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Trichuris spp. are gastrointestinal nematodes that dwell in 
close association with a complex bacterial community in the 
host’s colon. After ingestion, embryonated eggs hatch in the 
cecum or colon releasing first-stage larvae that penetrate the 
epithelium and undergo 4 molts before becoming sexually ma-
ture. Both larval and adult Trichuris form syncytial tunnels in the 
colonic epithelium21,30 that anchor the organisms in the proximal 
colon, where females produce eggs that pass in feces and em-
bryonate in the environment.

T. suis excretory secretory products (ESP) condition the co-
lonic environment for enhanced worm survival, including ef-
fects on intestinal bacteria. Previous work demonstrated that 
T. suis ESP had dose-dependent effects on the tight junctions of 
epithelial cells.1 The ESP fraction below a molecular weight of 
10,000 kDa was mainly composed of an antimicrobial moiety2 
with bactericidal activity against gram-negative (Campylobacter 
jejuni, C. coli, and Escherichia coli) and gram-positive (Staphylo-
coccus aureus) bacteria. In addition, due to several enzymatic ac-
tivities, T. suis ESP have been demonstrated to aid the worms in 
burrowing into the host’s colonic epithelium and in feeding.1,10,12 
In addition to a 20-kDa diagnostic antigen,10,11 higher molecu-
lar-weight fractions of ESP harbored a 42-kDa zinc metallopro-
tease that likely functions to provide nutrition for the worms 
through collagenase and elastase activities.10 Furthermore, a 
serine protease inhibitor (TsCEI) was purified from adult-stage 
T. suis by using acid precipitation, affinity chromatography, and 
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reverse-phase HPLC.33 This 6.43-kDa TsCEI inhibited chymo-
trypsin, pancreatic elastase, neutrophil elastase, and cathepsin 
G and was suggested to function as a parasite defense mecha-
nism by modulating host immune responses. Indeed, exposure 
of cultured epithelial cells to T. suis ESP elicited IL6 and IL10 
cytokine responses.31

Trichuris has also been reported to interact with bacteria in 
vivo. Early studies demonstrated development of diarrhea in 
weaning age pigs concurrently harboring T. suis and various 
bacteria.35 A mixed inoculum of T. suis and cecal scrapings con-
taining Brachyspira, Campylobacter spp., or Salmonella spp. were 
implicated in this diarrhea by means of passive transfer to SPF 
pigs.35 Interactions between this helminth and enteric bacteria 
were also explored by antibiotic treatment of T. suis-infected 
pigs.20,27 Results of both passive transfer and antibiotic treatment 
experiments in pigs showed that Trichuris and various bacte-
rial strains were necessary to produce the type of diarrhea and 
colonic lesions seen in weaning aged pigs in production, but 
did not implicate a single bacterial agent. In 2003, synergism 
between T. suis and C. jejuni was proven to cause mucohem-
orrhagic colitis in that germ-free piglets inoculated with both 
agents developed disease, whereas those infected with a single 
agent did not.25 Recent studies in T. suis-infected pigs show 
changes in the microbial community of the colon with some 
accompanying metabolic changes.22,45 Similar interactions have 
been found in extensive studies of captive rhesus monkeys with 
chronic enterocolitis. In these monkeys, severe disease was as-
sociated with presence of Trichuris trichiura and several enteric 
pathogens including C. coli, C. jejuni, Shigella flexneri, Yersinia en-
terocolitica, adenovirus, and Strongyloides fulleborni.38 Therefore, 
Trichuris interacts with and may demonstrate synergy in disease 
production with the host’s colonic microflora.

Interactions between Trichuris and bacteria have also been 
studied in mice.9,20,36 One study found 100% morbidity in 
C57BL/6 IL10−/− and congenic IL10−/− IL4−/− mice after challenge 
with T. muris.36 The authors hypothesized that this high morbid-
ity was due to an overgrowth of opportunistic invasive bacteria 
that use the mechanical damage caused by T. muris larvae to 
breach the intestinal tract. Adding the broad-spectrum antibiotic 
neomycin sulfate to the drinking water of IL10−/− IL4−/− mice 
and then infecting them with T. muris resulted in a statistically 
significant increase in the percentage of mice that survived in-
fection.36 The authors concluded that growth of opportunistic 
bacteria may have contributed to the previously observed mor-
bidity and mortality. Most recently, another group9 found that 
increased levels of colonic microflora favor increased numbers 
of T. muris and chronic infections. The group also demonstrated 
that T. muris eggs hatched more efficiently in vitro when incu-
bated with explants of mouse cecum containing 5 isolates of 
bacteria (E. coli, Staphylococcus aureus, Salmonella typhimurium, 
or Pseudomonas aeruginosa) and the yeast Saccharomyces cerevisiae, 
with the greatest effects seen at 37 °C. Similarly, work from our 
laboratory20 demonstrated that treatment of T. muris-infected 
C57BL/6 IL10−/− mice with metronidazole but not prednisolone 
increased survival.20 Most recently, chronic infections with T. 
muris in C57BL/6 mice have been shown to decrease the diver-
sity of intestinal microbiota,13 increase the abundance of Lactoba-
cillus spp., and alter the metabolome.14

Taken together, these data suggest an important microbial 
component to the pathogenesis of Trichuris infections in a vari-
ety of species. Given that Trichuris suis has been administered to 
patients with inflammatory bowel disease (IBD), and in some 
studies appeared to diminish IBD symptoms42,43 we sought to 
understand the community-wide interactions of this worm with 

enteric bacteria in a mouse model of colitis. We hypothesized 
that the microbiota of the proximal colon would differ signifi-
cantly in mice infected with T. muris as compared with unin-
fected mice. We theorized that these effects would occur due to 
the worm’s immunomodulatory properties in the host and may 
contribute to the successful outcomes of Trichuris treatment in 
patients with IBD.

Materials and Methods
Mouse genetic background, breeding, and handling. All ani-

mal protocols were approved by the Michigan State Univer-
sity IACUC and complied with the Guide for the Care and Use of 
Laboratory Animals16 and NIH guidelines (04/07-044-00). Briefly, 
C3H/HeJ TLR4−/− IL10+/+ (referred to throughout as C3H/
HeJ) and C3Bir.129P2(B6)-IL10−/− (referred to throughout as 
C3BirIL10−/−) mice were obtained from barrier facilities at The 
Jackson Laboratories (Bar Harbor, ME). Previously, one group of 
investigators had documented a role for the cytokine deficiency 
colitis susceptibility (Cdcs1) gene product(s) in these mice in 
the development of spontaneous colitis in C3BirIL10−/− but not 
C3H/HeJ mice.4,5 We confirmed this finding in experimental 
infections with a colitogenic strain of C. jejuni.26 Breeding, ge-
notyping of mice, and testing for enteric pathogens (Helicobacter 
spp., Campylobacter spp., Citrobacter rodentium, Enterococcus faeca-
lis, and Enterococcus faecium) both prior to and at the conclusion 
of the experiment were performed as previously described.24

Dedicated C3BirIL10−/− sentinel mice were used to monitor 
for bacterial, protozoal, and viral agents throughout our institu-
tion’s Laboratory Animal Resources Facility, both in the breed-
ing colony and at our Research Containment Facility. We also 
monitored the mouse colony for the incidence of spontaneous 
colitis by examining euthanized retired breeding mice and ex-
amined mice euthanized for other reasons for enlargement of 
the proximal colon, cecum, ileocecocolic junction (ICC–J) lymph 
node, and spleen. The feces of mice that exhibited signs of coli-
tis were screened for the presence of the known colitis-causing 
bacteria (previously mentioned), by using DNA isolated from 
proximal colon samples.24

When designated experimental mice reached the age of 8 to 12 
wk, they were transported to the Research Containment Facility 
in autoclaved polycarbonate filter-topped cages in sterile dog 
crates for use in experiments. All mice were housed individually 
in autoclaved polycarbonate filter-topped cages (Ancare, Bell-
more, NY) on sterile rolled paper bedding, fed irradiated 7904 
mouse breeder diet (Harlan Teklad, Indianapolis, IN), given 
autoclaved water and autoclaved cotton squares, and randomly 
assigned by random number generator (www.random.org) 
to cage locations on the racks without regard to genetic back-
ground or treatment group. In experiment 2, C3BirIL10−/− and 
C3H/HeJ mice that were used to assess the incidence of spon-
taneous colitis remained within our barrier breeding colony for 
the entirety of the experiment. Their husbandry was the same as 
for mice in experiment 1.

Parasites. T. muris eggs of the J isolate were originally obtained 
from Dr Joseph Urban (USDA, Beltsville, MD) and used to in-
fect SCID mice to obtain adult T. muris worms. Egg stocks were 
collected and stored as previously described.19 The stocks were 
monitored by microscopy for the presence of fungal or bacterial 
infection and discarded if contamination was detected.

Parasite inoculum preparation and infection. Trichuris muris 
egg inoculum was prepared as previously described.19 Briefly, 
eggs were surface-sterilized by using 6.25% hypochlorite 
(bleach) and washed in sterile PBS. Infectivity and viability 
were confirmed by using propidium iodide staining and in vitro 
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hatching assays. Mice were gavaged with embryonated T. muris 
eggs in 200 µL PBS according to experimental group assign-
ment, by using 1-mL tuberculin syringes with sterile 22-gauge 
curved stainless steel feeding needles.

Experimental design. In experiment 1, 10 or 11 C3H/HeJ and 
C3BirIL10−/− mice were divided into randomized age- and sex-
matched experimental groups, resulting in 5 or 6 mice of both 
strains per group.  Each mouse received 100 embryonated T. 
muris eggs or sham inoculations orally, as designated (Table 1). 
This sample size was chosen to assure sufficient power to detect 
differences in the gut microbiome even though no data were 
available at this time. Mice with clinical signs of disease were 
euthanized prior to the scheduled necropsy if required for hu-
mane reasons, based on our scoring system for clinical signs of 
disease.24 All remaining mice were euthanized 40 d after infec-
tion. This 40-d experimental end-point was chosen based on 
data from a previous mouse experiment that showed the pres-
ence of adult worms and patency with peak egg-shedding in 
fecal pellets at this time.19 For statistical analyses of enteric and 
extraintestinal lesions according to histologic scoring, mice were 
divided into early (before day 29) and late (after day 29) groups.

In experiment 2, C3BirIL10−/− mice were used to assess the 
development of spontaneous colitis within the breeding colony. 
Mice were monitored daily for clinical signs associated with 
colitis, by using a case–control design. Mice with colitis were eu-
thanized if clinical signs reached humane endpoints according 
to an approved score sheet designed to prevent animal suffer-
ing.24 At the same times, noncolitic C3BirIL10−/− and C3H/HeJ 
mice of similar age and sex were euthanized to serve as controls 
for those with spontaneous colitis (Table 2).

Monitoring of experimentally infected mice for clinical signs. 
Mice were evaluated for clinical signs of disease 1 to 4 times 
daily by a trained observer using a standardized score sheet.24 
The frequency of monitoring increased with the severity of the 
clinical score. Briefly, mice were monitored for clinical signs in-
cluding, but not limited to, rough hair coat, hunched posture, 
decreased activity, diarrhea, dehydration, increased respiration 
rate, and signs of shock. Each factor, when present, received 
a numerical score, with higher scores for more severe clinical 
signs of disease. Any mouse receiving a score of 8 or above was 
immediately euthanized and necropsied. This method allowed 
us to identify animals in the early stages of disease in a stan-
dardized manner.

Methods for necropsy, gross pathology, and histopathology. 
Mice were euthanized by CO2 overdose consistent with AVMA 
guidelines3 and weighed. Prior to opening the gastrointestinal 
tract, spleens were removed aseptically, weighed, and cut on 
the sagittal plane. One half of the tract was infused with Carnoy 
solution, placed in a histologic cassette (Histocette II, Simport 
Plastics, Beloeil, Quebec, Canada), and submerged in Carnoy 
solution for 24 h; the fixative was then decanted and the tis-
sue placed in 60% ethanol. The other half was snap-frozen by 
using dry ice for subsequent DNA extraction. The gastrointes-
tinal tract was removed in its entirety to absorbent Versi-Dry 
paper (Nalgene, Rochester, NY) to prevent cross-contamination 
of the samples. Gross pathologic changes were noted and pho-
tographed. Changes seen included enlargement of the ICC–J 
and mesenteric lymph nodes, thickening of the wall of the gas-
trointestinal tract, and distention of the gastrointestinal tract 
lumen with fluid or bloody contents. Care was taken to avoid 
contaminating the serosal surfaces with either T. muris or intes-
tinal contents. A 0.5-cm cross-section of colon was sectioned by 
using sterile scissors and snap-frozen in a cryovial for terminal 
restriction fragment length polymorphism (T-RFLP) microbial 

community studies. The cecum with approximately 1 cm of both 
the terminal ileum and proximal colon was placed on a sponge 
in a histologic cassette, immediately injected with Carnoy solu-
tion, and submerged in Carnoy solution for 24 h. Thereafter, the 
fixative was decanted and the cassette placed in 60% ethanol 
in preparation for histologic analysis. All Carnoy-fixed tissues 
stored in ethanol were embedded in paraffin and cut in 5 μm 
sections. One section was stained with hematoxylin and eosin 
and another section was Gram stained at the Investigative His-
topathology Laboratory (Division of Human Pathology, Depart-
ment of Physiology, Michigan State University). Sections were 
observed and photographed by using a Nikon Eclipse E600 mi-
croscope with a SPOT camera and Windows version 4.09 soft-
ware (RT-Slider Diagnostic Instruments, Sterling Heights, MI).

Scoring of histopathologic lesions. The scoring system used 
to evaluate histopathologic changes in the ICC–J of each mouse 
assigned numerical grades based on severity, as previously re-
ported.24 The lumen was evaluated for excess mucus and inflam-
matory exudates; the epithelium for surface integrity, number of 
intraepithelial lymphocytes, goblet cell hypertrophy, goblet cell 
depletion, crypt hyperplasia, crypt atrophy and crypt inflam-
mation; the lamina propria and submucosa for increases in in-
flammatory or immune cells and changes in the distribution of 
those cells; and the submucosa for fibrosis, inflammatory cells 
and edema. All histologic sections were scored by 2 individuals 
(JJK and JSP, a board-certified pathologist) who were blind to 
the identities and experimental groups of mice. In the few slides 
for which scoring discrepancies occurred, the 2 scorers reviewed 
the slides together and selected a single score for each category. 
Spleen sections were scored by a single observer (JJK) who used 
separate standardized scoring criteria that graded the size of 
periarteriolar sheaths, degree of extramedullary hematopoiesis, 
and the amount of mononuclear lymphocyte infiltration.26

DNA extraction and T-RFLP analysis. DNA was extracted from 
frozen proximal colon tissue samples by using a DNeasy tis-
sue kit (QIAgen, Valencia, CA) according to the manufacturer’s 
instructions. Each DNA sample was used as the template for 
the 16S rRNA gene universal primers 5′-fluorescent (6-FAM)′-
TGC CAG CAG CCG CGG TA-3′ (516f) and 5′-GGT TAC CTT 
GTT ACG ACT T-3′ (1510r), in a reaction mixture described 
previously29 and with the following modifications: (1) the total 
amount of sample DNA was increased to 400 ng per 50-µL reac-
tion, (2) 25 pM of primers was used per 50-µL reaction, (3) the 
annealing time was increased to 60 s and (4) the elongation time 
was increased to 120 s. Two 50-µL reactions were combined for 
each mouse sample.

In preliminary trials, T-RFLP OTU from 3 different restric-
tion enzyme digests were compared, and each combination of 
T-RFLP operational taxonomic units (OTU; HaeIII–BslI, HaeIII–
MspI, MspI–BslI, and HaeIII–BslI–MspI) was evaluated to deter-
mine whether the additional fragments from other restriction 
digests would increase the sensitivity of the analysis. TRFLP 
peaks with a height of 50 fluorescent units or greater were in-
cluded in the analyses and reported as fragment-size OTU. For 
restriction enzyme combination analyses, the OTU from each 
independent restriction enzyme digest were analyzed together. 
PAST software was used for multivariate analysis of similari-
ties (ANOSIM) and cluster analyses for visual representation.8 
Samples were analyzed by comparing both the presence and 
absence and the relative abundance of OTU according to Jaccard 
and Bray–Curtis similarity indices, respectively. N was equal to 
10,000 permutations for all analyses. In ANOSIM, the statistical 
null hypothesis that samples were derived from the same com-
munity was rejected when the P value was 0.05 or less. Only 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27



Trichuris muris infection shifts the proximal colon microbiota

49

minor differences were detected in the P (same) and R values 
between different analyses of individual restriction enzymes 
and their combinations. Therefore, for both experiments 1 and 
2, the combined product of the two 50-µL reactions was digested 
with BslI (New England Biolabs, Ipswich MA) according to the 
manufacturer’s instructions and purified by using QIAQuick 
PCR Purification Columns (QIAgen). Samples were submitted 
to our institution’s Research Technology Support Facility for 
T-RFLP analysis. DNA samples from 2 C3Bir IL10−/− infected 
mice, 3 C3Bir IL10−/− uninfected mice, and one mouse each from 
the infected and uninfected C3H/HeJ groups repeatedly failed 
to yield 16S rRNA PCR products due to low DNA template 
yields and were not included in T-RFLP analyses.

Quantitative real-time PCR (qPCR) analysis. DNA extracted 
from the proximal colon lumen and tissue-associated contents 
as previously described34 was used as the template in species-
specific qPCR assays. Clostridium groups I and XIV and Bacteroides 
assays were performed by using previously described primer 
sequences.34 Escherichia coli qPCR assays were performed by us-
ing other appropriate primer sequences.17 Primer sequences are 
summarized in Table 3. In all assays, 25-µL reactions were per-
formed in triplicate for each sample by using SYBR Green PCR 
master mix (Applied Biosystems, Foster City, CA), 12.5 pM of 
bacterial specific primers, and 50 ng of sample DNA. All qPCR 
assays included a 7-point standard curve run in triplicate (R2 > 
0.90) and 3 nontemplate controls containing all other reaction 
components. qPCR data were analyzed by using a Bio-Rad iQ5 
Real-Time PCR Detection System (Bio-Rad, Hercules).

Statistical analyses. Analysis of histologic scoring of ICC–J  
and spleen. Preliminary analyses of histopathologic scoring 
data were conducted by using Kruskal–Wallis nonparametric 
one-way ANOVA as previously described.24 When the result 
indicated that statistically significant differences existed among 
groups in an analysis, pairwise comparisons between groups 
were conducted by using the Fisher exact test. Thus, overall 
ICC–J scores from T. muris-infected mice were compared with 
those of uninfected mice by using the Fisher exact test. Scores 
were grouped in the 2-way table so that mice that had scores 
less than or equal to 9 formed one class, and those that had 
scores greater than or equal to 10 formed the second class. After 
2-tailed P values were calculated by using the Fisher exact test, 

the Holm step-down procedure was used to correct for mul-
tiple comparisons. The null hypothesis was rejected when the 
P value was less than or equal to 0.05. Spleen scoring data were 
treated similarly. For the cell-count data, one-way ANOVA fol-
lowed by the Holm–Sidak correction for multiple comparisons 
was performed by using SigmaStat 3.1 (Systat Software, San 
Jose, CA). Statistical null hypotheses were rejected when P val-
ues were less than or equal to 0.05.

T-RFLP analysis. For experiments 1 and 2, T-RFLP profiles were 
processed as follows. Only profiles having total area under the 
curve of at least 10,000 fluorescence units between fragment 
sizes of 100 and 990 bp were considered. Only OTU with heights 
greater than or equal to 50 fluorescence units and comprising at 
least 1% of the total area were included.18 Only profiles with at 
least 65% of the total area between 100 and 990 bp accounted for 
were included. Consensus profiles were produced by T-Align 
processing of duplicates.40 Peaks present in less than 5% of the 
consensus profiles were removed. Two replicates of the T-RFLP 
analysis were run on each sample to evaluate repeatability. Sam-
ples that did not achieve designated peak height and repeatabil-
ity criteria were not used for statistical analyses.

Hierarchical clustering analysis. The presence or absence, 
and, if present, the number of OTU was analyzed as a pair-
wise matrix of similarities where each sample was compared 
with all others. The Dice similarity measure was used for pres-
ence–absence data and the Bray–Curtis similarity measure for 
abundance data. The resulting matrices were used to construct 
dendrograms by using unweighted pair group method with 
arithmetic averaging (UPGMA) using PAST software (version 
1.93).8 In experiment 1, UPGMA clustering was performed on 
abundance and presence–absence data in experiment 1 on all 
mice (TLR4-deficient C3BirIL10−/− mice with and without T. mu-
ris infection and TLR4-deficient IL10 sufficient mice [C3H/HeJ] 
with and without T. muris) and of C3BirIL10−/− mice with and 
without T. muris infection. In experiment 2, UPGMA clustering 
was performed on abundance and presence–absence data of 
all 3 groups of mice (noncolitic C3BirIL10−/− mice, colitic C3Bir 
IL10−/− mice, and noncolitic C3H/HeJ mice) and on noncolitic 
and colitic C3BirIL10−/− mice. In all cases, the averages of dis-
tances between clusters were unweighted by the number of 
taxa in each cluster at each step, and each distance contributed 

Table 2. Experimental design for the study of colonic microbiota in C3Bir IL-10−/− mice with and without clinical signs of spontaneous colitis 
and C3H/HeJ controls. At the time of euthanasia of mice with colitis, a clinically normal mouse that was similar in terms of age and sex was 
also euthanized as a comparison when available.

Experimental group C3Bir IL10−/−Total (male, female) C3H/HeJ Total (male, female)

Spontaneous colitis 28 (11, 17) 0 (0,0)
Noncolitic 21 (13, 8) 12 (7, 5)

Table 3. Summary of qPCR Primer Sequences

Target bacteria Forward (5′-3′) Reverse (5′-3′)

Bacteroides spp.31 GGTGTCGGCTTAAGTGCCAT CGGA(C/T)GTAAGGGCCGTGC
E. coli15 CAATTTTCGTGTCCCCTTCG GTTAATGATAGTGTGTCGAAA
Clostridium Group I31 CGGTACCTGACTAAGAAGC- AGTTT(C/T)ATTCTTGCGAACG
Clostridium Group XIV31 ATGCAAGTCGAGCGA(G/T)G TATGCGGTATTAATCT(C/T)CCTT

Table 1. Experimental design for the study of the effect of T. muris on proximal colon microbiota. Mice were given either 100 embryonated T. 
muris eggs (infected) or were given PBS as a sham inoculation (uninfected). Groups were age and sex matched.

Experimental group C3H/HeJ (male, female) C3Bir IL10−/− (male, female)

Infected 10 (5,5) 11 (6,5)
Uninfected 9 (5,4) 11 (5,6)
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equally to the final result. Results are expressed as a dendro-
gram with overall similarities among taxa evaluated by boot-
strapping.

Nonmetric Multidimensional Scaling (NMDS). In experiment 1, 
NMDS plots were generated to illustrate variation in the com-
position and structure of proximal colon microbial communities 
among 1) all mice in all treatment groups (TLR4-deficient C3Bir 
IL10−/− mice with and without T. muris infection and TLR4-defi-
cient IL10 sufficient mice [C3H/HeJ] with and without T. muris); 

2) Trichuris-infected mice of both genotypes; 3) C3BirIL10−/− 
mice only (T. muris-infected and uninfected); 4) C3H/HeJ mice 
only (T. muris-infected and uninfected); and 5) uninfected mice 
of both genotypes (C3BirIL10−/− and C3H/HeJ). The Dice simi-
larity measure was used for presence–absence data and the 
Bray Curtis similarity measure for abundance data. NMDS 
plots were also made to illustrate variation in abundance data 
on all 3 groups of mice in Experiment 2 (noncolitic C3Bir IL10−/− 
mice, colitic C3Bir IL10−/− mice, and noncolitic C3H/HeJ mice). 

Figure 1. Survival curves and clinical signs of disease in C3Bir IL10−/− and C3H/HeJ mice infected with T. muris (Inf) or sham inoculated (Un-
inf). (A) Survival curves. All mice were infected on day 0 and euthanized as dictated by clinical signs or at day 40 PI. (B) Graded score based on 
clinical signs of disease in infected and uninfected C3Bir IL10−/− mice. Uninfected C3Bir IL10−/− mice showed clinical signs 4 d earlier than mice 
of the same genotype infected with T. muris; however, mice of both groups were euthanized for the first time at day 25 PI when their clinical 
scores exceeded a value of 8.
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Figure 2. Gross pathology and histologic lesions observed at the time of necropsy; Experiment 1. (A)Distribution of pathology in all compart-
ments of the small and large bowel in both mouse genotypes and infection groups (Infected, Inf; Uninfected, Uninf) divided according to the 
time of euthanasia (early, prior to 29 d PI; late, day 39 or 40 PI regardless of clinical signs of disease). (B)Percentage of mice with pathology in 
small and large intestines and lymph nodes in the 4 treatment groups. C3Bir IL10−/− (IL10−/−) mice infected with T. muris tended to have wide-
spread lesions in the gastrointestinal tract, while uninfected mice of this genotype with spontaneous colitis had gross changes in the colon and 
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NMDS plots were also made to illustrate variation in the I pres-
ence-absence data in mice of these 3 groups. NMDS analyses 
were then applied to the C3Bir IL10−/− mice alone comparing 
colitic and noncolitic mice of the same genotype and the normal 
mice of both genotypes for I abundance and presence-absence.

Software. PAST software (version 1.93)8 was used to gener-
ate dendrograms based on hierarchical clustering and NMDS 
scatter plots and to conduct ANOSIM and similarity percent-
age (SIMPER) analyses for assessing which taxa were primarily 
responsible for the observed differences between the groups of 
samples.8 The composition and structure of the microbial com-
munities of mice were compared by using Dice (Sorenson) and 
Bray–Curtis diversity indices, respectively. In experiment 2, the 
T-Align program was used to generate consensus T-RFLP pro-
files from duplicate samples prior to further analysis.40

Microbial community analysis (MiCA). MiCA with APLAUS8 
was used to identify to name particular 16S fragment sizes 
based on T-RFLP data.39 This analysis reports a listing of phylo-
types consistent with the observed fragment sizes.

qPCR analysis. In experiment 1, iQ5 PCR detection system 
software (Bio-Rad) was used to calculate the cycle threshold 
value for each reaction and the mean cycle threshold value for 
each set of triplicates. Using the corresponding standard curve, 
the starting quantity of DNA was calculated for each reaction 
and the mean starting quantity for the triplicate reactions for 
each sample. The mice were then grouped according to geno-
type (IL10+/+ or IL10−/−) and experimental end-point (early [that 
is, before day 29] or late [day 39 or 40]). The mean starting quan-
tities of DNA for each mouse within a specific treatment and 
end-point group were then calculated and compared by using 
ANOVA. The null hypothesis was rejected when the P value 
was 0.05 or less.

Results
Experimental procedures. The first aim was to describe patho-

logic manifestations of T. muris infection in C3Bir IL10−/− mice 
and to contrast those manifestations with pathology in both T. 
muris-infected C3H/HeJ mice and in uninfected C3Bir IL10−/− 
mice experiencing spontaneous colitis. The second aim was to 
determine whether shifts in composition of proportions of in-
testinal microbiota were associated with pathologic changes 
in the gut. In experiment 1, T. muris-infected C3H/HeJ IL10−/− 
were compared with T. muris-infected C3H/HeJIL10−/− and 
uninfected controls of both mouse genotypes. In experiment 
2, a larger number of uninfected C3HBirIL10−/− mice with and 
without spontaneous colitis were compared with each other and 
with normal C3H/HeJ mice.

Typhlocolitis in Trichuris-infected mice. All T. muris-infected 
and some uninfected C3BirIL10−/− mice developed clinical 
signs of typhlocolitis, with some mice requiring early euthana-
sia, whereas all C3H/HeJ mice in both the infected and unin-
fected groups remained disease-free (experiment 1, Figure 1). 
C3BirIL10−/− mice have been observed to develop spontane-
ous colitis in multiple laboratories,37 including our own, despite 
SPF status. Trichuris-infected and uninfected C3Bir IL10−/− mice 
with severe disease necessitating early euthanasia (Figure 1 A) 
had clinical signs including hunched posture, decreased ac-
tivity, rough hair coat, dehydration, and increased frequency 
and volume of diarrhea (Figure 1 B). Furthermore, some C3Bir 

IL10−/− mice in both the infected and uninfected groups had 
severe clinical signs (Figure 1 B). Uninfected C3BirIL10−/− mice 
that developed spontaneous colitis showed clinical signs 4 d 
earlier than T. muris-infected mice of the same genotype, but 
both groups progressed to a requirement for euthanasia at the 
same time (25 d after infection) (Figure 1 A). Three of 11 (0 of 5 
female and 3 of 6 male) T. muris-infected C3BirIL10−/− mice were 
euthanized early due to severe clinical signs of disease, whereas 
4 of 11 (1 of 6 female and 3 of 5 male) uninfected mice displayed 
clinical signs requiring early euthanasia (Figure 1 A). Unlike T. 
muris-infected mice, many uninfected C3BirIL10−/− mice that re-
quired early euthanasia had severely ulcerated perineal tissues 
due to chronic watery diarrhea.

Intestinal inflammatory changes in C3BirIL10−/− mice infected 
with T. muris. C3BirIL10−/− mice infected with T. muris had se-
vere diffuse inflammatory changes in the gastrointestinal tract 
as compared with uninfected mice (experiment 1). Specifically, 
C3Bir IL10−/− mice infected with T. muris had inflammation in-
volving a larger portion of the gastrointestinal tract—including 
the small intestine (starting as proximal as the anterior ileum), 
the cecum and the proximal colon—compared with uninfected 
C3Bir IL10−/− mice and C3H/HeJ mice (Figure 2 A and B). In 3 
of 11 C3Bir IL10−/− infected mice, the distal colon was also in-
volved. The gross pathologic changes observed in these gas-
trointestinal tracts included organ distension or enlargement, 
thickened wall, fluid-filled intestines, and enlarged ICC–J and 
mesenteric lymph nodes. Infected C3Bir IL10−/− mice that re-
quired early euthanasia had lesions in the large bowel, whereas 
mice surviving longer had widespread gastrointestinal lesions 
in the small and large intestines. This observation indicates 
that Trichuris lesions apparently started in the large bowel and 
extended to the entire gastrointestinal tract. This pattern is in 
contrast to uninfected C3Bir IL10−/− mice with severe lesions of 
spontaneous colitis, in which lesions were confined to the colon.

ICC–J lesions in response to Trichuris (experiment 1). The 
differences in the overall histopathologic score for all mouse 
genotypes and infection groups are shown in Figure 2 C. Trich-
uris-infected C3BirIL10−/− mice had higher median ICC–J lesion 
scores when compared with uninfected C3Bir IL10−/− mice, in-
fected C3H/HeJ mice, and uninfected C3H/HeJ mice; how-
ever, statistical analyses showed significant differences only 
between Trichuris-infected C3BirIL10−/− mice and the 2 C3H/
HeJ groups (infected, uninfected). Histopathology scores of un-
infected C3BirIL10−/− mice were higher (P ≤ 0.001) than in either 
Trichuris-infected or uninfected C3H/HeJ mice, showing that 
spontaneous colitis was present in this group. Finally, Trichuris-
infected C3H/HeJ mice had higher histopathologic lesion scores 
than uninfected C3H/HeJ mice, showing that mice of this geno-
type react to infection with this helminth, but did not experience 
spontaneous colitis under these experimental conditions. One-
way ANOVA analysis of these analyses indicated significant 
(P ≤ 0.001) differences between the treatment group means.

Although Trichuris-infected and uninfected C3BirIL10−/− mice 
did not differ in their histopathology scores, different immune 
cell types were present in these 2 groups (Figure 3 and Figure 4). 
Infected C3BirIL10−/− mice had a predominantly neutrophilic re-
sponse, particularly seen as exudates in the luminal contents, as 
compared with uninfected mice C3BirIL10−/− (P ≤ 0.05) (Figure 
4 A). In addition, a significantly (P ≤ 0.0184) higher percentage 

gut associated lymph nodes. More T. muris infected C3H/HeJ mice had gross lesions than uninfected mice of this genotype. (C)Histopathologic 
scoring; boxes enclose central 50% of scores, whiskers indicate maximum and minimum scores; bars within boxes indicate median score; aster-
isks indicate significant differences.
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Figure 3. Histology of the ICC–J from mice in Experiment 1. All images were obtained at 20× magnification. A throughE show H and E stained 
tissue sections, while F andG show Gram stained tissue sections. (A) Normal mouse cecum from uninfected C3H/HeJ mouse. (B) Inflammatory 
cells present on the serosal side of the cecal tissue in a T. muris infected C3Bir IL10−/− mouse (upper left). (C) Inflammatory cells with bacteria on 
the serosal side of the colon in a T. muris infected C3Bir IL10−/− mouse (arrows). Note the marked edema in the submucosa. (D) T. muris adult 
worm under the submucosa of the cecum (arrow) in a T. muris infected C3Bir IL10−/− mouse. (E) Neutrophilic exudates surrounding female adult 
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of the Trichuris-infected C3Bir IL10−/− infected mice had mono-
cytic infiltrates in the epithelial layer of the ICC–J where the 
majority of worms reside (Figure 4 B). Trichuris-infected and 
uninfected C3BirIL10−/− mice—some of which had spontane-
ous colitis—had cellular infiltrates composed of mononuclear 
cells and eosinophils that were found mainly in the lamina pro-
pria Figure 4 C). In these mice, occasional mononuclear cells 
and neutrophils were present in the lumen of the gut (Figure 
4 A). Trichuris-infected C3H/HeJ mice had an eosinophilic re-
sponse in the epithelium, lamina propria, and intestinal lumen 
that correlated with significantly lower ICC–J lesion scores, as 
compared with Trichuris-infected C3Bir IL10−/− mice (Figure 4 A 
through C). Many Trichuris-infected C3BirIL10−/− mice also had 
eosinophils, but they were located mainly in the submucosa 
along with monocytes and plasma cell infiltrates (Figure 4 D).

Extraintestinal bacteria and peritonitis in Trichuris-infected 
C3BirIL10−/− mice. Assessment of histopathologic lesions re-
vealed extraintestinal bacteria and signs of peritonitis in Trich-
uris-infected C3BirIL10−/− mice (experiment 1). Assessment of 
stained histologic sections of the ICC–J showed signs of inflam-
mation and bacteria on the serosal side of the tissues in some T. 
muris-infected C3BirIL10−/− mice (Figure 3 B through D). Mice in 
this group had monocytic inflammatory cells adherent to the se-
rosal side of the intestinal tissue with or without detectable bac-
teria in the inflammatory exudates (Figure 3 B and C). To further 
confirm the presence of bacteria in these locations, Gram stains 

were performed on tissue sections from the same mice; gram-
positive rods were seen among the inflammatory exudates on 
the serosal sides of 7 of the 11 (64%) ICC–J sections (Figure 3 G). 
Mature adult T. muris worms were observed in close association 
with neutrophilic inflammatory exudates within the colonic lu-
men in 9 of the 11 infected C3Bir IL10−/− mice (Figure 3 E). In ad-
dition, in one of these mice, a cross-section of a mature Trichuris 
worm was present beneath the submucosa (Figure 3 D).

Enlarged spleens in T. muris-infected C3Bir IL10−/− mice 
and C3Bir IL10−/− mice with spontaneous colitis. The spleens 
of C3H/HeJ and C3Bir IL10−/− T. muris-infected mice and 
uninfected C3Bir IL10−/− mice that developed spontane-
ous colitis were enlarged as compared with those of un-
infected mice (experiment 1). In experiment 1, spleens 
were weighed at necropsy and the spleen:body weight ra-
tio calculated (Figure 5 A). A section of splenic tissue was 
evaluated histologically for the size of the periarteriolar 
lymphatic sheaths and amount of extramedullary hemato-
poietic tissue. The only statistically significant differences 
in these parameters were found between the infected C3Bir 
IL10−/− and C3H/HeJ mice and between the infected C3Bir 
IL10−/− and uninfected C3H/HeJ mice (one-way ANOVA,  
P ≤ 0.001). The splenic tissue of infected C3Bir IL10−/− mice was 
not significantly different from uninfected mice of the same 
genotype, many of which had spontaneous colitis (Figure 5 
B). Significant differences in histologic scores were present in 

Figure 4. Inflammatory cell types present in the ileocecocolic junctions of mice in Experiment 1. (A)Lumen; (B)Epithelium; (C)Lamina propria; 
(D)Submucosa. T. muris infected C3Bir IL10−/− mice had increased neutrophilic responses in the lumen, epithelium and lamina propria. They 
also had mononuclear infiltrates in the lumen, epithelium and submucosa. Uninfected mice of the same genotype with spontaneous colitis had 
mononuclear and eosinophilic responses mainly in the lamina propria. Infected C3H/HeJ mice had mainly eosinophilic infiltrates in the epithe-
lium and lamina propria, while few uninfected mice of this genotype had infiltrating cells in any compartment.

T. muris worm (W) in the lumen of a C3Bir IL10−/− mouse cecum (arrows). (F) ICC–J section of an uninfected C3Bir IL10−/− normal mouse. Note 
smooth serosal surface free of bacteria and inflammation (left side). (G) ICC–J of a T. muris infected C3Bir IL10−/− mouse with Gram-positive rods 
(arrows) among the inflammatory cells on the serosal side of the cecum.
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comparisons between infected and uninfected C3H/HeJ mice, 
between infected C3Bir IL10−/− mice and all other groups, ex-
cept for uninfected mice of the same genotype, and between 
uninfected C3Bir IL10−/− mice and both infected and unin-
fected C3H/HeJ mice (one-way ANOVA, P ≤ 0.001). These 
data show that spontaneous colitis or infection with Trichuris 
in these strains of mice is associated with enlargement of the 

splenic periarteriolar lymphatic sheaths and increased extra-
medullary hematopoiesis.

Spontaneous colitis in C3BirIL10−/− but not C3H/HeJ mice. In 
experiment 2, 34 of the 75 (45%) uninfected C3Bir IL10−/− col-
ony-housed mice developed spontaneous colitis, as evidenced 
by clinical signs (diarrhea, hunched posture, diminished move-
ment) and histopathologic scoring of the ICC–J, whereas C3H/
HeJ mice did not (Figure 6 A through E). Stained sections of 

Figure 5. Spleen weights and histopathologic lesions from mice in Experiment 1. (A)Spleen to body weight ratios of mice in the 4 treatment 
groups, T. muris infected C3Bir IL10−/− mice (IL10−/− Inf), uninfected C3Bir IL10−/− mice (Il10−/− Uninf), T. muris infected C3H/HeJ mice and 
uninfected C3H/HeJ mice (Infected, Inf; Uninfected, Uninf). Statistically significant differences were noted between the C3Bir IL10−/− infected 
and C3H/HeJ infected mice and this group and the C3H/HeJ uninfected mice (one-way ANOVA, P ≤ 0.001). (B)Histopathologic lesion scores of 
spleens from mice in the 4 treatment groups in Experiment 1 revealed statistically significant differences (one-way ANOVA, P < 0.001) between 
all groups except C3Bir IL10−/− infected and uninfected mice. Thus, spleen weights and lesions were increased either with Trichuris infection or 
spontaneous colitis in C3Bir IL10−/− mice. Infected C3H/HeJ mice had increased histologic scores in spleen compared with uninfected mice of 
this genotype, but no differences in spleen to body weight ratios.
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Figure 6. Histology of the ileocecocolic junction from mice in Experiment 2 from a specific-pathogen free colony with and without spontaneous 
colitis. (A)Histopathologic scoring; boxes enclose central 50% of scores, whiskers indicate maximum and minimum scores; bars within boxes 
indicate median score; asterisks indicate significant differences. Images B through D were obtained at 2× magnification and image E was taken 
at 10× magnification. Images are as follows: (B)Normal ICC–J from C3Bir IL10−/− mouse; (C)Normal ICC–J from C3H/HeJ mouse, (D)ICC–J from 
a C3Bir IL10−/− mouse with spontaneous colitis, and Panel E: Higher power view of ICC–J from C showing the mononuclear cell infiltrates (M) 
in the lamina propria (LP). Arrows show the villus tip of the epithelium.
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Figure 7. Hierarchical clustering of T-RFLP data from Experiment 1. Bootstrap support for all nodes is given as percent of 1000 replicates. 
C3BirIL10−/− indicated by KO and C3H/HeJ indicated by WT. (A)Dendrogram for OTU presence/ absence data for all mice; Dice similarity 
measure; UPGMA clustering. (B) Dendrogram for OTU abundance data for all mice; Bray–Curtis similarity measure; UPGMA clustering. (C)
Dendrogram for abundance data for infected and uninfected C3Bir IL10−/− (KO) mice; Bray–Curtis similarity measure; UPGMA clustering. (D)
Dendrogram for abundance data for infected and uninfected C3H/HeJ (WT) mice; Bray–Curtis similarity measure; UPGMA clustering. (E)
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the ICC–J of mice with colitis show substantial cellular infil-
trates in the lamina propria (Figure 6 D and E) as compared 
with noncolitic C3Bir IL10−/− (Figure 6 B) and C3H/HeJ (Figure 
6 C) colony-housed mice. However, 5 of the 18 (28%) uninfected 
C3H/HeJ mice had enlarged ICC–J lymph nodes, which is of-
ten the first gross lesion of colitis seen in this model.26 The 34 
C3Bir IL10−/− mice with spontaneous colitis ranged in age from 
7 to 29 wk, whereas the 41 spontaneous-colitis–free mice of this 
genotype ranged from 8 to 23 wk. The 5 C3H/HeJ mice with 
enlarged ICC–J lymph nodes ranged in age from 16 to 29 wk, 
whereas the 13 mice of this genotype with no signs of inflamma-
tion ranged from 9 to 26 wk. Regardless of the small differences 
in the age ranges of the different groups of mice, the histologic 
scores of the entire group of C3H/HeJ mice ranged from 2 to 5, 
which is within the normal range and indicated that no colitis 
lesions were present. Spontaneous colitis occurred in the C3Bir 
IL10−/− mice despite housing in a barrier facility and extensive 
testing that revealed no known viruses, colitogenic bacteria, or 
parasites present.

Microbial communities in mice of experiment 1. In both ex-
periments 1 and 2, samples available from all mice in all ex-
perimental groups provided adequate T-RFLP data to conduct 
multivariate hierarchical classification (clustering), ordination 
(NMDS), and ANOSIM to be conducted, based on the criteria 
described in the Materials and Methods section.

Results of analyses of T-RFLP patterns obtained for mice in 
experiment 1 are shown in Figures 7 and 8 and Table 4. Distinct 
clustering of mice based on OTU presence was not observed 
with regard to genotype or infection status (Figure 7 A), but 
relative abundance of OTUs were significantly different in in-
fected C3Bir IL10−/− mice (Figure 7 B). Moreover, the 2 clusters 
that had 100% bootstrap support had different proportions of 
the mouse genotypes represented. One cluster consisted of a 
single C3H/HeJ mouse and 11 C3Bir IL10−/− mice, including 
7 of the 9 infected C3Bir IL10−/− mice for which acceptable T-
RFLP patterns were obtained. The second cluster contained 6 
C3Bir IL10−/− mice and 17 C3H/HeJ mice. Therefore, according 
to cluster analysis of the entire data set, both mouse genotype 
and infection status appear to contribute to differences in the 
relative abundance of microbial community members.

Presence–absence data did not reveal any apparent cluster-
ing by infection status in C3Bir IL10−/− mice (data not shown), 
but infected and uninfected C3Bir IL10−/− mice clustered based 
on the relative abundance of OTU (Figure 7 C). Infected and 
uninfected C3H/HeJ mouse OTU did not show clustering by 
either presence–absence (data not shown) or relative abundance 
(Figure 7 D). Data from uninfected C3Bir IL10−/− mice and un-
infected C3H/HeJ mice and from infected C3Bir IL10−/− mice 
and infected C3H/HeJ mice were analyzed separately by hier-
archical clustering to examine the effect of mouse genotype on 
the response of the microbial community to T. muris infection. 
Clustering of abundance data by mouse genotype in abundance 
data was apparent in both analyses. In uninfected mice, one of 
the 2 clusters having 100% bootstrap support was composed 
of 4 C3Bir IL10−/− mice and a single C3H/HeJ mouse, whereas 
the other was composed of 4 C3Bir IL10−/− mice and 7 C3H/
HeJ mice (Figure 7 E). The effect appeared to be stronger in in-
fected mice: one of the 2 clusters having 100% bootstrap sup-
port was composed of 2 C3Bir IL10−/− mice and all 10 C3H/HeJ 

mice, whereas the other was solely composed of the remaining 
7 C3Bir IL10−/− mice (Figure 7 F).

Hierarchical clustering results were confirmed by indepen-
dent parallel analyses with NMDS (Figure 8); this analysis also 
yielded associations not seen in the clustering results. In the 
NMDS scatter plot for presence–absence data in all infected and 
uninfected mice of both genotypes, (Figure 8 A), most (15 of 
18) C3H/HeJ mice fell on the positive side of the coordinate 1 
axis (pink and aqua triangles), whereas the majority (11 of 17) 
of C3Bir IL10−/− mice fell on the negative side (red and blue 
squares), regardless of infection status. Hierarchical clustering 
did not reveal this separation in presence–absence by genotype. 
NMDS analysis of relative abundance (Figure 8 B) gave similar 
results, with (15 of 18) C3H/HeJ mice falling on the positive 
side of the coordinate 1 axis (pink and aqua triangles) and 11 
of the 17 C3Bir IL10−/− mice on the negative side (red and blue 
squares).

NMDS scatter plots of presence–absence data from infected 
and uninfected C3Bir IL10−/− mice and from infected and un-
infected C3H/HeJ mice did not display strong separation 
between infected and uninfected mice of either genotype in 
presence–absence (data not shown). In accordance with the re-
sults of hierarchical clustering, NMDS analysis of abundance 
data showed separation in relative abundance between infected 
and uninfected C3Bir IL10−/− mice (Figure 8 C) but not between 
infected and uninfected C3H/HeJ mice (Figure 8 D). The influ-
ence of mouse genotype on relative abundance is confirmed by 
NMDS analysis of uninfected mice of both genotypes (Figure 8 
E) and infected mice of both genotypes (Figure 8 F).

ANOSIM analyses were used to test the significance of the 
effects revealed by the clustering and NMDS analyses. In ex-
periment 1, 2-way ANOSIM analysis indicated that microbial 
communities in the proximal colons of infected and uninfected 
C3Bir IL10−/− and C3H/HeJ mice differed both qualitatively 
and quantitatively. Two-way ANOSIM analysis of OTU pres-
ence–absence data for all mice by using the Dice similarity 
measure revealed differences in community composition due 
to mouse genotype (ANOSIM P = 0.0004, R = 0.2444; the low R 
value indicates a relatively weak effect) but not infection status 
(ANOSIM P = 0.5400, R = –0.0092) in this data set. Two-way 
ANOSIM analysis of OTU abundance data for all mice by using 
the Bray–Curtis similarity measure revealed significant differ-
ences in community structure due to both genotype (ANOSIM 
P = 0.0002, R = 0.4051) and infection status (ANOSIM P = 0.0265, 
R = 0.1358).

Posthoc comparisons of OTU presence–absence data for 
Trichuris-infected and uninfected C3Bir IL10−/− and infected 
and uninfected C3H/HeJ mice did not reveal any differences 
in presence–absence due to infection status. Posthoc compari-
sons of OTU abundance data for infected and uninfected C3Bir 
IL10−/− and infected and uninfected C3H/HeJ mice showed a 
significant difference in relative abundance due to infection sta-
tus for C3Bir IL10−/− mice (P = 0.0048 and R = 0.3099), but not for 
infected and uninfected C3H/HeJ mice (P = 0.6545, R = –0.0384). 
The ANOSIM results thus confirm the hierarchical clustering 
and NMDS outcomes for these comparisons.

Posthoc comparisons of OTU presence-absence data for unin-
fected C3Bir IL10−/− and uninfected C3H/HeJ mice revealed dif-
ferences in both presence–absence and the relative abundance 

Dendrogram for abundance data for uninfected C3Bir IL10−/− mice (KO) and uninfected C3H/HeJ mice (WT); Bray–Curtis similarity measure; 
UPGMA clustering. (F)Dendrogram for abundance data for infected C3Bir IL10−/− (KO) mice and infected C3H/HeJ (WT) mice; Bray-Curtis 
similarity measure; UPGMA clustering.
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Figure 8. Nonmetric multidimensional scaling plots (NMDS) analysis of T-RFLP data from Experiment 1. (A)NMDS plot for OTU presence/ab-
sence data for all mice; Dice similarity measure; T. muris infected C3Bir IL10−/− mice (red squares), uninfected C3Bir IL10−/− mice (blue squares), 
T. muris infected C3H/HeJ mice (pink triangles), and uninfected C3H/HeJ mice (aqua triangles). (B)NMDS plot for OTU abundance data for all 
mice; Bray–Curtis similarity measure; T. muris infected C3Bir IL10−/− mice (red squares), uninfected C3Bir IL10−/− mice (blue squares), T. muris 
infected C3H/HeJ mice (pink triangles), and uninfected C3H/HeJ mice (aqua triangles). (C)NMDS plot for abundance data for infected and 
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of community members due to mouse genotype (presence–ab-
sence, P = 0.0075 and R = 0.3457; abundance, P = 0.0264 and 
R = 0.2757). Posthoc comparisons of OTU abundance data for 
infected C3Bir IL10−/− and infected C3H/HeJ mice indicated 
a significant difference in community structure due to mouse 
genotype (P = 0.0004 and R = 0.5344) but not in community 
composition (presence–absence, P = 0.1418, R = 0.1431).

SIMPER analyses showed that a single OTU, which we 
termed ‘taxon P,’ was responsible for 53/66 = 80% of the  aver-
age dissimilarity between the microbial communities of Trichu-
ris-infected and uninfected C3 Bir IL10−/− mice. Previous work29 
suggests that this OTU may correspond to a Clostridium species. 
In an attempt to identify members of the microbial community 
that were responsible for the differences noted with T-RFLP, 
MiCA analysis and species-specific qPCR assays were per-
formed for Clostridium groups I and XIV, Bacteroides spp., and 
E. coli.

For experiment 1, MiCA analysis performed on taxon P did 
not yield a clear taxonomic assignment for this taxon (fragment 

size, 983 to 996 bp); possibilities included a number of enteric 
bacteria: Clostridium, Eubacterium, Lachnospira, Fusibacter, and 
several members of the Enterobacteriaceae. DNA suitable for 
qPCR analysis was available from a total of 9 infected and 
uninfected C3Bir IL10−/− mice and 8 infected and uninfected 
C3H/HeJ mice. qPCR did not reveal significant differences 
in Bacteroides spp., E. coli, or Clostridium groups I and XIV be-
tween infected C3H/HeJ and C3Bir IL10−/− mice and their un-
infected controls (Figure 9). Although no significant changes 
in the specific bacteria were detected by our species-specific 
qPCR analyses, 2 general patterns emerged. Specifically, the 
C3H/HeJ and C3Bir IL10−/− groups of Trichuris-infected mice 
both tended to have lower amounts of Clostridium group I and 
Bacteroides spp. in the proximal colon. Clostridium group XIV 
and E. coli assays were performed, but no patterns were evi-
dent (data not shown).

Microbial communities in mice of experiment 2. No signifi-
cant differences in abundance or presence–absence of OTU were 
detected between colitic and noncolitic C3Bir IL10−/− mice and 

Table 4. Summary of UPGMA, NMDS, and ANOSIM analyses of Experiment 1 T-RFLP data. Dominant groupings and significant ANOSIM 
results are shown in bold type. Bootstrap support ≥ 50% and P ≤ 0.05 considered significant.

Groups compared Major UPGMA clusters Discreet 
NMDS  
clusters

ANOSIM

Mouse 
genotype Infection status Cluster 1 Cluster 2

Presence/absence of 
taxa

Relative abundance 
of taxa

Community composition (presence/absence of taxa)
Both (Figure 
7 A)

Both (Figure 
7 A)

No significant 
clustering

No significant clustering Separation 
by genotype 
(coordinate 1)

Two-way ANOSIM: 
Genotype, P = 0.0004; 
Infection status, NS

NA

Community structure (relative abundance of taxa)
Both (Figure 
7 B)

Both (Figure 
7 B)

0 uninfected 
C3H/HeJ

8 uninfected C3H/HeJ Infected C3 
Bir IL10−/−

NA Two-way ANO-
SIM: Genotype, P 
= 0.0002; Infection 
status, P = 0.0265

1 infected  
C3H/HeJ

9 infected C3H/HeJ

4 uninfected  
C3 Bir IL10−/−

4 uninfected C3 Bir IL10−/−

7 infected C3 
Bir IL10−/−

2 infected C3 Bir IL10−/−

C3 Bir IL10−/− 
only (Figure 
7 C)

Both (Figure 
7 C)

4 uninfected C3 
Bir IL10−/−

4 uninfected C3 Bir IL10−/− Infected C3 
Bir IL10−/−

One-way ANOSIM 
(infection status): NS

One-way ANOSIM, 
(infection status): P 
= 0.00482 infected C3  

Bir IL10−/−
7 infected C3 Bir IL10−/− 
with significant  
subclustering of infected 
mice

C3H/HeJ 
(Figure 7 D)

Both  
(Figure 7 D)

No significant 
clustering  
(2 infected  
outliers)

No significant clustering  
(2 infected outliers)

None One-way ANOSIM 
(infection status): NS

One-way ANOSIM, 
(infection status): NS

Both  
(Figure 7 E)

Uninfected only 
(Figure 7 E)

1 uninfected 
C3H/HeJ

7 uninfected C3H/HeJ Uninfected 
C3H/HeJ

One-way ANOSIM, 
(genotype): P = 0.0075

One-way ANOSIM, 
(genotype): P = 
0.02644 uninfected C3 

Bir IL10−/−
4 uninfected C3 Bir IL10−/−

Both  
(Figure 7 F)

Infected only 
(Figure 7 F)

0 infected C3H/
HeJ

10 infected C3H/HeJ Infected C3 
Bir IL10−/−

One-way ANOSIM, 
(genotype): NS

One-way ANOSIM, 
(genotype): P = 
0.00047 infected C3 

Bir IL10−/−
2 infected C3 Bir IL10−/−

uninfected C3Bir IL10−/− mice; Bray–Curtis similarity measure; T. muris infected (red squares) and uninfected (blue squares) C3Bir IL10−/− mice. 
Panel D: NMDS plot for abundance data for infected and uninfected C3H/HeJ mice; Bray-Curtis similarity measure; T. muris infected (pink tri-
angle) and uninfected (aqua triangles) C3H/HeJ mice. Panel E: NMDS plot for abundance data for uninfected C3Bir IL10−/− mice and uninfected 
C3H/HeJ mice; Bray–Curtis similarity measure; Uninfected C3Bir IL10−/− mice (blue squares) and uninfected C3H/HeJ mice (aqua triangles). 
(F) NMDS plot for abundance data for infected C3Bir IL10−/− mice and infected C3H/HeJ mice; Bray-Curtis similarity measure; Infected C3Bir 
IL10−/− mice (red squares) and infected C3H/HeJ mice (pink triangles).
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noncolitic C3H/HeJ mice raised in an SPF colony (experiment 2). 
Results of analyses of T-RFLP patterns obtained for mice in ex-
periment 2 are shown in Figure 10.

None of the dendrograms or NMDS plots show any group-
ing by genotype or by presence or absence of colitis in the 
gastrointestinal tract. One-way ANOSIM analysis was signifi-
cant for presence–absence data (community composition:  
P = 0.0457, R = 0.0637), but no posthoc comparisons between 
groups were significant after correction for multiple compari-
sons. In addition, one-way ANOSIM analysis was not signif-
icant for abundance data (community structure: P = 0.1184,  
R = 0.0267).

In experiment 2, SIMPER analysis showed that 3 main con-
tributors—T-RFLP fragments of approximately 365, 489, and 
974 bp—to the statistically significant difference between C3H/
HeJ WT and colitic C3Bir IL10–/– mice. MiCA analysis of the 3 
identified fragment sizes showed that the 365-bp fragment cor-
responded to several Prevotella species, a few bacteria belonging 
to the Bacteroidetes, and many uncultured bacteria, including 
both human and mouse intestinal bacteria. The 489-bp fragment 
did not correspond closely to any entries; it corresponded most 
closely to fragment sizes of 488 and 490 bp, both of which have 
been reported for uncultured Ruminococcaceae bacteria, among 
many others. The 973-bp fragment corresponded most closely 
to the 973- and 974-bp fragments that have been reported for 

Figure 9. Quantitative Real Time PCR (QPCR) for major bacterial groups shown as box plots. (A) Bacteriodes-Prevotella-Porphyromonas group; (B) 
Clostridium group I. Tukey rule was used to define outliers in these analyses. qPCR did not reveal significant differences in Bacteroides spp., E. coli 
spp., or Clostridium Groups I and XIV spp. between C3H/HeJ and C3Bir IL10−/− infected mice and their uninfected controls
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uncultured marine bacteria. Thus, MiCA analysis did not pro-
vide identification of any of the 3 peaks identified by the SIM-
PER analysis as accounting for the difference between the C3H/
HeJ and colitic C3BirIL10−/− mice. 

Discussion
We hypothesized that Trichuris muris-infected mice would 

have altered colon microbiota compared with uninfected mice. 
To test our hypothesis, we infected C3Bir IL10−/− and C3H/HeJ 
mice with 100 embryonated Trichuris eggs and compared them 
to sham inoculated congenic controls at the time of patency. Both 
mouse strains were deficient in Toll-like receptor-4 (TLR4) and 
contain the cytokine deficiency colitis susceptibility-1 (cdcs-1) 

allele. C3Bir IL10−/− mice infected with T. muris had significantly 
different microbial communities in the proximal colon than did 
uninfected controls. However, the composition and structure of 
the microbiota did not differ significantly between uninfected 
C3Bir IL10−/− mouse groups with and without colitis. To further 
pursue the effect of spontaneous colitis on the composition and 
structure of microbiota, we assessed proximal colon microbiota 
of C3Bir IL10−/− mice with and without spontaneous colitis in 
our breeding colony and compared these microbial communi-
ties to those of C3H.HeJ mice that did not develop spontaneous 
colitis. When colon microbiota OTUs of all colitic mice in this 
second experiment were compared with noncolitic mice, no sta-
tistically significant differences were found between the groups. 
This work supports our hypothesis that mice infected with T. 

Figure 10. Hierarchical clustering analysis of T-RFLP data from Experiment 2 showing no significant differences in abundance or presence/ab-
sence of OTUs between colitic and noncolitic C3Bir IL10−/− mice and noncolitic C3H/HeJ mice raised in a SPF colony. Bootstrap support for all 
nodes is given as percent of 1000 replicates. KOC (blue) indicates C3BirIL10−/− mice with colitis, KON (pink) indicates C3BirIL10−/− mice without 
evidence of colitis (normal), WTN (red) indicates C3H/HeJ mice without evidence of colitis. (A)Dendrogram for OTU presence/absence data 
for all mice; Dice similarity measure; UPGMA clustering. (B)Dendrogram for OTU abundance data for all mice; Bray–Curtis similarity measure; 
UPGMA clustering. (C)NMDS plot for OTU presence/absence data for all mice; Dice similarity measure; UPGMA clustering. (D)NMDS plot for 
OTU abundance data for all mice; Bray–Curtis similarity measure; UPGMA clustering.
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muris develop distinct microbial communities in the colon, and 
that these alterations cannot be solely attributed to the presence 
of inflammation in the gastrointestinal tract.

We examined the effects of the nematode T. muris on the host 
microbial community in its definitive site in the proximal co-
lon of the inbred mouse strains C3H/HeJ and the IL10 defi-
cient C3Bir.129P2(B6). Unlike many lumen dwelling helminths, 
Trichuris has intimate associations with the cecal and colonic 
epithelium, initiated by penetration of the mucosal barrier as 
first-stage larvae. This is followed by conditioning of the en-
teric environment by a complex set of activities from the worms. 
Therefore, we expect that this worm has community-wide inter-
actions with enteric bacteria. We wanted to test this hypothesis 
in mouse models of colitis, because Trichuris has been shown to 
interact with particular enteric bacteria25 and, in some studies, to 
decrease symptoms of inflammatory bowel disease in exposed 
patients.42,43 However, this model was chosen to examine effects 
on the microbial communities of the proximal colon in mice 
with various immune system defects (TLR4, IL10, Cdcs1) on 
a common genetic background and not as a treatment model 
for IBD in which deficiencies in IL10 would prevent develop-
ment of the full effects of the worms. Our results support the 
hypothesis that mice infected with T. muris develop distinct co-
lonic microbial communities. However, the shift observed in 
the microbial community was significantly different from that 
of uninfected controls in C3Bir IL10−/− mice, but not in C3H/
HeJ mice. This difference was observed despite the fact that we 
assayed the microbial communities at the peak of the Trichuris 
infection at (40 d after inoculation), when many adult worms 
were present in the proximal colon. This observation suggests 
that the shifts in the microbial community due to Trichuris in-
fection were also influenced by host background genes. These 
alterations cannot be solely attributed to the presence of inflam-
mation of the tissues, because uninfected C3Bir IL10−/− mice 
that developed spontaneous colitis had microbial communities 
similar to those of noncolitic mice of the same genotype. This 
result also suggests that IL10 and the cells producing it play a 
key role in shaping proximal colon microbial communities. In 
fact, Bacteroides fragilis and Faecalibacterium prausnitzii have been 
shown to modulate IL10 and to mediate a decrease in colonic in-
flammation.28,41 Mice in our colony are monitored for colitogenic 
bacteria and were negative for Helicobacter spp., Campylobacter 
spp., Citrobacter rodentium, and Enterococcus faecalis. They were 
also negative for Faecalibacterium prausnitzii, which was shown 
to protect against inflammation.32 Exploration of presence of 
probiotic bacteria such as Bacteroides fragilis might help to ex-
plain the inflammation in these models.

Our studies demonstrated that T. muris infection of C3Bir 
IL10−/− mice that have a spontaneous mutation in TLR4, and the 
cdcs-1 colitis susceptibility allele stimulated a significant intesti-
nal inflammatory response. This response led to severe clinical 
signs of disease that required early euthanasia of some mice, 
but not at a higher proportion than in uninfected mice of the 
same genotype that developed spontaneous colitis. Thus, both 
Trichuris infected and uninfected C3Bir IL10−/− mice developed 
colitis, but mice infected with Trichuris took longer to develop 
clinically apparent colitis. Furthermore, the distribution of the 
lesions varied between these 2 groups of mice. Trichuris infected 
C3Bir IL10−/− mice had lesions in both the small and large in-
testine, while C3Bir IL10−/−mice with spontaneous colitis had 
lesions only in the large intestine. We also observed some sex 
related differences in disease and lesions in C3Bir IL10−/− mice 
given Trichuris. Males appeared to be more susceptible to the 
adverse effects of T. muris, with more male mice experiencing 

severe clinical signs and a higher death rate. This susceptibil-
ity difference has been reported previously for other nematode 
infections.46 The presence of Trichuris and bacteria outside of 
the intestinal tract in mice of this genotype occurred in 7 of the 
11 knockout mice, which is consistent with the established role 
of IL10 in resistance to this nematode.36 We also assessed the 
effect of T. muris infection on IL10 sufficient C3H/HeJ mice, a 
closely matched background genotype. These mice developed 
a less severe inflammatory response to the helminth in the co-
lon with only subclinical disease and no deaths. Experiment 1 
also examined effects on the spleen because earlier trials dem-
onstrated that mice lacking TLR4 have higher levels of enteric 
bacteria in the circulation and spleen.26 Our experiments with 
Trichuris infected mice suggest that the worms may have had 
anti-inflammatory activity that could have reduced spleen reac-
tivity in Trichuris infected C3H/HeJ mice; this phenomenon did 
not occur in the absence of IL10 in the C3Bir IL10−/− mice. This 
possibility could also explain why uninfected C3H/HeJ mice 
also had enlarged spleens.

We also used T-RFLP OTUs to demonstrate that T. muris in-
fected C3Bir IL10−/− mice have colonic microbial communities 
that differ structurally from the uninfected controls. Like 16S 
rRNA gene sequencing, T-RFLP OTUs correspond to fragments 
from different bacteria and are an inexpensive means of assess-
ing complex populations with numbers of unculturable bacte-
ria.23 A number of likely candidates may mediate these changes. 
For example, the ESP of Trichuris fourth-stage larvae and adults 
have been previously reported to have broad spectrum anti-
biotic activities,1,2 which could provide a rapid mechanism for 
change in the microbiota. T. suis also enhanced C. jejuni infec-
tions in gnotobiotic25 and SPF pigs.27 In both of these studies, 
the presence of the worm increased mucus production, which 
is known to enhance growth of this bacterium.15 In addition, 
in some mice, T. muris infections have been reported to induce 
significant inflammatory responses36 that have been reported to 
alter colonic conditions and potentially affect which members 
of the community predominate. 16S rRNA gene sequencing and 
metabolomics followed by metagenomic sequencing combined 
with culturomics of the proximal colon could identify the bacte-
rial species that mainly contribute to pathologic changes seen in 
infected C3Bir IL10−/− mice.

Our findings indicate that the T-RFLP OTUs of C3Bir IL10−/− 
mice that developed severe spontaneous colitis did not differ 
significantly from uninfected C3Bir IL10−/− mice that did not 
develop spontaneous colitis. ANOSIM analyses of mice when 
grouped based on histopathologic lesion scores at the ICC–J 
(data not shown) did not find a significant difference between 
the mice with inflammation compared with those without in-
flammation, regardless of infection group, other than those dif-
ferences seen due to Trichuris infection status.

SIMPER analyses showed that a single OTU was responsible 
for 53% of the 66% average dissimilarity between the microbial 
communities of Trichuris infected and uninfected C3 Bir IL10−/− 
mice. Because previous work29 suggests that this OTU may cor-
respond with Clostridium spp., qPCR assays were performed for 
Clostridium Group I, Clostridium Group XIV, Bacteroides spp. and 
E. coli. The abundance of Clostridium Group I and Bacteroides 
spp. DNA in Trichuris infected mice did not reach the 0.05 cutoff 
for significance. Larger group sizes and metagenomic sequenc-
ing from the proximal colon could better identify which organ-
isms differed between the 2 groups. In a study of pigs infected 
with T. suis, the investigators noted a significant reduction in the 
abundance of Fibrobacter and Ruminococcus in the colon micro-
biota.45 Although porcine gastrointestinal physiology is different 
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from that of immune deficient mice, it is tempting to speculate 
that our OTU fragment sizes of 488.63 and 490.01 may corre-
spond with uncultured colonic bacteria. This could represent a 
similar effect of Trichuris associated with a change in the fibri-
nolytic capacity of the colon microbiota. The same investigators 
correlated microbial community changes in T. suis infected pigs 
with metabolomic changes in the colon.22 They demonstrated 
decreases in cofactors for carbohydrate and lysine biosynthesis 
and increased oleic acid by measuring volatile organic com-
pounds in colon contents; these changes were associated with 
increased inflammation as compared with the uninfected con-
trol pigs. A similar metabolomic approach in our mouse models 
would be interesting because of the differences due to T. muris 
infection, IL10 deficiency and mouse genetic background.

To further assess effects of colitis on colon microbial com-
munities, TLR4 deficient colitis susceptible mice were followed 
over time in a SPF barrier breeding facility to document devel-
opment of spontaneous colitis and to compare the composition 
and structure of their microbial communities with mice of the 
isogenic strain without colitis. The microbial communities of 
mice with colitis did not have different structures or composi-
tions from those of isogenic mice without lesions. Although the 
range of ages of mice in this study (up to 29 wk) was greater 
than that in Experiment 1, the conclusions did not change when 
only colony-housed mice between the ages of 8 and 18 wk were 
included in the analyses (data not shown). Taken together, re-
sults of these 2 experiments suggest that the changes observed 
in the microbial community in Trichuris infected mice were spe-
cific to the parasitic infection, rather than simply the effect of 
acute or chronic inflammation in local tissues. These data may 
also suggest that long standing inflammation cause changes in 
the microbiota, a phenomenon observed in humans with IBD.6

This study has several limitations and suggests areas for fu-
ture directions. Although our work identified differences in the 
intestinal microbial communities of mice that were or were not 
infected with T. muris , we were unable to determine which spe-
cific microbial community members were responsible for these 
differences. This information will be useful for determining the 
potential role for Trichuris spp. in health and disease. These dif-
ferences could be better assessed using sequence-based tech-
nologies that identify bacterial groups to the genus level.

Despite this limitation, we believe our study design we used 
was adequate to test our hypothesis. We recognize that micro-
bial communities can vary significantly between individuals, 
even in inbred mice kept in the same colony and fed the same 
diet.7 This fact has necessitated the use of longitudinal study 
designs in which an individual is resampled and used as its 
own control. This type of design permits smaller sample sizes 
and the use of principle component analysis.44 Our goals in this 
work were different. We chose to use large sample sizes of 10 
mice per group in a cross-sectional design, with careful control 
of housing, pathogen status, and diet with the goal of reveal-
ing major differences between treatment groups, if they were 
present. Thus, the differences we found in the microbial com-
munity of Trichuris infected mice as compared with other treat-
ment groups demonstrated here is robust and consistent with 
previous studies22 that show interactions of this helminth with 
specific microbiotic community members. Thus, we were able 
to demonstrate that the microbial community structure differed 
in the T. muris infected C3Bir IL10−/− mice as compared with 
uninfected congeners, even when their gastrointestinal lesions 
were similar. Overall, this work supports our hypothesis that 
mice infected with T. muris develop distinctive microbial com-
munities in the colon, and that these alterations cannot be solely 

attributed to the presence of inflammation in the gastrointestinal 
tract.
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