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Abstract 

Bacteroides fragilis is the most common anaerobe isolated from clinical infections and in 

this report we demonstrate a novel feature of the species that is critical to their success as an 

opportunistic pathogen. Among the Bacteroides spp. in the gut, B. fragilis has a unique ability to 

efficiently harvest complex N-linked glycans from the glycoproteins common to serum and 

serous fluid. This activity is mediated by a Sus-like outer membrane protein complex designated 

as Don. Using the abundant serum glycoprotein transferrin as a model it was shown that B. 

fragilis alone can rapidly and efficiently deglycosylate this protein in vitro and that transferrin 

glycans can provide the sole source of carbon and energy for growth in defined media.  We 

then showed that transferrin deglycosylation occurs in vivo when B. fragilis is propagated in the 

rat tissue cage model of extraintestinal growth and that this ability provides a competitive 

advantage in vivo over strains lacking the don locus. Thus, Don functionally is an extraintestinal 

growth factor that may contribute to B. fragilis opportunistic infection.  

The regulation of don expression is controlled by two independent pathways. The first 

one was shown to be a typical ECF sigma/anti-sigma factor switch, commonly found in Sus-like 

Polysaccharide Utilization Loci (PULs), which responds to the presence of specific substrate. In 



the ECF sigma factor deletion mutant, ɲŘƻƴ!, expression of the don PUL was completely 

abolished in the presence of substrate glycans, while the cognate anti-sigma deletion strain,  

ɲŘƻƴ.Σ expressed the don genes even in the absence of substrate glycans. The donA 

overexpressing strain highly expressed the don PUL regardless of the substrate glycan presence. 

The second regulatory pathway is involved with a cis-encoded antisense sRNA which is 

associated within the don locus, DonS. DonS was shown to negatively regulate don expression. 

In contrast, expression of the don genes was induced two- to six-fold in the donS silencing 

mutant and highly repressed in the donS overexpressing strain. Notably, this sRNA controlled 

regulatory pathway is not commonly found associated with B. fragilis PULs. Only 14 of more 

than 50 PULs in B. fragilis possess DonS-like sRNAs, but at the present time their roles in 

commensal colonization and opportunistic infections is not understood. 
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CHAPTER ONE: INTRODUCTION 

                This dissertation mainly focuses on the study of a Sus-like polysaccharide utilization 

locus (PUL) in Bacteroides fragilis, named don. The impetus for studying this locus was derived 

from the fact that in the rat artificial abscess model, its expression was the most up-regulated in 

the B. fragilis transcriptome compared to in vitro growth. This indicates that the don locus may 

play a role in adaption to extraintestinal environments. Also, in an analysis of the B. fragilis 

primary transcriptome using RNA deep sequencing, a novel feature was observed of cis-

encoded small RNAs associated with 14 PULs in B. fragilis, including don. Thus, the major 

objectives of this dissertation research were: first, characterize the role of don in colonization of 

extraintestinal sites (chapter 2); second, elucidate the role of sRNAs in the regulation of the Sus-

like systems in B. fragilis, using the don locus as a model (chapter 4). Also included in this 

dissertation is a brief description of the B. fragilis primary transcriptome analysis since it led to 

the initial discovery of the sRNAs involved in the PUL regulation (chapter3). This chapter 

(chapter 1) is a general review on the current understanding of Bacteroides physiology and 

metabolism as it relates to virulence factors and the Sus-like polysaccharides utilization 

systems. 

 

1.1   Bacteroides taxonomy, structure, physiology and metabolism 

                The genus Bacteroides are Gram-negative, obligate anaerobic bacteria commonly 

found in the gastro-intestinal tract (GI-tract) of humans and animals as members of the normal 
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microflora (1). The type species of Bacteroides is B. fragilis, so sometimes the genus is referred 

to as the Bacteroides fragilis group. This genus falls within the family Bacteroidaceae of the 

order Bacteroidales of the phylum Bacteroidetes. Together with the closely related genera 

Porphyomonas and Prevotella, they make up a major subgroup of the Cytophaga-Flavobacter-

Bacteroides group which diverged from the primary eubacterial phylogenic lineage very early in 

evolution (2) and consequently are not closely related to the Gram-negative Proteobacteria 

which are more commonly studied. 

                All Bacteroides are non-motile, non-spore formers with relatively large genomes 

ranging in size from 4.4 to 6.7 Mb and relatively low in GC content ranging from 39% to 48% (1). 

The cell morphology is short rods and the doubling time under optimal growth conditions is 

approximately 45 minutes. Bacteroides have capsules which are important for their 

colonization in the distal gut (3). B. fragilis has eight different capsule polysaccharide encoding 

loci on its genome which are different in size, composition and staining character. Coexpression 

of two capsule polysaccharides is commonly observed (4-6). On the cell surface, Bacteroides 

possess pilli- or fimbrae-like structures that serve for attachment (1). Under transmission 

electron microscopy, numerous blebs on the cell surface and detached extracellular vesicles can 

be observed (7). These vesicles have been shown to have hemagglutinin function and contain 

sialidase activity (8, 9). The lipopolysaccharide (LPS) of Bacteroides is different from the 

canonical LPS structure represented by E. coli LPS. The lipid A in Bacteroides LPS is penta-

acylated and monophosphorylated and the fatty acids chains are branched, 15 to 17 units long 

in contrast to the unbranched 12 or 14 unit length of canonical LPS (10). This structure probably 

is responsible for its low toxicity compared to the LPS of other Gram-negative bacteria (1). 
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Bacteroides also have a rare O-glycsosylation system which enables them to synthesize 

fucosylated glycoproteins (11). The model for this general O-glycsosylation proposes that the 

glycan chain is assembled on a lipid carrier on the inner side of the cytoplasmic membrane by 

the sequential action of glycosyltransferases, then the glycan is flipped to the periplasmic space 

and glycosylation of the target protein happens there. The fucosylated O-linked glycoproteins 

then are inserted into the outer membrane surface and play a role in the colonization in the gut 

(12). 

                Bacteroides are saccharolytic organisms that primarily use carbohydrates as their 

carbon/energy source (1). They can express a large number of outer membrane protein 

complexes for polysaccharide transport and utilization (13). An in-depth review of these outer 

membrane complexes in Bacteroides will be given later in this chapter. Once the 

polysaccharides have been hydrolyzed to their monosaccharide units, further carbohydrate 

catabolism proceeds through the Embden-Meyerhof pathway followed by a split TCA cycle 

composed of two opposing half-cycles termed the oxidative branch and the reductive branch 

(1, 14). A simplified schematic diagram of this split TCA cycle is shown in Fig. 1.1. Anaerobic 

respiration makes use of the reductive branch of the TCA cycle with fumarate as the terminal 

electron receptor, reduced to succinate mediated by a membrane-bound fumarate reductase 

(1). Interestingly, Bacteroides also possess a cytochrome bd oxidase which allows them to use 

oxygen as a terminal receptor when oxygen is at nanomolar levels (15). Under nanomolar 

oxygen levels (60 nM to 1000 nM), the growth benefit of this cytochrome bd oxidase can be 

seen when respiration with fumarate is disrupted by deletion of the fumarate reductase (15). 
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However, as obligate anaerobes, Bacteroides cannot grow with oxygen levels close or above 2 

˃a (15). 

                 Heme is important for Bacteroides metabolism during normal growth. However 

Bacteroides cannot synthesize heme de novo and it must be obtained from the environment 

(1). When grown in the absence of heme, their metabolism shifts from anaerobic respiration to 

strictly fermentation since heme is required as a cofactor by two critical components of the 

electron transport chains, fumarate reductase and cytochrome bd oxidase (1). Under these 

conditions, fumarate and lactate will accumulate as the metabolic byproducts instead of the 

short chain fatty acids succinate and propionate (1). During anaerobic respiration, fumarate is 

constantly consumed as the final electron receptor and reduced to succinate. The large demand 

for fumarate is provided by carboxylation of phosphoenolpyruvate to oxaloacetate, and then by 

enzymes of the reductive branch of the TCA cycle (1, 14). Carbon dioxide is required for the 

Bacteroides anaerobic respiration since it is the substrate for the carboxykinase to catalyze the 

carboxylation of phosphoenolpyruvate. 

  



 

5 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1. A schematic diagram of two opposing half-cycles of the split TCA cycle in B. fragilis (14).  
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                As saccharolytic bacteria, Bacteroides cannot use proteins or peptides as the sole 

carbon/energy source but they can use them as the sole nitrogen source, although ammonia is 

the more preferred nitrogen source (1). Ammonia assimilation in Bacteroides is primarily 

ǘƘǊƻǳƎƘ ƛƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ ŀƳƳƻƴƛŀ ƛƴǘƻ ʰ-ketoglutarate to form glutamate catalyzed by 

glutamate dehydrogenase (1). Glutamate serves as an amino group donor for the synthesis of 

ƻǘƘŜǊ ŀƳƛƴƻ ŀŎƛŘǎΦ ʰ-ketoglutarate biosynthesis is achieved through the reductive branch of the 

split TCA cycle in the presence of heme, alternatively, the oxidative branch in the absence of 

heme (14) (Fig. 1.1). The Bacteroides, with the possible exception of B. ovatus, synthesize all of 

their amino acids de novo (1). 

 

1.2   The mutualistic relationship between Bacteroides and their hosts 

                The human distal gut is one of the most densely populated microbial ecosystems on 

earth, exceeding numbers of 1011 per gram of wet weight, and Bacteroides is one of the 

predominant species making up to 25% of the total microbial population in this ecological niche 

(1, 7, 16). A strong mutualistic relationship between the Bacteroides and their hosts has 

developed over the course of coevolution (16, 17).  

               The human large intestine provides an ideal space for the Bacteroides to thrive: 

sufficient moisture; highly reducing environment with oxygen levels less than 1.5%; carbon 

dioxide levels of 5% - 10%; adequate amount of ammonia, heme and vitamin B12; and most 

importantly a stable source of carbon/energy from the constant influx of polysaccharides from 

indigestible material in the diet and host mucosal secretions (18-21). The host diet plays an 
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important role in shaping the gut microflora composition including the Bacteroides species (18-

20, 22). 

In return for the food and shelter, Bacteroides provide multiple benefits to their host. 

The breakdown and conversion of the indigestible dietary fiber to short chain fatty acids by the 

Bacteroides provides the host an additional nutrition source which can meet up to 10% of the 

human energy requirement (1, 7, 23). Bacteroides also play important roles in the development 

of the host GI tract: their presence greatly increases the volume, surface area of and villi 

numbers in the GI tract (1). They participate in the development of gut associated lymphatic 

tissue (GALT) and gut angiogenesis (24). They prevent the attachment and colonization of 

pathogenic bacteria by occupying the mucosal surface of the gut to form a protective barrier. B. 

thetaiotaomicron can also help prevent infection by Gram-positive species by promoting 

ƛƴŘǳŎǘƛƻƴ ƻŦ ŀ Ƙƻǎǘ ŎŜƭƭ ǎŜŎǊŜǘŜŘ ōŀŎǘŜǊƛŎƛŘŀƭ ƭŜŎǘƛƴ ƴŀƳŜŘ wŜƎLLLʴΣ ǿƘƛch can directly bind to the 

peptidoglycan and result in bacterial killing (25). B. thetaiotaomicron also stimulates the 

production of a certain type of immune cell in the gut crypts called Paneth cells which secrete 

an antimicrobial substance to kill specific pathogens such as Listeria monocytogenes (26). B. 

fragilis in the gut can help the host develop a healthy immune response and prevent allergies 

(27). This is mediated in part by the capsule polysaccharide, polysaccharide A (PSA), which is a 

zwitterion, unlike most other capsule polysaccharides which are only negatively charged. PSA 

can bind to major histocompatibility complex II molecules in the professional antigen 

presenting cells and be presented to the T cells. It has been show that PSA can prevent 

inflammation by triggering the IL-10 mediated anti-inflammatory response at the same time 

repressing the Th17 mediated pro-inflammatory response (28, 29).  It also can correct the CD4+ 
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cell deficiency and establish Th1/Th2 balance in the gut (28, 29). The beneficial effect of PSA 

immunomodulatory properties even can be seen in the brain. A recent study using a mouse 

model shows that a subset of neurodevelopmental disorders, including autism spectrum 

disorder (ASD), could be due to dysbiosis of the gut microbiota and GI barrier impairment. 

Harmful bacterial metabolites, for example 4-ethylphenylsulfate (4EPS), can pass the tight 

junctions between intestinal epithelial cells and enter blood stream circulation. These 

metabolites can cause autism-like symptoms in the host such as abnormalities in sociability, 

communication, compulsive activity and severe stereotypic behavior. Oral treatment with B. 

fragilis can alter the gut microbial composition, restore normal GI barrier permeability and 

correct the ASD-related behavioral abnormalities (30). Bacteroides can efficiently deconjugate 

bile salts in the gut. Deconjugated bile salts have a much lower reabsorption rate and lowered 

ability to solubilize diet cholesterols. Non-reabsorbed bile will be excreted which has the 

indirect affect to reduce cholesterol levels by forcing the host to use more cholesterols for 

biosynthesis of bile salts and decrease cholesterol absorption (31). Lastly, several reports have 

shown that there is an association between the intestinal Bacteroides population and obesity. 

Obese individuals tend to have an abnormally low Bacteroides to Firmicutes ratio (32, 33). In 

some studies, it was also found that the relative abundance of Bacteroides increases as obese 

individuals lose weight (34). It is still not clear whether there is a causal relationship between 

obesity and the proportion of Bacteroides in the gut. 
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1.3   Bacteroides as opportunistic pathogens 

                Although the Bacteroides do provide many benefits as friendly commensals, they can 

transform into dangerous threats when translocated to extraintestinal sites. Bacteroides are 

frequently isolated from clinical anaerobic infections with high mortality (1, 7). Bacteroides 

fragilis, the type species of this group, only accounts for 0.5% of the colonic flora, but it is the 

most common anaerobe isolated from infections, being found in more than 63% of Bacteroides 

associated infections (1, 7). Thus, B. fragilis is regarded as the most virulent Bacteroides species 

and has served as a model for studying Bacteroides pathogenesis. Anaerobic infections are 

usually polymicrobial, and B. fragilis associated anaerobic infections have a mortality of more 

than 19%, up to 60% if left untreated (35).  

                B. fragilis opportunistic infections generally occur when the integrity of the intestinal 

wall is disrupted. Common predisposing conditions include GI surgery, trauma, malignancy and 

perforated inflammatory disease or infections in the GI tract (1, 7). B. fragilis associated 

infections include abscesses, appendicitis, bacteremia, bone and soft tissue infections, deep 

wound ulcers and UTI infections, but the most common and dangerous are intra-abdominal 

abscesses (IAA) (1, 7). IAA caused by B. fragilis are actually a pathologic immune response in 

which the immune cells are attracted to infected sites, if unable to clear the infection, 

additional immune cells are recruited to contain the bacterial cells and necrotic host tissue by 

walling them off with fibrin and connective tissues (36, 37). Once formed, antibiotic treatment 

has little effect on IAA and surgery is usually required. Rupture of the IAA without medical 

intervention usually leads to life-threatening situations. 
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                It is also worthy to note that some strains of B. fragilis are able to produce the 

enterotoxin fragilysin. These strains are grouped as enterotoxigenic B. fragilis (ETBF) (92). ETBF 

can cause secretory diarrhea and studies have shown they also may be linked to inflammatory 

bowel disease and colon cancer (92). 

 

1.4   Virulence Mechanisms 

                Following translocation from the gut to an extraintestinal site, Bacteroides typically 

face several challenges to the establishment of a successful infection. First, they need to attach 

at the site of infection, withstand the increased oxygen tension and resist clearing mechanisms 

from the host immune system. Next, they must persist in the new environment where the 

available nutritional resources become very limited, and where they need to shift their diet 

from a combination of dietary glycans and host glycans to host glycans only. Bacteroides need 

to coordinately express a variety of virulence factors to meet these challenges (1). 

                The Bacteroides capsule is a major factor associated with infection and pathogenesis. 

It contributes to the virulence in several ways. First, the capsule plays an important role in 

adherence. It has been shown that the ability of B. fragilis and other Bacteroides to adhere to 

rat peritoneal mesothelium depended on the presence of capsular polysaccharide, while 

acapsular strains were less adherent (39). Purified capsular polysaccharide alone can compete 

with live bacterial cells and inhibit B. fragilis adherence to rat peritoneal mesothelium (39). 

Second, the capsule can help Bacteroides withstand host clearance mechanisms due to its anti-

phagocytic and anti-complement properties (40) and it subverts immune surveillance by 
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antigenic variation. For example, a single strain of B. fragilis has the capacity to synthesize eight 

different capsular polysaccharides, designated PSA to PSH (41), and expression of these 

capsular polysaccharides are regulated by two independent mechanisms. One is DNA inversion 

ōȅ ǿƘƛŎƘ ǘƘŜ ǇǊƻƳƻǘŜǊ ǊŜƎƛƻƴ ƻŦ ŜŀŎƘ ƛƴŘƛǾƛŘǳŀƭ ƭƻŎǳǎ Ŏŀƴ ŦƭƛǇ ǘƻ ƎƛǾŜ ƛǘ ŀƴ άƻƴέ ƻǊ άƻŦŦέ ǎǘŀǘǳǎ 

(42, 43). This inversion is mediated by a global DNA invertase named Mpi (42, 44, 45). The 

second mechanism involves trans locus inhibition. Within each capsule polysaccharide synthesis 

ƭƻŎǳǎΣ ǘƘŜǊŜ ŀǊŜ ǘǿƻ ǊŜƎǳƭŀǘƻǊȅ ƎŜƴŜǎ ǘƘŀǘ ŜƴŎƻŘŜ ¦ǇȄ¸ ŀƴŘ ¦ǇȄ½Σ ǿƘŜǊŜ Ȅ ƛǎ ǊŜǇƭŀŎŜŘ ōȅ άŀέ ǘƻ 

άƘέ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ t{! ǘƻ t{IΦ ¦ǇȄ¸ ƛǎ ŀƴ ŀƴǘƛǘŜǊƳƛƴŀǘƻǊ ǿhich is necessary for the 

transcription of the full length message of that polysaccharide synthesis locus, and UpxZ is a 

trans locus inhibitor which interacts with several other UpxYs to cause premature termination 

of the transcription of other capsule synthesis loci (46, 47). The combined effect of these two 

regulatory mechanisms allows B. fragilis to switch its capsule composition so that no more than 

two types of capsular polysaccharides are expressed at the same time. This ability to change the 

architecture on the cell surface may result in antigenicity variation and evasion of host immune 

surveillance (48). In addition to adherence and immune evasion, the capsule plays a vital role in 

abscess formation (49). Injection of capsule polysaccharide alone is sufficient to induce abscess 

formation, while systemic injection prevents abscess formation in rats, presumably due to the 

establishment of an antibody response to the capsules (49-51). It also has been demonstrated 

that the capsular polysaccharides do not contribute equally to abscess formation; rather, PSA is 

the most potent among all the eight to facilitate abscess formation (52). PSA is a zwitterionic 

(both positively and negatively charged) which can trigger a T-cell dependent response, and 
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contains the amino sugar acetamido-amino-2, 4, 6-trideoxygalactose (AATGal) as a component 

ǎǳƎŀǊΦ ¢ƘŜǎŜ ǘǿƻ ǇǊƻǇŜǊǘƛŜǎ ǿŜǊŜ ǘƘƻǳƎƘǘ ǘƻ ōƻƻǎǘ ǘƘŜ t{!Ωǎ ŀōǎŎŜǎǎ ŦƻǊƳŀǘƛƻƴ ŀōƛƭƛǘȅ (49, 52). 

Extraordinary aerotolerance is another important factor associated with Bacteroides 

extraintestinal infection. When translocated from the colon to the peritoneal cavity, bacteria 

have to face the challenge of increased oxygen tension up to 6% in this new environment. 

Oxidative stress will generate dramatic amounts of intracellular reactive oxygen species (ROS) 

such as hydrogen peroxide, superoxide and hydroxyl radicals, and ROS cause damage in a cell 

by peroxidation of membrane lipids, oxidation of amino acids in proteins, destruction of iron-

sulfur clusters in enzymes, modification of DNA bases and strand breaks (53). Bacteroides, as 

strict anaerobes, cannot shift to a full aerobic metabolism but they can mount a sophisticated 

oxidative stress response that allows them to survive in oxygenated environments for extended 

periods of time. The oxidative stress response in B. fragilis has been well characterized, and can 

be divided into two phases. One is an acute response in which approximately 28 gene products 

involved in detoxification, repairing, and protection are quickly up-regulated within minutes of 

oxygen exposure (1, 54, 55). These gene products include catalase, peroxidase, superoxide 

dismutase, alkyl hydroperoxide reductase, and the non-specific DNA binding protein DPS, which 

all work synergistically to minimize the effect of ROS and to restore the reduced intracellular 

environment (54, 55). If the oxidative stress remains for an extended period, B. fragilis will 

mount a prolonged oxidative stress response (POST) in which there is a shift in gene expression 

aimed at remodeling the bacterial metabolism and physiology. This metabolic response induces 

genes encoding enzymes that can supply reducing power for detoxification and restore energy-

generating capacity (55-59). This sophisticated oxidative stress response makes B. fragilis one of 
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the most aerotolerant anaerobes on earth and enhances its survival in extraintestinal sites to 

allow it to cause infection (55).  

                Besides its capsules and oxidative stress response, B. fragilis also has other virulence 

traits. These include the ability to release outer membrane vesicles containing a variety of 

hydrolases and hemagglutinases (8, 9), expression of neuraminidinases, expression of 

hemolysins (54, 60), and release of proteases and enterotoxin (enterotoixigenic strains only) 

(92).  

 

1.5   The polysaccharide utilization systems in Bacteroides 

                Bacteroides are glycan utilization experts with extraordinary enzymatic abilities to 

degrade a wide variety of polysaccharides as carbon/energy sources (21). The human distal gut 

allows Bacteroides to exert their expertise by constantly providing a broad spectrum of 

polysaccharides, mostly undigested dietary glycans such as cellulose, pectin, xylan, and host 

derived glycans in the form of glycoconjugates such as glycoproteins, glycolipids and 

glycosaminoglycans (20, 22, 61). This ability explains in part why Bacteroides are so 

predominant in the distal gut (18, 19). 

                In Bacteroides genomes, genes encoding the machinery to degrade a specific type of 

polysaccharides are organized into multiple gene clusters, known as polysaccharide utilization 

loci (PULs). The ability to utilize such a wide variety of polysaccharides is the result of dedicating 
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a large portion of their genomes to these PULs. For instance, 18% of B. thetaiotaomicron 

genome is composed of these PULs (62).  

                Bacteroides PULs were first characterized in B. thetaiotaomicron using the starch 

utilization system (Sus), which specifically degrades starch, as a model. The sus locus contains 

eight genes susABCDEFGR. SusA and susB encode periplasmic amylases. SusC encodes a TonB-

linked outer membrane porin which is required to transport the processed starch 

oligosaccharides from outside of the cell to the periplasmic space. The susD gene encodes an 

outer membrane protein which binds the oligosaccharides and aids its transportation through 

the channel formed by SusC porin. Downstream genes susEFG encode gene products which will 

form an outer membrane complex with SusC and SusD and are important for recognition and 

processing of large starch molecules (63-66). SusR is a transcriptional activator which responds 

to the substrate in the periplasmic space (67). A functional model of the B. thetaiotaomicron 

starch utilization system is represented by Fig. 1.2. 
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Fig. 1.2. Functional model of the B. thetaiotaomicron starch utilization system (Sus) (68). 

Steps involved in processing starch are sequentially illustrated and numbered. Step 1, starch 

molecules transit through the capsule layer. Step 2, starch molecules are bound by outer 

membrane complex components such as SusD. Step 3, surface bound starch molecules are 

degraded and processed by outer membrane complex component glycohydrolase such as SusG, 

generating smaller oligosaccharides through the outer membrane porin SusC. Step 4, 

oligosaccharides are further degraded into component mono- or disaccharides by periplasmic 

glycan degrading enzymes SusA and SusB. Step 5 and 6, liberated glycan components serve as 

signal molecules for the transcriptional activator SusR that activate sus operon expression. Step 

7, degraded sugar units are imported in to the cytoplasm serving as a carbon/energy source.  

This figure is originally published on Journal of Biological Chemistry. Martens, E. C.; Koropatkin, 

N. M., Smith, T. J., Gordon, J. I. Complex glycan catabolism by the human gut microbiota: the 

Bacteroidetes Sus-like paradigm. Journal of Biological Chemistry. 2009. 283 (37): 24673-24677. 

© the American Society for Biochemistry and Molecular Biology. (Appendix 1). 
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                The B. thetaiotaomicron Sus system serves as a paradigm for all the Sus-like PULs in 

Bacteroides. These PULs encode similar outer membrane protein complexes for glycan 

utilization and are identified by sequence homology. Most PULs contain the SusC and SusD 

homolog with or without the presence of other downstream genes encoding outer membrane 

complex proteins, but in limited cases, only the SusC/SusD-like protein pair is present in the 

locus (7, 13). In contrast to the archetypical B. thetaiotaomicron Sus system, the most 

frequently observed genetic regulators of the PULs in B. fragilis are not SusR homologs but 

rather they are ECF sigma factor/anti sigma pairs, and in some cases two component regulatory 

systems.  

                Although there is a wide range of glycan substrates used by the Sus-like systems, each 

system generally only has one specific type of glycan as the substrate (68), and the Sus-like 

systems are not only limited in Bacteroides species but seen in the Bacteroidetes phylum (68). A 

few well-studied Sus-like systems are listed in Table 1.1.  

               The traditional catabolite repression/activation system which allows for the select 

utilization of a preferential carbon/energy source does not function in Bacteroides as they do 

not possess cyclic AMP (69). Although multiple Sus-like systems can be induced at the same 

time when their substrates are present, a recent study showed that there is a hierarchy in the 

expression of these Sus-like systems (22). The mechanism of how Bacteriodes define the 

hierarchy is not clear. Interestingly, there also appears to be a link between the expression of 

some specific Sus-like systems and polysaccharide capsule biosynthesis, but the mechanism is 

still not fully understood (62).  
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Table 1.1. Sus-like systems in the Bacteroidetes 
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CHAPTER TWO: EFFICIENT UTILIZATION OF COMPLEX N-LINKED 

GLYCANS IS A SELECTIVE ADVANTAGE FOR BACTEROIDES FRAGILIS IN 

EXTRAINTESTINAL INFECTIONS 

 

2.1   Abstract 

Bacteroides fragilis is the most common anaerobe isolated from clinical infections and in 

this report we demonstrate a novel feature of the species that is critical to their success as an 

opportunistic pathogen. Among the Bacteroides spp. in the gut, B. fragilis has a unique ability to 

efficiently harvest complex N-linked glycans from the glycoproteins common to serum and 

serous fluid. This activity is mediated by a Sus-like outer membrane protein complex designated 

as Don. Using the abundant serum glycoprotein transferrin as a model it was shown that B. 

fragilis alone can rapidly and efficiently deglycosylate this protein in vitro and that transferrin 

glycans can provide the sole source of carbon and energy for growth in defined media.  We 

then showed that transferrin deglycosylation occurs in vivo when B. fragilis is propagated in the 

rat tissue cage model of extraintestinal growth and that this ability provides a competitive 

advantage in vivo over strains lacking the don locus.  
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2.2   Significance 

 The human microbiota has a huge impact on health from the proper development of the 

immune system to the maintenance of normal physiological processes.  The largest 

concentration of microbes is found in the colon which is home to more than 500 bacterial 

species most of which are obligate anaerobes. This population also poses a significant threat of 

opportunistic infection and of all the species present, Bacteroides fragilis is the one most 

frequently isolated from anaerobic, extraintestinal infections. New findings presented here 

describe a unique ability of this species to efficiently deglycosylate complex N-linked glycans 

from the most abundant glycoproteins found in serum and serous fluid. This provides B. fragilis 

a competitive, nutritional advantage for extraintestinal growth. 

 

2.3   Introduction 

The genus Bacteroides are Gram-negative, obligate anaerobic bacteria that account for 

approximately 30% of the microbiota in the human large intestine (1, 17). This relationship 

benefits the host by aiding in the development of a healthy immune response and in the 

maintenance of many physiological and nutritional processes. One major factor that 

contributes to the predominance of Bacteroides is their capacity to utilize a wide spectrum of 

polysaccharides ranging from dietary compounds that cannot be digested by the host, such as 

xylans or pectins, to the host derived glycans in the form of glyco-conjugates (19, 20). 

Polysaccharide digestion in the Bacteroides is mediated in large part by novel outer membrane 

complexes that bind, cleave and transport these substrates. These systems have a similar 
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genetic organization characterized by a regulatory region followed by an operon coding for 

orthologues of the TonB-dependent transporter, SusC, and the accessory binding protein SusD. 

Additional genes in the operon are for specific substrate binding and glycohydrolase enzymes 

(68). The genes for these protein complexes are termed polysaccharide utilization loci (PULs). 

In contrast to their beneficial role in the colon, Bacteroides species also are the most 

common opportunistic pathogens isolated from clinical specimens of anaerobic infections. 

These opportunistic infections can occur when the integrity of the intestinal wall becomes 

compromised. Predisposing conditions include intestinal surgery, perforated or gangrenous 

appendix, carcinoma, diverticulitis, trauma and inflammatory bowel diseases. Peritonitis and 

intra-abdominal abscesses are the most common infections associated with Bacteroides often 

leading to bacteremia (70). Notably, Bacteroides fragilis represents only 0.5% of the gut flora 

yet it is isolated in the majority of anaerobic infections, thus it is regarded as more invasive than 

the other Bacteroides (71-73). A number of factors have been identified that may contribute to 

its enhanced extraintestinal survival. For example, there is a variable polysaccharide capsule 

which interferes with immune surveillance and there is a robust oxidative stress resistance 

system but these attributes are not exclusive to B. fragilis (43, 52, 55). Another challenge faced 

by organisms invading from the colon is the need to adapt to different nutritional sources. In 

the gut, the Bacteroides rely on dietary polysaccharides and host derived glycans as sources of 

carbon/energy but when outside of the gut environment they will have more limited choices of 

only host derived glycans. The ability to efficiently harvest glycans present on host 

glycoproteins in extraintestinal sites may enhance survival and colonization.  
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In this report we describe a Sus-like PUL which is unique to B. fragilis and allows it to 

efficiently utilize complex N-linked glycans from the most abundant serum/serous fluid 

glycoproteins including transferrin. Overall the studies suggest that the ability to harvest these 

glycans is advantageous for growth at extraintestinal sites and can explain, in part, the success 

of B. fragilis as an opportunistic pathogen relative to the other Bacteroides species. 

 

2.4   Materials and methods 

2.4.1   Bacterial strains and growth. 

Bacterial strains and plasmids used in this study are listed in Table 2.1. B. fragilis 638R 

was the wild type strain used for genetic analyses. Bacteroides strains were grown in an 

anaerobic chamber in Brain Heart Infusion broth supplemented with hemin and cysteine (BHIS) 

(55). Rifampicin (20 µg/ml), gentamicin (100 µg/ml), erythromycin (10 µg/ml) and tetracycline 

(5 µg/ml) were added as indicated. Minimal defined media (DM) were prepared as described 

previously with the specific carbon/energy sources described in the text (74). Mucin glycans 

were prepared by proteolysis of porcine gastric mucin (Sigma-Aldrich, Cat. M2378) followed by 

ŀƭƪŀƭƛƴŜ ʲ-elimination to release free glycans (20). In experiments using DM-transferrin, the 

transferrin was >98% iron saturated holo-transferrin and the transferrin-containing media (and 

controls) contained 100 µM FeSO4 to ensure a readily available source of iron for growth.  
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Table 2.1 Bacterial strains and plasmids used in this study. 

Bacterial strain or plasmid a Description Reference 
or source 

Bacteroides strains   
IB101 B. fragilis, 638R, clinical isolate, Rfr (75) 
IB555  638R ɲŘƻƴ, BF638R3439-3443 genes replaced with a tetQ cassette, 

Tcr, Rfr 
This study 

IB114 B. fragilis, ATCC 25285, clinical isolate, Rfr (55, 76) 
   
IB116 Bacteroides thetaiotaomicron, VPI strain 2302, Rfr (77) 
BT5482R Bacteroides thetaiotaomicron, VPI strain 5482 (ATCC 29148), Rfr (77) 
IB102 Bacteroides uniformis, VPI strain 006-1 (ATCC8492), Rfr  
IB103 Bacteroides ovatus, VPI 0038 (ATCC 8483) (76) 
IB351 Bacteroides vulgatus, ATCC 8482 (76) 
BER37 Parabacteroides distasonis, clinical isolate CLA348 (78) 
Ber39 Parabacteroides merdae, ATCC 43185  
   
E. coli strains   
DH10B E. coli, Fς mcr! ɲόmrr-hsdRMS-mcr./ύ ʊулlac½ɲaмр ɲlacX74 recA1 

endA1 ara5моф ɲόara leu) 7697 galU galK rpsL nupD ˂ς 
Invitrogen 

HB101::RK231 E. coli, HB101 containing RK231, Knr, Tcr, Smr (79) 
   
Plasmids   
pFD516 Bacteroides suicide vector, 7.7 kb, Spr in E. coli, Emr in Bacteroides (80) 
pFD516/omp117±2K/tetQ pFD516 containing the BF638R3439-3443 deletion construct with the 

tetQ gene cassette, 14.6 kb, Spr in E. coli, Emr and Tcr in Bacteroides.  
This study 

a Rf, rifampicin; Tc, tetracycline; Sp, spectinomycin; Em, erythromycin; Kn, kanamycin; Sm, streptomycin.  
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Table 2.2. Oligonucleotides used in this study. 

Name {ŜǉǳŜƴŎŜ ό рΩ Ҧ оΩύ Tag Description 

UF AGTCCTGCAGCAAACAGATGCCTTATCAGTTT PstI Designed to amplify 2 kb 
upstream of donC UR AGTCGGATCCCAGTGTCTTATCCAGAGATTCA BamHI 

DF AGTCGGATCCCTGGACAATATCGATTCAAGCA BamHI Designed to amplify 2 kb 
downstream for donG  DR AGTCGAGCTCATAGCGACCAAAACCCTTCT SacI 

Omp117rtL GGTGAAGGCATTTCCGACTT  Designed to amplify a 140 bp 
fragment of donC gene for 
quantitative PCR 

Omp117rtR TTGCCTTCCTGCCCTTTCTT  

16srL GATGCGTTCCATTAGGTTGTTG  Designed to amplify a 127 bp 
fragment of 16s ribosomal RNA 
gene for quantitative PCR 

16srR CACTGCTGCCTCCCGTAG  

PsigOKL2 AATCACAATCAGCCTTATATTCTAC  Designed to amplify a 375 bp 
fragment spanning donA and its 
potential TIS region 

PsigOKR CATTGCTCCTGATAGGTCTG  

PantisigOKL GGATATTTCGATCCGCACTG  Designed to amplify a 298 bp 
fragment spanning the 
intergenic region of donA and 
donB 

PantisigOKR TTTCCTTCCGTTTCGTTCCA  

Pomp117L AGATATCCTGAACATTATGCAGG  Designed to amplify a 339 bp 
fragment spanning the 
intergenic region of donB and 
donC 

Pomp117R GCCGTTTGTAGAATAAAACAGC  

PsusDL AATGACCTCTTCGACAGGTA     Designed to amplify a 220 bp 
fragment spanning the 
intergenic region of donC and 
donD 

PsusDR GGTTCCGGTTGATATCTTCG  

PendoSL ATTGATCGGAAACGGATACG  Designed to amplify a 240 bp 
fragment spanning the 
intergenic region of donD and 
donE 

PendosR CTACCAACAATGCTACTCCG  

PsusEL GAAGACGCATTTGAAGACGA  Designed to amplify a 261 bp 
fragment spanning the 
intergenic region of donE and 
donF 

PsusER GCTCTAAAGTGAAGTTGACGA  

PsusFL GAGACCAAAGACCTGAAAGC  Designed to amplify a 288 bp 
fragment spanning the 
intergenic region of donF and 
donG 

PsusFR GAGTTGCTCACGGATATCTT  

  



 

27 
 

2.4.2   Construction of a don operon deletion mutant. 

The donCDEFG genes were replaced with a tetQ tetracycline resistance (Fig. S1). 

Chromosomal fragments of about 2 kb flanking the donC and donE genes were amplified using 

PCR primer pairs UF/UR and DF/DR respectively (Table 2.2). The amplified DNA was cloned into 

the Bacteroides suicide vector pFD516 together with the tetQ gene cassette in a three-fragment 

ligation. The recombinant plasmid was mobilized into B. fragilis 638R by conjugation and 

exconjugants were selected on BHIS plates containing rifampicin, gentamicin and tetracycline. 

Candidate mutants were screened for sensitivity to erythromycin and by PCR to identify the 

double-crossover allelic exchange. 

  

2.4.3   Animal model of infection. 

The tissue cage infection model has been described previously (60, 81). Briefly, a 

perforated, sterilized Ping-Pong ball was surgically implanted into the peritoneal cavity of an 

adult male Sprague Dawley rat and allowed to encapsulate for 4-5 weeks. The ball becomes 

encased in connective tissue, develops a blood supply, and fills with sterile serous fluids (~25ml 

per ball). B. fragilis strains grown overnight in BHIS media were diluted in PBS buffer (50 mM 

PO4, 150 mM NaCl, pH 7.4,) to 105 CFU/ml and 4 ml of this suspension was injected into the 

tissue cage. Samples were aspirated at the indicated time points for viable cell counts and RNA 

extraction. For viable cell counts aliquots were serially diluted in PBS buffer, plated on BHIS 

plates and incubated in an anaerobic chamber to determine CFU. Samples were also plated on 

LB agar plates and incubated aerobically to check for contamination. 
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The in vivo competition assay was performed by mixing overnight cultures of 638R and 

ɲŘƻƴ at a one to one ratio followed by dilution in PBS buffer to a total viable cell count of 105 

cfu/ml. Four ml of the cell mixture was injected into the tissue cage of each animal and aliquots 

were plated to determine CFU/ml. Diluted samples were plated on BHIS plates with rifampicin 

and gentamicin. After 4-5 days incubation, 100 to 300 colonies from each sample were picked 

to BHIS plates with and without tetracycline to check the resistance phenotype and determine 

the ratio of mutant to wild type.  

All procedures involving animals followed the National Institutes of Health guidelines 

and were approved by the Animal Care and Use Committee of East Carolina University. For 

each bacterial strain tested two trials of 5 animals each were performed. 

 

2.4.4   Total RNA extraction. 

RNA extraction from in vivo samples was done as described previously with a few 

modifications (60). Fluid was aspirated and immediately mixed with RNAprotect Cell Reagent 

(Qiagen, Inc.) at a 1:2 ratio. Next, 0.1% sodium deoxycholate was used to lyse host cells, then 

bacterial cells and debris were collected and washed in PBS containing RNAprotect Cell Reagent 

and sodium deoxycholate. Total RNA was extracted from the cell pellet using the hot phenol 

method described previously (82) and stored in 50% formamide at -80°C. RNA extraction from 

in vitro bacterial cell cultures was performed on washed cell pellets using the same hot phenol 

method. 
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2.4.5   cDNA synthesis, qRT-PCR, and microarray analysis. 

Total RNA was purified using the RNeasy Mini Kit (Qiagen, Inc.) and DNA was removed 

by treatment with DNase (Ambion/Life Technologies Inc.). DNA contamination was determined 

by PCR using specific for the 16s ribosomal RNA gene (Table 2.2). First strand cDNA synthesis 

was carried out using 1 µg total RNA with random hexamer primers and Superscript III RT (Life 

Technologies, Inc.). For qRT-PCR, primer pair, omp117rtL and omp117rtR, were used to amplify 

a 140 bp fragment of the donC gene in a standard reaction mixture with SYBRR Green Supermix 

(Bio-Rad, Inc.). All sample reactions were in run in triplicate and RNA with no reverse 

transcriptase was used as a control to monitor for DNA contamination. Relative expression 

values were normalized to 16s rRNA and calculated by the method of Pfaffl (83). Results 

represent at least two independent experiments performed in triplicate. 

Expression microarray analyses were performed essentially as described previously (58). 

Double stranded cDNA was synthesized with the SuperScriptR Double-Stranded cDNA Synthesis 

Kit (Life Technologies, Inc.). One µg of purified double stranded cDNA was then labeled with 

cy3, hybridized to microarray slides, and processed by the Florida State University 

Roche/NimbleGen Microarray Facility.  For each experimental condition at least two 

independent trials were performed. Each trial consisted of a high-density-oligonucleotide whole 

genome expression microarray (Roche/NimbleGen, Madison WI) with 8 technical replicates of 

each probe per slide. RNA for each trial was pooled from five rats prior to cDNA synthesis. Raw 

microarray expression data were normalized by using the RMA algorithm implemented with the 
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Roche DEVA 1.1 software. The microarray expression data have been deposited in the NCBI 

Gene Expression Omnibus database under accession number GSE53883. 

 

2.4.6   Whole cell deglycosylation assay. 

Cultures were grown in 5 ml of DM-mucin glycan, harvested by centrifugation at mid-

logarithmic phase, washed and the cells were suspended to an OD A550 of 1.0 in PBS. 100 µL of 

the cell suspension was incubated with 100 µL of tissue cage serous fluid (1/10 diluted), purified 

human transferrin (1 mg/ml in PBS), IgG (1 mg/ml in PBS) or IgA (1 mg/ml in PBS) as described 

in the text. All proteins were from Sigma Aldrich Inc. For controls 100 µL PBS replaced the 

bacterial cell suspension. Assays were incubated anaerobically at 37°C for 3 hours or overnight, 

then samples were centrifuged, supernatants collected, mixed with loading buffer and 

electrophoresed on 12% SDS-PAGE gels. The gels were analyzed by Coomassie blue staining or 

proteins were transferd to PVDF membranes for glycan determination using Sambucus nigra 

ŀƎƎƭǳǘƛƴƛƴ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ όwƻŎƘŜΣ 5LD DƭȅŎŀƴ 5ƛŦŦŜǊŜƴǘƛŀǘƛƻƴ YƛǘύΦ 

 

2.4.7   Glycomics analyses of B. fragilis treated human transferrin. 

Purified human transferrin was suspended in PBS to 2 mg/ml and 100 µL of this was 

used in deglycosylation assays as described above except that following incubation the assay 

supernatants were filter sterilized and frozen at -80°C. Samples were analyzed by Ezose 

Sciences Inc. (Pine Brook, NJ) to quantify N-linked glycans using previously reported methods 
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(84, 85). Briefly, samples were denatured, digested with trypsin and then heat-inactivated. The 

N-glycans were then enzymatically released from the peptides by treatment with PNGase F, 

captured on chemoselective beads and then processed for MALDI-TOF mass spectrometry. 

aŀǎǎ ǎǇŜŎǘǊŀ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ǳǎƛƴƎ 9ȊƻǎŜΩǎ ǇǊƻǇǊƛŜǘŀǊȅ ōƛƻƛƴŦƻǊƳŀǘƛŎǎ ǇǊƻƎǊŀƳǎΦ Results were 

normalized to 1 g/L of transferrin and reported as the average of two independent 

experiments.  

 

2.5   Results 

2.5.1   In vivo, extraintestinal PUL expression.  

Considerable progress has been made in understanding how the Bacteroides compete 

for and utilize limited nutrients in the gut ecosystem. In contrast, there is a paucity of 

knowledge concerning Bacteroides nutrient foraging in extraintestinal environments. As an 

initial strategy to identify significant pathways of catabolism, microarrays were used to 

measure gene expression of B. fragilis cells growing in a rat tissue cage abscess model. The 

results suggested that the organism may rely on a variety of PULs to harvest glycans from host 

proteins present in the serous fluid of the model abscess. B. fragilis has 47 putative PULs and 22 

stand-alone SusC/SusD-like protein pairs and several of these were among the most highly 

induced genes in vivo. A five gene operon, BF638R3439-43 associated with one of these PULs 

was induced from 2147- to 765-fold along the length of the 8 kb operon. These were the most 

highly induced genes in vivo and the genes in this PUL have been designated as donABCDEFG 

(Fig. S1). To more easily compare expression of all PUL operons, the SusC orthologues were 
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used as proxy for expression of the entire operon (22). This approach was validated by qRT-PCR 

which confirmed the in vivo induction of donC (Fig. 2.1A). The results from day 1, 4, and 8 

samples were compared to in vitro grown mid-logarithmic phase cultures and showed a high 

level of induction throughout the course of the experiment. 

Examination of the SusC orthologue expression data by k-means clustering revealed four 

major in vivo PUL gene induction patterns (Appendix 2, Fig. S2). The donC gene was associated 

with the most highly induced genes, Cluster 1, which consisted of 8 PULs and 5 stand-alone 

SusC/SusD orthologues. As shown in Fig. 2.1B the PULs in this cluster were rapidly induced 

more than 10-fold and the level of induction remained high throughout the 8 days. A second 

cluster of 25 SusC orthologues was induced more gradually and remained induced 1.5-5-fold for 

the 8 days (Fig. S2B).  The remaining two PUL clusters were repressed in the abscess model and 

may be of less importance outside of the intestinal environment. 
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Fig. 2.1. In vivo PUL gene expression during growth of B. fragilis in the rat tissue cage model. 

Samples for analyses were pooled from 5 animals 1, 4, and 8 days post inoculation.  A) 

Expression of donC was determined by qRT-PCR for samples from the rat tissue cage and mid-

logarithmic cultures grown in DM-glucose. The results are the average of triplicate samples and 

are presented as the in vivo/in vitro ratio. B) Induction of SusC orthologues during growth in 

vivo relative to DM-glucose. Shown are the highly induced-in vivo susC-like genes associated 

with PULs in Cluster 1. Clusters were determined from expression microarray data analyzed by 

k-ƳŜŀƴǎ ŎƭǳǎǘŜǊƛƴƎ ǳǎƛƴƎ ǘƘŜ {ǘŀƴŘŀǊŘ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜfficient distance metric.  All 

induction values were significant at p<.01. 
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2.5.2   In vitro induction of the donCDEFG operon. 

The don PUL was chosen as a model for extraintestinal PUL function and it included 

several gene products that may be associated with N-linked glycan utilization such as an endo-

S-like endo-N-acetyl- -̡D-glucosaminidase (DonE) and a lectin-ƭƛƪŜ ǇǊƻŘǳŎǘ ǿƛǘƘ ŀƴ ʰ-N-

acetylglucosaminidase domain (DonF). In order to demonstrate a function of the PUL it was 

necessary to find an inducing substrate for in vitro expression studies. This was accomplished by 

ǳǎƛƴƎ ŀ ŎǊǳŘŜ ƎƭȅŎŀƴ ƳƛȄǘǳǊŜ ǇǊŜǇŀǊŜŘ ōȅ ŀƭƪŀƭƛƴŜ ʲ-elimination hydrolysis of porcine stomach 

mucin.  The majority of mucin glycans are O-linked glycans and 10-20% are N-linked glycans 

(20). A defined medium containing the glycan mixture as the sole carbon/energy source 

supported rapid growth of the wild type strain BF638R (Fig. 2.2). Expression analysis by qRT-PCR 

showed that donC was strongly induced in this medium in a growth phase dependent manner 

with the highest level of induction at mid-logarithmic phase. This RNA also was used for RT-PCR 

with primers pairs that spanned the intergenic regions of the PUL and the data indicated 

linkage between the donBCDEFG genes (Fig. S1).  
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Fig. 2.2. Induction of donC expression during growth on mucin glycans. Strain BF638R was 

grown in defined medium containing 2% porcine gastric mucin glycans as the sole 

carbon/energy source. The induction of donC by mucin glycans relative to growth on glucose 

was determined by qRT-PCR. The results are overlaid on a typical growth curve with mucin 

glycans (OD A550, grey diamonds). The qRT-PCR results represent 2 independent experiments 

(grey squares) with standard deviations shown. 
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2.5.3   Deglycosylation of transferrin is mediated by donCDEFG. 

              Don PUL function was explored by incubating serous fluid from the rat tissue cage 

όƻōǘŀƛƴŜŘ ǇǊƛƻǊ ǘƻ ƛƴƻŎǳƭŀǘƛƻƴύ ǿƛǘƘ ǿƛƭŘ ǘȅǇŜ ƻǊ ҟdonCDEFG όҟdon) mutant cells grown to mid-

logarithmic phase in the inducing, mucin glycan medium. Samples were analyzed by SDS-PAGE 

and the results in Fig. 2.3A show that one of the major fluid proteins was significantly reduced 

in size in samples treated with the wild type strain but not with the deletion mutant. Analysis by 

mass spectrometry revealed that this protein was rat serum transferrin, one of the most 

abundant glycoproteins in serum. The precise size reduction of the protein suggested the 

possibility that the transferrin glycans were removed. To test this, human transferrin was 

ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ǘƘŜ ǿƛƭŘ ǘȅǇŜ ƻǊ ҟdon mutant cells. Duplicate samples were analyzed by SDS-

PAGE with either Coomassie blue or Sambucus nigra (SNA) lectin staining. As shown in Fig. 2.3B 

transferrin treated with the wild type strain was reduced in size after the 3 h incubation 

whereas the deletion strain did not have an obvious effect on transferrin size. Also, no 

degradation or reduced intensity of the protein band was observed in any of the samples. The 

SNA stained gels showed that transferrin treated with wild type cells was completely 

deglycosylated but in contrast an intense signal remained in samples treated with the deletion 

mutant and controls (Fig. 2.3B). In addition to transferrin, other serous fluid proteins were 

rapidly deglycosylated by B. fragilis. In assays using serous fluid samples the wild type strain 

ƘŀŘ ǎƛƎƴƛŦƛŎŀƴǘ ŘŜƎƭȅŎƻǎȅƭŀǘƛƻƴ ŀŎǘƛǾƛǘȅ ƻƴ Ƴŀƴȅ ǎŜǊƻǳǎ ŦƭǳƛŘ ǇǊƻǘŜƛƴǎ ōǳǘ ǘƘŜ ҟdon mutant 

activity was considerably reduced (Fig. S3). Although the mutant clearly retained some activity, 

the overall results indicate that B. fragilis don coded proteins play an important role in the 
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deglycosylation of N-linked glycans on transferrin and other glycoproteins.  These genes were 

designated don for Deglycosylation Of N-linked glycans. 

The SNA lectin recognizes terminal sialic acids linked to Gal or GalNAc which is suitable 

to detect N-linked glycans but is not a definitive assay. Conceivably loss of the terminal sialic 

acids by the action of neuraminidase could result in loss of SNA staining. Therefore a 

comprehensive mass spectrometric glycomics analysis of transferrin was performed. Human 

transferrin has two glycosylation sites and there were seven distinct oligosaccharides linked to 

those sites, five of which made up 98.1% of the total transferrin glycans (Table 1). Incubation of 

transferrin with wild type cells for 3 h resulted in essentially complete deglycosylation of N-

linked glycans.  By comparison, nearly 70% of the N-linked glycans remained in samples 

incubated ǿƛǘƘ ǘƘŜ ҟdon mutant. There were no new oligosaccharide structures detected in 

ǊŜŀŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ǿƛƭŘ ǘȅǇŜ ǎǘǊŀƛƴ ǎǳƎƎŜǎǘƛƴƎ ŜŦŦƛŎƛŜƴǘ ŎƭŜŀǾŀƎŜ ƻŦ ǘƘŜ ƎƭȅŎŀƴ ƭƛƪŜƭȅ ŀǘ ǘƘŜ ʲ-1,4-

di-N-acetylchitobiose core by the endo- -̡N-acetylglucosaminidase S (DonE). These results 

confirm that transferrin is a substrate for the Don PUL but also indicate there is a second, less 

efficient deglycosylation system for this substrate.  
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Fig. 2.3. Deglycosylation of transferrin is mediated by the don PUL. A) Serous fluid obtained 

from tissues cages prior to inoculation was incubated for 3 h with PBS or B. fragilis cells induced 

by growth in DM-mucin glycan medium. Samples were analyzed by 12% SDS-PAGE and 

Coomassie blue staining (Co). The arrowhead indicates the location of transferrin above the 

abundant serum albumin protein. B) Deglycosylation analysis of human transferrin. Human 

transferrin was incubated with wild type or ҟdon cells induced by growth in DM-mucin glycan 

medium. Samples were analyzed by SDS-PAGE and followed by SNA glycan-staining (SNA) to 

detect N-linked glycans as described in the text.   
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2.5.4   Growth on transferrin as the sole carbon and energy source. 

The ability to forage for high quality carbohydrates in extraintestinal sites would be 

advantageous to Bacteroides spp. translocated from the gut. Transferrin is the most abundant 

glycoprotein present in serum and is estimated to have a carbohydrate content of 5.8% so we 

tested if it could support the growth of B. fragilis. As shown in Fig. 2.4, 25 mg/ml of transferrin 

ǎǳǇǇƻǊǘŜŘ Ǌƻōǳǎǘ ƎǊƻǿǘƘ ƻŦ ǘƘŜ ǿƛƭŘ ǘȅǇŜ ǎǘǊŀƛƴ ōǳǘ ƴƻǘ ǘƘŜ ҟdon mutant. There was no 

significant difference in the growth rate between wild type and mutant strains grown with 

glucose (Fig. 2.4). Expression of the don operon during growth on transferrin was measured by 

qRT-PCR with donC primers and the results showed a 104 ςfold induction over glucose grown 

cells. SDS-PAGE analysis of the transferrin medium after 24 or 48 hours of growth indicated 

there was no degradation of the transferrin peptide. The non-glycosylated protein, bovine 

serum albumin, did not support growth (Fig. 2.пύΦ LƴǘŜǊŜǎǘƛƴƎƭȅΣ ǘƘŜ ҟdon mutant was able to 

grow in the transferrin medium albeit at a much slower rate. This confirms the presence of a 

second system that enables slow utilization of transferrin glycans. 
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Fig. 2.4. B. fragilis can grow with transferrin as the sole source of carbon and energy. Growth 

curves are shown for wild type or ҟdon strains in defined media with different carbon/energy 

sources. An overnight inoculum of 2% was used and the OD A550 was measured at specific time 

intervals. Dashed lines are ҟdon and solid lines are wild type. Squares, glucose (0.4%); triangles, 

human transferrin (25mg/ml); circles, bovine serum albumin (25 mg/ml). Each growth curve 

represents three biological repeats.   
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2.5.5   In vivo role of the don PUL. 

To investigate a potential role for the don operon in extraintestinal sites, the rat tissue 

cage model was used to measure growth in vivo. There was not a drastic difference in CFU 

Ŏƻǳƴǘǎ ōŜǘǿŜŜƴ ǿƛƭŘ ǘȅǇŜ ŀƴŘ ҟdon strains during monoculture experiments over the course of 

a 15 day period (Fig. 2.5A). There was however a small, two-fold advantage for the wild type in 

the first two days following inoculation. To determine if this difference would translate into a 

competitive advantage, mixed culture assays were performed using wild type and mutant 

strains co-ƛƴƻŎǳƭŀǘŜŘ ƛƴǘƻ Ǌŀǘ ǘƛǎǎǳŜ ŎŀƎŜǎΦ ¢ƘŜ ǊŜǎǳƭǘǎ ǿŜǊŜ ŎƭŜŀǊΣ ҟdon was quickly out-

competed and at one day post-inoculation about 85% of the total population was wild type (Fig. 

2.5B). The same trend carried through day 8 when the wild type strain reached about 97% of 

the total population. In control experiments (Fig. S4) with strains co-inoculated into glucose 

defined media there was no significant difference between the percentage of strains in the 

population through logarithmic phase and in fact the ҟdon mutant had a slight advantage in 

stationary phase. These results suggest that access to novel carbohydrate nutrient sources in 

vivo can be advantageous for survival at extraintestinal sites.  

One important extraintestinal carbohydrate source for growth in vivo is transferrin 

which was rapidly deglycosylated during growth in the rat model. This was demonstrated by 

SDS-PAGE analysis of fluids removed from rat tissue cages over the course of the eight day 

experiment (Fig. 2.5C). The transferrin from uninoculated controls appeared as a single peptide 

species of about 80 kDa but by day one post-inoculation there were two transferrin peptides in 

samples from wild type infected animals and by day two nearly all of the transferrin was 
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converted to the smaller sǇŜŎƛŜǎΦ Lƴ ŎƻƴǘǊŀǎǘΣ ǎŀƳǇƭŜǎ ŦǊƻƳ ŀƴƛƳŀƭǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ҟdon 

strain appeared unchanged at day one and by day two only a small portion of the transferrin 

was deglycosylated. Interestingly all of the transferrin in samples from wild type or mutant 

infected animals was deglycosylated by the end of the experiment on day eight (Fig. 2.5C). This 

result shows that the don locus plays an important role in the efficient deglycosylation of 

transferrin in vivo. 
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Fig. 2.5. Growth in vivo is enhanced by deglycosylation of transferrin. A) Growth curve for wild 

type (circles) and ҟdon (squares) strains inoculated separately into rat tissue cages. B) Mixed 

culture competition assay. Mixtures of wild type (stippled bars) and ҟdon (hatched marked 

bars) cells were prepared in a 1:1 ratio, inoculated into 5 rats and the CFU/ml determined. The 

percentage of wild type or ҟdon cells was determined by screening the total cell counts for 

tetracycline resistant colonies. C) Coomassie blue- stained SDS-PAGE gel of serous fluid samples 

obtained following growth of strains in the rat tissue cage. Samples from the wild type (wt) and 

ҟdon (ҟ) strains were compared to uninoculated controls (un). The arrow indicates the 

migration of the glycosylated transferrin. The results are from two biological repeats and panel 

C shows a representative result.  
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2.5.6   Efficient transferrin deglycosylation is unique to B. fragilis. 

B. fragilis is the most common Bacteroides species isolated from opportunistic 

infections at extraintestinal sites. The ability of six other intestinal Bacteroides species to 

deglycosylate human transferrin was tested by SDS-PAGE and SNA glycan staining. The results 

in Fig. 2.6 show that only the two B. fragilis strains were able to efficiently deglycosylate 

transferrin in the 3 hour assays. This was indicated by both the change in mass and the loss of 

SNA staining of the transferrin. No significant loss in SNA staining was seen for the other species 

except B. vulgatus.  In this case the transferrin band appeared as a doublet with somewhat 

decreased staining intensity in the SNA blot (Fig. 2.6, lane 7). These data indicate that B. 

vulgatus deglycosylates transferrin inefficiently and that of the intestinal Bacteroides species 

tested only B. fragilis can rapidly remove the N-linked glycans from this abundant serum 

protein.  
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Fig. 2.6. Transferrin deglycosylation by medically important Bacteroides species. Human 

transferrin was used in standard 3 h deglycosylation assays with mid-logarithmic phase cells of 

Bacteroides species grown in DM-mucin glycan media. Samples were analyzed by SDS-PAGE 

with Coomassie blue (Co) staining and on duplicate SDS-PAGE gels followed by SNA glycan-

staining (SNA). 1, PBS; 2, B. fragilis (638R); 3, B. fragilis (ATCC 25285); 4, B. thetaiotaomicron 

(IB116); 5, B. uniformis; 6, B. ovatus; 7, B. vulgatus; 8, Parabacteroides distasonis; 9, 

Parabacteroides merdae.  
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2.6   Discussion 

The intestinal microbiome has a complex, symbiotic relationship with its host that is 

maintained by a series of physical barriers and immunological processes designed to keep the 

microbial populations in check. When these barriers are breached, contaminating normally 

sterile body sites, the invading organisms must rapidly adapt to an environment with a 

challenging set of new physical, chemical, and nutritional parameters. In this study, we used a 

rat tissue cage model to gain a better understanding of the nutritional sources that 

opportunists such as B. fragilis might encounter in extraintestinal habitats. Expression 

microarrays showed that PUL genes were highly induced in vivo and the Don locus was induced 

more than any other genes in vivo. The carbon/energy sources available in the abdominal cavity 

are quite varied and complex so we were not surprised to see such a robust, complex response 

in PUL expression. A recent study of B. thetaiotaomicron PUL regulation during growth on 

mixtures of dietary glycans provides some insight into this response (22). The work showed that 

there is a rapid response to the influx of new glycan sources and that multiple PULs were 

simultaneously expressed in order to prioritize utilization of the most advantageous substrates. 

This required coordinated induction and repression of multiple systems working to maximize 

utilization of certain glycans although the rationale for prioritization is not yet entirely clear. 

Similarly B. fragilis growing in the rat tissue cage elicited a broad PUL response and in this case 

it seemed to be directed toward use of N-linked glycans found on host glycoproteins. The most 

abundant glycoprotein in tissue cage serous fluid is transferrin which is a significant substrate 

for the Don PUL. Many other glycoproteins present in the fluid also were targeted by the Don 

PUL (Fig. S3). Other PULs that were strongly induced in the microarray experiments also had 
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protein signatures consistent with the utilization of N-linked host glycans: BF638R0384-фн όʲ-N-

1-4 acetylglucosaminidase + GH88 glycosidase); BF638R1323-30 (endo- -̡N-

acetylglucosaminidase + concanavalin A-like); BF638R0444-448 has member proteins with 

fibronectin binding domains. 

A critical requirement for utilization of N-linked glycans is removal of terminal sialic acid 

residues and in a previous study it was shown that neuraminidase activity was necessary for 

robust growth in a rat pouch model similar to the tissue cage used in this report (86). An 

extensive region of the B. fragilis chromosome (BF638R1715-1740) seems to be devoted to 

sialic acid utilization and neuraminidase activity and this region has been shown to be required 

for optimal utilization of mucin (87). This gene cluster includes the nanLET operon (88), the 

nanH operon, and 5 standalone pairs of SusC/SusD orthologues. Our microarray data showed 

that regulation of these genes was complex but the entire region was induced on day 1 

following inoculation of the tissue cage and for the most part remained elevated throughout 

(Appendix 2 and Fig. S2). 

The hydrolysis of host glycoprotein glycans is an important characteristic of several 

bacterial pathogens and this has been proposed to be a mechanism for immune evasion as well 

as for nutrient acquisition. Streptococcus pyogenes secretes the archetypical GH18 family 

glycoprotein hydrolase, EndoS, which can efficiently hydrolyze the IgG glycan and significantly 

reduce IgG mediated killing of the bacteria in blood (89, 90). Streptococcus pneumoniae 

possesses several exoglycosidases that in combination deglycosylate IgA1, lactoferrin, human 

ǎŜŎǊŜǘƻǊȅ ŎƻƳǇƻƴŜƴǘ ŀƴŘ ʰм-acid glycoprotein, and it was shown that deglycosylaǘƛƻƴ ƻŦ ʰм-
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acid glycoprotein supported growth in the absence of other carbohydrates (91, 92). This ability 

may be linked to the persistence of S. pneumoniae in the nasopharynx. Likewise transferrin 

supports the growth of B. fragilis (Fig. 2.4) and is present in serum and serous fluid at 2-4 

mg/ml so this would be an excellent source of fermentable carbohydrate for extraintestinal 

growth. Glycan harvesting also seems to be important for in vivo growth of Capnocytophaga 

canimorsus a member of the Bacteroidetes phylum and a common inhabitant of the oral cavity 

of dogs (93). C. canimorsus was able to deglycosylate fetuin and IgG in vitro using a Sus-like 

system and the deglycosylation activity was necessary to sustain growth with cultured 

mammalian cells. 

A notable difference of the Don PUL and the glycosidase systems listed above is the 

inability to deglycosylate IgG or IgA. Several attempts with different sources of human IgG and 

IgA failed to demonstrate activity against these substrates (Fig. S5). This suggests that the Don 

system did not evolve for the need to inactivate immune clearance mechanisms. Further, it is 

well known that transferrin and lactoferrin also have antibacterial activity, largely due to their 

ability to sequester iron from the bacteria (94, 95). However, the glycosylation status of 

transferrin and lactoferrin has little effect on their ability to either bind iron or their receptors 

(96, 97). The Don PUL then does not seem to be designed to circumvent this element of the 

innate immune system. 

A key finding of the work presented here was that rapid, efficient deglycosylation of 

transferrin and many other glycoproteins in serous fluid is mediated by the don genetic locus 

which is unique to B. fragilis among the medically important Bacteroides species. This was 
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demonstrated specifically for transferrin but may apply to the other serous proteins (Fig. 2.6, 

Fig. S3). Although not as efficient as wild type, the ɲŘƻƴ mutant was able to deglycosylate and 

utilize transferrin glycan at a slow rate. This was seen both in vivo and in vitro (Figs. 2.4, 2.5) 

and these results indicate a second transferrin deglycosylation system in B. fragilis. Other 

Bacteroides may have deglycosylation capabilities more similar to the ɲŘƻƴ mutant. For 

example, B. vulgatus showed some deglycosylation of transferrin after 3 h (Fig. 2.6) and results 

with a second strain of B. thetaiotaomicron showed some activity on transferrin after 3 h but 

failed to further deglycosylate the substrate even after overnight incubation (Fig. S6). We 

propose that the Don PUL is composed of 7 genes (Fig. S1). DonA and DonB are the regulators 

of the system encoding an ECF sigma factor and antisigma factor respectively.  DonEFG are 

outer membrane proteins that bind and cleave glycans from the target glycoproteins. DonCD 

would work in tandem to transport oligosaccharides into the periplasm where the concerted 

effort of neuraminidases and other glycohydrolases release monosaccharides from the glycan 

chains (68).  

The normal habitat for B. fragilis is the colon where it is in a persistent, mutualistic 

relationship with its host. The Don system must have evolved to provide a means by which to 

establish a specific niche in the gut or to help the organism maintain its competitive position. 

Several studies have indicated that B. fragilis are closely associated with the mucosa and that 

they penetrate the mucus layer to bind receptors deep in the crypts (98, 99). The don genes are 

significantly induced by a crude mixture of gastric mucin glycans in fact they were the most 

highly induced of all genes in mucin glycan medium (Appendix 2). One potential role for the 

Don PUL may be to harvest the high quality complex N-linked mucus glycans, [which make up 
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about 20% of mucus glycans (100)] as cells transit through the mucus layers to the crypts.  

Other host associated N-linked glycan sources may become available to bacteria adherent in 

the crypts or the don operon may be shut down since don transcription is negligible in the 

absence of inducer. Koropatkin et al. (19) ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ƛƴ ǘƘŜ Ŏƻƭƻƴ ǘƘŜǊŜ ŀǊŜ Ƴŀƴȅ άƎƭȅŎŀƴ 

ƳƛŎǊƻƘŀōƛǘŀǘǎέ ŀƴŘ ŀƴȅ ƎƛǾŜƴ Bacteroides spp. has evolved to respond to a specific subset of 

these. If we define the glycan habitat of B. fragilis then we may gain further insight as to why 

the Don PUL potentiates the organism to so efficiently deglycosylate proteins in extraintestinal 

sites. 
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2.7   Supplementary Figures 
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Fig. S2. Induction/repression patterns of SusC orthologues expressed during 

growth in vivo. Expression microarray data were used to determine induction 

or repression of all susC-like genes during growth of B. fragilis 638R in the rat 

tissue cage model relative to DM-glucose. Four induction patterns (Clusters) 

were identified by k-means clustering using the Standard Pearsonôs 

correlation coefficient distance metric.  The four clusters are shown in panels 

A, B, C and D respectively. The fold-induction for in vivo growth relative to 

mid-logarithmic phase growth in vitro for 1, 4, and 8 days post-inoculation are 

shown by the blue, red, and green bars respectively. 
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Fig. S2. Induction/repression patterns of SusC orthologues expressed during 

growth in vivo. Expression microarray data were used to determine induction 

or repression of all susC-like genes during growth of B. fragilis 638R in the rat 

tissue cage model relative to DM-glucose. Four induction patterns (Clusters) 

were identified by k-means clustering using the Standard Pearsonôs 

correlation coefficient distance metric.  The four clusters are shown in panels 

A, B, C and D respectively. The fold-induction for in vivo growth relative to 

mid-logarithmic phase growth in vitro for 1, 4, and 8 days post-inoculation are 

shown by the blue, red, and green bars respectively. 
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Fig. S2. Induction/repression patterns of SusC orthologues expressed during 

growth in vivo. Expression microarray data were used to determine induction 

or repression of all susC-like genes during growth of B. fragilis 638R in the rat 

tissue cage model relative to DM-glucose. Four induction patterns (Clusters) 

were identified by k-means clustering using the Standard Pearsonôs 

correlation coefficient distance metric.  The four clusters are shown in panels 

A, B, C and D respectively. The fold-induction for in vivo growth relative to 

mid-logarithmic phase growth in vitro for 1, 4, and 8 days post-inoculation are 

shown by the blue, red, and green bars respectively. 
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Fig. S2. Induction/repression patterns of SusC orthologues expressed during 

growth in vivo. Expression microarray data were used to determine induction 

or repression of all susC-like genes during growth of B. fragilis 638R in the rat 

tissue cage model relative to DM-glucose. Four induction patterns (Clusters) 

were identified by k-means clustering using the Standard Pearsonôs 

correlation coefficient distance metric.  The four clusters are shown in panels 

A, B, C and D respectively. The fold-induction for in vivo growth relative to 

mid-logarithmic phase growth in vitro for 1, 4, and 8 days post-inoculation are 

shown by the blue, red, and green bars respectively. 
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2.8   Addendum 

 In this chapter, it was shown that the B. fragilis don locus mediates the efficient 

deglycosylation of N-linked glycoproteins (Fig. 2.3, 2.5C, S3; Table 2. 3) both in vitro and in vivo. 

Deletion of the don locus led to a growth defect in DM with transferrin as the sole 

carbon/energy source and a selective disadvantage in the rat extraintestinal infection model 

(Fig. 2.4, 2.5). While we have shown a correlation between deglycosylation activity and growth 

advantage in the rat abscess, model, we have not proven that deglycosylation is the cause of 

this advantage in vivo.  This is especially of interest because we deleted not only donE, which 

has predicted deglycosylation activity, but also donF and donG.  These genes have unknown 

functions that might affect in vivo growth.  In the future direction, two experimental designs 

can strength the causal relation between efficient deglycosylation of N-linked glycoprotein and 

the selective advantage in extraintestional infection. First, point mutations of two active site 

residues on the endo- -̡N-acetylglucoaminidase gene (donE) can abolish the deglycosylation 

activity of this enzyme (125) but keep the structure and other functions of the locus intact. If 

there is a real causal relation between the deglycosylation of N-linked glycoproteins and 

selective advantage in extraintestinal infection, the donE point mutant should show the same 

selective disadvantage phenotype as the don deletion mutant. Second, to rule out the 

possibility that the tetracycline resistant gene tetQ is responsible for the impaired in vivo 

growth/competency phenotype, a control strain will be constructed with only the tetQ gene 

inserted into the chromosome. If tetQ is not responsible for the selective disadvantage 

observed in the don deletion mutant, similar in vivo growth/competency should be observed 

between the wild type and the tetQ insertion mutant. 



CHAPTER THREE: BACTEROIDES FRAGILIS PRIMARY TRANSCRIPTOME 

ANALYSIS 

 

3.1   Introduction 

                B. fragilis has a genome of about 5.3 Mb and encodes approximately 4,300 genes. To 

gain insight not only on the gene expression profile but also the overall structure of individual 

mRNAs, differential massively parallel cDNA sequencing (dRNA-seq) was performed using RNA 

obtained from mid-logarithmic phase anaerobic B. fragilis cultures grown in rich media. The 

dRNA-seq approach was first done with the human pathogen Helicobacter pylori which has a 

small genome (101). In contrast to other RNA-seq methods, terminator-рΩ-phosphate-

dependent exonuclease is used to treat the RNA samples before conversion to cDNA. By adding 

this step, the processed transcripts such as mature rRNA, tRNA and partially degraded mRNAs 

ǿƘƛŎƘ ƘŀǾŜ ŀ рΩ Ƴƻƴƻ-ǇƘƻǎǇƘŀǘŜ όрΩtύ ƎǊƻǳǇ ŀǊŜ ǎŜƭŜŎǘƛǾŜƭȅ ŘŜƎǊŀŘŜŘ ƭŜŀǾƛƴƎ ƻƴƭȅ ǘƘŜ wb!ǎ 

with ŀ рΩ ǘǊƛ-ǇƘƻǎǇƘŀǘŜ όрΩǇǇǇύ ƎǊƻǳǇ ǎǳŎƘ ŀǎ ǇǊƛƳŀǊȅ ǘǊŀƴǎŎǊƛǇǘǎ ƛƴŎƭǳŘƛƴƎ Ƴƻǎǘ Ƴwb!ǎ ŀƴŘ 

small RNAs (sRNA) (101). By comparing the exonuclease treated samples to non-treated 

samples, it was possible to generate a single-nucleotide resolution map of the primary 

transcriptome of B. fragilis, allowing us to locate the transcription initiation sites (TIS) of 

individual transcripts, distinguish potential sRNAs, and confirm the -7 promoter consensus 

sequence for the primary sigma factor. Analysis of this primary transcriptome identified 1,657 

TISs, and confirmed the recognition sequence for the Bacteroides primary sigma factor. In 
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addition, 176 putative sRNAs were discovered. These results demonstrate that the dRNA-seq 

technique is a good approach and has great potential for understanding some of the molecular 

aspects of B. fragilis gene regulation. 

 

3.2   Materials and Methods 

3.2.1   Total RNA Extraction 

                B. fragilis strain IB101 (BF638R) was grown at 37°C anaerobically in Brain Heart 

Infusion broth supplemented with hemin and cysteine (BHIS). Cells were harvested in mid-

logarithmic phase at O.D. A550 = 0.5 for RNA extraction. RNA extractions from in vitro bacterial 

cell cultures were performed on washed cell pellets using the hot phenol method as described 

previously (82). RNA quality and integrity was checked by RNA-denaturing gel (1% agarose; 

5.5% formaldehyde) electrophoresis.  

 

3.2.2   Preparation of cDNA libraries and 454 pyrosequencing 

EȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŘƻƴŜ ōȅ ŎƻƭƭŀōƻǊŀǘƻǊ W ǊƎ ±ƻƎŜƭ ŀƴŘ ƭŀō ƳŜƳōŜǊǎ ŀǘ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ 

Würzburg, Institute for Molecular Infection Biology, D-97080, Würzburg, Germany. The dRNA-

seq was performed as previously described (101). Total RNA was treated by DNase I to 

eliminate residual genomic DNA. Equal amounts of IB101 RNA were either incubated with 

TerminatorTM рΩ-phosphate-dependent exonuclease (TEX) (Epicentre #TER51020) or in buffer 

alone for 60 min at 30°C. 1 unit TEX per ˃ Ǝ ǘƻǘŀƭ wb! ǿŀǎ ǳǎŜŘΦ wb! ǿŀǎ ŜȄǘǊŀŎǘŜŘ ǿƛǘƘ 
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phenol/chloroform/isoamyalcohol (25:24:1 v/v) and then precipitated overnight with 2.5 

volumes of an ethanol/0.1M sodium acetate (pH 6.5) mixture. Then the TEX treated RNA was 

incubated with 1 unit TAP (tobacco acid pyrophosphatase) (Epicentre, #T19100) for 1 hour at 

отϲ/ ǘƻ ƎŜƴŜǊŀǘŜ рΩ-mono-phosphates for linker ligation, and again purified by 

phenol/chloroform extraction and precipitation as above.  

Equal amounts of TEX treated or untreated RNA were poly(A)-tailed using poly(A) 

ǇƻƭȅƳŜǊŀǎŜΣ ŦƻƭƭƻǿŜŘ ōȅ ƭƛƎŀǘƛƻƴ ƻŦ ŀƴ wb! ŀŘŀǇǘŜǊ ǘƻ ǘƘŜ рΩt wb! ŦǊŀƎƳŜƴǘΦ CƛǊǎǘ-strand cDNA 

was synthesized using an oligo (dT)-adapter primer and M-MLV-RNaseH- reverse transcriptase. 

The reaction mix was incubated at 42°C for 20 min followed by 55°C for 5 min. The cDNA was 

amplified by PCR to yield a concentration of 20-ол ƴƎκ˃ƭ ǳǎƛƴƎ ŀ ƘƛƎƘ ŦƛŘŜƭƛty DNA polymerase. 

Sequencing was performed on Roche 454 FLX machines at the MPI for Molecular Genetics 

(Berlin, Germany), and Roche Diagnostics GmbH (Penzberg, Germany). 

 

3.2.3   Data Visualization 

                Linker and poly(A) sequences were removed from the sequencing results to reduce the 

background. cDNA inserts were mapped to the B. fragilis 638R genome using an error-tolerant 

suffix array technique (102). Graphs representing the number of mapped reads per nucleotide 

were calculated and visualized using the Integrated Genome Browser (IGB) version 4.56 

software from Affymetrix (http://genoviz.sourceforge.net/). 
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3.3   Results 

3.3.1   Identification of B. fragilis TISs at a genome wide level 

                DeƎǊŀŘŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻŎŜǎǎŜŘ wb! όрΩt ǘǊŀƴǎŎǊƛǇǘǎύ ōȅ ¢9· ƭŜŀŘǎ ǘƻ ŀƴ ŜƴǊƛŎƘƳŜƴǘ ƻŦ 

ǘƘŜ ǇǊƛƳŀǊȅ wb! όрΩttt ǘǊŀƴǎŎǊƛǇǘǎύ in the total RNA sample. Because in prokaryotic cells, RNA 

ǇǊƻŎŜǎǎƛƴƎ όƛƴŎƭǳŘƛƴƎ ŘŜƎǊŀŘŀǘƛƻƴύ ƻŦǘŜƴ ŎŀǳǎŜǎ ŀ ƭƻǎǎ ƻŦ ǘƘŜ рΩ ǊŜƎƛƻƴ ƻŦ ŀ ǘǊŀƴǎŎǊƛǇǘ (103), it is 

reasonable to assume that an enrichment of the primary transcripts will lead to an enrichment 

ƻŦ ǘƘŜ ƻǊƛƎƛƴŀƭ όƻǊ ƛƴǘŀŎǘύ рΩ ŜƴŘǎ ƻŦ ǘƘŜ ǘǊŀƴǎŎǊƛǇǘǎ (104). This was reflected by an increased 

ǎƛƎƴŀƭ ŀǘ ǘƘŜ рΩ ŜƴŘ ƻŦ Ƴŀƴȅ ǘǊŀƴǎŎǊƛǇǘǎ ƻƴ ǘƘŜ ¢9· ǘǊŜŀǘŜŘ ƭƛōǊŀǊȅ ŎƻƳǇŀǊŜŘ ǘƻ ǘhe untreated 

library. An example is shown in Fig. 3.1. Depletion of the processed RNAs by TEX leads to a 

characteristic change in the distribution of the total transcripts, as shown here for the 

.Cсоуwψоруф Ƴwb!Φ ¢ƘŜ Ƴƻǎǘ ƴƻǘƛŎŜŀōƭŜ ŎƘŀƴƎŜ ƛǎ ŀǘ ǘƘŜ рΩ ŜƴŘ of the transcript where an 

increased number of reads are concentrated compared to the untreated library. This provides a 

reliable primary transcriptome map with a resolution to the single nucleotide level and thus can 

be used to identify the TIS of any transcript present for that specific growth condition. 1,657 

primary transcripts were mapped for this growth condition (mid-logarithmic phase in rich 

medium), of which 838 were on the positive-strand and 819 were on the negative-strand. 

Analysis of the mapped primary transcripts is attached in Appendix 3. 
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Fig. 3.1. The transcript signal of the BF638R_3589 gene. B. fragilis strain IB101 was grown 

anaerobically in BHIS at 37°C to mid-logarithmic phase and RNA was prepared for dRNA-seq 

analysis as described in materials and methods. A) A comparison of the mapping signal 

histogram for TEX-treated and untreated samples of BF638R_3589 sRNA. B) A schematic 

diagram of the BF638R_3589 locus aligned with its signal on the transcriptome above. The TIS 

suggested by the dRNA-seq results is indicated by the +1 arrow and the -7 promoter consensus 

(TAxxTTTG) is also indicated. 
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3.3.2   Confirmation of the recognition sequence for the B. fragilis primary sigma factor 

                The Bacteroidetes/Flavobacteria are known to have a primary sigma factor that 

recognizes a unique promoter structure. The Bacteroidetes equivalent to the classic 

Proteobacteria/Eubacteria -10 sequence is TAxxTTTG (105, 106). Based on the TIS identified by 

the dRNA-seq results, sequences about 50 bases upstream of the TIS were aligned. The 

ŎƻƴǎŜǊǾŜŘ ǇǊƻƳƻǘŜǊ ǊŜŎƻƎƴƛǘƛƻƴ ǎŜǉǳŜƴŎŜ ά¢!ȄȄ¢¢¢Dέ ǿŀǎ ƻōǎŜǊǾŜŘ р ǘƻ мл ōŀǎŜǎ ǇǊƛƻǊ ǘƘŜ ¢L{ 

in 1,428 of the 1,657 TISs observed (Fig. 3.2 and Appendix 3).  These results confirmed the novel 

promoter consensus sequence for the B. fragilis primary sigma factor on a genome-wide scale. 
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Fig. 3.2. Logo for the promoter recognition sequence of the primary sigma factor in B. fragilis. 

Primary transcriptome data were used to identify sequence about 50 bases upstream of the TIS 

sites. Sequences of 1,657 genes were aligned and analyzed using CLC Main Workbench v6.5 

software. 
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