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Abstract

Bacteria associated with the onset of type 1 diabetes in a rat model system were identified. In two
experiments, stool samples were collected at three time points after birth from bio-breeding diabetes-
prone (BB-DP) and bio-breeding diabetes-resistant (BB-DR) rats. DNA was isolated from these
samples and the 16S rRNA gene was amplified using universal primer sets. In the first experiment,
bands specific to BB-DP and BB-DR genotypes were identified by automated ribosomal intergenic
spacer analysis at the time of diabetes onset in BB-DP. Lactobacillus and Bacteroides strains were
identified in the BB-DR- and BB-DP-specific bands, respectively. Sanger sequencing showed that
the BB-DP and BB-DR bacterial communities differed significantly but too few reads were available
to identify significant differences at the genus or species levels. A second experiment confirmed
these results using higher throughput pyrosequencing and quantitative PCR of 16S rRNA with more
rats per genotype. An average of 4541 and 3381 16S rRNA bacterial reads were obtained from each
of the 10 BB-DR and 10 BB-DP samples collected at time of diabetes onset. Nine genera were more
abundant in BB-DP whereas another nine genera were more abundant in BB-DR. Thirteen and eleven
species were more abundant in BB-DP and BB-DR, respectively. An average of 23% and 10% of all
reads could be classified at the genus and species levels, respectively. Quantitative PCR verified the
higher abundance of Lactobacillus and Bifidobacterium in the BB-DR samples. Whether these
changes are caused by diabetes or are involved in the development of the disease is unknown.
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Introduction

Type 1 diabetes (T1D) results from a complex interplay between varying degrees of genetic
susceptibility and environmental factors. A trio of interacting facets that create a ‘perfect storm’
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for diabetes development have been proposed including (1) an aberrant intestinal microbiota,
(2) a “leaky’ intestinal mucosal barrier and (3) altered intestinal immune responsiveness
(Vaarala et al., 2008). The first of these, an aberrant intestinal microbiota, the focus of this
investigation, could readily lead to mucosal barrier dysfunction and altered intestinal immune
responsiveness.

Four lines of evidence support importance of microbes in the development of autoimmunity
and subsequent insulin-dependence in rodent models for T1D. First, probiotic treatment of
non-obese diabetic (NOD) mice prevents the onset of T1D (Calcinaro et al., 2005; Yadav et
al., 2007). Similarly, a low-fat diet with Lactobacillus strains reduced diabetes in rats
(Matsuzaki et al., 1997). Second, antibiotics can prevent T1D in bio-breeding diabetes-prone
(BB-DP) rats (Brugman et al., 2006) and in NOD mice (Schwartz et al., 2007). Third, the
incidence of diabetes in NOD mice increases in a germ-free environment (Suzuki et al.,
1987; Wicker et al., 1987). And fourth, Freund's adjuvant, which contains mycobacteria, also
protects NOD mice and the BB-DP rats against diabetes (MclInerney et al., 1991; Sadelain et
al., 19904, b).

The reduction of diabetes in an animal model fed antibiotics suggests that there are bacteria
that are involved in inducing disease. The reduction of diabetes through the feeding of probiotic
strains or injection with Freund's adjuvant suggests that other bacteria may be involved in
counteracting the action of those bacteria that reduce disease or they may help in triggering an
immune response against the harmful bacteria.

These results encouraged us to do a culture-independent analysis of the bacteria in fecal samples
collected from bio-breeding diabetes-resistant (BB-DR) and BB-DP rats in two separate
experiments. The techniques used included automated ribosomal intergenic spacer analysis
(ARISA), DNA Sanger sequencing and high-throughput pyrosequencing and quantitative PCR
(gPCR).

Materials and methods

Animals, stool sampling and DNA extraction

Two experiments were conducted with two independent sets of rats. In experiments 1 and 2,
three and ten rats of each genotype were used, respectively. Stool samples were collected at
20, 30 and 70 days after birth. The genotypes were the BB-DR and BB-DP rats. In BB-DP rats,
the onset of diabetes begins at 70 days. For animal housing, Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) standards were used with four male or
five female rats per cage under pathogen-free conditions. BB-DR and BB-DP rats were kept
in separate cages but all were in the same room at the same temperature and light. All rats
received the same water and food. All animals were put into an individual cage for the stool
collection for about 4-5 h to eliminate contamination from the stool of other animals. Rats
were housed and samples were obtained from Biomedical Research Models Inc. (Worcester,
MA, USA).

After storage at —20 °C until DNA extraction, bacterial DNA was isolated from the stool
samples using the FastDNA Kit (Qbiogene Inc., Carlsbad, CA, USA). After the DNA
extraction, samples were purified with the DNeasy Tissue kit (Qiagen, Valencia, CA, USA)
following the manufacturer's instructions.

ARISA analysis

Bacterial community composition was assessed by ARISA, a culture-independent technique
for constructing bacterial community fingerprints based on the length heterogeneity of the
intergenic transcribed spacer region of bacterial rRNA operons (Fisher and Triplett, 1999;
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Bosshard et al., 2000). ARISA was modified by separating PCR products on a chip with an
Agilent Bioanalyzer 2100 (Agilent Technology, Santa Clara, CA, USA). In this study, ARISA
profiles were assumed to be indicative of bacterial community composition, and differences
in ARISA profiles were assumed to reflect variation in the composition of the respective
bacterial communities.

PCR was performed with the GoTaqg PCR core system (Promega, Madison, WI, USA). The
mixtures contained 5 pl of 10 x PCR buffer, 200 uv dNTPs, 100 uw of each primer, 2.5 U of
Taq polymerase and approximately 100 ng of DNA template in a final volume of 50 ul. The
primers used were S-D-Bact-1522-b-S-20 and L-D-Bact-132-a-A-18 (Ranjard et al., 2001).
Reaction mixtures were held at 94 °C for 3 min, followed by 30 cycles of amplification at 94
°C for 45's, 55 °C for 1 min and 72 °C for 2 min and a final extension of 72 °C for 7 min.

ARISA PCR products were purified with the QIAquick PCR Purification Kit (Qiagen). The
amplification products fragments were then resolved by on-chip gel electrophoresis with an
Agilent 2100 Bioanalyzer and the DNA LabChip Kit 7500 (Agilent Technology). Size
standards were also resolved in separate wells to estimate the size of each PCR product. The
data were translated into gel-like images where peaks from the electropherograms are translated
to appear as bands on a gel (Figure 1). For each ARISA data set, the size, number and area of
peaks in the electropherograms were used to compare samples. Area peaks were standardized
by dividing each single area peak by the total area of the peaks in the same sample.

To assess the degree of similarity among the samples, bacterial diversity and richness were
calculated based on ARISA profiles. The bacterial diversity was estimated by using Shannon-
Weaver index (H = sum (P; In(P;)), where Pj is the number of a given species divided by the
total number of species observed. The richness was estimated by using Margalef's index (d =
(S—1)/log N), where S is the total number of species and N is the total number of individuals
in the sample that provides a measure of species richness that is roughly normalized for sample
size.

The Bray—Curtis similarity index was calculated to assess the degree of similarity among the
samples and produce a similarity matrix. The resulting matrices with pairwise similarities were
used to group samples that represented similar bacterial community composition. Hierarchical
clustering was calculated by using complete linkage algorithm and the results were represented
by a dendrogram with the x axis representing the full set of samples and the y axis defining a
similarity level at which two samples were considered to have fused. All data analyses for the
ARISA bands were conducted using the software PRIMER 6 version 6.1.9 (PRIMER-E Ltd,
Luton, UK).

To identify the bacteria represented within specific ARISA bands, the PCR products were
resolved on a 1.2% agarose gel and the appropriate bands excised. The bands were purified
using the QIAEX Il Gel Extraction Kit (Qiagen). The purified fragments were cloned into a
TOPO TA Cloning (Invitrogen, Carlsbad, CA, USA). Plasmids were purified with the QI Aprep
Spin Miniprep Kit (Qiagen) and the DNA fragments were cycle sequenced in both directions
with T7 and T3 primers using DYEnamic ET Terminator Cycle Sequencing Kit (GE
Healthcare), on a PTC-200 Thermocycler (Bio-Rad) and run on a 96-well MegaBACE 1000
Capillary Sequencer (GE Healthcare).

Vector sequence present in each sequence was eliminated using VecScreen
(http://www.ncbi.nlm.nih.gov/VecScreen/VVecScreen.html). After elimination of potentially
chimeric sequences, the nucleotide sequences were compared to all sequences in the NCBI
database using MegaBLAST (Altschul et al., 1997). Bacterial taxonomic affiliations were
assigned based on the closest NCBI match. The criteria to assign a sequence to its closest
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relative were based on the best E-value (greater than 1E-50) and on the best bit-score (greater
than 200). Sequences that did not match this criterion remained unclassified.

16S rRNA gene amplification, cloning and sequencing

A fragment of 16S rRNA gene was amplified from the 60-day samples to confirm that the
bacterial communities in both rat lines had differentiated by that time. To amplify the 16S
rRNA gene fragments, primers 787f and 1492r were chosen (Roesch et al., 2007). The PCR
conditions used were 94 °C for 2 min, 30 cycles of 94 °C, 45 s denaturation; 55 °C, 45 s
annealing and 72 °C, 1 min extension, followed by 72 °C for 6 min. The PCR products were
cleaned, cloned into TOPO TA Cloning, purified, sequenced and sequences trimmed as
described above. The sequences were aligned using ClustalX 1.83 (Thompson et al., 1997).
Both weighted and unweighted UniFrac (Lozupone et al., 2006) were used to perform a
principal coordinates analysis (PCA\) to find clusters of small groups of samples. The 16SrRNA
gene sequences were classified using a MegaBLAST search using the RDP |1 database.
GenBank accession numbers EU812993 to EU814325 have been assigned to the DNA
sequences obtained in this work.

16S rRNA gene amplification and pyrosequencing

A fragment of 16S rRNA gene from the V9 region was amplified from the DNA extracted
from the stool samples. We amplified the 16S rRNA gene fragments using the primers 787f
and a modification of 1492r (Roesch et al., 2007). The primers were attached to the 454 Life
Sciences primer B and A (454 Life Sciences Corp., Branford, CT, USA). The 454 run were
multiplexed to obtain 16S rRNA sequences from 20 samples simultaneously. To do this, 8-
base barcodes were added to the 5’-end of the reverse primers using the self-correcting barcode
method of Hamady et al., (2008). For a list of primers and barcode used see Supplementary
information. Six independent PCRs were performed for each sample. The PCR conditions used
were 94 °C for 2 min, 25 cycles of 94 °C, 45 s denaturation; 55 °C, 45 s annealing and 72 °C,
1 min extension, followed by 72 °C for 6 min. The 6 PCR replications for each of 20 samples
were combined and purified with the QIAquick PCR Purification Kit (Qiagen). The DNA
concentration of the PCR product was then quantified by using on-chip gel electrophoresis
with Agilent 2100 Bioanalyzer and DNA LabChip Kit 7500 (Agilent Technology). Finally,
the reactions were combined in equimolar ratios to create a DNA pool that was used for
pyrosequencing with primer B. The sequencing library was produced using the standard GS
FLX library preparation procedure and two titration runs were performed. The average read
length obtained was 215 bases, and the maximum read length was 292 bases. All reads were
generated by GS FLX. All reads shorter than 100 bases were deleted from the analysis. The
pyrosequences are deposited in GenBank as accession numbers FJ269364—-FJ291326 and
FJ291327-FJ313064 for the BB-DP sequences and FJ313065-FJ345302 for the BB-DR
sequences.

Data preparation before further analysis

Initially, all pyrosequencing reads were screened for quality and length of the sequences. The
ends of the sequences that presented a Phred score smaller than 20 were trimmed and those
reads that are shorter than 100 bases were removed from the data set by using a program called
Trim2 (Huang et al., 2003). The trimmed sequences were than screened for the 8-base barcode.
A custom Perl script was written to find the barcode and generate a new file for each sample.
The sequences were then relabeled accordingly to denote the original sample.

Library comparisons

For the overall comparison for significant differences among the bacterial communities
evaluated, we first group the sequences from each sample into operational taxonomic units
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(OTUs) (cutoff value for assigning a sequence to the same group was equal to or greater than
97% similarity) using the program CD-HIT (Cluster Database at High Identity with Tolerance;
Li and Godzik, 2006). Representative sequences (the longest sequence of the cluster) were
chosen and merged in a single file. This file was used as input for MUSCLE (Edgar, 2004),
which built a guide tree using UPGMA (unweighted pair group method with arithmetic mean)
agglomerative clustering method. Quantitative and qualitative bacterial diversity measures
were done using UniFrac (Lozupone et al., 2006). UniFrac analysis required a phylogenetic
tree prepared using MUSCLE and the number of sequences found on each OTU in each sample.
To assess the qualitative and quantitative diversity of the bacterial communities, unweighted
and weighted UniFrac were used, respectively. By using UniFrac, PCA was performed to find
clusters of similar groups of samples. PCA is an ordination method based on multivariate
statistical analysis that maps the samples in different dimensions and reflects the similarity of
the biological communities. A matrix using the UniFrac metric for each pair of environments
is calculated. The distances are turned into points in space with the number of dimensions one
less than the number of samples. The first three principal dimensions were used to plot a three-
dimensional graph (Figure 2).

Similarity among communities based on membership and structure

To identify the organisms whose abundances differ between the BB-DP and BB-DR samples,
sequence libraries were combined and each sequence was assigned to an OTU at 95% and 97%
similarity by using CD-HIT (Li and Godzik, 2006). The number of sequences in each OTU
found in each sample was used to construct a table with OTUs (lines) and samples (columns).
This operation was performed by using a custom script written in PHP/HTML. The script uses
as input the .clstr file from CD-HIT. The input data are stored in a database where these are
organized in two columns. The first column represents the sample name and the second
represents the OTU number. Using MySQL statements all the data contained for each OTU
are collected and compared with an array that contains all of the sample names. The list grows
with each new match found. After all comparisons are completed, all OTUs are
phylogenetically classified.

Phylogenetic classification of 16S rRNA gene fragments

The 16S rRNA gene sequences were phylogenetically classified using BLAST searches against
the RDP Il database. The closest bacterial relatives were assigned according to their best
matches to sequences in the database, using an E-value threshold equal to or less than 10720
and a bit score equal to or greater than 200.

To determine whether specific bacterial genera or species differed between BB-DP and BB-

DR rats, an exact y2-test (based on 50 000 Monte Carlo iterations) was performed to get a P-
value for the null hypothesis that there was no difference between the BB-DR and BB-DP rats.
The exact test, which is based on permutations, is not sensitive to zero counts in the bacterial
relatives. The P-values were ordered and processed to find a false discover rate cutoff of 1%.

Real-time quantification of total Bifidobacterium and Lactobacillus load

The DNA extracts were used as a template for two separated PCRs using primers first described
by Delroisse et al. (2008). The primers used are F-lacto (5’-gaggcagcagtagggaatcttc-3’), R-
lacto (5'-ggccagttactacctctatccttcttc-3'), F-bifido (5'-cgcgtcyggtgtgaaag-3') and R-bifido (5'-
ccccacatccagcatcca-3'). gPCRs were performed in a reaction volume of 20 pl containing 1 x
FastStart SYBR Green Master Mix (Roche Diagnostics, Indianapolis, IN, USA), 200 nw each
forward and reverse primers and 5 ng of DNA extracted from the stool samples. Amplification
and detection of DNA were performed with the iCycler Detection System (Bio-Rad) with
optical grade 96-well PCR plates and optical film. The reaction conditions were 50 °C for 2
min and 95 °C for 10 min, followed by 45 cycles of 95 °C for 15 s and 62 °C for 1 min. Data
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analysis was conducted with the software supplied by Bio-Rad. Purified genomic DNA in the
range 10 fg to 1 ng of Lactobacillus reuteri were used as the standard for determining the
amount of Lactobacillus or Bifidobacterium DNA by real-time PCR. Using L. reuteri DNA as
a standard for both genera is appropriate given that both have similar genome sizes. DNA
concentrations were determined with the NanoDrop spectrophotometer.

Calculation of bacterial cell numbers following gPCR

Results

The conversion of the amount of Lactobacillus and Bifidobacterium DNA into cell numbers
in the stool samples was determined as described by Byun et al. (2004). In this method, an
average genome size of 2.2 Mb is assumed along with similar 16S rRNA gene copy numbers
(Klaenhammer et al., 2002; Makarova et al., 2006). With these parameters, each cell is assumed
to contain approximately 2.4 fg of DNA (Byun et al., 2004).

Direct sequence analysis of ARISA bands: experiment 1

Two dominant peaks, 600-640 bp in size, were found in all the BB-DP samples but not in the
BB-DR samples (Figure 1). A dominant 370-bp peak was also found in all BB-DR samples,
which was not present among the stool samples from BB-DP rats (Figure 1). All three of these
bands were excised from agarose gels and sequenced. A total of 247 sequences were obtained
for the BB-DP-specific 600- and 640-bp bands. The sequencing analysis showed that these
bands were derived from strains of Bacteroides, Xanthomonas and Acinetobacter. The genera
Bacteroides made up 44.9% of the sequences whereas Xanthomonas and Acinetobacter were
found in 15.8% and 14.5% of the sequences tested, respectively. A total of 266 sequences were
obtained for the 370-bp band that was BB-DR specific. Lactobacillus strains were the source
of 92.8% of the sequences with the remaining sequences derived from Clostridium,
Flexibacter and Porphyromonas. These results suggested that Lactobacillus may be more
common in BB-DR than in BB-DP and that Bacteroides may be more common in BB-DP.

Comparison of the bacterial communities in BB-DR and BB-DP based on 16S rRNA library
comparison: experiment 1

An average of 138 16S rRNA sequences were obtained from the six stool samples from
experiment 1. These sequences were aligned to prepare a distance matrix by calculating
pairwise UniFrac values (Lozupone et al., 2006) for each BB-DP and BB-DR sample at 60
days of age. PCA of the matrix was constructed using UniFrac. As the number of OTUs are
correlated with the amount of sampling effort (Hughes et al., 2001; Roesch et al., 2007), a
simple comparison of the number of OTUs between groups can lead to misinterpretations due
to undersampling or due to variability between individuals rather than between groups. To
avoid this problem, quantitative and qualitative bacterial diversity measures were calculated
by using PCA. This approach compares the communities for significant differences using
phylogenetic information and multivariate statistical techniques for finding the most important
axes along which the samples vary. In this study, PCA was also used to find clusters of samples
that represent similar bacterial communities (Figure 2).

PCA showed that the BB-DP communities were far more similar to each other than they were
to any of the BB-DR communities (Figure 2a). The BB-DP and BB-DR communities differed
at the 1% level of confidence as measured using either weighted or unweighted UniFrac. Thus,
the composition of the bacterial community differed whether or not the abundance of taxa was
considered.
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Analysis of bacterial community composition in BB-DP and BB-DR samples: experiment 2

The results of experiment 1 encouraged a second experiment with more replicates per genotype
and higher throughput 16S rRNA sequencing. The first analysis of the pyrosequencing data
was to determine whether the bacterial communities found in the 20 rats at 70 days after birth
differed significantly between the BB-DR and BB-DP rats. This was done by PCA as described
above in experiment 1 (Figure 2b).

The weighted and unweighted UniFrac analyses showed that the bacterial community
composition in the stool of BB-DP and BB-DR rats was significantly different at the 1% level
of confidence. The Shannon-Weaver and richness diversity indices were calculated for each
time point in experiment 2 using the ARISA profiles (Figure 3). The diversity indices did not
change significantly over time in the BB-DR samples but did decline by 70 days in the BB-
DP samples. There were no significant differences in diversity between the 20- and 30-day
samples in BB-DP or BB-DR.

Identification of the bacteria that vary between the BB-DP and BB-DR samples: experiment

2

Having found statistically significant differences between bacterial communities in BB-DP
and BB-DR rats (Figures 1 and 2), the next step for us was to identify those bacterial genera
and species that were responsible for the differences observed. To determine the types of
intestinal bacteria associated with TD1, we assigned the 16S rRNA sequences to closest
bacterial relatives according to their best matches to sequences of known organisms by using
BLAST search (Altschul et al., 1997). Twenty 16S rRNA libraries were obtained by multiplex
pyrosequencing and these ranged in size from 1261 to 7997 sequences (Hamady et al., 2008;
Supplementary Table S1). Sequences within each library were compared and OTUs were
identified using 95% or 97% similarity as criteria for assigning sequences to approximate the
same genus or species, respectively. For the BB-DP samples, the number of OTUs at the 97%
similarity level varied from 327 to 1210 with an average of 748. For the BB-DR samples, the
number of OTUs varied from 270 to 1689 with an average of 724.

The proportion of total reads that could be assigned to known genera was 22.33% and 23.65%
of the BB-DP and BB-DR reads, respectively, using the 95% similarity level to define a genus.
The proportion of total reads that could be assigned to known species was 12.06% and 13.23%
of the BB-DP and BB-DR reads, respectively, using the 97% similarity level to define a species.

The bacterial communities were compared at the genus and species level with 74 bacterial
genera and 124 bacterial species identified as inhabitants of the rat stool tested. To test which
genera or species were different between BB-DR and BB-DP rats, an exact y2-test showed that
24 bacterial species and 18 bacterial genera differed in abundance at the 1% level of confidence
between BB-DP and BB-DR samples (Tables 1 and 2). Those species and genera that did not
differ are also presented (Supplementary Tables S2 and S3). The most abundant genera found
in these samples were Clostridium and Bacteroides. The abundance of the Bacteroides differed
significantly between the BB-DP and BB-DR samples whereas the abundance of
Clostridium did not change (Supplementary Table S2). Five species of Clostridium were more
abundant in BB-DP whereas one species was more abundant in BB-DR (Table 2).

On the basis of the exact y2-test, nine genera were found to be statistically significantly higher
abundant in the BB-DP samples but in statistically significantly lower abundant or absent in
the BB-DR samples (Table 1). These genera were Bacteroides, Eubacterium, Halothermothrix,
Ruminococcus, Anaerostipes, Mucispirillum, Butyrivibrio, Pediococcus and Sporobacter. Of
these, Bacteroides, Eubacterium and Ruminococcus were the most abundant in the BB-DP
samples with 6.73%, 4.00% and 2.30%, respectively, of the total number of sequences.
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In BB-DR rats, nine bacterial genera were found in statistically greater numbers than in the
BB-DP samples (Table 1). These genera include Bifidobacterium, Lactobacillus, Prevotella,
Pseudobutyrivibrio, Spiroplasma, Proteiniphilum, Streptococcus, Turicibacter and
Bryantella. Of these, the most abundant were Lactobacillus, Bryantella, Bifidobacterium and
Turicibacter.

The physiology of bacterial species within a genus can vary. Thus, species differences within
each genus between the two rat genotypes were considered an important component of these
analyses. At the 1% level of confidence, 24 bacterial species differed in abundance between
the two rat genotypes (Table 2). Among them, 11 were more abundant in BB-DR and 13 were
more abundant in BB-DP. Some of these differences were within a genus that did not differ
between the two rat genotypes. For example, although the number of reads of Clostridium did
not differ between the two treatments, six species of Clostridium did differ. Of these, five
species were more abundant in BB-DP whereas one species was more abundant in BB-DR
(Table 2).

At the genus level, Bacteroides strains were more prevalent in BB-DP than in BB-DR rats.
However, at the species level, strains of B. capillosus, B. vulgatus and B. splanchnicus were
more common in BB-DP whereas strains of B. acidifaciens and B. massiliensis were more
common in BB-DR. Four Lactobacillus species were more common in BB-DR samples but
an unidentified clade of Lactobacillus was more common in BB-DP samples.

Verification of the pyrosequencing results: quantification of Lactobacillus and
Bifidobacterium in the BB-DP and BB-DR samples, experiment 2

In attempt to verify the accuracy of the results obtained by using pyrosequencing, gPCR was
performed to quantify the abundance of two bacterial genera (Lactobacillus and
Bifidobacterium) that are more common in BB-DR than in BB-DP samples. The C; values
obtained were converted into cell number and the averaged number of bacterial cells for the
BB-DR and BB-DP samples (Figure 4). Both genera were more common in BB-DR than in
BB-DP samples confirming the pyrosequencing results.

The expression of bacterial abundance in gPCR experiments as cell numbers is well
documented and accepted in the literature (Byun et al., 2004; Martin et al., 2006). In addition,
more, an excellent correlation has been shown between L. sakei counts estimated by real-time
PCR and L. sakei counts on MRS plates (Figure 2, Table 3; Martin et al., 2006). In this report
we used the same approach. Briefly, the conversion to cell numbers is based on a calibration
curve in which a small fragment from the 16S rRNA gene specific to Lactobacillus or to
Bifidobacterium is amplified. To this end, chromosomal DNA from either L. reuteri (wild-type
isolate) or Bifidobacterium sp. (wild-type isolate) were quantified and serial dilutions were
made. Different concentrations from 50 fg to 5 ng (20-2 x 108 genome equivalents) were used
as a standard curve in the qPCR experiments.

A large number of sequences not classified to the genus level

Most of the pyrosequences obtained could not be classified at the genus or species levels. Of
those, 252 OTUs differed significantly between BB-DP and BB-DR. Of those, 139 were
significantly more abundant in BB-DR whereas 113 were significantly higher in BB-DP. These
organisms represented 24.4% and 21.4% of all reads in BB-DP and BB-DR, respectively. Of
the 252 OTUs, 245 could be classified into 5 bacterial families: Clostridiaceae,
Lachnospiraceae, Ruminococcaceae, Porphyromonadaceae and Prevotellaceae (Figure 5,
Table 3). Of the 41 OTUs that differed between the two rat genotypes in the Clostridiaceae,
95% were more abundant in BB-DP than in BB-DR. A similar trend was found in the
Ruminococcaceae, where of the 56 OTUs, 67.9% were more abundant in BB-DP than in BB-
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DR. Conversely, of the 119 OTUs that differed between the two rat genotypes in the
Lachnospiraceae, 77% were more abundant in BB-DR than in BB-DP. The OTUs from
Porphyromonadaceae and Prevotellaceae were also more likely to be in higher numbers in BB-
DR than in BB-DP.

Discussion

The presence of a commensal intestinal microbiota in infancy is critical for numerous
physiological processes including growth, angiogenesis, optimization of nutrition and
stimulation of various arms of the innate and adaptive immune systems (Hooper and Gordon
2001; Stappenbeck et al., 2002; Hooper 2004; Mazmanian et al., 2005). However, similar
studies in T1D are limited. In rodent models of T1D, the disease is likely to develop under
germ-free conditions (Suzuki et al., 1987; Wicker et al., 1987; Greiner et al., 2001; Mordes
et al., 2004). BB-DP rats subjected to cesarean derivation develop accelerated disease (Like
etal., 1991). In terms of using such information to proactively modulate diabetes formation,
the antibiotic treatments to BB-DP rats after weaning (Brugman et al., 2006) prevents diabetes,
whereas in our own efforts using the NOD mouse, a decreased frequency of T1D was observed
with the administration of doxycycline (Schwartz et al., 2007). The specific mechanisms of
how such therapies modulate disease are unclear, but it is clear that changes in the microbiota
affect the development of autoimmune diabetes in both animal models. Supporting this view,
oral probiotic administration to NOD mice was noted to induce IL-10 (that is, an anti-
inflammatory cytokine) production and to prevent the development of T1D (Calcinaro et al.,
2005). Interest exists on intestinal microbiota composition, a metric that has previously relied
almost exclusively on the quantitative cultures from feces.

In this work, a thorough, culture-independent examination of the diversity of bacteria in the
stool of BB-DP and BB-DR rats was performed just before the onset of diabetes by a variety
of culture-independent approaches. The results of all approaches were in agreement that certain
bacterial species known for their probiotic activities are more common in BB-DR than in BB-
DP rats. The results were verified with two genera using gPCR.

In these 16S rRNA libraries, close relatives of 74 genera were identified. Of those, 18 genera
showed higher abundance in one rat genotype versus the other. Of the nine genera with higher
abundance in BB-DR, three genera, Bifidobacterium, Lactobacillus and Pseudobutyrivibrio,
have representatives with known probiotic activity (Silvaetal., 1987; Vandenbergh 1993; Jack
et al., 1995; Bernet-Camard et al., 1997; Lorca et al., 2001; Reid et al., 2003; Leahy et al.,
2005; Ohkawara et al., 2005; Fukuda et al., 2006; Ohkawara et al., 2006; Salminen et al.,
2006; Cepeljnik et al., 2003, 2007). These observations from pyrosequencing were verified by
gPCR of Bifidobacterium and Lactobacillus. These results also confirmed the BB-DR-specific
ARISA band identified in experiment 1 as Lactobacillus. These probiotic bacteria may prevent
the growth of probiotic-sensitive strains that either cause a leaky gut epithelium or cause an
altered immune response against gut microbiota.

Of the nine genera in higher abundance in BB-DP, none is known to have probiotic activity.
As expected in stool samples, there are many genera that are strict anaerobes and these genera
are found in BB-DR and BB-DP samples. A halophilic genus, Pontibacillus, is found in much
higher numbers in BB-DP samples. These observations are consistent with previous work
where feeding probiotics or antibiotics to either NOD mice or BB-DP rats prevented diabetes
(Matsuzaki et al., 1997; Calcinaro et al., 2005; Brugman et al., 2006; Yadav et al., 2007).

However, there is value in looking beyond the genus level. Species-level differences reveal

changes not seen at the genus level. Perhaps the most dramatic example of this is
Clostridium. At the genus level, Clostridium abundance does not differ between BB-DR and
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BB-DP. However, five species of Clostridium are higher in BB-DP than in BB-DR. Only one
Clostridium species, C. hylemonae, is higher in BB-DR than in BB-DP. However, of the six

species, C. hylemonae appears to be by far the least abundant of these six species. Twenty-one
other species of Clostridium were identified in these samples but they did not differ between
the two genotypes (Supplementary Table S3).

These data represent a first step to understanding the specific changes in gut microflora with
the onset of diabetes. The next important challenge is to discover the metabolic differences
that are affected by the changes in taxa. This can be assessed with a metagenomic approach.
The larger challenge for the future is whether similar differences can be observed in human
T1D.

Several exogenous as well as endogenous factors could affect the intestinal microbiota in these
rats. The environment of these animals including food intake was the same in both BB-DP and
BB-DR rats, thus minimizing its contributions to the differences in intestinal microbiota
observed between the two strains. Factors other than the environment and genetic background
have been shown to contribute to gut microbiota composition. For example, Mai et al.
(2007) reported associations between gut microbiota and colorectal carcinogenesis and showed
that individual C57BL/6J-ApcMin* mice that were single caged and consumed the same
amounts of the same defined diet developed differences in gut microbiota that appeared
associated with colorectal carcinogenesis. One endogenous factor that could be important in
this work is the difference in immune status between the two groups (Elder and Maclaren
1983; lwakoshi et al., 1999). Severe T lymphopenia is observed in BB-DP rats, irrespective
of sex or the presence of diabetes, whereas numbers of B cells and serum immunoglobulin
levels are normal. Another factor is that the mucosal surface of the BB-DP rat is disrupted
before the development of hyperglycemia and immune-B-cell destruction (Neu et al., 2005).
Which of these factors plays a primary role by affecting the others is not currently known. Our
finding that the microbial communities differ between BB-DP and BB-DR rats before the time
of autoimmune pancreatic destruction suggests a complex interaction between the intestinal
microbiota, the intestinal surface properties and the immune system that will require additional
investigation.

However, in this work, these external factors were minimized. All rats were provided the same
lighting, temperature, diet, water and cage conditions. BB-DR and BB-DP rats were in separate
cages with two or three rats per cage after weaning from the mother.

A striking feature of this work is the large number OTUs that differed between BB-DP and
BB-DR but could not be classified to a known genus. At the family level, there were striking
taxonomic trends with the Clostridiaceae and Ruminococcaceae more prevalent in BB-DP
whereas the Lachnospiraceae, Porphyromonadaceae and Prevotellaceae were more common
in BB-DR. This suggests a selectivity in the changes that occur in the BB-DP gut over time.
Certain taxa appear to be targeted for loss over time in BB-DP. These may be under attack
from the immune system or the conditions in the BB-DP gut may be less conducive to their
growth. A metagenomic functional analysis of the bacteria in BB-DP and BB-DR samples
would provide insight into the bacterial function suited to the altered gut environment of a
diabetic animal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Gel-like image generated by the bioanalyzer. The first and last columns are the reference DNA
7500 ladder. Base pair sizes are indicated adjacent to the ladder. Samples 1-3 represent the
automated ribosomal intergenic spacer analysis (ARISA) profiles for the intestinal tract of bio-
breeding diabetes-prone (BB-DP) rats and samples 46 represent bio-breeding diabetes-
resistant (BB-DR) rats' stool samples at 60 days of age. The lowermost (50 bp) and the
uppermost (10 380 bp) bands represent the markers used to align the ladder data with data from
the sample wells. The boxes represent dominant bands unique to both groups and were
extracted from the gel for further sequencing. The stool samples used in the ARISA come from
experiment 1.
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quantitative (presence/absence and abundance) of the bacterial communities for the 10 stool
samples each from the bio-breeding diabetes-resistant and bio-breeding diabetes-prone rats.

This analysis is based on the community structures derived from Sanger sequencing of

experiment 1 (A) and pyrosequencing of experiment 2 (B).
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Shannon-Weaver and richness diversity indices calculated for the three time points after birth
when stool was collected. Circles and squares represent the BB-DP and BB-DR samples,
respectively. Open symbols represent the richness index (d) whereas closed symbols depict

the Shannon-Weaver (H') indices. Indices were calculated using automated ribosomal

intergenic spacer analysis (ARISA) data from the experiment 2 samples.
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Figure 4.

Log of the number of Lactobacillus and Bifidobacterium cells per 5 ng of DNA from bio-
breeding diabetes-resistant (BB-DR) and bio-breeding diabetes-prone (BB-DP) stool samples.
(a) Experiment 1 (three stool samples per genotype). (b) Experiment 2 (10 stool samples per
genotype). The standard error about the mean is depicted in the error bar about the data columns.
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Lactobacillaceae

b

Figure 5.

Family-level phylogenetic classification of those OTUs that could not be classified at the genus
or species levels. Red branches depict 16S rRNA sequences from bio-breeding diabetes-prone
(BB-DP) rats and green branches depict sequences from bio-breeding diabetes-resistant (BB-
DR) rats. Branches in black depict known sequences from bacterial isolates. A list of bacterial
isolates that were aligned with the sequences obtained from this study can be seen in the
supplementary material. Sequences were aligned by using NAST (DeSantis et al., 2006), the
aligned sequences and its respective nearest isolates were uploaded in MEGA 4 (Tamura et
al., 2007) for conduction of the phylogenetic analysis. The evolutionary history was inferred
using the neighbor-joining method and the evolutionary distances were computed using the
maximum composite likelihood method. All positions containing gaps and missing data were
eliminated from the data set (complete deletion option). Striking taxonomic trends were
observed with the Clostridiaceae and Ruminococcaceae more prevalent in BB-DP whereas the
Lachnospiraceae, Porphyromonadaceae and Prevotellaceae were more common in BB-DR.
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Table 2
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List of bacterial species whose abundances differ statistically at the 1% level of confidence between the BB-DR
and BB-DP stool samples

Approximate species level: 97% similarity to closest cultured relative ~ Phyla % BB-DP reads % BB-DR reads  P-value

Bacteroides acidifaciens Bacteroidetes 0.119 0.437  2.00E-05
Bacteroides capillosus Bacteroidetes 2.213 1.014 2.00E-05
Bifidobacterium saeculare Actinobacteria 0.005 0.304 2.00E-05
Clostridium aldrichii Firmicutes 0.126 0.034  2.00E-05
Clostridium fimetarium Firmicutes 0.350 0.164  2.00E-05
Clostridium nexile Firmicutes 0.320 0.199  2.00E-05
Eubacterium siraeum Firmicutes 0.547 0.300 2.00E-05
Eubacterium ventriosum Firmicutes 0.430 0.096 2.00E-05
Lactobacillus frumenti Firmicutes 0.000 0.065 2.00E-05
Lactobacillus intestinalis Firmicutes 0.597 1.967 2.00E-05
Lactobacillus johnsonii Firmicutes 0.304 1.939 2.00E-05
Prevotella marshii Bacteroidetes 0.229 0.493  2.00E-05
Ruminococcus flavefaciens Firmicutes 0.339 0.158  2.00E-05
Spiroplasma helicoides Mollicutes 0.000 0.111 2.00E-05
Bacteroides vulgatus Bacteroidetes 0.492 0.338  6.00E-05
Lactobacillus sp. Firmicutes 0.959 0.810  0.000120
Mucispirillum schaedleri Deferribacteres 0.201 0.115 0.000400
Bacteroides splanchnicus Bacteroidetes 0.030 0.000 0.001260
Clostridium orbiscindens Firmicutes 0.222 0.143  0.001260
Bacteroides massiliensis Bacteroidetes 0.135 0.258  0.002280
Clostridium hylemonae Firmicutes 0.000 0.022  0.003660
Clostridium glycolicum Firmicutes 1.558 1511 0.005760
Streptococcus oligofermentans Firmicutes 0.021 0.065 0.008820
Lactobacillus acidifarinae Firmicutes 0.000 0.019  0.009160
% of total reads 9.1970 10.562

Abbreviations: BB-DP, bio-breeding diabetes-prone; BB-DR, bio-breeding diabetes-resistant.

The percent of total reads obtained from BB-DP or BB-DR is shown for each species. Those percent of reads numbers in bold indicate the genotype
(BB-DP or BB-DR), which is higher for that genus. Here a 16S rRNA sequence is considered to be derived from a known species if it is at a similarity
level of 97% or above to its closest cultured relative.

ISME J. Author manuscript; available in PMC 2010 November 3.



Page 21

Roesch et al.

*MOJ3Q UMOUS SI S31[1LLEBY [BLIg10Rg 8AlL Buowe sNLO 8say} 40 (Si7g) 1SoW J0 UonNqLIsIp ay L

“Juelsisal-saiagelp Buipaaig-o1q ‘Ya-g9 ‘auoid-selaqelp Buipssig-olq ‘dd-g9g :SUONBIAIGY

G550 Svy'0 124 9€T 60T el
000'T 0000 1T 11 0 9e308|[310A8.d
¢cl0 8.¢°0 8T €T S geaoepeuooiAydiod
T¢e0 6290 99 8T 8¢ 8830e20000UIWNY
€170 1220 6TT 6 LC aeaoe.idsouyoe]
6v0°0 156°0 1474 4 6€ 8e32BIPLISO|D
d4a-99% dd-99% [e101 Ha-gg9ul’'oON dd-dg ul ‘oN Ajwred

S|an8] sa19ads 10 snuab a8yl 1e PalISse|d aq 1ou PIN0d NG 4ad-99g pue ¥a-gg usamiaq Apuednyiubis paisyip (252) SN.LO 40 Jaquinu able| v
€9lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

ISME J. Author manuscript; available in PMC 2010 November 3.



