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Abstract: Bacteroides fragilis is an extensively studied anaerobic bacterium comprising the normal flora of the human gut. B.
fragilis is known to be one of the most commonly isolated species from clinical samples and has been shown to cause a wide range
of pathologies in humans [1, 2]. As an opportunistic pathogen B. fragilis can cause abscess formation and bacteremia [2].
Additionally in its enterotoxigenic form, B. fragilis is a known cause of diarrheal illness, is associated with inflammatory bowel
disease, and has been recently characterized in patients with colon cancer [3 - 5]. As research in the field of the gut microbiome
continues to expand at an ever increasing rate due to advances in the availability of next generation sequencing and analysis tools it is
important to outline various molecular methods that can be employed in quickly detecting and isolating relevant strains of B. fragilis.
This review outlines methods that are routinely employed in the isolation and detection of B. fragilis, with an emphasis on
characterizing enterotoxigenic B. fragilis (ETBF) strains.
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INTRODUCTION

B. fragilis and ETBF

B. fragilis is a gram-negative, bile resistant, rod shaped member of the Bacteroidetes phylum and Bacteroides
genus. It is referred to as a member of the B. fragilis group, which is used to describe species of Bacteroides based on
phylogenetic similarities [6 - 8]. B. fragilis is described as being present in two different variations: Non-
enterotoxigenic (NTBF) and Enterotoxigenic (ETBF) [7, 9]. Non-enterotoxigenic B. fragilis are characterized as
symbiotic opportunistic pathogens assisting with polysaccharide metabolism and activating protective host immune
responses [10]. The enterotoxigenic form of B. fragilis (ETBF) results from B. fragilis strains which contain the B.
fragilis toxin (BFT) encoded by a gene (bf) located in a 6 kb pathogenicity island termed BfPAI along with an 18 kb
flanking DNA region [11]. BFT, also called fragilysin, is a zinc-metalloprotease transcribed as a 397 amino acid protein
holotoxin with an 18 amino acid signal sequence, a 193 amino acid propetide sequence, and a 186 toxin peptide
sequence. Following cleavage of the signal and propeptide domains, biologically active BFT is 20 kDa in size [12]. The
toxin has been shown to be present in three different isotypes with varying toxicity: BFT-1, BFT-2, and BFT-3. BFT-2
is more toxic than BFT-1 or BFT-3 [13, 14]. BFT induces toxin activity by binding to a specific, as of yet
uncharacterized, receptor on the surface of intestinal epithelial cells [15]. Following binding BFT results in the rapid
cleavage of the E- cadherin protein in an ATP dependent fashion resulting in decreased barrier function and subsequent
permeability of the epithelial cell barrier [16]. Downstream effects of the cleavage of E-cadherin include the induction
of B-catenin signaling pathways which causes an increase in intestinal epithelial cell proliferation. Furthermore BFT
toxin binding has been shown to also activate NF-«xB signaling pathways [14, 17].
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Role in Gut Dysbiosis

B. fragilis was initially implicated as a causative agent in lamb diarrheal diseases in the 1980s [18]. Further studies
have implicated ETBF in diarrheal disease in humans and other animal species [5, 19]. ETBF infections are now known
to cause inflammatory diarrheal illnesses in children and adults [3]. The implication that ETBF is a cause of
inflammatory disease is further supported by experiments in animal models which have shown that ETBF infection in
mice cause acute symptomatic colitis and persistent inflammation of the colon while NTBF colonized mice exhibited
histopathological normality [20]. The ability of ETBF to cause a long lasting inflammatory response in animal models
contributes to its potential role as a causative agent in colon cancer. Murine studies utilizing APC/Min mice show that
ETBF gavage results in Stat3 and Ty;-17 induced colitis which leads to the development of colon tumors in these mice
[21, 22]. Studies conducted in human colon cancer populations have shown an increased rate of detection of the bft gene
in B. fragilis isolates of stool samples from patients with colorectal cancer when compared to control populations [23].
More recently, an examination of the mucosa isolated from tumor samples of colorectal cancer patients show higher
levels of bft in the colon tumor mucosa compared to paired normal tissues [4]. The ability to properly isolate and
characterize B. fragilis strains in clinical samples is important in further understanding and elucidating the important
interactions between the host gut and its microbiome.

METHODS OF ETBF DETECTION

Currently, simple methods to detect and characterize ETBF colonization or infection in clinical laboratories do not
exist. Detection is done through a combination of bacterial isolation and bft gene detection or in-vitro evaluation of BFT
biological activity.

Basic Microbiologic Approaches to Isolating B. fragilis Strains

There are a variety of basic microbiologic techniques used to isolate single strains of B. fragilis from a variety of
different samples. B. fragilis is an obligate anaerobe, therefore, it is important to note that care should be taken to
decrease the amount of time collected specimens are exposed to the air. Use of anaerobic jars and transport media will
help to increase the specimen viability [7].

Isolation From Stool

Stool samples can be collected in two ways: rectal swabs or bulk stool collection. Rectal swabs are streaked on
selective media plates and single colonies are isolated and grown separately to test for B. fragilis [18]. Bulk stool
collection is more effective in characterizing B. fragilis as there is a larger amount of material available for use and the
samples can be stored at -80°C for long periods of time without affecting B. fragilis isolation ability [24]. Samples
collected from bulk stool are then plated on Bacteroides Bile Esculin (BBE) selective media, grown anaerobically at
37°C to selectively grow strains from the B. fragilis group. B. fragilis grown on BBE media will present as raised grey
colonies that have hydrolyzed esculin turning the plate black [25]. Furthermore, isolation of B. fragilis can be enhanced
by anaerobically growing a portion of the stool sample in a non-selective broth media such as Brain Heart Infusion
(BHI) prior to plating [24].

Isolation From Blood or Tissue

Tissue samples are also processed for isolation using two methods: broth amplification or tissue homogenization.
Broth amplified tissue samples are placed directly in Peptone Yeast Glucose Bile broth (PYGB) following collection.
These samples are incubated anaerobically at 37°C and plated on Brucella Blood Agar (BRU) and BBE once turbid.
Tissue samples that are processed via homogenization are collected in anaerobic transport media, washed in
dithiothreitol, and homogenized using a pestle under anaerobic conditions and plated on BRU and BBE following
homogenization. Colonies that grow on BRU are then sub-cultured to BBE in order to select for B. fragilis. Addition of
this extra growth step on BRU non-selective media can increase the isolation rates of B. fragilis [4]. In addition to BRU,
Brucella Laked Blood Agar with Kanamycin and Vancomycin (LKV) plates have also been used [3]. The strains
isolated using these methods are then saved for further down-stream analysis. Isolation of single colonies using these
basic microbiological methods are necessary if characterization of individual B. fragilis isolates is required. Rapid
testing for the presence or absence of B. fragilis can be conducted using fecal DNA extraction techniques if strain
isolation is not necessary.
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BFT Toxin Assay

Early on, BFT biological activity was assessed using lamb ileal loop and reversible ileal tie adult rabbit diarrhea
(RITARD) assays [18, 26]. These expensive and labor-intensive methods required the injection of isolated strains into
sutured intestinal loops to measure subsequent fluid accumulation as a result of toxin response. /n-vitro detection
methods were then developed using cell culture based HT29/C1 cell assay. This cell assay detects as low as 0.5 pM
BFT with 100% specificity when compared to lamb ileal loop assay by microscopically observing the cellular
morphological changes caused by BFT [27, 28]. For more than two decades this cell assay has played an important role
in assessing B. fragilis isolated from clinical samples in order to diagnose ETBF infection and characterize the relative
amount of toxin produced by ETBF strains. In the laboratory setting, this assay has been widely used to elucidate the
mechanism through which BFT effects intestinal cells [16, 17, 29, 30]. The limitation of this cell assay is the
requirement of the cell culture and in most cases, overnight growth of bacterial isolates.

Table 1. PCR primer sets used to characterize B. firagilis and BFT gene isotypes.

Primer name Primer sequence (5' —3') Reference strain / gene access B:x::;zita] Gene |Reference(s)
Leu-3 CACTTGACTGTTGTAGATAAAGC CR626927.1, AP006841.1, B. fragilis JeuB [37]
Leu-4 CATCTTCATTGCAGCATTATCC NC_016776.1

Leu-Prb TGTGCTTGCTTCCAGTCGTCTATG
Bf904F GGCGGTCTTCCGGGTAAA
Bf958R CACACTTCTGCGGGTCTTTGT GU130198; %316321933 GU130200, B. fragilis 2B [32, 38]
Bf923-MGB FAM-TGGCCGACTGCTC-MGBNFQ
qHS601F GTTGTGAAAGTTTGCGGCTCA
qBACc725R CAATCGGAGTTCTTCGTGATATCTA ATCC25285/CR626927 B. fragilis r}lkf\ISA [33,39]
qHS624MGB FAM-CGTAAAATTGCAGTTGA-MGB
F TCRGGAAGAAAGCTTGCT
R CATCCTTTACCGGAATCCT ATCC25285/CR626927 B. fragilis ﬂl{;SA 317
Prob ACACGTATCCAACCTGCCCTTTACTCG
bftF GGG ACA AGG ATT CTA CCA GCT TTA TA
bftR ATT CGG CAA TCT CAT TCA TCA TT VPLI3784 (bftzl]))f;_z) 86-3443-2-2 ETBF bft [36, 40]
bftProb CGC AAT GGC GAA TCC ATC AGC TAC A
bft-1F GGG ATG TCC TGG TTC A
bft-1R AAT TAT CCG TAT GCT CAG CG AB026625 ETBF bfi-1
bft-1Prob |CTT CGG ATT TTR AAG CCA GTG GGA TGT C
bft-2F CTT AGG CAT ATC TTG GCT TG
bft-2R GCG ATT CTA TAC ATG TTC TC AB026626 ETBF bft-2 [36, 40]
bft-2Prob [CTT CGG ATT TTR AAG CCA GTG GGA TGT C
bft-3F TTT GGG CAT ATC TTG GCT CA
bft-3R ATC ATC CGC ATG GTT AGC A AB026624 ETBF bft-3
bft-3Prob [CTT CGG ATT TTR AAG CCA GTG GGA TGT C

“PCR primers/probes to detect other members in B. fragilis group were also described in this report.

PCR Based Detection

Detection of B. fragilis

Polymerase chain reactions (PCR) are an important method in B. fragilis and BFT detection due to its quick
turnaround time (hours) as well as independence from strain viability and storage conditions. PCR based detection
allows for flexibility in collection methods used in gathering samples. A large number of PCR methods for the detection
of B. fragilis have been characterized and previously reported at length in a review by C.L. Sears in 2009, including
conventional, nested, and multiplex PCR [14]. Multiplex PCR reactions are more specific with the ability to
differentiate between species of the B. fragilis group present from a series of four multiplex PCR reactions [6]. More
recent real-time PCR (RT-PCR) protocols targeting 16S rRNA for detection of B. fragilis group species with lower
detection limits were also reported [31]. PCR based on genes specific to B. fragilis have also been reported to achieve
higher specificity of detection. Beta-isopropylmalate dehydrogenase (/euB), a gene used in leucine biosynthesis, and the
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B-subunit of DNA gyrase (gyB) are both genes that have been used as PCR targets to detect B. fragilis [32 - 34]. These
reports compared RT-PCR protocols with conventional PCR and RT-PCR developed based on a set of primers and
probes that amplified 16S rRNA regions conserved among B. fragilis group species and concluded that RT-PCRs
targeting single-copied genes show better specificity. These PCR protocols are capable to rapidly characterize B.
fragilis group species and have become an important tool for discerning clinical infections and identification of relevant
bacterium.

Detection of Enterotoxigenic B. fragilis (ETBF)

Conventional PCR assays detecting BFT have been successful in determining the specific isotype of toxin present in
culture by attempting to identify the presence of bft gene. Detection of the bft gene without characterization of the toxin
isotype has been described using boiled bacterial DNA obtained from cultured isolates [3]. Multiplex PCR assays able
to identify the toxin subtype present in boiled bacterial DNA samples have also been developed [35]. These assays are
able to quickly confirm the identity of relevant clinical strains but are only useful for conventionally isolated bacteria.

Real Time PCR Detection of B. fragilis

Detection methods using real time or quantitative PCR are especially useful to determine the presence of B. fragilis
in mixed clinical samples. A series of relevant real-time PCR primer sets for the detection of B. fragilis and BFT
isotypes are shown in Table 1. Detection of the bft gene in DNA extracted directly from stool samples of patients with
diarrhea was used in development of a quantitative PCR assay. The developed assay was capable of determining the bft
gene isotype as well [36]. Development of q-PCR assays capable of directly testing DNA isolated from patient stool is
extremely useful in the detection of relevant clinical infections. Other experiments have shown that incubation of stool
samples in PYBG broth assists in increasing the sensitivity of detection [24]. A study comparing conventional and real-
time PCR detection of B. fragilis indicated that conventional PCR reactions were less sensitive, but the overall turn-
around time for detection and analysis was similar [37].

FUTURE PERSPECTIVES

Nearly three decades have passed since enterotoxigenic B. fragilis was first identified as a pathogen in diarrheal
diseases of both human and animals. More recent studies associating ETBF with colorectal cancer highlight the
importance of this bacterium in clinical and public health settings [4].

Traditional bacterial culture method will remain essential for isolation and characterization of B. fragilis and ETBF.
However, current efforts to simplify anaerobic bacterial culture processes using antioxidants can potentially help with
decreasing labor time and sensitivity associated with anaerobic culture processing [41].

Improving detection methods is especially useful for the clinical diagnostic laboratory. Development of TagMan
RT-PCR based high-throughput direct detection of ETBF from stool and other clinical samples will minimize labor and
time involved while allowing for automated interpretation of results with high sensitivity and specificity. Recent
commercialized digital PCR (dPCR) technology may become an important tool in detecting ETBF in fecal and
environmental samples as it is capable of offering quantifiable and more accurate detection of ETBF directly in the gut
microbiome. Recently, a new culture based system termed culturomics has been described [42]. By using various
antibiotics and inhibitors this method allows for the selective growth of bacterial species present in low quantities in gut
populations. When it is combined with matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) or 16S
rRNA sequencing, this method may provide a way to overcome the drawback of the current metagenomics approach in
studying minor populations of the gut microbiome. In the future, this combined system may replace current phenotypic
methods in clinical laboratories allowing for rapid identification of microbial species in stool and other samples.
ELISAs are very useful tools in being able to detect the presence of pathogens in patient samples. Measurements of
human serum samples show that individuals infected with ETBF had increased levels of both IgA and IgG against BFT
when compared to controls [3]. A sensitive and specific ELISA assays needs to be optimized and applied to clinical
studies as ELISAs will play a crucial role in quick diagnostic tests to characterize ETBF strains in patient samples and
allow for a longitudinal investigation of ETBF infections. Current work is being done by this lab to develop a BFT
ELISA in order to ultimately develop a rapid test capable of identifying BFT responses in the clinical laboratory.

Within the past two decades there has been tremendous advancements in molecular biology techniques capable of
not only detecting clinically relevant information regarding specific pathogens but also in assisting with the
determination of specific host-pathogen interactions at a genetic level. The tools outlined in this review are crucial in
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assisting in expanding our understanding of these pathogens and their disease relationships. Currently, steps are being
taken to increase the sensitivity of many of these detection methods. We hope that further advances in the
implementation of molecular biology techniques will allow for a more comprehensive understanding of the role of
enterotoxigenic B. fragilis in the human gut microbiome.

CONCLUSION

There has been abundant research conducted in an attempt to characterize the role of enterotoxigenic B. fragilis in
human gut dysbiosis and clinical pathologies. The ability to effectively isolate and characterize these strains from
clinical or laboratory specimens is essential for further investigating the important impact these bacterium have on
human colon health. In this review we provided a brief overview of the various gross microbiologic techniques used to
isolate bacterial colonies from various sample types. Additionally, molecular biology techniques currently available to
properly characterize these strains as well as assays to assess biological activity are reviewed. While there are well
established techniques suitable for the isolation and characterization of ETBF the implementation of high throughput
screening methodologies and immunoassays currently being developed will assist researchers to characterize these
species in a more sensitive manner.
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