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Abstract

Introduction: Infections caused by Escherichia coli place a considerable burden on both patients and healthcare facilities. This study aims to
investigate the prevalence and molecular detection of silent plasmid-mediated fosfomycin-resistance (PMFR) genes among fosfomycin-
sensitive, extended-spectrum B-lactamase (ESBL)- producing E. coli isolates.

Methodology: Clinical samples of E. coli were collected from various sources and hospitals in Duhok, Iraq, from December 2020 to April
2021. Standard microbiological techniques and the Vitek II system were used to identify E. coli, which was further confirmed through species-
specific genes. The Kirby-Bauer method was employed for antimicrobial sensitivity testing, followed by the detection of targeted PMFR and
genes using conventional polymerase chain reaction (PCR).

Results: High resistance levels were observed against ampicillin, ceftriaxone, tetracycline, and ciprofloxacin, whereas a lower resistance rate
was detected for carbapenems. Notably, all the isolates were susceptible to fosfomycin. Four isolates tested positive for fosA3, four were
positive for fosA, and 16 were positive for the blacrx-mo gene. Within the isolates, three co-harbored fosA3, fosA, and blacrx-me genes, while one
isolate co-expressed fosA3 and blacrx-mo genes. The distribution of these genes, both individually and co-harbored, was observed across all
clinical samples analyzed, except those derived from blood and sputum.

Conclusions: The dissemination of silent PMFR genes could pose a future risk for public health under the selective pressure of antibiotics,
especially extended-spectrum beta-lactams, for a long time, or transfer to other bacteria, potentially leading to the activation of these genes.
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Introduction

Fosfomycin was identified in 1969 and has a broad
range of bactericidal effects against multiple Gram-
positive and Gram-negative bacteria. This drug

suppresses the formation of peptidoglycan by
irreversibly  attacking UDP-N acetylglucosamine
enolpyruvyl transferase (MurA) [1]. Recently,

however, fosfomycin has been receiving renewed
worldwide attention as one of the most active agents for
preserving carbapenems in ESPBL-producing isolates
[2]. A study of fosfomycin in pediatrics suggests it for
treating lower urinary tract infections (UTIs) in children
up to 6 years old and in adults, as well as for
osteomyelitis, particularly in cases due to methicillin-
resistant Staphylococcus aureus [3]. Furthermore, it is
recommended for treating bacteremia caused by
multidrug-resistant Gram-negative bacilli, especially
those  involving  Enferobacteria  that  carry
carbapenemases [4].

The clinical use of fosfomycin has indeed
increased; this increase has been associated with the
emergence of resistance mechanisms among bacteria,

especially when utilized as monotherapy [5]. These
mechanisms include decreased drug uptake, drug
inactivation by modification of the target enzyme, and
enzymes (fos genes) that can inactivate the antibiotic
molecule as four main types [6]. The four main types of
these enzymes are fosA, fosB, fosC, and fosX, each of
which may have various subtypes. Notably, the fos4,
fosA2, fosA3, fosA4, and fosC2 genes have been
identified in fosfomycin-resistant Enterobacteriaceae
[7]. The fosA is for a glutathione S-transferase that
facilitates the conjugation of glutathione to the C1
position of the epoxide ring of the fosfomycin, thereby
assisting in the antibiotic resistance mechanism [8].
Plasmid-mediated fos4 was recognized for the first
time in 1980 in clinical strains of Serratia marcescens
and has since Dbeen detected in  various
Enterobacteriaceae,  Pseudomonas  spp., and
Acinetobacter spp. [9]. It is a metalloenzyme that is
transferred via plasmids within Enterobacterales, with
the fosA3 variant being the most prevalent identified
determinant present as an acquired mechanism in E.
coli [10]. In addition, the fosA43 gene is often found on
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conjugative plasmids that also harbor genes responsible
for producing CTX-M-type ESBL-encoding genes [11].
Since 2006, researchers in several countries in East
Asia have described plasmid-mediated fosA3 and, less
frequently, fosA5, which are mostly associated with
CTX-M and co-harbored on a conjugative plasmid. In
2016, Portugal reported the first imported case of a
travel-related infection in Europe involving an E. coli
strain co-expressing fos43 and CTX-M-15 [12]. Several
studies focus on silent antibiotic resistance genes in
phenotypically sensitive bacteria [13,14]. The concept
of an antibiotic resistance groups encompasses all
known and unknown resistance-related genes-whether
expressed, silent, or proto-resistance-into a single
framework [15]. Silent resistance genes, which are
typically not expressed, can become active through
recombination or mutation, potentially conferring
resistance if mobilized into a new host [13]. Despite the
global increase in fosfomycin use, susceptibility testing
is not routine, and data on resistance profiles are limited
in this context. Diagnosing bacterial resistance based
solely on phenotypic resistance provides limited insight
into bacterial evolution. This study aims to investigate
the prevalence of silent PMFR genes (fosA and fosA3)
among fosfomycin-sensitive, ESBL-producing E. coli
isolates in Duhok City, Iraq.

Methodology
Bacterial strains and susceptibility testing

A total of 110 E. coli clinical isolates (comprising
85 from urine, 12 from wound swabs, 2 from blood
culture, 2 from sputum, 7 from vaginal swabs, and 2
from semen fluid samples) collected from the study site
in Duhok city, Iraq, between December 2020 and the
end of April 2021, were investigated retrospectively.
The sources and patient demographics for the isolate
collections have been reported previously by Albazaz
and Yassin [16]. Regarding clinical samples, all
participants provided written informed consent before
the commencement of the study, and the privacy of the
collected information was safeguarded. The study
process received approval from the relevant ethics
committees at the University of Duhok and the General
Health Directorate. The approval is associated with a
specific protocol number, ET-P 8/11/2020. Inclusion
criteria included patients who were not taking
antibiotics 3 days prior and those who provided formal
consent to participate in the study, while exclusion
criteria involved patients who had taken antibiotics 3
days prior and those who refused to participate in the
study.
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Identification of Isolates

All purified strains were initially identified using
traditional biochemical tests, followed by confirmation
with the VITEK-2 Compact system. Species-level
identification =~ was  further  verified through
amplification of the uidA gene using the primers F:
AAAACGGCAAGAAAAAGCAG and R:
ACGCGTGGTTACAGTCTTGCG. The amplification
resulted in a product of 147 bp with an annealing
temperature of 58°C [17].

Antibiotic-Susceptibility testing

A susceptibility test was conducted using a panel of
16 antibiotics from various classes, including
Ampicillin (Am), Amoxicillin+clavulanic acid (AMC),
Piperacillin-tazobactam (TZP), Ceftriaxone (CRO),
Ceftazidime (CAZ), Cefepime (FEP), Cefoxitin (CFM),
Cefotaxime (CTX), Meropenem (MRP), Imipenem
(IMI), Gentamicin (CN), Tetracycline (TE),
Trimethoprim/Sulfamethoxazole (SXT),
Chloramphenicol (C), Ciprofloxacin (CIP), and
Fosfomycin (F), using the agar disk diffusion method.
The results were primarily categorized as resistant,
intermediate, or susceptible based on the observed
responses [18]. Breakpoints for fosfomycin (200 ug
disc) were applied for E. coli clinical isolates and the
sensitivity of the isolates was assessed using the Kerby-
Bauer method, and the results were interpreted based on
the criteria established by the Clinical and Laboratory
Standards Institute (inhibition zone diameters: > v16
mm, sensitive; intermediate, 13-15 mm; and < 12,
resistant [18].

Extended-spectrum
determination

In accordance with Drieux et al. (2008), all isolates
were tested for the production of phenotypic extended-
spectrum beta-lactamases (ESBLs) using a double disc
synergy test (DDST) with four antibiotics:
amoxicillin/clavulanic acid (AMC, 20/10 g),
cefotaxime (30 g), ceftazidime (30 g), and aztreonam
(ATM, 30 g).

S-lactamase production

Preparation of DNA templates for PCR testing

The purified clinical E. coli isolates were
subsequently analyzed using polymerase chain reaction
(PCR) with specific primers to determine the existence
of fosA, fosA3, and CTX-M genes. For genomic
extraction, the heat shock method was used, and crude
lysates were used as templates for PCR assays as
described by Yuan ef al. [19]. The crude DNA samples
were used for the amplification of those genes using the
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Table 1. Primers used in this study.

Target gene Primer
fosA I};
fosA3 I}z

BlaCTX-M9 Iy

Sequence, 5------ 3’
ATCTGTGGGTCTGCCTGTCGT
ATGCCCGCATAGGGCTTCT
CCTGGCATTTTATCAGCAGT
CGGTTATCTTTCCATACCTCAG
GCT GGA GAA AAG CAG CGG AG
GTA AGC TGA CGC AAC GTC TG

corresponding primers listed in Table 1. PCR reactions
were performed in a total volume of 25 pl, containing 1
puL of each primer (10 pmol/puL), 10 pL of hot start
master mix, 3 pul of DNA with a concentration of 30-
100 ng/ pL, and 10 pL of nuclease-free water. After
amplification, 10 pl aliquots of the PCR products were
subjected to 2% agarose gel electrophoresis, followed
by gel staining and DNA safe staining. The sizes of the
amplicons were evaluated by comparing them to a
100bp DNA marker. UV-induced fluorescence was
employed to visualize DNA fragments of a specific
molecular weight following amplification.

Statistical analysis

The data was tabulated and analyzed using SPSS
software version 25. Frequency and chi-square test
were used to analyze the data. A p < 0.05 was
considered significant.

Results
Distribution of E. coli isolates

The majority of clinical Escherichia coli isolates
were derived from urine samples, totaling 85 isolates,
which represents 77.3% of the overall sample. Among
these, 71.8% were obtained from outpatients, 74.2%
were female, and individuals aged 21 to 30 years
constituted 20% of the isolates. Conversely, the lowest
prevalence of isolates was observed in wound swabs,
with 12 isolates (10.9%), followed by high vaginal
swabs (HVS) with 7 isolates (6.4%), sputum with 2
isolates (1.8%), blood with 2 isolates (1.8%), and semen

Table 2. Antibiotics sensitivity patterns of clinical E. coli isolates.
Antibiotics

Fosfomycin (F)

Ampicillin (Am)

Amoxillin + clavulanic acid (AMC)
Piperacillin-tazobactam (TZP)
Ceftriaxone (CRO)

Ceftazidime (CAZ)

Cefepime (FEP)

Cefoxitin (CFM)

Cefotaxime (CTX)

Meropenem (MRP)

Imipenem (IMI)

Gentamicin (CN)

Tetracyclin (TE)

Trimethoprim/ Sulphamethoxazole (SXT)
Chloramphenicol (C)

Ciprofloxacin (CIP)
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Annealing Temp, C° Amplicon size, bp Reference
58 217 [20]
57 282 [21]
57 474 [22]

fluid with 2 isolates (1.8%).

Antibiotic sensitivity patterns

All 110 Escherichia coli isolates were determined
to be susceptible to fosfomycin as assessed by the disk
diffusion method. In contrast, the resistance patterns
exhibited by these isolates varied across other antibiotic
classes, with significant resistance observed
particularly  against penicillins, cephalosporins,
aminoglycosides, and fluoroquinolones. The specific
resistance rates recorded were 86% for ampicillin, 74%
for ceftriaxone, 72% for tetracycline, and 48% for
ciprofloxacin. Conversely, the lowest resistance rates
were noted for imipenem and meropenem, at 4% and
2%, respectively, suggesting that carbapenems are the
most effective antibiotics against these isolates (Table
2).

Detection of antibiotic resistance genes
CTX-M9 gene

According to the CLSI guidelines, phenotypic
double-disc synergy testing revealed that 41.4% of E.
coli isolates (n = 46) were ESPL producers. The
majority is detected in urine samples compared to other
clinical sources. Furthermore, when the isolates were
examined for the presence of the CT7TX-M9 gene
revealed that the blacrrimo ESPL gene was detected in
14.5% of the E. coli isolates (n = 16), as detailed in
Table 3. A significant association was found between
the source of the isolates and the presence of the CTX-
M9 gene p = 0.006. The majority of these positive

Resistant Intermediate Susceptible
0(0) 0(0) 110 (100)
95 (86) 0(0.0) 15 (13)
61 (55) 16 (14) 33 (30)
25(23) 10 (9) 75 (68)
82 (74) 0(0.0) 28 (25)
84 (76) 0(0.0) 26 (24)
83 (75) 0(0.0) 27 (25)
53 (48) 5(4) 52 (47)
73 (66) 1(0.9) 36 (33)
4(3) 0(0.0) 106 (96)
5(4) 1(0.9) 104 (94)
37(33) 0(0.0) 73 (66)
79 (72) 1(0.9) 30(27)
59 (54) 1(0.9) 50 (45)
33 (30) 2(2) 75 (68)
53 (48) 2(2) 55 (50)
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Table 3. The correlation between phenotypic ESBL and CTXM.

Gene amplification

Sample Type No. of isolates (%) ESBL-producer’s, No. (%) blaCTX-M
Urine 85(71.8) 27 (31.4) 9
Wound 12 (10.9) 12 (10.9) -
HVS 7(6.4) 7(6.4) 2
sputum 2(1.8) 2 (100) 1
Blood 2(1.8) 2 (100) 2
semen 2(1.8) 2 (100) 2
Total 110 46 (41.4) 16 (14.4)
isolates originated from urine samples (13 isolates), fosA3, and CTX-M9 genes visualized under UV-
which represent the most prevalent source of the gene, transilluminator are illustrated in Figure 1. The genes of
followed by semen fluid and HVS. interest showed co-expression, particularly in instances
of two-co-harbored genes (fos4 and fosA3 in 3 isolates)
fosA and fosA3 genes and three co-harbored genes (fosA, fosA3, and CTX-M9
Among the 110 fosfomycin-susceptible E. coli in 3 isolates) (Table 4).
screened for plasmid-mediated fosfomycin resistance
genes, specifically fos4 and fosA3, it was found that Discussion
only 8 strains (7.2%) harbored these PMFR genes. Each Although fosfomycin is rarely used as an antibiotic,
gene was identified in 4 strains, corresponding to a and as a result, susceptibility testing may not be
frequency of 3.6% for each. The remaining 102 isolates, commonly performed in all labs. This can lead to a gap
which were phenotypically susceptible to fosfomycin, in information on the sensitivity profiles of E. coli
did not possess the investigated PMFR genes. Notably, isolates from clinical settings. In this study, 110 clinical
two urine isolates and an isolate each from high vaginal E. coli isolates were collected, all were fully
swabs (HVS) and semen fluid tested positive for both phenotypically susceptible to fosfomycin (100%) using
fosA and fosA3 in clinical specimens. The bands of fosA, the disc-diffusion method. In a recent study in our
Figure 1. PCR products of fos43, fos4A and blactx-mo genes.
500bp 474bp BlaCTX-M9
282bp fosA3
217bp fosA

100bp

Lane L: 100 bp DNA ladder, Lane 1: 282bp positive fosA3 gene, Lane 2:217bp positive fos4, Lane 3:474bp positive blacrx-mo gene, and Lane (4,5,6) negative
isolates from urine.

Table 4. Association co-harboring genes of PMFR and CTX-M9 genes among clinical E. coli isolates from different sources.

Genes patterns No. (%) Urine Wound HVS Semen Blood Sputum )i
fosA 4(3.6) 2 - 1 1 - - 0.008
fosA3 4(3.6) 2 - 1 1 - - 0.008
CTX-M9 16 (14.5) 9 - 2 2 2 1 0.006
Total 24 (21.8) 13 4 4 2 1
Co-carriage
fosA, fosA3 3 1 - 1 1 - -
fosA, CTX-M9 1 1 - - - - -
fosA3, CTX-M9 0 - - - - - -
fosA, fosA3, CTX-M9 3 1 -

3

,_.
o —
!
!

Total 7(29.1)
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neighboring country, Turkey, bloodstream-infected E.
coli, the fosfomycin susceptibility was 64.3%, whereas
no fosfomycin-susceptible isolates were found in the K.
pneumoniae isolates [23]. Generally, global studies
report a high susceptibility of E. coli clinical isolates to
fosfomycin, with rates of 96.5% in Japan [24], 99% in
China [25], 90% in Pakistan [26], 99.1% in France [12],
88% in Spain [27], 97.9% in Uruguay [28], 99.9% in
Australia [29], and 97.8 % in South Africa [30]. In
contrast, a fosfomycin resistance rate of 38.5% was
observed among uropathogenic E. coli isolates in Egypt
[31]. The antibiotic-susceptibility results of the isolates
showed that the least effective antibiotics against
isolates were ampicillin, amoxicillin-clavulanic acid,
ceftazidime, trimethoprim-sulfamethoxazole,
cefioxitine, ceftriaxone, cefepime, and cefotaxime, with
respective percentages of 86%, 55%, 76%, 54%, 48%,
74%, 75%, and 66%. These antibiotics could cause
problems in clinical practice. This research, in line with
findings of Ahmed et al. [32], while contradicting the
results of Maleki et al. [33] in Iran, reported resistance
rates for ceftazidime and cefotaxime of 26.1% and 30%,
respectively. The ongoing study revealed that 41.4% of
the isolates exhibited a phenotypic ESPL-producing
profile, while 14.4% carried the CTX-M9 gene. Urine
samples had the highest ESPBL production and gene
amplification rates, while wound isolates showed
relatively high ESPL-production but no detectable
amplification of the resistance gene. This may indicate
other resistance mechanisms, especially among
phenotypic ESBL-producing isolates that lack the CTX-
M9 gene. A recent study in Iran reported that 51% of
the fosfomycin-resistant isolates carried the CTX-M
gene [34]. Fosfomycin-resistant ESBL-producing E.
coli strains carrying CTX-M-14, CTX-M-15, or CTX-M-
27 have been previously reported in both Spain and
Japan [35,36]. However, those isolates carried the
plasmid-mediated fos43 gene and exhibited high
fosfomycin MIC values. However, infections caused by
ESBL-producing E. coli are typically linked to
significantly longer hospital stays and increased
healthcare costs, even though the evidence suggesting a
higher rate of fosfomycin resistance among these
strains remains hypothetical [36]. Such an association
of resistance genes was not observed in another study
conducted in Iran [34]. In considering ESPL-producing
isolates, patients in our community frequently utilize
third-generation cephalosporin antibiotics, while
fosfomycin usage is low. This reduced use of
fosfomycin may be linked to a decrease in resistance
[37] as well as differences in geographic dispersion and
sample size restrictions [31]. A study done by Oteo et
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al. [36] found that fosfomycin resistance in ESPL-
producing E. coli rose from 2.2% in 2003 to 21.7% in
2008, coinciding with a 50% increase in fosfomycin
usage.

This is the first study to investigate the prevalence
of plasmid-mediated fos4 and fosA3 genes among
susceptible-fosfomycin  isolates. Out of 110
phenotypically susceptible isolates, the fos4 and fosA3
genes each appeared in 4 samples (8 isolates),
representing 3.6% of each gene. These were primarily
found in urine (2 samples each) and in HVS and semen
(1 sample each) for each gene. The presence of these
genes among susceptible isolates suggests that they
may have been acquired from abroad in our region, as
the use of these antibiotics is not routine in our region.
Considering silent antibiotic-resistance genes, another
study conducted by our team in Iraq, it was found that
17 out of 32 fluoroquinolone-sensitive K. pneumoniae
isolates carried silent plasmid-mediated quinolone
resistance genes [38]. A recently published
retrospective study conducted in China on Salmonella
enterica isolates from various sources between 2019
and 2022 found that 10.7% of positive fosA7 were
fosfomycin-susceptible [39]. The spread of silent
fosfomycin-resistance genes in Klebsiella pneumoniae
isolates with high priority was also noted by Monte &
de Oliveira, 2024 [40]. The frequency of fosA and fosA3
in fosfomycin-resistant clinical isolates of E. coli has
been documented in several investigations conducted
both regionally and globally. In the neighbored country
Iran, neither fosA3 nor fos4 were detected among E. coli
isolates [41], in Turkey 5.8% isolates were fosA-
positive, but fos43 was not detected [23], 3.6 % fosA3
positive was in Japan [24] in China, fosA3 and fosA
(each four genes from urine and blood) accounted for 6
and 2 of the 18 fosfomycin-resistant clinical E. coli
isolates, respectively [25], 7 out of 1354 screened
isolates were fosA3-positive in France [12], 60.5% was
fosA-positive in Mexico [42], 15 % was fosA-positive
in Portugal [43], fosA3 (47.8%) and fosA4 (34.8%) were
positive in Egypt [31]. These results demonstrate the
value of molecular testing in situations when
phenotypic testing for antibiotic susceptibility may not
yield a conclusive result. Fos4 and fosA3 may not
represent a major public health concern at this time in
our setting; however, if they are carried by a high-copy
plasmid or mobile genetic elements that result in
enhanced gene expression, there is a possibility that
fosfomycin resistance could arise. Consequently, care
should be used while assessing this fosfomycin
resistance gene's clinical significance [14,20].
Moreover, the bacteria in the animals (particularly pets)
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in the area that contain and spread this resistance gene
may be the cause of this outcome [44].

CTX-M9 is the most prevalent gene, found in 16
samples (14.5% of total), as in the current day. This
gene is predominantly detected in urine (9 samples),
followed by HVS (2 samples), semen (2 samples),
blood (2 samples), and sputum (1 sample). This
suggests that CTX-M9 is commonly found in urine
samples, which might indicate its association with UTIs
or its persistence in the urinary tract. Furthermore, the
co-occurrence of fosA, fosA3, and CTX-M9 is observed
in 3 samples (1 each from urine, HVS, and semen).

To the best of our knowledge, this study is the first
instance of detecting fosA, foA3/ CTX-M-9 in E. coli
isolates derived from human sources in this context.
This suggests that the simultaneous presence of these
three genes could indicate a higher level of antibiotic
resistance or a more complex infection, which may
involve multiple resistance mechanisms. Nevertheless,
even though none of the patients had ever been treated
with fosfomycin, this investigation found genetic
evidence of fosfomycin resistance genes (fos4A and
fosA3) in E. coli isolates recovered from patients.
Initially, from 2006, scientists from a number of East
Asian nations have reported plasmid-mediated fosA3,
which is co-harbored on a conjugative plasmid and
mostly linked to CTX-M [45]. Studies have
concentrated on human clinical E. coli strains in China
[25], South Korea [46], and Japan [24]. While some
research has examined veterinary E. coli strains isolated
from pets across China [44]. Portugal announced in
2016 that an E. coli strain co-expressing fosA3 and
CTX-M-15 was the first imported instance of a travel-
related infection in Europe [45]. Given that additional
resistance genes, like CTX-M, enable co-selection of
fosA3 and fosA by cephalosporins and/or
aminoglycosides  (particularly =~ amikacin  and
gentamicin), which have been widely used for
UTI therapy in current times, the association of fosA3
and fosA with other resistance determinants (CTX-M)
has likely favored the dissemination and maintenance
of these antibiotic resistance determinants among
bacteria. This study finding suggested that the genes
fosA, fosA3, and CTX-M9 were found on the same
conjugative plasmids and consistent with these reports
[23,24,38,43,44]. Our results corroborated that fosA43
and blacrxmo genes were co-located on the same
conjugative plasmids, thus allowing the simultaneous
dissemination of these antibiotic resistance
determinants among bacteria.

In conclusion, despite fosfomycin not being used by
our patients, all recovered clinical E. coli isolates were
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fosfomycin-susceptible, but the presence of silent
fosfomycin-resistance genes (fosA and fosA3) was
detected and mainly limited to urine, HVS, and semen.
The CTX-MY gene is the most prevalent across samples,
particularly in urine. Co-carriage is most common in
urine and semen, with fosA, fosA3, and CTX-M9 co-
occurring in 3 samples, indicating a higher level of
antibiotic resistance or a more complex infection that
may involve multiple resistance mechanisms. The
frequency of acquired fosfomycin resistance genes in E.
coli isolates from both community and hospital settings
should be emphasized. However, because fosfomycin is
effective against carbapenemase Enterobacteria and
ESBL, its use is not advised when there are more limited
treatment choices available. As its use grows, resistance
levels may also rise.

Study Limitations

Due to the small number of fosfomycin resistance
genes studied, the small sample size, and the lack of
target fosfomycin-resistant gene sequencing, the
generalizability of the results is restricted.
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