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SUPPLEMENTARY MATERIAL 1 

METHODS 2 

Bacterial strains, chemicals, and media used. The E. coli clinical isolates included 3 

here were obtained from the CANWARD collection (1). Between 2007 and 2016, ten 4 

fosfomycin-resistant E. coli were identified. The three E. coli isolates (two from urine and one 5 

from blood; EC623771-EC623773) with a fosfomycin MIC of >512 µg/ml were selected for 6 

further evaluation, as described below. 7 

The strains and plasmids used in this study are listed in Table 1. E. coli K12 BW25113 8 

was obtained from the Coli Genetic Stock Centre (Yale University, CT, USA) (2). Strains were 9 

grown at 37oC in Luria–Bertani (LB) broth with aeration at 170 rpm, LB agar plates, or Mueller–10 

Hinton (MH) agar plates. Ampicillin was included in all LB and MH media at a final 11 

concentration of 100 µg/ml to maintain transformed plasmids. Cloned fosA gene expression 12 

from transformed plasmids was induced with IPTG at a final concentration of 0.1 mM in LB and 13 

1 mM in MH broth. Ampicillin was purchased from VWR (Radnor, PA, USA). IPTG was 14 

purchased from Cedarlane (Burlington, ON, Canada). Fosfomycin analytical grade powder was 15 

supplied by Paladin Labs (Montreal, QC, Canada).  16 

Clinical isolate whole genome sequencing. Whole genome sequencing of the three 17 

fosfomycin–resistant E. coli isolates was performed on an Illumina MiSeq system. DNA 18 

libraries were prepared with Nextera XT reagents and then sequenced using V2 chemistry. 19 

Sequencing data has been deposited in GenBank as BioProject PRJNA511988. The 20 

accession numbers for E. coli strains EC623771 (fosA3), EC623772 (fosA7.5Q86E), and 21 

EC623773 (fosA8) are SAMN13659120, SAMN13659121, and SAMN13659122, respectively. 22 

Genome assembly and annotation were performed with the Integrated Rapid Infectious 23 
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Disease Analysis (IRIDA) platform (version 19.09) (3). Briefly, this pipeline combines Shovill 24 

assembly, with Prokka annotation and QUAST assembly assessment. Resequencing of E. coli 25 

EC623772 was performed on a MinION Mk1b system (Oxford Nanopore Technologies; ONT). 26 

The sequencing library was prepared with the ONT Ligation Sequencing Kit using genomic 27 

DNA that has been sheared to a mean fragment size of 8 kb with a gTube (Covaris, Inc). The 28 

sequencing run used a FLO-MIN106D flow cell (pore version R9.4.1) and MinKNOW software 29 

(release 19.12.5). Base calling was performed with Guppy (version 3.2.10). Flye (v.2.8.1) was 30 

used for read assembly and yielded 11 contigs, including the ≈103 kb closed circular plasmid 31 

sequence containing the fosA7.5Q86E allele (4).  32 

FosA sequence sources. The fosA reference sequences used in this study were 33 

obtained from published literature and public databases, including NCBI’s Bacterial 34 

Antimicrobial Resistance Reference Gene Database (BioProject PRJNA313047) and the 35 

Comprehensive Antibiotic Resistance Database (CARD; https://card.mcmaster.ca/). The list of 36 

sequences and sources is summarized in Table S2. Multiple approaches were used to identify 37 

fosA alleles in the EC623771, EC623772, and EC623773 datasets. Sequences were analyzed 38 

by ResFinder on the Center for Genomic Epidemiology website 39 

(https://cge.cbs.dtu.dk/services/), annotated contigs were reviewed for genes labelled ‘fosA’ or 40 

‘glutathione transferase’, and contig sequences were compared to a reference set of fosA 41 

sequences using Geneious (version 7, Biomatters Ltd., Auckland New Zealand).  42 

Construction of strains and plasmids. Synthesis and cloning of fos genes into the 43 

expression plasmid pMS119EH was performed using Bio Basic Inc. Gene Synthesis services 44 

(Markham, ON, Canada). The ampicillin–resistant Ptac expression plasmid pMS119EH (5) 45 

was used as the parental vector for all constructs. Each fos gene was synthesized with an in–46 

https://card.mcmaster.ca/
https://cge.cbs.dtu.dk/services/
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frame C–terminal hexahistidine affinity tag (His6-tag) according to the sequences listed in 47 

Figure S4. All fos genes were cloned into the pMS119EH multiple cloning site at 5’ EcoRI and 48 

3’ XbaI cut sites and all gene sequences were verified by Sanger sequencing. Plasmids were 49 

transformed into E. coli BW25113 competent cells using standard protocols (6) and 50 

cryopreserved in LB with 20% dimethylsulfoxide. 51 

SDS–Tricine–PAGE and Western Blotting. Overnight (16 h) cultures of E. coli 52 

transformants grown in LB broth with ampicillin were standardized to 1.0 absorbance units 53 

(OD600), then 50 µL of cells was used to inoculate 5 ml LB broth with ampicillin, and cultures 54 

were incubated at 37oC until reaching 0.5 absorbance units. IPTG was added at a final 55 

concentration of 0.1 mM, and cultures were incubated at 25oC for another 3 hours. 2 ml of cells 56 

were harvested by centrifugation (15,000 x g, 1 min), re–suspended in 0.4 ml of 8 M urea 57 

buffer (100 mM NaH2PO4, 10 mM Tris, 8M urea, pH 8.0) and vortexed briefly. The 58 

supernatants were recovered after centrifugation at 15,000 x g, for 10 min. Protein 59 

concentration from supernatants was determined using a modified Lowry protein assay (7). 10 60 

µL of protein extracts (10 µg) were separated using 12% sodium dodecylsulfate (SDS)–Tricine 61 

polyacrylamide gel electrophoresis (PAGE), and visualized with ultraviolet (UV) light using 62 

0.5% 2,2,2–trichloroethanol (TCE) (8), then transferred onto a nitrocellulose membrane using 63 

Western Blotting (9). The membrane was blocked for 1 h in Tris–buffered saline (20 mM Tris, 64 

500 mM NaCl, pH 7.5) containing 5% skim milk powder and washed in Tris–buffered saline 65 

containing 0.05% tween–20. Western blotted FosA-His6 protein accumulation from total cell 66 

protein extracts was colorimetrically detected using an anti–Hexahistidine horseradish 67 

peroxidase (HRP)–conjugated antibody (Thermo Fisher Scientific) with the HRP conjugate 68 

substrate kit (Bio–Rad). 69 
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Antimicrobial susceptibility testing. In vitro susceptibility of E. coli transformants to 70 

fosfomycin was determined by CLSI agar dilution (10, 11), CLSI disk diffusion (11, 12), and 71 

Etest (bioMérieux, Marcy l’Etoile, France). Agar dilution plates contained doubling–dilutions of 72 

fosfomycin from 0.5 to 512 µg/ml (Mueller–Hinton agar supplemented with 25 µg/ml of 73 

glucose–6–phosphate) (10, 11); 200 µg fosfomycin disks (containing 50 µg of glucose–6–74 

phosphate) (11, 12) and Etest were tested on Mueller–Hinton agar. 75 

The Mueller–Hinton agar used to test transformants was supplemented with 100 µg/ml 76 

ampicillin (selection) and 1 mM IPTG to induce protein expression of genes under control of 77 

the Ptac promotor. Inoculated agar plates were incubated in ambient air at 35°C ± 2°C for 16–78 

18 h. Fosfomycin MICs were determined in triplicate for each transformant using each of the 79 

three susceptibility testing methods. 80 

Agar dilution MICs and disk diffusion zone sizes were read following CLSI directives 81 

(11). Etest endpoints were read following manufacturer instructions. CLSI fosfomycin agar 82 

dilution MIC breakpoints (64 µg/ml = susceptible, 128 µg/ml = intermediate, ≥256 µg/ml = 83 

resistant) and disk diffusion zone size breakpoints (≥16 mm = susceptible, 13–15 mm = 84 

intermediate, ≤12 mm = resistant) were used to interpret the results of antimicrobial 85 

susceptibility testing. Quality control testing included ATCC strains E. coli 25922 and 86 

Pseudomonas aeruginosa 27853. 87 

Multiple sequence alignment and phylogenetic analysis. Multiple sequence 88 

alignment and phylogenetic analysis of FosA protein sequences were performed with MEGA7 89 

(13). Dendrograms (Figures 1A and 1B) were constructed using the Neighbor-Joining method 90 

and confidence intervals were assigned using the interior branch test (500 replicates) (14, 15). 91 
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The sequence alignment of FosA proteins shown in Figure 1C was conducted used Clustal 92 

Omega (16) and visualized by Jalview version 2.10.5 software (17).  93 

Homology modelling of FosA protein sequences. The crystal structure of FosA1 94 

(FosATn2921) from Serratia marcescens (PDB: 1nbp) was identified as the closest template 95 

based on the RMSD values (2.3 ± 1.8 Å to 2.6 ± 2.0 Å) and C–score values (ranging from 1.03 96 

to 1.19) for each FosA protein sequence using the I–TASSER homology modelling online 97 

webserver (18, 19). The overlapped superposition of all FosA homology model sequences 98 

generated by I–TASSER shown in Figure S3, was performed using PyMOL software version 99 

2.2.3 (20).  100 

 101 
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Table S1. Resistance genes and plasmids in E. coli urinary isolates. 162 

Strain MLST Resistance genes Plasmids 

E. coli EC623771 ST-131 aac(3)-IId, blaCTX-M-65, 
blaTEM-1B, fosA3 

IncFIA, IncFIB, IncFII, 
IncN 

E. coli EC623772 ST-354a aac(3)-IId, aph(3'')-Ib, aph(6)-
Id, blaCMY-2, qnrB19, sul2, 
tet(A), fosA7.5 

Col(pHAD28), IncC, 
IncFIA, IncFIB 

E. coli EC623773 ST-457 aac(3)-IId, aadA1, aadA2, 
aph(3'')-Ib, aph(6)-Id, 
blaTEM-1B, cmlA1, dfrA12, 
floR, sul2, tet(A), fosA8 

Col(MG828), Col8282, 
ColpVC, IncFIB, IncFII, 
IncN, IncX1, p0111 

aNot in PubMLST Achtman Database, novel ST within the ST-354 clonal complex 163 

Abbreviations: MLST; Multi-locus sequence typing 164 

  165 
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Table S2. Accession numbers for FosA proteins analyzed in this study. 166 

FosA Allele Source Protein Sequence ID 

FosA1 Serratia marcescens WP_038415208.1 

FosA2 Enterobacter cloacae WP_025205684.1 

FosA3 Escherichia coli WP_014839980.1 

FosA3 Escherichia coli (EC623771) [This Study] 

FosA4 Escherichia coli WP_034169466.1 

FosA5 Klebsiella pneumoniae WP_012579083.1 

FosA6 Escherichia coli WP_069174570.1 

FosA7 Salmonella enterica WP_000941934.1 

FosA7.2 Salmonella enterica WP_000941935.1 

FosA7.3 Salmonella enterica WP_023231494.1 

FosA7.4 Salmonella enterica WP_023216493.1 

FosA7.6 Salmonella enterica WP_061377147.1 

FosA7.7 Salmonella enterica WP_058653118.1 

FosA7.8 Salmonella enterica WP_079820715.1 

FosA7 Salmonella enterica WP_079825509.1 

FosA7 Klebsiella aerogenes WP_072383501.1 

FosA7 Klebsiella oxytoca WP_049094497.1 

FosA7 Klebsiella pneumoniae WP_110225974.1 

FosA7 Escherichia coli  WP_097497719.1 

FosA7 Citrobacter koseri WP_058668522.1 

FosA7 Citrobacter freundii WP_071684814.1 

FosA7 Citrobacter freundii WP_087879153.1 

FosA8  Leclercia adecarboxylata WP_063277905.1 

FosA8 Escherichia coli (EC623773) [This Study] 

FosA9  Klebsiella variicola WP_114473955.1 

FosA7M Klebsiella pneumoniae  [Mathur 2018] (21) 

FosA8M Klebsiella pneumoniae  WP_105321914.1 

FosA9M Klebsiella pneumoniae  WP_134874959.1 

FosA10M Klebsiella pneumoniae  WP_004177548.1 

FosA11M Klebsiella pneumoniae  WP_002887377.1 

FosA12M Klebsiella pneumoniae  WP_004146118.1 

FosA7.5WT Escherichia coli  WP_000941933.1 

FosA7.5Q86E   Escherichia coli (EC623772) [This Study] 

FosA7.5W92G Escherichia coli  WP_094163054.1 

 167 

  168 
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 169 
Figure S1. Multiple sequence alignment of FosA1-A12 protein sequence variants. Blue 170 

colouring in the alignment indicates conserved residues identified amongst FosA1–12 family 171 

members. The alignment was generated using Jalview version 2.10.5 (17). 172 

 173 

 174 

 175 

 176 

  177 



10 
 

 178 
Figure S2. Induction of FosA proteins in E. coli transformants. A) TCE–visualized protein 179 

extracts. Proteins were fractionated on a 12% SDS–PAGE gel containing 0.5% TCE and 180 

visualized under ultraviolet light (8). B) Western blot of protein extracts (9). Proteins were 181 

detected using a His probe–HRP–conjugated antibody and the HRP conjugate substrate kit 182 

(Bio–Rad). 183 

 184 

  185 
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 186 
 187 

Figure S3. Structural visualization of FosA protein homology models. A) An overview of 188 

aligned superimposed FosA protein dimers are shown where a bound fosfomycin and Mn2+ ion 189 

are shown as a colored stick diagram and sphere respectively. B) A zoomed in stick diagram 190 

view of the active site of FosA7.5Q86E from E. coli EC623772. C) A stick diagram of 191 

superimposed active sites from FosA7.5WT, FosA7.5Q86E, and FosA7.5W92G rotated 120 192 

degrees from panel B. These images were created using the program PyMOL version 2.2.3 193 

(20). Colors listed below each panel correspond to FosA sequences shown in all panels.  194 
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>FosA7.5WT_E.coli_WP_000941933.1 195 
gaattcaggagaaataatATGCTTCAATCTCTGAACCACTTAACGCTTGCTGTCAGTAATTTGCAAAGT196 

AGCCTGACATTCTGGCGCGATTTGCTGGGGTTGCAGTTACATGCTGAGTGGGGTACAGGTGCTTA197 
CCTTACCTGTGGTGACCTTTGGCTCTGTCTTTCTTATGACGTATCCCGTAGCTACGTGGCCCCAC198 
AGAAAAGTGACTATACCCATTACGCATTCAGCATTGCGCCAGAAGATTTTGAGCCGTTCTCATAT199 
AAGCTGAAACAGTCGGGAGTGACGGTCTGGAAAGACAATAAAAGCGAAGGGCAATCTTTCTATTT200 

TCTTGACCCGGATGGCCACAAGCTGGAGCTGCATGTGGGAGATTTAGCATCTCGACTGGCGCAGT201 
GCCGGGAGAGGCCTTACTCTGGAATGCGTTTTGGTCCTGGTAAAggcggctctcatcatcatcat202 
catcattctTAAtctaga 203 

>FosA7.5Q86E_E.coli_EC623772 204 
gaattcaggagaaataatATGCTTCAATCTCTGAACCACTTAACGCTTGCTGTCAGTAATTTGCAAAGT205 

AGCCTGACATTCTGGCGCGATTTGCTGGGGTTGCAGTTACATGCTGAGTGGGGTACAGGTGCTTA206 
CCTTACCTGTGGTGACCTTTGGCTCTGTCTTTCTTATGACGTATCCCGTAGCTACGTGGCCCCAC207 

AGAAAAGTGACTATACCCATTACGCATTCAGCATTGCGCCAGAAGATTTTGAGCCGTTCTCATAT208 
AAGCTGAAAGAGTCGGGAGTGACGGTCTGGAAAGACAATAAAAGCGAAGGGCAATCTTTCTATTT209 
TCTTGACCCGGATGGCCACAAGCTGGAGCTGCATGTGGGAGATTTAGCATCTCGACTGGCGCAGT210 

GCCGGGAGAGGCCTTACTCTGGAATGCGTTTTGGTCCTGGTAAAggcggctctcatcatcatcat211 
catcattctTAAtctaga 212 

>FosA7.5W92G_E.coli_WP_094163054.1 213 
gaattcaggagaaataatATGCTTCAATCTCTGAACCACTTAACGCTTGCTGTCAGTAATTTGCAAAGT214 

AGCCTGACATTCTGGCGCGATTTGCTGGGGTTGCAGTTACATGCTGAGTGGGGTACAGGTGCTTA215 
CCTTACCTGTGGTGACCTTTGGCTCTGTCTTTCTTATGACGTATCCCGTAGCTACGTGGCCCCAC216 
AGAAAAGTGACTATACCCATTACGCATTCAGCATTGCGCCAGAAGATTTTGAGCCGTTCTCATAT217 
AAGCTGAAACAGTCGGGAGTGACGGTCGGGAAAGACAATAAAAGCGAAGGGCAATCTTTCTATTT218 

TCTTGACCCGGATGGCCACAAGCTGGAGCTGCATGTGGGAGATTTAGCATCTCGACTGGCGCAGT219 
GCCGGGAGAGGCCTTACTCTGGAATGCGTTTTGGTCCTGGTAAAggcggctctcatcatcatcat220 
catcattctTAAtctaga 221 

>FosA3_E.coli_EC623771 222 
gaattcaggagaaataatATGCTGCAGGGATTGAATCATCTGACGCTGGCGGTCAGCGATCTGGCGTCA223 

AGCCTGGCATTTTATCAGCAGTTACCTGGAATGCGCCTGCACGCCAGCTGGGATAGCGGAGCCTA224 
TCTCTCCTGTGGGGCGCTGTGGCTGTGCTTGTCGCTGGATGAGCAGCGGCGTAAAACGCCCCCTC225 

AGGAAAGCGACTATACCCACTACGCCTTCAGCGTGGCGGAAGAAGAGTTTGCCGGGGTGGTGGCT226 
CTGCTGGCGCAGGCGGGGGCTGAGGTATGGAAAGATAACCGCAGTGAAGGGGCGTCTTACTATTT227 
TCTCGACCCTGACGGCCATAAGCTGGAGCTGCATGTGGGGAATCTGGCGCAGCGGCTGGCCGCCT228 

GTCGCGAACGCCCCTACAAGGGGATGGTCTTTTTTGATggcggctctcatcatcatcatcatcat229 
tctTGAtctaga 230 

>FosA8_E.coli_EC623773 231 
gaattcaggagaaataatATGCTTAACGCCCTTAACCATCTGACCCTTGCTGTCAGCAACTTGCCTGCC232 

AGCATCACTTTCTGGCGCGATCTTCTTGGCCTGCGCCTGCACGCCGAATGGCACACCGGAGCTTA233 
CCTTACCTGTGGCGATCTCTGGCTCTGCCTGTCTTATGACGAGACGCGGACATTCATCCCACCAC234 
AGAACAGCGATTACACCCACTACGCCTTTTCTGTTGAACCGGAACACTTTGACGCCGTCGCGCAA235 

AAGCTCAAAGACGCTGGCGTAACGGTCTGGAAAGAGAACAAAAGCGAAGGGGCGTCGTTCTATTT236 
TCTCGACCCGGACGGGCACAAACTGGAACTGCATGTGGGCGATCTGGCCGCGCGTCTGGCGGCGT237 
GTCGGGAGAAGCCTTACGCGGGAATGGTTTTTACGTCAGATGAAGCGggcggctctcatcatcat238 
catcatcattctTAAtctaga 239 

 240 

Figure S4. Fasta files for BioBasic gene synthesis. Lowercase letters indicate restriction sites 241 
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and hexahistidine tags. 242 


