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Abstract
Recent advances in molecular technique have now made it possible to interrogate the human
microbiome in depth to better understand the interactions with the host organism and its role in
diseases. We now report the utility of using Length Heterogeneity Polymerase Chain Reaction
(LH-PCR) to survey samples and a proprietary Multitagged Pyrosequencing (MTPS) methodology
to interrogate the gut microbiome in healthy and disease states. We present an overview of our
studies demonstrating that the application of these molecular biology techniques to an example
disease state such as Inflammatory Bowel Disease (IBD). The findings show that there is a core
mucosal bacterial microbiome (i.e. a mucosal biofilm) that is distinct from the luminal
microbiome in health and that the mucosal microbiome appears to be dysbiotic in IBD. We
propose that the mucosal microbiome forms a synergistic and stable interaction with the host
immune system, while the lumen microbiome varies based on diet or other environmental factors.
We define this composite ecosystem of the human microbiome and human host as the Human
Metabiome.

Introduction
Recent studies highlighted the importance of gut microbiota/microbiome in pathogenesis of
several diseases including obesity, systemic and intestinal inflammatory disorders and
cancers to name a few. Mammalian gut harbors one of the richest and most complex
microbial communities. Recent advance in molecular techniques have now made it possible
to fully interrogate the gut microbiome and better understand its role in chronic diseases. It
is also not clear whether stool samples are the best medium to interrogate microbiota to
determine clinically relevant changes in microbiota community (i.e. dysbiosis). We now
report the utility of Length Heterogeneity Polymerase Chain Reaction (LH-PCR) followed
by a proprietary Multitagged Pyrosequencing (MTPS) methodology [1] to interrogate gut
microbiome in healthy and disease states.

The use of molecular methodologies now enables one to study the entire gut microbiome,
including uncultured species, which has been estimated to contain a minimum of 400–1000
bacterial species [2]. With the advent of NextGen sequencing methodologies [3], one can
exhaustively analyze the 16S Ribosomal RNA genes (16S rRNA) in a sample to
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phylogenetically characterize the microbiome in any ecosystem [4]. This phylogenetic
characterization of a particular microbiome can be thought of as a surrogate for determining
the functionality of that ecosystem [5] as each taxa has a characteristic metabolic profile.
One critical issue is whether the methodologies employed in microbiota characterizations
are faithfully reproducing the community composition and not distorting it due to
experimental kinetic bias [6] or sequencing artifacts [7].

We present an overview of our studies demonstrating that LH-PCR can be used as both a
quality assurance test to titrate community DNA to assure that there is no kinetic bias in the
analysis and as a preliminary screening method to select samples of interest. We also present
a proprietary Multitag Pyrosequencing (MTPS) methodology [1] that allows the analysis of
dozens of samples in one instrument run without distorting the community profile through
ligation artifacts. Finally, we exemplify the use of LH-PCR in patients with Inflammatory
Bowel Disease (IBD) and present our pilot studies demonstrating that there is a mucosal
microbiome that is distinct from the lumen microbiome and that shifts in the community
composition between these two compartments (dysbiosis) is correlated with disease state.
IBD was chosen as an exemplary disease state because: (1) IBDs are common, life-long,
relapsing illnesses that have no known cause or cure and have an increasing incidence in
developed societies [8–10]; (2) IBD seems to result from an abnormal inflammatory
response to microbial antigens in the GI tract [11]; (3) Experimental models of IBD indicate
an absolute need for colonization with bacteria for disease development, regardless of the
type of genetic defect leading to disease susceptibility[12, 13]. This suggests a central role
for bacteria in the pathogenesis of Ulcerative Colitis (UC) and Crohn’s Disease (CD); (4)
Many clinical facts also support such a central role for bacteria in disease pathogenesis. For
example, altering the fecal microbiota by elemental diets, antibiotics, or probiotics can be
beneficial in the treatment of IBD.

Results and Discussion
LH-PCR fingerprinting characterizes the organisms in a community by amplifying variable
regions of the 16S rRNA gene of a microbial community and separating the Polymerase
Chain Reaction (PCR) products based on the natural variation in amplicon length and base
composition using capillary electrophoresis. We typically amplify the first two variable
regions of the 16S rRNA gene using 27F and 355R universal bacterial primers and perform
triplicate assays using several 10 fold dilutions of the community DNA. Figure 1 depicts
triplicate assays of a mucosal microbiome sample that has been titrated to optimize the
community profile. We then used these conditions to amplify the community with tagged
fusion primers for the MTPS process (see below). Unless one titrates the DNA in the
sample, one cannot be assured that the resulting sequence analysis truly represents the
community composition.

The peak area in the LH-PCR profile is proportional to the abundance of that amplicon in
the community but is complicated by the fact that various bacterial taxa have varying
numbers of the rRNA operon. It should also be noted that there may be more than one
species/genus within the same amplicon size in these community profiles and thus the peaks
in the LH-PCR fingerprints may actually be monitoring the dynamics of more than one
genus/species. Nevertheless, LH-PCR has been successfully used to estimate the diversity
present in bacterioplankton [6] and studies evaluating the robustness of this method have
been found it to be highly reproducible [14–16]. The LH-PCR fingerprinting methodology is
inexpensive and fast with the ability to screen several hundred samples a day. Thus we
routinely use it to titrate the DNA from a microbiome sample, monitor the dynamics of a
community, and to quickly identify samples of interest.
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Example survey of the mucosal microbiome using LH-PCR in a disease state
We performed LH-PCR on mucosal biopsies from a healthy controls (HC) and patients with
Crohn’s Disease (CD) and Ulcerative Colitis (UC). We define the peaks in the LH-PCR
fingerprints as Operational Taxonomic Units (OTU) as they are an indirect indictor of
bacterial groupings. We plotted the normalized OTU abundances as a Principle Coordinate
Analysis (PCO) scatter plot (Figure 2). It can be seen that the PCO clustering does separate
many of the CD and UC samples from each other and separates them from the healthy
controls.

Our previous observations [17] and those of others [18] have suggested that there is
considerable variation in the minor components of the mucosal microbiome between
individuals but that the major components are similar between normal individuals
suggesting that there is a core microbiome and we have observed that these major
components correlate with disease. Thus, we hypothesize that the major components of the
mucosal microbiome contribute to the bulk of the interactive functionality of the Human
Metabiome on a simple mass basis. Minor components may also contribute to Metabiome
functionality and disease, especially when one considers inflammatory cascades, but the role
for major components can be exemplified by our observations in IBD.

A proportion of IBD samples have dysbiotic microbiota resulting in a distinct clustering of
microbiota separate from the controls (Figure 2). This observed primary difference between
microbiota in IBD subjects compared to controls appears to be due to the loss of distinction
between the mucosal microbiome (or mucosa-associated microbiome) and luminal bacteria
in patients with IBD. Interestingly, there is significant overlap between samples from
subjects diagnosed with CD and UC. It is not clear whether this is due to variations in
disease pattern or whether ambiguities in the LH-PCR methodology is a limiting factor in
separating the disease subtypes completely. Another potential explanation is that there may
be a dysbiosis pattern reflecting chronic inflammation superimposed on a disease specific
dysbiosis pattern.

Cloning and Sequencing of the Gut Microbiome in IBD and Healthy Subjects
We have also cloned and sequenced pooled samples of UC, CD and HC. Table I shows the
bacteria composing at least 2% of the total pool abundance. When the data are examined at
RDP phylotype level 4 [19], there is a decrease in the Bacteroides group in UC and CD. The
results indicate that the bacterial microbiota found on the mucosal surface of CD and UC
samples resemble the bacterial microbiota composition of lumen in healthy individuals.
Thus the microbiota composition of mucosa in healthy individuals is very different from the
mucosa composition in the disease state. For example, the Clostridium botulinum and
Enteroccoci groups are associated with the mucosal surface of UC and Cytophaga group I
seems to be associated with CD mucosal surface and stool samples. The diagnostic and
therapeutic implications of this observation needs to be further explored [20].

Distortion of the community composition using ligated primers
Several groups have utilized the standard Roche pyrosequencing protocol to interrogate
microbiomes or perform metagenomic analysis. The current Roche protocol for
Pyrosequencing involves the ligation of 20 base pair linkers to the samples that is required
for the emulsion PCR process. We ran several duplicate samples on a GS FLX run and
determined that this ligation process distorts the abundances of various components in the
replicate samples. Specifically, we used tagged PCR primers to amplify the components in
duplicate microbial community samples, ligated the emulsion PCR adapters to these samples
as described by Roche and analyzed the PCR amplicons on an Agilent Bioanalyzer system
before and after ligation to quantitate the samples. Figure 3 depicts a microbiome sample run
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on the Bioanalyzer before (3A) and after (3B) direct ligation and clearly shows that the
ligation step has drastically altered the distribution of the amplicons. Specifically, one can
see that each of the original peaks is apparently split into at least two peaks, probably
representing a ligated and unligated fragments, but the proportion of ligated fragments is
variable depending on the size of the fragment and community composition. Note that the
numbers on the peaks are area quantitations, not fragment sizes. This differential ligation
efficiency is probably due to a number of factors such as internal structure of the amplicons
or ligation biases with respect to the terminal nucleotide of the amplicon in the community.
Furthermore, many of the sequence reads were chimeric, probably the result of the ligation
of truncated PCR products.

Multitag Pyrosequencing of Controls using Tagged Fusion Primers
This ligation problem led us to develop a new proprietary process where we have
constructed tagged fusion primers that contain the sequence specific for the PCR target (i.e.
16S rRNA), a 7 base barcode, and the emulsion PCR adapters. Figure 4A depicts the LH-
PCR profile of a mucosal sample amplified with a tagged 16S rRNA primer and Figure 4B
depicts the community profile amplified using a tagged fusion primer. One can see that the
complex community pattern produced by the tagged primer is shifted by 19 bp when
amplified by the tagged fusion primer and the relative abundances of each peak in the profile
remains the same. Thus the use of tagged fusion primers eliminates the need for the ligation
step and does not distort the community composition.

We recently amplified triplicate samples using both forward and reverse tagged fusion
primers (27F and 355R universal 16S rRNA primers) on 8 mucosal samples (i.e. 8 samples
with 3 forward primers and 3 reverse primers = 48 total samples) and ran a MTPS
pyrosequencing run on 1/2 of a LR75 plate. The run yielded 133,757 reads with an average
read length of 235 bases (total of 31,444,588 bases) and obtained an average of 2,786 reads
per sample.

We identified the taxa in the sample using a custom PERL script to search the RDP8.1
database and selected the highest bit score for identification of the component taxa at the
Subdivision level (Level 4). We then enumerated and normalized the abundance of the taxa
in each samples. We present the replicates as a bar chart of taxa abundance greater than 1%
in asymptomatic Healthy Controls (Figure 5). The orange bars represent the Bifidobacter,
yellow bars represent the Bacteriodes, blue bars represent the Firmicutes, red bars represent
the Enterics, and the dark green in the last three replicates represent the abundance of
Steptococcus. Clearly the replicates are quite good and the compositions of the microbiome
from all but one subject are similar indicate that there is a core mucosal microbiome in
humans. It should be noted that the variable component of the mucosal microbiome
composes between 10 and 30 percent of the total microbiome (Figure 5).

The last subject presented as a healthy male but clearly his microbiome represents a
“Variant Phenotype.” The cause of this variation is unknown as the subject did not report
any dietary restrictions or present with any clinical disease symptoms. Thus, we conclude
that there is a core mucosal microbiome in most people but there are also “Variant
Phenotypes” that are either asymptomatic or actually completely healthy.

We have demonstrated the utility of using Length Heterogeneity PCR (LH-PCR) as a
preliminary screening method to select microbiome samples of interest and described a
proprietary Multitag Pyrosequencing methodology [1] that allows the analysis of dozens of
samples in one instrument run without distorting the community profile through ligation
artifacts. The data indicates that community analysis studies using the current Roche may
need to be re-evaluated. Furthermore, metagenomic analysis utilizing the Multiplex
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Identifier (MID) kit sold by Roche should be viewed with some caution as it employs a
ligation step to attach the emulsion PCR linkers and may introduce chimeric sequences and
ligation biases into the analysis.

We have demonstrated that it is not necessary to sequence human gut microbiome samples
exhaustively as the characterization of the few thousand reads from a sample is sufficient to
correlate major taxa with our example disease state, IBD [20]. Specifically, analysis of taxa
that are present at greater than 1% abundance was able to distinguish a mucosal microbiome
that is distinct from the lumen microbiome and shifts in the community composition
between these two compartments (dysbiosis) were correlated with Crohn’s Disease and
Ulcerative Colitis but further experiments are needed to verify these preliminary
observations. However, even when larger number of cases, it will be difficult to correlate
rare taxa with a disease class as most statistical analyses will be dominated by the influence
of the abundant taxa. One approach is to use network analysis which would allow the
correlation of rare phenotypes with disease [21, 22] especially if a rare feature is consistently
present in all or most samples of the same disease class. Finally, there is an ecological
argument that the bulk of the microbial biomass contributes to the bulk if the ecological
(metabolic) function of the system with the caveat that minor components may actually have
larger effects with respect to immunological function. We will also suggest the need to
characterize human gut mucosa-associated microbiome as part of the Human Microbiome
Project as many current projects are focused only on the analysis of stool which may not
even represent the luminal compartment of the Human Metabiome.

Experimental Part
Tissue samples and subjects

We performed LH-PCR on 93 biopsies from patients with UC (20 samples from 2 subjects),
CD (38 samples from 4 subjects), and Healthy controls (HC) (n=35 samples from 4
subjects), recruited at a tertiary medical center after IRB approval and obtaining informed
consent. IBD was diagnosed with presence of classical symptoms, typical endoscopic and
histological features. Patients on NSAID or subjects who took antibiotics within the past 1
month were excluded. HC were composed of patients undergoing colonoscopy for cancer
screening. Colonoscopy was performed using Olympus video colonoscopes (Olympus
America Inc, Center Valley, PA) after a 4 L polyethylene glycol or fleet’s phosphosoda
preparation. Mucosal biopsies were collected at the time of colonoscopy with a 2.2 mm
standard biopsy forceps from the last 10 cm of the terminal ileum (Ileum or I), within 10–15
cm of the cecum at the ascending colon (right colon or RC), mid point of scope insertion in
the transverse colon (transverse colon or TC), at 20–25 cm from the anal verge in the
sigmoid (left colon or LC) and at the distal 10 cm of the colon (rectum or R). Samples of
fecal matter (lumen samples or L) were also collected. All samples were immediately snap
frozen at the time of collection in liquid nitrogen in the endoscopy suite and were stored in a
−70 °C freezer.

We performed MTPS on eight sigmoid biopsy samples from 8 healthy individuals, obtained
during a limited unprepped flexible sigmoidoscopy to 20–25 cm from the anal verge with a
2.2 mm standard biopsy forceps.

LH- PCR Fingerprint Analysis
Total genomic DNA was extracted from samples using Bio101 kit from Qbiogene, Inc.,
Montreal, Quebec. Extracted DNA (10 ng) is amplified by PCR using a fluorescently
labeled forward primer 27F (5′-[6FAM] AGAGTTTGATCCTGGCTCA G-3′) and
unlabeled reverse primer 355R′ (5′-GCTGCCTCCCGTAGGAGT-3′). Both primers are
universal primers for Bacteria [23]. The reactions are performed using 20-ul final volume
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containing 1 X PCR buffer, 1.5 mM MgCl2, 0.2 mM of each deoxynucleoside triphosphate,
0.2 uM of each primer, and 2 U of Taq DNA polymerase. The initial denaturation step was
95°C for 11 minutes, followed by 35 cycles consisting of denaturation at 95°C for 30
seconds, annealing at 48°C for 30 seconds, extension at 72°C for 2 minutes, with a final
extension step that consists of 72°C for 20 minutes. The LH-PCR amplification efficiency
was quantified by agarose gel electrophoresis.

The LH-PCR products were diluted according to their intensity visualized by ethidium
bromide staining on the agarose gel and mixed with ILS-600 size standards (Promega) and
HiDi Formamide (ABI). The diluted samples were separated on the SCE9610 capillary
fluorescent sequencer (Spectrumedix LLC, State College, PA) and analyzed with the
GenoSpectrum™ software package (Version 2.01) which deconvolves the fluorescence data
into electropherograms. The peaks of the electropherograms represent PCR amplicons of
different length in base pairs (bp) which represent different groupings or OTUs of
microbiota. All LH-PCR fingerprinting data were analyzed using a custom PERL script
(Interleave 1.0, BioSpherex LLC) that combines data from several runs, interleaves the
various profiles, normalizes the data, calculates the averages for each amplicon size for the
disease state (i.e. averages for IBD and controls samples), and determines diversity indices.
The normalized peak areas (abundance proportions) were calculated by dividing an
individual peak area by the total peak area in that profile. A subset of the samples with the
highest levels of diversity was then selected for cloning and sequencing based on this latter
analysis.

Cloning and Sequencing
The PCR amplicons produced using unlabelled 27F and 355R primers were cloned using the
TopoTA Cloning Kit (Invitrogen). Clones were screened for inserts using alpha-
complementation with X-Gal (5-bromo-4chloro-3indoyl-B-D-galactopyranoside) and IPTG
(isopropyl-B-D-thiogalactopyranoside). Positive clones were subjected to LH-PCR
fingerprinting and clones were selected that corresponded to different PCR peaks in the
community profile. These clones were sequenced by using Big Dye terminator chemistry
and run on the SCE9610 sequencer. The clone sequences were compared to sequences in the
RDP 8 database using a custom PERL script CloneID 1.0, (BioSpherex LLC, Stirling, VA).
This algorithm uses Megablast to compare the clone sequence data to the RDP database,
compiles a table using the RDP numbers to correlate species identification within the RDP
hierarchical classification scheme. This custom PERL script annotates each clone with the
corresponding RDP number obtained from the Megablast search results, which then is used
to classify the Family/Genus/Species of each clone. Libraries were compared using the
Bayesian Library Comparison program on the RDP web site (http://rdp.cme.msu.edu/).

Multitag Pyrosequencing
We amplified community samples with tagged fusion primers using the conditions
standardized with the LH-PCR analysis depicted above. The tagged samples were purified
using Ampure magnetic bead solution (Agencourt Bioscience Corp.), pooled and subjected
to pyrosequeing on a Roche GS-FLX instrument. The filtered reads were sorted based on the
tags using a custom PERL script and analyzed as described above.

PCO Analysis
LH-PCR fingerprint patterns (i.e. presence or absence of certain amplicon peaks) associated
with presence of disease were identified by histograms of the LH-PCR amplicon normalized
abundances. Principal component analysis (PCO) was used to analyze LH-PCR patterns
using MVSP (Kovach, Wales, UK)
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Figure 1. Triplicate LH-PCR assays of a human mucosal microbiome sample demonstrating the
reproducibility of the technique
Replicates of chromatographic profile from the SCE 9610 Fluorescent DNA sequencer as
shown in the three panels. The relative fluorescence (y-axis) is plotted against the
interpolated amplicon fragments sizes.
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Figure 2. PCO analysis of taxa abundance from mucosal microbiome samples from IBD patients
The normalized abundance of taxa from IBD and Control mucosa and lumen samples are
plotted as a scatter diagram. The triangles represent Healthy Control mucosa and lumen
samples, the squares represent Crohn’s Disease mucosa and lumen samples, and the circles
represent Ulcerative Colitis mucosa and lumen samples.
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Figure 3. Community profile before and after the ligation step
Figure 3A depicts the community profile before ligation of the 454 linkers while Figure 3B
depicts the community profile after ligation.
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Figure 4. LH-PCR using a tagged primer (A) and a tagged fusion primer (B)
Figure 4A depicts the LH-PCR profile of a microbiome community using a tagged forward
primer. Figure 4B depicts the LH-PCR profile of the same microbiome community using a
tagged fusion primer with the 454 A linker attached.
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Figure 5. Multitag Pyrosequencing of Healthy Controls
Figure 5 depicts a stacked histogram of the taxa abundance from replicates of Healthy
Control microbiome samples. The taxa are identified using Level 4 of the RDP8 taxanomic
hierarchy. Microbiome samples are labeled on the x axis and the normalized abundance is
plotted on the y axis. The color code is defined in the inset on the right of the figure.
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