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Preface to ”Antimicrobial Resistance and Virulence

Mechanisms”

The worldwide emergence of antimicrobial-resistant bacteria, specially those resistant to

last-resource antibiotics, is now a common problem being defined as one of three priorities for the

safeguarding of One Health by the Tripartite Alliance, which includes the World Health Organization

(WHO), the Food and Agriculture Organization (FAO) and the Office International des Epizooties

(OIE). Bacteria resistance profiles, together with the expression of specific virulence markers, have

a major influence on the outcomes of infectious diseases. These bacterial traits are interconnected,

since not only the presence of antibiotics may influence bacterial virulence gene expression and

consequently infection pathogenesis, but some virulence factors may also contribute to an increased

bacterial resistance ability, as observed in biofilm-producing strains. The surveillance of important

resistant and virulent clones and associated mobile genetic elements is essential for decision making

in terms of mitigation measures to be applied for the prevention of such infections in both human

and veterinary medicine. However, the role of natural environments as important components

of the dissemination cycle of these strains has not been consider until recently. This Special

Issue aims to publish manuscripts that contribute to the understanding of the impact of bacterial

antimicrobial resistance and virulence in the three areas of the One Health triad–i.e., animal, human

and environmental health.

Manuela Oliveira

Editor
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Abstract: Fosfomycin and nitrofurantoin are antibiotics of choice to orally treat non-complicated
urinary tract infections (UTIs) of community origin because they remain active against bacteria
resistant to other antibiotics. However, epidemiologic surveillance studies have detected a reduced
susceptibility to these drugs. The objective of this study was to determine possible mechanisms
of resistance to these antibiotics in clinical isolates of fosfomycin- and/or nitrofurantoin-resistant
UTI-producing Escherichia coli. We amplified and sequenced murA, glpT, uhpT, uhpA, ptsI, cyaA, nfsA,
nfsB, and ribE genes, and screened plasmid-borne fosfomycin-resistance genes fosA3, fosA4, fosA5,
fosA6, and fosC2 and nitrofurantoin-resistance genes oqxA and oqxB by polymerase chain reaction.
Among 29 isolates studied, 22 were resistant to fosfomycin due to deletion of uhpT and/or uhpA genes,
and 2 also possessed the fosA3 gene. Some modifications detected in sequences of NfsA (His11Tyr,
Ser33Arg, Gln67Leu, Cys80Arg, Gly126Arg, Gly154Glu, Arg203Cys), NfsB (Gln44His, Phe84Ser,
Arg107Cys, Gly192Ser, Arg207His), and RibE (Pro55His), and the production of truncated NfsA
(Gln67 and Gln147) and NfsB (Glu54), were associated with nitrofurantoin resistance in 15/29 isolates;
however, the presence of oqxAB plasmid genes was not detected in any isolate. Resistance to
fosfomycin was associated with the absence of transporter UhpT expression and/or the presence of
antibiotic-modifying enzymes encoded by fosA3 plasmid-mediated gene. Resistance to nitrofurantoin
was associated with modifications of NfsA, NfsB, and RibE proteins. The emergence and spread
of these resistance mechanisms, including transferable resistance, could compromise the future
usefulness of fosfomycin and nitrofurantoin against UTIs. Furthermore, knowledge of the genetic
mechanisms underlying resistance may lead to rapid DNA-based testing for resistance.

Keywords: Escherichia coli; fosfomycin; nitrofurantoin; antimicrobial resistance

1. Introduction

The high incidence of urinary tract infections (UTIs) and their usually mild character means that
most patients receive empirical antibiotic treatment. However, clinicians are now faced with major
challenges due to multiple factors, including population aging, the presence of allergies or adverse
reactions to antibiotics, an increased number of immunodepressed patients, and, especially, high rates
of multi-resistant pathogens, which can cause therapeutic failure. A good alternative option may be to
return to antibiotics such as fosfomycin and nitrofurantoin [1].
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The characteristics of fosfomycin and nitrofurantoin make them especially useful for UTI treatment,
including their rapid oral absorption, high urine concentration, and bactericide activity against a wide
range of Gram-negative and Gram-positive bacteria. Both are first-line treatments for non-complicated
UTIs of community origin [2]. They have also been reported to preserve their activity against
multi-resistant microorganisms, especially uropathogenic enterobacteria such as Escherichia coli and
extended-spectrum beta-lactamase-producing isolates [3], although these are usually less susceptible
to fosfomycin and nitrofurantoin than are non-producers [4,5].

Currently, resistance to fosfomycin or nitrofurantoin is not common in our setting, and >85%
of bacteria isolated in UTIs are susceptible to these antibiotics. Nonetheless, the gradual decrease
in susceptibility to these drugs may lead to their contraindication as an empirical treatment in the
future [1]. Any expansion of their clinical utilization would, therefore, require the adoption of
epidemiological surveillance measures to detect the possible emergence of resistance [6]. With this
background, the objective of this study was to explore possible molecular mechanisms underlying the
resistance of clinical isolates of UTI-producing E. coli to fosfomycin and nitrofurantoin in our setting.

2. Methods

2.1. Bacterial Isolates

The study included clinical isolates of fosfomycin- and/or nitrofurantoin-resistant E. coli with
significant bacterial count selected from among urine cultures conducted for UTI analysis in the
Microbiology Laboratory of Virgen de las Nieves University Hospital (Granada, Spain). They were
identified by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry
(Bruker Daltonics, Bremen, Germany) as part of the routine microbiology laboratory workup [1].
A disk diffusion procedure (Kirby–Bauer) was also conducted on agar Mueller-Hinton plates, using
McFarland 0.5 bacterial inoculum and disks with 200 µg fosfomycin supplemented with 50 µg
glucose-6-phosphate (G6P) or disks with 300µg nitrofurantoin. Each isolate was defined as "susceptible,”
“intermediate,” or “resistant” according to the Clinical and Laboratory Standards Institute (CLSI)
breakpoints [7]. For fosfomycin, an inhibition zone diameter ≥16 mm was considered susceptible,
13–15 mm intermediate, and ≤12 mm resistant; for nitrofurantoin, an inhibition zone diameter of
≥17 mm was considered susceptible, 15−16 mm intermediate and ≤14 mm resistant. E. coli ATCC
25922 (American Type Culture Collection, Manassas, VA, USA) was used as the control strain in the
susceptibility assays.

Furthermore, in order to identify E. coli isolates producing fosfomycin resistance-mediating
glutathione S-transferases, 20 µL sodium phosphonoformate (PPF) (Sigma-Aldrich, Madrid, Spain)
was added at a concentration of 50 mg/mL on a second disk with 200 µg fosfomycin supplemented
with 50 µg G6P, located at a distance of 30–35 mm from the first. After overnight incubation at
36 ± 1 ◦C, diameters of the growth inhibition zone were compared between the first disk (with PPF)
and the second (without PPF). A difference of ≥5 mm between diameters was considered to confirm
the phenotypic presence of the enzyme [8]. All assays were performed in duplicate.

2.2. Carbohydrate Utilization Test

All isolates were studied to determine the capacity for bacterial growth in the presence of a single
source of carbon, sn-glycerol 3-phosphate (G3P), or G6P, using a previously described procedure [9].
After incubating bacteria in Mueller–Hinton broth for 24 h at 36 ± 1 ◦C in agitation, they were collected
by centrifugation and resuspended in normal saline solution (0.9% NaCl). After five washes (to remove
any remains that may act as carbon source), bacterial suspensions were then streaked onto M9 minimal
medium agar supplemented with glucose (as a positive growth control), with G3P or G6P at 0.2%
(w/v). Bacterial growth was determined after incubation at 36 ± 1 ◦C for 48 h. All assays were
performed in duplicate. The absence of bacterial growth or poor growth with no colony formation in

2
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media supplemented with G3P or G6P was considered to indicate GlpT or UhpT function deficiency,
respectively [9].

2.3. PCR Amplification

Polymerase chain reaction (PCR) was used to amplify murA, glpT, uhpT, uhpA, ptsI, cyaA, nfsA,
nfsB, and ribE genes of E. coli, using previously reported procedures [5,9], separately amplifying two
fragments (cyaA1 and cyaA2) for the cyaA gene. The primer pairs used are listed in Table 1. DNA was
obtained from clinical isolates and E. coli ATCC 25922 (used as control strain) using the PureLink
Microbiome DNA Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA). One microliter of the
purified DNA was added to a master mix containing PCR buffer (1×), MgCl2 (2 mM), dNTPs (0.4 mM),
primers (0.4 µM), and Taq polymerase (1.25 U).

Table 1. Primers used for amplification and sequencing of the Escherichia coli genes involved in
fosfomycin or nitrofurantoin resistance.

Gene Forward Primer Reverse Primer
Amplicon
Size (bp)

Reference

murA 5′-AAACAGCAGACGGTCTATGG-3′ 5′-CCATGAGTTTATCGACAGAACG-3′ 1542

[9]

glpT 5′-GCGAGTCGCGAGTTTTCATTG-3′ 5′-GGCAAATATCCACTGGCACC-3′ 1785

uhpT 5′-TTTTTGAACGCCCAGACACC-3′ 5′-AGTCAGGGGCTATTTGATGG-3′ 1667

uhpA 5′-GATCGCGGTGTTTTTTCAG-3′ 5′-GATACTCCACAGGCAAAACC-3′ 771

ptsI 5′-GAAAGCGGTTGAACATCTGG-3′ 5′-TCCTTCTTGTCGTCGGAAAC-3′ 1908

cyaA1 5′-AACCAGGCGCGAAAAGTGG-3′ 5′-TGATGGCTGATGATCGACTC-3′ 1559 [9]
This studycyaA2 5′-AAAGCTCAGCCGTGAACGC-3′ 5′-ACCTTCTGGGATTTGCTGG-3′ 1648

nfsA 5′-ATTTTCTCGGCCAGAAGTGC-3′ 5′-AGAATTTCAACCAGGTGACC-3′ 1036
[5]

nfsB 5′-CTTCGCGATCTGATCAACG-3′ 5′-CAACAGCAGCCTATGATGAC-3′ 923

ribE 5′-AAGGGAAGCAGCGCACGAA-3′ 5′-GGACAACTGCCAGGAGTAGA-3′ 634 This study

fosA3 5′-GCGTCAAGCCTGGCATTT-3′ 5′-GCCGTCAGGGTCGAGAAA-3′ 282 [10]

fosA4 5′-CTGGCGTTTTATCAGCGGTT-3′ 5′-CTTCGCTGCGGTTGTCTTT-3′ 230
[11]

fosA5 5′-TATTAGCGAAGCCGATTTTGCT-3′ 5′-CCCCTTATACGGCTGCTCG-3′ 177

fosA6 5′-GCTACGGTTCAGCTTCCAGA-3′ 5′-CGAGCGTGGCGTTTTATCAG-3′ 242 This study

fosC2 5′-CGTTCCGTGGAGTTCTATAC-3′ 5′-CTTGATAGGGTTTAGACTTC-3′ 334 [8]

oqxA 5′-GACAGCGTCGCACAGAATG-3′ 5′-GGAGACGAGGTTGGTATGGA-3′ 339
[12]

oqxB 5′-CGAAGAAAGACCTCCCTACCC-3′ 5′-CGCCGCCAATGAGATACA-3′ 240

PCR amplification of murA, glpT, uhpT, cyaA1, cyaA2, nfsA, nfsB, and ribE genes was performed
as follows: 2 min of denaturation at 94 ◦C, followed by 35 cycles of denaturation at 94 ◦C for 30 s,
annealing at 55 ◦C for 30 s and extension at 72 ◦C for 2 min (1 min for nfsA, nfsB, and ribE), with a final
period of extension at 72 ◦C for 5 min. The same conditions were used for the amplification of uhpA

and ptsI genes except that the annealing temperature was 57 ◦C.
For the isolates in which uhpT or uhpA genes could not be detected by the aforementioned procedure,

a new PCR was designed using an outer primer pair (uhpT-F2: 5′-GATGTTAATCGGTATGGCGGC-3′;
uhpT-R2: 5′-CAGTCGCTGGCGGAACAAAT-3′; uhpA-F2: 5′-CGTAATTCTGGAGCTCACCG-3′;
uhpA-R2: 5′-CGCCTGCGTTAGCCAGTAA-3′). Besides re-amplification with outer primers, the
amplification specificity was increased by using the forward outer primer with the reverse inner primer
and the forward inner primer with the reverse outer primer.

Plasmid-borne fosfomycin resistance genes fosA3, fosA4, fosA5, fosA6, and fosC2 and nitrofurantoin
resistance genes oqxA and oqxB were screened by PCR amplification with the primers listed in Table 1,
following previously reported procedures [8,10–12].

All PCR products were separated in 0.8% agarose gel and visualized under UV light after staining
with ethidium bromide.

3
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2.4. Nucleotide Sequencing

Pools of 8 and 10 amplicons were established, and each amplicon was equimolarly normalized in
the pool. Each pool was tagmented (tagged and fragmented) using the Nextera XT transposome, which
fragments the DNA and then tags it with adapter sequences in a single step. The tagmented DNA
was amplified with 12 PCR cycles. The PCR step also adds index 1 (i7), index 2 (i5), and full adapter
sequences required for cluster formation. Each DNA sample was purified using 30 µL of AMPure XP
beads and was resuspended in 50 µL of water. Then, it was quantified using a Qubit® 3.0 Fluorometer
(Thermo Fisher Scientific) and normalized. Pools were sequenced in a high cartridge of 300 cycles
using a NextSeq platform. Data were mapped against the reference sequence of E. coli str. K-12
substr. MG1655 (NCBI Reference Sequence: NC_000913.3). A BAM file was generated, followed by a
variant calling, and the most representative variants were recorded. The online Protein Variation Effect
Analyzer (PROVEAN) platform (http://provean.jcvi.org/index.php) was used to predict the impact of
identified amino acid substitutions on the biological function of each protein [13]. PROVEAN is able to
provide predictions for any type of protein sequence variation, including single or multiple amino
acid substitutions, insertions, or deletions. The platform introduces a delta alignment score based on
the reference and variant versions of a protein query sequence with respect to sequence homologs
collected from the NCBI protein database through BLAST. If the PROVEAN score (P-score) was equal
to or below a predefined cutoff of −2.5, the protein variant was predicted to have a "deleterious" effect
(potential loss of protein structure or function). If the P-score was above the threshold, the variant was
predicted to have a "neutral" effect (no alteration in the structure or function of the protein).

3. Results

A total of 29 fosfomycin- and/or nitrofurantoin-resistant clinical isolates were identified: 8 were
resistant to both fosfomycin and nitrofurantoin, 14 were resistant to fosfomycin and susceptible to
nitrofurantoin, and 7 were susceptible to fosfomycin and resistant to nitrofurantoin. Figure 1 depicts
PCR amplification of chromosomal genes murA, glpT, uhpT, uhpA, ptsI, cyaA (cyaA1 and cyaA2), nfsA,
nfsB, and ribE in E. coli ATCC 25922.

–



−

 

Figure 1. Electrophoresis results of polymerase chain reaction (PCR) products in Escherichia coli ATCC
25922 on 0.8% agarose gel. M: Molecular weight. Lines 1 to 10: PCR products of murA (1542 bp), glpT

(1785 bp), uhpT (1667 bp), uhpA (771 bp), ptsI (1908 bp), cyaA1 (1559 bp), cyaA2 (1648 bp), nfsA (1036 bp),
nfsB (923 bp), and ribE (634 bp), respectively.
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3.1. Fosfomycin Resistance

Table 2 summarizes the characteristics of the 22 fosfomycin-resistant (inhibition zone diameter
≤12 mm around the disk with 200 µg fosfomycin supplemented with 50 µg glucose-6-phosphate) and
7 fosfomycin-susceptible (inhibition zone diameter ≥16 mm around the disk with 200 µg fosfomycin
supplemented with 50µg glucose-6-phosphate) clinical isolates of E. coli according to the CLSI procedure,
displaying the diameter of the bacterial growth inhibition in the presence of PPF, the bacterial growth
capacity in the presence of G3P or G6P as sole carbon source, and the amino acid substitutions in
MurA, GlpT, UhpT, UhpA, PtsI, and CyaA proteins detected in each isolate.

Three of the twenty-two fosfomycin-resistant isolates (strains 789, 809, and 853) showed a single
substitution in the amino acid sequence of MurA (Leu370Ile), categorized as neutral (no alteration in
structure or function of the protein) in the PROVEAN analysis (P-score: −1.995).

Twelve amino acid substitutions were detected in GlpT: Glu448Lys (P-score: 0.486, categorized
as neutral), in all isolates, both resistant and susceptible; Ala16Thr (P-score: −0.713, categorized as
neutral), and Phe133Cys (P-score: −5.549), Gly135Trp (P-score: −7.756), Ala197Val (P-score: −3.472),
and Leu373Arg (P-score: −5.328), all categorized as deleterious (potential loss of protein structure
or function), in susceptible isolates alone; and Met52Leu (P-score: −1.261), Leu297Phe (P-score:
−2.375), Glu443Gln (P-score: 0.014), and Gln444Glu (P-score: −0.106), all four categorized as neutral,
and Gly84Asp (P-score: −6.056) and Pro212Leu (P-score: −9.698), both categorized as deleterious,
in resistant isolates alone.

No amplification product of the uhpT gene was obtained from strains 11 and 26 using the two
primer pairs reported above (loss of entire gene). Amino acid substitution in UhpT (Glu350Gln),
categorized as neutral (P-score: −0.016), was observed in 16 of the 22 fosfomycin-resistant isolates but
in none of the susceptible isolates.

The uhpA gene was detected in all fosfomycin-susceptible isolates, and two of these showed
substitution of Arg46Cys in the protein sequence, categorized as neutral (P-score: −0.268). By contrast,
this gene was detected in only 1 of the 22 fosfomycin-resistant isolates: strain 26 (wild-type).

Three amino acid substitutions were detected in PtsI: Arg367Lys (P-score: 0.842), in all isolates,
both resistant and susceptible; Ala306Thr (P-score: 0.030), in two susceptible isolates alone; and Val25Ile
(P-score: −0.606), in 10 resistant isolates alone; and all three substitutions were categorized as neutral
in the PROVEAN analysis.

Finally, 11 amino acid substitutions were detected in CyaA: Asn142Ser (P-score: 0.016, categorized
as neutral), in all isolates; Gly222Ser (P-score: −3.447, categorized as deleterious), in one of the seven
susceptible isolates; Ala349Glu (P-score: 2.261), Glu362Asp (P-score: −0.286), Asp837Glu (P-score:
0.123), and Thr840Ala (P-score: −0.314) all four categorized as neutral; and Ser356Leu (P-score: −2.624)
and Gly359Glu (P-score: −3.077) both categorized as deleterious, in some susceptible and resistant
isolates; and Ala363Ser (P-score: 0.900), Ala363Gly (P-score: −0.251), and Ser352Thr (P-score: −0.645)
all three categorized as neutral, in fosfomycin-resistant isolates alone.

The effect of these amino acid substitutions on transporters GlpT and UhpT in resistant
and susceptible isolates was evaluated by testing bacterial growth on M9 minimal medium agar
supplemented with G3P or G6P (substrates for GlpT or UhpT, respectively). As reported in Table 2,
all isolates grew on M9 medium with G3P, indicating no significant loss of GlpT function with any
substitution detected in the amino acid sequence of this transporter. However, fosfomycin-resistant
isolates did not grow or showed poor growth on the medium containing G6P, because of the loss of
function of UhpT due to the complete deletion of uhpT (strains 11 and 26) and/or uhpA genes (strains
11, 17, 66, 381, 387, 462, 632, 752, 757, 776, 789, 792, 795, 799, 809, 853, 854, 860, 871, 883 and 891).
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Table 2. Susceptibility to fosfomycin according to the Clinical and Laboratory Standards Institute (CLSI) procedure and supplemented with sodium phosphonoformate
(PPF); bacterial growth on M9 minimal medium agar supplemented with sn-glycerol 3-phosphate (G3P) or glucose-6-phosphate (G6P); and amino acid substitutions in
MurA, GlpT, UhpT, UhpA, PtsI, and CyaA proteins in 29 clinical isolates of Escherichia coli.

Strain
Fosfomycin

Disk 1

Clinical
Category 2

Fosfomycin
Disk Plus PPF 3 G3P 4 G6P 5

Amino Acid Substitutions in
MurA GlpT UhpT UhpA PtsI CyaA

11 6 R 6 + − None

Leu297Phe
Glu443Gln
Gln444Glu
Glu448Lys

Not
detected

Not
detected

Arg367Lys

Asn142Ser
Ala349Glu
Ser352Thr
Ser356Leu
Gly359Glu
Glu362Asp

17 6 R 6 + − None Glu448Lys Glu350Gln
Not

detected
Val25Ile

Arg367Lys

Asn142Ser
Asp837Glu
Thr840Ala

26 12 R 12 + − a None
Gly84Asp
Glu448Lys

Not
detected

None Arg367Lys

Asn142Ser
Ala349Glu
Ser356Leu
Gly359Glu
Glu362Asp
Ala363Ser

Asp837Glu
Thr840Ala

66 6 R 13 + − None Glu448Lys Glu350Gln
Not

detected
Val25Ile

Arg367Lys

Asn142Ser
Asp837Glu
Thr840Ala

302 29 S 30 + + None Glu448Lys None None Arg367Lys
Asn142Ser
Gly222Ser

334 31 S 32 + + None Glu448Lys None None Arg367Lys Asn142Ser

6
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Table 2. Cont.

Strain
Fosfomycin

Disk 1

Clinical
Category 2

Fosfomycin
Disk Plus PPF 3 G3P 4 G6P 5

Amino Acid Substitutions in
MurA GlpT UhpT UhpA PtsI CyaA

381 6 R 6 + − None Glu448Lys Glu350Gln
Not

detected
Val25Ile

Arg367Lys

Asn142Ser
Asp837Glu
Thr840Ala

387 6 R 6 + − None Glu448Lys Glu350Gln
Not

detected
Val25Ile

Arg367Lys

Asn142Ser
Asp837Glu
Thr840Ala

462 12 R 13 + − None Glu448Lys Glu350Gln
Not

detected
Val25Ile

Arg367Lys

Asn142Ser
Asp837Glu
Thr840Ala

632 6 R 6 + − None

Leu297Phe
Glu443Gln
Gln444Glu
Glu448Lys

Glu350Gln
Not

detected
Arg367Lys

Asn142Ser
Ala349Glu
Ser352Thr
Ser356Leu
Gly359Glu
Glu362Asp
Ala363Gly

751 30 S 32 + + None
Ala16Thr

Glu448Lys
None Arg46Cys

Ala306Thr
Arg367Lys

Asn142Ser
Ala349Glu
Ser356Leu
Gly359Glu
Glu362Asp
Asp837Glu
Thr840Ala

752 11 R 11 + − None
Pro212Leu
Glu448Lys

Glu350Gln
Not

detected
Val25Ile

Arg367Lys

Asn142Ser
Asp837Glu
Thr840Ala

7
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Table 2. Cont.

Strain
Fosfomycin

Disk 1

Clinical
Category 2

Fosfomycin
Disk Plus PPF 3 G3P 4 G6P 5

Amino Acid Substitutions in
MurA GlpT UhpT UhpA PtsI CyaA

757 6 R 6 + − a None

Leu297Phe
Glu443Gln
Gln444Glu
Glu448Lys

None
Not

detected
Arg367Lys

Asn142Ser
Ala349Glu
Ser352Thr
Ser356Leu
Gly359Glu
Glu362Asp

776 12 R 12 + − a None Glu448Lys Glu350Gln
Not

detected
Val25Ile

Arg367Lys

Asn142Ser
Asp837Glu
Thr840Ala

789 6 R 6 + − Leu370Ile

Leu297Phe
Glu443Gln
Gln444Glu
Glu448Lys

Glu350Gln
Not

detected
Arg367Lys

Asn142Ser
Ala349Glu
Ser352Thr
Ser356Leu
Gly359Glu
Glu362Asp

792 6 R 6 + − None Glu448Lys Glu350Gln
Not

detected
Val25Ile

Arg367Lys

Asn142Ser
Asp837Glu
Thr840Ala

795 6 R 6 + − None

Leu297Phe
Glu443Gln
Gln444Glu
Glu448Lys

Glu350Gln
Not

detected
Arg367Lys

Asn142Ser
Ala349Glu
Ser352Thr
Ser356Leu
Gly359Glu
Glu362Asp

8
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Table 2. Cont.

Strain
Fosfomycin

Disk 1

Clinical
Category 2

Fosfomycin
Disk Plus PPF 3 G3P 4 G6P 5

Amino Acid Substitutions in
MurA GlpT UhpT UhpA PtsI CyaA

797 20 S 21 + + None
Ala16Thr

Leu373Arg
Glu448Lys

None Arg46Cys
Ala306Thr
Arg367Lys

Asn142Ser
Ala349Glu
Ser356Leu
Gly359Glu
Glu362Asp
Asp837Glu
Thr840Ala

799 6 R 7 + − None

Leu297Phe
Glu443Gln
Gln444Glu
Glu448Lys

None
Not

detected
Arg367Lys

Asn142Ser
Ala349Glu
Ser352Thr
Ser356Leu
Gly359Glu
Glu362Asp

802 30 S 30 + + None

Phe133Cys
Gly135Trp
Ala197Val
Glu448Lys

None None Arg367Lys Asn142Ser

809 6 R 6 + − Leu370Ile

Leu297Phe
Glu443Gln
Gln444Glu
Glu448Lys

Glu350Gln
Not

detected
Arg367Lys

Asn142Ser
Ala349Glu
Ser352Thr
Ser356Leu
Gly359Glu
Glu362Asp

853 6 R 8 + − Leu370Ile

Leu297Phe
Glu443Gln
Gln444Glu
Glu448Lys

Glu350Gln
Not

detected
Arg367Lys

Asn142Ser
Ala349Glu
Ser352Thr
Ser356Leu
Gly359Glu
Glu362Asp

9
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Table 2. Cont.

Strain
Fosfomycin

Disk 1

Clinical
Category 2

Fosfomycin
Disk Plus PPF 3 G3P 4 G6P 5

Amino Acid Substitutions in
MurA GlpT UhpT UhpA PtsI CyaA

854 6 R 6 + − None Glu448Lys None
Not

detected
Arg367Lys Asn142Ser

860 6 R 7 + − None

Met52Leu
Leu297Phe
Glu443Gln
Gln444Glu
Glu448Lys

None
Not

detected
Arg367Lys

Asn142Ser
Ala349Glu
Ser352Thr
Ser356Leu
Gly359Glu
Glu362Asp

871 6 R 14 + − a None

Leu297Phe
Glu443Gln
Gln444Glu
Glu448Lys

Glu350Gln
Not

detected
Arg367Lys

Asn142Ser
Ala349Glu
Ser352Thr
Ser356Leu
Gly359Glu
Glu362Asp
Ala363Gly

872 35 S 35 + + None Glu448Lys None None Arg367Lys
Asn142Ser
Asp837Glu
Thr840Ala

883 11 R 12 + − None Glu448Lys Glu350Gln
Not

detected
Val25Ile

Arg367Lys

Asn142Ser
Asp837Glu
Thr840Ala

891 11 R 11 + − None Glu448Lys Glu350Gln
Not

detected
Val25Ile

Arg367Lys

Asn142Ser
Asp837Glu
Thr840Ala

892 21 S 21 + + None Glu448Lys None None Arg367Lys Asn142Ser
1 Diameter (in mm) of the bacterial growth inhibition halo around the disk with 200 µg fosfomycin supplemented with 50 µg glucose-6-phosphate on Mueller-Hinton agar. 2 Clinical
categories of each isolate against fosfomycin according to CLSI breakpoints (S: susceptible; R: resistant). 3 Diameter (in mm) of the bacterial growth inhibition halo around the disk with 200
µg fosfomycin supplemented with 50 µg glucose-6-phosphate and 20 µL sodium phosphonoformate (PPF) in order to identify E. coli isolates producing fosfomycin resistance-mediating
glutathione S-transferases (between-diameter difference of ≥5 mm considered to confirm the phenotypic presence of the enzyme). 4 Bacterial growth on M9 minimal medium agar
supplemented with 0.2% sn-glycerol 3-phosphate (all isolates showed growth). 5 Bacterial growth on M9 minimal medium agar supplemented with 0.2% glucose-6-phosphate (+: bacterial
growth; −: absence of bacterial growth). a Only poor growth was observed after 48 h of incubation. Not detected: gene not detected by PCR after the different combinations of two pairs of
primers (loss of the entire gene). None: no amino acid substitutions found.
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Furthermore, fosfomycin resistance-mediating glutathione S-transferase was observed in two of
the fosfomycin-resistant isolates (strains 66 and 871) due to a significantly increased bacterial growth
inhibition halo (≥5 mm) in the presence of PPF (Table 2). This phenotypic finding was confirmed
by PCR amplification of the fosA3 gene in both isolates (Figure 2). No fosA4, fosA5, fosA6, and fosC2

plasmid genes were detected in any isolate.

 

respectively, showing an increase of ≥5 mm in growth inhibition halo around the disk of 200 


 

≤14 mm or 13− 
susceptible (inhibition zone diameter ≥17 mm around the 



ofurantoin 

Rib

Figure 2. Detection of fosfomycin resistance-mediating glutathione S-transferase (sodium
phosphonoformate test) and fosA3 gene (electrophoresis) in strains 66 and 871. (A,B) Phenotypic
detection of fosfomycin resistance-mediating glutathione S-transferase in strains 66 and 871, respectively,
showing an increase of ≥5 mm in growth inhibition halo around the disk of 200 µg fosfomycin
supplemented with 50 µg G6P plus sodium phosphonoformate in comparison to the disk containing
200 µg fosfomycin supplemented with 50 µg G6P alone. All assays were performed in duplicate in all
isolates, obtaining the same between-assay results; (C) Electrophoresis results for the PCR products of
fosA3 gene (282 bp) on 0.8% agarose gel in strains 66 (line 1) and 871 (line 2). M: molecular weight.

3.2. Nitrofurantoin Resistance

Table 3 summarizes the characteristics of the 15 nitrofurantoin-resistant or intermediate isolates
(inhibition zone diameter ≤14 mm or 13−15 mm, respectively, around the disk with 300 µg
nitrofurantoin) and the 14 nitrofurantoin-susceptible (inhibition zone diameter ≥17 mm around
the disk with 300 µg nitrofurantoin) clinical isolates of E. coli according to the CLSI procedure. Amino
acid substitutions in NfsA, NfsB, or RibE proteins were detected in all isolates.

Among the 15 nitrofurantoin-resistant or nitrofurantoin-intermediate and 14 nitrofurantoin-
susceptible isolates, 14 amino acid substitutions were detected in the NfsA protein: Glu58Asp
(P-score: −1.866), Ile117Thr (P-score: −0.634), Lys141Glu (P-score: 1.207), Gln147Arg (P-score:
−1.170), and Gly187Asp (P-score: 1.554) all of these categorized as neutral in the PROVEAN analysis
(no alteration in structure or function of the protein), in susceptible isolates; Asp19Asn (P-score: −2.091)
and Ser180Asn (P-score: 0.071) both categorized as neutral, and His11Tyr (P-score: −5.746), Ser33Arg
(P-score: −2.526), Gln67Leu (P-score: −5.860), Cys80Arg (P-score: −11.148), Gly126Arg (P-score:
−7.544), Gly154Glu (P-score: −7.608), and Arg203Cys (P-score: −7.090) all of these categorized as
deleterious (potential loss of protein structure or function), only in isolates with some level of resistance
(resistant or intermediate). In addition, a single nucleotide mutation in the nfsA gene was detected in
strains 757 and 802, leading to truncation of the NfsA sequence in Gln67 (Gln67stop; CAA to TAA) and
Gln147 (Gln147stop; CAG to TAG), respectively. These mutations produced 66 and 146 amino acid
long proteins, respectively, instead of a wild-type protein with 240 amino acids.

11
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Table 3. Susceptibility to nitrofurantoin according to the Clinical and Laboratory Standards Institute
(CLSI) procedure and amino acid substitutions in NfsA, NfsB, or RibE proteins of 29 clinical isolates of
Escherichia coli.

Strain
Nitrofurantoin

Disk 1

Clinical
Category 2

Amino Acid Substitutions in
NfsA NfsB RibE

11 11 R

Ile117Thr
Gly126Arg
Lys141Glu
Gln147Arg
Gly187Asp

Truncated at
Glu54

None

17 27 S
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Val93Ala

Ala174Glu
None

26 24 S
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Val93Ala

Ala174Glu
None

66 14 R
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Val93Ala

Ala174Glu
Arg207His

None

302 14 R None

Gly66Asp
Met75Ile
Val93Ala

Ala174Glu
Arg207His

None

334 15 I Gln67Leu

Gly66Asp
Met75Ile
Val93Ala

Arg107Cys

Pro55His

381 25 S
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Val93Ala

Ala174Glu
None

387 21 S
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Val93Ala

Ala174Glu
None

462 14 R

Cys80Arg
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Val93Ala

Ala174Glu
Gly192Ser

None

632 20 S

Glu58Asp
Ile117Thr

Lys141Glu
Gln147Arg
Gly187Asp

Val93Ala None

751 14 R

Ile117Thr
Lys141Glu
Gly187Asp
Arg203Cys

Gly66Asp
Val93Ala

Ala174Glu
Val51Ile

752 22 S
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Val93Ala

Ala174Glu
None

12



Antibiotics 2020, 9, 534

Table 3. Cont.

Strain
Nitrofurantoin

Disk 1

Clinical
Category 2

Amino Acid Substitutions in
NfsA NfsB RibE

757 16 I
Glu58Asp

Truncated at
Gln67

Val93Ala
Lys122Arg

None

776 19 S
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Val93Ala

Ala174Glu
None

789 24 S

Glu58Asp
Ile117Thr

Lys141Glu
Gln147Arg
Gly187Asp

Val93Ala None

792 25 S
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Val93Ala

Ala174Glu
None

795 16 I

His11Tyr
Glu58Asp
Ile117Thr

Lys141Glu
Gln147Arg
Gly187Asp

Val93Ala None

797 12 R

Ile117Thr
Lys141Glu
Gly154Glu
Gly187Asp

Leu22Ile
Gly66Asp
Val93Ala

Ala174Glu

Val51Ile

799 13 R

Ile117Thr
Lys141Glu
Gln147Arg
Gly187Asp

Val93Ala None

802 12 R
Truncated at

Gln147
Met75Ile
Val93Ala

None

809 28 S

Glu58Asp
Ile117Thr

Lys141Glu
Gln147Arg
Gly187Asp

Val93Ala None

853 20 S

Glu58Asp
Ile117Thr

Lys141Glu
Gln147Arg
Gly187Asp

Val93Ala None

854 16 I None
Gly66Asp
Met75Ile
Val93Ala

None

860 20 S

Ile117Thr
Lys141Glu
Gln147Arg
Gly187Asp

Val93Ala None
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Table 3. Cont.

Strain
Nitrofurantoin

Disk 1

Clinical
Category 2

Amino Acid Substitutions in
NfsA NfsB RibE

871 24 S

Glu58Asp
Ile117Thr

Lys141Glu
Gln147Arg
Gly187Asp

Val93Ala None

872 15 I

Asp19Asn
Ser33Arg
Ile117Thr

Lys141Glu
Gly187Asp

Gln44His
Gly66Asp
Val93Ala

Ala174Glu

None

883 13 R
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Phe84Ser
Val93Ala

Ala174Glu

None

891 23 S
Ile117Thr

Lys141Glu
Gly187Asp

Gly66Asp
Val93Ala

Ala174Glu
None

892 10 R None
Gly66Asp
Met75Ile
Val93Ala

None

1 Diameter (in mm) of bacterial growth inhibition halo around the disk with 300 µg nitrofurantoin. 2 Clinical
categories of each isolate against nitrofurantoin according to CLSI breakpoints (S: susceptible; I: intermediate; R:
resistant). None: no amino acid substitutions were found.

Eleven amino acid substitutions were detected in NfsB: Gly66Asp (P-score: −1.775), Val93Ala
(P-score: 2.155), and Ala174Glu (P-score: 1.621) all of these categorized as neutral, in susceptible
isolates; and Leu22Ile (P-score: 0.334), Met75Ile (P-score: 2.094), and Lys122Arg (P-score: −0.179) all of
these categorized as neutral, and Gln44His (P-score: −4.800), Phe84Ser (P-score: −5.862), Arg107Cys
(P-score: −7.863), Gly192Ser (P-score: −5.961), and Arg207His (P-score: −4.966) all of these categorized
as deleterious, in isolates with some level of resistance (resistant or intermediate). In addition, a single
nucleotide mutation in the nfsB gene (GAA to TAA) was detected in strain 11, leading to a truncation
of the NfsB sequence in Glu54.

Two amino acid substitutions in RibE were detected in three isolates with some level of resistance:
Val51Ile (P-score: −0.363, categorized as neutral) and Pro55His (P-score: −8.840, categorized as
deleterious). Finally, no oqxAB plasmid gene was detected in any isolate.

4. Discussion

4.1. Mechanisms of Resistance to Fosfomycin in E. coli

Mechanisms of resistance to fosfomycin described in various bacteria include the modification
or overexpression of target molecule MurA, a reduced permeability, and irreversible antibiotic
modification. The first two mechanisms are chromosomal, whereas the third can be chromosomal or
encoded in transferable multi-resistance plasmids [14].

4.1.1. Modification or Overexpression of the Target (MurA)

The main action mechanism of fosfomycin is inhibition of the first step of peptidoglycan synthesis.
Its chemical structure is analogous to that of phosphoenolpyruvate (PEP), therefore blocking the active
center of enzyme UDP-N-acetylglucosamine enolpyruvyl transferase (MurA), covalently binding to
the residue of cysteine Cys115 and preventing the binding of the substrate with the enzyme. In E. coli,
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amino acid substitutions in the active center of MurA, specifically Cys115Asp, are related to fosfomycin
resistance [15] but are not common in clinical isolates of this species due to a drastic reduction in
bacterial cell viability [16]. Only a few reports have associated amino acid substitutions in the MurA
sequence of E. coli with resistance, especially Asp369Asn and Leu370Ile [9]. The latter was detected
in 3 of the 22 fosfomycin-resistant isolates in the present study (strains 789, 809, and 853) but the
protein variant was predicted to have a neutral effect in the PROVEAN analysis, with no alteration in
the structure or function of the protein. Although previous crystallization studies found that leucine
in position 370 of MurA does not interfere with its binding to fosfomycin, the fact that it is a highly
preserved residue suggests an important role in the binding of PEP and therefore fosfomycin to the
active site of the enzyme [9].

4.1.2. Permeability Reduction

Fosfomycin can use two transport systems to access the bacterial cytoplasm: glycerol-3-phosphate
transporter (GlpT) and hexose phosphate transporter (UhpT). They are induced by the presence of their
substrates (G3P and G6P, respectively) and require high levels of cyclic AMP (cAMP), whose synthesis
depends on the enzyme adenylate cyclase (CyaA) and is regulated by the phosphoenolpyruvate-protein
phosphotransferase (PtsI) system. The expression of GlpT is determined by a repressor gene, glpR,
given that the interaction of GlpR with G3P increases transcription of the glpT gene. The expression of
UhpT is in turn controlled by various regulating genes (uhpA, uhpB, and uhpC) [14]. This mechanism
of action is unique; it does not confer cross-resistance to other antibiotics and it favors additive action
with beta-lactams, aminoglycosides, glycopeptides, and fluoroquinolones, among others [17].

GlpT and UhpT are transporters with an extensive amino acid sequence homology that appear
in several bacterial species with a high degree of conservation [14]. Various studies of E. coli have
identified modifications of these proteins and/or proteins that regulate their expression (UhpA, PtsI,
and CyaA) due to gene mutations or complete loss [9,18–21]. However, although the most important
fosfomycin-resistance mechanism in this bacterium, modifications in chromosomal genes uhpT, glpT,
uhpA, ptsI, or cyaA are reported to carry a high fitness cost, and clinical isolates with this resistance are
known to be outcompeted by isolates susceptible to fosfomycin [22].

In the present study, all clinical isolates of E. coli presented substitutions in the amino acid
sequence of GlpT. Some of them were detected in fosfomycin-susceptible isolates (Ala16Thr, Phe133Cys,
Gly135Trp, Ala197Val, Leu373Arg, and Glu448Lys). Hence, these substitutions do not appear to be
related per se to an alteration in GlpT function or resistance to the antibiotic. Other substitutions
were solely detected in resistant isolates (Met52Leu, Leu297Phe, Glu443Gln, and Gln444Glu) but were
classified as neutral in the PROVEAN analysis and would have no impact on the biological function
of this protein. According to the PROVEAN analysis, only Gly84Asp and Pro212Leu substitutions
could be significantly related to an alteration of GlpT functionality; however, the two isolates with
this substitution (strains 26 and 752) proved able to grow in the presence of G3P. Hence, all isolates
grew on M9 medium with G3P, indicating no significant loss of GlpT function with any substitution
detected in the amino acid sequence of this transporter.

Among the 22 fosfomycin-resistant E. coli isolates, 4 showed no amino acid substitution in UhpT,
16 showed one substitution (Glu350Gln) and 2 were defective in UhpT due to gene loss (strains 11
and 26). We highlight that the uhpA gene was detected in strain 26 alone and that none of the 22
fosfomycin-resistant isolates were able to grow in the presence of G6P. In the UhpA sequence, the only
substitution was Arg46Cys, which was only detected in two fosfomycin-susceptible isolates; therefore,
it does not appear to be related per se to an alteration in the function of these proteins or to antibiotic
resistance. According to our findings, all of the resistant isolates analyzed were defective in the UhpT
transport system due to uhpT and/or uhpA deletion and showed no growth or only poor growth in a
medium containing G6P as sole carbon source. Therefore, this finding supports the hypothesis that
fosfomycin resistance in E. coli is most frequently attributable to blockage of the entry pathway of

15



Antibiotics 2020, 9, 534

the antibiotic into the bacteria, mainly due to modifications in the UhpT transporter or its regulating
proteins [18,19].

All of the E. coli clinical isolates in the present study showed substitutions in PtsI and CyaA. Given
that some of these were detected in fosfomycin susceptible isolates (Ala306Thr and Arg367Lys in PtsI;
Asn142Ser, Gly222Ser, Ala349Glu, Ser356Leu, Gly359Glu, Glu362Asp, Asp837Glu, and Thr840Ala in
CyaA), they do not appear to be related per se to an alteration in the function of these proteins or to
antibiotic resistance. Some other substitutions in these proteins were only detected in resistant isolates
(Val25Ile in PtsI; Ser352Thr, Ala363Ser, and Ala363Gly in CyaA), as in previous studies [9]; nevertheless,
their contribution to antibiotic resistance in these isolates cannot be affirmed, given that they were
categorized as neutral in the PROVEAN analysis and there was no alteration in the function of GlpT,
which was permeable to G3P. Therefore, it cannot be affirmed that amino acid substitutions in PtsI and
CyaA contributed to resistance to fosfomycin in the clinical isolates of E. coli in the present study.

4.1.3. Enzymatic Modification of Fosfomycin

Two mechanisms may underlie fosfomycin resistance due to the action of modifying enzymes:
epoxide ring opening, catalyzed by FosA enzymes (glutathione S-transferase), FosB (L-cysteine thiol
transferase), or FosX (hydrolase epoxide); or antibiotic phosphorylation by FomA, FomB, or FosC
enzymes [23]. Among these enzymes, FosA3 is the most widely described in E. coli plasmids, largely in
Eastern Asia countries, although its detection is infrequent in Europe [11]. To our knowledge, this is the
first time that the fosA3 gene has been detected in clinical isolates of E. coli in Spain (strains 66 and 871).
Both isolates were also defective in the UhpT transport system due to uhpA deletion; however, the
importance of this finding is that this plasmid-mediated gene may accelerate the dissemination of
fosfomycin resistance in the near future.

4.2. Mechanisms of Resistance to Nitrofurantoin in E. coli

Nitrofurantoin is a prodrug of the nitrofuran family and exerts its antibiotic activity via multiple
mechanisms of action, although none have been fully elucidated. It is known to inhibit: (i) protein
synthesis, (ii) aerobic metabolism, (iii) nucleic acid synthesis, and (iv) cell wall synthesis. Its active
form is generated within the bacterium by the action of nitroreductase enzymes, which reduce the
nitro group coupled to the furan heterocyclic ring, giving rise to active intermediate metabolites that
inhibit the synthesis of proteins involved in DNA, RNA, and carbohydrate metabolism.

Various studies have attributed resistance to nitrofurantoin in E. coli to the loss of intracellular
nitroreductase activity via sequential mutations in nfsA and nfsB genes, which encode oxygen-insensitive
nitroreductases, as well as to deletions affecting the active center of ribE, although the latter have not
yet been reported in clinical isolates. Mutations in genes encoding oxygen-sensitive nitroreductases
have not yet been described [5,24]. However, as in the case of fosfomycin, this nitrofurantoin resistance
is reported to confer a high biological cost, and clinical isolates with this resistance are known to be
outcompeted by susceptible isolates, reducing the likelihood of its detection in clinical isolates [5].

All E. coli clinical isolates in the present study showed substitutions in the amino acid sequence
of NfsA and/or NfsB. As reported above, some were detected in nitrofurantoin-susceptible isolates
(Glu58Asp, Ile117Thr, Lys141Glu, Gln147Arg, and Gly187Asp in NfsA; and Gly66Asp, Val93Ala, and
Ala74Glu in NfsB). Although some of these (positions Ile117 and Lys141 in NfsA; Gly66 and Val93
in NfsB) have been associated with resistance in other studies [5,24,25], they were all classified as
neutral in the PROVEAN analysis. Hence, none of these substitutions appear to be related per se to an
alteration in the function of these proteins or to resistance to the antibiotic.

Other substitutions were detected in resistant isolates alone (His11Tyr, Asp19Asn, Ser33Arg,
Gln67Leu, Cys80Arg, Gly126Arg, Gly154Glu, Ser180Asn, Arg203Cys, and truncation at Gln67 and
Gln147 in NfsA; Leu22Ile, Gln44His, Met75Ile, Phe84Ser, Arg107Cys, Lys122Arg, Gly192Ser, Arg207His,
and truncation at Glu54 in NfsB; Val51Ile and Pro55His in RibE). Some of these (His11, Ser33,
Gln67, Gln147, and Arg203 in NfsA; Gln44, Met75, Arg107, Lys122, Gly192, and Arg207 in NfsB)
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have been associated with nitrofurantoin resistance in other studies [5,24–26]. According to the
PROVEAN analysis, His11Tyr, Ser33Arg, Gln67Leu, Cys80Arg, Gly126Arg, Gly154Glu, and Arg203Cys
in NfsA; Gln44His, Phe84Ser, Arg107Cys, Gly192Ser, and Arg207His in NfsB; and Pro55His in RibE
were predicted to have a deleterious impact on the protein structure. Production of truncated
NfsA (Gln67 and Gln147) or NfsB (Glu54) may have resulted in the inability or reduced ability of
nitrofurantoin-resistant isolates to reduce the nitrofurantoin and produce active intermediates from
the compound. Hence, these amino acid substitutions and/or truncated proteins would be related to
nitrofurantoin resistance.

According to various studies, NfsA inactivation followed by NfsB inactivation is the main
mechanism for high-level nitrofurantoin resistance in E. coli [5,26]. However, several of our
nitrofurantoin-resistant clinical isolates did not show any modification in the NfsA sequence compatible
with resistance (strains 66, 302, 799, 854, 883, and 892). Among these six isolates, we only detected
substitutions in the NfsB sequence compatible with resistance (Arg207His) in the first two. However,
we cannot affirm its association with resistance in the other four, although they presented various
amino acid substitutions. Therefore, the mechanism that produces nitrofurantoin resistance in these
four isolates is yet to be elucidated. Some authors have affirmed that NfsB inactivation in the presence
of a wild-type nfsA gene cannot be associated with resistance [26]; in contrast, according to our findings,
certain NfsB modifications requiring no previous NfsA alterations may be responsible for the functional
alteration of bacterial nitroreductases, as also previously reported [24].

More recently, it has been reported that the presence of OqxAB (a plasmid-encoded multidrug efflux
pump that confers reduced susceptibility to quinolones, tigecycline, chloramphenicol, trimethoprim,
and disinfectants such as quaternary ammonium compounds) would also enhance nitrofurantoin
resistance via an active antibiotic expulsion mechanism in E. coli isolates with previous nitroreductase
modifications, because it has not been possible to relate the presence of OqxAB per se in the bacterium to
antibiotic resistance levels [27]. This plasmid has been widely detected in E. coli and other enterobacteria,
both in human and animal isolates, mainly in China [25,27]; although its presence has also been
reported in Europe [28,29], including Spain [30]. However, this plasmid was not detected in any of
our series of isolates, indicating that nitrofurantoin resistance must involve mechanisms other than
antibiotic extrusion.

Finally, as in the present study, there have been reports of nitrofurantoin-resistant E. coli isolates
with no amino acid substitutions in NfsA, NfsB, and RibE, or presence of the oqxAB plasmid, indicating
the need to identify new mechanisms that explain nitrofurantoin resistance in this bacterium [27].

5. Conclusions

These results suggest that the emergence of fosfomycin resistance in clinical isolates of E. coli in
our setting is largely attributable to the absence of expression of transporter UhpT due to complete
deletion of the uhpT and/or uhpA regulating genes, reducing the permeability of the bacterium to
the antibiotic. To our knowledge, we report for the first time the presence in Spain of the plasmid
gene fosA3, responsible for the enzyme glutathione S-transferase, which inactivates the antibiotic.
We consider this finding to be of major epidemiological importance, given its potential dissemination
not only in E. coli but also other bacteria. Nitrofurantoin resistance can be explained, at least in part, by
the presence of specific modifications in NfsA, NfsB, or RibE proteins. The presence of oqxAB plasmid
genes does not appear to represent an important resistance mechanism among E. coli clinical isolates in
our setting at the present time. The emergence and spread of these resistance mechanisms, including
transferable resistance, could compromise the future usefulness of fosfomycin and nitrofurantoin
against UTIs.
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Abstract: In this study we aimed to characterize antimicrobial resistance in methicillin-resistant
Staphylococcus aureus (MRSA) isolated from bloodstream infections as well as the associated
genetic lineages of the isolates. Sixteen MRSA isolates were recovered from bacteremia
samples from inpatients between 2016 and 2019. The antimicrobial susceptibility of these
isolates was tested by the Kirby–Bauer disk diffusion method against 14 antimicrobial agents.
To determine the macrolide–lincosamide–streptogramin B (MLSB) resistance phenotype of the isolates,
erythromycin-resistant isolates were assessed by double-disk diffusion (D-test). The resistance and
virulence genes were screened by polymerase chain reaction (PCR). All isolates were characterized by
multilocus sequence typing (MLST), spa typing, staphylococcal chromosomal cassette mec (SCCmec)
typing, and accessory gene regulator (agr) typing. Isolates showed resistance to cefoxitin, penicillin,
ciprofloxacin, erythromycin, fusidic acid, clindamycin, and aminoglycosides, confirmed by the
presence of the blaZ, ermA, ermC, mphC, msrA/B, aac(6’)-Ie-aph(2”)-Ia, and ant(4’)-Ia genes. Three isolates
were Panton–Valentine-leukocidin-positive. Most strains (n = 12) presented an inducible MLSB

phenotype. The isolates were ascribed to eight spa-types (t747, t002, t020, t1084, t008, t10682, t18526,
and t1370) and four MLSTs (ST22, ST5, ST105, and ST8). Overall, most (n = 12) MRSA isolates
had a multidrug-resistance profile with inducible MLSB phenotypes and belonged to epidemic
MRSA clones.
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1. Introduction

Staphylococcus aureus is an opportunist human pathogen responsible for numerous types of
infections, from skin infections, such as abscesses or infected wounds, to life-threatening conditions,
such as endocarditis, osteomyelitis, or septicemia [1]. Some S. aureus strains can be quite virulent
due to the combined action of several virulence factors, the most important being Panton–Valentine
leukocidin (PVL) and toxic shock syndrome toxin, associated with immune evasion, tissue adhesion,
and host cell injury [2]. S. aureus is known for its ability to acquire antibiotic resistance determinants.
In fact, S. aureus has become an important cause of nosocomial infections, particularly methicillin-resistant
S. aureus (MRSA), which is usually associated with a multidrug-resistance profile [3]. Consequently,
MRSA infections are difficult to treat and are a leading cause of morbidity and mortality, especially among
hospitalized patients and humans with weakened immune systems [4]. Due to the increase of MRSA
strains, macrolides, lincosamides, and streptogramin B (MLSB) were often used to treat MRSA infections,
which led to a subsequent cross-resistance to these antibiotics [5]. Different mechanisms are responsible for
the MLSB resistance, the most common being the target modification mediated by the erm (erythromycin
ribosome methylase) gene [6]. In staphylococci, ermA and ermC are the main genes conferring the MLSB

resistance phenotype, which can be constitutive or inducible [7]. Healthcare-associated MRSA rates
vary considerably across countries in Europe, with a high prevalence in Southwest Europe and a lower
prevalence in Northeast Europe [8]. The prevalence of MRSA in Portugal has remained one of the
highest among the European countries in recent years—around 40% of S. aureus isolates from hospitalized
individuals with infection in Portugal have been identified as MRSA. The predominant clonal complexes
responsible for hospital infections in Portugal are CC22 and CC5, with the epidemic methicillin-resistant
Staphylococcus aureus 15 (EMRSA-15) clone being the most prevalent [9].

S. aureus is considered one of the most important and common pathogens causing bloodstream
infections and is the second leading cause of sepsis in industrialized countries [10]. Both hospital-
and community-acquired MRSA bacteremia are associated with various clinical manifestations,
such as metastatic infections, endocarditis, septic arthritis, osteomyelitis, and septic shock [11].
Community-acquired MRSA bacteremia has now surpassed hospital-acquired bacteremia worldwide,
and it is frequently associated with other diseases, such as diabetes, ulcers, or chronic renal disease [12].
Despite the existence of an adequate treatment, MRSA is responsible for mortality rates of 20% to 40%
in a period of 30 days [13]. Given the extreme severity of clinical complications from a generalized
infection caused by S. aureus and its association with resistance to methicillin and most β-lactam
antibiotics, it is extremely important to study the genetic characteristics of the most prevalent strains
responsible for bacteremia in order to more effectively target the strategies for controlling these
infections [14]. This study aimed to isolate and characterize the antimicrobial resistance and genetic
lineages of MRSA strains isolated from bloodstream infections.

2. Results

A total of 16 MRSA isolates were obtained from 103 hospitalized patients with bacteremia over
the 3-year study period, corresponding to a patient incidence of 15.5%. Table 1 shows the genotypical
characterization of the MRSA strains. All isolates were resistant to cefoxitin and harbored the mecA
gene. Eleven isolates belonged to SCCmec type IV and five to type II. The isolates were ascribed to
eight spa types (t747, t002, t020, t1084, t008, t10682, t18526, and t1370). The 16 isolates were grouped
into five different sequence types (STs), namely ST22 (n = 9), ST5 (n = 2), ST105 (n = 2), ST8 (n = 2),
and ST5984 (n = 1). ST5984 was first described in this study and differs from ST105 by a one-point
mutation on the arcC locus. The isolate categorized as ST5984 belonged to spa-type t1084, SCCmec,
and agr type II and presented resistance to penicillin, erythromycin, ciprofloxacin, and fusidic acid.
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Table 1. Antimicrobial resistance, virulence factors, and molecular characteristics of methicillin-resistant Staphylococcus aureus (MRSA) strains isolated from
blood cultures.

Isolate
Antimicrobial Resistance

Virulence
Molecular Typing

Phenotype Genotype a MLST (CC) spa SCCmec agr

VS2761 FOX, PEN, ERY, DA 1, CIP mecA, ermC, msr(A/B) hlA 22 (22) t747 IV I

VS2762 FOX, PEN, ERY, DA 2, CN, CIP
mecA, blaZ, ermA, msr(A/B),

aac(6’)-Ie-aph(2”)-Ia
hlA 105 (5) t002 II II

VS2763 FOX, PEN, CIP mecA, blaZ hlA, hlB, etA 22 (22) t747 IV I
VS2764 FOX, PEN, ERY, DA 2, CIP mecA, blaZ, ermC, msr(A/B), mphC hlA, etA 22 (22) t747 IV I
VS2765 FOX, PEN, ERY, DA 2, CIP mecA, blaZ, ermC, msr(A/B), mphC lukF/lukS-PV, hlA, hlB, etA 22 (22) t747 IV I

VS2766 FOX, PEN, ERY, DA 1, CN, TOB, CIP
mecA, blaZ, ermC, msr(A/B), mphC,

aac(6’)-Ie-aph(2”)-Ia, ant(4’)-Ia
lukF/lukS-PV, hlA, hlB, etA 22 (22) t020 IV I

VS2767 FOX, PEN, CIP mecA, blaZ hlA, hlB, etA 22 (22) t747 IV I
VS2768 FOX, PEN, ERY, DA 2, CIP mecA, blaZ, ermC, msr(A/B), mphC lukF/lukS-PV, hlA, etA 22 (22) t747 IV I
VS2769 FOX, PEN, ERY, DA 2, CIP mecA, blaZ, msr(A/B), mphC hlA, hlB 5 (5) t002 II II
VS2770 FOX, PEN, ERY, DA 2, CIP, FD mecA, blaZ, ermA, ermC, msr(A/B), mphC hlA, hlB 5984 t1084 II II
VS2771 FOX, PEN, ERY, DA 2, CIP mecA, blaZ, ermC, msr(A/B), mphC hlA 8 (8) t008 IV I
VS2772 FOX, PEN, CIP mecA, blaZ hlB 5 (5) t002 II II
VS2773 FOX, PEN, ERY, DA 2, CIP mecA, blaZ, ermA, ermC, msr(A/B), mphC hlB 105 (5) t10682 II II
VS2774 FOX, PEN, ERY, DA 1, CIP mecA, blaZ, ermA, mphC hlB, etA 22 (22) t18526 IV I
VS2775 FOX, PEN, ERY, DA 2, CIP mecA, blaZ, ermA, ermC, msr(A/B) hlB, etA 22 (22) t1370 IV I
VS2776 FOX, PEN, FD mecA, blaZ hlB 8 (8) t008 IV I
1 Constitutive MLSB (cMLSB) phenotype; 2 Inducible MLSB (iMLSB) phenotype; FOX: cefoxitin; PEN: penicillin; ERY: erythromycin; DA: clindamycin; CN: gentamicin; TOB: tobramycin;
CIP: ciprofloxacin; FD: fusidic acid; MLST: multilocus sequence typing; ST: sequence type; CC: clonal complex; SCCmec: staphylococcal cassette chromosome mec; a mecA gene encodes the
protein PBP2A; blaZ encodes the protein BlaZ; erm genes encode the rRNA adenine N-6-methyltransferase, msr(A/B) encodes the peptide methionine sulfoxide reductase; mphC encodes the
macrolide 2’-phosphotransferase; aac(6’)-Ie-aph(2”)-Ia encodes the bifunctional enzyme AAC/APH; and ant(4’)-Ia encodes the aminoglycoside O-nucleotidyltransferase ANT(4’)-Ia
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The majority of the isolates (n = 9) were typed as ST22 and SCCmec IV, also known as the
EMRSA-15 clone. Six of these isolates were spa-type t747, and the other three were t020, t18526,
and t1370. EMRSA-15 isolates were resistant to penicillin, and eight out of nine harbored the blaZ gene.
Seven isolates showed resistance to erythromycin, and three were coresistant to clindamycin, showing a
constitutive MLSB (cMLSB) phenotype. Four erythromycin-resistant isolates did not show clindamycin
resistance; however, they were positive upon D-testing and were considered inducible MLSB (iMLSB)
isolates. The observed MLSB phenotypes were mostly determined by identification of combinations of
two or more genes: ermC + msr(A/B) (n = 1), ermA + mphC (n = 1), ermA + ermC + msr(A/B) (n = 1),
and ermC + msr(A/B) + mphC (n = 4). Only one isolate was resistant to aminoglycosides, namely
gentamicin and tobramycin, and harbored the resistance genes aac(6’)-Ie-aph(2”)-Ia and ant(4’)-Ia.
Regarding the virulence factors, three isolates were PVL-positive, all isolates harbored the genes
encoding hemolysins, and eight isolates carried the eta gene. All EMRSA-15 isolates belonged to agr

type I.
Two isolates were typed as ST5-SCCmec II and one isolate as ST105-SCCmec II (New York/Japan

and New York/Japan (related) clones, respectively). Both isolates were ascribed to spa-type t002.
These isolates showed resistance to penicillin and ciprofloxacin and harbored the blaZ resistance gene.
Two isolates showed an iMLSB phenotype and carried the gene combinations of ermA + msr(A/B) and
msr(A/B) + mphC. One isolate carried the aac(6’)-Ie-aph(2”)-Ia gene encoding resistance to gentamicin.
None of the isolates were positive for PVL; nevertheless, all isolates were positive for genes encoding
hemolysins, and all were agr type II.

Finally, two isolates belonged to ST8 and SCCmec type IV (variant of the USA300 clone).
Both isolates were typed as t008. One of the isolates showed a multidrug-resistant phenotype
with resistance to penicillin, ciprofloxacin, and erythromycin and inducible resistance to clindamycin,
harboring the respective resistance genes blaZ, ermC, msr(A/B), and mphC. The second isolate showed
resistance to penicillin and fusidic acid. Both isolates belonged to agr type I and carried the genes
encoding alpha- and beta-hemolysins.

3. Discussion

A total of 103 cases of bacteremia were identified at the local hospital between 2016 and 2019,
of which 15.5% were caused by MRSA. All isolates were typically epidemic hospital-acquired MRSA
(HA-MRSA) clones. MRSA bacteremia has been reported worldwide, and its frequency varies from
one country to another. In 2018, the percentage of invasive MRSA in bacteremia in different parts
of Europe varied from 0.0% to 43.0% with an average of 16.4% [15]. Notably, in Southern European
countries, such as Italy, Romania, Greece, and Cyprus, these rates were higher than in other European
countries. In Portugal, the percentage of invasive MRSA in bacteremia was 38.1%. MRSA bacteremia
treatment is challenging, especially when dealing with multidrug-resistant strains. Indeed, in our
study, 12 of the 16 isolates were considered multidrug-resistant since they presented resistance to
antibiotics belonging to at least three distinct classes of antimicrobials.

EMRSA-15 is one of the most recurrent HA-MRSA clonal lineages in recent years [16,17]. This clone
is known for its rapid spread and is responsible for causing several invasive infections, such as
bacteremia [18]. EMRSA-15 carries SCCmec type IV, which is frequent in HA-MRSA clones and is
smaller and has a lower fitness cost compared to SCCmec types II and III, increasing the clone’s ability
to spread worldwide [19]. In 2013, a study conducted by Faria et al. reported that EMRSA-15, followed
by ST105-II, was the dominant clone among MRSA bloodstream infections in Portugal [20]. EMRSA-15
was also the predominant clone found in our study. Since 2001, this clone has been repeatedly isolated
in hospitalized patients, communities, the environment, and animals in Portugal, replacing the resident
HA-MRSA clones and becoming the main clone in this country [21]. Initially, the EMRSA-15 clone in
Portugal was characterized by spa-types t747, t032, and t2357; however, as EMRSA-15 became the main
clone, there was an increase in spa diversity [20]. Nevertheless, in this study, spa-type t747 was the
most common. One of the EMRSA-15 isolates belonged to spa-type t020, which is a well-established
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type in Germany and is highly associated with EMRSA-15 [22,23]. spa-types t18526 and t1370 were
also detected in this study, each in one isolate. The spa-type t18526 was reported for the first time
in one of our previous studies conducted with samples from the same hospital with MRSA strains
isolated from infected diabetic foot ulcers, in which the most prevalent clone and spa-type were also
EMRSA-15 and t747 [9]. As for t1370, it was the predominant clone in an outbreak in a neonatal unit in
the UK and in human patients in New Zealand and was always associated with EMRSA-15 [24,25].
The presence of PVL-encoding genes was only detected in EMRSA-15 isolates. Similar results were
obtained by Goudarzi et al. when studying the molecular characteristics of MRSA strains from
patients with bacteremia [26]. Although the PVL toxin is often associated with skin and soft-tissue
infections, studies have shown an association between PVL and severe invasive infections [27]. PVL and
SCCmec type IV presence are often used as markers of community-associated MRSA (CA-MRSA).
This assumption may be inaccurate since it frequently includes the EMRSA-15 and USA800 clones,
which are epidemiologically HA-MRSA [18]. The eta gene was found only among EMRSA-15 isolates,
and consistent with other studies, all eta genes belonged to SCCmec type IV [26]. Furthermore, the etb

gene was not detected in our study, which is in accordance with other studies that showed that invasive
MRSA strains carried the eta gene but few or none carried the etb gene [26,28]. All EMRSA-15 isolates
in our study belonged to agr type I, in agreement with other studies in which agr I, followed by agr

II, was the most common type in MRSA bacteremia [29,30]. Furthermore, Ben Ayed et al. showed
that agr I was associated with invasive infections, bacteremia in particular [31]. However, agr locus is
strongly associated with bacterial genetic background, and therefore its prevalence may be driven by
the genotypes circulating in each hospital. Goudarzi et al. reported that MRSA bacteremia isolates
belonging to SCCmec IV and II isolates were distributed among agr type III [26]. In another study, agr II
was the most common agr type in MRSA bacteremia strains, followed by agr I; however, the majority of
strains belonged to CC5, which suggests that agr type may also be associated with clonal complex [32].
Indeed, Aschbacher et al. showed that bacteremia isolates belonging to CC22, CC5, and CC8 were
agr types I, II, and I, respectively [30]. These results are in accordance with our study, in which all
USA300 isolates belonged to agr type I, and all New York/Japan clones were agr type II. Three New
York/Japan (or related) clones were detected in bacteremia isolates. This clone has been reported to be
associated with bacteremia and is the most prevalent in France and South Korea [33,34]. The New
York/Japan clone and ST105-MRSA-II were also found in bacteremia isolates in the study by Faria et al.,
who suggested that the ST105-MRSA-II clone could replace EMRSA-15 and be the next clonal wave
of MRSA in Portuguese hospitals [20]. Nevertheless, this shift was not confirmed, since our studies
and other recent studies in Portugal showed that there was no modification in the predominance
of EMRSA-15 [9]. Furthermore, the New York/Japan clone seems to be significantly decreasing in
prevalence in hospitals [35,36]. spa-type t002 is strongly linked with ST105-MRSA-II, since most New
York/Japan isolates reported are type t002. Two ST8-MRSA-IV clones were also isolated in our study.
These clones are a variant of the epidemic clone USA300, since this clone is linked to carriage of PVL
and both of our isolates were PVL-negative. USA300 is sporadically isolated in MRSA infections in
Portugal; this clone is frequently found in the United States (spa-type t008), where it is often responsible
for bacteremia, and is found to a much lesser extent in Europe and the rest of the world [37].

Twelve of the sixteen isolates were resistant to erythromycin; however, only three showed
coresistance to clindamycin and as such were categorized as cMLSB. Those nine isolates were
further characterized by D-test to the MLSB phenotype. All showed the inducible MLSB phenotype.
Both cMLSB and iMLSB harbored several combinations of genes conferring resistance to macrolides
and lincosamides; however, ermA, ermC, or both were present in all isolates. The ermA and ermC genes
are the genes most commonly found in MLSB-resistant S. aureus; nevertheless, MLSB-resistant MRSA
often carries combinations of two or more resistance genes [7,38]. In staphylococci showing an iMLSB

phenotype, the methylase mRNA produced by bacteria is inactive, and the activation only occurs in
the presence of a macrolide. In contrast, in the cMLSB-resistance phenotype, active methylase mRNA
is produced in the absence of a macrolide [38]. Therefore, identifying the MLSB-resistance phenotype
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is essential since strains presenting an iMLSB phenotype may switch to a cMLSB phenotype under
antibiotic pressure, which may lead to treatment failure [38].

4. Material and Methods

4.1. Bacterial Isolates

Blood samples were collected from 103 inpatients with bacteremia infection hospitalized at
the Hospital Centre of Trás-os-Montes e Alto Douro E.P.E., Vila Real, Portugal, from 2016 to 2019.
A small volume of blood culture was inoculated on an oxacillin-resistance-screening agar base (ORSAB)
(OXOID) supplemented with 2 mg/L of oxacillin to isolate MRSA strains and incubated at 37 ◦C for
24 h. Four colonies from each plate were recovered and seeded onto Baird–Parker agar plates for
further identification of possible S. aureus. MRSA strains were identified based on Gram staining,
biochemical tests (catalase, DNase, and coagulase), and genotyping.

4.2. Antimicrobial Resistance Profile

MRSA strains were characterized according to their antibiotic resistance profiles using the
Kirby–Bauer disk-diffusion method against 14 antimicrobial agents: cefoxitin (30 µg), chloramphenicol
(30 µg), ciprofloxacin (5 µg), clindamycin (2 µg), erythromycin (15 µg), fusidic acid (10 µg), gentamicin
(10 µg), kanamycin (30 µg), linezolid (10 µg), mupirocin (200 µg), penicillin (1U), tetracycline
(30 µg), tobramycin (10 µg), and trimethoprim/sulfamethoxazole (1.25/23.75 µg). The tests were
performed according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST,
2018) guidelines except the test for kanamycin, which followed Clinical and Laboratory Standards
Institute standards (CLSI, 2017). Isolates showing resistance to erythromycin were further characterized
by double-disk diffusion (D-test) to determine the MLSB phenotype. Briefly, erythromycin and
clindamycin disks were placed onto inoculated Muller–Hinton plates 15 mm apart from edge to edge.
If the inhibition zone around the clindamycin disk showed a D-shape, the isolate was considered
to have an inducible MLSB (iMLSB) phenotype. Resistance to both erythromycin and clindamycin
indicated a constitutive MLSB (cMLSB) phenotype [39]. Quality control was performed with S. aureus

strain ATCC 25923.
DNA was extracted from fresh cultures as previously described [9]. Briefly, two colonies of fresh

cultures from each isolate were suspended in 45 µL of Milli-Q water. Five microliters of lysostaphin
(1 mg/mL) was added, and the samples were incubated for 10 min at 37 ◦C. Then, 150 µL of Tris-HCl
(0.1 M), 45 µL of Milli-Q water, and 5 µL of proteinase K (2 mg/mL) were added, and the samples were
incubated at 67 ◦C for 10 min. Lastly, the samples were boiled for 5 min at 100 ◦C.

According to the phenotypic resistance of each isolate, the presence of the following antibiotic
resistance genes was investigated by polymerase chain reaction (PCR): blaZ, erm(A), erm(B), erm(C),
erm(T), erm(Y), msr(A/B), mphC, linB, vgaB, vgaC, aac(6’)-Ie-aph(2”)-Ia, ant(4’)-Ia, fusB, and fusC
(Supplementary Table S1).

4.3. Characterization of Virulence Factors

The presence of the virulence genes encoding alpha- and beta-hemolysins (hla and hlb), exfoliative
toxins (eta and etb), toxic shock syndrome toxin (tst), and Panton–Valentine leucocidin (PVL)
(lukF/lukS-PV) was determined by PCR (Supplementary Table S1). Positive and negative controls used
in all experiments belonged to the strain collection of University of Trás-os-Montes and Alto Douro.

4.4. Molecular Characterization

Multilocus sequence typing (MLST) and spa typing were performed for all isolates as previously
described, supported by the public databases MLST and the Ridom SpaServer. According to the
sequence type (ST), each isolate was grouped according to the corresponding clonal complex (CC).
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All isolates were characterized by agr typing and staphylococcal chromosomal cassette mec (SCCmec)
typing (I–V) using specific primers (Supplementary Table S1).

5. Conclusions

We found epidemic HA-MRSA clones, namely EMRSA-15, USA300, and New York/Japan, in
samples recovered from bloodstream infections over a period of 3 years. Our results corroborate
the relatively high prevalence of EMRSA-15 circulating in Portuguese hospitals. Most isolates were
multidrug-resistant and presented an iMLSB or cMLSB phenotype, which may result in a therapeutic
problem of inadequacy of antibiotic treatment and lead to high morbidity and mortality.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/7/375/s1:
Table S1: Primers used for molecular typing and detection of antimicrobial resistance genes in MRSA strains.
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Abstract: This study investigated genomic differences in Australian and Indian Pseudomonas aeruginosa

isolates from keratitis (infection of the cornea). Overall, the Indian isolates were resistant to
more antibiotics, with some of those isolates being multi-drug resistant. Acquired genes were
related to resistance to fluoroquinolones, aminoglycosides, beta-lactams, macrolides, sulphonamides,
and tetracycline and were more frequent in Indian (96%) than in Australian (35%) isolates (p = 0.02).
Indian isolates had large numbers of gene variations (median 50,006, IQR = 26,967–50,600) compared
to Australian isolates (median 26,317, IQR = 25,681–33,780). There were a larger number of mutations
in the mutL and uvrD genes associated with the mismatch repair (MMR) system in Indian isolates,
which may result in strains losing their efficacy for DNA repair. The number of gene variations were
greater in isolates carrying MMR system genes or exoU. In the phylogenetic division, the number of core
genes were similar in both groups, but Indian isolates had larger numbers of pan genes (median 6518,
IQR = 6040–6935). Clones related to three different sequence types—ST308, ST316, and ST491—were
found among Indian isolates. Only one clone, ST233, containing two strains was present in Australian
isolates. The most striking differences between Australian and Indian isolates were carriage of exoU

(that encodes a cytolytic phospholipase) in Indian isolates and exoS (that encodes for GTPase activator
activity) in Australian isolates, large number of acquired resistance genes, greater changes to MMR
genes, and a larger pan genome as well as increased overall genetic variation in the Indian isolates.

Keywords: antibiotic susceptibility; WGS; phylogenetic analysis; DNA mismatch repair system

1. Introduction

Pseudomonas aeruginosa is a ubiquitous bacterium which can cause opportunistic or nosocomial
infections in immuno-compromised patients [1]. P. aeruginosa commonly causes corneal (keratitis) [2],
respiratory, burn and wound infections, and infections related to medical or surgical devices including
ventilator-associated pneumonia [3,4]. P. aeruginosa corneal infections are usually related to contact
lens wear, but other risk factors for keratitis in non-contact lens wearers include ocular trauma,
ocular surgery, and prior ocular surface disease [5–8].

The prevalence of multi-drug resistant (MDR) or extensively drug resistant strains of P. aeruginosa

reduces treatment options, significantly increasing morbidity rates [9]. P. aeruginosa is naturally
resistant to some antibiotics due to the possession of specific resistance genes such as catB that confers
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chloramphenicol resistance and an inducible ampC which encodes for a β-lactamase that hydrolyses
cephalothin and ampicillin, conferring resistance toβ-lactams [10]. Additionally, the regulation of efflux
pumps also contributes towards an elevated resistance to antibiotics [11]. For example, expression
of the efflux pump MexAB-OprM contributes towards intrinsic resistance to a broad spectrum
of antibiotics [12], whereas the efflux pump MexXY-OprM is involved in the adaptive resistance
to aminoglycosides [13]. Other resistance mechanisms in P. aeruginosa include the acquisition of
transferrable resistance determinants, including those associated with transposons and integrons [14].
Antibiotic resistance of P. aeruginosa varies according to the region where the strains have been
isolated [15,16] presumably due to the prescribing practices, availability of antibiotics, and perhaps
their use in animal husbandry. Various epidemiological studies have identified MDR P. aeruginosa from
different infections and these isolates have acquired different resistance characteristics. For example,
aminoglycoside resistance [17] and ciprofloxacin persistence [18] are found in cystic fibrosis isolates of
P. aeruginosa. Some of these MDR strains are clonal and such clonal strains are often the predominant
global clinical MDR isolates [19] which spread resistance characteristics into the wider population
which enables clonal lineages to expand with time.

ExoU has been associated with virulence of P. aeruginosa at the ocular surface. ExoU is a
phospholipase that causes mammalian cell death [20] and exoU possession is common in strains
isolated from ocular infections [21]. There is a correlation between carriage of exoU and elevated
resistance to fluoroquinolones and aminoglycosides [22]. ExoU is carried by strains on a genomic
island that also contains resistance genes for a range of antibiotics [23].

In addition to the acquisition of resistance genes, bacteria can develop resistance through mutation
of genes so that antibiotic targets are modified. Mutation rates are elevated in strains that carry
mutations in DNA mismatch repair (MMR) systems and hence such mutator strains will normally carry
more mutations than non-mutator strains [24]. In P. aeruginosa, the MMR system is composed of mutS,
mutL, and UvrD genes [25]. Strains of P. aeruginosa isolated from the lungs of cystic fibrosis patients
have alterations in the DNA MMR system and this has been correlated with multiple antimicrobial
resistance [23].

In Australia, there is a tight regulation of prescribing antibiotics, and antibiotics can only be
obtained legally with a prescription from a qualified healthcare professional according to the Therapeutic
Goods Act 1989. In India, on the other hand, whilst branded antibiotics exist, other forms such as
counterfeit, substandard, and ‘spurious’ antibiotics have been reported [26], making surveillance and
regulation difficult [27]. While the antibiotic consumption per person in Australia and India in 2010
was approximately similar, there was a more rapid increase between 2000 and 2010 in India [28].
These differences may affect antibiotic resistance development.

The aim of the current study was to compare the phenotypic resistance and genetic characteristics
associated with resistance between strains isolated from Australia and India to better understand the
underlying factors that may lead to an increased resistance in P. aeruginosa strains associated with
ocular infection.

2. Results

2.1. Antibiotic Susceptibility

The minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs)
of the P. aeruginosa isolates were determined (Table 1). Strains showing intermediate resistance (I)
as well as full resistance to antibiotics were categorized as resistant (R) for subsequent analyses.
Based on the Centers for Disease Control and Prevention’s (CDC, Atlanta, GA, USA) definition of
multi-drug resistance as “an isolate that is resistant to at least one antibiotic in three or more drug
classes”, isolates 198, 202, 216, 217, 218, 219, 220, and 221 were deemed to be multi-drug resistant.
Australian isolates 223, 224, 225, 227, 233, and 235 were also resistant to three antibiotics but these
antibiotics were not of different classes. Isolates 176, 193, and 206 were sensitive to all antibiotics, but all
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other isolates were resistant to at least one antibiotic. Overall, Indian isolates were more resistant to
antibiotics compared to Australian isolates. Among Australian isolates (n = 14), resistance was 78%
for imipenem, 57% for ceftazidime, 50% for ciprofloxacin, 21% for piperacillin, 14% for levofloxacin,
7% for tobramycin, and no isolates were resistant to gentamicin or polymyxin. In contrast, resistance in
Indian isolates (n = 12) was 75% for ciprofloxacin, 58% for imipenem, 50% for levofloxacin, tobramycin,
and ceftazidime, 41% for piperacillin, 40% for gentamicin, and 25% for polymyxin.

Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of
antibiotics to Pseudomonas aeruginosa keratitis isolates.

Strain
Number

Fluoroquinolones *
Aminoglycosides

β-Lactams

Poly-Peptide
2nd

Generation
3rd

Generation
Penicillin 4th
Generation

Carba-Penem
Cephalosporin
3rd Generation

Cipro µg/mL
≤1, 2, ≥4 #

Levo µg/mL
≤2, 4, ≥8

Genta µg/mL
≤4, 8, ≥16

Tobra
µg/mL
≤4, 8, ≥16

Pipera µg/mL
≤16

Imi µg/mL
≤2, 4, ≥8

Ceftaz µg/mL
≤8, 16, ≥32

PMB µg/mL
≤2, 4, ≥8

MIC/
MBC

MIC/
MBC

MIC/
MBC

MIC/
MBC

MIC/
MBC

MIC/
MBC

MIC/
MBC

MIC/
MBC

123 1/1 1/1 0.25/0.5 4/4 8/16 4(I)/8 2/2 1280(R)/1280
126 0.5/1 0.5/1 0.5/1 0.25/0.5 8/16 8(R)/16 128(R)/256 1/1
127 1/2 0.25/1 2/4 32(R)/128 4/16 4(I)/8 128(R)/256 0.5/1
162 0.5/1 0.5/1 0.25/0.5 0.25/1 8/8 4(I)/4 2/4 0.25/0.5
169 2(I)/4 0.25/0.5 0.25/0.5 0.25/0.5 4/8 2/4 1/2 0.25/0.25
176 0.5/1 0.25/0.5 0.25/0.5 0.25/0.5 4/8 2/8 2/4 0.25/0.5
181 1/4 0.25/0.5 0.25/0.5 0.25/0.5 32(R)/64 4(I)/8 16(I)/32 0.5/1
182 1/2 0.25/0.5 0.25/0.5 0.25/0.5 4/8 8(R)/16 1/2 0.25/0.5
223 64(R)/128 1/2 0.5/1 0.5/1 160(R)/320 1/2 16(I)/32 2/4
224 16(R)/32 1/2 0.25/0.5 0.25/0.5 8/16 64(R)/128 16(I)/32 1/2
225 64(R)/128 16(R)/32 0.5/2 1/2 16/32 64(R)/128 8/16 0.25/0.5
227 64(R)/128 64(R)/128 0.5/1 0.25/1 16/32 16(R)/32 16(I)/32 0.25/0.5
233 8(R)/16 1/2 1/2 105/1 16/32 4(I)/8 160(I)/320 0.5/1
235 16(R)/32 0.5/1 2/4 0.5/1 64(R)/128 4(I)/8 64(I)/128 0.25
188 2(I)/4 1/2 0.5/1 32(R)/64 16/65 0.5/1 4/8 2/4

189 0.25/1 1/2 0.25/0.5 16(R)/32 4/8 2/1 8/16 2/4

193 1/1 0.25/1 0.25/0.25 0.25/0.5 4/8 2/4 2/2 0.5/1

198 1280(R)/2560 320(R)/1280 2560(R)/5120 16(R)/16 8/8 1/2 8/8 4(I)/4

202 640(R)/1280 320(R)/640 8(I)/32 320(R)/640 16/64 8(R)/32 8/32 0.25/0.25

206 1/1 0.5/0.5 1/1 0.25/0.5 8/8 2/4 2/4 0.25/0.5

216 64(R)/128 4 (I)/8 1/2 0.5/2 160(R)/320 16(R)/32 64(R)/128 64(R)/128

217 64(R)/128 32(R)/64 1/2 1/2 64(R)/128 8(R)/16 32(R)/64 0.25/1

218 8(R)/16 1/2 0.5/1 0.5/1 160(R)/320 8(R)/16 64(R)/128 1/4

219 ≥5120(R)/≥5120 640(R)/1280 ≥5120(R)/≥5120 1280(R)/2560 2560(R)/5120 40(R)/80 16(I)/32 0.25/1

220 2(I)/4 0.25/0.5 0.5/1 0.5/1 0.25/0.5 8(R)/16 160(R)/320 8(R)/16

221 2560(R)/5120 2560(R)/5120 2560(R)/5120 2560(R)/5120 64(R)/128 16(R)/32 32(R)/64 0.25/1

Data for Australian isolates (shaded in gray). Data for 123–182 is from a previously published study [29]. Strains 188–221
were Indian keratitis isolates. R = resistant, I = intermediate resistance. * Cipro = Ciprofloxacin, Levo = Levofloxacin,
Genta = Gentamicin, Tobra = Tobramycin, Pipera = Piperacillin, Imi = Imipenem, Ceftaz = Ceftazidime,
PMB = Polymyxin B; # =Antibiotic breakpoints for sensitive, intermediate, resistant classifications.

2.2. General Features of the Genomes

The isolates after de novo assembly consisted of different numbers of contigs ranging from 50 for
isolate 169 to 1917 for isolate 216. The average number of coding sequences was 6162 ± 359.2 for
the Australian isolates and 6544 ± 889 for the Indian isolates. Isolates had an average of 66.1% G +
C content. The tRNA copy number for the isolates ranged from 57 to 86 (which may vary between
studies that use different assembly methods). The general features of the isolates are provided in
Supplementary Table S1.

2.3. Acquired Resistance Genes

P. aeruginosa isolates were examined for horizontally acquired antibiotic resistance genes (Table 2)
using the Resfinder database. Altogether, 33 different acquired antibiotic resistance genes for various
classes of antibiotics including aminoglycosides, fluoroquinolones, beta-lactams were found in these
isolates (Table 2).
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Table 2. Acquired resistance genes in P. aeruginosa isolates from India and Australia.

Genes 
Australian Isolates Indian Isolates 

123 126 127 162 169 176 181 182 223 224 225 227 233 235 188 189 193 198 202 206 216 217 218 219 220 221 

Aminoglycoside resistance genes 

aph(3’)-IIb                                                     

aph(6)-Id                                               l;     

rmtD2                                                     

rmtB                                                     

aph(3’)-VI                                                     

aph(3’)-lIb                                                     

aph(3’’)-Ib                                                     

aac(6’)-Ib3                                                     

aac(3)-IId                                                     

aadA1                                                     

aac(6’)-Ib-cr                                                     

Fluoroquinolone resistance genes 

crpP                                                     

qnrVC1                                                     

Beta-lactamase resistance genes 

blaPAO                                                     

blaLCR-1                                                     

blaOXA-485                                                     

blaOXA-486                                                     

blaOXA-488                                                     

blaOXA-396                                                     

blaOXA-395                                                     

blaOXA-50                                                     

blaOXA-10                                                     

blaTEM-1B                                                     

blaVIM-2                                                     

blaPME-1                                                     

blaPAU-1                                                     

Sulphonamide, tetracycline, macrolide, fosfomycin, and chloramphenicol resistance genes 

sul1                                                     

tet(G)                                                     

mph(E)                                                     

mph(A)                                                     

msr(E)*                                                     

fosA                                                     

catB                                                     

* msr(E) encodes macrolide and lincosamide resistance. Isolates shaded in grey indicate Australian strains. * msr(E) encodes macrolide and lincosamide resistance. Isolates shaded in grey indicate Australian strains. Black color
represents gene presence.

An aminoglycoside resistance gene (aph(3’)-IIb), a beta-lactam resistance gene (blaPAO), a fosfomycin
resistance gene (fosA), and a chloramphenicol resistance gene (catB7) were common to all isolates.
The Australian isolates (123–182) had acquired only eight resistance genes, while the Indian isolates
(188–221) had acquired 26 different resistance genes (Table 2). Five Indian isolates (198, 202, 217, 219,
and 221, with large pan genomes) acquired the largest number of resistance genes. Of these five isolates,
the pairs 198/219 and 202/221 had the most similar resistance gene profiles and each member of the
pair were of the same sequence type, ST308 and ST316 respectively. As acquired resistance genes may
be carried on integrons, the genomes of the P. aeruginosa isolates were analyzed for integrons using
Integron Finder version 1.5.1. qnrCV1 was associated with a class 1 integron in isolates 202 and 221 and
a Tn3 transposon in isolates 198 and 219.
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Several types of non-synonymous variations were found in the core genome of the keratitis
P. aeruginosa isolates when compared with the reference genome of PAO1 (Table 3). These non-synonymous
mutations included single nucleotide polymorphisms (SNPs), multi-nucleotide polymorphisms (MNPs),
deletions, insertions, and complex variations (where more than one change occurred at one specific
location compared to the reference strain). The total variations in the isolates ranged from 76,080 in
isolate 206 to 22,536 in isolate 181. There was a median of 26,317 (IQR = 25,681–33,780) variations in
the genomes of Australian isolates and a median of 50,006 (IQR = 26,967–50,600) in the Indian isolates
(p = 0.09). Based on the grouping of core genome phylogeny, isolates within group 2 (198, 202, 219, 220,
221, 233) had the most variations. Isolate 206, which had a unique sequence type and was placed in a
separate group by pan genome analysis, had an exceptionally high number of variations (76,080) and
SNPs (67,271).

Table 3. Frequency of different types of variation in the genes of P. aeruginosa isolates.

P. aeruginosa
Isolates

Total
Variants

Variant
Complex

Variants
Insertions

Variants
Deletions

Variants
MNP

Variant SNP

123 28,279 1593 187 163 398 25,938
126 26,258 1416 164 159 355 24,164
127 25,760 1362 163 176 391 23,668
162 50,999 3481 281 257 951 46,029
169 50,283 3359 269 245 922 45,488
176 26,065 1372 168 161 342 24,022
181 22,536 1063 162 133 283 20,895
182 25,684 1359 172 180 368 23,605
223 25,672 1358 167 176 402 23,568
224 26,376 1435 163 165 353 24,260
225 28,070 1566 167 156 385 25,796
227 28,000 1560 162 154 370 25,754
233 52,392 3590 285 263 956 47,298
235 24,919 1349 162 171 354 22,883
188 25,833 1435 164 154 351 23,729

189 25,910 1458 165 155 365 23,767

193 26,567 1445 180 147 389 24,406

198 50,631 3503 280 236 945 45,667

202 49,981 3461 257 236 902 45,125

206 76,180 6449 336 371 1653 67,271

216 28,166 1548 183 164 433 25,838

217 51,119 3575 290 226 944 46,084

218 29,161 1676 182 181 430 26,692

219 50,507 3484 273 237 925 45,588

220 50,180 3452 267 234 894 45,332

221 50,030 3477 260 237 906 45,150

SNP = single nucleotide polymorphism; MNP =multi-nucleotide polymorphism. Isolate numbers highlighted in
gray are from Australia.

Non-synonymous mutations were assessed in resistance genes of the P. aeruginosa isolates
(Supplementary Table S2). There were no large differences in the mutations in resistance genes
of any of the isolates except the antibiotic efflux-related genes opmH and rosC. opmH had ≥9 mutations in
all isolates except 127, 162,169, 202, 218, 220, and 221 (mostly isolates of group 2 of core and pan genome
phylogenies except 127 and 218). rosC had 20 non-synonymous mutations including insertions/deletions
in isolate 206, 11 in 233, and ≥5 mutations in isolates 162, 169, 176, 202, 216, 217, 219, 220, and 221
(mostly isolates of group 2 of core and pan genome phylogenies except 176, 216), but ≤3 mutations in
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isolates 123, 126, 123, 181, 182, 188, 189, 193, 198, and 218 (mostly isolates of group 1 of core and pan
genome phylogenies except 198). Mutations in efflux genes encoding efflux pumps were also found,
including mexX, mexT, mexD, mexM, and mexY, although there was no significant difference between
two groups in the possession of mutations in these genes. All other mutations in the genes were random
without any association to sequence type, phylogeny, or susceptibility to antibiotics.

2.4. Possession of exoU and Mutations in the DNA Mismatch Repair System

ExoU was present in the genomes of all isolates in group 2 (core and pan genome phylogenetic
group) as well as isolates 123 and 127. All other isolates possessed exoS with the exception of isolate 126
which possessed both exoU and exoS. To address differences in the numbers of sequence variants between
the isolates, the genes involved in the DNA mismatch repair (MMR) system mutS (that encodes a protein
which binds to errors in DNA), mutL (that encodes a protein that works in synergy with MutS and
activates UvrD), and uvrD (a DNA helicase active in DNA replication) were examined. The mutations
in the MMR system included SNPs, indels, and complex variants. The number of mutations in mutL

ranged from 1 to 2 and mutations in mutS (which ranged between 0 and 2) were found in seven isolates
(Table 4). In uvrD, the number of mutations ranged between 0 and 5 (Table 4). exoU containing isolates
possessed a median of two (IQR = 1–3) mutations in mutL, zero (IQR = 0–2) mutations in mutS, and four
(IQR = 2–5) mutations in uvrD, whereas exoS containing isolates possessed a median of zero (IQR = 0–1)
mutations in mutL, zero (IQR = 0–1) mutations in mutS, and two (IQR = 0–2) median mutations in uvrD.
There were significant differences in the number of mutL (p = 0.0021) and uvrD (p = 0.02) mutations in
exoS and exoU isolates but not with mutS (p = 0.3). Isolate 206, an exoS strain and an outlier in the core
genome analysis, had one mutation in mutL. Details of mutations occurring in nucleotide and respective
proteins are provided in Supplementary Table S3.

Table 4. Possession of exoU and exoS and number and type of non-synonymous mutations in the
mismatch repair system genes in P. aeruginosa isolates.

P. aeruginosa Isolates
Type III Secretion

System Genes
mutL mutS uvrD

123 exoU 1 SNP 0 1 complex
126 exoU/exoS 0 0 0
127 exoU 0 1 MNP 1 MNP, 1 complex
162 exoU 1 SNP 0 2 SNP, 1 MNP, 2 complexes
169 exoU 1 SNP 1 complex 2 SNP, 2 MNP, 1 complex
176 exoS 1 SNP 0 1 SNP
181 exoS 0 0 0
182 exoS 0 0 1 MNP 1complex
223 exoS 0 1 SNP 1 MNP, 1 complex
224 exoS 1 SNP 0 1 MNP, 1 complex
225 exoS 0 0 2 SNP, 2 MNP, 1 complex
227 exoS 0 0 2 SNP, 2 MNP, 1 complex
233 exoU 0 0 1 MNP, 1 complex
235 exoS 0 0 0
188 exoS 0 0 1 MNP, 1 complex

189 exoS 1 SNP 0 1 MNP, 1 complex

193 exoS 0 0 0

198 exoU 2 SNP 0 1 SNP, 3 complexes

202 exoU 1 SNP 1 complex 1 SNP, 2 MNP, 2 complexes

206 exoS 1 MNP 1 complex 0

216 exoS 0 0 0

217 exoU 2 SNP 1 complex 1 SNP, 2 MNP, 1 complex

218 exoS 0 0 0

36



Antibiotics 2020, 9, 600

Table 4. Cont.

P. aeruginosa Isolates
Type III Secretion

System Genes
mutL mutS uvrD

219 exoU 2 SNP 0 1 SNP, 1 MNP, 2 complexes

220 exoU 1 SNP 1 complex 1 SNP, 2 MNP, 2 complexes

221 exoU 1 SNP 1 complex 1 SNP, 2 MNP, 2 complexes

SNP = single nucleotide polymorphism, MNP =multinucelotide polymorphism. Isolates shaded in grey indicate
Australian strains.

2.5. Sequence Type Analysis and Phylogenetics

All Australian isolates were of different sequence types (ST), except 225 and 227 which belonged to
ST233. Among the 12 Indian isolates, one isolate was designated as belonging to a new sequence type,
two isolates (198 and 219) belonged to ST308, two others (188 and 189) belonged to ST491, and three
isolates (202, 220, and 221) belonged to ST316 (Table 5).

Table 5. Sequence types of P. aeruginosa isolates.

P. aeruginosa Isolates Sequence Types Core Genes Shell Genes Pan/Total Genes

123 ST218 5496 508 6004
126 ST2726 5483 712 6195
127 ST845 5483 938 6421
162 ST298 5439 905 6344
169 ST1027 5456 694 6150
176 ST709 5547 1112 6659
181 ST244 5588 1047 6662
182 ST27 5486 1096 6582
223 ST17 5471 1232 6703
224 ST168 5483 607 6090

225 ¤ ST233 5515 1338 6853
227 ¤ ST233 5493 1304 6797
233 NEWST 5440 624 6064
235 ST262 5470 540 6010

188 * ST491 5490 535 6025

189 * ST491 5492 531 6023

193 ST760 5490 594 6084

198 † ST308 5454 1428 6882

202 # ST316 5425 1505 6930

206 NEWST 5331 1084 6415

216 ST1527 5480 1488 6968

217 ST1047 5448 1173 6621

218 ST3083 5513 488 6001

219 † ST308 5451 1796 7247

220 # ST316 5430 948 6378

221 # ST316 5425 1511 6936

PA7 ST1196 3599 4586 8185

PA14 ST253 5436 790 6226

Gray shading denotes Australian isolates. *, †, #, ¤ indicates strains belong to the same sequence types (STs).

The number of core and total or pan (or total) genes were reported from the statistical summary
of Roary v3.11.2. The core genomes of the isolates were aligned using PA7 (Accession number
NC_009656.1), PA14 (Accession number NC_004863.1), and PAO1 (Accession number NC_002516.1) as
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reference strains. The eight published genomes of P. aeruginosa isolates from eye as well as strains from
other sources were also included. The core genes of published isolates are provided in Supplementary
Table S4. The isolates were sub-grouped based on the number of core genes; isolates with a similar
number of core genes were closely aligned and isolates with the same sequence type were grouped
together. The core genomes formed two groups in the phylogenetic tree (Figure 1). Isolates in group 1
tended to have a larger number of core genes than isolates in group 2. Isolate 206, PA57, and PA7 were
outliers based on core genome phylogeny. The Australian and Indian isolates had a similar number of
core genes, whereas the Indian isolates had a larger number of pan genes (10,889) due to the acquisition
of shell genes (genes present in two or more strains) (Table 4).

 

Group 1 

Group 2 

Figure 1. Core genome phylogeny of P. aeruginosa isolates using Parsnp. PAO1 was used as reference.
PA7 and PA14 were also included.

The phylogenetic relationships of these P. aeruginosa isolates were assessed by aligning their pan
genome against PAO1 as a reference. The output generated using Roary showing the gene presence or
absence in all isolates is provided in Supplementary Figure S1. This again divided the P. aeruginosa

isolates into two major groups. Six multi-drug resistant Indian isolates (198, 202, 217, 219, 220, 221) and
the VRFPA04 isolate (isolated from the cornea) were clustered in one group, which also contained the
two Australian isolates 162 and 169. The Indian isolate 216 was categorized in a separate sub-group
due to the large number of shell genes and possession of exoS.

The second group (group 2 of the pan genome analysis) included most of the Australian (123, 126,
127, 162, 176, 181, 182, 223, 224, 225, 227, 235) and Indian (188, 189, 193, 216 218) isolates along with
reference strain PAO1 (Figure 2). Overall, the multi-drug resistant Indian isolates had a large pan
genome (total of 10,889 genes obtained from the statistical summary in Roary v3.11.2). The pan genome
grouping of isolates was broadly based on the number of pan (or total) genes and possession of either
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exoU or exoS in each group, except two Australian isolates 123 and 127 which were in group 2 but
possessed exoU. The other exception to this grouping pattern was for isolates 181 and 182 which had
large pan genomes and were clustered into group 1 but carried exoS.

 

Group 1 

Group 2 

Figure 2. Pan genome phylogeny of P. aeruginosa isolates. Branches with no color representation
indicate non-ocular isolates. Red color indicates Australian, blue color represents Indian, and orange
color represents published eye isolates. Green color represents reference strains. Purple color represents
reference strains.

The isolates of group 2 usually had a large number of pan genes and were exoU+. Isolates having
similar numbers of pan genes were sub-grouped together. For example, isolate 193 (pan genes = 6084)
and 218 (pan genes= 6001) were sub-grouped together. Isolate 218 had a similar number of pan genes to
isolate 123 (pan genes = 6001), but isolate 218 possessed exoS, while 123 possessed exoU, and thus these
were not grouped together. Isolates belonging to the same sequence type were also grouped together.
The MDR isolates, the isolates with same STs, and isolates with large gene variations were clustered in
one pan-group. The previously published isolates PA_D1, PA_D2, PA_D9, and PA_D16 with the same
ST and those with large shell genes were grouped with the MDR isolates of the current study.

3. Discussion

This study investigated genomic differences in Australian and Indian P. aeruginosa isolates from
keratitis. Phenotypically, more resistance was found in Indian isolates compared to Australian isolates
as has been shown in previous studies [30,31]. Unregulated antibiotic use in India has been linked
to increased antibiotic resistance [32]. Resistance to antibiotics is problematic even in the treatment
of keratitis, where a topical application of antibiotics is used. Infection with antibiotic resistant
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strains results in prolonged infection [33], more severe keratitis [5], and an increase in the cost of
treatment [34,35].

Indian P. aeruginosa strains harbored more resistance genes compared to Australian isolates,
although aph(3’)-IIb, blaPAO1 (fosA), and catB7 were found in all isolates, which was consistent
with previous studies [31,36]. qnrVC1 was found in four Indian isolates but no Australian isolates.
This fluoroquinolone resistance gene has not been previously reported in P. aeruginosa ocular isolates [31],
but it has been reported in burns isolates and has been identified as being carried on an integron [37].
Similarly, in the current study qnrVC1 was carried on a class 1 integron in isolates 202 and 221,
but integrated into a Tn3 transposon in isolates 198 and 219. This gene has also been isolated from the
high risk ST773 clone of P. aeruginosa from urine in Hungary [38]. High risk clones are isolates with
high mutational rates in resistance genes and those that have acquired a large number of resistance
genes. As previously described, resistance to fluoroquinolones in keratitis P. aeruginosa isolates was also
due to mutations in the quinolone resistance determining regions of gyrA and parC [15]. Possession of
qnrVC1 and mutations in gyrA and parC were associated with high levels of fluroquinolone resistance.
The possession of large numbers of acquired resistance genes by Indian isolates likely contributed to
the higher rates of resistance of these isolates. The Indian isolates 198, 202, 217, 219, 220, and 221 also
had a high number of gene variations which is an independent mechanism of resistance.

The aminoglycoside resistance gene aph(6)-Id which encodes for streptomycin resistance was found
in six Indian isolates, including the four that carried qnrVC1, but in no Australian isolates. Previously,
aph(6)-Id was found in only one Indian ocular isolate from 1997 [31], but has been found in cystic fibrosis
P. aeruginosa isolates [39] and has been associated with the transposon Tn5393 on a plasmid in one
strain of P. aeruginosa [39]. As streptomycin is no longer used in clinical treatment [40], this resistance
may not be clinically relevant but does suggest environmental selection for the persistence of this gene.

The total number of gene variants found in the Indian isolates 198, 202, 219, and 221 were
greater than Australian isolates. However, there were a small number of SNPs found in the genes
associated with resistance for these isolates. The Indian isolate 206 (NEWST) had a high number of
SNPs in antibiotic resistance genes mexC, mexD, mexM, mexX, mexS, opmE, mexP, mexK, oprJ, ampC,
rosC, and mprF. There was no difference in the mutations of other mex genes including mexX, mexT,
mexD, mexM, and mexY between Australian and Indian isolates. Given that most isolates from both
countries, whether they were sensitive or resistant, had a similar number of mutations in the resistance
genes, it is likely that the resistance to antibiotics was related to the possession of acquired resistance
genes rather than mutations in chromosomal genes.

In the Australian isolates, four out of the eight isolates (50%) carried exoU, while one isolate was
both exoU+/exoS+ and three (38%) were exoS+. In Indian isolates, 50% carried exoU and 50% carried exoS.
A previous study has also shown an equal ratio of both genes [41] in keratitis isolates. The possession of the
exoU genotype in P. aeruginosa ocular isolates has been related to elevated resistance to disinfectants [42],
fluoroquinolones [43], and multiple antibiotics [41]. Furthermore, one study reported worst clinical
outcomes and more resistance by exoU carrying isolates [43]. The isolates of this study showed similar
findings because the exoU+ isolates 198, 202, 217, 219, 220, 221, and 233 were also MDR.

The DNA mismatch repair system (MMR) in P. aeruginosa is based on the protein trimer
MutS-MutL-UvrD and functions to correct errors and preserve the integrity of the genome [24,44,45].
The mutH component of MMR, which is important in other Gram negative bacteria, such as E. coli [46],
has not been found previously in P. aeruginosa [25] and was not present in the isolates of the current study.
Mutations in mutS, mutL and uvrD can reduce the ability of the bacterium to repair DNA lesions [46].
Strong mutator strains have defects in their MMR system and mutations in mutS predominate [47].
Mutations in the MMR can be a reason for the development of hypermutations in isolates. In cystic
fibrosis, hypermutations were found to be a key factor in the development of MDR resistant P. aeruginosa

strains [23]. Similar findings were found in this study where isolates 198, 202, 206, 219, and 221 had
mutations in the MMR genes, and these isolates had an overall larger variation in their genomes.
In the current study, isolates had more mutations in mutL and uvrD, suggesting the strains may not be
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strong mutators (which is usually associated with mutation in mutS), but nevertheless can undergo
uncorrected genetic changes. Indeed, the P. aeruginosa isolates in the current study which had mutations
in mutL and uvrD had greater numbers of SNPs, insertions and deletions, acquired genes, and had large
pan genomes. Among these isolates, 198, 202, 219, and 221 possessed either the transposon Tn3 or class
1 integrons which carried the acquired genes. This also might be due to mutated MMR, as mutations
in MMR genes increase the chances of horizontal gene transfer in mutator isolates [47]. The number of
mutations in MMR was greater in exoU possessing isolates with large gene variations. exoU is carried
on genomic islands [48,49] and these exoU carrying isolates had larger pan genomes with possession of
mobile genetic elements. Therefore, the isolates with the mutated MMR systems may have a greater
ability of strains to accumulate gene variations and the acquisition of exoU. Isolate 206, on the other
hand, possessed exoS and was not MDR but possessed a large number of SNPs and a large pan genome
with one mutation in each of mutS and mutL. Further in-depth studies are required to understand the
influence of the MMR system on genomic changes in P. aeruginosa.

Analysis of the sequence types of the P. aeruginosa ocular isolates revealed the presence of three
clones, two in the Indian and one in the Australian isolates. The isolates with the same STs had mostly
the same phenotypic and genotypic features. The exception to this was isolate 220 that had acquired
fewer resistance genes compared to the other two isolates 202 and 221 of ST316. Previously, five ocular
P. aeruginosa strains from India isolated in 1997 were of sequence type ST308 [31]. The two isolates of
ST308 in the current study, isolated in 2017 and 2018, had acquired more resistance genes compared
to isolates from 1997 [31]. This indicates that the clonal isolates have continued to evolve over this
time period, although the specific selection factors driving those changes are yet to be elucidated.
None of the isolates were collected from the same patient. The majority of the isolates with the same
STs grouped in the same phylogeny including previously published isolates (PA_D1, PA_D2, PA_D9,
P_D16) with ST1971.

Core and pan genome phylogenies of the isolates produced two almost identical groups, which
was in agreement with previously published studies [31,50]. Both phylogenies included isolates from
either Australia or India, but those in group 2 tended to be the MDR Indian isolates and possessed
higher numbers of antibiotic resistance genes. About 65% of all ocular isolates grouped together which
indicated less diversity in the ocular P. aeruginosa isolates [31,51,52]. The grouping of MDR strains
from this study with PA14 along a MDR ocular isolate VRFPA04 [36] in both core genome and pan
genome analysis, and the grouping of the sensitive strains with PAO1 along the commonly studied
cystic fibrosis isolates DK2 and LESB58, was similar to a previous study examining older isolates
from India and Australia [31]. Isolate 206, which had the smallest number of core genes and was of
a new sequence type, was an outlier in the core genome phylogeny similar to the taxonomic outlier
PA7 [53]. However, isolate 206 was grouped together with other isolates in the pan genome because
it had acquired a large number of genes. Acquired genes are part of the pan rather than the core
genome [53] and the presence of larger pan genomes in MDR P. aeruginosa isolates points towards the
acquisition of new genes [54]. Previously, a smaller core genome size of 4910 genes has been reported
in ocular P. aeruginosa isolates [31]. However, the current study found a core genome size similar to
P. aeruginosa from different sources, comprising 5316–5233 genes [55,56]. The core genome (which is
almost 90% of total genome) refers to the conserved genes present in a species [57] which might differ
in each individual strain within that species. Additionally, SNPs can be a result of poor sequencing
quality and hence it is important to have a good sequencing depth at those positions to identify them
as a mutation rather than sequencing error [58]. Grouping of all the isolates including ocular and
non-ocular remained the same in both core and pan genome phylogeny.
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4. Materials and Methods

4.1. P. aeruginosa Strains and Susceptibility Testing

Twenty-six P. aeruginosa keratitis isolates, eight isolated in Australia from 2004 to 2006, six from
2018 and 2019 (total 14 Australian isolates), and twelve isolated in India between 2017 and 2018, were
included in this study. These isolates were selected from a larger collection of strains based on their
antibiotic susceptibilities (those phenotypically resistant to multiple antibiotics, some resistant to one or
multiple antibiotics, and some which were sensitive to all antibiotics). The susceptibilities of Australian
strains (2004–2006) included in this study have been previously published [29]. Strains were selected
after comparing their susceptibilities to antibiotics that are used to treat ocular infections. For genetic
comparisons, the data of 34 P. aeruginosa isolates from eyes and other sources were also included.
The general characteristics of these isolates are described in Supplementary Table S4. The genomes
of these isolates were downloaded from the NCBI database and reannotated for this study using the
same parameters as of the isolates of this study to avoid any bias in results.

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of
various antibiotics which are commonly used to treat P. aeruginosa keratitis [16] were assessed for the
isolates using the broth microdilution method in 96-well plates following the Clinical and Laboratory
Standard Institute guidelines [59]. The antibiotics tested were ciprofloxacin, levofloxacin, gentamicin,
ceftazidime (Sigma-Aldrich, St. Louis, MO, USA), polymyxin B (Sigma-Aldrich, Vandtårnsvej, Søborg,
Denmark), tobramycin, piperacillin (Cayman Chemical Company, Ann Arbor, MI, USA), and imipenem
(LKT Laboratories Inc., St. Paul, MN, USA). The susceptibility results were interpreted using the
EUCAST v9 [60] and CLSI [61] 2017 breakpoints.

4.2. Genomic Sequencing

DNeasy Blood and Tissue Kits (Qiagen, Hilden, Germany) were used for DNA extraction as
per the manufacturer’s recommendations. The Nextera XT DNA library preparation kit (Illumina,
San Diego, CA, USA) was used to prepare paired-end libraries. All the libraries were multiplexed on
one MiSeq run. FastQC version 0.117 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc) was
used to assess the quality of sequenced genomes using raw reads. Version 0.38 of Trimmomatic [61] was
used for trimming the adapters from the reads following de novo assembly using Spades v3.13.0 [62].
Genomes were annotated using Prokka v1.12 [63].

Sequence types were investigated using PubMLST https://pubmlst.org/. Pan genomes of the
P. aeruginosa isolates were analyzed using Roary v3.11.2 [64] using PAO1 as a reference, while core
genome phylogeny was constructed using Harvest Suite Parsnp v1.2 [65] with strains PAO1, PA7,
and PA14 used as reference strains. The output file ‘genes_ presence_absence’ was used to compare the
P. aeruginosa isolates. Acquired resistance genes were identified using the online database Resfinder v3.1
(Centre for Genomic Epidemiology, DTU, Denmark) [66]. Integron Finder v1.5.1 was used to identify
any integrons present in the isolates. Mutations in the genes were detected using Snippy V2 [67].
Isolates with same sequence types were compared for nucleotide similarities using the MUMmer
online web tool (http://jspecies.ribohost.com/jspeciesws/#analyse).

Using the Pseudomonas genome database (http://www.pseudomonas.com) and comprehensive
antibiotic resistance database (https://card.mcmaster.ca), 76 genes related to P. aeruginosa resistance were
selected to investigate the presence of single nucleotide polymorphisms. All isolates were analyzed
for the presence of the type III secretion system associated virulence factors exoU and exoS using the
BlastN database.

4.3. Statistical Analysis

The statistical analysis was performed using GraphPad Prism v8. Medians were calculated with
the ‘descriptive statistics’ option during analysis of variance (ANOVA). P-values less than 0.05 were
considered as significant. Fischer’s Exact test was used to find the difference between acquired genes.
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To analyze the significant difference in the DNA mismatch repair genes between exoU and exoS isolates
and gene variations in the isolates, the Mann–Whitney test was used.

5. Conclusions

Indian isolates and Australian isolates were clearly distinct in carrying a type III secretion system
related to exoU and exoS. There was an association in the isolates for carrying acquired resistance genes
with a large number of pan genes. Indian isolates were more resistant to antibiotics compared to
Australian isolates. Additionally, isolates of P. aeruginosa from ocular infection had a large number of
genetic variations (mutations) and a mutated mismatch repair system. However, the isolates collected
from the same region or time will give a clearer idea of these differences.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/9/600/s1,
Table S1: Details of the Pseudomonas aeruginosa isolates used in the current study. Table S2: Gene variations
of resistance genes in Pseudomonas aeruginosa isolates (the gray-shaded strains were isolated from Australia).
Nucleotide accession: The nucleotide sequences are available in the GenBank under the Bio project accession
number PRJNA590804. Table S3: Types of mutations in the mismatch repair system; Table S4: Genomics features
of P. aeruginosa isolates; Figure S1: Pan-genome phylogenetic tree. The data on the right of the figure shows the
presence and absence of genes. The tree was built using the genome of PAO1 as a reference.
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Abstract: Wound infections are common medical problems in sub-Saharan Africa but data on the
molecular epidemiology are rare. Within this study we assessed the clonal lineages, resistance
genes and virulence factors of Gram-negative bacteria isolated from Ghanaian patients with chronic
wounds. From a previous study, 49 Pseudomonas aeruginosa, 21 Klebsiella pneumoniae complex members
and 12 Escherichia coli were subjected to whole genome sequencing. Sequence analysis indicated high
clonal diversity with only nine P. aeruginosa clusters comprising two strains each and one E. coli cluster
comprising three strains with high phylogenetic relationship suggesting nosocomial transmission.
Acquired beta-lactamase genes were observed in some isolates next to a broad spectrum of additional
genetic resistance determinants. Phenotypical expression of extended-spectrum beta-lactamase
activity in the Enterobacterales was associated with blaCTX-M-15 genes, which are frequent in Ghana.
Frequently recorded virulence genes comprised genes related to invasion and iron-uptake in E. coli,
genes related to adherence, iron-uptake, secretion systems and antiphagocytosis in P. aeruginosa and
genes related to adherence, biofilm formation, immune evasion, iron-uptake and secretion systems
in K. pneumonia complex. In summary, the study provides a piece in the puzzle of the molecular
epidemiology of Gram-negative bacteria in chronic wounds in rural Ghana.

Keywords: wounds; Gram-negative bacteria; colonization; infection; clonal lineages; resistance
genes; virulence factors

1. Introduction

The microbiology of chronic infected wounds, also on a molecular level, is poorly
understood in sub-Saharan Africa (SSA) [1]. However, studies highlight the importance of
antibiotic resistant Gram-negative bacteria [2–6].
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From other parts in the world, in particular from industrialized countries, information
on the microbiology and the role of biofilm-forming microorganisms causing such infections
are well established [7–10].

In chronic wounds, Pseudomonas aeruginosa is amongst the most frequently isolated
Gram-negative bacteria, associated with biofilm formation [11,12]. Tightly adhering
biofilms pose a challenge in the diagnosis of P. aeruginosa using standard culturing meth-
ods [13].

In comparison, the role of Enterobacterales in chronic wounds has been much less
characterized [14–17]. Studies have shown that geography seems to play a role in the
estimation of their etiological relevance [18]. It was shown that skin colonization with
Gram-negative bacteria is frequent in resource-limited (sub)tropical settings [19–21], in
contrast to skin colonization of individuals from industrialized countries, where Gram-
positive bacteria dominate [19]. Temperature and moisture have been discussed as likely
reasons for the difference seen [22].

Isolation of potentially pathogenic bacteria from non-sterile sites like wounds does
not necessarily indicate clinical relevance, which poses challenge to clinical interpretation.

In a recent study that focused on the overall bacterial composition of chronic wound
infections in Ghana, from which the isolates for the present molecular analysis were taken,
Enterobacterales and Pseudomonas aeruginosa constituted the majority of isolated bacterial
strains [23]. A moderate proportion of ESBL-positive Enterobacterales suggests lower
frequencies of antibiotic resistance [23] than what was recorded from other Ghanaian
hospitals [5,24].

Within this study, we aim at characterizing clonal lineages, resistance-associated
genetic elements and virulence genes of P. aeruginosa, the Klebsiella pneumoniae complex
and Escherichia coli, which were recently isolated from chronic wounds of Ghanaian adult
patients [23]. The molecular epidemiology of dominating clonal lineages and associated
resistance genes will be assessed. Further, analysis of highly abundant virulence factors
will be conducted.

2. Results

2.1. Clustering Based on Core Genome Multilocus Sequence Typing (cgMLST) Results

Of the 49 P. aeruginosa analyzed, a total of nine clusters comprising isolates without
any recorded differences (n = 2) or with one or two alleles difference (n = 7) were found,
suggesting closely related phylogeny (Figure 1). In addition to the clusters, 31 singletons
with differences ranging from 80 to 3584 alleles were observed. MLST sequence types
(ST) are indicated in Figure 1 and Tables A1 and A2. Cluster sequence types included the
following: ST244, ST245, ST381, ST554, ST856, ST1485, ST2033, ST3227 and ST3590.

No clusters were identified among the 21 assessed K. pneumonia complex members,
which were all singletons with differences ranging from 647 to 2244 alleles. K. pneumoniae
complex sequence types are summarized in Figure 2. From the 12 E. coli isolates, three iso-
lates in a cluster of close phylogenetic relationship were found (1× no allelic differences,
1 × 1 allele difference) (Figure 3). In addition to the cluster observed, nine singletons with
differences ranging from 41 to 2365 alleles were recorded. The sequence type of the cluster
was ST132 (Pasteur MLST scheme). Sequence types of all E. coli isolates are illustrated in
Figure 3.
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Figure 1. Minimum spanning tree of P. aeruginosa based on 3867 targets (core genome). Isolate numbers are found within
the nodes, and numbers between nodes indicate the number of different alleles. Isolates within clusters are colored based
on MLST sequence type (ST). The ST types of white nodes are indicated in Table A1.

2.2. Identified Molecular Resistance Mechanisms in Correlation to Previous Phenotypic
Antibiotic Resistance

Table 1 summarizes acquired antimicrobial resistance determinants for E. coli and
acquired genes mediating tolerance to disinfectants. Data for P. aeruginosa and K. pneumoniae
are presented in Tables A1 and A2. Tables A3–A8 summarize the phenotypic resistance
results as previously recorded [23].
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Figure 2. Minimum spanning tree of K. pneumoniae complex based on 2358 targets (core genome). Isolate numbers are
found within the nodes, and the numbers between the nodes indicate the number of different alleles. Colors demonstrate
the MLST sequence type of the isolates.
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Figure 3. Minimum spanning tree of E. coli based on 2513 targets (core genome). Isolate numbers are found within the nodes,
and the numbers between the nodes indicate the number of different alleles. Colors demonstrate the Pasteur sequence type
of the isolates.

In the present study, phylogenetically identical or almost identical isolates also carried
the same resistomes. All E. coli strains harbored acquired beta-lactamase genes with the
majority coding for small spectrum beta-lactamases such as blaTEM-1 or blaOXA-1. Only four
strains carried the gene for an ESBL, in all cases blaCTX-M-15. Among the K. pneumoniae com-
plex strains, two belonged to the species K. variicola, one to the species K. quasipneumoniae
and the remaining to the species K. pneumoniae sensu stricto as reflected by intrinsic blaLEN,
blaOKP and blaSHV-1 like, respectively. Genes coding for ESBL (blaCTX-M-15) were found solely
in four out of 18 K. pneumoniae sensu stricto strains that also displayed resistance to oxy-
imino cephalosporins. In addition, several K. pneumoniae complex strains harbored blaTEM-1,
single strains also contained blaOXA-1 and blaSCO-1.

With respect to P. aeruginosa, only one strain harbored acquired beta-lactamase genes
(blaTEM-1 and blaSCO-1). Increased minimum inhibitory concentrations (MICs) for carbapen-
ems as observed in some P. aeruginosa strains were neither explained by matching acquired
carbapenemase genes nor by full sequence analysis of the oprD gene. The associated amino
acid sequences are shown in Figure A1. As indicated, the complete oprD gene was found in
all 49 P. aeruginosa isolates; there was no evidence of protein truncation by premature stop
of translation. The 49 isolates could be divided into 7 subgroups according to the protein
sequence of the oprD protein, which differ in a total of 30 individual amino acid exchanges
and in a single 12aa/10aa-stretch. Therefore, genotypic assessment could not identify the
reason for the single carbapenem-resistant P. aeuroginosa isolate 088 (ST 1682).
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Table 1. Analysis of antimicrobial resistance determinants, ordered by strain and MLST type, of the assessed E. coli isolates. ST = Sequence type.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
lacatams Sulfonamids Trimethoprim Makrodlids Tetracyclins Fluoroquinolones Chloramphenicol Aminoglycosides Efflux

pumps

Amino acid
exchanges due to
point mutations

Disinfectant
resistance

genes *

041 ST 2
blaOXA-1,
blaTEM-1B,

blaCTX-M-15

sul1 dfrA17 mph(A) tet(B)
aac(6′)-Ib-cr,
aac(6′)-Ib-cr

catB3,
catA1

aac(3)-IId,
aac(6′)-Ib-cr,

aadA5,
aac(6′)-Ib-cr

mdf(A)
parE p.S458A, gyrA

p.S83L, gyrA p.D87N,
parC p.S80I

sitABCD,
qacE

049 ST 3 blaTEM-1B sul2, sul1, dfrA12 mph(A) tet(A)
aadA2, aph(3”)-Ib,

aph(6)-Id
mdf(A)

sitABCD-
like,
qacE

068 ST 632 blaTEM-1B sul3 dfrA12 tet(A) cmlA1 aadA1, aadA2
mdf(A)-

like

parE p.S458A, gyrA
p.S83L, gyrA p.D87N,

parC p.S80I

117 ST 4 blaTEM-1B sul1, sul2 dfrA7 tet(A) catA1
aph(6)-Id,
aph(3”)-Ib

mdf(A)-
like

sitABCD-
like,
qacE

152 ST 22 blaCARB-2,
blaTEM-1B

sul1 dfrA1 ere(B) tet(B) catA1 aadA1, aadA2b
mdf(A)-

like gyrA p.S83L qacE,
sitABCD

176 ST 132 blaTEM-1B sul1 dfrA7 tet(A) catA1
aph(3”)-Ib,
aph(6)-Id

mdf(A)
qacE,

sitABCD

221 ST 132 blaTEM-1B sul1 dfrA7 tet(A) catA1
aph(6)-Id,
aph(3”)-Ib

mdf(A)
qacE,

sitABCD

222 ST 132 blaTEM-1B sul1, sul2 dfrA7 tet(A) catA1
aph(3”)-Ib,
aph(6)-Id

mdf(A)
qacE,

sitABCD

225 ST 506 blaTEM-1D,
blaCTX-M-15

sul1, sul2 dfrA17 mph(A) tet(A) catA1
aadA5, aph(6)-Id,

aph(3”)-Ib
mdf(A)-

like
gyrA p.S83L, parE

p.I529L

sitABCD-
like,
qacE

245 ST 2 blaTEM-1B sul1 dfrA12 mph(A) tet(B) qepA4 (neu) catA1 aadA2, aac(3)-IId mdf(A)
parE p.S458A, gyrA

p.S83L, gyrA p.D87N,
parC p.S80I

qacE

270 ST 2 blaCTX-M-15 tet(B) catA1 mdf(A)
gyrA p.S83L, gyrA

p.D87N, parE
p.S458A, parC p.S80I

299 ST 1018 blaTEM-1B sul3 dfrA14 tet(A) qnrS1 mdf(A)

* sitABCD = peroxides resistance, qacE = quaternary ammonium compounds resistance.
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Other frequently detected resistance genes in P. aeruginosa were the fosfomycin resis-
tance gene fosA, the chloramphenicol resistance gene catB7, the aminoglycoside resistance
gene aph(3′)-IIb and the fluoroquinolone-resistance gene crpP. In the Klebsiella pneumoniae
complex isolates, single amino acid exchanges and the fosmomycin resistance gene fosA
were frequent. Various fluoroquinolone resistance genes and disinfectant tolerance medi-
ating genes also quantitatively dominated. Finally, a broad spectrum of acquired genes
causing resistance to the assessed classes of antimicrobial drugs and tolerance to disinfec-
tants was observed in the E. coli strains.

2.3. Identified Molecular Virulence Mechanisms

Table 2 summarizes the analysis of virulence-related genes in E. coli (without genes
mediating enteropathogenicity). Data for P. aeruginosa and K. pneumoniae are presented in
Tables A9 and A10.

Table 2. Analysis of virulence determinants, ordered by strain and MLST type, of the assessed E. coli isolates. ST = Sequence type.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence Invasion Toxin
Immune
Evasion

Iron Uptake Protease

041 ST 2 fdeC aslA, ompA
entA-like, entB, entC,
entE, entF, entS, fepA,
fepB, fepC, fepD, fepG,

049 ST 3

aslA, kpsC,
kpsD, kpsE,
kpsF, kpsM,

kpsU, kpsS-like,
ompA

chuS, chuU, chuV,
chuW, chuY,

entA-like, entB, entC,
entE, entF, entS, fepA,
fepB, fepC, fepD, fepG

068 ST 632 ompA
entA-like, entB, entC,
entE, entF, entS, fepA,
fepB, fepC, fepD, fepG

117 ST 4

aslA, kpsC,
kpsD, kpsE,
kpsF, kpsM,

kpsU; kpsS-like,
ompA

hlyB, hlyC,
hlyD,

tcpC

chuA, chuS, chuT,
chuU, chuV, chuW,

chuX, chuY,
entA-like, entB, entC,
entE, entF, entS, fepA,
fepB, fepC, fepD, fepG,

hlyA, iroN,

pic, sat, vat

152 ST 22

sfaB, sfaC,
sfaD, sfaE,
sfaF, sfaG,
sfaH, sfaS,
sfaX, sfaY

aslA, kpsC,
kpsD, kpsE,
kpsF, kpsM,

kpsU; kpsS-like,
ompA

cnf1; hlyA,
hlyB, hlyC,

hlyD,
tcpC

chuA, chuS, chuT,
chuU, chuV, chuW,

chuX, chuY, entA-like,
entB, entC, entE, entF,
entS, fepA, fepB, fepC,

fepD, fepG, iroN,

vat

176 ST 132

aslA, kpsC,
kpsD, kpsE,
kpsF, kpsM,

kpsU; kpsS-like,
ompA

entA-like, entB, entC,
entE, entF, entS, fepA,
fepB, fepC, fepD, fepG,

sat

221 ST 132

aslA, kpsC,
kpsD, kpsE,
kpsM, kpsU;

kpsS-like, ompA

entA-like, entB, entC,
entE, entF, entS, fepA,
fepB, fepC, fepD, fepG,

sat
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Table 2. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence Invasion Toxin
Immune
Evasion

Iron Uptake Protease

222 ST 132

aslA, kpsC,
kpsD, kpsE,
kpsF, kpsM,

kpsU; kpsS-like,
ompA

entA-like, entB, entC,
entE, entF, entS, fepA,
fepB, fepC, fepD, fepG,

sat

225 ST 506

aslA, kpsC,
kpsD, kpsE,
kpsF, kpsM,

kpsU; kpsS-like,
ompA

chuA, chuS, chuT,
chuU, chuV, chuW,

chuX, chuY, entA-like,
entB, entC, entE, entF,
entS, fepA, fepB, fepC,

fepD, fepG,

sat

245 ST 2 aslA, ompA
entA-like, entB, entC,
entE, entF, entS, fepB,

fepC, fepD, fepG

270 ST 2 aslA, ompA
entA-like, entB, entC,
entE, entS, fepA, fepB,

fepC, fepD, fepG

299 ST 1018 ompA
entA-like, entB, entC,
entE, entF, entS, fepA,

fepB, fepD, fepG

The virulence-associated gene exoU, which has been described in association with
the P. aeruginosa high-risk clone ST 135 [25], was recorded three times, associated with
ST 135 (sample ID 296), ST 532 (sample ID 310) and ST 2483 (sample ID 22), respectively.
Based on a Kleborate assessment, a positive virulence score was calculated for 7 out of
21 K. pneumoniae strains, comprising the known high-risk clones ST 17 (sample IDs 177,
199) and ST 152 (sample ID 100) [26], next to the clones ST 4 (sample ID 146), ST 6 (sample
ID 214), ST 36 (sample ID 267) and ST 39 (sample ID 73), respectively. With focus on
some important virulence associated genes in Klebsiella spp., ybt genes were detected in the
abovementioned 7 samples, iroE was recorded in all 21 strains, while clb or rpmA genes
were not detected.

Iron-uptake-related genes were numerous in all analyzed bacterial strains. For
P. aeruginosa and K. pneumoniae, various secretion system-associated genes were found.
Immune evasion-related genes were highly abundant in K. pneumoniae but not in E. coli
isolates. Adherence-related genes were numerous in P. aeruginosa and in K. pneumoniae but
not in E. coli.

Numerous invasion-associated genes were detected in E. coli, antiphagocytosis-
associated genes were found in P. aeruginosa, and biofilm-associated genes in K. pneumoniae.

Less frequently detected were: toxin genes in E. coli and K. pneumoniae, protease genes
in E. coli and P. aeruginosa, regulation genes in P. aeruginosa and K. pneumoniae, biosurfactant
and pigment genes in P. aeruginosa and nutrition factor, efflux pumps and serum resistance
genes in K. pneumoniae.

3. Discussion

Within this study, we aimed at filling information gaps on the molecular epidemiology
of Gram-negative bacteria from chronic infected wounds in rural Ghana. Phylogenetic
analyses based on core genome comparison indicated a high clonal diversity of the wound-
associated isolates. Clonal clusters were restricted to nine P. aeruginosa clusters and one
E. coli cluster, most likely indicating nosocomial transmission, which has most likely oc-
curred in the wound dressing room that patients’ visit on a weekly basis.
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ST 135 and ST 244, which are among the worldwide top 10 P. aeruginosa high-risk
clones [25], were found among the P. aeruginosa wound isolates. In detail, one ST 135
Pseudomonas aeruginosa isolate was detected, carrying the beta-lactamase-encoding genes
blaTEM-1B and blaSCO-1 and an exoU gene, next to five ST 244 without acquired beta-
lactamases. Focusing on known pathogenic K. pneumoniae clones [26], two ST 17 strains,
a clone reported to be associated with carbapenem-resistance, and one ST 152 strain, a
clone known from the Caribbean as common carrier of multiple resistance genes, were
detected. Strains carrying the ybt and iro genes were also identified as high-risk clones by
the Kleborate software. From the observed E. coli ST types, none have been previously
reported as being associated with pathogenic clones so far [27].

In line with the phenotypical antibiotic resistance results previously published [23],
numerous acquired resistance determinants were detected in the bacterial strains under
investigation. Focusing on the few observed clusters, comparable resistome compositions
point towards recent nosocomial transmission. The gene blaCTX-M-15 was identified as the
determinant of the detected extended spectrum beta-lactamase (ESBL) expression in ESBL
positive Enterobacterales [23]. This is in line with previous reports from both human and
livestock-associated ESBL positive Enterobacterales in Ghana [28–34]. In P. aeruginosa and
K. pneumoniae, blaSCO-1, which has initially been described from an Acinetobacter baumannii
isolate from Argentina [35], was observed. Beta-lactamases with high hydrolytic effects
on carbapenems were lacking, the same applies to protein truncation by premature stop
of translation of the oprD gene in P. aeruginosa. Accordingly, the genetic background of
carbapenem resistance of a single P. aeruginosa strain could not be resolved, although
downregulation of oprD expression due to mutations outside of the gene or ampC (class C
betalactamase) overexpression could not be excluded as likely reasons.

Substance-specific genes and genes encoding efflux pumps mediating tolerance to
disinfectants were observed in Enterobacterales. Therefore, further monitoring of the
spread of disinfectant tolerance-associated genes and the effects of their abundance on
disinfectant-based skin and wound decolonization strategies [36] seem advisable.

The importance of highly abundant virulence factors like iron-uptake- and secretion
system-related genes in P. aeruginosa is comprehensively described in the literature [37,38].
Other genes reported in the literature like regulation-associated virulence genes, recently
reported, were less frequently observed in our isolates [39,40]. However, due to lacking
information on the individual etiological relevance of each isolate, any association with
clinical effects remains speculative.

Further limitations of this study include a rather small sample size and the lack
of a comparison strain collection containing isolates from other clinical specimens and
environmental strains. Accordingly, the interpretation of the etiological relevance of
individual strains remains challenging and is clearly beyond the scope of this work.

In summary, a broad spectrum of Gram-negative clones was isolated from the chronic
wounds of the Ghanaian patients. Thereby, known high-risk clones [25–27] played only a
minor role. Observed resistance patterns and mechanisms were in line with the spectrum
expected from previous reports [23,28–34].

4. Materials and Methods

4.1. Sample Collection, Bacterial Culture and Antibiotic Susceptibility Testing

Single patient strains of P. aeruginosa, E. coli and K. pneumoniae complex were isolated
from patients ≥15 years with an infected chronic wound at the Outpatient Department
(OPD) of the Agogo Presbyterian Hospital, in the Asante Akim North District of rural
Ghana. Patients typically visit the wound dressing room of the OPD on a weekly basis.
Sampling was performed from January 2016 to November 2016. Sample collection and
microbiological investigations were reported previously [23]. Antibiotic susceptibility was
tested by the disk diffusion method and interpreted following the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) guidelines v.6.0 (http://www.eucast.org
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(accessed on 15 January 2016)). Bacterial strains and antibiotic susceptibility were confirmed
using the VITEK2 System. Those data have been published before [23].

4.2. DNA Isolation and Whole Genome Sequencing

Bacterial DNA was isolated using the MasterPure Complete DNA and RNA Purifica-
tion Kit (LGC standards GmbH, Wesel, Germany) and sent for whole genome sequencing
(WGS) to BGI Europe, Denmark, Copenhagen. A BGISEQ-500 device was used for sequenc-
ing, generating 2 × 150 bp paired-end reads with an aimed coverage of 100×. Original raw
data were upload for public use to the short-read archive (SRA, NCBI) under the accession
number PRJNA699140. Details on the strain-specific SRA accession numbers are provided
in Table A11.

4.3. Whole Genome Sequencing and Data Analysis

All raw data passed quality control using FASTQC v.0.11.4 [41] and were used for
further analysis. Taxonomic classification and contamination check of raw-reads was
performed using KRAKEN2 v.2.0.8-beta [42]. Phylogenetic analysis based on core genome
multi locus sequence typing (cgMLST) analysis was performed using the commercial
software SeqSphere+ v. 7.2.0 (Ridom GmbH, Münster, Germany) [43]. The software
pipeline included assessment of read data and adapter control using FASTQC followed by
genome assembly using the internally provided assembler Velvet, applying default settings.
The reference genomes NC_000913.3 (E. coli), NC_002516.2 (P. aeruginosa) and NC_01273.1
(K. pneumoniae species complex) were used for cgMLST analyses. Only samples with
a ration of “good cgMLST targets” higher than 90% were included in the phylogenetic
analysis. Novel cgMLST-based complex types (CT) were automatically assigned by the
SeqSphere software. Unknown alleles and profiles of MLST genes were submitted to
pubmlst.org or Institute Pasteur to establish novel sequence types (ST). Isolates were
defined to be clonally identical with allele differences less than four. Moreover, raw data
were assembled with SPAdes v3.13.11 [44] using the careful option. Scaffolds shorter
than 500 bp or with a coverage smaller than ten were sorted out, using an in-house
script. Abricate v.0.9.9 [45] was used to screen for resistance and virulence genes in SPAdes
assembly files, using NCBI AMRFinderPlus [46] and VFDB [47] as reference databases (both
updated 6 November 2020), respectively. Additionally, SPAdes assemblies were uploaded
to ResFinder4.1 [48] to obtain WGS predicted phenotypes against different antimicrobials
by using default settings (%ID > 90, minimum length > 60%) and to Kleborate to predict
virulence genes in Klebsiella isolates.

4.4. Ethical Considerations

The Committee on Human Research, Publications and Ethics, School of Medical Sci-
ence, Kwame Nkrumah University of Science and Technology in Kumasi, Ghana, approved
this study (approval number CHRPE/AP/078/16).

5. Conclusions

In conclusion, this study provides a molecular insight into the epidemiology of Gram-
negative bacteria isolated from chronic wound infections from patients in rural Ghana.
Epidemiological data that focus on the distribution and spread of antimicrobial resistance
determinants and associated virulence factors in resource-limited settings are scarce. Al-
though the study is a small cross-sectional assessment, which cannot replace continuous
surveillance programs, it might provide a glimpse of prevailing Gram-negative bacteria
isolated from wound infections in this area of Ghana. Considering the ongoing need for
resistance and virulence surveillance in tropical regions, larger future studies are desirable.
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Appendix A

Figure A1. Clustal omega multiple alignment of oprD proteins—one example for the 7 detected subgroups.
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Table A1. Analysis of antimicrobial resistance determinants, ordered by strain and MLST type, of the assessed P. aeruginosa isolates. ST = Sequence type.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulf-
onamids

Fosfomy-
cin

Trimetho-
prim

Makro-
lides

Tetracyc-
linws

Fluoroqu-
inolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino
Acid

Exchanges
Due to
Point

Mutations

Disinfectant
Resistance

Genes

017 ST 381 fosA catB7 aph(3′)-IIb

022 ST 2483 fosA catB7 aph(3′)-IIb

032 ST 3587 sul1 fosA dfrA15 tet(G) catB7 aph(3′)-IIb

069 ST 360 fosA crpP-like catB7 aph(3′)-IIb

081 ST 244 fosA catB7 aph(3′)-IIb

082 ST 514 fosA catB7 aph(3′)-IIb

088 ST 1682 fosA catB7 aph(3′)-IIb

099 ST 244 fosA catB7 aph(3′)-IIb

106 ST 1521 fosA catB7 aph(3′)-IIb

114 ST 244 fosA crpP-like catB7
aph(3′)-IIb-

like

137 ST 3014 fosA crpP-like catB7
aph(3′)-IIb-

like

144 ST 245 fosA crpP-like catB7 aph(3′)-IIb

147 ST 245 fosA crpP-like catB7 aph(3′)-IIb

149 ST 381 fosA crpP-like catB7 aph(3′)-IIb

153 ST 704 fosA-like crpP-like catB7-like
aph(3′)-IIb-

like

154 ST 244 , fosA crpP-like catB7
aph(3′)-IIb-

like

157 ST 2616 fosA catB7-like aph(3′)-IIb

160 ST 170 fosA-like aph(3′)-IIb
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Table A1. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulf-
onamids

Fosfomy-
cin

Trimetho-
prim

Makro-
lides

Tetracyc-
linws

Fluoroqu-
inolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino
Acid

Exchanges
Due to
Point

Mutations

Disinfectant
Resistance

Genes

162 ST 274 fosA crpP-like catB7 aph(3′)-IIb

180 ST 856 fosA catB7 aph(3′)-IIb

183 ST 244 fosA catB7
aph(3′)-IIb-

like

186 ST 3588 fosA-like catB7-like
aph(3′)-IIb-

like

190 ST 871 fosA catB7-like aph(3′)-IIb

195 ST 988 fosA crpP-like catB7-like
aph(3′)-IIb-

like

196 ST 2475 fosA crpP-like catB7 aph(3′)-IIb

198 ST 2476 fosA crpP-like catB7 aph(3′)-IIb

204 ST 639 fosA crpP catB7
aph(3′)-IIb-

like

208 ST 132 fosA crpP-like catB7 aph(3′)-IIb

218 ST 856 fosA catB7 aph(3′)-IIb

229 ST 270 fosA crpP-like catB7 aph(3′)-IIb

233 ST 3227 fosA catB7 aph(3′)-IIb

236 ST 266 fosA catB7 aph(3′)-IIb

238 ST 3589 fosA-like crpP-like catB7-like
aph(3′)-IIb-

like

242 ST 3590 fosA-like

243 ST 3590 fosA-like catB7-like
aph(3′)-IIb-

like
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Table A1. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulf-
onamids

Fosfomy-
cin

Trimetho-
prim

Makro-
lides

Tetracyc-
linws

Fluoroqu-
inolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino
Acid

Exchanges
Due to
Point

Mutations

Disinfectant
Resistance

Genes

272 ST 2033 fosA catB7-like
aph(3′)-IIb-

like

274 ST 2033 fosA catB7-like aph(3′)-IIb

278 ST 988 fosA crpP-like catB7-like

282 ST 554 fosA crpP-like catB7 aph(3′)-IIb

285 ST 554 fosA catB7 aph(3′)-IIb

289 ST 1485 fosA catB7 aph(3′)-IIb

290 ST 1485 fosA catB7 aph(3′)-IIb

296 ST 235
blaTEM-1B,
blaSCO-1

sul1 fosA tet(G) catB7-like
aph(3′)-IIb-

like,
aac(3)-IIa

298 ST 3227 fosA catB7 aph(3′)-IIb

301 ST 3593 fosA-like catB7-like
aph(3′)-IIb-

like

302 ST 1755 fosA catB7 aph(3′)-IIb

309 ST 3592 fosA like crpP-like catB7-like
aph(3′)-IIb-

like

310 ST 532 sul1 fosA catB7-like
aph(3”)-Ib,
aph(6)-Id,
aph(3′)-IIb

312 ST 381 fosA catB7 aph(3′)-IIb

Acquired resistance genes for macrolides, rifampicin, resistance-associated point mutations, genes for efflux pumps or genes mediating tolerance against disinfectants were not detected.
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Table A2. Analysis of antimicrobial resistance determinants, ordered by strain and MLST type, of the assessed K. pneumoniae isolates. ST = Sequence type.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulfo-
namids

Fosfomy-
cin

Trimetho-
prim

Macro-
lides

Tetracyc-
lines

Fluoro-
quinolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino Acid
Exchanges Due to
Point Mutations

Disinfectant
Resistance

Genes *

044 ST 327 fosA oqxB, oqxA

ompK37 p.I70M,
ompK37

p.I128M,ompK37
p.I128M, ompK36
p.L59V, ompK36
p.L191S, ompK36
p.F207W, ompK36
p.A217S, ompK36
p.N218H, ompK36
p.D224E, ompK36
p.L228V, ompK36
p.E232R, ompK36

p.T254S, acrR p.P161R,
acrR p.G164A, acrR

p.F172S, acrR p.R173G,
acrR p.L195V, acrR

p.F197I, acrR p.K201M

oqxB, oqxA

060 ST 5379 blaTEM-1C
sul1,
sul2

fosA dfrA12 mph(A)
oqxA, oqxB,

qnrS1
catA2-like

aph(6)-Id,
aph(3”)-Ib,
aph(3′)-Ia,

aadA2,
aac(3)-IIa

acrR p.P161R, acrR
p.G164A, acrR p.F172S,

acrR p.R173G, acrR
p.L195V, acrR p.F197I,
acrR p.K201M, ompK36

p.N49S, ompK36
p.L59V, ompK36
p.T184P, ompK37
p.I70M, ompK37

p.I128M

oqxA, qacE,
oqxB
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Table A2. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulfo-
namids

Fosfomy-
cin

Trimetho-
prim

Macro-
lides

Tetracyc-
lines

Fluoro-
quinolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino Acid
Exchanges Due to
Point Mutations

Disinfectant
Resistance

Genes *

073 ST 39 blaTEM-1B ,
blaCTX-M-15

sul1, fosA dfrA27
erm(B),
mph(A)

tet(D)

oqxB, oqxA,
aac(6′)-Ib-
cr, qnrB2,
aac(6′)-Ib-

cr

catA2-like ARR-3

aac(6′)-Ib-cr,
aadA16,

aac(3)-IIa,
aac(6′)-Ib-cr,
aph(3”)-Ib,
aph(6)-Id

acrR p.P161R, acrR
p.G164A, acrR p.F172S,

acrR p.R173G, acrR
p.L195V, acrR p.F197I,
acrR p.K201M, ompK37

p.I70M, ompK37
p.I128M, ompK37
p.N230G, ompK36
p.N49S, ompK36
p.L59V, ompK36
p.L191S, ompK36
p.F207W, ompK36
p.A217S, ompK36
p.N218H, ompK36
p.D224E, ompK36
p.L228V, ompK36
p.E232R, ompK36

p.T254S

oqxB, oqxA,
qacE

100 ST 152
blaCTX-M-15
, blaOXA-1 ,
blaTEM-1B

sul2,
sul1

fosA
dfrA1,
dfrA27

mph(A) tet(D)

aac(6′)-Ib-
cr, oqxB,
qnrB6,
oqxA,

aac(6′)-Ib-
cr

catB3,
catA1,
catB3

ARR-3

aac(3)-IIa,
aph(6)-Id,
aph(3”)-Ib,

aadA1,
aadA16,

aph(3′)-Ia,
aac(6′)-Ib-cr,
aac(6′)-Ib-cr

ompK36 p.N49S,
ompK36 p.L59V,

ompK36 p.G189T,
ompK36 p.F198Y,
ompK36 p.F207Y,
ompK36 p.A217S,
ompK36 p.T222L,
ompK36 p.D223G,
ompK36 p.E232R,

ompK36 p.N304E, acrR
p.P161R, acrR

p.G164A, acrR p.F172S,
acrR p.R173G, acrR

p.L195V, acrR p.F197I,
acrR p.K201M, ompK37

p.I70M, ompK37
p.I128M, ompK37

p.N230G

oqxB, oqxA
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Table A2. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulfo-
namids

Fosfomy-
cin

Trimetho-
prim

Macro-
lides

Tetracyc-
lines

Fluoro-
quinolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino Acid
Exchanges Due to
Point Mutations

Disinfectant
Resistance

Genes *

102 ST 514 fosA tet(C) oqxB, oqxA catA1

ompK36 p.N49S,
ompK36 p.L59V,
ompK36 p.L191S,
ompK36 p.F207W,
ompK36 p.A217S,
ompK36 p.N218H,
ompK36 p.D224E,
ompK36 p.L228V,
ompK36 p.E232R,
ompK36 p.T254S,
ompK37 p.I70M,

ompK37 p.I128M,
ompK37 p.N230G, acrR

p.P161R, acrR
p.G164A, acrR p.F172S,

acrR p.R173G, acrR
p.L195V, acrR p.F197I,

acrR p.K201M

oqxB, oqxA

124 ST 399 fosA oqxA, oqxB catA1

ompK36 p.N49S,
ompK36 p.L59V,

ompK36 p.G189T,
ompK36 p.F198Y,
ompK36 p.F207Y,
ompK36 p.A217S,
ompK36 p.T222L,
ompK36 p.D223G,

ompK36 p.E232R, acrR
p.P161R, acrR

p.G164A, acrR p.F172S,
acrR p.R173G, acrR

p.F197I, acrR p.K201M,
ompK37 p.I70M,
ompK37 p.I128M

oqxA, oqxB

146 ST 4 sul2 fosA tet(D) oqxA, oqxB catA2-like oqxA, oqxB
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Table A2. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulfo-
namids

Fosfomy-
cin

Trimetho-
prim

Macro-
lides

Tetracyc-
lines

Fluoro-
quinolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino Acid
Exchanges Due to
Point Mutations

Disinfectant
Resistance

Genes *

177 ST 17 sul1,
sul2

fosA dfrA15 tet(A)
oqxA,

oqxB-like catA1
aadA1,

aph(3”)-Ib,
aph(6)-Id

ompK37 p.I70M,
ompK37 p.I128M, acrR

p.P161R, acrR
p.G164A, acrR p.F172S,

acrR p.R173G, acrR
p.L195V, acrR p.F197I,
acrR p.K201M, ompK36

p.N49S, ompK36
p.L59V,ompK36

p.L191S, ompK36
p.F207W, ompK36
p.A217S, ompK36
p.N218H, ompK36
p.D224E, ompK36
p.L228V, ompK36
p.E232RompK36

p.T254S

qacE,
oqxB-like,

oqxA

181 ST 5380 fosA oqxA, oqxB

ompK36 p.N49S,
ompK36 p.L59V,
ompK36 p.L191S,
ompK36 p.F207W,
ompK36 p.A217S,
ompK36 p.N218H,
ompK36 p.D224E,
ompK36 p.L228V,
ompK36 p.E232R,

ompK36
p.T254S,ompK37
p.I70M, ompK37

p.I128M, acrR p.P161R,
acrR p.G164A, acrR

p.F172S, acrR p.R173G,
acrR p.L195V, acrR

p.F197I, acrR p.K201M

oqxA, oqxB
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Table A2. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulfo-
namids

Fosfomy-
cin

Trimetho-
prim

Macro-
lides

Tetracyc-
lines

Fluoro-
quinolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino Acid
Exchanges Due to
Point Mutations

Disinfectant
Resistance

Genes *

184 ST 5381 fosA
oqxA-like,
oqxB-like

ompK37 p.I70M,
ompK37 p.I128M,
ompK36 p.N49S,
ompK36 p.L59V,

ompK36 p.L191Q,
ompK36 p.F198Y,
ompK36 p.A217S,
ompK36 p.N218H,
ompK36 p.Q227N,
ompK36 p.L229V,

ompK36 p.N304E, acrR
p.P161R, acrR

p.G164A, acrR p.F172S,
acrR p.R173G, acrR

p.L195V, acrR p.F197I,
acrR p.K201M

oqxA-like,
oqxB-like

199 ST 17 blaCTX-M-15
, blaTEM-1B

sul2,
sul1

fosA-like dfrA16 oqxA, oqxB
aadA2b,

aac(3)-IIa

acrR p.P161R, acrR
p.G164A, acrR p.F172S,

acrR p.R173G, acrR
p.L195V, acrR p.F197I,
acrR p.K201M, ompK37

p.I70M, ompK37
p.I128M, ompK36
p.N49S, ompK36
p.L59V, ompK36
p.T86V, ompK36
p.S89T, ompK36
p.D91K, ompK36
p.A93S, ompK36

p.L191Q, ompK36
p.F207W, ompK36
p.A217S, ompK36
p.N218H, ompK36
p.Q227N, ompK36
p.L229V, ompK36
p.E232R, ompK36
p.H235D, ompK36

p.T254S

oqxA, oqxB,
qacE
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Table A2. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulfo-
namids

Fosfomy-
cin

Trimetho-
prim

Macro-
lides

Tetracyc-
lines

Fluoro-
quinolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino Acid
Exchanges Due to
Point Mutations

Disinfectant
Resistance

Genes *

214 ST 6 sul1 fosA-like dfrA14
oqxB-like,

oqxA
catA1 aph(3′)-Ia

ompK37 p.I70M,
ompK37 p.I128M,
ompK36 p.N49S,
ompK36 p.L59V,

ompK36 p.G189T,
ompK36 p.F198Y,
ompK36 p.F207Y,
ompK36 p.A217S,
ompK36 p.T222L,
ompK36 p.D223G,

ompK36 p.E232R, acrR
p.P161R, acrR

p.G164A, acrR p.F172S,
acrR p.R173G, acrR

p.L195V, acrR p.F197I,
acrR p.K201M

oqxB- like,
oqxA

217 ST 3154 blaSCO-1 ,
blaTEM-1B

sul1,
sul2

fosA
dfrA12,
dfrA14

tet(A)
oqxA,

oqxB-like catA2-like

aph(6)-Id,
aph(3”)-Ib,
aac(3)-IIa,

aadA2

acrR p.P161R, acrR
p.G164A, acrR p.F172S,

acrR p.R173G, acrR
p.L195V, acrR p.F197I,
acrR p.K201M, ompK37

p.I70M, ompK37
p.I128M, ompK36
p.N49S, ompK36
p.L59V, ompK36

p.G189T, ompK36
p.F198Y, ompK36
p.F207Y, ompK36
p.A217S, ompK36
p.T222L, ompK36
p.D223G, ompK36
p.E232R, ompK36

p.N304E

oqxA, qacE,
oqxB-like
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Table A2. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulfo-
namids

Fosfomy-
cin

Trimetho-
prim

Macro-
lides

Tetracyc-
lines

Fluoro-
quinolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino Acid
Exchanges Due to
Point Mutations

Disinfectant
Resistance

Genes *

220 ST 5382 fosA-like oqxB-like,
oqxA-like catA1

ompK37 p.I70M,
ompK37 p.I128M,
ompK36 p.N49S,
ompK36 p.L59V,

ompK36 p.L191Q,
ompK36 p.A217S,
ompK36 p.N218H,
ompK36 p.Q227N,
ompK36 p.L229V,

ompK36 p.N304E, acrR
p.P161R, acrR p.F172S,

acrR p.R173G, acrR
p.L195V, acrR p.F197I,

acrR p.K201M

oqxB-like,
oqxA-like

234 ST 109 fosA
oqxA,

oqxB-like

ompK36 p.N49S,
ompK36 p.L59V,
ompK36 p.L191S,
ompK36 p.F207W,
ompK36 p.A217S,
ompK36 p.N218H,
ompK36 p.D224E,
ompK36 p.L228V,
ompK36 p.E232R,

ompK36 p.T254S, acrR
p.P161R, acrR
p.G164A, acrR

p.F172S,acrR p.R173G,
acrR p.L195V, acrR

p.F197I, acrR p.K201M,
ompK37 p.I70M,
ompK37 p.I128M

oqxA,
oqxB-like
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Table A2. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulfo-
namids

Fosfomy-
cin

Trimetho-
prim

Macro-
lides

Tetracyc-
lines

Fluoro-
quinolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino Acid
Exchanges Due to
Point Mutations

Disinfectant
Resistance

Genes *

240 ST 5383 fosA-like tet(D)
oqxA,

oqxB-like

ompK36 p.N49S,
ompK36 p.L59V,
ompK36 p.L191S,
ompK36 p.F207W,
ompK36 p.A217S,
ompK36 p.N218H,
ompK36 p.D224E,
ompK36 p.L228V,
ompK36 p.E232R,
ompK37 p.I70M,

ompK37 p.I128M, acrR
p.P161R, acrR

p.G164A, acrR p.F172S,
acrR p.R173G, acrR

p.L195V, acrR
p.F197I,acrR p.K201M

oqxA,
oqxB-like

248 ST 5384 fosA-like tet(A)
oqxB-like,
oqxA-like catA1

ompK36 p.N49S,
ompK36 p.L59V,
ompK36 p.L191S,
ompK36 p.F198Y,
ompK36 p.F207W,
ompK36 p.A217S,
ompK36 p.N218H,
ompK36 p.D224E,
ompK36 p.L228V,
ompK36 p.E232R,
ompK37 p.I70M,

ompK37 p.I128M, acrR
p.P161R, acrR

p.G164A, acrR p.F172S,
acrR p.R173G, acrR

p.L195V, acrR p.F197I,
acrR p.K201M

oqxB-like,
oqxA-like
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Table A2. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulfo-
namids

Fosfomy-
cin

Trimetho-
prim

Macro-
lides

Tetracyc-
lines

Fluoro-
quinolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino Acid
Exchanges Due to
Point Mutations

Disinfectant
Resistance

Genes *

252 ST 607 blaTEM-1B
sul2,
sul1

fosA-like dfrA7 tet(A)
oqxB-like,

oqxA
catA1

aph(3”)-Ib,
aph(6)-Id

ompK37 p.I70M,
ompK37 p.I128M,
ompK37 p.N230G,
ompK36 p.N49S,
ompK36 p.L59V,
ompK36 p.L191S,
ompK36 p.F207W,
ompK36 p.A217S,
ompK36 p.N218H,
ompK36 p.D224E,
ompK36 p.L228V,
ompK36 p.E232R,

ompK36 p.T254S, acrR
p.P161R,acrR p.G164A,

acrR p.F172S, acrR
p.R173G, acrR p.L195V,

acrR p.F197I, acrR
p.K201M

oqxB-like,
oqxA, qacE

267 ST 36 blaCTX-M-15
, blaTEM-1B

sul2,
sul1

fosA dfrA27 tet(D)
aac(6′)-Ib-
cr, oqxA,

oqxB
catA2-like ARR-3

aph(6)-Id,
aph(3”)-Ib,

aac(6′)-Ib-cr,
aadA16,

aac(3)-IIa,
aph(6)-Id

ompK36 p.N49S,
ompK36 p.L59V,
ompK36 p.T184P,
ompK37 p.I70M,

ompK37 p.I128M,
ompK37 p.N230G, acrR

p.P161R, acrR
p.G164A, acrR p.F172S,

acrR p.R173G, acrR
p.L195V, acrR p.F197I,

acrR p.K201M

oqxA, qacE,
oqxB
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Table A2. Cont.

Sample ID ST-Type Acquired Resistance Determinants Against

Beta
Lacatams

Sulfo-
namids

Fosfomy-
cin

Trimetho-
prim

Macro-
lides

Tetracyc-
lines

Fluoro-
quinolones

Chloram-
phenicol

Rifam-
picin

Amino-
glycosides

Efflux
Pumps

Amino Acid
Exchanges Due to
Point Mutations

Disinfectant
Resistance

Genes *

277 ST 530 blaTEM-35 sul2 fosA-like dfrA14 tet(D)
oqxA,

oqxB-like
aph(3”)-Ib,
aph(6)-Id

acrR p.P161R, acrR
p.G164A, acrR p.F172S,

acrR p.R173G, acrR
p.L195V, acrR p.F197I,
acrR p.K201M, ompK36

p.N49S, ompK36
p.L59V, ompK36
p.L191S, ompK36
p.F207W, ompK36
p.A217S, ompK36
p.N218H, ompK36
p.D224E, ompK36
p.L228V, ompK36
p.E232R,ompK36
p.T254S, ompK37
p.I70M, ompK37

p.I128M

oqxA,
oqxB-like

279 ST 5385 fosA oqxA, oqxB

acrR p.P161R, acrR
p.G164A, acrR p.F172S,

acrR p.R173G, acrR
p.L195V, acrR p.F197I,
acrR p.K201M, ompK36

p.N49S, ompK36
p.L59V, ompK36
p.T184P, ompK37
p.I70M, ompK37

p.I128M

oqxA, oqxB

* qacE = quaternary ammonium compounds resistance and oqxB and oqxA = efflux pumps mediating resistance against disinfectants.

71



Antibiotics 2021, 10, 339

Table A3. Phenotypic resistance the P. aeruginosa strains. Data are missing for strains 198, 218 and 312, due to loss during subcultivation. MIC = minimum inhibitory concentration.
N.a. = value missing due to loss of strain or failed reaction.

Sample ID Piperacillin Piperacillin/Tazobactam Ceftrazidime Cefepime Imipenem Meropenem Gentamicin

MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation

17 ≤4 S ≤4 S ≤1 S ≤1 S ≤0.25 S ≤0.25 S ≤1 S

22 ≤4 S ≤4 S ≤1 S ≤1 S ≤0.25 S ≤0.25 S ≤1 S

32 ≤4 S 8 S 2 S 2 S 1 S ≤0.25 S ≤1 S

69 ≤4 S ≤4 S 4 S 2 S 1 S ≤0.25 S ≤1 S

81 ≤4 S 8 S 2 S ≤1 S 1 S 1 S ≤1 S

82 16 S 8 S 4 S 2 S 2 S ≤0.25 S ≤1 S

88 ≥128 R ≥128 R ≥64 R 32 R ≥16 R 4 I ≤1 S

99 8 S 8 S 4 S 2 S 2 S 1 S ≤1 S

106 ≤4 S 8 S 2 S 2 S 2 S 1 S ≤1 S

114 ≤4 S 8 S 2 S ≤1 S 2 S 1 S ≤1 S

137 16 S 8 S 4 S 2 S 2 S 2 S ≤1 S

144 16 S 8 S 4 S 2 S 2 S 1 S ≤1 S

147 8 S ≤4 S 4 S 8 S 2 S 0.5 S 4 S

149 8 S 8 S 4 S 2 S ≤0.25 S ≤0.25 S ≤1 S

153 ≤4 S 8 S 2 S ≤1 S 1 S ≤0.25 S ≤1 S

154 64 R ≤4 S ≤1 S ≤1 S 2 S 0.5 S ≤1 S

157 16 S 8 S 4 S 4 S 2 S ≤0.25 S 2 S

160 ≥128 R 32 R 16 R 32 R 8 I 8 I 8 R

162 64 R 32 R 8 S 8 S 2 S 1 S 2 S

180 16 S 8 S 4 S 2 S 2 S ≤0.25 S ≤1 S

183 8 S 8 S 4 S 2 S 2 S 0.5 S ≤1 S

186 16 n.a. n.a. S 4 S 2 S 2 S ≤0.25 S ≤1 S

190 16 S 8 S 4 S 2 S 2 S 0.5 S ≤1 S

195 8 S 8 S 4 S ≤1 S 2 S ≤0.25 S ≤1 S

196 ≤4 S ≤4 S 2 S ≤1 S 2 S 0.5 S ≤1 S

198 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table A3. Cont.

Sample ID Piperacillin Piperacillin/Tazobactam Ceftrazidime Cefepime Imipenem Meropenem Gentamicin

MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation

204 8 S 8 S 2 S ≤1 S 2 S ≤0.25 S ≤1 S

208 8 S 8 S 4 S 2 S 2 S ≤0.25 S ≤1 S

218 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

229 8 S 8 S 4 S 2 S 1 S ≤0.25 S ≤1 S

233 ≥128 R ≥128 R 32 R 8 S 8 I 4 I ≤1 S

236 16 S 16 S 4 S 2 S 2 S 0.5 S 2 S

238 8 S 16 S 4 S 2 S 2 S ≤0.25 S ≤1 S

242 8 S 8 S 4 S 2 S 1 S ≤0.25 S ≤1 S

243 16 S 8 S 4 S 2 S 1 S ≤0.25 S ≤1 S

272 64 R 64 R 8 S 4 S 2 S 1 S ≤1 S

274 16 S 8 S 4 S 2 S 2 S 0.5 S ≤1 S

278 ≤4 S ≤4 S 2 S ≤1 S 2 S ≤0.25 S ≤1 S

282 ≤4 S 8 S ≤1 S ≤1 S 2 S 1 S ≤1 S

285 ≤4 S ≤4 S ≤1 S ≤1 S 2 S 1 S ≤1 S

289 ≤4 S 8 S ≤1 S ≤1 S 2 S 1 S ≤1 S

290 8 S 8 S ≤1 S ≤1 S 2 S 1 S ≤1 S

296 ≥128 R 64 R 4 S 8 S 1 S 1 S ≥16 R

298 ≥128 R ≥128 R ≥64 R 8 S 8 I 4 I ≤1 S

301 16 S 8 S 4 S 2 S 2 S 0.5 S ≤1 S

302 8 S 8 S 4 S ≤1 S 2 S 0.5 S ≤1 S

309 16 S 8 S 4 S 4 S 2 S 1 S ≤1 S

310 32 R 16 S 4 S 4 S 2 S 1 S ≤1 S

312 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table A4. Phenotypic resistance of P. aeruginosa strains. Data are missing for strains 198, 218 and 312 due to loss during subcultivation. MIC = minimum inhibitory concentration.
N.a. = value missing due to loss of strain or failed reaction.

Sample ID Ciprofloxacin Moxifloxacin Aztreonam Amikacin Tobramycin Fosfomycin Colistin

MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation

17 ≤0.25 S 1 R 4 I ≤2 S ≤1 S 128 R ≤0.5 S

22 ≤0.25 S 1 R 2 I ≤2 S ≤1 S 128 R 1 S

32 ≤0.25 S 2 R 4 I ≤2 S ≤1 S 128 R ≤0.5 S

69 ≤0.25 S 0.5 R 4 I ≤2 S ≤1 S 128 R ≤0.5 S

81 ≤0.25 S 0.5 R 4 I ≤2 S ≤1 S ≥256 R ≤0.5 S

82 ≤0.25 S 1 R 16 I ≤2 S ≤1 S ≤16 R ≤0.5 S

88 2 R ≥8 R 32 R ≤2 S ≤1 S 128 R ≤0.5 S

99 ≤0.25 S 2 R 16 I ≤2 S ≤1 S 128 R ≤0.5 S

106 2 R 1 R 8 I ≤2 S ≤1 S ≥256 R ≤0.5 S

114 ≤0.25 S 0.5 R 4 I ≤2 S ≤1 S 128 R ≤0.5 S

137 ≤0.25 S 1 R 16 I ≤2 S ≤1 S ≥256 R ≤0.5 S

144 ≤0.25 S 1 R 16 I ≤2 S ≤1 S ≥256 R ≤0.5 S

147 ≤0.25 S 2 R 4 I 8 S ≤1 S ≥256 R ≤0.5 S

149 ≤0.25 S 1 R 16 I ≤2 S ≤1 S ≥256 R ≤0.5 S

153 ≤0.25 S 2 R 4 I ≤2 S ≤1 S ≤16 R ≤0.5 S

154 ≤0.25 S 0.5 R 4 I ≤2 S ≤1 S ≥256 R ≤0.5 S

157 ≤0.25 S 1 R 16 I ≤2 S ≤1 S ≥256 R ≤0.5 S

160 1 R ≥8 R ≥64 R 16 I ≤1 S 64 R ≤0.5 S

162 0.5 S 2 R 32 R 4 S ≤1 S 128 R ≤0.5 S

180 ≤0.25 S 1 R 16 I ≤2 S ≤1 S ≥256 R ≤0.5 S

183 ≤0.25 S 0.5 R 4 I ≤2 S ≤1 S ≥256 R ≤0.5 S

186 ≤0.25 S 1 R 16 I ≤2 S ≤1 S 32 R ≤0.5 S

190 ≤0.25 S 1 R 16 I 4 S ≤1 S 32 R ≤0.5 S

195 ≤0.25 S 0.5 R 4 I ≤2 S ≤1 S 64 R ≤0.5 S

196 ≤0.25 S 0.5 R 4 I ≤2 S ≤1 S 64 R ≤0.5 S

198 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table A4. Cont.

Sample ID Ciprofloxacin Moxifloxacin Aztreonam Amikacin Tobramycin Fosfomycin Colistin

MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation MIC Interpretation

204 ≤0.25 S 1 R 2 I ≤2 S ≤1 S 32 R 2 S

208 ≤0.25 S 1 R 8 I ≤2 S ≤1 S 128 R ≤0.5 S

218 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

229 ≤0.25 S 1 R 4 I ≤2 S ≤1 S 128 R ≤0.5 S

233 ≤0.25 S 2 R 16 I ≤2 S ≤1 S ≤16 R ≤0.5 S

236 ≤0.25 S 1 R 16 I 8 S ≤1 S 64 R ≤0.5 S

238 ≤0.25 S 2 R 8 I ≤2 S ≤1 S ≤16 R ≤0.5 S

242 ≤0.25 S 1 R 8 I ≤2 S ≤1 S 128 R ≤0.5 S

243 ≤0.25 S 2 R 16 I ≤2 S ≤1 S 64 R ≤0.5 S

272 ≤0.25 S 2 R 32 R ≤2 S ≤1 S ≥256 R ≤0.5 S

274 ≤0.25 S 2 R 16 I ≤2 S ≤1 S ≥256 R ≤0.5 S

278 ≤0.25 S 0.5 R 4 I ≤2 S ≤1 S 128 R ≤0.5 S

282 ≤0.25 S 1 R 2 I ≤2 S ≤1 S 128 R ≤0.5 S

285 ≤0.25 S 1 R 2 I ≤2 S ≤1 S 128 R ≤0.5 S

289 ≤0.25 S 0.5 R 4 I ≤2 S ≤1 S 128 R ≤0.5 S

290 ≤0.25 S 0.5 R 4 I ≤2 S ≤1 S 128 R ≤0.5 S

296 ≥4 R ≥8 R 32 R ≤2 S ≥16 R 64 R ≤0.5 S

298 ≤0.25 S 2 R 16 I ≤2 S ≤1 S ≤16 R ≤0.5 S

301 ≤0.25 S 2 R 16 I ≤2 S ≤1 S ≤16 R ≤0.5 S

302 ≤0.25 S 1 R 4 I ≤2 S ≤1 S 128 R ≤0.5 S

309 ≤0.25 S 1 R 4 I ≤2 S ≤1 S ≤16 R ≤0.5 S

310 ≤0.25 S 2 R 16 I ≤2 S ≤1 S 128 R ≤0.5 S

312 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table A5. Phenotypic resistance of the Klebsiella strains. MIC = minimum inhibitory concentration. ESBL = signal in phenotypic testing for extended-spectrum beta-lactamases.

Sample
ID

ESBL Ampicillin
Ampicillin/
Sulbactam

Piperacillin/
Tazobactam

Cefuroxime Cefuroxime Axetil Cefpodoxime Cefotaxime Ceftrazidime

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

44 negative ≥32 R 16 R ≤4 S 4 I 4 I ≤0.25 S ≤1 S ≤1 S

60 negative ≥32 R 16 R ≤4 S ≤1 I ≤1 S ≤0.25 S ≤1 S ≤1 S

73 positive ≥32 R ≥32 R ≥128 R ≥64 R ≥64 R ≥8 R ≥64 R 8 R

100 positive ≥32 R ≥32 R ≥128 R ≥64 R ≥64 R ≥8 R ≥64 R 16 R

102 negative ≥32 R ≤2 I 8 S 8 I 8 I ≤0.25 S ≤1 S ≤1 S

124 negative ≥32 R ≤2 I ≤4 S 2 I 2 I ≤0.25 S ≤1 S ≤1 S

146 negative ≥32 R ≤2 I 8 S 2 I 2 I ≤0.25 S ≤1 S ≤1 S

177 positive ≥32 R ≥32 R ≥128 R 2 I 2 S ≤0.25 S ≤1 S ≤1 I

181 negative ≥32 R ≤2 I ≤4 S 2 I 2 I ≤0.25 S ≤1 S ≤1 S

184 negative 16 R ≤2 I ≤4 S 2 I 2 S ≤0.25 S ≤1 S ≤1 S

199 positive ≥32 R ≥32 R 8 R ≥64 R ≥64 R ≥8 R ≥64 R 16 R

214 negative ≥32 R ≤2 I ≤4 S ≤1 I ≤1 S ≤0.25 S ≤1 S ≤1 S

217 negative ≥32 R ≥32 R ≥128 R 4 I 4 I ≤0.25 S ≤1 S ≤1 S

220 negative ≥32 R ≤2 I ≤4 S 4 I 4 I ≤0.25 S ≤1 S ≤1 S

234 negative ≥32 R ≤2 I ≤4 S 2 I 2 I ≤0.25 S ≤1 S ≤1 S

240 negative ≥32 R ≤2 I ≤4 S ≤1 I ≤1 S ≤0.25 S ≤1 S ≤1 S

248 negative ≥32 R ≤2 I ≤4 S 2 I 2 I ≤0.25 S ≤1 S ≤1 S

252 negative ≥32 R 16 R ≤4 S 2 I 2 I ≤0.25 S ≤1 S ≤1 S

267 positive ≥32 R ≥32 R 32 R ≥64 R ≥64 R ≥8 R ≥64 R 16 R

277 negative ≥32 R ≥32 R 64 R 2 I 2 I ≤0.25 S ≤1 S ≤1 S

279 negative ≥32 R ≤2 I ≤4 S 2 I 2 I ≤0.25 S ≤1 S ≤1 S
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Table A6. Phenotypic resistance of the Klebsiella strains. MIC = minimum inhibitory concentration. ESBL = signal in phenotypic testing for extended-spectrum beta-lactamases.

Sample
ID

ESBL Ertapenem Imipenem Meropenem Gentamicin Ciprofloxacin Moxifloxacin Tigecycline
Trimethoprim/

Sulfamethoxazole

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

44 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≤20 S

60 negative ≤0.5 S ≤0.25 S ≤0.25 S ≥16 R 1 R 2 R ≤0.5 S ≥320 R

73 positive ≤0.5 S ≤0.25 S ≤0.25 S ≥16 R 1 R 2 R ≤0.5 S ≥320 R

100 positive ≤0.5 S ≤0.25 S ≤0.25 S ≥16 R ≥4 R ≥8 R ≤0.5 S ≥320 R

102 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S 0.5 R 4 R ≤20 S

124 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≤20 S

146 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S 1 S ≤20 S

177 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S 2 I ≥320 R

181 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≤20 S

184 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≤20 S

199 positive ≤0.5 S ≤0.25 S ≤0.25 S ≥16 R ≤0.25 S ≤0.25 S ≤0.5 S ≥320 R

214 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≥320 R

217 negative ≤0.5 S ≤0.25 S ≤0.25 S ≥16 R ≤0.25 S ≤0.25 S 2 I ≥320 R

220 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S 0.5 R 1 S ≤20 S

234 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S 0.5 R 1 S ≤20 S

240 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≤20 S

248 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S 2 I ≤20 S

252 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S 1 S ≥320 R

267 positive ≤0.5 S ≤0.25 S ≤0.25 S ≥16 R ≤0.25 S ≤0.25 S ≤0.5 S ≥320 R

277 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S 1 S ≥320 R

279 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≤20 S
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Table A7. Phenotypic resistance of Escherichia coli strains. MIC = minimum inhibitory concentration. ESBL = signal in phenotypic testing for extended-spectrum beta-lactamases.

Sample
ID

ESBL Ampicillin
Ampicillin/
Sulbactam

Piperacillin/
Tazobactam

Cefuroxime Cefuroxime Axetil Cefpodoxime Cefotaxime Ceftrazidime

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

41 positive ≥32 R ≥32 R 64 R ≥64 R ≥64 R ≥8 R ≥64 R 16 R

49 negative ≥32 R 16 R ≤4 S 4 I 4 S ≤0.25 S ≤1 S ≤1 S

68 negative ≥32 R 16 R ≤4 S ≤1 I ≤1 S ≤0.25 S ≤1 S ≤1 S

117 negative ≥32 R ≥32 R 64 R 4 I 4 S ≤0.25 S ≤1 S ≤1 S

152 negative ≥32 R ≥32 R ≥128 R 4 I 4 S 0.5 S ≤1 S ≤1 S

176 negative ≥32 R ≥32 R ≤4 I 2 I 2 S ≤0.25 S ≤1 S ≤1 S

221 negative ≥32 R ≥32 R ≤4 I 2 I 2 S ≤0.25 S ≤1 S ≤1 S

222 negative ≥32 R ≥32 R ≤4 I 4 I 4 S ≤0.25 S ≤1 S ≤1 S

225 positive ≥32 R ≥32 R ≤4 R ≥64 R ≥64 R ≥8 R ≥64 R 16 R

245 positive ≥32 R ≥32 R 16 I 16 R 16 R 1 S 2 I ≤1 S

270 positive ≥32 R 16 R ≤4 R ≥64 R ≥64 R ≥8 R ≥64 R ≥64 R

299 negative ≥32 R ≤2 I ≤4 S 4 I 4 S ≤0.25 S ≤1 S ≤1 S
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Table A8. Phenotypic resistance of Escherichia coli strains. MIC = minimum inhibitory concentration. ESBL = signal in phenotypic testing for extended-spectrum beta-lactamases.

Sample
ID

ESBL Ertapenem Imipenem Meropenem Gentamicin Ciprofloxacin Moxifloxacin Tigecycline
Trimethoprim/

Sulfamethoxazole

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

MIC
Inter

pretation
MIC

Inter
pretation

41 positive ≤0.5 S ≤0.25 S ≤0.25 S ≥16 R ≥4 R ≥8 R ≤0.5 S ≥320 R

49 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≥320 R

68 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≥4 R ≥8 R ≤0.5 S ≥320 R

117 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≥320 R

152 negative ≤0.5 S ≤0.25 S ≤0.25 S 2 S 1 R 2 R ≤0.5 S ≥320 R

176 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≥320 R

221 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≥320 R

222 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≤0.25 S ≤0.25 S ≤0.5 S ≥320 R

225 positive ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S 0.5 I 1 R ≤0.5 S ≥320 R

245 positive ≤0.5 S 0.5 S ≤0.25 S ≥16 R ≥4 R ≥8 R ≤0.5 S ≥320 R

270 positive ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S ≥4 R ≥8 R ≤0.5 S ≤20 S

299 negative ≤0.5 S ≤0.25 S ≤0.25 S ≤1 S 0.5 I 2 R ≤0.5 S ≥320 R
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Table A9. Analysis of virulence determinants, ordered by strain and MLST type, of the assessed P. aeruginosa isolates. ST = Sequence type.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

017 ST 381

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimV, pilB, pilD, pilF,
pilG, pilH, pilI, pilK,
pilM, pilN, pilO, pilP,
pilQ, pilR, pilS, pilT,

pilU, pilC like,
xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algP/algR3 algI,
algJ, algK, algL,

algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA,
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,

pvdA, pvdD,
pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

022 ST 2483

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

032 ST 3587

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

069 ST 360

waaA, waaC, waaF,
waaG, waaP, wzy, wzz,

chpA, chpB, chpC,
chpD, chpE, fimT,

fimU, fimV, pilB, pilD,
pilE, pilF, pilG, pilH,
pilI, pilK, pilM, pilN,
pilO, pilP, pilQ, pilR,
pilS, pilT, pilU, pilV,

pilW, pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

81
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

081 ST 244

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV, pilA
like, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, fpvA,
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,
xcpV, xcpW like,

xcpX, xcpY, xcpZ

082 ST 514

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimV, pilB, pilD,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,

pilT, pilU, pilC,
xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

088 ST 1682

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV,

pilB, pilD, pilE, pilF,
pilG, pilH, pilI, pilK,
pilM, pilN, pilO, pilP,
pilQ, pilR, pilS, pilT,
pilU, pilV, pilW, pilX

pilY1, pilY2,
xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

82
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

099 ST 244

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV,

pilA, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA,
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

106 ST 1521

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV,

pilA, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, fpvA,
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,

pvdA, pvdD,
pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

83
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

114 ST 244

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV, pilA
like, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, fpvA,
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,
xcpV, xcpW like,

xcpX, xcpY, xcpZ

137 ST 3014

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV, pilA
like, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA,
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

84



Antibiotics 2021, 10, 339

Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

144 ST 245

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV,

pilA, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

147 ST 245

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV,

pilA, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

85
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

149 ST 381

waaA, waaC, waaF,
waaG, waaP, wzy, wzz,

chpA, chpB, chpC,
chpD, chpE, fimV, pilA,
pilB, pilD, pilF, pilG,
pilH, pilI, pilK, pilM,
pilN, pilO, pilP, pilQ,
pilR, pilS, pilT, pilU,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA,
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

153 ST 704

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV,

pilA, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA plcH lasI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

154 ST 244

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV, pilA
like, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA,
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,
xcpV, xcpW like,

xcpX, xcpY, xcpZ

86
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

157 ST 2616

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimV, pilA, pilB,
pilD, pilF, pilG, pilH,
pilI, pilK, pilM, pilN,
pilO, pilP, pilQ, pilR,
pilS, pilT, pilU, pilC

like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, fpvA,
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

160 ST 170

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimV, pilA, pilB,
pilD, pilF, pilG, pilH,
pilI, pilK, pilM, pilN,
pilO, pilP, pilQ, pilR,
pilS, pilT, pilU, pilC

like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

162 ST 274

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimV, pilA, pilB,
pilD, pilF, pilG, pilH,
pilI, pilK, pilM, pilN,
pilO, pilP, pilQ, pilR,
pilS, pilT, pilU, pilC

like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

87
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

180 ST 856

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilA, pilB, pilD,
pilE, pilF, pilG, pilH,
pilI, pilK, pilM, pilN,
pilO, pilP, pilQ, pilR,
pilS, pilT, pilU, pilV,

pilW, pilX pilY1,
pilY2, pilC like,

xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

183 ST 244

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV, pilA
like, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, fpvA,
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,
xcpV, xcpW like,

xcpX, xcpY, xcpZ

88
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

186 ST 3588

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimT, fimU, fimV,
pilA like, pilB, pilD,
pilE, pilF, pilG, pilH,
pilI, pilK, pilM, pilN,
pilO, pilP, pilQ, pilR,
pilS, pilT, pilU, pilV,

pilW, pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

190 ST 871

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimT, fimU, fimV,
pilA, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2, pilC
like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

195 ST 988

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimT, fimU, fimV,
pilA, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2, pilC
like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

89
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

196 ST 2475

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV,

pilA, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

198 ST 2476

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimV, pilB, pilD,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilC like,

xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

204 ST 639

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

90
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

208 ST 132

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimT, fimU, fimV,
pilA like, pilB, pilD,
pilE, pilF, pilG, pilH,
pilI, pilK, pilM, pilN,
pilO, pilP, pilQ, pilR,
pilS, pilT, pilU, pilV,

pilW, pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

218 ST 856

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

229 ST 270

waaA, waaC, waaF,
waaG, waaP, wzy, wzz,

chpA, chpB, chpC,
chpD, chpE, fimT,

fimU, fimV, pilB, pilD,
pilE, pilF, pilG, pilH,
pilI, pilK, pilM, pilN,
pilO, pilP, pilQ, pilR,
pilS, pilT, pilU, pilV,

pilW, pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,

pvdA, pvdD,
pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

91
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

233 ST 3227

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimV, pilB, pilD,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilC like,

xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

236 ST 266

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

238 ST 3589

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimT, fimU, fimV,
pilA, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2, pilC
like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA plcH lasI, rhlI

xcpP, xcpQ, xcpS,
xcpT, xcpU, xcpV,

xcpW, xcpX,
xcpY, xcpZ

92
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

242 ST 3590

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3
like, algQ, algR,

algU, algW, algX,
algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, fpvA
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpS,
xcpT, xcpU, xcpV,

xcpW, xcpX,
xcpY, xcpZ

243 ST 3590

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpS,
xcpT, xcpU, xcpV,

xcpW, xcpX,
xcpY, xcpZ

272 ST 2033

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimT, fimU, fimV,
pilA, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2, pilC,
xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

93
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

274 ST 2033

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilA, pilB, pilD,
pilE, pilF, pilG, pilH,
pilI, pilK, pilM, pilN,
pilO, pilP, pilQ, pilR,
pilS, pilT, pilU, pilV,

pilW, pilX pilY1,
pilY2, pilC,
xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

278 ST 988

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

94
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

282 ST 554

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV, pilA
like, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

285 ST 554

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV, pilA
like, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

95
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

289 ST 1485

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,

pvdA, pvdD,
pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

290 ST 1485

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,
chpE, fimT, fimU,

fimV, pilB, pilD, pilE,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilW,

pilX pilY1, pilY2,
pilC like, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,

pvdA, pvdD,
pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

296 ST 235

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimT, fimU, fimV,
pilB, pilD, pilE, pilF,
pilG, pilH, pilI, pilK,
pilM, pilN, pilO, pilP,
pilQ, pilR, pilS, pilT,

pilU, pilW, pilX pilY1,
pilY2, pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,
xcpV, xcpW like,

xcpX, xcpY, xcpZ
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Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

298 ST 3227

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimV, pilB, pilD,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilV, pilC,

xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

301 ST 3593

waaA, waaC, waaF,
waaG, waaP, wzy, wzz,

chpA, chpB, chpC,
chpD, chpE, fimT,

fimU, fimV, pilB, pilD,
pilE, pilF, pilG, pilH,
pilI, pilK, pilM, pilN,
pilO, pilP, pilQ, pilR,
pilS, pilT, pilU, pilV,

pilW, pilX pilY1, pilY2,
pilC, xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, fpvA
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

302 ST 1755

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV,

pilB, pilD, pilE, pilF,
pilG, pilH, pilI, pilK,
pilM, pilN, pilO, pilP,
pilQ, pilR, pilS, pilT,
pilU, pilV, pilW, pilX
pilY1, pilY2, pilC like,

xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, fpvA
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

97



Antibiotics 2021, 10, 339

Table A9. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Anti-

Phagocytosis
Biosurfactant Iron Uptake Pigment Protease Toxin Regulation

Secretion
System

309 ST 3592

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimT, fimU, fimV,

pilB, pilD, pilE, pilF,
pilG, pilH, pilI, pilK,
pilM, pilN, pilO, pilP,
pilQ, pilR, pilS, pilT,
pilU, pilV, pilW, pilX

pilY1, pilY2, pilC,
xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, fpvA
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,
pvdA, pvdE

phzM, phzS aprA, lasA plcH lasI, rhlI

xcpP, xcpQ, xcpS,
xcpT, xcpU, xcpV,

xcpW, xcpX,
xcpY, xcpZ

310 ST 532

waaA, waaC, waaF,
waaG, waaP, chpA,
chpB, chpC, chpD,

chpE, fimV, pilB, pilD,
pilF, pilG, pilH, pilI,

pilK, pilM, pilN, pilO,
pilP, pilQ, pilR, pilS,
pilT, pilU, pilC like,

xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algQ, algR,
algU, algW, algX,

algZ, mucA,
mucB, mucC

rhlA, rhlB

fptA, fpvA
pchA, pchB,
pchC, pchD,
pchE, pchF,
pchG, pchH,
pchI, pchR,

pvdA

phzM, phzS aprA lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ

312 ST 381

waaA, waaC, waaF,
waaG, waaP, wzy,
wzz, chpA, chpB,

chpC, chpD, chpE,
fimV, pilB, pilD, pilF,
pilG, pilH, pilI, pilK,
pilM, pilN, pilO, pilP,
pilQ, pilR, pilS, pilT,

pilU, pilC like,
xcpA/pilD

alg44, alg8, algA,
algB, algC, algD,
algE, algF, algG,
algI, algJ, algK,

algL, algP/algR3,
algQ, algR, algU,
algW, algX, algZ,

mucA, mucB,
mucC

rhlA, rhlB

fptA, pchA,
pchB, pchC,
pchD, pchE,
pchF, pchG,
pchH, pchI,
pchR, pvdA,
pvdD, pvdE

phzM, phzS aprA, lasA toxA, plcH lasI, rhlI

xcpP, xcpQ, xcpR,
xcpS, xcpT, xcpU,

xcpV, xcpW,
xcpX, xcpY, xcpZ
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Table A10. Analysis of virulence determinants, ordered by strain and MLST type, of the assessed K. pneumoniae isolates. ST = Sequence type.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Biofilm

Formation
Efflux Pump

Immune
Evasion

Iron Uptake
Nutritional

Factor
Regulation

Secretion
System

Serum
Resistance

Toxin

044 ST 327

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB
cpsACP, galF,
gnd, ugd, wza

like, wzi

entA, entB, entC,
entD, entE, entF,
fepA, fepB, fepC,
fepD, fepG, fes,
ybdA, iroE like

rcsA, rcsB

impA/tssA like,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt

060 ST 5379

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB
cpsACP, galF,
gnd, ugd, wza

like, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB

impA/tssA,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

073 ST 39

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB
cpsACP, galF,
gnd, ugd, wza

like, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,
fepG, fes, ybdA,
iroE, irp1, irp2,

ybtA, ybtE, ybtP,
ybtQ, ybtS, ybtT,

ybtU, ybtX

rcsA, rcsB

impA/tssA,
sciN/tssJ, tle1,
tli1, tssF, tssG,

vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt

100 ST 152

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB
cpsACP, galF,
gnd, ugd, wza

like, wzi

entA, entB, entC,
entD, entE, entF,
fepA, fepB, fepC,
fepD, fepG, fes,

ybdA, iroE, irp1,
irp2, ybtA, ybtE,
ybtP, ybtQ, ybtS,
ybtT, ybtU, ybtX

rcsA, rcsB
impA/tssA like,
sciN/tssJ, tssF,

tssG
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Table A10. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Biofilm

Formation
Efflux Pump

Immune
Evasion

Iron Uptake
Nutritional

Factor
Regulation

Secretion
System

Serum
Resistance

Toxin

102 ST 514

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkI,

mrkJ

acrA, acrB

cpsACP, galF,
gnd, manB,
manC, ugd,

wza, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB

impA/tssA like,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt

124 ST 399

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkF, mrkH,
mrkJ

acrA, acrB
cpsACP, galF,
ugd, wza like,

wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB
glf, wbbM,

wbbN, wbbO,
wzm, wzt

146 ST 4

fimA, fimC,
fimD, fimE,
fimF, fimG,
fimH, fimI,

fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB

cpsACP, galF,
gnd, manB,
manC, ugd,

wza, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,
fepG, fes, ybdA,
iroE, irp1, irp2,

ybtA, ybtE, ybtP,
ybtQ, ybtS, ybtT,

ybtU, ybtX

rcsA, rcsB

impA/tssA like,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt

177 ST 17

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB

cpsACP, galF,
gnd, manB,
manC, ugd,

wza like, wzi

entA, entB, entC,
entD, entE, entF,
fepA, fepB, fepC,
fepD, fepG, fes,

ybdA, iroE, ybtA,
ybtE, ybtP, ybtQ,
ybtS, ybtT, ybtU,

ybtX

rcsA, rcsB

impA/tssA,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt
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Table A10. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Biofilm

Formation
Efflux Pump

Immune
Evasion

Iron Uptake
Nutritional

Factor
Regulation

Secretion
System

Serum
Resistance

Toxin

181 ST 5380

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB

cpsACP, galF,
gmd like, gnd,
manB, manC,
ugd, wza like,

wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB,

impA/tssA,
sciN/tssJ, tle1,
tli1, tssF, tssG,

vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt

184 ST 5381

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB
cpsACP, galF,
gnd, ugd, wza

like, wzi

entA, entB, entC,
entD like, entE,
entF, fepA, fepB,

fepC, fepD, fepG, fes,
ybdA, iroE like

rcsA, rcsB

impA/tssA,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

199 ST 17

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB

cpsACP, galF,
gnd, manB
like, manC,

ugd, wza, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,
fepG, fes, ybdA,
iroE, irp1, irp2,

ybtA, ybtE, ybtP,
ybtQ, ybtS, ybtT,

ybtU, ybtX

rcsA, rcsB

impA/tssA,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

214 ST 6

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkB, mrkC,
mrkD, mrkF,
mrkH, mrkI,

acrA, acrB

cpsACP, galF,
gnd, manB,
manC, ugd,

wza like, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,
fepG, fes, ybdA,
iroE, irp1, irp2,

ybtA, ybtE, ybtP,
ybtQ, ybtS, ybtT,

ybtU, ybtX

rcsA, rcsB

impA/tssA like,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt
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Table A10. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Biofilm

Formation
Efflux Pump

Immune
Evasion

Iron Uptake
Nutritional

Factor
Regulation

Secretion
System

Serum
Resistance

Toxin

217 ST 3154

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB

cpsACP, galF,
gnd, manB,
manC, ugd,

wza like, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB

impA/tssA like,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt

220 ST 5382

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB

cpsACP, galF,
gnd, manB
like, manC,

ugd, wza like,
wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,
fepG, fes, ybdA,

iroE,

allA, allB,
allC, allD,
allR, allS

rcsA, rcsB

234 ST 109

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB

cpsACP, galF,
gnd, manB,
manC, ugd,

wza like, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB,

impA/tssA,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt

240 ST 5383

fimC, fimD,
fimF, fimG,
fimH, fimI,

fimK

mrkF, mrkH,
mrkI, mrkJ

acrA, acrB
cpsACP, galF,
gnd, ugd, wza

like, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB
glf, wbbM,

wbbN, wbbO,
wzm, wzt

248 ST 5384
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB

cpsACP, galF,
gnd, manB,
manC, ugd,

wza like, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB

vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt

252 ST 607

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB
cpsACP, galF,
gnd, wza like,

wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB

sciN/tssJ, tssF,
tssG, vasE/tssK,

vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt
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Table A10. Cont.

Sample ID ST-Type Pathogenicity Factor Groups

Adherence
Biofilm

Formation
Efflux Pump

Immune
Evasion

Iron Uptake
Nutritional

Factor
Regulation

Secretion
System

Serum
Resistance

Toxin

267 ST 36

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB

cpsACP, galF,
gnd, manB,
manC, ugd,

wza, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,
fepG, fes, ybdA,
iroE, irp1, irp2,

ybtA, ybtE, ybtP,
ybtQ, ybtS, ybtT,

ybtU, ybtX

rcsA, rcsB

impA/tssA,
sciN/tssJ, tle1,
tli1, tssF, tssG,

vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt

277 ST 530

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB

cpsACP, galF,
gnd, manB,
manC, ugd,

wza, wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB

impA/tssA like,
sciN/tssJ, tssF,

tssG, vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

glf, wbbM,
wbbN, wbbO,

wzm, wzt

279 ST 5385

fimA, fimB,
fimC, fimD,
fimE, fimF,
fimG, fimH,
fimI, fimK

mrkA, mrkB,
mrkC, mrkD,
mrkF, mrkH,
mrkI, mrkJ

acrA, acrB
cpsACP, galF,
gnd, ugd, wza,

wzi

entA, entB, entC,
entE, entF, fepA,
fepB, fepC, fepD,

fepG, fes, ybdA, iroE

rcsA, rcsB,

impA/tssA,
sciN/tssJ, tle1,
tli1, tssF, tssG,

vasE/tssK,
vgrG/tssI,
vipA/tssB,
vipB/tssC

wzm, wzt
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Table A11. Details on the strain-specific short-read archive (SRA) accession numbers.

Sample ID
Percentage of
Good Targets
(SeqSphere+)

Average Coverage
(Assembled)

(SeqSphere+)

Approximated Genome
Size (Megabases)

(SeqSphere+)
Species (Kraken2) Sequence Type

Complex Type
(SeqSphere+)

SRA Accession

Iso00017 99.4 105 6.7 Pseudomonas aeruginosa 381 1791 SRR13617317

Iso00022 99.4 102 6.9 Pseudomonas aeruginosa 2483 1792 SRR13617316

Iso00032 99.2 106 6.6 Pseudomonas aeruginosa 3587 1793 SRR13617305

Iso00041 99.4 97 5.0 Escherichia coli 2 (Pasteur) 11349 SRR13617294

Iso00044 99.7 116 5.1 Klebsiella pneumoniae 327 5462 SRR13617283

Iso00049 98.7 94 5.2 Escherichia coli 3 (Pasteur) 11350 SRR13617272

Iso00060 99.6 112 5.3 Klebsiella pneumoniae 5379 5463 SRR13617261

Iso00068 99.6 109 4.9 Escherichia coli 632 (Pasteur) 11351 SRR13617250

Iso00069 99.6 104 6.8 Pseudomonas aeruginosa 360 1794 SRR13617239

Iso00073 99.4 104 5.8 Klebsiella pneumoniae 39 5464 SRR13617236

Iso00081 98.7 108 6.6 Pseudomonas aeruginosa 244 1795 SRR13617315

Iso00082 99.4 112 6.3 Pseudomonas aeruginosa 514 1796 SRR13617314

Iso00088 97.8 105 6.8 Pseudomonas aeruginosa 1682 1797 SRR13617313

Iso00099 99.4 106 6.6 Pseudomonas aeruginosa 244 1798 SRR13617312

Iso00100 99.2 108 5.5 Klebsiella pneumoniae 152 5465 SRR13617311

Iso00102 99.2 111 5.4 Klebsiella pneumoniae 514 5466 SRR13617310

Iso00106 99.5 110 6.4 Pseudomonas aeruginosa 1521 1799 SRR13617309

Iso00114 99.4 105 6.7 Pseudomonas aeruginosa 244 1800 SRR13617308

Iso00117 99.2 95 5.3 Escherichia coli 4 (Pasteur) 11352 SRR13617307

Iso00124 99.4 112 5.3 Klebsiella pneumoniae 399 5467 SRR13617306

Iso00137 99.4 110 6.4 Pseudomonas aeruginosa 3014 1801 SRR13617304

Iso00144 99.6 109 6.5 Pseudomonas aeruginosa 245 1802 SRR13617303

Iso00146 99.4 110 5.5 Klebsiella pneumoniae 4 5468 SRR13617302

Iso00147 99.5 108 6.6 Pseudomonas aeruginosa 245 1802 SRR13617301
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Table A11. Cont.

Sample ID
Percentage of
Good Targets
(SeqSphere+)

Average Coverage
(Assembled)

(SeqSphere+)

Approximated Genome
Size (Megabases)

(SeqSphere+)
Species (Kraken2) Sequence Type

Complex Type
(SeqSphere+)

SRA Accession

Iso00149 99.6 104 6.9 Pseudomonas aeruginosa 381 1803 SRR13617300

Iso00152 99.4 98 5.2 Escherichia coli 22 (Pasteur) 11353 SRR13617299

Iso00153 98.5 111 6.4 Pseudomonas aeruginosa 704 ? SRR13617298

Iso00154 99.4 102 7.0 Pseudomonas aeruginosa 244 1805 SRR13617297

Iso00157 99.6 114 6.3 Pseudomonas aeruginosa 2616 1806 SRR13617296

Iso00160 99.2 115 6.2 Pseudomonas aeruginosa 170 1807 SRR13617295

Iso00162 99.1 111 6.5 Pseudomonas aeruginosa 274 1808 SRR13617293

Iso00176 99.0 98 5.1 Escherichia coli 132 (Pasteur) 11354 SRR13617292

Iso00177 99.6 108 5.5 Klebsiella pneumoniae 17 5469 SRR13617291

Iso00180 99.8 110 6.5 Pseudomonas aeruginosa 856 1809 SRR13617290

Iso00181 99.9 107 5.6 Klebsiella pneumoniae 5380 5470 SRR13617289

Iso00183 99.5 107 6.7 Pseudomonas aeruginosa 244 1795 SRR13617288

Iso00184 98.3 104 5.6
Klebsiella variicola subsp.

variicola
5381 5471 SRR13617287

Iso00186 98.7 113 6.3 Pseudomonas aeruginosa 3588 1810 SRR13617286

Iso00190 99.7 114 6.3 Pseudomonas aeruginosa 871 1811 SRR13617285

Iso00195 99.5 111 6.5 Pseudomonas aeruginosa 988 1812 SRR13617284

Iso00196 99.5 101 7.1 Pseudomonas aeruginosa 2475 1813 SRR13617282

Iso00198 99.6 112 6.4 Pseudomonas aeruginosa 2476 1814 SRR13617281

Iso00199 99.4 108 5.6 Klebsiella pneumoniae 17 5472 SRR13617280

Iso00204 99.5 104 6.9 Pseudomonas aeruginosa 639 1815 SRR13617279

Iso00208 99.7 109 6.5 Pseudomonas aeruginosa 132 1816 SRR13617278

Iso00214 99.7 108 5.5 Klebsiella pneumoniae 6 5473 SRR13617277

Iso00217 99.8 104 5.7 Klebsiella pneumoniae 3154 5474 SRR13617276

Iso00218 99.7 109 6.5 Pseudomonas aeruginosa 856 1809 SRR13617275
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Table A11. Cont.

Sample ID
Percentage of
Good Targets
(SeqSphere+)

Average Coverage
(Assembled)

(SeqSphere+)

Approximated Genome
Size (Megabases)

(SeqSphere+)
Species (Kraken2) Sequence Type

Complex Type
(SeqSphere+)

SRA Accession

Iso00220 97.8 110 5.4
Klebsiella quasipneumoniae
subsp. similipneumoniae

5382 5475 SRR13617274

Iso00221 99.0 94 5.1 Escherichia coli 132 (Pasteur) 11354 SRR13617273

Iso00222 99.0 96 5.1 Escherichia coli 132 (Pasteur) 11354 SRR13617271

Iso00225 99.1 99 5.2 Escherichia coli 506 (Pasteur) 11355 SRR13617270

Iso00229 99.6 109 6.5 Pseudomonas aeruginosa 270 1817 SRR13617269

Iso00233 97.8 114 6.1 Pseudomonas aeruginosa 3227 1818 SRR13617268

Iso00234 99.7 111 5.5 Klebsiella pneumoniae 109 5476 SRR13617267

Iso00236 99.7 112 6.4 Pseudomonas aeruginosa 266 1819 SRR13617266

Iso00238 98.7 108 6.6 Pseudomonas aeruginosa 3589 1820 SRR13617265

Iso00240 98.9 112 5.4 Klebsiella pneumoniae 5383 5477 SRR13617264

Iso00242 98.9 111 6.4 Pseudomonas aeruginosa 3590 1821 SRR13617263

Iso00243 98.9 111 6.4 Pseudomonas aeruginosa 3590 1821 SRR13617262

Iso00245 99.3 107 4.8 Escherichia coli 2 (Pasteur) 11356 SRR13617260

Iso00248 97.2 108 5.5 Klebsiella quasivariicola 5384 5478 SRR13617259

Iso00252 99.6 112 5.3 Klebsiella pneumoniae 607 5479 SRR13617258

Iso00267 99.6 103 5.7 Klebsiella pneumoniae 36 5480 SRR13617257

Iso00270 99.2 100 4.9 Escherichia coli 2 (Pasteur) 11358 SRR13617256

Iso00272 99.5 109 6.5 Pseudomonas aeruginosa 2033 1822 SRR13617255

Iso00274 99.4 109 6.5 Pseudomonas aeruginosa 2033 1822 SRR13617254

Iso00277 99.4 109 5.5 Klebsiella pneumoniae 530 5481 SRR13617253

Iso00278 99.6 110 6.5 Pseudomonas aeruginosa 988 1823 SRR13617252

Iso00279 99.7 111 5.5 Klebsiella pneumoniae 5385 5482 SRR13617251

Iso00282 99.3 108 6.6 Pseudomonas aeruginosa 554 1824 SRR13617249

Iso00285 99.3 109 6.5 Pseudomonas aeruginosa 554 1824 SRR13617248

106



Antibiotics 2021, 10, 339

Table A11. Cont.

Sample ID
Percentage of
Good Targets
(SeqSphere+)

Average Coverage
(Assembled)

(SeqSphere+)

Approximated Genome
Size (Megabases)

(SeqSphere+)
Species (Kraken2) Sequence Type

Complex Type
(SeqSphere+)

SRA Accession

Iso00289 99.6 112 6.3 Pseudomonas aeruginosa 1485 1825 SRR13617247

Iso00290 99.7 113 6.3 Pseudomonas aeruginosa 1485 1825 SRR13617246

Iso00296 99.7 106 6.7 Pseudomonas aeruginosa 235 1826 SRR13617245

Iso00298 97.8 116 6.1 Pseudomonas aeruginosa 3227 1818 SRR13617244

Iso00299 99.3 108 4.6 Escherichia coli 1018 (Pasteur) 11357 SRR13617243

Iso00301 98.6 112 6.3 Pseudomonas aeruginosa 3593 1827 SRR13617242

Iso00302 99.6 113 6.3 Pseudomonas aeruginosa 1755 1828 SRR13617241

Iso00309 98.6 109 6.5 Pseudomonas aeruginosa 3592 1829 SRR13617240

Iso00310 99.3 105 6.8 Pseudomonas aeruginosa 532 1830 SRR13617238

Iso00312 99.4 106 6.7 Pseudomonas aeruginosa 381 1791 SRR13617237
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Abstract: Staphylococcus aureus (S. aureus) is a leading cause of skin and soft-tissue infections (SSTIs)
in the community. In this study, we characterized a collection of 34 S. aureus from SSTIs in ambulatory
patients in Portugal and analyzed the presence of Panton–Valentine leucocidin (PVL)-encoding genes
and antibiotic-resistance profile, which was correlated with genetic determinants, plasmid carriage,
and clonal lineage. Nearly half of the isolates (15, 44.1%) were methicillin-resistant Staphylococcus

aureus (MRSA) and/or multidrug resistant (MDR). We also detected resistance to penicillin (33/34,
97.1%), fluoroquinolones (17/34, 50.0%), macrolides and lincosamides (15/34, 44.1%), aminoglyco-
sides (6/34, 17.6%), and fusidic acid (2/34, 5.9%), associated with several combinations of resistance
determinants (blaZ, erm(A), erm(C), msr(A), mph(C), aacA-aphD, aadD, aph(3′)-IIIa, fusC), or mutations
in target genes (fusA, grlA/gyrA). The collection presented a high genetic diversity (Simpson’s index
of 0.92) with prevalence of clonal lineages CC5, CC22, and CC8, which included the MRSA and also
most MDR isolates (CC5 and CC22). PVL-encoding genes were found in seven isolates (20.6%), three
methicillin-susceptible Staphylococcus aureus (MSSA) (ST152-agrI and ST30-agrIII), and four MRSA
(ST8-agrI). Plasmid profiling revealed seventeen distinct plasmid profiles. This work highlights the
high frequency of antimicrobial resistance and PVL carriage in SSTIs-related S. aureus outside of the
hospital environment.

Keywords: Staphylococcus aureus; skin and soft-tissue infections; antibiotic resistance; clonal lineages;
plasmids; Panton–Valentine leucocidin

1. Introduction

Staphylococcus aureus (S. aureus) is a major human pathogen responsible for a wide
range of infections both in hospitals and in the community. It is one of the main causes
of severe nosocomial infections such as bacteremia and infective endocarditis and in the
community is a frequent cause of skin and soft-tissue infections (SSTIs) [1]. Besides their
potential severity, infections caused by S. aureus are usually difficult to treat due to the
frequent acquisition of antimicrobial resistance determinants. In the last decades, there has
been an emergence and dissemination of methicillin-resistant S. aureus (MRSA) as well as
of multidrug-resistant (MDR) strains [2,3]. Consequently, MRSA are now included in the
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World Health Organization (WHO) list of high-priority bacteria for development of new
drugs [4].

S. aureus is the most frequent pathogen associated with SSTIs, which can range from
minor or superficial infections such as impetigo to life-threating infections such as necrotiz-
ing fasciitis [5]. Topical antibiotics that are often used for the prevention or treatment of
milder infections include mupirocin, fusidic acid, neomycin, and bacitracin [6,7]. The use
of some of these topical antibiotics is particularly relevant in the community/ambulatory
settings, where they may not require medical prescription. Other antibiotics for systemic
use, such as clindamycin, trimethoprim-sulfamethoxazole, tetracyclines, and linezolid, are
also indicated for treatment of severe forms of SSTIs caused by S. aureus [6,8]. The frequency
of antibiotic-resistant S. aureus isolates associated with SSTIs is rising worldwide [9–12],
particularly to fusidic acid and mupirocin, which is probably linked with the widespread
use of these antibiotics [3].

Resistance to antibiotics in S. aureus can be mediated by several mechanisms, such as
antibiotic modification or degradation, target mutation, or antibiotic efflux. Resistance to
penicillins can occur by inactivation of the antibiotic molecule through the action of the
β-lactamase BlaZ. The blaZ gene occurs frequently in S. aureus clinical isolates. Resistance
to penicillins and other β-lactams, with the exception of fifth-generation cephalosporins, is
mediated by the acquisition of the mecA gene, which is part of the mobile genetic element
SCCmec (staphylococcal cassette chromosome mec) and encodes for an additional penicillin-
binding protein, PBP2a, with low affinity for the β-lactam antibiotics [3]. Resistance
to macrolides and lincosamides can occur through several mechanisms, including the
acquisition of rRNA methylases-encoding erm genes that methylate the binding site of the
antibiotics [3]. Resistance to aminoglycosides is associated with acquisition of several genes,
like aacA-aphD or aadD that encode enzymes that modify the antibiotic molecule rendering it
inactive [3]. Resistance to fluoroquinolones is usually linked to the occurrence of mutations
in the quinolone-resistant determining region (QRDR) of the grlA/B and gyrA/B genes
that encode the DNA topoisomerase IV and DNA gyrase, respectively. Fluoroquinolone
resistance can also be conveyed by overexpression of chromosomally-encoded efflux pump
genes such as norA/B/C and mepA [13]. Resistance to fusidic acid can be achieved by the
acquisition of the fusB/C genes that encode ribosomal protection proteins or by mutations
in the fusA gene [3].

S. aureus produces several virulence factors, including toxins, proteins associated
with immune evasion, and tissue-degrading enzymes [1]. The cytotoxin Panton–Valentine
leucocidin (PVL), encoded by the genes lukF-PV and lukS-PV carried on bacteriophage
ϕSa2, is a two-component pore-forming protein that has been strongly associated with S.
aureus isolates causing skin infections in the community and with necrotizing pneumo-
nia [1]. Nevertheless, the role of PVL in S. aureus infection pathogenesis is still not fully
elucidated [14]. The S. aureus accessory gene regulator (agr) locus regulates the expression
of several virulence factors like cell-wall-associated and extracellular proteins, contributing
to infection severity and persistence. The polymorphism of the agr locus allows the clas-
sification of S. aureus in four predominant agr types (I to IV), that may differ in terms of
infection type, carriage of virulence factors, and temporal patterns of autoinduction [15].

Most antimicrobial resistance and virulence genes of S. aureus are located on mo-
bile genetic elements (MGEs) such as plasmids, bacteriophages, pathogenicity islands,
transposons, integrative conjugative elements (ICEs), integrons, and staphylococcal chro-
mosome cassettes (SCCs), which make up to 15–20% of its genome [16]. The acquisition
of antimicrobial resistance by S. aureus is mostly due to horizontal gene transfer (HGT),
and plasmids have been identified as one of the main responsible for the dissemination of
resistance genes [17].

Several studies have evaluated the main clones of MRSA circulating both in hospitals
and in the community in Portugal, a country with a high prevalence of MRSA [18–22].
However, there have been fewer studies focusing on S. aureus, both methicillin-susceptible
Staphylococcus aureus (MSSA) and MRSA causing SSTIs. The aim of this work was to per-
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form a phenotypic and genotypic characterization of a collection of S. aureus isolated from
SSTIs in ambulatory patients and to assess their virulence determinants and susceptibility
to the main antibiotics used in SSTI therapeutics, correlating their resistance profile to
genetic determinants and identifying their main mechanisms of dissemination among S.
aureus strains.

2. Results

2.1. Antimicrobial Susceptibility Profile and Correlation with Resistance Determinants

The antimicrobial susceptibility profile of the 34 isolates is described in Table 1. Resis-
tance to penicillin was detected in 97.1% (33/34) of the isolates, and 44.1% (15/34) were
MRSA (mecA+ and cefoxitin resistant). We have also observed resistance to the fluoro-
quinolones ciprofloxacin and moxifloxacin (50.0%, 17/34), erythromycin (44.1%, 15/34),
clindamycin (35.3%, 12/34) either constitutive (2.9%, 1/34) or inducible (32.4%, 11/34),
kanamycin (17.6%, 6/34), tobramycin (14.7%, 5/34), amikacin (8.8%, 3/34), gentamycin
(2.9%, 1/34), and fusidic acid (5.9%, 2/34). Fifteen isolates (44.1%) were MDR, mainly
resistant to β-lactams, fluoroquinolones, macrolides, and lincosamides. All isolates were
susceptible to tetracyclines, tigecycline, rifampicin, trimethoprim-sulfamethoxazole, line-
zolid, chloramphenicol, retapamulin, and quinupristin-dalfopristin. All MRSA isolates
were susceptible to ceftaroline. Only one isolate was susceptible to all antibiotics tested.
Although no breakpoints or epidemiological cut-off values are established by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) for bacitracin or neomycin
(for 30 µg discs), one isolate showed no inhibition zone toward each of these topical an-
tibiotics. The presence of antibiotic-resistance determinants was confirmed for all isolates
presenting phenotypic resistance (Table 1). The blaZ gene was detected in all isolates
resistant to penicillin. All isolates showing resistance to cefoxitin harbored the mecA gene.
Mutations in QRDR regions of grlA and gyrA genes were found in different combinations in
all the representative fluoroquinolone resistant isolates screened. Resistance to macrolides
and lincosamides was associated with erm(A), erm(C), msr(A), and/or mph(C). Resistance
to aminoglycosides was mainly linked to the aadD gene. For the two isolates resistant to
fusidic acid, one harbored the fusC gene, whereas the other carried three mutations in the
fusA gene.

Table 1. Antimicrobial resistance phenotypes of the 34 S. aureus included in this study and correlation with resis-
tance determinants.

Class Antibiotic Resistant Isolates (%)
Resistance Determinants

(No. Isolates); [Mutations]

β-lactams
PEN 33 (97.1%) blaZ (33)

mecA (15)CXI 15 (44.1%)

Fluoroquinolones CIP 17 (50%) Mutations in GrlA [S80Y, E84G,
S80F] and GyrA [S84L, E88K]MOX 17 (50%)

Macrolides/Lincosamides
ERY 15 (44.1%) erm(A) (9), erm(C) (7)

msr(A) (4), mph(C) (3)CLI 12 (35.3%)

Aminoglycosides

KAN 6 (17.6%)
aadD (4), aacA-aphD (1)

aph(3′)-IIIa (1)
TOB 5 (14.7%)
AMI 3 (8.8%)
GEN 1 (2.9%)

Fusidanes FUS 2 (5.9%)
fusC (1)

FusA mutations
[A71V, H457Q, G476C]

PEN: penicillin; CXI: cefoxitin; ERY: erythromycin; CLI: clindamycin; CIP: ciprofloxacin; MOX: moxifloxacin; KAN: kanamycin; GEN:
gentamycin; TOB: tobramycin; AMI: amikacin; and FUS: fusidic acid.
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2.2. Efflux Activity

The presence of increased efflux activity in the 34 isolates was assessed by different
approaches. The minimum inhibitory concentrations (MICs) of ethidium bromide (EtBr)
for the entire collection ranged from 2 to 16 µg/mL with a unimodal distribution (data
not shown). Eleven isolates presented an EtBr MIC of 16 µg/mL, suggesting increased
efflux activity in those isolates. In addition, these 11 isolates were also resistant to fluoro-
quinolones, a class of antibiotics that is substrate of the main efflux pumps in S. aureus [13].
To verify the presence of an efflux-mediated resistance in these 11 isolates, the EtBr and
ciprofloxacin (CIP) MICs were determined in the presence of the known efflux inhibitors
(EIs) thioridazine (TZ) and verapamil (VER) and compared to their original values (Table 2).
A significant decrease (four- to eight-fold) in EtBr MICs was observed for all isolates but
one, confirming the presence of increased efflux activity in these isolates. However, none
of the isolates carried the plasmid-encoded qacA/B or smr genes, which code for the efflux
pumps QacA/B and Smr, respectively, responsible for the extrusion of EtBr and several bio-
cides. These results indicate that the increased efflux activity present in these isolates may
be driven by chromosomally-encoded efflux pumps, like NorA, which extrudes EtBr and
biocides but also several fluoroquinolones like ciprofloxacin and norfloxacin [13]. The effect
of EIs on CIP MICs was less significant, with MIC reductions of two-fold for the majority of
the isolates. This result does not exclude the presence of increased efflux activity associated
with fluoroquinolone resistance, since these isolates harbor mutations in the QRDR of grlA
and gyrA genes, which are responsible for conferring high-level fluoroquinolone resistance
and thus may be hindering the screening of efflux activity associated with resistance to
these antibiotics [23].

Table 2. The effect of the efflux inhibitors thioridazine and verapamil on ethidium bromide and
ciprofloxacin MICs for selected S. aureus isolates.

Isolate

MIC (µg/mL)

EtBr EtBr + TZ
EtBr +
VER

CIP CIP + TZ CIP + VER

BIOS-H4 16 4 2 16 16 16
BIOS-H7 16 8 8 512 256 256
BIOS-H8 16 8 4 512 256 256
BIOS-H10 16 8 4 512 256 256
BIOS-H11 16 4 2 256 128 128
BIOS-H14 16 4 2 128 64 64
BIOS-H19 16 4 2 512 256 256
BIOS-H23 16 4 4 256 128 256
BIOS-H24 16 2 2 32 16 16
BIOS-H31 16 4 2 512 128 128
BIOS-H33 16 4 2 512 256 256

MIC: minimum inhibitory concentration; EtBr: ethidium bromide; CIP: ciprofloxacin; TZ: thioridazine; VER:
verapamil. Bold-type numbers indicate MIC reductions ≥ four-fold in the presence of EIs when compared to the
original MIC values.

2.3. Main Clonal Lineages and Genetic Diversity of the S. aureus Isolates

Analysis of SmaI-macrorestriction profiles revealed the presence of 15 pulsed-field
gel electrophoresis (PFGE) types (A to O) and 18 subtypes (Figure 2) among the collection
studied. The three most common profiles, PFGE types G, N, and E, are represented by
seven, five, and four isolates, respectively. An isolate representative of each PFGE type
was selected for typing by multilocus sequence typing (MLST). Fourteen sequence types
(STs) were identified belonging to 10 clonal complexes. The clonal complexes identified
were CC5 (ST5, ST105, and the newly identified ST6531, which is a single-locus variant
(SLV) of ST5), CC8 (ST8, ST72), CC152 (ST152), CC30 (ST30), CC7 (ST7), CC97 (ST97), CC15
(ST15), CC25 (ST25), CC22 (ST22), and CC45 (ST278). We also detected a newly identified
singleton, ST6564. In general, each ST identified was associated with a single PFGE type,
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except for ST5 (CC5), associated with PFGE types F and D and ST8 (CC8) associated with
PFGE types C and E. The most common PFGE types were linked to ST105 (CC5), ST22
(CC22), and ST8 (CC8). The Simpson’s index of diversity (SID), calculated based upon
the PFGE SmaI-macrorestriction profiles, revealed a highly diverse S. aureus population
(SID = 0.92, CI: 0.87–0.98).

2.4. Correlation of Strain Lineage with agr Typing and PVL Carriage

The agr typing of the S. aureus isolates identified agrI as the predominant type, which
was detected in 20 out of the 34 isolates (58.8%), followed by agr type II, identified in 13/34
(38.2%) isolates, and agr type III, observed in a single isolate (1/34, 2.9%). No isolate of agr
type IV was identified. The PVL-encoding genes lukS-lukF were detected in seven isolates
(20.6%), corresponding to three MSSA (3/19, 15.8%) and four MRSA (4/15, 26.7%), all
classified as agr type I or III.

As shown in Figure 2, an association was observed between S. aureus clonal lineages
ST8 (CC8), ST25 (CC25), ST22 (CC22), ST7 (CC7), ST278 (CC45), ST97 (CC97) and ST152
(CC152) and agr type I, whereas clonal complexes CC5 and CC15 were linked to agr type II,
and the singe isolate harboring agr type III belonged to ST30 (CC30). The newly identified
singleton ST6564 belongs to agr type I.

Carriage of PVL was associated with MRSA belonging to ST8 (CC8) and MSSA
assigned to ST152 (CC152) or ST30 (CC30).

2.5. Correlation of Strain Lineage with Antimicrobial Resistance and Plasmid Profiles

Analysis of the methicillin resistance status and clonal lineage showed that the MRSA
isolates identified in the collection were restricted to the clonal complexes CC22, CC8 (ST8),
and CC5 (ST5 and ST105) (Figure 1). Most isolates from ST22 and clonal lineages of the
CC5 presented MDR phenotypes (Figure 1).

ree plasmids. Large plasmids (≥

(10 kb or ≤3

–

Figure 1. Relation of clonal lineages identified amongst the S. aureus associated with SSTIs in ambulatory patients determined
using PHYLOViZ software and correlation with (A) methicillin resistance status, PVL carriage, and agr type; and (B) MDR
phenotypes and plasmid profile. In panel (A), MRSA isolates are displayed in orange whereas MSSA isolates are shown in
light blue. In panel (B), MDR isolates are presented in red, while non-MDR isolates are shown in green.
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Figure 2. SmaI-PFGE macrorestriction profile analysis of the S. aureus isolates associated with SSTIs in ambulatory patients and corresponding clonal lineages as determined by MLST and
their correlation with PVL carriage and agr types, plasmid profiles, and phenotypic and genotypic resistance traits. The pairs of isolates recovered from different anatomical sites of the
same patient are marked by (A) to (F), where each letter corresponds to a different patient. The dendrogram was built using Bionumerics and the UPGMA algorithm, using Dice coefficient,
and an optimization of 0.5% and tolerance of band of 1%. The dashed lines correspond to the similarity criteria for considering isolates belonging to the same PFGE type (≥81%) or
subtype (≥97%). Isolates sharing the same PFGE type or subtype were considered as belonging to the same sequence type (ST). The isolates subjected to MLST are indicated in bold-type.
Each plasmid profile corresponds to a unique pattern of undigested and/or EcoRI-digested plasmids. CC: clonal complex; ST: sequence type; PFGE: pulsed-field gel electrophoresis; PVL:
Panton–Valentine leucocidin; PEN: penicillin; CXI: cefoxitin; ERY: erythromycin; CLI: clindamycin; CIP: ciprofloxacin; MOX: moxifloxacin; KAN: kanamycin; GEN: gentamycin; TOB:
tobramycin; AMI: amikacin; and FUS: fusidic acid. Resistance mutations: GrlA1: S80Y; GrlA2: S80F; GrlA3: S80Y, E84G; GyrA1: S84L; GyrA2: E88K; FusA1: A71V, H547Q, G476C.
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The majority of the S. aureus isolates studied carried plasmids (28/34, 82.4%), with
19 isolates (55.9%) carrying one plasmid, eight isolates (23.5%) carrying two plasmids, and
only one isolate (2.9%) carrying three plasmids. Large plasmids (≥23 kb) were present in
most isolates (24/34, 70.6%), alone or in combination with medium or smaller plasmids
(10 kb or ≤3 kb). Isolates with large plasmids harbor, in general, a higher number of
resistance determinants than those carrying small or no plasmids (Figure 2).

Seventeen plasmid profiles were identified, designated P1 to P17 (Figure 2). For strains
carrying a single plasmid, these profiles were defined after restriction with EcoRI–profiles
P1 to P10. The most frequent profile, P1, is represented by a single large plasmid (>23 kb),
identified in six isolates, five of which belonging to ST105 (CC5). All isolates with this
plasmid profile are MDR and carry several resistance genes. The second most frequent
profile, P12, is shared by three isolates belonging to CC5 and CC22. Isolates of the same
clonal complex show a high variety of plasmid profiles. For example, isolates of CC5, CC8,
and CC22 have four different plasmids profiles each (Figure 2).

Of the six pairs of isolates recovered from two anatomical sites of the same patient,
only one pair was assigned to two distinct PFGE types. Four pairs of isolates were indistin-
guishable by PFGE, while the remaining pair included subtypes of the same PFGE type.
However, different phenotypical or genotypical trait(s) were observed within each pair
except one (Figure 2). Isolates of three pairs differed in plasmid content, while two pairs
of isolates differed in terms of resistance profile and/or resistance determinants. Another
pair of isolates displayed different resistance profile and determinants although sharing
the same plasmid profile.

3. Discussion

S. aureus is a leading cause of bacterial infections not only in healthcare settings but also
in the community, many of which are caused by MRSA and MDR strains [2]. According
to the most recent data of EARS-Net (European Antimicrobial Resistance Surveillance
Network), in 2019, the prevalence of MRSA in bloodstream infections in Portugal was
34.8%. Even though this value has been decreasing over the last decade, it was still the fifth
highest registered in Europe [24].

A high frequency of antibiotic resistance was observed in this collection. All isolates
except one were resistant to at least one class of antibiotics, mainly β-lactams, and nearly
half (44.1%) were MDR, which was unexpected considering they were not from hospitalized
patients. However, these isolates were collected from ambulatory patients who could have
been under antibiotic therapy or could have had recent contact with hospitals and that
might explain the high rates of resistance observed. The 44.1% rate of MRSA identified
is higher than the MRSA rates reported in the community (21.6%) in Portugal [19] and in
children affected by SSTIs attending a pediatric emergency in Lisbon area (8.6%) [25] in
years close to the year of collection of these isolates and is closer to the values observed
in hospitals (47.4%) for 2014 [26]. On the other hand, the fact that these patients used
laboratory services suggests that these may reflect more complex infections, which may
explain the high frequencies of resistance observed [27]. Of the 15 MRSA, 11 (73.3%) were
also MDR and the most common pattern was resistance to β-lactams, fluoroquinolones,
macrolides, and lincosamides, which is a profile frequently observed in hospital-acquired
MRSA (HA-MRSA) [19,20]. Previous studies have shown that there is a high prevalence of
HA-MRSA strains in the community in our country, due to dissemination of these strains
from the hospital [19–21]. The molecular analysis revealed that most of the isolates studied
(16/34, 47.1%) presented genetic backgrounds related to hospital-associated lineages, such
as CC5 and CC22, which were the predominant HA-MRSA lineages in Portugal during this
period, identified in nosocomial or community isolates [18,19]. This finding, together with
the use of community laboratory services to treat possible resilient and complex infections,
may explain the high frequency of resistance observed in this collection. Regarding MSSA
strains, only four strains showed an MDR profile (4/19, 21%). This observed rate of MDR
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strains is higher than previously reported for other MSSA collected from the community in
Portugal [25,28].

With the exception of ST278 and the two new STs, all the other strain lineages identified
in this work have been found in other studies in Portugal, with ST8 being the most frequent
CA-MRSA clone, while ST30 and ST72 were the most prevalent MSSA clones [18,19,29].
ST278 belongs to CC45 and has been reported in the USA as a MSSA clone [30,31]. Strains
of CC45 are prevalent in Portugal [18,19,29], but as far as we know, ST278 has not been yet
reported in our country. We have also identified two new STs, ST6531, a SLV of ST5, and
the singleton ST6564.

Although the S. aureus studied were isolated from patients with SSTIs, a low fre-
quency of resistance was observed toward topical antibiotics, particularly to neomycin
and fusidic acid, which are some of the most commonly used for the treatment of SSTIs
in the community [7]. Only two isolates (5.9%) were resistant to fusidic acid, and only
one isolate (2.9%) did not show inhibition zone to neomycin or bacitracin. The current
rates of resistance to fusidic acid reported in the literature for SSTIs-associated S. aureus
vary geographically, ranging from over 30% in Africa [32] to much lower rates, 2 to 6% in
Asia or South America [33,34]. These low levels of resistance to fusidic acid are similar to
the ones detected in other contemporary studies in Portugal [19]. The rates of resistance
to neomycin and bacitracin in our collection are lower than the ones reported for other
CA-MRSA from SSTIs [34]. However, a higher frequency of resistance was detected to-
ward clindamycin (35.3%), an antibiotic also recommended for topical treatment of these
infections, in comparison with other CA-MRSA from SSTIs [35,36].

Antibiotic-resistance determinants were identified in all isolates presenting phenotypic
resistance (Table 1). The distribution of the fusidic-acid-resistance determinants in S. aureus
reported in the literature is variable. While some studies report that fusB and fusC are the
most prevalent genes [37], others report fusA mutations as the most common mechanism
of fusidic-acid resistance [38]. In this study, only two isolates were resistant to fusidic acid.
One of these had three mutations in the fusA gene, two of which (A71V and H457Q) already
associated with resistance to this antibiotic [39–41], while the third mutation found, G476C,
was described for the first time in this work and could also be contributing to fusidic-acid
resistance. The other isolate resistant to fusidic acid carried the fusC gene. This is an MSSA
that belongs to ST5. Several studies have shown that fusC gene can be located in SSCmec
cassettes, with or without mecA gene [42,43].

Screening for mutations in fluoroquinolone-resistant representative isolates identified
several patterns of mutations in the QRDR regions of GrlA and GyrA (namely, GrlA
S80Y, GyrA S84L; GrlA S80F, GyrA E88K; GrlA S80Y E84G, GyrA E88K; and GrlA S80F
GyrA S84L) already associated with high level resistance to these antibiotics [44,45]. These
patterns of QRDR mutations were also detected in an earlier study from S. aureus clinical
isolates in Lisbon [46]. The GrlA S80F and GyrA S84L mutations are the most commonly
described in the literature [47–51] and are characteristic of ST22 and some ST8 lineages [51].
In our study, only one isolate carried both mutations and belonged to ST22. The GyrA S84L
mutation was also found in one isolate of ST8. The GrlA E84G and S80Y and GyrA E88K
mutations are also described in some studies [50,51] but appear to be less frequent. Besides
these mutations, the activity of chromosomally-encoded MDR efflux pumps might also be
contributing to fluoroquinolone resistance. A subset of fluoroquinolone-resistant isolates
presented increased efflux activity of EtBr, a common substrate of MDR efflux pumps like
NorA/B/C and MepA, which also extrude fluoroquinolones. No significant reduction in
CIP MICs was observed in the presence of EIs, yet the effect of these compounds may be
potentially hindered by the presence of QRDR mutations. The absence in this collection
of the plasmid-encoded efflux pump genes qacA/B or smr indicates that the higher EtBr
efflux activity detected is probably due to the overexpression of chromosomal efflux pump
genes such as norA/B/C or mepA [13,46]. In the future this, hypothesis can be confirmed be
quantifying the expression levels of these genes by RT-qPCR.
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Plasmid profiling revealed a high proportion of plasmid-bearing isolates (82.4%) and
a high diversity of plasmids, with 17 different profiles identified distributed amongst
14 clonal lineages. Most isolates carried a large plasmid, potentially associated with
determinants for resistance to β-lactams, macrolides, lincosamides, and aminoglycosides
(Figure 2). These results are similar to the ones found in a previous study that analyzed the
plasmid content of a collection of 53 S. aureus isolated from a hospital in Lisbon between
2006 and 2007 [52]. The proportion of plasmid-bearing isolates in that study was 83%,
and most isolates carried a large plasmid that was frequently associated with resistance
to β-lactams, macrolides, and lincosamides. Other studies have also demonstrated that
large plasmids are quite common in S. aureus and that they can carry several resistance
determinants associated with resistance to the classes of antibiotics mentioned above [16].

The occurrence of PVL is linked to the bacteriophage ϕSa2 and generally associated
with community-acquired MRSA (CA-MRSA), being traditionally considered a marker
for the identification of CA-MRSA isolates [53], although some CA-MRSA strains do not
produce this toxin. Its prevalence in HA-MRSA isolates, albeit lower, has been documented
in several countries [54]. PVL is also strongly linked with S. aureus isolates collected from
skin infections [53,54]. The overall rate of 20.6% of PVL-positive isolates in our set of
S. aureus associated with SSTIs is lower than the ones reported from children with SSTI
attending a pediatric emergency (37%) [25] but higher than the ones reported for other
MSSA, CA-MRSA, or HA-MRSA collections in Portugal [19,22,55,56], albeit most of these
other collections are not exclusively associated with skin infections. PVL carriage in our set
of MRSA isolates appears restricted to the ST8-agrI clonal lineage, as found in a previous
study by Tavares and colleagues [19]. Interestingly, the single MSSA ST8 isolate of our
collection did not harbor PVL. The PVL-positive MSSA detected in our collection belong to
the genetic backgrounds ST30-agrIII and ST152-agrI, different from the ones reported in
that earlier study [19]. However, PVL-positive ST30 isolates were also detected in children
with SSTIs attending a pediatric emergency [25]. The ST8 and ST30 clonal lineages were
frequently encountered in isolates from the community and less frequently associated with
nosocomial isolates [19,20].

In this study, we performed a phenotypic and genotypic characterization of a collection
of S. aureus isolated from SSTIs in ambulatory patients. Although this can be considered a
relatively small sample, this is a convenience collection that represents the diversity of the
population affected by SSTIs in an ambulatory setting over a five-months period where the
only condition criteria for inclusion of the S. aureus isolates was to be SSTI-related. The
genetic diversity of this collection was demonstrated by the high value of the Simpson’s
index (SID of 0.92).

4. Materials and Methods

4.1. Bacterial Isolates

The study comprised a collection of 34 S. aureus isolates associated with SSTIs of
28 ambulatory patients. Of the 34 isolates, 31 were collected from wounds (legs, n = 17;
foot, n = 5; armpit, n = 3; ear, n = 1; and from unidentified sites, n = 4), and three were
collected from ulcers. Six pairs of isolates (n = 12) were collected from different anatomical
sites (right/left leg, n = 6; right/left armpit, n = 2; ear/leg, n = 2; and unidentified sites,
n = 2) of six patients. The isolates were collected between February and June of 2014 at
a community clinical diagnostic laboratory in Lisbon, Portugal. All isolates were grown
in tryptic soy broth (TSB) (Oxoid™, Hampshire, UK), with shaking or tryptic soy agar
(TSA) (Oxoid™) at 37 ◦C. Species identification was confirmed by amplification of the nuc
gene following the protocol described by Poulsen and colleagues [57], using the primers
described in Table S1 of Supplementary Data.

4.2. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility was determined for a panel of 24 antibiotics by disk diffu-
sion in Mueller-Hinton agar (MHA, Oxoid™), according to the EUCAST guidelines [58].
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Antibiotics discs were obtained from Oxoid™. The following antibiotic discs (antibiotic
content per disc) were used: penicillin (PEN, 1 U), oxacillin (OXA, 1 µg), cefoxitin (CXI,
30 µg), ceftaroline (CPT, 5 µg), ciprofloxacin (CIP, 5 µg), moxifloxacin (MOX, 5 µg), gentam-
icin (GEN, 10 µg), kanamycin (KAN, 30 µg), tobramycin (TOB, 10 µg), neomycin (NEO,
30 µg), amikacin (AMI, 30 µg), tetracycline (TET, 30 µg), minocycline (MIN, 30 µg), tigecy-
cline (TIG, 15 µg), chloramphenicol (CHL, 30 µg), erythromycin (ERY, 15 µg), clindamycin
(CLI, 2 µg), quinupristin/dalfopristin (QD, 15 µg), linezolid (LIN, 10 µg), trimethoprim-
sulfamethoxazole (TRS, 25 µg), rifampicin (RIF, 5 µg), bacitracin (BAC, 10 U), fusidic acid
(FUS, 10 µg), and mupirocin (MUP, 200 µg). The D-zone test was performed for detection
of inducible clindamycin resistance, and the penicillin inhibition zone was examined to
detect production of β-lactamases. Susceptibility testing to ceftaroline was performed
for MRSA isolates only. Susceptibility to retapamulin (RET) was evaluated by determina-
tion of MICs by the two-fold microdilution method with cation-adjusted Mueller-Hinton
broth (CAMHB, Oxoid™), according to the Clinical and Laboratory Standards Institute
(CLSI) guidelines [59]. Retapamulin was acquired in powder form from Sigma-Aldrich
(St. Louis, MO, USA), dissolved in dimethyl sulfoxide, and diluted in water with 10% β-
cyclodextrin [60]. The reference strain S. aureus ATCC®29213™ was used as quality control.
Isolates resistant to one antibiotic of at least three classes of antibiotics were considered
multidrug resistant [61].

4.3. Detection of Resistance Genes by PCR

Total DNA was extracted from each isolate by the boiling method as described by
Alexopoulou and colleagues [62]. All isolates were screened by PCR for the presence of the
resistance genes mecA and blaZ and plasmid-encoded efflux pump genes qacA/B and smr
(reduced susceptibility to biocides and EtBr). Isolates presenting phenotypic resistance to
antibiotics were also screened for the presence of the genes erm(A), erm(B), erm(C), msr(A),
mph(C), vga(A), vga(C) (resistance to macrolides, lincosamides, and streptogramins), aadD,
aph(3′)-IIIa, aacA-aphD (resistance to aminoglycosides), fusB, and fusC (resistance to fusidic
acid) using the primers described in Table S1 of Supplementary Data.

4.4. Screening of Mutations in grlA, gyrA, and fusA Genes

Mutations in the QRDRs of grlA and gyrA genes associated with fluoroquinolone
resistance were screened for representative isolates, chosen according to their PFGE types.
Mutations in the fusA gene were screened for isolates presenting resistance to fusidic
acid. The primers used for amplification and sequencing of grlA, gyrA, and fusA genes are
described in Table S1. Amplification products were purified using the kit NZYGelpure
(NZYTech, Lisboa, Portugal) and sequenced. Sequences were analyzed using the programs
SnapGene Viewer (GSL Biotech; available at snapgene.com) and blastx (NCBI, Bethesda,
MD, USA).

4.5. Evaluation of Efflux Activity

The presence of increased efflux activity was evaluated by (i) determining the EtBr
MIC [63] and (ii) determination of EtBr and CIP MICs in the presence of the EIs TZ and
VER [23,46]. MICs of EtBr, CIP, TZ, and VER (Sigma-Aldrich) were determined by the two-
fold broth microdilution method. Briefly, from overnight cultures, a cellular suspension
equivalent to McFarland 0.5 was prepared in CAMHB and aliquoted in 96-well plates
containing two-fold dilutions of the compound to be tested. Plates were incubated at
37 ◦C for 18 h, and the MIC registered as the lowest concentration of compound that
inhibited visible growth. EtBr and CIP MICs were then redetermined in the presence of TZ
and VER at 12.5 µg/mL and 400 µg/mL, respectively, corresponding to a subinhibitory
concentration (1/2 MIC) [23]. The 96-well plates were prepared as described previously,
except for the addition of a 0.01 mL aliquot of TZ or VER to each well prior to inoculation
of the plate. Each assay was performed in duplicate. A four-fold, or higher, decrease in
MICs values in the presence of EIs is indicative of inhibition of efflux activity [23].
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4.6. Plasmid DNA Extraction and Profiling

Plasmid DNA of each isolate was extracted with the kit NZYMiniprep (NZYTech),
adding 35 µg/mL of lysostaphin (Sigma-Aldrich) in the cell lysis step with buffer A1,
followed by an incubation at 37 ◦C for 90 min. For isolates carrying a single plasmid,
plasmid DNA was digested with 10 U of the enzyme EcoRI (NZYTech). The reaction
mixture was incubated at 37 ◦C for 90 min and inactivated at 65 ◦C for 20 min. Restriction
profiles were analyzed by 1% (w/v) agarose gel electrophoresis for 90 min.

4.7. Detection of lukSF Genes

The presence of the determinants lukF-PV and lukS-PV encoding PVL was screened
by PCR, using the primers described in Table S1 of the Supplementary Data.

4.8. Molecular Typing

All isolates were characterized by PFGE. SmaI-PFGE was performed as previously
described [64], and macrorestriction profiles were analyzed with the Bionumerics software
v 7.6 using the Dice coefficient and dendrograms built based on the UPGMA algorithm,
considering a band tolerance of 1% and an optimization of 0.5%. Isolates presenting
macrorestriction profiles with a similarity ≥81% or ≥97% were considered as belonging to
the same PFGE type or subtype, respectively [65]. The genetic diversity of the collection
was calculated, based on PFGE types, by Simpson’s index of diversity with a confidence
interval of 95% [66].

A subset of isolates representative of each PFGE type was further analyzed by MLST.
Isolates sharing the same PFGE type or subtype were considered as belonging to the
same ST. Internal fragments of the seven housekeeping genes arcC, aroE, glpF, gmk, pta,
tpi, and yqiL were amplified by PCR and sequenced using the primers and conditions
previously described [67,68]. Allelic profiles and STs were obtained from MLST database
(PubMLST.org (accessed on 28 December 2020). New alleles and ST profiles were submitted
to PubMLST for validation and allele/ST assignment. The relationship between clonal
lineages were inferred with the PHYLOViZ freeware using the goeBurst algorithm [69].

agr typing of all isolates was performed according to the protocol described by Lina
and colleagues [70]. The set or primers used for agr typing is described in Table S1.

5. Conclusions

This work demonstrates a high prevalence of antibiotic resistance in S. aureus of SSTIs
from outside the hospital environment, correlating it with the presence of several antibiotic-
resistance determinants and a high prevalence of PVL-positive isolates, assigned to three
MSSA (ST152-agrI and ST30-agrIII) and four MRSA (ST8-agrI) isolates. This study also
highlights the phenotypic and genotypic variability that may be present in S. aureus isolates
causing infection in distinct anatomical sites of the same patient. The high diversity of
plasmids identified in this collection demonstrates the important role these MGEs have in
the transmission of antimicrobial resistance in S. aureus and the relevance of studying these
elements to further prevent the dissemination of MDR strains.
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Abstract: Periodontal disease (PD) is one of the most common diseases in dogs. Although previous
studies have shown the potential of the antimicrobial peptide nisin for PD control, there is no
information regarding its influence in the development of antimicrobial resistance or horizontal gene
transfer (HGT). Nisin’s mutant prevention concentration (MPC) and selection window (MSW) were
determined for a collection of canine oral enterococci. Isolates recovered after the determination of the
MPC values were characterized for their antimicrobial profile and its nisin minimum inhibitory and
bactericidal concentrations. The potential of vanA HGT between Enterococcus faecium CCGU36804 and
nine clinical canine staphylococci and enterococci was evaluated. Nisin MPC values ranged from 400
to more than 600 µg/mL. In comparison with the original enterococci collection, the isolates recovered
after the determination of the nisin MPC showed increased resistance towards amoxicillin/clavulanate
(5%), vancomycin (5%), enrofloxacin (10%), gentamicin (10%) and imipenem (15%). The HGT of
vanA gene was not observed. This work showed that nisin selective pressure may induce changes
in the bacteria’s antimicrobial resistance profile but does not influence horizontal transfer of vanA

gene. To our knowledge, this is the first report of nisin’s MPC and MSW determination regarding
canine enterococci.

Keywords: nisin; mutant prevention concentration; mutant selection window; antimicrobial
susceptibility testing; horizontal gene transfer

1. Introduction

Periodontal disease is one of the most widespread inflammatory diseases in dogs [1,2], that results
from the establishment of a polymicrobial biofilm (dental plaque) on the teeth surface and a subsequent
local inflammatory response [3]. Recently, we proposed the use of a new nisin biogel as a promising
strategy to control this disease [4]. Nisin is an antimicrobial peptide, active mainly against Gram-positive
bacteria, including multi-drug-resistant bacteria [4–7], with demonstrated potential for medical
application [8]. However, considering that antimicrobial resistance is a major public health problem,
any antimicrobial compound under investigation for clinical purposes should be characterized for
the mechanisms responsible for resistance development and its environmental persistence [9,10].
Bacteria can become resistant to antimicrobial compounds by acquisition of resistance genes through
horizontal gene transfer (HGT), but resistance can also result from the accumulation of mutations
that decrease susceptibility [11,12]. Therapeutic protocols that favor mutant subpopulations may

127



Antibiotics 2020, 9, 890

facilitate resistance development when compared with regimens that suppress mutant formation [11].
Thus, it is important to optimize the antimicrobial concentrations needed to prevent the selection
and amplification of resistant mutants [13]. In this context, the mutant selection window (MSW)
hypothesis, described by Zhao and Drlica, postulates that single-step resistant mutant subpopulations,
although naturally present, are selectively enriched and amplified when drug concentrations fall within
a specific range [14–16]. The MSW comprises a range of concentrations between the minimal inhibitory
concentration (MIC) and the mutant prevention concentration (MPC) [11]. The MIC is the lowest drug
concentration that inhibits the multiplication of the majority of susceptible cells, while MPC is the drug
concentration that blocks the growth of the least susceptible, first step mutant, when a high inoculum
is applied [11,14–19].

As described, resistance dissemination can also occur by HGT, which plays an important role in
the emergence of new pathogens [12,20]. The dental plaque biofilm is a perfect environment for the
transfer of resistance and virulence genes between bacteria [21]. Present in the oral cavity of dogs with
PD, commensal enterococci have a high genome plasticity, being capable of acquiring, conserving, and
disseminating genetic determinants, such as resistance genes, easily becoming opportunistic pathogens
and being associated with PD-systemic consequences [22,23]. In fact, vancomycin resistance associated
with the vanA gene is one of the most important antimicrobial resistance determinants associated with
vancomycin-resistant Enterococcus faecium, considered by WHO as a high priority pathogen [23,24].
This gene is usually present in the Tn1546 transposon, harbored in a plasmid, being transferred by
HGT [23,25,26]. Several studies demonstrated that vancomycin resistant enterococci (VRE) can transfer
vanA to other bacteria, such as staphylococci, which are commensals of the skin and mucosa of animals
and humans [23,26]. This transfer ability was associated by some authors to the presence of a pSK41-like
plasmids in the recipients [27,28]. Furthermore, a continuous antimicrobial pressure due to the presence
of sub inhibitory concentrations of antibiotics in the environment may contribute to the mobilization of
acquired resistance genes, being essential to understand how the application of new antimicrobial
compounds, such as antimicrobial peptides, can interfere with this phenomenon [26,29,30].

In this work, we determined the MSW of nisin from a previously characterized collection of
enterococci obtained from the oral cavity of dogs with PD [31]. The isolates recovered after the
determination of the MPC were collected and used to re-evaluate nisin’s inhibitory (MIC) and
bactericidal (MBC) concentrations, as well as their antimicrobial susceptibility profile against 11
antimicrobials relevant for veterinary medicine and public health. The influence of subinhibitory
concentrations of nisin in the horizontal transfer of vanA gene from Enterococcus faecium to canine
staphylococci and enterococci was also evaluated.

2. Results

2.1. Determination of the Nisin Mutant Prevention Concentration (MPC)

Nisin MPC values were determined regarding a previously characterized canine enterococci
collection, obtained from the oral cavity of dogs with PD [31]. These values, in combination with the
previously determined MIC values [1], allowed us to define the MSW of nisin towards the isolates
under study. In addition, the relationship between these values, expressed as the ratio MPC/MIC, was
determined, which can be used to compare antimicrobial agents for their ability to select resistant
mutants [14].

It was possible to determine the MPC values for 85% (n = 17) of the strains used, with the exception
of strains B28d, B29c and B32a, which presented an MPC higher than 600 µg/mL. The nisin MPC
values for the 17 strains ranged from 400 to 600 µg/mL, with an average MPC of 447.06 ± 84.84 µg/mL
(Table 1). Considering the nisin MPC/MIC, the resulting MPC values were 15 to 39 times higher than
the previously determined MIC values [4].
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Table 1. Minimum inhibitory concentration (MIC), mutant prevention concentration (MPC),
and MIC/MPC ratio of nisin against the enterococci collection obtained from the oral cavity of
dogs with periodontal disease (PD).

Isolates ID MIC (µg/mL) [1] MPC (µg/mL) MPC/MIC Ratio

M2b 12.75 400 31

M2c 15.75 400 25

M3b 14.75 400 27

M3d 15.75 400 25

M4a 21.50 600 28

M4c 26.75 400 15

M15b 19.25 600 31

M15d 15.25 600 39

M21a 12.50 400 32

M21c 16.00 400 25

M23a 12.50 400 32

M23c 12.50 400 32

M25a 12.50 400 32

M25c 12.50 400 32

M28a 10.50 400 38

M28d 8.50 >600 -

M29b 12.50 400 32

M29c 12.50 >600 -

M32a 17.50 >600 -

M32b 16.25 600 37

Average 14.90 447.06 32

SD 4.10 84.84 -

ID—identification, MIC—minimum inhibitory concentration, MPC—mutant prevention concentration,
SD—standard deviation.

2.2. Antimicrobial Susceptibility Testing

The antimicrobial susceptibility profiles of the original enterococci collection were compared
with the ones obtained with the bacterial isolates recovered from the MPC protocol plates with the
highest nisin concentrations. It was possible to observe that none of the isolates were susceptible to all
the antibiotics tested, being in fact resistant to more than one compound. In the original enterococci
collection, resistance levels ranged from 0% (imipenem and amoxicillin/clavulanate) to 100% (cefotaxime
and gentamicin-10 µg), while for the isolates recovered from the MPC protocol, the resistance
levels varied between 5% (amoxicillin/clavulanate) and 100% (cefotaxime and gentamicin−10 µg).
When compared with the original isolates, the MPC recovered isolates presented an increased resistance
towards amoxicillin/clavulanate (5%), vancomycin (5%), imipenem (15%), enrofloxacin (10%) and
gentamicin-120 µg (10%) (Table 2).

According to the definitions proposed by Magiorakos and collaborators (2012) [32], which indicate
that a multidrug-resistant Enterococcus spp. is non-susceptible to at least one agent in three or more
antimicrobial categories, in our study, 15 isolates (75%) in the original collection and 18 isolates (90%)
in the MPC recovered collection exhibited a multidrug-resistance profile.
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Table 2. Representation of the resistance levels of the enterococci from the original collection, obtained
from the oral cavity of dogs with PD, and the isolates recovered in the MPC protocol, determined by
disc diffusion method according to Clinical and Laboratory Standards Institute (CLSI) guidelines.

Antibiotic

Resistant Intermediate Susceptible

Number of
Original
Isolates

Number of
MPC

Recovered
Isolates

Number of
Original
Isolates

Number of
MPC

Recovered
Isolates

Number of
Original
Isolates

Number of
MPC

Recovered
Isolates

Ampicillin 3 3 0 0 17 17

Amoxicillin/clavulanate 0 1 3 2 17 17

Vancomycin 2 3 9 8 9 9

Imipenem 0 3 6 5 14 12

Cefotaxime 20 20 0 0 0 0

Enrofloxacin 16 18 4 2 0 0

Ciprofloxacin 11 11 9 9 0 0

Tetracycline 19 19 0 1 1 0

Doxycycline 17 17 2 2 1 1

Gentamicin 10 µg 20 20 0 0 0 0

Gentamicin 120 µg 4 6 0 0 16 14

Streptomycin 15 14 0 0 5 6

2.3. Determination of Nisin’s Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

The isolates recovered after determination of the nisin MPC values were used to evaluate the
effect of nisin selective pressure on the nisin ’s MIC and MBC values, by comparison with the values
from the original collection [1].

MIC values of nisin regarding the isolates of the original collection and the isolates recovered in
the MPC protocol are presented in Table 3.

Concerning the isolates recovered after the determination of the MPC, nisin MIC values ranged
from 18.75 to 81.25 µg/mL, with an average value of 48.41 ± 21.62 µg/mL. MIC values were higher than
100 µg/mL for three isolates. MBC values ranged from 37.50 to 92.19 µg/mL, with an average value of
60.46 ± 19.40 µg/mL. An MBC value higher than 100 µg/mL was observed for eight isolates.

Nisin MIC results obtained against the MPC recovered isolates were higher and statistically
different (p-value < 0.05) when compared with the nisin MIC values of the original collection.
Concerning the MBC values, no statistical difference was observed between the results regarding the
isolates from the two collections; however, most isolates recovered in the MPC protocol showed higher
MBC values when compared with the original ones (65%, n = 13/20).

Table 3. MIC, MBC, and MBC/MIC ratio of nisin regarding the enterococci collection recovered after
MPC protocol and the original enterococci collection obtained from the oral cavity of dogs with PD.

Isolates ID

MIC (µg/mL) MBC (µg/mL) MBC/MIC Ratio

MPC Recovered
Isolates

Original
Isolates [1]

MPC Recovered
Isolates

Original
Isolates [1]

MPC Recovered
Isolates

Original
Isolates

M2b 29.17 12.75 45.83 73.00 1.57 5.73

M2c 29.17 15.75 41.67 85.50 1.43 5.43

M3b 39.58 14.75 43.75 60.25 1.11 4.08

M3d 60.42 15.75 >100 82.25 - 5.22
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Table 3. Cont.

Isolates ID

MIC (µg/mL) MBC (µg/mL) MBC/MIC Ratio

MPC Recovered
Isolates

Original
Isolates [1]

MPC Recovered
Isolates

Original
Isolates [1]

MPC Recovered
Isolates

Original
Isolates

M4a >100 21.50 >100 98.50 - 4.58

M4c >100 26.75 >100 >100 - -

M15b 79.69 19.25 >100 77.00 - 4.00

M15d >100 15.25 >100 86.50 - 5.67

M21a 76.56 12.50 >100 59.75 - 4.48

M21c 64.06 16.00 90.63 46.25 1.41 2.89

M23a 56.25 12.50 92.19 64.50 1.64 5.16

M23c 70.31 12.50 76.56 54.25 1.09 4.34

M25a 43.75 12.50 75.00 91.25 1.71 7.30

M25c 62.50 12.50 >100 72.25 - 5.78

M28a 81.25 10.50 >100 48.50 - 4.62

M28d 34.38 8.50 51.56 37.50 1.50 4.41

M29b 27.08 12.50 43.75 41.00 1.62 3.28

M29c 18.75 12.50 64.58 39.25 3.44 3.14

M32a 20.83 17.50 37.50 79.25 1.80 4.53

M32b 29.17 16.25 62.50 69.25 2.14 4.26

Average 48.41 14.90 60.46 66.63 1.71 4.70

SD 21.62 4.10 19.40 18.57 0.62 1.05

ID—identification, MIC—minimum inhibitory concentration, MBC—minimum bactericidal concentration,
MPC—mutant prevention concentration, SD—standard deviation.

2.4. Nisin’s Influence on vanA Horizontal Gene Transfer (HGT)

Bacterial acquired resistance by HGT is an important form of resistance dissemination [12].
The vanA gene is responsible for vancomycin resistance and its transfer between enterococci and
staphylococci is well documented [25]. To evaluate nisin’s influence in vanA transfer between
enterococci and staphylococci, first we assessed the presence or absence of vanA in the isolates under
study. In the case of staphylococci, we also evaluated the presence of mecA gene, associated with
methicillin resistance, and of the pSK41-like plasmid, that may prompt vanA transfer [23,28].

In the initial PCR screening, none of the isolates from the oral enterococci collection (n = 20)
presented the vanA gene. In addition, none of the six staphylococci obtained from canine skin lesions
presented the vanA and mecA genes or the pSK41-like plasmid. Then, three isolates from the enterococci
collection, M3b, M23a and M29b, were selected to participate in the HGT protocol, based on their
strong capacity of biofilm production [31].

Afterwards, two mating rounds aiming to promote HGT of the vanA gene from E. faecium

CCUG 36804 to nine clinical enterococci and staphylococci were performed. One round was
performed in the absence of antimicrobial environmental pressure, and another in the presence
of subinhibitory concentrations of nisin. None of the two mating experiments allowed the development
of transconjugants in the MSA plates supplemented with rifampicin and vancomycin. All isolates
recovered from the SBA and the MSA plates supplemented with rifampicin were submitted to PCR
analysis, the results of which confirmed the absence of the vanA gene.

3. Discussion

Antimicrobial resistance is considered one of the major health treats of our time [10,24]. Misuse,
overuse, and improper antimicrobial dosage promote a selective environmental pressure to bacteria,
favoring resistance development [9,10]. Nisin, commonly used as a preservative in the food industry,

131



Antibiotics 2020, 9, 890

is showing relevance in the biomedical field, being a promising antimicrobial agent to be used for the
control of canine PD [4,33]. Despite the low resistance rate associated with this antimicrobial peptide,
a few cases of nisin resistance have been reported, reinforcing the need to unveil related mechanisms,
to evaluate its influence on dental plaque bacterial interaction, and to adopt correct doses to prevent
the emergence and amplification of nisin resistant strains [8,34,35].

The MSW hypothesis allows us to define a range of concentrations that can promote mutant’s
development, which is useful to evaluate dose regimens [14]. In the present work, the MPC values
of nisin against a collection of enterococci from the oral cavity of dogs with PD were determined.
The values obtained were up to 39 times higher than the previously determined MIC values for the
same isolates [4]. Similar results were also obtained for daptomycin against Enterococcus faecalis,
with MPC values being 2 to 32 times the MIC values [19]. In fact, several authors have used this
methodology to evaluate multiple antimicrobials and bacteria [36–43]. All these studies revealed high
MPC values in comparison with the MIC values for the same microorganism; however, a high variation
was observed between bacteria and drugs. For example, a MPC/MIC ratio of 48 to 72 was obtained for
fosfomycin against Escherichia coli, while for Pseudomonas aeruginosa the ratio was 28 to 57; likewise,
orbifloxacin presented a MPC/MIC ratio against E. coli of 4 to 32, while for P. aeruginosa the ratio was 16
to 64 [41,43]. In fact, Gianvecchio and collaborators (2019) suggested that MPC values present high
variability for a given bacterial strain–antimicrobial combination, and should be understood as a range
with confidence intervals, contrasting with MIC values [43,44].

To better understand the effect of nisin selective pressure over 72 h, as promoted in the
determination of the MPC, antimicrobial susceptibility profiling along with nisin’s MIC and MBC
determination were performed on the isolates obtained in the MPC protocol and results were compared
with the original collection.

Considering isolates’ antimicrobial susceptibility profile, differences in the resistance profile of
the isolates recovered after MPC protocol were observed when compared with those of the original
isolates, specifically concerning amoxicillin/clavulanate, vancomycin, imipenem, enrofloxacin and
gentamycin (120 µg). These results suggest a possible influence of nisin in increasing antimicrobial
resistance. Cross resistance between nisin and antimicrobials is rare; however, there are some reports
describing its occurrence [34,35,45]. Cross resistance may occur regarding antimicrobials that present
a similar mode of action, or when the resistance mechanisms are related [35]. Nisin acts by binding
to the lipid II, present in the bacterial membrane, which leads to pore formation and inhibition of
peptidoglycan synthesis [8]. Considering that, parallel mechanisms may be observed in resistance to
vancomycin, an antimicrobial that also acts on lipid II but in a different location, or in resistance to
antimicrobials that act on the bacterial wall, such carbapenems or aminopenicillins [5,46]. Resistance
to nisin is usually related to proteolytic degradation (by nisinase and nisin resistant protein); however,
there are descriptions suggesting that resistance can also arise from mutations that induce changes
in the membrane and cell wall composition, such as cell wall thickening, increased positive charges,
the presence of penicilin binding proteins and modifications of membrane phospholipid and fatty
acid composition [8,34,35,47]. Other nisin resistance mechanisms described so far are related to ABC
transporters and multiple regulatory networks [34].

In addition, Drlica (2003) showed that the mutants derived from the MPC protocol are expected
to develop mechanisms that inactivate the antimicrobial agent, including efflux or degradation
systems [11]. These mechanisms may explain the increased resistance towards enrofloxacin and
gentamicin, that act by inhibition of nucleic acid and protein synthesis, respectively [12].

Considering the MIC and MBC determinations, MIC values were higher and statistically different
(p-value ≤ 0.05) towards all the recovered isolates in comparison with those of the original collection,
while MBC values were higher regarding 65% of the recovered isolates in comparison with the originals.
These results suggest that incubation in the presence of nisin leads to a reduction in the inhibitory
activity, in spite of its bactericidal activity being maintained towards most isolates (60%, Table 3).
According to Levinson and collaborators (2009), an MBC/MIC ratio lower than four indicates that the
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antimicrobial agent is bactericidal [48]. As such, nisin presented a bactericidal activity towards 42% of
the isolates from the original collection [4]. On the other hand, nisin presented a bactericidal activity
against all isolates recovered from the MPC protocol, except for isolates with nisin MBC values higher
than 100 µg/mL.

Animals’ oral cavities present a high bacterial concentration and diversity [21]. Located at the
teeth surface, dental plaque is a highly complex polymicrobial biofilm where bacteria easily interact
and act as reservoirs of transferable resistance genes [21]. Enterococcus spp. are known to be a central
hub for resistance gene acquisition, conservation, and dissemination [23]. Classified by the WHO as
a high priority pathogen, vancomycin-resistant Enterococcus faecium, along with other enterococcal
species, are opportunistic pathogens frequently associated with nosocomial infections, and capable of
transferring relevant genes to other bacterial species such as Staphylococcus aureus, E. coli and Listeria

spp. [23,24,26]. In this work, a protocol aiming to promote the horizontal transfer of vanA from
E. faecium to Staphylococcus spp. and Enterococcus faecalis clinical isolates was established. This gene is
linked to vancomycin and teicoplanin resistance in enterococci, being harbored in a mobile genetic
element, allowing its transfer to other bacteria [26]. Mating experiments performed in the absence of
nisin selective pressure did not allow the transfer of vanA gene. Several studies demonstrated that vanA

transfer may be facilitated by some molecules, such as pheromone-inducible surface proteins, or be
related to the presence of specific plasmids, such as S. aureus pSK41 [28,49–51]. Although two of our
enterococci recipients (M3b and M23a) were able to express an aggregation substance—more specifically,
a pheromone-inducible surface protein that facilitates conjugative exchange [4,31,49,52]—no transfer
occurred. None of the staphylococcal recipients presented the pSK41 plasmid, which may have
influenced the results. Nevertheless, vanA gene horizontal transfer is a complex process which is not
yet fully understood.

It is known that the use of antimicrobials can enhance gene transfer between bacteria [26]. In order
to evaluate the influence of nisin in HGT, mating experiments were performed in the presence of this
antimicrobial peptide at subinhibitory concentration [4]. None of the recipients presented the vanA

gene after the mating experiments, reinforcing the potential of nisin to be used in the clinical setting,
more precisely in veterinary medicine for canine PD control.

To our knowledge, this is the first report of nisin’s MPC and MSW determination regarding canine
enterococci and of its influence on gene transfer between enterococci and staphylococci. This approach
is an important step in the development of new antimicrobial compounds, allowing to understand
their potential influence in resistance evolution.

4. Materials and Methods

4.1. Bacterial Collection

A collection of 20 oral enterococci obtained from the oral cavity of dogs diagnosed with PD,
previously characterized regarding clonality, antimicrobial resistance and virulence profiles, were used
as bacterial models [31]. From these 20 isolates, 17 correspond to strains belonging to the species
Enterococcus faecalis, and the remaining 3 to Enterococcus faecium [4].

For the HGT protocol, one Staphylococcus aureus and five Staphylococcus pseudintermedius obtained
from canine skin lesions and an Enterococcus faecium reference strain (CCUG 36804, vanA positive)
were used.

Enterococcus faecalis ATCC® 29212, Staphylococcus aureus ATCC® 25293, a Staphylococcus aureus

mecA positive strain kindly provided by Dr. Birgit Strommenger, Robert Koch Institute, Germany, and
a Staphylococcus aureus RN4220 pGO1 positive strain kindly provided by Dr. Alex O’Neill, University
of Leeds, were included as controls.
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4.2. Nisin Preparation

A nisin stock solution (1000 µg/mL) was obtained by dissolving 1 g of nisin powder (2.5% purity,
1000 IU/mg, Sigma-Aldrich, St. Louis, MO, USA) in 25 mL of HCl (0.02 M) (Merck, Darmstadt,
Germany) [4]. Then, the stock solution was filtered using a 0.22 µm Millipore filter, and serial dilutions
were prepared in distilled sterile water. Solutions were kept at 4 ◦C during the study.

4.3. Determination of the Nisin Mutant Prevention Concentration (MPC)

To determine the MPC of nisin against the canine oral enterococci collection [31], a modified
version of the protocol described by Sinel and collaborators (2016) was performed [19]. Briefly,
each isolate was spread onto three brain heart infusion (BHI) agar plates (VWR, Leuven, Belgium) and
incubated for 24 h at 37 ◦C. Afterwards, all the bacterial lawn developed in the three BHI plates was
resuspended in 450 µL of BHI broth and further incubated at 37 ◦C for 20 min, to achieve a bacterial
suspension of 1010 CFU/mL, which was confirmed by viable cell count. Then, an aliquot of 50 µL of
this bacterial suspension was inoculated onto Mueller–Hinton (MH) agar plates (Oxoid, Hampshire,
UK), supplemented with two-fold concentration increments of nisin ranging from 6.25 to 40× the
MIC value of 14.9 µg/mL [4]. Thus, the MH agar plates series contained 6.25, 15, 25, 50, 100, 200, 400,
600 µg/mL of nisin, previously determined. Plates were incubated at 37 ◦C for 72 h and observed daily
for detection of colony growth.

MPC was defined as the lowest concentration of nisin that prevented the growth of any resistant
mutant subpopulations after a 72 h incubation period [19]. It was also possible to establish the
mutant selection window (MSW) of nisin for the collection of oral enterococci isolates from dogs,
a value defined as the antimicrobial concentration ranging between the MIC and MPC values [11,15].
In addition, colonies grown in MH plates with the higher nisin concentration were isolated and kept
at −80 ◦C in a solution of buffered peptone water with 20% glycerol. These isolates were classified
as MPC recovered isolates and further used for antimicrobial profiling and for the determination of
nisin’s MIC and MBC.

4.4. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility profiling was performed regarding the original clinical isolates
and those recovered after the MPC protocol to determine if incubation in the presence of nisin
interferes with the susceptibility profiles. Using the disk diffusion method, the susceptibility profile
regarding a total of 11 different antibiotics, (MASTDISCS® AST, Mast Group, Liverpool, UK), presented
in Table 4, was determined in accordance with the Clinical and Laboratory Standards Institute
(CLSI) guidelines [53,54]. For that, a 0.5 MacFarland bacterial suspension was prepared for each
isolate. Afterwards, the inoculum was evenly spread over the surface of a MH agar plate and the
disks impregnated with the antimicrobial agents were placed over the surface of the agar plate.
Plates were then incubated at 37 ◦C under aerobic conditions for 18 h or, in the case of vancomycin,
24 h. After incubation, the inhibition zone diameters were measured and compared with the CLSI
standard breakpoints established in VETS01-S2 and M100S, allowing to define the antimicrobial profile
(resistant, intermediate or susceptible) of each isolate regarding the antimicrobial agents tested [53,54].
Quality control was performed using the reference strain Staphylococcus aureus ATCC® 25293.

Antibiotics were selected based on their relevance to veterinary medicine, as well as to public
health. Specifically, CN-120 µg and S-300 µg were included to detect high-level aminoglycoside
resistance in Enterococcus spp., whereas IMI and VA were chosen due to their importance to public
health [53–55].
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Table 4. Antimicrobial agents used in the antimicrobial susceptibility test, grouped by mechanism of
action, class and concentration [46].

Mechanism of Action Antimicrobial Class Antimicrobial Drug
Concentration
(µg Per Disk)

Inhibition of
cell-wall synthesis

Aminopenicillins

Ampicillin (AMP) 10

Amoxicillin/Clavulanate *
(AMX)

30

Glycopeptides Vancomycin (VA) 30

Carbapenems Imipenem (IMI) 10

Cephalosporins Cefotaxime (CTX) 30

Inhibition of
nucleic acid synthesis Fluoroquinolones

Enrofloxacin (ENR) 5

Ciprofloxacin (CIP) 5

Inhibition of
protein synthesis

Tetracyclines Tetracycline (T) 30

Doxycycline (DTX) 30

Aminoglycosides Gentamicin (CN) 10/120

Streptomycin (S) 300

* Beta lactamase inhibitor.

4.5. Determination of Nisin’s Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

Nisin MIC determination was performed regarding the isolates recovered after the MPC protocol
using the broth microdilution method, to assess their current susceptibility to nisin, as previously
described by Cunha and collaborators (2018) [4]. Briefly, a 96-well microplate was filled with 20 µL of
nisin solution at different concentrations (final nisin concentrations ranged from 1.25 to 100 µg/mL)
and 180 µL of 106 CFU/mL bacterial suspensions of each isolate. A negative control with only tryptic
soy broth (TSB) medium (VWR, Leuven, Belgium) and positive controls with bacterial suspensions
were also included.

The 96-well microplates were incubated at 37 ◦C for 24 h, after which bacterial growth was visually
assessed in order to determine MIC value. This parameter is defined as the lowest nisin concentration
capable of preventing bacterial multiplication in vitro, with no visible growth on the well [4].

Subsequently, after MIC assessment, the MBC was determined. Five microliters of the bacterial
suspension from each well with no visible growth were plated onto tryptic soy agar (TSA) plates
(VWR, Leuven, Belgium), followed by incubation at 37 ◦C for 24 h. MBC was defined as the lowest
antimicrobial concentration that inhibits bacterial growth after sub-culture of the suspensions on solid
unselective media without any antimicrobial agent [6].

These assays were performed in triplicate, on independent days, and 10% of replicates were tested
to assure results representability.

4.6. Nisin’s Influence on vanA Horizontal Gene Transfer (HGT)

4.6.1. DNA Extraction and Isolates PCR Screening

DNA extraction was performed based on the protocol described by Semedo-Lemsaddek et al.
(2016) and Mottola et al. (2016) [22,56]. Then, all canine staphylococci and enterococci were evaluated by
multiplex PCR, in order to identify the presence of the gene vanA and mecA [57]. Two pairs of primers
synthesized by STABVIDA® (Lisbon, Portugal), targeting vanA (5′ GGGAAAACGACAATTGC
3′ and 3′ GTACAATGCGGCCGTTA 5′) and mecA (5′ TCCAGATTACAACTTCACCAGG 3′ and
3′CCACTTCATATCTTGTAACG 5′) were used [56,57]. The PCR mixture had a final volume of 28.5 µL,
with 10 µL of Supreme NZYTaq 2× Green Master Mix (NZYtech®, Lisbon, Portugal), 0.5 uM of the
vanA primer, 0.4 uM of the mecA primer, 16.88 µL of PCR-grade water and 5 µL of DNA template.
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PCR amplification was completed using the conditions: initial denaturation at 94 ◦C for 4 min; 10 cycles
involving denaturation at 94 ◦C for 30 s, annealing at 64 ◦C for 30 s and elongation at 72 ◦C for 45 s;
25 cycles involving denaturation at 94 ◦C for 30 s, annealing at 50 ◦C for 45 s and elongation at 72 ◦C for
2 min, and a final extension step at 72 ◦C for 10 min. Electrophoresis (90 V for 45 min) was performed
to evaluate the amplified products, using a 1.5% agarose gel (NZYtech®, Lisbon, Portugal) stained
with GreenSafe (NZYtech®, Lisbon, Portugal). A molecular weight marker, NZYDNA ladder VI
(NZYtech®, Lisbon, Portugal) was also included. Results were visualized by transillumination.

Two positive control strains, Staphylococcus aureus 01-00694 (mecA positive) and Enterococcus

faecium CCUG 36,804 (vanA positive), were included [56].
In addition, the presence of the pSK41-like plasmid in the 6 canine staphylococci under

study was evaluated by PCR, using a primer targeting the traE gene (5′ ACAAATGCGTA
CTACAGACCCTAAACGA 3′ and 3′GCCCTGCTGTTGCTGTATCCATATT 5′), synthesized by
STABVIDA® [28,58].

A PCR mixture composed by 10 µL of Supreme NZYTaq 2×Green Master Mix (NZYtech®, Lisbon,
Portugal), 0.4 uM of traE primer; 39.2 µL of PCR-grade water and 5 µL of DNA template was used.
The PCR amplification was completed using the following conditions: initial denaturation at 94 ◦C for
2 min; 30 cycles involving denaturation at 95 ◦C for 15 s, annealing at 55 ◦C for 90 s and elongation at
72 ◦C for 90 s, and a final extension step at 72 ◦C for 7 min [28].

An electrophoresis (90 V for 45 min) was performed to evaluate the amplified products, using a
1.5% agarose gel (NZYtech®, Lisbon, Portugal) stained with GreenSafe (NZYtech®, Lisbon, Portugal).
A molecular weight marker, NZYDNA ladder VII (NZYtech®, Lisbon, Portugal), was also included.
Results were visualized by transillumination.

A positive control strain, Staphylococcus aureus RN4220 (pGO1 positive), was included in the PCR
amplification protocol [59].

4.6.2. HGT Protocol

To test if selective pressure due to the presence of subinhibitory concentrations of nisin induces
HGT, a protocol adapted from Niederhäusern and collaborators (2011) was developed [25]. Mating
experiments were performed in two rounds, using the VRE rifampicin susceptible (Vanr Rifs)
Enterococcus faecium CCUG 36804 strain, as donor of the vanA gene, and as recipients the 6 canine
staphylococci from canine skin lesions, and 3 canine Enterococcus faecalis isolates from our collection of
enterococci from the oral cavity of dogs with PD, selected according to their strong biofilm forming
ability. All recipients were susceptible to vancomycin, and rifampicin resistance was induced (Vans

Rifr) [25], as it is associated with a point mutation rather than to an acquired gene [60]. After performing
a 0.5 MacFarland suspension in 0.9% NaCl for each isolate, 500 µL of the donor suspension and 500 µL
of the suspension of one of the recipients were inoculated into 5 mL of TSB and incubated at 37 ◦C for
18 h. After incubation, 1 mL of the dual bacterial suspension was added to 5 mL of TSB and further
incubated for 6 h at 37 ◦C. Afterwards, 2 mL of each dual suspension were inoculated in TSA plates
and incubated for 5 h at 37 ◦C in a slight movement on a shaker, to promote mating. Then, plates were
incubated at 37 ◦C for 24 h, after which the bacterial suspension that remained at the surface of the agar
plates was removed and inoculated in 5 mL of TSB. After an incubation period of 12 h at 37 ◦C, 100 µL
of the suspension was inoculated in Mannitol Salt agar (MSA, PanReac AppliChem, Barcelona, Spain)
supplemented with rifampicin (64 µg/mL, PanReac AppliChem, Barcelona, Spain) and vancomycin
(8 µg/mL, PanReac AppliChem, Barcelona, Spain), to select for transconjugants. If mating occurred,
recombinant isolates developed should be resistant to rifampicin and vancomycin. In addition,
the suspension was also inoculated in Manitol Salt Agar (MSA, PanReac AppliChem, Barcelona, Spain)
and Slanetz and Bartley agar (SBA, PanReac AppliChem, Barcelona, Spain) supplemented only with
rifampicin (64 µg/mL).

The second mating round was performed in the presence of nisin, with all the media used being
supplemented with nisin at sub-MIC concentration, 7.45 µg/mL for enterococci [4] and 5.63 µg/mL for
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staphylococci [6]. All recovered isolates and transconjugants recovered from the supplemented media
were submitted to a PCR analysis to detect the presence of the vanA gene.

4.7. Statistical Analysis

Data statistical analysis was carried out using Microsoft Excel 2016®. All quantitative data are
expressed as means ± standard deviation. Student’s t-test was used for statistical analysis of the nisin
MIC and MBC values regarding the original collection and the collection recovered after MPC protocol.
A confidence interval of 95% was considered, with a p-value ≤ 0.05 indicating statistical significance.

5. Conclusions

Periodontal disease is a highly prevalent inflammatory disease in dogs, and nisin might be a
promising molecule for its control. The study of nisin influence on mutant’s development, antimicrobial
signatures and transfer of resistance determinants revealed that this compound can influence isolates
antimicrobial profiles. MPC and MSW determinations can be an interesting measure to establish
more accurate treatment protocols based on appropriate antimicrobial doses. However, the utility of
the MSW in the definition of dose regimens must be demonstrated not only in vitro but also in vivo.
In addition, this study showed that nisin did not promote horizontal transfer of the vanA gene between
the isolates tested, which emphasizes its potential to be used in PD control. To our knowledge, this is
the first report of nisin’s MPC and MSW determination regarding canine enterococci, being a relevant
step towards its application in both human and veterinary medicine.
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Abstract: A fraction of human Salmonella infections is associated with direct contact with reptiles,
yet the number of reptile-associated Salmonellosis cases are believed to be underestimated. Existing
data on Salmonella spp. transmission by reptiles in Portugal is extremely scarce. The aim of the
present work was to evaluate the prevalence of Salmonella spp. in pet reptiles (snakes, turtles, and
lizards), as well as evaluate the isolates’ antimicrobial resistance and virulence profiles, including
their ability to form biofilm in the air-liquid interface. Additionally, the antimicrobial effect of
chlorhexidine gluconate on the isolates was tested. Salmonella was isolated in 41% of the animals
sampled and isolates revealed low levels of antimicrobial resistance. Hemolytic and lypolytic
phenotypes were detected in all isolates. The majority (90.63%) of the Salmonella isolates were positive
for the formation of pellicle in the air-liquid interface. Results indicate chlorhexidine gluconate is
an effective antimicrobial agent, against the isolates in both their planktonic and biofilm forms,
demonstrating a bactericidal effect in 84.37% of the Salmonella isolates. This study highlights the
possible role of pet reptiles in the transmission of non-typhoidal Salmonella to humans, a serious and
increasingly relevant route of exposure in the Salmonella public health framework.

Keywords: Salmonella; reptiles; isolation; antimicrobial resistance; biofilms; chlorhexidine gluconate;
public health

1. Introduction

Salmonella is a well-known food-borne illness etiological agent, reported as the second
most common zoonotic agent, causing 91,857 confirmed cases of disease in the Euro-
pean Union during 2018 [1] and an estimated number of 93.8 million cases worldwide
annually [2]. The clinical manifestations of human salmonellosis are frequently those asso-
ciated with a self-limited gastroenteritis, namely nausea, vomiting and diarrhea, but can
also include severe complications, including bacteremia and extra-intestinal infections [3].
Though most commonly associated with contaminated food, human salmonellosis can also
occur through the contact with infected animals, such as farm animals and pets, including
reptiles [4].

In the course of the past years, reptiles have been increasingly regarded as household
pets, with their estimated numbers ascending up to 8 million only in the Europe Union in
2019 [5]. Salmonella not only can be found in the gastrointestinal tract of healthy reptiles, but
also in the environments where those animals are kept [6,7]. Salmonella enterica subspecies
enterica is commonly found in warm-blooded animals, while the remainder subspecies,
salamae, arizonae, diarizonae, houtenae, and indica, along with Salmonella bongori are frequently
isolated either from reptiles or from the environment [8]. Furthermore, among more than
2500 known Salmonella serotypes, over 40% are associated with reptiles and are rarely
isolated from other animals, including humans [9]. Although infrequent when compared
with food-borne cases, accounting for 6% of all human salmonellosis cases both in the
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USA and in Europe [10], reptile-associated salmonellosis (RAS) seems to be more related
with more severe clinical scenarios, such as systemic and severe disease development,
especially in children, elderly people, and pregnant women [6]. In fact, RAS is a growing
public health concern worldwide, with different reports pointing out for its role in disease
outbreaks [11,12]. Despite the several RAS cases that have been reported in different
European countries [13], there seems to be no available data regarding Portugal.

As observed for non-typhoidal salmonellae of other sources, there has been an in-
creasing focus on antimicrobial resistance in reptile-associated Salmonella [14–16] since this
feature can impair the success of treatments of both human and veterinary Salmonella infec-
tions [17]. Antimicrobial resistance can either arise from mutations in chromosomal genes
(intrinsic resistance), which are caused by selective pressure, or through the acquisition of
antimicrobial resistance determinants encoded in plasmids (extrinsic resistance), by hori-
zontal transfer [18]. The role of reptiles as disseminators of antimicrobial resistant (AMR)
Salmonella has been suggested [19,20]. Furthermore, Salmonella is known to have the ability
of producing biofilms in different biotic and abiotic surfaces [21]. Not only are bacterial
cells in biofilms more tolerant to antimicrobials when compared with the corresponding
planktonic cells [22] but also more resistant to several chemical disinfectants [21].

Chlorhexidine is a biocide widely included in antiseptic products, especially in hand-
washing and oral products, due to its broad-spectrum efficacy and low irritability [23].
For surgical skin preparations and hand scrub, chlorhexidine is available in 4% solutions,
while for wound cleaning is used as a 0.5% concentrated solution [24]. In veterinary care,
chlorhexidine gluconate is a common disinfectant. In reptile treatment, chlorhexidine
solutions are frequently used for topical application and preoperative scrubs, in concentra-
tions below 2% [25], but there is a lack of clear guidelines regarding the most appropriate
concentration to use.

The aim of the present study was to assess the presence of Salmonella spp. among
the intestinal microbiota of pet reptiles in the Metropolitan area of Lisbon, Portugal, and
to characterize those isolates, regarding antimicrobial susceptibility and virulence traits,
bringing more information on the role of reptile-associated Salmonella on the public health
scenario. Additionally, the antimicrobial efficacy of chlorhexidine gluconate against both
planktonic cells and biofilms was also evaluated.

2. Results

2.1. Salmonella spp. Isolates

Of the 78 reptiles sampled 32 were identified as Salmonella positive (41%), specifi-
cally four Ophidians (50%), 14 Saurians (51.9%), and nine Chelonians (20.9%), belonging
to 12 different owners (Table 1). Overall, the Salmonella recovery rates where higher
both in Ophidians and Saurians when comparing with the one recorded in Chelonians
(p = 0.016). After assessing the biochemical profile using API20E strip tests of the presump-
tive Salmonella isolates, 13 were identified as Salmonella enterica subspecies arizonae and 19
as Salmonella spp. (Table 2).

More than half of all Salmonella positive animals (62.5%) were detained by only three
owners (E, F, and J). Moreover, owner J alone kept 12 Salmonella positive reptiles, more
specifically Saurians. Salmonella isolates from co-habiting animals belonged to similar
species with the exception for the isolates recovered from the animals of owner J, where the
majority was identified as Salmonella enterica subspecies arizonae (10/12) and the remaining
as Salmonella spp. (2/12) (Table 2). Notably, whenever an owner possessed multiple
Salmonella positive animals, those animals belonged to the same reptile group.
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Table 1. Salmonella positive animals, divided by category and species.

Category Species Number of Positive Animals

Ophidians Pantherophis guttatus guttatus 2
Python regius 2

Chelonians Centrochelys sulcata 1
Chelonoidis carbonaria 1

Geochelone sulcata 1
Pseudemys spp. 2

Sternotherus odoratus 1
Testudo horsfield 1

Traquemys scripta elegans 2
Saurians Chlamydosaurus kingii 2

Ctenosaura quinquecarinata 1
Gerrhosaurus major 1

Hydrosaurus amboinensis 1
Iguana iguana 1

Physignatus cocincinus 3
Physignatus lesueurii lesueurii 1

Pogona vitticeps 8
Tupinambis rufrescens 1

Table 2. Detailed information regarding the Salmonella isolates under study.

Isolate Number Group Species Owner API20E Result

4 Ophidian Python regius A Salmonella enterica subsp. arizonae
12 Chelonian Pseudemys spp. B Salmonella spp.
21 Ophidian Pantherophis guttatus guttatus C Salmonella spp.
26 Chelonian Geochelone sulcata D Salmonella enterica subsp. arizonae
27 Chelonian Chelonoidis carbonaria D Salmonella enterica subsp. arizonae
30 Saurian Pogona vitticeps E Salmonella spp.
31 Saurian Pogona vitticeps E Salmonella spp.
32 Saurian Pogona vitticeps E Salmonella spp.
33 Saurian Physignatus cocincinus E Salmonella spp.
34 Saurian Pogona vitticeps E Salmonella spp.
35 Chelonian Centrochelys sulcata F Salmonella spp.
36 Chelonian Testudo horsfield F Salmonella spp.
41 Chelonian Sternotherus odoratus F Salmonella spp.
44 Chelonian Pseudemys spp. G Salmonella spp.
46 Saurian Pogona vitticeps H Salmonella spp.
47 Chelonian Traquemys scripta elegans I Salmonella enterica subsp. arizonae
48 Chelonian Traquemys scripta elegans I Salmonella spp.
50 Saurian Ctenosaura quinquecarinata J Salmonella enterica subsp. arizonae
52 Saurian Physignatus cocincinus J Salmonella enterica subsp. arizonae
53 Saurian Physignatus cocincinus J Salmonella einterica subsp. arizonae
54 Saurian Tupinambis rufrescens J Salmonella enterica subsp. arizonae
55 Saurian Pogona vitticeps J Salmonella spp.
56 Saurian Pogona vitticeps J Salmonella enterica subsp. arizonae
58 Saurian Gerrhosaurus major J Salmonella enterica subsp. arizonae
61 Saurian Hydrosaurus amboinensis J Salmonella enterica subsp. arizonae
62 Saurian Chlamydosaurus kingii J Salmonella enterica subsp. arizonae
63 Saurian Chlamydosaurus kingii J Salmonella spp.
66 Saurian Physignatus lesueurii lesueurii J Salmonella enterica subsp. arizonae
69 Saurian Iguana iguana J Salmonella enterica subsp. arizonae
70 Ophidian Pyton regius K Salmonella enterica subsp. arizonae
73 Ophidian Pantherophis guttatus guttatus K Salmonella spp.
76 Saurian Pogona vitticeps L Salmonella spp.
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2.2. Antimicrobial Resistance

All of the studied isolates were susceptible to gentamicin (CN) and ciprofloxacin
(CIP) (Table 3). High levels of susceptibility to amikacin (AK) (96.87%), sulfamethox-
azole/trimethoprim (SXT) (96.87%), nalidixic acid (NA) (93.75%), enrofloxacin (ENR)
(90.63%), amoxicillin/clavulanic acid (AMC) (90.63%), ampicillin (AMP) (90.63%), cefo-
taxime (CTX) (87.50%), tetracycline (TE) (87.50%), and to chloramphenicol (C) (81.25%)
were also recorded. On the other hand, 31 of the Salmonella isolates (96.87%) were resistant
to penicillin (P).

Table 3. Antimicrobial resistance and virulence phenotype results.

Antimicrobial Resistance Ophidians (%) Chelonians (%) Saurians (%) p Value

AMC 0 (0%) 3 (33.3%) 0 (0%) 0.0286
AMP 0 (0%) 3 (33.3%) 0 (0%) 0.0286
AK 0 (0%) 1 (11.1%) 0 (0%) N.S.
C 0 (0%) 0 (0%) 1 (5.26%) N.S.

CN 0 (0%) 0 (0%) 0 (0%) -
CTX 0 (0%) 0 (0%) 0 (0%) -
ENR 0 (0%) 0 (0%) 0 (0%) -
NA 0 (0%) 1 (11.1%) 1 (5.26%) N.S.

P 4 (100%) 8 (88.89%) 19 (100%) N.S.
CIP 0 (0%) 0 (0%) 0 (0%) -
SXT 0 (0%) 0 (0%) 1 (5.26%) N.S.
TE 0 (0%) 1 (11.1%) 0 (0%) N.S.

Virulence phenotype

Hemolytic activity 4 (100%) 9 (100%) 19 (100%) -
Lipolytic activity 4 (100%) 9 (100%) 19 (100%) -

DNase activity 4 (100%) 4 (44.44%) 11 (57.89%) N.S.
Gelatinolytic activity 0 (0%) 0 (0%) 0 (0%) -

Abbreviations: AMC, amoxicillin/clavulanic acid; AMP, ampicillin; AK, amikacin; C, chloramphenicol; CN,
gentamicin; CTX, cefotaxime; ENR, enrofloxacin; NA, nalidixic acid; P, penicillin; CIP, ciprofloxacin; SXT, sul-
famethoxazole/trimethoprim; TE, tetracycline; N.S., non-significant.

When comparing groups, resistance to AMC (p = 0.0286) and AMP (p = 0.0286) were
associated with Chelonian Salmonella spp. isolates, as resistance to both antimicrobials was
only detected, and simultaneously, in isolates 26, 36, and 47, all originating from turtles of
different owners (Supplementary Table S1). No other statistically significant differences
regarding antimicrobial susceptibility were detected.

Only three isolates (9.37%), all from Chelonians, were resistant to three or more of
the antimicrobial compounds tested (isolates 26, 36, and 47) (Supplementary Table S1).
The multiple resistance patterns were AMC/AMP/P, observed in isolates 26 and 36, and
AMC/AMP/P/TE, revealed by isolate 47. None of the isolates was considered to be
multidrug resistant, since the detected resistance patterns included antibiotics from the
same class.

2.3. Virulence Phenotype

Virulence phenotypic testing revealed that all of the isolates studied expressed both
hemolytic and lipolytic behaviors (Table 3). Contrarily, gelatinase activity was not detected
in any of the Salmonella isolates studied. Overall, DNase activity was observed in more
than half (59.37%) of the isolates. No statistically significant differences in phenotypical
behavior were identified when comparing isolates from different animal groups.

2.4. Minimum Inhibitory Concentration and Minimum Bactericidal Concentration

The minimum inhibitory concentration (MIC) and minimum bactericidal concentra-
tion (MBC) values of chlorhexidine gluconate calculated for each isolate can be found on
Supplementary Table S1.

The overall average MIC value was 11.90 mg/L ± 3.68, ranging from 8.16 mg/L
(MIC value observed towards a Chelonian isolate), to 23.81 mg/L (MIC value towards
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a Chelonian and a Saurian isolates, all from different owners), with a median value of
10.72 mg/L. The majority of the chlorhexidine gluconate MIC values (75%) calculated for
each Salmonella isolate only ranged between 9.52 mg/L and 14.29 mg/L. When comparing
groups, the average MIC values regarding Ophidian, Chelonian, and Saurian isolates were
11.98, 11.25, and 12.19 mg/L, respectively, the differences were not statistically significant
(p = 0.802) (Table 4).

Table 4. Chlorhexidine gluconate minimum inhibitory concentrations, minimum bactericidal concen-
trations, minimum biofilm inhibitory concentrations, minimum biofilm eradication concentrations
and biofilm formation results.

Heading Ophidians Chelonians Saurians p Value

MIC (mg/L) 11.98 ± 1.46 11.25 ± 4.66 12.19 ± 3.44 N.S.
MBC (mg/L) 86.84 ± 72.75 27.87 ± 11.71 33.87 ± 52.91 N.S.
MBIC (mg/L) 57.15 ± 28.57 64.02 ± 12.32 72.87 ±39.60 N.S.
MBEC (mg/L) 244.05 ± 131.49 * 333.65 ± 222.2 * 397.39 ± 194.74 * N.S.

Biofilm formation (days) 5.1 ± 0.49 4.7 ± 1.0 4.2 ± 0.79 N.S.
Abbreviations: MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; MBIC,
minimum biofilm inhibitory concentration; MBEC, minimum biofilm eradication concentration; N.S., non-
significant. * Values above 714.29 mg/L were not included.

Regarding MBC, the overall mean value was 38.8 mg/L ± 50.25, with a minimum
value of 9.52 mg/L (observed towards a Chelonian isolate), and a maximum value of
247.62 mg/L (regarding a Saurian isolate), with a median value of 23.22 mg/L. Although
a high variability in MBC values was found, towards half of the studied isolates those
values ranged between 11.91 mg/L and 23.81 mg/L. When comparing groups, the average
MBC values obtained regarding the Ophidian isolates, 86.84 mg/L, the Chelonian isolates,
27.87 mg/L and the Saurian isolates, 33.87 mg/L, were not statistically different (p = 0.257).

Chlorhexidine gluconate demonstrated to have a bactericidal effect in the majority of
the Salmonella isolates (84.37%), since only five isolates (15.63%) had MBC/MIC ratio above
4 (Supplementary Table S1).

2.5. Biofilm Formation in the Air-Liquid Interface

The biofilm formation capability of the Salmonella isolates obtained from pet reptiles
was studied by observing the development of a pellicle in the air-liquid interface. Of all
isolates, only three (9.37%) were not able to form biofilms, thus the vast majority (90.63%)
formed a clearly detectable biofilm. The shortest period required for biofilm formation was
three days, and the longest was six days. The average number of days until the biofilm
was formed was 4.4 days ± 0.90, and the majority of the isolates (75.9%) were able to form
the biofilm in five days or less.

The differences on the average number of days until biofilm formation by Ophidian
(5.1 days), Chelonian (4.7 days), and Saurian isolates (4.2 days) were considered not to
have statistical significance (p = 0.211) (Table 4).

2.6. Minimum Biofilm Inhibitory Concentration and Minimum Biofilm Eradication
Concentration Determination

The minimum biofilm inhibitory concentration (MBIC) and minimum biofilm eradica-
tion concentration (MBEC) values of chlorhexidine gluconate regarding each isolate can be
found on Supplementary Table S1.

The MBIC values ranged from 14.29 mg/L to 232.15 mg/L, with an average value of
68.41 mg/L ± 32.68, and a median value of 71.43 mg/L. Despite the broad range of values,
71.43 mg/L of chlorhexidine gluconate was the MBIC value for more than half (59.4%) of
the isolates tested. When comparing groups, the recorded average MBIC values regarding
Ophidian, 57.15 mg/L, Chelonian, 64.02 mg/L, and Saurian isolates, 72.87 mg/L, did not
statistically differ (p = 0.509) (Table 4).
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Concerning the MBEC values, the average chlorhexidine gluconate biofilm eradication
concentration was 360.08 mg/L ± 235.18, with a minimum of 33.34 mg/L and a maximum
of 714.29 mg/L, and a median value of 392.86 mg/L. Regarding six isolates, one Ophidian,
one Chelonian, and four Saurian related isolates, the MBEC values were considered to
be greater than the highest concentration tested, therefore, the results were expressed as
>714.29 mg/L.

3. Discussion

Several research groups from multiple countries have reported the isolation of
Salmonella spp. from pet or captive reptiles, including turtles, lizards, and snakes [26–32].
Although this is not a recent issue, to the author’s best knowledge, the present report is
the first regarding the isolation of Salmonella spp. from healthy pet reptiles in Portugal.
Our results point out to an overall Salmonella spp. prevalence of 41%, which is similar to
studies performed with captive or pet reptiles in Australia (47%) [32], Spain (48%) [14],
Norway (43%) [33], or Sweden (49%) [7], but higher than reports from smuggled reptiles in
Taiwan (30.9%) [15] or captive animals in Croatia (13%) [29] or in New Zealand (11.4%) [31].
Furthermore, in our study, the prevalence of Salmonella spp. was higher in both Ophidians
(50%) and Saurians (51.9%), when compared with Chelonians (20.9%) (p = 0.016). The
lower isolation rates in turtles when compared with other reptiles can be associated with
seasonal variations, observed when turtles are preparing for hibernation [28], but also with
the diet of these animals [12,15,16]. In fact, the sample collection period occurred before
the hibernation stage of Chelonians, during the colder months of the year. Nevertheless,
the impact of pet turtles in the reptile-associated salmonellosis scenario should not be
underestimated, since exposure to Salmonella positive turtles has been linked to disease
outbreaks [34–36].

High levels of antimicrobial susceptibility to the majority of the antibiotics tested
were found in most the Salmonella isolates, and only three isolates (9.37%) were resistant to
three or more of the compounds tested. Our results differ from those reported in a recent
study carried out in Spain, in which 72% of the isolates were considered to be multidrug
resistant [14]. Salmonella isolates from reptiles are known to be resistant to several antibiotics
frequently used in therapy. This not only implies that reptiles can shed multidrug resistant
salmonellae to the environment and to other animals, including humans, but also the
genes responsible for those antimicrobial resistances could be transferred to other enteric
bacteria [17].

All the isolates studied expressed both hemolytic and lipolytic behaviors on plate tests.
These two virulence phenotypes should be further investigated. Hemolysis is not associated
with human non-typhoidal salmonellosis cases, and it has not been reported as a virulence
trait by other authors, though it was shown that the hemolytic activity in Salmonella
enterica serovar Typhimurium is dependent of the pathogenicity island 1 type III secretion
system [37]. Extracellular lipases have been proposed as potential virulence factors in other
pathogenic bacteria, such as Staphylococcus aureus, Staphylococcus epidermis, or Pseudomonas
aeruginosa [38], though their role in Salmonella spp. virulence does not seem to be fully
studied [39]. DNase testing pointed out the presence of extracellular desoxiribonucleases
in more than half of the isolates. Gelatinase activity was not detected, even though it is
a biochemical characteristic of Salmonella enterica subsp. arizonae [40]. It is possible that
the analyzed isolates harbored the gene responsible for gelatin digestion, even though
the isolates under the present study conditions did not express that phenotype. Recently,
Salmonellae isolated from ready-to-eat shrimps were also found to express hemolytic,
lipolytic, DNA degrading activity and also gelatinase production [41]. Additional studies
are necessary in order to understand the extent of the possible role of these phenotypes
both in animal and in human Salmonella infections. Actually, from the obtained data, the
possibility of the same bacterial clone infecting different animals and adapting/evolving
within the hosts cannot be excluded. Although a molecular based approach would bring
valuable information regarding the identity and the possible genetic relationship between
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the studied isolates, the present report was designed to clarify the therapeutic potential of
chlorhexidine, testing one isolate from each animal. Despite the possible genetic similarities,
the foremost important assessed feature of each Salmonella isolate was the phenotypical
behavior, namely the susceptibility to a commonly used biocide, chlorhexidine gluconate.
Thus, the information resulting from this study can be adapted and applied in reptile
medicine.

In the present study, the occurrence of both bactericidal and bacteriostatic effects of
chlorhexidine gluconate is an example of the duality of the antimicrobial effect that takes
place according to the applied concentration. Previous reports revealed chlorhexidine
gluconate MIC values ranging from 8 to 16 mg/L when tested towards Salmonella Bredeney,
Dublin, Gallinarum, Montivideo Virshow and Typhimurium [42]. Another study recorded
a range of MIC values for Salmonella isolates of animal origin (broilers, cattle and pigs)
between 2 and 64 mg/L [43]. More recent studies reported MIC values of 1–8 mg/L
in turkey Salmonella isolates from commercial processing plants, and MIC values below
4 mg/L to 64 mg/L regarding different Salmonella serovars isolated from chicken and in
egg production chains [6,44,45]. The overall mean MIC value calculated for the studied
Salmonella spp. isolates from pet reptiles was 11.90 mg/L, which is coherent with those
values. The global mean MBC value is approximately three times the mean MIC. The
suggestion that both MIC and MBC values should be included in the monitorization of
biocidal susceptibility is consistent with the results obtained in this study considering that
both values provide complementary information [46].

Although MIC an MBC values are valuable for evaluating the antimicrobial effect of
chlorhexidine gluconate, the previous studies were carried out with planktonic cells. The
fact that the Salmonella spp. isolates are capable of biofilm formation is worrisome, since
Salmonella organized in biofilms is less susceptible to disinfectants than planktonic cells,
with preliminary studies indicating that disinfectants used at an effective concentration for
Salmonella biofilm reduction can cause the selection of more virulent cells [47]. The high
frequency of the studied reptile Salmonella isolates capable of forming biofilms (90.63%)
is similar to previously reported data. High frequencies of pellicle formation in the air-
liquid interface by Salmonella Agona (100%), Salmonella Montevideo (100%), and Salmonella
Senftenberg (88%) were already described [48]. However, in the same study, only 55% of
the Salmonella Typhimurium isolates tested were biofilm producers [48]. On other studies,
the expression of biofilm formation by Salmonella Typhimurium isolates varied under
the same circumstances, with different strains and morphotypes demonstrating different
biofilm capabilities [49,50].

Biofilms are common on liquid-hard surfaces interfaces [51], such as in certain type of
reptile cages or in aquariums. In order to simulate a more realistic approach to the effects
of chlorhexidine gluconate on Salmonella cultures, the antimicrobial action of chlorhexidine
gluconate activity was tested on the biofilms formed by the reptile Salmonella isolates during
a 24 h-period. A chlorhexidine gluconate MBIC value within the concentration limits
tested was obtained regarding all the Salmonella isolates studied. Regarding the Salmonella
isolates towards which the MBEC values exceeded 714.29 mg/L, chlorhexidine gluconate
was simply not effective in terms of eradicating those biofilms. Overall, chlorhexidine
gluconate MBIC and MBEC results show that Salmonella biofilms are less susceptible to
this biocide, what is consistent with a previous report which stated that three-day old
Salmonella Typhimurium biofilms were less susceptible to chlorhexidine gluconate when
compared to the corresponding planktonic cells [52].

4. Materials and Methods

4.1. Sample Collection and Salmonella spp. Isolation

A total of 78 cloacal swabs were obtained from pet reptiles, specifically 43 Che-
lonians (commonly referred as turtles), 27 Saurians (commonly named lizards), and
eight Ophidians (usually known as snakes). The cloacal swabs were performed us-
ing cotton swabs in AMIES transport media (VWR, Amadora, Portugal) during rou-
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tine health check-ups at the house of the owners or at pet shops, all located in the
Lisbon Metropolitan Area, Portugal. All animals were cared for according to the rules
given by the current EU (Directive 2010/63/EC) and national (DL 113/2013) legislation
and by the competent authority (Direção Geral de Alimentação e Veterinária, DGAV,
(www.dgv.min-agricultura.pt/portal/page/portal/DGV, accessed on 20 January 2021)
in Portugal. Verbal informed consent was obtained from all the owners. Trained vet-
erinarians performed sample collection of all the samples, following standard routine
procedures. After collection, swabs were kept under refrigeration conditions (4 ◦C) for
no longer than 48 h until processing in the Microbiology Laboratory of the Veterinary
Medicine Faculty—University of Lisbon for Salmonella spp. isolation.

Briefly, each cloacal swab was homogenized and incubated in 5 mL of buffered peptone
water (BPW) (Scharlau, Valencia, Spain) for 18 ± 2 h at 37 ◦C. After the initial incubation,
1 mL of BPW was then added to 10 mL of Muller-Kaufmann Tetrathionate (MKTT) Broth
(Oxoid, Hampshire, UK) and incubated for 18–24 h at 37 ◦C. Simultaneously, 0.1 mL of
the BPW solution was added to 10 mL Rappaport–Vassiliadis broth (Oxoid, Hampshire,
England) and the resulting suspension was incubated for 18–24 h at 41.5 ◦C. Afterwards,
suspensions were inoculated in Hektoen Agar (Liofilchem, Teramo, Italy) and xylose lysine
deoxicholate agar (Scharlau, Valencia, Spain) plates, by streaking, and incubated at 37 ◦C for
20 ± 2 h. The resulting presumptive Salmonella spp. colonies were selected and transferred
to triple sugar iron (TSI) Agar (Scharlau, Valencia, Spain) and to urea broth (Oxoid, Dadirlly,
France) and incubated for 20 ± 2 h at 37 ◦C. Presumptive Salmonella spp. isolates were
identified through the growth pattern in TSI agar and in Urea Broth. The method described
is an adaptation of a previously described method [53]. Salmonella spp. isolates were
identified using biochemical profile system API 20E (BioMérieux, Craponne, France). The
biochemical identification was later confirmed by agglutination with Antiserum Salmonella
OMNIVALENT Omni-O (Bio-Rad Laboratories, Inc., Marnes-la-Coquette, France).

4.2. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was performed by the disk diffusion method, ac-
cording to Clinical and Laboratory Standards Institute guidelines (CLSI) [54]. The tested an-
tibiotics were amoxicillin/clavulanic acid (AMC, 30 µg), ampicillin (AMP, 10 µg), amikacin
(AK, 30 µg), chloramphenicol (C, 30 µg), gentamicin (CN, 10 µg), cefotaxime (CTX, 30 µg),
enrofloxacin (ENR, 5 µg), nalidixic acid (NA, 30 µg), penicillin (P, 10 U), ciprofloxacin
(CIP, 5 µg), sulfamethoxazole/trimethoprim (SXT, 25 µg), and tetracycline (TE, 30 µg). All
antibiotics were purchased from Oxoid, Dadirlly, France. Escherichia coli ATCC 25922 was
used as the control strain for test performance. Multidrug resistance (MDR) phenotype
was considered to be present whenever an isolate revealed resistance to three or more
antimicrobial compounds belonging to different classes [55].

4.3. Virulence Phenotype Analysis

In order to assess the virulence phenotype of the Salmonella isolates, plate tests were
performed for evaluating their DNase, gelatinase, hemolytic and lipase activities.

DNase activity testing was performed by streaking the bacterial isolates on DNase
test Agar plates (Liofilchem, Teramo, Italy) supplemented with 0.01% toluidine blue. The
plates were incubated for 48 h at 37 ◦C and positive results showed a transparent halo
surrounding the colonies.

Gelatinase activity was tested by streaking the isolates on Gelatinase test Agar plates
(Liofilchem, Teramo, Italy), followed by incubation at 37 ◦C for 48 h. Afterwards, plates
were flooded with a mercury chloride solution and the gelatinase positive isolates showed
a transparent halo around the colonies.

Production of hemolysins was determined by streaking the isolates on Columbia Agar
plates supplemented with 5% sheep blood (BioMérieux, Craponne, France) and incubated
for 48 h at 37 ◦C. The presence of clear halos surrounding the colonies was interpreted as
β-hemolysis.
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Lipase activity testing was achieved by culturing the isolates in Spirit Blue Agar plates
(Difco, Algés, Portugal) supplemented with Tween 80 (30 g/L) and incubating for 48 h at
37 ◦C. Lipase producing isolates exhibited clear halos around the colonies.

4.4. Chlorhexidine Gluconate Minimum Inhibitory Concentration and Minimum Bactericidal
Concentration Determination

The in vitro susceptibility profile of the Salmonella isolates to chlorhexidine gluconate
was assessed by an adapted protocol based on the microtiter broth dilution method [56,57].
Isolates were grown in a nonselective brain heart infusion (BHI) agar medium (VWR
Chemicals, Leuven, Belgium) at 37 ◦C for 24 h. Bacterial suspensions with 108 CFU/mL
were prepared directly from plate cultures in sterile normal saline (Merck, Germany) to a
0.5 McFarland suspension. The bacterial suspensions were then diluted in fresh BHI broth
(VWR Chemicals, Leuven, Belgium) to a concentration of 107 CFU/mL.

Chlorhexidine gluconate dilutions were prepared from a stock solution at a con-
centration of 4% (w/v) (AGA, Lisboa, Portugal). A volume of 25 µL of chlorhexidine
gluconate at 0.5, 0.1, 0.05, 0.01, 0.005 and 0.001% were distributed in 96-well flat-bottomed
polystyrene microtiter plates (Nunc, Thermo Fisher Scientific, Roskilde, Denmark), apart
from the negative and positive controls. All the wells were inoculated with 150 µL of the
107 CFU/mL bacterial suspensions, with exception of the negative control wells, which
contained only broth medium. Therefore, the final concentration of chlorhexidine gluconate
in the wells corresponded to 714.28, 142.86, 71.43, 14.29, 7.14, and 1.43 mg/L. Afterwards,
microplates were statically incubated for 24 h at 37 ◦C. The minimum inhibitory concen-
tration (MIC) was determined as the lowest concentration of chlorhexidine gluconate that
visually inhibited microbial growth.

The minimum bactericidal concentration (MBC) value was assessed by inoculating
3 µL of the suspensions from the wells were no growth was observed on BHI agar plates,
which were incubated at 37 ◦C for 24 h. MBC was determined as the lowest chlorhexidine
gluconate concentration that did not allow colony development [57,58].

The ratio between MBC and MIC was calculated in order to determine the antimicro-
bial effect of chlorhexidine gluconate. The effect was considered to be bactericidal when
the MBC was no more than fourfold the MIC, or bacteriostatic when the ratio exceeded
four [58].

All experiments were conducted in duplicate and independent assays were performed
at least three times in different dates.

4.5. Biofilm Formation in the Air-Liquid Interface

Biofilm forming ability was assessed through a biofilm formation assay in the air–
liquid interface, by inoculating 0.5 mL of an overnight BHI broth culture, adjusted to a
0.5 McFarland standard, in a 4.5 mL of Luria broth (LB) without NaCl (1:10), prepared
using yeast extract (Oxoid, Hampshire, England) and bacto tryptone (BD, Oeiras, Portugal).
Isolates were incubated at 28 ◦C for eight days and each isolate was visually examined for
pellicle formation on a daily basis [49]. The isolates capable of forming a pellicle in two
distinct occasions were considered to be positive for biofilm formation, and the number of
days required until the pellicle was perceivable was used to calculate the mean time for
biofilm formation.

All assays were repeated in three independent dates, including 10% replicates.

4.6. Chlorhexidine Gluconate Minimum Biofilm Inhibitory Concentration and Minimum Biofilm
Eradication Concentration Determination

The antimicrobial susceptibility of the Salmonella isolates when embedded in a 24 h
biofilm was evaluated by a modified version of the Calgary Biofilm Pin Lid Device [57,59].
For minimum biofilm inhibitory concentration (MBIC) and minimum biofilm eradication
concentration (MBEC) assays, the bacterial isolates were grown in BHI agar medium
(VWR Chemicals, Leuven, Belgium) at 37 ◦C for 24 h. Bacterial suspensions with approxi-
mately 108 CFU/mL were prepared directly from plate cultures in sterile normal saline
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(Merck, Darmstadt, Germany) by comparison with a 0.5 McFarland standard (BioMérieux,
Craponne, France). Suspensions were then diluted in fresh BHI broth (VWR Chemicals,
Leuven, Belgium) to a concentration of 106 CFU/mL. Then, 175 µL of the bacterial sus-
pensions were distributed in 96-well flat-bottomed polystyrene microtiter plates, covered
with 96-peg polystyrene lids (Nunc-TSP; Thermo Fisher Scientific, Roskilde, Denmark) and
statically incubated for 24 h at 37 ◦C, allowing biofilm formation on the pegs. Peg lids were
then rinsed three times in sterile normal saline to remove planktonic bacteria and placed
on new microplates containing the set of chlorhexidine gluconate solutions previously
described, corresponding to a final concentration by well of 714.28, 142.86, 71.43, 14.29,
7.14, and 1.43 mg/L.

Microplates were again incubated for 24 h at 37 ◦C, without shaking. After incubation,
peg lids were removed, and the MBIC value was determined as the lowest chlorhexidine
gluconate concentration that visually inhibited microbial growth. Subsequently, in order
to determine the MBEC value, peg lids were rinsed three times in sterile normal saline,
placed in new microplates containing only 175 µL of fresh BHI medium and incubated
in an ultrasound bath (Grant MXB14, Essex, England), at 50 Hz during 15 min in order
to disperse the biofilm-based bacteria from the peg surface. Afterwards, peg lids were
discarded, and microplates were covered with normal lids and incubated for 24 h at
37 ◦C. The MBEC value was determined through direct observation of bacterial growth in
the wells and defined as the lowest chlorhexidine gluconate concentration that visually
eliminates the microbial growth [57].

Experiments were conducted in duplicate and independent assays were performed at
least two times on different dates.

4.7. Statistical Analysis

For statistical analysis, the associations between frequency of Salmonella isolation and
reptile group, AMR Salmonella and reptile group and virulence phenotype and reptile group
were evaluated using the Fisher exact test. Association between different MIC, MEC and
MBIC values of chlorhexidine gluconate on Salmonella isolates, the number of days until
biofilm formation and the reptiles group was assessed recurring to the Brown–Forsythe
robustness test based on a one-way ANOVA test. All statistical tests were performed
on IBM SPSS Statistical program version 26 for Windows (SPSS Inc., Chicago, IL, USA).
Associations were considered to be significant whenever P values were less than 0.05.

5. Conclusions

The present study reports the isolation of Salmonella from healthy pet reptiles and
stresses their possible role in human non-typhoidal salmonellosis cases. Although present-
ing high levels of antimicrobial susceptibility, the expression of phenotypical virulence
traits and the ability to form biofilms by these isolates are worrisome. Pet reptile owners
should always employ good hygiene practices whenever manipulating the animals, but
also when in contact with the environment in which the animals are kept. Overall, the
use of chlorhexidine gluconate was considered to be effective, both in planktonic cells and
biofilms, pointing out the potential of this biocide’s use in reptile clinics.
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Abstract: The Salmonella enterica serovar Choleraesuis affects domestic pig and wild boar (WB),
causing clinical salmonellosis. Iberian swine production is based on a free-range production system
where WB and Iberian pig (IP) share ecosystems. This study focuses on the negative impact on
the pork industry of infections due to this serotype, its role in the spread of antibiotic resistance,
and its zoonotic potential. Antibiotic resistance (AR) and genetic relationships were analyzed among
20 strains of S. Choleraesuis isolated from diseased WB and IP sampled in the southwest region of
the Iberian Peninsula. AR was studied using the Kirby–Bauer method with the exception of colistin
resistance, which was measured using the broth microdilution reference method. Resistance and
Class 1 integrase genes were measured using PCR, and the genetic relationship between isolates and
plasmid content by pulsed field gel electrophoresis. The results show a higher incidence of AR in
isolates from IP. Phylogenetic analysis revealed seven profiles with two groups containing isolates
from IP and WB, which indicates circulation of the same clone between species. Most pulsotypes
presented with one plasmid of the same size, indicating vertical transmission. AR determinants
blaTEM and tetA were routinely found in IP and WB, respectively. One isolate from IP expressed
colistin resistance and presented the mcr-1 gene carried by a plasmid. This study suggests that
S. Choleraesuis circulates between WB and IP living in proximity, and also that the mobilization of
AR genes by plasmids is low. Furthermore, the detection of plasmid-mediated colistin resistance in
bacteria from IP is alarming and should be monitored.

Keywords: Salmonella Choleraesuis; Iberian pig; wild boar; antibiotic resistance; phylogenetic
relationship; plasmid replicon typing; colistin

1. Introduction

Salmonellosis in swine results in tremendous economic losses in the pork industry [1].
Salmonella enterica subsp. enterica serovar Choleraesuis (S. Choleraesuis) causes clinical salmonellosis
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in pigs and wild boar (WB) [2], and the identification of epidemiologic groups strongly suggests an
exchange of this serovar between WB and domestic pigs [3]. Nowadays, S. Choleraesuis is still very
common in North America and Asia and, although it is not considered a dominant serovar in pigs
from Europe [4,5], different outbreaks have occasionally been reported in recent years [6,7] including
in WB [2,3,8–11].

The Iberian pig (IP) is an autochthonous breed that originated in the Iberian Peninsula, for which the
production system is mainly associated with extensive management deeply linked to the Mediterranean
ecosystem and traditional agroforestry in the southwest of the Iberian Peninsula [12]. This means that
WB and IP share the same habitats, leading to subsequent interactions among them [13,14]. WB, as an
omnivorous species, is prone to multiple pathogen exposure. They have been shown to carry resistant
bacteria [15] and could be a gateway for spread of this resistance from domestic animals or humans to
wildlife [16]. Besides, several studies have shown WB as a possible asymptomatic persistent reservoir
of S. Choleraesuis [17,18].

Although S. Choleraesuis is swine-specific and rarely infects other hosts, it is the second
most predominant serovar among human isolates in Taiwan and exhibits the highest degree of
invasiveness [19,20], which may result in severe disease and death [21]. Most S. Choleraesuis isolates
from humans and swine exhibit closely related DNA fingerprints, indicating that human infections
were acquired from pigs [22], reinforcing the importance of controlling this serotype in Suidae.

Most S. Choleraesuis strains that have caused infections in humans, mainly in Asian countries,
are multidrug resistant (MDR) [19,23], which has been associated with classical mobile genetic elements
(i.e., transposons and plasmids) and integrative elements that can spread antimicrobial resistance
genes within the bacterial host genome through gene cassettes by site-specific recombination [24,25].
In addition, plasmids can carry other gene functions such as those involved in virulence by
pSCV50 in S. Choleraesuis [26]. This 50 kb plasmid does not carry antimicrobial resistance genes,
although it can recombine with larger sized plasmids detected in S. Choleraesuis where sul1, blaTEM,
and extended-spectrum beta-lactamase genes are located [27–29].

In contrast to the limited administration of colistin (polymyxin E) to humans as a last resort
antibiotic, it has historically been used for prophylaxis in animal production [30]. Consequently,
a dramatic increase of colistin resistance has arisen in naturally sensitive Gram-negative bacteria,
with the spread of plasmid carrying mcr-1 among other resistance determinants [31]. Among different
reservoirs, livestock is considered the main source of mcr genes worldwide [32], and a global concern
exists due to their high mobilization potential by plasmids carrying other resistance determinants [33].
S. enterica, one of the most clinically relevant enterobacteria, carries colistin resistance genes in many
serovars via different plasmids, including IncHI2 mega-plasmids larger than 200 kb with multiple
resistance determinants [34]. In S. Choleraesuis, this has been described very recently in one MDR
isolate from a human blood infection in Brazil, linked to a 40 kb IncX4 plasmid [35].

The aim of the present investigation was to study the genetic relationship between strains of
S. Choleraesuis from IP and WB raised in the southwest of the Iberian Peninsula and to address the
mechanism of spread of its antimicrobial resistance determinants, including through screening for
low-susceptible isolates to colistin in this bacterial pathogen.

2. Results

2.1. Clustering of S. Choleraesuis Isolates by PFGE-XbaI

Pulsed-field gel electrophoresis (PFGE) (XbaI) macrorestriction displayed seven different profiles
or pulsotypes (PT) grouped into two main clusters: A, with a degree of similarity higher than 75% and
B, with more than 80% similarity (Figure 1). Whilst cluster B contains only 4 isolates from 2 estates, all of
them from IP, cluster A groups 5 PT that contain 15 isolates from 12 different estates. Within this cluster
PT1, PT2 and PT3 showed a degree of similarity higher than 95%. There is remarkable persistency
over time for PT1, PT3, and PT5, which were isolated during 5, 3, and 4 year periods, respectively,
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from the animal populations. Among them, PT1 and PT3 were detected in both IP and WB, indicating
bacterial circulation between both suids. The distance between the estates with the same PT was not
significantly different than the average distance between all the estates included in the study.
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Dendrogram showing 7 different profiles (PT) further divided into two clusters A and B. Dice coefficients
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and molecular sizes (in kilobases).

2.2. Resistance Determinants against Clinically Relevant Antimicrobials in the S. Choleraesuis Isolates

Resistance against at least one of the 14 tested antibiotics was found in almost all tested strains
(19/20; 95%); moreover, 65% (13/20) of the S. Choleraesuis isolates were multidrug resistant (MDR) with
resistance to 4 or more antibiotics (Table 1). Antimicrobial resistance phenotypes were highly variable,
with 14 different patterns existing among the 20 S. Choleraesuis isolates (Table 1), even within the same
PT, especially if they came from different estates, as observed in PT1 and PT5 (Figure 1). Only three
patterns appeared more than once: AMP–TRS–SUL–CHL (3 isolates from PT6), AMP–STR–TRS–SUL
(2 isolates from PT1), and NEO (2 isolates from PT3), and none of them were shared between IP and
WB. Indeed, the average number of antimicrobials to which isolates presented resistance depended on
the host, with 4.9 resistances (or MDR), on average, per isolate in IP and 2.8 in WB. The host effect on
MDR of isolates also affects the particular antibiotics found in every spectrum. Among isolates from IP,
the most common resistance observed is against ampicillin, followed by sulfonamide, while in those
from WB, the lowest susceptibilities were found against aminoglycosides (streptomycin and neomycin)
followed by tetracycline and sulfonamide (Table 2). Resistance against colistin, a last resort antibiotic
in human health, is found in only one isolate of PT1 from IP. Regardless of their origin, all isolates were
susceptible to quinolones or the broad-spectrum cephalosporin cefotaxime.
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Table 1. Antibiotic resistance characteristics of S. Choleraesuis isolates from Iberian pigs and wild boar in Spain.

PT 1 Isolate Origin Resistance Phenotype Resistance Genotype Plasmid Size (kb) 2

1

R145 WB AMP–STR–TET–TRS–SUL blaTEM–aadA1–sul1–sul3–tetA >105
5662 IP AMP–DOX–TRS–SUL–CHL blaTEM–aadA1–sul3–Int1 55
6011 IP AMP–STR–TRS–SUL blaTEM 55
6012 IP AMP–STR blaTEM ND
5661 IP AMP–DOX blaTEM 55
5663 IP AMP–STR–TRS–SUL blaTEM ND
330 IP AMP–GEN–NEO–STR–TET–DOX–TRS–SUL–COL strA–strB–sul1–mcr–1 55 +> 244 3

2 I 82 WB AMP–NEO–TET–DOX blaTEM 55

3

M1452 IP AMP–NEO–STR–TET–DOX–TRS–SUL–CHL blaTEM–tetA–Int1(aadA1) 4 55
I 144 WB - - 55
I 160 WB NEO - 55
I 163 WB NEO - 55

4 I 329 IP AMP–STR–TET–DOX–TRS–SUL
blaTEM–strA–strB–sul1–Int1–(blaPSE1)

4 55 + 244

5

R40 WB STR–TET–DOX–SUL aadA1–strA–strB–sul1–tetA <33 + 55 + 310
R160 WB STR–TET–SUL strA–strB–tetA <33 + 55 + 240
I 203 WB STR–TRS–SUL strA–strB–tetA <33 + 55 + 310

6

5649 IP AMP–TRS–SUL–CHL blaTEM–aadA1–sul3–Int1 105
5650 IP AMP–TRS–SUL–CHL blaTEM–aadA1–sul3–Int1 105
5655 IP AMP–TRS–SUL–CHL strA–sul3 105

7 I 36 IP AMP–NEO–STR–TET–DOX–SUL aadA1–strA–strB–sul2–tetB -
1 Pulsotype, as deduced from Figure 1. 2 DNA bands detected by PFGE-S1, with size (kb) deduced by proximity to corresponding bands in the S. braenderup standard; 3 hybridized to
DIG-labeled mcr-1; 4 Genes identified in int1-linked gene cassettes. None detected. ND, not determined.
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Table 2. Prevalence of antimicrobial resistance determinants among S. Choleraesuis isolates from Iberian
pigs and wild boar in Spain.

Antimicrobials
IP WB

N 1 Genes 2 N 1 Genes 2

Sulfonamides
Sulfadiazine 10

sul1 (2), sul2 (1), sul3 (4) 4
sul1 (2), sul3 (1)

Cotrimoxazol 9 2

β-lactams Ampicillin 12 blaTEM (9), blaPSE (1) 2 blaTEM (2)

Aminoglycosides
Gentamycin 1 - 0 -
Neomycin 3 - 3 -

Streptomycin 7 aadA (5), strA (3), strB (3) 4 aadA (2), strA (3), strB (3)

Tetracyclines
Tetracycline 4

tetA (1), tetB (1)
4

tetA (4)
Doxycycline 6 2

Phenicols Chloramphenicol 5 0 -

Polymixins Colistin 1 mcr-1 (1) 0 -
1 Number of isolates sharing resistance to indicated antimicrobial. 2 Number of resistance determinants between
parenthesis. None detected.

Antimicrobial resistance determinants were found in all the strains from IP and most
(seven out of eight) from WB. The antimicrobial resistance genes detected were highly variable among
isolates, with a total of 10 different genotypes, 50% of them with four or more resistance genes (Table 1).
Similarly to antimicrobial-resistant phenotypes, genotypes were variable among isolates, even from
the same PT, with blaTEM, blaTEM–aadA1–sul3, and strA–strB–tetA found most frequently (Table 1).
Considering each resistance gene, the β-lactamase-encoding blaTEM was most common with nine
strains from IP and two from WB, covering all PT except PT5. However, from WB the most prevalent
was tetA, found in one isolate from PT1 and three from PT5 in addition to only one isolate from PT3 in
IP. The int1 gene, encoding the class 1 integrase that is frequently linked to antimicrobial resistance
gene cassettes, was detected in five isolates, all from IP, although two of them share PT with WB isolates
(PT1 and PT3, Figure 1). However, only two isolates presented int1-linked gene cassettes of 1000 or
1200 bp length which also coded for aadA2 or blaPSE1 genes, respectively (Table 1).

Interestingly, the mcr-1 (plasmid-mediated colistin resistance) gene was detected in one
colistin-resistant isolate from IP belonging to PT1, the most common PT among S. Choleraesuis

isolates (Table 1). In general, isolates carrying resistance determinants presented low susceptibility to
the corresponding antimicrobial(s), although aadA1 and strA genes may be expressed weakly or not
at all.

2.3. Plasmid Content of S. Choleraesuis Isolates

S1 nuclease treatment and PFGE typing of plasmid content revealed that 19 out the 20 strains
carried at least one extrachromosomal molecule of DNA, with five isolates carrying multiple plasmids
(Table 1 and Figure 2). The plasmid most frequently found was 50 kb in size, shared by 75% of
isolates, including those fully sensitive to antibiotics and lacking resistance genes. Plasmids between
100 and 300 kb were also detected in strains mostly expressing MDR. Due to its clinical relevance,
plasmid location was performed for the colistin-resistance mcr-1 gene identified in this study for the first
time in S. Choleraesuis isolated from swine (Figure 1). Thus, a plasmid slightly over 240 kb in size was
detected that was carrying mcr-1 from an IP necropsied in 2020, as revealed by specific hybridization
with a DIG-labeled probe from a previously characterized sequence [36]. With exceptions, as for the
mentioned plasmid carrying mcr-1 in a PT1 strain, the number and size of plasmids was found to be
stable in isolates within every PT.
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3. Discussion

In this study, isolates of S. Choleraesuis from IP and WB have been analyzed in order to trace the
spread potential of antimicrobial resistance determinants carried by this serotype in the “dehesa”,
a traditional agrosystem consisting of grassland with Holm’s oaks found in the Iberian Peninsula.
The XbaI-PFGE profile of S. Choleraesuis isolates revealed different PT, but most of the strains (16/20)
belonged to the same cluster with a degree of similarity above 75% (Cluster A), among which PT1,
PT3, and PT5 might represent clones with high potential spread both in space and time, in agreement
with previous studies in WB [2,3,17] and domestic pigs [5,6]. With regard to phylogeographic analysis,
a recent study demonstrated cross-border transmission of S. Choleraesuis from pigs between countries
that was concordant with the trading network [18]. In our study, genetic relationships were detected
not only among bacteria from the same species, but also with the wild ancestor of pigs, the WB, which
share the “dehesa” environment with IP [14]. In our study, the geographical link between animals
is maximal for WB from estates E4 and E1, the closest to IP farms E6 and E11 (Figure 3) from which
S. Choleraesuis isolates share PT1, PT2, or PT3 in closely related backgrounds (>95%, Figure 1). On the
other hand, it should be noted that there are large distances between these estates; approximately 70 km
between E6 and E1 and all of them (E1, E4, E6, and E11) in a radius of 90 km (Figure 3). Apart from
the distance, the estates are also separated by several highways (E11 and E4) and a large river (E4).
Moreover, one WB isolate from a faraway estate, E12, also shares PT1. When considered together,
all these facts suggest that proximity itself is not the main reason for the bacterial relationship and that
other factors may be responsible, i.e., human carriers or animal trading, although evidence is lacking.
Together with studies showing the spread of S. Choleraesuis between WB and domestic pigs [3,18],
including asymptomatic WB in Europe [17,37,38], our results show a wildlife reservoir that may spill
over to farmed pigs or vice versa.

MDR was detected in 83.3% (10/12) of isolates from IP in this study, higher than the 37.5% (3/8)
observed in WB. Similar prevalences of antimicrobial resistance have been reported in S. Choleraesuis

from domestic pigs in Asia [26,39] but these are higher than previous reports in Europe [5,6]. The data
from WB are similar to those previously described by our group [2]. Likewise, the antibiotic groups
with higher resistances differ between S. Choleraesuis from the analyzed Suidae, showing resistance
to ampicillin and sulfonamide for bacteria from IP, and sulfonamide, tetracycline, and streptomycin
from WB, although streptomycin resistance had the same ratio in bacteria from both hosts, similarly
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to previous reports [2,3,6,40,41]. The lack of resistance found against quinolones and cephalosporins
is in accordance with most of the studies from Europe [18,42], although outbreaks or sporadic cases
of infections caused by Salmonella spp. with resistance to these antibiotics are being increasingly
reported [39,43].Antibiotics 2020, 9, x FOR PEER REVIEW 7 of 13 
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Figure 3. Location of the estates. Geographical map of the southwest Iberian Peninsula displaying
the central location of the different estates from where S. Choleraesuis suid hosts were sampled. Black
dots represent estates where WB were sampled and red dots IP farms. Black lines represent highways
and green lines administrative division limits (inset: location of the Iberian Peninsula in southwestern
Europe).

Isolates of S. Choleraesuis from the two hosts screened in this study, IP and WB,
presented quantitative differences in antibiotic resistance found against ampicillin and
trimethoprim/sulfamethoxazole, which are higher in the autochthonous pig breed. In contrast,
resistance to chloramphenicol, gentamicin or colistin was only detected in IP. This could be due to the
fact that many of these antibiotics have been extensively used as growth promoters (beta-lactams) or as
prophylactic agents for common diseases such as colibacillosis (colistin) or coccidiosis (sulfonamides)
in pig farms for a long time [44], which has been associated with increases in resistant bacteria [45].
Although the IP production system is linked to the dehesa in the last period of fattening, the first
stages of breeding mostly take place on farms with semi intensive management systems. It was in
these stages where antibiotic abuse has taken place in the past. Considering that frequent use has a
stronger association with resistance than sporadic use [46,47], it could explain the lower number of
resistances found in WB, as the treatments applied to them, when applied, are scarce and limited to
certain short periods of time, which is different to the IP, especially in the early stages of breeding.
However, even on estates that did not apply any antibiotic treatment, antibiotic resistances were found
in S. Choleraesuis from WB. This could be due to the omnivorous behavior of WB, which means they
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visit communal refuse sites as well as the proximity of farmed animals like IP in free range production
systems, where horizontal transmission of bacteria might occur [48,49].

Resistance genes have been previously detected in S. Choleraesuis from pigs and humans [18,28,41],
but information is scarce in WB [2]. In this study, we described Class 1 integrons in 42% of the
S. Choleraesuis isolates from IP and none in WB. Around 41% of these integrons carried a resistance gene
cassette. These genetic elements play an important role in the development of antibiotic resistance and
have a worldwide distribution in Gram-negative bacteria, colonizing both humans and animals [50].
In S. Choleraesuis from pigs, finding these elements in a large number of isolates is very common [39,51].
Interestingly, our study shows that the sul3 gene occurs in 3 out of 5 Salmonella isolates carrying
class 1 integrons, although the presence of this integron is more frequently related to the spread of the
sul1 gene [52,53].

Our study reveals that, with exceptions, S. Choleraesuis strains from IP or WB carry plasmids
which are around 50 kb in size (Figure 1), that isolates lacking antimicrobial resistance did not
present additional plasmids, and that bacteria expressing multiple antimicrobial resistance share
mega-plasmids, alone or in addition to the 50 kb bands (Table 1). The fact that only closely related
isolates share plasmid bands and/or antimicrobial resistance patterns might suggest that clonal spread
prevails over horizontal transfer as the common mechanism for dispersion of antimicrobial resistance
determinants in the analyzed environment. This study also shows the presence of the colistin-resistant
gene mcr-1 in one of the isolates studied from IP. In this strain, mcr-1 is carried by a high-molecular
weight plasmid (>240 kb), possibly conferring MDR and most probably belonging to the IncHI2-type
replicon (different to the recent finding in a human isolate) [35], which could represent a risk for
accumulation and/or spread antimicrobial resistance determinants through food chain environments,
as for Iberian pigs, and their processed products and humans. Although more studies are needed
to determine its prevalence, due to its clinical importance in human health, the presence of these
colistin-resistant Salmonella isolates should be monitored in order to control their evolution.

4. Materials and Methods

4.1. Bacterial Strains and Animal Sources

The 20 strains of S. Choleraesuis isolated from diseased WB (n = 8) and IP (n = 12) were analyzed at
the Clinical Veterinary Hospital (CVH) at the University of Extremadura. The animals were submitted
to the CVH by veterinarians or by a hunting management company (Ingulados S.L.) from Cáceres,
Spain, in order to determine the cause of death and control disease on their farms/game estates.
After routine necropsy and microbiological analysis, those animals with S. Choleraesuis were included
in the study. Each isolate from WB was derived from a different outbreak (clinical disease in several
animals in a short period of time) and estate (E1–E11), whilst IP belonged to six different estates,
among which several animals from the same outbreak were sampled in E6 and E7. All fourteen estates
were located in the Central West region of the Iberian Peninsula (Figure 3). The IP estates were either
breeding farms connected to a large enclosure of the dehesa ecosystem or just an enclosure where IP
underwent a fattening process. The fences or walls that surround those enclosures are strong enough
to keep the IP inside, but not enough to prevent the entry of WB and their subsequent interactions
with IP. The WB came from game estates where they were occasionally fed and subjected to periodical
health inspections, where they are captured, analyzed, and returned to their natural environment.

The clinical isolates came from different organs (liver, kidneys, lungs, and spleen) and were
cultured on blood agar, MacConkey agar, and xylose–lysine–deoxycholate agar (XLD) under aerobic
conditions for 24 h/37 ◦C. Colonies compatible with Salmonella were confirmed using conventional
microbiological methodologies and identified as Salmonella enterica serovar Choleraesuis based on fliC

gene PCR [54].
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4.2. Pulsed-Field Gel Electrophoresis (PFGE) Analysis

Determination of the dendrogram of PFGE clusters among isolates of S. Choleraesuis was performed
by macrorestriction with XbaI followed by PFGE (Chef-DR®III. Bio-Rad; Hercules, CA, USA) according
to the PulseNet protocol with pulses oscillating from 2.16 to 63.8 s for 21.5 h [55], and S. braenderup

was used as the molecular weight standard. The gel was stained with ethidium bromide, and DNA
bands were visualized with an UV transilluminator. Images were prepared using Quantity One
software (Bio-Rad; Hercules, CA, USA). The different PFGE profiles (PT) were analyzed by InfoQuest
FP Software (Version 4.5).

Plasmid size analysis was performed by PFGE under the same conditions described above after
incubation of plugs with S1 nuclease (Thermo Fisher, Waltham, MA, USA) according to manufacturer’s
recommendations. For plasmid hybridization, PFGE was transferred to a nylon membrane and
hybridized to a digoxigenin-labeled mcr-1 probe that was PCR amplified from a previously described
E. coli strain [36]. Digoxigenin labeling and detection were performed according to manufacturer’s
instructions (Merck; Darmstadt, Germany).

4.3. Antibiotic Susceptibility Testing

Antibiotic susceptibility was tested by the disc-diffusion method on Mueller–Hinton agar
(Kirby–Bauer method) to 13 antimicrobial agents. The following discs (Bio-Rad; Hercules, CA, USA) were
used: ampicillin (AMP-10 µg), cefotaxime (CTA-30 µg), ceftiofur (CTF-30 µg) gentamicin (GEN-10 µg),
neomycin (NEO-30 µg), streptomycin (STR-10 µg), tetracycline (TET-30 µg), doxycycline (DOX-30
µg), enrofloxacin (ENR-5 µg), nalidixic acid (NAL-30 µg), trimethoprim/sulfamethoxazole
(TRS-23.75/1.25 µg), sulfonamide (SUL-200 µg), and chloramphenicol (CHL-30 µg). E. coli ATCC
25922 was used as a control strain. Colistin (COL) was not included due to its incompatibility with the
disc-diffusion method, but it was tested by MIC determination using the broth microdilution reference
method according to ISO 20776–1:2006. Data were interpreted using EUCAST epidemiological cut-off
values (www.EUCAST.org).

4.4. Screening for Antibiotic Resistance Genes

After antimicrobial susceptibility testing, resistant strains were screened by PCR for putative
determinants with primers and previously described experimental conditions. The following resistance
genes were analyzed: blaTEM [56], blaOXA [57], tetA and tetB [58], strA and strB [59], aadA1 [60], aph2 [61],
sul1, sul2 and sul3 [62], and mcr-1 [63]. The Class 1 integrase gene (int1) was screened for in all
isolates [64] and the presence of a variable region linked to the Class 1 integron was amplified by PCR
and sequenced to determine the composition of its gene cassette [65].

5. Conclusions

S. Choleraesuis from IP and WB raised in close environments were found clonally related and
transfer antimicrobial resistance determinants mainly by vertical transmission, whereas megaplasmids
were detected linked to MDR, including colistin resistance in a single isolate carrying mcr-1. The role
of S. Choleraesuis in the spread of antimicrobial resistance between wild and domestic swine should be
carefully surveyed.

Author Contributions: Conceptualization, A.Q. and J.R.; methodology, A.G.; validation, M.G.M., and S.G.Z.;
formal analysis, F.E.M.-C. and D.R.; investigation, M.G.M.; resources, W.G.-J. and P.F.-L.; writing—original draft
preparation, M.G.M. and A.G.; writing—review and editing, F.E.M.-C. and A.Q.; supervision, A.Q. and J.R.;
project administration, A.Q. and J.R.; funding acquisition, A.Q. and J.R. All authors have read and agreed to the
published version of the manuscript.

Funding: Work in A.Q. lab is funded by the Spanish Ministry of Economy, Industry and Competitiveness
(MINECO, currently MICINN, Grant AGL2016-74882-C3), and the Junta de Extremadura and FEDER (IB16073,
IB18047 and GR15075) of Spain. A. G. thanks his current contract (Extremadura government and European
Social Fund).

163



Antibiotics 2020, 9, 750

Acknowledgments: The authors thanks Gemma Hannah Louise Gaitskell-Phillips for language editing assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Khan, M.A.; Cao, L.; Riaz, A.; Li, Y.; Jiao, Q.; Liu, Z.; Wang, H.; Meng, F.; Ma, Z. The Harm of Salmonella to
Pig Industry and Its Control Measures. Int. J. Appl. Agric. Sci. 2019, 5, 24.

2. Gil Molino, M.; Risco Pérez, D.; Gonçalves Blanco, P.; Fernandez Llario, P.; Quesada Molina, A.;
García Sánchez, A.; Cuesta Gerveno, J.M.; Gómez Gordo, L.; Martín Cano, F.E.; Pérez Martínez, R.
Outbreaks of antimicrobial resistant Salmonella Choleraesuis in wild boars piglets from central-western
Spain. Transbound Emerg. Dis. 2019, 66, 225–233. [CrossRef]

3. Methner, U.; Heller, M.; Bocklisch, H. Salmonella enterica subspecies enterica serovar Choleraesuis in a wild
boar population in Germany. Eur. J. Wildl. Res. 2010, 56, 493–502. [CrossRef]

4. Fedorka-Cray, P.J.; Gray, J.T.; Wray, C. Salmonella infections in pigs. In Salmonella in Domestic Animals;
Wray, C., Wray, A., Eds.; CABI: London, UK, 2000; pp. 191–207.

5. Asai, T.; Namimatsu, T.; Osumi, T.; Kojima, A.; Harada, K.; Aoki, H.; Sameshima, T.; Takahashi, T.
Molecular typing and antimicrobial resistance of Salmonella enterica subspecies enterica serovar Choleraesuis
isolates from diseased pigs in Japan. Comp. Immunol. Microbiol. Infect. Dis. 2010, 33, 109–119. [CrossRef]

6. Pedersen, K.; Sørensen, G.; Löfström, C.; Leekitcharoenphon, P.; Nielsen, B.; Wingstrand, A.; Aarestrup, F.M.;
Hendriksen, R.S.; Baggesen, D.L. Reappearance of Salmonella serovar Choleraesuis var. Kunzendorf in
Danish pig herds. Vet. Microbiol. 2015, 176, 282–291. [CrossRef]

7. Baggesen, D.L.; Christensen, J.; Jensen, T.K.; Skov, M.; Sørensen, G.; Sørensen, V. Outbreak of salmonellosis
caused by Salmonella enterica subsp. enterica serovar. choleraesuis var. Kunzendorf (S. choleraesuis) on a
Danish pig farm. Dan. Veterinærtidsskrift 2000, 83, 6–12.

8. Conedera, G.; Ustulin, M.; Barco, L.; Bregoli, M.; Re, E.; Vio, D. Outbreak of atypical Salmonella Choleraesuis
in wild boar in North Eastern Italy. In Trens in Game Meat Hygiene; Paulsen, P., Bauer, A.F.J.M.S., Eds.;
Academic Publishers: Wageningen, The Netherlands, 2014; pp. 151–159.

9. Perez, J.; Astorga, R.; Carrasco, L.; Mendez, A.; Perea, A.; Sierra, M. Outbreak of salmonellosis in farmed
European wild boars (Sus scrofa ferus). Vet. Rec. 1999, 145, 464–465. [CrossRef]

10. Müller, M.; Weber, A.; Tucher, R.; Naumann, L. Case report: Salmonella choleraesuis as a cause of
haematogenous osteomyelitis in a wild boar (Sus scrofa). Fallbericht: Osteomyelitis bei einem wildschwein
(Sus scrofa) durch salmonella choleraesuis. Tierarztl. Umsch. 2004, 59, 700–702.

11. Longo, A.; Petrin, S.; Mastrorilli, E.; Tiengo, A.; Lettini, A.A.; Barco, L.; Ricci, A.; Losasso, C.; Cibin, V.
Characterizing Salmonella enterica serovar Choleraesuis, var. Kunzendorf: A comparative case study.
Front. Vet. Sci. 2019, 6, 316. [CrossRef]

12. Rodrigáñez, J.; Silió, L.; Rillo, S.M. El cerdo Ibérico y su sistema de producción. Anim. Genet. Resour. Resour.

Génétiques Anim. Recur. Genéticos Anim. 1993, 12, 89–96. [CrossRef]
13. Rodríguez-Prieto, V.; Kukielka, D.; Martínez-López, B.; de las Heras, A.I.; Barasona, J.Á.; Gortázar, C.;

Sánchez-Vizcaíno, J.M.; Vicente, J. Porcine reproductive and respiratory syndrome (PRRS) virus in wild boar
and Iberian pigs in south-central Spain. Eur J. Wildl. Res. 2013, 59, 859–867. [CrossRef]

14. Carrasco García de León, R. Factores de Riesgo de Transmisión de Enfermedades en Ungulados Cinegéticos
del Centro y sur de España. Available online: https://ruidera.uclm.es/xmlui/handle/10578/9753 (accessed on
30 December 2016).

15. Navarro-Gonzalez, N.; Mentaberre, G.; Porrero, C.M.; Serrano, E.; Mateos, A.; López-Martín, J.M.; Lavín, S.;
Domínguez, L. Effect of cattle on Salmonella carriage, diversity and antimicrobial resistance in free-ranging
wild boar (Sus scrofa) in northeastern Spain. PLoS ONE 2012, 7, e51614. [CrossRef] [PubMed]

16. Vittecoq, M.; Godreuil, S.; Prugnolle, F.; Durand, P.; Brazier, L.; Renaud, N.; Arnal, A.; Aberkane, S.; Jean-Pierre, H.;
Gauthier-Clerc, M. Antimicrobial resistance in wildlife. J. Appl. Ecol. 2016, 53, 519–529. [CrossRef]

17. Gil Molino, M.; García Sánchez, A.; Risco Pérez, D.; Gonçalves Blanco, P.; Quesada Molina, A.; Rey Pérez, J.;
Martín Cano, F.E.; Cerrato Horrillo, R.; Hermoso-de-Mendoza Salcedo, J.; Fernández Llario, P. Prevalence of
Salmonella spp. in tonsils, mandibular lymph nodes and faeces of wild boar from Spain and genetic
relationship between isolates. Transbound. Emerg. Dis. 2019, 66, 1218–1266. [CrossRef]

164



Antibiotics 2020, 9, 750

18. Leekitcharoenphon, P.; Sørensen, G.; Löfström, C.; Battisti, A.; Szabo, I.; Wasyl, D.; Slowey, R.; Zhao, S.;
Brisabois, A.; Kornschober, C.; et al. Cross-Border Transmission of Salmonella Choleraesuis var. Kunzendorf
in European Pigs and Wild Boar: Infection, Genetics, and Evolution. Front. Microbiol. 2019, 10, 179. [CrossRef]

19. Chiu, C.H.; Su, L.H.; Chu, C. Salmonella enterica Serotype Choleraesuis: Epidemiology, Pathogenesis,
Clinical Disease, and Treatment. Clin. Microbiol. Rev. 2004, 17, 311–322. [CrossRef]

20. Chen, P.; Wu, C.; Chang, C.; Lee, H.; Lee, N.; Shih, H.; Lee, C.; Ko, N.; Wang, L.; Ko, W. Extraintestinal focal
infections in adults with Salmonella enterica serotype Choleraesuis bacteremia. J. Microbiol. Immunol. Infect.

2007, 40, 240–247.
21. Jean, S.; Wang, J.; Hsueh, P. Bacteremia caused by Salmonella enterica serotype Choleraesuis in Taiwan.

J. Microbiol. Immunol. Infect. 2006, 39, 358.
22. Chiu, C.-H.; Wu, T.-L.; Su, L.-H.; Chu, C.; Chia, J.-H.; Kuo, A.-J.; Chien, M.-S.; Lin, T.-Y. The Emergence in

Taiwan of Fluoroquinolone Resistance in Salmonella enterica Serotype Choleraesuis. N. Engl. J. Med. 2002,
346, 413–419. [CrossRef]

23. Ferstl, P.G.; Reinheimer, C.; Jozsa, K.; Zeuzem, S.; Kempf, V.A.; Waidmann, O.; Grammatikos, G.
Severe infection with multidrug-resistant Salmonella choleraesuis in a young patient with primary sclerosing
cholangitis. World J. Gastroenterol. 2017, 23, 2086. [CrossRef]

24. Goldstein, C.; Lee, M.D.; Sanchez, S.; Hudson, C.; Phillips, B.; Register, B.; Grady, M.; Liebert, C.; Summers, A.O.;
White, D.G. Incidence of class 1 and 2 integrases in clinical and commensal bacteria from livestock,
companion animals, and exotics. Antimicrob. Agents Chemother. 2001, 45, 723–726. [CrossRef] [PubMed]

25. Bass, L.; Liebert, C.A.; Lee, M.D.; Summers, A.O.; White, D.G.; Thayer, S.G.; Maurer, J.J. Incidence and
characterization of integrons, genetic elements mediating multiple-drug resistance, in avianEscherichia coli.
Antimicrob. Agents Chemother. 1999, 43, 2925–2929. [CrossRef]

26. Chu, C.; Chiu, C.-H.; Wu, W.-Y.; Chu, C.-H.; Liu, T.-P.; Ou, J.T. Large Drug Resistance Virulence Plasmids
of Clinical Isolates of Salmonella enterica Serovar Choleraesuis. Antimicrob. Agents Chemother. 2001,
45, 2299–2303. [CrossRef] [PubMed]

27. Tzeng, J.-I.; Chu, C.-H.; Chen, S.-W.; Yeh, C.-M.; Chiu, C.-H.; Chiou, C.-S.; Lin, J.-H.; Chu, C. Reduction of
Salmonella enterica serovar Choleraesuis carrying large virulence plasmids after the foot and mouth disease
outbreak in swine in southern Taiwan, and their independent evolution in human and pig. J. Microbiol.

Immunol. Infect. 2012, 45, 418–425. [CrossRef]
28. Sirichote, P.; Hasman, H.; Pulsrikarn, C.; Schønheyder, H.C.; Samulioniené, J.; Pornruangmong, S.;

Bangtrakulnonth, A.; Aarestrup, F.M.; Hendriksen, R.S. Molecular characterization of extended-spectrum
cephalosporinase-producing Salmonella enterica serovar Choleraesuis isolates from patients in Thailand
and Denmark. J. Clin. Microbiol. 2010, 48, 883–888. [CrossRef]

29. Chen, C.-L.; Su, L.-H.; Janapatla, R.P.; Lin, C.-Y.; Chiu, C.-H. Genetic analysis of virulence and
antimicrobial-resistant plasmid pOU7519 in Salmonella enterica serovar Choleraesuis. J. Microbiol. Immunol.

Infect. 2020, 53, 49–59. [CrossRef]
30. Catry, B.; Cavaleri, M.; Baptiste, K.; Grave, K.; Grein, K.; Holm, A.; Jukes, H.; Liebana, E.; Navas, A.L.;

Mackay, D. Use of colistin-containing products within the European Union and European Economic Area
(EU/EEA): Development of resistance in animals and possible impact on human and animal health. Int. J.

Antimicrob. Agents 2015, 46, 297–306. [CrossRef]
31. Darwich, L.; Vidal, A.; Seminati, C.; Albamonte, A.; Casado, A.; López, F.; Molina-López, R.A.;

Migura-Garcia, L. High prevalence and diversity of extended-spectrum β-lactamase and emergence of
OXA-48 producing Enterobacterales in wildlife in Catalonia. PLoS ONE 2019, 14, e0210686. [CrossRef]

32. Guenther, S.; Falgenhauer, L.; Semmler, T.; Imirzalioglu, C.; Chakraborty, T.; Roesler, U.; Roschanski, N.
Environmental emission of multiresistant Escherichia coli carrying the colistin resistance gene mcr-1 from
German swine farms. J. Antimicrob. Chemother. 2017, 72, 1289–1292.

33. Rhouma, M.; Beaudry, F.; Thériault, W.; Letellier, A. Colistin in Pig Production: Chemistry, Mechanism of
Antibacterial Action, Microbial Resistance Emergence, and One Health Perspectives. Front. Microbiol. 2016,
7, 1789. [CrossRef]

34. Lima, T.; Domingues, S.; Da Silva, G.J. Plasmid-mediated colistin resistance in Salmonella enterica: A review.
Microorganisms 2019, 7, 55. [CrossRef] [PubMed]

165



Antibiotics 2020, 9, 750

35. Santos, C.A.d.; Cunha, M.P.V.; Bertani, A.M.d.J.; de Almeida, E.A.; Gonçalves, C.R.; Sacchi, C.T.; de Paiva, J.B.;
Camargo, C.H.; Tiba-Casas, M.R. Detection of multidrug-and colistin-resistant Salmonella Choleraesuis
causing bloodstream infection. J. Antimicrob. Chemother. 2020, 75, 2009–2010. [CrossRef]

36. Sánchez-Benito, R.; Iglesias, M.R.; Quijada, N.M.; Campos, M.J.; Ugarte-Ruiz, M.; Hernández, M.; Pazos, C.;
Rodríguez-Lázaro, D.; Garduño, E.; Domínguez, L. Escherichia coli ST167 carrying plasmid mobilisable
mcr-1 and blaCTX-M-15 resistance determinants isolated from a human respiratory infection. Int. J.

Antimicrob. Agents 2017, 50, 285. [CrossRef] [PubMed]
37. Zottola, T.; Montagnaro, S.; Magnapera, C.; Sasso, S.; De Martino, L.; Bragagnolo, A.; D’Amici, L.; Condoleo, R.;

Pisanelli, G.; Iovane, G. Prevalence and antimicrobial susceptibility of Salmonella in European wild boar
(Sus scrofa); Latium Region–Italy. Comp. Immunol. Microbiol. Infect. Dis. 2013, 36, 161–168. [PubMed]

38. Chiari, M.; Zanoni, M.; Tagliabue, S.; Lavazza, A.; Alborali, L.G. Salmonella serotypes in wild boars
(Sus scrofa) hunted in northern Italy. Acta Vet. Scand. 2013, 55, 1–4. [CrossRef]

39. Chang, C.-C.; Lin, Y.-H.; Chang, C.-F.; Yeh, K.-S.; Chiu, C.-H.; Chu, C.; Chien, M.-S.; Hsu, Y.-M.; Tsai, L.-S.;
Chiou, C.-S. Epidemiologic relationship between fluoroquinolone-resistant Salmonella enterica serovar
Choleraesuis strains isolated from humans and pigs in Taiwan (1997 to 2002). J. Clin. Microbiol. 2005,
43, 2798–2804. [CrossRef]

40. Donazzolo, C.; Turchetto, S.; Ustulin, M.; Citterio, C.; Conedera, G.; Vio, D.; Cocchi, M.
Antimicrobial susceptibility of Salmonella enterica subsp. enterica serovar Choleraesuis strains forum wild
boar (Sus scrofa) in Italy. In Game Meat Hygiene; Paulsen, P.B.A., Smulders, F.J.M., Eds.; Wageningen Academic
Publishers: Wageningen, The Netherlands, 2017; p. 307.

41. Hsu, Y.-M.; Tang, C.-Y.; Lin, H.; Chen, Y.-H.; Chen, Y.-L.; Su, Y.-H.; Chen, D.S.; Lin, J.-H.; Chang, C.-C.
Comparative study of class 1 integron, ampicillin, chloramphenicol, streptomycin, sulfamethoxazole,
tetracycline (ACSSuT) and fluoroquinolone resistance in various Salmonella serovars from humans and
animals. Comp. Immunol. Microbiol. Infect. Dis. 2013, 36, 9–16. [CrossRef]

42. Chiu, C.-H.; Su, L.-H. Salmonella, Non-Typhoidal Species (S. choleraesuis, S. enteritidis, S. hadar, S. typhimurium).
Available online: http://www.antimicrobe.org/b258.asp (accessed on 28 October 2020).

43. Su, L.H.; Chiu, C.H.; Chu, C.; Ou, J.T. Antimicrobial resistance in nontyphoid Salmonella serotypes: A global
challenge. Clin. Infect. Dis. 2004, 39, 546–551. [CrossRef]

44. Prescott, J.F. Sulfonamides, Diaminopyrimidines, and Their Combinations. In Antimicrobial Therapy in

Veterinary Medicine, 5th ed.; Giguère, S., Prescott, J.F., Dowling, P.M., Eds.; John Wiley & Sons, Inc.: Ames, IA,
USA, 2013.

45. Nature, E. The antibiotic alarm. Nature 2013, 495, 141.
46. Sato, T.; Okubo, T.; Usui, M.; Yokota, S.-I.; Izumiyama, S.; Tamura, Y. Association of Veterinary

Third-Generation Cephalosporin Use with the Risk of Emergence of Extended-Spectrum-Cephalosporin
Resistance in Escherichia coli from Dairy Cattle in Japan. PLoS ONE 2014, 9, e96101. [CrossRef]

47. Olesen, S.W.; Barnett, M.L.; MacFadden, D.R.; Brownstein, J.S.; Hernández-Díaz, S.; Lipsitch, M.; Grad, Y.H.
The distribution of antibiotic use and its association with antibiotic resistance. Elife 2018, 7, e39435.
[CrossRef] [PubMed]

48. Navarro-Gonzalez, N.; Casas-Díaz, E.; Porrero, C.M.; Mateos, A.; Domínguez, L.; Lavín, S.; Serrano, E.
Food-borne zoonotic pathogens and antimicrobial resistance of indicator bacteria in urban wild boars in
Barcelona, Spain. Vet. Microbiol. 2013, 167, 686–689. [CrossRef] [PubMed]

49. Navarro-Gonzalez, N.; Castillo-Contreras, R.; Casas-Díaz, E.; Morellet, N.; Porrero, M.C.; Molina-Vacas, G.;
Torres, R.T.; Fonseca, C.; Mentaberre, G.; Domínguez, L. Carriage of antibiotic-resistant bacteria in urban
versus rural wild boars. Eur. J. Wildl. Res. 2018, 64, 60. [CrossRef]

50. Fluit, A.; Schmitz, F.J. Resistance integrons and super-integrons. Clin. Microbiol. Infect. 2004,
10, 272–288. [CrossRef]

51. Lee, M.-F.; Chen, Y.-H.; Peng, C.-F. Molecular characterisation of class 1 integrons in Salmonella enterica
serovar Choleraesuis isolates from southern Taiwan. Int. J. Antimicrob. Agents 2009, 33, 216–222. [CrossRef]

52. Sköld, O. Resistance to trimethoprim and sulfonamides. Vet. Res. 2001, 32, 261–273. [CrossRef]
53. Antunes, P.; Machado, J.; Sousa, J.C.; Peixe, L. Dissemination of sulfonamide resistance genes (sul1, sul2, and

sul3) in Portuguese Salmonella enterica strains and relation with integrons. Antimicrob. Agents Chemother.

2005, 49, 836–839. [CrossRef]

166



Antibiotics 2020, 9, 750

54. Chiu, T.H.; Pang, J.C.; Hwang, W.Z.; Tsen, H.Y. Development of PCR primers for the detection of Salmonella
enterica serovar Choleraesuis based on the fliC gene. J. Food Prot. 2005, 68, 1575–1580. [CrossRef]

55. Ribot, E.M.; Fair, M.; Gautom, R.; Cameron, D.; Hunter, S.; Swaminathan, B.; Barrett, T.J. Standardization of
pulsed-field gel electrophoresis protocols for the subtyping of Escherichia coli O157: H7, Salmonella,
and Shigella for PulseNet. Foodbourne Pathog. Dis. 2006, 3, 59–67. [CrossRef]

56. Briñas, L.; Zarazaga, M.; Sáenz, Y.; Ruiz-Larrea, F.; Torres, C. β-Lactamases in ampicillin-resistant
Escherichia coli isolates from foods, humans, and healthy animals. Antimicrob. Agents Chemother. 2002,
46, 3156–3163. [CrossRef]

57. Chen, X.; Gao, S.; Jiao, X.; Liu, X.F. Prevalence of serogroups and virulence factors of Escherichia coli strains
isolated from pigs with postweaning diarrhoea in eastern China. Vet. Microbiol. 2004, 103, 13–20. [CrossRef]

58. Sengeløv, G.; Agersø, Y.; Halling-Sørensen, B.; Baloda, S.B.; Andersen, J.S.; Jensen, L.B. Bacterial antibiotic
resistance levels in Danish farmland as a result of treatment with pig manure slurry. Environ. Int. 2003,
28, 587–595. [CrossRef]

59. Aarestrup, F.M.; Lertworapreecha, M.; Evans, M.C.; Bangtrakulnonth, A.; Chalermchaikit, T.; Hendriksen, R.S.;
Wegener, H.C. Antimicrobial susceptibility and occurrence of resistance genes among Salmonella enterica
serovar Weltevreden from different countries. J. Antimicrob. Chemother. 2003, 52, 715–718. [CrossRef]

60. Hendriksen, R.S.; Bangtrakulnonth, A.; Pulsrikarn, C.; Pornreongwong, S.; Hasman, H.; Song, S.W.;
Aarestrup, F.M. Antimicrobial resistance and molecular epidemiology of Salmonella Rissen from animals,
food products, and patients in Thailand and Denmark. Foodborne Pathog. Dis. 2008, 5, 605–619. [CrossRef]
[PubMed]

61. Rahmani, M.; Peighambari, S.M.; Svendsen, C.A.; Cavaco, L.M.; Agersø, Y.; Hendriksen, R.S.
Molecular clonality and antimicrobial resistance in Salmonella enterica serovars Enteritidis and Infantis from
broilers in three Northern regions of Iran. BMC Vet. Res. 2013, 9, 66. [CrossRef] [PubMed]

62. Kozak, G.K.; Boerlin, P.; Janecko, N.; Reid-Smith, R.J.; Jardine, C. Antimicrobial resistance in Escherichia coli
isolates from swine and wild small mammals in the proximity of swine farms and in natural environments
in Ontario, Canada. Appl. Environ. Microbiol. 2009, 75, 559–566. [CrossRef]

63. Liu, Y.-Y.; Wang, Y.; Walsh, T.R.; Yi, L.-X.; Zhang, R.; Spencer, J.; Doi, Y.; Tian, G.; Dong, B.; Huang, X.
Emergence of plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in
China: A microbiological and molecular biological study. Lancet Infect. Dis. 2016, 16, 161–168. [CrossRef]

64. Leverstein-van Hall, M.; Paauw, A.; Box, A.; Blok, H.; Verhoef, J.; Fluit, A. Presence of integron-associated
resistance in the community is widespread and contributes to multidrug resistance in the hospital.
J. Clin. Microbiol. 2002, 40, 3038–3040. [CrossRef]

65. Levesque, C.; Piche, L.; Larose, C.; Roy, P.H. PCR mapping of integrons reveals several novel combinations
of resistance genes. Antimicrob. Agents Chemother. 1995, 39, 185–191. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

167





antibiotics

Communication

Emergence of cfr-Mediated Linezolid Resistance in
Staphylococcus aureus Isolated from Pig Carcasses

Hee Young Kang, Dong Chan Moon , Abraham Fikru Mechesso, Ji-Hyun Choi, Su-Jeong Kim,

Hyun-Ju Song, Mi Hyun Kim, Soon-Seek Yoon and Suk-Kyung Lim *

Bacterial Disease Division, Animal and Plant Quarantine Agency, 177 Hyeksin 8-ro, Gimcheon-si,
Gyeongsangbuk-do 39660, Korea; kanghy7734@korea.kr (H.Y.K.); ansehdcks@korea.kr (D.C.M.);
abrahamf@korea.kr (A.F.M.); wlgus01@korea.kr (J.-H.C.); kimsujeong27@gmail.com (S.-J.K.);
shj0211@korea.kr (H.-J.S.); kimmh940301@naver.com (M.H.K.); yoonss24@korea.kr (S.-S.Y.)
* Correspondence: imsk0049@korea.kr; Tel.: +82-54-912-0738

Received: 5 October 2020; Accepted: 30 October 2020; Published: 2 November 2020

Abstract: Altogether, 2547 Staphylococcus aureus isolated from cattle (n = 382), pig (n = 1077),
and chicken carcasses (n = 1088) during 2010–2017 were investigated for linezolid resistance and
were further characterized using molecular methods. We identified linezolid resistance in only
2.3% of pig carcass isolates. The linezolid-resistant (LR) isolates presented resistance to multiple
antimicrobials, including chloramphenicol, clindamycin, and tiamulin. Molecular investigation
exhibited no mutations in the 23S ribosomal RNA. Nevertheless, we found mutations in ribosomal
proteins rplC (G121A) and rplD (C353T) in one and seven LR strains, respectively. All the LR isolates
carried the multi-resistance gene cfr, and six of them co-carried the mecA gene. Additionally, all the
LR isolates co-carried the phenicol exporter gene, fexA, and presented a high level of chloramphenicol
resistance. LR S. aureus isolates represented 10 genotypes, including major genotypes ST433-t318,
ST541-t034, ST5-t002, and ST9-t337. Staphylococcal enterotoxin and leukotoxin-encoding genes,
alone or in combination, were detected in 68% of LR isolates. Isolates from different farms presented
identical or different pulsed-field gel electrophoresis patterns. Collectively, toxigenic and LR S. aureus

strains pose a crisis for public health. This study is the first to describe the mechanism of linezolid
resistance in S. aureus isolated from food animal products in Korea.

Keywords: carcass; cfr gene; fexA gene; linezolid; mutation; pig; public health; S. aureus

1. Introduction

Linezolid belongs to the oxazolidinone antibiotics and is approved for the treatment of severe
infections caused by multidrug-resistant Gram-positive pathogens including methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci [1]. Linezolid interferes with the
peptidyltransferase site of the bacterial ribosome. This leads to disruption of protein synthesis and
inhibition of bacterial growth [2]. However, the emergence of linezolid-resistant (LR) staphylococci
and enterococci poses a significant and interdisciplinary public health challenge [1].

Mutation in the central loop of domain V of 23S ribosomal ribonucleic acid (rRNA) (C2161T) is
the primary mechanism of linezolid resistance. However, redundancy of rRNA genes makes it difficult
to reach sufficient levels of resistance by a mutation in a single allele [3]. In addition, rRNA mutations
often negatively affect ribosome functions and are rapidly reversed in the absence of selection [4].
Therefore, the resistance mechanism based on chemical modification of rRNA such as the acquisition of
the multi-resistance gene cfr is more common [5]. Linezolid resistance is also associated with mutations
in the genes coding for ribosomal proteins (L3 and L4). Moreover, the novel optrA and poxtA genes
have been implicated in transferrable linezolid resistance [1,6].
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The cfr gene was initially described in a bovine Staphylococcus sciuri isolate [7]. It catalyzes
the methylation of A2503 in the 23S rRNA of the large ribosomal subunit [8]. The methylation
leads to cross-resistance against several antimicrobial classes of drugs (phenicols, lincosamides,
pleuromutilins, macrolides, oxazolidinones, and streptogramin A), conferring multidrug resistance [9,10].
Therefore, these antimicrobials can mediate selective pressure in favor of the cfr gene. The cfr gene
was mostly identified on plasmids, often in close proximity to insertion sequences, which play a
vital role in the mobility of the cfr gene [11]. These mobile structures have been detected among
several Gram-positive and Gram-negative bacteria, including bacteria other than staphylococci,
Enterococcus faecalis, and Escherichia coli [9].

The occurrence of LR S. aureus in humans and food animals has been increasingly reported in
many countries [6,12–15]. Previous studies in South Korea (Korea) demonstrated the occurrence of
linezolid resistance in S. aureus strains recovered from hospital patients [16,17], pigs, and chicken
carcasses [18]. Despite a single report on the occurrence of the cfr gene in MRSA recovered from pig
carcasses [19], to our knowledge, no attempt has been made on the detailed mechanism of linezolid
resistance among S. aureus isolates recovered from animal sources in Korea to date. Korea’s meat
consumption has increased in the past few years, with pork remaining the most popular source.
Thus, continuous surveillance on the emergence of antimicrobial-resistant bacterial strains in animal
carcasses is essential to safeguard public health. In this study, we aimed to determine the occurrence of
linezolid resistance in S. aureus isolated from major food animal carcasses from 2010 to 2017, as well as
to study the underlying mechanism(s) of resistance.

2. Results and Discussion

2.1. Prevalence and Antimicrobial Susceptibility Profiles of LR S. aureus

Linezolid resistance was detected in 2.3% of S. aureus isolated from pigs (Table 1). The low
linezolid resistance rate among pig isolates in this study was consistent with those reported in Korea
in 2011 (2.9%) [18] and 2015 (0.14%) [19], but lower than a recent report in South Africa (14%) [14].
Similarly, S. aureus isolated from medical centers in various countries presented very low linezolid
resistance rates (≈1%) [13,20,21]. Agreeing with our recent report [19], resistance was not observed
among cattle and chicken isolates. In contrast, previous studies in Korea [18] and South Africa [14]
reported that 1.2% and 9% of chicken and cattle carcass isolates, respectively, were resistant to linezolid.
Linezolid is not approved for animal use in Korea. Thus, the observed difference in resistance could
be associated with the frequent use of phenicols, pleuromutilins, and lincosamides in the Korean pig
industry, which might co-select resistance to linezolid [22]. The detection of LR S. aureus strains in pig
carcasses is worrisome because of the potential transmission to humans through the food supply chain.

Table 1. Prevalence of linezolid resistance in Staphylococcus aureus isolated from food animal carcasses
in South Korea from 2010 to 2017.

Year
% (No. of Linezolid-Resistant Isolates/No. of Isolates)

Cattle Pig Chicken Total

2010 0 (0/39) 0 (0/70) 0 (0/81) 0 (0/190)
2011 0 (0/69) 0 (0/101) 0 (0/137) 0 (0/307)
2012 0 (0/76) 9.8 (12/122) 0 (0/201) 3 (12/399)
2013 0 (0/49) 1.7 (3/178) 0 (0/133) 0.8 (3/360)
2014 0 (0/62) 1.1 (2/182) 0 (0/168) 0.5 (2/412)
2015 0 (0/41) 2.5 (4/160) 0 (0/195) 1 (4/396)
2016 0 (0/29) 1.9 (3/158) 0 (0/77) 1.1 (3/264)
2017 0 (0/17) 0.9 (1/106) 0 (0/96) 0.5 (1/219)
Total 0 (0/382) 2.3 (25/1077) 0 (0/1088) 1.0 (25/2547)
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2.2. Mutations and Antimicrobial Resistance Genes

Spontaneous mutation in the multiple copies of 23S rRNA alleles is the primary mechanism of
linezolid resistance [23]. None of the identified LR isolates exhibited this type of mutation. Resistance
mediated by mutations in the 23S rRNA appears rarely, develops slowly, and is not transferrable
between bacterial species [24]. However, all of the identified LR isolates carried the cfr gene (Table 2),
which is associated with low-level linezolid resistance [6]. Previous studies have also identified
cfr-harboring S. aureus mainly from humans and to a lesser extent from food animals in various
countries, including Korea [15,19,25,26]. Notably, all but two of the cfr-carrying isolates were from
different farms. The extensive dissemination of cfr-carrying strains among pig farms could be related to
the association of the cfr gene to mobile elements [9], which facilitates the mobilization and horizontal
transfer [27]. Moreover, the low fitness cost could attribute to the wide dissemination of the cfr gene.
Previous studies have demonstrated that genes that come at low cost can stably persist in the cells,
even when pathogens were not exposed to antibiotics [27–30].

Linezolid resistance mediated by the cfr gene has also been shown to coexist with other resistance
mechanisms [17]. We identified mutations in ribosomal proteins rplC (G121A) and rplD (C353T) in one
and seven LR strains, respectively (Table 2). These types of mutations have been linked with resistance
or decreased susceptibility to linezolid [31]. The difference in linezolid resistance mechanisms between
human isolates, mutations in the 23S rRNA gene [17], and pig isolates in this study indicates the
presence of unique clones in the pig industry.

All the identified cfr-carrying isolates were resistant to multiple antimicrobials including
chloramphenicol, clindamycin, and tiamulin, and co-carried phenicol exporter gene fexA (Table 2).
The cfr gene has been reported to confer resistance to antimicrobials that are widely used in veterinary
medicine, such as macrolides, tetracyclines, phenicols, and lincosamides [5]. Previous studies have also
shown the co-existence of the cfr gene and other resistance genes, which facilitates its co-selection and
spread [26,32]. Moreover, six of the LR strains co-carried the mecA gene. The co-existence of the mecA

and cfr genes is an unwelcome development because linezolid is among the last resort of antimicrobial
agents against MRSA in humans.
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Table 2. Characteristics of linezolid-resistant S. aureus isolated from pig carcasses.

Isolate Year Provinces Farm ID
MIC (µg/mL) Other Resistance

Phenotype

Genetic Resistance Marker
MLST

Spa
Type

SCCmec
Type

Virulence Patterns
Pulso
TypeLNZ CHL CLI TIA SYN mecA cfr fexA optrA poxtA 23S rRNA rplC rplD

V02-12-023 2012 Gyeonggi GG-1 8 >64 >4 >4 >4
ERY, GEN, KAN,

PEN, TMP
- + + - - WT WT WT 5 t002 - seg-sei-sem-sen-seo A

V02-12-027 2012 Chungnam CN-1 8 >64 >4 >4 4 FOX, PEN, TET + + + - - WT WT WT 398 t034 V ND

V04-12-005 2012 Chungnam CN-2 16 >64 >4 >4 2
GEN, KAN, PEN,

TET
- + + - WT WT WT 5 t002 - seg-sei-sem-sen-seo-lukED A

V08-12-002 2012 Gyeongbuk GB-1 8 >64 >4 >4 >4
FOX, CIP, ERY,

GEN, KAN, PEN,
TET

+ + + - - WT WT WT 541 t034 V ND

V13-12-013 2012 Gyeongbuk GB-2 16 >64 >4 >4 4
GEN, KAN, PEN,

TET
- + + - - WT WT C353T 433 t318 - seg B

V14-12-001 2012 Chungnam CN-3 8 >64 >4 >4 4 TET - + + - - WT WT C353T 433 t318 - seg B

V14-12-008 2012 Chungnam CN-3 16 >64 >4 >4 4
FOX, ERY, PEN,

TET
+ + + - - WT WT WT 541 t034 V ND

V14-12-011 2012 Gyeonggi GG-2 16 >64 >4 >4 2
FOX, ERY, PEN,

TET
+ + + - - WT WT WT 541 t034 V ND

V14-12-012 2012 Incheon IC-1 8 >64 >4 >4 >4
FOX, ERY, PEN,

TET
+ + + - - WT WT WT 541 t034 V ND

V14-12-015 2012 Chungnam CN-4 8 >64 >4 >4 >4
CIP, ERY, GEN,

KAN, PEN, TET,
TMP

- + + - - WT WT WT 541 t034 - ND

V14-12-016 2012 Chungnam CN-5 16 >64 >4 >4 4 - - + + - - WT WT C353T 433 t318 - seg B

V14-12-017 2012 Gyeonggi GG-3 16 >64 >4 >4 4 - - + + - - WT WT C353T 433 t318 - seg B

V04-13-019 2013 Chungbuk CB-1 16 >64 >4 >4 4 PEN - + + - - WT WT WT 9 t337 - seg-sei-sem-sen-seo C

V04-13-032 2013 Chungnam CN-6 16 >64 >4 >4 4 PEN - + + - - WT WT WT 9 t337 - seg-sei-sem-sen-seo C

V08-13-003 2013 Gyeongbuk GB-3 8 >64 >4 >4 4 PEN - + + - - WT WT WT 5 t548 - seg-sei-sem-sen-seo-lukED A

V04-14-023 2014 Chungbuk CB-2 8 >64 >4 >4 2 PEN - + + - - WT G121A WT 5 t002 - seg-sei-sem-sen-seo-lukED A-1

V14-14-006 2014 Chungnam CN-7 8 >64 >4 >4 4
CIP, GEN, KAN,

PEN
- + + - - WT WT C353T 433 t318 - seg B

V02-15-007 2015 Gyeonggi GG-4 8 >64 >4 >4 2 GEN, KAN, PEN - + + - - WT WT WT 2007 t8314 - seg-sei-sem-sen-seo D

V14-15-002 2015 Incheon IC-2 8 >64 >4 >4 2 TET - + + - - WT WT C353T 433 t318 - seg B

V14-15-016 2015 Incheon IC-3 8 >64 >4 >4 >4
FOX, ERY, PEN,

TET
+ + + - - WT WT WT 541 t034 V ND

V15-15-012 2015 Jeonnam JN-1 8 >64 >4 >4 4 PEN - + + - - WT WT WT 9 t337 - seg-sei-sem-sen-seo C

V03-16-003 2016 Gangwon GW-1 8 >64 >4 >4 4 GEN, KAN, PEN - + + - - WT WT WT 5 t002 - seg-sei-sem-sen-seo-lukED A

V06-16-007 2016 Jeonbuk JB-1 8 >64 >4 >4 2 PEN, TET - + + - - WT WT WT 9 t899 - seg-sei-sem-sen-seo C-1

V14-16-004 2016 Gyeonggi GG-5 8 >64 >4 >4 4
CIP, ERY, PEN,

TET, TMP
- + + - - WT WT WT 398 t1170 - ND

V13-17-011 2017 Gyeongbuk GB-4 8 64 >4 >4 4 - - + + - - WT WT C353T 433 t021 - seg B

Abbreviations: LNZ, linezolid; CHL, chloramphenicol; CLI, clindamycin; TIA, tiamulin; SYN, quinupristin/dalfopristin; FOX, cefoxitin; CIP, ciprofloxacin; ERY, erythromycin;
GEN, gentamicin; KAN, kanamycin; PEN, penicillin; TET, tetracycline; TMP, trimethoprim; WT, wild type; MLST, multi-locus sequence type. SCCmec typing was performed for
methicillin-resistant Staphylococcus aureus (MRSA) strains only.
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2.3. Molecular Characteristics of LR S. aureus Isolates

The potential risk of transmission of cfr-carrying S. aureus between pigs and humans is a
growing health concern. In this study, the 25 LR-isolates belonged to ST433-t318 (n = 6); ST541-t034
(n = 6); ST5-t002 (n = 4); ST9-t337 (n = 3); and each of ST5-t548, ST9-t899, ST398-t034, ST398-t1170,
ST433-t021, and ST2007-t8314. Five of these lineage types (ST9, ST398, ST433, ST541, and ST2007)
were livestock-associated (LA) strains, while ST5 S. aureus was the only human-associated (HA) strain.
Except for ST2007, all the LA and HA strains were reported in pigs and farmers in Korea [19,33,34],
indicating the possibility of transmission between pigs and humans. Korea is one of the markets with
the fastest growing consumption of pork in the world. Hence, the emergence of cfr-carrying S. aureus

with unique molecular characteristics in pig carcasses is concerning.
We identified LR S. aureus strains with sequence type (ST2007) and spa types (ST5-t548 and

ST433-t318) that had not been reported in Korea, suggesting the emergence of new clones that carried
the cfr gene and/or have mutations in ribosomal protein rplD. Although the linezolid resistance profiles
are unknown, the ST5-t548 [35], ST433-t318 [36], and ST2007-t8314 [37] strains were detected in humans
and/or pigs in China, Poland, and the United States, respectively. Moreover, we observed LR-ST398
S. aureus carrying a novel spa type (t1170) in farm GG-5, suggesting an evolutionary change in S. aureus.

Staphylococcal enterotoxin and leukotoxin-encoding genes, alone or in combination, were detected
in 68% of LR isolates: seg (28%, 7/25), seg-sei-sem-sen-seo (24%, 6/25), and seg-sei-sem-sen-seo-lukED (16%,
4/25) (Table 2). Eight (32%) isolates, including the five MRSA strains, were negative for any of the
tested virulence factor genes. In agreement with Price et al. [38], the HA-ST5 strains appeared to be
more virulent than the LA strains. Additionally, multiple virulence factor genes were detected in one
of the LA strains, ST9. S. aureus harboring the classical enterotoxins and leucotoxins can spread to
humans either through contact or via the food chain and are capable of causing food-related illnesses
in humans [39].

Analysis using pulsed-field gel electrophoresis (PFGE) revealed four distinct PFGE types,
with identical PFGE types in isolates belonging to the same sequence types (Figure S1). Isolates
from different farms in the same or different provinces presented identical or different PFGE patterns.
These results might suggest cross-contamination in the slaughterhouse, or clonal dissemination and/or
persistence of specific clones among farms, not only within a province but also in different provinces.

3. Materials and Methods

3.1. Sample Collection and Isolation of S. aureus

A total of 2547 S. aureus isolates (382 cattle, 1077 pig, and 1088 chicken carcass isolates) were
obtained from 16 laboratories/centers participating in the Korean Veterinary Antimicrobial Resistance
Monitoring System. Sample collection and isolation of S. aureus were performed as described
previously [19]. Briefly, the back and chest of cattle and pig carcasses were swabbed with sterile gauze
pads wetted with buffered peptone water (BPW) (Becton Dickinson, Sparks, MD, USA), while the whole
carcasses of chickens were rinsed in Phosphate Buffered Water (PBW). Homogenized samples were
inoculated into tryptic soy broth (Becton Dickinson) containing 6.5% sodium chloride and incubated at
37 °C for 16 h. Following incubation, one or two loops from each enrichment broth were streaked onto
mannitol salt agar (Difco, Detroit, MI, USA). Suspected colonies were then identified by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (Biomerieux, Marcy L’Etoile, France).
S. aureus and MRSA isolates were further confirmed by a multiplex polymerase chain reaction (PCR)
assay specific for the 16S rRNA, clfA, and mecA genes [40].

3.2. Antimicrobial Susceptibility Testing and Detection of Resistance Genes

Linezolid susceptibility was determined by the broth dilution method [41], using linezolid-containing
plates (1–8 µg/mL) (EUST, TREK Diagnostics Systems, Cleveland, OH). The LR isolates were screened
for the presence of cfr, fexA, optrA, and poxtA genes using PCR [6,42]. The susceptibility profiles of

173



Antibiotics 2020, 9, 769

the identified LR isolates were further evaluated for the following 19 antimicrobial agents using
antibiotic-containing plates (EUST, TREK Diagnostics Systems, Cleveland, OH): cefoxitin (0.5–16 µg/mL),
chloramphenicol (4–64 µg/mL), ciprofloxacin (0.25–8 µg/mL), clindamycin (0.12–4 µg/mL), erythromycin
(0.25–8 µg/mL), fusidic acid (0.5–4 µg/mL), gentamicin (1–32 µg/mL), kanamycin (4–64 µg/mL),
mupirocin (0.5–256 µg/mL), penicillin (0.12–2 µg/mL), quinupristin/dalfopristin (0.5–4 µg/mL),
rifampin (0.02–0.5 µg/mL), streptomycin (1–16 µg/mL), sulfamethoxazole (64–512 µg/mL), tetracycline
(0.5–16 µg/mL), tiamulin (0.5–4 µg/mL), trimethoprim (2–32 µg/mL), and vancomycin (1–16 µg/mL).
Briefly, approximately 5 × 105 colony forming unit (cfu)/mL inoculums, prepared from overnight
cultures, were inoculated on the minimum inhibitory concentration (MIC) panels and incubated at 35 ◦C
for 20–24 h. S. aureus ATCC 25,923 was used as a reference strain. The MIC values were interpreted
according to the Clinical and Laboratory Standards Institute [41] and the European Committee on
Antimicrobial Susceptibility Testing [43] guidelines.

3.3. Detection of Mutations

The central loop of domain V of the 23S rRNA and the genes encoding ribosomal proteins L3 (rplC)
and L4 (rplD) were amplified using primers, as described previously [17,32]. The nucleotide and
amino acid sequences of rplC, rplD, and domain V of the 23S rRNA gene, for each of the isolates
tested, were compared with those of the wild-type linezolid-susceptible S. aureus ATCC29213 strain
(GenBank accession no. NZ_MOPB01000038.1). Analysis and comparison were performed using the
basic local alignment search tool (BLAST) program (http://www.ncbi.nlm.nih.gov/BLAST) and ExPASY
proteomics tools (http://www.expasy.ch/tools/#similarity).

3.4. Molecular Typing of LR S. aureus

The LR isolates were further characterized by multilocus sequence typing (MLST). Sequences of
the PCR products were compared with sequences available on the MLST website for S. aureus [44].
S. aureus protein A (spa) typing was performed using the method described by Enright et al. [45], and the
spa types were assigned using the Ridom Staph Type server (Ridom GmbH, Wurzburg, Germany)
(www.spaserver.ridom.de). Additionally, the staphylococcal cassette chromosome mec (SCCmec)
typing was carried out in all LR isolates that harbored the mecA gene using PCR [46]. The detection of
genes encoding the virulence determinants such as Panton–Valentine leucocidin (PVL), leukotoxins
(lukED), exfoliatins (eta and etb), toxic shock syndrome toxin 1 (tsst1), and staphylococcal enterotoxins
(sea, seb, sec, sed, see, seg, seh, sei, selj, sek, sell, sem, sen, seo, sep, seq, and ser) was performed by PCR [47].
The isolates were also investigated for three genes (scn, chp, and sak) that represent components of the
immune evasion cluster [48].

Pulsed-field gel electrophoresis (PFGE) analysis of SmaI-digested chromosomal DNA was
performed to investigate clonality [49]. Briefly, chromosomal DNA sample plugs were digested
with 50 U of SmaI (Takara Bio, Otsu, Japan) and separated by electrophoresis on 1.0% SeaKem Gold
agarose (Lonza, Allendale, NJ, USA) in 0.5× Tris–borate–Ethylenediaminetetraacetic acid EDTA buffer
at 14 ◦C for 20 h using a CHEF-Mapper (Bio-Rad, Hercules, CA, USA) with the following parameters:
initial switch time, 5.3 s; final switch time, 34.9 s; angle, 120◦; gradient, 6.0 V/cm; ramping factor, linear.
Results were analyzed using Bionumerics software, version 4.0 (Applied Maths, Sint-Martens-Latem,
Belgium), and relatedness was calculated using the unweighted pair-group method with arithmetic
averages (UPGMA) algorithm, on the basis of the Dice similarity index.

4. Conclusions

The occurrence of linezolid resistance is still rare among S. aureus isolates from animal carcasses.
Nevertheless, we detected the multi-resistance gene cfr and the novel phenicol exporter gene fexA

among all the LR S. aureus isolated from pigs. Mutations in ribosomal proteins rplC and rplD were
also detected in some of the strains. Resistant strains could be transmitted to humans through the food
supply chain, subsequently limiting the treatment options for multidrug-resistant S. aureus. Therefore,
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frequent screening of pig carcasses, farmers, and slaughterhouse environments, as well as thorough
cooking of pig meat, should be implemented to detect the emergence and persistence of toxigenic and
LR S. aureus strains in order to prevent dissemination to humans.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/11/769/s1,
Figure S1: Sma I-digested pulse-field gel electrophoresis patterns of linezolid-resistant S. aureus isolated from
pig carcasses in Korea. Genomic DNA of ST398 and ST541 are not digested by SmaI, and hence pulsed-field gel
electrophoresis (PFGE) patterns were not determined.
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Abstract: Diseases caused by Escherichia coli (E. coli) and Salmonella spp. can negatively impact
turkey farming. The aim of this study was to isolate and characterize multidrug-resistant (MDR)
E. coli and Salmonella spp. in healthy and diseased turkeys. A total of 30 fecal samples from
healthy turkeys and 25 intestinal samples from diseased turkeys that died of enteritis were collected.
Bacterial isolation and identification were based on biochemical properties and polymerase chain
reaction (PCR). Antibiogram profiles were determined by disk diffusion. The tetracycline-resistance
gene tetA was detected by PCR. All samples were positive for E. coli. Only 11 samples (11/30;
36.67%) were positive for Salmonella spp. from healthy turkeys, whereas 16 (16/25; 64%) samples
were positive for Salmonella spp. from diseased turkeys. E. coli isolated from diseased turkeys
showed higher resistance to levofloxacin, gentamicin, chloramphenicol, ciprofloxacin, streptomycin,
and tetracycline. Salmonella spp. isolated from healthy turkeys exhibited higher resistance to
gentamicin, chloramphenicol, ciprofloxacin, streptomycin, imipenem, and meropenem. All E. coli and
Salmonella spp. from both healthy and diseased turkeys were resistant to erythromycin. Salmonella spp.
from both healthy and diseased turkeys were resistant to tetracycline. Multidrug resistance was
observed in both E. coli and Salmonella spp. from diseased turkeys. Finally, the tetA gene was
detected in 93.1% of the E. coli isolates and in 92.59% of the Salmonella spp. isolates. To the best of
our knowledge, this is the first study to isolate and characterize tetA-gene-containing MDR E. coli

and Salmonella spp. from healthy and diseased turkeys in Bangladesh. Both microorganisms are of
zoonotic significance and represent a significant public health challenge.

Keywords: avian colibacillosis; salmonellosis; antibiotic resistance; MDR; tetA; public health

1. Introduction

Turkey (Meleagris gallopavo) farming is a profitable business in many countries. In Bangladesh,
turkey farming generates a higher profit than broiler and layer farming due to lower feeding cost,
higher market price, and high demand from consumers. In addition, turkey is generally more
adaptable under different weather conditions and less prone to disease than other poultry birds [1,2].
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In Bangladesh, there are more than 600 small- and medium-sized commercial turkey farms [3].
With strong support of the Bangladesh government, the number of farms is increasing [3]. According to
the Household Income and Expenditure Survey 2016 in Bangladesh [4], the average daily protein
intake per capita was 63.50 g, of which meat, poultry, and eggs contributed 12.65% of the total proteins.
Furthermore, poultry contributed 37% of the overall meat production in Bangladesh [5]. In rural areas,
rearing poultry is a common additional source of income [6]. The challenges of turkey farming include
potential outbreaks of infectious and non-infectious diseases, which have been shown to impact more
than a third of turkey farmers in Bangladesh [7]. Infections caused by Escherichia coli and Salmonella spp.
have negative impacts on turkey farming as they lower egg production, reduce hatchability, and increase
mortality rates [8]. Thus, the control of E. coli and Salmonella infections in turkey farms is crucial.

E. coli is a zoonotic commensal pathogen that is capable of causing infections in the gastrointestinal
tract (GIT), respiratory tract, and bloodstream in both humans and animals [9,10]. Avian colibacillosis
caused by E. coli is responsible for turkey cellulitis, colisepticemia, swollen head syndrome,
synovitis, salpingitis, coligranuloma, osteomyelitis, omphalitis, peritonitis, panophthalmitis, and is
often deadly for turkeys [11,12]. It also causes urinary tract infections (UTIs), abdominal sepsis,
and meningitis. It is important to note that E. coli is responsible for about 80% of UTIs in humans [13,14].

Salmonella spp. can cause salmonellosis (especially pullorum disease and fowl typhoid) in
turkeys [15,16]. Salmonella infections reduce hatchability, fertility, growth, and increase mortality rates
in poultry [17]. Due to their zoonotic nature, Salmonella spp. can be transmitted to humans through the
food chain. This can lead to the development of salmonellosis, gastroenteritis, enteric fever [18,19],
and can sometimes cause life-threatening consequences [20].

The excessive use of antibiotics in farms led to the emergence of antibiotic-resistant bacteria such
as E. coli, Salmonella spp., and Campylobacter spp. in poultry [21,22]. High levels of antibiotic-resistant
or multidrug-resistant (MDR) E. coli and Salmonella spp. can constitute a more significant problem in
turkeys than in other livestock species [21,23]. Mutations in E. coli and Salmonella spp. could result in
the acquisition of antibiotic resistance [24]. Mobile genetic elements allowed bacteria to acquire and
disseminate antibiotic resistance [25]. The implications of this acquired antibiotic resistance for public
health necessitates attention from both clinical and economic experts [26].

Antimicrobial resistance (AMR) poses a significant threat to human health [27]. AMR is responsible
for approximately 700,000 human deaths every year throughout the world [28]. This figure could
significantly increase in the near future if we do not discover novel and effective antibiotics [29].
The antibiotic resistance in farm animals is clearly intertwined with the presence of this problem
in humans [30,31]. In addition, the indiscriminate use of antibiotics in livestock is one of the main
causes of AMR [25,26]. The overuse of antibiotics by farm owners in poultry farms, a common
practice in developing countries, is a major reason for the development of MDR bacteria [32,33].
This overuse typically occurs without consulting any veterinarians and without any previous testing
of the animals. The development of MDR bacteria in poultry has been previously reported in previous
studies [22,33–35]. Poultry farmers have been using different types of poultry in recent years including
broilers, layers, and turkeys. These animals are hosted close to each other, which can lead to the
horizontal transmission of MDR bacteria to turkeys. The dissemination of MDR bacteria to humans
exposes the population to risk, especially the immunocompromised individuals, and exacerbates
healthcare costs, and ultimately increases the usage of antibiotics [36].

The present study was designed to isolate and characterize MDR E. coli and Salmonella spp.
from both healthy and diseased turkeys. There is an urgent need to design proper surveillance and
control programs for the detection and control of antibiotic-resistant bacteria in turkey farms.
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2. Results

2.1. Prevalence of E. coli and Salmonella spp.

All 55 samples were positive for E. coli (using PCR targeting the malB gene), whereas 27 samples
(27/55; 49.09%) were positive for Salmonella spp. (using PCR targeting the invA gene). The prevalence
of E. coli in turkeys was significantly higher than Salmonella spp. (chi-square test, 95% CI, p < 0.001).
The prevalence of Salmonella spp. was significantly higher in diseased (64%; 16/25) than in healthy
turkeys (36.67; 11/30) (chi-square test, 95% CI, p < 0.05). No significant difference between healthy and
diseased turkeys was observed in the case of E. coli (Table 1).

Table 1. Prevalence and resistance profiles of E. coli and Salmonella spp. isolated from turkeys.

Microorganism Categories Prevalence
Antibiotic Resistance Pattern (%)

LEV E GEN C CIP S IMP MEM TE

E. coli

Healthy 30 4 30 0 0 17 4 0 30 4
(100) (13.33) (100) (0) (0) (56.67) (13.33) (0) (100) (13.33)

Diseased
25 11 25 9 11 20 5 0 10 25

(100) (44) (100) (36) (44) (80) (20) (0) (40) (100)

p-value
(Healthy vs.
Diseased)

N/C 0.011 N/C <0.001 <0.001 0.066 0.716 N/C <0.001 <0.001

Salmonella spp.

Healthy 11 2 11 5 6 6 4 4 7 11
(36.67) (18.18) (100) (45.45) (54.54) (54.54) (36.36) (36.36%) (63.63) (100)

Diseased
16 4 16 0 2 6 2 4 4 16

(64) (25) (100) (0) (12.5) (37.5) (12.5) (25%) (25) (100)

p-value
(Healthy vs.
Diseased)

0.043 1.000 N/C 0.006 0.033 0.438 0.187 0.675 0.061 N/C

A p-value less than 0.05 was deemed to be statistically significant; N/C, not computed; E. coli, Escherichia coli;
LEV, Levofloxacin; E, Erythromycin; GEN, Gentamicin; C, Chloramphenicol; CIP, Ciprofloxacin; S, Streptomycin;
IMP, Imipenem; MEM, Meropenem; TE, Tetracycline.

2.2. Antibiotic Profiles of Isolated E. coli and Salmonella spp.

Antibiotic sensitivity tests revealed that all E. coli isolates were resistant to erythromycin; whereas all
Salmonella isolates were resistant to erythromycin and tetracycline. Additionally, E. coli isolates were
resistant to ciprofloxacin (67.27%), meropenem (72.73%), and tetracycline (52.73%). Salmonella spp.
were resistant to ciprofloxacin (44.44%) and meropenem (40.74%). E. coli isolates were highly sensitive
to imipenem (92.73%)

E. coli isolated from diseased turkeys showed higher resistance to levofloxacin (chi-square
test, 95% CI, p = 0.011), gentamicin (p < 0.001), chloramphenicol (p < 0.001), and tetracycline
(p < 0.001); whereas isolates from healthy turkeys showed higher resistance to meropenem (p < 0.001).
Interestingly, Salmonella spp. isolated from healthy turkeys exhibited higher resistance to gentamicin,
chloramphenicol, ciprofloxacin, streptomycin, imipenem, and meropenem than Salmonella spp.
isolated from diseased turkeys. However, only a few cases were statistically significant (Table 1).

2.3. Detection of tetA Gene

Of the 29 E. coli isolates phenotypically resistant to tetracycline, tetA was detected in 27 (27/29;
93.1%). In the case of Salmonella spp., tetA was detected in 25 of the 27 isolates (25/27; 92.59%).
The prevalence of tetA was similar in healthy and diseased turkeys for both E. coli and Salmonella spp.
(Figure 1).
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Figure 1. Prevalence of tetA gene in E. coli and Salmonella spp. isolated from turkeys.

2.4. Detection of MDR E. coli and Salmonella spp.

As shown in Table 2, antibiogram typing revealed that most E. coli isolates (48/55; 87.27%) and
most Salmonella isolates (24/27; 88.89%) exhibited multi-drug resistance. For E. coli, the percentage of
MDR isolates was higher from diseased turkeys (24/25; 96%) than from healthy turkeys (24/30; 80%).
For Salmonella, the percentage of MDR isolates was also higher in diseased turkeys (16/16; 100%) than
in healthy turkeys (11/16; 72.72%). However, the differences were not statistically significant in either
case (chi-square test, 95% CI, p > 0.05).

E. coli isolated from healthy turkeys showed eight resistance patterns, while E. coli isolated
from diseased turkeys showed ten resistance patterns. Salmonella isolated from healthy and diseased
turkeys showed four and seven resistance patterns, respectively (Table 2). Among the antibiogram
types, pattern E-MEM-CIP showed the highest prevalence in E. coli (14 isolates). On the other hand,
the E-CIP-TE pattern showed the highest prevalence in Salmonella (five isolates) (Table 2).

182



Antibiotics 2020, 9, 770

Table 2. Multidrug resistance profiles of E. coli and Salmonella spp. isolated from healthy and diseased turkeys.

Microorganism Source Pattern No. Antibiotic Resistance Patterns No. of Antibiotics (Classes) No. of MDR Isolates (%) Total (%)
p-Value

(Healthy vs.
Diseased)

E. coli
(n = 55)

Healthy
Turkeys
(n = 30)

1 E, MEM, CIP 3 (3) 14

24
(80%)

0.112

2 E, MEM, TE 3 (3) 1

3 E, MEM, LEV 3 (3) 2

4 E, MEM, S 3 (3) 3

5 E, MEM, CIP, LEV 4 (3) 1

6 E, MEM, LEV, TE 4 (4) 1

7 E, MEM, CIP, TE 4 (4) 1

8 E, MEM, S, CIP, TE 5 (5) 1

Diseased
Turkeys
(n = 25)

1 E, CIP, TE 3 (3) 4

24
(96%)

2 E, MEM, TE 3 (3) 3

3 E, CIP, LEV, TE 4 (3) 3

4 E, GEN, S, CIP, TE 5 (4) 3

5 E, MEM, C, CIP, TE 5 (5) 2

6 E, MEM, C, S, TE 5 (5) 1

7 E, C, GEN, CIP, LEV, TE 6 (5) 4

8 E, MEM, C, CIP, LEV, TE 6 (5) 2

9 E, MEM, C, GEN, CIP, LEV, TE 7 (6) 1

10 E, MEM, C, GEN, S, CIP, LEV, TE 8 (6) 1
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Table 2. Cont.

Microorganism Source Pattern No. Antibiotic Resistance Patterns No. of Antibiotics (Classes) No. of MDR Isolates (%) Total (%)
p-Value

(Healthy vs.
Diseased)

Salmonella spp.
(n = 27)

Healthy
Turkeys
(n = 11)

1 E, MEM, C, CIP, TE 5 (5) 3

8
(72.73%)

0.056

2 E, C, GEN, CIP, TE 5 (5) 1

3 E, MEM, IMP, C, GEN, S, TE 7 (5) 2

4 E, MEM, IMP, GEN, S, CIP, LEV, TE 8 (6) 2

Diseased
Turkeys
(n = 16)

1 E, MEM, TE 3 (3) 3

16 (100%)

2 E, IMP, TE 3 (3) 3

3 E, CIP, TE 3 (3) 5

4 E, LEV, TE 3 (3) 2

5 E, IMP, C, TE 4 (4) 1

6 E, C, S, LEV, TE 5 (5) 1

7 E, MEM, S, CIP, LEV, TE 6 (5) 1

A p-value less than 0.05 was deemed to be statistically significant; E. coli, Escherichia coli; TE, Tetracycline; E, Erythromycin; C, Chloramphenicol; LEV, Levofloxacin; GEN, Gentamicin;
MEM, Meropenem; IMP, Imipenem; S, Streptomycin; CIP, Ciprofloxacin.
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3. Discussion

In this study, we report the detection of MDR E. coli and Salmonella spp. from healthy and
diseased turkeys. This is significant to human health due to the zoonotic nature of these pathogens.
Moreover, most E. coli and Salmonella spp. isolates were found to be MDR, which makes it difficult to
treat the infected turkeys [37–42]. Antibiograms can guide the choice of therapies for colibacillosis and
salmonellosis in turkeys. The incorrect choice of antibiotics is not only associated with the development
of AMR but can also have significant negative economic impacts.

Whereas all samples were positive for E. coli, only 49.09% (27/55) of the samples were positive
for Salmonella spp., which were significantly more prevalent in diseased than in healthy turkeys.
The isolation and characterization of E. coli and Salmonella spp. from turkeys revealed the presence
of the tetA gene. The gut microflora of poultry typically includes E. coli and Salmonella spp. [43].
Detection of Salmonella spp. in diseased turkeys that died of enteritis suggests that Salmonella was the
causative factor of enteritis. Previously, Kar et al. [8] reported the detection of E. coli and Salmonella spp.
from cloacal swabs of turkeys but did not use any molecular techniques, such as the PCR technology
used in this study. PCR is a robust and rapid detection method with increased sensitivity and specificity
for detecting Salmonella in food, environmental, and clinical samples [44]. The invA gene has been the
target for many PCR protocols, as it is found in almost all known serovars of Salmonella [45]. This gene
encodes an inner membrane protein necessary for invasion of epithelial cells by Salmonella [46]. We were
able to observe higher rates of E. coli and Salmonella spp. compared to the study of Kar et al. [8],
which may be attributed to the highly sensitive nature of the molecular techniques used in this study.

The detection of E. coli and Salmonella spp. from fecal materials and intestinal contents of healthy
turkeys indicates intestinal colonization [47]. The findings also indicate that fecal materials may be a
source of transmission of E. coli and Salmonella spp. to other birds. The detection of the virulence gene
invA in the isolated Salmonella spp. indicates the potential pathogenic nature of these isolates. It is also
possible for these pathogens to be introduced into the food chain causing food-borne diseases [48].

Antibiotic resistance is a major public health problem. The misuse and abuse of antimicrobial
agents contributed to the emergence and dissemination of antibiotic-resistant pathogens in animals and
humans [49]. Location-specific information on antibiotic resistance patterns in different geographical
areas is important for the successful treatment of outbreaks and infections. The isolated E. coli and
Salmonella spp. were found to be resistant to levofloxacin, erythromycin, ciprofloxacin, meropenem,
and tetracycline. This antibiotic resistance profile can be due to the frequent use of antibiotics in poultry
for therapeutic and growth promotion purposes [32,33]. The presence of antibiotic-resistant E. coli and
Salmonella spp. in fecal materials of healthy turkeys indicates the role of these birds as spreaders of
resistant microorganisms in farm environments.

Several studies detected the tetA gene in E. coli and Salmonella spp. from dairy farms, boiler farms,
house flies, and aquatic environments [31,33,50–52]. However, there were no studies on the detection
of the tetA gene in E. coli and Salmonella from turkeys. Among the isolates phenotypically resistant to
tetracycline, 93.1% of the E. coli isolates and 92.59% of Salmonella spp. isolates were positive for the
tetA gene. The tetA has been shown to be the most common genetic component in tetracycline-resistant
E. coli and Salmonella spp. [9,53–55]. Generally remaining in mobile genetic components (integrons,
transposons, and plasmids), tetA can be easily transferred to different bacteria.

Resistance to carbapenems (imipenem and meropenem) may be due to the transmission of
bacteria from human sources, especially that carbapenems are not approved for use in livestock [56].
Future detailed studies at the genetic level are needed to test this hypothesis. According to the
WHO, carbapenem-resistant E. coli and Salmonella spp. are considered to be among the most critical
pathogens [57]. The detection of carbapenem-resistant E. coli and Salmonella spp. in turkeys has to be
treated as an urgent public health problem.

Antibiotic treatment failures in poultry has been highly attributed to the MDR nature of the
pathogens [58]. In the present study, the majority of the isolated E. coli (48/55; 87.27%) and Salmonella spp.
(24/27; 88.89%) were MDR. More MDR E. coli and Salmonella spp. were retrieved from diseased turkeys
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than from healthy turkeys. The higher MDR in diseased turkeys may have been caused by the selection
pressure resulting from the excessive use of several classes of antibiotics. However, the differences
were statistically insignificant as in Table 2 (p = 0.112 and p = 0.056 for E. coli and Salmonella spp.,
respectively). The statistical insignificance indicates that the bacteria were MDR regardless of whether
the source was healthy or diseased turkeys. To avoid the development of MDR, the use of antibiotics
should be more strategic and selective.

4. Materials and Methods

4.1. Ethics Statement

No ethical permission was required for the study. During sample collection, verbal permission
was taken from farm owners.

4.2. Study Design

A pilot survey was conducted prior to the start of the current study to identify the different turkey
farming areas in Bangladesh, disease outbreaks in these farms, and antibiotic treatment regimens.
Based on the survey results, seven antibiotics were selected. In addition, two carbapenem antibiotics
were included based on reports that indicated that E. coli could be resistant to carbapenems in
poultry [31,50,59]. Guided by bird mortality rates and antibiotic use reports from the survey, five farms
from two districts were selected for sample collection. The birds were categorized into healthy and
diseased birds. Six healthy and five diseased bird samples were randomly collected from each farm
resulting in a total of 55 samples from the five farms. Freshly dropped feces from healthy birds and
intestinal contents from diseased birds that had avian colibacillosis and/or Salmonellosis were collected
for analysis.

4.3. Study Areas and Collection of Samples

The study was conducted in two districts of Bangladesh namely Mymensingh (24.7539◦ N,
90.4073◦ E) and Tangail (24.2513◦ N, 89.9167◦ E) during the period from June 2018 to November 2019.
The study areas are represented in Figure 2.

Freshly dropped fecal samples (n = 30) were aseptically collected using sterile cotton buds from
healthy turkeys. During the postmortem examination, 5 g of intestinal contents (n = 25) was collected
from each turkey that died of enteritis and had lesions of avian colibacillosis and/or salmonellosis.

Immediately after collection, samples were transferred to sterile zip-lock bags. Samples were
transported to the laboratory maintaining cold chain. Collected samples were transferred into sterile
test tubes containing freshly prepared nutrient broth (5 mL) and were incubated aerobically at 37 ◦C
overnight for the growth of bacteria.

4.4. Isolation of E. coli and Salmonella spp.

Isolation of E. coli and Salmonella spp. was based on culture on Eosin Methylene Blue (EMB) and
Xylose Lysine Deoxycholate (XLD) agar (HiMedia, India) plates, respectively. Initially, freshly grown
broth cultures were streaked on EMB and XLD agar media using sterile inoculating loops. This was
followed by aerobic incubation of the inoculated agar plates at 37 ◦C overnight to obtain pure colonies.
Single green-colored metallic-sheen colonies on EMB agar media and black-centered colonies on XLD
agar media represented the growth of E. coli and Salmonella spp., respectively. For further confirmation,
selected colonies were subjected to morphological study by Gram staining and biochemical tests
such as the methyl red test, sugar fermentation test, Voges–Proskauer test, motility test, urease test,
and indole test [22,31].
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Figure 2. Map of the study area. Images were extracted from DIVA-GIS using Geographical Information
System (GIS). The map was developed using ArcMap version 10.7.

4.5. Molecular Detection of E. coli and Salmonella spp.

Isolation of E. coli and Salmonella spp. were confirmed by polymerase chain reaction (PCR)
targeting E. coli 16S rRNA gene and Salmonella genus specific invA genes respectively (Table 3).

Table 3. List of primers used for detecting E. coli, Salmonella spp., and tetracycline-resistance gene.

Target Gene Primer Sequence (5′–3′)
Amplicon
Size (bp)

Annealing
Temperature (◦C)

References

malB
F: GACCTCGGTTTAGTTCACAGA
R: CACACGCTGACGCTGACCA

585 55 [60]

invA
F: ATCAGTACCAGTCGTCTTATCTTGAT

R: TCTGTTTACCGGGCATACCAT
211 58 [61]

tetA
F: GGTTCACTCGAACGACGTCA
R: CTGTCCGACAAGTTGCATGA

577 57 [62]

For PCR, genomic DNA of E. coli and Salmonella spp. was extracted by the boiling method as
described by Sobur et al. [50]. Briefly, a pure colony collected from freshly grown culture was initially
taken into an Eppendorf tube containing molecular-grade water (100 µL) followed by mixing gently
through vortexing. Subsequently, the mixture was boiled for 10 min, cooled for 10 min, and centrifuged
for 10 min at 1400 rpm. Finally, the supernatant was collected as the source for the genomic DNA for
PCR and stored at −20 ◦C until further use.

PCR tests were carried out in a final volume of 25 µL with 12.5 µL of the master mix (2X)
(Promega, Madison, WI, USA), 4 µL of genomic DNA (50 ng/µL), 1 µL of each primer, and 6.5 µL
of nuclease-free water. After amplification, PCR products were subjected to gel electrophoresis
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in 1.5% agarose, followed by staining and visualizing by 0.25% ethidium bromide solution and
ultraviolet trans-illuminator (Biometra, Göttingen, Germany). A DNA ladder (100 bp; Promega,
Madison, WI, USA) was used to assess the sizes of PCR amplicons.

4.6. Antibiotic Sensitivity Test

Antibiotic sensitivity testing of isolated E. coli and Salmonella spp. was carried out using the
disk diffusion assay as previously described [63]. Antibiotic classes included fluoroquinolones
(levofloxacin, LEV—5 µg; ciprofloxacin, CIP—5 µg), aminoglycosides (gentamicin, GEN—10 µg;
streptomycin, S—10 µg), carbapenems (Meropenem, MEM—10 µg; imipenem, IMP—10 µg),
amphenicols (chloramphenicol, C—10 µg), macrolides (erythromycin, E—15 µg), and tetracyclines
(tetracycline, TE—30 µg) purchased from Hi Media (India). Sensitivity tests were performed on freshly
grown isolates having a concentration equivalent to 0.5 McFarland standard using Mueller-Hinton
agar media (Hi Media, India). All results were interpreted according to the guidelines provided by
Clinical and Laboratory Standards Institute [64]. Furthermore, isolates showing resistance against
three or more different classes of antibiotics were defined as MDR [65].

4.7. Molecular Detection of Tetracycline Resistance tetA Gene

E. coli and Salmonella isolates resistant to tetracycline were screened by PCR for the detection of
the tetracycline-resistance tetA gene using the primer and protocol described by Randall et al. [62].

4.8. Statistical Analysis

Chi-square tests were performed using the SPSS software (IBM SPSS version 25.0, IBM, Chicago,
IL, USA). p-values less than 0.05 (p < 0.05) were considered to be statistically significant.

5. Conclusions

The isolation and characterization of tetA-gene-containing-MDR E. coli and Salmonella spp.
from turkeys are concerning. The potential ability of these MDR bacteria to enter into the food chain
can expose humans to serious health risks. Bacterial surveillance programs should be implemented in
order to control the emergence of bacterial resistance in turkey farms in Bangladesh and elsewhere
in the world. This should be a concerted effort that is best carried out via bacterial surveillance
networks across different countries. Additionally, holistic and multi-sectoral approaches, such as the
one health approach, need to be implemented [66]. Guided by top health professionals and scientists,
these strategies can provide effective solutions to the complex, multifaceted global challenge of AMR.
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Abstract: Listeria monocytogenes is a foodborne pathogen of special concern for ready-to-eat food
producers. The control of its presence is a critical step in which food-grade sanitizers play an essential
role. L. monocytogenes is believed to persist in food processing environments in biofilms, exhibiting
less susceptibility to sanitizers than planktonic cells. This study aimed to test the susceptibility of
L. monocytogenes in planktonic culture and biofilm to three commercial food-grade sanitizers and to
benzalkonium chloride; together with the genetic subtyping of the isolates. L. monocytogenes isolates
were collected from raw materials, final products and food-contact surfaces during a 6-year period
from a ready-to-eat meat-producing food industry and genetically characterized. Serogrouping and
pulsed-field gel electrophoresis (PFGE) revealed genetic variability and differentiated L. monocytogenes

isolates in three clusters. The biofilm-forming ability assay revealed that the isolates were weak
biofilm producers. L. monocytogenes strains were susceptible both in the planktonic and biofilm form
to oxidizing and ethanol-based compounds and to benzalkonium chloride, but not to quaternary
ammonium compound. A positive association of biofilm-forming ability and LD90 values for
quaternary ammonium compound and benzalkonium chloride was found. This study highlights the
need for preventive measures improvement and for a conscious selection and use of sanitizers in
food-related environments to control Listeria monocytogenes.

Keywords: biocide; Listeria monocytogenes; biofilm; planktonic culture; pulsed-field gel electrophoresis

1. Introduction

Listeria monocytogenes is an ubiquitous small Gram-positive bacterium widespread in the natural
environment [1]. It is also an opportunistic pathogen responsible for human listeriosis, a severe disease
with high hospitalization and case fatality rates [2,3]. Its psychrotrophic nature and the ability to
survive and multiply under extreme physicochemical conditions [4] may explain the difficulty of
controlling its presence in refrigerated environments [5].

This pathogen is often associated to ready-to-eat (RTE) food products, with contamination
occurring during food processing production [6,7]. Incoming raw materials, food handlers, and even
processed ingredients and products are frequent sources of L. monocytogenes contamination [8].
After entering a food producing facility, L. monocytogenes can become a long-term resident, being able to
persist for months or years within the premises, including food contact equipments [9]. Once established,
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L. monocytogenes biofilms can persist, resulting in the potential continuous contamination of the food
products [10].

L. monocytogenes has the ability to adhere to different surfaces within the food industry, such as
plastic, rubber, stainless steel, glass, and produce biofilms [5,11]. Biofilm formation is affected by many
factors, such as strain-specific properties, composition of the attachment surface, and environmental
conditions [12]. Previous works relating L. monocytogenes serotypes and biofilm formation remained
inconclusive, although several authors have addressed it [13–16].

In the biofilm, bacteria are embedded by an extracellular matrix able to function as a structural
scaffold and protective barrier against various stresses and antimicrobials, like those encountered in
the food processing environment [13,17]. Biofilms are associated to increased resistance to sanitizing
compounds, due to bacterial exposure to sublethal biocide concentrations, acquiring resistance to
antimicrobials over time [17,18].

The validation of sanitizers is essential to avoid the misuse of biocides that may end-up promoting
resistance of L. monocytogenes virulent strains. Still, the effectiveness of commercial food-grade sanitizers
is tested on planktonic microorganisms, but the biofilm environment may change the response of every
strain involved [19]. Among food-grade sanitizers used in RTE food processing premises, oxidizing
disinfectants and quaternary ammonium compounds are the most popular, due to their broad-spectrum
activity against bacteria, high efficacy and low cost [20,21]. Nevertheless, L. monocytogenes resistance to
these compounds has been described, whether in planktonic cultures or in biofilms [10,22]. The same
was reported for benzalkonium chloride, a quaternary ammonium compound [23–25].

In this work, the susceptibility of L. monocytogenes in planktonic culture and biofilm to three
commercial food-grade sanitizers and to benzalkonium chloride was assessed. For that, L. monocytogenes

isolates collected from a RTE food-producing industry during a 6-year period were genetically
characterized and their biofilm-forming ability was assessed, prior to biocide susceptibility testing.

2. Results and Discussion

2.1. Characterization of L. monocytogenes Isolates Collection

The overall proportion of positive samples (food and food related environment) contaminated
by L. monocytogenes was 26.3% (20/76) (Table 1). This high percentage is in line with other studies in
Portugal [26] that reported 25% of positive samples in ham, 11.1% in blood sausage and 2.3% in dry
cured ham collected from producers and retailers.

2.2. L. monocytogenes Confirmation and Serogrouping by PCR

All of the L. monocytogenes presumptive isolates (n = 20) obtained by conventional microbiological
methods belonged to the Listeria genus, but only 17 were confirmed as L. monocytogenes by PCR [27].
Among these 17 isolates, four different molecular serogroups were identified (Table 2).

Most of the isolates belonged to serogroup IIc (52.9%), followed by serogroup IIa (35.3%),
IIb and IVb (each with 5.9%). In line with our results, other authors have reported similar findings.
Lotfollahi et al. [28] found serogroup IIc to be the most prevalent in L. monocytogenes isolates from
several foods retailed in Iranian markets. In another study, Montero et al. [29] found serogroup IIa to be
the most common one in RTE meat-based products collected from different retail stores and industrial
processing plants in Santiago, Chile, although serogroup IIb, IIc and IVb strains were also present.
In an investigation assessing serogroup diversity of L. monocytogenes isolates in food from central and
northern regions in Italy, 67.5% of isolates belonged to serogroup IIa [30]. Rodríguez-López et al. [31]
reported similar results in samples collected from different food-related premises in Northwest Spain
during 2010 and 2011, of which only 5.9% of isolates belonged to serogroup IVb. Torresi et al. [32]
reported a predominance of serogroup IIa and IIc strains in several different cheeses in Italy.

Molecular serotyping is a rapid and useful method for first-level characterization of
L. monocytogenes [16]. Still, to allow for a more reliable characterization of strains and contamination
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routes investigation, other molecular subtyping methods, such as pulsed-field gel electrophoresis
(PFGE) should be used [33].

Table 1. Samples collected in the assessed industry with positive L. monocytogenes detection by conventional
microbiological methods.

Date of Collection Sample Description/Type
Presumptive

L. monocytogenes
Isolate Code

July 2010 Chourição/Final product FP1
February 2013 Chouriço/Final product FP2

March 2013 Seasoned ham meat/Intermediate product IP1
March 2013 In-use meat mincing machine/Equipment E1
March 2013 Meat sausage/Final product FP3
April 2013 Unseasoned ham meat/Intermediate product IP2
April 2013 Seasoned ham meat/Intermediate product IP3
April 2013 Pork meat/Raw material RM1
April 2013 In-use meat mincing machine/Equipment E2
April 2013 Raw meat transport box/Equipment E3
July 2013 Pork meat/Raw material RM2

October 2013 Chouriço/Final product FP4
February 2014 Lard for chouriço/Raw material RM3
February 2014 Chouriço/Final product FP5

April 2014 Boneless pork shoulder/Raw material RM4
May 2014 Chouriço/Final product FP6
May 2014 Alheira/Final product FP7

January 2015 Boneless pork shoulder/Raw material RM5
February 2015 Farinheira/Final product FP8

April 2015 Chouriço/Final product FP9

Table 2. Description of the obtained serogroups among L. monocytogenes confirmed isolates (n = 17).

Serogroup Proportion Isolate Code 1

IIa 6 (35.3%) FP1, RM2, RM3, FP7, FP8, FP9
IIb 1 (5.9%) FP5
IIc 9 (52.9%) FP2, IP1, E1, FP3, IP2, RM1, E2, E3, RM4
IVb 1 (5.9%) RM5

1 L. monocytogenes isolates share the same code with the sample from which they were recovered.

2.3. Pulsed-Field Gel Electrophoresis Typing

Figure 1 presents the resulting dendrogram of 17 L. monocytogenes strains considering ApaI and
AscI restriction patterns and serogroups. Pulsotypes were considered to be clones when they had at
least 90% of similarity.

The different food and environment samples presented six PFGE types. Three clusters were
identified (indicated as A, B and C in Figure 1), while FP5, RM5 and FP1 pulsotypes had a distinct
PFGE profile.

The first cluster (Figure 1, cluster A) includes 9 strains, corresponding to 52.9% of all the analyzed
isolates. These strains with identical restriction patterns and exhibiting the same serogroup (serogroup
IIc) were collected from raw materials, intermediate products, finished products, and food-contact
surfaces in a time frame of 14 months (from February 2013 to April 2014). When comparing cluster
A food-contact surfaces and finished products strains’ profiles, results suggest the possibility of a
common source. It is noteworthy that L. monocytogenes strain RM4 collected in 2014 has 91.6% similarity
with strains collected in 2013. This is suggestive of a potential persistent contamination within the
food industry, although more studies should be considered in order to establish source attribution.
Kurpas et al. [34] linked L. monocytogenes presence in food processing environments, such as abattoirs,
RTE meat-processing industries and retail establishments to cross-contamination.
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contact surfaces and finished products strains’ profiles, results 

Figure 1. Dendrogram of the ApaI-AscI PFGE profiles and corresponding serogroup for 17 L. monocytogenes

selected isolates.

Cluster B includes three strains (FP7, FP8 and FP9) collected from different finished products
between May 2014 and April 2015, all belonging to serogroup IIa. L. monocytogenes strain FP7 shares
an indistinguishable profile with strain FP9, collected 1 year later. Apart from being suggestive of
persistence over time, which might be due to L. monocytogenes survival and growth in niches within the
food environment, these strains belong to serogroup IIa, which is the one most commonly associated
to food-related environments [1,30].

Cluster C includes 2 strains (RM2 and RM3) collected between 2013 and 2014, from different raw
materials. As seen before in cluster A, L. monocytogenes pulsotypes identified in raw materials exhibit
high similarity with pulsotypes from equipment and finished products. These pulsotypes may persist
due to the repeated re-introduction of strains from the external environment into food processing
facilities over time [35]. Suppliers should be addressed to understand the origin of some strains,
although results underline cross-contamination as a possible way of disseminating L. monocytogenes in
the assessed food industry. A strict selection and control of suppliers seems to be a preventive measure
of upmost importance [36]. Three distinct pulsotypes can also be seen in the resulting dendrogram.
FP5 and RM5 strains were collected 1 year apart from each other and presented distinct pulsotypes
(64.9% of similarity), belonging to serogroups IIb and IVb, respectively. FP1 isolate exhibits a different
PFGE profile from other serogroup IIa strains (71.4% of similarity), which might be due to the fact that
serogroup IIa includes atypical strains [27,37].

The presence of serogroups IIa, IIb and IVb isolates suggests a potential public health hazard
associated with these RTE meat-based products consumption, since these are the serogroups more
commonly associated to human infection [38,39].

2.4. Biofilm Formation Assay

After serogrouping and PFGE typing, 10 L. monocytogenes strains were selected for the biofilm
formation assay in order to have representatives with different profiles (serogroups and pulsotypes).
L. monocytogenes CECT 4031, CECT 911, CECT 935, and CECT 937 were also included in order to
investigate differences between strains of different serogroups.

The assessed strains in biofilms revealed cvOD values ranging from 0.068 ± 0.001 to 0.1240 ± 0.006
and viable cell counts of 6.0± 0.4 log cfu/mL to 7.6± 0.4 log cfu/mL after 5 days of growth in polystyrene
microtiter wells (Figure 2).
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Figure 2. Average and standard deviation of log cfu/mL and cvOD of 5-day L. monocytogenes biofilms.

According to Stepanović et al. [40] classification, all the strains (n = 10) revealed a weak
biofilm-forming ability. Similar results were obtained by Meloni et al. [41] when studying
L. monocytogenes isolates from fermented sausage processing plants: 65% of all isolates were weak
biofilm producers. However, in our work, the assessed strains exhibited significantly different
degrees of biofilm-forming ability based on cvOD values (p = 0.0066), and VCC results did not reflect
the same biofilm-forming ability classes as those obtained using cvOD values. Considering VCC
values, all the strains, except L. monocytogenes FP1 and RM3 isolates, revealed lower values than
L. monocytogenes CECT 935, which exhibited 7.4 ± 0.2 log cfu/mL. On the other hand, when considering
cvOD values, L. monocytogenes FP1, RM1, and FP6 isolates exhibited higher cvOD values than reference
L. monocytogenes CECT 935 (0.1078 ± 0.005). Considering cvOD and VCC values, L. monocytogenes

CECT 4031 revealed the lowest values for both parameters at 30 ◦C. The obtained difference between
these two parameters is due to the nature of each method of determination. While cvOD measures the
turbidity of a suspension and quantifies total biomass (viable and non-viable cells, but also extracellular
matrix components), VCC only considers live cells [42]. Taking into account the selected methods to
analyze biofilm formation-VCC (log cfu/mL) and cvOD, Pearson’s correlation analysis was performed.
According to Pearson’s correlation coefficient (ρ = 0.7749, p = 0.009), there is a positive and strong
correlation between both parameters, which indicates that both methods present a good relationship,
being reliable to quantifying L. monocytogenes biofilm formation, complementing each other.

When relating the biofilm-forming ability using cvOD values with the assessed L. monocytogenes

serogroups, no significant differences were found (p = 0.526) and the same happened for VCC values
(p = 0.929) (Table 3).

Table 3. Biofilm-forming ability of L. monocytogenes strains according to the respective serogroups.

L. monocytogenes Serogroup n Log cfu/mL (Mean ± SD)
cvOD

(Mean ± SD)

IIa 4 7.2 ± 0.8 0.096 ± 0.019
IIb 2 7.0 ± 0.4 0.114 ± 0.002
IIc 2 7.0 ± 0.7 0.099 ± 0.003
IVb 2 7.1 ± 0.5 0.107 ± 0.001
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Similar results were obtained by Di Bonaventura et al. [43] when studying the association of
phylogeny and biofilm production. Nevertheless, this study’s results counteract the ones obtained by
Meloni et al. [41], in which serotypes 1/2a, 1/2b and 4b isolates presented a higher adherence when
compared to serotype 1/2c isolates.

Other authors have shown that L. monocytogenes strains from different sources and serogroups
are able to produce biofilms on a variety of surfaces, depending on the strain, surface and culture
conditions [13,44]. Previous works reported that L. monocytogenes strains varied significantly in
their ability to produce biofilm, but no trends could be observed when isolates’ serotype and source
were compared [3,40]. It is important to highlight that since there is a link between virulence and
L. monocytogenes serotype, a continuous discussion relating biofilm formation and serotypes goes on,
in order to determine whether biofilm formation is related to disease incidence [1,14].

For further testing, five L. monocytogenes strains (RM1, RM3, RM5, CECT 4031, and CECT 935)
were selected based on serogrouping and biofilm formation parameters data analyses.

2.5. Biocides Activity Testing Assay

2.5.1. Activity towards L. monocytogenes Planktonic Suspension

The effect of food-grade commercial sanitizers, including an oxidizing compound (OxC),
a quaternary ammonium compound (QaC) and an ethanol-based compound (EthC) on the selected five
L. monocytogenes strains was assessed. Tested concentrations were selected based on the manufacturer’s
recommendation for use in food contact surfaces. The manufacturer’s recommended concentrations
for OxC and EthC were found to be equally effective in inactivating the five tested strains in planktonic
suspension, although this was not observed for QaC.

L. monocytogenes planktonic cells were inactivated by 50 ppm or more (100 and 150 ppm) of OxC.
Norwood and Gilmour [45] reported that a 30 sec exposure to 10 ppm free chlorine was enough to
completely eliminate planktonic L. monocytogenes culture.

L. monocytogenes strains were exposed to increasing concentrations of EthC (50%, 70%, and 100%)
that seemed to be effective in inactivating planktonic cells. Similar results were obtained by
Aarnisalo et al. [46].

L. monocytogenes planktonic forms enumeration after QaC treatment was not possible to perform
within the tested concentration range. Some authors have reported resistance to QaCs in L. monocytogenes

strains [47–49] and active efflux pumps are considered the main mechanism for L. monocytogenes

tolerance to QaCs [50]. Because it was not possible to determine L. monocytogenes susceptibility to QaC,
benzalkonium chloride (BaC) was used to evaluate L. monocytogenes planktonic cells susceptibility.
Figure 3 presents the effects of BaC treatment on the five selected L. monocytogenes strains planktonic
suspensions. As shown, all strains in the planktonic form presented different susceptibilities to BaC,
being affected by different concentrations. Reference strains L. monocytogenes CECT 4031 and CECT
935 were the most susceptible, presenting more than 4-log cfu/mL reduction when exposed to 0.8 ppm
of BaC. L. monocytogenes RM1, RM3 and RM5 strains were less susceptible, presenting 4-log cfu/mL
reduction only for concentrations higher than 12.5 ppm for RM1 and RM5 and 20 ppm for RM3.
To have an 8-log cfu/mL reduction, L. monocytogenes CECT 4031 and CECT 935 planktonic cells were
exposed to 2 ppm of BaC. The same was observed when RM1 and RM5 and RM3 were subjected to
25 ppm and 150 ppm, respectively. In line with our results, Nocker et al. [51] reported that the exposure
of L. monocytogenes strains to BaC concentrations higher than 30 ppm for 30 min was able to reduce
bacterial colonies as measured by plate counts.

198



Antibiotics 2020, 9, 416

old biofilms according to the manufacturer’s 

Figure 3. Viable cell counts average and standard deviation (error bars) of the tested planktonic
L. monocytogenes strains after treatment with BaC. (A) L. monocytogenes CECT 4031; (B) L. monocytogenes

CECT 935; (C) L. monocytogenes RM1; (D) L. monocytogenes RM3; (E) L. monocytogenes RM5.

199



Antibiotics 2020, 9, 416

2.5.2. Activity towards L. monocytogenes 5-day-old Biofilms

The biocide activity testing assay on biofilms was based on the enumeration of viable cells.
The three commercial compounds were tested on 5-day-old biofilms according to the manufacturer’s
recommended concentrations. As was observed for L. monocytogenes planktonic cells, both OxC and
EthC tested concentrations, which were within the manufacturer’s recommended concentrations,
were able to eliminate biofilms of all the tested isolates in 5 min at 20 ◦C. In fact, it was reported that
200 ppm of sodium hypochlorite, an OxC, is enough to eliminate at least 20% of L. monocytogenes

biofilms [3,45]. In contrast, after QaC’s treatment, no susceptibility to this biocide was observed.
Figure 4 presents the effect on VCC after treatment with QaC on the selected L. monocytogenes

5-day-old biofilms.

, which were within the manufacturer’s recommended concentrations,

C’s treatment, no susceptibility to this biocide was observed. 

old biofilms’ 

C’s 
old biofilms’ VCC were affected by different B
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C’s tested concentrations, since a higher B C’s 

Figure 4. Average and standard deviation (error bars) of tested L. monocytogenes 5-day-old biofilms’
VCC after QaC treatment.

In general, QaC was not effective in removing L. monocytogenes 5-day-old biofilms. As shown
in Figure 4, when exposed to 150 ppm of QaC, L. monocytogenes CECT 4031 presented the highest
reduction (from 6.4 log cfu/mL to 4.0 log cfu/mL). The remaining L. monocytogenes strains presented
approximately 1-log cfu/mL reduction in VCC values. QaC resistance in L. monocytogenes biofilms
has been reported [52,53]. Taking into account that this biocide is commonly used in food-related
environments, these results are worrisome, as L. monocytogenes biofilms present a potential risk in food
safety [54].

Figure 5 presents the tested concentration range of BaC’s in L. monocytogenes 5-day-old biofilms.
In general, L. monocytogenes 5-day-old biofilms’ VCC were affected by different BaC concentrations,
as happened for planktonic suspensions. While L. monocytogenes CECT 4031 was the most susceptible
to BaC’s treatment and also presented the lowest biofilm-forming ability, L. monocytogenes RM3 strain
was the less susceptible, but presented the highest biofilm-forming ability based on VCC values.
A 3-log cfu/mL reduction was observed for L. monocytogenes CECT 4031 after 5 min of exposure to
10 ppm of BaC. On the other hand, for a similar reduction on L. monocytogenes RM3 biofilm, 250 ppm
of BaC were necessary. Comparing these results to those obtained for planktonic cells, it seems that
L. monocytogenes biofilms are less susceptible to BaC’s tested concentrations, since a higher BaC’s
concentration is needed to have an equivalent log cfu/mL reduction.

One example is L. monocytogenes RM3 isolate that in biofilm presented a 2-log cfu/mL reduction
when exposed to 100 ppm of BaC and a 3-log cfu/mL reduction when exposed to 250 ppm, while the
exposure to 150 ppm of BaC in the planktonic form was enough to cause a 8-log cfu/mL reduction.
It has been previously discussed that in biofilm form, L. monocytogenes is more resistant to stress and
sanitizing agents than planktonic cells [41,55]. Nakamura et al. [54], when assessing the sanitizing
effect of BaC in L. monocytogenes planktonic cells and biofilms, reported that biofilm formation and
tolerance to BaC might be related. Tolerance to BaC has also been reported by Piercey et al. [23] after
testing BaC resistance and susceptibility based on the minimum inhibitory concentration, and by
Xu et al. [24] after investigating phenotypic and genotypic tolerance to BaC based on susceptibility
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testing and molecular methods. Although in the last years several studies have focused on biofilm
elimination, possible facilitating strategies are still unclear.

Figure 5. Viable cell counts average and standard deviation (error bars) of the tested L. monocytogenes

5-day-old biofilms after BaC treatment. (A) L. monocytogenes CECT 4031; (B) L. monocytogenes CECT
935; (C) L. monocytogenes RM1; (D) L. monocytogenes RM3; (E) L. monocytogenes RM5.
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To assess L. monocytogenes susceptibility to QaC and BaC, LD90 values were calculated. Figure 6
presents QaC LD90 values. These values ranged from 298.0 to 532.2 ppm, and were higher than
the manufacturer’s recommended concentrations to be used in food-related surfaces (maximum
recommended concentration: 150 ppm).

manufacturer’s recommended concentrations to be use

Figure 6. LD90 estimated values of L. monocytogenes tested strains in biofilm exposed to QaC.

This fact is relevant, because QaC is a commercial biocide that might be used in sublethal
concentrations, which might induce L. monocytogenes resistance [46,56]. L. monocytogenes QaC resistance
has been previously described, both for planktonic cells and biofilms [10,22,35].

BaC estimated LD90 values for L. monocytogenes tested strains (Figure 7) that ranged from 1.0
to 102.0 ppm in the planktonic form and from 17.8 to 675.2 ppm in biofilms, presenting significant
differences (p < 0.0001).

manufacturer’s recommended concentrations to be use

Figure 7. LD90 estimated values of L. monocytogenes tested strains in biofilm and in the planktonic form
exposed to BaC.

L. monocytogenes biofilms exhibited a reduced susceptibility to BaC, compared to the planktonic
forms. The biofilm structure may play an important role as the extracellular matrix acts like a barrier,
preventing contact with antimicrobial agents [57,58]. In this study, the higher the biofilm-forming
ability, the higher were the LD90 values for QaC and BaC. This positive association of biofilm-forming
ability and LD90 values was moderate, both for QaC and for BaC (Table 4).

Table 4. Pearson’s correlation coefficients for biofilm-forming ability parameters and LD90 values for
QaC and BaC.

LD90 Values Log cfu/mL QaC LD90

QaC 0.652 1
BaC 0.554 0.607

These results emphasize the importance of the cautious selection and use of sanitizers in
food-producing premises. In fact, the equipment’s sanitizing method should be re-assessed and
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validated in order to control L. monocytogenes contamination, as it might select isolates that are able to
survive and adapt to the food processing environment [59], acting as potential contamination sources
for RTE food produced in those surfaces. Taken together, biofilm-forming ability and LD90 values
underline the need to select different sanitizers, using rotating schemes, in order to prevent biocide
resistance over time. Also, different strategies should be considered, other than the use of chemical
biocides, as novel technologies, to control L. monocytogenes in the food production environment [60,61].

3. Materials and Methods

3.1. Characterization of L. monocytogenes Isolates Collection

A collection of presumptive L. monocytogenes isolates (n = 20) was gathered from raw materials,
intermediate, and final products, as well as industrial environment samples (food contact surfaces) of a
RTE meat-based food producing industry (Table 1). This industry was located in Évora, Alentejo and
produced pork meat delicatessens. L. monocytogenes isolates were collected during a 6-year period
(2010–2015) as a result of routine microbiological sampling for industrial hygiene and food safety
verification purposes, according to ISO 11290:1996 [62]. From a total of 76 collected samples, five
raw materials, three intermediate products, nine finished RTE meat products and three food-contact
surfaces were positive for L. monocytogenes. The strains were preserved in brain hearth infusion (BHI)
broth (Scharlab, S.B., Barcelona, Spain) with 15% glycerol (Merck KGaA, Darmstadt, Germany) at
−80 ◦C and revivified before use.

3.2. L. monocytogenes Confirmation and Serogrouping by PCR

Presumptive L. monocytogenes isolates (n = 20) were confirmed by PCR and serogrouped using a
multiplex PCR and an additional PCR based on the amplification of the flaA gene [27]. L. monocytogenes

confirmed isolates (n = 17) were selected for further genetic characterization.

3.3. Pulsed-Field Electrophoresis Typing

PFGE typing of the selected isolates was performed according to the PulseNet standardized
procedure for L. monocytogenes [63]. Briefly, bacterial genomic DNA in 1.5% agarose (SeaKem Gold
Agarose, Cambrex, East Rutherford, NJ, USA) plugs was digested in separate reactions with 10U
AscI (NZYTech, Lisbon, Portugal) for 2h at 37 ◦C, and with 50U ApaI (NZYTech) for 2h at 25 ◦C.
Electrophoresis of the resulting DNA fragments was performed in 1% agarose gel (SeaKem Gold),
with a lambda PFG ladder standard (New England Biolabs, Massachusetts, USA) in 0.5 X solution
of Tris–borate–EDTA buffer (NZYTech) at 14 ◦C, with 6 V/cm, initial pulsed time of 4.0 s and final
pulsed time of 40 s, included angle of 120◦ over 19 h using a CHEF-Dr III System (Bio-Rad Laboratories,
Hercules, CA, USA). Gels were stained with ethidium bromide (Sigma, St. Louis, MO, USA) and
photographed under UV transillumination.

3.4. Biofilm-Forming Ability Assay

To assess biofilm formation, six L. monocytogenes strains were selected (RM1, RM3, RM5, FP1, FP5,
and FP8) to have representatives from different serogroups and PFGE types. Also, four L. monocytogenes

reference strains from the Spanish Type Culture Collection (CECT) were used: CECT 4031 (serogroup
IIa), CECT 937 (serogroup IIb), CECT 911 (serogroup IIc), and CECT 935 (serogroup IVb). These strains
present the same serogroups as the ones detected in this study isolates (Table 2), allowing for the
comparison with existing studies.

The protocol proposed by Romanova et al. [51] was used with some modifications to obtain a
5-day L. monocytogenes mono-cultural biofilm. A single colony of each selected strain was inoculated
in buffered peptone water (BPW) (Scharlab, S.B) and incubated for 16–18 h at 30 ◦C. Optical density
at 600 nm (OD600nm) was assessed in Ultrospec 2000 (Pharmacia Biotech, Washington, WA, USA) to
obtain a concentration of 8 log cfu/mL. For each strain, 4 µL were transferred into three separate wells
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of polystyrene flat-bottomed microtiter plates (Normax, Marinha Grande, Portugal) filled with 200 µL
of BPW. Three wells were used as negative controls, with BPW alone. The plates were lidded and
statically incubated at 30 ◦C for 5 days. After this, the solution was removed from the wells that were
rinsed once with sterile distilled water to remove loosely associated bacteria and the attached biofilms
were assessed by viable cells enumeration and crystal violet staining.

Considering both evaluation methods, this assay was performed in triplicate, with three replicates
for each strain.

3.4.1. Enumeration of Viable Cells in Biofilms

The biofilm was detached from the well surface mechanically into 100 µL of BPW using a mini
cell scraper (VWR International, Monroeville, PA, USA). The microtiter plate was sonicated (Ultrasonic
bath MXB14, Grant Instruments, Royston, England) for 5 min to detach and collect sessile cells. Then,
100 µL of BPW were pipetted into each well. Serial 10-fold dilutions of the sample in BPW were
prepared and 10 µL were dropped onto the surface of a tryptone soy agar (TSA) (Scharlab, S.B)
plate. After overnight incubation at 30 ◦C, colonies were enumerated in a stereoscopic magnifier
(Nikon SMZ645, Tokyo, Japan).

3.4.2. Biofilm Assessment by Crystal Violet Staining

The microtiter plate was left air drying for 45 min in the laminar flow hood. Biofilm was stained
by adding 220 µL of 0.1% crystal violet (bioMérieux, France) solution to each well for 15 min at
room temperature. After stain removal, the wells were washed three times with sterile distilled
water and left air drying for 30 min in the laminar flow hood. Then, 220 µL of detaining solution
(ethanol: acetone 80:20 v/v) were added to each well 15 min. The microtiter plate was then shaken
(Ultrasonic bath MXB14, Grant Instruments, Royston, England) for 5 min and the crystal violet OD
(cvOD) was measured in SpectraMax 340PC (Molecular Devices, Silicon Valley, San Jose, CA, USA).
Each absorbance value was corrected by subtracting the average absorbance readings of the blank
control wells. Adherence capability of the tested strains was based on the cvOD exhibited by bacterial
biofilms, according to Stepanović et al. [40] classification. The cut-off cvOD (cvODc) was defined as
three standard deviations above the negative control mean cvOD. Strains were classified as no biofilm
producers (cvOD ≤ cvODc), weak biofilm producers (cvODc < cvOD ≤ 2 × cvODc), moderate biofilm
producers (2 × cvODc < cvOD ≤ 4 × cvODc), and strong biofilm producers (4 × cvODc < cvOD).

3.5. Biocides Activity Testing Assay

Based on serogrouping and biofilm formation parameters, L. monocytogenes strains RM1, RM3 and
RM5 and L. monocytogenes reference strains CECT 4031 and CECT 935 were selected to be further assessed.

Biocides activity testing was performed according to European standard EN 1276:2009 [64],
using the quantitative suspension test for bactericidal activity evaluation of chemical disinfectants used
in food and industrial areas. To simulate clean conditions, in all tests, 0.03 g/L of bovine serum albumin
(Merck KGaA) was used as an interfering substance. Contact time (5 min) and temperature (20 ◦C)
were established according to the obligatory test conditions specified in EN 1276:2009. For all strains,
experimental conditions were previously validated. Biocide activity was assessed using Escherichia coli

DSMZ 682, Pseudomonas aeruginosa ATCC 15442, Staphylococcus aureus CECT 239, and Enterococcus hirae

ATCC 10541D-5, to validate dilution-neutralization, absence of lethal effect in test conditions, including
neutralizer toxicity, and efficacy of neutralizing solutions.

Commonly used biocides in food contact surfaces and equipment sanitization in food-producing
establishments were selected for further testing. Commercial sanitizers (HigiaBlue, Portugal) containing
oxidizing compounds (OxC), ethanol-based compounds (EthC) and quaternary ammonium compounds
(QaC) were tested. Benzalkonium chloride (BaC; Merck KGaA) was also evaluated. Table 5 exhibits
the tested concentrations for each biocide (diluted in hard water) and respective neutralizers.
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Table 5. Tested biocides, concentration range and neutralizers used in biocide activity testing assay
(EN 1276:2009).

Biocide Tested Concentrations Neutralizer

Oxidizing compound (OxC) 50 ppm 100 ppm 150 ppm
Polysorbate 80, 30 g/L + lecithin, 3 g/L + sodium

thiosulphate 10 g/L
Quaternary ammonium

compound (QaC)
50 ppm 100 ppm 150 ppm

Polysorbate 80, 30 g/L + sodium dodecyl sulphate,
4 g/L + lecithin, 3 g/L

Ethanol-based compound (EthC) 50% 70% 100%
Polysorbate 80, 30 g/L + saponin, 30 g/L + lecithin,

3 g/L

Benzalkonium chloride (BaC)
Planktonic cells Biofilm

0.8–150 ppm 0.2–500 ppm
Polysorbate 80, 30 g/L + sodium dodecyl sulphate,

4 g/L + lecithin, 3 g/L

All measurements were performed in duplicate and all experiments were performed twice.

3.5.1. Activity towards L. monocytogenes Planktonic Suspension

L. monocytogenes strains were incubated in BHI agar (Scharlab, S.B.) at 37 ◦C for 18 h. Then,
10 mL of the bacterial suspension were prepared to have an OD600nm of 0.15–0.5, corresponding to
a concentration of approximately 1.5–5 × 108 cfu/mL. To each tube containing 1 mL of interfering
substance, 1 mL of the bacterial suspension was added, and the mixture was vortexed. After 2 min,
8 mL of one of the desired biocide test concentration were added, incubating for 5 min at 20 ◦C. Then,
1 mL was collected and mixed with 1 mL of hard water and 8 mL of the appropriate neutralizer.
After neutralization (5 min at 20 ◦C), 1 mL was incorporated in TSA (Scharlab, S.B.) in duplicate.
After overnight incubation at 37 ◦C, colonies were enumerated.

3.5.2. Activity towards L. monocytogenes 5-day-old Biofilms

For the biocide activity testing on L. monocytogenes 5-day-old biofilms, to each well containing the
biofilm, 20 µL of interfering substance and 20 µL of tryptone salt solution (Scharlab, S.B.) were added.
After 2 min, 160 µL of one of the biocide test concentrations was added and incubated for 5 min at
20 ◦C. After medium removal, the wells were washed with 40 µL of hard water and 160 µL of the
appropriate neutralizer. After neutralization (5 min at 20 ◦C), the medium was removed and the wells
were washed with sterile distilled water, which was also removed. The biofilm quantification was
performed according to the procedure described in Section 3.4.1. for biofilm detachment, dilution and
colony enumeration.

LD90 was then calculated for both planktonic and biofilm assays in order to determine the biocide
concentration that reduced 90% of VCC.

3.6. Data Analyses

All quantitative data are presented as mean values with standard deviation (SD) from three
independent experiments. Using BioNumerics software package version 6.10 (Applied Maths,
Sint-Martens-Latem, Belgium), a dendrogram was constructed based on PFGE patterns of the
17 L. monocytogenes strains, with an optimization setting of 1.5% and a band-position tolerance
of 1.5% for AscI and ApaI restriction. Cluster analysis was performed using the unweighted pair group
method (UPGMA) with arithmetic averages and band-based Dice correlation coefficient.

To assess L. monocytogenes biofilm formation parameters, Pearson’s correlation analyses were
used to evaluate the interdependency of cvOD and VCC. To relate biofilm formation parameters
and L. monocytogenes serogroups, one-way analysis of variance (ANOVA) followed by Tukey’s test
were performed.

To evaluate the susceptibility of selected L. monocytogenes strains to biocides, LD90 values were
obtained by adjusting experimental data of mortality obtained in biocide testing assays to a polynomial
equation or to a linear regression adjusted to a scatter plot of mortality versus biocide concentration
in MS Excel 2016 software (Microsoft Corporation, Redmond, USA). Two-way ANOVA was used to
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compare BaC LD90 values in planktonic and biofilm forms. To compare L. monocytogenes biofilms QaC
LD90 values and also BaC LD90 values, one-way ANOVA followed by Tukey’s test were performed.
Pearson’s correlation coefficient was also used to relate biofilm formation parameters and QaC and
BaC LD90. When p < 0.05, a statistically significant difference was considered.

4. Conclusions

Overall, this study provided an assessment of L. monocytogenes isolates from a RTE meat-based food
industry, using phenotypic and genetic characterization. The use of molecular and subtyping techniques
is an important tool to understand the routes and sources of contamination. Our results reveal that
L. monocytogenes contamination of finished products seems to be related to food-contact surfaces,
but also to raw materials. Moreover, some of the obtained pulsotypes revealed high homology (>90%)
but were not temporally matched, being collected with months of interval. These results might point
out to a common source of contamination and are consistent with the hypothesis that there are stable
clonal groups of L. monocytogenes, which persist over time, in foods and food-related environments.

All of the studied L. monocytogenes strains demonstrated biofilm-forming ability at 30 ◦C, revealing
to be weak biofilm producers. Strains in biofilms were not susceptible to one of the used commercial
sanitizers in the industrial premises, QaC, within the recommended concentration range. Similar results
were obtained when testing a pure substance biocide, benzalkonium chloride (BaC) in L. monocytogenes

biofilms. In contrast, L. monocytogenes planktonic forms were susceptible to BaC tested concentrations.
A positive association was found between biofilm formation parameters and LD90 values for QaC
and BaC.

Taken together, our results suggest that preventive measures need improvement in the assessed
food industry. It also reinforces the necessity of an appropriate selection and application of biocides
in food premises, to prevent L. monocytogenes biofilm formation and biocide resistance development
over time.
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Abstract: We assessed the prevalence of antimicrobial resistance and screened for clinically relevant
β-lactamase resistance determinants in Gram-negative bacteria from a large urbanized estuary. In
contrast to the broad literature documenting potentially hazardous resistance determinants near
wastewater treatment discharge points and other local sources of aquatic pollution, we employed
a probabilistic survey design to examine ambient, near-shore sediments. We plated environmental
samples from 40 intertidal and shallow subtidal areas around San Francisco Bay (California, USA) on
drug-supplemented MacConkey agar, and we tested isolates for antimicrobial resistance and presence
of clinically relevant β-lactamase resistance determinants. Of the 74 isolates identified, the most
frequently recovered taxa were Vibrio spp. (40%), Shewanella spp. (36%), Pseudomonas spp. (11%), and
Aeromonas spp. (4%). Of the 55 isolates tested for antimicrobial resistance, the Vibrio spp. showed the
most notable resistance profiles. Most (96%) were resistant to ampicillin, and two isolates showed
multidrug-resistant phenotypes: V. alginolyticus (cefotaxime, ampicillin, gentamicin, cefoxitin) and
V. fluvialis (cefotaxime, ampicillin, cefoxitin). Targeted testing for class 1 integrons and presence of
β-lactam-resistance gene variants TEM, SHV, OXA, CTX-M, and Klebsiella pneumonia carbapenemase
(KPC) did not reveal any isolates harboring these resistance determinants. Thus, while drug-resistant,
Gram-negative bacteria were recovered from ambient sediments, neither clinically relevant strains
nor mobile β-lactam resistance determinants were found. This suggests that Gram-negative bacteria
in this well-managed, urbanized estuary are unlikely to constitute a major human exposure hazard at
this time.

Keywords: antibiotic resistance; aquatic contamination; probabilistic sampling; San Francisco Estuary;
coast; Pseudomonas; Shewanella algae; Vibrio parahaemolyticus

1. Introduction

The development of antimicrobial resistance in Gram-negative bacteria is a serious and growing
global concern. Anthropogenic selection of highly resistant bacteria is driven by the overuse of
antimicrobial agents in healthcare and agriculture as well as their mismanagement during waste
disposal [1–6]. This selective process has dramatically affected global health; drug-resistant infections
have become widespread globally [7–10] and were recently estimated at over 2 million infections
in the United States annually [11]. Environmental and saprophytic bacteria are important as
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indicators and reservoirs of antibiotic resistance determinants that may be shared by human bacterial
pathogens [12–19].

The β-lactams are currently the most widely used class of antimicrobial agents for treatment
of bacterial infections in humans [20]. Gram-negative bacteria (GNB) have evolved to develop
resistance to β-lactams by producing β-lactamase enzymes that hydrolyze β-lactams. Indeed, 2771
unique β-lactamase enzymes were discovered as of 2018 [21]. Extended-spectrum β-lactamases
(ESBLs) such as TEM-, SHV-, OXA-, and CTX-M-type β-lactamases have become widespread in
clinical and environmental settings, threatening the utility of broader-spectrum β-lactam drugs [21,22].
More recently, resistance to carbapenem drugs in GNB of the family Enterobacteriaceae, through
production of Klebsiella pneumonia carbapenemases (KPCs), has become an imminent public health
threat [9,14,23,24]. Genes encoding these β-lactamases are often located on mobile genetic elements
that mediate their transfer between bacteria of the same or different species. This mechanism may
contribute to dissemination of resistance determinants from the natural environment to healthcare
settings [25].

Coastal and river waters located in populated areas with limited or overextended water and
sanitation infrastructure harbor high rates of drug-resistant bacteria [6,17,26,27], but the extent to
which this is true in areas with reliable secondary and tertiary wastewater treatment facilities is not
as well characterized. San Francisco Bay (CA, USA) is located in a highly populated and urbanized
region with extensive wastewater treatment infrastructure [28,29]. San Francisco Bay also has a legacy
of environmental contamination that has resulted in elevated concentrations of a broad range of
pollutants [30]. This includes fecal contamination observed at ponds managed as bird habitats and
sloughs [31], and occasionally at swimming beaches [32,33]. Here, we assessed the prevalence of
antimicrobial resistance in GNB in near-shore sediments collected from San Francisco Bay, an estuarine
environment with ambient urban pollution. We determined resistant strain taxa and tested resistant
isolates for class 1 integrons and presence of β-lactam-resistance gene variants TEM, SHV, OXA, CTX-M,
and KPC. To our knowledge, this is the first probabilistic spatial survey of an estuary’s sediment for
clinically relevant genetic resistance elements in GNB.

2. Results

None of the 40 collection sites were immediately adjacent to treated wastewater discharge
locations (Figure 1). Bacteria colonies grew on unsupplemented plates from all 40 sites, but none
presented as positive for lactose utilization, indicating that lac+ colonies (e.g., Escherichia coli) were
absent from all samples. From the 40 sites, bacterial isolates that grew in the presence of ampicillin,
gentamicin, imipenem, and cefotaxime were found at 34 (85%), 27 (67.5%), 15 (37.5%), and 9 (22.5%)
sites, respectively (Table 1). From the initial antibiotic-containing MacConkey agar plates, 174 isolates
were obtained and subjected to further analyses. Bacteria isolated from plates containing ampicillin
were the most prevalent (87 isolates from 32 sites), followed by gentamicin (39 isolates from 13 sites),
imipenem (37 from 15 sites), and cefotaxime (11 isolates from 8 sites) (Table 1).
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Figure 1. San Francisco Bay. Black diamonds (�) indicate sediment collection location. Light blue
squares (�) indicate wastewater treatment discharge locations in the region. Inset: Location within
California, USA.

Table 1. Number of morphologically distinct bacterial colonies isolated from estuarine sediments in
the San Francisco Bay Area, 2015, by antibiotic used for screening.

Antibiotic a Sites with Growth
(N, %)

CFU/g b Sites with Isolates
Obtained (N)

Morphologically
Distinct Isolates
Obtained (N) c

No antimicrobial agent 40 (100%) 3513
Ampicillin 34 (85%) 1280 32 87
Cefotaxime 9 (22.5%) 16 8 11
Imipenem 15 (37.5%) 106 15 37

Gentamicin 27 (67.5%) 196 13 39
a Concentrations of antibiotic embedded in MacConkey agar plates: ampicillin, 16 µg mL−1; imipenem, 1 µg mL−1;
cefotaxime, 1 µg mL−1; and gentamicin, 10 µg mL−1. b Colonies were counted on MacConkey agar plates and
multiplied by the dilution factor to approximate the number of CFU/g sediment in each sediment sample. c Number
of bacteria isolated from all antibiotic screening plates.

Seventy-two different Gram-negative bacterial isolates were identified by their 16S rRNA sequences.
They included 1 Acinetobacter sp. (1.4%), 3 Aeromonas spp. (4.2%), 1 Castellaniella sp. (1.4%), 1
Gallaecimonas sp. (1.4%), 8 Pseudomonas spp. (11%), 1 Rhizobium sp. (1.4%), 26 Shewanella spp. (36.1%),
2 Stenotrophomonas spp. (2.8%), and 29 Vibrio spp. (40.3%) (Table 2). Fifty-three of the identified
isolates were tested for their susceptibility to seven different antimicrobial agents (Table 3). Among 23
Vibrio spp. isolates, 22 (95.7%) were resistant to ampicillin. This included one isolate (V. alginolylticus)
resistant to ampicillin and gentamicin and two isolates (8.7%) that displayed multidrug-resistant
(MDR) phenotypes: V. alginolyticus (cefotaxime (CTX), ampicillin (AMP), gentamicin (GEN), and
cefoxitin (FOX)) and V. fluvialis (CTX, AMP, amoxicillin–clavulanic acid (AMC), FOX). Among the 26
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Shewanella spp. isolates, none were resistant to any of the drugs tested, except for three isolates that had
intermediate resistance to imipenem. Due to a lack of Clinical and Library Standards Institute (CLSI)
interpretive guidelines for the disc-diffusion test, we were unable to test Pseudomonas spp. isolates for
phenotypic resistance.

Table 2. Identity of bacterial species recovered from San Francisco Bay sediment, 2015, by antibiotic
used to select for resistance in initial MacConkey agar plate.

Antibiotic Species Isolates (N) Antibiotic Species Isolates (N)

Ampicillin
(16 µg mL−1)

Total 21

Imipenem
(1 µg mL−1)

Total 35
Vibrio alginolyticus 6 Aeromonas australiensis 1

Vibrio parahaemolyticus 6 Aeromonas hydrophila 1
Vibrio alginolyticus/parahaemolyticus a 7 Aeromonas veronii 1

Vibrio alginolyticus/azureus a 2 Castellaniella defragrans 1

Cefotaxime
(1 µg mL−1)

Total 11 Pseudomonas sp. b 1
Acinetobacter venetianus 1 Shewanella algae 7

Gallaecimonas xiamenensis 1 Shewanella algae/haliotis a 11
Pseudomonas fluorescens 2 Shewanella loihica 8

Pseudomonas oleovorans 1
Stenotrophomonas

maltophilia
2

Pseudomonas putida 3 Vibrio diazotrophicus 1
Pseudomonas stutzeri 1 Vibrio fluvialis 1

Rhizobium sp. b 1 Gentamicin
(10 µg mL−1)

Vibrio parahaemolyticus 5
Vibrio fluvialis 1

a Unable to discriminate between two species after 16S sequence analysis. b Species not determined.

Table 3. Species and antibiotic resistance profiles of bacteria recovered from estuarine sediments in
San Francisco Bay, 2015, from drug-supplemented media. Plate: Drug supplementation on plate
(see Methods).

Species
Isolates

(N)
Plate

Resistance (Disc
Diffusion) a

Intermediate
Resistance (Disc

Diffusion) a

Acinetobacter venetianus 1 CTX CTX
Aeromonas australiensis 1 IPM AMC
Aeromonas hydrophila 1 IPM FOX AMC

Aeromonas veronii 1 IPM None
Shewanella algae 4 IPM None
Shewanella algae 3 IPM IPM

Shewanella algae/halitosis b 11 IPM None
Shewanella loihica 8 IPM None

Vibrio alginolyticus 3 AMP AMP

Vibrio alginolyticus 1 AMP
AMP, CTX, GEN,

FOX
Vibrio alginolyticus 1 AMP AMP, GEN

Vibrio
alginolyticus/parahaemolyticus b 4 AMP AMP

Vibrio diazotrophicus 1 IPM None
Vibrio fluvialis 1 CTX AMP, CTX, AMC FOX
Vibrio fluvialis 1 IPM AMP AMC

Vibrio parahaemolyticus 5 AMP AMP
Vibrio parahaemolyticus 1 AMP AMP CIP
Vibrio parahaemolyticus 5 GEN AMP

a AMP, ampicillin; CTX, cefotaxime; IPM, imipenem; AMC, amoxicillin–clavulanic acid; GEN, gentamicin; FOX,
cefoxitin; CIP, ciprofloxacin. b Unable to discriminate between two species after 16S sequence analysis.

Of the 174 isolates that grew on drug-supplemented MacConkey agar plates, 174, 37, 98, and 11
isolates were tested for the presence of genes that encode class 1 integrons, carbapenemase (KPC),
ESBLs (TEM, OXA, SHV), and CTX-M-type ESBLs, respectively. All PCR reactions were negative for
these resistance genes.
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3. Discussion

From 40 near-shore sites in the Bay Area, we isolated 18 distinct species of Gram-negative
saprophytic bacteria (Table 2) on drug-supplemented plates. Although no recognized pathogenic
GNB species were identified, many culturable isolates exhibited resistance to clinically used
antimicrobial agents. Most studies assessing the presence of drug resistance in environmental
bacteria thoroughly characterize a small number of sites, typically near known point-source pollutant
effluent locations [1,17,18,26,34,35]. There have also been some comparative surveys across multiple
water bodies [6,15]. In contrast to these designs, our sampling scheme extensively sampled a near-shore
environment under ambient urban influence. In particular, our sampling sites were probabilistically
chosen from intertidal and shallow subtidal areas around a large, urbanized estuary [36]. In this
regionally representative sampling program, environmental bacteria were successfully isolated from
every sampling site.

While species of several genera identified here (e.g., Aeromonas spp., Pseudomonas spp., Shewanella

spp., and Vibrio spp.) have been described as opportunistic pathogens, they are all commonly found in
marine-sediment environments, and their presence is rarely considered a public health risk [37–41].
Nevertheless, the genera Aeromonas, Pseudomonas, and Shewanella have been implicated as natural
progenitors of, and reservoirs for, resistance genes such as CTX-M-, GES-, VIM-, and OXA-type ESBLs
and carbapenemases that can be horizontally transferred into more pathogenic bacteria [25,42–44].
High rates of ampicillin resistance in Vibrio spp. have been well documented [45], consistent with
the resistance rate of 96% found in this study. We also found five Vibrio isolates (22%) that displayed
other resistance phenotypes. However, none of these harbored any of the common clinical resistance
genes we tested for, including TEM, SHV, and OXA. The majority of bacteria that grew under selective
pressure for imipenem resistance were Shewanella spp. (26 isolates; 74%); however, only three of
these Shewanella spp. isolates (12%) exhibited intermediate resistance to carbapenems, with none
being resistant. Shewanella spp. have been reported elsewhere to have reduced susceptibility to
carbapenems, and the genus has also been identified as a natural progenitor of several OXA-type
carbapenemases [42,46], yet none were found in our study.

Due to an absence of CLSI guidelines for nonclinically relevant bacteria, the antimicrobial
susceptibilities of the isolated Pseudomonas spp. (including Pseudomonas fluorescens, P. oleovorans, P.

putida, and P. stutzeri) were not tested by the disc-diffusion method. However, further investigation
into the antimicrobial resistance profiles and genes for these isolates is warranted because the genus
has been observed to harbor genes that mediate resistance to antimicrobial agents. Environmentally
occurring Pseudomonas spp. harboring carbapenemases and ESBLs, namely VIM, IMP, and several
CTX-M variants, have been widely reported in the past decade [19,43,47,48]. The CTX-M variants that
we tested for in isolated Pseudomonas spp. were those known to be circulating in the region and were
previously found in P. putida and P. teessidea in retail spinach [16].

A notable result of this study was the absence of drug-resistant bacteria from the Enterobacteriaceae
family as well as the absence of fecal indicator bacteria [19]. A number of similar studies found an
abundance of such bacteria, but these studies were conducted in water bodies and under conditions that
would suggest a priori high levels of fecal contamination [4,17,40]. The frequency of fecal contamination
in San Francisco Bay beaches is variable but generally low, and Bay beaches are typically safe for human
recreation, with most beaches considered safe for swimming, especially during dry weather [32,33].
Carbapenem-resistant Enterobacteriaceae (CRE) present serious public health risk, and they were a
major target of the present study; however, no such bacteria were isolated from the areas we tested.

There were several limitations in this study. Certain species may have been inhibited by the
stress of the freeze–thaw step in combination with drug-supplemented MacConkey agar. Further,
the techniques described here were culture-dependent, and PCR analysis was restricted to class 1
integrons and β-lactam resistance, which precluded the identification of other integrons or potentially
relevant resistance mechanisms. Nevertheless, given the clinical importance of class 1 integrons [49],
the observation of other associated resistance genes such as trimethoprim–sulfa or aminoglycoside
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would be unlikely in their absence. That said, the observed absence of β-lactam resistance mechanisms
does not consider the full range of possible resistance genes. In the future, metagenomic study of DNA
present in San Francisco Bay sediment samples or other whole-resistome screening approaches could
reveal other clinically or environmentally relevant mechanisms [6,35].

Importantly, this study probabilistically sampled from 37 of the sites [36] in order to assess
for regional patterns, rather than focusing only on areas of anthropogenic contamination. Studies
that target wastewater treatment plants, hospital effluents, or animal livestock runoff could yield
a higher prevalence of antimicrobial resistance among clinically relevant bacteria. In our study,
the absence of clinically relevant drug-resistant GNB harboring β-lactamases and related resistance
determinants suggests that GNB from ambient sediments in this well-managed, urbanized estuary
may not constitute a major human exposure hazard at this time. These findings may be related to
secondary and tertiary treatment operations and control measures for all wastewaters that drain
into the Bay [28], in combination with the large dilution factor due to tidal exchange, resulting in
low ambient sediment bacterial pollution in this estuary. These hypotheses could be tested in the
future by evaluating resistance profiles and mechanisms in bacteria obtained from point sources
and adjacent locations, including wastewater discharge effluents [1,4,18,34,35]. However, our study
represents just one line of evidence, and routine water monitoring does periodically detect elevated
fecal coliforms at some beaches [32]. Resistance to β-lactams continues to spread globally in GNB
while, in parallel, novel resistance genes in environmental bacteria continue to be described. Therefore,
routine environmental surveillance is needed to assess for the presence of potentially harmful bacteria
or drug-resistance genes.

4. Materials and Methods

4.1. Sample Collection and Processing

Thirty-seven near-shore sites were sampled from Central San Francisco Bay (Central Bay), and
three from Suisun Bay, both sub-basins of San Francisco Bay (Figure 1). The Central Bay sites were
selected using a generalized random-tessellation stratified methodology, which is a probabilistic but
spatially balanced method developed to identify locations for the sampling of natural resources [50].
The Suisun Bay samples were convenience samples, employing collection methods identical to those
of the Central Bay sites. Although all sites were near-shore, a variety of habitats were included
in the spatial sample, including both open water and narrow channels, sites adjacent to densely
populated areas (e.g., San Francisco, CA, USA; Oakland, CA, USA), and sites proximate to more
sparsely populated areas (e.g., Marin County and Suisun Bay) (Figure 1) [36].

Coastal Conservation and Research (Moss Landing, CA, USA) sampled all sites between 27 July
and 14 September, 2015, as part of the Regional Monitoring Program (RMP)’s Bay Margins Sediment
Study [51,52]. Sediments were collected by boat, with personnel using a modified VanVeen grab (0.1 m2

sampling area), from which 15 mL of surface sediment was scraped into a 50-mL conical tube (Fischer
Scientific, Hampton, NH, USA). Sediment samples were combined with 20 mL of a preservative
solution (15% glycerol in phosphate-buffered saline solution, PBS) and stored on dry ice (−78.5 ◦C) for
transportation to the laboratory, after which they were immediately stored at −20 ◦C until analysis.

4.2. Gram-Negative Bacteria Isolation

Samples were thawed prior to analysis and diluted 10-fold with PBS. We selected for bacteria
with reduced drug susceptibility by incubating 100 µL of this PBS–sediment solution on MacConkey
agar (Difco Laboratories Inc., Detroit, MI, USA), supplemented with one of four antibiotics: ampicillin
(16 µg mL−1), gentamicin (10 µg mL−1), imipenem (1 µg mL−1), or cefotaxime (1 µg mL−1). An
additional plate without any antibiotics was used to assess baseline growth. Plates were incubated
at 37 ◦C for 24 h and assessed for growth. In the absence of any growth at this stage, plates were
incubated for another 24 h. All plates were examined for well-formed colonies, and the total number
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of CFUs was recorded (Table 1). Up to four colonies were selected from each antibiotic plate for further
analysis. In an attempt to increase the diversity of species isolated, we tried to choose morphologically
distinct isolates within a plate, based on visual observation. The selected colonies were streaked for
isolation on MacConkey agar and incubated again at 37 ◦C for 24 h. An isolated colony from each
of these plates was then streaked for isolation on Luria–Bertani (LB) agar (Difco Laboratories Inc.,
Detroit, MI, USA) and incubated at 37 ◦C for 24 h. Finally, an isolated colony from each LB plate was
subcultured in 4 mL of LB broth (Difco Laboratories Inc., Detroit, MI, USA) at 37 ◦C for 24 h. A 1-mL
aliquot of this culture was saved in a 15% glycerol stock, and a separate 1-mL aliquot was used to
extract DNA: Bacteria were concentrated by centrifugation (60 s, 14,000 RPM), resuspended in water,
and placed in a boiling water bath for 10 min; excess cell debris was collected by centrifugation (30 s,
14,000 RPM); and the supernatant containing the DNA was pipetted to a separate tube and stored at
−20 ◦C before analysis.

4.3. Bacterial Species Identification and Drug-Susceptibility Tests

Bacteria were identified by 16S rRNA sequencing. PCR was first carried out with the primers
16s8F/16s806R18 (94 ◦C for 5 min, then 30 cycles of 94 ◦C for 30 s, 62 ◦C for 30 s, and 72 ◦C for 90 s)
as previously described by Raphael et al. [16]. The amplified DNA products (approximately 800 bp)
were sequenced on an Applied Biosystems 3730 DNA analyzer (Applied Biosystems, Foster City, CA,
USA) at the University of California, Berkeley, DNA Sequencing Facility. Antimicrobial susceptibility
profiles were assessed with a disc-diffusion assay according to the CLSI interpretive guidelines [53].

All isolates were tested for the presence of genes encoding class 1 integrons by PCR following
a procedure previously described by Raphael et al. [16]. Class 1 integrons were chosen because
of their clinical relevance and prevalence and widespread distribution in Gram-negative bacteria,
both globally [49] and in the San Francisco Bay region [10]. All isolates obtained from MacConkey
agar plates containing ampicillin (16 µg mL−1), and those that were resistant to ampicillin by the
disc-diffusion test, were examined by PCR for the presence of the following extended spectrum
β-lactamase variants: TEM (including TEM-1 and TEM-2), SHV (including SHV-1), and OXA (OXA-1,
OXA-4, and OXA-30). For this, we employed multiplex primers and reaction conditions described
by Dallenne et al. [54]. Isolates obtained from MacConkey agar plates containing cefotaxime (1 µg
mL−1), and those that were resistant to cefotaxime by the disc-diffusion test, were tested for CTX-M
genes using a set of multiplex primers and conditions for CTX-M variants (CTX-M-1, CTX-M-3, and
CTX-M-15) as described by Adams-Sapper et al. [22]. Isolates obtained from plates supplemented with
imipenem were tested for the variants of the carbapenemase gene KPC using primers and conditions
described by Dallenne et al. [54]. Additionally, all bacteria with multidrug-resistant phenotypes were
tested for variants of all the above-mentioned genes: TEM, SHV, OXA, CTX-M, and KPC.
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