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Introduction

Ulcerative colitis (UC) and Crohn disease (CD), collectively 
known as inflammatory bowel diseases (IBD), are prevalent in 
the United States (US) affecting 1.4 million individuals,1 are 
associated with reduced quality of life2 and a heavy economic 
burden that is estimated to be $6.3 billion annually in the US.3 
The chronic nature, high rate of recurrence and lack of safe 
and curative medical treatments for IBD underscore the need 
for alternate therapeutic approaches for these complex diseases. 
Although, the precise pathophysiology of IBD remains unclear, 
it is widely accepted that the pathogenesis of IBD involves dys-
regulated immune responses toward microbial and other luminal 
antigens in a genetically susceptible host.4-7 Environmental fac-
tors also play an important role in the initiation and reactiva-
tion of inflammation in IBD.4,8 An altered composition of the 
intestinal microbiota (dysbiosis) has been reported for both UC 
and CD,9-11 however this association is not as profound in recent 
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pediatric studies.12,13 Moreover, the primary vs. secondary nature 
of an intestinal microbial dysbiosis in IBD remains unknown. 
Thus, more in depth characterization of sequential enteric micro-
bial changes during early and later phases of the inflammatory 
process may enable the development of better therapeutic strate-
gies for these diseases.

Among the various rodent models for IBD, interleukin-10 
deficient (IL-10−/−) mice are widely used for mechanistic studies 
investigating the pathogenesis of spontaneous, immune-medi-
ated, chronic intestinal inflammation.14-16 IL-10−/− mice main-
tained in germ-free (GF) conditions do not develop intestinal 
inflammation. However, once colonized with conventional or 
specific pathogen free (SPF) microbiota, IL-10−/− mice develop 
intestinal inflammation as early as one week following coloni-
zation with an SPF microbiota.17 Although alterations in the 
intestinal microbiota in subsets of IBD patients with established 
disease compared with healthy controls have been reported,9,10,18 
early changes in the composition and diversity of this complex 
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distances significantly increased (p = 0.003 and p = 8.5 × 10−5, 
respectively) over the two week observation period in the WT 
group (Fig. 2C). We investigated the weighted and un-weighted 
UniFrac distances of the microbiota in fecal samples obtained 
one, two, three and four weeks from formerly GF IL-10−/− mice 
following association with an SPF microbiota. We found a sig-
nificant decrease in average weighted UniFrac distances at the 
three week (p = 0.005) and four week (p = 0.005) time points 
compared with the 1 week time point (Fig. 2A and B).

Intestinal microbial richness decreases over time in formerly 
GF IL-10−/− mice. We determined the richness of the intestinal 
microbiota in all groups using rarefaction analysis. A significant 
increase (p = 0.004) in the number of observed microbial species 
was found in WT mice two weeks following association with an 
SPF microbiota when compared with the one week time point 
(Fig. 3B). In contrast, a significant decrease in the number of 
observed microbial species was found in IL-10−/− mice three (p = 
0.02) and four (p = 0.009) weeks following association with an 
SPF microbiota when compared with the one week time point 
(Fig. 3A).

Ecological succession of bacterial taxa in formerly GF 
IL-10−/− mice over time. In order to determine the dominant 
bacterial groups that are altered over time in WT and IL-10−/− 
mice following colonization with an SPF intestinal microbiota 
we summarized the bacterial taxa identified by our 16S rRNA 
sequences at the phylum level (Fig. 4). In WT mice we found 
no significant changes in bacterial phyla between one and 
two weeks post association with an SPF microbiota. In the 
IL-10−/− group we observed a significant decrease in the levels 
of Bacteroidetes (20.06%–6.30%, false discovery rate [FDR] = 
0.01) and Verrucomicrobia (0.74%–0.17%, FDR = 0.02) at three 
weeks compared with the one week time point. These changes 
were further reduced by four weeks: Bacteroidetes (20.06–9.5%, 
FDR = 0.003) and Verrucomicrobia (0.74%–0.09%, FDR = 
0.02). At four weeks we observed a significant increase in the 
levels of Proteobacteria (0.17%–7.71%, FDR = 1.5 × 10−5) and 
Tenericutes (39.21%–70.66%, FDR = 0.07) compared with the 
one week time point. In tandem, at four weeks we observed a 
decrease in the levels of Actinobacteria (1.27%–0.53%, FDR = 
0.07) and Firmicutes (38.48%–11.46%, FDR = 0.03) compared 
with the one week time point. Additionally, we observed signifi-
cant changes in the abundances of genus-level taxa over time in 
IL-10−/− mice (Table 1) and no significant changes in bacterial 
genera in WT mice over time.

Escherichia coli concentrations increase in formerly GF 
IL-10−/− mice over time. Given that E. coli is a member of the 
Proteobacteria phylum and has been established as a pro-inflam-
matory microbe in the context of IBD,22 we used species-specific 
qPCR to determine the levels of this bacterial species in fecal 
samples from the IL-10−/− group of mice. We found that the levels 
of E. coli in the intestinal microbiota of IL-10−/− mice increased 
over time and became significantly higher at the four week time 
point when compared with the week one time point (Fig. 5). 
The stepwise increase of E. coli over time in the IL-10−/− group 
closely paralleled the increase in Proteobacteria in the same mice, 
confirming results by two different molecular methods (Fig. 5).

microbial community at the onset of disease cannot be stud-
ied in the human intestinal tract, as it is impossible to predict 
who will develop disease.8,19 Currently, little is known about the 
changes in composition and diversity of the enteric microbiota 
of IL-10−/− mice during the onset of intestinal inflammation. 
Molecular methods are effectively used to characterize the intes-
tinal microbiota due to the limitations of culture-based meth-
ods. A study using 16S rRNA-based fingerprinting techniques 
(denaturing gradient gel electrophoresis [DGGE] and repetitive 
DNA element-based PCR) reported compositional changes in 
the intestinal microbiota in IL-10−/− mice over time;20,21 however 
due to the limitations in technology used for microbiota analysis, 
these studies provided limited data regarding the abundances of 
specific taxa and the diversity of the microbiota. Thus, we con-
ducted the current study to characterize the intestinal microbiota 
of IL-10−/− mice during the progression of colitis in comparison 
with wild-type (WT) mice. We controlled for variations in the 
composition of the microbiota using previously GF IL-10−/− and 
WT mice colonized with a microbiota from the same donor. We 
also characterized changes in diversity and composition of the 
intestinal microbiota in mice from two genetic backgrounds.

Results

16S rRNA gene sequences. The V1–3 regions of the 16S rRNA 
gene were amplified from all fecal DNA samples (n = 30). 
Following high throughput sequencing, four samples (three from 
week two of the IL-10−/− group and one from week one of the WT 
group) yielded sequence numbers that were too low (< 350 16S 
rRNA sequences per sample) to be included in our analyses. An 
average of 8,012 16S rRNA sequences per sample were obtained 
from the remaining 26 samples with the following ranges: WT 
week one (n = 4) 5647–10502 sequences; WT week two (n = 
5) 6927–11490 sequences; IL-10−/− week one (n = 5) 1115–8116 
sequences; IL-10−/− week two (n = 2) 9666–12789 sequences; 
IL-10−/− week three (n = 5) 6162–8467 sequences; IL-10−/− week 
four (n = 5) 1340–23189 sequences. To determine the numbers 
and abundances of different bacterial groups in each sample we 
used 97% similarity between 16S rRNA gene sequences as an 
indicator of a “species level” operational taxonomic unit (OTU). 
Using this procedure we found a total of 479 OTUs in our data 
set.

Intestinal microbial diversity decreases over time in for-
merly GF IL-10−/− mice. In our initial investigation we sought 
to characterize changes in diversity in the intestinal microbiota 
that arise over time in formerly GF WT and IL-10−/− mice. The 
microbiota was characterized in fecal samples collected weekly 
for two weeks in WT mice and for four weeks in IL-10−/− mice 
following association with an SPF microbiota. Based on IL-12 
p40 secretion from colonic tissue and composite histology scores, 
we found that WT mice did not develop significant inflamma-
tion whereas IL-10−/− mice developed moderate intestinal inflam-
mation four weeks following association with an SPF microbiota 
(Fig. 1A and B).

We calculated UniFrac distances for all time points for each 
group. We found that average weighted and un-weighted UniFrac 
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model of spontaneous, immune-mediated colonic inflammation, 
we characterized the diversity and composition of the intesti-
nal microbiota in this mouse model during the progression of 
experimental colitis. Previous studies characterizing the intes-
tinal microbiota of IL-10−/− mice focused on viable bacteria or 
used molecular techniques that characterize a limited number of 
bacterial taxa.20,21 Our study used a current molecular technique 
that provided a comprehensive characterization of the changes 
in microbial composition and diversity in WT and IL-10−/− mice 
over time. Additionally, the use of formerly GF WT and IL-10−/− 
mice colonized with the same fecal microbiota provided a highly 
controlled environment to study these changes.

In our investigations we observed an increase in microbial rich-
ness (as determined by rarefaction of bacterial species) and diver-
sity (as determined by UniFrac distances) in formerly GF WT 
mice two weeks following association with an SPF microbiota. 
This finding suggests that the intestinal microbiota in formerly 
GF WT mice may still be establishing a homeostatic balance two 
weeks after colonization. UniFrac distances can be calculated in 
a weighted (relative abundance of taxa) or un-weighted (pres-
ence or absence of taxa) manner. Low average UniFrac distances 
indicate higher similarity in the composition of the microbiota 

Alterations in the abundance of E. coli in formerly GF 
IL-10−/− mice over time are mirrored in SPF IL-10−/− mice. In 
order to determine whether inflammation associated alterations 
of specific taxa in formerly GF IL-10−/− mice are also altered in 
a gut that has developed naturally, we investigated the levels of  
E. coli, Lactobacillus species and Akkermansia muciniphila in WT 
and IL-10−/− mice raised in an SPF environment. This group of 
IL-10−/− mice developed significant intestinal inflammation at 10 
weeks of age compared with WT controls that did not develop 
inflammation (Fig. 1C and D). Similarly to formerly GF mice 
the abundance of E. coli was significantly higher in IL-10−/− mice 
at week ten compared with WT mice (Fig. 6A). Akkermansia 
muciniphila was significantly higher in IL-10−/− mice compared 
with WT mice at both eight and ten weeks (Fig. 6B). We did 
not observe any significant differences in the abundance of 
Lactobacillus species in IL-10−/− mice compared with WT mice at 
either time point (Fig. 6C).

Discussion

Based on the established association of the intestinal microbi-
ota with IBD and the frequent use of the IL-10−/− mouse as a 

Figure 1. Inflammatory changes in the colons of formerly GF mice over time. Levels of IL-12 p40 secreted by colonic tissues from formerly GF WT and 
IL-10−/− mice (A) and SPF raised WT and IL-10−/− mice (C). The levels of IL-12 p40 in IL-10−/− mice are significantly higher compared with WT mice in both 
formerly GF (p = 0.008) and SPF (p = 0.0001) environments. Histological scores for formerly GF WT and IL-10−/− mice (B) and SPF WT (n = 7, as one tissue 
sample degraded during processing) and IL-10−/− mice (D). The degree of histological inflammation is significantly higher in IL-10−/− compared with WT 
mice in formerly GF (p = 0.008) and SPF (p = 0.001) environments.
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within a group of samples, whereas high 
average UniFrac distances indicate more 
dissimilarity within a group of samples. We 
observed an increase in both weighted and 
un-weighted UniFrac distances two weeks 
post colonization in WT mice, suggesting 
that the rise in diversity values at this time 
point is due to an increase in both high and 
low abundance bacterial species. A limita-
tion of our study is that we did not investi-
gate the microbial composition and diversity 
of fecal samples in formerly GF WT mice 
at three and four weeks following conven-
tionalization with an intestinal microbiota. 
Thus we cannot conclude whether the intes-
tinal microbiota has reached equilibrium at 
this point. Interestingly, it has been reported 
that the microbial composition and diver-
sity of cecal contents in formerly GF WT 
mice, from a different genetic background 
(C57BL/6), exhibited stability seven days 
post-inoculation.23

Figure 2. Changes in weighted and un-weighted average UniFrac distances in formerly GF wild-type (WT) and IL-10−/− mice over time. (A) Average 
weighted UniFrac distances of the intestinal microbiota significantly decrease in IL-10−/− mice three and four weeks following colonization with a 
specific-pathogen free (SPF) microbiota. (B) Average un-weighted UniFrac distances of the intestinal microbiota do not significantly alter in the IL-
10−/− mice following colonization with an SPF microbiota. (C) Average weighted and un-weighted UniFrac distances significantly increase in WT mice 
between one and two weeks following colonization with an SPF microbiota.

Figure 3. Microbial richness of 16S rRNA data. (A) The number of observed bacterial species in 
formerly GF IL-10−/− mice decreases between one and four weeks following colonization with 
an SPF microbiota. (B) The number of observed bacterial species in formerly GF WT mice signif-
icantly increases between one and two weeks following colonization with an SPF microbiota.
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We subsequently characterized the richness and diversity of 
the intestinal microbiota in formerly GF IL-10−/− mice up to 
four weeks following colonization with an SPF microbiota to 
investigate alterations in the intestinal microbiota during the 
progression of colitis. Indeed, we observed moderate inflamma-
tion at four weeks post colonization in IL-10−/− mice. A pro-
gressive decrease in weighted UniFrac distances was observed 
three and four weeks post colonization in comparison with one 
week values. In addition, the richness of the microbiota was sig-
nificantly decreased in this cohort of mice at these later time 
points. Interestingly, we did not observe a significant decrease 
in un-weighted UniFrac distances at the three and four week 
time points compared with one week in IL-10−/− mice. These 
data suggest that the composition of newly introduced, complex 
microbial communities in formerly GF IL-10−/− mice become 
more alike during the progression of colonic inflammation and 
that high abundance taxa are responsible for this change. In the 
absence of an established fecal marker indicative of intestinal 
inflammation we are unable to conclude whether the alterations 
in the richness and diversity of the enteric microbiota in IL-10−/− 
mice occur before, during or after the onset of colonic inflam-
mation. In previous experiments we find that mild inflammation 
occurs in formerly GF IL-10−/− mice on a 129 SvEv background 
two weeks following microbial colonization.17 Our current study 
shows that enteric microbial richness and diversity dramatically 
changes at three weeks post association with an SPF microbiota. 
Thus, we speculate that decreases in enteric microbial richness 
and diversity in IL-10−/− mice occur after the onset of colonic 
inflammation in this mouse model.

In tandem with altered enteric microbial richness and diver-
sity in the intestinal microbiota of IL-10−/− mice over time, we 
observed changes in the relative abundances of specific bacte-
rial phyla. Most notable was a step-wise increase in the levels of 
Proteobacteria that mirrored a significant increase of E. coli dur-
ing the onset of colonic inflammation. Elevated Proteobacteria 

Figure 4. Bacterial taxa alterations over time in formerly GF WT and IL10−/− mice.

Figure 5. Change in levels of Proteobacteria and Escherichia coli in 
formerly GF IL-10−/− mice over time. Proteobacteria are expressed as the 
percentage of total 16S rRNA sequences. E. coli are expressed as fold 
increase with respect to baseline (WT at week 1). *The levels of Proteo-
bacteria and E. coli are significantly higher at week 4 post colonization 
compared with week 1 (E. coli, p = 0.0001; Proteobacteria, FDR = 1.5 × 
10−5).

Table 1. Changes in the abundances of genus-level taxa over time in 
formerly GF IL-10−/− mice

Taxon % week 1 % week 3 % week 4 p FDR*

Coprobacillus 0.86 0.06 0.004 0.07

Akkermansia 0.75 0.17 0.007 0.06

Lactobacillus 1.20 12.83 0.008 0.05

Staphylococcus 0.50 0.00 0.020 0.10

Parabacteroides 9.15 4.05 0.023 0.10

Raoultella 0.00 0.08 0.002 0.03

Akkermansia 0.75 0.09 0.003 0.02

Clostridium 0.02 0.00 0.006 0.04

Enterobacter 0.10 5.14 0.009 0.04

Oscillospira 0.83 0.04 0.010 0.04

*False discovery rate (FDR) < 0.1 = statistically significant.
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using the Greengenes database26 it is interesting to note that 
the RDP database27 classifies the Allobaculum genus as belong-
ing to the Firmicutes phylum, which would make the Firmicutes 
the dominant phylum in our data set. Nevertheless, it has been 
reported that the Greengenes database, which contains the larg-
est and most diverse set of 16S rRNA sequences, is superior to 
other databases when classifying sequences at the phylum level, 
particularly with respect to the Tenericutes.28 It has been reported 
that GF mice have abnormal mucosal and immunologic matura-
tion resulting in increased morbidity in the oxazolone-induced 
mouse model of colitis when compared with SPF mice.29 Thus, 
we determined the abundances of specific bacterial groups in 
cohorts of WT and IL-10−/− mice that were raised with a normal 
intestinal microbiota. Even though the mice used were of a dif-
ferent genetic background (C57BL/6) to the mice used in our GF 
experiments we observed an increase in the abundance of E. coli 
in IL-10−/− mice compared with WT mice, suggesting a strong 
association of this bacterial species with the development of intes-
tinal inflammation in this mouse model over time. We also found 
that although abundances of A. muciniphila and Lactobacillus 
species appeared to decrease over time in IL-10−/− mice compared 
with WT mice, these decreases were not significant. Thus, it is 
possible that the alterations in the enteric microbiota during the 
development of intestinal inflammation that we observed in for-
merly GF IL-10−/− mice are influenced by host genetics and an 
abnormal gut physiology associated with GF mice.

Our data reports the changes in diversity and composition of 
the intestinal microbiota in the IL-10−/− mouse model of spontane-
ous, immune-mediated colitis over time. The reduction in diver-
sity and most changes in specific bacterial taxa in the intestinal 

levels have been reported in UC and CD patients.9 Moreover, 
adherent invasive E. coli strains are associated with ileal CD.22,24 
A significant depletion in the concentrations of the Bacteroidetes 
and Firmicutes phyla were observed over time in IL-10−/− mice, 
which also reflect changes reported in the intestinal microbiota 
of human IBD.9,10 Thus, our data demonstrate that the IL-10−/− 
mouse model of colitis exhibits alterations in specific mem-
bers of the intestinal microbiota that parallel those of human 
IBD. We also observed significant decreases in the levels of the 
Actinobacteria and Verrucomicrobia phylum, which have not been 
reported for human IBD and may be a consequence of enteric 
inflammation. It is interesting to note that Bifidobacterium spe-
cies are encompassed within Actinobacteria phylum and are con-
sidered probiotic microbes. Alterations in the Verrucomicrobia 
phyla may be yet unreported components of a human IBD dys-
biosis, or alternatively, they may be unique to this mouse model. 
However, it has been reported that Akkermansia muciniphila 
(a member of the Verrucomicrobia phylum) is depleted in the 
mucus of IBD patients.25 Indeed, in support of this finding, 
our 16S rRNA sequence data revealed a significant decrease in 
the Akkermansia genus in IL-10−/− mice over time. As bacterial 
richness and diversity decreased in IL-10−/− mice over time we 
observed a profound increase in the levels of the Tenericutes phy-
lum. This phylum encompasses bacteria that lack a cell wall and 
are thus gram negative. Tenericutes have been reported to be sig-
nificantly elevated in fecal samples from colonic Crohn disease 
patients but decreased in fecal samples from ileal Crohn disease 
and ulcerative colitis patients.10 From our data set the dominant 
genus within the Tenericutes phylum is Allobaculum. However, 
although taxonomies were assigned to our 16S rRNA sequences 

Figure 6. Change in levels of E. coli (A), Akkermansia muciniphila (B) and Lactobacillus species (C) in SPF WT and IL-10−/− mice over time.
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capture and detection reagents (BD Biosciences PharMingen) in 
an enzyme-linked immunosorbent assay (ELISA) were used to 
measure the levels of IL-12 p40 secreted constitutively in colonic 
explant cultures.17,31 IL-12 p40 levels were measured in super-
natants and compared with standard curves generated by using 
recombinant murine IL-12 p40.

Isolation of DNA. Bacterial DNA was isolated from all fecal 
pellets (n = 47) using a phenol/chloroform extraction method 
combined with physical disruption of bacterial cells and a DNA 
clean-up kit (Qiagen DNeasy® Blood and Tissue extraction kit) 
as previously described.32 Briefly, 100 mg of frozen feces were sus-
pended in 750 μL of sterile bacterial lysis buffer (200 mM NaCl, 
100 mM Tris [pH 8.0], 20 mM EDTA, 20 mgmL−1 lysozyme) 
and incubated at 37°C for 30 min. Next, 40 μL of proteinase K 
(20 mgmL−1) and 85 μL of 10% SDS were added to the mixture 
and incubated at 65°C for 30 min. 300 mg of 0.1 mm zirco-
nium beads (BioSpec Products) were then added and the mixture 
was homogenized in a bead beater (BioSpec Products) for 2 min. 
The homogenized mixture was cooled on ice and centrifuged at 
14,000 rpm for 5 min. The supernatant was transferred to a new 
1.5 ml microfuge tube and fecal DNA was further extracted by 
phenol/chloroform/iso-amyl alcohol (25:24:1) and chloroform/
iso-amyl alcohol (24:1). Following extraction the supernatant 
was precipitated by absolute ethanol at −20°C for 1 h. The pre-
cipitated DNA was suspended in DNase free H

2
O and cleaned 

using the Qiagen DNeasy® Blood and Tissue extraction kit per 
the manufacturer’s instructions.

454 pyro-sequencing of 16S rRNA genes. Bacterial com-
munity composition in isolated DNA samples was characterized 
by amplification of the V1–3 (forward, 8f: 5'-AGAGTTTGAT 
CMTGGCTCAG-3'; reverse 518r: 5'-ATTACCGCGG 
CTGCTGG-3') variable regions of the 16S rRNA gene by poly-
merase chain reaction (PCR) as previously described.33 Forward 
primers were tagged with 10 bp unique barcode labels at the 
5' end along with the adaptor sequence (5'-CCATCTCATC 
CCTGCGTGTC TCCGACTCAG-3') to allow multiple sam-
ples to be included in a single 454 Genome Sequencer (GS) 
FLX Titanium sequencing plate as previously described.34,35 16S 
rRNA PCR products were quantified, pooled and purified for 
the sequencing reaction. 454 GS FLX Titanium sequencing was 
performed on a 454 Life Sciences GS FLX machine (Roche) at 

microbiota of this mouse model reflect the changes in this com-
plex microbial community observed in human IBD patients. 
Thus, our study validates the use of this mouse model for stud-
ies relating to the intestinal microbiota and immune-mediated 
colonic inflammation. The progressive loss of diversity, of domi-
nant commensal microbiota and expansion of Proteobacteria, 
notably E. coli, with increasing experimental inflammation sug-
gests that dysbiosis is secondary to the immune response in this 
model. Despite the postulated secondary nature of the observed 
changes, the altered microbiota profiles may still be responsible 
for perpetuation and amplification of mucosal immune responses 
and inflammation, since we have documented enteric bacterial-
specific TH

1
 and TH

17
 responses in this model.30

Materials and Methods

Mice. Adult WT and IL-10−/− 129 SvEv mice were maintained 
in a GF state at the National Gnotobiotic Rodent Resource 
Center at UNC-Chapel Hill, NC USA. One group of WT (n = 
5) and one group of IL-10−/− (n = 5) mice were used in this study. 
Formerly GF mice were inoculated with fecal slurry obtained 
from a common SPF WT 129 SvEv donor mouse via oral and 
rectal swabbing (see Fig. 7 for a schematic design of the study). 
Each experimental group (WT and IL-10−/−) consisted of mice 
from the same litter that were housed in separate cages. Fresh 
fecal pellets were obtained weekly from all mice. All fecal pel-
lets collected were flash frozen immediately in liquid nitrogen to 
retain the integrity of the fecal microbiota.

In order to translate our findings from GF animals to mice 
that were raised from birth with a normal microbiota, we investi-
gated WT (n = 8) and IL-10−/− (n = 9) C57BL/6 mice housed in 
a specific pathogen-free (SPF) environment. Each experimental 
group (WT and IL-10−/−) consisted of mice from the same litter 
that were housed in separate cages. Fecal samples were collected 
from all mice at eight and 10 weeks of age.

Assessment of intestinal inflammation. Sections of fixed 
(10% neutral buffered formalin) colons were embedded in paraf-
fin and stained with hematoxylin and eosin. Using a well-vali-
dated scale17,31 the severity of inflammation was blindly assessed. 
Histological scores (0 to 4) were based on the degree of lamina 
propria and submucosal mononuclear cellular infiltration, crypt 
hyperplasia, goblet cell depletion and architectural distortion. A 
composite histology score was generated by the aggregate scores 
from the cecum and proximal and distal colon.

Colonic explant cultures were prepared as previously 
described.17 Briefly, colonic tissue was thoroughly irrigated with 
phosphate-buffered saline (PBS), shaken at room temperature in 
Roswell Park Memorial Institute Medium (RPMI) containing 
1% penicillin and streptomycin (GIBCO) for 30 min at 280 rpm, 
cut into 1-mm fragments and weighed. Intestinal tissue fragments 
were then distributed (0.05 g per well) into 24-well plates and 
incubated in 1 mL of RPMI 1640 medium supplemented with 
10% fetal bovine serum and 1% antibiotic/antimycotic (penicil-
lin/streptomycin; GIBCO) for 22 h at 37°C. Supernatants were 
collected and stored at −20°C before use for cytokine quantifica-
tion. Commercially available monoclonal anti-mouse IL-12 p40 

Figure 7. Schematic outline of experimental design. Adult WT and 
IL-10−/− 129 SvEv GF mice were inoculated with an SPF microbiota from 
a single donor (black arrow). Fresh fecal pellets were obtained from the 
WT group (n = 5) at 1 and 2 weeks following SPF inoculation. Fecal pel-
lets were obtained from the IL-10−/− group (n = 5) at 1, 2, 3 and 4 weeks 
following association with an SPF intestinal microbiota.
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statistical. When a data set was identified as not having a nor-
mal distribution it was transformed by log

10
,42 and retested for 

normality. Normally distributed data sets were compared using a 
Student’s t-test. All statistical comparisons were performed using 
GraphPad Prism software (v4.0a; Prism). We used taxon and phy-
logenetic-based analyses to compare 16S rRNA gene sequences 
within WT and IL-10−/− groups over time. Taxon-based: the 
means and standard deviations of abundances of bacterial phyla 
were calculated and compared between all time-points for each 
group using the Benjamini–Hochberg procedure43 to correct for 
multiple corrections. A P value of less than 0.05 and a FDR less 
than 0.1 was considered significant. Phylogenetic-based: phylo-
genetic trees for WT and IL-10−/− groups were generated using 
the QIIME pipeline.36 Each tree was subjected to un-weighted 
and weighted UniFrac analyses39,40 through the QIIME pipeline. 
UniFrac distances represent the fraction of branch length that is 
shared by any two samples’ communities in a phylogenetic tree 
built from 16S rRNA sequence data from all samples. Average 
UniFrac distances, which represent the similarity or dissimilarity 
of microbial communities within a group, were compared using 
a student’s t test.

For qPCR assays, the percentage of E. coli was determined 
in all fecal samples ([copies 16S rRNA gene for E. coli/copies 
of 16S rRNA gene for all bacteria] × 100). The concentration 
of E. coli group was expressed as a “fold change” with respect 
to the concentration in the control group (WT) at week 1 after 
colonization. qPCR data were compared between groups using 
a non-parametric Mann-Whitney test. Similarly, the concentra-
tions of IL-12p40 secreted by colonic tissue (pg/mL/mg of tissue) 
were compared between groups using a non-parametric Mann-
Whitney test.
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Analysis of 16S rRNA sequences using the QIIME pipeline. 
16S rRNA sequence data generated by the 454 GS FLX Titanium 
sequencer were processed by the quantitative insights into micro-
bial ecology (QIIME) pipeline.36 Briefly, sequences that were less 
than 200 bp or greater than 1,000 bp in length, contained incor-
rect primer sequences or contained more than 1 ambiguous base 
were discarded. The remaining sequences were assigned to WT 
and IL-10−/− groups based on their unique nucleotide barcodes, 
including error-correction.34 Sequences were clustered into OTUs 
based on 97% sequence similarity (similar to species level) using 
BLAST37 with the Greengenes reference database.38 α-diversity 
(diversity within samples) was determined with ten iterations at 
a maximal sequence depth where all samples could be included. 
β-diversity (diversity between groups of samples) was calculated 
using weighted and un-weighted UniFrac distances.39-41 UniFrac 
distances are a β-diversity measure that utilizes phylogenetic 
information to compare environmental samples.39,40

Quantitative real-time PCR (qPCR). qPCR assays were 
performed using the SYBR® Green PCR Master Mix (Applied 
Biosystems) with primers that amplify the genes encoding 16S rRNA 
from E. coli (forward, 5'-GTTAATACCT TTGCTCATTG A-3'; 
reverse, 5'-ACCAGGGTAT CTAATCCTGT T-3'), Lactobacillus 
species (forward, 5'-AGCAGTAGGG AATCTTCCA-3'; 
reverse, 5'-CACCGCTACA CATGGAG-3'), A. muciniphila 
(forward, 5'-CAGCACGTGA AGGTGGGGAC-3'; reverse, 
5'-CCTTGCGGTT GGCTTCAGAT-3') and all bacte-
ria (forward, 5'-TGSTGCAYGG YTGTCGTCA-3'; reverse, 
5'-ACGTCRTCCM CACCTTCCTC-3'). qPCR assays were 
conducted in 96-well plates on an Eppendorf Realplex2 master-
cycler thermocycler (Eppendorf). Each PCR was performed in 
a final volume of 25 μL and contained the following: 1× SYBR 
Green Master Mix, 0.5 μM of each primer and 10 ng of purified 
fecal DNA. PCR conditions were as follows: 10 min at 95°C, fol-
lowed by 40 cycles of 95°C for 15 sec, 20 sec at 50°C and 72°C 
for 30 sec. Each plate included duplicate reactions per DNA sam-
ple, the appropriate set of standards and a “no template” negative 
control for each primer set. qPCR standards were generated by 
PCR amplification of target sequences from genomic DNA of 
an appropriate positive control strain. Analysis of melting curves 
confirmed that the fluorescence signal originated from specific 
PCR products and not from primer-dimers or other artifacts.

Statistical analyses. Bacterial taxon percentages and average 
UniFrac value data sets were assessed for normality using the 
D’Agostino and Pearson omnibus normality test prior to making 
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