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Abstract
Background—Irritable bowel syndrome (IBS) is a chronic, episodic gastrointestinal disorder
that is prevalent in a significant fraction of western human populations; and changes in the
microbiota of the large bowel have been implicated in the pathology of the disease.

Methods—Using a novel comprehensive, high-density DNA microarray (PhyloChip) we
performed a phylogenetic analysis of the microbial community of the large bowel in a rat model in
which intracolonic acetic acid in neonates was used to induce long lasting colonic hypersensitivity
and decreased stool water content and frequency, representing the equivalent of human
constipation-predominant IBS.
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Key Results—Our results revealed a significantly increased compositional difference in the
microbial communities in rats with neonatal irritation as compared with controls. Even more
striking was the dramatic change in the ratio of Firmicutes relative to Bacteroidetes, where
neonatally irritated rats were enriched more with Bacteroidetes and also contained a different
composition of species within this phylum. Our study also revealed differences at the level of
bacterial families and species.

Conclusions & Inferences—The PhyloChip is a useful and convenient method to study
enteric microflora. Further, this rat model system may be a useful experimental platform to study
the causes and consequences of changes in microbial community composition associated with
IBS.
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enteric microflora; irritable bowel syndrome; PhyloChip; visceral hypersensitivity

INTRODUCTION
Irritable bowel syndrome (IBS) is a chronic, episodic gastrointestinal disorder that is
characterized by abdominal pain and altered bowel habits.1 Irritable bowel syndrome
prevalence is estimated to be 10–15% in Western countries2–6 comprising 25–50% of all
referrals to gastroenterologists.7 The gastrointestinal tract harbors a complex and diverse
microbial community, which plays important roles in host nutrition, immune function,
health and disease, and it is hypothesized the IBS disease phenotype is associated with a
change in colonic microbiota and/or host factors such as mucosal function and
immunity.8–17 This is strengthened by reports that luminal antibiotics or probiotic treatment
may be effective in alleviating symptoms in patients with IBS.18 Indirect evidence for
alterations in the microflora of humans with IBS comes from changes in colonic
fermentation patterns have been described in patients with IBS.19,20 Traditional culture
methods, even though limited, were the first to show significant changes in enteric
microflora.21–24 Most recently, several investigators have used culture-independent methods
including real-time PCR and high throughput 16S ribosomal RNA gene sequencing to
demonstrate significant differences in the microbiome of IBS patients.25–30

Despite these recent advances, research in this area remains limited both by the sensitivity of
the microbiological techniques and the lack of suitable experimental model systems to
explore various disease states. Studying the enteric microflora in humans with IBS for
instance, is subject to many confounding factors including the inherent heterogeneity of the
syndrome, variations in diet, antibiotic use and host genetic factors. Therefore, elucidating a
causative role for microflora changes in IBS presents a serious challenge. The task is
somewhat simpler in rodent models that mimic the human condition. While several models
exist, we focused on one of the most well accepted animal models of ‘irritable bowel
syndrome’, induced by neonatal colonic irritation.31 This paradigm results in these animals
being sensitized to colorectal distention as adults, without any evidence of overt colonic
injury, thus mimicking IBS in humans. We have shown several specific molecular attributes
to the colonic hypersensitivity observed in these animals including a possible role for
hydrogen sulfide, a metabolic product of sulfate reducing bacteria in the colon.32

We therefore hypothesized that the enteric microflora of adult rats with colonic
hypersensitivity would differ from that of controls. Further, we proposed that a
comprehensive and relatively simple way of studying the microflora using a 16S rRNA gene
DNA microarray called the PhyloChip.33,34 This microarray consists of 500 000
oligonucleotide probes capable of identifying 8743 of Bacteria and Archaea, and provides a
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comprehensive census for presence and relative abundance of most known prokaryotes in a
massive parallel assay.

MATERIALS AND METHODS
Irritable bowel syndrome rats

Male Sprague–Dawley rats were used in all the experiments (Harlan, Indianapolis, IN,
USA). The animal protocol was approved by the Institutional Animal Care and Use
Committee of the Stanford University Medical Center. Thirteen neonatal rats underwent
colonic exposure to dilute acetic acid (IBS) or saline (control) as previously described.31

Colonic sensitivity and stool water content
Visceral hypersensitivity was measured at around 8 weeks by grading the response of rats to
colorectal distention (CRD) as previously described by us and others.31,32 Under mild
sedation, CRD was performed by rapidly inflating an intrarectal balloon to various
pressures: 10, 20, 30, 40, 50, 60, 70 & 80 mmHg, for a 20-s stimulation period followed by a
2-min rest. Behavioral responses to CRD were measured by visual observation of the
abdominal withdrawal reflex (AWR) by blinded observer and the assignment of an AWR
score as follows:

1. = Normal behavior without response

2. = Contraction of abdominal muscles

3. = Lifting of abdominal wall

4. = Body arching and lifting of pelvic structures

In a separate set of experiments, stools were collected during a 4-h period. After weighing
(wet weight), pellets were dried under vacuum overnight and dry weight was measured.

Luminal and mucosal sampling
At 11 weeks, a separate set of 13 rats were euthanized over the course of 2 days for
microbial community profiling of the luminal matter and the corresponding mucosal layer
across the cecum, proximal, middle and distal colon of each rat. The 13 rats were dissected
over the course of 2 days. On day 1, three control and four IBS rats (seven in total) were
euthanized and then aseptically dissected to remove luminal matter and mucosal tissue. On
day 2, three control rats and three IBS rats (six in total) were euthanized and aseptically
dissected in the same matter. To observe the potential for microbial community intra-bowel
variation within each rat model and inter-bowel variation between the IBS and control,
colonic luminal matter, approximately 250–450 mg of luminal matter was collected
separately from the cecum, proximal colon, middle colon and distal colon of each rat. Upon
dissection, each luminal sample was immediately placed in a sterile cryogenic tube, without
preservatives and snap-frozen in liquid nitrogen. After collecting each luminal sample, a
mucosal sample was immediately dissected from the same location. Once the luminal matter
was removed from the respective bowel segment the mucosal tissue was gently rinsed of
obvious fecal matter using sterile water. After gentle rinsing, the mucosal tissue sample was
removed and immediately placed in a sterile cryogenic tube and then snap-frozen in liquid
nitrogen without preservatives. All samples were stored at −80 °C until further processing.

Luminal sample processing
Genomic 16s rDNA was extracted from 250 mg frozen luminal matter using the
UltraClean® Fecal DNA Isolation Kit (MoBio, Inc., Carlsbad, CA, USA) as per the
manufacturer’s instructions. After extracting the DNA from each luminal sample, DNA
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concentration and purity was determined using a NanoDrop® ND-1000 UV-Vis
Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Fifty nanogram of extracted
DNA samples were then pooled in equimolar ratios into an 11 μL volume by dissection day
(day 1 or day 2), IBS or control rat and bowel section (cecum, proximal, middle & distal).
This process generated four IBS pooled samples and four pooled control extractions for each
dissection day totaling 16 pooled extractions for analysis. The pooled extractions from each
dissection day were kept independent of each other to observe the potential for sampling day
bias in later analysis. Additionally, to compare whether or not the pooled DNA extractions
are truly representative of our populations, one IBS rat and one control rat was selected for
non-pooled/independent PhyloChip characterization of each part of the large bowel. These
samples were extracted and processed in the same manner as described above but without
pooling of the extracted genomic DNA. This non-pooling of samples generated four control
independent DNA extractions and four IBS independent DNA extractions. The final
numbers for genomic DNA extractions include 16 luminal matter Genomic DNA pooled
extractions from day 1 and day 2 and eight independent/non-pooled samples resulting in 24
luminal matter extractions be to be characterized on the Phylo-Chip microarray.

Mucosal sample processing
DNA was extracted from 25 mg of frozen mucosal tissue layer using the Qiagen® DNeasy
Blood & Tissue Kit (Qiagen, Inc., Carlsbad, CA, USA) as per the manufacturer’s
instructions. After extracting the DNA from each mucosal sample, DNA concentration and
purity was determined using a NanoDrop® ND-1000 UV-Vis Spectrophotometer (Thermo
Scientific). Fifty nanogram of DNA samples were then pooled in equimolar ratios by
dissection day (day 1 or day 2), IBS or control rat and bowel section (cecum, proximal,
middle & distal) totaling four IBS pooled DNA extraction and four pooled control DNA
extractions, each with a 200 ng final DNA concentration in an 11 μL volume. The extracted
mucosal tissue samples resulted in four pooled control extractions and four pooled IBS
extractions, each from the respective bowel areas, totaling eight genomic DNA extractions
to be used for microarray analysis.

PCR amplification and sample preparation for 16S rRNA gene PhyloChip analysis
All 32 individually processed luminal matter and mucosal gDNA extractions, described
above, were then PCR amplified. Primers 27f (5′-AGAGTTTGATCMTGGCTCAG) and
1492r (5′-GGYTACCTTGTTACGACTT) were used to amplify the 16S rRNA gene regions
of bacteria.34 Archeal primers were not used for this study and thus not characterized further
with the PhyloChip. Polymerase chain reaction (PCR) was carried out using the TaKaRa Ex
Taq system (Takara Bio Inc., Otsu, Japan). The amplification protocol was previously
described.34 Three temperatures (48, 51.9 and 58 °C) and 25 cycles were used for the
annealing step. The 32 luminal and mucosal DNA 16S rRNA amplicons were each
hybridized on an Affymetrix PhyloChip, and visualized.

Microarray processing
Microarray analysis was performed using the PhyloChip, a high-density phylogenetic
Affymetrix microarray developed by Lawrence Berkeley National Lab. The protocols were
previously reported.35 Briefly, amplicons were purified using SpinPrep™ PCR Clean-Up Kit
(EMD Chemicals Inc., Gibbstown, NJ, USA) and eluted to a volume of 40 μL. The DNA
amplicons were fragmented with DNAse, biotin labeled, denatured, and hybridized to the
DNA microarray at 48 °C overnight (>16 h). The arrays were subsequently washed and
stained. Reagents, conditions, and equipment are detailed elsewhere.36 Arrays were scanned
using a GeneArray Scanner (Affymetrix, Santa Clara, CA, USA). The CEL files obtained
from the Affymetrix software that produces information about the fluorescence intensity of
each perfect match (PM) probe, mismatch probe (MM), and control probes.
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PhyloChip image data analysis
Thirty-two ‘.CEL’ files obtained from the Affymetrix GeneChip Operating Software were
analyzed using a custom-tailored package using R,37 containing the annotation of all the
probes on the PhyloChip. We used Bioconductor to do the data manipulation and
normalizations.38 We used variance stabilization39 and a between chip smoothing to
standardize the chips.

Statistical analysis
Examination of the microbial communities associated with the various bowel sections
(cecum, proximal, middle and distal colon) revealed no statistically significant differences
between the community composition and geographic location within both the IBS and
control rat model. Additionally, when comparing the mucosal layer to the luminal matter
communities within the IBS group and within the control group no statistically significant
microbial community variation was observed. Examination of the potential for sampling day
and pooling bias demonstrated that neither pooling of extracted DNA nor day of sampling
influenced the statistics (data not shown). As there appeared to be fewer differences between
the mucosa and luminal matter and little variation between the various bowel locations, we
chose to concentrate the subsequent studies on a comparison between the two animal models
rather than biogeography within the large bowel. We therefore paired the samples of the
same type and location between sensitized and control rats. Thus, the actual analysis
includes all the data using this pairing. The PhyloChip uses approximately 24 probe-pairs
(25-mer oligonucleotides) for each probe set to classify organisms into 8364 bacterial
groups. A probe set is used to identify organisms at the 97% or higher 16S rRNA gene
sequence identify and is hereafter given the operational definition of species. To estimate
species relative abundances we first ranked the number of species abundances within each
array. Species present on the array were ranked from 1 (low abundance) to 8364 (maximum
abundance). A threshold was then established at the ranking of 6000. All species with
abundance rankings at or below the threshold were considered noise and set to a value of
6000. These were also given an attribute of 0 in the present/absent column. In order to
identify the most significant changes in the microbial community composition between
control and IBS microarrays we used a paired difference rank analysis. Paired rank analysis
examines pairs of data (IBS vs control chips) in association with their corresponding bowel
sections. If species were present (i.e. gave a hybridization signal) in at least 11 out of the 32
arrays, those species were then retained and considered as species of interest. This paired
ranked difference analysis allows us to examine and focus on the phylotypes that are
significantly differentially expressed between IBS and control groups. Consequently, this
procedure restricted the number of different species that were considered to be of interest to
2700. We performed the hypergeometric test40 in order to rank families according to
significance of the observed species presence–absence patterns in both control and IBS
groups independently. Details of our statistical methodology can be found in the
supplemental data file (Data S1).

RESULTS
Colonic hypersensitivity

A significant increase in AWR grade in response to increasing CRD pressure was observed
in the IBS rats indicating colonic hypersensitivity (Fig. 1A) compatible with previously
published results from our laboratory.31,32
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Stool water content
We measured pellet water content and total pellet output over a period of 4 h (Fig. 1B).
Pellet water content in IBS rats was reduced by 32% (0.86 ± 0.5 vs 1.3 ± 0.7 g, P = 0.009, n
= 20) compared to controls. Irritable bowel syndrome rats produced fewer pellets compared
to controls, but this did reach statistical significance (5.6 ± 0.5 vs 7.0 ± 0.7, P = 0.103, n =
20). There was no difference in the bodyweights of rats in the two groups.

Changes in colonic microflora
From the 2700 species of interest, we examined 40 (the top 20 different up and 20 down) for
which the adjusted P-values were significant (<0.05). We then analyzed the relationship of
relative abundance to the two types of samples (Fig. 2). 65.6% of the variance was captured
by the first two components, which are abundance of species (axis-1) and composition of
IBS and control (axis-2). The graph shows that significant differences in the composition of
the microbial community exist between IBS-induced rats and control group. Interestingly,
mucosa populations are intermediary. Because of this intermediate phenotype and because
there appears to be fewer differences between the mucosal samples of the two groups, in the
subsequent analysis we concentrated on the comparison between the two animal groups
rather than the biogeography within the large bowel.

We then assigned the 200 species with the highest paired ranked difference to their
respective families according to the phylogenetic groupings within Greengenes and
PhyloTrac.41 This analysis revealed significant differences in the overall composition of the
community. As shown in Fig. 3, a disparity in representation between the species that were
more abundant in the control relative to the IBS-induced rats was observed. Microbial
species in the IBS-induced rats fall into 12 distinct phyla while those in the control rats fall
into only five. For example, over 70% of the top 200 ranked species in the control rats were
from the Firmictues phylum. Interestingly, no Acetobacteria, Acidobacteria, Chloroflexi,
Spirochaeates, Planctomycetes, or Cyanobacteria-related bacteria were detected, which were
found at varying abundance in the IBS-induced rats. At this point the significance of the
presence of Chloroflexi-like or Cyanobacteria-like phylotypes in the large bowel is unclear,
and might merely indicate the presence of closely related species with unrelated
physiologies. The data, however, illustrate a general increase in abundance of diverse
bacterial groups in the large bowel of IBS-induced rats.

Out of the 200 most significant species we then identified those that showed the most
dramatic differences in relative abundance. Table 1 displays the top 20 most significant
phylotypes in IBS-induced and control rats, respectively. Most interestingly, the species
most similar to Ruminococcus and the family Lachnospiraceae appear to dominate the top-
ranked species list in the control rats. Moreover, the phylum Firmicutes was found to be
more abundantly represented in the control rats relative to IBS-induced rats. Interestingly,
the composition of the Firmicutes phylotypes in IBS-induced rats was markedly different
than that of control rats. In the former, we found that species of Clostridium and Prevotella
dominated the top-ranked community within the families of Prevotellaceae, and
Clostridiaceae. The IBS rats once again demonstrate a higher degree of compositional
differences on the phylum and at the family and species levels, respectively. A paired ranked
difference plot was generated for each of the two top-ranked species from Table 1. Fig. 4
shows the comparison of the ranked abundances for each of the different samples paired. An
abundance of around 8000 (out of 8300), for example, indicates that this species is highly
abundant within the sample. Fig. 3 shows the top-ranked Agrobacterium and Pelotomaculum
within the control group and the top-ranked Ethanoligenens and Thioalkalivibrio within the
IBS groups.
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Among the significant observed species within our IBS and control groups, we wanted to
next characterize whether or not these tended to belong to certain families. To do this, we
needed to take into consideration that all families are not equally represented on the
PhyloChip and account for that bias when estimating the significance of the families present
in the 2700 species of interest. We used the hypergeometric test, which focuses only on the
number of significantly present probes and ignores the magnitude of changes of the
fluorescence intensity, allowing us to observe whether or not the families appear as
significant in proportion to their presence. The top 200 as most significantly different ranked
species were analyzed to test whether the 200 most present species within each of the IBS
and control groups are of a significant family and phyla. Tables 2 and 3 show the results of
the hypergeometric family analysis. Notably, the 200 significant phylotypes in both IBS and
control each do not appear to be a random representation of the 2700 member universe. The
results showed that the families of Oxalobacteraceae, Prevotellaceae, Burkholderiaceae,
Sphingobacteriaceae were significantly overrepresented in IBS rat. Conversely, the most
significantly enriched family in control rats were Lachnospiraceae, including Ruminococcus
sp., followed by Erysipelotrichaeceae and Clostridiaceae. There was also clearly a high
increase in many Bacteroidetes in the IBS model. Applying the hypergeometric test on the
phyla level (Tables 2 and 3) supported the qualitative observation of Fig. 3 showing the
higher representation of Bacteroidetes in the IBS model, and the higher representation of
Firmicutes in the healthy controls.

DISCUSSION
As we have shown previously,31,32 rats sensitized with acetic acid developed colonic
hypersensitivity as adults. In addition, we now show that these rats have decreased water
content of their stool and a trend towards fewer stools. Thus, these rats have a colonic
phenotype that models human IBS, perhaps of the constipation-predominant type. The most
important findings of our study relate to the use of the 16S rRNA PhyloChip, a high-density
microarray that represents a relatively new, culture-independent approach with several
advantages over customary alternatives to studying bacterial communities – it is rapid,
replicable, highly sensitive (capable of detecting taxa in parallel to as little as 0.01% of the
total abundance and can identify approximately 8500 bacterial taxa (defined as groups of
microorganisms that share at least 97% 16S rRNA sequence identity) in a single assay. The
Phylo-Chip therefore represents a powerful technique to study alterations in disease states or
in response to interventions, as has recently been described. We used this approach to profile
the bacterial community in a well-established rodent model of irritable bowel syndrome with
the intent of gaining insight into possible clues to the pathogenesis of this disorder. Our
results suggest that there are several significant changes in the colonic microflora of
diseased rats that are generally consistent with what has been described in the literature of
human IBS.

Our initial principal component analysis suggested marked differences between the two
experimental groups, with most of the variation explained by the relative abundance of
species and specific differences in microbial phylogeny. We collected samples from several
regions along the longitudinal axis of the colon and the radial axis (i.e. mucosal vs luminal)
as regionally distinct selective conditions may influence bacterial ecology at a given point in
the longitudinal or radial axis.42 Further, distinct ‘functional’ roles have been suggested for
‘planktonic’ (luminal, free-living) bacteria versus those associated with the mucosa, with a
clearer role for the former in fermentation and digestion of nutrients. On the other hand,
mucosaadherent bacteria may play a greater role in epithelial health and modulation of
mucosal immune responses.43 Distinct microbial populations have been previously observed
in healthy individuals.44–46 Our results showed that neither longitudinal nor radial axial
sampling made a major contribution to the observed differences between the IBS and control
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groups, suggesting global changes in the enteric microflora with the induction of IBS,
compatible with what has recently been reported in humans with IBS.30 However, our
sample size may have been too small to detect a statistically significant difference, and
subtle changes may have been missed.

Amongst the most significant changes observed are those related to the composition of the
microbial community. The microflora of IBS-induced rats is significantly more diverse
relative to that of control rats. The literature on humans with IBS is conflicted in this regard
with some studies reporting increased diversity, 27,47 while others have suggested a
decrease.28,30 Even more striking was the dramatic change in the ratio of Firmicutes to
Bacteroidetes, two of the major phyla found in the colon. Again the human literature,
although sparse, is contradictory with some authors suggesting that a decrease in Firmicutes
is characteristic of IBS47 although a recent report suggests the opposite.28 The significance
of a change in the ratio of these two major phyla is not well understood although it has also
been described in the context of obesity, with abundance of Firmicutes being associated with
an increased body mass index (BMI)48 and aging.49 The relevance of these changes to the
development of the IBS phenotype is not known, but theoretically, differences in the
metabolic profile of these two phyla may be significant with Bacteroidetes genomes
containing a larger number of genes encoding for glycan-degrading enzymes relative to
Firmicutes.50

Our study also revealed differences at the level of bacterial families and species in a
direction that is both similar and different than what has been described in humans with
various subtypes of IBS. These include various species of Prevotella, Clostridium,
Streptococcus, Roseburia and Ruminoccocus and the Lachnospiraceae family to name a
few.27–29,51 However, as with the human studies, it is difficult to infer a specific role for
these changes in the pathogenesis of the IBS phenotype without performing additional
studies. Further, it can be argued that changes at the taxonomic level are less relevant than
the global metabolic profile represented by the gene diversity in the bacterial community,
which may not correlate with traditional microbiological classifications.

A fundamental question is the relationship of these phylogenetic differences to the
behavioral phenotype of hypersensitivity to colonic distention, which we have previously
shown in several reports.31,32 A recent report suggested in a very non-specific manner that
fecal flora was altered in neonatal rats subject to maternal separation and this was
accompanied by colonic hypersensitivity.52 In our study, control and sensitized pups are
handled in the same way so stress by itself is unlikely to be a cause. It is possible that the
mild inflammation (or its chronic consequences in terms of remodeling) caused by acetic
acid may permit an aberrant colonization pattern in the colon. It is also possible that
sensitization and abnormal activity of spinal afferents in the colon alters the local
microenvironment facilitating the growth of certain bacterial types at the expense of others.
Further experiments will be required to determine the pathogenesis of these changes in the
enteric microflora and whether they in turn play a causative role in colonic hypersensitivity.

In summary, the most important contribution of this study is the finding that the use of a
novel technique (PhyloChip) provides a relatively simple way to track changes in enteric
microflora. Secondly, significant changes in the enteric microflora can be found in a rat
model associated with the equivalent of a human IBS phenotype (colonic hypersensitivity).
Many of these changes we observed are compatible with what has been described in
humans. Further, it is hoped that the description of this model and technique will facilitate
the stage for rigorous scientific studies to elucidate the cause and effect relationship of
changes in enteric microflora to alterations in colonic physiology in this condition as these
studies may be difficult or impossible to do in humans.
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Figure 1.
(A) Effect of neonatal acetic acid treatment on sensitivity to colorectal distention (CRD) in
8-week-old rats. AWR (abdominal withdrawal reflex) scores (y-axis) as a function of
distention pressure, (x-axis). AA = acetic acid treated; saline = saline treated; n = 6 each (P
< 0.001; Welch 2-sample t-test). (B) Effect of neonatal acetic acid treatment on stool water
content, pellet number and bodyweight. These results are normalized to the average values
in control (P10 saline) group (*P < 0.05).
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Figure 2.
Principal component analysis (PCA) of the top 40 extreme microbial species of irritable
bowel syndrome (IBS)-induced and control rats. IBS luminal matter samples are indicated in
open squares and IBS mucosal samples are closed squares. Control luminal matter samples
are indicated in open circles and IBS mucosal samples are closed circles. X-axis represents
the abundance of species, axis Y represents the community composition.
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Figure 3.
Percentage of the top 150 ranked species associated with their representative phylum in
irritable bowel syndrome (IBS)-induced and control rats.
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Figure 4.
Paired ranked difference plots of the top two control and irritable bowel syndrome (IBS)
species. The x-axis indicates the individual samples. The y-axis shows the paired ranked
difference in species abundance, highest rank being 8300 and lowest 6000, of the
corresponding control and IBS samples. Plots (A) & (B) show the first and second ranked
control species. Plots (C) & (D) show the first and second ranked IBS species.
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