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Background: Oral fosfomycin is commonly prescribed as a single 3 g dose to empirically treat uncomplicated
cystitis. This study investigated the mechanisms and frequency of fosfomycin resistance among clinical isolates
of Escherichia coli from Canada.

Methods: In total, 5012 clinical isolates of E. coli collected by the CANWARD surveillance programme from 2007
to 2022 were tested for susceptibility to fosfomycin using the CLSI reference agar dilution method. MICs were
interpreted by 2024 CLSI M100 breakpoints. The 19 fosfomycin-resistant (MIC >256 mg/L) and 45 fosfomycin-
intermediate (MIC 128 mg/L) isolates identified, and 69 fosfomycin-susceptible (MIC <1-64 mg/L) control iso-
lates underwent WGS.

Results: In total, 98.7% (4948/5012) of all E. coli isolates tested were fosfomycin-susceptible; 0.4% were fosfo-
mycin-resistant and 0.9% were fosfomycin-intermediate. ST131 accounted for 42.1%, 40.0% and 20.3%, re-
spectively, of fosfomycin-resistant, fosfomycin-intermediate and fosfomycin-susceptible isolates. Six (31.6%)
fosfomycin-resistant isolates and one (2.2%) fosfomycin-intermediate isolate carried a fosA gene. All fosA genes
were plasmid mediated and all but one fosA-carrying plasmid harboured multiple other antimicrobial resistance
genes. A nonsense mutation in, or complete deletion of, one or more genes in the fosfomycin transport systems
GlpT and UhpT were observed in 63.2% (37/57) of fosA-negative fosfomycin-resistant and fosfomycin-inter-
mediate isolates but were not detected in any of the 69 fosfomycin-susceptible isolates tested.

Conclusions: In Canada, the occurrence of mobile fosfomycin resistance determinants (fosA genes) in clinical
isolates of E. coliis low (~0.14% of all isolates). Our results highlight the importance of the functional transporter

systems GlpT and UhpT for the in vitro activity of fosfomycin.

Introduction

Urinary tract infections (UTIs) are a common affliction, particular-
ly of reproductive age women. Estimates indicate that approxi-
mately half of all women will experience at least one UTI
during their lifetime. Escherichia coli accounts for ~80% of
community-acquired UTIs in otherwise healthy women, and
~50% of hospital-associated infections.? In vitro resistance to
trimethoprim/sulfamethoxazole, B-lactams and fluoroquino-
lones, and MDR are frequently observed phenotypes when anti-
microbial susceptibility testing of urinary isolates of E. coli is
performed.>

Oral fosfomycin is a first-line empirical agent for the treatment
of uncomplicated cystitis and is typically prescribed as asingle 3 g
dose. Its use may warrant particular consideration when MDR
E. coli is suspected or proven to be the aetiological agent of un-
complicated cystitis.* Fosfomycin imitates both glycerol-3-
phosphate (G3P) and glucose-6-phosphate (G6P) to gain access
into the cytoplasm of E. coli cells via GlpT, the G3P transporter,
and UhpT, the G6P transporter.” In the cytoplasm, fosfomycin
acts as a phosphoenolpyruvate (PEP) analogue, where it binds
to and inhibits MurA (UDP-N-acetylglucosamine enolpyruvyl
transferase), the enzyme that catalyses the initial reaction in
the peptidoglycan synthesis pathway.® Fosfomycin activity is
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not diminished by mechanisms commonly responsible for resist-
ance to B-lactams (e.g. B-lactamases, PBP mutations), which tar-
get later steps in peptidoglycan synthesis.®

Three primary mechanisms of fosfomycin resistance are
known: target (MurA) modification, enzymatic inactivation of fos-
fomycin, and impaired uptake of fosfomycin into bacterial cells.
Modification of MurA, preventing fosfomycin binding to it, is a
common mechanism of resistance identified by in vitro selection
experiments; however, this mechanism s rarely present in clinical
isolates resistant to fosfomycin.” Recently, the enzymatic inacti-
vation of fosfomycin through plasmid-mediated fosA genes has
been the focus of many studies.®® More than 10 different fosA var-
iants have been identified to date, with fosA3 being the most com-
mon.%? New variants continue to be reported, such as fosA11 in
Providencia rettgeri.'® The third, and currently the most common
mechanism of resistancein clinicalisolates, is reduced fosfomycin
uptake. Chromosomal mutations in the genes encoding GlpT and
UhpT transport system proteins reduce fosfomycin permeability.
Furthermore, chromosomal mutations of local regulators of
transporter genes, such as uhpA, uhpB and uhpC, are also known
to result in reduced fosfomycin uptake. Earlier studies have also
shown that mutations in the chromosomal genes cyaA and ptsI,
which are responsible for cAMP levels, can play arole in fosfomycin
resistance because low cAMP levels down-regulate expression of
the two fosfomycin transporters.* 12

A previous study of 868 urinary isolates of E. coli from Canadian
hospital laboratories collected between 2010 and 2013, reported
that resistance to fosfomycin was rare, with only 0.1% of isolates
being resistant.’® The current study reports the frequency of fos-
fomycinresistance among 5012 clinicalisolates of E. coli collected
by the CANWARD surveillance programme from 2007 to 2022,
and investigates mechanisms of fosfomycin resistance in all
fosfomycin-resistant and fosfomycin-intermediate isolates iden-
tified, as well as a subset of fosfomycin-susceptible isolates, using
WGS. To enrich our cohort of fosfomycin-resistant and
fosfomycin-intermediate resistant isolates we chose to test urin-
ary isolates as well as isolates from non-urinary sites (i.e. blood,
respiratory and wound isolates).

Materials and methods
Bacterial isolates

The CANWARD surveillance programme is an annual Canadian
Antimicrobial Resistance Alliance (CARA)/Health Canada-partnered study
that collects bacterial pathogens cultured in tertiary-care hospital labora-
tories in 8 of the 10 Canadian provinces.' Isolates are collected consecu-
tively, one per patient, from both inpatients and outpatients attending
emergency rooms, hospital clinics, medical/surgical wards and ICUs.
Each laboratory submits annual quotas of respiratory, wound, urine and
bloodstream isolates. CANWARD receives annual approval by the
University of Manitoba Research Ethics Board (H2009:059).

Antimicrobial susceptibility testing

From 2007 to 2022, the CANWARD surveillance programme tested 5012
clinical isolates of E. coli for susceptibility to fosfomycin using the CLSI ref-
erence agar dilution method on Mueller-Hinton agar supplemented with
25 mg/L glucose-6-phosphate.’®"'” The isolates were cultured from re-
spiratory, wound, urine and blood specimens. Fosfomycin was supplied
by Paladin Labs (Montreal, Canada). Stock solutions and dilutions were

prepared in CAMHB as described by the CLSI.'® Quality control was per-
formed following CLSI recommendations, and fosfomycin MICs were in-
terpreted using 2024 CLSI M100 breakpoints (resistant >256 mg/L;
intermediate 128 mg/L; susceptible <64 mg/L) for urinary isolates of E.
coli.*®” All isolates deemed fosfomycin resistant (n=19), all isolates
deemed fosfomycin intermediate (n=45) and a similarly sized set of
fosfomycin-susceptible isolates with MICs ranging from <1 to 64 mg/L
(n=69), to function as controls, were chosen for WGS. To enrich our co-
hort of fosfomycin-resistant and fosfomycin-intermediate resistant iso-
lates we chose to test urinary isolates as well as isolates from
non-urinary sites (i.e. blood, respiratory and wound isolates). For simpli-
city we chose to apply urinary CLSI breakpoints (SIR) to urinary and non-
urinary isolates. The 69 control E. coli isolates with fosfomycin MICs ran-
ging from <1 to 64 mg/L were chosen to represent isolates with varying
fosfomycin MICs and were randomly selected albeit representing all of
the geographical areas of CANWARD.

Statistics were conducted using a 2 x 2 contingency table and Fisher’s
exact test.

WGS

Genomic DNA was extracted using Qiagen DNeasy 96 Blood and Tissue
Kits (Hilden, Germany). Short-read libraries were created with TruSeq
Nano DNA HT sample preparation kits (Illumina, San Diego, CA, USA).
Isolates were sequenced using an Illumina NextSeq platform.
Paired-end, 151 bp indexed reads were generated using the Illumina
NextSeq platform. FastQC v0.11.9 (https:/github.com/s-andrews/
FastQC) was used to assess quality control metrics for Illumina reads.
Contigs were assembled using Shovill v1.1.0 (https:/github.com/
tseemann/shovill). Oxford Nanopore Technologies sequencing libraries
were prepped using the Rapid Barcoding kit (SQK-RBKOO04) and R9.4.1
flowcells. Reads were basecalled using the super accurate model (SUP)
with Guppy v6.5.7. De novo assemblies were completed using Unicycler
v0.5.0 (https://github.com/rrwick/Unicycler). Bacterial species were con-
firmed using the RefSeq Masher Matches tool (https:/github.com/phac-
nml/refseq_masher). StarAMR v0.11.0'® was used to detect antimicrobial
resistance genes using the ResFinder database v2024-08-06'° and STs
using the MLST database v2.23.0 (https:/github.com/tseemann/mist).

A custom script was used to locate 18 genes of interest [murA, crp, crr,
cyadA, pta, ptsH, ptsl, glpT, uhpT, uhpA, uhpB, uhpC, fruK, plsX, purB, hflD,
mutlL and mutS from E. coli K12 MG1655 (NC_000913.3)] along with
fosA genes (fosL1, fosA2, fosA3, fosA4, fosAS, fosA6, fosA7, fosA7.5 and
fosA8) in the assembled sequence data of each isolate. Briefly, reference
sequences were blasted against isolate assemblies using blastn v2.15.0%°
with a minimum length of 100 bases and minimum 92% sequence iden-
tity. The nucleotide hits were then extracted, re-oriented to be on the
same strand, and translated to protein sequences. Stop codons resulting
in premature truncation of proteins were identified; if no stop codons
were found, the protein sequences were aligned to the reference using
MUSCLE v5.1%! and analysed for amino acid mutations relative to the ref-
erence (substitutions, deletions or insertions). Nucleotide hits near the
edges of contigs were investigated manually. For gene targets that
were not detected in the assembly based on the above search criteria
we refer to them in the text as ‘complete deletions’.

Plots were created in R v4.4.2?% using the tidyverse packages”® and
ComplexHeatmap v2.22.2* Sequencing read data are available on NCBI
SRA under BioProject number PRINA1303168 (reviewer link: https:/
dataview.ncbi.nlm.nih.gov/object/PRINA1303168?reviewer=68gmumm
pp0jh6amm97n2hnc737).

Results

Of the 5012 clinical isolates of E. coli collected by the CANWARD
surveillance programme from 2007 to 2022 and tested for
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susceptibility to fosfomycin, 0.4% (n=19) were fosfomycin resist-
ant; nine isolates had a fosfomycin MIC of 256 mg/L, two isolates
had a fosfomycin MIC of 512 mg/L and eight isolates had a fosfo-
mycin MIC >512 mg/L. Forty-five isolates (0.9%) were fosfomycin
intermediate (MIC 128 mg/L). The 69 fosfomycin-susceptible iso-
lates chosen for WGS comprised 29, 11, 5, 3, 7, 4 and 10 isolates
with, respectively, fosfomycin MICs of <1, 2, 4, 8, 16, 32 and
64 ma/L. Of the 19 fosfomycin-resistant isolates, 1 was collected
in each of 2007, 2008, 2009, 2010, 2014, 2015 and 2016; 2 iso-
lates were collected in each of 2017, 2018 and 2022; and 6 iso-
lates were collected in 2021. The 45 fosfomycin-intermediate
isolates were obtained as follows: 2007, 3; 2008, 3; 2009, 4;
2010, 4; 2011, 2; 2012, 3; 2013, 3; 2014, 2; 2015, 4; 2016, 3;
2017, 3; 2018, 4; 2019, 0, 2020, 1; 2021, 4 and 2022,
2. Fosfomycin MICs and full descriptions of the WGS data for all
133 E. coli isolates included in this study are listed in Table S1
(available as Supplementary data at JAC-AMR Online).

Among fosfomycin-resistant isolates, ST131 (n=8; 42.1%)
was the most common ST, followed by ST648 (n=2; 10.5%);
other STs accounted for only single isolates of fosfomycin-
resistant E. coli (Table S1). ST131 was also the most common
ST among both fosfomycin-intermediate (n=18; 40.0%) and
fosfomycin-susceptible isolates (n=14; 20.3%). We looked at
the association of ST131 with ESBLs as a whole and then if there
were any associations with either ST131 or ESBLs between
fosfomycin-susceptible or non-susceptible (intermediate or re-
sistant) isolates. We observed that ST131 was significantly
more associated with an ESBL compared with non-ST131 isolates
(P<0.0001). ST131 was significantly associated with fosfomycin
non-susceptible isolates compared with susceptible isolates
(P=0.0138). Finally, the presence of an ESBL was also significant-
ly associated with fosfomycin non-susceptible isolates compared
with susceptible isolates (P=0.0075).

Fosfomycin-resistant isolates tended to carry more anti-
microbial resistance genes than fosfomycin-intermediate or
fosfomycin-susceptible isolates (Figure 1). Among the 19
fosfomycin-resistantisolates, 89.5% also carried resistance genes
to aminoglycosides, B-lactams and quinolones; 78.9% carried
tetracycline resistance genes; 73.7% carried sulfonamide resist-
ance genes; 63.2% carried trimethoprim resistance genes; and
47.4% carried macrolide resistance genes. Common resistance
genes across both fosfomycin-resistant and fosfomycin-
intermediate isolates included: sull (47.4% of fosfomycin-
resistant isolates; 46.7% of fosfomycin-intermediate isolates),
sul2 (52.6%; 20.0%), blatem-1s/c (47.4%; 31.1%), blacrx-m (57.9%;
30.6%), tetA/tetB/tetC/tetM (84.2%; 48.9%), aph(3”)-Ib (52.6%;
22.2%), aph(6)-Id (52.6%; 22.2%), mph(A) (47.4%; 31.1%), dfrA
(63.2%; 48.9%) and aadA (68.4%; 37.8%). blactxm-12 and
blactx-m-15 Were the two most common blacrx-m types among
both fosfomycin-resistant and fosfomycin-intermediate isolates
(Table S1).

Six (31.6%) fosfomycin-resistant isolates and one (2.2%)
fosfomycin-intermediate isolate carried a fosA gene (Table S2).
The fosA genes present in fosfomycin-resistant isolates were
fosA3 (n=2), fosA (n=1), fosA4 (n=1), fosA7.5 (n=1) and fosA8
(n=1); fosA7.5 was identified in one fosfomycin-intermediate
isolate. Using long-read sequencing, FosA-type plasmids carrying
fosA genes were resolved (Table S2). The plasmids ranged in size
from 47 to 232 kb. Plasmid replicon types were variable and

included IncN, IncC, Incl1, IncFII, IncFII/N and IncHI2/HI2A.
Only replicon type IncFII was observed in multiple plasmids (car-
rying fosA, fosA3 and fosA8 genes), which were not closely re-
lated (data not shown). All but one fos gene-containing
plasmid also carried other antimicrobial resistance genes; at least
one of these additional genes was always a B-lactamase (i.e.
blacrx-m-es, blactx-m-ss5, blatem-18, blarem-232, blatem-214 OF blacmy-2).

Amino acid mutations in murA, crp, crr, pta, glpT, uhpT, cydA,
ptsH, ptsl, uhpA, uhpB, uhpC, fruK, plsX, purB, hflD, mutL and
mutS were determined by aligning protein sequences to the ref-
erence sequences from E. coliK12 MG1655 (Table S1); proportions
of isolates (excluding isolates carrying a fosA gene) with amino
acid mutations in six genes (murA, glpT, uhpT, uhpA, uhpB,
uhpC) stratified by fosfomycin MIC are shown in Figure 2.

Among the 69 fosfomycin-susceptible isolates, there were
only 6 isolates with notable gene mutations or alterations;
each of the 6 isolates exhibited only a single gene mutation or al-
teration. Two isolates had a Pro99— Ser substitution within murA,
which has been loosely associated with fosfomycin resistance.?”
However, Seok et al.?” reported this mutation in combination with
fosA3.In our report, isolates with a Pro99—Ser change had a fos-
fomycin MIC of <1 mg/L or 8 mg/L, suggesting that this mutation
alone does not mediate fosfomycin resistance. The remaining
four isolates had MICs of 16 to 32 mg/L and contained a prema-
ture stop codon in one of ptsI, uhpA, uhpB or uhpC. These altera-
tions may elevate fosfomycin MICs by affecting the activation of
cyaA or expression of uhpT. Of note, 16 isolates with fosfomycin
MICs of 16 to 64 mg/L had no mutations in any of the genes
we characterized (Table S2).

For the 57 isolates of E. coli that were fosfomycin resistant or
fosfomycin intermediate and did not carry a fosA gene, we fo-
cused our analysis on alterations in the GlpT and UhpT transpor-
ters and the UhpABC system. Amino acid substitutions were
detected in GlpT in 5 of the 57 isolates; the specific substitutions
were: Gly389—Glu (n=2), Gly395—Arg (n=1), Pro218—-leu (n=
1) and Arg45-His (n=1) (Table S1). None of these mutations
have previously been reported, nor has their impact been charac-
terized; these amino acid substitutions were only observed in iso-
lates with fosfomycin MICs >128 mg/L. Previously described
amino acid substitutions were commonly found (e.g.
Glu448—Llys;  Leu297—Phe;  Glu443—Gln;  GlIn444-Gly;
Ala16—Thr)!? but these have been previously reported to have
no impact on protein function.’® Additionally, seven isolates con-
tained nonsense mutationsin glpT (all at different positions). Less
variability was observed in amino acid substitutions within UhpT.
The substitution Glu350—-GIn (n=23; 40.4%), previously de-
scribed as having no impact on protein function,?® was also iden-
tified in 36.6% of fosfomycin-susceptible isolates in this study.
The only other substitution detected among isolates not suscep-
tible to fosfomycin was Asp320—Tyr (n=1), which has not been
previously described. Four other isolates had nonsense muta-
tions, each at a unique position. Two additional isolates had 38
and 33 amino acid deletions within UhpT. In 13 isolates, the
uhpT gene was missing entirely; in all but 2 of these 13 isolates,
the uhpA, uhpB and uphC genes were also missing. Additional
nonsense mutations in uhpA, uhpB and uphC genes were
commonly observed in isolates not susceptible to fosfomycin
(n=13). Overall, 37 of 57 (63.2%) isolates not susceptible to fos-
fomycin had a nonsense mutation or complete deletion of one or
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Figure 1. Proportions of E. coli isolates encoding antimicrobial resistance genes categorized by antimicrobial class and stratified by fosfomycin-
susceptible (S), -intermediate (I) and -resistant (R) phenotypes. Fosfomycin MIC categories were defined by 2024 CLSI M100 breakpoints: susceptible,
<64 mg/L; intermediate, 128 mg/L; and resistant, >256 mg/L. The ‘other’ antimicrobial class includes rpoB (n=1) and ampC promoter (n=1)

mutations.

more of glpT, uhpT or uhpABC. These mutations or deletions were
not observed in any fosfomycin-susceptible isolates and were
found in every instance but three, in non-FosA-containing
fosfomycin-resistant  isolates. Of interest, these three
fosA-negative fosfomycin-resistant isolates contained unde-
scribed mutations in GlpT [Gly389—Glu (n=2) and Arg45—His
(n=1)] but had no other detected mutations within the GlpT/
UhpT transporters and UhpABC system. Future work on these
specific mutations should be conducted to determine whether
they contributed meaningfully to fosfomycin resistance in these
isolates.

Genes required for cAMP regulation were investigated
(Table S1). Transcription of glpT and uhpT is under control of
CyaA.” Mutations in CyaA and their effects on fosfomycin MICs re-
main unclear.’? One study suggested substitution in
Serl42—Asn contributed to increased MICs,?” another indicated
that Gly222-Ser, Ser356—Leu and Gly359—Glu changes re-
sulted in loss of protein structure or function.?® In our study, we
found 119 of all 133 (89.5%) isolates studied had one or more
of these substitutions and did not correlate with fosfomycin
MICs. Activation of CyaA requires the presence of G6P and the

phosphotransferase system (PTS) system, which includes ptsH
and ptsI. A study on amino acid substitutions within ptsI revealed
a number of positions that were described as having no impact
on protein function and subsequently did not contribute to the
fosfomycin  MIC  (i.e. Arg367-Llys, Ala306-Thr and
Val25-1le).?® In our study, we did not find any additional amino
acid substitutions among the fosfomycin-resistant and
fosfomycin-intermediate isolates studied. Additionally, we did
not observe mutations or substitutions in ptsH. Data on pta
have suggested that deletion of this gene decreases susceptibil-
ity to fosfomycin.?’*® We did not observe any deletions in this
gene; however, we did note a limited number of amino acid sub-
stitutions in fosfomycin-resistant and fosfomycin-intermediate
isolates, specifically Ala454—Thr (n=1), Arg401-Cys (n=1)
and Val450-Thr (n=1), but the implications of these mutations
are unknown. We did not observe deletions or mutations in
crr or crp.

Previous work has shown that deletion of purB, hflD, mutL,
muts, fruk or plsX genes is associated with an increased fosfomy-
cin MIC.?° In our study, among all 133 isolates studied, we ob-
served only a single instance where one of these genes (mutS)

4 of 7

920z Areniga4 £z uo 1senb Aq | Z9v6+8/0Z06.Ip/ 1 /8/81o1e/Jwedel/wod dno olwapeoe)/:sdny WwoJl) papeojumoq


http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlag020#supplementary-data

Fosfomycin resistance mechanisms in Escherichia coli

||

Proportion
of isolates
per MIC
category

F B

(D1) uonenuasuos Aoygiyul wnwiuiy
(=1
&

>512

A

i a _ a oo o< W 5 a w a
gt Aot sBERYES B3re828 99388253 sEL YRR SRR 50E82 sa 0 2R REEE058553882
> ™ v—wq-meoom1.§3m CELNBTY ISRy SR N o e T L0 e®R5 Y T ST N O o ORI T ONNT I D)
A <<y o0 o | QN2 (B0 shrim L o <o - aNaNOmogstITS Im >—n:{|—‘—‘—‘—1—-mmgmm [ 10
L5 SR oomoty ASE0uar dag 14Les G i 4R OB GRLOOBTm e G E g — > 4 0,6, L0 P <0 B
S€ 2ol EEREES ok SE Ssg28f«<<c£5 Soconon oo onnonesS n‘éangooououooo‘ooo%oo;ﬁ
£ ©®o55522885 52282 ° 55355287 SS55225282E293228°  S5SS5EE£2228522RR32 5285
£ Somoo @ 5555 S35 S535555555555 2 S555555555555°55

Figure 2. Prevalence of amino acid mutations identified for six major genes (murA, glpT, uphT, uphA, uphB and uphC) stratified by fosfomycin MIC for
126 isolates of E. coli. The figure excludes the seven isolates of E. coli identified with a fosA. Mutations are annotated with the amino acid change pos-
ition relative to the reference E. coli K12 MG1655 gene. ‘Stop’ indicates a premature stop codon; ‘NA’ indicates the gene was missing from the assembly.
Isolate proportion values of 0 (darkest shade of blue) indicate that the mutation was not present in any isolates, and values of 1 (darkest shade of red)
indicate that the mutation was present in all isolates. Large mutations in the uhpC and uhpA genes were excluded for three isolates and one isolate,

respectively, to improve figure readability.

was absent from an isolate (Table S1); that isolate had a fosfomy-
cin MIC of 128 mg/L and no additional mutations associated with
an increased fosfomycin MIC. We found that amino acid substitu-
tions in purB, hflD, mutL, mutS, fruK and plsX genes were com-
mon; however, some changes were only observed in
fosfomycin-resistant and fosfomycin-intermediate isolates.
Those changes were plsX, Pro286—Ser (n=1); hflD, Asp7—Asn
(n=1); mutl, Ala306-Gly (n=1), Ile195-Val (n=1) and
Ser505-Pro (n=1); and mutS, Gly696—-Glu (n=1) and
Thr414—Ala (n=1). The implications of amino acid substitutions
in these genes remain to be elucidated.

Discussion

The frequency of fosfomycin resistance among clinical isolates of
E. coliin Canada remains low (<1%) when resistance is defined by
interpreting reference method agar dilution MICs with current
CLSI breakpoints for fosfomycin tested against urinary isolates
of E. coli.*>*® In the current study of 5012 clinical isolates of E.
coli from 2007 to 2022, only 0.4% were fosfomycin resistant
(MIC >256 mg/L) and 0.9% were fosfomycin intermediate (MIC
128 mg/L). Only 6 of the 19 (31.6%) fosfomycin-resistant isolates
carried a fosA gene. FosA plasmid size and replicon types were
variable, with only IncFII observed in multiple plasmids; however,
none of the replicon types were related, likely indicating multiple
introductions of plasmid-mediated fosA genes into E. coli isolates
over the study period. Several studies have examined FosA3 and
reported its association with multiple plasmid replicon types, in-
cluding IncN and IncFII,>°2 as we observed in our fosfomycin-
resistant isolates. Additionally, FosA3 is known to be associated
with CTX-M types, including CTX-M-55 and CTX-M-65, which we
have confirmed with our data.®°? FosA8 was first described in
2019 on an IncN plasmid and is believed to have originated
from Leclercia adecarboxylata.>® The FosA8 plasmid we identified
was also on an IncN plasmid. With the exception of one isolate,

all FosA-containing plasmids were associated with additional
antimicrobial resistance genes that included at least one
B-lactamase gene. Therefore, the risk of selection for
fosA-carrying isolates of E. coli by use of antimicrobial agents
other than fosfomycin clearly exists and requires monitoring.
Furthermore, the association of E. coli ST131 and ESBLs, specific-
ally blacrx-m types, has been well described.>* Here we report on a
significant association between fosfomycin non-susceptible E.
coli ST131 as well as ESBL production compared with fosfomycin-
susceptible isolates. This combination of B-lactamase and clonal
type may be contributing to increasing fosfomycin non-
susceptible isolates in Canada.

Our results highlight the importance of the functional trans-
porter systems, GlpT and UhpT, for fosfomycin activity. Several
substitution mutations in GlpT were found solely in fosfomycin-
resistant isolates and have not previously been reported, specif-
ically Arg45—His, Gly395—Arg, Gly389—Glu and Pro218-Leu.
Huang et al.>> have previously shown that when Arg45, a con-
served amino acid in bacterial GlpT proteins, is replaced by lysine,
GIpT substrate transport activity is significantly decreased. This
finding suggests that another amino acid substitution for
Arg45, as we observed, has the potential to limit fosfomycin
transport by GlpT and result in resistance. Similarly, a substitution
mutation at amino acid Gly389, a backbone amino acid in GlpT
known to recognize and bind the glycerol moiety of G3P, may
also limit fosfomycin binding to and transport by GIpT.2® Future
work is needed to confirm these mutations and their direct asso-
ciation with elevated fosfomycin MICs. Nonsense mutations were
also observed in some glpT genes resulting in a truncated, non-
functional gene. There were nonsense mutations in five
fosfomycin-resistant isolates; the locations of these mutations
were dissimilar for all isolates. Previous studies have shown
that premature stop codons resulting in the loss of function of
GIpT are linked to fosfomycin-resistant and fosfomycin-
intermediate phenotypes.'? One study reported that the deletion
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of nucleotide 401 resulted in a premature stop codon for glpT and
was associated with fosfomycin resistance in E. coli.>” Further
work is needed to better describe the effects of nonsense muta-
tions in GlpT on fosfomycin resistance.

In our investigation, the inducible transport system UhpT,
coupled with regulatory genes uhpA, uhpB and uhpC, harboured
crucial mutations impacting fosfomycin activity in  both
fosfomycin-resistant and -intermediate isolates of E. coli. The
function of the UhpT system is intricately requlated by the phos-
phorelay system, UhpABC. Consequently, mutations affecting
UhpABC function influence the overall expression levels of
uhpT.8 uhpA, uhpB and uhpC exhibit a high mutation frequency,®®
a trend corroborated by our sequencing results. Mutations in the
UhpT system leading to fosfomycin resistance predominantly
manifest as nonsense mutations, complete operon deletions or
partial operon deletions. Cattoir et al.® previously reported that
isolates of E. coli with such nonsense mutations and deleted op-
erons displayed fosfomycin MICs >256 mg/L. In the isolates we
studied, we did not observe discernible patterns among these
mutations in the UhpABC system. However, 22.8% of fosfomycin-
resistant and fosfomycin-intermediate isolates had a missing
uhpT gene in combination with a partial or completely missing
uhpA, uhpB or uhpC gene.

This study is not without limitations. To enrich our cohort of
fosfomycin-resistant and fosfomycin intermediate-resistant iso-
lates we chose to test urinary isolates as well as isolates from
non-urinary sites (i.e. blood, respiratory and wound isolates).
We chose to supplement our urinary isolates with non-urinary
isolates as fosfomycin-resistant E. coli are so uncommon (only
0.4% in our study) in Canada. We also specifically chose to apply
urinary CLSI breakpoints (SIR) to urinary and non-urinary isolates.
This was performed for simplicity as we were most interested in
investigating fosfomycin resistance mechanisms in E. coliisolates
with very high MICs to fosfomycin (>128 mg/L) to assess resist-
ance mechanisms and particularly fosA genes. It should be men-
tioned that there is a contrast between EUCAST and CLSI
fosfomycin breakpoints, with EUCAST’s limited breakpoints and
cautions around non-urinary sources. If we had used EUCAST fos-
fomycin breakpoints, the number of E. coliisolates deemed resist-
ant and intermediate isolates would have been higher.

We conclude that fosfomycin-resistant (0.4%; MIC >256 mg/
L) and fosfomycin-intermediate (0.9%; MIC 128 mg/L) isolates
of E. coli remain rare in Canada and that the occurrence of FosA
mobile resistance elements is low (0.14%; 7/5012). Our results
highlight the importance of GlpT and UhpT transport systems
for the activity of fosfomycin. Research elucidating the import-
ance of the novel mutations associated with fosfomycin resist-
ance identified in the current study may be important.
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