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a b s t r a c t 

Objectives: Fosfomycin is a first-line treatment for uncomplicated urinary tract infections (UTIs) in sev- 

eral European countries, and it is increasingly becoming the treatment of choice globally. Resistance to 

fosfomycin in Escherichia coli can be exerted through several mechanisms, including the acquisition of 

fosfomycin-modifying enzymes, of which the FosA-type enzymes are the most common. This study anal- 

ysed, both phenotypically and genotypically, an international collection of E. coli strains harbouring ac- 

quired fosA genes. 

Methods: Thirty-one fosA -positive E. coli isolates were obtained from both clinical and environmental 

sources, from seven countries (Portugal (n = 12), Switzerland (n = 9), China (n = 3), France (n = 2), Nepal 

(n = 2), South Africa (n = 2), Kuwait (n = 1)). MICs were determined according to EUCAST guidelines. 

Whole genome sequencing (WGS) was performed on 23 isolates, and complete fosA plasmid sequences 

were determined for 12. Conjugation assays were performed on seven isolates. 

Results: All isolates exhibited high-level resistance to fosfomycin (64 to > 256 mg/L). WGS of 23 isolates 

identified 17 sequence types (STs), and 16 harboured fosA3 , four fosA4 , two fosA8 , and one fosA10 . ES- 

BLs, pAmpC, or carbapenemase genes were present in 15, four, and three isolates, respectively. The fosA 

plasmids of 12 isolates were determined and were diverse in size ( ∼67 kb to ∼235 kb), resistance gene 

carriage, and replicon types. Six fosA plasmids additionally carried ESBL or carbapenemase genes. Conju- 

gation assays, performed on seven isolates harbouring diverse plasmids, identified that all were capable 

of being transmitted. 

Conclusion: This study highlights the necessity of the surveillance and close monitoring of fosfomycin 

resistance in E. coli , essential to maintain the optimal use of this treatment option. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1. Introduction 

Urinary tract infections (UTIs) are the most common bacterial 

infection type in both primary and hospital care settings [1] and 

they are associated with a considerable burden on both patients 

and healthcare systems [2] . Previous studies of community-onset 

UTIs in several mainland European countries have shown that 
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Escherichia coli was the most commonly isolated uropathogen, 

accounting for more than half of all isolates across all studies 

[3–5] . Fosfomycin is a broad-spectrum phosphonic antibiotic, first 

discovered in Spain in 1969, which exhibits bactericidal activity 

against both Gram-positive and Gram-negative organisms [6] , and 

it is commonly used as a first-line treatment for uncomplicated 

UTIs (uUTIs) in Europe [7] . The activity of fosfomycin is exerted 

by disrupting bacterial cell wall synthesis via the binding and in- 

hibition of the UDP-N-acetylglucosamine enolpyruvyl transferase, 

MurA, which is essential for cell survival [6] . In addition to being 

first-line treatment for uUTIs, fosfomycin has also been licenced 
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for intravenous administration to treat bloodstream and soft tissue 

infections in several European countries, including the United 

Kingdom [8] . Furthermore, studies have shown that fosfomycin 

can be useful in the treatment of infections caused by multidrug- 

resistant (MDR) and carbapenem-resistant bacteria, particularly 

when administered as a combination therapy [9 , 10] . This antimi- 

crobial benefits from a lack of cross-resistance to other antimi- 

crobial classes and exerts excellent activity against AmpC, ESBL, 

and carbapenemase-producing bacteria [11] . Resistance rates to 

fosfomycin in E. coli remains relatively low [7] ; however, in recent 

years reports of fosfomycin resistance have steadily increased [12] . 

Resistance to fosfomycin in E. coli can be exerted through sev- 

eral mechanisms, including mutational resistance, usually result- 

ing from impaired drug uptake via mutations in transporters or 

regulators (eg, glpT, uhpT , and uhpA ), mutations within the fos- 

fomycin target, MurA, and perhaps most importantly, the acquisi- 

tion of fosfomycin-modifying enzymes [6] . Plasmid-mediated Fos 

enzymes are members of the glyoxalase superfamily and, in Enter- 

obacterales , three main enzymes groups are found: FosA (FosA1–

10), FosC2, and FosL (FosL1–2) [13] . The FosA-type metalloenzymes 

act by catalysing the conjugation of glutathione to fosfomycin, 

thereby inactivating fosfomycin activity [14] . The most common 

FosA variant is the FosA3 enzyme, which has been reported glob- 

ally and is usually found encoded in conjugative plasmids and of- 

ten those that carry other resistance determinants, conferring re- 

sistance to additional antibiotic classes [15] . The less frequently 

reported FosA-type gene variants, fosA4, fosA5 , and fosA6 genes, 

have also been identified in E. coli [16–18] . FosL1 was recently 

described encoded on an IncX1 plasmid in an ESBL-producing E. 

coli strain from Switzerland [19] , and FosC2 has been described in 

ESBL-producing strains from China [20] . 

This study analysed, both phenotypically and genotypically, an 

international collection of E. coli strains harbouring fosA genes. 

2. Materials and methods 

2.1. Bacterial isolates 

Thirty-one fosA -positive E. coli isolates were obtained from both 

clinical (n = 29) and environmental sources (n = 2), between 2017 

and 2022. Isolates were chosen from seven countries (Portugal 

(n = 12), Switzerland (n = 9), China (n = 3), France (n = 2), Nepal 

(n = 2), South Africa (n = 2), and Kuwait (n = 1)) to be inter- 

nationally representative. Species identification was confirmed us- 

ing API-20E tests (bioMérieux). FosA positivity had previously been 

determined by PCR and subsequent Sanger sequencing analyses as 

previously described [21] . 

2.2. Susceptibility testing 

MICs of antimicrobial agents were determined on all 31 isolates 

by broth microdilution, according to CLSI guidelines [22] , and inter- 

preted according to EUCAST guidelines [23] , or CLSI guidelines for 

cefoxitin and tetracycline [22] . Fosfomycin MICs were determined 

by agar doubling dilution method, using glucose-6-phophate (25 

mg/L) supplemented Mueller Hinton agar. Sodium phosphonofor- 

mate (PPF) (5 mM) was incorporated in Mueller Hinton agar to as- 

sess the inhibition of Fos enzymes. 

2.3. Whole genome sequencing (WGS) 

WGS was performed on a subset of 23 isolates, selected to rep- 

resentative of all FosA-types found in this study, using both short- 

(Illumina) and long-read (Oxford Nanopore) sequencing technolo- 

gies. Illumina (short-read) sequencing was performed on all 23 iso- 

lates and Nanopore (long-read) sequencing was additionally per- 

formed on 12 isolates to obtain complete FosA plasmid sequences. 

Total genomic DNA (gDNA) of isolates was extracted from a bac- 

terial culture grown overnight using the QIAamp DNA Mini Kit (Qi- 

agen, Germany). WGS was performed using either a HiSeq 40 0 0 

(Illumina, San Diego, CA) or MinION Mk1b (Oxford Nanopore Tech- 

nologies, United Kingdom) platforms. For short-read sequencing, 

gDNA was sheared with a Covaris E220 ultrasonicator. The TruSeq 

DNA Nano kit from Illumina (Illumina, San Diego, CA) was used 

for library preparation with 100 ng of fragmented DNA as in- 

put. Library molarity and quality were assessed with Qubit (Ther- 

mosFisher Scientific, Waltham, MA) and Tapestation using a DNA 

high sensitivity chip (Agilent Technologies). A paired-end 100 se- 

quencing run was performed with the TruSeq SBS chemistry. For 

MinION sequencing, sequencing libraries were prepared follow- 

ing the sequencing by ligations protocol using a native barcoding 

kit (EXP-NBD104; Oxford Nanopore Technologies). Sequencing was 

performed on a MinION Mk1b sequencer (Oxford Nanopore Tech- 

nologies, UK) using an R10.3 MinION Flow Cell (FLO-MIN112; Ox- 

ford Nanopore Technologies, UK). 

Long read base calling was performed using Guppy (v. 6.1.2) 

with a high accuracy (hac) model on the high-performance com- 

puting clusters at the University of Geneva. The resulting fastq 

files were used to produce assemblies with Flye software (v. 2.9) 

and were polished with short-read data using Pilon (v. 1.24). Alter- 

natively, hybrid assembles, using both short- and long-read data, 

were performed using UniCycler (v. 0.4.9b) [ 24 ]. Short paired-end 

reads assemblies were performed using the Shovill pipeline ( https: 

//github.com/tseemann/shovill ), and contigs were annotated using 

Prokka [ 25 ]. Sequence types (STs), the presence of resistance genes 

and plasmid replicon types were determined using MLST 2.0, Res- 

Finder 4.1 [ 26 ], and PlasmidFinder 2.1 [ 27 ], on the Center for Ge- 

nomic Epidemiology platform ( https://cge.cbs.dtu.dk/services/ ). 

2.4. Conjugation studies 

Mating-out assays of seven fosA -harbouring plasmids (three 

fosA3 , two fosA8 , and one each with fosA4 and fosA10 ) were at- 

tempted using a sodium azide–resistant E. coli J53 as recipient. 

Briefly, overnight cultures of recipient and donor cells were mixed 

in a 4:1 ratio and centrifuged at 30 0 0 × g for 10 min before be- 

ing transferred to sterile 0.22 μM filters (Merck Millipore, Ireland) 

and incubated on LB agar plates (Carl Roth, Karlsruhe, Germany) 

at 37 °C for 4 hours. Cells were washed away from the filters using 

0.85% NaCl, and the mixture was vortexed. Serial dilutions were 

plated onto LB agar plates containing either 16 mg/L fosfomycin 

(to quantify donors) or both 100 mg/L sodium azide and 16 mg/L 

fosfomycin (to quantify transconjugants). Conjugation frequencies 

were calculated by dividing the number of transconjugants by the 

number of donors. 

2.5. Data availability 

Sequence data from this study were submitted to the National 

Center for Biotechnology Information’s Sequence Read Archive 

(BioProject no. PRJNA999080). 

3. Results and discussion 

3.1. Susceptibility testing 

All 31 isolates exhibited high-level resistance to fosfomycin 

with MICs ranging from 64 to > 256 mg/L. The addition of 5 mM 

PPF restored the susceptibility of 22.6% (7/31) isolates, although 

23/31 (74.2%) isolates exhibited 2–128-fold reductions in MICs, 

138 

https://github.com/tseemann/shovill
https://cge.cbs.dtu.dk/services/


J. Findlay, R. Sierra, O.H.F. Raro et al. Journal of Global Antimicrobial Resistance 35 (2023) 137–142 

Table 1 

MIC distribution of FosA-positive E. coli (n = 31) from this study 

Vertical lines indicate epidemiological cutoff values by EUCAST recommendations. 
a PPF; sodium phosphonoformate. 
b EUCAST fosfomycin breakpoint used. 
c Breakpoints taken from CLSI 28th edition. 

confirming the role of the fosA genes in conferring the fosfomycin- 

resistant phenotype. All isolates were resistant to amoxicillin, and 

resistance to the cephalosporins cefotaxime, ceftazidime, and ce- 

fepime was observed in 71.0% (22/31), 41.9% (13/31), and 41.9% 

(13/31) of isolates, respectively ( Table 1 ). Carbapenem resistance 

(resistance to > 1 tested carbapenems) was observed in three iso- 

lates (9.7%), and six isolates (19.4%) exhibited resistance to colistin. 

This high level of resistance to colistin is uncommon in E. coli , sug- 

gesting that those colistin-resistant isolates may result from selec- 

tion in the environment or in veterinary medicine, where colistin 

is still frequently used. 

3.2. Whole genome sequencing of fosA-positive isolates 

WGS of 23 isolates identified 17 different STs, all of which 

were represented by a single isolate with the exceptions of ST69 

(n = 4), ST226 (n = 3), and ST57 (n = 2). Only a single mem- 

ber of the globally dominant high-risk clone, ST131, was identified. 

Amongst the 23 isolates, 16 harboured fosA3 , four fosA4 , two fosA8 , 

and one isolate harboured fosA10 . ESBLs or pAmpC genes were 

present in 16 isolates, comprising bla CTX-M-15 (n = 4), bla CTX-M-55 

(n = 4), bla CMY-2 (n = 4), bla CTX-M-3 (n = 3), bla CTX-M-14 (n = 3), 

and bla CTX-M-65 (n = 1). The relatively high frequency of association 

between ESBL and fosA gene carriage has been already reported 

[12 , 13] . Genes encoding KPC-2 carbapenemases were also detected 

in two isolates, both from China, and one isolate from Switzerland 

encoded NDM-5. Interestingly, all six isolates that were colistin- 

resistant (MICs ranging from 4–16 mg/L) were found to harbour 

mcr-1 genes. These six isolates were geographically diverse (two 

from South Africa, two from Nepal, one from Kuwait, and one from 

Portugal) and represented five different STs. 

3.3. fosA plasmids 

Using a combination of long- and short-read sequence method- 

ologies, the entire fosA plasmids of 12 isolates were sequenced 

to closure. The isolates selected for plasmid sequencing repre- 

sented 11 different STs and were obtained from four countries: 

eight from Switzerland, two from South Africa, and one each 

from China and Kuwait. These comprised eight plasmids encoding 

FosA3, one encoding FosA4, two FosA8 plasmids, and one encoding 

FosA10. The sequenced plasmids were diverse in size (ranging from 

∼67 kb to ∼235 kb), resistance gene carriage, and replicon types 

( Table 2 ). Amongst the 12 plasmids, 5/8 FosA3-encoding plas- 

mids carried a bla CTX-M 

ESBL gene, comprising bla CTX-M-55 (n = 2), 

bla CTX-M-3 , bla CTX-M-15 , and bla CTX-M-65 ; one harboured bla KPC-2 , and 

the FosA10-encoding plasmid harboured bla CMY-2 . The plasmid har- 

bouring fosA3 and bla KPC-2 (pFos_R4667) was found in an ST609 E. 

coli isolate from China and was identical to a plasmid previously 

described in an ST46 clinical E. coli isolate (GenBank Accession No. 

KF701335) [ 28 ]. Subsequent mapping analyses identified that the 

fosA3 plasmid in strain R3022 (ST69, also from China) also exhib- 

ited > 99% identity to this same plasmid. Interestingly, two isolates, 

both ST226, but one from South Africa (R2745) and one from Por- 

tugal (R6245), were found to harbour a highly similar 235 033 bp 

IncHI2/IncHI2A plasmid which also encoded bla CTX-M-55 and mcr-1 , 

despite being isolated on separate continents. Plasmid pFos_R3023, 

found in an ST58 isolate obtained from China, was shown to ex- 

hibit > 99% similarity to 70 388 bp IncFII plasmid, pFos_UN95, ob- 

tained from Switzerland. Furthermore, the plasmid from ST3107, 

obtained from a chicken in Nepal, exhibited a high level of similar- 

ity ( > 96%) to a clinical ST3944 isolate obtained from Kuwait. The 

plasmid encoding FosA10 was found in an ST6870 isolate and was 

encoded on an IncI1 101 398 bp plasmid. Previously, fosA10 has 

only been described on an IncFII 53 kb plasmid from China [ 29 ]. 

These similarities observed between FosA-encoding plasmids found 

in isolates of different STs and from different countries illustrates 

the transmission of fosA plasmids and, importantly, the potential 

for co-resistance to the beta-lactams upon the inheritance of a 

FosA-encoding gene. This pattern of association of resistance may 

be therefore the source of difficult-to-treat urinary tract infections. 

3.4. FosA genetic environment 

Examination of the immediate genetic environments in which 

the fosA genes were encoded identified that fosA3, fosA4 , and fosA8 

genes were flanked by IS 26 elements ( Fig. 1 ). This indicates the 

key role in mobilisation of fosA genes played by IS 26 as has been 

extensively reported previously [13] . However, fosA10 was found to 

be flanked by two copies of IS 10R , similarly to what was previously 

139



J.
 Fin

d
la

y,
 R

.
 Sierra

,
 O

.H
.F.
 R

a
ro
 et

 a
l.
 

Jo
u

rn
a

l
 o

f
 G

lo
b

a
l
 A

n
tim

icro
b

ia
l
 R

esista
n

ce
 3

5
 (2

0
2

3
)
 13

7
–

14
2
 

Table 2 

Genotypic characteristics of the 23 sequenced isolates and 12 FosA-encoding plasmids 

Strain Country of 

Origin 

Source ST Resistance genes Replicon types Fos plasmid genotypes 

Fos plasmid Plasmid size 

(bp) 

Replicon types Resistance genes 

L780 Switzerland Human 174 fosA3 FII, B/O/K/Z pFos_L780 66,839 FII fosA3 

R2742 South Africa Human 57 fosA3 , bla CTX-M-55 , bla TEM-1 , aac(6’)-Ib3 , aadA2 , 

aadA5 , oqxAB , floR , mcr-1 , tetA , sul1 , sul2 , dfrA12 , 

dfrA17 , mphA 

HI2, HI2A, N, Y, 

FIB(AP001918), FIC(FII), I2 

pFos_R2742 247,864 HI2, HI2A, N fosA3 , bla CTX-M-55 , aadA5 , 

aac(6’)-lb3 , oqxAB , sul2 , floR , mcr-1 , 

dfrA17 

R2745 South Africa Human 226 fosA3 , bla CTX-M-55 , bla TEM-1 , aac(6’)-Ib3 , aadA1 , floR , 

mcr-1 , tetA , sul1 , sul2 , dfrA15 

HI2, HI2A, FIB(AP001918), 

FII(pCoo), I1 

pFos_R2745 235,033 HI2, HI2A fosA3 , bla CTX-M-55 , mcr-1 , aac(6’)lb3 , 

floR , sul2 

R4667 China Human 609 fosA3 , bla KPC-2 P1 pFos_R4667 69,478 P1 fosA3 , bla KPC-2 

UN82 Switzerland Human 14622 fosA3 , bla OXA-1, aac(3)-IId , aph(6)-Id , aph(3”)-Ib , 

aadA5 , a ac(6’)-Ib-cr , floR , tetA , sul1 , sul2 , dfrA17 , 

arr-3 , mphA , catB3 

FIA, FIB(AP001918), 

B/O/K/Z 

pFos_UN82 85,381 FIA, 

FIB(AP001918) 

fosA3 , bla OXA-1 , aac(3)-lld , 

aac(6’)-lb-cr , aadA5 , mphA , sul1 , 

dfrA17 , arr-3 , catB3 

UN95 Switzerland Human 117 fosA3 , bla CTX-M-3 , bla TEM-1 , aadA1 , aph(3”)-Ib , 

aph(6)-Id , aph(3’)-Ia, tetB , sul1 , sul2 , mphB 

FII, FIB(AP001918), Q1, 

Col156 

pFos_UN95 70,388 FII fosA3 , bla CTX-M-3 

UN195 Switzerland Human 359 fosA3 , bla CTX-M-65 , bla TEM-1 , aph(3’)-Ia , aph(3”)-Ib , 

aph(6)-Id , catA2 , tetA , sul2 , dfrA14 

FII, FIB(AP001918), Y pFos_UN195 129,323 FII, 

FIB(AP001918) 

fosA3 , bla CTX-M-65 , bla TEM-1 , 

aph(6)-ld , aph(3’’)-lb , aph(3’)-la , 

tetA , sul2 , dfrA14 

UN515 Switzerland Human 69 fosA3 , bla CTX-M-15 , bla TEM-1 , aph(3”)-Ib , aph(6)-Id , 

tetA , sul2 , dfrA14 

FII, FIB(AP001918), FIC(FII) pFos_UN515 72,056 FII fosA3 , bla CTX-M-15 

Fos126 France Human 117 fosA3 , bla TEM-1 , bla CTX-M-55 , bla CMY-2 , aph(3”)-Ib , 

aph(6)-Id , aadA1 , InuF , tetA , sul2 , sul3 

FIA, FIB(AP001918), 

FIC(FII), HI2, HI2A, Q1, 

Col440II 

NA ND ND ND 

R3022 China Human 69 fosA3 , bla KPC-2 , bla CTX-M-14 , aac(6 ′ )lb-cr , cmlA1 , 

ermB , mphA 

FII, P1, R, Col440II NA ND ND ND 

R3023 China Human 58 fosA 3, bla CTX-M-3 , bla TEM-1 B/O/K/Z, FII, I1 NA ND ND ND 

R6147 Switzerland Human 14314 fosA3 , bla TEM-1 , bla CTX-M-14 , aac(3)-IV , aadA2 , floR , 

tetA , sul2 , dfrA12 , mphA 

FIB(AP001918), FIC(FII) NA ND ND ND 

R6207 Portugal Human 69 fosA3 , bla CTX-M-15, bla TEM-1, aph(6)-Id , aph(3 ′ ’)-lb , 

tetA , sul1 , sul2 , dfrA7 

FIA, FIB(AP001918), FII, 

Q1, Col440II 

NA ND ND ND 

R6239 Portugal Human 131 fosA3 , bla CTX-M-3 , bla TEM-1 , aph(6)-Id , aph(3 ′ ’)-lb , 

aac(3)-IId , tetA , sul2 , mphA 

FIA, FIB(AP001918), 

FII(pRSB107) 

NA ND ND ND 

R6245 Portugal Human 226 fosA3 , bla CTX-M-55 , bla TEM-1 , aac(6 ′ )-Ib3 , aadA1 , 

mcr-1 , floR , tetA , sul1 , sul2 , dfrA15 

FIB(AP001918), FII(pCOO), 

HI2, HI2A, I1 

NA ND ND ND 

R6351 Portugal Human 372 fosA3 , bla CTX-M-14 , bla TEM-1, aadA1 , sul1 , dfrA1 Y NA ND ND ND 

R4880 Kuwait Human 3944 fosA4 , bla CMY-2 , qnrS1 , tetA , InuF , mcr-1 , sul3 , 

dfrA12 , mphA 

I1, N, p0111, I2, FII, 

FIC(FII), FIB(AP001918), 

B/O/K/Z 

pFos_R4880 106,834 I1 fosA4 , dfrA12 , mphA 

Fos90 France Human 226 fosA4 , bla TEM-1 , qnrS1 , floR , tetA , tetM , sul3 , dfrA14 , 

mphA 

FII(pCOO), p0111 NA ND ND ND 

R5371 Nepal Chicken 3107 fosA4 , bla TEM-1 , aph(3’’)-Ib , aph(6)-Id , aac(3)-IId, 

aadA1, mcr-1 , floR , tetA , sul2 , sul3 , dfrA17 , I, mphA 

FIB(AP001918), FIC(FII), 

FII(pCOO), I1, I2 

NA ND ND ND 

R5377 Nepal Chicken 48 fosA4 , bla CMY-2 , bla TEM-1 , catA2 , floR , aph(3 ′ )-Ia 

aadA1 , aadA2 , mcr-1 , qnrS1 , tetA , tetM , sul1 . sul3 , 

dfrA5 , dfrA12 , dfrA14 , mphA 

FII(pCOO), I1, I2, HI2, 

HI2A, X1, p0111, ColpVC 

NA ND ND ND 

N1345 Switzerland Human 69 fosA8 , bla TEM-1 , 

aadA1 , aadA2 , aac(3)-IId , aph(3’)-IIa , aph(3’)-Ia 

floR , cmlA1 , tetA , tetM , sul2 , sul3 , dfrA1212 

FII, FIA, FIB(AP001918), 

p0111 

pFos_N1345 85,690 FII fosA8 , aph(3’)-lla 

R4390 Switzerland Human 410 fosA8 , bla OXA-1 , bla CTX-M-15 , aph(3’)-lla , aac(6’)-Ib-cr, 

tetA , dfrA14 

N, X1, FIA, FIB(AP001918), 

Col156 

pFos_R4390 67,907 X1, N fosA8 , aph(3’)-lla 

N2736 Switzerland Human 6870 fosA10 , bla NDM-5 , bla CTX-M-15 , bla OXA-1 , bla CMY-2 , 

aadA2 , aac(6’)-Ib-cr , mphA , tetA , sul1 , dfrA12 

FII, FIA, FIB(AP001918), 

FIB(H89-PhagePlasmid), I1 

pFos_N2736 101,398 I1 fosA10 , bla CMY-2 

fosA gene variants shown in bold. 

NA, not applicable; ND, not determined. 

1
4

0
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Fig. 1. The genetic environment surrounding fosA3 (R4667), fosA4 (R4880), fosA8 (N1345), and fosA10 (N2736) genes. Blue arrows: insertion sequences elements; red arrows: 

fosA genes; green arrows: hypothetical proteins. 

Table 3 

Conjugation frequency in filter matting assays for Fos gene-producing E. coli -carrying distinct plasmids 

Strain Fos variant Plasmid replicon type Plasmid size (bp) Plasmid resistance genes Conjugation frequency 

R4667 FosA3 P1 69 478 fosA3 , bla KPC-2 1.00 × 10 –1 

L780 FosA3 FII 66 839 fosA3 6.78 × 10 –3 

R2745 FosA3 HI2/HI2A 235 033 fosA3 , bla CTX-M-55 , mcr-1 , aac(6’)lb3 , aac(6’)lb-cr , floR , sul2 1.30 × 10 –5 

R4880 FosA4 I1 106 834 fosA4 , dfrA12 , mphA 4.19 × 10 –4 

R4390 FosA8 X1/N 67 907 fosA8 , aph(3’)-lla 4.33 × 10 –1 

N1345 FosA8 FII 85 690 fosA8 , aph(3’)-lla 1.88 × 10 –2 

N2736 FosA10 I1 101 398 fosA10 , bla CMY-2 5.31 × 10 –5 

described in the first identification of plasmid-mediated fosA10 on 

a 53 kb IncFII plasmid in China [ 29 ]. 

3.5. Conjugation assays 

Conjugation assays were performed on seven strains (three 

fosA3 , one fosA4 , two fosA8 , and one fosA10 ) to assess the trans- 

missibility of the FosA-encoding plasmids with diverse replicon 

types. All seven plasmids were capable of being transmitted with 

conjugation frequencies ranging from 4.33 × 10 –1 –1.30 × 10 –5 

( Table 3 ), with the highest frequencies being observed for both 

FosA8-encoding plasmids (one IncX1/IncN and one IncFII) and the 

IncP1 FosA3-encoding plasmid. These data confirm the relative 

ease with which plasmid-mediated fosfomycin resistance can dis- 

seminate. 

4. Conclusions 

This epidemiological study describes an international collection 

of FosA-encoding plasmids and, notably, highlights the potential 

for the dissemination of fosA genes on MDR plasmids of unre- 

lated structures. Plasmid-mediated antibiotic resistance dissemina- 

tion in Gram-negative bacteria is a key driver of the epidemic of 

antibiotic resistant infections worldwide. Tracking plasmid spread 

may be elusive, mainly due to technical reasons linked to high- 

complexity regions of DNA that are not possible to assemble using 

short-read sequencing. By taking advantage of long-read sequenc- 

ing to circumvent the technical issues, we were able to circularize 

12 plasmids in this study, enabling for full plasmid characterization 

and comparative analyses. 

Overall, the findings of this study underpin the necessity for 

the surveillance and close monitoring of fosfomycin resistance in 

E. coli , which is essential to maintain the optimal use of this treat- 

ment option. 
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