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 24 

ABSTRACT 25 

One of the major contributors to child mortality in the world is diarrheal diseases, with an 26 

estimated 800,000 deaths per year. Many pathogens are causative agents of these 27 

illnesses, including the enteropathogenic (EPEC) or enterohemorrhagic (EHEC) forms 28 

of Escherichia coli. These bacteria are characterized by their ability to cause attaching 29 

and effacing lesions in the gut mucosa. Although much has been learned about the 30 

pathogenicity of these organisms and the immune response against them, the role of 31 

the intestinal microbiota during these infections is not well characterized. Infection of 32 

mice with E. coli requires pre-treatment with antibiotics in most mouse models, which 33 

hinders the study of the microbiota in an undisturbed environment. Using Citrobacter 34 

rodentium as a murine model for attaching and effacing bacteria, we show that C57BL/6 35 

mice deficient in granzyme B expression are highly susceptible to severe disease 36 

caused by C. rodentium infection. Although a previous publication from our group shows 37 

that granzyme B-deficient CD4+ T cells are partially responsible for this phenotype, in 38 

this report we present data demonstrating that the microbiota, in particular members of 39 

the order Turicibacterales, have an important role in conferring resistance. Mice 40 

deficient in Turicibacter sanguinis have increased susceptibility to severe disease. 41 

However, when these mice are co-housed with resistant mice, or colonized with T. 42 

sanguinis, susceptibility to severe infection is reduced. These results clearly suggest a 43 

critical role for this commensal in the protection against entero-pathogens.  44 

 45 

INTRODUCTION 46 
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One of the major contributors to child mortality is diarrheagenic diseases caused by 47 

infectious pathogens, which cause approximately 800,000 deaths per year in children 48 

under the age of five (1, 2), with prevalent morbidity in adults (3). One such pathogen is 49 

Escherichia coli, in particular enteropathogenic (EPEC) or enterohemorrhagic (EHEC) 50 

forms. These bacteria utilize attaching and effacing (A/E) lesions to colonize the 51 

intestines of the host, leading to impaired ion and water transport across the intestinal 52 

epithelium (3, 4). Despite the clinical importance of these bacteria, their study in animal 53 

models is hindered by the requirement to treat the hosts with antibiotics prior to 54 

colonization (5), which disrupts the intestinal microbiota and its potential interactions 55 

with both the pathogen and intestinal immune cells.  56 

 Citrobacter rodentium is the only known naturally occurring A/E pathogen of 57 

mice, and it has become the principal mouse model for the study of A/E 58 

enteropathogenic diseases, providing invaluable knowledge about host-pathogen 59 

interaction mechanisms applicable to human EPEC and EHEC pathogens (6). Infection 60 

with C. rodentium usually results in transient colonization and inflammation of the distal 61 

colon, with little to no mortality in most mouse strains, such as C57BL/6, NIH Swiss, and 62 

BALB/c. A few strains, such as C3H/Hej, display high mortality, indicating that the 63 

genetic make-up of the host is critical for conferring protection against severe C. 64 

rodentium infection (4). 65 

 Many factors are involved in the host response against C. rodentium infection, 66 

including activation of the NOD2 sensor (7), production of IL-22 (8), IL-6 (9), and IL-23 67 

(ref in (10)), innate immune response by ILC3 (key components of the initial response 68 

towards this pathogen, primarily by secreting IL-22 and promoting neutrophil recruitment 69 
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(11)), and specific CD4+ T cell responses which become the main producers of IL-22 70 

and IL17A (10). The microbiota is a critical component against C. rodentium infection. 71 

For example, it is well established that the intestinal mucus barrier is critical for 72 

protection against C. rodentium infection (12), and thus, microbial groups that promote 73 

the formation of this barrier are of great importance. Commensal organisms can also 74 

outcompete C. rodentium growth by utilizing key metabolites, such as monosaccharides 75 

(10). Although a few commensals have shown to be of critical importance against C. 76 

rodentium, there is still a significant gap identifying other beneficial microorganisms that 77 

may confer resistance against this pathogen. 78 

 Turicibacter sanguinis is the best studied species of the order Turicibacterales. 79 

This commensal anaerobe is prevalent in the intestinal microbiota of humans, mice, 80 

cows, pigs, and chickens (13-17). In mice intestines, T. sanguinis is fairly conspicuous, 81 

reaching relative frequencies above 20% (18), while in human fecal microbiota, 82 

Turicibacter frequencies are ~0.5% (19). Turicibacter prevalence in mice and humans 83 

suggests an important role of this commensal in host physiology. Indeed, recent studies 84 

have indicated that the human T. sanguinis isolate MOL361 modifies the host lipidome, 85 

altering serum cholesterol and triglycerides in mice (20). Here, we present evidence that 86 

susceptibility to severe C. rodentium infection is associated with absence of 87 

Turicibaterales in the intestinal microbiota, and that protection from disease can be 88 

transferred by colonization with Turicibacter sanguinis. 89 

 90 

RESULTS 91 
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While studying the role of granzyme B, a potent serine protease primarily involved in 92 

cell-mediated cytotoxicity (21), we observed that infection of granzyme B-deficient 93 

(Gzmb-/-) mice with Citrobacter rodentium resulted in prominent weight loss, increased 94 

signs of disease (such as loose stool, diarrhea, rectal bleeding), scruffiness, and death 95 

(22), whereas control C57BL/6 wildtype (WT) mice showed little to no signs of disease 96 

with almost 100% survival. As we have previously reported, part of the phenotype 97 

observed in infected Gzmb-/- mice is due to increased CD4+ T cell intrinsic pathogenicity 98 

(22). Most of the experiments in our previous report were performed with isolated 99 

mouse lines, i.e., Gzmb-/- and WT mice were bred and kept independent from each 100 

other’s line. Because of the nature of the isolated mouse lines, it is possible that the 101 

severe disease phenotype observed was due in part to genetic drift or differences in the 102 

intestinal microbiota. To investigate this possibility, we crossed Gzmb-/- with WT mice to 103 

generate Gzmb+/- mice. F1 Gzmb+/- mice were crossed among themselves to generate 104 

Gzmb+/+, Gzmb+/-, and Gzmb-/- littermates. Susceptibility to severe C. rodentium 105 

infection was lost in littermate Gzmb-/- mice, displaying similar weight and decreased 106 

disease signs to Gzmb+/- or WT mice throughout the course of the experiment (Figure 107 

1A, B). Colon injury was also reduced in littermate Gzmb-/- mice in comparison to Gzmb-108 

/- mice from the isolated line (Figure 1C). Despite these differences, C. rodentium 109 

colonization was similar among these two groups (Figure 1D and data presented in our 110 

previous publication (22)). Thus, there are two Gzmb-/- mouse lines based on their 111 

outcome to severe C. rodentium infection: susceptible (S, from the isolated line) and 112 

resistant (R, from littermates). Because weight loss closely corresponds to increased 113 

susceptibility, it will subsequently be used as the primary readout parameter.   114 
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The differences in disease susceptibility in the two Gzmb-/- mouse lines could be 115 

attributed to genetic drift or the intestinal microbiota. To discern between these two 116 

possibilities, (S)Gzmb-/- mice were co-housed starting at weaning age with a single 117 

(R)Gzmb-/- or (S)Gzmb-/- mouse from a different litter. Mice are coprophagic, thus, co-118 

housed animals are exposed to other mice’s fecal material, allowing for microbiota 119 

exchange. Susceptible mice cohoused with (R)Gzmb-/- mice maintained their starting 120 

weight similar to WT mice (Figure 2A). In all experiments performed, susceptibility to 121 

severe disease was never transmitted to resistant mice, indicating that resistance is a 122 

dominant trait. Thus, the intestinal microbiota and not genetic drift, is the most likely 123 

factor responsible for the differences in disease susceptibility between the two Gzmb-/- 124 

mouse lines. 125 

 Susceptible Gzmb-/- mice in Figure 2A were cohoused with at least one resistant 126 

mouse in the cage starting at weaning age, raising the possibility that Gzmb-/- mice 127 

require the constant presence of a resistance-inducing microbiota to remain free of 128 

severe disease induced by C. rodentium. To test this possibility, we weaned and 129 

separated littermate (R)Gzmb-/- and Gzmb+/- mice based on sex and genotype. Mice 130 

were infected 7 to 8 weeks after birth. As shown in Figure 2B, C. rodentium-infected 131 

(R)Gzmb-/- mice remained resistant to severe disease even when separated from 132 

Gzmb+/- mice. To further investigate stability of the resistant phenotype, (R)Gzmb-/- mice 133 

were bred among themselves, and their offspring were infected with C. rodentium. 134 

Figure 2C shows that F3 (R)Gzmb-/- mice did not lose weight during the course of C. 135 

rodentium infection. Therefore, resistance to severe disease is maintained throughout 136 

the life span of the (R)Gzmb-/- mice and can be transmitted to their offspring.  137 
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 Because susceptibility to severe disease caused by C. rodentium infection was 138 

not transmissible by co-housing, we investigated whether this trait can be acquired by 139 

microbiota transplantation. For this purpose, WT, Gzmb+/-, and (S)Gzmb-/- mice were 140 

treated with a broad spectrum antibiotic cocktail, followed by oral gavage with fecal 141 

matter derived from (S)Gzmb-/- or (R)Gzmb-/- mice. Mice were infected with C. 142 

rodentium 3 weeks post-fecal transplant. WT and Gzmb+/- mice became susceptible to 143 

severe infection when transplanted with microbiota from (S)Gzmb-/- mice (Figures 3A-144 

3D). The resistance trait was maintained when transplanted with microbiota from 145 

(R)Gzmb-/- mice, indicating that antibiotic treatment does not alter susceptibility to C. 146 

rodentium infection. Despite the differences in disease outcome, all mice displayed 147 

similar levels of C. rodentium colonization (Figure 3E). Overall, our results demonstrate 148 

that the intestinal microbiota is responsible for either resistance or susceptibility to 149 

severe disease caused by C. rodentium. 150 

 Analysis of the intestinal microbiota of (S)Gzmb-/- and (R)Gzmb-/- mice show 151 

similarities in the abundance of the most predominant bacterial orders (Figure 4A). The 152 

only apparent order with increased abundance in resistant mice, but almost absence in 153 

susceptible animals, was Turicibacterales (Figure 4A and 4B). This was confirmed by 154 

ANCOM (analysis of composition of microbes) (Figure 4C). 155 

Turicibacter sanguinis is an anaerobic commensal, and one of the better studied 156 

species of Turicibacterales. However, the role of T. sanguinis as commensal is not 157 

known. Several isolates have been identified in human (such as, MOL361) and mice 158 

(H121, 1E2, TA25) (23, 24) T. sanguinis expresses a unique neurotransmitter sodium 159 

symporter-related protein with some homology to the mammalian serotonin transporter 160 
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(20), which facilitates its identification by real-time PCR. To determine whether T. 161 

sanguinis is present in (R)Gzmb-/- mice and absent in (S)Gzmb-/- animals, we amplified 162 

the serotonin transporter gene from stool samples with isolate-specific primers, as 163 

previously reported (25). Mouse isolates H121 and 1E2 were detected in (R)Gzmb-/- 164 

mice but not in susceptible animals (Figure 5A), while the human isolate MOL361 was 165 

absent in all mouse lines tested.  166 

 Overall, these results indicate that one of the main differences in the intestinal 167 

microbial communities between (R)Gzmb-/- and (S)Gzmb-/- mice is the presence of T. 168 

sanguinis in the former and its absence in the latter. Moreover, these results suggest 169 

that this commensal may be responsible for conferring protection from severe disease 170 

caused by C. rodentium. 171 

 We have shown that resistance is transmitted by co-housing without the need of 172 

treating mice with antibiotics (Figure 2A), indicating that the bacterial communities 173 

conferring resistance can colonize without disrupting the native microbiota. To 174 

determine whether T. sanguinis can colonize intestines with established microbiota, 175 

non-antibiotic-treated (S)Gzmb-/- mice were orally gavaged with fecal content from WT 176 

mice. T. sanguinis colonization was monitored in the stools at different time points after 177 

inoculation. T. sanguinis 1E2 was detected in most stool samples after 21 days post 178 

colonization (Figure 5B). Colonization of (S)Gzmb-/- mice was evident at 7 days when 179 

mice were gavaged with in vitro grown cultures of T. sanguinis TA25, which can also be 180 

identified by the 1E2 primers (Figure 5C). These results demonstrate T. sanguinis 181 

colonizes undisrupted intestinal microbiota, and that gavage of in vitro grown T. 182 

sanguinis is a more efficient method of colonization by this commensal. 183 
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 9

 We next investigated whether colonization with T. sanguinis prevents severe 184 

disease in (S)Gzmb-/- mice subsequently infected with C. rodentium. For this purpose, 185 

we colonized non-antibiotic-treated (S)Gzmb-/- mice with cultured T. sanguinis TA25, 186 

and three weeks later, mice were infected with C. rodentium. Although (S)Gzmb-/- mice 187 

colonized with T. sanguinis lost slightly more weight compared to WT mice, they were 188 

better protected than (S)Gzmb-/- mice (Figure 6A and 6B). Despite less weight loss and 189 

decreased signs of disease, colon pathology and C. rodentium colonization of (S)Gzmb-190 

/- mice treated with T. sanguinis were similar to non-colonized (S)Gzmb-/- mice (Figure 191 

6C and 6D). C. rodentium localization within the intestinal epithelium was more 192 

prominent along the length of the crypts in (S)Gzmb-/- mice, but not if they were 193 

colonized with T. sanguinis prior to infection (Figure 7). Whether this latter observation 194 

is responsible for the increased weight loss and disease severity in (S)Gzmb-/- mice is 195 

currently unknown.  196 

Overall, the results presented in this section indicate that T. sanguinis 197 

colonization provides a protective effect from severe C. rodentium infection.  198 

 199 

DISCUSSION 200 

Interventions for infectious diseases mostly concentrate on pathogen eradication. In the 201 

case of bacterial infections, antibiotics represent the first therapeutical tool to eliminate 202 

dangerous microorganisms. However, the use of antibiotics, though powerful, comes 203 

with many significant side effects including disruption of commensal communities. It has 204 

been known for a long time that alterations in the intestinal microbiota predisposes the 205 

host to colonization with pathogenic organisms (26). Therefore, a potential therapeutic 206 
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intervention, especially for severe bacterial infections, is fecal microbiota 207 

transplantation. This technique aims at introducing potential beneficial communities that 208 

may hinder colonization of pathogenic microorganisms, or the expansion of pathobionts 209 

(27). Although mostly safe (28), one of the major risks involving fecal microbiota 210 

transplantation is the introduction of pathogens, which have caused severe disease and 211 

in some cases, death of the recipient individuals (29). 212 

 A better therapeutic approach might entail the introduction of specific commensal 213 

species with the capacity to restrain or control severe bacterial infections. Therefore, 214 

identification of commensals with these qualities represents a critical step towards the 215 

discovery of novel interventions. In this report, we present data indicating that 216 

Turicibacter represents a potential commensal involved in protection from severe 217 

intestinal infection. We show that Gzmb-/- mice lacking T. sanguinis lose significant 218 

weight, develop diarrhea, display scruffiness, present increased colon pathology, and in 219 

some instances, some of these mice succumb to infection. This phenotype does not 220 

represent an artifact of the granzyme B-deficient mouse line, because susceptibility can 221 

be transferred to WT C57BL/6 mice by transplanting total fecal microbiota from mice 222 

lacking T. sanguinis. Thus, even genetically resistant mice can become susceptible to 223 

severe C. rodentium infection by altering their intestinal microbiota.  224 

It is remarkable that T. sanguinis colonization can be achieved without treating 225 

the recipient mice with antibiotics. This indicates that niches for T. sanguinis are 226 

available in undisturbed intestinal microbiota, amplifying its potential as a therapeutic 227 

tool for severe intestinal infections.  228 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 25, 2023. ; https://doi.org/10.1101/2023.04.25.538270doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.25.538270
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11

In studies of young children with diarrhea or acute gastroenteritis, increased 229 

relative abundance of Turicibacter in stools was associated with healthy controls (30, 230 

31). Although these reports do not establish causation between the presence of 231 

Turicibacter and children with no diarrhea, they suggest a potential association between 232 

Turicibacter and decreased susceptibility to diarrheal diseases. Therefore, our results 233 

indicating protection to severe C. rodentium infection in the presence of T. sanguinis 234 

establish a causation with important implications for diarrheal diseases in humans.  235 

In our previous publication we reported that CD4+ T cells in granzyme B-deficient 236 

mice differentiate into highly pathogenic IL-17-producing cells, which promote higher 237 

disease severity in the T cell adoptive transfer model of colitis and during C. rodentium 238 

infection (22). Here we show that while T. sanguinis-colonized (S)Gzmb-/- mice are 239 

resistant to severe C. rodentium infection, they still present mild levels of disease and 240 

colon pathology similar to that of non-colonized (S)Gzmb-/- mice (Figure 6A and 6C). 241 

These results suggest that in granzyme B-deficient mice, both improperly differentiated 242 

CD4+ T cells and lack of T. sanguinis promote development of severe disease during C. 243 

rodentium infection. However, it cannot be ruled out that other commensals or their 244 

metabolites confer full protection from severe disease. We believe this may be the case 245 

because littermate Gzmb-/- mice have reduced colon pathology similar to WT mice 246 

(Figure 1C), which contrasts with the increased colon pathology observed in infected T. 247 

sanguinis-colonized Gzmb-/- mice (Figure 6C). 248 

How T. sanguinis promotes protection from severe C. rodentium infection is not 249 

known. Here we show that although mice colonized with T. sanguinis present similar 250 

total C. rodentium colonization levels and colon pathology to non-colonized mice, 251 
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severe disease is prevented. These results suggest that T. sanguinis does not control 252 

C. rodentium colonization, but instead may decrease its pathogenicity or skew the 253 

host’s mucosal immune system towards a non-detrimental response. We are currently 254 

investigating these possibilities.  255 

 Why do granzyme B-deficient mice lack T. sanguinis? Granzyme B is mostly 256 

known for its role in cell-mediated cytotoxicity (21), but it has been postulated that this 257 

enzyme also possesses extracellular roles (32). Indeed, unpublished data from our 258 

group shows that granzyme B can be detected in the lumen of the intestines. Thus, it is 259 

possible that lack of granzyme B renders an intestinal environment where Turicibacter 260 

may not easily thrive. However, our multigenerational studies in which Gzmb-/- mice 261 

remain resistant to severe C. rodentium infection argue against the above possibility. 262 

The most likely scenario is that the original line of Gzmb-/- mice lost T. sanguinis at 263 

some point. Because this line was maintained isolated, it never acquired this 264 

commensal. Studying the microbiota requires well-controlled experiments, including 265 

using littermates in the case of investigating host mutations. However, as this report 266 

shows, littermate controls may hide potential and interesting microbiota discrepancies.    267 

   In summary, we present evidence indicating that the presence of T. 268 

sanguinis in the intestinal microbiota results in increased protection from susceptibility to 269 

severe C. rodentium infection. Future work will focus on the mechanism(s) by which this 270 

commensal confers protection, and thus, will open new potential therapeutic options for 271 

the treatment of intestinal infections.  272 

 273 

MATERIALS AND METHODS 274 
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Mice.  275 

C57BL/6 mice were originally purchased from The Jackson Laboratory (000664) and 276 

have been maintained and acclimated in our colony for several years. Granzyme B-277 

deficient (Gzmb-/-) mice were kindly provided by Dr. Xuefang Cao. These mice were 278 

kept as isolated lines, unless otherwise specified. Littermate mice were generated by 279 

crossing Gzmb-/- with WT mice to generate Gzmb+/- mice, which were bred among 280 

themselves to generate Gzmb+/+, Gzmb+/-, and Gzmb-/- littermates. For convenience, we 281 

bred littermate Gzmb+/- and Gzmb-/- mice, to generate mice used in some experiments.  282 

Littermates derived from female Gzmb-/- and male Gzmb+/- mice were weaned and 283 

caged based on sex but not genotype, unless otherwise indicated. Littermate mice 284 

remained together until the end points. For some experiments, littermate mice were 285 

separated at weaning age based on sex and genotype and remained separated until the 286 

end of experimentation. Some littermate Gzmb-/- mice were bred among themselves to 287 

obtain F3. All mice were between 5 to 10 weeks of age at the time of experimentation, 288 

with C. rodentium infections occurring at 7-9 weeks of age. Male and female mice were 289 

used for all experiments. Mice were maintained in accordance with the Institutional 290 

Animal Care and Use Committee at Vanderbilt University Medical Center. 291 

 292 

Co-housing 293 

At the time of weaning (3 to 4 weeks after birth), mice were separated by sex and a 294 

partner mouse of the same sex and age was added to the cage, remaining co-housed 295 

until the end of the experiment. 296 

  297 
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Citrobacter rodentium infection 298 

Seven to nine-week old mice were infected with C. rodentium (strain DBS100, ATCC 299 

51459) or GFP-C. rodentium (12), as previously described (33). Results were similar 300 

and reproducible with either strain. As an example, experiments for Figure 1 were 301 

performed with the ATTC line, while those in Figure 6 were performed with the GFP-C. 302 

rodentium strain. Briefly, mice were infected with 5-10 x 108 CFU exponentially grown 303 

bacteria by oral gavage. Starting weight was determined prior to gavage. Infection was 304 

carried out by Y.L.L. or K.L.H. Mice were weighed daily for 14 days. At the same time, 305 

mice were monitored for the following signs of disease: irritated rectum, loose stool, 306 

rectal bleeding, diarrhea, hunched posture, scruffiness, and moribund. Each sign was 307 

scored as one point and added. Weighing and monitoring after infection was done 308 

blindly by D.O.-V. At the end of the experiment, distal colons were isolated to determine 309 

bacterial colonization in MacConkey media (represented as CFU/g of tissue) and 310 

pathology performed blindly by Dr. Piazuelo as previously described (34). Colon tissue 311 

from GFP-C. rodentium infected mice was fixed with 4% paraformaldehyde, paraffine 312 

embedded, and stained for DAPI. Samples were visualized using a Cytation C10 313 

Confocal Imaging Reader and Gen 5+ software (Agilent BioTek). 314 

 315 

Turicibacter sanguinis colonization 316 

T. sanguinis isolate TA25 was kindly provided by Dr. Kenya Honda and Jonathan 317 

Lynch. T. sanguinis was grown in suspension under anaerobic conditions in Schaedlers 318 

broth. Mice were gavaged three times at d0, d3, and d7 with 1-10x106 CFU. TA25 can 319 

be identified by the primers against 1E2 isolate.  320 
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 321 

Real time PCR for detection of Turicibacter sanguinis 322 

DNA was isolated from fecal pellets using the DNeasy Power Soil Kit (Qiagen) following 323 

the manufacturer’s instructions. Detection of the serotonin transporter (20), for isolates 324 

MOL361, 1E2, and H121 was performed as previously indicated (25). MOL361, forward 325 

GGGTTTGCAGATGCGGG, reverse AATTTATCAACCACCGCTGTAATAAT; 1E2, 326 

forward GGGTTTGCTGATGCCGC, reverse 327 

CCCAAATTTATCAACTACTGCTGTAATAAT; H121, forward 328 

GGTTTAGCTGATGCTGGAATTAG, reverse 329 

TCCAAATTTATCAACAAATGCTGTAATAAT 330 

 331 

Microbiota depletion and fecal transplant 332 

Mice were treated with a cocktail of antibiotics as previously described (35, 36), with 333 

some modifications. Briefly, 5-week old mice were orally gavaged on day 0 and 1 with 334 

200μl/mouse of the following antibiotic cocktail: ampicillin (2mg/ml), neomycin (2mg/ml), 335 

metronidazole (2mg/ml), vancomycin (1mg/ml) dissolved in sterile water. From day 0 to 336 

day 6, mice were provided a similar cocktail with half the concentration for each 337 

antibiotic in the drinking water. Tabletop sugar (50mg/ml) was added to the cocktail to 338 

improve antibiotic intake. Water containing fresh antibiotic cocktail was replenished at 339 

day 2 and 4 and was replaced with regular water at day 6. At day 8 and 10, 340 

200 μl/mouse of fecal matter solution was gavaged as follows: At least 2 fecal pellets 341 

from donor mice were homogenized in 1ml of sterile PBS. Fecal solution was cleared by 342 
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centrifugation at 8000g for 3 minutes. Supernatant was filtered through a 70μm mesh. 343 

At day 28, mice were infected with C. rodentium as indicated above. 344 

 345 

16SrRNA gene sequencing 346 

At least 2 fecal pellets were collected per mouse and were stored at -80°C. DNA was 347 

isolated using the DNeasy Power Soil Kit (Qiagen, Germantown, MD, USA) following 348 

the manufacturer’s instructions. Extracted DNA concentration was measured using 349 

Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA). The V3 and V4 hypervariable 350 

regions of the 16S rRNA gene were sequenced using 2 x 300 paired-end sequencing 351 

on the Illumina Miseq sequencing platform (Illumina) at Integrated Microbiome 352 

Resource, Dalhousie University, Halifax, NS, Canada. The QIIME2 pipeline (version 353 

3.6.11) was used to process and filter demultiplexed sequence reads. OTUs were 354 

clustered using Deblur (2020.8.0) prior to alignment using QIIME2. OTU taxonomy was 355 

determined using a naive Bayesean classifier trained toward the GreenGenes 99% 356 

reference database (13_8). The OTU table was rarified to an even depth of references 357 

per sample prior to generation of taxonomy barplots using the ggplot2 and plotly 358 

packages in R (4.2.2). Analysis of Composition of Microbes (ANCOM) was performed 359 

using QIIME2. Analysis of Turicibacter relative abundance was calculated using 360 

Student’s t test in Graphpad Prism. 361 
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 374 

FIGURE LEGENDS 375 

Figure 1. Gzmb-/- littermate mice are resistant to severe C. rodentium infection.  376 

Littermate (LM) mice were infected with 5-10 x 108 CFU, and monitored daily for weight 377 

(A), and signs of disease, such as diarrhea, scruffiness, and rectal irritation/bleeding 378 

(B). At day 14-15, colon injury (C) and C. rodentium colonization (D) were determined. 379 

n= 4-11. Data represent at least 3 independent experiments. For (A), ****P<0.001, 380 

Student’s t test for each time point after day 8. For (B) **<0.01, Student’s t test. For (C), 381 

*P<0.05, One-Way ANOVA. Bar indicates 250μm. 382 

 383 

Figure 2. Resistance to C. rodentium is acquired by co-housing and maintained through 384 

time. (A) (S)Gzmb-/- mice were co-housed with a single (S)Gzmb-/- mouse from a 385 

different litter, or a single (R)Gzmb-/- mouse starting at weaning age. Three to four 386 

weeks later, mice were infected with 5-10 x 108 CFU of C. rodentium and were 387 

monitored for weight change. (B) Littermate (R)Gzmb-/- and Gzmb+/- mice were 388 
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separated at weaning age and infected as in (A). (C) (R)Gzmb-/- mice were bred among 389 

themselves. F3 mice were infected as in (A). n= 4-10. Data represent at least 3 390 

independent experiments. For (A), ****P<0.001, Student’s t test for each time point after 391 

day 8. n.s.= not significant. 392 

 393 

Figure 3. Resistance and susceptibility to severe C. rodentium infection are acquired by 394 

microbiota (Mb) transplant. The indicated mice were treated with a broad-spectrum 395 

antibiotic cocktail followed by fecal oral gavage from the indicated mice. Three weeks 396 

after microbiota transplant, mice were infected with 5-10 x 108 CFU of C. rodentium. 397 

Mice were weighed (A and C) and monitored for disease signs (C and D). At the end 398 

point, C. rodentium colonization was determined. n= 5-12. Data is combined from at 399 

least 3 independent experiments. **P<0.01, Student’s t test for day 14; ****P<0.001, 400 

Student’s t test for day 14. 401 

 402 

Figure 4. Turicibacterales are better represented in resistant mice. (A) 16S RNA gene  403 

sequence analysis from stool of the indicated naïve mice was analyzed for order 404 

abundance. (B) Relative abundance of the order Turicibacterales of the same samples 405 

as in (A). (C) ANCOM analysis. n= 5 -8.  ****P<0.001, Student’s t test. 406 

 407 

Figure 5. T. sanguinis is present in resistant Gzmb-/- mice and is transferable. (A) 408 

Relative abundance of the T. sanguinis isolates in the feces of the indicated mice. Non-409 

antibiotic treated (S)Gzmb-/- mice were gavaged with stool content from resistant mice 410 
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(B) or with cultured T. sanguinis TA25 (identified by the 1E2 primers) (C). Each symbol 411 

represents an individual mouse. n=4-6. *P<0.05; **p<0.01, Student’s t test. 412 

 413 

Figure 6. T. sanguinis confers partial protection from severe C. rodentium infection. 414 

Mice were colonized with 1-10 x 106 CFU of T. sanguinis isolate TA25 3 times (d0, d3, 415 

and d7). Approximately 14 days later, mice were infected with 5-10 x 108 CFU of C. 416 

rodentium and monitored for weight (A) and signs of disease (B). At the end point, colon 417 

pathology (C) and C. rodentium colonization (D) were determined. Ts = T. sanguinis; Cr 418 

= C. rodentium.  Bar = 250mm. n=5-14. In bar graphs, each symbol represents and 419 

individual mouse. *P<0.05; **P<0.01; ***P<0.005; ****P<0.001; Student’s t test. 420 

 421 

Figure 7. C. rodentium colonization in the indicated mice. Colon tissue from GFP-C. 422 

rodentium infected mice was fixed with 4% paraformaldehyde, paraffine embedded, and 423 

stained for DAPI. Samples were visualized using a Cytation C10 Confocal Imaging 424 

Reader and Gen 5+ software (Agilent BioTek). These samples are representative mice 425 

from Figure 6. Bar = 250mm. 426 

 427 
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Figure 1. Gzmb-/- littermate mice are resistant to severe C. rodentium infection. 

Littermate (LM) mice were infected with 5-10 x 108 CFU, and monitored daily for weight (A), 

signs of disease, such as diarrhea, scruffiness, and rectal irritation/bleeding (B). At day 14-15,

colon injury (C) and C. rodentium colonization (D) were determined. n= 4-11. Data represent

at least 3 independent experiments. For (A), ****P<0.001, Student9s t test for each time 

point after day 8. For (B) **<0.01, Student9s t test. For (C), *P<0.05, One-Way ANOVA. Bar

indicates 250µm.
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Figure 2. Resistance to C. rodentium is acquired by co-housing and maintained through

time. (A) (S)Gzmb-/- mice were co-housed with a single (S)Gzmb-/- mouse from a different litter, 

or a single (R)Gzmb-/- mouse starting at weaning age. Three to four weeks later, mice were infected

with 5-10 x 108 CFU of C. rodentium. Mice were monitored for weight change. (B) Littermate

(R)Gzmb-/- and Gzmb+/- mice were separated at weaning age and infected as in (A). (C) 

(R)Gzmb-/- mice were bred among themselves. F3 mice were infected as in (A). n= 4-10. 

Data represent at least 3 independent experiments. For (A), ****P<0.001, Student9s t test for 

each time point after day 8. n.s.= not significant.
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Figure 3. Resistance and susceptibility to severe C. rodentium infection are acquired by

microbiota (Mb) transplant. The indicated mice were treated with a broad-spectrum antibiotic

cocktail followed by fecal oral gavage from the indicated mice. Three weeks after microbiota

transplant, mice were infected with 5-10 x 108 CFU of C. rodentium. Mice were weighed 

(A and C) and monitored for disease signs (C and D). At the end point, C. rodentium

colonization was determined. n= 5-12. Data is combined from at least 3 independent 

experiments. **P<0.01, Student9s t test for day 14; ****P<0.001, Student9s t test for day 14.
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A

****

B

Figure 4. Turicibacterales are better represented in resistant mice. (A) 16S RNA gene 

sequence analysis from stool of the indicated naïve mice was analyzed for order abundance. 

(B) Relative abundance of the order Turicibacterales of the same samples as in (A). 

(C) ANCOM analysis. n= 5 -8.  ****P<0.001, Student9s t test.
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Figure 5. T. sanguinis is present in resistant Gzmb-/- mice and is transferable. (A) Relative

abundance of the T. sanguinis isolates in the feces of the indicated mice. Non-antibiotic

treated (S)Gzmb-/- mice were gavaged with stool content from resistant mice (B) or with 

cultured T. sanguinis TA25 (identified by the 1E2 primers) (C). Each symbol represents an

individual mouse. n=4-6. *P<0.05; **p<0.01, Student9s t test.
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Figure 6. T. sanguinis confers partial protection from severe C. rodentium infection. Mice 

were colonized with 1-10 x 106 CFU of T. sanguinis isolate TA25 3 times (d0, d3, and d7).

Approximately 14 days later, mice were infected with 5-10 x 108 CFU of C. rodentium and monitored 

for weight (A) and signs of disease. At the end point, colon pathology (C) and C. rodentium 

colonization (D) were determined. Ts = T. sanguinis; Cr = C. rodentium. Bar = 250µm. n=5-14. In 

bar graphs, each symbol represents and individual mouse. *P<0.05;**P<0.01; ***P<0.005; 

****P<0.001; Student9s t test.
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Figure 7. C. rodentium colonization in the indicated mice. These samples are representative mice 

from Figure 6. Bar = 250µm. Colon tissue from GFP-C. rodentium infected mice was fixed with 4% 

paraformaldehyde, paraffine embedded, and stained for DAPI. Samples were visualized using a 

Cytation C10 Confocal Imaging Reader and Gen 5+ software (Agilent BioTek).
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