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SUPPLEMENTAL METHODS 

Bacterial strains and growth conditions 

C. difficile strains used in this study (table S1) were cultured in Brain Heart Infusion 

(BHI) supplemented with yeast extract (BHIS) or Tryptone Yeast (TY) broth, or on BHIS 

agar plates. Taurocholate (0.1%, Sigma-Aldrich) and fructose (0.2%, Sigma-Aldrich) 

were added to C. difficile cultures to induce germination of C. difficile spores and prevent 

sporulation, respectively, as described previously [1, 2]. C. difficile strains were cultured 

in an anaerobic chamber (10% H2, 5% CO2 and 85% N2) maintained at 37°C (Coy 

Laboratory Products) as previously described [3]. 

 

C. difficile infection model 

Eight-week-old male wild-type C57BL/6 mice were bred at GSU or purchased from 

Jackson Laboratories, Taconic farms or Charles River laboratories as stated in results. 

Mice were housed in sterile cages with autoclaved bedding; food and water at Georgia 

State University (Atlanta, GA, USA) in an animal biosafety level 2 facility under 

institutionally-approved animal use (protocol number IACUC A14033). Mice received an 

antibiotic cocktail of kanamycin (0.4 mg/mL), gentamicin (0.035 mg/mL), colistin (850 

U/mL), metronidazole (0.215 mg/mL), and vancomycin (0.045 mg/mL) in sterile water 

for 3 days. Two days later, mice were given an intra-peritoneal injection of clindamycin 

(10mg/kg) to induce susceptibility to C. difficile infection, and then challenged 1 day 



later by oral gavage with spores from C. difficile [4]. All the animals were monitored 

daily for signs of disease including diarrhea, hunched posture and weight loss. 

 

Spore preparation and animal inoculation  

C. difficile spores were prepared as previously described [5] and stored at room 

temperature in PBS + 1% BSA. As an additional measure to remove vegetative cells, C. 

difficile spore preparation was heated (20 min, 65°C) prior to experimental animal 

infection. For VPI 10463VPI10463, mice were challenged with doses ranging from 1 x 

103 to 5 x 105 spores for germ-free experiments and 1 x 105 spores for conventional mice 

experiments. For LEM1, mice were challenged with doses ranging from 1 x 103 to 1 x 105 

spores for germ-free experiments and 1 x 105 to 8.6 x 107 spores for conventional 

experiments.  

 

Isolation of C. difficile from mouse feces 

Fecal samples were suspended in 1 ml PBS and heated (55°C, 20 min) to reduce 

background growth of other organisms. Aliquots were plated onto taurocholate 

cycloserine cefoxitin fructose agar (TCCFA) [6, 7] and incubated anaerobically for 48 h. 

C. difficile colonies were streaked onto BHIS agar plates for further isolation and used for 

the animal studies. 

 

Germ-free mice experiments  

Germ-free wild-type C57BL/6 and Swiss Webster mice were maintained under germ-free 

conditions in our gnotobiotic facility, using Park Bioservices isolators. Germ-free mice 



were then removed from isolators and transferred to ABSL2 unit, and thereupon 

maintained in a manner similar to other mice in this unit (autoclaved food, bedding, and 

water) for the duration of the experiments. Mice were then challenged with PBS or C. 

difficile via oral gavage and monitored as described above. 

 

Microbiota transplantation  

Following collection from Jackson mice, fecal pellets were frozen for downstream 

analysis of tcdA gene by q-PCR. After determination of tcdA status, fecal samples from 

untreated mice without bloom (tcdA negative, bloom negative), untreated mice with 

bloom (tcdA positive, bloom positive) or VPI 10463-infected mice (tcdA positive) were 

diluted in PBS (1ml). Germ-free Swiss Webster mice were removed from the isolator, 

transferred to the ABSL2 facility and immediately orally administered 200 μl of the fecal 

suspension. Transplanted mice were then monitored as previously described. 

 

DNA isolation and quantification of C. difficile tcdA gene in feces  

Freshly collected or frozen fecal samples were resuspended in PBS + 0.1% Tween 20 

(100 mg/ml). After incubation (10 min, 64˚C) in 10% sodium dodecyl sulfate, samples 

were mixed with Tris-EDTA phenol saturated (Roche) and three hundred milligrams of 

glass beads (0,1mm diameter, Biospec Products). The mixture was subjected to 

mechanical disruption using a bead beater (Biospec Products) for 3 minutes, incubated at 

64˚C for 5 min and fecal debris were then pelleted (5 min, 12,000g, 4°C). Subsequently, 

phenol-chloroform extraction was performed and 250 μL of the supernatant was 

subjected to ethanol precipitation. Finally, DNA was suspended in 100 μL of ultra-pure 



MilliQ water. DNA integrity was checked by agarose gel electrophoresis and purity was 

verified by 260 and 280 nm OD measurement on Epoch BioTek instrument.  

To assess C. difficile loads in fecal samples, quantitative PCRs were performed in 

a CFX96 apparatus (Bio-Rad) based on the Taqman technology using iTaqTM Universal 

probe supermix (Bio-Rad) with probe and primers specific to the gene encoding C. 

difficile toxin A (tcdA) (table S2). Primer specificity was confirmed by performing q-

PCR on pure spores of C. difficile VPI 10463 diluted in PBS (data not shown). For 

determination of C. difficile tcdA genomic copy number in fecal samples, CT values 

obtained from DNA extracted samples were normalized to a standard curve generated 

from 2-fold dilutions of feces spiked with known concentrations of VPI 10463, with the 

limit of quantification being 1708 genomic copy number of C. difficile tcdA per g of feces 

(CT=33.41). Results were expressed as tcdA copy number per g of feces (Figure S1). 

 

DNA isolation and whole bacteria genome sequencing  

Genomic DNA was extracted according to Pacific Biosciences Phenol-Chloroform 

protocol with modifications as recently described (Etienne-Mesmin et al. 2016 Genome 

announcement). Complete genome sequencing of C. difficile strains LEM1 and VPI 

10463 was carried out using single-molecule real-time (SMRT) sequencing technology 

on a Pacific Biosciences RSII sequencing instrument (Pacific Biosciences, Menlo Park, 

CA) using C4 chemistry (DNA Sequencing kit 4.0). 

 

DNA extraction and quantification of C. difficile VPI 10463 and LEM1 loads using 

specific primers.  



DNA extraction was performed as previously described. Following whole-genome 

sequencing, Genome Subtractor was used us to compare the two C. difficile genomes [8]. 

This pipeline allows the identification of unique sequences in each strain, enabling the 

design of specific primers. A q-PCR assay, based on SYBR Green technology using 

QuantiFast SYBR Green PCR kit (Qiagen) with primers specific to LEM1 and VPI 

10463 strains, was developed to quantify their respective load in feces (table S2). For 

determination of C. difficile LEM1 and VPI 10463 genomic copy number in fecal 

samples, CT values obtained from DNA extracted samples were normalized to a standard 

curve generated from 2-fold dilutions of feces spiked with known concentrations of 

LEM1 or VPI 10463, with the limit of quantification being 1220 genomic copy number 

of LEM1 per g of feces (CT=31.2) and 1708 genomic copy number of VPI 10463 per g of 

feces (CT=30.99). Results are expressed as genome copy number per g of feces (Figure 

S5A and C). Dissociation curves of PCR products showed a sharp peak at the expected 

Tm of the product (Figure S5B and D). 

 

C. difficile cytotoxin assay  

Vero cells (African green monkey kidney cells, ATCC CRL 1587) were grown at 37°C in 

DMEM supplemented with 10% FBS (Atlanta Biomedicals), 1% L-glutamine (Corning), 

1% penicillin-streptomycin solution (Corning). Cells were seeded in 96-well flat bottom 

microtiter plate (Nunc) at a density of 106 cells per ml, as previously described [9]. Fecal 

samples were reconstituted in PBS+0.1% Tween 20 (100 mg/ml) and fecal debris were 

pelleted (5 min, 9,000g) and filtered through a 0.22μm membrane. Ten-fold dilutions of 

the filtrates were performed to a maximum dilution of 10-11 and 50μL were added to the 



Vero cells. After 24h incubation (37°C, 5% CO2), cell monolayers were washed with 

PBS, stained with a crystal violet solution (1.3% crystal violet–5% ethanol in PBS) and 

rinsed with MilliQ water. Cell rounding was then judged by dye intensity. The cytotoxic 

titer was expressed as the reciprocal of the highest dilution that caused 50% of cell 

detachment per gram of sample. 

 

Western blot analysis  

Strains were grown overnight in BHIS medium supplemented with 0.1% taurocholate and 

0.2% fructose. Cells were then diluted in BHIS to an OD600nm of 0.5 and further diluted 

1:10 into TY medium. After incubation (24h, 37°C), bacterial cells were pelleted and 

suspended in SDS-PAGE sample buffer (62.5 mM Tris, 10% glycerol, 3% SDS, 5% 2-

mercaptoethanol, 5 mM PMSF). Cells were subjected to mechanical disruption using a 

mini bead beater and 0.1 mm silica beads (Biospec Products), and cell debris were 

pelleted. Protein concentrations were determined after TCA precipitation using the Micro 

BCA Protein Assay Kit (Thermo Scientific), and 10 µg protein lysate was heated at 95°C 

for 5 min, and then separated by electrophoresis on pre-cast TGX 4-15% gradient Stain-

free gels (BioRad) followed by nitrocellulose membrane transfer. TcdA was detected 

using mouse anti-TcdA antibody (Novus Biologicals), and goat anti-mouse IgG 

AlexaFluor 488 (Life Technologies) was used as secondary antibody. The blots were 

imaged on a ChemiDoc imaging system (Bio-Rad). Four biological replicates were 

performed for each strain.  

 

PCR Ribotyping  



PCR ribotyping of known and unknown C. difficile strains was performed as previously 

described [10]. Briefly, strains were grown overnight in BHIS, and cells were pelleted by 

centrifugation and resuspended in 1 ml of BHIS. A 50 µL aliquot was boiled at 95°C for 

10 min and cooled to room temperature. A PCR reaction using Phusion DNA polymerase 

(New England Biolabs), was performed on 1 µL of boiled template. Amplifications were 

carried out as follows: initial step at 98°for 3 min; 98°C for 15s, 57°C for 30s 72°C for 

30s all of which were repeated for 30 cycles; a final extension cycle at 72°C for 10 min 

using primes listed in Table S2. Final PCR products were fractionated on a 2% agarose 

gel and analyzed after ethidium bromide staining. 

 

Nested PCR 

Specific outer primers (listed in table S2) were used for amplification of a 409bp C. 

difficile LEM1 fragment in DNA extracted from fecal samples. The PCR mixture 

contained 2.5μl of 10x PCR Reaction buffer with MgCl2 (Roche), 0.5 μl PCR nucleotide 

mix (Roche), 1μl of each primer, 0.2μl of FastStart Taq DNA Polymerase (Roche), 2.5μl 

of DNA template solution, and water to a total volume of 25μl. The mixture was heated 

at 95°C for 5 min and PCR was performed using the following thermal cycle on Biorad 

PCR apparatus (S1000 Thermal cycler): 95°C for 30s; 58°C for 30s; and 72°C for 1 min, 

all of which were repeated for 35 cycles. Thermal cycling was terminated by 

polymerization at 72°C for 10 min. 2.5 microliter of the first PCR product (diluted 1/10) 

was used as a template for the second (nested) PCR with specific inner C. difficile LEM1 

primers (listed in Table S2). Each mixture was heated at 95°C for 5 min, and PCR was 

performed at 95°C for 30 s; 58°C for 30 s; and 72°C for 1 min, for 50 cycles, followed by 



polymerization at 72°C for 10 min. Final PCR products were analyzed on a 2% agarose 

gel after ethidium bromide staining. 

	

qRT-PCR 

Total RNAs were isolated from colon using TRIzol (Invitrogen) according to the 

manufacturer’s instructions. Quantitative RT-PCRs were performed using the iScriptTM 

One-Step RT-PCR Kit with SYBR Green (Bio-Rad) in a CFX96 apparatus (Bio-Rad) 

with specific mouse oligonucleotides (Table S2). Results were normalized to the 36B4 

(housekeeping gene). 

 

H&E staining  

Following euthanasia, mouse colon were fixed in 10% buffered formalin for 24 hours at 

room temperature, transferred to Ethanol 70˚, and then embedded in paraffin. Tissues 

were sectioned at 5-m thickness and subjected to hematoxylin & eosin (H&E) staining. 

 

Myeloperoxidase (MPO) assay 

Neutrophil influx in tissue was analyzed by assaying the enzymatic activity of MPO, a 

marker for neutrophils. Tissue were washed in PBS (50 mg/mL) and homogenized in 

0.5% hexadecyltrimethylammonium bromide (Sigma) in 50 mM PBS, (pH 6.0), freeze-

thawed 3 times, sonicated and centrifuged. MPO was assayed in the clear supernatant by 

adding 1 mg/mL of dianisidine dihydrochloride (Sigma) and 5x10-4% H2O2 and the 

change in optical density measured at 450 nm. Human neutrophil MPO (Sigma) was used 



as standard. One unit of MPO activity was defined as the amount that degraded 1.0 mol 

of peroxide/min at 25°C [11]. 
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SUPPLEMENTAL TABLES 

Table S1: Bacterial strains used in this study. 

Strains Relevant genotype Source 

VPI10463 (ATCC 43255) 087 ribotype ATCC 

630Δerm ErmS derivative of strain C. difficile 630; 012 ribotype [12] 

R20291 027 ribotype [13]  

5325 (ATCC BAA-1875) 078 ribotype ATCC 

LEM1 C. difficile isolated from mouse (Jackson Laboratories) This study 

MC818 C. difficile isolated from mouse (Charles River Laboratories) This study 

MC819 C. difficile isolated from mouse (Charles River Laboratories) This study 

MC820 C. difficile isolated from hamster (Charles River Laboratories) This study 

MC821 C. difficile isolated from hamster (Charles River Laboratories) This study 

 

ErmS: Erythromycin-sensitive 

 

 

 

 

 

 

 

 



Table S2: Primers used in this study 

 

Target Oligonucleotide sequence (5'-3') 

C. difficile 
 q-PCR Taqman

tcdA GGGGGATCAGGACACACAGTGAC 

TGGAACTGCTCCAGTTTCCCACC 

FAM-GATGTTACCTAATGCTCCTTCAAG-TAMRA 

q-PCR SYBR Green 
C. difficile LEM1 ACGAAGTGCATTTGACTTCTTTGA 

TCCATTGGATGGACTGAACACA 

C. difficile VPI 10463 TGAAGGAATAGCAAATGATCCAGA 

TTCTCTACCTTTTCCCAGCTATC 

PCR Ribotyping

MC819 (16S primer) GTGCGGCTGGATCACCTCCT 

MC820 (23S primer) CCCTGCACCCTTAATAACTTGACC 

PCR Nested

Outer primers LEM1 TCGCGCTTGGGATAAAATATGTGC 

 CACTGCATATAAATCGCTAGC 

Inner primers LEM1 ACGAAGTGCATTTGACTTCTTTGA 

 TCCATTGGATGGACTGAACACA 

Inflammatory genes   

Lcn-2 AAGGCAGCTTTACGATGTACAGC 

CTTGCACATTGTAGCTGTGTACC 

IL-22 GTGCTCAACTTCACCCTGGA 

TGGATGTTCTGGTCGTCACC 

IL-1 TTGACGGACCCCAAAAGATG 

  AGAAGGTGCTCATGTCCTCAT 

 
 
 
 
	 	



SUPPLEMENTAL FIGURES LEGENDS 

Figure S1.	Standard curve for the quantification of C. difficile VPI 10463 spores in 

fecal sample by real-time PCR using Taqman technology. 

(A). Amplification plot indicating fluorescence change during cycling. (B). The standard 

curve was constructed using serial dilutions of genomic DNA spiked with a known 

concentration of spores of C. difficile VPI 10463 per mg of feces. The log amounts of 

DNA concentrations are plotted versus the Ct values. 

 

Figure S2. C57BL6 WT mice from Jackson laboratories are resistant to C. difficile 

colonization without clindamycin pre-treatment.  

(A). Kaplan-Meier survival curve of mice uninfected (PBS, n=4) or infected with 1 x 105 

spores of C. difficile VPI 10463 (n=4) at day 0. (B). Average body weight measured daily 

starting from the day of infection (Day 0). (C-F). C. difficile loads in feces was quantified 

by q-PCR using Taqman probe and primers specific to the gene encoding C. difficile 

toxin A at day -6 (C), day 0 (D), day 1 (E) and day 7 (F). 

Each point represents an individual animal. Results are the means ± SEM (n=4). 

 

Figure S3. Isolation of C. difficile LEM1 strain.  

(A). Representative phase contrast micrograph of C. difficile strain LEM1 grown in BHIS 

broth  or 70:30 medium (70% SMC–30% BHIS broth). (B-C). PCR patterns ribotyping 

of known and unknown C. difficile strains. (B). Lane 1: molecular size DNA marker (100 

bp DNA ladder), lane 2: C. difficile R20291 UK1, lane 3: C. difficile 630erm, lane 4 C. 

difficile VPI 10463, lanes 5-6: C. difficile LEM1 isolated from uninfected Jackson mouse 



with a bloom, lines 7 to 10: C. difficile strains isolated from Jackson VPI 10463-infected 

mouse. (C). Lane 1: molecular size DNA marker (100 bp DNA ladder), lane 2: C. 

difficile 630erm, lane 3: C. difficile R20291 UK1, lane 4: C. difficile 5325, lane 5: C. 

difficile VPI 10463, lane 6: C. difficile LEM1 isolated from uninfected Jackson mouse 

with a bloom, lanes 7-8: C. difficile MC818 and MC819 isolated from uninfected Charles 

River mice with a bloom, lanes 9-10: C. difficile MC820 and MC821 were isolated from 

Charles River hamsters. 

 

Figure S4. Number of sequences in each SEED subsystems assigned by MG-RAST 

for C. difficile strains LEM1 and VPI 10463 genomes.  

 

Figure S5.	Validation of C. difficile LEM1 and VPI 10463 specific primers. 

(A and C). The standard curve was constructed using serial dilutions of genomic DNA 

spiked with known concentrations of spores of C. difficile LEM1 (A) or C. difficile VPI 

10463 (C) per mg of feces. The log amounts of DNA concentrations are plotted versus 

the Ct values. (B and D). Amplification plot indicates fluorescence change during 

cycling and melting curve for C. difficile LEM1 (B) or C. difficile VPI 10463 (D). (E) 

Competition experiments between C. difficile VPI 10463 (black line) and LEM1 (pink 

line) were performed in vitro. Mixed spores were prepared at different ratios, DNA was 

extracted and the number of each bacterium was quantified by q-PCR with C. difficile 

VPI 10463 and C. difficile LEM1 specific primers (with C. difficile LEM1 being defined 

as 1) and then expressed as a competitive index (CI). The CI was defined as: (LEM1 / 



VPI 10463) output / (LEM1 / VPI 10463) input and then expressed as a relative values of 

each strain. Results are the means ± SEM (n=6). 

 

Figure S6. C. difficile LEM1 strain lacks virulence in conventional antibiotic-treated 

mice.  

(A). Kaplan-Meier survival curve of Jackson mice infected with C. difficile LEM1 (high 

dose 8.6 x 107 spores, n=5 or 1 x 105 spores, n=5) or C. difficile VPI 10463 (1 x 105 

spores, n=5). (B). Average body weight measured daily starting from the day of infection 

(Day 0). (C-E). C. difficile loads in feces were quantified by q-PCR using Taqman probe 

and primers specific to the gene encoding C. difficile toxin A (C) or using SYBR Green 

technology and primers specific to C. difficile LEM1 (D) or primers specific to C. 

difficile VPI 10463 (E) at day 1 post-infection. (F). Vero cell cytotoxic assay was used to 

determine the log10 reciprocal cytotoxin dilution per gram of fecal sample at day 1 post 

infection. (G-H) Kinetic of C. difficile loads in feces quantified by q-PCR using SYBR 

Green technology and primers specific to C. difficile LEM1 (G) or primers specific to C. 

difficile VPI 10463 (H) at day 0, 1 and 2 post-infection. 

Each point represents an individual animal. Results are the means ± SEM (n=5). 

Significance was determined by Student's t-test, * indicates p<0.05. 

 

Figure S7. C. difficile LEM1 lacks the ability of C. difficile VPI 10463 to induce 

colitis in antibiotic-treated mice.  

(A). Colonic myeloperoxidase (MPO) activity in colonic tissue. (B-D). Colonic tissue 

mRNAs were isolated and quantitated for expression of genes involved in inflammation: 



IL-1 (B), IL-22 (C) and Lipocalin-2 (D). (E). H&E staining of colon sections from non-

infected (PBS), C. difficile VPI 10463 and C. difficile LEM1 mice. Bar = 50m. 

Results are the means ± SEM (n=2-4). 

 

Figure S8. C. difficile LEM1 protects against high dose of VPI-induced disease in 

germ-free mice.  

(A). Kaplan-Meier survival plots germ-free C57Bl6 mice challenged with PBS (n=2) or 

C. difficile LEM1 (1 x 105 spores, n=4) and infected 48 hours after with 5 x 105 spores of 

C. difficile VPI 10463. B). Average body weight measured daily starting from the day of 

infection (Day 0). 

Each point represents an individual animal. Results are the means ± SEM (n=2-4). 

 

Figure S9. In vitro characterization of C. difficile VPI 10463 and LEM1 strains.  

(A). Representative growth curve of C. difficile VPI 10463 and LEM1 grown individually 

or in equal amount of each bacteria in TY medium. (B). Relative estimation of bacterial 

number by q-PCR of C. difficile VPI 10463 and C. difficile LEM1 grown individually in 

TY medium where results are expressed as relative growth (relative to T2h). (C). 

Western blot analysis of TcdA protein (308 kDa) in C. difficile strain VPI 10463 and C. 

difficile strain LEM1 grown in TY medium for 6h.  

 



Figure S1. Standard curve for the quantification of C. difficile VPI 10463 spores in fecal sample by real-time PCR using Taqman technology.
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Figure S5. Validation of C. difficile LEM1 and VPI 10463 specific primers.
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