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Abstract

Bacteroides fragiliss 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 ssiesean
opportunistic pathogen. Among thigacteroides sppn the gut,B. fragilishas a unique ability to
efficiently harvest complexnked glycans from the glycoproteins common to serum and
serous fluid. This activity is mediated by a-fkes outer membrane protein complex designated
as Don. Using the abundant serum glycoprotein transferrin as a model it was shovi that
fragilisalone can rapidly and efficiently deglycosylate this proteigitro and that transferrin
glycans can provide the solewoe of carbon and energy for growth in defined media. We
then showed that transferrin deglycosylation occursivowhenB. fragilisis propagated in the
rat tissue cage model of extraintestinal growth and that this ability provides a competitive
advantgein vivoover strains lacking théonlocus. Thus, Don functionally is an extraintestinal

growth factor that may contribute t®. fragilisopportunistic infection.

The regulation oflonexpression is controlled by two independent pathways. The first
one was shown to be a typical ECF sigmafaigina factor switch, commonly found in Sike

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



the ECF sigma factor deletion mutantR 2 ,yéxpression of thelon PUL was completely
abolished in the presence of substrate glycans, while the cognatesigmtia deletion strain,

n R 2 ¥xprEssed thelongenes even in the absence of substrate glycans dohé
overexpressing straihighly expressed thdon PUL regardless of the substrate glycan presence.
The second regulatory pathway is involved wittisencoded antisense SRNA which is
associated within thelonlocus, DonS. DonS was shown to negatively regdiatexpression.

In contrast, expression ohe dongenes was induced twdo sixfold in thedonSsilencing

mutant and highly repressed in tldonSoverexpressing strain. Notably, this SRNA controlled
regulatory pathway is not commonly found associated V@dthragilisPULs. Only 14 of more

than 50PULs irB. fragilispossess Donltke 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 altkespolysaccharide utilization
locus (PUL) iBacteroidedragilis, nameddon. The impetus for studying this locus was derived
from the fact that in the rat artificial abscess model, its expression was the meastiguypated in
the B.fragilistranscriptome compared to imitro growth. This indicates that th@onlocus may
play a rde in adaption to extraintestinal environments. Also, in an analysis oBttimgilis
primary transcriptome using RNA deep sequencing, a novel feature was obsewisd of
encoded small RNAs associated with 14 PUBsfiragilis includingdon. Thus, thenajor
objectives of this dissertation research were: first, characterize the rad®win colonization of
extraintestinal sites (chapter 2); second, elucidate the role of SRNAs in the regulation of the Sus
like systems ifB. fragilis using thedonlocus as a model (chapter 4). Also included in this
dissertation is a brief description of th fragilis primary transcriptome analysis since it led to
the initial discovery of the sRNAs involved in the PUL regulation (chapter3). This chapter
(chapter 1) isa general review on the current understandingBafcteroideghysiology and
metabolism as it relates to virulence factors and the-fteespolysaccharides utilization

systems.

1.1 Bacteroidesaxonomy, structure, physiology and metabolism

The genuBacteroidesare Gramnegative, obligate anaerobic bacteria commonly

found in the gastrantestinal tract (Giract) of humans and animals as members of the normal



microflora(1). The type pecies oBacteroidess B. fragilis so sometimes the genus is referred

to as theBacteroidedragilisgroup. This genus falls within the famidacteroidaceaef the

order Bacteroidale®f the phylumBaderoidetes Together with the closely related gerer
Porphyomonasnd Prevotella they make up a major subgroup of thgtophagaFlavobacter
Bacteroidegroup which diverged from the primary eubacterial phylogenic lineage very early in
evolution(2) and consequently araot closely related to the GraimegativeProteobacteria

which are more commonly studied.

All Bacteroidesare nonmotile, nonspore formers with relatively large genomes
ranging in size from 4.4 to 6.7 Mb and relatively low in GC contexgimg from 39% to 48%4.).
The cell morphology is short rods and the doubling time under optimal growth conditions is
approximately 45 minuteBacteroideave capsules which are important for their
colonization irthe distal gut(3). B. fragilishas 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 obsef4es). On the cell surfacd&acteroides
possess pillior fimbraelike structures that serve for attachme(it). Under transmission
electron microscopy, numerous blebs on the cell swfand detached extracellular vesicles can
be observed7). These vesicles have been shown to have hemagglutinin function and contain
sialidase activity8, 9) The lipopolysaccharide (LPSBaftteroidess different from the
canonical LPS structure representedihycoliLPS. The lipid A Bacteroided PS 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(LBBSThis structure probably
is responsible for its low toxicity compared to the LPS of other Gragative bacterigl).
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Bacteroideslso have a rare Qlycsosylation system which enables them to synthesize
fucosylated glycoproteing€l1l). The model for this general@lycsosylation proposes that the

glycan chain is assdited 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 fucosylatedk@d glyoproteins

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

(12).

Bacteroidesre saccharolytic organisntizat primarily use carbohydrates as their
carbon/energy sourcd€l). They can express a large numlogiouter membrane protan
complexes for polysaccharideansport and utilizatior(13). An irdepth review of these outer
membrane complexes iBacteroideswill be given later in this chapter. Once the
polysaccharides have been hydrolyzed to their monosaccharide units, further carbohydrate
catabolism proceeds through the Embdbteyerhof patway followed by a split TCA cycle
composed of two opposing hatfycles termed the oxidative branch and the reductive branch
(1, 14) A simplified schematic diagram of this split TCA cyclenisrsinFig 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 memb#anend fumarate reductase
(2). Interestingly,Bacteroideslso possess a cytochrome bd oxidase which allows them to use
oxygen as a terminal receptor when oxygen is at nanomolar l1€¥8)sUnder nanomola
oxygen levels (60 nM to 1000 nM), the gromdenefit of this cytochrome bd oxidase can be

seen when respiration with fumarate is disrupted by deletion of the fumarate reductdse



However, as obligate anaerobd3acteroidesannot grow with oxygen levelsosle or above 2

> a(15)

Heme is important foBacteroidesnetabolism during normal growth. However
Bacteroidexannot synthesize hemge novoand it must be obtained from the environment
(2). 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 rediase and cytochrome bd oxidagk). Under these
conditions, fumarate and lactate will accumulate as the metabolic byproducts instead of the
short chain fatty aicls succinate and propionat&). 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 cyde14) Carbon dioxide is required for the
Bacteroidesanaerobic respiration since it is the substrate for the carboxykinase to catalyze the

carboxylation of phosphoenolpyruvate.



Fig.1.1. A schematic diagram of two opposing heyicles of the split TCA cycleBnfragilis(14).
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As saccharolytic bacteriBacteroidexannot 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 sourdd). Ammonia assimilation iBacteroidess primarily
0KNRdzZAK Ay 02 NLJ2 NI hetoglyfarate o farnYgianfatelcatalyzed & b
glutamate dehydrogenas@). Glutanate serves as an amino group donor for the synthesis of
2 0 KSNJ I Y Akétaglutar@rd bodydthetis 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). ThBacteroideswith the possible exception &.ovatus synthesize all of

their amino acidsle novo(1).

1.2 The mutualistic relationship betweemacteroidesand their hosts

The human distal gut is one of the most densely populated microbial ecosystems on
earth, exceeding numbers of ¥per gram of wet weight, anBacteroidess one of the
predominant species making up to 25% of th&al microbial population in this ecological niche
(1, 7, 16) A strong mutualistic relationship between tBacteroidesand their hosts has

developed over the course of coeviln (16, 17)

The human large intestine provides an ideal space foB#eteroidego 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 vitami &d most
importantly a stable source of carbon/energy from the constanumbf polysaccharides from
indigestible material in the diet and host mucosal secreti&?21). The host diet plays an

7



important role in shapig the gut microflora composition including tiBacteroidespecieq{18

20, 22)

In return for the food and shelteBacteroidegrovide multiplebenefits to their host.
The breakdown and conversion of the indigestible dietary fiber to short chain fatty acids by the
Bacteroidegprovides the host an additional nutrition source which can meet up to 10% of the
human energy requiremer{tl, 7, 23)Bacteroideslso play important roles in the development
of the host Gl tract: their presence greatly increases the volume, surface area of and villi
numbers in the Gl tradtl). They participate in the development of gut associated lymphatic
tissue (GALT) and gut angiogen€2®). They prevent the attachment and colonization of
pathogenic bacteria by occupying the mucosal surface of the gut to form a protective barrier. B.
thetaiotaomicroncan also help prevent infection by Grgpusitive species by promoting
AYRdzOGA2Yy 2F | K2ald OSftt as$s O NBbdrtdrectly birdio$hedh OA R I
peptidoglycan and result in bacterial killi{@p). B. thetaiotaomicroralso stimulates the
production d a certain type of immune cel the gut crypts called Paneth cells which secrete
anantimicrobial substance to kill specific pathogens suchisteriamonocytogene$26). B.
fragilisin 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 Il moleaule the professional antigen
presenting cells and be presented to the T cells. It has been show that PSA can prevent
inflammation by triggering the 1L0 mediated antinflammatory response at the same time

repressing the Th17 mediated phoflammatory response(28, 29) It also can correct the CD4+

8



cell deficiency and establish Th1/Th2 balance in thg28it 29) The beneficial effect ofFA
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 G| bampigirinent.
Harmful bacterial metabolites, for exampleethylphenylsulfate (4EPS), can pass the tight
junctions between intestinal epithelial cells and enter blood stream circulation. These
metabolites can cause autishike symptoms in the host such as abbmalities in sociability,
communication, compulsive activity and severe stereotypic behavior. Oral treatmenBwith
fragiliscan alter the gut microbial composition, restore normal Gl barrier permeability and
correct the ASBelated behavioral abnormalés (30). Bacteroidesan efficiently deconjugate
bile salts in the gut. Deconjugated bile salts have a much lower reabsorption rate and lowered
ability to solubilize diet cholesterols. N@aabsorbed bile will be excreted which has the
indirect affect to reduce cholesterolvels by forcing the host to use more cholesterols for
biosynthesis of bile salts and decrease cholesterol absor8b) Lastly, several reports have
shown that there is an association between the intestiBatteroigspopulation and obesity.
Obese individuals tend to have an abnormally Bacteroidego Firmicutegsatio (32, 33) In
some studies, it was also found that the relative abundandgazteroidesncressesasobese
individuals lose weigh34). It is still not clear whether there is a causal relationship between

obesity and the proportion oBacteroidsin the gut.



1.3 Bacteroidesas opportunistic pathogens

Although theBacteroideslo provide many benefits as friendly commensals, they can
transform into dangerous threats when translocated to extraintestinal sBesteroidesare
frequently isolated from clinical anaerobic infections with high mortdlity7) Bacteroides
fragilis, the type species of this group, only accounts for 0.5% of the colonic flora,ibtihé
most common anaerobe isolated from infections, being found in more than 6Baaiéroides
associated infectiongl, 7) ThusB.fragilisis regarded as the most viruleBacteroidespecies
and has served as a model for studyBarteroidegpathogenesis. Anaerobic infections are
usually polymicrobial, anB.fragilisassociated anaerobic infections have a mortality of more

than 19%, up to 60% if left untreatéds).

B. fragils opportunistic infections generally occur when the integrity of the intestinal
wall is disrupted. Common predisposing conditions include Gl surgery, trauma, malignancy and
perforated inflammatory disease amfections in the Gl tradtl, 7) B.fragilisassociated
infections include abscesses, appendicitis, bacteremia, bone and soft tissue infections, deep
wound ulcers and UTI infections, but the most common and dangerous areaindi@minal
abscesses (IAA), 7) IAA caused bB. fragilisare 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 cellsregaotic host tissue by
walling them off with fibrin and connective tissug6, 37) Once formed, antibiotic treatment
has little effect on IAA and surgery is usually required. Ruptiitieeol AA without medical

intervention usually leads to lifthreatening situations.

10



It is also worthy to note that some strains Bffragilisare able to produce the
enterotoxin fragilysin. These strains are grouped as enterotoxideriagilis (ETBF|92). ETBF
can cause secretory diarrhea and studies have shown they also may be linked to inflammatory

bowel disease and colon cand@R).

1.4 Virulence Mechanisms

Following translodgon from the gut to an extraintestinal sit&acteroidegypically
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 clearingamenis
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 ghardpsBacteroidesneed

to coordinately express a variety of virulence factors to meet these challdayes

TheBacteroidesapsule 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 abilityBoffragilisand otherBacteroidego adhee to
rat peritoneal mesothelium depended on the presence of capsular polysaccharide, while
acapsular strains were less adher€®®). Purified capsular polysaccharide alone can compete
with live bacterial cellsrad inhibitB. fragilisadherence to rat peritoneal mesotheliu(89).
Second, the capsule can h@pcteroidesvithstand host clearare mechanisms due to its anti
phagocytic and antcomplement propertieg40)and it subverts immune surveillance by

11



antigenicvariation. For example, a single strainBofragilishas the capacity to synthesize eight

different capsular polysaccharides, designated PSA ta#§Hand expression of these
capsulampolysaccharides are regulated two independent mechanisms. One is DNA inversion

08 GKAOK GKS LINBY2(GSNI NBIA2Y 2F SI OK AYRA@DARZ
(42, 43) This inversion isediated by a global DNA intase named Mp(42, 44, 45)The

second mechanism involvésnslocus inhibition. Within each capsule polysaccharide synthesis
f20dzax GKSNB NP (G¢62 NBIdzA I 2N 3ISySa GKIFG Sy
K¢ O2NNB&aLRYRAYy3I (G2 t{! hGichisndcassaryfoltte, A& |y |
transcription of the full length message of that polysaccharide synthesis locus, and UpxZ is a
translocus inhibitor which interacts with several other UpxY's to cause premature termination

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

regulatory mechanisms allovi fragilisto switch its capsule composition so that no more than

two types of capsulargysaccharides 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
surveillancg48). In addition to adherencand immune evasion, the capsule plagvital role in

abscess formatiof¥9). Injection of capsule polysaccharide alone is sufficient to induce abscess
formation, while systemic injection prevents abscess fororatn rats, presumably due to the
establishment of an antibody response to the capss51). It also has been demonstrated

that the capsular polysaccharides do mointribute equally to abscess formation; rather, PSA is

the most potent among all the eight to facilitate abscess formafkf). PSA is awitterionic

(both positively and negatiwe charged) which can triggerTecell dependent response, and
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contains the amino sugacetamideamino-2, 4, 6trideoxygalactos€ AATGal) as a component

adzal N ¢KSAS (62 LINPLISNIASAE 6SNB (KAAEIRG (2

Extraordinary aerotolerance is another important factor associated ®Rébteroides
extraintestinal infection. When translocated from the colon to the peritoneal cavity, bacteria
have to face the challenge of increased oxygen tensito 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 lipidexidation of amino acids in proteins, destruction of ion

sulfur clusters in enzymes, modification of DNA bases and strand hEE@kBacteroidesas

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 responsB.ifiragilishas been well characterized, and can

be divided into two phases. One is an acute response in which approximately 28 gene products
involved in detoxification, repairin@nd protection are quickly upegulated within minutes of
oxygen exposurél, 54, 55) These gene products include catalase, peroxidase, superoxide
dismutase, alkyl hydroperoxide reductase, and the-specific DNA binding protein DPS, which

all work synergistially to minimize the effect of ROS and to restore the reduced intracellular
environment(54, 55) If the oxidative stress remains for an extended per®dfragiliswill

mount a prolonged oxidate 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 capacit{55-59). This sophisticated oxidative stress response makdsagilisone of
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the most aerotolerant anaerobam earth and enhances its survival in extraintestinal sites to

allow it to cause infectios5).

Besides its capsules and oxidative stress respdhseagilisalso has other virulence
traits. Thesericlude the ability to release outer membrane vesicles containing a variety of
hydrolases and hemagglutinas@s 9) expression of neuraminidinasesspression of
hemolysing54, 60) andrelease of proteases and enterotoxin (enterotoixigenic strains only)

(92).

1.5 The polysaccharide utilization systems Bacteroides

Bacteroidesre glycan utilization experts with extraordinary enzymatic abilities to
degrade a wide variety of polysaccharides as carbon/energy so(#ted he human distal gut
allowsBacteroidego 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
glycosaminglycang20, 22, 61) This ability explains in part wiBacteroidesre so

predominantin the distal gui(18, 19)

In Bacteroidegienomes, genes encoding the machinery to degrade a specific type of
polysaccharides are organized into multiple gene clusters, knowolgsaccharideitilization

loci (PULS). The ability to utilize such a wideewa of polysaccharides is the resoftdedicating

14



a large portion of their genomes to these PULs. For instance, 1B%luétaiotaomicron

genome is composed of these PUYE2).

Bacteroided?ULs were first characterizedBnthetaiotaomicronusing thestarch
utilization system (Sus), which specifically degrades starch, as a model. The sus locus contains
eight genesusABCDEFGHRusAand susBencode periplasmic amylasedus@ncodes a TonB
linked outer membrane porin which is required to transport the processed starch
oligosaccharides from outside of the cell to the periplasmic spacesUdiagene encodes an
outer membrane protein which binds the oligosaccharides and aids its transportationgh
the channel formed bpus@orin. Downstream genesusEF@ncode gene products which will
form an outer membrane complex withusGind SusDand are important for recognition and
processing of large starch molecul@8-66). SusRs a transcriptional activator which responds
to the substrate in the periplasmic spaft¥). A functional model of th&.thetaiotaomicron

starch utilization sygim is represented by Fig. 1.2.
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Fig. 1.2 Functional model of theB. thetaiotaomicronstarch utilization system (Sugp8).

Steps involved in processing starch are seqiadigtillustrated 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 merane complex component glycohydrolase such as SusG,
generating smaller oligosaccharides through the outer membrane porin SusC. Step 4,
oligosaccharides are further degraded into component mawalisaccharides by periplasmic
glycan degrading enzymes SwsAl SusB. Step 5 and 6, liberated glycan components serve as
signal molecules for the transcriptional activator SusR that actsageperon expression. Step

7, degraded sugar units are imported in to the cytoplasm serving as a carbon/energy source.
Ths figure is originally published on Journal of Biological Chemistry. Martens, E. C.; Koropatkin,
N. M., Smith, T. J., Gordon, Xdmplex glycan catabolism by the human gut microbiota: the

BacteroidetesSuslike paradigmJournal of Biological ChemistB009. 283 (37): 246734677.
© the American Society for Biochemistry and Molecular Biology. (Appendix 1).
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TheB. thetaiotaomicrorSus system serves as a paradigm for all thdisai$ULs in
BacteroidesThese PULs encode similatezxumembrane 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 casesnly the SusC/Sudike protein pair is present in the
locus(7, 13) In contrast to the archetypic8l. thetaiotaomicrorSus system, the most
frequently observed genetic regulators of the PWLB. fragilisare 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 thékeus/stems, each
system gnerally only has one specific type of glycan as the substé&eand the Sudike
systems are not only limited Bacteroidespecies but seen in thBacteroidetephylum(68). A

few wellstudied Sudike 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 functioBacteroidess they do
not possess cyclic AMB9). Although multiple Subke 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 SHike systemg22). The mechanism of hoBacteriodeslefine the
hierarchy is not clear. Interestingly, there also appears to be a link between the expression of
some specific Stl&ke systems and polysaccharide capdutesynthesis, but the mechanism is

still not fully understood62).
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Table 1.1. Susike systems irthe Bacteroidetes

19



(T)
(€6)
(69)

(86)

Apnis siylL
(vzT)
(89)

J9y

pIoE JluoJn|eAY pue a1ej|ns
UI3I0JpUOYd UO MOJ3 0} WNLIA}de( 3Y3 3|geu]

D11312DqOAD|{ B U] WalsAs aYI|-snS Y
a|gianpul uadAxp

J010BJ UOI1BZIUO|OD |ESUIWIWIO)

1039B) YIMOJS |BUIIS3IUIRIIXT
s||em |22 jue|d umop yealg

swalsAs 3)1|-sns ||e 40} w3ipeled

9jou |epads

uedA|8oulwesodA|D
uedA|8 o3| uewnH
yoJdeis

uedA|8 3soy umouyun

su19101do2A|8 wnuas
13410 pue ullIajsuel|

suedA|8 uejAx

yoJeis

uouojuionjoiniayl g
snsiowiund )
sij1boif g

sij1boif g

sij1boif g
snibno ‘g

uoJo1uonloInIayl 'g

ns)

pdo

nsQ

422

uoq

s1N9AX

sng

20



CHAPTERWQ EFFICIENT UTILIZATEGBNCOMPLEXWINNKED

GLYCANS IS A SELECTIVE ADVANTAGE FOR BACTEROIDES FRAGILI

EXTRAINTESTINAL INFECTIONS

2.1 Abdract

Bacteroides fragiliss 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 thigacteroides sppn the gut,B. fragilishas a uniquebility to
efficiently harvest complexnked glycans from the glycoproteins common to serum and
serous fluid. This activity is mediated by a-fkes outer membrane protein complex designated
as Don. Using the abundant serum glycoprotein transferria m®del it was shown thds.
fragilisalone can rapidly and efficiently deglycosylate this proteigitro and that transferrin
glycans can provide the sole source of carbon and energy for growth in defined media. We
then showed that transferrin deglycglation occursn vivowhenB. fragilisis propagated in the
rat tissue cage model of extraintestinal growth and that this ability provides a competitive

advantagen vivoover strains lacking thdonlocus.



2.2 Significance

The human microbiota hashuge 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 abligate anaerobes. This population also poses a significant threat of
opportunistic infection and of all the species presdBacteroides fragiliss the one most
frequently isolated from anaerobic, extraintestinal infections. New findings presented here
describe a unigue ability of this species to efficiently deglycosylate compliekeéd glycans
from the most abundant glycoproteins found in serum and serous fluid. This prayidesilis

a competitive, nutritional advantage for extraintestinal growth.

2.3 Introduction

The genuBacteroidesare Gramnegative, obligate anaerobic bacteria that account for
approximately 30% of the microbiota in the human large intes(hel7) 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 @acteroidess their capacity to utilize a wide spegin 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 gtgrgugateq19, 20)
Polysaccharide digestion in tHgacteroidess 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 aroom®ding for
orthologues of the TorH8ependent transporter, SusC, and the accessory binding protein SusD.
Additional genes in the operon are for specific substrate binding and glycohydrolase enzymes

(68). The genefor these protein complexes are termed polysaccharide utilization loci (PULS).

In contrast to their beneficial role in the coloBacteroidespecies 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 dsgaBeritonitis and
intra-abdominal abscesses are the most common infections associated®aatteroideoften
leading to bacteremi&70). Notably,Bacteroides fragilisspresents 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 otherBacteroideg71-73). A nunber 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 buthese attributes are not exclusive & fragilis(43, 52, 55)Another challenge faced
by organisms invading from the colon is the need to adapt to different nutritionatssuln
the gut, theBacteroidesely 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 lestwglycans present on host

glycoproteins in extraintestinal sites may enhance survival and colonization.
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In this report we describe a Siike PUL which is unique & fragilisand allows it to
efficiently utilize complex NMinked glycans from the mostoundant 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. fragilisas an opportunisc pathogen relative to the otheBacteroidespecies.

2.4 Materials and methods
2.4.1 Bacterial strains and growth.

Bacterial strains and plasmids used in this stugyligted in Tabl@.1. B. fragilis638R
was the wild type strain used for genetic analy€gscteroidestrains were grown in an
anaerobic chamber in Brain Heart Infusion broth supplemented with hemin and cysteine (BHIS)
(55). Rifampicin (20 pg/ml), ggamicin (100 pg/ml), erythromycin (10 pg/ml) and tetracycline
(5 pg/ml) were added as indicated. Minimal defined media (DM) were prepared as described
previously with the specific carbon/energy sources described in the(TéytMucin glycans
were prepared by proteolysis of porcine gastric mucin (Sigdaich, Cat. M2378) followed by
I £ 1 I felimindionito release free glycaii®0). In experiments using D¥Mansferrin, the
transferrin was >98% iron saturated helansferrin and the transferristontaining media (and

controls) contained 100 uM FedO ensure a readily available source of iron for growth.
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Table2.1 Bacterial strains and plasmids used in this study.

Bacterial strain or plasmid 4Description Reference
or source

Bacteroidestrains

IB101 B. fragilis 638R, clinical isolate, 'Rf (75)

IB555 638Rn R 2BF638R3439443 genes replaced withtatQ cassette,  This study
T, Rf

IB114 B. fragilis ATCC 25285, clinical isolaté, Rf (55, 76)

IB116 Bacteroides thetaiotaomicrqiVPI strain 2302, Rf (77)

BT5482R Bacteroides thetaiotaomicrqiVPI strain 5482 (ATCC 29148), Rf  (77)

IB102 Bacteroides uniformjsv/PI strain 008 (ATCC8492), Rf

IB103 Bacteroides ovatys/Pl 0038 (ATCC 8483) (76)

IB351 Bacteroides vulgatysATCC 8482 (76)

BER37 Parabacteroides distasoniglinical isolate CLA348 (78)

Ber39 Parabacteroides merda@TCC 43185

E. colstrains

DH10B E.coliFmcd  mrehsdRMSmcr. / 0 lasypna mlpcX7drecAl  Invitrogen
endAlara5 m o dara jew7697galu galk rpslnupD © <

HB101::RK231 E. coliHB101 containing RK231, K¢, Sm (79)

Plasmids

pFD516 Bacteroidesuicide vector, 7.7 kb, Sp E. coli Emiin Bacteroides  (80)

pFD516/ompl117+2K/tetQ pFD516 containing the BF638R343813 deletion construct with the This study
tetQ gene cassette, 14.6 kb, 'SpE. coli Emiand T¢in Bacteroides

&Rf, rifampicin; Tc, tetracycline; Sp, spectinomycin; Em, erythromycin; Kn, kanamycin; Sm, streptomycin.
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Table2.2. Oligonucleotides used in this study.

Name {SljdzSy0S o6 pQ TIh oQUl Tag Description

UF AGTCTGCAGAAACAGATGCCTTATCAG Pstl Designed to amplify 2 kb

UR AGTGGATOCCAGTGTCTTATCCAGAGAT| BamHI| upstream ofdonC

DF AGTGGATOCTGGACAATATCGATTCAA| BamHI | Designed to amplify 2 kb

DR AGTGAGCTATAGCGACCAAAACCCTTCQC Sacl downstream fordonG

Ompll7rtL GGTGAAGGCATTTCCGACTT Designed to amplify a 140 bp

Ompll7rtR TTGCCTTCCTGCCCTTTCTT fragment ofdonCgene for
guantitative PCR

16srL GATGCGTTCCATTAGGTTGTTG Designed to amplify a 127 bp

16srR CACTGCTGCCTCCCGTAG fragment of 16s ribosomal RN
gene for quantitative PCR

PsigOKL2 AATCACAATCAGCCTTATATTCTAC Designed to amplify a 375 bp

PsigOKR CATTGCTCCTGATAGGTCTG fragment spanninglonAand its
potential TIS region

PantisigOKL GGATATTTCGATCCGCACTG Designed to amplify a 298 bp

PantisigOKR TTTCCTTCCGTTTCGTTCCA fragment spanning the
intergenic region oflonAand
donB

Pompl17L AGATATCCTGAACATTATGCAGG Designed to amplify a 339 bp

Pompll7R GCCGTTTGTAGAATAAAACAGC fragment spanning the
intergenic region otlonBand
donC

PsusDL AATGACCTCTTCGACAGGTA Designed to amplify a 220 bp

PsusDR GGTTCCGGTTGATATCTTCG fragment spanning the
intergenic region oflonCand
donD

PendoSL ATTGATCGGAAACGGATACG Designed to amplify a 240 bp

PendosR CTACCAACAATGCTACTCCG fragment spanning the
intergenic region oflonDand
donE

PsusEL GAAGACGCATTTGAAGACGA Designed to amplify a 261 bp

PsusER GCTCTAAAGTGAAGTTGACGA fragment spanning the
intergenic region oflonEand
donF

PsusFL GAGACCAAAGACCTGAAAGC Designed to amplify a 288 bp

PsusFR GAGTTGCTCACGGATATCTT fragment spanning the

intergenic region oflonFand
donG

26




2.4.2 Construction of adon operon deletion mutant.

ThedonCDEFG genes were replaced witkt§) tetracycline resistancd={g. S1).
Chromosomal fragments of about 2 kb flanking ttemCand donEgenes were amplified using
PCR primer pairs UF/UR and DF/Dspeetively (Table 2)2The amplified DNA was cloned into
the Bacteroidesuicide vector pFD516 together with thetQ gene cassette in a threfagment
ligation. The recombinant plasmid was mobilized iBtdragilis638R 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 previ¢g@)\81) Briefly, a
perforated, sterilized Pingong ball was surgically implanted into the peritonealityaof an
adult male Sprague Dawley rat and allowed to encapsulate-towéeks. The ball becomes
encased in connective tissue, develops a blood supply, and fills with sterile serous fluids (~25ml
per ball).B. fragilisstrains grown overnight in BHIS the were diluted in PBS buffer (50 mM
PQ, 150 mM NaCl, pH 7.4,) tolOFU/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 cats 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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Thein vivocompetition assay @as performed by mixing overnight cultures of 638R and
n R 2at/a one to one ratio followed by dilution in PBS buffer to a total viable cell countof 10
cfu/ml. Four ml of the cell mixture was injected into the tissue cage of each animal and aliquots
were fdated to determine CFU/mI. Diluted samples were plated on BHIS plates with rifampicin
and gentamicin. After% days incubation, 100 to 300 colonies from each sample were picked
to BHIS plates with and without tetracycline to check the resistance phenatyge&etermine

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 wtrials of 5 animals each were performed.

2.4.4 Total RNA extraction.

RNA extraction fronm vivosamples was done as described previously with a few
modifications(60). Fluid was aspirated and immediately mixednaARNAprotect 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 watracted from the cell pellet using the hot phenol
method described previouslB2)and stored in 50% formamide €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, gRFCR, and microarray analysis.

Total RNA was purified using the RNeasy Mini Kit (Qiagen, Inc.) and DNA was removed
by treatment withDNase (Ambion/Life Technologies Inc.). DNA contamination was determined
by PCR using specific for the 16s ribosomal RNA gene gI3bleirst strand cDNA synthesis
was carried out using 1 pg total RNA with random hexamer primers and Superscript feRT (
Technologies, Inc.). For gRTR, primer pair, ompl17rtL and omp117rtR, were used to amplify
a 140 bp fragment of thdonCgene in a standard reaction mixture with S¥BiReen Supermix
(BioRad, Inc.). All sample reactions were in run in triplicat 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 (B&ffResults

represent at leat two independent experiments performed in triplicate.

Expression microarray analyses were performed essentially as described pre(@8ysly
Double stranded cDNA was synthesized with the Super8&rintble Stranded cDNA Synthesis
Kit (Life Technologies, Inc.). One ug 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 experimeatadition at least two
independent trials were performed. Each trial consisted of a-digisity-oligonucleotide whole
genome expression microarray (Roche/NimbleGen, Madison WI) with 8 technical replicates of
each probe per slide. RNA for each trial wasled 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 Omnibustdiaase under accession number GSE53883.

2.4.6 Whole cell deglycosylation assay.

Cultures were grown in 5 ml of BMucin glycan, harvested by centrifugation at mid
logarithmic phase, washed and the cells were suspended to ans§gbfA.0 in PBS. 100 it
the cell suspension was incubated with 100 pL 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. ¢@ntrols 100 pL 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% SIPAGE gels. Thyels were analyzed by Coomassie blue staining or
proteins were transferd to PVDF membranes for glycan determination @singpucus nigra

FAIFt dzAYyAYy FOO2NRAY3I G2 GKS YIydzFlF OGdzZNBENRa Ay

2.4.7 Glycomics aalyses ofB. fragilistreated human transferrin.

Purified human transferrin was suspended in PBS to 2 mg/ml and 100 pL of this was
used in deglycosylation assays as described above except that following incubation the assay
supernatants were filter sterilized and frozen-80°C. Samples were analyzeddnose

Sciences Inc. (Pine Brook, NJ) to quamifynked glycans using previously reported methods

30



(84, 85) Briefly, samples were denatured, digested with trypsin and then-imeattivated.The

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

captured on chemoselective beads and then processed for MAOBImMass spectrometry.

alaad aLISOGN} 6SNB lylfel SR dzaAy3d Redusad&dda LINE LI
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 hoBdbeeroidesompete
for and utilize limited nutrients in the gut ecosystem. In contrast, there is a paucity of
knowledge concerninBacteroidesutrient foraging in extraintestinal environments. As an
initial strategy to identify significant pathways of catabolism, microarvegre used to
measure gene expression Bf fragiliscells 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 adsB. fragilishas 47 putative PULs and 22
stand-alone SusC/Suslike protein pairs and several of these were among the most highly
induced genes viva A five gene operon, BF638R348®associated with one of these PULs
was induced from 214#%o 765fold along the length of the 8 kb operon. These were the most
highly induced geneis vivoand the genes in this PUL have been designateatbadBCDEFG
(Fig. S1). To more easily compare expression of all PUL operons, the SusC orthologues were
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used as proxjor expression of the entire opergf22). This approach was validated by gRTR
which confirmed then vivoinduction ofdonC(Fig.2.1A). The results from day 1, 4, and 8
samples were compared ia vitro grown midlogarithmic phase cultures and showed a high

level of induction throughout the course of the experiment.

Examination of the SusC orthologue expression datarngans clustering revealed four
majorin vivoPUL gene induction patterns (Appenéjpig. S2)ThedonCgene was associated
with the most highly induced genes, Cluster 1, which consisted of 8 PULs and-alstaad
SusC/SusD orthologues. As shown inZid the PULSs in this cluster were rapidly induced
more than 16fold and the level of inductioremained high throughout the 8 days. A second
cluster of 25 SusC orthologues was induced more gradually and remained induéetbltl Sor
the 8 days (Fig. S2B). The remaining two PUL clusters were repressed in the abscess model and

may be of less imptaince outside of the intestinal environment.
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Fig.2.1. In vivoPUL gene expression during growthBoffragilisin the rat tissue cage model.

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

Expression aflonCwas determined by gRFPCR for samples from the rat tissue cage and mid
logarithmic cultures grown in Dilucose. The results are the average of triplicate samples and

are presented as tha vivo/in vitroratio. B) Induction of SusC orthologues during gth in

vivorelative to DMglucose. Shown are the highly indueedvivosusGlike genes associated

with PULs in Cluster 1. Clusters were determined from expression microarray data analyzed by
kYSlIya Of dZAGSNRARYy 33 dzaAy 3 K Scigniidistgned medc. AlIS | NB 2 y Q:

induction values were significant p&.01.
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2.5.2 In vitro induction of thedonCDEF@Gperon.

ThedonPUL was chosen as a model for extraintestinal PUL function and it included
several gene products that may be associated wilinked glycan utilization such as an endo
Slike endoN-acetyh -D-glucosaminidase (DonE) and aledtih { S LINR R&OU0 A G K |y
acetylglucosaminidase domain (DonF). In order to demonstrate a function of the PUL it was
necessary to find an inducing substrate iimvitro expression studies. This was accomplished by
dza Ay 3 | ONMXzRS 3t e Ol y Xlinbatioz\BiolysiNg patcineSt@mache £ { |
mucin. The majority of mucin glycans ardirtked glycans and 1P0% are Ninked glycans
(20). A defined medium containing the glycan mixture as the sole carbon/energy source
supported rajd growth of the wild type strain BF638R (F2@). Expression analysis by gRCR
showed thatdonCwas strongly induced in this medium in a growth phase dependent manner
with the highest level of induction at midgarithmic phase. This RNA also was uUsedRFPCR
with primers pairs that spanned the intergenic regions of the PUL and the data indicated

linkage between thelonBCDEF@enes (Fig. S1).
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Fig.2.2. Induction ofdonCexpression 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 inductiona@dnCby mucin glycans relative to growth on glucose
was determined by gRPCR. The results are overlaid on a typical growth curve with mucin
glycans (OD Ay, grey diamonds). The gfPICR results represent 2 independent experiments

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

Don PUL function was explored by incubating serous fluid from the rat tissue cage
60200FAYSR LINA2NI (2 A YehOREEG didr) rAuyant ceishgiown toandidt R G & LI
logarithmicphase in the inducing, mucin glycan medium. Samples were analyzed {BASIES
and the results in Fi@.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 deletiariant. 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. Tst this, human transferrin was
AyOdzo I G SR ¢ A (i Kdorimkitént celis. D&plicite saifple®wéie analyzed by SDS
PAGE with either Coomassie blueSambucus nigréSNA) lectin staining. As shown in Ri§B
transferrin treated with the wild typetgain 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 showdtht 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 (Fi®.3B). In addition to transferrin, other serous fluid proteins were
rapidy deglycosylated b. fragilis In assays using serous fluid samples the wild type strain
KFrR aA3IYyAFAOIYG RSItedzaefliGAz2y doomulaiA & 2y Y
activity was considerably reduced (Fig. S3). Although the mutant ctetaiped some activity,

the overall results indicate thd. fragilis dorcoded proteins play an important role in the
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deglycosylation of Ninked glycans on transferrin and other glycoproteins. These genes were

designateddonfor DeglycosylatiorOf N-linked glycans.

The SNA lectin recognizes terminal sialic acids linked to Gal or GalNAc which is suitable
to detect Nlinked glycans but is not a definitive assay. Conceivably loss of the terminal sialic
acids by the action of neuraminidase could resulioiss of SNA staining. Therefore a
comprehensive mass spectrometric glycomics analysis of transferrin wiasrped. Human
transferrin has twaylycosylation sites and there were seven distinct oligosaccharides linked to
those sites, five of which made @8.1% 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 tiieléd glycans remained in samples
incubateds A i K dahfBantk There were no new oligosaccharide structures detected in
NEIFOlA2ya gAGK GKS gAfR (LIS adGNIAYy adza3Saidry
di-N-acetylchitobiose core by the endaN-acetylglucosaminidase S (DonE)eSéresults
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 tthen PUL A) Serous fluidbbtained
from tissues cages prior to inoculation was incubated for 3 h with PBSfragiliscells induced
by growth in DMmucin glycan medium. Samples were analyzed by 12%80& and
Coomassie blue staining (Co). The arrowhead indicates the locdticaneferrin above the
abundant serum albumin protei8) Deglycosylation analysis of human transferrin. Human
transferrin was incubated with wild type &doncells induced by growth in Didhucin glycan
medium. Samples were analyzed by $SIA&E and folload by SNA glycastaining (SNA) to

detect Nlinked glycans as described in the text.
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Table 2.3. Quantitative glycan analysis of transferrin
incubated with B. fragilis cells.

2 Concentration of glycan (uM)

bGlycan % Total PBS wt Adon

COmS o am 87.5% 15.86 +0.32 ND 10.43+1.06

-0

::j,mi 4.0% 0.72+0.03 ND 0.25 +0.01
OB aw 3.3% 0.60+0.02 ND 0.71+0.11

— -

-0
’:fjm 1.9% 0.34+0.01 0.05  0.27+0.07

s o + +
::J)_F)o-'-i 1.4% 0.25+0.01 ND 0.21+0.04

Totals 98.1% 17.77+0.4 0.05 11.87 £1.11

a Transferrin was treated with PBS, strain 638R (wt), or the
Adon mutant for 3 hours as described in the text. Results are
normalized to 1 g/L of transferrin and are the average of 2
independent samples. ND=not detected.

b The five major glycans on transferrin are shown and were
composed of the followingsugars: © W © V @

GleNA: Mannose Fucose MuSac
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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 t@acteroides spgranslocated from the gut. Transferrin is the most abundant
glycoprotein present in serum and is estimated to have a carbohydrate cootén8% so we
tested if it could support the growth @. fragilis As shown in Fi@.4, 25 mg/ml of transferrin
adzLJL2 NI SR NROdza U 3INRB GG K 2 donrdukad. Thekefwds ndl & LIS & G NI
significant difference in the growth rate between wilghe and mutant strains grown with
glucose (Fig2.4). Expression of théonoperon during growth on transferrin was measured by
gqRFPCR witldonCprimers and the results showed a*¢fold induction over glucose grown
cells. SD®AGE analysis of the trsfierrin medium after 24 or 48 hours of growth indicated
there was no degradation of the transferrin peptide. The sgbycosylated protein, bovine
serum albumin, did not support growth (F&yn 0 @ L y (i S NBoarukayt @ds@tie tal K S &
grow in the trangerrin medium albeit at a much slower rate. This confirms the presence of a

second system that enabletow utilization of transferrin glycans.
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Fig.2.4. B. fragiliscan grow with transferrin as the sole source of carbon and en&gywth
curves ae shown for wild type okdonstrains in defined media with different carbon/energy
sources. An overnight inoculum of 2% was used and the QJwas measured at specific time
intervals. Dashed lines akelonand solid lines are wild type. Squares, gluc@sé%); triangles,
human transferrin (25mg/ml); circles, bovine serum albumin (25 mg/gagh growth curve

represents threebiological repeats.
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2.5.5 In vivorole of thedon PUL.

To investigate a potential role for tr@onoperon in extraintestinal sites, the rat tissue
cage model was used to measure growilviva There was not a drastic difference in CFU
O2dzyta oSG ¢SS gonsirairs Ruring énadScullurg &pekiments over the course of
a 15 day period (Fig@.5A). There was however a small, tvimd 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
strainsceA Y2 Odzf F i1 SR Ay (2 NI G (A3 damBas Quicky®dt @ ¢ KS
competed and at one day poestoculation about 85% of the total population was wild type (Fig.
2.5B). The same trend carried through day 8 when the wild type strairnesbabout 97% of
the total population. In control experiments (Fig. S4) with strairgioculated into glucose
defined media there was no significant difference between the percentage of strains in the
population through logarithmic phase and in fact th@éon mutant had a slight advantage in
stationary phase. These results suggest that access to novel carbohydrate nutrient sources

vivocan be advantageous for survival at extraintestinal sites.

One important extraintestinal carbohydrate source for grbwt vivois transferrin
which was rapidly deglycosylated during growth in the rat model. This was demonstrated by
SDSPAGE analysis of fluids removed from rat tissue cages over the course of the eight day
experiment (Fig2.5C). The transferrin from unicalated controls appeared as a single peptide
species of about 80 kDa but by day one posiculation 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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convertedtothe smallerlsiSOA Sa® Ly O2y iN} adz &l YLXdDdEA FTNRBRY |
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 eigh G&gy. This

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

transferrinin viva

a7



Fig.2.5. Growthin vivois enhanced by deglycosylation of transferd) Growth curve for wild

type (circles) an#tdon (squares) strains inoculated separately into rat tissue cdgjddixed

culture competition assay. Mixtures of wild type (stippled bars) lathoin (hatched marlked

bars) cells were prepared in a 1:1 ratio, inoculated into 5 rats and the CFU/ml| determined. The
percentage of wild type dcdoncells was determined by screening the total cell counts for
tetracycline resistant colonie€)Coomassie blusstained SDEAGE gel of serous fluid samples
obtained following growth of strains in the rat tissue cage. Samples from the wild type (wt) and
kdon (k) strains were compared to uninoculated controls (un). The arrow indicates the
migration of the glycosylated transferriithe 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 1. fragilis

B. fragilisis the most commomBacteroidespecies isolated from opportunistic
infections at extraintestinal sites. The ability of six other intestBedteroidespecies to
deglycosylate human transferrin was tested by $FIA&E and SNA glycan staining. The results
in Fig.2.6 show that only the twd. fragilisstrains were able to efficigly 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
exceptB. vulgatus In this case the transferrin band appeared as a doublet with somewhat
decreased staining intensity in the SNA blot (B, lane 7). These data indicate tHat
vulgatusdeglycosylates transferrin inefficiently and that of the intestiBatteroidespecies
tested onlyB. fragiliscan rapidly remove the Nnked glycans from this abundant serum

protein.
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Fig.2.6. Transferrin deglycosylation by medically import&atcteroidespecies. Human
transferrin was used in standard 3 h deglycosylatissags with midogarithmic phase cells of
Bacteroidespecies grown in DMhucin glycan media. Samples were analyzed byFStisE
with Coomassie blue (Co) staining and on duplicate FISAXSE gels followed by SNA glycan
staining (SNA). 1, PBSBR2fragilis(638R); 3B. fragilisStATCC 25285); B, thetaiotaomicron
(IB116); 5B. uniformis 6,B. ovatus 7, B. vulgatus 8, Parabacteroides distasonis,

Parabacteroides merdae

51



kDa

52



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, contamynadirmally
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 thitional sources that
opportunists such aB. fragilismight encounter in extraintestinal habitats. Expression
microarrays showed that PUL genes were highly indiced/oand the Don locus was induced
more than any other genas viva The carbon/energsources 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 studyBotthetaiotaomicrorPUL regulation during growth on
mixtures of dietary glycans gvides some insight into this respon&?). 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 repsés of multiple systems working to maximize
utilization of certain glycans although the rationale for prioritization is not yet entirely clear.
SimilarlyB. fragilisgrowing in the rat tissue cage elicited a broad PUL response and in this case
it seemed b be directed toward use of-Nhked glycans found ondst glycoproteinsThe most
abundant glycoprotein in tissue cage serous fluid is transferrin which is a sigh8idbstrate
for the Don PULMany other glycoproteins present in the fluid also werggeted 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 ofliNked host glycans: BF638R0384 -Né |
1-4 acetylglucosaminidase + GH88 glycosidase BB¥E32330 (endal -N-
acetylglucosaminidase + concanavaliik&); BF638R044448 has member proteins with

fibronectin binding domains.

A critical requirement for utilization of Nnked glycans is removal of terminal sialic acid
residues and in a previowsudy it was shown that neuraminidase activity was necessary for
robust growth in a rat pouch model similar to the tissue cage used in this rég@ytAn
extensive region of th&. fragilischromosome (BF638R17-1540) seems to be devoted to
sialic acid utilization and neuraminidase activity and this region has been shown to be required
for optimal utilization of mucir{87). This gene cluster includes timanLETperon(88), the
nanHoperon, 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 isue cage and for the most part remained elevated throughout

(AppendixX2 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 exssiett
as for nutrient acquisitionStreptococcus pyogensscretes the archetypical GH18 family
glycoprotein hydrolase, EndoS, which can efficiently hydrolyze the IgG glycan and significantly
reduce IgG mediated killing of the bacteria in bl¢86, 90) Streptococcus pneumoniae
possesses several exoglycosidases that in combination deglycosylate IgA1, lactoferrin, human

ASONB (2 NE O2-¥didalyc8pyotein, land R was shown that deglycodyfa2 y - 2 F h
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acid glycoprotein supported growth in the absence of other carbohydr@®s92) This ability
may be linked to the persistence 8f pneumonia@ the nasopharynx. Likewise trangfier
supports the growth oB. fragilis(Fig.2.4) and is present in serum and serous fluid &t 2
mg/ml so this would be an excellent source of fermentable carbohydrate for extraintestinal
growth. Glycan harvesting also seems to be importantrfasivogrowth of Capnocytophaga
canimorsusa member of theBacteroidetephylum and a common inhabitant of the oral cavity
of dogs(93). C. canimorsug/as able to deglycosylate fetuin and lgGvitrousing a Suke
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. Severalmafies 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 trarsferrin and lactoferrin also have antibacterial activity, largely due to their
ability to sequester iron from the bacter{@4, 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 thisreleftae

innateimmune 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 byltmgenetic locus

which is unique td. fragilisamong the medically importarBacteroidespecies. This was
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demonstrated specifically for transferrin but may apply to the other serous protein2(6jg.

Fig. S3). Although not as efficient as wild type,jthe anyitant was able to deglycosylate and
utilize transferrin glycan at aak rate. This was seen both vivoandin vitro (Figs2.4, 2.5)

and these results indicate a second transferrin deglycosylation syst8mfiagilis Other
Bacteroidesnay have deglycosylation capabilities more similar tojthe amyitant. For

example B. vulgatusshowed some deglycosylation of transferrin after 3 h (E@) and results

with a second strain dB. thetaiotaomicrorshowed some activity on transferrin after 3 h but
failed to further deglycosylate the substrate even after overnight incuaoefFig. 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 ftbetarget 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 foB. fragilisis 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 organisamtain its competitive position.
Several studies have indicated tHatfragilisare closely associated with the mucosa and that
they penetrate the mucus layer to bind receptors deep in the cr{®8s99). Thedongenes 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 (App&2)di@ne potential role for the

Don PUL may be to harvest the high qualdynplex Nlinked mucus glycans, [which make up
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about 20% of mucus glyca(B00] as cells transit through the mucus layers to the crypts.

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

the crypts or thedonoperon may be shut down sinc®ntranscription is negligible in the

absence of indcer. Koropatkineta(19)a dzZ33Sa i SR GKIG Ay (GKS 0O02tz2y
YAONRKLF 0 A G ( BacterbigeRsphag évoh@d t@espond to a specific subset of

these. If we define the glycan habitatt B. fragilisthen 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. $1. Genetic map and RT-PCR analysis of the donABCDEFG genes
(BF638R3437-43). A) Schematic diagram of the predicted donABCDEFG
locus. The location of the Adon deletion is show with the dashed line. donAB
are regulatory genes coding an ECF sigma factor and antisigma factor
respectively. donC and donD code for the SusC and SusD orthologues
respectively. The donEFG genes code for an endo-S-like endo-N-acetyl-p-D-
glucosaminidase, a Concanavalin A lectin-like product with an a-N-
acetylglucosaminidase domain, and a protein with a DUF 1735 domain
commonto acylhydrolases respectively. B) Agarose gel visualization of RT-
PCR products performed with oligonucleotide primers specific for each
intergenic region of the donABCDEFG locus. Arrows below the schematic in
panel A indicate the relative positions of primers used to amplify each intergenic
region. “+”, positive control using genomic DNA; “RT”, complete RT-PCR
reaction containing reverse transcriptase; “-”, negative control with reverse
transcriptase omitted.

The RT-PCR results show a strong signal and linkage between the donCDEFG
genes. There also is a weaker linkage between the antisigma factor gene,
donB, and donC which are separated by 182 bp. Although these two genes are
linked, based on the microarray data and regulatory models for other PULs it is
likely a second promoter is located upstream donCDEFG that would act to
amplify the expression of these structural genes under inducing conditions.
Regulation of this locus is currently under investigation.
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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 byk-means c¢cl ustering using the
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 usi ng the Standar
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 byk-means c¢cl ustering using the
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 byk-means c¢cl ustering using the
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. $3. Deglycosylation assays using total serous fluid proteins
with serum albumin removed (A) or with serum albumin present
(B). Standard deglycosylation analysis was performed with wild
type (wt) or Adon strains for 3 h. Samples were analyzed by
SDS-PAGE followed by protein staining with either Coomassie
blue staining (Co)or Ponceau S (PS) or glycan staining SNA
lectin. The arrows indicate the transferrin bands. Serum albumin
was removed with the Qproteome Murine Albumin DepletionKit,
(Qiagen, Inc.).
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Fig. S4. In vitro competition assays in defined media with glucose. Mixtures containing
a total of 4 ml of 10° CFU/mI of wild type and Adon cellsin a 1:1 ratio were inoculated
into 25 mL of defined media with glucose. Aliquots of the cell mixture were removed
from the inoculum, mid-logarithmic phase cultures and the stationary phase of the
cultures. The percentage of Adon among the total population was determined from the
percentage of tetracycline resistant CFU counts among the total CFU counts.

64



A
B

PBS wt Adon

Fig. $3. Deglycosylation analysis of IgG and lactoferrin. A)
Deglycosylation assay of human IgG by B. fragilis. Commercially
prepared human IgG was mixed and incubated anaerobically at 37°C
for 3 h with PBS or wild type or Adon cells grown in an inducing DM-
mucin glycan medium. Samples were analyzed by SDS-PAGE and
subjected to Coomassie blue staining (Co) or SNA glycan-staining
(SNA). B.) Deglycosylation analysis of lactoferrin. Commercially
prepared human lactoferrin was mixed and incubated anaerobically at
37°C for 3 h with PBS or wild type or Adon cells grown in an inducing
DM-mucin glycan medium.. Samples were analyzed by SDS-PAGE
and subjected to Coomassieblue staining (Co) or SNA glycan-staining
(SNA).
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Fig. $6. Deglycosylation analysis of transferrin by B.
thetaiotaomicron strain 5482. Commercially prepared
human transferrin was incubated with PBS or wild
type B. thetaiotaomicron cells (Bt) for 3 h or overnight
(O/N) in standard deglycosylation assays. Cells used
in the assays were grown to mid-logarithmic phase in
DM-mucin glycan medium. Samples were analyzed
by SDS-PAGE followed by Coomassie blue staining
(Co) or SNA glycan staining (SNA).
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2.8 Addendum

In this chapter, it was shown that tH# fragilisdonlocus mediates the efficient
deglycosylation of Ninked glycoproteins (Fig. 2.3, 2.5C, S3; Table 2. 3)ib@itroandin viva
Deletion of thedonlocus 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. Tleess have unknown
functions that might affecin vivogrowth. In the future direction, two experimental designs
can strength the causal relation between efficient deglycosylation-lniltéd glycoprotein and
the selective advantage in extraintestionaddction. First, point mutations of two active site
residues on the endo-N-acetylglucoaminidase genddnB can abolish the deglycosyion
activity of this enzyme (13%ut keep the structure and other functions of the locus intact. If
there is a real ausal relation between the deglycosylation cfihked glycoproteins and
selective advantage in extraintestinal infection, th@nEpoint mutant should show the same
selective disadvantage phenotype as tlendeletion mutant. Second, to rule out the
possbility that the tetracycline resistant gertetQ is responsible for the impaired in vivo
growth/competency phenotype, a control strain will be constructed with onlytdt® gene
inserted into the chromosome. If tetQ is not responsible for the selectisaddiantage
observed in thalondeletion mutant, similar in vivo growth/competency should be observed

between the wild type and thé&etQ insertion mutant.
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CHAPTER THRBECTEROIDES FRAGRIBIARY TRANSCRIPTOME

ANALYSIS

3.1 Introduction

B. fragilishas a genomef about 5.3 Mb and encodes approximately 4,300 genes. To
gain insight not onlpn the gene expression profile but also the overall structure of individual
MRNAs, differential massively parallel cDNA sequencingXdBe) was performed using RNA
obtained from midlogarithmic phase anaerobR. fragiliscultures grown in rich media. The
dRNAseq approach was first done with the human pathodtalicobacter pylorivhich has a
small genom&101) In contrast to other RN8eq methods, terminatep -@hosphate
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 degpRbids
GKAOK KI O8KIR2ApHI YISy dpQt 0 INRdzL) I NB &4St SOGAQSH
withl p-QK & ANBRIKI S 6p QLILIIG INRdzL) &adzOK | & LINA YLl NEB
small RNAs (sRN@)01) By conparing the exonuclease treated samples to ficeated
samples, it was possible to generate a singleleotide resolution map of the primary
transcriptome ofB. fragilis allowing us to locate the transcription initiation sites (TIS) of
individual transdpts, distinguish potential SRNAs, and confirm {Agromoter consensus
sequence for the primary sigma facté@malysis of this primary transcriptome identified 1,657

TISs, and confirmed the recognition sequence forBhaeteroidegprimary sigma factornl



addition, 176 putative SRNAs were discovered. These results demonstrate that theseé@NA
technique is a good appach and has great potential fanderstanding some of the molecular

aspects oB. fragilisgene regulation.

3.2 Materials and Methods
3.2.1 Total RNA Extraction

B. fragilisstrain 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.Ds#= 0.5 for RNA extractioRNA extractions frorm vitro bacterial
cell cultures were performed on washed cell pellets using the hot phenol method as described
previously(82). RNA quality and integrity was checkedRiyAdenaturing gel (1% agarose;

5.5% formaldehyde) electrophoresis.

3.2.2 Preparation of cDNA libraries and 454 pyrosequencing

EELISNAYSy(Ga 6SNB R2yS oé O2ffl 02N (2N W NH
Wirzburg, Institute for Moleculanfection Biology, 97080, Wirzburg, Germanyhe dRNA
seq wagerformed as previously descatl (101) Total RNA was treated by DNase | to
eliminate residual genomic DNA. Equal amounts of IB101 RNA were eitheateduwtith
Terminatof ™ p -Phosphatedependent exonuclease (TEX) (Epicentre #TER51020) or in buffer
alone for60 min at 30°C. 1 unit TEXped G241t wb! g1 & dzaSR® wb! 4|
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phenol/chloroform/isoamyalcohol (25:24:1 v/v) and then precipitate@imght with 2.5

volumes of an ethanol/0.1M sodium acetate (pH 6.5) mixture. Then the TEX treated RNA was
incubated with lunit TAP (tobacco acid pyrophosphatase) (Epicentre, #7T19100) for 1 hour at
otc/ G2 Héngshosbhatés foplfker ligationna again purified by

phenol/chloroform extraction and precipitation as above.

Equal amounts of TEX treated or untreated RNA were potg{i&d using poly(A)
L2t @YSNFrasSsz F2tt26SR o0& fAIlIGAZ2Y 2sFandiogDNAVb! | R
wassynthesized using an oligo (eddapter primer and MML\ARNaseHeverse transcriptase.
The reaction mix was incubated 42°C for 20 min followed by 55°C for 5 min. The cDNA was
amplified by PCR to yield a concentration of@® y 3k > dzatk PNA pdlyméadsed K FARS
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 remoeain the sequencing results to reduce the
background. cDNA inserts were mapped to Bidragilis638R genome using an errtwlerant
suffix array techniqu¢l02) Graphs representing the number of mapped readsmereotide
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. fragilisTISs at a genome wide level

DN} RFGAZ2Y 2F GKS LINPOSaadSR wb! o0pQt (NI y:
0§KS LINA Y NE whb ! inthepadal RNA sainpld. BedaGsdh pdikaryotic cells, RNA
LINE OS&daAy3ad o0AyOf dzRAY3I RSIANIRFEGAZ2Y O (BOFHiiSy Ol dza
reasonable to assume that an enrichment of the primary s@ipts will lead to an enrichment
2T UGKS 2NAIAYIEFE 62 NI A ITHsivas refléztedoy &ancréaded 0 KS {0 N.
aradylrt d GKS pQ SYR 2F Ylyeée (NI yhadtdatedia 2y
library. An example is shown kig.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
.Ccoywypopyd Ywb! ®@ ¢KS Y2ail of@dmedptatedanOKl y3S
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 anwtrscript present for that specific growth condition. 1,657
primary transcripts were mapped for this growth condition (Aodarithmic phase in rich

medium), of which 838 were on the positigerand and 819 were on the negatigtrand.

Analysis of the mappkprimary transcripts is attached in Appendix 3.
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Fig.3.1. The transcript signal of the BF638R_3589 gé&néragilisstrain IB101 was grown
anaerobically in BHIS at 37°C to Addarithmic phase and RNA was prepared for diRiid\

analysis as desbed in materials and method#) A comparison of the mapping signal

histogram for TEX{eated and untreated samples of BF638R_3589 sBNA schematic

diagram of the BF638R_3589 locus aligned with its signal on the transcriptome above. The TIS
suggestedy the dRNAseq results is indicated by the +1 arrow and tfigoromoter consensus

(TAXXTTTG) is also indicated.
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TEX -

TEX +

TAXXTTTG
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3.3.2 Confirmation of the recognition sequence for th. fragilisprimary sigma factor

TheBacteroideteS-lavobacteriare known to have a primary sigma factor that
recognizes a unique promoter structure. TBacteroidetegquivalent to the classic
Proteobacteria/Eubacterial0 sequence is TAXXTT{U®5, 106) Based on the TIS identified by
the dRNAseq results, sequences about 50 bases upstream of the TIS were aligned. The
O2yaSNIISR LINPY2GSNI NBO23yAaiGAzy &SljdzSyO0S ac¢! EE
in 1,428 of the 1,657 TISs @bged (Fig. 3.2 and Appendix 3). These results confirmed the novel

promoter consensus sequence for tBe fragilisprimary sigma factor on a genonvéde scale.
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Fig.3.2. Logo for the promoter recognition sequence of the primary sigma factBrfiragilis.
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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