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SUPPLEMENTARY MATERIALS and METHODS 

 

Study Design and Patients 

A prospective case-control study of patients aged 2 years and older undergoing 

esophagogastroduodenoscopy (EGD) and colonoscopy as part of clinical care at UCSF Benioff 

Children’s Hospital Mission Bay was conducted as approved by the UCSF Institutional Review 

Board. Patients who had taken antibiotics, proton pump inhibitors (PPI), or H2-receptor 

antagonists within two weeks of procedure, with current parasites (Cryptosporidium, Entamoeba 

histolytica, Giardia), bacteria (C. difficile, Campylobacter, E. coli O157, Enterotoxigenic E. coli 

(ETEC) LT/ST, Salmonella, Shigella, shiga toxin-producing E. coli (STEC) stx1/stx2, Vibrio 

cholera), and viruses (adenovirus 40/41, Norovirus GI/GII, Rotavirus A) in the stool culture as 

detected by PCR or stool culture + Ova and Parasites (O&P) stool test within two months of 

procedure, history of transplant (solid organ or HSCT), history of gastric or intestinal bypass 

surgery, current motility disorder, advanced comorbid conditions, inability to stop high-risk 

medications such as antiplatelets or anticoagulants, or known immunodeficiencies, 

malignancies, or human immunodeficiency virus were excluded from this study. 

Patients were contacted via phone or email one to two weeks before their scheduled 

procedure to have a complete consent discussion with the study team. Once consented, stool 

collection kits were mailed to the patient’s home to facilitate stool collection ahead of their 

scheduled cleanout. Patients were instructed to collect stool in OMNIgene-GUT OMR-200 tubes 

(DNA Genotek) within 1-3 days of their procedure. Patients were prepared for a standard 

endoscopy with MiraLAX and Dulcolax. During the procedure, two mucosal biopsies were 

obtained according to standard clinical practice from the duodenum or jejunum, ileum, and colon 

and placed in BIOME-Preserve anaerobic microbiome tubes. When present, biopsies were 

obtained from diseased areas of the colon. 

Demographic data (sex, race, ethnicity, date of birth), height and weight at time of 

procedure, nicotine exposure, disease information (UC, CD, other GI disorder, or none), and 

medication history (including antibiotic exposure) were collected. Abnormalities macroscopically 

and microscopically at the time of the endoscopy were noted. 

 

Culturing and processing patient samples 

Typically from each patient was collected (a) two biopsies each from three sections 

(duodenum, ileum, colon) stored in Anaerobic Tissue Transport Media (Anaerobe Systems AS-

919), (b) pre-biopsy colonic phosphate buffer wash (stored in BIOME-Preserve Anaerobic 
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Microbiome Collection tubes (Anaerobe Systems)), and (c) stool collected before the procedure 

(also stored in BIOME-Preserve tubes or OMNIgene-GUT OMR-200 tubes (DNA Genotek). 

Samples were transported within 4 hours of the procedure and processed — culturing the 

biopsies and freezing the remaining samples. Biopsies were transferred to 1-2 mL of PBS in a 

gentleMACS M-tube (Miltenyi Biotec) using a 1 mL pipette tip in an anaerobic chamber (Coy, 

vinyl). M-tubes were sealed tightly, removed from the anaerobic chamber and homogenized 

using a gentleMACS Dissociator (Miltenyi Biotec) for 55 seconds (RNA_01.01 setting) 1-3 

times. The tubes were then brought back into the anaerobic chamber and processed for 

culturing. 

Culturing was with 1 mL media in 2 mL 96-deepwell polypropylene plates (Corning 

3960). To each 1 mL media, ~50 µL of homogenized biopsy slurry was added. Plates were 

sealed with AeraSeal films (Excel Scientific BS-25) and incubated at 37°C anaerobically. After 

2-3 days, the plates were passaged by transferring 10 µL to a fresh 1 mL of media, then grown 

an additional 2-3 days. After each round of growth, cultures were saved as glycerol plates (50 

µL culture + 50 µL of 50% glycerol), neat plates (100 µL culture), and DNA extraction plates 

(250 µL culture). After the second growth passage, cultures were additionally processed as 

supernatant plates for in vitro assays, prepared by spinning down 300+ µL of culture for 3,000 x 

g for 5-10 min, then filtering supernatant with a 0.2 µm PES AcroPrep Advance 96-well filter 

plate (PALL 8019), spinning 1,500 x g for 2 min. Note that some supernatants clogged the filter. 

Supernatants were collected in polystyrene 96-well round bottom plates (Corning 3788). Plates 

were sealed with aluminum foil covers (Excel Scientific FCS-25) and stored at -80°C. 

Culturing media was selected based on previous efforts1, including Mega media2, 

simulated intestinal efflux media (SIEM)3, simulator of the human intestinal microbial ecosystem 

(SHIME) media4, and a DMEM-based media with mucin and pectin for chip culture5. Notably, 

another recent effort culturing from human samples also chose BHI6. 

 

C. perfringens culturing and genetics 

To increase our odds of isolating C. perfringens, we selected cultures with the highest C. 

perfringens relative abundances for colony plating on sulfite-containing plates and used 

conditions to select for spores, like aerobic ethanol treatment7. 

Insertional mutants were generated using the Group II intron system, or “ClosTron”, 

developed previously8. We created plasmids based on what was used recently9 containing a 

thiolase-promoter driven erythromycin resistance (ermB) gene and a 309 bp variable intron 

targeting region. PCR was performed using Q5 Hot Start Master Mix (New England BioLabs, 
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M0494), Gibson assemblies using NEBuilder HiFi DNA Assembly mix (New England BioLabs, 

E2621), and plasmid cloning was in E. coli TOP10 chemically competent cells (Invitrogen). 

Plasmids were transformed by electroporation into E. coli CA434 for conjugation. Overnight 

cultures of the donor E. coli and recipient C. perfringens were mixed in a 2:1 ratio (1 mL + 0.5 

mL) and spun down 3,000 x g for 2 min. The supernatant was removed to leave about 20-30 µL, 

which was then spotted on a tryptic soy broth (TSB) plate for 24-48 h conjugation at 37°C 

anaerobically. Spots were scraped into PBS and plated onto selection agar plates, BHI-YH + 15 

µg/mL thiamphenicol + 250 µg/mL cycloserine, then restreaked onto BHI-YH + 10 µg/mL 

erythromycin + 250 µg/mL cycloserine agar plates. Mutants were checked by sequencing. 

 

DNA Extraction and 16S_V4 sequencing, data processing, and analysis  

Microbial DNA was extracted from ~200 µL of culture using DNeasy QIACubeHT 

Powersoil Pro (Qiagen) for Patients 1-3 or DNeasy 96 PowerSoil Pro (Qiagen) Patients 4-9. 

Biopsies were also directly extracted using the single tubes QIAamp PowerFecal Pro DNA kit 

(Qiagen). Extracted DNA was used for 16S_V4 PCR using barcoded reverse primers10. PCR 

was done with Takara Ex Taq DNA Polymerase, Hot Start version (RR006B) and Roche BSA 

(#10711454001) as previously described11. 

16S libraries were pooled and sequenced following Illumina’s metagenomics workflow. 

The library pool was denatured with 0.2 N NaOH for 5 mins and diluted to 8 pM with the Illumina 

buffer HT1. The Illumina control library PhiX (denatured and diluted) was spiked into the diluted 

denatured library at 5%. The mixture was heat denatured at 96°C for 2 minutes, chilled in an 

ice-water bath for 5 minutes, then added to the MiSeq cartridge along with custom primers 

spiked into the corresponding Illumina primer wells and sequenced paired end 200 cycles with a 

12 base i7 index. Microbiome sequence data is available from The European Genome-

phenome Archive (EGA, https://ega-archive.org/) under Study ID EGAS00001007538. 

QIIMEv2019.7 was used to process the 16S-V4 rRNA gene sequence data as previously 

described12,13. Briefly, raw sequence data was demultiplexed, read trimming was performed to 

remove regions of low sequence quality, and paired-end reads were denoised, dereplicated, 

and chimera filtered with DADA214. Taxonomy was assigned based on the V4 region of the 

Genome Taxonomy Database 16S rRNA gene sequence database (r202)15,16. Resulting 

abundance tables were rarefied and data was visualized using MicrobiomeExplorer17. β-

diversity measures were calculated in QIIMEv2019.7 12,13. All statistical analyses were 

conducted in the R programming language (v4.3.0) (R Core Team. R: A language and 

environment for statistical computing. Vienna: Austria; 2020.). Bray-Curtis distance matrices 

https://ega-archive.org/
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were visualized via non-metric multidimensional scaling (NMDS) and permutational multivariate 

analysis of variance (PERMANOVA) was used to determine relationships between metadata 

(e.g., sample location) and bacterial microbiota composition using the adonis function from the 

the vegan package (Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin P, et al. 

vegan: Community Ecology Package. R package version 2.6-4. 2022.). Plots were generated in 

R v4.3.0 using packages from the tidyverse v2.0.0 suite (dplyr v1.1.3, ggplot2 v3.4.3)18. 

 

Oxford Nanopore whole-genome sequencing and analysis 

Genomic DNA was sequenced either individually on MinION flow cells or multiplexed on 

PromethION flow cells. DNA quality was determined by Nanodrop (Thermo Fisher Scientific) to 

ensure an OD260/OD280 of 1.8-2.0 and an OD260/OD230 of 2.0–2.2 for all library input. DNA was 

quantified using the Qubit dsDNA BR assay kit (Thermo Fisher Scientific). DNA size was 

determined using the Genomic DNA ScreenTape on TapeStation 4200 (Agilent Technologies). 

For library preparation, the Ligation Sequencing Kit (Oxford Nanopore Technologies, SQK-

LSK109) was used with an input of 1 µg of genomic DNA. Sample multiplexing was performed 

using 500 ng of end-repaired DNA with the Native Barcoding Expansion Kit (Oxford Nanopore 

Technologies, EXP-NBD104). 400 ng of library from each sample was sequenced on an R9.4 

flow cell on a MinION device to generate fast5 files that were subsequently converted to fastq 

files using Guppy 5.0.11 (Oxford Nanopore Technologies). An average of 350 ng of multiplexed 

library pool of 3 or 4 samples was sequenced on an R9.4 flow cell on a PromethION device and 

base-called in real time using Guppy 5.1.12. 

Draft metagenomes were assembled using metaFlye 2.8.3-b1695 with the ‘–meta–

plasmids’ option19.  To identify virulence genes, the assembled metagenomes were compared 

against the VFDB20, using ABRicate v 0.5 (https://github.com/tseemann/abricate) with default 

parameter settings. BLAST high-scoring segment pairs (HSPs) satisfying >80% sequence 

identity were considered putative evidence for presence of a virulence factor protein gene. 

Contigs putatively encoding virulence factors were assigned species labels via BLASTn 

searches against the NCBI non-redundant database. Long-read data is available from NCBI 

under BioProject ID PRJNA1043401 with BioSample accessions SAMN38369910-18. 

  

Whole-genome sequencing and analysis (Illumina) 

Quality of the genomic DNA was determined using the Genomic DNA ScreenTape and 

TapeStation 4200 (Agilent Technologies). Genomic DNA was quantified using the Qubit dsDNA 

BR assay kit (Thermo Fisher Scientific). For library preparation, the Nextera DNA Flex kit 

https://github.com/tseemann/abricate
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(Illumina) was used with an input of 100 ng of genomic DNA. The resulting libraries were 

multiplexed and sequenced on NovaSeq (Illumina) to generate 5 million paired end 75 base pair 

reads for each sample. 

Draft isolate genomes were assembled from Illumina short read data using SPAdes 

v3.13.1 with default parameter settings21, and BRIG was used to visually compare them22. Gene 

calling was performed using Prokka v1.12 23 and genome quality assessed using CheckM 

v1.2.2 24. Roary with default parameter settings25 was used to produce a core gene alignment of 

C. perfringens genomes sequenced in the current study, as well as publicly available genomes. 

The C. perfringens phylogeny was estimated with RAxML v8 using the generalized time-

reversible (GTR) model with gamma correction for among-site rate variation and 10 starting 

trees26. Support for nodes was assessed using 500 bootstrap replicates. All C. perfringens 

genome data is available from NCBI under BioProject ID PRJNA1043401 with BioSample 

accessions SAMN38338936-40. 

 

Red blood cell lysis assays 

Whole blood from healthy subjects was obtained with Genentech's internal donor 

program, Samples for Science, following the approved IRB protocol (20080040) study 

specifications. Bacterial supernatants to 10% were mixed with 2% whole blood in phosphate-

buffered saline to a final volume of 200 µL in a 96-well plate. Plates were incubated at 37℃ for 

the specified amount of time, and for 4 h for single point readings. At each time point, 50 µL of 

supernatant was removed and mixed with 50 µL of PBS. The 100% lysis control was 0.5% 

Triton X-100. Absorbance at 450 nm was subtracted from the 650 nm absorbance. 

 

Toxin Purification, Protein Gels, Western Blots 

Toxins were expressed with 6xHis and SUMO cleavage tags in E. coli grown in Terrific 

Broth. Cells were resuspended in lysis buffer (50 mM Tris pH 7.5, 300 mM NaCl, 15% glycerol, 

5 mM imidazole, 5 mM MgCl2, 1 mM TCEP (Tris(2-carboxyethyl)phosphine)) with Roche 

cOmplete Ultra EDTA-free protease inhibitor (5892970001) and sonicated 3x 1 min (1 s on, 1 s 

off). The lysates were incubated with AmMag Ni resin magnetic beads (Genscript L00776). 

Resin was incubated with 50 mM Tris pH 7.5, 300 mM NaCl, 15% glycerol, 1 mM TCEP with 20 

mM imidazole for washes and 250 mM imidazole for elution. The eluate was concentrated using 

a 10 kD Amicon Ultra centrifugal filter. Proteins were further purified by size exclusion 

chromatography at 4°C with a Superdex 200 Increase 10/300 GL column (GE Healthcare) and 

20 mM HEPES pH 8.0 with 150 mM NaCl on an AKTA pure (Cytiva). 
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Protein SDS-PAGE was run with 10% Bis-Tris gels (Invitrogen, 1.0 mm for Western 

blots, or 1.5 mm otherwise) with MOPS running buffer. SimplyBlue SafeStain (Invitrogen) was 

used for visualization according to manufacturer instructions. Western blots were run using 

Invitrogen’s iBlot 2 system: nitrocellulose membrane with primary anti-PFO polyclonal antibody 

(Invitrogen PA5-117550, 3 mg/mL, rabbit IgG) at 1:2500 and secondary anti-rabbit (Li-Cor 

IRDye 800CW, 1 mg/mL) at 1:5000. Commercial recombinant PFO protein (ATCC BTX-100) 

was used for comparison. For alpha-toxin, primary anti-alpha-toxin polyclonal antibody 

(3A4D10-23.0, Absolute Antibody, 1 mg/mL, rabbit IgG) was used at 1:2500. 

 

PCR and sequencing analysis of biopsy RNA 

Biopsy slurries in PBS were extracted using the AllPrep PowerViral DNA/RNA kit 

(Qiagen) with added on-column DNase I (Qiagen) step before final wash and elution. RNA was 

further treated with DNase using the TURBO DNA-free kit (Invitrogen AM1907) to ensure 

genomic DNA removal prior to cDNA prep by iScript Reverse Transcription (Bio-Rad). Both final 

cDNA and pre-reverse transcription RNA were used as template to run PCR analysis with Q5 

Hot Start mix: 8 µL reactions with 0.8 µL template and 500 nM each primer (Supplementary 
Table 11). Thermocycling: 98°C for 2 min, 40x cycles [98°C for 10 sec, 58°C for 30 sec, 72°C 

for 30 sec], 72°C for 10 min, then hold at 4°C. The first PCR reaction was followed by a second 

using 0.8 µL of the first PCR reaction as template. Reactions were visualized on 4% agarose E-

gels (Invitrogen), and positive hits were Sanger sequenced to verify. 

 

CellTiter-Glo cell viability assays to estimate toxicity 

Mammalian cells were cultured using standard techniques in respective growth media in 

T75 or T150 flasks. Cell lines (T84, HT29, Caco2, Neuro-2a) were grown from in-house stocks 

originally passaged from ATCC. T84 cells were grown in RPMI 1640 with 10% heat-inactivated 

fetal bovine serum (FBS, R&D Systems), 2 mM Glutamax and Pen-Strep. HT29, Caco-2 and 

Neuro-2a cells were grown in DMEM with 10% FBS, 2 mM GlutaMAX and 1X Pen-Strep 

(Gibco). HUVEC cells (PromoCell) were grown in Endothelial Cell Growth Media (PromoCell). 

Cells were seeded at ~10,000 cells per well in white clearbottom tissue culture treated 96-well 

plates (Corning 3610) and grown an additional 1-3 days depending on the cell type. For human 

colonic organoid-derived monolayers, organoids were derived from deceased adult Donor 

Network West donors. Two donors were used in this study: a 36-year-old Asian Indian female 

and a 53-year-old White female. Organoids were grown in expansion media modified from 

previous protocols27. Organoids were dissociated to single cells and plated at a density of 
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100,000 per well on Collagen IV (Sigma C5533) coated plates. Organoid-derived monolayers 

were differentiated for 7 days. Media was swapped with low serum (0.25% FBS) or serum-free 

(for HUVEC) media, and incubated with test compounds at 4-10% overnight (16-24 h). Cell 

viability was then measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega) 

according to kit instructions, with luminescence read out on a SpectraMax M5 plate reader at 

500 ms integration time. Roche’s Cytotoxicity Detection Kit (LDH) was used according to kit 

instructions. 

Human neutrophils were extracted from whole blood using the EasySep Direct Human 

Neutrophil Isolation Kit (STEMCELL Technologies), resuspended in RPMI 1640 with 10% FBS, 

2 mM Glutamax and Pen-Strep, and assayed a few hours after seeding. Human PBMCs were 

purchased from STEMCELL Technologies. PBMCs were incubated with compounds and the 

resulting supernatants submitted for Luminex cytokine analysis using the Bio-Rad 23-plus 

cytokine panel. Values below the detection range were set as zero. Phase contrast imaging for 

select cytotoxicity assays was done at 10X magnification on an Incucyte S3 (Sartorius). 

For YO-PRO toxicity studies, cells were incubated at the same conditions as for 

CellTiter-Glo assays but with YO-PRO-1 dye (Invitrogen Y3603) at 1 µM, imaged every 20-30 

min at 20X on an Incucyte S3 in phase contrast and green fluorescence channels (300 ms 

exposure, 441–481 nm excitation, 503–544 nm emission). 

 

Neuron-activation assays and DRG isolation 

Neuro-2a cells were incubated in DMEM with 0.25% FBS (as used in toxicity assays) 

with YO-PRO-1 dye and test compounds added, and imaged every 5 min on an Incucyte S3 in 

phase contrast and green fluorescence channels (300 ms exposure, 441–481 nm excitation, 

503–544 nm emission). YO-PRO uptake was estimated as the area of positive green 

fluorescence divided by total area of cells segmented in the phase contrast channel using the 

Incucyte analysis software– note that this underrepresents the fraction of fluorescent cells due 

to differences in tracked phase area and fluorescence-positive area. 

Mouse DRGs were isolated from mice and processed as previously described28. Briefly, 

wild-type mice were euthanized by CO2 inhalation, and DRGs were quickly excised into cold 

Hanks' Balanced Salt Solution (HBSS, Gibco) and dural sheaths were removed. The DRGs 

were then placed in divalent-free HBSS and enzymatically digested using a combination of 

collagenase and trypsin with gentle shaking. After several spins and washes, DRGs were 

placed in DMEM containing 10% inactivated horse serum, and dissociated by gentle trituration 

using 1 mL and 200 mL pipet tips. The dissociated cell suspensions were purified by myelin 
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elimination using magnetic anti-myelin beads. The purified cells were counted and suspended in 

HibernateA containing 10% inactivated horse serum. The cells were plated on 96 well PDL-

coated plates (BD) and incubated overnight at 37°C for YO-PRO influx measurements, and on 

Poly-D-Lysine-coated glass coverslips placed in a multiwell culture dish for Calcium influx 

measurements. Plated cells were then flooded with complete cell medium consisting of DMEM, 

10% heat-inactivated horse serum, 2 mM L-glutamine, 0.8% D-glucose, 100 units penicillin, and 

100 mg/ml streptomycin. YO-PRO uptake and calcium-influx measurements were performed 

within 24 hours of cell isolation. 

Mouse DRGs were incubated in DMEM with 10% FBS and preincubated with YO-PRO-1 

dye for 20+ minutes before C. perfringens supernatant addition. Cells were then imaged every 5 

minutes for 4 h in phase contrast and FITC channels with a Plan Apo 20x (NA 0.75, Nikon) 

objective on a Nikon TI-E perfect focus inverted microscope equipped with a Neo sCMOS 

camera (Andor, Oxford Instruments), 37°C/5% CO2 environmental chamber (Okolab), and a 

SOLA V-NIR LED lightsource (Lumencor), all run by NIS Elements software (Nikon). For 

purified toxin experiments, cells were imaged every 3 min for 2.5 h in phase contrast and 488 

nm laser channels with a similar Nikon microscope setup equipped with a spinning disk confocal 

CSU-X1 (Andor, Oxford Instruments), ILE laser launch (Spectral Applied Research), and Prime 

95B sCMOS camera (Teledyne Photometrics). YO-PRO uptake was analyzed by the sum green 

fluorescence intensity above a set threshold, normalized to the initial area of cells segmented in 

phase-contrast channel in NIS Elements software. 

 

Prevalence estimate of C. perfringens  

Preprocessing and taxonomy classification were performed on metagenomic sequence 

reads as previously described29. Briefly, reads were de-replicated using PrinSeq v0.20.4, 

trimmed using trimmomatic v0.39, and aligned to PhiX and the Pacific Biosciences human 

genome (GenBank GCA_000772585.1) using bowtie2 v2.4.1. Unmapped reads were 

subsequently classified with kraken v2.1.1 with a confidence parameter of 0.2 (“--confidence 

0.2”) against a custom reference database containing 112,320 genomes from 64,468 species 

(61,220 bacterial, 3,248 archaeal) from the Genome Taxonomy Database (GTDB) release 207 
15,16  and then processed with bracken v2.5 with a read threshold of 250 (“-t 250”). Prevalence of 

C. perfringens was calculated from bracken output for two independent healthy cohorts (Milieu 

Intérieur, Israeli), three UC cohorts, and two CD cohorts. The Milieu Intérieur cohort included 

500 men and 500 women between 20 and 69 years of age from the suburban Rennes area (Ille-

et-Vilaine, Bretagne, France)29. Stool aliquots were processed, DNA extracted, and shotgun 
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metagenomic sequencing was performed by Diversigen, Inc. as described previously29. The 

Israeli cohort included 1,159 samples from 851 non-diabetic donors between 20 and 69 years of 

age30. The CD (BERGAMOT cohorts 1, 2, 3) and UC (LAUREL, HIBISCUS I and II) cohorts 

were obtained from five phase 3 randomized clinical trials comparing the safety and efficacy of 

etrolizumab in patients from 18 to 80 years of age with moderate-to-severe active UC or CD31–

33. Stool samples from BERGAMOT cohort 1 and LAUREL were processed, DNA extracted, and 

shotgun metagenomic sequenced by Microbiotica, Ltd. Stool samples from BERGAMOT 2 and 

3 and HIBISCUS I and II were processed, DNA extracted, and shotgun metagenomic 

sequenced by CosmosID. 

DNA was extracted from biopsy tissue from LAUREL, HICKORY, and BERGAMOT 

cohort 1 using the AllPrep DNA/RNA Kit (Qiagen) with bead beating. 16S sequencing of the 

V3_V4 region was performed by Microbiotica, Ltd. using the primers 357F and 800R. 16S 

sequences were quality trimmed, denoised, dereplicated, and filtered for chimeras using 

QIIME2 v2019.7. Taxonomy was assigned using a custom database of 16S rRNA sequences 

from GTDB release 207 and prevalence of C. perfringens was calculated from species-level 

count tables. 

Using the curatedMetagenomicData R package (v3.9.1)34, C. perfringens relative 

abundances, as determined by MetaPhlAn3, and sample metadata were retrieved for 21,030 

stool samples with the command “returnSamples”. Of those, the 13,827 stool samples with 

disease equal to “healthy” or study_condition equal to “control” were selected, along with 2,054 

samples with disease equal to “IBD”, from 77 studies (Supplementary Table 6). Some subjects 

were sampled more than once: relative abundance values for C. perfringens were averaged 

per-subject where indicated. 
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SUPPLEMENTARY FIGURES 
 

 
 

Supplementary Figure 1. Variation in microbiota composition of colonic biopsy outgrowth across 
different growth media.  Patient samples sequenced (A) directly as biopsies pre-culturing and (B) after 
the second passage outgrowth in BHI media. Samples were sequenced using 16S V4 sequencing and 
classified at the genus taxonomic rank. Clostridium_P (black, bold) is Clostridium perfringens. Minimum 
10,000 reads filtering cutoff per sample. 
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Supplementary Figure 2. Variation in microbiota composition of colonic biopsy outgrowth across 
different growth media. The microbiota outgrowth of one colonic biopsy from each patient grown in 
different media was sequenced using 16S V4 rRNA and classified at family taxonomic rank. Filtering 
cutoff per sample: minimum 10,000 reads. Both passages shown. BB, Bryant and Burkey; BHI, brain 
heart infusion; Chp Meat/ChM/Chp’d Meat, chopped meat; SHIME, simulator of the human intestinal 
microbial ecosystem; SIEM, simulated intestinal efflux media; YCFA, yeast casitone fatty acids (modified); 
mGAM, modified Gifu Anaerobic Medium; BG, BB + mGAM combo. 
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Supplementary Figure 3. 𝝰-diversity of microbial communities grown from ileal and colonic 
biopsies in various media. 16S V4 sequence data from (A) ileal and (B) colonic biopsy outgrowth in 
different growth mediums from the second passage for each patient. Top panel: Total number of 
observed OTUs (richness). Middle panel: Community evenness. Bottom panel: Shannon diversity index.  
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Supplementary Figure 4. Impact of growth media and passage number on the outgrowth of C. 
perfringens from patient biopsies. 16S V4 sequencing is sufficient to classify C. perfringens to the 
species level. C. perfringens abundance from the colonic biopsy outgrowth in different growth conditions 
is shown for each patient where C. perfringens was detected after outgrowth. Both passages are shown.  
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Supplementary Figure 5. Correlation between hemolytic activity and C. perfringens presence in a 
colonic biopsy from Patient 3. (A) RBC lysis measured after 4 hour incubation with 10% bacterial 
supernatants from the BHI outgrowth after two passages of Patient 3 biopsies. RBC lysis was measured 
as (OD450-OD650). Dotted lines represent lysis with 0.5% Triton X-100 as the 100% lysis control. 16S V4 
sequencing from the matched BHI outgrown communities were performed: (B) C. perfringens community 
abundance and (C) family taxonomic rank are shown (note that Clostridiaceae also includes other 
species besides C. perfringens). 

  

A B 
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Supplementary Figure 6. Elevated hemolytic activity in biopsy outgrowth compared to stool from 
Patient 9. (A) RBC lysis measured after 4 hour incubation with 10% bacterial supernatants from the BHI 
outgrowth supernatants after two passages of Patient 9 biopsies, colonic wash (CW), and stool samples. 
Dotted lines indicate lysis with 0.5% Triton X-100 as the 100% lysis control. Two biopsies from each 
location were evaluated for activity. RBC lysis was measured as (OD450-OD650). 16S V4 sequence from 
the matched BHI community was performed: (B) C. perfringens community abundance and (C) family 
taxonomic rank are shown (note that Clostridiaceae also includes other species besides C. perfringens). 

  

A B 

C 
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Supplementary Figure 7. C. perfringens abundance and prevalence in healthy subjects. Publicly 
available curated metagenomic datasets (77 total) were analyzed for C. perfringens abundance and 
prevalence in “healthy” or “control” subjects and IBD subjects. Subjects were grouped by age (newborn: 
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<1 year old, child: 1-11 y, schoolage: 12-18 y, adult: 19-65 y, senior: 65+ y). An exact age was not 
provided for some subjects, only age category. For a list of compiled studies, see Supplementary Table 
6. (A) Multiple samples were collected from some subjects, without a clear correlation of more sampling 
leading to more C. perfringens detected. (B,C) C. perfringens prevalence, average relative abundance, 
number of samples collected per subject, and subject age for (B) “healthy” and “control” subjects or (C) 
IBD subjects. Prevalence is calculated based on detection of C. perfringens in any sample from a given 
subject. Relative abundance is the average across all samples from a subject. (D) Direct comparison of 
C. perfringens relative abundance in healthy/control vs. IBD subjects from studies with both 
healthy/control and IBD groups. Fraction of total samples with C. perfringens detected shown along the 
top. 
(Note that different extraction methods were used for datasets, with many protocols not including bead-
beating. It is also worth noting that different computational methods vary in species detection ability, 
where Kraken/bracken (used to analyze MI, Zeevi, etrolizumab WMS data featured in Figure 3G) is much 
more sensitive and less specific than MetaPhlAn3 (used for curatedMetagenomicData).)  
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Supplementary Figure 8. Distinct genome content of the five C. perfringens isolates. Shown is a 
genome-wide BLAST comparison of C. perfringens genome sequences. Rings show high-scoring 
segment pairs (HSPs) yielded by BLASTn searches of the corresponding query C. perfringens genomes 
against reference genome C. perfringens CPI 18-6 with default BLAST parameter settings. This figure 
was produced using BRIG22. 
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Clade I. (Patient 9) 

Supplementary Figure 9.1. Maximum likelihood phylogeny based on an alignment of C. 
perfringens core genes – Cp-6771. Bootstrap values are shown. Public genomes were selected for 
inclusion based on a prior publication35 and C. perfringens isolates from the current study are highlighted. 

 

  

Cp-6771   
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Clade II. (Patients 3 and 7) 

 
Supplementary Figure 9.2. Maximum likelihood phylogeny based on an alignment of C. 
perfringens core genes – Cp-6711 and Cp-6770. Bootstrap values are shown. Public genomes were 
selected for inclusion based on a prior publication35 and C. perfringens isolates from the current study are 
highlighted. 

  

Cp-6711 

Cp-6770 
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Clade V. (Patients 1 and 6) 
 
 

 
 

Supplementary Figure 9.3. Maximum likelihood phylogeny based on an alignment of C. 
perfringens core genes – Cp-6706 and Cp-6749. Bootstrap values are shown. Public genomes were 
selected for inclusion based on a prior publication35 and C. perfringens isolates from the current study are 
highlighted. 

  

Cp-6706 

Cp-6749 
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Supplementary Figure 10. Protein analysis of C. perfringens supernatants and purified hemolytic 
toxins. (A) Full Western blot of C. perfringens supernatants grown in BHI and YCFA probed for PFO 
protein levels, compared with commercial PFO protein (ATCC) at 2.5 µg/mL. Selected section shown in 
Figure 4B. (B) SDS-PAGE analysis of E. coli expressed and purified hemolytic toxins from C. perfringens: 
PFO1, perfringolysin O; PFO2, alveolysin; PLC, alpha-toxin. 10 µl (first lane) and 1 µl (second lane) of the 
eluted fraction were loaded. (C) Full Western blot of C. perfringens toxin mutant supernatants grown in 
BHI and purified toxins, probed for PFO protein levels. Selected section shown in Figure 4G. (D) Western 
blot of C. perfringens supernatants grown in BHI, probed for PLC protein.  

A B 

C
p-

67
06

 (P
ed

 1
) 

C
p-

67
11

 (P
ed

 3
) 

C
p-

67
49

 (P
ed

 6
) 

C
p-

67
70

 (P
ed

 7
) 

C
p-

67
71

 (P
ed

 9
) 

C
p-

67
06

 (P
ed

 1
) 

C
p-

67
11

 (P
ed

 3
) 

C
p-

67
49

 (P
ed

 6
) 

C
p-

67
70

 (P
ed

 7
) 

C
p-

67
71

 (P
ed

 9
) 

PF
O

 (2
.5

 µ
g/

m
L)

 

   

BHI YCFA 

260 
125 
90 
70 
50 

38 
30 
25 

15 

8 

260 
125 

90 
70 
50 

30 

15 

8 

C
p-

67
11

 (P
ed

 3
) 

C
p-

67
11

_p
fo

A 

C
p-

67
11

_p
lc

 

C
p-

67
49

 (P
ed

 6
) 

C
p-

67
49

_p
lc

 

C
p-

67
71

 (P
ed

 9
) 

C
p-

67
71

_p
fo

A 

C
p-

67
71

_p
lc

 

PL
C

 

PF
O

 

PF
O

2 

C 

250 
150 
100 

75 
50 
37 

25 
20 
15 
10 

PFO PFO2 PLC 

C
p-

67
06

 (P
ed

 1
) 

C
p-

67
11

 (P
ed

 3
) 

C
p-

67
49

 (P
ed

 6
) 

C
p-

67
70

 (P
ed

 7
) 

C
p-

67
71

 (P
ed

 9
) 

C
p-

67
11

_p
fo

A 

C
p-

67
11

_p
lc

 

C
p-

67
49

_p
lc

 

C
p-

67
71

_p
fo

A 

C
p-

67
71

_p
lc

 

PL
C

 (2
.5

 µ
g/

m
L)

 

 

260 
125 
70 
50 
38 

25 

15 

8 

D 



 24 

 
 
Supplementary Figure 11. Biopsy cDNA PCR for C. perfringens genes. (A-D) PCR of biopsy cDNA 
using qPCR-design primers for signatures of indicated genes. RNA was extracted from biopsies, DNase-
treated with two methods, and cDNA was prepared by reverse transcription. Annotated plc and plc(2) 
indicate different primer sets for the plc gene; agrD is a quorum sensing autoinducer peptide gene36. (E) 
PCR of genomic DNA with corresponding primers. Primers were also confirmed on cDNA from extracted 
RNA of pure isolate C. perfringens cultures grown in BHI. (F) Amplicon sizes for each gene targeted and 
primers used. The plc and 16S primer sets are those used in a different study37. 
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Supplementary Figure 12. Biopsy cDNA PCR Sanger sequencing results. Sequencing of (A) pfo2 
and (B) plc amplicons from biopsy cDNA PCR. Corresponding bands seen in Supplementary Figure 11. 
Alignment of select sequences using Geneious version 2023.2 created by Biomatters. 
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Supplementary Figure 13. Caco2 epithelial permeability is induced by C. perfringens. (A) 
Experimental setup schematic: Caco2 epithelial cells were incubated with apoptotic cell permeable 
fluorescent dye YO-PRO and bacterial supernatants or proteins for live imaging in an Incucyte S3, 
monitoring YO-PRO uptake. Individual C. perfringens strains were grown overnight in BHI media, and 
final concentrations of (B) 4% or (C) 10% bacterial supernatants were added to the Caco2 cells with YO-
PRO, measuring fluorescence area as a fraction of phase contrast area, and confluence normalized to 
the starting confluence per field of view. (C) Measurements were on unmodified parent strains, Cp-6711 
insertion mutants, and Cp-6771 insertion mutants. (D) Purified toxins were added at 800 ng/mL. Three (B-
C) or four (D) biological replicate wells and two image locations within each well. 
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Supplementary Figure 14. Human colonic organoid-derived monolayer epithelial cells mostly 
resistant to C. perfringens. (A) Experimental setup: colonic organoid-derived monolayer epithelial cells 
were incubated with apoptotic cell permeable fluorescent dye YO-PRO and bacterial supernatants or 
proteins for live imaging in an Incucyte S3, monitoring YO-PRO uptake. Individual C. perfringens strains 
were grown overnight in BHI media, and final concentrations of 10% bacterial supernatants were added 
with YO-PRO, measuring fluorescence area as a fraction of phase contrast area, and confluence 
normalized to the starting confluence per field of view. (B) Phase contrast images with green fluorescence 
show monolayer of cells remains intact throughout. (C) Measurements were with unmodified parent 
strains, Cp-6711 insertion mutants, and Cp-6771 insertion mutants. (D) Purified toxins were added at 800 
ng/mL. Three (B-C) or four (D) biological replicate wells and two image locations within each well. 
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Supplementary Figure 15. Cell viability is preserved in the presence of diverse bacterial strain 
supernatants. (A) Taxonomic tree of 75 bacterial strains representing the broad phyla present in the 
human gut microbiome. Built using GraPhlAn38. (B) Bacterial supernatants grown in YCFA were added to 
HUVECs, PBMCs, HT29 epithelial cells, and RBCs for 20-24 h. Cell viability was measured by CellTiter-
Glo. Relative luminescence units (RLU) were log transformed, and values were normalized to media 
control (100% viable) and Triton X-100 (0% viable). 
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Supplementary Figure 16. Cytokine response of PBMCs stimulated with Clostridium supernatants. 
(A) Experimental setup schematic. Individual strains were grown overnight in BHI. 10% bacterial 
supernatants incubated with isolated peripheral blood mononuclear cells (PBMCs) for 24 hours. Cell 
supernatants were evaluated with the Bio-Rad 23-plus cytokine luminex assay. (B) PBMC viability was 
measured by CellTiter-Glo at the end of the assay. Relative light unit readings shown. (C) Cytokine 
responses are shown as a heat map relative to the highest and lowest values per cytokine in the dataset 
including YCFA culture media only (0%) and (lipopolysaccharide) LPS-stimulated (100%) controls. 
  

A B 

C 
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Supplementary Figure 17. C. perfringens supernatants trigger YO-PRO uptake in sensory neurons. 
(A) Experimental setup: isolated mouse DRG neurons were pre-loaded with YO-PRO before live imaging. 
(B) YO-PRO uptake was monitored by fluorescence microscopy. Individual C. perfringens strains were 
grown overnight in YCFA media, and final concentrations of 10% bacterial supernatants were added to 
the pre-loaded DRGs. Images were collected every 5 minutes. The normalized fluorescence is displayed 
from three biological replicates and two image locations within a single well. For each C. perfringens 
strain supernatant, the summed fluorescence intensity from cells was normalized to the average BHI 
media only trace at each time point. The average YCFA media is shown as a dashed line at y = 1. Wells 
with fewer than 20 cells were removed from analysis. (C) Representative time-lapse images with BHI 
media only or Cp-6771 supernatant. (D) Purified PLC and PFO toxins were added to DRG neurons pre-
loaded with YO-PRO. The normalized fluorescence to the media only control (0 ng/mL) from four image 
locations within a single well is displayed as a dashed line at y = 1. Images were collected every 3 
minutes. Insets are zoomed in on normalized fluorescence 0.5 to 2.5. 



 31 

 
Supplementary Figure 18. C. perfringens supernatants activate DRG sensory neurons. Calcium 
signaling in mouse DRG neurons was monitored by the calcium sensitive dye, Fura-2. Neither the 
addition of neuronal media nor bacterial media activated DRG neurons. Addition of Cp-6771 supernatant 
triggered calcium signaling through membrane depolarization. The cells all responded to the positive 
signal from potassium chloride (KCl). 
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Supplementary Figure 19. A proposed model for how C. perfringens infection may exacerbate 
tissue damage in patients with impaired intestinal epithelium. The damaging potential of C. 
perfringens may depend on an intact epithelial barrier. When the epithelial barrier is intact, the effects of 
toxins secreted from C. perfringens, such as PLC (triangles), PFO (stars), and PFO2 (circles), are 
minimal since they are unable to gain access to the underlying sensitive cell types. When the epithelial 
barrier is damaged, as in cases of patients with IBD, this exposes sensitive cells (RBCs, neurons, 
neutrophils, PBMCs, and endothelial cells) to toxin activity, resulting in cell lysis.  

Intact epithelial barrier Damaged epithelial barrier 
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SUPPLEMENTARY VIDEOS 

Available online. 
 
Supplementary Video 1. Caco2 epithelial permeability is induced by C. perfringens. Caco2 epithelial 
cells were incubated with apoptotic cell permeable fluorescent dye YO-PRO and 10% Cp-6771 bacterial 
supernatant for live imaging in an Incucyte S3, monitoring YO-PRO uptake. Phase contrast images with 
green fluorescence show monolayer of cells being damaged. C. perfringens strain Cp-6771 was grown 
overnight in BHI media. 

 

Supplementary Video 2. Human colonic organoid-derived monolayer epithelial cells mostly 
resistant to C. perfringens. Colonic organoid-derived monolayer epithelial cells were incubated with 
apoptotic cell permeable fluorescent dye YO-PRO and 10% Cp-6771 bacterial supernatant for live 
imaging in an Incucyte S3, monitoring YO-PRO uptake. Phase contrast images with green fluorescence 
show monolayer of cells remains mostly intact throughout. C. perfringens strain Cp-6771 was grown 
overnight in BHI media.  
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SUPPLEMENTARY TABLES 

 
Supplementary Table 1.  Patient information and disease status for subjects recruited into the 
study. 
Available online. 

 

 

Supplementary Table 2. 16S V4 Sequencing classifications at the genus level from biopsies. 
Patient samples were sequenced directly from biopsy, using 16S V4 sequencing and classified at the 
genus taxonomic rank. Accompanies Supplementary Figure 1B. 

Available online. 

 

 

Supplementary Table 3. 16S V4 Sequencing classifications at the genus level from BHI outgrowth. 
Patient samples were sequenced after the second passage outgrowth in BHI media, using 16S V4 
sequencing and classified at the genus taxonomic rank. Accompanies Supplementary Figure 1C. 

Available online. 

 

 

Supplementary Table 4. Hemolytic communities encode known hemolysins. One bacterial 
community grown in BHI from a biopsy from each patient was sequenced using long-read sequencing 
and analyzed with the virulence factor database (VFDB)20. Known hemolytic toxins and C. difficile toxins 
are displayed with the percent identity to the reference virulence factor is shown. 

 C. perfringens C. difficile Escherichia coli 

Patient pfoA pfo2 plc toxA toxB vat hylA hylB hylC hylD senB espL1 

1 100 92.95 100 - - - - - - - - 100 

2 - - - - - - - - - - - 100 

3 100 - 99.92 - - 83.61 99.93 99.76 99.7 99.93 99.91   

4 - - - - - - - - - - - 99.95 

5 - - - - - 81.92 - - - 99.91 - 100 

6 100 92.95 100 99.83 99.99 99.88 - - - - - 100 

7 - - 99.92 - - - - - - - - 99.79 

8 100 - - - - - - - - - -   

9 100 - 100 - - - - - - - - 99.95 
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Supplementary Table 5. C. perfringens sample abundance. 16S V4 sequencing identified C. 
perfringens in patient biopsies and stool samples. C. perfringens abundance in patient samples (top) prior 
to outgrowth and (middle) after outgrowth of the second passage in BHI. Tabulated values corresponding 
to Figure 3B and C. (Bottom) Hemolytic activity of biopsy and stool samples outgrown in BHI expressed 
as percent lysis compared to the 0.5% Triton X-100 control. Tabulated values correspond to Figure 2B. 

I. C. perfringens percent abundance in patient samples prior to outgrowth   
  Ped1 Ped2 Ped3 Ped4 Ped5 Ped6 Ped7 Ped8 Ped9 
duodenum-1 - - - - 0.0 - - - - 
duodenum-2 - - - - - - - - - 
ileum-1 22.6 0.0 - - 0.0 26.6 0.6 - 0.2 
ileum-2 24.9 0.0 0.0 - 0.0 31.2 - - 0.2 
colon-1 12.9 0.1 0.0 - 0.0 - 0.5 0.0 0.2 
colon-2 - 0.0 0.0 0.0 0.0 29.5 - 0.0 0.1 
colonic wash 1.2 0.0 0.0 - 8.4 1.3 - 0.0 0.1 
stool 0.1 0.0 0.0 0.0 0.9 0.1 0.1 0.0 0.1 
"-" sample had < 10,000 reads        
          
II. C. perfringens percent abundance in patient samples after outgrowth in BHI   
  Ped1 Ped2 Ped3 Ped4 Ped5 Ped6 Ped7 Ped8 Ped9 
duodenum-1 50.5 0.0 0.0 0.0 - 0.1 - - - 
duodenum-2 15.6 0.0 0.0 0.0 - - - - - 
ileum-1 6.3 0.0 0.0 0.0 0.0 16.3 3.0 0.0 0.1 
ileum-2 10.7 0.0 0.0 0.0 0.0 21.8 4.7 0.0 9.5 
colon-1 31.6 0.0 3.6 0.0 0.0 22.3 2.6 0.0 44.2 
colon-2 9.7 0.0 0.0 0.0 0.0 26.4 2.0 0.0 54.8 
colonic wash N/A N/A N/A N/A N/A N/A N/A 0.0 80.5 
stool N/A N/A N/A N/A N/A N/A N/A 0.0 3.5 
"N/A" - sample type not grown out in BHI       
"-" sample had < 10,000 reads        
          
III. Hemolytic activity (%) from BHI outgrown communities     
  Ped1 Ped2 Ped3 Ped4 Ped5 Ped6 Ped7 Ped8 Ped9 
duodenum-1 1.5 1.7 2.1 0.2 0.5 -0.4 1.7 1.2 -0.2 
duodenum-2 0.8 1.2 2.1 0.1 0.4 -1.1 1.7 0.4 0.4 
ileum-1 58.2 1.5 2.4 -0.1 -0.1 85.3 13.8 -0.1 0.1 
ileum-2 91.0 0.4 1.7 -0.2 0.6 86.7 31.3 0.0 0.3 
colon-1 77.5 1.0 79.9 -0.3 0.0 85.9 7.5 0.0 98.1 
colon-2 78.9 1.1 2.2 -0.3 1.9 85.0 5.5 -0.1 99.8 
colonic wash N/A N/A N/A N/A N/A N/A N/A -1.3 96.0 
stool N/A N/A N/A N/A N/A N/A N/A -1.2 0.0 
"N/A" - sample type not grown out in BHI       
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Supplementary Table 6. Metagenomic datasets used in analyzing C. perfringens prevalence in 
“healthy” and “control” and IBD populations. 
Available online. 

 

Supplementary Table 7. Summary of C. perfringens genome quality as assessed using CheckM. 
All strains are marker lineage o__Clostridiales (UID1375) for the taxonomic rank of the lineage-specific 
marker set used to estimated genome completeness, contamination, and strain heterogeneity. 
 

Strain (a) # 
genomes  

 (b) # 
markers 

 (c) # 
marker 

sets 

(d) 
0 

(d) 
1 

(d) 
2 

(d) 
3 

(d) 
4 

(d) 
5+ 

(e) 
Completeness 

  (f) 
Contamination 

 (g) Strain 
heterogeneity 

Cp-6706 50 332 124 0 332 0 0 0 0 100 0 0 

Cp-6711 50 332 124 0 332 0 0 0 0 100 0 0 

Cp-6749 50 332 124 0 332 0 0 0 0 100 0 0 

Cp-6770  50 332 124 0 331 1 0 0 0 100 0.81 0 

Cp- 6771 50 332 124 0 332 0 0 0 0 100 0 0 
 
(a) number of reference genomes used to infer the lineage-specific marker set 
(b) number of marker genes within the inferred lineage-specific marker set 
(c) number of co-located marker sets within the inferred lineage-specific marker set 
(d) 0-5+: number of times each marker gene is identified 
(e) estimated completeness of genome as determined from the presence/absence of marker genes and 
the expected colocalization of these genes 
(f) estimated contamination of genome as determined by the presence of multi-copy marker genes and 
the expected collocalization of these genes 
(g) estimated strain heterogeneity as determined from the number of multi-copy marker pairs which 
exceed a specified amino acid identity threshold 
 
 
Supplementary Table 8. Assembly metrics for C. perfringens isolate strains sequenced. Strains 
were sequenced by Illumina whole-genome sequencing. Compared to C. perfringens ATCC 13124 (NCBI 
RefSeq GCF_000013285.1), the type strain sequenced by others (including other C. perfringens strains) 
in a different work35 and CPI 18-6 (NCBI Accession GCF_020138775.1). 

Strain Genome 
size (bp) % GC Genome 

Status Contigs N50 (bp) Mean contig 
length (bp) 

Longest 
contig (bp) 

Cp-6706 3324615 28.0 draft 48 197007 69262 755967 
Cp-6711 3239695 28.1 draft 37 248819 87559 902872 
Cp-6749 3328069 28.0 draft 39 370148 85335 913122 
Cp-6770 3220289 28.1 draft 46 200106 70006 331103 
Cp-6771 3211615 28.1 draft 30 387197 107053 922488 

ATCC 13124* 3256683 28.4 complete - - - - 
CPI 18-6* 3275434 28.5 complete - - - - 

*not sequenced in this work 
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Supplementary Table 9. C. perfringens isolate genomes encode diverse sets of virulence factors. 
C. perfringens isolates from each patient were individually whole genome sequenced and analyzed with 
the virulence factor database (VFDB)20. All virulence factors identified are displayed with the percent 
identity to the reference virulence factor is shown. List of virulence factors searched for: alpha-toxin (plc), 
beta-toxin (cpb), beta2-toxin (cpb2), Clostridium perfringens enterotoxin (cpe), epsilon toxin (etx), iota-
toxin, necrotic enteritis toxin B (netB), perfringolysin O (pfoA), perfringolysin O-2 (pfo2, alveolysin), alpha-
clostripain (cloSI), kappa-toxin (colA, collagenase), mu-toxin, hyaluronidases (nagH, nagI, nagJ, nagK, 
nagL), and sialidases (nanH, nanI, and nanJ). Toxin genes not found in any strains are not shown in the 
table. 
 

Patient Strain pfoA pfo2 plc cloSI colA nagH nagI nagJ nagK nagL nanH nanI nanJ 

1 Cp-6706 100 92.95 100 100 100 100 100 100 99.74 99.97 100 100 99.97 

3 Cp-6711 100 - 100 100 100 100 100 100 100 100 100 99.95 99.97 

6 Cp-6749 100 92.95 100 100 100 100 100 100 100 99.73 100 100 99.97 

7 Cp-6770 - - 100 100 100 100 100 100 100 100 100 100 99.97 

9 Cp-6771 100 - 100 100 100 99.94 99.92 100 100 - 100 100 99.97 
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Supplementary Table 10. Bacterial strains. 

Name Species Description Source 
UCSF Pediatric Patient Isolate Strains   
Cp-6706 Clostridium perfringens from Patient 1 this study 
Cp-6711 Clostridium perfringens from Patient 3 this study 
Cp-6749 Clostridium perfringens from Patient 6 this study 
Cp-6770 Clostridium perfringens from Patient 7 this study 
Cp-6771 Clostridium perfringens from Patient 9 this study 
    
Intron-integration mutants   
Cp-6711_pfoA Clostridium perfringens pfoA intron insertion mutant, made with 

plasmid pJK758 this study 

Cp-6711_plc Clostridium perfringens plc intron insertion mutant, made with plasmid 
pJK760 this study 

Cp-6749_plc Clostridium perfringens plc intron insertion mutant, made with plasmid 
pJK761 this study 

Cp-6771_pfoA Clostridium perfringens pfoA intron insertion mutant, made with 
plasmid pJK757 this study 

Cp-6771_plc Clostridium perfringens plc intron insertion mutant, made with plasmid 
pJK760 this study 

    
Conjugation Strains (E. coli)   
 Escherichia coli CA434 Nigel Minton 
    
Other Gut bacterial strains39  
 Species Strain Source 
 Bifidobacterium adolescentis ATCC 15703 ATCC 
 Bifidobacterium breve DSM 20213 ATCC 
 Bifidobacterium longum subsp. Infantis CCUG 52486 ATCC 
 Bifidobacterium ruminatum fecal isolate ATCC 
 Collinsella aerofaciens ATCC 25986 ATCC 
 Collinsella intestinalis DSM 13280 ATCC 
 Eggerthella lenta ATCC 25559 ATCC 
 Alistipes indistinctus DSM 22520 ATCC 
 Bacteroides caccae ATCC 43185 ATCC 
 Bacteroides cellulosilyticus DSM 14838 ATCC 
 Bacteroides coprophilus DSM 18228 ATCC 
 Bacteroides dorei DSM 17855 ATCC 
 Bacteroides eggerthii DSM 20697 ATCC 
 Bacteroides finegoldii DSM 17565 ATCC 
 Bacteroides fragilis NCTC 9343 ATCC 
 Bacteroides fragilis 3397 (T10) ATCC 
 Bacteroides fragilis T(B)9 ATCC 
 Bacteroides fragilis DS-208 ATCC 
 Bacteroides fragilis HMW 610 ATCC 
 Bacteroides fragilis HMW 615 ATCC 
 Bacteroides fragilis ATCC 43859 ATCC 
 Bacteroides intestinalis DSM 17393 ATCC 
 Bacteroides ovatus ATCC 8483 ATCC 
 Bacteroides pectinophilus ATCC 43243 ATCC 
 Bacteroides stercoris ATCC 43183 ATCC 
 Bacteroides thetaiotaomicron VPI-5482 ATCC 
 Bacteroides thetaiotaomicron 3731 ATCC 
 Bacteroides thetaiotaomicron 7330 ATCC 
 Bacteroides uniformis ATCC 8492 ATCC 
 Bacteroides vulgatus ATCC 8482 ATCC 
 Bacteroides WH2 WH2 ATCC 
 Bacteroides xylanisolvens DSM 18836 ATCC 
 Odoribacter splanchnius fecal isolate ATCC 
 Parabacteroides distasonis ATCC 8503 ATCC 
 Parabacteroides johnsonii DSM 18315 ATCC 
 Parabacteroides merdae ATCC 43184 ATCC 
 Pretovella copri DSM 18205 ATCC 
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(cont’d) Species Strain Source 
 Anaerococcus hydrogenalis DSM 7454 ATCC 
 Anaerostipes sp. fecal isolate ATCC 
 Anaerotruncus colihominis DSM 17241 ATCC 
 Blautia hansenii DSM 20583 ATCC 
 Blautia luti DSM 14534 ATCC 
 Bryantia formataxigens DSM 14469 ATCC 
 Clostridium asparagiforme DSM 15981 ATCC 
 Clostridium bolteae ATCC BAA-613 ATCC 
 Clostridium difficile 120 ATCC 
 Clostridium hathewayi DSM 13479 ATCC 
 Clostridium sp. fecal isolate ATCC 
 Clostridium ramosum ATCC 25582 / DSM 1402 ATCC 
 Clostridium scindens ATCC 35704 ATCC 
 Clostridium spiroforme ATCC 29900 / DSM 1552 ATCC 
 Clostridium sporogenes ATCC 15579 ATCC 
 Clostridium symbiosum ATCC 14940 ATCC 
 Coprococcus comes ATCC 27758 ATCC 
 Dorea formicigenerans ATCC 27755 ATCC 
 Enterococcus faecalis V583 ATCC 
 Eubacterium biforme DSM 3989 ATCC 
 Eubacterium hallii DSM 3353 ATCC 
 Eubacterium rectale ATCC 33656 ATCC 
 Eubacterium ventriosum ATCC 27560 ATCC 
 Lactobacillus  reuteri CF48-3A BEI HM-102 ATCC 
 Roseburia intestinalis L1-82 ATCC 
 Ruminococcus gnavus ATCC 29149 ATCC 
 Ruminococcus lactaris ATCC 29176 ATCC 
 Ruminococcus torques ATCC 27756 ATCC 
 Subdoligranulum variabile DSM 15176 ATCC 
 Victivallis vadensis ATCC BAA-548 ATCC 
 Edwardsiella tarda ATCC 23685 ATCC 
 Enterobacter cancerogenus ATCC 35316 ATCC 
 Escherichia coli  BW25113 ATCC 
 Proteus penneri ATCC 35198 ATCC 
 Providencia alcalifaciens DSM 30120 ATCC 
 Providencia rettgeri DSM 1131 ATCC 
 Providencia stuartii ATCC 25827 ATCC 
 Salmonella typhimurium LT2 ATCC 
 Akkermansia muciniphila ATCC BAA-835 ATCC 
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Supplementary Table 11. Primers used in this study. 

Use  Name  DNA Sequence (5' to 3')  Source 
pGM-ACAQ plasmid assembly   
 j241 CGCCGATGGTAGTGTGGGGTCT this study 
 j242 GATGGCTTGTAGATATGACGACAGGAAGAGTTTGTAGAAACGCA

AAAAGGCC this study 

 j243 CGTCATATCTACAAGCCATCCCCCCACAGATACGGCCATTATTT
TTTTGAACAAT this study 

 j244 TATACCACATTTTTGTGAATTTTTGCTTATAATCCATAACAATC
ATC this study 

 j245 CTTCGCGACTCATAGAATTATTTC this study 
 j246 ATGAACAAAAATATAAAATATTCTC this study 
 j247 ATGCACTCGTAGTAGTCTGAGAAG this study 
 j248 ACATTCACTTGTGTTTATGAATCAC this study 
 j249 ACACCCTGCAGGGGGCCCGATCGG attgcgttgcgctcact this study 
 j250 CGCCGATGGTAGTGTGGGGTCTCCCC gccgcatagttaagcca this study 
 j251 AGACCCCACACTACCATCGGCG attgcgttgcgctcact this study 
 j252 CCGATCGGGCCCCCTGCAGGGTGT gccgcatagttaagcca this study 
 j253 TCAAGGTGTACTGCCTTC this study 
 j254 TCAAGAAGAGCGACTTC this study 
 j255 cgtcgttaaatgccctt this study 
 j256 TGCTCGACATTCACTTG this study 
 j268 tttattacgtggcgacg this study 
 j269 catatatggctagatcg this study 
 j270 tgtctgtaagcggatgc this study 
 j271 taatgaccccgaagcag this study 
 j272 acagaggaaagcagtat this study 
 j273 ccgatcgggccccctgca this study 
 j274 ggggagaccccacactaccatcg this study 
 j275 cgccgatggtagtgtggggtctcc this study 
 j276 acaccctgcagggggcccgat this study 
 j277 cttctcagactactacgagtg this study 
 j278 gtgattcataaacacaagtgaatgtcgag this study 
 j279 tcaaaaaaataatggccgtatctgtg this study 
 j280 ggatgattgttatggattataagcaa this study 
  j281 tctgtgacactgtcagac this study 
C. perfringens toxin PCR   
plc Cper-plc508-F CCGTTGATAGCGCAGGACA Nagpal et al. 2015 37 
 Cper-plc508-R CCCAACTATGACTCATGCTAGCA Nagpal et al. 2015 37 
plc(2) j361 CTAGATATGAATGGCAAAGAGGAAAC this study 
 j362 TAACATGTCCTGCGCTATCAA  this study 
16S (C. perfringens) s-Clper-F GGGGGTTTCAACACCTCC Nagpal et al. 2015 37 
 ClPER-R GCAAGGGATGTCAAGTGT Nagpal et al. 2015 37 
pfoA (Cp-6706, Cp-
6749) j365 CAGTTGCTGCTGTTCACAATAA this study 
 j366 TGAAACTTCATCCCATGCTACT this study 
pfoA (Cp-6711, Cp-
6771) j367 CAGTTGCTGCTGTTCACAATAA this study 
 j368 TCATCCCAGGCTACTTCAAAC this study 
pfo2 (Cp-6706) j369 AGTGCAGCCTTACCTAATAACC this study 
 j370 TTCCATAAGCCACATTTGAAACC this study 
pfo2 (Cp-6749) j371 AGTGCAGCCTTGCCTAATAA this study 
 j372 CCATAAGCCACATTTGAAACCA this study 
agrD j373 GCTGCATTAACAACAGTAGTTGC this study 
 j374 GTTCCTCTGGTTGGTGTGTAAA this study 
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Supplementary Table 12. Sequences: Group II introns for insertion mutants of pfoA, plc. Introns in 
pGM-ACAQ (pCB102 origin of replication)9. 
 
Name Description DNA Sequence (5' to 3')  

pJK757 Cp_pfoA intron 

TTATCCTTAGAATCCATACTTGTGCGCCCAGATAGGGTGTTAAGTCAAGTAGTTTAAGGTACTACTC
TGTAAGATAACACAGAAAACAGCCAACCTAACCGAAAAGCGAAAGCTGATACGGGAACAGAGCACGG
TTGGAAAGCGATGAGTTACCTAAAGACAATCGGGTACGACTGAGTCGCAATGTTAATCAGATATAAG
GTATAAGTTGTGTTTACTGAACGCAAGTTTCTAATTTCGATTGATTCTCGATAGAGGAAAGTGTCTG
AAACCTCTAGTACAAAGAAAGGTAAGTTACAAAGTATGACT  

pJK758 Cp_pfoA intron2 

TTATCCTTAATTGCCATACTTGTGCGCCCAGATAGGGTGTTAAGTCAAGTAGTTTAAGGTACTACTC
TGTAAGATAACACAGAAAACAGCCAACCTAACCGAAAAGCGAAAGCTGATACGGGAACAGAGCACGG
TTGGAAAGCGATGAGTTACCTAAAGACAATCGGGTACGACTGAGTCGCAATGTTAATCAGATATAAG
GTATAAGTTGTGTTTACTGAACGCAAGTTTCTAATTTCGGTTGCAATCCGATAGAGGAAAGTGTCTG
AAACCTCTAGTACAAAGAAAGGTAAGTTAGCAAGTATGACT  

pJK760 Cp_plc intron 

TTATCCTTAGGAACCCATGCTGTGCGCCCAGATAGGGTGTTAAGTCAAGTAGTTTAAGGTACTACTC
TGTAAGATAACACAGAAAACAGCCAACCTAACCGAAAAGCGAAAGCTGATACGGGAACAGAGCACGG
TTGGAAAGCGATGAGTTACCTAAAGACAATCGGGTACGACTGAGTCGCAATGTTAATCAGATATAAG
GTATAAGTTGTGTTTACTGAACGCAAGTTTCTAATTTCGATTGTTCCTCGATAGAGGAAAGTGTCTG
AAACCTCTAGTACAAAGAAAGGTAAGTTAATAGCATGGACT  

pJK761 Cp_plc intron2 

TTATCCTTAGTTTTCGCAAAAGTGCGCCCAGATAGGGTGTTAAGTCAAGTAGTTTAAGGTACTACTC
TGTAAGATAACACAGAAAACAGCCAACCTAACCGAAAAGCGAAAGCTGATACGGGAACAGAGCACGG
TTGGAAAGCGATGAGTTACCTAAAGACAATCGGGTACGACTGAGTCGCAATGTTAATCAGATATAAG
GTATAAGTTGTGTTTACTGAACGCAAGTTTCTAATTTCGATTAAAACTCGATAGAGGAAAGTGTCTG
AAACCTCTAGTACAAAGAAAGGTAAGTTAGGTTTTGCGACT  
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