Host Specificity 

 Since their initial discovery in mice and rats, segmented filamentous bacteria have 

been discovered in a broad array of species, including chickens, dogs, rhesus macaques, 

crab-eating macaques, vervet monkeys, African gorillas, carp, rainbow trout, wood mice, 

guinea pigs, rabbits, horses, cattle, pigs, cats, and turkeys (Ericsson et al., 2014). SFB have 

also been detected in humans as well, though it appears as if these bacteria colonize humans 

in an age dependent nature, as SFB were detected in 25% of infants younger than 6 months 

of age and in 75% of infants 7-12 months of age (Yin et al., 2013). The same study reported 

that only around 5% of subjects between the ages of 3 and 75 years (Yin et al., 2013), 

suggesting that SFB commonly colonize the gut of humans early in life but then are cleared 

in most persons by 3 years of age. In nearly all of the mammalian species studied for the 

presence of SFB, the bacteria were found to selectively colonize the ileum of the host, with 

the exception of fish species that lack a well-defined ileum (Ericsson et al., 2014). In 

poultry, SFB colonizes the ileum, the cecal tonsil or cecum (Rahimi et al., 2009; Bohorquez 

et al., 2011; Liao et al., 2012). Within the ileum, there are species-specific differences in 

the predominant attachment site of SFB. In pigs and most rodents, SFB adhere to both the 

absorptive villi and the epithelium overlying Peyer patches; in mice however, there is a 

reported preference for attachment to the follicle-associated epithelium (Caselli et al., 

2010; Jepson et al., 1993; Klaasen et al., 1992). Alternatively, microscopic examination of 

SFB from dogs, cows, and rabbits were primarily attached to the absorptive villi of the 

ileum (Ericsson, 2014). 

 Initial evidence suggesting that SFB exhibit host specificity came from experiments 

in which germ-free mice and rats were inoculated with intestinal homogenates from both 
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species, in which SFB colonization only occurred in animals that had been inoculated with 

the ileal microbiota of the same host species (Tannock et al., 1984). For example, germ-

free mice that were inoculated with ileal homogenates from mice were found to be 

colonized by SFB, but germ-free mice inoculated with ileal homogenates from rats were 

not found to be colonized by SFB. Similar studies using mice and chickens reached a 

similar conclusion (Allen, 1992), indicating that SFB likely colonized the ileum in a host-

specific manner and that each strain may be highly adapted to their host organism. 

1.3.3 Phylogenetic Position of Segmented Filamentous Bacteria 

A major breakthrough in the study of SFB occurred when researchers successfully 

mono-colonized germ-free mice with SFB through intraileal inoculation with ethanol-

treated ileal contents (Klaasen et al., 1991). This method later generated the first pure 

sample of SFB for use in 16S rRNA gene sequencing to determine the phylogenetic 

relatedness of these organisms to other bacteria (Snel et al., 1994). Comparison of the 16S 

rRNA sequence of mouse SFB with metagenomic data from rats and chickens, revealed 

that SFB belong to a unique clade within the phylum Firmicutes, considered as a potentially 

novel genus in the order Clostridiales (Imaoka et al., 1997). Later efforts to sequence the 

complete genomes of rat and mouse SFB confirmed that these bacteria are closely related 

to recognized Clostridium spp. in the Clostridial Cluster I (Prakash et al., 2011). 

Additionally, comparison of 16S rRNA sequences of SFB isolated from mice and rats with 

existing sequences generated from fecal samples of multiple diverse host species 

demonstrated between 94% and 98% nucleotide identity, forming a distinct cluster separate 

from other Clostridium spp. yet displaying sequence similarity to members of Clostridial 

Cluster I. SFB have also been observed in many invertebrate species, yet 16S rRNA 
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analysis has placed those microbes in the family Lachnospiraceae, rather than 

Clostridiaceae, making these isolates somewhat distinct from the SFB found in vertebrate 

species (Thompson et al., 2012; Thompson et al., 2013). 

1.3.4 Morphology of Segmented Filamentous Bacteria 

Segmented filamentous bacteria are Gram-positive, spore-forming bacteria that 

possess the capability to develop into long filaments as long as 80 µm, which are divided 

into segments via the production of transverse septa (Ericsson et al., 2014). The first 

segment of the developing SFB filament possesses a nodule-like protrusion called a 

holdfast, that extends into the plasma membrane of host enterocytes without penetrating 

the host cell wall (Chase and Erlandsen, 1976; Davis and Savage, 1974; Erlandsen and 

Chase, 1974). The holdfast serves as the origin of filament elongation and as an anchoring 

mechanism for the developing filament (Chase and Erlandsen, 1976). SFB are unique 

among intestinal commensals and symbionts because they penetrate the intestinal mucus 

layer and intimately associate with host cells without invading the lamina propria (Chase 

and Erlandsen, 1976; Sanford, 1991). This structure leads to the displacement and 

destruction of the intestinal microvilli surrounding the point of attachment (Snellen and 

Savage, 1978), and leads to alterations in the electron density of both the host cell plasma 

membrane and apical cytoplasm (Ericsson et al., 2014). Once attached, actin 

polymerization occurs directly underneath the holdfast structure and creates a pedestal-like 

formation similar to the adherence mechanism commonly employed by Salmonella 

enterica serovar Typhimurium (Jepson et al., 1993; Ericsson et al., 2014). Though this 

attachment mechanism resembles mechanisms used by pathogenic bacteria, it does not 
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damage the host cell and causes no inflammatory response in the lamina propria beneath 

the mucosa (Caselli et al., 2010).  

1.3.5 Lifecycle of Segmented Filamentous Bacteria 

Segmented filamentous bacteria spores germinate in the host gut to produce 

teardrop-shaped, single-celled bacteria characterized by the presence of the holdfast 

structure (Schnupf et al., 2013). It is assumed that the intracellular offspring use flagella to 

reach the apical surface of the intestinal epithelium (Kuwahara et al., 2011). Holdfast 

attachment to enterocytes in the terminal ilea causes the bacterium to increase in size, 

reaching up to 5 µm in length before bacterial division commences (Chase and Erlandsen, 

1976). Filaments continue to grow and divide from their distal end, reaching their 

maximum length of around 50–80 µm (Martin et al., 2009; Schnupf et al., 2013). Once the 

filament reaches its maximum length, a second round of symmetrical division begins from 

the distal end to divide each original segment in half into secondary undifferentiated cells. 

These secondary cells range from 1 to 1.7 µm in length, forming segments containing 30–

80 cells (Chase and Erlandsen, 1976). After elongation, the filament will often separate 

from the anchoring holdfast segment and enter into the ileum. These secondary segments 

then undergo differentiation form a mother cell and a daughter cell (Klaasen et al., 1992). 

Differentiation of these filaments appears to be more pronounced in the presence of 

microaerobic conditions, when oxygen concentrations range from 1 to 2.5% (Schupf et al., 

2015). Once differentiated, the mother cell engulfs and houses the daughter cell, triggering 

the daughter cell to undergo division into two intracellular offspring (Klaasen et al., 1992).  
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Figure 1: The in vivo lifecycle of segmented filamentous bacteria. The free-living form of 

SFB, the intracellular offspring (IO), is a teardrop-shaped bacterium with a holdfast 

projection attaches to the epithelial cells. Binding induces actin accumulation within the 

host cell. IO increase in size and begin to grow via transverse septa formation to form long 

primary segments. Filaments continue to grow and develop secondary segments. Cells 

begin to divide within the filament to form two IO. Under favorable conditions  IOs are 

released from the filament end to enter the intestinal lumen. Under adverse conditions, IO 

are converted into endospores. When SFB spores are reintroduced to favorable conditions, 

the spores will germinate into flagellated IO. The image on the right displays SFB filaments 

observed in vitro microscopically via Gram staining. Adapted from Schnupf et al., 2013. 

 

The intracellular offspring contained within the mother cell are then subject to one 

of two fates, dispersal from the filament or sporulation (Davis and Savage, 1974; Klaasen 

et al., 1992). If favorable growth conditions are present, the septa that separate individual 

mother cells are degraded to form a tube in which the intracellular offspring are dispersed 

into the host’s intestinal tract. These released offspring are then allowed to colonize 

additional host tissue and undergo filamentation and differentiation, thus completing the 

SFB lifecycle (Martin et al., 2009; Schnupf et al., 2013). When an unfavorable or hostile 

environment is presented, the two intracellular offspring produce a single spore coat that 

covers both cells. Once coated with the layer of peptidoglycan, the spore matures into a 
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complete endospore inside of the mother cell, and is released from the filament (Schnupf 

et al., 2013). These spores lack the ability to colonize the host until favorable environmental 

conditions, such as appropriate concentrations of oxygen are presented, and likely shed in 

the host’s feces. Once shed, the spores can be transmitted to another host via horizontal 

transmission (Davis and Savage, 1974). 

Though it was previously proposed that the entire SFB lifecycle occurred while 

attached to the host tissue (Chase and Erlandsen, 1976), filaments containing intracellular 

offspring have not been observed in published TEM and SEM images of filaments attached 

to enterocytes (Caselli et al., 2010). Filaments containing differentiated intracellular 

offspring only appeared as detached and free-floating, indicating that maturation and 

differentiation of segments may occur independently from host tissues. These filaments are 

separated from the holdfast segment, which then penetrates the epithelium until it 

undergoes endocytosis, phagocytosis, or transcytosis (Caselli et al., 2010). The ingestion 

of the holdfast segment presents a great number of bacterial antigens to antigen presenting 

cells and lymphocytes contained within the ileal epithelium (Caselli et al., 2010).  

1.4 Host-Microbe Interactions of Segmented Filamentous Bacteria 

 

1.4.1 Effect on Host Immunity 

SFB play an indispensable role in the maturation of the host gut immune barrier, 

inducing both innate and adaptive immune responses (Ivanov et al., 2009; Sonnenberg et 

al., 2011; Mortha et al., 2014; Atarashi et al., 2015; Bunker et al., 2015; Farkas et al., 2015; 

Furusawa et al., 2015; Edelblum et al., 2017; Schnupf et al., 2017). SFB are best known 

for their ability to induce the differentiation of naïve CD4+ T cells to form antigen-specific 

Th17 CD4+ cells in the terminal ileum of mice (Schnupf et al., 2013; Farkas et al., 2015). 
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Th17 cells are a subset of CD4+ T cells that are distinguished by the expression of T cell 

receptor CD3, nuclear transcription factor RAR-related orphan receptor gamma T (RORγt) 

and production of interleukins IL-17A, IL-17F, IL-21, and IL-22 (Schnupf et al., 2017). 

Th17 cells provide colonization resistance to other pathogenic bacteria present at mucosal 

barriers in the intestinal tract (Zheng et al., 2008; Edelblum et al., 2017) and respiratory 

fungi (McAleer et al., 2016). The regulation of these immunostimulatory compounds and 

cell types is essential in combating intestinal colonization and infection from 

microorganisms. 

Ivanov et al. 2009 first demonstrated that conventionally raised B6 mice were 

highly colonized with SFB; these bacteria were absent from conventional raised mice 

purchased from the Jackson Laboratory (Ivanov et al., 2009). Introduction of SFB to B6 

mice induced IL-17A and IL-22 production from intestinal CD4+ T cells (Ivanov et al., 

2009). IL-22 is a cytokine that enhances production of antimicrobial peptides from 

intestinal epithelial cells and prevents bacterial pathogens from inducing attaching and 

causing lesions (Schupf et al., 2015). SFB are not the only bacteria capable of inducing 

Th17 CD4+ T cells in the intestinal tract of animals, as virulent strains of Shiga-toxin 

producing Escherichia coli O157H7, Citrobacter rodentium, and Bifidobacterium 

adolescentis have each been demonstrated to induce a Th17 response in the murine 

intestinal tract following bacterial adherence to host cells (Atarashi et al., 2015; Tan et al., 

2016). Other immune cells present in the intestinal lamina propria are capable of secreting 

IL-17A and IL-22 or expressing RORγt, such as innate lymphoid cells type 3 (ILC3) and 

lymphoid tissue inducer-like cells (LTi), but these cells do not express CD3 (Sonnenberg 

et al., 2011; Mortha et al., 2014). However, ILC3 and LTi cells are not dependent on SFB 
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for the induction of IL-17A and IL-22 production. In the intestinal epithelium, IL-17A and 

IL-17F help to modulate neutrophil chemotaxis through producing CXCL chemokines via 

binding interactions with IL-17 receptors IL-17RA and IL-17RC. Additionally, IL-17A 

and IL-17F aid in regulating the activation and differentiation of host neutrophils, and 

stimulate the production of host-defense peptides (Schnupf et al., 2017). Systemic 

depletion of neutrophils in mice caused increased production of IL-17A and ileal SFB 

colonization (Flannigan et al., 2017). Thus, neutrophil recruitment may lessen IL-17A and 

chemokine production, and serve as a negative feedback loop to limit SFB colonization.  

Th17 cell differentiation is mediated through the production of serum amyloid A 

(SAA) and reactive oxygen species (ROS) produced in response to SFB binding. 

Production of SAA in the host epithelium is initiated by SFB binding and subsequent actin 

rearrangements, leading to a signal amplification via IL-22 and ILC3, both of which aid in 

Th17 cell differentiation (Schnupf et al., 2017). SAA also stimulates intestinal antigen 

presenting cells to secrete IL-23, which assists in Th17 activation and survival (Schnupf et 

al., 2017). Reactive oxygen species produced as a consequence of SFB binding to 

enterocytes help to create a chemical environment that promotes Th17 differentiation, as 

mice treated with reactive oxygen species scavenging compounds were observed to 

produce fewer Th17 cells in vivo (Atarashi et al., 2015). Due to the intimate proximal 

relationship of SFB to the intestinal epithelium, it is possible that metabolites secreted from 

SFB may also influence the differentiation of Th17 cells in the host. 

In newborn or germ-free mice, the presence of Th17 cells in the intestinal lamina 

propria is rare, appearing only after colonization by microbes (Gaboriau-Routhiau et al., 

2009). The role of SFB in Th17 cell production was initially demonstrated when mice were 
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inoculated with mouse, rat, and human associated microbiota homogenates containing 

bacterial spores showing similarity to members of the genus Clostridium. Only the 

experimental mice inoculated with a mouse-derived bacterial homogenate were shown to 

produce Th17 cells in response to colonization. Mice colonized with rat- and human-

derived bacteria produced much less pronounced Th17 response when compared to the 

mouse-derived microbiome treatment, indicating that host-specific bacteria, such as SFB, 

likely serve as the causative agents of the immune response (Gaboriau-Routhiau et al., 

2009; Chung et al., 2012). This host-specific link was also confirmed when 16S rRNA 

sequencing revealed the presence of SFB was performed on the gut microbiome of mice 

presenting ileal Th17 cells, (Ivanov et al., 2009). The exact antigen presenting cell 

responsible for the immunomodulatory effects of SFB is controversial, but it appears that 

SFB antigens presented to both intestinal macrophages and CD103+ intestinal dendritic 

cells are involved (Panea et al., 2015; Goto et al., 2014). Intestinal macrophages appear to 

be vital for generating SFB-specific Th17 responses in the murine ileum (Panea et al., 

2015). 

Experiments testing the reactivity of mouse lamina propria tissues against a SFB 

expression library found that two specific proteins of unknown cellular function elicited a 

Th17 cell response (Yang et al., 2014). It was predicted that these two proteins of unknown 

function may be localized on the cell surface, potentially elucidating the role that SFB 

attachment may serve in stimulating host immunity and likely function as ADP-

ribosyltransferases and a myosin-cross reactive antigen (Yang et al., 2014; Pamp et al., 

2012). Recent studies on the cellular communication between SFB filaments and intestinal 

epithelial cells (IEC) revealed that SFB binding induced the production of endocytic 
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vesicles at the SFB-IEC synapse (Ladinsky et al., 2019). These vesicles were found to 

contain high concentrations of a cell wall-associated protein of SFB, P3340, predicted to 

be extracellular in nature (Ladinsky et al., 2019). These synaptic vesicles containing SFB 

cell-wall proteins are then shuttled throughout the IEC through the endosomal-lysosomal 

network. This process is dynamin-dependent and is facilitated by an actin regulator cell 

division control protein, CDC42, (Ladinsky et al., 2019). Knockout of CDC42 activity in 

IECs resulted in a loss of transfer of antigenic proteins inside of IECs and a substantial 

decrease in the activation of CD4 T cells and SFB-induced Th17 cell differentiation, 

indicating that the endocytosis of SFB surface antigens is likely essential in the induction 

of SFB-mediated immunity (Ladinsky et al., 2019).  

In addition to the endocytosis of external cell wall antigens presented by SFB, 

flagellar proteins may induce Th17 cell signaling through the activation of Toll-like 

receptor 5 (TLR5) in a subset of intestinal dendritic cells (CD11c+), which subsequently 

triggers the NF-κB signal response (Uematsu and Akira, 2009). As mentioned earlier, SFB 

strains contain only one copy of each FliC flagellar gene, so differences in the sequence of 

FliC genes are representative of overall SFB strain diversity (Chen et al., 2017). SFB fliC 

genes were found to interact with a number of unique TLR5 receptors from mice and rats 

in a host specific manner, with the exception of flagellin subunit fliC3, which interacted 

with reacted with TLR5 receptors from both mice and rats (Chen et al., 2017).  The flagellar 

binding motifs that are targeted by TLR5 appear to be highly conserved in SFB and is 

nearly absent from other similar Clostridium species, suggesting a specific role for SFB to 

modulate Th17 immunity (Prakash et al., 2011).  
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The exact antigen presenting cell responsible for the immunomodulatory effects of 

SFB is controversial, but it appears that SFB antigens presented to both intestinal 

macrophages and CD103+ intestinal dendritic cells are involved (Panea et al., 2015; Goto 

et al., 2014). Intestinal macrophages appear to be vital for generating SFB-specific Th17 

responses in the murine ileum (Panea et al., 2015). Although SFB-induced Th17 immunity 

may benefit the animal host, there are long-term consequences. SFB-induced Th17 

immunity has been linked to the development of autoimmunity in susceptible breeds of 

mice (Lee et al., 2011; Yang et al., 2014; Teng et al., 2016) by inducing differentiation and 

egress of T follicular cells from Peyer’s patches (Teng et al., 2016). It is unknown whether 

natural colonization by SFB in poultry is capable of promoting autoimmunity, but it must 

be considered if SFB, or its antigens are utilized as immunomodulators for food-producing 

animals.  

SFB mono-associated mice display rapid growth and development of Peyer’s 

patches, and SFB can also stimulate the formation of lymphoid follicles and tertiary 

lymphoid tissues in the host (Lecuyer et al., 2014). This activation of the host’s intestinal 

immunity causes a drastic increase in fecal concentrations of secretory Immunoglobulin A 

(sIgA), as the number and activity of IgA secreting B-cells rises (Klaasen et al., 1991). The 

expansion and stimulation of germinal centers present in Peyer’s patches is not entirely 

unique to SFB and has been seen to occur in other commensal bacteria such as Morganella 

morganii and Bacteroides distasonis, however, the response from SFB is much greater than 

these other organisms (Schnupf et al., 2013). Both T-cell dependent (B-2 cell) and T-cell 

independent (B-1 cell) production of sIgA occurs in SFB mono-associated mice (Schupf et 

al., 2015). The amount of SFB-specific IgA produced by the host in response to bacterial 
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colonization is as high as 1.4% total IgA of the organism (Talham et al., 1999). IgA 

transmitted by nursing mice to suckling pups has been shown to inhibit SFB colonization, 

and only after weaning do SFB populations begin to increase, coinciding with the time in 

which SFB colonization is typically recognized in mice (Jiang et al., 2001). The induction 

of sIgA by SFB may serve as a negative feedback mechanism to prevent over colonization 

by SFB and dysbiosis in older animals (Ohashi et al., 2010; Liao et al., 2012). 

Immune modulation of SFB may extend beyond the intestinal tract in the blood, or 

to other mucosal barriers (McAleer et al., 2016). Mice colonized with SFB were found to 

be more resistant to sepsis secondary to experimental cecal ligation and puncture injury 

than mice that were not colonized by SFB (Cabrera-Perez et al., 2016). Oral vancomycin 

treatment to mice diminished the number of intestinal Gram-positive bacteria (including 

SFB), which negatively impacted anti-fungal Th17 immunity in the respiratory tract 

(McAleer et al., 2016). These data suggest that the composition of intestinal microbiota, 

especially SFB, is vital for impacting immunity to bacterial and fungal pathogens beyond 

the intestinal tract.  

1.4.2 Effect on Host Microbiome 

SFB are unique amongst intestinal commensals and symbionts because they 

penetrate the intestinal mucus layer and intimately associate with host cells without 

invading the host (Chase and Erlandsen, 1976; Lee et al., 2011; Mortha et al., 2014; 

Atarashi et al., 2015; Bunker et al., 2015; Farkas et al., 2015; Furusawa et al., 2015; Sadler 

et al., 2017). Several interactions between the host and SFB have been investigated, 

indicating almost entirely positive associations between the SFB and the host, with rare 

exceptions. SFB induce the production of Th17 cells in the intestinal mucosa, providing 
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resistance to colonization by pathogenic bacteria (Zheng et al., 2008; Edelblum et al., 2017) 

and fungi (McAleer et al., 2016). Administration of SFB to mice reduced the ability of 

Salmonella Enteritidis to colonize the host intestinal tract, as the presence of SFB and 

Salmonella in the ileal epithelium of individual villi is appears to be mutually exclusive; 

SFB not only physically compete with pathogenic microbes for enterocyte binding but also 

induce a local response that hinders the ability of S. Enteritidis to adhere to the epithelium 

(Garland et al., 1982). Similarly, the presence of SFB on the ileal villi of rabbits was 

correlated with resistance to pathogenic Escherichia coli infection (Heczko et al., 2000). 

SFB was found to induce the production of IL-17A and IL-22 from intestinal CD4+ T cells 

in mice, subsequently preventing Citrobacter rodentium-induced colitis (Ivanov et al., 

2009).  

In some rare cases, SFB or morphologically similar organisms have been associated 

with intestinal dysbiosis and negative health outcomes. Filamentous bacterial organisms 

have been associated with stunting syndromes, diarrhea, and increased mortality in 

chickens, turkeys, and quail (Hill et al., 1992; Angel et al., 1990; Goodwin et al., 1991). 

Considering the presence of these filamentous organisms in the jejunum rather than the 

ileum, their apparent branching morphology (Angel et al., 1990) and their association with 

overt disease, it is more likely that these are microbes distinct from SFB (Hill et al., 1992; 

Goodwin et al., 1991). SFB colonization in Rainbow trout can cause the fatal disease 

Rainbow Trout Gastroenteritis (RTGE), where SFB expand to large numbers in the 

intestinal tract and cause enterocytes to detach (Del-Pozo et al., 2010). SFB were not 

always present near to all intestinal RTGE lesions, suggesting that SFB affects intestinal 

barrier function and other bacteria may not be crucial for producing RTGE lesions. 
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Experimental infection of susceptible Rainbow trout stock with feces from RTGE animals 

induced colonization and characteristic histopathological lesions containing SFB and an 

unidentified Gram-negative coccus, suggesting that SFB, in part, may be the etiological 

cause of RTGE (McCarthy et al., 2016).  

1.5 Genomic and Metabolic Characteristics of Segmented Filamentous Bacteria 

In order to elucidate the biochemical mechanisms by which SFB influence the host 

immune system the genomes of several mouse-associated strains of SFB have been 

sequences and analyzed via bioinformatics tools. The genome of a rat-isolated SFB and a 

number of mice SFB isolates have recently been sequenced and published (Kuwahara et 

al., 2011; Prakash et al., 2011; Sczesnak et al., 2011; Pamp et al., 2012). These SFB 

genomes are highly similar but do contain several species-specific genes of unknown 

function that may be involved in the species-specificity of SFB colonization (Prakash et 

al., 2011). All sequenced SFB have displayed a small genome size of 1.5–1.62 Mbp, low 

G+C content (27.9%), and around 1,350–1,400 protein encoding genes (Prakash et al., 

2011). SFB possess a highly reduced genome similar to their genetic relatives within the 

genus Clostridium (Ericsson et al., 2014). The biosynthetic pathways of most amino acids, 

vitamins and cofactors (such as B1, B2, and B12, pyridoxine, nicotinamide, pantothenate, 

and biotin) are incomplete or absent altogether in SFB genomes (Kuwahara et al., 2011; 

Sczesnak et al., 2011; Pamp et al., 2012). SFB are also unable to synthesize nucleotides 

independently; instead they utilize alternative pathways that rely on the uptake of 

nucleotide bases (Prakash et al., 2011). To obtain nucleotides, amino acids, and peptides 

from the environment, SFB genomes contains genes encoding two extracellular nucleases 

as well as a list of proteases and peptidases, 20 of which are membrane associated and 4 to 



 28 

6 that are thought to be secreted (Kuwahara et al., 2011; Sczesnak et al., 2011). In addition, 

SFB genomes contain numerous open reading frames (ORFs) thought to encode a large 

number of transporters and permeases for small molecules and ions (such as amino acids, 

oligopeptide, dipeptides, manganese, zinc, iron, and phosphate) compared to other 

organisms with small genomes (Sczesnak et al., 2011). A particularly strong requirement 

for iron uptake was noted by Sczesnak et al., 2011 since six different ORFs for iron 

transporters are found in the mouse genome as well as three ORFs for ferric iron regulator 

family proteins (Sczesnak et al., 2011). SFB also have several ORFs for phosphotransferase 

systems predicted for uptake of sugars such as mannose, cellobiose, mannitol, and fructose 

(Prakash et al., 2011; Sczesnak et al., 2011). Finally, the SFB genomes contain genes for 

the non-oxidative pentose phosphate pathway and a complete glycolysis pathway to 

convert glucose to pyruvate, but are deficient for genes encoding almost all components of 

the Krebs cycle, which is required for aerobic respiration (Prakash et al., 2011; Sczesnak 

et al., 2011). SFB are also predicted to lack the enzymes of the electron transport chain, 

unable to transfer electrons from donors FADH2 and NADH to produce ATP (Prakash et 

al., 2011). However, SFB can tolerate small concentrations of oxygen and counteract 

oxidative stress, as SFB genomes contain genes predicted for two catalases, a peroxidase 

(rubrerythrin), and an arginase, which might limit nitric oxide production through 

catabolism of arginine (Kuwahara et al., 2011; Pamp et al., 2012). These protective 

mechanisms are likely essential, given the replicative niche of SFB at the surface of the 

small intestinal epithelium where the oxygen tension is estimated to be around 1.4% (He 

et al., 1999). There are several factors that have been discovered about SFB that explain 

their auxotrophic nature. The genome of SFB isolated from a rat host (Rat-YIT) contains 
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28 putative genes predicted to encode for proteases and 53 for peptidases along with many 

other genes thought to be involved with sporulation and germination (Prakash et al., 2011). 

Peroxidase and catalase genes were also found, which explains the potential for SFB to 

exist in microaerophilic environments (Prakash et al., 2011). The genomes of SFB 

sequenced from mice and rat hosts revealed several Clustered Regularly Interspaced 

Palindromic Repeat (CRISPR) loci, which serve as a prokaryotic defense mechanism, 

indicating that SFB genomes may have had exposure to invading DNA throughout their 

evolutionary history (Prakash et al., 2011). Flagellar, pilus, and chemotactic genes have 

been found in SFB genomes that suggest motility, which explains the organism’s ability to 

penetrate the mucus layer lining of intestinal epithelial cells (Prakash et al., 2011; Schnupf 

et al., 2013).  

The whole-genome sequences of murine-associated strains of SFB revealed that 

these microbes have a very limited range of metabolic capabilities (Kuwahara et al., 2011; 

Sczesnak et al., 2011; Pamp et al., 2012). Examination of the encoded proteins and 

pathways reveals SFB to be highly dependent on nutrients and co-factors derived from the 

host environment, likely from the host intestinal epithelia. The highly reduced nature of 

the SFB genome may represent not only the establishment of host dependence to occupy 

an environmental niche, but also a host-directed evolutionary adaptation to secure a 

mutualistic  

1.6 Cultivation of Segmented Filamentous Bacteria 

To date, there have been no reported cases where SFB have been cultivated in vitro 

and have only recently been cultured independently of their respective host organisms 

(Schnupf et al., 2015; Ericsson et al., 2015). Schnupf et al. aimed to mimic the replicative 
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niche of SFB by developing a co-culturing system where SFB were isolated from 

monoassociated mice and cultured with eukaryotic cell lines under low oxygen conditions 

and in a rich culture medium (Schnupf et al., 2015). This culture medium contained a great 

number of supplements and components to provide sufficient nutrients to compensate for 

the metabolic deficiencies of SFB (Prakash et al., 2011). In the procedure, SFB from 

monoassociated mice were filtered to obtain a pure culture of intracellular offspring, the 

vegetative form of SFB. This pure sample of intracellular offspring was used to inoculate 

several cell lines and were incubated under strict anaerobic conditions or in an anaerobic 

cabinet with an oxygen concentration between 0.5 and 1.5% oxygen (Schnupf et al., 2015). 

SFB growth was considerably improved in the presence of low levels of oxygen rather than 

under entirely anaerobic conditions. Unsurprisingly, the number of observed SFB filaments 

was observed to increase when the density of eukaryotic intestinal cells from the cell line, 

and decrease with decreasing density of potential host cells (Schnupf et al., 2015). 

Interestingly, the proliferation of SFB filaments was not dependent on epithelial 

attachment, as this phenomenon was infrequent in vitro and a majority of filaments were 

observed in close proximity to epithelial cells. These results indicate that physical 

attachment to host tissues is not essential, rather certain soluble metabolites released by 

eukaryotic cells is sufficient to promote the growth of SFB (Schnupf et al., 2015). 

According to Schnupf et al., SFB were able to be cultured in Dulbecco's Modified Eagle 

Medium (DMEM)/F12 advanced medium supplemented with fetal calf serum, L-

glutamine, HEPES, brain-heart infusion, peptone/yeast/casein amino acids, ribose, 

cellobiose, mannose, ferrous sulfate, ferric ammonium citrate, hemin, sodium ascorbate, 

retinoic acid, and sperm DNA (Schnupf et al., 2015). Removing individual additives from 
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this media formulation revealed that brain-heart infusion, the yeast/peptone/casein amino 

acid mixture, and iron supplements were critical to SFB proliferation, as their removal 

drastically reduced the number of filaments observed (Schnupf et al., 2015). 

 Another methodology for the cultivation of SFB was described by Ericsson et al. 

in which SFB was isolated from mice colonized with a variety of microbes (Ericsson et al., 

2015). In this methodology, intestinal samples were isolated from harvested from 

experimental mice and the luminal contents were extracted via scraping. The pooled ileal 

contents were grown in DMEM with high glucose, L-glutamine and sodium pyruvate and 

were incubated under microaerophilic or anaerobic conditions (Ericsson et al., 2015). 

Media that was supplemented with starting concentrations of 5000 IU/mL, 5000 µg/mL, 

and 12.5 µg/mL of penicillin/ streptomycin/amphotericin respectively and incubated under 

microaerophilic conditions yielded the highest concentrations of SFB adhered to clumps 

of host epithelial cells (Ericsson et al., 2015). Although SFB filaments were consistently 

observed in the described culture conditions, repeated attempts to subculture and propagate 

SFB were unsuccessful, as SFB and the ileal cells to which they adhere were subcultured, 

their numbers consistently diminished (Ericsson et al., 2015). The two aforementioned 

culture methodologies were successful at obtaining an effective dose of bacteria from 

intestinal samples of both monoassociated and traditional experimental animals. Though 

successful at obtaining viable cultures for use in further animal studies, there has yet to be 

an example where these bacteria have been perpetually cultured in vitro independent of 

host tissues.  
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1.7 Summary and Objectives 

 As global poultry consumption continues to rise, it is more important than ever to 

reliably produce healthy and wholesome flocks to meet this demand. For over a decade, 

subtherapeutic doses of antibiotics were supplemented into the feed as growth promoters. 

This practice became and industry standard, accelerating the development of antibiotic 

resistance in many human pathogens associated with commercial poultry, leading to the 

implementation of antibiotic bans and judicious use policies. In the absence of widespread 

antibiotic use, the poultry industry has shifted its focus to the development of direct-fed 

microbials and to better elucidate the role that the host microbiome plays in the 

development of healthy poults and in the prevention against infection by pathogenic 

organisms. A challenge facing commercial turkey production in Minnesota is a poorly-

understood condition termed light turkey syndrome, where turkey flocks consistently fail 

to meet the industry standard weight, failing to meet their genetic growth potential. When 

examining the differences intestinal microbiome composition between flocks that met the 

industry standard weights and those that suffered from light turkey syndrome, it was 

determined that normal-performing flocks contained higher proportions of Candidatus 

Arthromitis, a member of a group of Clostridia-related, Gram-positive, spore-forming 

bacteria called segmented filamentous bacteria (SFB). Due to the increased occurrence of 

SFB in healthy-weight turkeys, it is hypothesized that this organisms may be contributing 

a protective effect against the development of this condition. In mouse studies, SFB have 

proven potent stimulators of both innate and adaptive immunity, helping to improve the 

health of mice colonized by these organisms and bolstering their ability to protect against 

infection by pathogens. Though the exact mechanisms by which Turkey-associated SFB 
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protect their turkey hosts from the adverse effects of light turkey syndrome remain unclear, 

these organisms show promise as potential direct-fed microbials due to their suspected role 

in improving the gut-immunity of the host.  

 In order to better understand how turkey-associated SFB impact their host, this 

organism must be separated from the turkey host and studied in silico and in vitro. The 

goals of this dissertation were as follows:  

• Detect and culture turkey-specific SFB from the intestines of turkey poults. 

• Assess the genetic determinants of SFB-turkey and compare this strain to 

previously sequenced strains of SFB. 

• Screen the viability of SFB in vitro and refine culture conditions to promote the 

growth of this organism. 

• Attempt to purify and isolate this organism to determine if it is capable of consistent 

growth in a mono-culture.  

• Determine the viability of SFB as a direct-fed microbial and its prospects to be 

readily prepared for administration to turkey poults. 
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Chapter Two 

EXTRACTION AND DETECTION OF SEGMENTED FILAMENTOUS 

BACTERIA FROM TURKEY HOSTS 

2.1 Introduction 

 Segmented filamentous bacteria (SFB) are Gram-positive, spore-forming, 

microaerophilic bacteria characterized by a distinctive filamentous morphology, displaying 

a unique life-cycle involving intestinal binding, filamentation, differentiation, and 

production of either vegetative or dormant offspring (Ericsson et al., 2014; Schnupf et al., 

2013). SFB have been detected in a number of hosts, including mice, humans, fish, 

chickens, and turkeys (Hedblom et al., 2018). Studies involving SFB in mice have revealed 

that the binding of SFB to the absorptive intestinal epithelium induces the differentiation 

of naïve CD4+ T cells to antigen-specific Th17 CD4+ cells (Farkas et al., 2015). Th17 cells 

play a critical role in promoting and maintaining mucosal immunity through the production 

of several cytokines such as interleukins IL-17A and IL-22 (Schnupf et al., 2017). SFB 

have also been implicated in the production of secretory immunoglobulin A (sIgA), which 

prevents the colonization of pathogenic microorganisms by blocking epithelial receptors 

in the intestinal epithelium (Talham et al., 1999). These findings indicate that SFB serve 

an essential function in the development of both the innate and adaptive immunity in mice. 

SFB have been associated with improved health and growth outcomes in 

commercial turkey flocks (Meleagris gallopavo). When investigating the microbial basis 

of Light Turkey Syndrome (LTS), a condition with no known causative agent that produces 

birds consistently below the industry standard weight, higher-performing flocks harbored 

significantly higher proportions of SFB than under-performing counterparts (Danzeisen et 
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al., 2013). Turkey poults afflicted by LTS display symptoms of lethargy, weight loss, 

diarrhea, and depression early on in the growth cycle and fail to grow to their genetic 

potential weight, yielding birds that are 4–5 pounds underweight, costing the turkey 

industry millions of dollars each year in losses (Mor et al., 2013; Danzeisen et al., 2013). 

The increased presence of SFB in normal-weight, healthy turkeys when compared to their 

LTS afflicted counterparts suggests that these bacteria may serve a similar 

immunostimulatory role in the intestinal mucosa of turkey to that observed in mice and rats 

and that the administration of these bacteria may serve to improve the overall health of 

commercial turkey flocks (Danzeisen et al., 2013, Schnupf et al., 2013). It is imperative 

that turkey-associated SFB be cultivated and studied experimentally to determine the role 

that these bacteria play in improving the overall immune health of their turkey hosts. 

Historically, SFB have proven resistant to traditional culture methodologies, 

remaining yet to be isolated ex vivo. Ericsson et al. 2015 described a methodology in which 

SFB was isolated from mice colonized by a variety of microbes through harvesting the 

luminal contents of experimental mice via the sectioning and scraping of mouse intestinal 

samples (Ericsson et al., 2015). The pooled ileal contents were grown in Dulbecco’s 

Modified Eagle Media (DMEM) with high glucose, L-glutamine and sodium pyruvate and 

were incubated under either microaerophilic or anaerobic conditions (Ericsson et al., 2015). 

Cultures that were incubated under microaerophilic conditions, rather than strictly 

anaerobic conditions yielded the highest concentrations of mouse-associated SFB that were 

adhered to clumps of host epithelial cells (Ericsson et al., 2015). Repeated attempts to 

propagate SFB were unsuccessful; as the number of ileal epithelium cells diminished, so 

did the number of SFB filaments (Ericsson et al., 2015). 
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Another methodology for the cultivation of SFB was described by Schnupf et al., 

2015 who aimed to mimic the replicative niche of SFB through co-culturing SFB from 

mono-colonized mice with several intestinal cell lines in a rich and robust culture medium, 

with the human Caco-2/TC7 cells supporting the growth of SFB most robustly (Schnupf et 

al. 2015). This culture medium contained a great number of supplements and components 

to provide sufficient nutrients to compensate for the metabolic deficiencies of SFB, 

including several sources of amino acids, nucleotides, iron, and vitamins (Prakash et al., 

2011, Schnupf et al. 2015). In the procedure, SFB from monoassociated mice were filtered 

through a 100 µm filter and centrifuged to obtain a pure culture of the vegetative form of 

SFB, which was used to colonize inoculate several cell lines under microaerobic conditions 

(Schnupf et al., 2015). Similar to the study performed by Ericsson et al., 2015 the number 

of SFB filaments was observed to decrease with a decreasing density of intestinal epithelial 

cells but was not dependent on cellular attachment, as this phenomena occurred 

infrequently in vitro with a majority of filaments observed in close proximity to epithelial 

cells (Schnupf et al., 2015). These results indicate that attachment to host tissues is not 

essential; certain soluble metabolites released by eukaryotic cells may be sufficient to 

promote the growth of SFB (Schnupf et al., 2015). 

 The two aforementioned culture methodologies were successful at obtaining an 

effective dose of SFB from intestinal samples of both monoassociated and traditional 

experimental animals. Though successful at obtaining viable cultures for use in further 

animal studies, there has yet to be an example where these bacteria have been perpetually 

cultured in vitro independent of host tissues, nor has there been an attempt to cultivate these 

bacteria from avian hosts. Similarly, there have not been studies assessing the genome of 
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turkey-associated SFB and its genomic features, or methodologies to specifically detect the 

presence or absence of these bacteria in experimental cultures. The goals of the present 

study were to: sequence, annotate and analyze the genome of turkey-associated SFB; 

develop a PCR protocol for the detection of SFB in experimental samples; and to derive 

functional cultures of SFB from ileal homogenates of turkey poults. 

2.2 Materials and Methods 

2.2.1 Genome Sequencing and Assembly of SFB-turkey 

To obtain a whole genome sequence of turkey-associated SFB, the genomic DNA 

from SFB-turkey was isolated from ileal samples harvested from 2-week-old poults raised 

in a research flock at the University of Minnesota. The representative sample was identified 

for shotgun sequencing through 16S rRNA amplicon profiling and subsequent Gram 

staining and light microscopy indicating the presence of filamentous organisms. To prepare 

the sample for metagenomic shotgun sequencing, total genomic DNA was isolated using a 

Qiagen QIAamp Fast Stool Mini Kit (Hilden, Germany). The quantity of the genomic DNA 

was determined by measuring A260 using a UV-visible spectrophotometer (A260 = 1 

corresponds to 50 ng/μl of double-stranded DNA). The quality of the genomic DNA was 

determined by measuring the A260/A280 ratio, and a value of 1.8 indicated pure DNA 

preparation as described (Sambrook, 1989).  

Twenty micrograms of metagenomic DNA was used to prepare a paired-end (PE) 

sequencing library (Nextera XT, Illumina, San Diego, CA), and a PCR amplified library 

was sequenced using the Illumina MiSeq and HiSeq platforms. The shotgun data were 

assembled using the CLC Genomics Workbench v. 9.0/APRIL-2016, with default 

parameters. The corresponding SFB-turkey sequences were mapped to four full genome 
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sequences of SFB using the MAUVE multiple sequence alignment tool (Darling 2004). 

Three of the genome sequences were isolated from mouse hosts, while one of the genome 

sequences was isolated from a rat host. These strains were named SFB-mouse-YIT, SFB-

rat-YIT, SFB-mouse-Japan, and SFB-mouse-NL (accession numbers GCA_000284435.1, 

GCA_000283555.1, GCA_000270205.1, and GCA_000709435.1 respectively). The 

genome sequence of “Candidatus Arthromitus” sp. UMNCA01 (henceforth referred to as 

SFB-turkey) was annotated using the National Center for Biological Information (NCBI) 

Prokaryotic Genome Annotation Pipeline and the best-placed reference protein set of 

GeneMarkS+ (v. 4.6) (Ewing 1998, Tatusova 2016). The UMNCA01 genome can be 

accessed via the GenBank accession number GCA_001655775.1. This “Candidatus 

Arthromitus” UMNCA01 WGS project has the GenBank accession number 

NZ_LXFF00000000. The version of this project is NZ_LXFF01000000 and consists of 

sequences LXFF01000001 through LXFF01000041. The filtered assembly and raw 

sequencing reads can be accessed through BioProject accession number PRJNA319431 

and BioSample accession numbers SAMN04889864 and SAMN13392129, respectively. 

The previous analyses were conducted in the laboratory of Tim Johnson, the 

Director of Research and Development  Mid-Central Research and Outreach Center, 

Willmar MN 

2.2.2 Generating a Positive Control for SFB Detection 

 The 16S rRNA gene sequence derived from the representative genome of turkey-

associated SFB, Candidatus Arthromitus UMNCA01, was cloned into the pBR322 plasmid 

and transformed and expressed in Escherichia coli strain DH10B. The 16S rRNA gene 

sequence of UMNCA01 was predicted by RefSeq annotations from the assembled genome. 
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The entire 16S rRNA sequence with leader sequences, EcoR1 and Sa11 restriction sites, 

and hybridization sequences was ordered from the University of Minnesota Genomics 

Center. The target DNA sequence along with the recipient pBR322 plasmid were both 

digested by EcoR1 and Sa11 restriction enzymes (Roche, Basel, Switzerland). The digested 

DNA and cloning vector were examined and compared against an undigested vector to 

confirm the successful digestion of the cloning vector. The successfully digested vector 

was excised from the gel and purified using a Qiagen Gel Extraction kit (Qiagen, Hilden, 

Germany). The quality and concentration of the purified digests were detected using a 

NanoDrop spectrophotometer (Thermo Fisher, Waltham, MA). The digested plasmid and 

target sequence were ligated together with a recipient plasmid to insert ratio of 

approximately 1:3 using DNA ligase. Following successful ligation, the cloning vector 

containing the SFB 16S rRNA gene was transformed into competent E. coli DH10B cells 

via heat shock and incubation via shaking. The transformed cells were spread plated onto 

LB agar plates (Research Products International, Mt. Prospect, IL) containing 50 µg/mL 

kanamycin and incubated overnight. The pBR322 plasmid contains a kanamycin resistance 

gene, conferring kanamycin resistance to successfully transformed cells. Following 24 

hours of incubation, resistant colonies were further subcultured in LB broth (Research 

Products International, Mt. Prospect, IL) and prepared as frozen stocks when mixed with 

20% glycerol. Frozen stocks were stored at -80°C until later use. To obtain the plasmid 

DNA from the transformed DH10B cells, thawed cells from the frozen E. coli DH10B cells 

were inoculated into 5 mL of LB broth and incubated overnight at 37°C with shaking. The 

plasmid DNA from the overnight culture was extracted using a Qiagen plasmid miniprep 

kit following manufacturer instructions (Qiagen, Hilden, Germany). In addition, DH10B 
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cells expressing an un-cloned version of the pBR322 plasmid were used for genetic 

extraction for comparison. Following extraction, the plasmid DNA was quantified using a 

NanoDrop spectrophotometer to determine the overall concentration and quality (260/280 

ratio) of the sample (Thermo Fisher, Waltham, MA). 

2.2.3 PCR Primer Design 

 In order to design a primer set for the detection of turkey-associated SFB in 

experimental samples, a set of forward and reverse primers were designed using the NCBI 

Primer BLAST tool. Primer BLAST uses the Primer3 pipeline to design PCR primers and 

then uses the BLAST and global alignment algorithm to screen primers against user-

selected databases in order to avoid primer pairs that can cause non-specific amplification 

(Ye et al., 2012). The predicted 16S sequence of the assembled SFB-turkey genome was 

submitted to the Primer BLAST client and compared against the RefSeq representative 

genomes database, producing several possible primer sequences. Primer pairs were 

selected with the following parameters in mind: optimal primer length around 20 bases, 

G+C content range between 30 to 80%, no more than three consecutive G residues, Tm 

between 58 to 60°C, and the final five nucleotides at the 3’ end should contain no more 

than two G or C bases. Primer sets that best met the aforementioned parameters were 

ordered from the University of Minnesota’s Genomics Center (UMGC) through the 

Integrated DNA Technologies custom oligonucleotide ordering service (IDT, Coralville, 

IA). The primers were ordered at concentrations of 100 µM in IDTE buffer and were stored 

at -20°C until later use.  
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2.2.4 PCR Optimization 

In order to determine the optimal primer set to use in the detection of SFB in 

experimental cultures the ordered primer sequences were screened using the positive 

control plasmid expressing the 16S rRNA gene of turkey-associated SFB was utilized. PCR 

experiments were conducted using BullsEye Taq plus Mastermix (MidSci, Valley Park, 

MO) which contains R-Taq DNA Polymerase, 1.5 mM MgCl2, 10X Ammonium Buffer, 

and dNTP mix (12.5 mM each). In order to determine the optimal concentration of the 

positive control plasmid, concentrations of 5 ng, 10 ng, 25 ng, and 50 ng were screened 

using a universal primer set targeting the V1-V3 hypervariable regions of the 16S gene as 

described by UMGC. The primer set consisted of a forward and reverse primers titled “V1-

27F” (sequence: 5’-AGAGTTTGATCCTGGCTCAG-3’) and “V3-534R” (sequence: 5’-

ATTACCGCGGCTGCTGG-3’) respectively. These primers were added at a 

concentration of 0.1 µM/µL, along with 12.5 µL Mastermix to each reaction tube, 

appropriate concentrations of plasmid DNA and enough sterile deionized water to reach a 

reaction volume of 25 µL in 0.2 mL PCR tubes. Samples were thermocycled according to 

the following protocol, titled “Universal Protocol”: Initial denaturation at 95°C for 5:00 

minutes, denaturation at 95°C for 0:30 minute, annealing at 55°C for 0:40 minute, 

extension at 68°C for 1:00 minute. The denaturation, annealing, and extension steps were 

cycled 29 additional times for a total of 30 cycles. A final extension cycle was performed 

by holding the sample tubes at 68°C for 5:00 minutes. Following thermocycling, reaction 

tubes were stored at -20°C until analyzed via gel electrophoresis. Samples were screened 

for band size, band brightness and the presence of primer dimers via gel electrophoresis 

involving a 2% agarose gel consisting of agarose powder and 0.1 µL/mL SYBR safe DNA 
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gel stain (Invitrogen, Carlsbad, CA). Gels were run at 90V for 3 hours to allow for the 

fragments to separate, and were subsequently visualized using a Bio-Rad Chemidoc XRS 

imaging system (Bio-Rad, Hercules, CA). 

In order to screen several primer sets for the detection of SFB, each of the primer 

pairs was screened at an initial concentration of 0.1 µM/µL. The appropriate volume of 

each primer was added to 12.5 µL mastermix to each reaction tube, 5 ng of plasmid DNA 

and sufficient sterile deionized water to reach a total reaction volume of 25 µL. Samples 

were cycled according to the following protocol, referred to as “SFB Protocol”: Initial 

denaturation at 95°C for 2:00 minutes, denaturation at 95°C for 0:30 minute, annealing at 

58°C for 1:00 minute, extension at 72°C for 2:00 minutes. The denaturation, annealing, 

and extension steps were cycled 39 additional times for 40 cycles. A final extension cycle 

was performed holding the samples at 72°C for 5:00 minutes. Samples were screened for 

band size and clarity, brand brightness and the presence of primer dimers via gel 

electrophoresis involving a 2% agarose gel consisting of agarose powder and 0.1 µL/mL 

SYBR safe DNA gel stain (Invitrogen). 

To optimize the overall concentrations of the SFB-specific primers, this primer pair 

was tested at concentrations of 0.1, 0.25, 0.5 and 1.0 µM/µL. The necessary concentration 

of each primer was added to 12.5 µL mastermix to each reaction tube, 5 ng of plasmid 

DNA and sufficient sterile deionized water to reach a total reaction volume of 25 µL. 

Samples were thermocycled according to the “SFB Protocol”, as described above. The 

optimal primer sequences “SFB-FWD” (5’-CCGCCTGAGGAGTACGA-3’) and reverse 

primer “SFB-REV” (5’-GGTAATTCAAGGTATGTCAAGTTTAGG-3’) were 



 43 

determined to function as the optimal primer sequences to detect SFB-turkey in genetic 

samples. Each primer pair and corresponding sequence is displayed in Table 1. 

Table 1: Primer sequences used in non-specific and SFB-specific amplification of DNA 

products. 

Protocol 

Name 

Primer Names Primer Sequences 

SFB Protocol 

SFB-FWD 
5’-CCGCCTGAGGAGTACGA-3’ 

SFB-REV 
5’-GGTAATTCAAGGTATGTCAAGTTTAGG-3’ 

Universal 

Protocol 

V1-27F 5’-AGAGTTTGATCCTGGCTCAG-3’ 

V3-534R 5’-ATTACCGCGGCTGCTGG-3’ 

 

To determine the capacity of the SFB-turkey-specific primers to discriminate 

between the target sequence and the 16S genes of other organisms, genomic DNA extracted 

from Escherichia coli strain ATCC 12435 and Bacillus subtilis strain ATCC 23857 were 

used (American Type Culture Collection, Manassas, VA). Each frozen stock of these 

cultures was inoculated into 5 mL of tryptic soy broth (Research Products International, 

Mt. Prospect, IL) and incubated at 37°C for 24 hours. Genomic DNA was extracted using 

a Qiagen UltraClean DNeasy Kit (Qiagen, Hilden, Germany) according to the 

manufacturer's specifications. DNA was quantified using a NanoDrop spectrophotometer. 

Following quantification, 50 ng of genomic DNA was used in PCR reactions involving the 

SFB-turkey-specific primers and universal primers as described above. 
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2.2.5 Sanger Sequencing and Sequence Analysis 

Amplified PCR products of the positive control plasmid were submitted for Sanger 

sequencing via the classical Sanger sequencing service provided by the University of 

Minnesota’s Genomics Center. Amplified PCR products were purified using a QIAquick 

PCR Purification Kit (Qiagen), and the quality and concentration of the purified PCR 

product was determined via the use of a NanoDrop spectrophotometer (Thermo Fisher). 

Following the quantification, 50 ng of the amplified PCR products was combined with 6.4 

pmole of either forward or reverse primers and deionized water to a total volume of 12 µL. 

Each sample was screened with both the forward and reverse primers separately for each 

of the two examined PCR protocols, including the following primers: SFB-FWD, SFB-

REV, Universal Primer V1-27F, and Universal Primer V3-534R. The samples were 

delivered to the UMGC facilities where they were analyzed using an Applied Biosystems 

3730xl DNA Analyzer (Applied Biosystems, Foster City, CA). Following sequencing, the 

sequences were screened for homology and similarity to other SFB sequences through the 

use of NCBI BLASTn using the nucleotide collection database and optimized for the 

discontinuous megablast program (Johnson et al. 2008). Results were screened for overall 

homology to existing SFB sequences and to determine the efficacy of the PCR protocols. 

2.2.6 Extraction of SFB from Turkey Intestinal Samples 

 Five turkey poults from experimental flocks raised in Willmar Poultry Farm in 

Willmar, Minnesota were humanely euthanized with CO2 gas. Euthanasia of these turkey 

poults was performed by the research group of Tim Johnson. Poults ranged in age from 7-

14 days old. Poults were laid on a sterile surface and systematically cut open underneath 

the rib cage. The dermal layers were pulled down and away from the gut and the thin 
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membrane layer covering the gastrointestinal system was removed carefully. Intestines 

were removed from the body cavity and the ileum was excised by making incisions at both 

the ileocecal junction and the jejunum-ileum junction. Ileum samples were placed into 

sterile plastic bags, labeled with collection number, date, bird number, and cage number, 

and subsequently stored at 4°C.  

Extraction of ileal contents was performed in a HEPA-filtered biological safety 

cabinet with a layer of aluminum foil placed as a working surface. Luminal contents of 

each ileal sample were removed by pulling towards either opening of the sample without 

tearing the intestinal tract. Following the removal of luminal contents, ileal samples were 

sliced longitudinally using sterilized scalpels and laid flat on the work surface. Intestinal 

walls of the ileal samples were scraped using a cell lifter, and the resultant intestinal 

contents were transferred into corresponding 1.2 mL centrifuge tubes. Foil work surface 

and cell scrapers were replaced between the handling of each sample. The contents of each 

1.2 mL tube were filtered through 100 µm mesh and placed into individual wells of a 6-

well cell culture plate filled with SFB recovery media and mixed gently to disperse the ileal 

contents. SFB recovery media is formulated following methodologies described by 

Schnupf et al., 2015 (Schnupf et al., 2015). This media formulation is described as follows: 

DMEM/F12 advanced medium with 2% FCS, Glutamax and 20 mM HEPES (Millipore 

Sigma, St. Louis, MO) with additional supplements: 10 mL/L of 5X concentrated brain–

heart infusion (BD Difco, Franklin Lakes, NJ), 10% yeast peptone (BBL Biosafe, Orlando, 

FL) and 5% casamino acids (BD Difco, Franklin Lakes, NJ), and 

ribose/cellobiose/mannose (Millipore Sigma, St. Louis, MO) at 200 mM; 1 mL/L of 10 

mM ferrous sulphate (Millipore Sigma, St. Louis, MO), 12.5 mM ferric ammonium citrate 
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(Fisher Scientific, Waltham, MA) , and sodium ascorbate at 10 mg/ml; 100 µL/L of retinoic 

acid (Millipore Sigma, St. Louis, MO) at 30 mg/mL in DMSO and;  500 µL/L of: Herring 

sperm DNA (Life Technologies, Carlsbad, CA) at 10 mg/mL digested for 1 hour with 10 

mL DNaseI (Roche, Basel, Switzerland) at 37°C and heat inactivated at 75°C for 30 min, 

yeast RNA at 10 mg/mL (Millipore Sigma, St. Louis, MO) undigested. Samples were 

incubated at 41°C under anaerobic conditions (O2 concentration of >1%, CO2 concentration 

of 5-10%) for 7 days.  

Following incubation, samples were aseptically transferred to 50 mL sterile Falcon 

tubes (Corning, Tewksbury, MA) and centrifuged at 8,000 g for 5 min. The supernatant 

was decanted and removed with a micropipettor and the cell pellet was resuspended in 

phosphate buffered saline (PBS) buffer in sterile test tubes and placed onto a mixture of 3 

mL 50% and 2 mL 30% Nycodenz solution (Serumwerk, Bernburg, Germany) made with 

PBS in 15 mL conical tubes. Nycodenz is a differential density medium that can be used 

to separate bacteria from eukaryotic cells based on differential densities, with eukaryotic 

cells associating with the 50% fraction and bacteria associating with the 30% Nycodenz 

solution. Sample tubes were centrifuged at 4,000 g for 10 minutes. Following 

centrifugation, the 30% fraction was collected and diluted in 10 mL of PBS in 15 mL 

Falcon tubes (Corning). Diluted bacterial samples were centrifuged at 8,500 g for 10 min, 

supernatant was decanted, and the resultant cell pellet was resuspended again in 15 mL 

PBS that was pre-equilibrated in anaerobic conditions. The resuspended pellet was strained 

through 70 µm cell strainers (Biologix, Naperville, IL). The contents on the surface of the 

70 µm strainers were collected using cell scrapers and placed into 1 mL of pre-equilibrated 

SFB recovery media in the anaerobic hood. 10 µl of this cell suspension was pipetted into 
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90 µl SFB recovery media into the first column of a 96-well plate, executing a 1:10 dilution. 

Each sample was further diluted across each row of the 96 well-plate by pipetting 10 uL of 

the sample into 90 uL SFB recovery media, making 10-1 to 10-13 dilutions across each row 

of the plate. The 96-well plates were incubated at 41°C under anaerobic conditions for 7 

days to perform the first round of dilution to extinction, assuming that the most diluted well 

that displayed observable growth originated from a single colony forming unit. Optical 

Density (OD) readings were taken with a Biotek® plate reading device every 24 hours at 

630 nm and subsequently recorded (Biotek, Winooski, VT). The most diluted sample with 

the highest OD reading was then used for the next passage for dilution to extinction. This 

method for dilution to extinction was carried out sequentially three times to obtain a culture 

containing high levels of SFB. 

Upon completion of the third dilution to extinction passage, the most diluted sample 

with the highest optical density was inoculated into 5 mL aliquots of SFB recovery media 

and incubated for 3 days at 41°C under anaerobic conditions in an anaerobic tent. After 

incubation, colonies were microscopically examined via Gram staining and frozen stocks 

were generated through 15% glycerol solutions. A complete flowchart of the experimental 

procedures used to extract SFB from ileal samples is detailed in Figure 1 below. 
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Figure 1: SFB extraction flow-chart. Experimental procedures used in the extraction and 

isolation of SFB from turkey intestinal samples. 

 

2.2.7 Genetic Identification of SFB 

 Ileal cultures that were filtered, diluted to extinction, and subsequently grown on 

Biolog Universal Growth agar supplemented with 5% defibrinated sheep's blood were 

harvested for genomic DNA extraction using the MoBio Power Soil DNA Extraction Kit 

(MoBio, Carlsbad, CA). The quantity of the genomic DNA was determined by measuring 

A260 using a UV-visible (UV-Vis) spectrophotometer (A260=1 corresponds to 50 ng/μl of 

double-stranded DNA). The quality of the genomic DNA was determined by measuring 

the A260/A280 ratio, and a value of 1.8 indicated pure DNA preparation as described 

(Sambrook, 1989). PCR using SFB-turkey-specific primer set SFB-FWD and SFB-REV 

and thermocycling protocol “SFB Protocol” was performed to determine the presence or 
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absence of turkey-associated SFB in experimental samples. Additionally, the samples were 

analyzed using the universal primer set Universal Primer V1-27F and Universal Primer 

V3-534R and thermocycling protocol “Universal Protocol” (as detailed above) to further 

analyze the overall composition of the experimental samples as they were presumed to 

contain a consortium of bacteria. To analyze each sample, 100 ng of genomic DNA, and 

0.1 µM/µL of each of the primers were used for each of the protocols. To confirm the 

efficacy of the PCR reaction, 5 ng of the positive control plasmid DNA was used; a reaction 

containing Mastermix, primers and PCR grade water was used as a negative control. 

Samples were screened for band size, clarity, and brand brightness via gel electrophoresis 

involving a 2% agarose gel consisting of agarose powder and SYBR safe DNA gel stain 

(Invitrogen). Samples that matched the banding pattern of the positive control were 

analyzed via Sanger sequencing and sequence analysis.  

2.2.8 Sample Conditioning and Storage 

 Turkey ileal sections were stored in sterile whirlpak bags at 4°C during 

transportation and storage. Extracted intestinal bacteria and E. coli DH10B were stored in 

freezer stocks of 85% overnight culture in optimal growth media (SFB recovery media and 

tryptic soy broth respectively) and 15% sterilized glycerol at -80°C. PCR reagents and 

primers were stored at -20°C. SFB recovery media, LB agar and broth and BUG+B agar 

plates were stored at 4°C. 

2.3 Results and Discussion 

 The presumptive sample of turkey-associated SFB was obtained from ileal samples 

of 1- to 2-week-old poults and confirmed by both 16S rRNA amplicon profiling and light 

microscopy. Analysis of the sample via 16s RNA amplicon profiling indicated a high 
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relative abundance of “Candidatus Arthromitus”, a candidate name used to refer to certain 

varieties of SFB. The examined and sequenced sample contained genomic DNA sequences 

from several bacterial clones, as the obtained genetic sample was derived from several 

bacterial clones obtained from the sampled ileal sections. Microscopic examination of 

Gram stained samples revealed the presence of long, filamentous, Gram-positive bacteria 

with observable segmentation. This result was consistent with descriptions of other strains 

of SFB (Chase and Erlandsen, 1976; Klassen et al., 1992).  

The sample was then sequenced via metagenomic shotgun sequencing and 

assembled into a presumptive bacterial chromosome. The presumptive genome was 

mapped and aligned with four other sequences of mouse- and rat-associated SFB genomes 

and to predict the presence of large-scale evolutionary events such as rearrangement and 

inversion, revealing that the turkey-associated strain possesses a uniquely organized 

genome when compared to the murine-associated strains (Figure 2). The generated 

alignments of the 5 strains revealed that the murine-associated strains possessed very 

similar genomes, displaying a very consistent pattern of locally collinear block (conserved 

segments that appear to be internally free from genome rearrangements) distribution, 

whereas turkey-associated SFB appeared to have several rearrangements in the overall 

distribution of locally collinear blocks, indicating that evolutionary divergences may have 

occurred over time due to their association with their respective host species (Figure 2).  



 51 

 

Figure 2: MAUVE genome alignment of 5 SFB strains. The strains are aligned by the 

homology and arrangement of loci. The strains are ordered as follows: SFB-turkey, SFB-

mouse-NL, SFB-mouse-Yit, SFB-mouse-Japan, SFB-rat-Yit. Locally collinear blocks are 

represented by the colored rectangles. 

 

The final assembly of the turkey-associated SFB genome was 1,631,326 bp in 

length and contained 41 contigs, 31 assembly gaps, 28 of which are 1 base pair in length. 

The remaining 3 assembly gaps were 36, 27, and 38 base pairs in length. The finalized 

genome sequence of “Candidatus Arthromitus” sp. UMNCA01 (henceforth referred to as 

SFB-turkey) was assembled and annotated to determine the number of predicted genes, 

coding sequences, tRNAs, 16S rRNA genes and several other genomic features (Table 2).  
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Table 2: Global statistics of the “Candidatus Arthromitus” UMNCA01 genome. 

Parameter Value 

Total sequence length (base pairs) 1,631,326 

Total number of genes 1,577 

Total number of coding sequences 1,540 

Number of coding genes 1,480 

Number of coding sequences (coding) 1,480 

Number of RNA genes 37 

Number of 16S rRNA genes 1 

Number of partial 16S rRNA genes 1 

Number of tRNA genes 33 

Number of ncRNA genes 3 

Number of pseudogenes  60 

Number of scaffolds 41 

Scaffold N50 (base pairs) 68,513 

Scaffold L50 (base pairs) 9 

Number of contigs 44 

Contig N50 (base pairs) 57,760 

Contig L50 (base pairs) 10 

 

Following the annotation of the genome of SFB-turkey, the predicted sequence of 

the 16S rRNA was successfully cloned into the pBR322 plasmid expressing a kanamycin 

resistance gene, which was subsequently transformed into E. coli DH10B cells (Figure 3). 

Competent cells expressing several copies of this plasmid were used as a positive control 

for the detection of SFB in future experiments, using this sequence of the 16S rRNA gene 
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as a benchmark for the development of a PCR protocol and in the determination of the 

presence or absence of SFB in culture.  

 

Figure 3: pBR322 positive control plasmid map. This positive control plasmid contains 

the 16S rRNA sequence of SFB titled “SFB”. Other components of the plasmid include 

EcoRI, SaII, BamHI, and HindIII restriction sites, and a kanamycin resistance gene, kanR. 

 

 Following the successful development of the positive control plasmid, the optimal 

concentration of this plasmid to use in genetic screens was determined through the use of 

a universal, non-specific primer set. The efficacy of this protocol to accurately discriminate 

the presence of the 16S gene of SFB from that of other microorganisms was confirmed via 

Sanger sequencing and sequence comparison, yielding a high sequence similarity to that 

of other sequenced SFB strains. The most similar sequences to that of the positive control 

are shown in Table 3. 
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Table 3: BLASTN results of positive control amplified with universal primers. Top 5 

sequences producing significant sequence alignments to the PCR amplicons of pBR322 

using universal, non-specific primer set Universal Primer V1-27F and “Universal Primer 

V3-534R. Sequence similarity was calculated using NCBI’s BLASTn pipeline. 

Description 
Query 

Cover 

% 

Identity 

Uncultured bacterium clone BY1 16S ribosomal RNA gene 97% 96.64% 

Long segmented filamentous organism 16S rRNA 96% 96.88% 

Candidatus Arthromitus sp. SFB-rat-Yit DNA, complete 

genome 

100% 94.48% 

Candidatus Arthromitus sp. SFB-mouse-NL, complete genome 100% 93.69% 

Candidatus Arthromitus sp. SFB-mouse-Yit DNA, complete 

genome 

100% 93.69% 

 

After the quality of the positive control plasmid pBR322 was confirmed, several 

primer pairs were designed to specifically amplify the 16S gene of SFB-turkey, and to 

effectively discriminate SFB from other bacteria. Each of the primer sets were tested 

against the positive control plasmid sequence and genomic DNA sequences of Bacillus 

subtilis and Escherichia coli to determine the efficacy of the primers to amplify the 16S 

gene sequence encoded by the positive control plasmid and to discriminate against non-

target sequences. Figure 4 displays the entire 16S gene sequence of SFB-turkey used as a 

template used to generate sequences and highlights the target amplicon sequence framed 

by the optimal primer set SFB-FWD and SFB-REV. 
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Figure 4: 16S rRNA sequence of SFB-turkey and selected amplicon. A. The 16S rRNA 

sequence was cloned into pBR322 and used to generate SFB-specific primer sequences. 

The highlighted region corresponds with the expected amplicon generated by the primer 

sequences SFB-FWD and SFB-REV. B. Primer sequence alignments of the sequence of 

SFB-FWD and reverse complement of SFB-REV. 

 

After electrophoresis it was determined that one set of primers in particular, forward 

primer “SFB-FWD” and reverse primer “SFB-REV” produced a single, clear band around 

150 base pairs in length, matching the overall expected amplicon size of 132 base pairs 

(Figure 5). The other candidate primer pairs either produced several bands or band sizes 

that failed to match the expected amplicon size as predicted by the Primer BLAST tool and 

were not used in future genetic screens. Additionally, the designed primer set was observed 

to only amplify the target sequence of interest, as there was no observed amplification 

when the protocol was screened against the pBR322 plasmid without the insertion of the 

16S gene of SFB-turkey, and 50 ng of genomic DNA extracted from Escherichia coli and 

Bacillus subtilis (Figure 5). 
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Figure 5: PCR screen for primer specificity. Gel electrophoresis results of PCR 

amplification plasmid pBR322 with or without the insertion of the 16S rRNA gene of SFB-

turkey, and E. coli strain 12435 and B. subtilis strain 23857. This gel displays PCR 

amplicons produced by SFB (~130 bp) and universal (~550 bp) primers and protocols. 

Expected amplicon sizes are indicated by markers on the right side of each gel; red for 

SFB, blue for universal. 

 

Further screening of this primer set allowed for the determination of the optimal 

primer concentration to produce clear signals and to mitigate the presence of primer dimers. 

To confirm the efficacy of the SFB-specific primer set to accurately identify and 

distinguish the target 16S sequence encoded by the positive control from other 16S 

sequences, PCR products amplified by the SFB-specific primer set were analyzed via 

Sanger sequencing and sequence comparison, yielding a high sequence similarity to that 

of other sequenced SFB strains (Table 4). 

After the development of a SFB-specific PCR protocol for the detection of turkey-

associated SFB using the positive control plasmid pBR322, attempts to extract and isolate 

SFB from turkey intestinal samples were conducted. To increase the likelihood of obtaining 

high concentrations of SFB from the intestinal samples, poults ranging in age from 1-14 
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days of age were selected for sacrifice as SFB have been observed to appear in higher 

proportions in turkey flocks aged 1-3 weeks old (Danzeisen et al., 2013). The intestinal 

contents were processed via mechanical separation of the ileal sections and the use of cell 

scrapers to remove attached SFB filaments from the intestinal mucosa. Once the contents 

were mechanically separated from the ileal sections, the collected material was processed 

to remove most of the eukaryotic cells from the intestinal homogenate, leaving mostly 

bacterial cells with few remaining host cells.  

Table 4: BLASTN results of positive control amplified with SFB-specific primers. Top 5 

sequences producing significant sequence alignments to the PCR amplicons of pBR322 

using SFB-specific primer set SFB-FWD and SFB-REV. Sequence similarity was 

calculated using NCBI’s BLASTn pipeline. 

Description 
Query 

Cover 

% 

Identity 

Candidatus Arthromitus sp. SFB-mouse strain R5I-1380-6 16S 

ribosomal RNA gene, partial sequence 

38% 95.56% 

Candidatus Arthromitus sp. SFB-mouse clone Human80-Female-

43Year-3 16S ribosomal RNA gene, partial sequence 

39% 92.55% 

Candidatus Arthromitus sp. SFB-mouse strain R5I-1380-8 16S 

ribosomal RNA gene, partial sequence 

38% 93.33% 

Candidatus Arthromitus sp. SFB-mouse-NL, complete genome 38% 93.33% 

Uncultured Clostridiales bacterium partial 16S rRNA gene, isolate 

Phy1329 

38% 93.33% 

 

In order to provide the necessary nutritional supplementation to support the highly 

auxotrophic needs of SFB, media formulated by Schnupf et al., 2015 to culture mouse-

associated SFB was used to enrich the filtered intestinal homogenates for SFB (Schnupf et 

al., 2015). Following incubation, the collected samples were separated using a differential 

density media to separate bacterial cells from any remaining mucosal cells based on the 

overall density differences between the eukaryotic and prokaryotic cells. Once the bacteria 
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were separated, the samples were separated further using 70 µm cell strainers in an attempt 

to capture only elongated SFB filaments, which can reach lengths of up to 100 µm (Chase 

and Erlandsen, 1976). After passing the isolates through cell strainers, the bacterial filtride 

remaining on the top of the cell strainer was further incubated and used in three passages 

of dilution-to-extinction in microwell plates containing SFB media in an attempt to 

generate cultures originating from a singular bacterial clone. This was performed three 

times to optimize the purification process and improve the likelihood that the cultures 

would originate from a single cell. Diluted cultures were then incubated in liquid SFB 

media and were screened via light microscopy and Gram staining to contain a mixture of 

Gram-variable filaments and Gram-positive rods. The liquid culture samples contained 

high concentrations of filamentous bacteria with differentiated filaments and dense 

structures contained within the developing filaments, a morphology indicative of the 

intracellular offspring stage of SFB development (Figure 6) (Schnupf, et al., 2013). These 

cultures were also observed to contain bacterial co-contaminants in the form of Gram-

positive rods. 
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Figure 6: Presumptive Gram-stained SFB cells. Cells were examined under 1000X 

magnification using light microscopy. Filaments of over 50 µm can be observed containing 

likely intrasegmental bodies, seen here as darker purple dots, throughout each of the 

filaments 

  

The genomic DNA from these colonies was extracted and analyzed via PCR 

analysis using both aforementioned universal and SFB-specific primer sets. Amplified 

PCR products were submitted for analysis via Sanger sequencing where it was determined 

that samples amplified using the SFB-specific primer set produced amplicons that had high 

sequence homology to previously identified strains of segmented filamentous bacteria, 

implying the presence of SFB. Sequence analysis additionally revealed that PCR samples 

that were amplified using the universal primer set had high sequence homology to strains 

of the genus Bacillus. The presence of members of the genus Bacillus in the ileal samples 

indicated that the extracted bacteria contained turkey-associated SFB and at least one 

member of the genus Bacillus. These results suggest that the described methodology was 

sufficient to extract segmented filamentous bacteria from the ileal consortia of turkeys, but 

was insufficient to completely exclude other, undesirable bacteria. The described 
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methodology may need refinement but was very effective in reducing the overall diversity 

of other bacterial strains and in obtaining a working culture of turkey-associated SFB. 

Potential avenues for the exclusion of Bacillus from these cultures may be the utilization 

of dilution-to-extinction, treatment with antibiotics, and the utilization of species-specific 

bacteriophages. These methods are explored more completely later in this dissertation in 

Chapter 5. 

2.4 Conclusions 

 The methodologies detailed in this chapter were essential in obtaining a whole 

genome sequence of SFB-turkey, working samples of SFB for use in future research and 

experimentation, and in developing a methodology for the detection and analysis of SFB 

in experimental cultures. The assembled whole genome sequence of turkey-associated SFB 

was instrumental in subsequent comparative genomic and metabolomic studies, providing 

a reference genome for the overall differences between turkey- and murine-associated 

strains of SFB. When attempting to generate a PCR protocol for the accurate detection of 

SFB in cultures, a primer pair, thermocycling protocol and positive control were all 

generated, allowing for the accurate discrimination of the 16S gene of SFB from other 16S 

sequences. Additionally, a combination of methodologies allowed for the extraction and 

near-isolation of SFB from ileal samples, the nutritional requirements of which would be 

determined in future analyses. However, the methodologies employed were insufficient in 

providing a pure culture of SFB but were able to narrow the microbial population 

significantly. This study has potential limitations. The usage of Sanger sequencing of 

amplified PCR products provides insights into the organisms present in the microbial 

community but is impacted by the overall amount of template DNA present in the genomic 
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sample and primer sequence biases. Therefore, the presence of certain microbial species 

may be over or underestimated, depending on the amount of genomic DNA present and 

the primers’ affinity for certain sequences. 
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Chapter Three 

COMPARATIVE GENOME ANALYSIS OF COMMENSAL SEGMENTED 

FILAMENTOUS BACTERIA (SFB) FROM TURKEY AND MURINE HOSTS 

REVEAL DISTINCT METABOLIC FEATURES 

3.1 Introduction 

  

The animal gastrointestinal tract harbors a diverse ecosystem of fungi, protozoans, 

and bacteria, many of which live in mutualistic harmony with their host. The microbial 

inhabitants of the intestinal mucosa provide numerous benefits to the host through 

synthesizing vitamins and cofactors, metabolizing indigestible polysaccharides and 

providing protection from colonization by pathogenic bacteria (Backhed et al., 2005; 

Hooper et al., 2002). Additionally, the succession of the gut microbiota is essential in the 

development and maturation of host immunity, impacting the overall composition of cell 

types present in the host epithelium and thereby altering the intestinal mucosa and the 

microbiome therein (Atarashi et al., 2011; Ivanov et al., 2011). 

Segmented filamentous bacteria (SFB) are host-adapted, intestinal symbionts that 

influence the adaptive and innate immune responses of their host. SFB are Gram-positive, 

spore-forming, microaerophilic bacteria characterized by a distinctive filamentous 

morphology (Ericsson et al., 2014; Schnupf et al., 2013; Hedblom et al., 2018). SFB belong 

to the family Clostridiaceae and represent a unique clade of Clostridial cluster 1, also 

referred to as Candidatus Arthromitus, and colonize a broad range of animal hosts, 

including mice, rats, chickens, turkeys and humans (Hedblom et al., 2018; Klaasen et al., 

1993; Snel et al., 1995; Danzeisen et al., 2013). SFB display a unique life-cycle involving 

intestinal binding, filamentation, differentiation, and production of either vegetative or 
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dormant offspring (Schnupf et al., 2013). SFB have been observed to bind to epithelial 

cells and subsequently induce cytoskeletal rearrangement within the host cell (Blumershine 

and Savage, 1978). Once bound to the host epithelium, SFB grow and elongate via the 

formation of transverse septa to form long filaments of up to 100 µm in length (Chase and 

Erlandsen, 1976). The ability of SFB to bind to the intestinal mucosa occurs in a host-

specific manner, as attempts to inoculate germ-free organisms with SFB homogenates 

generated from another host species have failed (Tannock et al., 1984). 

SFB are one of the first studied examples of a commensal bacterial species that 

possesses the ability to modulate the adaptive and innate immunity of their host. In mice, 

the binding of SFB to the host’s absorptive intestinal epithelium induces the differentiation 

of naïve CD4+ T cells to antigen-specific Th17 CD4+ cells and leads to the accumulation 

of Th17 cells in the terminal ileum of mice (Farkas et al., 2015). Th17 cells play a critical 

role in promoting and maintaining mucosal immunity through the production of several 

cytokines; interleukins IL-17A, IL-17F, IL-21, and IL-22 (Schnupf et al., 2017). The 

production of the cytokines IL-17A and IL17F aids in neutrophil chemotaxis and 

recruitment, while IL-22 stimulate the neutrophil-mediated production of host-defense 

peptides in the host epithelium, both of which lead to the clearance of bacterial or fungal 

pathogens from the gastrointestinal tract (Schnupf et al., 2017, Ivanov et al., 2009). The 

induction of T-cell differentiation is likely initiated by the binding of SFB flagellins to toll-

like receptors (TLR5) expressed in the intestinal epithelium and subsequently initiating the 

NF-𝜅B pathway (Kuwahara et al., 2011). Intestinal colonization by SFB has been 

implicated in the production of secretory immunoglobulin A (sIgA) which prevents the 

colonization of pathogenic microorganisms by blocking epithelial receptors, sterically 
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hindering the ability of these pathogens to bind to the mucosa (Talham et al., 1999; Mantis 

et al., 2011). Additionally, mice mono-colonized with SFB displayed an increased 

expression of genes commonly associated with inflammation in response to colonization 

by pathogenic bacteria, yet displayed equal fitness to germ-free mice (Ivanov et al., 2009). 

These findings indicate that SFB serve an essential function in the development of both the 

innate and adaptive immunity in mice. 

SFB have been implicated in improved health and growth outcomes in commercial 

turkey flocks (Meleagris gallopavo). In order to investigate the microbial basis of Light 

Turkey Syndrome (LTS), a condition with no known causative agent that produces birds 

consistently below the industry standard weight, Danzeisen et al. performed 16S rRNA 

analysis of underweight and normal-weight flocks to determine the role of microbial 

succession in the development of (LTS) (Danzeisen et al., 2013). Turkey poults afflicted 

by LTS display symptoms of lethargy, weight loss, diarrhea, and depression early on in the 

growth cycle and fail to grow to their genetic potential weight, yielding birds that are 4–5 

pounds underweight (Mor et al., 2013). When comparing the dominant operational 

taxonomic units (OTUs) of the higher-performing flocks to the dominant OTUs of the 

under-performing flocks, the higher-performing flocks harbored significantly higher 

proportions of SFB than their under-performing counterparts, suggesting that SFB may 

serve a similar immunostimulatory role in the intestinal mucosa of turkey (Danzeisen et 

al., 2013). The potential of turkey-isolated SFB to serve as a novel probiotic in the 

commercial production of turkey makes SFB organisms of particular interest to poultry 

farmers and researchers, as there is an increased demand for alternatives to antibiotic use 

in livestock due to the growing threat of antibiotic-resistance. 
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As SFB have not been cultivated as a pure bacterial culture ex vivo, the ability to 

study the optimal growth conditions of these bacteria has not been conducted. To gain 

greater insights into the complex auxotrophies of turkey-associated SFB for use in future 

cultivation efforts, a predictive genomics and metabolomics approach was utilized to 

determine the genetic determinants of a turkey-associated SFB strain obtained from 

commercial turkey poults that has recently been sequenced (Hedblom et al., 2020). In the 

current study, we have utilized comparative genomics to compare turkey-associated SFB 

(Hedblom et al., 2020) with mouse- and rat-associated strains of SFB previously sequenced 

and analyzed (Kuwahara et al., 2011; Prakash et al., 2011; Sczesnak et al., 2011; Pamp et 

al., 2012). Since the publication of these initial reports, which analyzed the genomes of 

selected strains of SFB and their metabolic characteristics, host-adaptive factors, and 

flagellar genes, there has been little research done to compare the characteristics of each of 

the represented strains and to assess the impact of host-adaptation on coevolution on the 

development of novel or divergent characteristics.  

To assess the nature of SFB in turkeys and how they may differ from mammalian-

associated SFB, the genome of turkey-associated SFB was compared with six 

representative genomes from murine hosts using an in silico approach. A core metabolic 

determinants shared across all SFB strains and genetic traits essential for microbe-host 

interactions were discovered. It was determined that turkey-associated SFB are very 

distinct from the murine-associated strains, possessing several distinguishing metabolic 

characteristics including an increased capacity to degrade amino acids (serine, threonine, 

glutamine), metabolize a broader array of mono/disaccharide substrates, break down 

complex glycans, hydrolyze and recycle primary bile acids, and synthesize, rather than 
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degrade biotin. Differences in these strains may provide further insights into the impact of 

coevolution with a given host organism on the development of novel characteristics. 

3.2 Materials and Methods 

3.2.1 Genomes of SFB Used in Current Study 

The strains used in this study represent assembled SFB genomes of mouse, rat and 

turkey hosts are as follows: SFB-mouse-YIT (GCA_000284435.1), SFB-rat-YIT 

(GCA_000283555.1), SFB-mouse-Japan (GCA_000270205.1), SFB-mouse-NL 

(GCA_000709435.1),  SFB-mouse-NYU (GCA_000225365.2), SFB-mouse-SU 

(GCA_000252785.2), and SFB-turkey (GCA_001655775.1). 

3.2.2 Assessing Functional Similarity of SFB Genomes 

The genomes of seven murine and turkey SFB were compared and analyzed at the 

level of genes and protein sequences using the Pathosystems Resource Integration Center 

(PATRIC) (Wattam et al., 2017). To compare the functional distribution of the contents of 

the SFB genomes of six murine and one turkey strain, we used the PATRIC Subsystems 

analysis tool. Subsystems, like clusters of orthologous genes are collections of functionally 

related proteins that are enumerated and divided into superclass (example: metabolism), 

class (example: biotin metabolism), subclass, and subsystem (Overbeek et al., 2005; 

Overbeek et al., 2013). In order to enable comparative analyses across several genomes 

and original annotations using consistent vocabulary, all of the genomes were annotated 

using a customized version of the RAST tool kit (RASTtk) through the PATRIC Genome 

Annotation service (Brettin et al., 2015). PATRIC assigns protein encoding genes protein 

family membership in order to drive comparative analysis tools and KEGG metabolic 

pathway information (Kanehisa et al., 2016). 
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3.2.3 Detection of Differential Metabolic Pathways Among Genomes of Six Murine and 

One Turkey-Associated SFB Strains 

In order to compare the presence and absence of proteins and specific metabolic 

pathways, the PATRIC Proteome Comparison tool, which uses a bidirectional best 

BLASTP analysis, was implemented (Johnson et al., 2008). In order to sort and compare 

these protein families, PATRIC Cross-Genus Protein Families (PGfams) were used (Davis 

et al., 2016). PGfams are comparable clusters of proteins that likely have been assigned 

similar functional assignments and annotations. For proteins with no annotation, BLAST 

similarity search was used to cluster these sequences (Johnson et al., 2008). The PGfams 

clusters were used for cross-genus comparison due to their slightly relaxed clustering 

criteria, which was selected for the relative novelty and scarcity of SFB genomes. The 

Proteome Comparison tool allowed for the filtering of functionally assigned gene families 

based on the presence or absence of these genes across the examined genomes. This tool 

was used to examine functional families that were specifically present or absent only in 

SFB-turkey. 

3.2.4 Sequence Similarity and Phylogenetic Tree Construction 

         To determine the sequence similarity and phylogenetic relationship between the 

genomes of six murine and one turkey SFB, the PATRIC Similar Genome Finder was 

implemented (Wattam et al., 2017). The Similar Genome Finder utilizes Mash, which 

functions by reducing whole genome sequences into representative sketches that are used 

for estimating mutation rates of analyzed k-mer sequences (Ondov et al., 2016). This tool 

compares against all public genome sequences and yields the distance between these 

sequences and a corresponding P-value (Davis et al., 2019). For phylogenetic tree 
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construction, the genomes of seven SFB strains were analyzed through the PATRIC Codon 

Trees pipeline, which utilizes PATRIC Cross-Genus Protein Families (PGfams) to align 

1000 single copy protein and nucleotide sequences using MUSCLE and Biopython 

respectively (Edgar, 2004; Cock et al., 2009). Support values for the phylogenetic tree were 

generated from 100 rounds of rapid bootstrapping in RAxML (Stamatakis et al., 2008). 

The P-value threshold used was 0.001, and the maximum distance between sequences was 

set at 0.5 to allow for SFB-rat and SFB-turkey to be included. 

3.3 Results and Discussion 

The turkey SFB genome “Candidatus Arthromitus UMNCA01”, henceforth 

referred to as SFB-turkey, consists of a single circular chromosome with 1,631,326 base 

pairs and assembled into 41 contigs (Figure 1). The single chromosome possesses an 

average G+C content of 26.14%, which is similar, but slightly lower than other members 

of Clostridial Cluster I (Prakash et al., 2011). A putative origin of replication was identified 

by a distinct inflection point in coding direction at the loci of the dnaA gene. A total of 

1,604 coding sequences (CDS) were predicted from the SFB-turkey genome sequence, 

with an average length of 931 base pairs (Table 1). The genome sequence was annotated 

using the National Center for Biological Information (NCBI) Prokaryotic Genome 

Annotation Pipeline and subsequently analyzed using the Pathosystems Resource 

Integration Center (PATRIC) (Wattam et al., 2017). Of the predicted 1,604 CDS, 1,035 of 

these sequences were assigned functional roles in PATRIC, representing a 64.5% coverage 

of the predicted CDS, comparable with that of other members of SFB (Table 1). The 

remaining 569 CDS were not assigned functional roles and were instead designated as 

hypothetical proteins.
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Table 1: Genome features of 7 strains of Segmented Filamentous Bacteria and 

Clostridium beijerinckii 

  SFB-

Turkey 

SFB-

Mouse-

Japan 

SFB-

Mouse-

YIT 

SFB-

Mouse-

NYU 

SFB-

Mouse-

NL 

SFB-

Mouse-SU 

SFB-Rat-

YIT 

Clostridium 

beijerinckii 

NRRL B-

593 

Genome Size 

(bp) 

1,631,326 1,620,005 1,586,397 1,569,870 1,654,902 1,566,160 1,515,556 6,156,662 

G+C Content 26.14% 28.26% 28.11% 27.90% 28.10% 27.80% 27.98% 29.57% 

CDS 1,604 1,540 1,499 1,503 1,594 1,511 1,412 5,808 

tRNAs 33 38 37 36 37 37 37 52 

rRNAs 1 18 15 6 15 17 16 3 

Hypothetical 

Proteins 

569 442 421 426 519 422 379 1,854 

Proteins with 

Functional 

Assignments 

1,035 1,098 1,078 1,077 1,075 1,089 1,033 3,954 

% Proteins 

with 

Functional 

Assignments 

64.53% 71.29% 71.91% 71.66% 67.44% 72.07% 73.16% 68.08% 

 

 



 

 70 

 
 

Figure 1: Circular representation of the SFB-turkey genome. The 41 contigs were arranged 

into a circular pseudochromosome (see Methods). Circles from the outside in are as 

follows: (1) Contig mapping including assembly gaps. (2) Coding Sequences (CDS) on the 

forward strand of the chromosome. (3) Coding Sequences (CDS) on the reverse strand of 

the chromosome. (4) G+C content at each loci on the bacterial chromosome. (5) G+C skew 

at each loci on the bacterial chromosome. 

 

The SFB-turkey genome contains a single rRNA operon and 33 tRNA genes, a 

relatively low number as compared to other members of Clostridial cluster I and among 

SFB representatives (Table 1) (Sczesnak et al., 2011). A single CRISPR sequence with 11 

identical repeats and 10 unique spacer sequences was identified, along with 7 CRISPR-

associated (Cas) proteins (including Cas1-Cas5), which are localized on contig 38. 

CRISPR sequences and associated proteins confer resistance to exogenous genetic 
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elements (Horvath et al., 2010). The presence of these CRISPR loci suggests that SFB are 

frequently exposed to foreign invading mobile genetic elements such as bacteriophages. 

Six representative SFB genomes from murine hosts (5 from mouse hosts and 1 from 

rat) were selected (GCA_000284435.1, GCA_000283555.1, GCA_000270205.1, 

GCA_000709435.1, GCA_000225365.2, GCA_000252785.2) to compare and assess the 

functional characteristics of turkey-derived SFB. The annotated genome sequences of 

SFB-mouse-Yit, SFB-mouse-Japan, SFB-mouse-NYU, SFB-mouse-NL, SFB-mouse-SU, 

SFB-rat-Yit, and SFB-turkey were selected and analyzed using PATRIC analytical tools. 

The SFB-turkey genome was analyzed using the PATRIC similar genome finder to find 

the most closely related non-SFB, free-living bacteria for use in phylogenetic comparisons. 

According to this analysis, Clostridium beijerinckii strain NRRL B-593 was identified as 

the most closely related, non-SFB, bacterial strain to SFB-turkey. Therefore, we used C. 

beijerinckii as a Clostridial reference genome to study the general features of murine and 

turkey SFB strains. Though not closely related to the murine and turkey SFB genomes, C. 

beijerinckii remained the closest relative based on the similar genome finder predictions 

and was therefore used as a phylogenetically related outgroup. 

When comparing the genome sequence predictions of all selected murine and 

turkey SFB strains, the SFB-turkey genome was predicted to possess the highest number 

of CDS (1604), while also possessing the second lowest number of proteins with assigned 

functions (1035) out of the 7 analyzed genomes of murine and turkey-SFB strains (Table 

1). The SFB-turkey genome is the second largest SFB genome and is bigger than the 

average genome size of mouse associated SFB. SFB-turkey possesses a G+C content of 

26.14% which is roughly 2% less than the murine genomes, and around 3.5% less than that 
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of C. beijerinckii (Table 1). This divergence in G+C content indicates that SFB-turkey is 

the most evolutionarily divergent and dissimilar strain among all of the sequenced murine 

and turkey-SFB strains. The overall genome size of C. beijerinckii is approximately 3.8 

times larger than the average SFB genome size and is similarly predicted to possess 3.8 

times more CDS (5,808) than SFB (Table 1). 

To assess the overall functional distribution of the analyzed SFB genomes, we 

compared PATRIC Subsystems assignments for each of the murine and turkey SFB strains 

and C. beijerinckii NRRL B-593. On average, around 25% of all the genes (158) with 

subsystems assignments in SFB are involved in protein processing, while only 13% of the 

functionally assigned C. beijerinckii genes (224) are involved in protein processing (Figure 

2, Figure 3). The genomes of analyzed SFB strains are deficient in metabolism subsystems, 

which comprised an average of 24% of the assigned SFB genes (average of 155), and 43% 

of the assigned genes (731) in C. beijerinckii. The genomes of murine-associated strains of 

SFB appear fairly consistent in the distribution of subsystems, while SFB-turkey possesses 

a greater proportion of genes associated with metabolism and a smaller proportion of genes 

associated with cellular processes, such as cell division, sporulation and chemotaxis, than 

the murine-associated strains. Within the “metabolism” category, SFB-turkey encodes 

slightly more enzymes than the murine SFB strains, 169 and 155 genes respectively (Figure 

3). Conversely, within the “cellular processes” category, SFB-turkey is predicted to encode 

fewer proteins than the average of the murine SFB strains (83 and 155 genes respectively). 

Other subsystems categories, such as DNA processing, RNA processing, and energy 

production CDSs and associated pathways are very similarly conserved across all the 

murine and turkey-SFB genomes. Comparison of the subsystems assignments of SFB with 
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C. beijerinckii showed that SFB have fewer genes in every subsystems category (Figure 

3), but the magnitude of these differences is not consistent across all the subsystems. For 

example, C. beijerinckii is predicted to possess approximately 1.25 times as many genes 

involved in protein processing than SFB, but are predicted to possess as much as 5 times 

more genes involved in metabolic functions (Figure 3). These results highlight that SFB 

strains are highly dependent on the host system and lack very crucial pathways such as de 

novo synthesis of amino acids, nucleotides and cofactors. These findings serve to highlight 

the overall auxotrophic nature of SFB and defines their phylogenetic position between free-

living bacterial and obligate intracellular symbionts (Kuwahara et al., 2011). 

 
Figure 2: Subsystems Assignments of 7 strains of Segmented Filamentous Bacteria and 

Clostridium beijerinckii, by percentage of genome. Overview of the PATRIC Subsystem 

assignments of the 7 examined SFB strains and Clostridium beijerinckii as represented by 

the percent of genes in each Subsystem category. 
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Figure 3: Subsystems Assignments of Segmented Filamentous Bacteria and Clostridium 

beijerinckii by number of genes. Overview of the PATRIC Subsystem assignments of the 

7 examined SFB strains and Clostridium beijerinckii as represented by the number of genes 

in each Subsystem category. 

 

In examining the phylogenetic position of SFB-turkey in relation to the murine-

associated strains of SFB, it was determined that SFB-turkey is dissimilar to the other 

strains and serves as the outgroup in a phylogenetic tree (Figure 4). Each of the mouse-

associated strains of SFB displayed high phylogenetic similarity to eachother, with SFB-

rat-Yit serving as the most dissimilar of the murine-associated strains of SFB. When 

examining the overall protein sequence similarity of the each of the murine-associated 
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strains to that of SFB-turkey, it was determined that SFB-turkey has a much lower sequence 

homology (avg around 70%) than that of the murine associated strains (Figure 5). The 

mouse-associated strains display far greater protein sequence homology to each other (avg 

around 99.5%), and are much more dissimilar to the sequences of SFB-rat-Yit and SFB-

turkey (Figure 5). These findings further underscore the role of host-association on the 

evolutionary divergence of SFB. 

 

Figure 4: Phylogenetic Tree of 7 Strains of SFB. A phylogenetic tree representing all 7 of 

the examined SFB strains. Generated using the PATRIC Codon Trees pipeline. 
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Figure 5: Proteome Comparison of 7 strains of Segmented Filamentous Bacteria. Protein 

sequence-based genome comparison of 7 SFB genomes using bidirectional BLASTP using 

SFB-turkey as a reference genome (A), or SFB-mouse-NL as a reference genome (B). 

 

The genome of the seven analyzed SFB strains possess a core set of metabolic 

capabilities and deficiencies. The genome of each SFB strain exhibits several common 

features of anaerobic bacteria, lacking any CDS for the electron transport chain and 

tricarboxylic acid cycle. The genomes of SFB strains are predicted to possess all the 

enzymes of the glycolytic pathway for the conversion of glucose to pyruvate and the non-

oxidative phase of the pentose phosphate pathway. In contrast, the enzymes for the 

oxidative phase of the pentose phosphate pathway were absent. As expected, the genome 

of each SFB strain possesses pathways for the production of lactate, alcohol and acetate 

from pyruvate and hence, likely to generate energy through anaerobic fermentation (Figure 

6). In addition, the genomes of all the SFB-strains encode genes for alcohol, aldehyde, and 

lactate dehydrogenases, which facilitate the oxidation of substrates in the fermentation 
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process. The action of pyruvate ferredoxin oxidoreductase generates acetyl-CoA, carbon 

dioxide and hydrogen ions; the latter is likely to be used by SFB to create a proton gradient 

for ATP synthesis (Prakash et al., 2011). SFB likely utilize fermentation byproducts for 

substrate-level phosphorylation via the action of phosphoglycerate kinase, acetate kinase, 

and pyruvate kinase in a method similar to that of other Clostridia (Desvaux et al., 2005). 

Each SFB strain encodes genes for catalases and one peroxidase, indicating that these 

bacteria are likely to exhibit some degree of oxygen tolerance in the microaerobic 

environment of the intestine. 

SFB rely on their host and the surrounding intestinal environment for the uptake of 

numerous carbohydrates, as evidenced by the presence of several carbohydrate 

transporters. Genes encoding several phosphotransferase systems (PTSs) and ATP-binding 

cassette (ABC) transporters for the uptake of various carbohydrates, including ascorbate, 

fructose, glucose, mannose, mannitol, and cellobiose were detected in the genomes of all 

the SFB strains (Figure 6). Additionally, the complete enzymatic pathways to convert these 

substrates to glyceraldehyde-3-phosphate were also detected. The complete enzymatic 

suite of the ula operon containing the genes for production of enzymes for the transport 

and conversion of L-ascorbate to D-xylulose-5-phosphate, which is later used in the non-

oxidative phase of the pentose phosphate pathway, was predicted to be encoded by the 

genomes of all the representative SFB strains. The genomes of all the SFB are predicted to 

participate in the foraging of glycans from the intestinal epithelium, encoding enzymes 

involved in the import and utilization of mannose, N-acetylglucosamine, and sialic acid. 

To degrade these complex host glycans, SFB secrete alpha-N-acetylglucosaminidase and 

endo-β-N-acetylglucosaminidase. 
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Figure 6: Comparison of the metabolic capabilities of SFB strains isolated from turkey 

and murine hosts. Color coding for divergent metabolism is as follows: enzymatic 

pathways and transporters that are shared by all SFB strains appear in black, complete 

metabolic pathways conserved in each strain are in bold and italicized, enzymatic pathways 

and transporters that are unique to SFB-turkey appear in purple, enzymatic pathways and 

transporters that are unique to the murine-associated strains appear in orange. Ovals are 

used to indicate permeases, rectangles represent import/export-type transporters. 

 

Each of the analyzed SFB genomes is predicted to lack many critical enzymes for 

the biosynthesis and metabolism of amino acids, and instead likely rely on the digestion 

and uptake of exogenous peptides for amino acid acquisition. The SFB genomes only 

encode enzymes for the synthesis of lysine and for the interconversion of aspartate, 

glutamate, asparagine, and glutamine. Additionally, glycine hydroxymethyltransferase 

catalyzed interconversion reactions of glycine and serine were predicted in all the genomes. 

Despite the lack of encoded enzymes for the production of amino acids, several permeases 
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and transporters for the uptake of amino acids and oligopeptides are present in the genomes 

of SFB strain indicating an efficient system for the uptake of amino acids. To break down 

the exogenously acquired oligopeptides to utilizable amino acids, the genomes of all the 

SFB strain encodes numerous peptidases and proteases. The genomes of all the SFB strains 

showed incomplete or absent biosynthetic pathways of most essential vitamins and 

cofactors (such as B1, B2, and B12, pyridoxine, nicotinamide, pantothenate, and biotin). 

Also, the genomes of SFB strains are unable to synthesize nucleotides independently; 

instead utilizing alternative pathways that rely largely on the exogenous uptake of 

nucleotide bases via the use of several PTSs and other permeases (Figure 6). 

The genomes of all the SFB possess complete enzymatic pathways for the 

shikimate shunt, the synthesis but not degradation of fatty acids, and the non-mevalonate 

pathway (MEP pathway) for the synthesis of terpenoids in the synthesis of peptidoglycan 

(Figure 6). In order to compete with the host and members of the intestinal microbiota for 

iron acquisition, SFB encodes a number of iron transporters and uptake systems. Each 

strain encodes ATP-binding cassette proteins for the uptake of ferric iron, ferrous iron, and 

ferrichrome (Figure 6). The uptake of these siderophores is essential, as all SFB lack the 

ability to synthesize siderophores of their own. Each of the SFB strains have Sec-dependent 

secretory machinery; encoding for SecA, SecD, SecE, SecF, SecG, and SecY. Similar to 

previous analyses, the translocation-specific chaperone SecB appears to be absent in all 

SFB genomes, suggesting that SFB utilize a modified Sec system (Prakash et al., 2011). 

         Despite a broad array of common characteristic features among the genome 

sequence of six murine and one turkey-associated SFB, there are several unique 

characteristics of SFB-turkey that make this strain distinct from the murine-associated SFB 
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strains. In considering the ability of each strain to metabolize carbohydrates, the genome 

of SFB-turkey is predicted to encode many more enzymes for the uptake and utilization of 

a broader array of substrates. Unlike the six murine genomes, we observed that the genome 

of SFB-turkey is predicted to encode all the enzymes of the pentose phosphate pathway. 

Specifically, transaldolase is the enzyme of this pathway that is only present in the turkey-

SFB genome and it catalyzes the reaction of sedoheptulose 7-phosphate and 

glyceraldehyde 3-phosphate to produce erythrose 4-phosphate and fructose 6-phosphate 

(Figure 6). The genome of SFB-turkey is also predicted to encode the fructokinase enzyme, 

which specifically catalyzes the transfer of a phosphate group from ATP to fructose as a 

first step in its utilization in glycolysis. 

The host intestinal environment contains a variety of bioavailable glycans, either 

from the host itself or from the intestinal microflora. Like many other mucosa-associated 

bacteria, SFB must first cross the mucus layer that serves as a protective barrier to prevent 

most other bacteria from reaching the epithelium. It has been previously reported that 

SFB’s specialized ability to utilize certain glycan residues, such as mannose and N-

acetylglucosamine, provide a competitive advantage in intestinal colonization (Sczesnak 

et al., 2011). Unlike the murine-associated strains of SFB, SFB-turkey is predicted to utilize 

sucrose, raffinose, stachyose, and sialic acid as potential carbohydrate sources. SFB-turkey 

is also predicted to encode the enzyme beta-fructosidase (invertase), which catalyzes the 

hydrolysis of terminal non-reducing beta-D-fructofuranoside residues leading to the 

conversion of sucrose to D-fructose and D-glucose, raffinose to melibiose and D-fructose, 

and stachyose to manninotriose and D-fructose (Figure 6). To import these carbohydrates, 

only the SFB-turkey genome encodes a putative phosphotransferase system for the uptake 
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of sucrose and the maltodextrin ABC transporter (MsmX). The specific presence of these 

enzymes in the SFB-turkey genome suggests that it has developed a competitive advantage 

in comparison to murine SFB to adapt to a highly complex host intestinal environment of 

turkey for utilization of intermediate glycans as primary carbohydrate sources. 

         In considering the ability of each strain to synthesize and utilize purines and 

pyrimidines, SFB-turkey is distinct from the murine-associated SFB strains. The genome 

of SFB-turkey encodes for the metabolic pathway for the de novo synthesis of purine 

nucleotides from phosphoribosyl pyrophosphate (PRPP) through the action of uracil 

phosphoribosyltransferase, suggesting that turkey-associated SFB alone utilize pentose 

phosphate pathway products in the biosynthesis of nucleotides (Figure 6, Figure 7) 

(Selwood and Jaffe, 2012). The genome of SFB-turkey also possesses a pathway for the 

conversion of L-glutamine to orotidine-5-phosphate, which is involved in the 

aforementioned pathway for the synthesis of nucleotides from PRPP. This pathway 

represents the only example in the SFB genomes that utilizes amino acids as an 

intermediate for the synthesis of nucleotides and may underscore an evolutionary 

divergence node between SFB-turkey and the murine SFB strains. 
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Figure 7: Comparative purine and pyrimidine metabolic pathways between SFB-turkey 

and murine SFB strains. A schematic comparing the metabolic capabilities of SFB strains 

isolated from turkey and murine hosts to utilize purines and pyrimidines. Color coding for 

divergent metabolism is as follows: enzymatic pathways that are shared by all SFB strains 

appear in black, enzymatic pathways and reactions that are unique to SFB-turkey appear 

in purple. 

 

In addition to the aforementioned differences in carbohydrate and nucleotide 

metabolism, SFB-turkey is the only SFB strain predicted to be able to synthesize biotin. 

SFB-turkey has been predicted to encode 8-amino-7-oxononanoate, adenosylmethionine-

8-amino-7-oxononanoate transaminase, dethiobiotin synthase and biotin synthase, all of 

which allow for the biosynthesis of biotin, while the murine-associated strains are predicted 

to lack all of these enzymes. To compensate for the lack of biosynthetic pathways for the 

production of biotin, murine-associated strains are predicted to encode the BioY biotin 

ECF transporter, which is likely to be involved in the import of biotin into the cell and its 

subsequent metabolism. Interestingly, SFB-turkey is also the only analyzed strain not 
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predicted to encode the BioY biotin ECF transporter. Each SFB strain is predicted to 

encode all subunits of the biotin-ligase holoenzyme for the conversion of biotin into 

biotinyl-CoA and holocarboxylase, which are involved in the production of urea and fatty 

acid biosynthesis respectively. 

         Another major difference between the genomes is that SFB-turkey possesses genes 

that encode enzymes for the hydrolysis of primary bile acids that are absent from the 

murine SFB genomes. SFB-turkey is predicted to encode choloylglycine hydrolase (bile 

acid hydrolase), which allows for the production of taurine, cholate, glycine and 

chenodeoxycholate from conjugated bile salts. With the exception of glycine, SFB-turkey 

has no apparent enzymatic steps or pathways to utilize these secondary bile acids and their 

precursors. Though this enzyme was previously predicted to be encoded by SFB-mouse-

SU (Pamp et al., 2012), our analysis predicted it to be only encoded by SFB-turkey. Bile 

acids have been reported as immunomodulatory and possess antimicrobial activities 

(Inagaki et al., 2006) and this may require SFB-turkey to synthesize bile acid hydrolase to 

overcome the antimicrobial effects of these host factors in the avian ileum. This mechanism 

has been described in other gut commensals (Jones et al., 2008). Deconjugated bile salts 

are less efficiently absorbed and more likely to be excreted by the host, increasing the 

demand for cholesterol for de novo synthesis of bile acids to replace lost bile salts 

(Hofmann, 1963). In mouse studies comparing mice inoculated with strains of Bacteroides 

with and without these bile salt hydrolases, it was found that the mice colonized with bile 

salt hydrolase-deficient bacteria gained less weight and had lower levels of fats and 

cholesterol in their blood and liver and tend to metabolize fats rather than carbohydrates to 

generate energy (Yao et al., 2018). 
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         Finally, SFB-turkey was the only SFB strain predicted to encode the subunits of a 

phosphotransferase system for the import and phosphorylation of N-Acetylmuramic acid 

and N-Acetylmuramic acid-6 phosphate etherase for the conversion of N-Acetylmuramic 

acid-6 phosphate to N-acetylglucosamine-6-phosphate (Figure 6). N-acetylglucosamine-6-

phosphate is used as an intermediate in the production of the host peptidoglycan layer and 

allows SFB-turkey to utilize alternate routes to synthesize the cell wall of these bacteria. 

According to the PATRIC subsystem assignments of each of the SFB genomes, 

each of the examined strains encodes several enzymes involved in sporulation and 

germination. Key genes encoding sporulation-related sigma factors were identified in each 

of the SFB strains. Like many other closely related Clostridia, each SFB strain lacks the 

essential enzymes involved in the phosphorelay system for sporulation initiation, such as 

Kin, Spo0B, and Spo0F (Prakash et al., 2011). The genomes of all the SFB strains are 

predicted to encode the same set of sporulation genes, with the exception of SpoIIR, a gene 

required for processing and compartmentalization of pro-SigE, which is not encoded by 

SFB-turkey. The genomes of all the murine and turkey-SFB encodes a single ger operon, 

which contains germinant receptors belonging to the GerA family. In the genome of each 

SFB-strain, the ger operon is directly preceded by cphAB and ispE genes upstream of the 

operon. The cphAB genes encode for cyanophycin synthase and cyanophycinase, two 

enzymes necessary for the biosynthesis of cyanophycin, an amino acid polymer comprised 

of Aspartic acid and Arginine (Prakash et al., 2011). Cyanophycin may be used by 

germinating SFB spores as an amino acid source during the germination process. The ispE 

gene encodes 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, which is a necessary 

enzyme in the methyl-erythritol phosphate (MEP) pathway for the synthesis of terpenoids 
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(Prakash et al., 2011). Terpenoids are essential components in peptidoglycan and cell 

membrane synthesis. The proximity of these gene loci to the ger operon suggests that the 

synthesis of these enzymes may be coupled with germination and transcribed in tandem 

with the operon. 

         The genomes of the murine-associated SFB strains encode 32 genes for the 

synthesis and assembly of flagella whilst the turkey-associated SFB is predicted to encode 

only 29 of these genes. The flagella genes includes several encoding the flagellin subunit 

FliC, as previously indicated in other studies examining the genome sequences of SFB 

strains (Kuwahara et al., 2011; Prakash et al., 2011). Each SFB strain encodes at least two 

copies of the fliC gene, with SFB-turkey encoding 4 copies. Flagellins are key filament 

proteins that have been implicated in the innate production of Th17 cells, serving as an 

agonist of Toll-like receptor 5 (TLR5) in intestinal dendritic cells and triggering the NF-

𝜅B signaling pathway of cytokine production (Hayashi et al., 2001; Uematsu and Akira, 

2009). The presence of a complete flagellar apparatus in most SFB strains suggests that 

these organisms may be motile at some point in the SFB lifecycle. SFB may also use 

flagella for penetrating the intestinal mucosa in a method similar to that of other intestinal 

bacteria (Guerry, 2007). Despite the proposed function of flagella in cellular motility, 

flagellated SFB cells have yet to be observed microscopically. Unlike the murine-

associated strains of SFB, the SFB-turkey genome lacks the genes encoding FliL, FlgN, 

and FlbD, which are responsible for flagellar rotation, flagellar assembly initiation, and 

transcriptional regulation, respectively (DeRosier, 1998). The absence of these 

aforementioned genes may indicate that SFB-turkey is the only strain with an incomplete 

flagellar apparatus and perhaps lost the ability to utilize this structure for motility and 
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chemotaxis related functions. The flagella in SFB-turkey may only serve as a surface 

antigen to present to TLR5 in the intestinal epithelia, losing the functionality of the 

complete flagellar apparatus during evolution. However, the perceived absence of these 

genes in the SFB-turkey genome may be due to low sequence homology of predicted CDS 

to known proteins. Finally, each SFB strain is predicted to encode 8 chemotaxis related 

proteins, including CheY which is involved in transmitting chemoreceptor signals directly 

to the flagellar motor complex (DeRosier, 1998). 

         The whole-genome sequence of SFB-turkey and subsequent comparison of this 

strain to several murine SFB strains, revealed a number of conserved characteristics of all 

segmented filamentous bacteria, and several metabolic capabilities that are unique to SFB-

turkey. All SFB have highly reduced genomes in comparison to other free-living bacterial 

genomes and are deficient in pathways for the de novo biosynthesis of amino acids, 

cofactors and nucleotides, underscoring the auxotrophic nature and non-cultivability of this 

unique group of Clostridia. To counteract these metabolic deficiencies, each SFB strain 

encodes numerous proteases, peptidases, permeases, and transporters to aid in the digestion 

and uptake of exogenous amino acids and nucleotides that are present in the host intestinal 

epithelia, capitalizing on the bioavailability of host or microbiome factors for survival and 

functionality. Due to the absence of core metabolic pathways, all the SFB strains are not 

tractable to culture under laboratory conditions. Such genome analysis could help in 

providing insights in the development of future experimental cultures. 

         SFB thrive in the host intestinal epithelium, an ecological niche rich in simple 

carbohydrates produced by the degradation of complex carbohydrates by brush-border 

digestive enzymes. SFB likely require these smaller monosaccharides and disaccharides to 
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survive, as they lack the enzymes for the digestion of more complex glycans and 

polysaccharides. However, unlike the murine-associated strains of SFB, turkey-associated 

SFB is predicted to encode a much more diverse set of enzymes for the degradation of 

carbohydrates, including invertase, which allows this strain to utilize sucrose, raffinose, 

and stachyose as potential carbohydrate sources. The ability of SFB-turkey to utilize a 

broader array of carbohydrates and glycans than their murine-associated counterparts may 

indicate an evolutionary divergence due to the dietary difference and intestinal microbiome 

compositions of commercial turkey in comparison to mice or rats. Additionally, turkey-

associated SFB utilize amino acids and nucleotides in a manner distinct to that of each of 

the murine-associated strains. Unlike the murine-associated strains of SFB, turkey-

associated SFB are predicted to be able to synthesize biotin, circumventing a key metabolic 

deficiency of its murine-associated counterparts. SFB-turkey was the only strain predicted 

to encode choloylglycine hydrolase to deconjugate primary bile acids, allowing this strain 

to avoid the antimicrobial action of these compounds and may potentially serve to benefit 

the avian host through lowering host cholesterol. These observed divergences in metabolic 

capabilities suggest that each member of this group of bacteria has developed host-adapted 

capabilities to best associate with their host and the gut microbiome therein, securing 

mutualism and survival. In addition to the immunostimulatory effects of SFB on the 

stimulation of Th17 cell development and immunoglobulin production, the presence of 

choloylglycine hydrolase may also serve to improve performance outcomes of commercial 

flocks in the prevention of Light Turkey Syndrome. 
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3.4 Conclusions 

         In conclusion, our work provides important evidence suggesting that segmented 

filamentous bacteria isolated from evolutionarily divergent host organisms possess distinct 

enzymatic pathways for carbohydrate, nucleotide, amino acid, and vitamin and cofactor 

metabolism, indicating the role of host-adaptation in securing a mutualistic relationship 

with their host. The core metabolic deficiencies of each SFB strain highlighted in our study 

will aid in future attempts to cultivate these bacteria from other host organisms, through 

the supplementation of nucleic acid sources, a rich array of amino acids and peptides in the 

media, and sucrose as a potential carbon substrate for the recovery of these highly 

fastidious organisms. Additionally, the supplementation of several iron and mineral 

sources will support and encourage the growth of SFB in culture. 
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Chapter Four 

GROWTH OF TURKEY-ASSOCIATED SEGMENTED FILAMENTOUS 

BACTERIA IN VITRO 

4.1 Introduction 

 Knowledge of the composition and functionality of the gut microbiota is important 

for understanding how these microbes function in maintaining host health, influencing host 

nutrition and metabolism, promoting immune system functions and mitigating disease. 

Segmented filamentous bacteria (SFB), also referred to as “Candidatus Arthromitus”, are 

a group of clostridia-related, spore-forming commensal organisms found in the 

gastrointestinal tract of many vertebrate species, including mice, cattle, swine, poultry and 

humans that can produce fundamental immune responses (Klaasen et al., 1992). SFB have 

garnered a great deal of interest due to their unique ability to induce differentiation and 

proliferation of Th17 cells and IgA-producing plasma cells and to induce a healthy 

physiological inflammation (Ivanov et al., 2009). SFB are non-pathogenic and host-

specific, as mice mono-colonized with SFB were correlated with increased expression of 

genes associated with inflammation and antimicrobial defenses (Prakash et al., 2015). 

Sequencing of murine-associated SFB genomes revealed that these organisms are highly 

auxotrophic, existing somewhere between obligate and facultative symbionts (Schnupf et 

al., 2015). Essential auxotrophies of SFB include the inability to synthesize all nucleotides 

and canonical amino acids de novo (Chapter 3), relying on interactions with their host to 

obtain essential metabolites. 

SFB have proven resistant to traditional cultivation methods, and have only recently 

been cultured ex vivo (Schnupf et al., 2015; Ericsson et al., 2015). Schnupf et al. 2015 
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aimed to mimic the replicative niche of SFB, where SFB cells isolated from 

monoassociated mice were cultured alongside intestinal epithelial cell lines under low 

oxygen conditions and in a rich culture medium. This culture medium contained a broad 

array of carbohydrates, protein sources, free nucleotides, and iron substrates (Schnupf et 

al., 2015). SFB from monoassociated mice were filtered to obtain a pure culture of 

vegetative SFB cells. This pure sample was used to inoculate cell lines and were incubated 

under strict anaerobic conditions or in an environment with oxygen concentrations of 

around 1.5% (Schnupf et al., 2015). SFB growth was improved under low levels of oxygen 

rather than under strictly anaerobic conditions. Proliferation of SFB occurred 

independently from epithelial attachment, as the majority of observed filaments were 

observed in close proximity, but not bound to epithelial cells, indicating that soluble 

metabolites released by eukaryotic cells are sufficient to promote SFB growth (Schnupf et 

al., 2015). SFB were able to be cultured in cell culture media supplemented with a broad 

array of amino acids, nucleotides, peptones, and both ferrous and ferric iron sources 

(Schnupf et al., 2015). 

 Another methodology for in vitro cultivation of SFB was described by Ericsson et 

al. 2015, in which SFB was isolated from mice colonized with a variety of microbes 

(Ericsson et al., 2015). Intestinal samples were harvested from laboratory bred mice and 

scraped to remove and pool the luminal contents which were grown in DMEM cell culture 

media under microaerophilic or anaerobic conditions (Ericsson et al., 2015). Cultures 

incubated under microaerophilic conditions yielded high concentrations of SFB adhered to 

clumps of host epithelial cells (Ericsson et al., 2015). Attempts to subculture this strain of 

SFB were unsuccessful, as these bacteria and the epithelial cells to which they were bound 
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were subcultured, overall numbers consistently diminished to the point of extinction 

(Ericsson et al., 2015). Both aforementioned culture methodologies were successful at 

obtaining an effective dose of bacteria from intestinal samples of both monoassociated and 

traditional experimental animals, but were unable to obtain a viable culture ex vivo of host 

tissues.  

 Previous experimental attempts to cultivate and isolate SFB from a turkey host 

yielded bacterial co-cultures containing several organisms. These cultures were able to 

produce growth of SFB filaments free of host intestinal cells, serving as a completely 

unique example of ex vivo SFB growth. Genome sequencing and predictive genomics and 

metabolomics studies performed previously revealed specific auxotrophic needs of SFB-

turkey, including the inability of this organism to synthesize and interconvert many amino 

acids (except for lysine, glycine, serine aspartate, glutamate, asparagine, and glutamine), 

and to synthesize nucleotides de novo. To better comprehend how turkey-associated SFB 

differs from murine-associated strains of SFB with regards to preferred growth conditions 

and the ability of this strain to be cultivated independently from host tissues, several 

experimental screens involving differing incubation conditions and time periods were 

examined. The goals of this study were to determine the optimal incubation period, 

atmospheric oxygen concentrations, and media formulation to promote consistent growth 

of SFB cultures in vitro.  

4.2 Materials and Methods 

4.2.1 Strains and Media 

Experimentally derived cultures were obtained following methods described in 

section 2.2.6 and were stored at -80°C. Samples were assigned letters “OC” which stand 
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for Original Culture, and designated a numerical value according to the order in which they 

were obtained. Cultures OC-1 and OC-2 were used in experimental screens detailed in this 

chapter. Cultures were grown in several solid and liquid media varieties. Liquid Biolog 

Universal Growth (BUG) broth was mixed without heating and allowed to separate agar 

from the dissolved media, which was decanted. Both BUG agar and BUG broth were made 

with or without supplementation of 50 mL/L of defibrinated sheep’s blood. Brain Heart 

Infusion (BHI) broth and agar was prepared according to manufacturer's specifications 

(Research Products International, Mt. Prospect, IL) along with DMEM liquid media 

containing 4.5 g/L glucose and L-glutamine without sodium pyruvate (Corning Cellgro, 

Manassas, VA).  

All media was sterilized either by autoclaving or vacuum filtration through 0.22 

µm filters. Media was stored at 8°C and acclimated to room temperature before inoculation. 

Agar plates were dried by leaving plates open in a biosafety cabinet with air circulation for 

10 minutes. 

4.2.2 Genomic DNA Extraction 

Bacterial genomic DNA was extracted from liquid cultures using Qiagen 

UltraClean DNeasy Kit (Qiagen, Hilden, Germany) following manufacturer's instructions 

with the following modification: 4 mL of liquid culture was centrifuged for 5 minutes at 

8,000 x g to pelletize cells. Genomic DNA was extracted from solid cultures using Qiagen 

DNeasy PowerSoil Kit (Qiagen) following manufacturer's instructions. Quantity and 

quality of all genomic DNA samples was determined by measuring the A260/A280 ratio of 

samples using a UV-visible (UV-Vis) Nanodrop spectrophotometer (Sambrook, 1989).  
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4.2.3 PCR Amplification and Sanger Sequence Analysis 

Two SFB-specific PCR protocols were utilized to screen for SFB-turkey in culture 

using oligonucleotides targeted to SFB 16S rRNA gene regions as PCR primers. SFB 

Protocol used primer pair “SFB-FWD” (5’-CCGCCTGAGGAGTACGA-3’) and “SFB-

REV” (5’-GGTAATTCAAGGTATGTCAAGTTTAGG-3’) and amplified using the 

following thermocycling protocol: Initial denaturation at 95°C for 2:00 minutes, 

denaturation at 95°C for 0:30 minute, annealing at 58°C for 1:00 minute, extension at 72°C 

for 2:00 minutes. Denaturation, annealing, and extension steps were cycled for 40 cycles, 

with a final extension at 72°C for 5:00 minutes. The second SFB-specific protocol, “Yin 

protocol”, was followed according to Yin et al. 2013, and used primer pair 779F (5’-

TGTGGGTTGTGAATAACAAT-3’) and 1008R (5’-GCGGGCTTCCCTCATTACAAG 

G-3’) (Yin et al. 2013). The Yin PCR protocol consisted of an initial denaturation at 94°C 

for 5:00 minutes, denaturation at 94°C for 0:30 minute, annealing at 58°C for 0:30 minute, 

extension at 72°C for 0:45 minute. Denaturation, annealing, and extension steps were 

conducted for 30 cycles, with a final extension at 72°C for 5:00 minutes. Samples were 

also analyzed for quality using a non-specific PCR protocol titled “Universal Protocol” 

targeting the V1-V3 hypervariable regions bacterial 16S rRNA genes. Universal protocol 

used V1-27F  (5’-AGAGTTTGATCCTGGCTCAG-3’) and reverse primer V3-534R (5’-

ATTACCGCGGCTGCTGG-3’) and the following thermocycling protocol: Initial 

denaturation at 95°C for 5:00 minutes, denaturation at 95°C for 0:30 minute, annealing at 

55°C for 0:40 minute, extension at 68°C for 1:00 minute. Denaturation, annealing, and 

extension steps were cycled for a total of 30 cycles, with a final extension at 68°C for 5:00 
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minutes. A table containing protocol names, primer names, and primer sequences of each 

protocol is provided (Table 1). 

Table 1: Primer sequences used in non-specific and SFB-specific amplification of DNA 

products. 

Protocol 

Name 

Primer Names Primer Sequences 

SFB 

SFB-FWD 5’-CCGCCTGAGGAGTACGA-3’ 

SFB-REV 5’-GGTAATTCAAGGTATGTCAAGTTTAGG-3’ 

Universal 

V1-27F 5’-AGAGTTTGATCCTGGCTCAG-3’ 

V3-534R 5’-ATTACCGCGGCTGCTGG-3’ 

Yin 

779F 5’-TGTGGGTTGTGAATAACAAT-3’ 

1008R 5’-GCGGGCTTCCCTCATTACAAGG -3’ 

SFB 

qPCR 

SFB-qPCR-FWD 5’-AGGAGGAGTCTGCGGCACATTAGC-3’ 

SFB-qPCR-REV 5’-TCCCCAGTCCTGCCTCCCGTAC-3’ 

 

A standard PCR was performed in a total volume of 25 µL containing 12.5 µL 

BullsEye Taq plus Mastermix, 0.1 µM/µL of each primer, and 100 ng of prepared nucleic 

acid. BullsEye Taq plus Mastermix (MidSci, Valley Park, MO) contains R-Taq DNA 

Polymerase, 1.5 mM MgCl2, 10X Ammonium Buffer, and dNTP mix (12.5 mM each). 

Following thermocycling, reaction tubes were stored at -20°C.  Amplification products 

were separated using TAE-agarose gel electrophoresis (2.0% w/v) with 0.1 µL/mL SYBR 

safe DNA gel stain (Invitrogen, Carlsbad, CA). Agarose gels were run at 90V for 3 hours 
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following standard procedures and visualized using a Bio-Rad Chemidoc XRS imaging 

system (Bio-Rad, Hercules, CA).  

Amplified PCR products were purified via QIAquick PCR Purification Kit 

following manufacturer’s specifications (Qiagen, Hilden, Germany), and the quality and 

concentration of purified PCR products were determined via NanoDrop 

spectrophotometer. 50 ng of amplification products were combined with 6.4 pmol of either 

forward or reverse primer of each protocol (SFB-FWD, SFB-REV, Universal Primer 

MetaV1 27F, and Universal Primer MetaV3 534R), and deionized water to a total volume 

of 12 µL. Purified PCR products were sequenced using the Applied Biosystems 3730xl 

DNA Analyzer platform (Applied Biosystems, Foster City, CA). Following sequencing, 

Sanger products were analyzed for homology using NCBI BLASTN and nucleotide 

collection database and subsequently optimized for the discontinuous megablast program 

(Johnson et al. 2008).  

4.2.4 qPCR Primer Design and Standard Curve Construction 

 Quantitative PCR primer sets were designed using MUltiple Sequence Comparison 

by Log-Expectation (MUSCLE) (Edgar, 2004) to align the 16S genes of SFB-turkey 

(Hedblom et al., 2020), SFB-mouse-YIT, SFB-rat-YIT, SFB-mouse-Japan, and SFB-

mouse-NL (accession numbers GCA_000284435.1, GCA_000283555.1, 

GCA_000270205.1, and GCA_000709435.1 respectively). The most homologous shared 

sequence was selected as the sequence input for IDT’s PrimerQuest tool for qPCR 

(Owczarzy et al., 2008). Primer sequences were designed for use with SYBR green 

intercalating dyes and consisted of a forward primer SFB-qPCR-FWD (5’-
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AGGAGGAGTCTGCGGCACATTAGC-3’) and a reverse primer SFB-qPCR-REV (5’-

TCCCCAGTCCTGCCTCCCGTAC-3’) (Table 1). 

To generate a standard curve for the qPCR primers, a gBlock sequence at 50 ng/µL 

was utilized (5’-CCCCGCCTGAGGAGTACGATCGCAAGATTAAAACTCAAAGGA 

ATTGACGGGGGCCCGCACAAGCAGCGGAGCATGTGGTTTAATTCGAAGCAAC

GCGAAGAACCTTACCTAAACTTGACATACCTT-3). A standard curve for this primer 

set was constructed by diluting the gBlock solution in Roche qPCR external DNA diluent 

(Roche Holding AG, Basel, Switzerland) from 10-2 to 10-9 to reach a final volume of 20 

µL. Diluted samples of gBlock DNA were then prepared for thermocycling accordingly: 

10 µL Fast SYBR Green Master Mix (ThermoFisher, Waltham, MA), 0.275 µM of each 

SFB qPCR Forward and SFB qPCR Reverse, and 50 ng sample DNA. Standard curve 

construction was performed using a Roche LightCycler 96 device (Roche Holding AG, 

Basel, Switzerland) following protocol “SFB qPCR”: Initial denaturation at 95°C for 10:00 

minutes, denaturation at 95°C for 0:10 minute, annealing at 54.5°C for 0:15 minutes, 

extension at 72°C for 0:30 minutes. Denaturation, annealing, and extension steps were 

cycled for a total of 45 cycles, followed by a high resolution melting step at 95°C for 0:10 

minute, 40°C for 1:00 minute, 65°C for 0:01 minute, and 97°C for 0:01 minute.  

4.2.5 Quantitative Real-Time PCR Analysis of Experimental Samples 

 Following examination of standard curve analysis, samples were processed by the 

University of Minnesota’s Genomics Center using the Applied biosystems 7900 HT Fast 

Real-Time PCR system (Applied Biosystems, Foster City, CA). Quantitative real-time 

PCR amplification reaction tubes screening for the presence of turkey-associated SFB 

contained 10 µL Fast SYBR Green Master Mix (ThermoFisher, Waltham, MA), 0.275 µM 
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of SFB qPCR Forward and SFB qPCR Reverse, 50 ng of extracted sample DNA and water 

to reach a final reaction volume of 20 µL. Samples were amplified using the “SFB qPCR” 

protocol detailed in Section 4.2.4. Samples were analyzed via melting curve analysis and 

absolute quantification.  

4.2.6 16S Microbiome Sequencing 

Samples were submitted for analysis via 16S microbiome dual-index sequencing 

using the Illumina MiSeq sequencing platform (Illumina, San Diego, CA) (Gohl et al., 

2016). Primers Meta_V1_27F (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACA 

GAGAGTTTGATCMTGGCTCAG-3’) and Meta_V3_534R (5’-GTCTCGTGGGCTCG 

GAGATGTGTATAAGAGACAGATTACCGCGGCTGCTGG-3) targeting the V1-V3 

hypervariable regions of the bacterial 16S gene were used with the following 

thermocycling protocol: Initial denaturation at 95°C for 5:00 minutes followed by 25 cycles 

of 0:20 minute at 98°C, 0:15 minute at 55°C, and 1:00 minute at 72°C, and final extension 

at 72°C for 5:00 minutes. After this first round of amplification, resultant PCR products 

were diluted 1:100, and 5 µL was used for an additional PCR reaction involving forward 

and reverse indexing primers: Forward primer 5’-AATGATACGGCGACCACCGAGAT 

CTACAC[i5]TCGTCGGCAGCGTC-3’ and reverse primer 5’-CAAGCAGAAGACGGC 

ATACGAGAT[i7]GTCTCGTGGGCTCGG-3’ where [i5] and [i7] refer to index sequence 

codes used by Illumina. Indexing primers amplified previous PCR products accordingly: 

Initial denaturation step at 95°C for 5:00 minutes followed by 10 cycles of 0:20 minute at 

98°C, 0:15 minute at 55°C, and 1:00 minute at 72°C, and finished with a final extension 

period of 5:00 minute at 72°C. Following indexing, pooled and size-selected samples were 

denatured with NaOH, diluted to 8 pM in Illumina’s HT1 hybridization buffer (Illumina), 
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spiked with 20% PhiX sequencing control, and heat denatured at 96°C for 2:00 minutes 

immediately prior to loading. A MiSeq 600 cycle v3 kit (Illumina) was used for 

sequencing. 

Following 16S dual-indexing, result files containing sequence reads were processed 

using DADA2 and R-studio version 3.4.4 (Callahan et al., 2016). Adapter sequences were 

trimmed from reads and sequences were filtered by size. Following trimming, alpha- and 

beta-diversity analyses were performed on each sample’s reads to determine the number of 

unique sequences. Unique sequences were given taxonomic assignments via comparison 

with the SILVA ribosomal RNA gene database, release 128 (Quast et al., 2013). Finally, 

taxonomically assigned reads were compiled and visualized using ggplot2 (Rstudio Team, 

2020; Wickham, 2016). Full code used in these analyses is provided in Appendix 1. 

4.2.7 SFB Growth Dynamics Over Time 

 Frozen culture OC-1 was inoculated into 5 mL aliquots of BUG broth, BUG broth 

supplemented with defibrinated sheep’s blood, and BHI broth in 25 mL vented-cap tissue 

culture flasks using a 100 µL inoculation loop and incubated for 48 ± 2 hours at 41°C in 

an anaerobic tent. Following incubation, cultures were screened microscopically via Gram 

staining. Following this initial screen, culture OC-1 was inoculated into 5 mL aliquots of 

BHI broth in 25 mL vented-cap tissue culture flasks using a 100 µL inoculation loop and 

incubated for 24 ± 2, 48 ± 2, 72 ± 2, and 96 ± 2 hours at 41°C in an anaerobic tent. For 

each incubation period, samples were inoculated in triplicate. Following incubation, 

genomic DNA was extracted and screened via qPCR. Absolute quantification and melting 

curve analysis were performed. To test the significance of changes in Ct values over time, 

a single tailed paired Student’s t-test was used. 
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 To perform a growth curve analysis of SFB in BHI broth over time, OC-1 cultures 

incubated for 168 hours at 41°C in an anaerobic tent with an OD600 value of 0.1 ± 0.01. 

From this culture, a 1:100 dilution was made using uninoculated BHI broth, which was 

transferred to wells of a 96-well plate in 200 µL aliquots. Perimeter wells of this plate were 

filled with 600 µL of sterile water to mitigate evaporation during incubation. This process 

was repeated in a 384-well plate using 20 µL aliquots of culture and 30 µL of sterile water 

in the perimeter wells. Samples were incubated in an anaerobic tent for 168 hours with 

continuous double-orbital shaking in a BioTek Epoch 2 microplate reader set at 41°C 

(BioTek, Winooski, VT). OD600 readings were taken every hour during incubation. 

4.2.8 SFB Growth at Differing Oxygen Concentrations 

Frozen experimental cultures titled OC-1 and OC-2 were inoculated into 1 mL of 

1X phosphate buffered saline (PBS) to dissolve. Once dissolved, 100 µL was inoculated 

into 5 mL of BHI broth, BUG broth, and DMEM media containing 4.5 g/L glucose and L-

glutamine without sodium pyruvate in 25 mL vented-cap tissue culture flasks and vortexed 

to mix. Additionally, 100 µL of diluted sample was used to inoculate BUG agar plates via 

spread plating. Following inoculation, samples were incubated aerobically, or were loaded 

into Becton Dickinson GasPak EZ container and pouch systems (Beckton Dickinson, 

Franklin Lakes, NJ) containing 2 BD GasPak EZ Anaerobe Container System sachets or 

BD GasPak EZ Campy Container System sachets to incubate under anaerobic and 

microaerobic conditions respectively. Containers were sealed and all experimental cultures 

were incubated at 41°C for 48 ± 2 hours. Following incubation, cultures were examined 

microscopically via Gram staining and were used for genomic DNA extraction.  
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To screen experimental culture growth over longer incubation periods,  OC-1 and 

OC-2 were inoculated into 1 mL of 1X phosphate buffered saline (PBS) and 100 µL of this 

mixture was inoculated into 5 mL aliquots of BUG broth in 25 mL vented-cap tissue culture 

flasks and loaded into anaerobic containers containing either 2 Anaerobic or Campy 

sachets and incubated at 41°C for 24 ± 2, 48 ± 2, 72 ± 2, 96 ± 2, 120 ± 2, or 196 ± 2 hours. 

Following incubation, cultures were examined microscopically via Gram staining and were 

used for genomic DNA extraction. Samples were examined for the presence or absence of 

SFB-specific amplicons following methodologies described in Section 4.2.3. 

4.2.9 SFB Growth on Solid Media 

 Frozen stocks of OC-1, OC-2, OC-3 and OC-4 were diluted in 1 mL in phosphate 

buffered saline (PBS) to dissolve. In order to execute a three-phase streak, a 100 µL 

disposable inoculating loopful of resuspended cultures was streaked onto BHI and BUG 

agar plates. For the spread plating methodology, resuspended cultures were serially diluted 

in 1:10 dilutions in 1X PBS to a final dilution of 10-13. Following dilution, 100 µL of each 

dilution was pipetted onto BHI agar plates and spread using an ethanol-sterilized glass 

spreader. Inoculated plates were incubated for 48 hours at 41°C under microaerobic 

conditions. After incubation, spread plates were examined for plates with countable 

colonies, while three-phase streak plates were examined for single, distinct colonies. Single 

colonies were used to initiate another three-phase streak plate to isolate and purify colonies 

from the spread plates.  

To test for swarming motility, frozen cultures of OC-1 and OC-2 were inoculated 

into BHI broth and incubated at 41°C for 24 hours in a sealed gas chamber BD GasPak EZ 

Campy Container System sachets. From these overnight cultures, 10 µL was plated on BHI 
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agar plates and allowed to absorb. Once absorbed, plates were inverted and incubated for 

96 hours under microaerobic conditions in a sealed container. After incubation, plates were 

examined for colony growth and overall size. 

 For pour plating of SFB, frozen stocks of OC-1 and OC-2 were used to inoculate 

BHI broth and incubated overnight at 41°C in an anaerobic tent under microaerobic 

conditions. After incubation, each culture was serially diluted in PBS via 1:10 dilutions in 

1X PBS to a final dilution of 10-9. One mL of each dilution was pipetted directly onto 

sterile petridishes to which tempered BHI agar was directly added and swirled to 

incorporate. Overlay plating was performed similarly to the pour plate methodology with 

an additional agar 7-8 mL layer of molten agar to solidified plates. Pour plates and overlay 

plates were incubated in an anaerobic tent for 48 hours 41°C under microaerobic 

conditions. Individual colonies recovered on the agar overlay plates were subcultured into 

5 mL of BHI broth and incubated for 48 hours at 41°C under microaerobic conditions. 

Following incubation, genomic DNA samples were extracted and analyzed via PCR and 

Sanger sequencing according to methods described in Section 4.2.3. Select amplicons were 

screened via 16S dual-index sequencing as described in Section 4.2.6.  

4.3 Results and Discussion 

 To study the in vitro growth dynamics of turkey-associated segmented filamentous 

bacteria derived from turkey intestinal samples, several experiments involving variable 

incubation times, concentrations of oxygen, and culture methodologies were conducted. 

Experimentally derived cultures OC-1 and OC-2 were first incubated in Biolog Universal 

Growth broth with and without supplementation of sheep’s blood and Brain Heart Infusion 

broth. After two days of incubation in an anaerobic tent, each culture visually displayed 
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significant growth and turbidity, producing presumptive Gram-positive filaments and 

Gram-positive bacilli when examined microscopically. This observed growth in each of 

the tested media varieties indicated that rich nutrient substrates present in Biolog Universal 

Growth broth and Brain Heart Infusion broth were sufficient to support growth of SFB in 

these experimental co-cultures. Though the exact nutrient composition of BUG broth is 

proprietary, it is expected that this medium contains every canonical amino acid and a 

source of exogenous nucleotides, which were predicted to be necessary for SFB-turkey 

growth and recovery (Chapter 3).  

 To determine the growth kinetics of experimental SFB cultures over extended 

incubation periods, cultures were inoculated into BHI broth in 96-well and 384 well 

microwell plates and incubated for 7 days (168 hours) to track changes in optical density 

over extended incubation. Experimental culture OC-1 had an average lag phase of around 

16 hours and displayed exponential growth between 16 and 50 hours of incubation, 

indicating that members of this experimental culture are slow growing (Figure 1). 

 

 

Figure 1: Growth curve analysis of OC-1. OC-1 inoculated into BHI broth in a 96-well or 

a 384-well microwell plate measured in optical density at a wavelength of 600 nm.  

 

After 50 hours of incubation, culture OC-1 had reached stationary growth which 

lasted approximately 24 hours, followed by a minor death phase from approximately 75 to 
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100 hours of incubation. An increase in optical density was detected following cell death 

in both plates (around 120 hours of incubation), but was more prominent in the 96-well 

plate. This increase in growth following the suspected death phase may be linked to delayed 

growth and development of SFB filaments in the presence of released cellular factors. This 

secondary increase in growth is unlikely to be attributed to diauxic growth, as this form of 

diphasic bacterial growth is typically observed in media with two sugar substrates; BHI 

contains a single sugar, D-glucose (Boulineau, et al., 2013). These growth curves provide 

some broad insights into overall culture dynamics of these experimentally derived cultures 

of SFB, but are constrained by an inability to distinguish between growth of different 

microorganisms. It does however suggest two distinct phases of growth, with one or several 

organisms growing substantially from 24-50 hours of incubation and another organism 

growing following the death of faster-growing organisms. Brain Heart Infusion broth 

contains rich sources of proteins from calf brain, beef heart, and pancreatic digest of 

gelatin, providing an abundance of exogenous protein/amino acids to support SFB growth. 

However, BHI broth does not contain free nucleotides, suggesting that in order to grow, 

SFB-turkey must obtain free nucleotides from a secondary source, likely another member 

of the microbial consortia to effectively grow and reproduce. As indicated by sequencing 

efforts detailed in Chapter 2, a member of the genus Bacillus was detected in 

experimentally derived cultures. Perhaps growth and subsequent death of this bacteria 

provided enough free nucleotides to supplement recovery of SFB-turkey. 

In order to better elucidate and detail SFB growth over time, quantitative real-time 

PCR analysis using SFB-specific primers was performed. Culture OC-1 was incubated in 

BHI broth for 1-4 days in an anaerobic tent. Following each 24-hour incubation period, 
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sample genomic DNA was collected, quantified, and utilized for qPCR using customized 

primers designed to target the most homologous sequence of 16S rRNA gene of several 

SFB strains (via analysis in Clustal Omega), including SFB-turkey (Sievers et al., 2011). 

Attempts to screen experimental cultures for growth and propagation of SFB via 

quantitative PCR amplification using previously identified primers “SFB-FWD” and 

“SFB-REV” were unsuccessful, leading to the design and optimization of an entirely new 

set of primers for use in qPCR. To test overall efficiency and specificity of the primer pair, 

a standard curve was constructed using an artificial gene fragment, better known as a 

gBlock, containing the desired amplicon sequence predicted by PrimerQuest. The gBlock 

sequence was diluted to create several testable sequence quantities and amplified with 

primer pair SFB qPCR Forward and SFB qPCR Reverse to generate a standard curve; 

slope, efficiency, error, and R2 values of which were calculated (Figure 2). The standard 

curve had a slope close to -3.3, which is close to optimal for efficient qPCR primers, 

however the calculated efficiency exceeded 100%, likely indicating polymerase inhibition, 

chemical inhibitors in genomic DNA samples, cross contamination, or generation of primer 

dimers (Svec et al., 2015).  
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Figure 2: Standard curve of SFB-specific qPCR primers. Standard curve of gBlock 

fragment representing SFB 16S gene amplified using SFB-specific qPCR primers “SFB 

qPCR Forward” and “SFB qPCR Reverse”. Ct values are inversely proportional to the 

number of copies present in each sample, so decreases in Ct corresponds to increases in 

copy number. 

 

OC-1 samples grown in BHI broth were analyzed via melting curve analysis and 

absolute quantification. Melting curve analysis compares the high resolution melting step 

at the end of thermocycling to melting temperatures of amplified products (Ririe, 1997). 

Presence of multiple melting curve peaks indicates that the experimental samples and 

gBlock standard did not share sequence identity and therefore produce different melting 

points (Figure 3). This also indicated that SFB-turkey differed in sequence from the gBlock 

standard and that the sequence used to design the gBlock was an incomplete match. Melting 

curve peaks considerably lower temperatures than dominant peaks indicates that primer 

dimers were present in no template controls. Presence of primer-dimer peaks indicate that 

amplification may have occurred non-specifically and that some observed products may be 

attributed to primer dimers (Figure 3). 
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Figure 3: qPCR melting curve analysis of OC-1. Results of melting curve analysis 

comparing gBlock standard dilutions and DNA sequence to samples of OC-1 incubated in 

BHI broth for 1, 2, 3, and 4 day intervals in triplicate. 

 

To compensate for this possibility of potential nonspecific primer binding and 

amplification, absolute quantification was performed. Absolute quantification involves the 

calculation of target amplicon copy numbers by comparing target cycle threshold (Ct) 

values to that of the standard curve generated by the gBlock sequence. Cycle threshold 

values are inversely proportional to the amount of amplified DNA present in experimental 

samples; a low Ct indicates that abundant amounts of target nucleic acid sequence are 

present. Strong positive reactions with large concentrations of target sequence correspond 

with a Ct of less than 29, while positive reactions with moderate concentrations of target 

sequence correspond with Ct values between 30-37 (Heid et al. 1996). In examining cycle 

threshold value changes of SFB culture OC-1 over a four-day incubation period, it was 

observed that Ct values decreased from 24 to 96-hours of incubation indicating an overall 

increase in SFB growth. Experimental samples from 72 hours of incubation produced very 

weak signals and were excluded from growth analysis. A lack of strong amplification of 

72-hour isolates may have been due to the presence of inhibitors present in genomic DNA 

or in PCR reaction tubes. In examining changes in Ct values over 96 hours of incubation, 

the amount of template DNA increased significantly, leading to an average decrease in Ct 
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value of 1.81 from 33.62 to 31.81 (Figure 4). Between 24 to 48 hours and 48 to 96 hours 

of incubation, it was determined that the largest increase in amplification occurred from 24 

to 48 hours, with a difference in average Ct value of 1.01. A smaller difference of 0.8 was 

observed between 48 to 96 hours of incubation (Figure 4). Calculated Ct values associated 

with these samples represent positive samples with moderate amounts of DNA present 

indicating that SFB-turkey is able to proliferate to significant levels in BHI broth, even 

following 24 hours of incubation. These results suggest that SFB-turkey grew mostly over 

the first 48 hours of incubation, slowing considerably after this period. To examine the 

significance of Ct differences over incubation, a single-tailed paired Student’s t-test was 

performed, providing a p-value of 0.01633, indicating a significant increase in template 

DNA over incubation. Overall, these results support the growth curve analysis, as both the 

qPCR and growth curve results demonstrate substantial growth between 24 and 48 hours 

of incubation in BHI broth, with growth continuing, yet slowing following 2 days of 

incubation. 

 

Figure 4: Absolute quantification results of OC-1 grown in BHI broth for 4 days. OC-1 

was incubated at 41°C under microaerobic conditions. Average Ct values of each 

incubation period are displayed on the right. Ct values are inversely proportional to the 

number of copies present in each sample, so decreases in Ct corresponds to increases in 

copy number. 
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To ascertain optimal atmospheric conditions to support SFB growth in vitro, 

experimental cultures OC-1 and OC-2 were inoculated into BUG broth, BUG agar, BHI 

broth, and DMEM/F12 media incubated under aerobic, microaerobic, and anaerobic 

atmospheric conditions. The vinyl anaerobic tent used in many preliminary experiments 

was found to be ineffective at maintaining constant oxygen, increasing in overall oxygen 

concentration over a week. To circumvent the use of this ever-fluctuating atmospheric 

environment, sealed anaerobic containment systems and gas sachets were implemented to 

maintain constant atmospheric oxygen concentrations during incubation of experimental 

cultures. To maintain strictly anaerobic and microaerobic conditions, experimental cultures 

were incubated using anaerobe and Campy sachets, which maintain atmospheric oxygen 

concentrations of 0% and 5% respectively. After incubation in three tested atmospheric 

conditions, each media variety supported growth of cultures OC-1 and OC-2, indicating 

that organisms present in these experimental co-cultures are capable of proliferating in a 

variety of atmospheric conditions, and may be facultative anaerobes.  

When examining aerobic cultures microscopically via Gram staining, no 

filamentous organisms over 15 µM in length were detected in cultures incubated 

aerobically, suggesting that experimentally derived turkey-associated SFB are unable to 

grow under aerobic conditions (Table 2). Genetic examination of cultures incubated 

aerobically supported this observation, as no SFB-specific amplicons were produced when 

using SFB-specific primer sets. The only organisms detected microscopically from 

aerobically incubated cultures were Gram-positive, rod-shaped bacteria, which were 

detected in every other culture examined via Gram staining (Table 2). OC-1 and OC-2 

cultures grown in DMEM/F12 media failed to produce any presumptive filamentous 
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organisms of over 15 µM in length in any screened media conditions, indicating that this 

medium was missing necessary nutrients to support SFB. DMEM/F12 is a rich medium 

used in cell culture containing a diverse array of amino acids, inorganic salts, and vitamins. 

This medium was used in the successful efforts to culture SFB (Schnupf et al., 2015; 

Ericsson et al., 2015). Despite the presence of numerous growth factors, no presumptive 

SFB filaments were recovered on this media, indicating that this media was missing 

essential components required for the growth and development of SFB. Based on predictive 

genomics and metabolomics analyses, SFB were predicted to be unable to synthesize most 

amino acids and require exogenous amino acids or short, digestible peptides for use in 

protein biosynthesis. The DMEM/F12 media used in this study was rich in amino acids, 

but does not contain all 20 canonical amino acids, lacking glutamic acid, aspartic acid, 

asparagine, proline, and alanine which are predicted to be unable to be synthesized de novo 

by SFB and therefore need to be provided exogenously in the form of digestible peptides 

supplemented in growth media or produced by other microbial consortia members. 

However, extracellular production of these peptides from other microbes present in the 

tested cultures was insufficient to yield significant recovery of SFB in DMEM/F12 media, 

indicating that peptides supplied in the media formulation are essential for the growth of 

SFB in vitro. 
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Table 2: Gram stain results of SFB cultures OC-1 and OC-2 in four media varieties. In 

this table, a “+” indicates the presence of presumptive SFB filaments of over 15 μm in 

length, while a “-” indicates the absence of presumptive SFB filaments. 

  BHI Broth DMEM BUG Broth BUG Agar 

O2 Conditions OC-1 OC-2 OC-1 OC-2 OC-1 OC-2 OC-1 OC-2 

Aerobic - - - - - - - - 

Microaerobic + + - - + + + + 

Anaerobic - - - - + + - + 

 

Cultures incubated anaerobically in BUG broth and agar produced presumptive, 

Gram-positive filaments of over 15 µM in length when examined microscopically (Table 

2). Unlike cultures incubated under aerobic and strictly anaerobic conditions, every media 

variety but DMEM/F12 produced growth of presumptive Gram-positive filamentous 

organisms when incubated under microaerobic conditions (Table 2), thus indicating that 

preferential growth of SFB occurs during growth in trace amounts of oxygen rather than in 

anaerobic conditions. In order to confirm presumptive growth of SFB, PCR using two SFB-

specific primer sets and one universal primer set targeting the 16S rRNA gene was 

performed through PCR. The two SFB-specific primer sets consisted of primers designed 

specifically to detect SFB-turkey as described in 2.2.3 and a primer set used to detect SFB 

across a wide variety of species, including humans, mice, and chickens (Yin et al., 2013). 

Following electrophoresis of PCR products, low levels of SFB-specific amplification were 

observed, producing faint bands that were dimmer and less noticeable than that of the 

positive controls (Figure 5). Unlike the Gram staining results SFB-specific PCR 
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amplification did not reflect the relatively high levels of filamentous organisms observed 

microscopically in cultures incubated under microaerobic conditions (Figure 5).  

 
Figure 5: Comparison of gel electrophoresis results of OC-1 and OC-2 grown in four 

media varieties. Tested media varieties were Biolog universal growth agar (BUG agar), 

Biolog universal growth broth (BUG broth), brain-heart infusion broth (BHI), and 

Dulbecco’s modified eagle medium (DMEM). The atmospheric conditions in which 

cultures were incubated are abbreviated as follows: anaerobic conditions (ANC), 

microaerobic conditions (MC), and aerobic conditions (AC). Each gel displays PCR 

amplicons produced by SFB (~130 bp), universal (~550 bp) and Yin (~200 bp) primers and 

protocols. Expected amplicon sizes are indicated by markers on the right side of each gel; 

red for SFB, blue for universal, and yellow for Yin. (A) results of culture OC-1 (B) results 

of culture OC-2. The positive control consisted of plasmid DNA encoding the 16S rRNA 

sequence of SFB-turkey. 
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These results indicate that the presumptive filamentous organisms observed 

microscopically appear in low levels in liquid culture. Additionally, 48-hours of incubation 

may have been insufficient to produce significant levels of these organisms when grown in 

BHI and BUG broth, as more time may have been necessary to allow for the growth and 

development of SFB filaments. However, growth curve and qPCR analyses indicate that 

the most substantial growth of SFB from representative culture OC-1 occurred from 24-48 

hours of incubation. These initial growth screening attempts were conducted under the 

fluctuating atmospheric conditions imposed by an anaerobic tent rather than the controlled 

environment produced by sealed anaerobic containers. When screening oxygen 

concentrations in the anaerobic tent over time, oxygen levels slowly and steadily increased 

from less than 1% oxygen to around 5% over a four days. 

To compare the growth dynamics of SFB cultures under anaerobic and 

microaerobic conditions over extended incubation periods, cultures OC-1 and OC-2 were 

inoculated into BUG broth in incubated under anaerobic and microaerobic conditions for 

24, 48, 72, 96, 120, and 196  hours. Following microscopic examination via Gram staining, 

it was determined that cultures incubated under microaerobic conditions produced 

considerable growth of presumptive SFB filaments, while cultures incubated anaerobically 

failed to produce any filaments in most of the screened cultures (Table 3). Cultures 

incubated anaerobically only produced detectable filaments in one of the cultures examined 

(OC-2), and only following 3 and 4 days of incubation, indicating that longer incubation 

times may promote the development of SFB filaments. Both cultures incubated under 

microaerobic conditions produced presumptive SFB filaments in the first four days of 
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incubation but contained predominantly Gram-positive rod shaped bacteria with few 

noticeable Gram-positive filaments (Figure 6).  

 
Figure 6: Gram staining result of culture OC-1 incubated microaerobically for 4 days. 

Cultures were grown in BUG broth. A mixture of both Gram-positive rods and a few Gram-

positive filaments (highlighted by the black arrow) can be seen. Image was taken at 1000X 

magnification. 

 

These same cultures incubated longer than 4 days failed to produce any detectable 

SFB filaments (Table 3) and contained predominantly Gram-negative rod shaped bacteria. 

This shift from predominantly Gram-positive to Gram-negative stained cells may be 

attributed to a decrease in the reliability of Gram staining of older bacterial cultures, as 

cultures that have reached stationary phase or death phase are more likely to give incorrect 

results and stain Gram-negative (Moyes et al., 2009). This mechanism may also explain 

the difficulty in detecting filaments in cultures incubated longer than 4 days, as no 

presumptive filaments were observed in these cultures despite being detected in the same 

cultures after shorter incubation periods. 
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Table 3: Gram stain results of SFB cultures OC-1 and OC-2 incubated anaerobically or 

microaerobically. In this table, a “+” indicates the presence of presumptive SFB filaments 

of over 15 μm in length, while a “-” indicates the absence of presumptive SFB filaments. 

Cultures were grown in BUG broth 

Incubation 

Period 

OC-1 OC-2 

Anaerobic Microaerobic Anaerobic Microaerobic 

Day 1 - + - + 

Day 2 - + - + 

Day 3 - + + + 

Day 4 - + + + 

Day 5 - - - - 

Day 7 - - - - 

 

Genetic examination via SFB-specific and universal PCR protocols, and 

subsequent gel electrophoresis revealed that experimental cultures OC-1 and OC-2 

produced more prominent SFB-specific amplicons when incubated under microaerobic 

conditions than under anaerobic conditions (Figure 7). SFB-specific PCR amplification 

using SFB-turkey-specific primer set produced bands for each microaerobic culture, but 

yielded faint bands for anaerobic cultures. SFB-specific PCR amplification using the SFB-

specific Yin primer set (Yin et al., 2013) produced more variable results than the SFB-

turkey-specific primer set, but only produced noticeable amplicons when microaerobically 

incubated cultures were amplified, with minimal amplification observed in cultures 

incubated anaerobically (Figure 7).  No positive relationship between amplicon number 

and overall incubation time was observed, as there appeared to be no appreciable increase 

in band brightness or clarity between any of the genomic DNA samples extracted after 2 

days of incubation suggesting that there was no major increase in SFB in these 
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experimental cultures over subsequent incubation time (Figure 7), reinforcing previous 

qPCR and growth curve analysis.  

SFB-turkey appears to multiply optimally in the presence of small amounts of 

oxygen and high amounts of CO2 rather than in aerobic or anaerobic environments. This 

finding is consistent with previous studies of mouse-associated strains of SFB, which report 

growth of SFB in low concentrations of oxygen and an overall tolerance of low 

concentrations of oxygen (Schnupf et al., 2015; Ericsson et al., 2015). A survey of genomic 

contents from SFB-turkey reveals at least two predicted catalases and one peroxidase 

genes, which may allow for the tolerance of small amounts of environmental oxygen, 

allowing these organisms to grow in microaerobic environments. The consistent 

environment of 5% oxygen and 10% carbon dioxide provided by Campy gas sachets were 

designed to simulate atmospheric conditions of the avian gastrointestinal tract; the 

reproductive niche of capnophilic Campylobacteraceae (Buck et al., 1982). Turkey-

associated SFB and Campylobacter spp. both proliferate in the ileum of turkeys, making it 

unsurprising that SFB-turkey would be able to effectively recover under microaerobic 

conditions (Schnupf et al., 2013; Johansen et al., 2006).  Subsequent screens of SFB 

cultures utilized Campy gas sachets to ensure consistent atmospheric conditions and to 

encourage the recovery of SFB.
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Figure 7: Gel electrophoresis results of OC-1 and OC-2 incubated under anaerobic or microaerobic conditions for 7 days. Each gel 

displays PCR amplicons produced by SFB (~130 bp), universal (~550 bp) and Yin (~200 bp) primers and protocols. Expected amplicon 

sizes are indicated by markers on the right side of each gel; red for SFB, blue for universal, and yellow for Yin.. (A) 7 day gel results of 

OC-1 incubated under anaerobic conditions, (B) 7 day gel results of OC-1 incubated under microaerobic conditions, (C) 7 day gel results 

of OC-2 incubated under anaerobic conditions, and (D) 7 day gel results of OC-2 incubated under microaerobic conditions. The positive 

control consisted of plasmid DNA encoding the 16S rRNA sequence of SFB-turkey.
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In order to assess the ability of SFB to recover on solid agar plates, several plating 

methodologies were used. SFB cultures plated by three-phase streaking produced slimy, 

beige colonies with fuzzy and irregular edges, often spreading over the entire plate surface. 

Observed colonies had a sticky consistency when lifted with an inoculating loop. Spread 

plating of SFB cultures on BHI agar plates produced the same colony morphology. Despite 

significant dilution, colonies would still develop to cover each screened plate, preventing 

colony counting and calculation of colony forming units of each culture, limiting the 

overall efficacy of this methodology. In an attempt to remove any excess surface moisture 

from BHI plates, the same three-phase streak methodology was repeated with plates that 

had been left uncovered with a constant flow of air in a laminar flow hood for 15 minutes. 

This improved recovery of individual colonies when streaked out, but still resulted in very 

large colonies (Figure 8). 

 

Figure 8: Experimental culture OC-1 plated onto BUG agar via three-phase streaking. This 

plate demonstrates the swarming morphology displayed by experimental cultures grown 

on solid media. 

 

In order to compensate for this swarming and spreading colony morphology, pour 

plating and agar overlay plating techniques were implemented. These methodologies 
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encase bacteria in agar, inhibiting bacterial movement and slowing gas diffusion, 

producing enclosed colonies that are easy to examine and isolate. After 48 hours of 

incubation, pour plates did indeed produce individual colonies within solid agar. However, 

the plate surface was entirely covered by bacterial colonies that had migrated to and 

subsequently colonized the entire plate, making it impossible to isolate single colonies from 

within the agar. Unlike previous plating methodologies, the agar overlay method produced 

distinct colonies, as an extra layer of agar prevented colony migration. Microscopic 

examination of these colonies revealed the presence of several Gram-positive rods 

approximately 5-8 µm in length and no presumptive filaments. Based on the observed 

colony morphologies and Gram staining results, isolated bacteria in each tested 

experimental culture were likely members of the genus Bacillus. Bacillus species tend to 

produce nonhemolytic, flat or slightly convex colonies with irregular edges (Lu et al., 

2018). Additionally, the large colony sizes and morphologies observed on streak- and 

spread-plates may be attributed to a swarming motility and colony migration occasionally 

observed in several members of the Bacillus genus, such as B. cereus, B. subtilis and B. 

thuringiensis (Kearns and Losick, 2003; Ghelardi et al., 2007). Swarming motility involves 

rapid multicellular surface movement of bacteria via the use of flagella and secretion of 

surfactants, allowing bacteria like B. subtilis to become highly motile and spread across 

entire agar plates (Kearns, 2010). This method of microbial motility is commonly 

associated with multicellular rafting, cell elongation and formation of macroscopic 

colonies that spread evenly and continuously outward (Kearns, 2010; Senesi et al., 2002). 

Elongated Gram-positive rods observed via Gram staining may be attributed to cellular 

elongation displayed in bacteria displaying swarming motility, and may explain the 
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presence of suspected SFB filaments in earlier experiments as swarming strains have been 

observed to form long filaments when grown on agar surfaces (Kearns, 2010; Hoeniger, 

1964). Additionally, undomesticated bacterial strains obtained from natural environments 

like turkey ileal samples are more likely than laboratory isolates to exhibit swarming 

motility (Kearns, 2010). To examine the swarming motility of suspected members of the 

genus Bacillus, cultures OC-1 and OC-2 were spot-plated onto BHI agar plates and allowed 

to grow for 4 days under microaerobic conditions. Following incubation, resultant colonies 

were observed to have covered a significant portion of each plate, radiating outwards from 

the point of origin, producing opaque colonies with irregular edges (Figure 9). The 

observed colonies appear to be mostly featureless, with a single ring of consolidation, 

matching descriptions of swarming Bacilli, indicating that the observed colonies covering 

the majority of the solid agar plates used were likely members of the genus Bacillus 

(Kearns, 2010; Kearns and Losick, 2003). 

 
Figure 9: Spot-plating of cultures of OC-1 and OC-2. Cultures were grown on BHI agar 

plates under microaerobic condition for 96 hours. Colonies can be seen to radiate outwards 

from the origin of inoculation, spreading to cover roughly one-third of each plate. 
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After PCR amplification of extracted genomic DNA using SFB specific and 

Universal primers, amplicons were screened via Sanger sequencing and revealed to show 

high sequence similarity to mouse-associated SFB and Bacillus marisflavi strain NBRI7S 

when screened with SFB-specific and non-specific primers respectively (Table 4). Bacillus 

marisflavi is an endospore-forming, halotolerant member of the genus Bacillus that 

displays taxonomic similarity to B. subtilis, B. licheniformis, and B. amyloliquefaciens 

(Yoon et al., 2003). Though fairly under-characterized, this organism appears to share 

many metabolic and morphological features to other members of the genus Bacillus and is 

likely to be the dominant member of the observed cultures and colonies. 

Table 4: Top NCBI BLASTN results of Sanger sequenced PCR amplicons of BHI agar 

overlay colonies. Sequences were sequenced using forward primers from both universal 

and SFB-specific primers.  

Isolate Top Match E-value % ID 

Overlay Isolate 1 - 

V1-27F 

Bacillus marisflavi strain NBRI7S 16S ribosomal RNA 

gene, partial sequence 

2x10-122 96% 

Overlay Isolate 2 - 

V1-27F 

Bacillus marisflavi strain NBRI7S 16S ribosomal RNA 

gene, partial sequence 

2x10-89 97% 

Overlay Isolate 3 - 

V1-27F 

Bacillus marisflavi strain NBRI7S 16S ribosomal RNA 

gene, partial sequence 

1x10-89 99% 

Overlay Isolate 4 - 

V1-27F 

Bacillus marisflavi strain NBRI7S 16S ribosomal RNA 

gene, partial sequence 

0 96% 

Overlay Isolate 1 - 

SFB-FWD 

Candidatus Arthromitus sp. SFB-mouse strain RSI-1380-6 

16S ribosomal RNA gene 

6x10-29 98% 

Overlay Isolate 2 - 

SFB-FWD 

Candidatus Arthromitus sp. SFB-mouse strain RSI-1380-6 

16S ribosomal RNA gene 

6x10-29 96% 

Overlay Isolate 3 - 

SFB-FWD 

Candidatus Arthromitus sp. SFB-mouse strain RSI-1380-6 

16S ribosomal RNA gene 

3x10-27 96% 

Overlay Isolate 4 - 

SFB-FWD 

Candidatus Arthromitus sp. SFB-mouse strain RSI-1380-6 

16S ribosomal RNA gene 

3x10-28 98% 
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High-throughput, next-generation sequencing of colonies via 16S dual-index 

sequencing results revealed that subcultured colonies from agar overlay plating contained 

sequences from only two bacteria, Bacillus marisflavi and another unidentifiable bacterium 

that did not match any phylogenetic hierarchies within the phylogeny reference database, 

GreenGenes (Figure 10) (DeSantis et al., 2006). Upon further scrutiny, the reference 

database did not contain 16S sequences from SFB strains (Candidatus Arthromitus), 

indicating that the bioinformatics pipeline used for sequence analysis was unable to 

identify and assign taxonomy to turkey-associated SFB. The inability to assign a taxonomic 

hierarchy may be attributed to any multitude of potential organisms, SFB-linked amplicons 

produced via PCR and Sanger sequencing suggest that the unassigned organism detected 

in the 16S analysis was very likely SFB-turkey. In each subcultured colony screened, 

Bacillus marisflavi was observed to be dominant member, accounting for approximately 

70-100% of the reads for each culture, while the organism presumed to be SFB-turkey 

accounted for around 0-30% of each isolate examined (Figure 10). 

 

Figure 10: Taxonomic classifications of four BHI agar overlay isolates indicated by dual-

index sequencing. Class-level taxonomic classification was based upon relative abundance 

of reads in each sample. 
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These results also confirm the microbial contaminant in SFB co-cultures to be 

Bacillus marisflavi and demonstrate that swarming colonies produced via spread plating 

and streak plating may be attributed to the swarming motility of this relatively under-

studied member of the genus Bacillus. The occurrence of B. marisflavi with turkey-

associated SFB in colonies isolated from agar overlay plating indicates that the two bacteria 

may exist in a commensal relationship, with SFB-turkey relying on the proliferation of B. 

marisflavi to provide essential metabolites for the growth of these organisms. Though 

swarming motility has not yet been observed in B. marisflavi, several closely related 

bacteria have been demonstrated to exhibit swarming motility (Yoon et al., 2003; Kearns, 

2010; Senesi et al., 2002). Of additional importance to the study of these ileum-derived 

cultures are the morphological changes observed in bacteria exhibiting swarming motility. 

In many studies examining swarming motility in bacteria, cellular elongation is observed 

as cells suppress cellular division, growing into filaments that develop into long chains of 

cells (Kearns, 2010; Kearns and Losick, 2003; Julkowska et al., 2005; Patrick and Kearns, 

2008). Additionally, these filaments do not form transverse septa that divide the cells, 

allowing them to be distinguished from SFB with sufficiently robust microscopic methods. 

The possibility that filamentous forms of Bacillus may have been present in the tested 

cultures complicates the interpretation of Gram-staining results as these cells would likely 

stain as Gram-positive filaments if grown to sufficient lengths. 

4.4 Conclusions 

In examining the ability of SFB-turkey to grow and reproduce in vitro, it was 

determined that turkey-associated SFB were able to grow to high proportions in liquid 

microbial cultures grown under microaerobic conditions after 48 hours of incubation. This 
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also suggests that SFB may be able to reliably recover independently from host tissues, and 

growth may dependend on utilization of secreted metabolites from other members of the 

microbial consortia. 

Through growth curve construction and qPCR analysis of cultures incubated in BHI 

broth, presumptive SFB were observed to grow to significant numbers following 48 hours 

of incubation, indicating these organisms are slow growing, with the greatest increases in 

growth occurring from 24 to 48 hours of incubation. SFB-specific qPCR analysis 

demonstrated that the greatest increase in SFB growth occurred between 24 and 48-hours 

with growth continuing and slowing over incubation time.  

SFB cultures incubated under anaerobic, microaerobic, and aerobic conditions 

revealed an overall growth preference for microaerobic conditions, with the greatest 

growth rate and number of observable filaments over incubation time. SFB were unable to 

grow under aerobic conditions, and did recover under anaerobic conditions, but to a far 

lesser extent than under microaerobic conditions. This overall growth preference for 

microaerobic conditions matches predictions from previously conducted genomics 

analyses, which predicted SFB-turkey to encode catalases and a peroxidase. BHI broth has 

reproducibly led to suspected growth of SFB in experimental cultures, as protease peptone 

and calf brain and beef heart infusions provide necessary nitrogenous compounds, carbon 

substrates, amino acids, and peptides for the consistent growth of SFB. 

Attempts to obtain a pure culture of SFB via solid media plating methodologies was 

not successful. Colonies spread-plated and streak-plated onto solid BUG and BHI agar 

produced large, swarming cultures of Bacillus marisflavi that entirely covered each plate 

tested. Only through agar overlay plating were individual colonies obtained. From these 
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individual colonies, it was determined that one of the microbial co-contaminants in 

experimentally derived cultures was Bacillus marisflavi. Turkey-associated-SFB was also 

presumptively recovered from these colonies, growing in close proximity to Bacillus 

marisflavi.. 

However, some study limitations should be considered. First, visual inspection for 

the presence of filamentous organisms via light microscopy is a fairly qualitative metric to 

measure the suspected presence of SFB in culture and is unable to easily discriminate 

filaments from potentially elongated cells of non-SFB organisms. The septation of 

filaments is a distinguishing characteristic of SFB, as other organisms that can elongate or 

form filaments do not possess this unique capability. Without a more advanced method of 

microscopy, such as fluorescence or electron microscopy, it can be difficult to determine 

if filamentous cells are septated or not. Secondly, the SFB-specific primers used in this 

analysis did not produce highly noticeable amplicons when visualized via gel 

electrophoresis, especially when compared to the non-specific, universal primer set which 

produced very bright bands by comparison. Primers designed by Yin et al., 2013 in 

particular were largely ineffective at producing bright, noticeable amplicons when 

analyzed via electrophoresis. This could be due to sequence differences between SFB-

turkey and the primer set which was primarily designed for use in studying murine-

associated strains. Alternatively, there may have been an overall low number of SFB 

filaments present in cultures, such that reliable detection of SFB was difficult to achieve at 

the tested concentrations of DNA. 

A persistent issue faced in attempts to study turkey-associated-SFB was the 

persistence of bacterial co-contaminants, making it difficult to ascertain the true growth 
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dynamics of SFB in vitro. Co-contaminants, such as Bacillus marisflavi always served as 

a dominant member in the screened cultures, making it very difficult to isolate SFB in 

monoculture through plating methodologies. Observed growth dynamics and preferences 

for test media varieties BHI broth may be attributed to the broad array of metabolites 

supplemented in the media, but may also be a result of organismal co-interactions, where 

metabolites produced by B. marisflavi, either through secretion or cellular death and lysis, 

may support the growth of SFB-turkey. Advanced techniques to target and remove B. 

marisflavi from the co-cultures should be explored to determine if SFB-turkey can survive 

and reproduce independently as a facultative symbiont, or if these organisms are obligate 

symbionts relying on factors produced by other organisms or the host to survive.  
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Chapter Five 

EXPERIMENTAL ATTEMPTS TO ISOLATE SFB-TURKEY FROM 

MICROBIAL CONSORTIA 

5.1 Introduction 

 Much of the present knowledge of microbiology has been limited to the study of 

microorganisms grown in traditional pure culture techniques. Microorganisms that are 

easily isolated through their ability to grow readily or rapidly on artificial growth media 

are predicted to comprise less than 1% of all microbial species, as the overwhelming 

majority of microbes do not grow in vitro (Hugenholtz, 2002). Deemed the “great plate 

count anomaly” based on observations that microscopic counts are magnitudes larger than 

the equivalent total viable counts when cultured, uncultivable species comprise a bulk of 

microbial diversity (Hugenholtz, 2002). Uncultivable organisms are organisms that are 

able to grow in nature, but are presently unable to grow under standard culture conditions 

(Nichols et al., 2008). Of 61 estimated bacterial phyla, 31 phyla have no cultivable 

representatives (Hugenholtz et al., 2009). These uncultivable organisms play important 

roles in cycling carbon and nitrogen, synthesizing novel bioproducts, and impacting their 

surrounding environment and organisms (Stewart, 2012). With the development of 

molecular, culture-independent technologies, there has been a shift to the usage of PCR 

amplification of housekeeping genes, such as the 16S rRNA gene, to characterize 

populations of mixed bacterial species (Pace, 1997). As a result, a great multitude of novel 

phenotypes have been observed in a wide range of microbial communities derived from 

soil, water, and animal ecosystems (Rappe and Giovannoni, 2003). While these 

genetically-based technologies can provide essential information beyond the ability to 
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culture these organisms, a true understanding of their physiology and roles in natural 

processes, host health and ecology can only be determined through cultivation in a 

laboratory setting. 

 Possible reasons why certain bacteria have never been identified via culture-based 

methods may be a matter of coincidence; organisms that have a low prevalence in natural 

settings or are particularly slow growing may be easily overlooked in culture-based 

analyses. These organisms may also be phenotypically similar to better classified 

organisms and are thereby indistinguishable when using classical biochemical methods 

(Vartoukian et al. 2010). By comparison, some microorganisms are unable to grow in 

conventional culture media due to their metabolic auxotrophies and fastidious growth 

requirements including the need for specific metabolites, incubation temperatures, pH 

levels, osmotic conditions and atmospheric gas concentrations. This can create a multi-

faceted challenge in cultivating these previously unculturable organisms which may take a 

number of strategies to truly obtain an in vitro culture.  

 Newly developed cultivation techniques are diverse and take a number of 

approaches including circumvention of growth restrictions, simulation of natural growth 

environments, growth with other “helper” organisms, and targeted isolation of organisms 

of interest (Stewart, 2012). Growth restrictions of uncultivable organisms can be 

circumvented through supplementation and alteration of growth media and through altering 

incubation times and temperatures. Some organisms may require specific carbon or amino 

acid sources in growth media to overcome nutritional auxotrophies and may have longer 

generation times than typically observed in laboratory models, necessitating specific 

modifications to the nutritional composition of media and extended incubation time 
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(Stevenson et al., 2004). In some circumstances, it has been proven that organisms 

traditionally resistant to culture have been isolated and reliably grown with presence of 

host tissues, soil sediment, and seawater samples in laboratory settings (Stewart, 2012). 

Some syntrophic organisms may only grow in proximity to other organisms, requiring 

byproducts or environmental modifications generated via growth and proliferation of 

heterotrophic organisms in co-culture. Examples of these syntrophic growth factors include 

specific carbon sources, essential micronutrients, vitamins and siderophores which may be 

critically lacking in the uncultivable bacteria of interest (Brown and Whiteley, 2007; Guan 

et al., 2000). Previously uncultivable organisms Symbiobacterium toebii and 

Catellibacterium nectariphilum have been successfully grown in isolation using spent 

medium or cellular extracts of bacterial co-contaminants (Kim et al., 2011; Tanaka et al., 

2004). In other circumstances, helper organisms have been demonstrated to modify 

microbial growth environments by reducing oxidative stresses and potentially toxic 

metabolites by secreting catalases and extracellular enzymes, allowing for growth of more 

sensitive microorganisms (Morris et al., 2011). 

 Sometimes, a targeted approach to the selective removal of organisms from 

bacterial cultures may serve to encourage growth of uncultivable organisms. Antibiotic use 

can selectively target large swathes of bacteria by targeting cellular functions or growth 

processes, such as disrupting cell wall or protein synthesis. Narrow-spectrum antibiotics 

can specifically target Gram-positive or Gram-negative organisms and can thereby be used 

to specifically target members of a co-culture. An approach that is not commonly used to 

cultivate uncultivable bacteria is the implementation of organism-specific bacteriophages 

to selectively target and lyse individual members of bacterial co-cultures. Bacteriophages, 
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also referred to simply as phages, are submicroscopic viruses that selectively infect and 

replicate within bacterial cells. Bacteriophage infection can cause death of host cells via 

cell lysis to release replicated phages, continuous release of phage particles without cell 

death, or integration of phage sequences into bacterial chromosomes or plasmids (Hudson 

et al., 2005). Phages that can lyse host cells (lytic phages) are preferred for eliminating 

bacteria, such as bacterial pathogens (Hudson et al., 2005), as rapid replication and release 

of virions from the host causes the cell to rupture, destroying the host and releasing progeny 

phage. These viruses are species-specific, binding to particular cellular surface epitopes on 

target cells such as outer membrane proteins, peptidoglycan, teichoic acids, 

oligosaccharides, lipopolysaccharide (LPS), capsule, flagellum, fimbriae, and sex pilus 

(Cieplak et al., 2018; Hudson et al., 2005; Drulis-Kawa et al., 2015). Aggressively virulent 

lytic phages are effective at targeting and eliminating bacteria of interest, destroying 

bacteria and releasing a cellular lysate containing high levels of replicated bacteriophage 

along with amino acids, carbohydrates and various cellular components (Weinbauer and 

Peduzzi, 2005). Additionally, administration of bacteriophages have proven effective in 

targeting only target organisms of interest without decreasing overall fitness of other 

members of microbial communities in which these bacteria are derived (Cieplak et al., 

2018; Richards et al., 2019; Moye et al., 2019). 

 An organism of potential interest to commercial turkey production is the previously 

uncultivable organism Candidatus Arthromitus, a member of the group segmented 

filamentous bacteria (otherwise known as SFB). SFB are a group of host-specific, 

clostridia-related, spore-forming commensal organisms that have been demonstrated to 

induce differentiation and proliferation of Th17 cells and IgA-producing plasma cells in 
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the gastrointestinal tract of mice and rats (Ivanov et al., 2009; Sonnenberg et al., 2011; 

Mortha et al., 2014; Atarashi et al., 2015; Bunker et al., 2015; Farkas et al., 2015; Furusawa 

et al., 2015; Edelblum et al., 2017; Schnupf et al., 2017). SFB are believed to impact growth 

and performance of turkey poults and have been implicated with a protective effect against 

an emerging condition known as light turkey syndrome (Calvert, 2012; Danzeisen et al., 

2013). Due to the suspected role that SFB play in promoting digestive and immune health, 

turkey-specific SFB strains present great potential as direct-fed microbials and must be 

isolated in culture in vitro. 

 Due to their extensive metabolic deficiencies and association with epithelial tissues 

of associated host-organisms (Prakash et al., 2015), SFB have proven resistant to traditional 

cultivation methods, and have only been cultured ex vivo (Schnupf et al., 2015; Ericsson et 

al., 2015). Both Schnupf et al. 2015 and Ericsson et al. 2015 aimed to mimic the replicative 

niche of SFB by developing a co-culturing system where SFB were isolated from 

monoassociated mice and cultured with eukaryotic epithelial cell lines under low oxygen 

conditions and in rich culture medium (Schnupf et al., 2015; Ericsson et al., 2015). As 

detailed in Chapters 2 and 4, experimentally-derived bacterial co-cultures containing SFB 

from turkey poults were obtained from poult ileal sections. In order to isolate and study 

strains of turkey-associated SFB from these samples, various approaches previously used 

to successfully culture previously uncultivable bacteria were implemented. The following 

studies highlight several attempts to separate turkey-associated SFB from other members 

of intestinally-derived bacterial cultures, including dilution-to-extinction, growth in “spent 

media”, separation via filtration and targeted use of species-specific bacteriophage lysates. 

Additionally, several cultures of SFB grown under a variety of media conditions were 
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scrutinized using next-generation sequencing techniques for the presence or absence of 

turkey-associated SFB. 

5.2 Materials and Methods 

5.2.1 Strains and Media 

Experimentally derived cultures were obtained following methods described in 

section 2.2.6 and were stored at -80°C. Samples were named by assigning letters “OC”, 

which stand for Original Culture, and assigned a numerical value according to the order in 

which they were obtained. Cultures OC-1, OC-2, OC-3, OC-4, OC-5, OC-were used in 

experimental screens detailed in this. Additionally, bacterial cultures derived from agar 

overlay plating of OC-2 were used. Cultures were grown in several solid and liquid media 

varieties. Tryptic soy broth (TSB) and tryptic soy agar (TSA), and brain heart infusion 

(BHI) broth and agar were prepared according to manufacturer's specifications (Research 

Products International, Mt. Prospect, IL). Modified SFB recovery media (mSFB) was 

formulated following methods described by Schnupf et al. 2015: DMEM/F12 advanced 

medium with 2% FCS, Glutamax and 20 mM HEPES (Millipore Sigma, St. Louis, MO) 

with additional supplements: 10 mL/L of 5X concentrated brain–heart infusion (BD Difco, 

Franklin Lakes, NJ), 10% yeast peptone (BBL Biosafe, Orlando, FL) and 5% casamino 

acids (BD Difco, Franklin Lakes, NJ), and ribose/cellobiose/mannose/sucrose (Millipore 

Sigma, St. Louis, MO) at 200 mM; 1 mL/L of 10 mM ferrous sulphate (Millipore Sigma, 

St. Louis, MO), 12.5 mM ferric ammonium citrate (Fisher Scientific, Waltham, MA) , and 

sodium ascorbate at 10 mg/ml; 100 µL/L of retinoic acid (Millipore Sigma, St. Louis, MO) 

at 30 mg/mL in DMSO and;  500 µL/L of: Herring sperm DNA (Life Technologies, 

Carlsbad, CA) at 10 mg/mL digested for 1 hour with 10 mL DNaseI (Roche, Basel, 
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Switzerland) at 37°C and heat inactivated at 75°C for 30 min, yeast RNA at 10 mg/mL 

(Millipore Sigma, St. Louis, MO) undigested. 

In order to grow and propagate bacteriophage, SM buffer and TSA top agar with 

1% Coomassie Brilliant Blue (CBB) were used to better visualize plaque forming units. 

SM buffer was prepared by dissolving 5.8 g of NaCl and 2 g of MgSO4•7H2O in 800 mL 

of deionized water and adding 50 mL Tris-Cl. Following these additions, the volume was 

adjusted to 1L with deionized water. SM buffer was autoclaved and stored at room 

temperature. TSA top agar with 1% CBB was prepared by combining 100 mL of tryptic 

soy broth with 0.35 g of agar, 1 mL of 1% CBB solution, and 1 mM/mL CaCl2. Top agar 

was autoclaved and stored at 55°C until used. 

5.2.2 Genomic DNA Extraction 

Bacterial genomic DNA was extracted from liquid cultures using Qiagen 

UltraClean DNeasy Kit (Qiagen, Hilden, Germany) following manufacturer's instructions 

with the following modification: 4 mL of liquid culture was centrifuged for 5 minutes at 

8,000 x g to pelletize cells. Genomic DNA was extracted from solid cultures using Qiagen 

DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) following manufacturer's instructions. 

Quantity and quality of all genomic DNA samples was determined by measuring A260 using 

a UV-visible (UV-Vis) Nanodrop spectrophotometer (A260 = 1 corresponds to 50 ng/μL of 

double-stranded DNA). Overall quality of genomic DNA was determined by measuring 

A260/A280 ratio. 

5.2.3 PCR Amplification and Sanger Sequence Analysis 

Two SFB-specific PCR protocols titled “SFB Protocol” and “Yin Protocol” were 

utilized to screen for presence or absence of SFB-turkey in culture using oligonucleotides 
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targeted to SFB 16S rRNA gene regions as PCR primers. All PCR protocols utilized AS 

ONE Taq Polymerase SFB Protocol used primer pair “SFB-FWD” (5’-

CCGCCTGAGGAGTACGA-3’) and “SFB-REV” (5’-GGTAATTCAAGGTATGTCAA 

GTTTAGG-3’) and amplified using the following thermocycling protocol: Initial 

denaturation at 95°C for 2:00 minutes, denaturation at 95°C for 0:30 minute, annealing at 

58°C for 1:00 minute, extension at 72°C for 2:00 minutes. Denaturation, annealing, and 

extension steps were cycled for a total of 40 cycles, with a final extension at 72°C for 5:00 

minutes. The second SFB-specific protocol, “Yin protocol”, was followed according to Yin 

et al., 2013, and used primer pair 779F (5’-TGTGGGTTGTGAATAACAAT-3’) and 

1008R (5’-GCGGGCTTCCCTCATTACAAG G-3’) (Yin et al. 2013). The Yin 

thermocycling protocol consisted of an initial denaturation at 94°C for 5:00 minutes, 

denaturation at 94°C for 0:30 minute, annealing at 58°C for 0:30 minute, extension at 72°C 

for 0:45 minute. Denaturation, annealing, and extension steps were cycled for a total of 30 

cycles, with a final extension at 72°C for 5:00 minutes. Samples were also analyzed for 

quality using a non-specific PCR protocol titled “Universal Protocol” targeting the V1-V3 

hypervariable regions of bacterial 16S rRNA genes. Universal protocol used V1-27F  (5’-

AGAGTTTGATCCTGGCTCAG-3’) and reverse primer V3-534R (5’-

ATTACCGCGGCTGCTGG-3’) and the following thermocycling protocol: Initial 

denaturation at 95°C for 5:00 minutes, denaturation at 95°C for 0:30 minute, annealing at 

55°C for 0:40 minute, extension at 68°C for 1:00 minute. Denaturation, annealing, and 

extension steps were cycled for a total of 30 cycles, with a final extension at 68°C for 5:00 

minutes. A table containing protocol names, primer names, and primer sequences of each 

protocol is provided (Table 1). 
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Table 1: Primer sequences used in non-specific and SFB-specific amplification of DNA 

products. 

Protocol 

Name 

Primer Names Primer Sequences 

SFB 

SFB-FWD 5’-CCGCCTGAGGAGTACGA-3’ 

SFB-REV 5’-GGTAATTCAAGGTATGTCAAGTTTAGG-3’ 

Universal 

V1-27F 5’-AGAGTTTGATCCTGGCTCAG-3’ 

V3-534R 5’-ATTACCGCGGCTGCTGG-3’ 

Yin 

779F 5’-TGTGGGTTGTGAATAACAAT-3’ 

1008R 5’-GCGGGCTTCCCTCATTACAAGG -3’ 

 

A standard PCR was performed in a total volume of 25 µL containing 12.5 µL 

BullsEye Taq plus Mastermix, 0.1 µM/µL of each primer, and 100 ng of prepared genomic 

DNA. BullsEye Taq plus Mastermix (MidSci, Valley Park, MO) contains R-Taq DNA 

Polymerase, 1.5 mM MgCl2, 10X Ammonium Buffer, and dNTP mix (12.5 mM each). 

Following thermocycling, reaction tubes were stored at -20°C. Amplification products 

were separated using TAE-agarose gel electrophoresis (2.0%) with 0.1 µL/mL SYBR safe 

DNA gel stain (Invitrogen, Carlsbad, CA). Gels were run at 90V for 3 hours and visualized 

using a Bio-Rad Chemidoc XRS imaging system (Bio-Rad, Hercules, CA).  

Amplified PCR products were purified via QIAquick PCR Purification Kit 

following manufacturer’s specifications (Qiagen, Hilden, Germany), and the quality and 

concentration of purified PCR products were determined via NanoDrop 

spectrophotometer. 50 ng of amplification products were combined with 6.4 pmole of 
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either forward or reverse primer of each protocol (SFB-FWD, SFB-REV, Universal Primer 

MetaV1 27F, and Universal Primer MetaV3 534R), and deionized water to a total volume 

of 12 µL. Samples were sequenced using the Applied Biosystems 3730xl DNA Analyzer 

platform (Applied Biosystems, Foster City, CA). Following sequencing, Sanger products 

were analyzed for homology using NCBI BLASTn and nucleotide collection database and 

subsequently optimized for the discontinuous megablast program (Johnson et al. 2008).  

5.2.4 16S Microbiome Sequencing 

Samples were submitted for analysis via 16S microbiome dual-index sequencing 

using the Illumina MiSeq sequencing platform (Illumina, San Diego, CA) (Gohl et al., 

2016). Primers Meta_V1_27F (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACA 

GAGAGTTTGATCMTGGCTCAG-3’) and Meta_V3_534R (5’-GTCTCGTGGGCTCG 

GAGATGTGTATAAGAGACAGATTACCGCGGCTGCTGG-3) targeting the V1-V3 

hypervariable regions of the bacterial 16S gene were used with the following 

thermocycling protocol: Initial denaturation at 95°C for 5:00 minutes followed by 25 cycles 

of 0:20 minute at 98°C, 0:15 minute at 55°C, and 1:00 minute at 72°C, and final extension 

at 72°C for 5:00 minutes. After this first round of amplification, resultant PCR products 

were diluted 1:100, and 5 µL was used for an additional PCR reaction involving forward 

and reverse indexing primers: Forward primer 5’-AATGATACGGCGACCACCGAGAT 

CTACAC[i5]TCGTCGGCAGCGTC-3’ and reverse primer 5’-CAAGCAGAAGACGGC 

ATACGAGAT[i7]GTCTCGTGGGCTCGG-3’ where [i5] and [i7] refer to index sequence 

codes used by Illumina. Indexing primers amplified previous PCR products accordingly: 

Initial denaturation step at 95°C for 5:00 minutes followed by 10 cycles of 0:20 minute at 

98°C, 0:15 minute at 55°C, and 1:00 minute at 72°C, and finished with a final extension 
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period of 5:00 minute at 72°C. Following indexing, pooled and size-selected samples were 

denatured with NaOH, diluted to 8 pM in Illumina’s HT1 hybridization buffer (Illumina, 

San Diego, CA), spiked with 20% PhiX sequencing control, and heat denatured at 96°C 

for 2:00 minutes immediately prior to loading. A MiSeq 600 cycle v3 kit (Illumina, San 

Diego, CA) was used for sequencing. All 16S dual-index sequencing was performed by 

the University of Minnesota’s Genomics Center. 

Following 16S dual-indexing, result files containing sequence reads were processed 

using DADA2 and R-studio version 3.4.4 (Callahan et al., 2016). Adapter sequences and 

primers were trimmed from reads and assigned basic quality scores. Following trimming, 

amplicon sequence variant (ASV) tables were constructed using error-corrected and 

clustered sequences. DADA2 was used to remove chimeric reads. Sequences that appeared 

in very low frequencies (<4 samples and <100 sequence count) were parsed out and not 

used when compiling the relative percentages of reads present in each sample. Sequence 

reads were assigned taxonomic diversity identifiers via comparison to the SILVA 

ribosomal RNA gene database, release 128 (Quast et al., 2013), and compiled into groups 

according to their assigned genera. Finally, taxonomically assigned reads were compiled 

for each sample and visualized using ggplot2 and R-studio (Rstudio Team, 2020; 

Wickham, 2016). Code used for this research is detailed in Appendix 2. 

5.2.5 Dilution to Extinction 

 Frozen cultures OC-1 and OC-2 were inoculated into 1 mL of 1% phosphate 

buffered saline (PBS) to dissolve each culture. Dilutions of each culture were performed 

by inoculating 100 µL of dissolved culture solution in 900 µL dilution blanks containing 9 

mL of BHI broth. This 1:10 serial dilution was performed until a 10-9 dilution was achieved. 



 

 137 

Inoculated tubes were incubated at 41°C for 7 days under microaerobic conditions in sealed 

Becton Dickinson GasPak EZ container and pouch systems containing 2 BD GasPak EZ 

Campy Container System sachets (Beckton Dickinson, Franklin Lakes, NJ). After 7 days, 

the most dilute samples producing noticeable growth were sampled and passaged via the 

dilution process listed above two more times. After each subculturing event, cultures were 

examined microscopically via Gram staining and were used for genomic DNA extraction 

and analysis to determine presence or absence of turkey-associated SFB. 

5.2.6 Selection for SFB via differential filtration  

 Frozen cultures OC-1 and OC-2 were inoculated into 20 mL of BHI broth in vented 

tissue culture flasks and incubated for 168 hours at 41°C under microaerobic conditions in 

sealed Becton Dickinson GasPak EZ container and pouch systems containing 2 BD GasPak 

EZ Campy Container System sachets (Beckton Dickinson, Franklin Lakes, NJ). Following 

incubation, turbid cultures were passed through three sizes of cell strainers of decreasing 

pore size, 70 µm, 40 µm, and 20 µm in size (Fisher Scientific, Waltham, MA). Cultures 

observed to contain filamentous cells of over 20 µm were passed through 70 µm cell 

strainers twice to capture bacteria on top of the filter. Once passed through, strainers were 

rinsed with 5 mL of 1% PBS buffer. Cultures filtered through 70 µm filter were then passed 

through 40 µm cell strainers, followed by 20 µm filters, rinsing each filter as detailed 

above. Each of the three cells strainers of each culture was aseptically transferred to 100 

mL screw-cap bottles containing 50 mL of BHI broth. These bottles were incubated for 48 

hours at 41°C for 168 hours under microaerobic conditions as described above. After 

incubation, 5 mL of each fraction was transferred to a conical 15 mL centrifuge tube and 
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processed according to protocols detailed in Genetic Extraction and PCR protocols 

sections. 

5.2.7 Selection for Bacillus marisflavi 

 To select specifically for Bacillus marisflavi, experimentally derived culture OC-2 

was streak-plated onto a TSA plate via three-phase streaking and was incubated aerobically 

for 48 hours at 41°C. Following incubation, the edge of a single colony was subcultured 

using a sterile disposable inoculation loop and was used to carry out an additional three-

phase streak onto a TSA plate and incubated as described above. This was carried out one 

final time for a total of three subculturing events to ensure culture purity. From the third 

streak plate, part of a colony was used to inoculate 5 mL of TSB, and was incubated 

aerobically for 48 hours at 41°C. Liquid cultures were used to generate frozen stocks 

composed of 15% glycerol, and were processed according to protocols detailed in Genetic 

Extraction and PCR protocols sections. Following sequencing, Sanger products were 

analyzed for homology using NCBI BLASTn and nucleotide collection database and 

subsequently optimized for the discontinuous megablast program (Johnson et al. 2008). 

5.2.8 Growth of SFB in Spent Media 

 A frozen culture of Bacillus marisflavi was inoculated into 50 mL aliquots of BHI 

broth using a 10 µL disposable inoculating loop. This culture was incubated at 41°C for 48 

hours under microaerobic conditions with constant stirring in a GasPak 100 system filled 

with 2 BD GasPak EZ Campy Container System sachets (Becton Dickinson, Franklin 

Lakes, NJ). Following incubation, turbid cultures were passed through 0.22 µm syringe 

filters to remove all bacteria from suspensions. Five mL aliquots of filtered “spent” media 

was then inoculated with a 10 µL inoculation loopful of frozen cultures OC-1 and OC-2 
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and grown in BHI broth for 41°C for 48 hours under microaerobic conditions as described 

above. As a control, OC-1 and OC-2 were inoculated into fresh BHI media and incubated 

alongside cultures incubated in “spent” media. Incubated cultures were examined 

microscopically via Gram staining and were used for genomic DNA extraction and analysis 

to determine the presence or absence of turkey-associated SFB and relative proportions of 

these bacteria. 

5.2.9 Assessing Antibiotic Resistance Genes of Bacillus marisflavi and SFB-turkey 

Genomes of SFB-turkey and Bacillus marisflavi strains JCM 11544, M19, LK19, 

and UBA916 were compared and analyzed at the level of genes and protein sequences 

using Pathosystems Resource Integration Center (PATRIC) (Wattam et al., 2017). To 

compare antibiotic resistance genes of SFB-turkey and B. marisflavi genomes, the PATRIC 

Specialty Genes analysis tool was utilized. This tool allowed for comparisons of antibiotic 

resistance target genes present in genomes of examined strains. In order to enable 

comparative analyses across several genomes and original annotations using consistent 

vocabulary, each genome was annotated using a customized version of the RAST tool kit 

(RASTtk) through the PATRIC Genome Annotation service (Brettin et al., 2015). PATRIC 

assigns protein encoding genes protein family membership in order to drive comparative 

analysis tools including the manually curated Antibiotic Resistance Genes Database 

(ARDB), which assesses resistance profile, mechanism of action, ontology, COG and CDD 

annotations (Liu and Pop, 2009). 

5.2.10 Phage Enrichment for Bacillus marisflavi 

Sewage water samples were obtained from Eagle’s Point Water Treatment facility 

in Cottage Grove, Minnesota and were stored in glass bottles at 4°C until later use. Sewage 
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water samples were centrifuged at 8,000 x g for 10 minutes at 4°C to separate  suspended 

solids from the remaining supernatant containing bacteria and viruses. Cellular 

supernatants were aseptically filtered through a 0.22 µm Millipore Stericup (Merck 

Millipore, Burlington, MA) filter to remove any endogenous bacteria. To enrich for B. 

marisflavi-specific bacteriophages, an overnight liquid culture of B. marisflavi was first 

generated by inoculating 5 mL of sterile TSB with a 10 µL loopful of frozen bacterial stock, 

and incubated aerobically for 24 hours at 41°C with constant shaking. From this overnight 

culture, 100 µL was used to inoculate a mixture containing 10 mL filtered sewage water 

sample and 40 mL sterile TSB and was then incubated for 24 hours at 41°C with constant 

shaking. Following incubation, 10 mL of enrichment culture was removed and placed into 

a sterile 15 mL Falcon tube and centrifuged at 8,000 x g for 10 minutes at 4°C. Resultant 

supernatants were passed through a 0.22 µm syringe filter and stored at 4°C to obtain 

Bacillus marisflavi selected phages. 

 In order to determine the diversity and morphologies of viruses present in the 

enriched bacteriophage suspension, the suspension was diluted and plated as a top agar 

layer onto TSA agar plates. The bacteriophage suspension was diluted in SM buffer via 

serial dilution, in which 100 µL of phage suspension was added to 900 µL SM buffer. 

Serial dilutions of phage suspension was performed to obtain a 10-6 dilution. Each diluted 

sample (100-10-6) was mixed with aliquots of fresh overnight culture of B. marisflavi by 

combining 100 µL of both in a 15 mL Falcon tube. Once mixed, 4 mL of molten TSA top 

agar with 1% CBB was added to each tube using a serological pipette plated onto TSA 

plates and allowed to solidify. Plates were then inverted and incubated for 24 hours at 37°C. 
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Following incubation, plates were examined for morphologically distinct plaques which 

were subcultured and purified. 

To subculture and purify bacteriophage plaques, plates with countable numbers of 

plaques were examined for turbidity, size, and overall morphology. Unique plaques were 

lifted from plates using 10 µL inoculating loops and subcultured onto TSA plates using 3-

phase streaking. Following streaking, plates were layered with 4 mL of molten TSA top 

agar with 1% CBB and 100 µL overnight B. marisflavi culture. Streak plates were 

incubated for 24 hours at 41°C under aerobic conditions. Following incubation, plates were 

examined for single, morphologically distinct plaques which were further purified through 

streaking and isolating colonies 3 times to ensure purity of each virus strain. This process 

was performed for 6 unique morphologies of varying size and turbidity.  

Following purification, individual plaques were lifted from plates using 

micropipettor tips and transferred to a microcentrifuge tube containing 900 µL of SM 

buffer and vortexed to homogenize the sample. This was considered undiluted phage and 

was used to further dilute each sample to 10-6, in which 100 µL of homogenized phage 

suspension was added to 900 µL SM buffer. Each diluted sample (100-10-6) was mixed 

with aliquots of fresh overnight culture of B. marisflavi (produced using the same 

methodology mentioned above) by combining 100 µL of both in a 15 mL Falcon tube. 

Once mixed, 4 mL of molten TSA top agar with 1% CBB was added to each tube using a 

serological pipette and plated onto solid TSA plates. Plates were incubated for 24 hours at 

41°C under aerobic conditions. Following incubation, examined for plates displaying near 

confluent lysis, having a high density of plaques with very little bacteria present in the top 

agar level, were selected to harvest phage lysates. Selected plates were flooded with 8 mL 
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of SM buffer and the top agar layer was disrupted using a plastic spreader. Following 

disruption, supernatant and disrupted top agar layer samples were gently removed without 

aspirating the top agar and transferred to a 15 mL centrifuge tube. Collected samples were 

centrifuged at 8,000 x g for 10 minutes at 4°C. Resultant phage lysate supernatants were 

then passed through a 0.22 µm syringe filter and stored at 4°C until later use. Crude phage 

lysates were assigned numerical names GHP-01 through GHP-06, where GHP represented 

Grant Hedblom Phage. 

5.2.11 Phage Lysate Screening 

In order to approximate the number of plaque forming units (PFU) per mL of each 

bacteriophage lysate via spot plating, each of the six phage lysates were diluted from 10-1 

to 10-9 in SM buffer via serial dilution pipetting 10 µL of inoculum into 90 µL SM buffer. 

From the undiluted sample and each member of the serial dilution series, 10 µL was 

pipetted directly onto TSA agar plates in a grid and allowed to absorb into the agar. After 

absorption, 100 µL of B. marisflavi overnight culture was combined with 4 mL of molten 

TSA top agar and pipetted directly onto TSA plates and allowed to absorb. Plates were 

incubated for 24 hours at 41°C under aerobic conditions and examined to approximate 

which lysate dilution produced a countable number of PFU.  

To determine if each six bacteriophage lysates were distinct from each other with 

respect to their cell surface receptors, each lysate was screened in pairs. Phage lysates were 

diluted from 10-1 to 10-7 by inoculating 100 µL of each lysate into 900 µL in SM buffer. 

For each pair of lysates, 100 µL of each cognate dilution was combined with 100 µL of B. 

marisflavi overnight culture and 4 mL of TSA top agar and pipetted directly onto TSA 

plates. For comparison, 100 µL of each individual lysate dilution series was plated 
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according to previously described methodologies. Plates were incubated for 24 hours at 

41°C under aerobic conditions and examined to determine if plates containing two lysates 

produced significantly higher PFU per dilution than plates containing only one lysate. 

5.2.12 Phage Selection of Experimental Cultures 

 To select for turkey-associated SFB in isolated co-cultures, culture “OC-2 Overlay 

Isolate” was inoculated into 1 mL of 1% phosphate buffered saline to dissolve. From these 

PBS stocks, 100 µL was inoculated into 5 mL of mSFB media supplemented with 100 µL 

of each of the four bacteriophage crude lysates isolated in sections 5.2.10 and 5.2.11 and 

media without bacteriophage. Cultures were incubated at 41°C for 96 hours under 

microaerobic conditions as described above. Following incubation, turbid cultures were 

examined microscopically via Gram staining and light microscopy, and genetic screening 

via genomic DNA extraction, SFB-specific  and non-specificc PCR analysis. 

5.2.13 Longitudinal Comparison of SFB Culture Dynamics 

Frozen stocks of OC-1 through OC-6 were inoculated into 5 mL aliquots of mSFB 

media in 25 mL vented-cap tissue culture flasks and loaded into BD GasPak EZ containers 

with 2 BD GasPak EZ Campy Container System sachets and sealed. Containers were 

incubated for 48 hours at 41°C and subsequently screened microscopically via Gram 

staining for presumptive SFB filaments. After incubation, Gram stains of cultures yielding 

the highest proportion of presumptive filaments (OC-3, OC-4, OC-5, and OC-6) were 

inoculated into 1 mL of 1X phosphate buffered saline (PBS), 100 µL of which was 

inoculated into 5 mL of BHI broth, BUG broth, and mSFB media in 25 mL vented-cap 

tissue culture flasks. Following inoculation, flasks were loaded into BD GasPak EZ 

Anaerobe Containers containing BD GasPak EZ Campy Container System sachets and 
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incubated at 41°C for 24 ± 2 48 ± 2, or 168 ± 2 hours. Following each incubation period, 

genomic DNA samples from each culture were extracted, and cultures were examined 

microscopically via Gram staining. To screen the ability of SFB to persist in culture 

following passaging, 100 µL of each 168 hour culture was used to inoculate an 

uninoculated 5 mL aliquot of its cognate culture medium in 25 mL tissue culture flasks. 

Media inoculated with 7-day cultures were incubated under microaerobic conditions as 

described above for 168 ± 2 hours. This process was repeated to make two total passages. 

As with previous incubation periods, the genomic DNA of each culture was extracted 

(following methods detailed in Section 4.2.2), and cultures were examined microscopically 

via Gram staining. Samples were submitted for analysis via 16S microbiome dual-index 

sequencing and were analyzed via DADA2, R-studio and ggplots (Section 5.2.4).  

5.3 Results and Discussion 

Experimental efforts to isolate turkey-associated segmented filamentous bacteria 

from ileal samples of turkey poults were able to generate several working cultures 

suspected to contain turkey-associated SFB. These bacterial co-cultures were demonstrated 

to support the suspected growth and proliferation of SFB in several media conditions, 

representing a unique instance where these filamentous organisms were consistently grown 

independently from host-tissues. However, in order to determine the exact role of these 

organisms in developing the innate and adaptive immunity in growing turkey poults, 

additional organisms present in each co-culture need to be removed or significantly 

reduced. To assess the ability of SFB-turkey to grow independently from other bacterial 

co-contaminants, several attempts to selectively separate SFB from members of the co-

cultures were implemented, including dilution, filtration, antibiotic selection, and 
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development and implementation of Bacillus specific bacteriophages. In order to determine 

if any antibiotics could be used selectively against B. marisflavi and not against SFB-

turkey, genomes of SFB-turkey and four representative strains of B. marisflavi were 

compared using the Pathosystems Resource Integration Center (PATRIC) (Wattam et al., 

2017). When comparing SFB-turkey to four strains of B. marisflavi, it was determined 

SFB-turkey possesses no predicted antibiotic resistance genes that are not also predicted to 

be present in each B. marisflavi strain (Table 2). By contrast, each strain of B. marisflavi 

was predicted to encode several additional antibiotic resistance genes absent from SFB-

turkey, including genes for the production of bacitracin export ATP-binding protein BceA, 

two-component sensor histidine kinase BceS, and catalase-peroxidase KatG among others 

(Table 2). Predictions indicated that there were no candidate antibiotics that could be used 

to selectively remove B. marisflavi from cultures, so alternative methods had to be 

implemented to separate these two organisms.
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Table 2: Prediction of antibiotic resistance genes of SFB-turkey and four B. marisflavi strains.  Bacillus marisflavi strains JCM 

11544, M19, LK19, and UBA916 were used. Genes that are absent in SFB-turkey are colored in blue. 
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To obtain a pure culture of B. marisflavi, experimentally derived culture OC-2 was 

grown on tryptic soy agar plates under aerobic conditions to encourage B. marisflavi 

growth and suppress SFB-turkey growth. Tryptic soy agar was selected due to the 

medium’s relatively simple nutrient composition, providing insufficient metabolites for 

consistent proliferation of SFB-turkey (Power and Johnson, 2009). Additionally, 

inoculated plates were incubated under aerobic conditions to exclude growth of SFB-

turkey, as this organism lacks necessary enzymes for aerobic respiration and oxygen 

tolerance (Chapter 3). The combined effects of growth on TSA and under aerobic 

conditions, lead to overall purification of B. marisflavi, as confirmed by PCR analysis and 

subsequent Sanger sequence analysis. PCR analysis revealed the complete absence of SFB-

related amplification when using SFB-specific protocols (Figure 1). Sanger sequencing of 

purified PCR products amplified by the universal primer set, confirmed the identity of the 

purified culture to be Bacillus marisflavi. The purity of this culture was confirmed via 16S 

dual-index sequencing, which demonstrated that 100% of reads were assigned to the  genus 

Bacillus (Figure 1). 
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Figure 1: Gel electrophoresis of B. marisflavi cultures. This gel displays PCR amplicons 

produced by SFB (~130 bp), universal (~550 bp) and Yin (~200 bp) primers and protocols. 

Expected amplicon sizes are indicated by markers on the right side of each gel; red for 

SFB, blue for universal, and yellow for Yin.Percent abundance of each genus detected in 

the same culture as determined 16S dual-index sequencing and taxonomic classification 

(right). The positive control consisted of plasmid DNA encoding the 16S rRNA sequence 

of SFB-turkey. 

 

In an attempt to produce bacterial cultures of pure SFB-turkey originating from one 

or a few bacteria, experiments involving extensive dilution of bacterial cultures OC-1 and 

OC-2 were performed. Dilution-to-extinction has implemented to obtain pure cultures of 

previously uncultured organisms through the removal of bacterial co-contaminants 

(Stewart, 2015; Rappe et al., 2002). Cultures were diluted a trillion-fold to ensure that the 

smallest possible amount of organisms was used to initiate growth. When examined 

microscopically following three cycles of passaging, both screened cultures had been 

reduced to single, non-SFB members, producing a likely monoculture of short, Gram-

positive rod shaped organisms (Figure 2).  
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Figure 2: Dilution-to-extinction Gram staining results of cultures OC-1 and OC-2. Both 

cultures consisted of only Gram-positive rods of roughly 2-5 µm in length. Images were 

taken at 1000X magnification.  

 

Resultant cultures failed to produce any noticeable amplicons when targeted by 

SFB-specific primer sets, indicating a complete extinction of turkey-associated-SFB from 

culture as indicated by the absence of any amplification by both SFB-specific primer sets 

(Figure 3). This was reinforced by Sanger sequence analysis of amplicons produced using 

the universal primer set; displaying high sequence similarity to B. marisflavi, confirming 

the presence of this organism in culture. Unlike the highly auxotrophic SFB, B. marisflavi 

is a free-living, metabolically-robust organism that can survive and reproduce in minimal 

media, making this organism far more likely to recover in much higher proportions in 

culture and to persist as a single organism (Yoon et al., 2003). If cultures containing SFB 

were to originate from a single cell, they were unable to recover in a mono-culture in BHI, 

suggesting that SFB rely on other organisms or host tissues to produce essential growth 

factors like carbohydrates, peptides, nucleotides and vitamins. Alternately, SFB may have 

also been in a much lower abundance than B. marisflavi and may have been effectively 

diluted before B. marisflavi.  
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Figure 3: Dilution-to-extinction gel electrophoresis results of cultures OC-1 and OC-2. 

This gel displays PCR amplicons produced by SFB (~130 bp), universal (~550 bp) and Yin 

(~200 bp) primers and protocols. Expected amplicon sizes are indicated by markers on the 

right side of each gel; red for SFB, blue for universal, and yellow for Yin. The positive 

control consisted of plasmid DNA encoding the 16S rRNA sequence of SFB-turkey. 

 

As dilution-to-extinction attempts failed to yield a pure culture of SFB, the unique 

and distinct length of SFB filaments were utilized in an attempt to separate co-culture 

members by overall size differences between SFB and B. marisflavi. As SFB filaments 

have been observed to range between 0.7 and 1.8 µm in width and as long as 80 µm in 

length (Chase and Erlandsen, 1976), cell filters and strainers of mesh sizes varying between 

20-70 µm were used to selectively capture long SFB filaments and allow much smaller 

bacterial co-contaminants to pass through the filters. Individual B. marisflavi cells can vary 

in size between 1.5–3.5 µm in length and are much smaller than SFB, and are thus far more 

likely to pass through cell strainers than SFB (Yoon et al., 2003; Chase and Erlandsen, 

1976). Week old cultures were passed through 70, 40, and 20 µm cell strainers sequentially 

to separate each culture into several fractions: greater than 70 µm, between 70 and 40 µm, 

between 40 and 20 µm and less than 20 µm in size. The culture produced from the 70 µm 

fraction produced no noticeable growth, while the other three fractions produced turbid 

cultures following a week of incubation. When examined microscopically via Gram 

staining, a few presumptive filaments were observed in the 70-40 µm and 40-20 µm 
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fractions, existing as a minor member of each fraction, being outnumbered by Gram-

positive rods 2-5 µm in length (Figure 4).  

 
Figure 4: Gram staining results of culture OC-1 collected by cell strainers. Each fraction 

consists of largely Gram-positive rods of 3-6 µm in length. In the 70-40 µm and 40-20 µm 

fractions, longer filamentous organisms of 10-40 µm in length can be seen and are 

highlighted by black arrows. Images were taken at 1000X magnification.  

 

After genetic analysis, no fraction produced SFB-specific amplification, only 

yielding amplification with the universal, non-specific protocol (Figure 5). Sanger 

sequence analysis of amplicons from each fraction displayed high sequence similarity to 

Bacillus marisflavi. Though smaller than the strainer mesh, these bacteria were the only 

organisms detected in each fraction, indicating that these non-SFB organisms may have 

not been entirely removed by rinsing and may have persisted on each screened cell strainer. 
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Figure 5: Gel electrophoresis results of culture OC-1 passed through 70 µm, 40 µm and 

20 µm cell strainers. Organisms captured by each filter are represented as a range of sizes. 

This gel displays PCR amplicons produced by SFB (~130 bp), universal (~550 bp) and Yin 

(~200 bp) primers and protocols. Expected amplicon sizes are indicated by markers on the 

right side of each gel; red for SFB, blue for universal, and yellow for Yin. The positive 

control consisted of plasmid DNA encoding the 16S rRNA sequence of SFB-turkey, while 

the negative control contained no template DNA. 

 

These results underscore limitations of this methodology, as organisms recovered 

following incubation of used cell strainers were smaller than filters that should have 

allowed B. marisflavi to pass through without impediment. These smaller organisms may 

not have been efficiently cleared through each filter or may have persisted on the opposite 

side of the filter. Alternatively, B. marisflavi could have created multicellular clusters that 

were captured by cell strainers. As discussed in Chapter 4, swarming motility commonly 

observed in members of the genus Bacillus and in isolated colonies examined in previous 

experiments, involves the rapid multicellular rafting of bacteria, forming dense clusters of 

cells that form via the bundling of flagella (Copeland et al., 2010; Jones et al., 2004; 

Kearns, 2010; Kearns and Losick, 2003). Due to the multicellular rafting via the interaction 

of flagella, it isn’t unreasonable to assume that bacterial rafts would be captured by cell 



 

 153 

strainers. Additionally, cells capable of displaying a swarming motility have been observed 

to display morphological changes, elongating without the formation of transverse septa 

(Kearns, 2010; Kearns and Losick, 2003; Patrick and Kearns, 2008). Failure of any of the 

observed cellular fractions, especially the greater than 70 µm fraction, to produce a pure 

culture of SFB or significantly increase the prevalence of SFB in culture mirrors dilution-

to-extinction attempt, which also failed to produce a pure culture of SFB, suggesting that 

SFB depend on extracellular factors produced by other microbial consortia members. 

To determine if extracellular secretion of peptides, nucleic acids, siderophores or 

carbohydrates by other bacteria in the working co-cultures would support or bolster overall 

growth of turkey-associated SFB, cultures were grown in “spent” growth media produced 

by a pure culture of B. marisflavi. Cultures grown in both “spent” and control media 

produced predominantly long, Gram-positive rods with few Gram-positive filaments, with 

spent media producing slightly more presumptive SFB filaments than cultures grown in 

fresh media (Figure 6).  

 
Figure 6: Gram staining results of cultures grown in spent media. These images show 

culture OC-1 grown in fresh media (left) and spent media produced following growth of 

B. marisflavi (right). Filamentous cells of roughly 10-40 µm in length (highlighted with 

black arrows) can be seen in greater proportions in OC-1 grown in spent BHI broth. Images 

were captured at 1000X magnification.  
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Following PCR analysis using SFB-turkey-specific and non-specific and universal 

primer set targeting the 16S rRNA gene, cultures grown in spent media produced slightly 

brighter amplicons when examined using the SFB-specific primer, though these bands 

were still fairly dim when compared to the positive control (Figure 7).  

 
Figure 7: Gel electrophoresis results of cultures grown in spent media. Two replicates of 

each culture are shown here. Gels display PCR amplicons produced by SFB-turkey-

specific (left) and universal (right) primer sets and protocols. Expected amplicons for SFB 

(~130 bp) and universal (~550 bp) primers and protocols. Expected amplicon sizes are 

indicated by markers on the right side of each gel; red for SFB, blue for universal. The 

positive control consisted of plasmid DNA encoding the 16S rRNA sequence of SFB-

turkey, while the negative control contained no template DNA. 

 

The marginal increase in band brightness of cultures OC-1 and OC-2 grown in spent 

media, combined with the increase in proportion of presumptive filaments observed 

microscopically via Gram-staining suggests that secreted factors produced by B. marisflavi 

may serve to improve SFB growth in tested cultures. Growth factors that may help to 

support SFB growth are likely to be nucleotide fragments released by cellular death or 

amino acids and proteins produced by functioning bacterial secretion systems, such as Sec- 

or Tat-mediated protein secretion systems (Natale et al., 2008). SFB-turkey has been 

predicted to possess several auxotrophies, including the inability to synthesize and 

interconvert many amino acids, with the exceptions of lysine, glycine, serine aspartate, 

glutamate, asparagine, and glutamine, and highly reduced pathways for de novo synthesis 
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of  nucleotides, and would require these nutrients to be provided by microbial growth media 

or through metabolic action of the microbial consortia. In addition to short peptides and 

amino acids, SFB may also require hydrocarbons, fatty acids, and siderophores as these 

compounds have been proven to be important growth factors for various types of 

previously uncultivable bacteria (D’Onofrio et al., 2010; McInerney et al., 2008; Carlier 

and Sellier, 1989). Though not entirely effective at selectively growing and isolating SFB, 

the finding that presumptive SFB growth and filamentation appears to be promoted in 

media containing metabolic by-products B. marisflavi indicates that the metabolic action 

of microorganisms may be sufficient to encourage growth of SFB in vitro. This finding 

also challenges the belief that SFB require intestinal epithelial tissues to proliferate 

(Prakash et al., 2011; Schnupf et al., 2015; Sczesnak et al., 2011; Pamp et al., 2012), and 

suggests that the host microbiome may also play a role in sustaining SFB growth.  

To take a highly targeted approach to the removal of B. marisflavi a pure culture of 

B. marisflavi was used to select and enrich for several species-specific bacteriophages. 

Bacteriophages are highly specific to their host, and are suitable to be used to precisely and 

effectively remove only bacteria of interest in a consortia of bacteria without impacting 

non-targeted bacterial species (Cieplak et al., 2018; Richards et al., 2019; Moye et al., 

2019). In order to obtain a cocktail of several B. marisflavi-specific bacteriophages, B. 

marisflavi (OC-2 TSA) was combined with a filtered sewage water sample to encourage 

infection of B. marisflavi with bacteriophage particles present in the sample. Following 

infection, purification and examination for morphologically distinct plaques, 6 distinct 

plaque morphologies were detected based on overall turbidity, size, and shape. Each of 

these 6 distinct plaques were subcultured, purified and used to generate high-titer, crude 
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bacteriophage lysates. In addition to a high viral load, these crude lysates also contained 

cellular contents released by lysed bacterial cells including spent media components, cell 

wall debris, flagella, nucleic acids, and bacterial proteins. These lysates were not purified 

to remove any exogenous cell debris, as additional sources of nucleotides and proteins were 

predicted to be essential for SFB growth. 

 Following extraction and sterilization of bacteriophage lysates, each suspension 

was screened for the overall phage titer and to determine the approximate number of plaque 

forming units (PFU) per mL of lysate. When examining the dilution series of each of the 6 

lysates, it was determined that each lysate was of a relatively high titer, containing 

approximately 1x106 to 5x108 estimated PFU/mL (Figure 8). When examining the 

morphological characteristics of produced plaques, GHP-01 through GHP-04 produced 

clear plaques, indicating complete lysis and destruction of all bacterial cells infected with 

these lysates. These plaques indicate that GHP-01, GHP-02, GHP-03, and GHP-04 

represented highly virulent and lethal bacteriophages, serving as ideal candidates for 

administration in experimental efforts to separate SFB from B. marisflavi (Figure 8). 

Conversely, phage lysates GHP-05 and GHP-06 produced cloudy plaques with a ring of 

lysis around the outside of each plaque, indicating that GHP-05 and GHP-06 are lysogenic 

phages (Figure 8). Lysogenic bacteriophages produce plaques with a ring of lysis and a 

cloudy center as low-level release of virions from lysogenic cells results in infection and 

clearance of surrounding cells (Gallet et al., 2011). Due to their lysogenic nature, GHP-05 

and GHP-06 were not used to select against B. marisflavi as they did not function as 

efficiently as highly lytic phages. 
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Figure 8: Spot-plate titrations of six bacteriophage lysates. GHP-01 through GHP-06 spot-

plated on TSA with top agar containing B. marisflavi. Each phage lysate was diluted to the 

10-6 and spot plated in a grid. GHP-01 through GHP-04 represent highly lytic phages as 

indicated by clear, non-turbid plaques, while GHP-05 and GHP-06 represent lysogenic 

phages indicated by turbid, cloudy plaques. 

 

 In order to determine if bacteriophage lysates GHP-01, GHP-02, GHP-03, and 

GHP-04 were unique in nature, targeting separate cell surface epitopes of host cells, lysates 

were diluted in series and plated in combination with each of the other phages. Each lysate 

was diluted from and combined in pairs with each of the other bacteriophage lysates and 

overnight culture of B. marisflavi. For comparison, each diluted phage lysate was plated 

alone without being combined with additional lysates. After incubation plates were 

examined for the presence of resistant mutants present at high phage titers to compare rates 

of spontaneous mutation by inspecting at which lysate dilution mutant colonies of B. 

marisflavi began to appear. When undiluted, each bacteriophage lysate cleared all Bacillus 

cells, leaving no remaining cells or resistant mutants (Table 3). 
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When screening each phage lysate dilution series, the synergistic effects of each 

pair of phage lysates was greater than individual effects produced by each lysate. In 

examining phage lysates individually, resistant-mutants began to appear when each 

individual lysate was diluted 10-fold (Table 3). By contrast, synergistic effects of each pair 

of phage lysates increased the dilution at which resistant mutants were detected, appearing 

at 1:100 and 1:1,000 dilutions, instead of the 1:10 dilution observed with individual lysates. 

These results indicate that each bacteriophage targeted separate cell surface epitopes of B. 

marisflavi cells, such that a spontaneous mutation of a target epitope of one bacteriophage 

was insufficient to completely mitigate the selective effects of an additional bacteriophage. 

This combined effect was observed when each lysate was screened in pairs, indicating that 

each phage was distinct in their cellular targets; serving as ideal candidates for a 

bacteriophage cocktail for the complete lysis and selection of B. marisflavi from working 

cultures. 
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Table 3: Screening mutation frequency of B. marisflavi by bacteriophage lysates. Lysates were plated alone and in 

combination with other screened lysates. A negative result indicates that no mutants were observed on plates and that plates 

were entirely clear of bacterial growth. A positive result indicates that phage resistant mutants were able to break through on 

agar or that consistent microbial growth was observed on plates 

Dilution GHP-01 GHP-02 GHP-03 GHP-04 

GHP-01 & 

GHP-02 

GHP-01 & 

GHP-03 

GHP-01 & 

GHP-04 

GHP-02 & 

GHP-03 

GHP-02 & 

GHP-04 

GHP-03 & 

GHP-04 

Normal - - - - - - - - - - 

1:10 + + + + - - - - - - 

1:100 + + + + + + + + + + 

1:1,000 + + + + + + + + + + 

1:10,000 + + + + + + + + + + 

1:100,000 + + + + + + + + + + 

1:1,000,000 + + + + + + + + + + 
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To determine if the acquired bacteriophages would effectively eliminate B. 

marisflavi from culture while permitting selective growth of turkey-associated SFB, 

bacterial co-cultures containing both organisms were grown in mSFB media challenged 

with either an undiluted cocktail or the 1:10 dilution of four B. marisflavi-specific 

bacteriophages to completely remove any non-SFB organisms. A bacterial culture derived 

from agar overlay plating of OC-2 (henceforth referred to as OC-2 Overlay Isolate) was 

grown in media described by Schnupf et al., 2015 which was able to allow for the recovery 

of mouse-associated SFB ex vivo, and  (Schnupf et al., 2015) to test the ability of SFB-

turkey to recover in the absence of certain organisms and in the presence of growth factors 

present in crude bacteriophage lysates. This culture was previously found to contain only 

two microorganisms, Bacillus marisflavi and the suspected organism SFB-turkey (Chapter 

4). Following inoculation into mSFB media supplemented with or without crude 

bacteriophage lysates, growth was observed in each culture grown in mSFB media, 

producing predominantly Gram-positive rods and Gram variable filaments when observed 

microscopically via Gram-staining (Table 4). When cultures were grown in mSFB media 

supplemented with B. marisflavi-specific bacteriophages, cultures either produced no 

growth (undiluted phage lysates) or produced presumptive Gram-variable filaments when 

inoculated with the 1:10 dilution of the crude bacteriophage lysates (Table 4, Figure 9). 

Table 4: Gram staining results of bacteriophage-treated cultures. Culture OC-2 Overlay 

Isolate grown in mSFB broth with and without supplementation of four B. marisflavi-

specific bacteriophage lysates, which were supplemented in 100 µL aliquots undiluted or 

in 1:10 dilutions. 

Culture mSFB broth 
mSFB with phage 

lysates (100) 

mSFB with phage 

lysates (10-1) 

OC-2 Overlay 

Isolate 

Gram-positive rods 

Gram-variable filaments 

No growth Gram-variable 

filaments 
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Figure 9: Gram staining results of bacteriophage-treated cultures. Images display OC-2 

Overlay Isolate grown in mSFB media with and without supplementation with Bacillus 

marisflavi specific bacteriophages at 10-1 dilution in SM buffer. Each image displays 

organisms recovered following four days of incubation. Filamentous cells of roughly 10-

40 µm in length can be seen in greater proportions in culture treated with bacteriophage, 

and a cluster of these cells can be seen in the circled region. Images were captured at 1000X 

magnification.  

 

To confirm the identity of the filamentous microbe present both in the phage-treated 

sample and the untreated sample of OC-2 Overlay Isolate, genetic examination using SFB-

specific and non-specific PCR protocols was implemented. When examined using SFB-

specific primers, no significant amplification of either product was observed when either 

100 or 200 ng of template DNA was used to screen these samples (Figure 10). Only when 

screened with non-specific, universal primers was any significant amplification achieved 

(Figure 10), indicating that the observed filamentous bacteria were unlikely to be SFB-

turkey, despite their morphological similarities. When analyzing these PCR products via 

Sanger sequencing, the culture produced from phage treatment of OC-2 Overlay Isolate 

yielded a sequence with high similarity to Bacillus marisflavi (E-value 9e-51, and 75.67% 

identity), indicating that there was either a very high concentration of B. marisflavi DNA 

remaining in the crude bacteriophage lysates used to inoculate the cultures or that resistant 
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mutants must have developed after exposure to these species-specific bacteriophages. The 

complete absence of any growth in the culture challenged with undiluted bacteriophage 

lysates indicates that the antimicrobial activity of the undiluted phage lysates was sufficient 

to completely lyse B. marisflavi from the culture. The presence of filamentous organisms 

in the culture challenged with a 1:10 dilution of bacteriophage lysates suggests that lower 

amounts of bacteriophage provided a lower selective pressure and allowed for the mutation 

and survival of B. marisflavi. 

 
Figure 10: Gel electrophoresis results of culture OC-2 Overlay Isolate (OI) grown with 

and without bacteriophages (“Phage” or “No Phage”). Reactions contained either 100 or 

200 ng of genomic template DNA (“100 ng” or “200 ng”). This gel displays PCR 

amplicons produced by SFB (~130 bp), universal (~550 bp) and Yin (~200 bp) primers and 

protocols. Expected amplicon sizes are indicated by markers on the right side of each gel; 

red for SFB, blue for universal, and yellow for Yin. The positive control consisted of 

plasmid DNA encoding the 16S rRNA sequence of SFB-turkey, while the negative control 

contained no template DNA. 

 

The filamentous morphology of the microscopically observed cells matches 

descriptions of SFB filaments, displaying what appears to be long filaments with variable 

crystal violet stain uptake, with the intracellular offspring of SFB appearing to stain darker 
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purple than the surrounding filaments (Figure 9) (Chase and Erlandsen, 1976; Ericsson et 

al., 2015). However, it is difficult to determine from these images if the developing 

filaments are septated, a distinguishing feature of SFB, which elongate and form segments 

via the formation of transverse septa (Chase and Erlandsen, 1976). Further analysis with 

fluorescent or electron microscopy would reveal if the resultant filamentous organisms 

produced transverse septa as they developed. The elongated organisms observed in Figure 

8 may in fact be Bacillus marisflavi exhibiting filamentous growth, a morphological 

characteristic observed in other species of the genus Bacillus, in which cells continue to 

elongate but do not divide via the formation of transverse septa (Cushnie et al., 2016). 

Filamentous cells can easily reach lengths of over 15 µm, growing as long as 50 µm, 

occurring naturally in certain Bacillus strains in nutrient-rich environments (Ajithkumar et 

al., 2001; Cushnie et al., 2016; Margulis et al., 1997). Referred to as both cell elongation 

and cell filamentation, this phenomenon can occur as a stress response following disruption 

of peptidoglycan synthesis, inhibition of protein synthesis, or if DNA synthesis is inhibited 

or DNA is damaged by the bacteria’s SOS response (Cushnie et al., 2016; Murphie et al., 

1981; Walker and Pardee, 1986). The bacterial SOS system comprises a number of genes 

aimed at guaranteeing cell survival in the presence of extensive DNA damage, and 

infection by lytic mutants of temperate bacteriophages can interfere several cellular 

processes, including the normal replication of the host chromosome (Nechaev and 

Severinov, 2003; Smith and Levine, 1965). Additionally, the bacteriophage lytic cycle can 

cause a massive degradation of the bacterial chromosome, inducing this SOS response in 

host cells and leading to cellular elongation in surviving mutants (Das et al., 2018; 

Schmiger and Buch, 1975). The presence of these filamentous organisms when challenged 



 

 164 

with bacteriophage lysates indicates that these organisms likely underwent cell elongation 

to avoid destruction by the screened bacteriophages due to the extensive damage and stress 

induced by infection with these viruses.  

 Despite several attempts to isolate and selectively grow SFB in culture, there has 

been no instance where turkey-associated-SFB have grown to considerable proportions in 

vitro independently of other organisms. In each instance where high concentrations of 

visible filaments were detected via microscopic examination, there was a lack of significant 

amplification when screened via SFB-specific PCR protocols. This discrepancy may serve 

to highlight potential limitations in these protocols, as the sequence of “Candidatus 

Arthromitus” sp. UMNCA01 used to generate the SFB-turkey-specific primer set (Chapter 

2) may not share a high sequence similarity with experimentally derived SFB strains from 

the turkey ileal samples. Alternatively, these inconsistencies between visual and genetic 

examination may also underlie a greater issue, the complete absence of SFB-turkey from 

the obtained cultures. To determine the presence or absence of SFB-turkey in experimental 

cultures, a high-specificity, next-generation sequencing approach using 16S dual-index 

sequencing was utilized to examine the proportion of each bacteria present in ileal co-

cultures incubated in several media conditions over several incubation periods.  

Before inoculation, cultures OC-1, OC-2, OC-3, OC-4, OC-5 and OC-6 were grown 

in mSFB broth for 48 hours under microaerobic conditions. Following incubation, cultures 

OC-3, OC-4, OC-5 and OC-6 produced the highest proportions of observable filaments, 

more than OC-1 and OC-2, and were thus used in the subsequent analysis. Despite the 

usage of OC-1 and OC-2 in previous studies, these cultures were excluded from this 

analysis to the low levels of presumptive SFB filaments produced following initial 
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screening of these cultures when compared to OC-3, OC-4, OC-5 and OC-6. Selected 

cultures were grown in BHI broth, BUG broth, and mSFB media over 24-hour, 48-hour 

and 168-hour incubation periods to examine growth of presumptive SFB filaments over 

time. BHI broth and BUG broth were used, as both media formulations were demonstrated 

to permit presumptive SFB growth in culture (Chapters 2 and 4). Additionally, a modified 

formulation of media described by Schnupf et al. 2015 was used, referred to as mSFB 

media (Schnupf et al., 2015). Predictive genomic and metabolomic modeling indicated that 

SFB-turkey possesses the unique ability among SFB to utilize sucrose as a carbohydrate 

source and was thus added to the formulation. This medium also contained free nucleotides 

from digested herring sperm DNA, and yeast RNA predicted to be essential for SFB growth 

(Prakash et al., 2011, Sczesnak et al., 2011).  

Following incubation, cultures grown in BHI broth and mSFB media for 24 hours 

of incubation were observed to contain predominantly long Gram-positive rods 

approximately 5-8 µm in length, with culture OC-3 producing both Gram positive and 

Gram negative rods when examined microscopically (Table 5, Figure 11). Though no 

filamentous organisms were  observed after 24-hours of incubation, the relatively long 

length of the observed Gram-positive rods may have been immature SFB filaments, as 

additional incubation time appeared to produce higher proportions of Gram-positive 

filaments (Table 5, Figure 11). These filaments appeared more frequently and began 

developing in length and size from 48 to 168 hours of incubation (Table 5, Figure 10). 

After 168 hours of incubation, BHI broth and mSFB media both produced Gram-positive 

filaments in each culture screened (Table 5), indicating that these media serve to improve 

the growth of filaments. As demonstrated in previous experimental efforts, BHI broth has 
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reproducibly led to growth of presumptive SFB filaments in experimental cultures. Media 

formulated by Schnupf et al. 2015 to culture mouse-associated SFB proved to support the 

growth of turkey-associated SFB strains, yielded presumptive SFB filaments after 48 hours 

in each culture screened (Table 5, Figure 11), indicating that this media rich in available 

amino acids, nucleotides, vitamins and iron sources provided abundant metabolites to 

support sufficient and consistent growth of presumptive SFB (Schnupf et al., 2015). 

Alternatively, BUG broth was largely ineffective at producing growth of presumptive SFB 

in each of the cultures screened, yielding predominantly Gram-negative rods that appeared 

to increase in frequency over incubation time, and subsequent passing (Table 5). In 

examining the ability of SFB to persist in culture following subculturing events, the overall 

number of presumptive SFB filaments universally declined after each passage across all 

media varieties as the proportion of Gram-negative rods increased (Table 5, Figure 11). 
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Table 5: Gram stain results of cultures grown in three media conditions over time. for the microscopic examination of SFB 

cultures OC-3, OC-4, OC-5, and OC-6 incubated in BHI broth, mSFB media, and BUG broth after several incubation periods. 

In this table, presumptive SFB filaments of over 15 μm in length were noted as “filaments”.  

Culture Media 24 hours 48 hours 168 hours 168 hours (Subculture 1) 168 hours (Subculture 2) 

OC-3 

BHI Broth Long Gram-positive rods 

Short Gram-negative rods 

Long Gram-positive rods 

Short Gram-negative rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

Long Gram-positive rods 

Short Gram-negative rods 

Gram-positive filaments 

Long Gram-positive rods 

Short Gram-negative rods 

Gram-positive filaments 

BUG Broth Short Gram-negative rods Short Gram-negative rods Short Gram-negative rods Short Gram-negative rods Short Gram-variable rods 

mSFB Broth Long Gram-positive rods 
Short Gram-variable rods 

Long Gram-positive rods 
Short Gram-variable rods 

Gram-positive filaments 

Short Gram-negative rods 
Gram-positive filaments 

Short Gram-negative rods 
Gram-positive filaments 

Short Gram-variable rods 
Gram-positive filaments 

OC-4 

BHI Broth Long Gram-positive rods Long Gram-positive rods 

Gram-positive filaments 

Short Gram negative rods 

Gram-positive cocci/spores 

Short Gram-negative rods 

Gram-positive cocci/spores 

Short Gram-variable rods 

Gram-positive cocci/spores 

BUG Broth No observable growth Short Gram-negative rods 

Gram-positive cocci/spores 

Short Gram-negative rods Short Gram-negative rods Short Gram-negative rods 

mSFB Broth Long Gram-positive rods Long Gram-positive rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

OC-5 

BHI Broth Long Gram-positive rods Long Gram-positive rods 

Long Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

Long Gram-positive rods 

Short Gram-negative rods 

BUG Broth No observable growth Short Gram-negative rods Short Gram-negative rods Short Gram-negative rods Short Gram-negative rods 

mSFB Broth Long Gram-positive rods Long Gram-positive rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

OC-6 

BHI Broth Long Gram-positive rods Long Gram-positive rods Short Gram-negative rods 

Long Gram-positive rods 

Gram-positive filaments 

Short Gram-negative rods 

Long Gram-positive rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

BUG Broth No observable growth Short Gram-negative rods Short Gram-negative rods  Short Gram-negative rods Short Gram-negative rods 

mSFB Broth Long Gram-positive rods Long Gram-positive rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 

Short Gram-negative rods 

Gram-positive filaments 
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Figure 11: Longitudinal growth of OC-5 in mSFB media. Gram stain results of culture 

OC-5 incubated in modified SFB media for 5 different incubation periods observed via 

light microscopy. Images were taken at 1000X magnification. 

 

 Genetic examination of each incubated sample of cultures OC-3, OC-4, OC-5 and 

OC-6 via dual-index sequencing using primers targeting the V1-V3 hypervariable regions 

of the bacterial 16S gene revealed the absence of SFB from the examined samples (Figure 

12). None of the tested samples were observed to contain any significant proportion of 

SFB-specific sequencing reads following taxonomic assignment (Figure 12). Each sample 

observed to contain a high frequency of presumptive SFB filaments when examined via 

Gram-staining was revealed to contain high-proportions of members of the genus Bacillus 

when examined genetically, rather than SFB (Table 5, Figure 12). This observation echoes 

the results of several previous studies which demonstrated the presence of B. marisflavi 

when cultures containing high numbers of filamentous cells were screened using universal, 
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non-specific primers. Members of the genus Bacillus have been shown to demonstrate 

cellular elongation and filamentation (Kearns, 2010; Cushnie et al., 2016), a phenomenon 

likely responsible for the observation of presumptive SFB filaments in preliminary screens 

of obtained cultures and in experimental efforts to purify SFB-turkey. This mechanism may 

also serve to explain the overall decrease in observed filaments over incubation time and 

subculturing events, as decreasing proportions of Bacillus were observed to coincide with 

the overall decreases in presumptive SFB filaments (Table 5; Figure 12). 

The increases in Gram-negative organisms observed across each culture following 

incubation time and subculturing events was attributed to increasing growth of several 

distinct organisms of the genera Achromobacter, Burkholderia, Enterobacter, Escherichia, 

Klebsiella, and Stenotrophomonas; each of which are ubiquitous in soil and intestinal 

environments (Garrity, 2005). These organisms likely entered intestinally-derived cultures 

OC-3, OC-4, OC-5 and OC-6 as members of the ileal consortia that persisted through 

purification of turkey ileal homogenates. As no antibiotics were initially used to selectively 

grow SFB and other Gram-positive organisms, it is unsurprising that these organisms 

persisted in culture. Gram-negative bacteria were not commonly detected in previous 

screens as BHI had been primarily used as a growth medium, which selectively promoted 

the growth of Bacillus in each of the cultures screened (Figure 12). Modified SFB media, 

which was used in attempts to selectively remove B. marisflavi via the use of bacteriophage 

lysates, also served to promote the growth of Bacillus in each of the cultures screened, 

especially following 24- and 48-hours of incubation (Figure 12).  
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Figure 12: Taxonomic classification of members of cultures OC-3, OC-4, OC-5 and OC-

6. Genus-level taxonomic classification was based upon average proportional abundance 

of normalized samples of each culture grown in BHI broth, BUG broth, and mSFB media. 

 

 The results of 16S microbiome sequencing do not definitively prove the total 

absence of turkey-associated SFB, as these cultures were grown under microaerobic 

conditions. If the tested cultures were to have been tested under anaerobic conditions, 

turkey-associated SFB may have been recovered. However, several studies of the growth 

of mouse-associated SFB and predictive genomic analyses have indicated that SFB grow 

best in the presence of low amounts of oxygen, rather than in completely anaerobic 

environments due to the presence of two catalases and one peroxidase enzyme (Ericsson 

et al., 2014; Prakash et al., 2011; Schnupf et al., 2015). Alternatively, the regions of the 
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16S rRNA gene used in this analysis, the V1-V3 hypervariable regions, may have been 

ineffective at discriminating SFB-turkey sequences from other microorganisms. This is 

however unlikely, as next-generation sequencing using primers targeting the V1, V2 and 

V3 hypervariable regions have a higher resolution for lower-rank taxa (genera and species) 

than the other hypervariable regions of the bacterial 16S rRNA gene which are better suited 

for higher ranking taxa and were thus selected for this analysis (Bukin et al., 2019; 

Chakravorty et al., 2007). SFB sequences may have been present in experimental samples 

but were removed during sequence parsing either due to low sequence frequency or lack 

of any taxonomic assignment. Upon further scrutiny of the parsed sequences, no sequence 

displayed any significant similarity to SFB or even at the higher levels of taxonomic 

classification at the level of order or class, indicating that SFB-sequences were either 

absent entirely or were not assigned any level of taxonomic classification. 

5.4 Conclusions 

 In order to obtain a pure culture of turkey-associated SFB, several approaches used 

to cultivate previously “uncultivable” bacteria were implemented, including dilution-to-

extinction, separation via filtration, growth in “spent media”, and targeted use of species-

specific bacteriophage lysates. These methods were unsuccessful at obtaining a pure 

culture of SFB-turkey, serving to promote the growth of the Gram-positive organism, 

Bacillus marisflavi. Despite attempts to separate SFB through differential filtration by the 

overall size of SFB filaments and the use of organism-specific bacteriophages, a pure 

culture of SFB was never confirmed via genetic analysis, despite appearing as highly 

filamentous organisms when examined microscopically. Cultures observed to contain high 

bacterial filament concentrations when Gram stained were reproducibly determined to be 
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B. marisflavi when examined using genetic-based methods, indicating that this organism 

is capable of the filamentous growth observed in many of the preliminary experiments. 

Members of the genus Bacillus have been demonstrated to display filamentous growth 

naturally or as a stress response following disruption of critical cellular functions. The 

observed discrepancies between Gram staining and subsequent genetic analysis via PCR 

and Sanger sequencing warranted further exploration through the use of next-generation 

sequencing techniques. 

The results of high-specificity, next-generation sequencing targeting the 16S rRNA 

gene of four screened cultures revealed an overall absence of turkey-associated SFB, 

despite the presumed presence of these organisms when examined microscopically via 

Gram staining. Instead, cultures presumed to contain high proportions of SFB were instead 

observed to contain high proportions of members of the genus Bacillus, confirming the 

results from previous PCR and Sanger sequencing based methodologies. Sequencing also 

revealed the presence of several Gram-negative Proteobacteria, each of which likely 

remained following extraction of ileal homogenates.  

The overall absence of SFB from tested experimental cultures reveals limitations 

of the methodologies used to detect SFB in culture. Utilization of light microscopy and 

Gram staining to determine the presence or absence of SFB in culture was determined to 

be an ineffective technique, as what were initially presumed to be SFB filaments were 

revealed to be members of the genus Bacillus. The inability of this methodology to 

effectively elucidate important structural differences between SFB and Bacillus, namely 

the presence of transverse septa intracellular offspring in developing SFB filaments. A 
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more robust method, such as fluorescence or electron microscopy would be more suited to 

highlight these structural differences.  

Each analyzed media formulation used in an attempt to recover SFB, including a 

formulation previously described to support the growth of murine-associated SFB strains, 

were unable to support the growth of turkey-associated SFB in vitro. In previous studies 

where SFB cells have been cultivated in a laboratory setting, SFB were grown in tandem 

with intestinal epithelial cells which appeared to support the overall growth of these 

organisms (Schnupf et al., 2015). When the same media formulation was used in attempts 

to grow SFB-turkey in the absence of epithelial cells, SFB were not detected and therefore 

presumed to have been extinguished from culture. Despite extensive nutritional 

supplementation of the used growth media and secreted factors from other microorganisms 

growing in co-culture, SFB-turkey was unable to recover under the described experimental 

methods. This finding reinforces the prevailing scientific consensus that SFB are host-

associated organisms that dependent on binding to the cells of the epithelial mucosa to 

grow and proliferate. 
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Chapter Six 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

The goals of this thesis were to characterize and isolate segmented filamentous 

bacteria from turkey hosts in order to determine the role these organisms play in improving 

the health of commercial turkeys. In order to study the genetic characteristics and metabolic 

deficiencies of this organism, whole genome sequencing of SFB spores obtained from 

intestinal samples of turkey poults was conducted and assembled into a complete genome 

sequence. Once assembled and annotated, this genome was analyzed and compared with 

several other SFB strains from murine hosts. Comparative genomic analysis of seven SFB 

genomes revealed that each of the strains share a core set of metabolic capabilities and 

deficiencies that make these bacteria challenging to culture ex vivo. When compared to the 

murine-associated strains, turkey-associated SFB serves as a unique member among the 

tested strains of SFB. This turkey-associated SFB strain is the first reported non-

mammalian SFB genome, and highlights the impact of host specificity on the evolution of 

metabolic capabilities. The assembled and annotated genome was used to generate a PCR 

protocol for the accurate detection of SFB in cultures involving a primer pair, 

thermocycling protocol and positive control. This protocol allowed for the discrimination 

of the 16S gene of SFB from 16S sequences of other organisms.  

A combination of methodologies allowed for the extraction of SFB from turkey 

ileal samples. However, the methodologies employed were insufficient in providing a pure 

culture of SFB but were able to narrow the microbial population significantly. In examining 

the ability of turkey-associated SFB to grow and reproduce in vitro, it was determined that 

these organisms were able to grow in liquid microbial cultures grown under microaerobic 
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conditions after 48 hours of incubation. SFB cultures incubated under anaerobic, 

microaerobic, and aerobic conditions revealed an overall growth preference for 

microaerobic conditions, with the greatest growth rate and number of observable filaments 

over incubation time. SFB were unable to grow under aerobic conditions, and did recover 

under anaerobic conditions, but to a far lesser extent than under microaerobic conditions. 

Attempts to culture of SFB via plating on solid media produced large, swarming colonies 

covering the surface of the plates, while agar overlay plating produced single, easily 

isolated colonies. From these individual colonies, it was determined that one of the 

microbial co-contaminants in experimentally derived cultures was Bacillus marisflavi, an 

organism that was consistently recovered in large proportions in the tested cultures. 

In order to purify turkey-associated SFB from B. marisflavi, several unsuccessful 

approaches used to cultivate previously “uncultivable” bacteria were implemented, 

including dilution-to-extinction, separation via filtration, growth in “spent media”, and 

targeted use of species-specific bacteriophage lysates. A pure culture of SFB was never 

confirmed via genetic analysis, despite the appearance of highly filamentous organisms 

when cultures were examined microscopically. Cultures observed to contain high bacterial 

filament concentrations Gram stained were reproducibly determined to be B. marisflavi 

when examined genetically, indicating that this organism is capable of the filamentous 

growth observed in many of the preliminary experiments. Next-generation metagenomic 

sequencing of the 16S rRNA gene of cultures revealed an overall absence of turkey-

associated SFB. Cultures presumed to contain high proportions of SFB were instead 

observed to contain high proportions of members of the genus Bacillus, confirming the 

results from previous PCR and Sanger sequencing based methodologies. Despite extensive 
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nutritional supplementation of the used growth media and secreted factors from other 

microorganisms growing in co-culture, SFB-turkey was unable to recover in vitro. This 

finding reinforces the prevailing scientific consensus that SFB are host-associated 

organisms that are dependent on binding to the cells of the epithelial mucosa to grow and 

proliferate. 

Future experimental endeavors to study and isolate turkey-associated SFB should 

involve the use of a nutrient dense medium and intestinal epithelial cell lines to be able to 

support the consistent growth of these highly auxotrophic organisms. Media should contain 

diverse sources of peptides, amino acids, nucleotides, iron sources, and co-factors to 

compensate for the several metabolic deficiencies of SFB.  Previous successful attempts to 

cultivate SFB required the presence of intestinal epithelial cell lines to support SFB growth, 

as attempts to propagate SFB numbers were observed to diminish with the epithelial cells 

in which they were attached. These findings suggest that the presence of host tissues are 

likely essential to the development and proliferation of SFB, surviving off of secreted host 

factors or requiring stimuli from the intestinal epithelia. The experimental efforts detailed 

in this dissertation serve to reflect this assumption, as turkey-associated SFB were not 

observed to reproducibly grow in culture ex vivo.  

Despite the great potential of turkey-associated SFB to impact the overall growth 

and performance of commercial turkey flocks as a direct-fed microbial agent, this organism 

has proven highly difficult to culture via traditional culture methodologies, requiring 

complex and expensive media and the usage of cell lines to reproducibly recover in 

laboratory settings. To study the role that these organisms may play in improving the 

immune health of turkeys, SFB spores obtained via treatment with alcohol may be 
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sufficient to develop an infectious dose for studies in germ-free turkey poults, but this 

method must be carefully monitored to ensure no other spore-forming organisms are 

present in the dose. Overall, these organisms prove difficult to culture using traditional 

culturing methodologies and future studies involving SFB must attempt to simulate the 

host intestinal niche as closely as possible to ensure growth and proliferation.
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Appendix 1: 

 

Creating a fastq manifest: 

 

ssh hedbl015@login.msi.umn.edu 

isub -n nodes=1:ppn=4 -m 64GB -w 06:00:00 

module load qiime2/2018.6 

 

sample-id,absolute-filepath,direction 

421_A_1,/home/baumler0/hedbl015/data18/421_A_1_S5_R1_001.fastq.gz,forward 

421_A_2,/home/baumler0/hedbl015/data18/421_A_1_S6_R1_001.fastq.gz,forward 

915_A_1,/home/baumler0/hedbl015/data18/915_A_1_S3_R1_001.fastq.gz,forward 

915_A_2,/home/baumler0/hedbl015/data18/915_A_2_S4_R1_001.fastq.gz,forward 

HR_A_1,/home/baumler0/hedbl015/data18/HR_A_1_S1_R1_001.fastq.gz,forward 

HR_A_2,/home/baumler0/hedbl015/data18/HR_A_2_S2_R1_001.fastq.gz,forward 

421_A_1,/home/baumler0/hedbl015/data18/421_A_1_S5_R2_001.fastq.gz,reverse 

421_A_2,/home/baumler0/hedbl015/data18/421_A_1_S6_R2_001.fastq.gz,reverse 

915_A_1,/home/baumler0/hedbl015/data18/915_A_1_S3_R2_001.fastq.gz,reverse 

915_A_2,/home/baumler0/hedbl015/data18/915_A_2_S4_R2_001.fastq.gz,reverse 

HR_A_1,/home/baumler0/hedbl015/data18/HR_A_1_S1_R2_001.fastq.gz,reverse 

HR_A_2,/home/baumler0/hedbl015/data18/HR_A_2_S2_R2_001.fastq.gz,reverse 

 

qiime tools import \ 

  --type 'SampleData[PairedEndSequencesWithQuality]' \ 

  --input-path 8manifest.txt \ 

  --output-path aug_miseq_demux.qza \ 

  --source-format PairedEndFastqManifestPhred33 

 

qiime demux emp-paired \ 

  --m-barcodes-file sample-metadata.tsv \ 

  --m-barcodes-column BarcodeSequence \ 

  --i-seqs aug_miseq_demux.qza \ 

  --o-per-sample-sequences demux \ 

  --p-rev-comp-mapping-barcodes 

 

qiime demux summarize \ 

  --i-data aug_miseq_demux.qza \ 

  --o-visualization aug_miseq_demux.qzv 

 

qiime dada2 denoise-paired \ 

  --i-demultiplexed-seqs aug_miseq_demux.qza \ 

  --p-trim-left-f 13 \ 

  --p-trim-left-r 13 \ 

  --p-trunc-len-f 150 \ 

  --p-trunc-len-r 150 \ 

  --o-table table.qza \ 
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  --o-representative-sequences rep-seqs.qza \ 

  --o-denoising-stats denoising-stats.qza \ 

--verbose 

 

qiime feature-table summarize \ 

  --i-table table.qza \ 

  --o-visualization table.qzv \ 

  --m-sample-metadata-file sample-metadata.tsv 

 

qiime feature-table tabulate-seqs \ 

  --i-data rep-seqs.qza \ 

  --o-visualization rep-seqs.qzv 

 

Taxonomy Data Work 

First Step: Import 16S data from Greengenes database 

qiime tools import \ 

  --type 'TaxonomicClassifier' \ 

  --input-path gg_13_8_ \ 

  --output-path gg_13_8-classifier.qza 

 

Make a taxonomy chart using the function feature-classifier 

qiime feature-classifier classify-sklearn \ 

  --i-classifier gg-13-8-99-nb-classifier.qza \ 

  --i-reads rep-seqs.qza \ 

  --o-classification taxonomy.qza 

 

Make metadata for taxonomy information 

qiime metadata tabulate \ 

  --m-input-file taxonomy.qza \ 

  --o-visualization taxonomy.qzv 

 

qiime taxa barplot \ 

  --i-table table.qza \ 

  --i-taxonomy taxonomy.qza \ 

--m-metadata-file metadata.tsv \ 

  --o-visualization taxa-bar-plots.qzv 

 

Missing some metadata… 

qiime tools import \ 

  --type 'TaxonomicClassifier' \ 

  --input-path consensus_taxonomy_all_levels.txt \ 

  --output-path silva-classifier.qza 

 

qiime feature-classifier classify-sklearn \ 

  --i-classifier consensus_taxonomy_all_levels.qza \ 
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  --i-reads rep-seqs.qza \ 

  --o-classification silva-taxonomy.qza 

 

qiime metadata tabulate \ 

  --m-input-file taxonomy.qza \ 

  --o-visualization silva-taxonomy.qzv 

 

qiime taxa barplot \ 

  --i-table table.qza \ 

  --i-taxonomy taxonomy.qza \ 

--m-metadata-file metadata.tsv \ 

  --o-visualization taxa-bar-plots.qzv 

 

For display errors in demux summarize: 

Echo “backend: Agg”>~/.config/matplotlib/matplotlibc 

 

qiime tools import \ 

  --type 'FeatureData[Sequence]' \ 

  --input-path 99_otus.fasta \ 

  --output-path 99_otus.qza 

 

qiime tools import \ 

  --type 'FeatureData[Taxonomy]' \ 

  --source-format HeaderlessTSVTaxonomyFormat \ 

  --input-path 99_otu_taxonomy.txt \ 

  --output-path ref-taxonomy.qza 

 

qiime feature-classifier extract-reads \ 

  --i-sequences 99_otus.qza \ 

  --p-f-primer 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGAGTTTGATCMTGGCTCA

G \ 

  --p-r-primer 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATTACCGCGGCTGCTGG \ 

  --o-reads reference-seqs.qza 

 

qiime feature-classifier fit-classifier-naive-bayes \ 

  --i-reference-reads 99_otus.qza \ 

  --i-reference-taxonomy ref-taxonomy.qza \ 

  --o-classifier classifier.qza 

 

qiime feature-classifier classify-sklearn \ 

  --i-classifier classifier.qza \ 

  --i-reads rep-seqs.qza \ 

  --o-classification taxonomy_greengene.qza 
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qiime metadata tabulate \ 

  --m-input-file taxonomy_greengene.qza \ 

  --o-visualization taxonomy_greengene.qzv 

 

qiime taxa barplot \ 

  --i-table table.qza \ 

  --i-taxonomy taxonomy_greengene.qza \ 

  --m-metadata-file metadata-greengene.tsv \ 

  --o-visualization taxa-bar-plots-greengene.qzv 

 

qiime tools import \ 

  --type 'FeatureData[Sequence]' \ 

  --input-path 99_otus.fasta \ 

  --output-path 99_otus.qza 

 

qiime tools import \ 

  --type 'FeatureData[Sequence]' \ 

  --input-path 99_otus_aligned.fasta \ 

  --output-path 99_otus_aligned.qza 

 

qiime tools import \ 

  --type 'FeatureData[Taxonomy]' \ 

  --source-format HeaderlessTSVTaxonomyFormat \ 

  --input-path 99_otu_taxonomy.txt \ 

  --output-path 99_otu_taxonomy.qza 

 

qiime feature-classifier extract-reads \ 

  --i-sequences 99_otus.qza \ 

  --p-f-primer AGAGTTTGATCMTGGCTCAG \ 

  --p-r-primer ATTACCGCGGCTGCTGG \ 

  --o-reads 99_seqs.qza 

 

qiime feature-classifier fit-classifier-naive-bayes \ 

  --i-reference-reads 99_seqs.qza \ 

  --i-reference-taxonomy 99_otu_taxonomy.qza \ 

  --o-classifier classifier.qza 

 

qiime feature-classifier classify-sklearn \ 

  --i-classifier classifier.qza \ 

  --i-reads rep-seqs.qza \ 

  --o-classification classified_taxonomy.qza 

 

qiime metadata tabulate \ 

  --m-input-file classified_taxonomy.qza \ 

  --o-visualization classified_taxonomy.qzv 
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qiime taxa barplot \ 

  --i-table table.qza \ 

  --i-taxonomy classified_taxonomy.qza \ 

  --m-metadata-file metadata.tsv \ 

  --o-visualization 8_28_taxa-bar-plots.qzv 
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Appendix 2: 

 

# dada2 Version 2 

 

#load modules here 

module load cutadapt 

 

# remove adapters 

mkdir 01_adapter 

for i in *_R1_001.fastq.gz; do echo "~/.local/bin/cutadapt --cores 4 --minimum-length 

150 -a TATGGTAATTGTGTGNCAGCNGCCGCGGTAA -g 

ATTAGANACCCNNGTAGTCCGGCTGGCTGACT -A 

AGTCAGCCAGCCGGACTACNVGGGTNTCTAAT -o 

01_adapter/${i//_R1_001.fastq.gz/-cut_R1_001.fastq.gz} -p 

01_adapter/${i//_R1_001.fastq.gz/-cut_R2_001.fastq.gz} ${i} ${i//_R1_/_R2_} > 

01_adapter/cutadapt.${i//_R1_001.fastq.gz/.log.txt}" >> run_cutadapt.sh; done 

chmod +x run_cutadapt.sh 

./run_cutadapt.sh 

cd 01_adapter     

mkdir 01_logs 

mv cutadapt* 01_logs 

# 

# remove primers V3V4 

mkdir ../02_filtered   

#for i in *_R1_001.fastq.gz; do echo "~/.local/bin/cutadapt --cores 4 --minimum-length 

100 --discard-untrimmed -g GGACTACHVGGGTWTCTAAT -G 

GGACTACHVGGGTWTCTAAT --discard-untrimmed -o ../02_filtered/${i//-

cut_R1_001.fastq.gz/-trimmed_R1_001.fastq.gz} -p ../02_filtered/${i//-

cut_R1_001.fastq.gz/-trimmed_R2_001.fastq.gz} ${i} ${i//_R1_/_R2_} > 

../02_filtered/cutadapt.${i//_R1_001.fastq.gz/.adapter.log.txt}" >> run_cutadapt2.cmd; 

done 

for i in *_R1_001.fastq.gz; do echo "~/.local/bin/cutadapt --cores 4 --minimum-length 

100 --discard-untrimmed -g AGAGTTTGATCMTGGCTCAG -G 

ATTACCGCGGCTGCTGG --discard-untrimmed -o ../02_filtered/${i//-

cut_R1_001.fastq.gz/_R1_001.fastq.gz} -p ../02_filtered/${i//-

cut_R1_001.fastq.gz/_R2_001.fastq.gz} ${i} ${i//_R1_/_R2_} > 

../02_filtered/cutadapt.${i//_R1_001.fastq.gz/.adapter.log.txt}" >> run_cutadapt2.cmd; 

done 

chmod +x run_cutadapt2.cmd 

./run_cutadapt2.cmd 

cd ../02_filtered/ 

mkdir 02_logs 

mv *log.txt 02_logs 

 

# DADA2 

#R 
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library(dada2) 

library(ggplot2) 

#library(patchwork) 

library(DECIPHER) 

library(ShortRead) 

path <- (".") 

list.files(path) 

# Forward and reverse fastq filenames have format: SAMPLENAME_R1_001.fastq and 

SAMPLENAME_R2_001.fastq 

fnFs <- sort(list.files(path, pattern="_R1_001.fastq.gz", full.names = TRUE)) 

fnRs <- sort(list.files(path, pattern="_R2_001.fastq.gz", full.names = TRUE)) 

# Extract sample names, assuming filenames have format: SAMPLENAME_XXX.fastq 

sample.names <- sapply(strsplit(basename(fnFs), "_"), `[`, 1) 

 

# Place filtered files in filtered/ subdirectory 

filtFs <- file.path(path, "filtered", paste0(sample.names, "_F_filt.fastq.gz")) 

filtRs <- file.path(path, "filtered", paste0(sample.names, "_R_filt.fastq.gz")) 

names(filtFs) <- sample.names 

names(filtRs) <- sample.names 

 

# quality plots 

pdf("quality_forwards.pdf") 

plotQualityProfile(fnFs) 

dev.off() 

pdf("quality_reverse.pdf") 

plotQualityProfile(fnRs) 

dev.off() 

 

# 16s 

out <- filterAndTrim(fnFs, filtFs, fnRs, filtRs, truncLen=c(280,260), maxN=0, 

maxEE=c(2,2), truncQ=2, rm.phix=TRUE, compress=TRUE, multithread=8) 

head(out) 

 

# error models 

errF <- learnErrors(filtFs, multithread=8, randomize=TRUE) 

errR <- learnErrors(filtRs, multithread=8, randomize=TRUE) 

# plots 

pdf("error_model_forwards.pdf") 

plotErrors(errF, nominalQ=TRUE) 

dev.off() 

pdf("error_model_reverse.pdf") 

plotErrors(errR, nominalQ=TRUE) 

dev.off() 

 

#dereplicate reads 
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derep_forward <- derepFastq(filtFs, verbose=TRUE) 

names(derep_forward) <- sample.names # the sample names in these objects are initially 

the file names of the samples, this sets them to the sample names for the rest of the 

workflow 

derep_reverse <- derepFastq(filtRs, verbose=TRUE) 

names(derep_reverse) <- sample.names 

 

dadaFs <- dada(derep_forward, err=errF, multithread=4, pool="pseudo") 

dadaRs <- dada(derep_reverse, err=errR, multithread=4, pool="pseudo") 

 

merged_amplicons <- mergePairs(dadaFs, derep_forward, dadaRs, derep_reverse, 

trimOverhang=TRUE, minOverlap=50) 

 

seqtab <- makeSequenceTable(merged_amplicons) 

dim(seqtab) 

saveRDS(seqtab, "seqtab.rds") 

 

seqtab.nochim <- removeBimeraDenovo(seqtab, method="consensus", 

multithread=TRUE, verbose=TRUE) 

dim(seqtab.nochim) 

saveRDS(seqtab.nochim, "seqtab_nochim.rds") 

 

  # set a little function 

getN <- function(x) sum(getUniques(x)) 

 

  # making a little table 

summary_tab <- data.frame(row.names=sample.names, dada2_input=out[3:60,1], 

               filtered=out[3:60,2], dada_f=sapply(dadaFs, getN), 

               dada_r=sapply(dadaRs, getN), merged=sapply(merged_amplicons, 

getN),nonchim=rowSums(seqtab.nochim)) 

write.table(summary_tab, file = "sequence_process_summary.txt", sep = "\t", 

quote=FALSE) 

 

seqtab.nochim <- readRDS("seqtab_nochim.rds") 

dna <- DNAStringSet(getSequences(seqtab.nochim)) # Create a DNAStringSet from the 

ASVs 

load("/home/umii/goul0109/SILVA_SSU_r132_March2018.RData") # CHANGE TO 

THE PATH OF YOUR TRAINING SET 

ids <- IdTaxa(dna, trainingSet, strand="top", processors=NULL, verbose=FALSE) # use 

all processors 

ranks <- c("domain", "phylum", "class", "order", "family", "genus", "species") # ranks of 

interest 

# Convert the output object of class "Taxa" to a matrix analogous to the output from 

assignTaxonomy 

taxid <- t(sapply(ids, function(x) { 

        m <- match(ranks, x$rank) 
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        taxa <- x$taxon[m] 

        taxa[startsWith(taxa, "unclassified_")] <- NA 

        taxa 

})) 

colnames(taxid) <- ranks; rownames(taxid) <- getSequences(seqtab.nochim) 

saveRDS(taxid, file = "taxID.rds") 

 

genus.species <- assignSpecies(dna, 

"/home/umii/goul0109/silva_species_assignment_v138.fa.gz", allowMultiple=TRUE) 

write.table(genus.species, file = "species_assignments.txt", sep = "\t", quote=FALSE) 

quit("no") 


